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Abstract

Lanthanum aluminate (LaAlO;) was synthesized using the nitrate-citrate sol-gel
method followed by the combustion process. The synthesis was conducted using
fuel-lean at pH 77, with metal precursor to citric acid mass ratios (Me:CgHgO;) of
1:0.25, 1:0.37, and 1:0.48. The resultant products were analyzed using X-ray
diffraction and scanning electron microscopy (SEM). After post-annealing at
900 °C, the formation of crystalline LaAlO; was confirmed, whereas the as-
pyrolized product was found to be X-ray amorphous. It was established
through thermal analysis that nitrate-citrate complexes decompose in several
stages, and LaAlO; crystallizes at around 840 °C. An increase in citric acid con-
centration correlated with a reduction in microstress levels and a decrease in
the size of coherent scattering regions, in agreement with the particle size meas-
urement results obtained from SEM images. The synthesized nanoscale particles
exhibited an average size in the range of 50-60 nm and a specific surface area
greater than 15 m?/g. The synthesized powders were characterized by fragile
porous aggregates composed of thin porous walls. Notably, an increase in citric
acid concentration promoted the enlargement of pores within the aggregates
while simultaneously reducing the pore size within the thin walls. Furthermore,
the materials synthesized from the solutions with pH 1 demonstrated a larger
average particle size (~75 nm) and smaller pore sizes, with combustion occur-
ring at lower temperatures compared to the samples obtained from the solu-
tions at pH 7.

Key findings

e Lanthanum aluminate crystallises at 900 °C after combustion of fuel-lean in ni-
trate-citrate synthesis.

e Increasing the amount of fuel leads to the formation of a more developed porous
system of aluminate aggregates.

e An inverse relationship between the amount of fuel and the particle size is observed.

© 2024, the Authors. This article is published in open access under the terms and conditions of the
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The investigation of aluminates has garnered significant at-
tention in the scientific community. Among these com-
pounds, lanthanum monoaluminate (LaAlO3) stands out as
a notable example [1]. LaAlOs is classified within the per-
ovskite family. Notably, LaAlO5; exhibits a cubic perovskite
structure characterized by the space group Pm-3m. This
compound is known to readily undergo a phase transition
to a distorted rhombohedral perovskite structure, identi-
fied by the space group R-3c [2].

The interest in lanthanum aluminate (LaAlO3) arises
from its diverse functional properties. Doping LaAlO; with
various cations further extends its range of application. It
was reported [3] that the crystal structure of perovskite
can include more than 90% of the elements of the periodic
table. The dielectric properties, unique crystal structure
characteristics and specific thermal expansion coeffi-
cients of LaAlOs facilitate its use in the fabrication of res-
onators and conducting films for microwave devices [4],
as well as thermistors, which are resistors whose re-
sistance decreases as temperature increases [5]. The
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article [6] shows that for samples sintered at 1200-
1400 °C, the coefficient of thermal expansion ranges from
5.5-10°® to 6.5-10°® K!, and the thermal conductivity
ranges from 2.2 to 3.4 W/(m-K). In the field of catalysis,
LaAlO3; demonstrates potential due to its ability to produce
materials with high surface area, along with notable
chemical, thermal, and mechanical stability, as well as
catalytic activity [7,8]. Additionally, the utility of alumi-
nates in forming hexaaluminates, such as LaAl::0:s, pre-
sents opportunities for developing a-Al.Os-based ceramics
with enhanced fracture toughness [9]. Recent findings in-
dicate that lanthanum aluminate is also suitable for appli-
cation in solid oxide fuel cells (SOFCs) owing to its im-
proved oxygen conductivity [10, 11]. Moreover, the lumi-
nescent and optical properties of doped LaAlO; warrant
further exploration, as the material has potential applica-
tions in the production of displays, solid-state lasers, ther-
mal sensors, and light-emitting diodes (LEDs) [12-14].

