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Abstract

This study investigates the effect of dilute organic acid treatment on the structural, tex-
tural, electronic, and catalytic properties of layered La-Sr-Fe—O Ruddlesden-Popper (R-
P) oxides using XRD, TEM, BET, Mdssbauer spectroscopy, XPS, H>-TPR, C2Hes-TPR and
catalytic testing. XRD and TEM confirm that the overall layered Ruddlesden-Popper
structure is preserved after acid treatment and during catalysis, with minor changes in
phase composition, including a decrease in the n = 1 phase and a relative increase in the n
=2 phase. BET analysis shows increased specific surface area and pore volume, forming a
more accessible mesoporous structure that is retained under reaction conditions. Moss-
bauer spectroscopy and XPS reveal an increased Fe* fraction and formation of hydrox-
ylated and carbonated surface species stabilizing active Fe sites. During catalysis, a dy-
namic Fe®*/Fe* redox cycle occurs, along with surface restructuring and involvement of
non-lattice oxygen, while the bulk electronic structure remains largely unchanged. Cata-
lytic tests show improved activity, with a 40-60 °C reduction in operating temperature for
all acid-treated samples, independent of acid type. This enhancement is mainly attributed
to surface-related modifications, including removal of surface Sr-containing species, im-
proved surface accessibility, and enhanced mass transport, while the overall R-P struc-

tural remains preserved.
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1. Introduction
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Air pollution caused by volatile organic compounds (VOCs) is a serious environmen-
Licensee MDPI, Basel, Switzerland.

s . tal issue of global importance. These compounds are major atmospheric pollutants with
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distributed under the terms and significant effects on air quality and climate change. The main anthropogenic sources of
conditions of the Creative Commons VOCs include the chemical industry, fossil fuel combustion, transport, pharmaceutical

Attribution (CC BY) license. production, and other industrial activities [1,2]. Increasing VOC emissions from industrial
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and domestic sources pose risks to both the environment and human health. They partic-
ipate in photochemical reactions that lead to the formation of ground-level ozone and sec-
ondary organic aerosols, key components of photochemical smog [3,4]. Therefore, devel-
oping effective VOC removal technologies is essential for reducing atmospheric pollution.

One of the most efficient methods for VOC removal is catalytic oxidation, where or-
ganic compounds are converted into CO2 and H2O at relatively low temperatures [5,6].
The effectiveness of this process depends strongly on catalyst properties such as electronic
structure, surface characteristics, and oxygen activation ability [7].

Perovskite oxides with the ABOs-type structure have attracted considerable attention
in recent years due to their high thermal stability, flexible crystal structure, and the possi-
bility of partial cation substitution within the lattice. These materials are capable of form-
ing oxygen vacancies that facilitate redox processes and significantly enhance catalytic
activity [8-10]. The crystal structure of perovskites allows substitution at both the A-site
and the B-site of the lattice, resulting in tunable changes in the electronic structure, oxygen
mobility, and catalytic performance. In general, A-site cations, typically rare-earth or al-
kaline-earth metals, stabilize the crystal structure and influence the thermal and chemical
stability of the material, whereas B-site cations, most commonly transition metals, act as
the primary active centers for oxidation-reduction reactions [11-13].

Layered perovskite structures, including the Ruddlesden-Popper (R-P) phases,
demonstrate significant potential for catalytic applications due to their enhanced oxygen
transport properties and adaptable structural organization [14]. These materials consist of
alternating layers, which facilitates the formation of oxygen vacancies and the stabiliza-
tion of variable oxidation states of transition metals. These two factors are critically im-
portant for redox catalytic processes [15]. Perovskites based on LaFeOs have been exten-
sively studied as catalysts for various oxidation reactions, including the catalytic oxida-
tion of hydrocarbons and volatile organic compounds. Their physicochemical properties
and catalytic activity strongly depend on the synthesis method employed and the pres-
ence of defects in the crystal structure, such as oxygen vacancies and changes in the va-
lence state of iron [16]. Perovskite oxides such as LaFeOs and partially Sr-substituted
Lai-xSrxFeOs-» exhibit high thermal stability and good resistance to deactivation in the
presence of H20 and CO2, making them promising catalysts for high-temperature oxida-
tion processes [17].

An effective approach to improving the catalytic properties of perovskites is the par-
tial substitution of La® with divalent cations such as Sr?*. In the Lai-xSrxFeQs system, such
substitution leads to an electronic imbalance that is compensated by the oxidation of Fe¥
to Fe** and the formation of oxygen vacancies. These structural modifications enhance lat-
tice oxygen mobility and improve the reducibility of the material, which is crucial for cat-
alytic oxidation processes [18-20]. It has been reported that Lao.sSro.2FeOs exhibits signifi-
cantly higher catalytic activity in reactions such as CO and methane oxidation. This en-
hancement is attributed to the presence of oxygen vacancies, which facilitate the adsorp-
tion and dissociation of oxygen on the catalyst surface as well as the diffusion of lattice
oxygen toward the active sites [21].

