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Featured Application

This study presents the development of novel LAMOX-based, doped, complex multi-
component La2−xTixMo2O9+x/2 systems, synthesized using innovative, environmentally
friendly approaches. Investigating crystal structure evolution and thermal effects associated
with phase transitions provides insight into the mechanisms governing ionic conductivity
changes during high-temperature phase transitions. These findings establish a scientific
basis for the potential application of such ceramic materials as solid electrolytes in solid
oxide fuel cells, supporting their practical role in energy conversion technologies.

Abstract

The aqueous sol–gel preparation technique was successfully employed for synthesizing
a homogeneous La–Ti–Mo–O tartrate gel precursor, and thermal treatment at 1000 ◦C
promoted the formation of nanocrystalline complex La2−xTixMo2O9+x/2 ceramic. X-ray
diffraction analysis revealed a consistent influence of increasing the degree of titanium
substitution on the formation of the La2Mo2O3 and La2MoO6 impurity phases within the
crystalline mixture. Meanwhile, the stability of the high-temperature cubic β-La2Mo2O9

phase in the La2−xTixMo2O9+x/2 system at room temperature highlighted the distinct
influence of titanium content from structural and thermodynamic perspectives. How-
ever, the Raman spectroscopy analysis showed no distinct variations in the spectra of
La2−xTixMo2O9+x/2 samples, suggesting a substantial effect of titanium on the phase
transition behavior between the low-temperature monoclinic α-La2Mo2O9 and the high-
temperature cubic β-La2Mo2O9 phases.

Keywords: sol–gel synthesis; phase transition; thermal analysis; X-ray diffraction; Rietveld
refinement; Raman spectroscopy

1. Introduction
The potential applications of oxygen-ion-conducting solid electrolytes in the construc-

tion of galvanic cells for high-accuracy measurements of the thermodynamic and kinetic
properties of oxygen-bearing systems, the development of oxygen sensors for both gas
mixtures and liquid metals, and the investigation of high-temperature fuel cells have been
known and explored for over 60 years [1–4]. However, their practical role in energy conver-
sion has become particularly relevant only in recent years [5,6]. The increasing emphasis
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on reducing the greenhouse effect, limiting fossil fuel combustion, and addressing the
growing need for energy storage and consumption drives industrial advancements toward
renewable and environmentally sustainable energy solutions across specialized sectors,
such as aerospace and defense, and general consumer applications [6–11].

A possible solution to this problem directly relates to developing and advancing
electrochemical systems for chemical-to-electrical energy conversion [12,13]. For this reason,
there is a renewed focus on the classical solid oxide fuel cell (SOFC) concept, which is
defined by the compatibility of porous electrodes with a dense oxygen-ion-conducting
electrolyte layer [14,15].

Solid oxide fuel cells, consisting of a cathode, an anode, and an interposed electrolyte,
operate as high-temperature energy conversion devices, transforming chemical energy into
electrical energy [16]. In this process, oxygen undergoes reduction at the cathode. At the
same time, oxide ions travel through the solid electrolyte toward the anode, facilitating the
conversion of hydrogen gas into water molecules or hydrocarbons into water and carbon
dioxide, inducing a controlled electron flow within the external circuit [17].

Thus, the cathode is typically a porous, oxidation-resistant electrochemical cell compo-
nent [18,19]. In contrast, the negative electrode (anode) must resist reduction and be perme-
able to hydrogen or hydrocarbon gases [20]. Meanwhile, the solid electrolyte must possess
a dense structure [21] to facilitate the directed transport of the required ions from one
electrode to another while preventing electronic conductivity and gas permeation [22,23].

The compatibility of the solid electrolyte with the electrodes, enhanced oxygen ion
conductivity, and negligible electronic conductivity are key factors determining the po-
tentially beneficial device characteristics, which are primarily governed by the operating
temperature [24]. The increased working temperature of the cell generally results in sub-
stantially higher fabrication and operating expenses while accelerating the degradation
of the solid oxide fuel cell [25]. For example, conventional solid electrolytes, including
yttria-stabilized zirconia (YSZ), demonstrate superior ionic conductivity in the temperature
range of 800 ◦C to 1000 ◦C [26,27]. In contrast, gadolinium-doped ceria (GDC) operates at
significantly lower temperatures, typically between 600 ◦C and 800 ◦C. However, under
these conditions, it exhibits mixed ionic–electronic conductivity and increased sensitivity
in a reducing environment [28]. The listed drawbacks of traditional electrolytes [29,30]
create the need to explore alternative compounds or material systems whose composition,
structure, ionic conductivity, and operating temperature meet modern industry’s economic
and environmental requirements.

From this perspective, a suitable candidate could be lanthanum molybdate (La2Mo2O9),
known under the acronym LAMOX, whose remarkable oxygen ion conductivity at elevated
temperatures was first observed and published by Lacorre et al. in 2000 [31,32]. However,
the main drawback of this complex oxide system lies in its reversible phase transition
occurring between 500 ◦C and 600 ◦C, during which the low-temperature monoclinic
α-La2Mo2O9 phase [33] transforms into a high-temperature cubic polymorphic modifica-
tion [34] with significantly enhanced oxygen ion conductivity [35]. The recrystallization
processes occurring during this phase transition induce significant volume changes in the
La2Mo2O9 compound, which eventually deform and deteriorate the solid electrolyte’s con-
tact with the electrode surface [36,37]. Reducing the phase transition effect and stabilizing
the cubic β-La2Mo2O9 crystalline modification at room temperature remain key challenges
in the practical application of this complex system.

