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Introduction

Perovskite oxides (ABO;) represent promising candidates
for various catalytic applications and a valuable alternative
to precious metal-based catalysts due to their lower costs,

Perovskite-derived MnO,/LaMnO5
nhanocomposites to boost CO oxidation activityf
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In this study, the impact of nitric acid treatment parameters, specifically acid concentration and exposure
time, on the morphological, redox, and catalytic properties of LaMnOs for CO oxidation was thoroughly
investigated. The samples were characterised by ICP analysis, N, adsorption/desorption measurements,
XRD, H>-TPR, XPS, HRTEM and HAADF-STEM. Acidic treatment of LaMnOs significantly increases the
surface area, creating a new porous structure. Under mild treatment conditions, the composition, crystal
structure and morphology are also modified, resulting in MnO,/LaMnOs catalysts with various Mn oxide
species forming needle-like structures segregated on a highly defective La;-,MnOs_s perovskite. These
MnO,/LaMnO3s nanocomposites exhibited superior CO oxidation activity, achieving 10% CO conversion
(T10) in the range of 375-396 K, compared to 459 K for the pristine perovskite. This enhanced performance
is attributed not only to the increased surface area, but also to the exposure of reactive MnO, species on
the surface of the perovskite and, crucially, to the interfacial synergism between MnO, and LaMnOs. This
synergy enhances oxygen exchange, and it improves the reducibility of the nanocomposite at low
temperatures, providing a better thermal stability of active phases at elevated temperatures. However, the
benefits of the acid treatment are lost under more severe conditions that transform LaMnOs into bulk Mn
oxide phases (Mn,Osz, MnzO,), or pure MnO,, highlighting the critical role of MnO,/LaMnOs interface
properties for CO oxidation.

the promotion of Mn"/Mn*" redox equilibrium positively
affect the catalytic activity.*®

Sol-gel synthesis,">'® combustion method,” spray
pyrolysis'”'® and co-precipitation’”*° are the most common
techniques to synthesize LaMnO;. Regardless of the

flexible composition, and high thermal stability."™* Among
these materials, LaMnO; (LM) based perovskites have
attracted considerable attention for hydrocarbons,”® NO,”®
CO”® and volatile organic  compounds  (VOC)
oxidation."™* The catalytic performance of LaMnO; is
strictly related to its textural properties, the nature and
concentration of oxygen species, and the number of Mn
redox couples (Mn*" = Mn*") on the surface and in the
structure. The formation of surface oxygen vacancies and
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preparation method, the formation of a homogeneous
perovskite phase requires high-temperature treatments -
usually above 1073 K - that undermine its porous morphology
and specific surface area, and therefore the number of
available active sites." Consequently, conventional LaMnOs;
can hardly compete with precious metal-based catalysts
deposited on high surface area supports at low temperature.
For this reason, different approaches, such as changing the
composition or modifying the synthesis method, have been
adopted to improve the textural properties and to increase the
number of active sites.

One of the most studied strategies is metal doping, i.e.,
the partial substitution of La or Mn with other metals such
as Ag, Sr, Co, and Ni.">?°"2* The introduction of cations with
different sizes and/or different oxidation states allows the
formation of structural/surface defects and increases the
surface or bulk fraction of Mn*". Together with metal doping,
several efforts have also been carried out to engineer textural

This journal is © The Royal Society of Chemistry 2025
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properties of LaMnOj-based perovskites by modifying the
traditional synthesis methods, such as the wuse of
templates®>® or solvent-free synthesis>’ or other physical
and chemical post-treatments.?*® However, these latter
strategies could be rather complex and expensive to employ
at an industrial scale.

The post-treatment of LaMnO; in acid solutions has
proven to be a straightforward and effective laboratory-scale
method to modulate the textural and morphological
properties of this perovskite. The approach has been
successfully used to enhance its catalytic activity in various
oxidation reactions including VOC,*** NO,** as well as for
the oxidation of CO.>**® Although the specific impact of the
acid treatment varies depending on the investigated reaction,
the research has consistently shown some common
outcomes. Acidic treatment selectively removes La®** cations
from the perovskite lattice, structurally transforming LaMnO;
into a supported MnO,/LaMnO;-type catalyst or a pure
crystalline/amorphous MnO,. The leaching process results in
a larger surface area and the formation of a meso/macro-
porous network, leading to the exposure of more Mn*"
species as well as the creation of oxygen vacancies and
structural defects on the surface of LaMnOj;-key factors that
significantly increase the oxidation activity of the final
catalyst,>8°

Among the different parameters of acid treatment, the
duration of the acidic exposure has been recognized as a
critical factor in the dissolution process and it is
frequently explored in the literature. For instance, Zhao
et al. studied the effect of varying nitric acid treatment
durations on LaMnO; for NO oxidation, ranging from 1 to
5 hours.*® Similarly, Xu et al examined acid exposure
times from a few minutes (10') to several hours (22 h) for
formaldehyde oxidation,”® while Chen et al explored
different treatment durations for the catalytic oxidation of
CH,.*” Despite these studies, the impact of other
parameters, such as acid concentration, has been much
less studied leaving a gap in understanding how to
optimize the treatment parameters for a potential
industrial-scale up of this method.