Oxygen vacancies play a crucial role in the catalytic oxidation of VOCs by facilitating
oxygen activation and enabling the participation of lattice oxygen in the reaction mecha-
nism. The oxidation process over perovskite oxide catalysts is commonly described by the
Mars—van Krevelen mechanism, in which lattice oxygen reacts with the organic molecule,
while the resulting oxygen vacancy is replenished by oxygen from the gas phase [22,23].
The presence of surface defects and cation vacancies can significantly increase the concen-
tration of reactive oxygen species and thereby enhance the catalytic activity in the oxida-
tion of aromatic VOCs such as toluene [18].

https://doi.org/10.3390/cryst16070416



Crystals 2026, 16, 416

3 of 20

Surface modification is another effective strategy to tailor the catalytic properties of per-
ovskite oxides [24,25]. Acid treatment has been demonstrated as a powerful approach for gen-
erating oxygen vacancies and structural defects, leading to the formation of new active sites
and an increase in specific surface area. Selective leaching of A-site cations and surface recon-
struction can significantly enhance catalytic performance. For example, treatment of LaFeOs
with nitric acid leads to selective extraction of La from the surface layer and exposure of Fe-O
active sites, improving methane oxidation activity [26]. Acid etching of Mn-containing perov-
skites results in dissolution of A-site cations and the formation of oxygen vacancies, enhancing
CO oxidation performance [7]. Similar effects have been reported for Lao.sSro..CoO:s treated
with oxalic acid, where oxygen vacancies and Lewis acidic Co™ centers promote methane ox-
idation [27]. In three-dimensionally ordered macroporous (3DOM) LaFeo.cMgo.4Os, acid treat-
ment induces B-site defects and increases oxygen vacancy concentration, enhancing the
Fe*/Fe* redox cycle and catalytic activity [28].

Despite significant progress in perovskite-based catalysts, the relationship between
structural modification and catalytic activity is still not fully understood. In particular, the
influence of acid treatment on the surface structure, defect chemistry, and catalytic behav-
ior of La—-Sr-Fe—O perovskites remains insufficiently explored. Although numerous stud-
ies have demonstrated the beneficial effect of acid treatment on conventional ABOs-type
perovskites such as LaFeOs and Co-based systems, considerably less attention has been
paid to layered Ruddlesden—Popper ferrites with high Sr content. These materials possess
distinctive structural features, enhanced oxygen mobility, and mixed-valence iron states,
which make them promising candidates for oxidation reactions but also render their re-
sponse to acid treatment more complex and less understood. To the best of our
knowledge, a systematic correlation between acid-induced structural modifications and
catalytic performance in layered La-Sr-Fe-O Ruddlesden-Popper systems has not been
sufficiently established.

In our previous study, catalysts with nominal composition Lazx SrxFeOs, where x =
0.5, 1, and 1.5, were successfully synthesized and investigated for the complete oxidation
of Ci—C4 hydrocarbons (methane, ethane, propane, and n-butane) as representative com-
pounds of volatile organic compounds (VOCs) [29]. The Lao.s5r1.5FeOs catalyst exhibited
the highest activity in the VOC oxidation processes. This finding motivated the selection
of this composition for further investigation of the effect of surface modification on its
structural and catalytic properties.

In this context, the present study is focused on the synthesis of perovskite oxides
from the Lao.sSr1.5FeOs system via the sol-gel method, followed by acid treatment aimed
at modifying the surface structure and improving the catalytic activity in the oxidation of
volatile organic compounds.

2. Materials and Methods
2.1. Synthesis

La20s (99.9%, Alfa Aesar, Karlsruhe, Germany), Sr(NOs)2 (98%, Alfa Aesar, Karls-
ruhe, Germany), and Fe(NOs)3-9H:20 (98.0-101.0%, Alfa Aesar, Karlsruhe, Germany) were
used as metal precursors without further purification. Other reagents used during the
synthesis, including HNOs, CsHsO7-H20, and CH3COOH, were of analytical grade and
purchased from Chem-spectr Ltd., Sofia, Bulgaria.

The material with nominal composition Lao.sSr1.sFeOs was synthesized via a citrate
sol-gel auto-combustion method, using the corresponding metal nitrates and citric acid
as a complexing/fuel agent. The molar ratio of citric acid to the total metal ions was 3.3:1.
The experimental procedure was as follows: La20s, Sr(NOs)2, and Fe(NOs)s-9H20 in a mo-
lar ratio of 1:3:2 were dissolved in an aqueous nitric acid solution at room temperature
under continuous stirring. Citric acid was then added, and stirring continued at 100 °C.
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The auto-combustion process was carried out by heating the mixture in a furnace at 200
°C for 2 h. The resulting material was further thermally treated at 1100 °C for an additional
2 h to ensure complete phase formation [29,30]. The initial sample was denoted as IS.

For acid treatment, 0.02 M citric acid and 0.02 M acetic acid solutions were prepared.
Then, 2.3 g of the synthesized IS sample was added in 50 mL acid solution and stirred
continuously for 1 h at room temperature without additional heating. The samples were
then centrifuged for 10 min at 4200 rpm, washed with deionized water, centrifuged again
for an additional 10 min, and dried under vacuum at 60 °C. The resulting materials were
designated as CA and AA, corresponding to samples treated with citric and acetic acids,
respectively.

In order to assess the suitability of the synthesized material for potential practical
applications, the AA sample was subjected to prolonged thermal treatment in an air at-
mosphere at 550 °C for a period of 200 h. This procedure was carried out to simulate long-
term operating conditions, and the sample obtained after this treatment is referred to as
thermally aged (AA, thermally aged).

2.2. Characterization Techniques

Powder X-ray diffraction analysis (XRD) was used for characterization of the sam-
ples. X-ray patterns were collected on a Bruker D8 Advance diffractometer (Karlsruhe,
Germany) with CuKa radiation (A = 1.5418A) and a LynxEye detector in the range 5-80
°20 with a constant step of 0.02 °20. Identification of crystalline phases was performed
with EVA (v4) software using the ICDD-PDEF2 (2024) database. Unit cell parameters, crys-
tallite sizes, and phase mass content were calculated using the Topas 4 program.

The textural characteristics of the catalyst samples were examined by low-tempera-
ture nitrogen adsorption in a Quantachrome NOVA 1200e Surface&Pore Analyzer (An-
tonPaar Quanta Tech Inc., Boynton Beach, FL, USA). The specific surface area was calcu-
lated by using the Brunauer Emmett Teller (BET) equation, the total pore volume and av-
erage pore diameter being determined at a relative pressure of 0.99.

