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Abstract. In this paper, the effect of the annealing duration on the photocatalytic properties of lanthanum
ferrite perovskite synthesized by the hydrothermal method is investigated. Lanthanum ferrite was chosen as the
object of study due to its high activity under the influence of visible light. During the experiments, the structural
changes occurring in the material during annealing during 2, 4 and 6 hours were studied. The main attention was
paid to the analysis of the morphology of nanoparticles, phase composition, crystallinity, absorption spectra and
photocatalytic activity. The results show that an increase in the annealing time leads to an improvement in the
crystal structure, an increase in the size of crystallites and a higher level of oxygenation. The optimal annealing
time to achieve maximum photocatalytic activity was determined to be 6 hours. The work confirms the prospects
of using long-term annealing to improve the photocatalytic properties of perovskite-based materials.
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1. Introduction

Currently, solar energy, as a bright and renewable source, is used as an alternative to fossil fuels [1].
Photocatalysis is a promising environmentally friendly method based on the use of semiconductor
photocatalysts with high chemical and thermal stability. These processes are usually carried out with the
participation of photoinduced charge carriers under mild operating conditions without the addition of
chemicals. This gives photocatalysis an advantage over traditional methods such as biological and
electrocatalytic treatment, which are often accompanied by instability, low mechanical strength, poisoning of
catalysts and corrosion of electrodes [2,3]. The use of solar energy by semiconductor photocatalysts makes it
possible to obtain hydrogen by reducing water, convert CO: into useful chemicals and oxidize various
pollutants [4]. Thus, semiconductor-based photocatalysis is considered as a clean, cost-effective, renewable
and safe technology [5]. Since the first report on photocatalysis using TiO, [6], this area has attracted
considerable attention from scientists around the world. To date, there are many semiconductor
photocatalysts, such as ZnO [7], SnO, [8], BiVO, [9], BiOCI [10], SrTiO; [11], WO; [12], Fe,05 [13], Ta,0s
[14], BiFeO; [15], Bi;WOg [16], Cu,O [17], g-C3N, [18], graphene [19] and carbon nanotubes [20] are
actively used in the photocatalytic production of solar fuels and environmental purification.

Many promising environmentally friendly methods have been developed for photocatalytic disinfection
of water and reduction of CO: emissions aimed at use in green and renewable energy [21]. During the
process of semiconductor photocatalysis, highly reactive and transient particles are generated on the surface
of a semiconductor material when it is exposed to light with a wavelength corresponding to or exceeding the
band gap of the substance [22]. These particles exhibit a remarkable capacity for oxidation and reduction,
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enabling them to break down pollutants, mitigate CO. emissions, and facilitate the splitting of water [23].
Recently, materials such as perovskites have garnered significant attention within the realm of photocatalytic
research. Perovskites are crystalline materials with a stable structure of the ABOs type, which exhibits
remarkable flexibility in its composition. This flexibility arises from the capacity to replace ions of rare-earth
or alkaline-earth metals in position A, as well as transition metals in position B. The exceptional properties
of perovskites as photocatalysts stem from their ability to manipulate valence and vacancy states,
significantly enhancing their catalytic capabilities. Moreover, perovskite-based photocatalytic materials boast
a narrow bandgap, enabling more efficient utilization of solar energy compared to other semiconductor-
based counterparts [24].

Of particular relevance in this context is the lanthanum ferrite compound, LaFeOs;, which exhibits
remarkable photocatalytic properties when exposed to visible light with an energy gap of 2.0 eV [25]. Within
the perovskite structure of LaFeOs, the rare-earth metal ion assumes position A, while the transition metal
cation takes up position B [26].

There are various methods for the synthesis of LaFeOs nanostructures, which are used in the fields of
energy and ecology. These include hydrothermal, solvothermal, sol-gel, microwave, and sonochemical
methods. In this study, the hydrothermal method was employed for the synthesis of LaFeQs, as it has several
advantages. The hydrothermal method enables the material to be produced at relatively low temperatures,
contributing to the formation of high-quality crystalline structures with controlled morphology and a narrow
range of particle sizes. This approach also ensures a high degree of uniformity and purity in the sample,
which is crucial for subsequent investigations of photocatalytic properties.

This work is aimed at studying the effect of annealing duration on the structural and photocatalytic
properties of LaFeO; synthesized by the hydrothermal method.