The current study aims at filling this gap by conducting a
comprehensive investigation into the combined effects of
treatment time and acid concentration on the textural,
morphological, redox, and catalytic properties of LaMnO3,
focusing on CO oxidation.

Materials and methods
Catalysts preparation

Acid-modified LaMnO; was prepared starting from
commercial LaMnO; (Treibacher Industrie AG) calcined at
973 K for 4 h. Typically, 1 g of LaMnO; (LM) was treated in
240 ml of HNO; solution (65-69% VWR Chemicals) under
stirring at room temperature. The solid was then washed
with distilled water, centrifuged three times and dried
overnight at 373 K. Nitric acid concentration and time of
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treatment were opportunely changed to evaluate their effect
on the final material: LaMnO; was treated in 0.025 M, 0.1 M,
0.8 M, 3 M, 9 M and 15 M HNO; solution for 1 hour, then
the HNO; concentration was fixed at 3 M and the treatment
time was extended to 6 and 18 hours. In the following
section, the samples will be identified according to the
sample code “LM c¢-t”, where “c” indicates HNO; molar
concentration and “¢” denotes the treatment time (h). Small
amounts of sample were calcined for 1 h at 823 K in static air
for further characterizations, and to study their thermal
stability.

Catalysts characterization

Inductively coupled plasma-mass spectrometry (ICP-MS)
was commissioned to Mikroanalytischen Labor Pascher of
Remagen (DE) to quantify La and Mn content. BET
surface area and porosity measurements were carried out
by nitrogen adsorption/desorption at 77 K in a
Micrometrics Tri-Star 3000 apparatus. Each sample (about
250 mg) was evacuated at 423 K for 2 h to remove
adsorbed species. The powder was then cooled under
vacuum to 77 K before N, was introduced incrementally.
The evaluation of the adsorption/desorption branches of
the isotherm and the hysteresis between them provides
information about the size and volume of pores; BET and
BJH methods were employed for the calculation of surface
area and pore size distribution, respectively. X-ray patterns
were recorded on a Philips X'Pert diffractometer equipped
with an X'Celerator detector, using Ni-filtered Cu Ko
radiation (1 = 1.542 A) and operating at 40 kv and 40 maA,
with a step size of 0.02° and 40 counts per step.
Microstructural characterization by  high-resolution
transmission electron microscopy (HRTEM) and high-angle
annular  dark-field scanning transmission electron
microscopy (HAADF-STEM) was performed on a JEOL
2010F instrument equipped with a field emission gun and
at an accelerator voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS) was performed with a SPECS system
using an Al X-ray source (150 W) and a 9-channel Phoibos
detector at a pressure below 1077 Pa. Quantification was
carried out using Shirley baselines, Gaussian-Lorentzian
line shapes and spin-orbit constrains on relative peak
areas and positions. Temperature programmed reduction
(H,-TPR) experiments were carried out in a Micromeritics
Autochem II apparatus by loading 50 mg of sample in a
U-shaped quartz reactor supported on a quartz wool bed.
Before the reduction, the catalyst was pre-treated in air at
823 K for 1 h. Then, the sample was cooled down to 323 K by
purging with pure N,, and the gas was switched to a mixture
of 5% H,/N, (35 ml min™') and the temperature was
increased up to 1173 K at a ramp rate of 10 K min ",
while monitoring hydrogen consumption with a calibrated
TCD detector. During selected TPR experiments, samples
were collected for XRD analysis by stopping the heating
ramp at a fixed temperature, then cooling the sample in
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pure nitrogen to preserve the oxidized-reduced state of the
catalysts.

XRD, BJH, and BET analysis were carried out on both
fresh (after overnight drying at 373 K) and calcined materials
(at 823 K in air for 1 h) to evaluate the morphological
evolution right after the acid treatment and in operative
conditions. HRTEM and HAADF-STEM characterization was
carried out only on fresh materials, while XPS and TPR
analysis were performed on the calcined ones.

Catalytic test

CO oxidation tests were carried out by loading 200 mg of
fresh catalyst in pellets (pellet size 200-400 um) into a quartz
microreactor (i.d. 6 mm) on a quartz wool bed. The reactor
was placed in a tubular furnace, and the catalyst was exposed
to a mixture of 1% vol CO, 10% vol O, in N, with a total flow
rate of 300 ml min™" (GHSV of ~135000 h™"). The sample
was heated up to 823 K at 10 K min™". Inlet and outlet gas
composition was analysed with an online MKS 2030 MultiGas
FT-IR Analyzer. CO conversion was calculated as follows:

out X 100

CO conversion (%) = GO
in

where [COJ;, and [COJoy are the inlet and outlet CO

concentration, respectively. Specific rate of CO oxidation
(umol s m™?) were calculated at 390 K.