The Mossbauer spectra were obtained with a WissEl (Wissenschaftliche Elektronik
GmbH, Starnberg, Germany) electromechanical spectrometer working in a constant accel-
eration mode. A ¥Co/Rh (activity = 50 mCi) source and a-Fe standard were used. The
experimentally obtained spectra were fitted using WinNormos-for-Igor v.6.0 software.
The parameters of hyperfine interaction, including isomer shift (0), quadrupole splitting
(4), quadrupole shift (2¢), effective internal magnetic field (Bry), line widths (I'sp), and rel-
ative weight (G) of the partial components in the spectra, were determined.

X-ray photoelectron spectroscopy (XPS) was carried out using an ESCALAB Mk II
spectrometer (VG Scientific, now Thermo Fisher Scientific, Waltham, MA, USA) at a base
pressure of 5 x 10-1° mbar in the analysis chamber (2 x 10 mbar during measurement),
using a non-monochromatic Al Ka source (hv =1486.6 eV). The pass energy was set to 20
eV for O 1s and C 1s spectra and 50 eV for Fe 2p, Sr 3d, and La 3d in order to balance
signal intensity and resolution. The instrumental resolution, determined from the Ag 3ds
line, was approximately 1 eV. Data were processed using SpecsLab2 and CasaXPS soft-
ware (version 2.3.26PR1). A Shirley-type background [31] was subtracted, and the spectra
were fitted with mixed Gaussian-Lorentzian functions. Relative atomic concentrations
were determined from the peak areas normalized to Scofield photoionization cross-sec-
tions [32].

The morphology, microstructure and phase composition of the ferrites were studied
with a JEOL JEM 2100 transmission electron microscope (JEOL Ltd., Tokyo, Japan) at 200
kV accelerating voltage. The following modes of the microscope were used for this pur-
pose: bright-field transmission electron microscopy (BF TEM), selected area electron dif-
fraction (SAED) and high-resolution TEM (HR TEM). The images were recorded with a
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CCD camera ORIUS SC1000 (Gatan, Inc., Pleasanton, CA 94588, United States) equipped
with Digital Micrograph software, version 2.31.734.0, through which some of the calcula-
tions were made. The phase analysis was performed using the Crystallography Open Da-
tabase (COD) and Match software, version 3.13 (Crystal Impact GbR, Bonn, Germany).

Temperature-programmed reduction by ethane (C2H¢/TPR) tests were performed by
using a gas flow of nitrogen (500 mL/min), plus the adding of 500 ppm of ethane. The gas
analysis for TPR experiments was carried out by on-line gas analyzers for CO/CO2/O:
(NDIR, Mod. 710S, Maihak-Sick, Reute, Germany) and for total organic content (TOC)
(ThermoFID, equipped with flame ionization detector), a multi-channel mass flow con-
troller system (Bronkhorst) was used to set up the compositions of the different reaction
gas mixtures.

Temperature-programmed reduction by hydrogen (Hz/TPR) tests were performed by
using a system of two consequent reactors. The first reactor is loaded with the catalyst
under TPR investigation and a gas flow of nitrogen (500 mL/min), plus the adding of 1000
ppm of hydrogen is applied. Then, 1000 ppm oxygen are supplied to the exit gas from the
first reactor and the gas mixture is directed to the second reactor, loaded with 2 cm? com-
mercial Pt/alumina catalyst operating at 450 °C, where the residual from the first reactor
hydrogen is oxidized. The amount of the consumed hydrogen is obtained on the basis of
the residual oxygen concentration, measured at the exit of the second reactor. The increase
in the oxygen concentration (above the nominal 500 ppm in absence of catalyst in the first
reactor) is directly proportional to the oxygen from the catalytic sample, reacting with the
hydrogen supplied to the first reactor during the increase in the temperature with 7.5
K/min. The oxygen concentration was measured by utilizing a highly precise SGM4
ZIROX (ZIROX —Sensoren und Elektronik GmbH, Greifswald, Germany) oxygen gas an-
alyzer equipped with zirconia sensor with a resolution of 0.1 ppm gas phase oxygen.

2.3. Catalytic Activity Measurement

Catalytic activity was investigated in a laboratory-scale continuous flow glass reactor
operated under fixed-bed conditions. The total bed volume was 0.7 cm?, consisting of 0.5
cm?® of catalyst mixed with 0.2 cm? of quartz glass. The catalyst particles were irregularly
shaped, with an average diameter of 0.45 + 0.15 mm. The reactor had an internal diameter
of 6 mm, yielding a reactor-to-particle diameter ratio (Dreactor/Dparticie) of at least 10, thereby
reducing axial and radial heat and mass transfer limitations. The gaseous hourly space
velocity (GHSV) was kept constant at 60 000 h' for all experiments. The inlet concentra-
tion of VOCs was set at 0.10 vol.% for each component, with oxygen fixed at 10.0 vol.%.
The reaction temperature was maintained below 550 °C, which was considered the prac-
tical upper limit for VOC abatement processes. Gas flow rates were accurately regulated
using mass flow controllers supplied by Bronkhorst (Bronkhorst High Tech B.V., Ruurlo,
The Netherlands). Reaction products were continuously analyzed online using a Multi-
Gas FTIR gas analyzer (Model 2030G) manufactured by MKS Instruments Inc. (Andover,
MA, USA), allowing quantitative determination of VOCs, CO, COz, and H20.

3. Results and Discussion
3.1. X-Ray Diffraction

Powder diffraction patterns of the samples before and after catalysis and after ther-
mal ageing are presented in Figure 1. Phase composition, crystallographic, and morpho-
logical characteristics are presented in Table 1.