2. Experimental part

Synthesis of LaFeQ;

During hydrothermal synthesis of LaFeO;: 5 mmol La(NO;); 6H,0O and 5 mmol Fe(NO3); 9H,O0 is
dissolved in 10 ml of deionized water. Then 10 mmol of citric acid was added to the mixture and
continuously stirred for 2 hours at room temperature. The pH value was adjusted to 9 using ammonium
hydroxide, after which the mixture was stirred for another 1 hour. The resulting solution was transferred to a
50 ml Teflon autoclave and heated at 180 °© C for 12 hours. The solids were separated by centrifugation,
washed with deionized water and ethanol, dried at 80 °C for 5 hours, and then calcined in air at 800 °C for 2,
4 and 6 hours.

The morphology of nanocomposite materials was studied using the Mira scanning electron microscope
in 3 LMU (Tuscan), which is based on the energy dispersion analysis (EDA) function. The images of Pam,
Pam paintings and Said were obtained using a transmission electron microscope DSR-1400 plus (JEOL) with
an accelerating voltage of 120 kV. The phase composition of the samples was studied using X-ray diffraction
on an XRD analysis diffractometer (Rigaku Ultima IV). X-ray diffraction analysis was measured using a
Confotec MR520 scanning Raman microscope (SOL Instruments, Belarus). The absorption spectra of the
studied samples were measured on the CM 2203 device (Solar, Belarus). The specific surface area and pore
size of the samples were studied using the ASAP 2460 analyzer. To study the photocatalytic properties, a
single-channel potentiostat, the Corrtest CS 350 galvanostat with an integrated FRA module, was used. The
photocatalytic activity of the samples was assessed by the response of the photocurrent under artificial
sunlight with a 10-second intermittent on/off switch.

3. Results and Discussion

Figure 1 shows images of LaFeO; nanoparticles obtained using a scanning electron microscope (SEM)
synthesized by the hydrothermal method with different annealing durations (2 hours, 4 hours and 6 hours).
The formation of microspheres was observed after 2 hours (Fig. 1 a, b), however, few aggregated
nanoparticles were observed, which proves that the formation of LaFeO; microspheres occurs due to the
process of self-assembly of nanoparticles [27]. After annealing for 4 hours of LaFeO; (see Figure 1 d, e), a
more uniform particle size distribution is observed, they have a rounded shape and the average size was ~104
nm. The SEM image for the extended reaction time of LaFeO; 6h in Fig. 1g, h shows microspheres with a
smooth surface and with an average size of ~110 nm. No cavities or defects were found in the microspheres.
The particles have acquired a smoother and more spherical shape, which indicates a further improvement in
the crystal structure.
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Also depicted in Figure 1 are energy dispersion analysis spectra showing the constituent elements La,
Fe and O for each sample. The EDA spectrum of LaFeO; 2h (Figure 1c) shows the percentage of elements:
La— 57%, O — 21.5%, Fe — 21.5%. These data confirm the presence of all the necessary elements in the
composition of LaFeO;. And for the LaFeO;_4h sample, the EDA (Figure 1f) spectrum shows a decrease in
the La content to 54.5%, an increase in the oxygen content to 25.5% and a decrease in the Fe fraction to
19.9%. This may indicate an improvement in the oxygenation of the structure. As a result of annealing,
oxygen atoms can better integrate into the crystal lattice of LaFeO;, which leads to an increase in the oxygen
content relative to other elements (lanthanum and iron). In the EDA spectra, we see an increase in the
percentage of oxygen as the annealing time increases, which indicates a more complete incorporation of
oxygen into the structure of the material. The EDA spectrum of LaFeO; 6h (Figure 1i) shows a further
decrease in the La content to 53.2%, an increase in the O content to 26%, and the Fe content is 20.8%. These
changes show that long waiting contributed to even more complete oxygenation and crystallization of the
material. Oxygenation contributes to the formation and stabilization of the correct crystal structure of
perovskite, in which each atom takes its place in the lattice. This is important to ensure uniform charge
distribution and improve the photocatalytic properties of the material.