For this reason, many contemporary scientific studies on the LAMOX system focus on
modifying the La2Mo2O9 crystalline phase by partially substituting lanthanum or molyb-
denum with other chemical elements [38–41]. The increasing compositional complexity
of final multicomponent oxides, reflected in the greater number of constituent chemical
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elements, narrows the spectrum of available synthesis methodologies. In this context,
solid-state reaction technology dominates the scientific literature, as it theoretically enables
the synthesis of final products with unrestricted compositions or doped with additives of
diverse nature [21,42,43]. Nevertheless, the main drawback of this method is associated
with the initial mixing stage of the starting components, which directly determines the
final product’s purity, homogeneity, and specific structural and morphological characteris-
tics [44]. In order to avoid these undesirable side effects, the solid-state synthesis method is
frequently modified during the mixing stage through the introduction of volatile and ther-
mally labile additives, which improve the wetting of the precursor materials and promote
more efficient homogenization [39]. This adverse effect may sometimes be counteracted by
extending the heating period, implementing additional low-temperature annealing steps,
or increasing the thermal energy driving the formation of the final oxide phase. In any case,
the synthesis process becomes longer and more complex, consequently increasing the cost
of obtaining the final product. Such circumstances create favorable conditions for searching
for and applying alternative synthesis methods in complex system fabrication [45,46]. One
of the viable alternatives is aqueous sol–gel technology, during which the initial reactants
for final oxide formation are mixed at the molecular level in a selected solvent, forming
a homogeneous gel that is subsequently applied as the precursor for dense ceramics and
coatings with a wide range of thicknesses [47].

The economic efficiency, technological simplicity, and environmental friendliness
associated with the application of the aqueous sol–gel method for the synthesis of single-
phase La2Mo2O9 solid electrolyte [48] motivated the objective of producing the complex
La2−xTixMo2O9+x/2 system, in which lanthanum was partially substituted with titanium
atoms for the first time. Furthermore, the additional novelty of this study is provided by
the investigation of the thermal dynamics of the reversible α-La2Mo2O9 ↔ β-La2Mo2O9

equilibrium phase transition via differential thermal analysis, which, powered by X-ray
diffraction results, indicated incorporation of Ti4+ ions into the La2−xTixMo2O9+x/2 complex
oxide system.

2. Materials and Methods
This study describes the sequence of dissolution and complexation of individual

metal ions in an aqueous medium using selected reagents. The qualitative characteristics
of the reagents employed and the outcomes of their mutual interactions in an aqueous
tartaric acid environment are also specified. The formation schemes of the resulting tartrate
gels and the final ceramic materials, together with detailed descriptions of the preparation
procedures, analytical techniques, and data analysis methods used for their characterization,
are presented in the subsequent sections. The samples are designated according to their
initial compositions, expressed as La2−xTixMo2O9+x/2.

2.1. Reagents and Materials

The complex oxide system with the initial composition La2−xTixMo2O9+x/2 was syn-
thesized using high-purity reagents: MoO3 (99.95%), La2O3 (≥99.99%), and Ti (99.4%),
all supplied by Alfa Aesar (Thermo Fisher Scientific, Haverhill, MA, USA). In this study,
L(+)-tartaric acid (C4H6O6, Carl Roth (Carl Roth GmbH + Co. KG, Karlsruhe, Germany),
≥99.5%), concentrated ammonia solution (NH3·H2O, Chempur (Chempur Feinchemikalien
GmbH, Karlsruhe, Germany), 25%), and nitric acid (HNO3, Eurochemicals (Eurochemicals
UAB, Vilnius, Lithuania), 65%) were utilized for dissolving the initial reagents, forming
complexes with the resulting salts, and adjusting the pH of the aqueous solution. The
final product’s physical, chemical, structural, and morphological properties are strongly
influenced by the reagents and materials employed during the synthesis process. This is
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particularly critical for preserving the appropriate molar ratios of the constituent elements
within the resulting multicomponent oxide system. In this context, the purity of the starting
reagents is of primary importance and may be significantly affected by environmental
factors such as atmospheric composition, humidity, and temperature. Titanium and cor-
responding metal oxides are not the most convenient alternatives for aqueous sol–gel
synthesis, but they meet the most cost-effective requirements for initial materials. Titanium
exhibits the highest corrosion resistance among metallic elements, while molybdenum
(VI) oxide is characterized by its significant inertness toward hydrolysis and oxidative
environmental conditions. In contrast, lanthanum (III) oxide, due to its strong basicity, is
more susceptible to reactions with atmospheric moisture and carbon dioxide. Consequently,
before each synthesis procedure, La2O3 powder was subjected to additional heat treatment
at 1000 ◦C to eliminate carbonate and hydroxide impurities.

2.2. Oxidative Dissolution and Complexation of Titanium Powders

The essential stage in the synthesis of the La2−xTixMo2O9+x/2 system is associated
with the oxidation of metallic titanium powder in a concentrated aqueous hydrochloric
acid solution [49], during which Ti3+ ions, coordinated by chloride ligands and complexed
with tartaric acid, created favorable conditions for molecular-level mixing of the individual
components and the generation of a homogeneous La–Ti–Mo–O tartrate gel. The titanium
dissolution and complexation mechanism is schematically illustrated in Figure 1.

Figure 1. Schematic diagram of the dissolution and complexation processes of metallic titanium in
hydrochloric and tartaric acids.

It is noteworthy that during the dissolution of titanium in hydrochloric acid, the
aqueous solution turns pink, which shifts to a light green upon mixing with the molybdate–
tartrate aqueous mixture.

2.3. Synthesis Process and Methodology

The sol–gel method is a simple, cost-effective, and highly efficient technique for
achieving a uniform distribution of atoms or ions, forming a homogeneous molecular-
level mixture and facilitating the synthesis of single-phase ceramic materials. A schematic
representation of this process is provided in Figure 2.