A substantial body of research, as reviewed in [1], fo-
cuses on the synthesis of lanthanum aluminate (LaAlOs) via
the solid-phase reaction of alumina (Al.0s) and lanthana
(La203). However, this method is characterized by the re-
quirement of high reaction temperatures exceeding 1100 °C
[3, 15]. The resultant particles tend to be large, which ad-
versely affects their sintering ability and overall material
properties. It is particularly noted that these drawbacks are
pronounced when using inert precursors, such as a-AlzOs.
In [1,15], various methods for the preparation of highly dis-
persed LaAlO; powders are discussed. These methods in-
clude co-deposition, hydrothermal and solvothermal syn-
thesis, mechano-synthesis, combustion, and the Pechini
process [16]. Each technique offers distinct advantages and
may mitigate the limitations associated with high-temper-
ature solid-state synthesis.

Significant attention is directed toward the synthesis of
LaAlOs; via the sol-gel method with subsequent combustion.
This approach encompasses several key steps: the mixing
of precursor chemicals, the formation of a sol and subse-
quent gel, and thermal treatment to remove organic and
volatile substances. The advantages of the sol-gel method
include ease of scale-up, high product purity, straightfor-
ward doping processes, and a high specific surface area of
the resultant powders [15]. For example, Mizukami et al
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The sol-gel method offers numerous advantages, partic-
ularly due to its wide array of synthesis parameters. By
changing these parameters, researchers can readily obtain
desired outcomes. Variations in these parameters have led
to the customization of method names, which often reflect
the composition of the gel-forming or fuel components.
Common nomenclature includes terms such as citrate [20],
glycine-nitrate [21], and glycol precursor method [22]. A
variety of fuels have been employed in the synthesis of
LaAlOs: citric acid, urea, polyvinyl alcohol, glycine, and
oleic acid [23, 24]. Numerous studies have focused on ana-
lyzing the efficiency of these fuel mixtures. For instance,
Aruna et al [25] reported an enhancement in particle dis-
persibility when using a mixture of urea and glycine as a
propellant, compared to materials synthesized when urea
alone. Additionally, Chandradass and Kim [26] investigated
the combust of varying ratios of citric and oxalic acids in
their synthesis. Their findings indicated that LaAlO; pro-
duced using a combination of 0.0025 M citric acid and
0.0075M oxalic acid exhibited the smallest crystallite size,
measuring 23.6 nm. The researchers concluded that utiliz-
ing a mixture of fuels not only reduces the exothermicity of
the combustion reaction but also significantly decreases the
crystallite size of the resultant material.

Currently, the most common chelating agent is citric
acid. This is due to its acidic properties and its ability to
form strong complexes with many compounds. Frequently,
it is added in excess, with molar ratios of citric acid to cat-
ions ranging from 1 to 3 [15]. The formation of complexes,
called citrates, also occurs in acidic medium. However, the
process of co-complex formation can be accelerated by ad-
justing the pH (neutralization) using ammonia solution.
Then the formation of complexes occurs in reactions with
hydroxides [27]. In addition to stimulating the complexa-
tion reaction, the formation of ammonium nitrate occurs in
the systems. It also acts as an oxidant in the exothermic re-
dox process [28]. It was reported in [10] that the average
crystallite size decreases with increasing pH of the initial
solution. The calculated values at pH 2, 7 and 9 were 35, 31
and 29 nm, respectively.

Table 1 A brief analysis of LaAlO; synthesis methods (adapted
from [3, 15, 17, 18]).
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This study investigates the phase composition, aggre-
gate morphology, and particle size of lanthanum aluminate
(LaAlO3) synthesized through a nitrate-citrate sol-gel com-
bustion method utilizing low-concentration precursor solu-
tions. The sol-gel combustion technique is selected for its
ability to produce high-purity powder with tunable func-
tional properties by systematically varying synthesis pa-
rameters. Our findings reveal that LaAlO; can be effectively
crystallized at relatively low temperatures, resulting in
particle sizes that demonstrate potential applicability in
various technological fields, including catalysis, photonics,
and solid oxide fuel cells. The insights gained from this re-
search are crucial for optimizing the synthesis of lantha-
num aluminate and enhancing its functional applications.