The same procedure was repeated twice on the same
catalyst. The second cycle was used as representative of the
catalytic activity.

Results and discussion

Composition, structural, and textural properties of acid-
treated samples

Table 1 summarizes the treatment conditions of LaMnOg, ie.,
HNO; concentration and treatment duration, along with the
corresponding elemental composition, and the textural
properties of the resulting materials, before and after their
calcination. The molar ratio between La and Mn changes
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significantly, and La/Mn decreases as the concentration or the
time of the treatment increases in all the treated samples: La/
Mn of pristine LM is 0.96 — quite close to the nominal value
of 1 - and it ranges from 0.59 (with very diluted solutions) to
almost 0 (when the treatment time is very long, or the acid
solution is very concentrated). According to the La/Mn molar
ratio obtained, the strength of the treatment is classified as
weak (1.0 < La/Mn < 0.4), medium (0.4 < La/Mn < 0.1), or
strong (0.1 < La/Mn < 0.0).

Table 1, Fig. S11 and 1 report the results of N, adsorption/
desorption characterization, providing information on the
morphological properties and porosity of the samples. All the
samples show a type IV adsorption/desorption isotherm (Fig.
S17), and the hysteresis loop is of Hs-type, associated with
the presence of a mesoporous structure.’’ Commercial LM
exhibits low BET surface area and pore volume, 20 m*> g™
and 0.13 cm® g, respectively. The acid treatment causes an
increase in the specific surface area of LM, ranging from 80
to 166 m> ¢!, as the concentration or the duration of acidic
treatment increases. The analysis of the BJH pore size
distribution reported in Fig. 1 shows that the enhancement
in SA after the acid treatment is correlated with the
formation of meso-porous structures, which could depend on
the structural rearrangement in the perovskite due to the
different acid treatments as already reported in literature®**
and discussed further on. Interesting, the samples treated at
weak/medium HNO; concentrations (0.025-3 M solutions)
show a bimodal pore distribution with small pores of
diameter of 30-40 A and larger pores of 100 A on average,
while a broader pore size distribution ranging from 30 to
700 A, (typical of meso- and macro-porous materials)
characterizes the samples treated at higher concentrations
(9-15 M) (Fig. 1a). The same trend can be observed by
variating the treatment time from 1 h to 18 h, since LM 3-1
and LM 3-6 samples show the co-presence of micro-, meso-
and macro-pores, while only meso- and macro-porosity is
present on LM 3-18 (Fig. 1c). A partial or total collapse of the
porous structure occurred following calcination; the micro-
porosity component is partially maintained, and the meso-
pores are more stable in the samples treated with acid

Table 1 Sample name, elemental composition and textural properties of the samples investigated in this work

BET SA (m*g™")

Average pore

Average pore
volume” (cm® g™)

size” (A)

Sample [HNO;] Time Treatment Molar

name (mol L) (h) type La/Mn“ Fresh Calcined Fresh Calcined Fresh Calcined
LM — — — 0.96 20 — 0.13 — 134 —
LM 0.025-1 0.025 1 Weak 0.59 102 28 0.29 0.22 89 224
LM 0.1-1 0.1 1 Weak 0.46 99 35 0.24 0.14 77 123
LM 0.8-1 0.8 1 Weak 0.41 97 31 0.28 0.12 98 147
LM 3-1 3 1 Weak 0.45 80 40 0.20 0.23 79 194
LM 3-6 3 6 Medium 0.18 158 80 0.60 0.18 132 71
LM 3-18 3 18 Strong 0.01 166 13 0.55 0.07 112 182
LM 9-1 9 1 Strong 0.03 138 10 0.45 0.16 111 335
LM 15-1 15 1 Strong 0.09 165 7 0.62 0.03 132 121

“ La/Mn molar ratio of the material after treatment measured by ICP analysis on the solid powder. ? Obtained from the desorption branch of

N, adsorption /desorption isotherm.
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Fig. 1 Pore distribution of acid treated LaMnOs samples: in a) fresh LM samples (i.e., after the acid treatment) treated with different acid
concentrations; in b) the corresponding calcined samples (i.e., after a calcination of 1 hour at 823 K in static air); in c) fresh LM samples treated by
variation the duration of the treatment; in d) the corresponding calcined samples.

concentration from 0.025 M to 3 M; instead, the porous
network formed after the acid treatment is completely lost in
the samples treated at higher concentration (Fig. 1b). The
same behaviour is observable by varying the duration of acid
etching: catalysts LM 3-1 and LM 3-6 treated for 1 hour and 6
hours, respectively, exhibit a significantly more stable porous
structure than that of catalyst LM 3-18 treated for 18 hours,
(Fig. 1d).

The partial or total collapse of the micro and mesoporous
structures during the thermal treatment occurs with a
concomitant decrease in surface area and average pore volume.
The extent of the effect depends on the treatment conditions.