At the initial La–Ti–Mo–O tartrate gel synthesis stage, molybdenum (VI) oxide was
dispersed in deionized water under continuous stirring and heating. To improve the
solubility of MoO3, a small amount of concentrated ammonia solution was added to the
reaction mixture. The chemical reaction corresponding to the formation of ammonium
molybdate in a basic solution is shown in Equation (1):

MoO3 (s) + 2 NH3·H2O (aq) → (NH4)2MoO4 (aq) + H2O (s) (1)
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Next, the ammonium molybdate is treated with tartaric acid, which acts as a ligand
by forming complexes with MoO4

2− ions and preventing the reversible precipitation of
molybdenum (VI) oxide at lower pH values. This process is illustrated in Equation (2):

MoO4
2− (aq) + 4 C4H6O6 (aq) ↔ [(MoO4)(C4H4O6)qHr](2+2q−r)− (aq) + (2q − r) H+ (aq) + (4 − q) C4H6O6 (aq) (2)

Figure 2. Synthesis scheme of the La–Ti–Mo–O tartrate precursor for La2−xTixMo2O9+x/2 ceramic.

In this case, an excess of tartaric acid was used (nMo/nTA = ¼ = 0.25), creating favor-
able conditions for the optimal complexation of molybdate ions. A similar complexation
process of titanium ions (Figure 1) is evidenced by the colour change from light pink
to pale yellow upon dissolving Ti powder in a concentrated aqueous hydrochloric acid
solution and mixing it with tartaric acid. Next, the tartrate-based molybdate and titanium
ion solutions were mixed, followed by the addition of lanthanum (III) oxide powder and
concentrated nitric acid to the resulting clear, pale yellow solution. During this step, Ti3+

ions were oxidized to Ti4+ by nitric acid, after which the solution was subsequently con-
centrated. It is important to note that, during the final stage of solvent removal, a bright
yellow viscous sol was formed, accompanied by the intense release of nitrogen oxide gases,
and expanded into a light, yellow-brown homogeneous La–Ti–Mo–O tartrate gel precursor.
The resulting porous structure formation was dried at 120 ◦C for 1 h and then ground for
20 min in an agate mortar to obtain a homogeneous fine powder. The homogeneity and
amorphous nature of the fine La–Ti–Mo–O tartrate gel powder were confirmed by X-ray
diffraction (XRD) analysis. The absence of residual chloride ions in the reaction mixture
during gelation was confirmed by silver nitrate testing after re-dissolving the dried gel
in water.

Finally, the La–Ti–Mo–O tartrate gel precursor powders synthesized via the aqueous
sol–gel method were heat-treated at 1000 ◦C for 5 h in the air. The crystallinity of the
resulting white ceramic material was examined by X-ray diffraction (XRD); phase transition
characteristics were assessed by differential scanning calorimetry (DSC), and the vibrational
modes of functional groups were analyzed using Raman spectroscopy.

2.4. Equipment, Instruments and Technical Specifications

The influence of titanium substitution on the enthalpy variations associated with
phase transitions in the La2−xTixMo2O9+x/2 oxide system was quantitatively evaluated
by differential scanning calorimetry (DSC) measurements performed on La–Ti–Mo–O
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tartrate-derived ceramics heat-treated at 1000 ◦C. Thermal characterization was performed
using a PerkinElmer STA 6000 simultaneous thermal analyzer (PerkinElmer, Waltham, MA,
USA). Due to the technique’s high sensitivity, approximately 20.3 mg of accurately weighed
material was analyzed. The measurements were carried out under a dry-air atmosphere
at a flow rate of 20 mL min−1 and ambient pressure, with a constant heating and cooling
rate of 40 ◦C min−1. Two consecutive thermal cycles were performed over the temperature
range 300–800 ◦C. Instrumental background contributions were corrected by subtracting
baseline signals obtained from empty alumina crucibles. The phase transition features
were subsequently analyzed using Pyris 11 software, within the temperature ranges of
538.04–594.94 ◦C during heating and 594.94–496.71 ◦C during cooling.

The crystalline structure and phase assemblage of the obtained ceramic materials were
examined by powder X-ray diffraction (XRD) coupled with Rietveld refinement. Data
collection was carried out at ambient conditions using a Rigaku MiniFlex II diffractometer
(Rigaku, Tokyo, Japan) operating with Cu Kα radiation (λ = 1.541838 Å). Diffraction
patterns were acquired over a 2θ angular range of 5–80◦, employing a step increment of
0.02◦ and a scanning speed of 10◦ min−1. Prior to analysis, the powdered samples were
uniformly distributed on a glass sample holder to enhance diffraction signal quality. Phase
identification and quantitative evaluation were subsequently performed through Rietveld
refinement using the X’Pert HighScore Plus software package (version 2.0a).

The Inorganic Crystal Structure Database (ICSD) and the Crystallography Open
Database (COD) were employed for Rietveld refinement and the identification of crystalline
phases. According to the COD, entry No. 1533393 [34] corresponds to a cubic La2Mo2O9

phase crystallizing in the space group P213 (No. 198), while entry No. 4000583 [33] rep-
resents a monoclinic La2Mo2O9 phase with the space group P1211 (No. 4). The ICSD
entry No. 2634 [50] corresponds to monoclinic La2Mo3O12, characterized by the space
group C12/c1. Finally, ICSD entry No. 79807 [51] describes a tetragonal La2MoO6 phase
crystallizing in the space group I41/acd.

This study primarily focuses on the phase composition and structural evolution of
the La2−xTixMo2O9+x/2 system rather than on complete crystal structure determination.
Therefore, comprehensive crystallographic parameters, including atomic coordinates, site
occupancies, and thermal displacement factors, are not reported.