2. Materials and methods

2.1. Synthesis of LaAlO; powders

Lanthanum aluminate was synthesized using the citrate
method, employing La(NO3)3;-6H-0 (Vekton, Russia, 99.9%
purity) and A1(NO3)3-9H-0 (Vekton, Russia, 98% purity) as
the initial precursors in a 1:1 molar ratio. The salts were
completely dissolved in a small amount of distilled water
and 0.5 M solutions were prepared. Upon mixing the nitrate
solutions at ambient temperature, a citric acid solution
(CsHgOy), prepared in a similar manner, was added with
continuous stirring using a magnetic stirrer (Tagler MM 135
H). The mass ratios of metal precursors to citric acid
(Me:CsHsO7) was varied as follows: 1:0.25 (composition 1);
1:0.37 (composition 2); 1:0.48 (composition 3).

The pH of the resulting solutions was adjusted to main-
tain stability and prevent precipitation by the gradual addi-
tion of concentrated NH,OH, aiming for a target pH of 7-8.
Additionally, a fourth composition (composition 4) with a
precursor-to-citric acid ratio of 1:0.48 was synthesized
without pH adjustment, omitting NH,OH. The pH levels of
the nitrate solutions and their mixtures exhibited a pH of 1.
Upon the introduction of NH,OH, the pH stabilized at 7-8.
Notably, the transparent solution transitioned to a white
coloration between pH 2-4 before returning to transpar-
ency; this behavior was not observed in the material with
the lowest citric acid content. At pH 7-8, the solution re-
tained a whitish appearance, likely due to the precipitation
of hydroxides.

Mixing of the final solutions was conducted for two
hours at a maximum temperature of 60 °C. Subsequently,
water was evaporated using a heating apparatus main-
tained at temperatures not exceeding 270 °C, resulting in
the formation of a clear gel. The dried products primarily
formed charred powders, with the exception of the material
synthesized without pH adjustment. These powders were
then subjected to heat treatment. Initially placed in a pre-
heated oven at 250 °C, the temperature was rapidly in-
creased to 400 °C before the samples were cooled in ambi-
ent air. A volumetric expansion was observed during reac-
tions occurring near 300 °C, while the powders retained a
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black-grey coloration. After cooling, the powders were
finely ground and underwent annealing at 900 °C, followed
by slow cooling within the oven EKPS-10, resulting in a final
product characterized as a white fluffy powder. Addition-
ally, the precursors were heat treated at 700 and 800 °C.

It is worth noting that milling of the materials at various
synthesis stages was not conducted. Instead, the aggregates
formed from the powder products post-combustion and
during annealing at 900 °C disintegrated naturally during
handling.

2.2. Characterisation

The calculation of redox reactions to determine the richness
(de<1) or leanness (Ppe>1) of the fuel-oxidizer mixtures was
carried out using equation 1 [29]. The valencies of the oxi-
dizing elements N and O were taken as +5 and +2, respec-
tively. The valences of fuel elements C and H were taken as
-4 and -1 respectively. The valences of Al and La were con-
sidered neutral.

¢be = p/r, (1)

where p - the sum of the coefficients of oxidizing elements
in specific formula valence; r - the sum of the coefficients
of reducing elements in specific formula valence multiplied
by (-1).

The thermal decomposition of the dried precursor was
carried out using a STA7300 thermal analyzer (Hitachi).
The samples were heated from 25 to 1000 °C at a heating
rate of 15 °C/min.

The phase composition was determined using X-ray dif-
fraction patterns obtained on an ADVIN POWDIX 600 dif-
fractometer using the PDF-4 database. The imaging was
performed in Cu Ka radiation (A(Ka1) = 1.540562 A) in the
angle range from 20 to 70° in steps of A26 = 0.01°. The lat-
tice parameter and X-ray density were calculated using
Profex software (version 5.3.1) [30]. Similar to [31] the mi-
crostress level and the size of the coherent scattering re-
gions were estimated using the Williamson-Hall equation:

(2)

where fBhua - the full width at half maximum intensity for
various diffraction planes; 0 - the angular position of the
reflex, in radians; A - the wavelength of the incident radia-
tion, in nm; D - the average size of the crystallites, in nm;

Bhk-cos® = 0.9-A/D+4¢-sinb

€ - the microstress [32].