The surface area after the calcination is 27-35% of that of
fresh catalysts for the samples treated with diluted solution
(LM 0.025-1, LM 0.1-1, and LM 0.8-1), while it is ~50%
adopting mild conditions (LM 3-1 and LM 3-6). For stronger

This journal is © The Royal Society of Chemistry 2025

treatment conditions (LM 3-18, LM 9-1, LM 15-1) the surface
area collapsed after calcination, ranging between 5-7%
compared to the starting values.

In conclusion, both the surface area and porosity of LaMnO;
can be tuned by changing the acid concentration and the
duration of the treatment, and the thermal stability of the
resulting materials seems to be higher when moderate
treatment conditions are applied.

X-Ray diffraction results (Fig. 2) showed that the
modifications in composition and surface area/porosity
correlate with structural changes in the starting perovskite. The
pristine LM exhibits the diffraction pattern of a perovskite
phase with a rhombohedral symmetry (PDF 86-1231), along
with peaks related to minor segregation of Mn,O; (PDF
80-0382) at 26 = 38.4°. In the samples treated under diluted
concentration (0.025-3 M) for 1 h (Fig. 2a), the perovskite

Catal. Sci. Technol,, 2025, 15,1882-1893 | 1885
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Fig. 2 X-ray diffractograms between 20-50 degrees of acid treated LaMnOs; samples: in a) fresh LM samples treated with different acid
concentrations; in b) the corresponding calcined samples; in c) fresh LM samples treated by variation the duration of the treatment; in d) the
corresponding calcined samples. ®: LaMnOz3; ¢: MNO,; B: Mn,03; O: Mnz0,.

structure is still the main phase, but several new diffraction
peaks, attributed to tetragonal Mn;O, (PDF 80-0382), and to
Mn,0; (PDF 80-0382), appear, revealing the formation of a
MnO,/LaMnO; composite material. The increase in HNOj;
concentration (above 3 M) results in a significant degradation
of the original structure (LM 9-1 and LM 15-1), since the
diffraction peaks of LaMnO; completely disappear, indicating
the collapse of the perovskite structure due to a complete
leaching of La, as confirmed by ICP analysis (Table 1).
Particularly, LM 9-1 consists of a mixture of Mn,0; and Mn;zOy,
while only MnO, is visible in LM 15-1. After the calcination at
823 K (Fig. 2b), the samples treated in the range 0.025-3 M
for 1 hour show X-ray patterns like those observed before
calcination, and the MnO, phases seem to be thermally
stable. Strong-treated samples, composed of a mixture of
different MnO,, show instead significant changes: on LM
9-1 and LM 15-1, Mn,0; and MnO, degraded mostly to

1886 | Catal. Sci. Technol., 2025, 15, 1882-1893

Mn;0,. This is in line with the literature which reports that
Mn(v) oxide phases can be wunstable at high
temperature.®>*® The effect of the duration of acid exposure
was also studied using HNOj; concentration of 3 M. The
sample treated for 6 hours (LM 3-6) results into a mixture
of perovskite phase, Mn,03, Mn;O, and MnO, (Fig. 2c).
Conversely, by extending the treatment for 18 hours, only
the diffraction peaks of MnO, can be detected, as in LM 15-1.
After calcination, LM 3-6 diffractogram shows an
amorphization containing the same phases of the starting
sample, while that of LM 3-18 shows only the presence of
Mn, 03, thus confirming that MnO,/LaMnO; composites have a
good thermal stability. The results of XRD are consistent with
previous studies reporting that the progressive leaching of La
from the pristine perovskite, shown by ICP-MS analysis in
Table 1, leads to the formation of different Mn oxides.>°? In
summary, the concentration of HNO; and treatment exposure

This journal is © The Royal Society of Chemistry 2025
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time are interchangeable parameters for dissolving the
perovskites and can be appropriately combined to optimize the
process in terms of safety and duration to tailor the properties
of the perovskite-derived oxides.

Based on the analysis of the results we can conclude that:

i) Weak treatments, obtained by diluted solutions (0.025-
0.8 M) and a short exposure time (1 h), result in minor
changes: the perovskite is the main phase, and only Mn,0;
and Mn;O, are visible after the treatment; these samples have
good thermal stability in terms of surface area, porosity, and
MnO, phases formed by La leaching.

ii) Medium treatments, with more than 1 hour of treatment
time and 3 M acid solution, cause an important deterioration
of the perovskite structure and the formation of MnO,; both
the phases are visible from the diffraction patterns, and they
are structurally and morphologically stable upon thermal
treatment.

iii) Strong treatments (high concentration (9 M, 15 M for
1 h) or prolonged exposure time (3 M for 18 h), result in
the complete dissolution of La and the destruction of the
perovskite structure, which is no longer detectable by XRD,
leaving a mixture of MnO, as the resulting phases. The
latter oxides are not thermally stable and undergo further
structural and morphological changes after calcination with
a collapse of porosity and surface area.