The IS sample represents a mixture of n = 1 ((La,Sr)2FeOsw) and n = 2 (SrsFe207-)
members of the Ruddlesden-Popper structure family [9,15]. An additional quantity of
SrCO:s is also observed. The determined c-parameter of the predominant n = 1 phase is
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close to that of the stoichiometric LaSrFeOus.The increased Sr content led to the formation
of a second (n = 2) phase of the Ruddlesden-Popper family with an increased amount of
Fe* ions. For the n = 2 phase, the c-parameter corresponds to a negligible o value. The
mean crystallite size obtained for both phases shows good crystallinity with a slightly
larger size for the n =1 phase.

The CA- and AA-treated samples show a decrease in the content of n = 1 phase,
(La,Sr)2FeOu+, and a corresponding increase in the content of n = 2 phase, SrsFe207-, indi-
cating that acid treatment alters the phase equilibrium. This behavior is likely due to in-
creased selective dissolution of the lanthanum-containing n = 1 phase and SrCOs, while
for the Sr-rich n = 2 phase, dissolution is not as pronounced as in the case of the n =1

phase.
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Figure 1. XRD patterns of a-IS, b-IS after catalytic test, c-AA, d-AA after catalytic test, e-CA, f-CA
after catalytic test, g-AA after thermally aged.

This process is accompanied by the change of the mean crystallite size, which, for then=
1 phase, decreases and, for the n = 2 phase, increases. The observation indicates that the re-
sponses of the two Ruddlesden-Popper phases to acid treatment differ substantially. For the
n = 2 phase, the increase in the average crystallite size suggests preferential dissolution of
smaller crystallites, leaving a sample enriched in larger and more stable crystallites. In con-
trast, the apparent reduction in the crystallite size of the n =1 phase is likely associated with
the generation of structural defects, microstrains, and partial degradation of the crystal struc-
ture induced by acid treatment. A possible explanation for these results is based on the differ-
ence in the structure of the two RP phases. The n =1 ferrite contains isolated perovskite layers
separated by rock-salt blocks, making lattice oxygen and A-site cations more accessible to pro-
ton attack and leaching, which promotes structural degradation and dissolution under acidic
conditions. In contrast, the n = 2 R-P phase contains thicker double-perovskite slabs with
stronger Fe-O-Fe bonding, resulting in a more rigid framework that limits proton accessibil-
ity, slows cation extraction, and enhances acid stability.

https://doi.org/10.3390/cryst16070416
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Table 1. Phase composition, unit cell parameters, and mean crystallite size of the investigated sam-
ples before and after the catalytic test.

a, b, C, d, Mass
Sample Phase Space Group A A A m o
(La,Sr)2FeOus+s I4/mmm 3.8741(1) - 12.6992(5) 81 70
IS SrsFe207- I4/mmm 3.8722(5) - 20.180(4) 56 20
SrCO:s Pmcn 5.101(2) 8.416(3) 6.043(2) 75 10
(La,Sr)2FeOuo I4/mmm 3.8566(4) - 12.726(1) 49 46
CA SrsFe207- I4/mmm 3.8654(3) - 20.175(2) 71 51
SrCO:s Pmcn 5.103(6) 8.41(1) 6.023(8) 61 3
(La,Sr)2FeOuss I4/mmm 3.8559(2) - 12.731(1) 54 57
AA SrsFex07- I4/mmm 3.8658(2) - 20.176(1) 95 43
SrCOs Pmcen - - - <1
After catalytic test
(La,Sr)2FeOuss I4/mmm 3.8566(3) - 12.715(1) 54 68
IS SrsFex07- I4/mmm 3.888(1) - 20.23(1) 30 20
SrCO:s Pmcn 5.104(2) 8.422(3) 6.035(2) 65 12
(La,Sr)2FeOuss I4/mmm 3.8573(4) - 12.730(1) 51 42
CA SrsFe207- I4/mmm 3.867(4) - 20.160(2) 54 52
SrCOs Pmcen 5.10 (5) 8.42(1) 6.04(8) 39 6
(La,Sr)2FeOuo I4/mmm 3.8600(3) - 12.739(1) 58 51
AA SrsFe207- I4/mmm 3.8693(5) - 20.140(3) 42 46
SrCO:s Pmcn 5.1(1) 8.5(2) 6.1(1) 28 4
After thermally aged
(La,Sr)2FeOuss I4/mmm 3.8599(3) - 12.734(1) 57 49
AA SrsFe207- I4/mmm 3.8676(4) - 20.157(3) 45 47
SrCO:s Pmcn 5.090(7) 8.59(1) 6.022(9) 40 4

Compared with IS, both CA- and AA-treated samples exhibit a decrease in the in-
plane lattice parameter a4 and an increase in the out-of-plane lattice parameter c, corre-
sponding to an anisotropic lattice distortion characterized by in-plane contraction and ex-
pansion along the stacking direction. Because of the anisotropic structure, changes in
chemistry or bonding may affect a and ¢ parameters differently, and sometimes in oppo-
site ways, depending on the slab thickness (n). Since the a-parameter is mainly related to
Fe-O-Fe distances within the perovskite layers, its decrease suggests shortening of Fe-O
bonds, likely associated with partial oxidation of Fe* to the smaller Fe* ion and/or in-
creased oxygen incorporation. In contrast, the increase in c-parameter reflects expansion
of the interlayer spacing, which may result from the oxygen incorporation and interlayer
oxygen rearrangement that push adjacent layers apart. The nearly identical lattice param-
eters obtained after CA and AA treatments indicate that the resulting n =1 and n = 2
phases reach a similar oxygen stoichiometry, Fe oxidation state, and defect chemistry re-
gardless of the acid type.

After the catalytic reaction, the IS sample shows a decrease in the mean crystallite
size and a slight increase in the unit cell parameters of both n =1 and n = 2 R-P phases.
The carbonate component also increases slightly. On the other hand, for the acid-treated
samples, the catalytic tests do not lead to a significant change in content, unit cell param-
eters, or crystallite size of the R-P phases. The only difference is a slight increase in the
carbonate component, with a relatively small crystallite size, indicating that it is a second-
ary product of the reaction.

https://doi.org/10.3390/cryst16070416
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The thermal ageing after the catalytic test of the AA-treated sample shows no sub-
stantial changes in the phase composition and structural parameters. The only difference
is morphological, as the mean crystallite size of the SrCOs phase increases.