Local structural ordering and disorder effects induced by the substitution of lanthanum
with titanium ions were investigated by Raman spectroscopy. Spectral measurements were
performed using a TriVista 777 Raman system (Teledyne Princeton Instruments, Trenton,
NJ, USA) equipped with a Peltier-cooled charge-coupled device (CCD) detector. Raman
excitation was provided by a 785 nm diode laser, with the incident beam focused onto the
sample surface. The scattered radiation was collected through an OLYMPUS BX53 optical
microscope (Olympus, Tokyo, Japan).

3. Results and Discussion
This part of the work presents the results of differential scanning calorimetry (DSC),

X-ray diffraction (XRD), and Raman spectroscopy for La2−xTixMo2O9+x/2 ceramics synthe-
sized using the aqueous sol–gel method and heat-treated at 1000 ◦C. In addition, the DSC
and XRD data generated and summarized in this work are based on measurements of the
thermal effects of phase transitions and calculations for identifying the resulting crystalline
phases, which are presented in a separate Appendix A.

3.1. Thermal Analysis

The high-temperature phase transition of the monoclinic double oxide to a cubic
structure within the complex La–Mo–O system is characterized by an exothermic effect,
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the thermal intensity of which directly depends on the La2Mo2O9 concentration in the syn-
thesized ceramic material. Thus, the numerical expression of the thermal effect determined
during this structural change enables an accurate assessment of the amount of monoclinic
La2Mo2O9 double oxide in the synthesized ceramic. Considering that structural changes
in the material can occur incompletely during the thermal process, two heating cycles
of the ceramic were performed in this study, with the summarized results presented in
Figure 3, respectively.

Figure 3. Dependence of phase transition heats on the initial molar composition in La2±xMo2O9±3/2x

and La2−xTixMo2O9+x/2 complex systems.

The assessment of the thermal effects associated with phase transitions in complex
La2−xTixMo2O9+x/2 oxide systems revealed that even a slight substitution of lanthanum
with titanium ions leads to a relatively significant decrease in the heat flow change. In
this case, the reduction of 20.56005 mJ in the heat associated with the phase transition is
observed for La1.99975Ti0.00025Mo2O9.000125 (x = 0.00025) ceramic, compared to the double
La2.00Mo2O9.00 oxide system with an exothermic effect of 185.75205 mJ, indicating that
even trace levels of Ti4+ substitution considerably influence the monoclinic-to-cubic trans-
formation behavior. Increasing the Ti4+ substitution to x = 0.003 in La2−xTixMo2O9+x/2

further lowers the heat of phase transition by 11.6077 mJ, resulting in an exothermic ef-
fect of 153.5843 mJ for La1.997Ti0.003Mo2O9.0015. Although the decreasing enthalpy trend
might suggest a direct correlation with the reduction in La2.00Mo2O9.00-phase content in
the ceramic, the sharp differences in the thermal effects observed for the non-stoichiometric
La1.995Mo2O8.9925 and La2.005Mo2O9.0075 samples [52] indicate a more complex behavior.
The thermal effect associated with the phase transition from monoclinic to cubic symmetry
corresponds to 174.6094 mJ for La1.995Mo2O8.9925 and 171.113 mJ for La2.005Mo2O9.0075.
In contrast, titanium-substituted compositions such as La1.99975Ti0.00025Mo2O9.000125 and
La1.997Ti0.003Mo2O9.0015 exhibit reduced enthalpy values of 165.192 mJ and 153.5843 mJ,
respectively. These results support an important conclusion regarding the enhanced influ-
ence of titanium ions on the phase transition energetics in the complex La2−xTixMo2O9+x/2

oxide system.
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The results of the DSC analysis presented in this section indicate that the consider-
able decrease in phase transition heat flow observed in the La2−xTixMo2O9+x/2 system is
predominantly attributed to the impact of Ti4+ ion incorporation on the formation of the
La2Mo2O9 crystal lattice.

3.2. X-Ray Diffraction

X-ray diffraction (XRD) analysis was employed to support DSC data interpreta-
tion. The Appendix B includes full diffraction patterns and refinement calculations, with
Figure 4 summarizing phase composition in La2±xMo2O9±3/2x and La2−xTixMo2O9+x/2

ceramic systems.

Figure 4. Concentration dependence of different crystalline phases on the initial molar composition
in La2±xMo2O9±3/2x and La2−xTixMo2O9+x/2 complex oxide systems.

It is important to note that even a very slight substitution of lanthanum with titanium
ions results in a relatively significant formation of the secondary La2Mo3O12 phase in the
resulting crystalline mixture, with its concentration increasing sharply beyond the substi-
tution level of La1.999Ti0.001Mo2O9.0005 (x = 0.001). The increase in the amount of impurity
compounds in the crystalline mixture is directly related to changes in the monoclinic/cubic
phase ratio of the La2Mo2O9 oxide system. In this case, a slight tendency for an increase
in the La2Mo3O12 impurity phase is observed as the substitution level of lanthanum with
titanium ions reaches x = 0.001. Meanwhile, the concentration of the monoclinic phase
increases and exceeds its amount in the undoped La2Mo2O9 oxide. Further deviation from
stoichiometry in the oxide system significantly increases La2Mo3O12 content, reaching
nearly 10% at the highest Ti4+ substitution level (x = 0.001). The observed effect of the
impurity phase is closely related to the stabilization of the high-temperature cubic modifi-
cation at room temperature in the La2Mo2O9 complex oxide system, as demonstrated by
the significant decline in monoclinic phase concentration to as low as 77% at a substitution
level of x = 0.003. These results indicate that the increase in the amount of lanthanum
molybdate impurity phases in the crystalline mixture of the La2Mo2O9 complex system
promotes the stabilization of the high-temperature cubic phase at room temperature. In this
case, the influence of titanium ions on the composition of crystalline phases is significantly
greater than that of either lanthanum excess or deficiency in the final ceramic mixture.
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Based on the information presented in this section, the titanium substitution effect
in the La2−xTixMo2O9+x/2 system can be identified as the principal factor responsible for
the formation of the monoclinic La2Mo3O12 secondary phase and the room-temperature
stabilization of the high-temperature cubic La2Mo2O9 phase.