Preliminary analysis of the obtained powders was car-
ried out on ADF X100 stereomicroscope. The size and mor-
phology of powder particles, aggregates and pores were
studied on a Merlin scanning electron microscope in the
secondary electron mode. The samples were coated with a
gold layer to improve the conductivity. The measurements
were performed using JMicroVision software (version
1.3.4) [33] and DLgramoz1 cloud service [34].

The specific surface area of the synthesized powders
was measured using a Sorbi-MS according to the BET tech-
nique at relative partial pressures of 0.06, 0.09, 0.15, and
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0.20 P/P,. A SorbiPrep station was used to degas the sam-
ples before measuring their specific surface area. Heating
was carried out up to 200°C, with a holding time of 40 min.
The particle size Dper (nm) was calculated from the specific
surface area data using the equation:

1000-K/(p-S) (3

where K is the particle shape coefficient (K = 6 for spherical
particles); S is the surface area of a powder, in m?/g; p is
the theoretical density of LaAlOs, in g/cm?3.

Dger =

3. Results and Discussion

3.1. Oxidation-reduction ratio of mixtures.
Thermal analysis

The onset temperatures for combustion and the subsequent
flame temperatures are influenced by the fuel mixture and
the fuel-to-oxidant ratio. This in turn determines the sur-
face area, size distribution and agglomeration of particles
in the resultant material [25, 26]. The calculations were
carried out using equation 1, and it was found that the mix-
tures prepared are lean. Specifically, the ratio of oxidant to
reducing agent exceeds 1, deviating significantly from the
stoichiometric ratio as the concentration of citric acid is di-
minished. Notably, combustion is nonetheless observed, re-
sulting in the formation of fluffy powders.

The residues within the crucibles, after heat treatment
of the dried gels at 400 °C, were examined using a stere-
omicroscope (Figure 1). The most pronounced volumetric
effect was noted in materials with a metal to citric acid
(Me:CsHsOy7) ratio of 1:0.48. A reduction in this ratio corre-
sponded with a diminished volumetric effect. For a
Me:CsHsO7 ratio of 1:0.25, no significant volumetric effect
was evident; the inner surface of the crucible appeared uni-
formly coated with fine black particles. Considering that
the amounts of La(NO3)3-6H20 and A1(NO3)3-9H-0 remained
constant, the observed phenomena can be attributed solely
to the varying quantities of citric acid incorporated into the
mixtures.

In our research, heating pH-regulated materials on a la-
boratory hot plate to 270 °C did not reach the necessary
temperatures to initiate combustion. In contrast, the pH-
unregulated material exhibited swelling during the drying
process, producing brown-colored smoke, which can be at-
tributed to the release of NO2[25]. These observations high-
light the critical role of synthesis conditions on the combus-
tion behavior and thermochemical dynamics of LaAlOs.

In the research by Yagodina and Mishenina [35], LaAlO3
powder was synthesized using the nitrate-citrate method,
maintaining a stoichiometric oxidant-fuel ratio with citric
acid and aluminate-forming compounds in a 1:1 ratio.
Thermal analysis results indicated that exothermic com-
bustion processes occurred within the temperature range
of 350-475 °C, primarily due to the oxidation of metal-cit-
rate complexes, which was accompanied by significant
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mass loss. The authors noted a substantial activation en-
ergy of 600 kJ/mol associated with these reactions.

Further investigations by Lee et al [20] revealed the
presence of exothermic peaks beginning at 400.2 °C during
the gelling of an aqueous solution of aluminum nitrate and
citric acid at varying ratios. It was observed that when the
nitrate-to-citric acid ratio was between 0.1 and 0.33, the
decomposition process occurred in two distinct stages.
However, increasing the citric acid ratio beyond 0.33 re-
sulted in a three-stage decomposition process, with the
temperatures of subsequent decomposition steps rising cor-
respondingly with the increasing citrate-to-nitrate ratio.