3.2. Nitrogen Physisorption

Table 2 presents the textural characteristics for the tested samples corresponding to
the nitrogen adsorption/desorption isotherms in Figure 2.
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Figure 2. Nitrogen adsorption—desorption isotherms of (a) samples before catalytic test; (b) samples

after catalytic test.

Table 2. Nitrogen physisorption data for the investigated samples: specific surface area (Sger), total

pore volume (Vi), average pore diameter (Dav).

Sger, Vy, Dav,
Sample ) s

m?/g cmd/g nm

IS 2 0.01 11.4
CA 4 0.02 15.5
AA 4 0.02 15.6

After catalytic test
IS 4 0.02 19.6
CA 7 0.03 14.3
AA 4 0.02 18.6
After thermally aged
AA 3 0.01 17.4

The nitrogen adsorption—-desorption isotherms for all analyzed samples, according
to the UPAC classification, correspond to type Il and are characterized by the presence of
an H3 hysteresis loop [33]. This type of isotherm is typically observed in macroporous or
practically non-porous materials, where the interaction between the adsorbate and the
surface of the adsorbent is relatively weak, and the surface itself is heterogeneous. The
inflection point indicates the formation of a monolayer adsorption and at higher relative
pressures, the increase in the amount of adsorbed gas indicates the subsequent formation
of multilayer adsorption. This behavior is characteristic of open and easily accessible sur-
faces.

The presence of H3 hysteresis is associated with the presence of slit-shaped pores
resulting from the aggregation of plate-like particles. This type of curve is typical for ad-
sorption in poorly defined, unstable, or interparticle cavities. Such adsorption behavior is

https://doi.org/10.3390/cryst16070416
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Relative Transmission, a.u.

commonly observed in layered materials, including metal oxides, hydroxides, and other
structures with plate-like morphology. In these systems, the specific surface area is mainly
determined by the external surfaces and interparticle porosity rather than by the mi-
cropores. Therefore, this type of structure is particularly important for applications where
surface accessibility, diffusion processes, and kinetic factors play a key role, such as in
catalytic reactions, adsorption processes, and others.

Based on the results presented in Table 2, it is evident that acid treatment increases
the specific surface area (Sger), from 2 m?/g for the IS sample to 4 m?/g after treatment with
citric acid (CA) or acetic acid (AA). The total pore volume (V) also shows an increase from
0.01 to 0.02 cm?/g, likely due to partial collapse of macropores and the formation of addi-
tional mesopores. After catalytic testing, further changes are observed; for example, the
Seer of the CA sample increases to 4 m?/g before the catalytic test to 7 m?/g after the cata-
lytic test, while the average pore diameter (Dav) shows variations reflecting structural
changes. The increase in the specific surface area after VOC oxidation can be attributed to
surface rearrangement and the formation of additional defect sites and porosity during
the redox catalytic process. Furthermore, the removal of surface-bound species and partial
de-agglomeration of catalyst particles under reaction conditions may further enhance the
accessible surface area. Thus, the development of a mesoporous structure, along with an
enlarged external surface, facilitates improved contact between the catalyst and gaseous
reactants, which is crucial for the catalytic and adsorption properties. After the thermal
ageing, the mesoporous structure is preserved as no substantial changes are detected.

3.3. Mdssbauer Spectroscopy

The Mossbauer spectrum of the IS sample is presented in Figure 3a. The spectrum is
a superposition of one singlet and one doublet. The fitting results are shown in Table 3.
The singlet has an isomer shift of d = 0.04 mm/s, which is typical for Fe* in perovskite and
perovskite-related structures [34]. The isomer shift of the doublet (d = 0.17 mm/s) lies be-
tween the values typical for Fe* and Fe’* (Table 3) and can be assigned to an average
oxidation state of iron of 3.5+, as reported in previous studies [34,35].
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0.85 T T T T T 1 . 0.85 T T T T T T T T r .
3
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Figure 3. Mossbauer spectra of (a) samples before catalytic test; (b) samples after catalytic test.

The spectra of CA and AA samples (Figure 3a) consist of the same components, but
a significant increase in the relative weight of the singlet is observed (Table 3). The Sn/Db
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ratio of the untreated sample is about 0.7, whereas the Sn/Db ratios for the CA and AA
samples are 2.6 and 2.2, respectively. This indicates a significant oxidation of iron during
acid treatment and an increase in Fe* content in the samples.

Table 3. Mossbauer parameters of investigated samples.

Sample Components 5, A, Tew, G,
mm/s mm/s mm/s %
IS Db-Fe35+ 0.17 0.51 0.47 58
Sn-Fe# 0.04 - 0.43 42
CA Db-Fe35+ 0.25 0.80 0.54 28
Sn-Fe# 0.05 - 0.52 72
AA Db-Fe35* 0.26 0.76 0.49 31
Sn-Fe# 0.04 - 0.56 69

After catalytic test
IS Db-Fe35+ 0.23 0.85 0.56 70
Sn-Fe# 0.03 - 0.56 30
CA Db-Fe35+ 0.25 0.66 0.61 37
Sn-Fe# 0.08 - 0.44 63
AA Db-Fe35+ 0.26 0.71 0.66 44
Sn-Fe# 0.08 - 0.45 56

The spectra of the samples after the catalytic reaction do not show any significant
change in the iron oxidation state or coordination, as seen in Figure 3b and in Table 3.
Only a slight decrease in the Sn/Db ratio is observed, which results from the partial oxi-
dation of iron during the catalytic test.