LaFeQ,_2h LaFeO,_4h LaFeO,_6h

La-53.2 %
0-26%
Fe-20.8 %

La-57% La-54.5%
Fe-215% 0-25.6%
0-215% Fe-19.9 %

) Y i)
Fig.1. SEM of LaFeO; perovskite nanoparticles (a,b) LaFeO;_ 2h, (d,e) LaFeO; 4h, (g,h) LaFeO; 6h and EDA (c)
LaFeO; 2h, (f) LaFeO;_ 4h, (i) LaFeO; 6h

Figure 2 shows a series of images obtained using transmission electron microscopy (TEM) and the
elemental composition of LaFeO; samples after annealing for different time intervals: 2, 4, and 6 hours.
After 2 hours of annealing, weakly agglomerated nanoparticles with irregular shapes are visible (Fig. 2 a, b,
and c).
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Fig.2. TEM of LaFeOs; perovskite nanoparticles (a,b,c) LaFeO;_2h, (d,e,f) LaFeO;_4h, (g,h,i) LaFeO;_6h and
elemental composition (j) LaFeO;_2h, (k) LaFeO;_4h, (1) LaFeO;_6h and electron diffraction patterns (m,n)
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The particles appear to be amorphous or poorly crystallized. The particles remain relatively large, but
their boundaries are still blurred, indicating insufficient crystallization. LaFeO; after annealing for 4 hours, a
higher degree of particle agglomeration is observed, and the particles themselves have become more ordered
compared to samples annealed for 2 hours. The particles become more uniform in size and shape. The
boundaries of the particles are better distinguishable, which indicates a higher degree of crystallization. At
high magnification (Figure 2f), the crystal structure characteristic of perovskite with pronounced atomic
planes is clearly visible. This indicates an improvement in crystallinity compared to samples annealed for 2
hours. LaFeO; after 6 hours of annealing, the samples continue to exhibit agglomeration, but the particles
become more compact and less porous (Figure 2 g, h, and i). The particles achieve greater uniformity in size,
with clear boundaries, which indicates an improvement in crystallinity. A clear crystal structure is visible,
with well-defined atomic planes, which confirms a high degree of crystallization during longer annealing.
Electron diffraction patterns are shown in Figure 2m and 2n. The distribution of the elements La, Fe and O in
each of the samples is shown in Figure 2 j, k, 1. At all stages of annealing, a relatively uniform distribution of
elements is observed, which confirms the successful formation of LaFeOj; phases.

The X-ray diffraction (XRD) graph shown in Figure 3a demonstrates changes in the crystal structure of
Lafeos perovskite at different annealing durations of 2, 4 and 6 hours. LaFeO; perovskite is characterized by
specific diffraction angles corresponding to its crystallographic planes, such as (101), (121), (220), (202),
(141), (240), (242), (204). After two hours of LaFeO; annealing, diffraction peaks are observed, indicating
the beginning of crystallization of the material. However, these peaks are relatively wide and have low
intensity, which indicates the small size of the crystallites and the presence of structural defects. In this state,
the crystals have not yet fully formed, and a significant part of the material may remain amorphous or not
fully crystallized. Compared to 2-hour annealing, 4-hour annealing results in a noticeable improvement in
the crystal structure. The peaks become narrower and more intense, which indicates an increase in the size of
the crystallites and a decrease in the number of defects. The structure becomes more ordered, and the
material undergoes a stage of active crystallization, with a better distribution of atoms in the lattice. The
sample subjected to 6-hour annealing shows an even higher degree of crystallinity. The peaks on the chart
become the narrowest and most intense among all three samples. This indicates that the material has reached
a high level of crystalline ordering, and the crystallites have grown to significant sizes. Defects in the
structure are minimized, and the material has acquired a stable crystal lattice.
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Fig.3. X-ray diffraction (a) and Raman spectroscopy (b) of LaFeO; perovskite.

With increasing annealing time, there is a noticeable narrowing of peaks on the XRD graph. This
indicates an increase in the size of crystallites and an improvement in the ordering of atoms in the lattice.
The intensity of the diffraction peaks also increases as the annealing time increases. This is due to the
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reduction of defects and improvement of crystallinity. Two—hour annealing is characterized by the weakest
peaks, whereas six-hour annealing is characterized by the most intense, which indicates a high degree of
order in the structure.

As a result of prolonged annealing, the structure of LaFeOs becomes more ordered, which is expressed
in increased intensity and sharpness of peaks. Samples annealed for 4 and 6 hours demonstrate significantly
better crystalline properties compared to two-hour annealing, which indicates that a long heat treatment time
contributes to the formation of a stable and homogeneous crystal lattice.