It should be noted that, due to the low titanium concentration and the detection limits
of the available XRD instrumentation, no direct evidence of titanium-containing phases
was observed in the diffraction patterns. The presence of titanium in the samples is inferred
from the initial composition La2−xTixMo2O9+x/2 and the synthesis procedure.

3.3. Raman Spectroscopy

Raman spectroscopy is vital for examining local ordering and disorder within the
crystal lattice. The spectra obtained from the crystalline state display lattice modes—
vibrations caused by translational and rotational motions of molecules in the crystalline
lattice [53]. In this work, the Raman spectroscopical investigation was performed for
the La1.99Mo2O8.985, La2.00Mo2O9.00, La2−xTixMo2O9+x/2 and La2.01Mo2O9.015 samples to
confirm the formation of MoO4 tetrahedra in the monoclinic La2Mo2O9 crystal lattice and
the effect of impurity phases on the specific vibrations of Mo–O bonds. The corresponding
results are presented in Figures 5 and 6. Furthermore, Table 1 details the vibrational mode
frequencies and their associated symmetries of the MoO4

2− ion. [54].

Table 1. Measured vibrational frequencies of Raman peaks (cm−1) and their assignments for
La1.99Mo2O8.985, La2.00Mo2O9.00, La2−xTixMo2O9+x/2, and La2.01Mo2O9.015 samples at room temper-
ature [1].

Internal Mode of Free Ions Raman Frequency/cm−1 Assignment

ν1 of MoO4
2− 965–815 vs Symmetric stretching

ν3 of MoO4
2− 750 m Asymmetric stretching

ν2 of MoO4
2− 370–300 sh Symmetric bending

ν4 of MoO4
2− 370–300 sh Asymmetric bending

– 450–540 w MoO5
4− or MoO6

6−

1 Relative intensities: vs: very strong; m: medium; w: weak; sh: shoulder.

Figure 5. Raman spectra of the La1.99Mo2O8.985, La2.00Mo2O9.00, La2−xTixMo2O9+x/2, and
La2.01Mo2O9.015 samples.
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Figure 6. Raman spectra of lanthanum molybdates with different initial molar compositions in the
250 cm−1–500 cm−1 spectral range.

According to the selection rules, the monoclinic unit cell of the La2Mo2O9 compound
is expected to exhibit 51 Raman-active modes (25 Ag + 26 Bg) [55]. However, the number of
experimentally observed peaks is significantly lower than the predicted value for the mon-
oclinic symmetry. This notable reduction in Raman-active modes (Figure 5) is commonly
observed in nanometric polycrystalline materials with large and complex unit cells [56].
The bending and stretching vibrational modes of molybdate tetrahedra (MoO4

2−) in aque-
ous salt solutions and crystalline phases exhibit strong similarities, leading to Raman peaks
located in comparable spectral regions.

Figure 5 presents the Raman spectra of La1.99Mo2O8.985, La2.00Mo2O9.00, La2−xTix
Mo2O9+x/2, and La2.01Mo2O9.015 compounds, which reveal nearly identical positions and
intensities of the characteristic vibrational bands. These results provide additional evidence
supporting earlier conclusions on the crystalline composition and structural homogeneity
of the synthesized materials. In this context, the observed Raman bands appear to be
determined by the distribution and orientation of molybdate functional units within the
crystal lattice of the La2Mo2O9 double oxide phase.

On the other hand, within the more pronounced spectral interval of 300–400 cm−1

(Figure 6), variations in the intensity distribution of Raman-active modes are evident, par-
ticularly for samples with initial molar compositions La1.99Mo2O8.985 and La2.01Mo2O9.015.
For the La1.99Mo2O8.985 and La2.00Mo2O9.00 compounds, the intensity ratio of the internal
symmetric bending (ν2 of MoO4

2−) and asymmetric bending (ν4 of MoO4
2−) modes at

325 cm−1 and 343 cm−1, respectively, remains comparable. By contrast, Ti-substituted
samples exhibit a merging of these modes, which can be ascribed to an increasing fraction
of the impurity monoclinic La2Mo3O12 crystalline phase in the resulting ceramic material.

In conclusion, Raman analysis of lanthanum molybdate ceramics demonstrates that
an increased content of the impurity La2Mo3O12 phase primarily affects the intensities
of the ν2 (symmetric bending) and ν4 (asymmetric bending) internal modes of MoO4

2−

https://doi.org/10.3390/app16052209

https://doi.org/10.3390/app16052209


Appl. Sci. 2026, 16, 2209 11 of 26

groups. The corresponding change in their intensity ratio is most pronounced in the Raman
spectrum of the sample for La1.997Ti0.003Mo2O9.0015 composition.