HAADF-STEM-EDX and HRTEM investigations
carried out on some selected samples to characterize the
effects of treatments on the perovskite at nanoscale level. As-

were

Fig. 3 HAADF-STEM and HRTEM images of: a) LM; b) LM 3-1; c and d) LM 3-6; e and f) LM 15-1.

This journal is © The Royal Society of Chemistry 2025
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received LM (Fig. 3a) is composed of nanoparticles of about
20 nm, forming a porous network with large and small pores
of about 50-100 nm and 2-10 nm respectively. Fig. 3b shows
the STEM image of fresh LM 3-1 as representative of a weak/
moderate acid-treated sample. The initial morphology of LM
disappeared, and the sample is mostly composed of
aggregates of small particles of about 5-30 nm in size.
Notably, new needle-like nanostructures appeared, and the
porosity seems to be increased. These structures are more
abundant in LM 3-6 (Fig. 3¢ and d) when the acid treatment
was longer. The needle structures are roughly 30-40 nm in
length and 5-6 nm in thickness as shown at higher
magnification in Fig. 3d. STEM image of LM 15-1
(Fig. 3e and f) illustrates the morphology of a strongly acid-
treated sample. In this case, the sample is mostly constituted
of nano-platelets slightly smaller in comparison to those
observed on LM 3-6, around 20-30 nm in length and 4-5 nm
in thickness. Similar “desert-rose” and needle morphologies
have been observed in other studies and they are linked to
the formation of &-MnO,.?®?? It can be assumed that these
needle-like structures are mostly made of MnO, species,
since La is barely present in LM 15-1.

Redox and chemical properties of acid-treated samples

The redox properties were investigated by means of TPR
(temperature-programmed reduction) experiments. The
reduction profiles of LM samples treated with different acid

Catal. Sci. Technol., 2025, 15, 1882-1893 | 1887
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Fig. 4 Temperature-programmed reduction profiles of acid treated LaMnOsz samples: in a) LM samples treated with different acid concentrations;
in b) LM samples treated for different times. TPR experiments were run on calcined samples.

concentrations and for different time are illustrated in
Fig. 4a and b, respectively, while the T,,x of the reduction
peaks and the calculated H, consumption are reported in
Table 2. The reduction of pristine LM consists in three main
peaks. In the low-medium temperature range (350-900 K) two
broad peaks are visible, the first one (peak ¢, at 598 K) is
attributed to the surface reduction of Mn** to Mn®", while the
second one (peak f, 676 K) is due to the reduction of surface
Mn®" to Mn**. The third peak (peak y, at 1084 K) is associated
with the reduction of bulk Mn*" to Mn>", which usually
happens in the high-temperature range (900-1200 K).*'"*® The
shape of the redox profile, the temperatures of the reduction
steps, and the calculated H, consumption may change quite
significantly after the acid treatment. In samples obtained in
weak/moderate acid treatment conditions, peak o and peak S
increase in intensity and area (ie., higher H, consumption
with respect to the non-treated LM) and shift to lower
temperature (up to 40 K compared to LM); peak y is still
visible and slightly shifted to lower temperatures. All these
changes become more and more evident as the strength of
acid treatment increases, with the maximum for the sample
LM 3-6. The TPR profiles of the samples treated with a strong
treatment are quite different showing an overlapping of the
three components in a range of temperatures from 450 K to

850 K. It is worth to note that the profiles for these samples
(LM 15-1, LM 9-1, LM 3-18) are similar to that reported for
f-MnO, and Mn,0; originating from the thermal
decomposition of y/e-MnO, in air.** The observed changes are
related to the morphological and structural changes occurred
on the perovskite during the acid treatment. According to the
literature, the increase in H, consumption observed at low
temperature for the samples treated under weak/mild
conditions is mainly attributable to the reduction of MnO,
and Mn,0; nucleated on the surface of the perovskite, and
the reduction of the highly defective surface of the remaining
perovskite.*>***” This is also confirmed by the experiment
described in the supporting information (Fig. S2a and bt) that
investigate the structural transformation undergone by LM
3-6 during the TPR (see ESIT).