For powders with the lowest volumetric effect (for
which Me:CsHsgO5 is 1:0.25 and 1:0.48 without NH,OH) the
thermal analysis was performed. The curves of thermogra-
vimetry and differential thermal analysis (TG/DTA), and
derivative thermogravimetry analysis (DTG) are shown in
Figure 2.

Endothermic processes from the beginning of heating are
explained by the loss of adsorbed and bound water and the
removal of light organic compounds. Up to about 300 °C, en-
dothermic effects can also be associated with the decomposi-
tion of hydroxides [22]. The weight losses at this stage are
about 16.5 and 13.2% for materials 1:0.48 and 1:0.25, respec-
tively.

drying
(up to 270°C)

Figure 1 Appearance of the products of the nitrate-citrate synthe-
sis at different oxidant and reductant ratios, processed at various
temperatures.
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Exothermic processes that were recorded are associated
with the oxidation of nitrate-citrate complexes. For a mate-
rial with a ratio (Me:CsHgO7) of 1:0.48 without NH,OH, two
stages can be distinguished with maxima at 403.3 and
423.8 °C. At these temperatures, decomposition of unre-
acted citric acid and nitrate-citrate complexes (combus-
tion) occurs [36]. Since citric acid is not used in excess,
more complete reactions of the formation of nitrate citrate
complexes can be facilitated by increasing the mixing time
or by increasing the mixing temperature. The weight loss
during this stage was 34.7%. For a material with a ratio
(Me:CeHsO;) of 1:0.25, several exothermic reactions oc-
cur. These may be related to the decomposition of nitrate-
citrate complexes (433.9 °C), citric acid (372.3 °C) and
other compounds (310.9 °C), for example, hydroxycar-
bonates [20]. The presence of the latter reaction for this
composition can be explained by contamination of the
starting powder with carbon, which is not typical for ma-
terial with ratio (Me:CsHsO;) of 1:0.48 without NH,OH
(Figure 1). The total weight loss in this temperature range
was 50%.

Exothermic effects near 840 °C are associated with the
crystallization of LaAlO;[37]. Total weight losses were
56.4 and 67.8% for materials with ratios (Me:CsHsO-) 1:0.25
and 1:0.48 without NH4OH, respectively.

3.2. X-ray phase analysis

Figure 3 presents the X-ray diffraction patterns of the re-
sultant and intermediate materials. All resultant powders
(diffractograms e-h) treated at 900 °C correspond to lan-
thanum monoaluminate (LaAlO3, R-3c (167)). No reflection
associated with the parent or intermediate compounds are
observed, indicating complete conversion of the reaction.
Notably, in the materials with a metal to citric acid
(Me : CsHgOy7) ratio of 1:0.25, a shift in the peak positions
and a change in the signal-to-noise ratio are detected. This
phenomenon may stem from processes related to pH adjust-
ment or incomplete crystallization.

The diffractograms of the dried gel (diffractogram a)
and the combustion products (diffractogram b) are also il-
lustrated in Figure 3. The results are presented for mate-
rials with metal precursor to citric acid mass ratios of
1:0.48, 1:0.37, and 1:0.25. Regardless of these ratios, all
compositions exhibit similar diffraction patterns indica-
tive of an amorphous state (Figure 3, diffractogram a, b).
The materials annealed at 700 and 800 °C (diffractograms
c and d) are predominantly amorphous; however, the ap-
pearance of low-intensity reflection can be observed,
which indicates the beginning of crystallization. This is
consistent with the results of thermal analysis described
in Section 3.1. The onset of crystallization at a lower tem-
perature than determined by the TG-DTA curves is associ-
ated with a lower heating rate, the accuracy of maintain-
ing the set temperature, and the temperature gradients
within the furnace.
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Similar results were reported in the literature [26, 38].
Zhang et al [5] demonstrated that LaAlO; forms at 800 °C
regardless of the Me:CsHsO7 ratio, which includes 1:1, 1:1.5,
1:2, and 1:3. Their research indicates that the pH of the solu-
tion significantly influence the synthesis process; aluminate
is produced at 800 °C at pH of 4, while crystallization initi-
ates at 600 °C when the pH is 9. They observed that an alka-
line environment facilitates a reduction in the synthesis tem-
perature. Conversely, another study [39] indicates that fur-
ther washing and grinding of intermediate products, along
with the synthesis of a homogeneous gel, can lower the for-
mation temperature of LaAlO5 to 600 °C.