4. Conclusions
The phase-transition enthalpy values of titanium-substituted lanthanum molybdate

La2−xTixMo2O9+x/2 ceramics synthesized by the aqueous sol–gel method and heat-treated
at 1000 ◦C differed significantly from the corresponding thermal characteristics of single-
phase La2.00Mo2O9.00 and nonstoichiometric La1.99Mo2O8.985 and La2.01Mo2O9.015 com-
positions. X-ray diffraction analysis showed that both titanium substitution and initial
nonstoichiometry increased the content of secondary phases in the synthesized ceramics. It
was found that the introduction of titanium into the multicomponent La2−xTixMo2O9+x/2

system affects the phase evolution and thermal behavior of the synthesized ceramics pri-
marily by forming secondary crystalline phases. In particular, the presence of titanium
promotes the formation of the La2Mo3O12 impurity phase, which leads to a reduction in
the energy of the high-temperature phase transition. The concentration of this secondary
phase was shown to directly affect the vibrational modes of the molybdate groups, as evi-
denced by Raman spectroscopy. Based on the obtained structural, phase-composition, and
spectroscopic results, it can be concluded that titanium ions do not significantly substitute
lanthanum within the La2Mo2O9 crystal lattice.
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Appendix A. The DSC Curves and Phase Transition Thermoanalytical
Data of the Corresponding La2−xTixMo2O9+x/2 Ceramic, as the Source for
the Data Analyzed in Section 3.1

Figure A1. DSC curve of the phase transition cycles for La1.99975Ti0.00025Mo2O9.000125 ceramic heat-
treated at 1000 ◦C.

Table A1. Thermoanalytical data of the phase transition for La1.99975Ti0.00025Mo2O9.000125

ceramic composition.

Stage Up I Range of Temperature from 538.04 ◦C to 594.94 ◦C

Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
553.94 575.23 160.002 7.8588 561.09
Stage up II Range of temperature from 538.04 ◦C to 594.94 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
551.13 573.16 170.382 8.3686 558.69
Average of the phase transition stages up
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
552.535 574.195 165.192 8.1137 559.89
Stage down I Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
532.82 511.63 −126.157 −6.1964 525.39
Stage down II Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
532.79 511.09 −127.575 −6.2661 525.61
Average of the phase transition stages down
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
532.805 511.36 −126.866 −6.23125 525.50
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Figure A2. DSC curve of the phase transition cycles for La1.9995Ti0.0005Mo2O9.00025 ceramic heat-
treated at 1000 ◦C.

Table A2. Thermoanalytical data of the phase transition for La1.9995Ti0.0005Mo2O9.00025

ceramic composition.

Stage Up I Range of Temperature from 538.04 ◦C to 594.94 ◦C

Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
553.00 574.20 160.952 7.9056 560.31
Stage up II Range of temperature from 538.04 ◦C to 594.94 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
550.13 571.81 163.269 8.0194 558.20
Average of the phase transition stages up
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
551.565 573.005 162.1105 7.9625 559.255
Stage down I Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
532.83 509.82 −126.015 −6.1896 524.85
Stage down II Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
532.56 511.01 −126.01 −6.1893 525.25
Average of the phase transition stages down
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
532.695 510.415 −126.0125 −6.18945 525.05
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Figure A3. DSC curve of the phase transition cycles for La1.99925Ti0.00075Mo2O9.000375 ceramic heat-
treated at 1000 ◦C.

Table A3. Thermoanalytical data of the phase transition for La1.99925Ti0.00075Mo2O9.000375

ceramic composition.

Stage Up I Range of Temperature from 538.04 ◦C to 594.94 ◦C

Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
553.14 575.11 161.618 7.9306 560.38
Stage up II Range of temperature from 538.04 ◦C to 594.94 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
550.92 572.25 161.129 7.9066 558.65
Average of the phase transition stages up
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
552.03 573.68 161.3735 7.9186 559.515
Stage down I Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
532.75 508.41 −125.651 −6.1657 524.94
Stage down II Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
532.65 508.58 −125.574 −6.1619 524.97
Average of the phase transition stages down
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
532.70 508.495 −125.6125 −6.1638 524.955
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Figure A4. DSC curve of the phase transition cycles for La1.999Ti0.001Mo2O9.0005 ceramic heat-treated
at 1000 ◦C.

Table A4. Thermoanalytical data of the phase transition for La1.999Ti0.001Mo2O9.0005 ceramic compo-
sition.

Stage Up I Range of Temperature from 538.04 ◦C to 594.94 ◦C

Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
553.47 576.00 158.128 7.7578 560.37
Stage up II Range of temperature from 538.04 ◦C to 594.94 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
551.39 573.44 158.691 7.7854 559.06
Average of the phase transition stages up
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
552.43 574.72 158.4095 7.7716 559.715
Stage down I Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
533.14 513.83 −122.2 −5.9952 526.93
Stage down II Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
532.95 513.88 −122.152 −5.9928 526.56
Average of the phase transition stages down
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
533.045 513.855 −122.176 −5.994 526.745
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Figure A5. DSC curve of the phase transition cycles for La1.9985Ti0.0015Mo2O9.00075 ceramic heat-
treated at 1000 ◦C.

Table A5. Thermoanalytical data of the phase transition for La1.9985Ti0.0015Mo2O9.00075

ceramic composition.

Stage Up I Range of Temperature from 538.04 ◦C to 594.94 ◦C

Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
554.67 574.21 156.874 7.7031 561.44
Stage up II Range of temperature from 538.04 ◦C to 594.94 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
551.88 571.85 158.129 7.7647 559.16
Average of the phase transition stages up
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
553.275 573.03 157.5015 7.7339 560.30
Stage down I Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
533.77 514.30 −120.868 −5.9351 527.26
Stage down II Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
533.44 514.06 −121.682 −5.9751 527.39
Average of the phase transition stages down
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
533.605 514.18 −121.275 −5.9551 527.325
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Figure A6. DSC curve of the phase transition cycles for La1.998Ti0.002Mo2O9.001 ceramic heat-treated
at 1000 ◦C.

Table A6. Thermoanalytical data of the phase transition for La1.998Ti0.002Mo2O9.001 ceramic composi-
tion.