The presence of a high amount of MnO, phases is expected,
even if not always detected from the XRD analysis. This is
because of the formation mechanism of MnO, species during
the acid treatment, which involves the dismutation reaction of
Mn*" to Mn®" (which is soluble in acid solutions) and Mn*",
which is insoluble and remains on the surface.***%?*%% The
decrease of T,y for o and g peaks could be due to several
factors such as a strong interaction between the needle-shaped
MnO, species and the highly defective perovskite support,

Table 2 Peak position and quantitative analysis during H,-TPR measurements

Sample Timax Peak o (K) Tmax Peak f* (K) mmol H, g”" (350-900 K) Tmax peak y* (K) mmol H, g~ (900-1200 K)
LM 598 676 1.45 1084 1.27

LM 0.025-1 596 636 2.16 1064 0.96

LM 0.1-1 564 647 2.29 1080 0.93

LM 0.8-1 560 649 2.50 1068 0.86

LM 3-1 560 656 2.37 1078 0.91

LM 3-6 564 664 413 1045 0.59

LM 3-18 659 734 3.25 — —

LM 9-1 660 734 3.62 — —

LM 15-1 653 753 3.43 — —

¢ Timax is the temperature of the maximum of the related reduction peak.
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together with the consequent stabilization of highly reducible
Mn(wv) phases. All these factors play together to increase the
oxygen exchange capability of both LaMnO; and MnO, and
accelerate their reduction kinetics. The shift towards lower
temperature of peak y compared to the pristine LM, suggests a
higher mobility of lattice oxygen. This could be explained by a
weaker Mn-O bond induced by the acid treatment®* or by the
high presence of lattice defect at the La-site that helps the
oxygen exchange.® In contrast to what happens at low
temperature, the related amount of hydrogen consumed above
900 K decreases with the perovskite modification (Table 3).
This is due to the lower amount of bulk Mn®" in the treated
perovskite, consistent with the dynamics of the dissolution
process hypothesized by Xu et al®® and the complete
conversion of the perovskite into a mixture of manganese
oxides. In fact, the TPR profiles of the samples subjected to
strong acid treatments (Fig. 4) show a multi-step reduction
trend with the absence of peak y. In conclusion, the acid
treatment contributes in general to improve the redox
properties of resulting catalysts. The excellent low-temperature
reducibility of MnO,/LaMnO; nanocomposite catalysts can be
attributed to the combination and coexistence of several factors
resulting from the acid treatment, such as a high surface area,
and a strong synergistic interaction between MnO, and
LaMnO;. This is due to a high mobility of oxygen vacancies
associated with the formation of a highly defective interfacial
region and the coexistence of different phases. More
information regarding the oxidation state of Mn species on the
surface were obtained by XPS analysis.

The La/Mn atomic ratio, the oxidation state of Mn and the
nature of oxygen species on the MnO,/LaMnO; surface were
studied by X-ray photoelectron spectroscopy (XPS)
measurements. The La 3d, O 1s, Mn 2p;/,, and Mn 3s XPS
spectra are shown in Fig. S3-S6.f Table 3 reports the
quantitative results of XPS analysis. LM starting sample
showed a superficial La/Mn value close to the nominal one. A
progressive depletion of superficial La is observed when
increasing the strength of the acid treatment (Fig. S37), with a
corresponding enrichment in Mn on the perovskite surface.
This is also confirmed by the value of the La/Mn atomic ratio,
which decreases from 1.08 in LM to 0.14 in LM 15-1 (Table 3).

The surface oxygen species were analysed by deconvolving
the O 1s XPS spectra (Fig. S4,f Table 3). The O 1s spectrum of
each sample shows two distinguishable peaks. The major
contribution arises from the peak at 529.2 eV, which is

Table 3 Surface atomic composition of selected samples

View Article Online
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commonly referred to the surface lattice oxygen species
(Oatt), whereas the second one is present at 530.9 eV and
corresponds to the surface adsorbed oxygen such as hydroxyl
species (O,qq).>>**** The surface O,q¢/Olae ratio increases
with the strength of acid treatment, from 0.88 for LM to 0.96
for LM 15-1. A larger amount of surface O,qs on LM
perovskite generally agrees with the presence of a higher
amount of surface oxygen vacancies.”>>® Moreover, the
presence of a higher number of oxygenate species on the
surface may also be related to the segregation of Mn,O, after
the treatment.””

The oxidation state of Mn was analysed by the Mn 2p XPS
spectra (Fig. S5t). The asymmetrical shape of these spectra
suggests the co-existence of Mn in different oxidation states
on the -catalyst surface. To have a semi-quantitative
evaluation of Mn*" and Mn** surface abundance, the spectra
were deconvolved into two separate contributions at binding
energies of 642.9 eV and 641.6 eV, attributed to surface Mn**
and Mn*", respectively.">*"*> The obtained values are
reported as Mn*'/Mn®" in Table 3. It is possible to observe
that the relative amount of Mn*" increases from 1.18 (LM) to
1.62 (LM 3-6), whereas it slightly decreases to 1.22 under
strong acid treatments (LM 15-1). This is consistent with
what was observed in TPR experiments, where the amount of
Mn*" increased in respect of Mn** as the strength of the acid
treatment increased. A further consideration of surface Mn
oxidation states can be obtained by evaluating the Mn 3s
splitting. Several authors report a clear correlation between
the increase in formal valency of Mn species in perovskites
and the decrease in the Mn 3s energy gap.”*® Also, it is
possible to estimate the average Mn valency from the Mn 3s
splitting.>® Fig. S6+ reports the shift in binding energy of Mn
3s, while the energy gap (AEwmss) is represented as a function
of the estimated La/Mn in Fig. 5. As it is possible to see, the
difference in BE of Mn 3s doublet decreases as the La/Mn
decreases, indicating a general increase in Mn average
valency (Vym)- An estimation of Vyy, can be done by using:

AE
Vi = 9.67 —1.27 —Mn3s

The results are reported in Table 3. The Mn oxidation state
varies from an average value of 3.0 in the case of LM, until
a maximum value of 3.5 on the LM 15-1 sample. The results
are in agreement with the Mn*"/Mn*" estimated from the

Surface composition (%)

Surface atomic ratio

Mn species analysis

Sample

name La Mn o) La/Mn Oads/Olatt Mn 2p;;, (Mn**/Mn*) Vv from Mn 3s split
LM 18.5 17.1 64.4 1.08 0.88 1.18 3.00

LM 0.025-1 11.7 22.0 66.3 0.53 0.81 1.18 3.14

LM 0.1-1 9.2 22.7 68.1 0.40 0.90 1.31 3.21

LM 0.8-1 6.3 23.1 70.6 0.27 0.89 1.53 3.27

LM 3-1 7.0 23.9 69.1 0.29 0.92 1.32 3.18

LM 3-6 3.8 27.0 69.2 0.14 0.93 1.62 3.32

LM 15-1 3.4 26.0 70.6 0.13 0.96 1.22 3.46

This journal is © The Royal Society of Chemistry 2025
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Mn 2p fitting, confirming the increase of Mn"'/Mn’*" in
MnO,/LaMnO; as the strength of acid treatment increases.

CO oxidation test

Fig. 6 illustrates the light-off profiles of LM and acid-modified
samples for CO oxidation in the range of 300-850 K. The
catalytic activity of the LM materials was checked by carrying
out two cycles (Fig. S77). The first cycle is influenced by the
desorption of adsorbed NO, after acid treatment (Fig. S87), as
well as by the morphological changes discussed above. These
factors can have a positive or negative effect on the
performance of the catalyst. As shown in Fig. S7,i the first
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and second cycles of the weak/medium treated samples are
very similar. In contrast, the materials treated under strong
conditions show much higher activity during the first cycle,
with a noticeable drop in activity at 500-600 K due to the
sintering of MnO,. This behavior confirms the poor thermal
stability of LM 9-1, LM 15-1, and LM 3-18. The second and
third oxidation cycles, on the other hand, overlap almost
perfectly (Fig. S9f) and provide a more accurate
representation of the activity of the catalysts after their
stabilization. The second cycle was therefore chosen as
representative of the activity of the samples, which were
ranked according to the temperature at which 10% (T3,) and
50% (Ts0) conversion was achieved.

Non-treated LM shows T, and Ts, of 459 and 522 K,
respectively. For samples treated for 1 h, weak and medium
acid treatment of LM boosts CO oxidation performance and
the catalytic activity increases, while the strong treatments
decrease it. The catalytic activity follows this general order:
LM 15-1 < LM 9-1 < LM < LM 0.025-1 - LM 3-1; in fact, no
sensible variation in CO oxidation performances can be
observed by varying the acid concentration from 0.025 to 3 M.
Fixing the concentration to 3 M and changing the treatment
time, the trend is the following: LM 3-18 < LM < LM 3-1 <
LM 3-6. As an example, LM 3-6 shows the best performance
and displays a Ty, and Tso of 377 K and 427 K, respectively,
about 90 K lower in comparison to LM; conversely, low
temperature (below 500 K) CO oxidation activity of LM 9-1
and LM 15-1 is close to that of LM. These trends well
correspond with the previous considerations in terms of
phase formation (HRTEM and XRD analysis), thermal stability
(BET and BJH measurements), the high number of Mn**/Mn**
couples (XPS) and reducibility/interaction  (H,-TPR
experiments) of the MnO,/LaMnO; nanocomposite. Clearly,
the formation of MnO, nanoneedles and their stabilization
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Fig. 6 Catalytic activity during the second cycle of CO oxidation with acid treated LaMnO3 samples as catalysts: in a) LM samples treated with

different acid concentrations; in b) LM samples treated for different times.
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on the highly defective perovskite surface have a crucial effect
on the catalytic conversion of CO; this is followed by the
stabilization of the micro-pores (which could be helpful for
CO oxidation performances®®) and an improved interaction
and oxygen exchange mechanism between MnO, and
LaMnOs;.

Fig. 7 shows the plot of Tj, values of pristine LM, and all
acid treated samples versus their corresponding La/Mn ratio
from ICP analysis. It highlights that the highest activity is
reached when La/Mn ratio is in the range of 0.2-0.6, ie., for
the samples which undergo a weak/medium acid etching and,
therefore, the formation of the MnO,/LaMnO;, with a partial
modification of the perovskite lattice which increases the
defectivity. The positive effect of the acid treatment is lost
when the catalyst is composed mainly by Mn,O, (La/Mn < 0.2).