Table 2 presents a summary of the results obtained from
X-ray diffraction analysis performed using Profex software
(version 5.3.1). The calculated microstresses and sizes of
coherent scattering regions are shown in Figure 4. The
crystallite size (CS) and microstresses (MS) were deter-
mined on linear fitting data, using the Y-axis intersection
for CS and the slope magnitude on the X-axis for MS, in ac-
cordance with Equation 2.

The highest measurement error is observed in the ma-
terial with minimum amount of citric acid. Additionally, the
lattice parameters of this material, along with the level of
microstresses, are significantly elevated compared to oth-
ers. This phenomenon is likely attributed to the retention
of the amorphous component of the material, as no alloying
processes were undertaken that could exert this influence.
The authors of [40] noted that variations in lattice strain,
whether an increase or decrease, can be correlated with
changes in dislocation density. The observed positive slope
of the linear curves signifies lattice expansion within the
nanoparticles. Notably, a correlation is observed between
the heightened values of the lattice parameter, crystallite
size, and microstress levels.

3.3. SEM-Analysis

The morphology of LaAlO3; powder materials obtained by
sol-gel method followed by combustion was analyzed using
a scanning electron microscopy. Figure 5 shows a compari-
son of materials in which Me:CsHsO; was 1:0.48, when ob-
tained without and with pH adjustment. After heating on
the hot plate (up to 270 °C), the particle aggregates of the
material with unregulated pH are friable and porous (Fig-
ure 5 a). This indicates that combustion occurred already at
this preparation stage. At these temperatures, this effect is
not observed in the second material (Figure 5 b), indicating
insufficient heating.
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Figure 4 Williamson-Hall dependences calculated from diffracto-
grams of synthesized powders with ratio (Me:C¢HsO,) 1:0.25 (a);
1:0.37 (b); 1:0.48 (c); 1:0.48 without NH,OH (d); and dependencies
of CS and MS on the ratio of components (e).

Table 2 Dependence of lattice parameters and X-ray density on the ratio of components.

Ratio Lattice parameter X-ray Refinement quality parameters
Nitrates:C¢H3O, a, A c A density Rwp GOF
1 1:0.25 5.36739+0.00032 13.14592+0.00089 6.497 4.34 1.49
2 1:0.37 5.36403+0.00006 13.13884+0.00024 6.509 2.39 1.42
3 1:0.48 5.36435+0.00005 13.13956+0.00021 6.508 2.35 1.34
4 1:0.48? 5.36417+0.00006 13.13685+0.00014 6.507 2.32 1.35

# without pH adjustment.
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(d)
Figure 5 Morphology of aggregates of materials with a ratio of
1:0.48 obtained by heating to 270 °C without NH,OH (a) and with
NH,OH (b); at 400 °C without NH,OH (c) and with NH,OH (d).

The presence of cracks on the surface of the particles
indicates the beginning of a reaction accompanied by an in-
crease in volume. After heating up to 400 °C, the morphol-
ogy of particles of both materials looks the same (Figure 5
d, c). At the same time, no visible volume effect was ob-
served for the material without pH adjustment. It can be
concluded that materials obtained from solutions with pH
7-8 require higher temperatures to initiate combustion.

The powders were subjected to natural milling resulting
in a broad distribution of aggregate sizes following anneal-
ing at 900 °C, spanning from a few micrometers to several
hundred micrometers. The average agglomerate size for the
sample without NH,OH was determined to be 25 pm. In
contrast, for the materials with adjusted pH, the average
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aggregate sizes ranged from 55 to 70 pm, contingent upon
the decreasing concentration of citric acid. This trend can
be attributed to the fact that a higher concentration of citric
acid facilitates more vigorous combustion, leading to a sig-
nificant volumetric effect. Consequently, the aggregates
formed under these conditions exhibit increased porosity
and are more amenable to fragmentation.