Stage Up I Range of Temperature from 538.04 ◦C to 594.94 ◦C

Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
554.34 574.42 154.831 7.6007 561.49
Stage up II Range of temperature from 538.04 ◦C to 594.94 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
551.82 572.92 156.545 7.6848 559.80
Average of the phase transition stages up
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
553.08 573.67 155.688 7.64275 560.645
Stage down I Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
533.39 512.68 −120.177 −5.8995 526.97
Stage down II Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
533.30 513.54 −119.58 −5.8702 526.91
Average of the phase transition stages down
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
533.345 513.11 −119.8785 −5.88485 526.94
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Figure A7. DSC curve of the phase transition cycles for La1.9975Ti0.0025Mo2O9.00125 ceramic heat-
treated at 1000 ◦C.

Table A7. Thermoanalytical data of the phase transition for La1.9975Ti0.0025Mo2O9.00125

ceramic composition.

Stage Up I Range of Temperature from 538.04 ◦C to 594.94 ◦C

Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
555.36 576.17 154.22 7.5711 562.72
Stage up II Range of temperature from 538.04 ◦C to 594.94 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
553.17 573.53 155.939 7.6555 559.80
Average of the phase transition stages up
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
554.265 574.85 155.0795 7.6133 561.26
Stage down I Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
536.88 520.49 −119.106 −5.8473 530.77
Stage down II Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
536.75 519.79 −118.803 −5.8324 530.75
Average of the phase transition stages down
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
536.815 520.14 −118.9545 −5.83985 530.76
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Figure A8. DSC curve of the phase transition cycles for La1.997Ti0.003Mo2O9.0015 ceramic heat-treated
at 1000 ◦C.

Table A8. Thermoanalytical data of the phase transition for La1.997Ti0.003Mo2O9.0015 ceramic compo-
sition.

Stage Up I Range of Temperature from 538.04 ◦C to 594.94 ◦C

Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
555.22 575.01 153.9787 7.5474 561.68
Stage up II Range of temperature from 538.04 ◦C to 594.94 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
552.45 572.74 153.1899 7.5087 560.36
Average of the phase transition stages up
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
553.835 573.875 153.5843 7.52805 561.02
Stage down I Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
535.45 519.65 −118.2000 −5.7937 529.95
Stage down II Range of temperature from 553.61 ◦C to 496.71 ◦C
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
535.32 518.94 −117.5360 −5.7611 529.78
Average of the phase transition stages down
Onset/◦C End/◦C Area/mJ ∆H/J/g Peak/◦C
535.385 519.295 −117.8680 −5.7774 529.865
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Appendix B. The X-Ray Diffraction Patterns and Rietveld Refinement
Results for the Ceramic Samples, Which Serve as the Source of the Data
Analyzed in Section 3.2

Figure A9. XRD pattern pressed by Rietveld refinement for the La1.99975Ti0.00025Mo2O9.000125

ceramic composition.

Table A9. Crystal system, mass fraction, crystallite size, and lattice parameters for the
La1.99975Ti0.00025Mo2O9.000125 ceramic heat-treated at 1000 ◦C.

Initial Ceramic
Composition

Crystal System/Molar
Composition

Mass
Fraction/%

Crystallite
Size/nm

Unit Cell

Parameter Angle
a/Å b, Å c, Å α/◦ β/◦ γ/◦

La1.99975Ti0.00025Mo2O9.000125

Cubic/La2Mo2O9 13.3 43.09 7.14774 7.14774 7.14774 90.00000 90.00000 90.00000
Monoclinic/La2Mo2O9 84.9 86.67 14.29685 21.42117 28.50959 90.00000 90.41711 90.00000
Monoclinic/La2Mo3O12 1.6 39.55 17.13356 11.91913 16.13515 90.00000 108.48440 90.00000

Tetragonal/La2MoO6 0.2 30.13 5.74433 5.74433 33.95038 90.00000 90.00000 90.00000

Table A10. Crystal system, mass fraction, crystallite size, and lattice parameters for the
La1.9995Ti0.0005Mo2O9.00025 ceramic heat-treated at 1000 ◦C.

Initial Ceramic
Composition

Crystal System/Molar
Composition

Mass
Fraction/%

Crystallite
Size/nm

Unit Cell

Parameter Angle
a/Å b, Å c, Å α/◦ β/◦ γ/◦

La1.9995Ti0.0005Mo2O9.00025

Cubic/La2Mo2O9 11.6 48.47 7.14732 7.14732 7.14732 90.00000 90.00000 90.00000
Monoclinic/La2Mo2O9 86.6 101.43 14.29474 21.42595 28.52505 90.00000 90.42402 90.00000
Monoclinic/La2Mo3O12 1.6 64.72 17.10397 11.93450 16.10056 90.00000 108.63430 90.00000

Tetragonal/La2MoO6 0.3 34.32 5.87002 5.87002 31.53833 90.00000 90.00000 90.00000

Table A11. Crystal system, mass fraction, crystallite size, and lattice parameters for the
La1.99925Ti0.00075Mo2O9.000375 ceramic heat-treated at 1000 ◦C.

Initial Ceramic
Composition

Crystal System/Molar
Composition

Mass
Fraction/%

Crystallite
Size/nm

Unit Cell

Parameter Angle
a/Å b, Å c, Å α/◦ β/◦ γ/◦

La1.99925Ti0.00075Mo2O9.000375

Cubic/La2Mo2O9 10.5 41.77 7.15176 7.15176 7.15176 90.00000 90.00000 90.00000
Monoclinic/La2Mo2O9 87.2 65.42 14.30060 21.43204 28.52604 90.00000 90.42526 90.00000
Monoclinic/La2Mo3O12 2.1 44.31 17.11233 11.93314 16.09865 90.00000 108.54920 90.00000

Tetragonal/La2MoO6 0.2 28.51 5.81296 5.81296 31.72586 90.00000 90.00000 90.00000
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Figure A10. XRD pattern processed by Rietveld refinement for the La1.9995Ti0.0005Mo2O9.00025

ceramic composition.