3.4. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was applied to quantify the surface atomic
concentrations and to evaluate the oxidation states of the elements present on the surface
of the investigated samples. The survey spectra confirm that the surface composition con-
sists exclusively of C, O, Fe, Sr, and La, as expected, without detectable impurities from
the synthesis procedure.

Figure 4 presents the high-resolution Fe 2p, O 1s, La 3dsp2, and Sr 3d spectra of IS, CA
and AA samples before and after catalytic testing. The interpretation of the Fe oxidation
state is based on established approaches reported in the literature [29,36], considering
both the binding energy (BE) position of the Fe 2ps core level and the characteristic sat-
ellite structure.

The Fe 2p spectra (Figure 4a,e) exhibit broad and asymmetric Fe 2ps2 peaks in the
range of 710.0-711.0 eV, accompanied by satellite features in the region of 714-722 eV.
These spectral characteristics indicate the coexistence of Fe** and Fe** species at the surface
of all investigated samples.

Prior to catalysis, the CA- and AA-modified samples show a more pronounced sat-
ellite structure characteristic of Fe3* species compared to the IS sample. This behavior is
consistent with the presence of surface-bound organic species and associated hydroxyl
and carbonate groups, which modify the local electronic environment and favor stabiliza-
tion of Fe3* at the surface.

After catalytic testing, all samples exhibit a systematic shift of the Fe 2p peaks toward
higher binding energies, indicating a shift toward higher binding energies and a tendency
toward higher oxidation state contribution of surface iron species [37]. At the same time,
variations in the relative intensity of the Fe3* satellite are observed. These changes do not
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Figure 4. High-resolution XP spectra of (a) Fe2p, (b) Ols, (c) La 3ds2 and (d) Sr3d core levels for IS,
CA and AA samples before the catalytic test and (e) Fe2p, (f) Ols, (g) La 3ds2 and (h) Sr3d core
levels for IS, CA and AA samples after the catalytic test.

This behavior is consistent with a Mars—van Krevelen-type mechanism, in which lat-
tice oxygen participates in the oxidation of VOC molecules, leading to the formation of
oxygen vacancies and subsequent reoxidation of the catalyst surface. The dynamic
Fe3*/Fe* redox cycling is therefore directly linked to the catalytic function of the material.

The O 1s spectra (Figure 4b,f) were deconvoluted into three main components: (i) a
low-binding-energy peak at 527.8-528.5 eV, attributed to oxygen bonded to Sr (Sr-O)
[29,36]; (ii) a lattice oxygen component at 529.8-530.5 eV, corresponding to La—O and Fe—
O bonds; (iii) a high-binding-energy component at 531.6-532.9 eV, assigned to non-lattice
oxygen species, including hydroxyl and carbonate groups [29].

Before catalysis, all samples exhibit a significant contribution from the non-lattice ox-
ygen component, which is the dominant contribution in the O 1s envelope. This indicates
a high concentration of surface hydroxyl and carbonate species, originating from both
synthesis and surface modification treatments (CA and AA), and reflects the highly reac-
tive and adsorptive nature of the surface.

After catalytic testing, substantial changes in the relative intensities of the O 1s com-
ponents are observed. In particular, the AA sample shows a pronounced increase in the
lattice oxygen contribution, while the non-lattice oxygen fraction remains nearly un-
changed, indicating surface oxidation and restructuring rather than simple removal of
surface adsorbates. In the CA sample, the lattice oxygen contribution also increases, but

https://doi.org/10.3390/cryst16070416



Crystals 2026, 16, 416

12 of 20

in this case, it is accompanied by a moderate decrease in the non-lattice component, sug-
gesting partial removal or transformation of surface hydroxyl/carbonate species. The per-
sistence of non-lattice oxygen even after catalysis indicates that these species are intrinsic
to the surface chemistry under reaction conditions rather than being solely due to adven-
titious contamination.

The Sr—O component shows a decreasing trend after catalysis for some samples,
which can be associated with surface Sr segregation, migration into the subsurface region,
or coverage by carbonate layers. Simultaneously, slight changes in the La—O/Fe-O contri-
bution suggest surface restructuring and possible La enrichment.

It should be noted that due to the overlap of oxygen environments in complex oxides,
the assignment of O 1s components should be regarded as indicative of different chemical
environments rather than as a strict atom-specific separation.

The La 3ds2 spectra (Figure 4c,g) exhibit the characteristic multiplet-split structure of
La® species. Two main components are identified: a lower binding energy contribution at
833.2-834.0 eV, attributed to La-O bonds [29,38], and a higher binding energy component
at 835.0-836.0 eV, associated with La(OH)s and/or Laz(COs)s species [39].

The relative ratio between these components remains approximately constant for all
samples, indicating that lanthanum predominantly preserves its oxidation state while un-
dergoing surface hydroxylation and carbonation processes. The presence of these species
is consistent with the observations from the O 1s analysis.

The Sr 3d spectra (Figure 4d,h) can be resolved into two components corresponding
to Sr—O bonds (132.3-133.0 eV) and surface carbonate/hydroxide species (134.1-135.2 eV)
[40]. The relative contribution of these components varies depending on the surface treat-
ment and catalytic exposure.

After catalysis, changes in the Sr-related components indicate surface redistribution
phenomena, including Sr segregation and carbonate formation. These effects are con-
sistent with the literature reporting on Sr-containing perovskite materials, where surface
segregation and cation redistribution are known to alter surface composition, stability,
and oxygen exchange properties [41].

The surface atomic concentrations summarized in Table 4 show that the Fe content re-
mains within a relatively narrow concentration range before and after catalysis, indicating
structural stability of the iron sublattice. Slight variations in Fe concentration for modified
samples can be attributed to changes in surface coverage by carbon-containing species.

Table 4. Surface atomic concentrations (at.%) for IS, CA and AA samples before and after catalytic test.