Figure 3b shows three graphs of Raman spectroscopy demonstrating the dependence of intensity (in
arbitrary units, a.u.) on the Raman shift (in cm™") for samples of LaFeO; (lanthanum ferrite) subjected to heat
treatment for 2, 4 and 6 hours. The main characteristic peaks of LaFeO; are observed in the region of 450
cm™ and 1350 cm™. The annealing duration directly affects the crystal structure of LaFeOs. With increasing
processing time, the material gradually crystallizes, which manifests itself in clearer and more intense peaks
in the Raman spectra. The sample processed for 6 hours shows the highest degree of crystallization, with
pronounced peaks and high intensity. This indicates a more perfect crystal lattice compared to other samples.
LaFeO; treated for 4 hours shows an intermediate degree of crystallization. Peaks are present, but their
intensity and clarity are lower than in the 6-hour sample, indicating a transitional phase. Compared with the
rest of the samples, LaFeO; treated for 2 hours demonstrates the initial stage of crystallization or the
presence of a significant amorphous phase. The peaks are wide and weakly pronounced, which indicates that
the material has not yet reached a high degree of crystallinity. Longer processing leads to an improvement in
the crystal structure, with a transition from an amorphous or polycrystalline phase to a more ordered phase.
This can be seen by the improvement in the intensity and clarity of peaks in the spectrum.

Figure 4 shows a graph of the absorption spectrum for samples of LaFeO:s treated for different times: 2,
4 and 6 hours, the absorption peak of lanthanum ferrite is observed at about 300-500 nm. LaFeO;_2h has the
lowest absorption compared to the rest of the samples. LaFeO;_4h shows higher absorption compared to the
2-hour sample, and LaFeO;_ 6h also has a pronounced peak in the range of 300-500 nm. With increasing
processing time (from 2 to 6 hours), the absorption of light in the visible range increases. This may indicate
an improvement in the crystal structure or an increase in particle size, which leads to more efficient light
absorption.
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Fig.4. Absorption spectrum of LaFeO; perovskite.

The figure 5a shows the LaFeOs adsorption-desorption isotherm obtained under various heat treatment
conditions (2, 4 and 6 hours) depending on the relative pressure P/P,. All three samples show the presence of
a hysteresis loop, which means the difference between sorption and desorption processes characteristic of
porous materials. Hysteresis indicates the presence of capillary condensation in mesopores. At high pressure
areas (P/P, >0.8) there is a sharp increase in adsorption for all samples, which is associated with pore filling.
The sample with a longer annealing time LaFeO;_6h shows the most pronounced growth, which indicates a
more developed porous structure.
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Fig.5. N, adsorption—desorption isotherms (a) and pore size distribution curves (b) of LaFeO; perovskite.

The distribution of the pore volume depending on their diameter is presented for three samples of
LaFeO; subjected to heat treatment for 2, 4 and 6 hours in Figure 5b. This is a three-dimensional diagram
that illustrates how the pore volume changes (along the z axis) at different pore diameters (along the x axis)
for each of the samples. In LaFeO; 2h, the pore volume is relatively small compared to other samples,
indicating a less developed pore system. The greatest development of the porous structure among all three
samples is shown by LaFeO; 6h. In this regard, it was found that an increase in the annealing time leads to
an expansion of the pore distribution and an increase in their volume.

Figure 6 shows the change in current density as a function of time for samples of LaFeOs annealed for
2, 4 and 6 hours. The current density increases with increasing annealing time. The LaFeOs sample annealed
for 6 hours shows the highest current density, which suggests that a longer annealing time leads to better
photocatalytic activity.
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Fig.6. Photocurrent density for LaFeO; perovskite.
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4. Conclusions

In the course of the study, it was found that the duration of annealing has a significant effect on the
structural and photocatalytic properties of LaFeOs perovskite. The LaFeOs synthesized by the hydrothermal
method demonstrates significant changes in morphology and crystal structure with increasing annealing time.
Morphological changes in the material also have a significant impact on its catalytic properties. The
transition from agglomerated nanoparticles to more uniform and well-formed microspheres with a smooth
surface improves light absorption and interaction with reagents on the surface of the material. Experimental
results have shown that an increase in the duration of annealing leads to an improvement in the crystallinity
of the material, an increase in the size of crystallites and an increase in oxygenation. The improvement of the
crystal structure leads to a better distribution of charges inside the material, which prevents their
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recombination and thereby increases the photocatalytic activity. The highest rates of photocatalytic activity
were achieved during annealing for 6 hours, which is associated with the highest degree of crystallization
and improvement of the structure of the material. This study confirms the importance of controlling the heat
treatment time to optimize the properties of perovskite materials, which opens up new prospects for their use
as effective photocatalysts.
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