Figure A11. XRD pattern processed by Rietveld refinement for the La1.99925Ti0.00075Mo2O9.000375

ceramic composition.

Table A12. Crystal system, mass fraction, crystallite size, and lattice parameters for the
La1.999Ti0.001Mo2O9.0005 ceramic heat-treated at 1000 ◦C.

Initial Ceramic
Composition

Crystal System/Molar
Composition

Mass
Fraction/%

Crystallite
Size/nm

Unit Cell

Parameter Angle
a/Å b, Å c, Å α/◦ β/◦ γ/◦

La1.999Ti0.001Mo2O9.0005

Cubic/La2Mo2O9 9.4 45.42 7.15177 7.15177 7.15177 90.00000 90.00000 90.00000
Monoclinic/La2Mo2O9 87.9 83.97 14.30054 21.43590 28.53332 90.00000 90.42794 90.00000
Monoclinic/La2Mo3O12 2.5 49.00 17.14078 11.92556 16.01975 90.00000 108.88280 90.00000

Tetragonal/La2MoO6 0.2 29.40 5.79111 5.79111 31.69264 90.00000 90.00000 90.00000
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Figure A12. XRD pattern processed by Rietveld refinement for the La1.999Ti0.001Mo2O9.0005

ceramic composition.

Table A13. Crystal system, mass fraction, crystallite size, and lattice parameters for the
La1.9985Ti0.0015Mo2O9.00075 ceramic heat-treated at 1000 ◦C.

Initial Ceramic
Composition

Crystal System/Molar
Composition

Mass
Fraction/%

Crystallite
Size/nm

Unit Cell

Parameter Angle
a/Å b, Å c, Å α/◦ β/◦ γ/◦

La1.9985Ti0.0015Mo2O9.00075

Cubic/La2Mo2O9 9.9 43.11 7.15154 7.15154 7.15154 90.00000 90.00000 90.00000
Monoclinic/La2Mo2O9 85.7 77.13 14.29876 21.42490 28.52146 90.00000 90.43916 90.00000
Monoclinic/La2Mo3O12 4.0 31.89 17.11449 11.87091 16.04972 90.00000 109.02870 90.00000

Tetragonal/La2MoO6 0.4 28.59 5.85697 5.85697 31.96749 90.00000 90.00000 90.00000

Figure A13. XRD pattern processed by Rietveld refinement for the La1.9985Ti0.0015Mo2O9.00075

ceramic composition.
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Figure A14. XRD pattern processed by Rietveld refinement for the La1.998Ti0.002Mo2O9.001

ceramic composition.

Table A14. Crystal system, mass fraction, crystallite size, and lattice parameters for the
La1.998Ti0.002Mo2O9.001 ceramic heat-treated at 1000 ◦C.

Initial Ceramic
Composition

Crystal System/Molar
Composition

Mass
Fraction/%

Crystallite
Size/nm

Unit Cell

Parameter Angle
a/Å b, Å c, Å α/◦ β/◦ γ/◦

La1.998Ti0.002Mo2O9.001

Cubic/La2Mo2O9 10.1 44.94 7.14819 7.14819 7.14819 90.00000 90.00000 90.00000
Monoclinic/La2Mo2O9 84.2 84.55 14.29327 21.42161 28.51472 90.00000 90.43036 90.00000
Monoclinic/La2Mo3O12 5.8 39.46 16.89953 11.86142 15.97722 90.00000 108.49770 90.00000

Tetragonal/La2MoO6 0.0 – – – – – – –

Figure A15. XRD pattern processed by Rietveld refinement for the La1.9975Ti0.0025Mo2O9.00125

ceramic composition.
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Figure A16. XRD pattern processed by Rietveld refinement for the La1.997Ti0.003Mo2O9.0015

ceramic composition.

Table A15. Crystal system, mass fraction, crystallite size, and lattice parameters for the
La1.9975Ti0.0025Mo2O9.00125 ceramic heat-treated at 1000 ◦C.

Initial Ceramic
Composition

Crystal System/Molar
Composition

Mass
Fraction/%

Crystallite
Size/nm

Unit Cell

Parameter Angle
a/Å b, Å c, Å α/◦ β/◦ γ/◦

La1.9975Ti0.0025Mo2O9.00125

Cubic/La2Mo2O9 10.4 42.20 7.15750 7.15750 7.15750 90.00000 90.00000 90.00000
Monoclinic/La2Mo2O9 83.4 69.58 14.30539 21.43762 28.53926 90.00000 90.43098 90.00000
Monoclinic/La2Mo3O12 5.9 36.88 17.13456 11.86412 16.02840 90.00000 108.86070 90.00000

Tetragonal/La2MoO6 0.3 27.62 5.79986 5.79986 31.83075 90.00000 90.00000 90.00000

Table A16. Crystal system, mass fraction, crystallite size, and lattice parameters for the
La1.997Ti0.003Mo2O9.0015 ceramic heat-treated at 1000 ◦C.

Initial Ceramic
Composition

Crystal System/Molar
Composition

Mass
Fraction/%

Crystallite
Size/nm

Unit Cell

Parameter Angle
a/Å b, Å c, Å α/◦ β/◦ γ/◦

La1.997Ti0.003Mo2O9.0015

Cubic/La2Mo2O9 13.3 46.02 7.15220 7.15220 7.15220 90.00000 90.00000 90.00000
Monoclinic/La2Mo2O9 77.2 91.23 14.29833 21.42930 28.53137 90.00000 90.43802 90.00000
Monoclinic/La2Mo3O12 9.1 42.99 16.89683 11.87091 15.98331 90.00000 108.47970 90.00000

Tetragonal/La2MoO6 0.4 32.33 5.83955 5.83955 32.01361 90.00000 90.00000 90.00000
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