Figure 6 illustrates the structural characteristics of the
powders post-annealing at 900 °C, alongside the corre-
sponding particle size distributions. The average particle
size (dave) measured from SEM-images of the material with-
out NH,OH was 75+1 nm. For the pH-adjusted materials,
the average particle size measured from SEM-images varied
as follows with decreasing citric acid concentration: 55+1
nm for the first sample, 55+1 nm for the second, and 60+1
nm for the sample with the minimum amount of citric acid.
The observed increase in average particle size for the sam-
ple with the least citric acid is likely a result of the loss of
finer particles. As detailed in Section 3.1, the smaller parti-
cles settled uniformly on the surface of the crucible, ren-
dering them inaccessible for subsequent analysis.

Zhang et al [5] demonstrated that citric acid concentra-
tion and pH do not significantly influence the average par-
ticle size of LaAlO3; powders, which remains in the range of
24 to 30 nm. It can be noted that particle sizes measured
from SEM images and those calculated from X-ray diffrac-
tion (XRD) patterns exhibit minor discrepancies. This vari-
ation can be attributed to the fact that X-ray intensity is
proportional to the average particle volume, whereas SEM
measurements focus on the average particle diameter. Fur-
thermore, the authors report that increasing the amount of
water during synthesis contributes to a reduction in parti-
cle size. In a related study, it was observed that slight devi-
ations in particle size uniformity and distribution are linked
to imbalances in heat and mass transfer throughout the
synthesis process [12].

The results of measuring the specific surface area of
synthesized powders and the calculated particle size of Deer
are shown in Table 3. The calculated particle sizes differ from
those measured by SEM images by no more than 6 nm. Simi-
larly, Tian et al. [41] reported a 7 nm particle size difference
(Dger = 93 nm and Drtem = 100 nm). This size difference is re-
lated to the shape of the particles and the presence of connec-
tions between them. The specific surface area for all materials
exceeds 15 m?/g. The high specific surface area is explained by
the multistage release of gas products during decomposition,
preventing agglomeration of synthesized powder [17].

During the combustion process, aggregates exhibiting a
developed porous structure are formed. Kumar et al. [12]
characterized this structure as spongy and porous, attrib-
uting its formation to the significant release of gases such
as COz, CO and Nz during the synthesis process. The mate-
rials synthesized in our study exhibit a similar morphology.
Specifically, thin porous walls of nanoscale particles align
such that extensive cavities of irregular rounded shapes are
created between them (see Figure 7 a).
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Figure 6 Morphology and particle size distribution after annealing at 9oo °C of materials with a ratio of 1:0,48 without NH,OH (a) and

with NH,OH (b); 1:0.37 (c) and 1:0.25(d).

Table 3 BET specific surface area and DBET.

Ratio Nitrates : CsHsO, BET, m?/g Dggr, NM
1:0.25 16.2 60.3
1:0.37 16.6 55.2
1:0.48 15.2 55.6

The sizes of these cavities vary from a few tens of mi-
crometers down to fractions of a micrometer. Notably, the
number of the large cavities exceeding 9 pm in size is con-
siderably lower, with their presence being negligible in ma-
terials synthesized with minimal citric acid concentrations.

For the material synthesized without pH stabilization,
the average cavity size is 2.3+0.1 um, with more than 75%
of the cavities falling within the 1-3 pm range and no more
than 5% measuring below 1 pm. Conversely, the material
with equivalent composition but obtained under pH-stabi-
lized conditions displays larger cavities, with an average
size reaching 4.0+0.2 pm. The distribution of cavity sizes in
the pH-stabilized material shows an equal prevalence
(27%) of cavities measuring up to 1 pm and those in the 3-
6 pm range. Moreover, a noteworthy proportion of cavities
greater than 9 um was recorded, accounting for approxi-
mately 10% of the total observed cavities.

The material synthesized with a Me:CsHsO, ratio of
1:0.25 exhibited the smallest average cavity size of
0.82+0.05 pum. In this case, over 75% of the cavities were
smaller than 1 pm, with only 2% of the analyzed areas fall-
ing in the 3-6 um range; voids larger than 6 pm were not
detected in the scanning electron microscope images. These
findings confirm the impact of citric acid concentration on
the volume reaction degree during the combustion process.