The specific reaction rate of each sample vs. La/Mn ratio
is shown in Fig. 8; the overall behavior is qualitatively similar
to that shown looking at Tj,, with a maximum in activity at
intermediate La/Mn ratio (from 0.4 to 0.6). However, specific
activity of two samples differs from T;,. LM 0.025-1 is the
sample with the highest number of active sites per unit of
surface area while the high T, activity of LM 3-6 is probably
due to the higher surface area compensating for the lower
density/quality of specific active sites. This confirms that
even weak acid treatments are sufficient to form a very high
number of active sites, while medium treatments seem to
favor a higher surface area instead.

The most representative samples were collected after CO
oxidation (labelled as “used samples”) and characterized by
means of BET (Table S1t) and H,-TPR (Fig. S107). The surface
area of the used samples doesn't differ from the calcined
materials. The redox profile of LM 3-1 and LM 3-6 is not
modified significantly with respect to the previous
experiments; on the other hand, the used LM 9-1 and LM 15-1
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Fig. 7 Tio achieved during the second CO oxidation cycle against
molar La/Mn ratio as determined by ICP analysis.
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show a decrease of the first reduction peak (&) attributed to
Mn*", whereas the peak centred at 700 K (f), attributed to the
reduction of Mnz;0O,, becomes larger and shifts to higher
temperatures. This indicates that during the reaction y/e-MnO,
partially decomposes into Mn;O,. This is consistent with
previous reports, which have demonstrated that MnO,
decomposes into Mn,O; or Mn;0, at high temperature.**°
The catalytic results together with those of the
characterizations discussed above highlight the key role of
the perovskite in preventing the degradation of MnO, active
species during CO oxidation, thus preserving high CO
conversion and long-term performance. The higher surface
area and the presence of different porosity, the exposure of
an appropriate amount of Mn** and Mn*" at the surface of
LaMnO;, the presence of MnO,/LaMnO; interface, an easier
redox Mn"" = Mn’" cycle and the improved oxygen mobility
can explain the superior CO oxidation activity of LM samples,
in the nanocomposite formation range. The formation of a
synergistic interface between MnO, and LaMnO; then
facilitates the charge exchange between the two species and
is crucial to enhance the CO oxidation activity of the
nanocomposite. On the other hand, the lower CO oxidation
performance obtained for samples exposed to strong acidic
conditions is due to their poor thermal stability and their
transformation into an oxide mixture with Mn in a lower
oxidation state and a very low surface area. In conclusion, it
seems that the co-existence of MnO, needles on a defective
LaMnO; enhances the catalytic activity towards CO oxidation,
thanks to the stabilization of manganese oxides active species
and the formation of a strong interaction at the interface.
This MnO,/LaMnO; nanocomposite can be obtained by
leaching La from perovskite until a certain limit through
appropriate treatment conditions. The catalytic performance
of MnO,/LaMnO; nanocomposites has been shown to be
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comparable to that of other perovskites and Mn-based
materials as documented in the literature (Table S27).

Conclusions

In this work, we explored the impact of acid treatment
parameters on the structural, morphological, and redox
properties of LaMnO; to enhance its activity toward CO
oxidation. Our goal was to determine whether this method of
perovskite modification by acid treatment could be tailored
for a possible industrial scale up, considering as industrially
relevant parameters the HNO; concentration and the time of
treatment. This permitted to obtain a controlled leaching of
La from the perovskite structure, leading to the formation of
Mn-rich catalysts. Specifically, mild treatment conditions
resulted in mesoporous MnO,/LaMnO; nanocomposite
catalysts, where MnO,. species form a needle-shaped structure
on the perovskite surface. These catalysts showed superior
morphological, structural, and redox characteristics
compared to untreated LaMnO; and to those subjected to
harsher acid treatments, which produced a mixture of
unstable MnO, species.

We found that the key to improve the CO oxidation activity
is the stabilization of the MnO, needle-like structure thanks
to the dispersion on the perovskite matrix and the interaction
of MnO, species with it. This is due to an interfacial
synergism between the two species, particularly evidenced by
the TPR study. The stabilization leads to a higher
concentration of Mn*" and Mn"* species on the surface, and
the creation of active between MnO, and
perovskite, enhancing oxygen availability and
mobility, thereby boosting CO oxidation. Our findings
highlight that achieving optimal conditions, i.e., balancing
acid concentration and treatment duration, is critical for
producing an effective catalyst. The conditions required to
obtain superior catalysts are not overly stringent, and an
industrial-scale application of this approach seems feasible.

However, additional factors-such as vessel volume, rate,
and type of mixing-should be considered, and further
research is needed to assess the reproducibility and
scalability of this method in an industrial context. Moreover,
handling significant volumes of moderately concentrated
HNO; over extended periods poses potential safety and
recovery challenges that must be carefully addressed.

interfaces
surface
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