Cls Cls Cls Cls (OlsMetaloxide Olshentondc Olgnoviatic La3ds: La3ds: Sr3d St3d
Sample - ¢ 0 =0 0-c=0 (=00 Y (CEHO o 6 LAOH (o o) 55-COs Fe2p
Fe-O) -OH,C=0) LaCOs Sr-OH)
IS 47 004 6.7 2.0 11.6 15.6 24.6 29 3.2 11.4 9.7 7.6
CA 49 15 74 24 10.1 13.5 27.7 2.7 3.0 8.8 9.5 8.5
AA 39 17 74 1.6 10.3 14.2 29.3 2.7 3.3 5.5 9.8 10.3
After catalytic test
IS 46 20 32 7.7 9.0 16.5 26.9 29 3.1 8.7 9.1 6.4
CA 22 59 44 3.3 5.9 22.2 23.6 3.2 3.3 10.7 6.0 9.3
AA 91 24 34 41 20.4 - 29.2 35 3.7 5.6 9.1 9.7

As expected, the Sr concentration is significantly higher than that of La, consistent
with the nominal composition. However, deviations in Sr/La ratios after catalysis suggest
surface restructuring, including possible Sr depletion or redistribution.

A key observation is that the highest oxygen contribution corresponds to the non-
lattice oxygen component for all samples. This confirms that the surface is largely covered
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by hydroxyl and carbonate species, which play an important role in adsorption and sur-
face reactivity.

3.5. Transmission Electron Microscopy

Analysis of the morphology and phase composition of IS, CA and AA samples before
and after catalysis are presented in Figure 5 and Figure 6, respectively.
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Figure 5. BF TEM micrographs, corresponding SAED patterns, and HR TEM images of IS (a,b,c),
CA (d,e f), and AA (g h,i) before the catalytic test.
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Figure 6. BF TEM micrographs, corresponding SAED patterns, and HR TEM images of IS (a,b,c),
CA (d,e/f), and AA (g h,i) after the catalytic test.
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It is clearly seen that the particles are crystalline, often well faceted, with sizes over
100 nm. The registered diffraction patterns are single-crystalline, and their indexing re-
veals the presence of a mixed ferrite phase (COD Entry #96-100-8055) in most cases and
SrsFe206.93 (COD Entry #96-152-6451) for one of the samples of the working catalysts. In
the high-resolution images, both phases are detected in most cases, which is consistent
with the XRD results.

3.6. Catalytic Test

The steady-state conversion of C1—Cs alkanes (methane, ethane, propane and butane)
as a function of temperature was investigated over the prepared catalysts. The catalytic
tests were carried out under identical reaction conditions in order to isolate the effect of
the acid treatment on the catalytic performance. The obtained results are presented in Fig-
ure 7. For comparison, the catalytic performance of the IS catalyst is also included, allow-
ing a direct assessment of the influence of the acid modification on the conversion effi-

ciency.
T methane 0.1 vol.% VOC,10 vol.% 02
—-AA E
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—|-Is
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Figure 7. Temperature dependence of VOC oxidation over the investigating samples.

The results from the VOC tests indicate that complete oxidation takes place at rela-
tively high temperatures (above 220 °C), with n-butane exhibiting the lowest Tso values.

For all investigated VOCs, full conversion to CO2 and H20 was observed. The com-
plete oxidation of the tested n-alkanes occurs at slightly higher temperatures, which can
be attributed to the specific physicochemical properties of the VOC molecules, such as
molecular structure, adsorption strength, ionization potential, and related factors [42,43].

A noticeable enhancement in catalytic activity was observed for the acid-treated sam-
ples. In particular, the temperatures required to achieve 50% conversion (Ts0) were signif-
icantly reduced, by approximately 40—-60 °C, in comparison with the as-prepared catalyst
(Table 5). This shift toward lower conversion temperatures clearly indicates that the acid
treatment has a beneficial effect on the catalytic performance, facilitating more efficient
reactant activation and oxidation at reduced operating temperatures. It has been estab-
lished that treatment with the two acids exerts the same effect on the catalytic activity,
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indicating that the nature of the acid used does not lead to any significant difference in
the catalytic activity.

Table 5. “Light-off” Tsoand To temperatures for the synthesized catalysts.

Sample Methane Ethane Propane Butane
Tso, °C Tso, °C Too, °C Tso, °C Too, °C Tso, °C Too, °C
IS 584 (extrapolated) 478 540 401 460 377 429
CA 529 416 487 362 426 339 390
AA 529 416 486 360 428 339 390
AA,
Thermally aged 430 o1 ] i i i

The activities reported in the present study are close to the data obtained for methane
combustion [26]. The comparison is based on gas—an hourly space velocity of 60 000 h-!
(assuming 200 mg catalyst and 200 mL/min gas flow) and temperatures of 475-550 °C.
Further, another study [44] reports novel insights into the rational design of efficient fer-
roelectric photocatalysts.

A reactor model accounting for both internal and external mass transfer effects was
applied for comparative analysis of the reaction rates before and after acid treatment. The
calculated values for the pre-exponential factors at fixed activation energies (methane:
154.4 kJ/mol; ethane: 137.2 kJ/mol; propane: 134.4 k]J/mol; butane: 132.1 kJ/mol) show an
average increase of 4.5 times for the acid-treated samples (methane: 3.7; ethane: 6.3; pro-
pane: 3.8; butane: 4.3). The higher values of the pre-exponent factor (or the frequency of
effective collisions between the reagents and the catalytic surface) indirectly indicate a
higher number of active sites for acid-treated samples when compared to the IS.

It should be pointed out that the calculated values for the activation energies after
acid treatment are lower, within the range of 5-10%, when compared to the IS sample
(more specifically as follows: methane: 7.2%; ethane: 3.6%; propane: 9.2%; butane: 8.9%).