8 of 11

Furthermore, the structural characteristics observed may
correlate with the formation of a fractal structure during
sol-gel processes, as described in the paper [42]. The pore
distribution formed between the particles within the walls
and the average pore size (dave) are illustrated in Figure 7
b-e. The most prevalent pore sizes range between 10 and 30
nm, with the exception of the material with minimal citric
acid, where a significant proportion of pores exhibit sizes
between 30 and 50 nm.

4. Limitations

This study conducted crystallization annealing exclusively
at a temperature of 900 °C. It is well established that both
the temperature and duration of the annealing significantly
in-fluence the crystallinity of the resulting phase as well as
the particle size. Consequently, further investigation is
warranted to identify the minimum annealing temperature
required to achieve the desired crystallinity of the synthe-
sized compound.

Additionally, the synthesized powders were not sub-
jected to further milling, which could have facilitated a
more precise estimation of particle size. It is important to
note that light nanoscale particles could not be entirely re-
trieved from the surfaces of crucibles and storage or
transport vessels. The observed particles tend to form ag-
gregates that are fused together, lacking discernible bound-
aries. This aggregation complicates the accurate measure-
ment of particle sizes, thereby presenting a challenge to the
characterization process.
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Figure 7 Pore morphology (a, b) and pore size distribution between particles after annealing at 900 °C of materials with a ratio of

1:0.48 1:0,25 (c); 1:0,37 (d); 1:0,48 (e); 1:0,48 without NH,OH (f).

5. Conclusions

In this study, nanoscale powders of LaAlO3 synthesized us-
ing the nitrate-citrate sol-gel method followed by the com-
bustion process. The prepared compositions, which incor-
porated varying amounts of citric acid, were classified as
lean in terms of composition. An increase in citric acid con-
centration was found to enhance the volumetric effects of
the reaction.

Thermal analysis methods showed that the decomposi-
tion of precursors occurs in several stages within the tem-
perature range 300-450 °C. LaAlO; crystallizes at a tem-
perature of about 840 °C for different compositions. The to-
tal weight loss is greater than 50%.

X-ray diffraction analysis revealed that the product re-
mained amorphous after combustion and annealing at
400 °C. After annealing at 700 and 800 °C, weak LaAlO; re-
flections were detected, indicating the beginning of crystal-
lization. Following annealing at 900 °C, the phase compo-
sition of the powder was confirmed to be LaAlO3 (R-3c,

g of 11

167). Additionally, as the amount of citric acid increased,
microstress levels decreased from 0.0016 to 0.0010, while
the average size of coherent scattering regions decreased
from 51.4 to 28.9 nm. Notably, the changes in lattice pa-
rameters were observed to be non-linear and minimal.

The synthesized aggregates exhibited irregular shapes
characterized by thin walls formed by intergrown, rounded
particles. The cavities between these walls reached sizes of
several micrometers, while the pore sizes within the walls
predominantly ranged from 10 to 50 nm. As the concentra-
tion of citric acid (C¢HgO,) increased, the aggregate size de-
creased and the pore size increased, resulting in a reduction
of the average particle size from 60 nm to 50 nm.

It was found that the specific surface area, determined
using the BET method, is greater than 15 m?/g. The calcu-
lated particle sizes were close to the measured ones; the
difference was less than 6 nm.

The preparation of LaAlO; with a Me:CeéHsO7 = 1:0.48,
conducted without pH adjustment (pH = 1), yielded similar
diffraction patterns. Observed effects

and scanning
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electron microscopy (SEM) images indicated that combus-

tion occurred at lower temperatures relative to powders

of

similar composition synthesized at a pH of 7, which dis-

played an increase in average particle size (~70 nm) along-

side a decrease in the size of aggregates and pores.

In conclusion, this study highlights the viability of syn-

thesizing LaAlO; from lean mixtures, with and without pH

adjustment, and demonstrates the influence of nitrate-c
rate sol-gel synthesis conditions on the characteristics
the resultant powder products.
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