The results for the catalytic oxidation of ethane show that the sample possesses good
thermal stability. The ethane test after aging was chosen for quantitative evaluation of the
stability of the catalyst. The increase in Tso is 13 °C, which in terms of a decrease in the
calculated reaction rate constant, shows a lower value with 24%.

3.7. Temperature-Programmed Reduction by Hydrogen and Temperature-Programmed
Reduction by Ethane

The H>-TPR (Figure 8a) shows that the oxygen consumption begins at 250 °C (AA)
and 200 °C (CA) with maxima at 470-480 °C (471 °C for IS; 477 °C for AA; 467 °C for CA).
The C2Hs-TPR (Figure 8b) shows similar behavior—a broad peak of CO: formation is ob-
served at temperatures around 485 °C. The main difference comes from the amounts of
reactive oxygen. While the AA and CA samples pose similar amounts of oxygen able to
oxidize the hydrogen or ethane, the IS sample shows significant 1.5-3-times-lower
amounts of reactive oxygen (Hz: AA: 134.2 umol/g-cat; CA: 185.7 umol/g-cat; IS: 91.6
umol/g-cat), (ethane: AA: 137.2 pmol/g-cat; CA: 150.5 umol/g-cat; IS: 54.7 umol/g-cat).

Similar H>-TPR profiles have been reported for LaFeOs, Cu?-, and Ni?-substituted
LaFeOs samples and for Ni-perovskite-based catalysts for the temperature region 400-550
°C. This behavior is explained by a high oxygen vacancy concentration and the low tem-
perature of reduction peaks, which suggest that the materials demonstrate high reducibil-
ity and oxygen mobility, directly connected with the increased catalytic activity [45,46].
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Figure 8. Temperature-programmed reduction: (a) H>-TPR of the IS, AA and CA catalysts; (b)
CoHe/TPR of the IS, CA and AA catalysts.

Furthermore, the XRD results indicate that the acid treatment does not lead to signif-
icant changes in the initial crystalline phases. This observation suggests that the improved
catalytic activity is not associated with bulk structural changes but rather with surface-
related modifications. After acid treatment, the amount of SrCOs present in the sample
decreased. Additionally, an increase in SrsFe207.> was detected, indicating a possible trans-
formation or redistribution of the strontium-containing phases during the treatment.

As reported in the literature, acid treatment has been widely proposed as an effective
strategy to modify the surface structure of perovskite-type oxides without significantly
altering their bulk crystal lattice [47].

According to results from XPS studies, a decrease in Sr content was observed after acid
treatment. In particular, such treatment can induce selective leaching of A-site cations, such as
Sr, which are typically more weakly bound compared to B-site species. This selective removal
leads to an increased exposure of catalytically active B-site metal centers at the surface, altering
surface properties and significantly influencing catalytic performance [7].

In addition, the redistribution of surface species and partial removal of A-site cations
can contribute to subtle modifications in the electronic structure, as well as to the for-
mation of surface oxygen vacancies [48].

According to results, the CA and AA samples showed a marked increase in catalytic
oxidation activity, which was accompanied by a 40-60 °C drop in the operating tempera-
ture. This increase can be mainly ascribed to surface modification effects rather than sub-
stantial alterations in the bulk chemical composition or crystal structure. In addition, the
nearly identical catalytic performance obtained after treatment with both citric and acetic
acids indicates that acid-specific effects, such as selective A-site cation extraction or defect
formation within the Fe—O sublattice, are unlikely to be the dominant factor governing the
observed activity enhancement. Instead, the results point toward a common mechanism
associated with mild surface cleaning, namely the removal of surface-blocking species
that hinder access to active sites. This observation is consistent with the data obtained
from Mossbauer spectroscopy and XPS analysis, both of which demonstrate that acid
treatment induces changes in the iron oxidation state, leading to an increased fraction of
Fe* ions in the material.

This interpretation is in line with earlier wet-etching research, which showed that
weak acid solutions can efficiently change the surface of perovskite oxides by eliminating
A-site species and enhancing catalytic performance without causing significant bulk
structural modifications [26].
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4. Conclusions

The comprehensive study of La-Sr—Fe-O layered perovskites and their acid-modi-
fied analogues demonstrates that dilute organic acid treatment is an effective approach
for enhancing the catalytic properties of layered oxide materials. The results from XRD
and TEM analyses confirm that the main Ruddlesden-Popper crystalline structure re-
mains stable during both modification and catalytic operation, with no significant degra-
dation of the morphology observed. However, acid treatment leads to changes in phase
composition, including a decrease in the content of n = 1 phase and a relative increase in
the content of n = 2 phase. Textural analysis shows the development of a more accessible
mesoporous structure, accompanied by an increase in specific surface area and pore vol-
ume, which improves mass transport and reactant accessibility to the active sites. These
textural features are largely maintained under reaction conditions, indicating good struc-
tural stability. Mossbauer spectroscopy and XPS analysis reveal that acid treatment results
in an increased fraction of Fe* ions and the formation of a hydroxylated and carbonated
surface, which stabilizes the active Fe centers. During catalytic operation, a dynamic
Fe3*/Fe* redox process occurs, together with surface restructuring, Sr redistribution, and
the participation of non-lattice oxygen, highlighting the importance of surface chemistry
in the catalytic process. Catalytic tests demonstrate a significant enhancement in activity,
expressed by a 40-60 °C decrease in operating temperature for all acid-treated samples,
independent of the acid used. These results indicate that the improved catalytic perfor-
mance is mainly associated with surface-related modifications, including partial removal
and redistribution of Sr-containing surface species and increased accessibility of Fe sites,
together with improved textural properties, while the overall layered Ruddlesden—Pop-
per framework is preserved. The synthesized thermally stable phase is prospective for use
in catalytic converters for waste gases treatment, and tests on active phase support on
ceramic monolithic elements are planned.
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