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Methane is a renewable fuel when derived from biogas upgrading or by CO; capture and utilization, with the
possibility of fully replacing natural gas in the already established gas infrastructure and engines. However, being
a potent greenhouse gas, its use as fuel demands a sustainable activation procedure, to convert any residual
traces of unburned CHy4 into CO,, a challenging reaction especially at near-stoichiometric conditions typical of
Three-Way Catalytic systems (TWC). To avoid expensive noble metals, we developed cheaper alternative cata-
lysts: A-site deficient LaMnOs-based nanocomposites incorporating Ni and Cu. These elements were introduced
either as B-site dopants in the perovskite lattice or deposited via Ammonia-driven Deposition-Precipitation (ADP)
on the perovskite surface, in both cases yielding metal nanoparticles (NPs) after a reductive treatment. Char-
acterization encompassed various techniques: XRD, Nj physisorption, SEM-EDX, XPS, Ho-TPR, HAADF STEM-
EDX. CH4 oxidation to CO5 under stoichiometric Og served as the probe reaction, as model for TWC condi-
tions in methane-fed engines. The LaMn-perovskite itself displayed a promising activity thanks to favourable
morphological and redox features (50 % and 90 % CH4 conversion at 581 °C and 678 °C, respectively); further
improvements could be obtained upon Ni and Cu loading. The best performances were achieved by: i) the
catalyst prepared by Ni-ADP (50 % and 90 % CH4 conversion at 517 °C and 635 °C), featuring high Ni surface
concentration and NPs density and a synergy with the perovskite support, as opposed to the low Ni surface
concentration on B-site doped samples; ii) the reduced Cu-doped catalyst (50 % and 90 % CH4 conversion at
508 °C and 645 °C), thanks to the high activity of reduced Cu species, the low NPs size and good metal-support
interaction, in contrast to the strong NPs agglomeration of the Cu-ADP catalyst. Among the two most active
catalysts, a better long-term stability was retained by the Cu-doped sample. This work laid the foundation for the
development of alternative CHy4 oxidation catalysts at the stoichiometric air-to-fuel ratio, cheaper than com-
mercial Pd-based ones.

1. Introduction fuel cells) [3]. Also in traditional engines, methane has some advantages

compared to gasoline and diesel, such as a lower fuel price and lower

Methane is one of the relevant candidate renewable fuels for sup-
porting the energy transition: the anaerobic digestion of biomass wastes
through specialized bacteria yields biogas, which is essentially a mixture
of CH4 and CO; (and other traces components) and can be further pu-
rified to obtain biomethane. As such, it can replace natural gas in the
already established pipelines and engines, without any technological
modifications [1,2]. Moreover, CHy is a versatile energy and hydrogen
vector that can be employed for heating generation on both residential
and industrial sectors, as fuel in internal combustion engines or fuel cells
(directly in Solid Oxide Fuel Cells, as an example, after reforming in all
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emission of pollutants CO,, NOy and particulate matter (PM) [4].
However, CHy is a powerful greenhouse gas, with a global warming
potential ~25 times higher than CO, [5]; consequently, traces of un-
burned methane from engines exhaust must be removed to avoid an
environmentally detrimental effect. The high stability of this molecule
(C-H bond energy 439.3 kJ/mol [6]) induces the use of catalysts char-
acterized by high loading of Platinum group metals (PGMs) to accom-
plish the total CHy4 oxidation (besides CO oxidation and NOy reduction),
for which Pd is recognized as the most active metal [4,7]. A sustainable
use of CHy as transition fuel, requires the development of cheaper PGM-
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free activation catalysts: with this aim, alternative formulations based
on Cu and Ni have been developed and compared in the present
manuscript. Cu-based catalysts have been studied, as an example, for
engines aftertreatment technologies, highlighting their activity in CO
oxidation, hydrocarbons (C3,) oxidation and NO reduction [8]. Con-
cerning CH4 combustion (mainly in lean conditions, i.e., in excess of O5),
CuO-based catalysts have been investigated by some researchers
showing promising performances [9-11]. Ni-based catalysts have also
been identified as being more active (in lean conditions) than Fe;O3 and
Co304 [12]. Synergistic effect between metal and support in CHy4
oxidation have been reported for NiO/CeO5 or NiO/Ce; xZryO5 catalysts
[13-15]. It was also shown that NiO/CeO, was able to catalyse the NO
reduction assisted by CO [16]. These results pointed out that Ni- and Cu-
based catalysts could be good candidates to activate CH,4 as well as the
other reactions involved in Three-Way Catalytic systems (TWC).

To exploit the catalytic activity of these two metals they need to be
highly dispersed on a support and, to reach the expected result, a sup-
port capable of contributing to the catalytic activity is to be preferred.
Perovskite oxides, with general formula ABOs3;, have been widely
investigated in the past decades as catalysts in several oxidation and
reduction reactions, among those CH,4 oxidation, especially composi-
tions based on LaBO3 (B = Mn, Fe, Co) [6,17]. The transition metal at B-
site possesses redox capabilities, while the A-site element La is known to
confer structural stability and a good resistance to harsh thermal con-
ditions, like those typical of engines after-treatment technologies, as an
example. Such materials also display oxygen storage capacity (OSC),
similarly to the more widespread CeOo, i.e., the ability to reversibly
adsorb and release oxygen to balance the oscillating reducing-oxidizing
conditions typical of TWC gas mixtures [18,19]. For these reasons,
LaBOs-derived perovskites have been greatly investigated as possible
alternatives to PGMs for exhausts treatment, or as support for other
metal/metal oxides as CuO [20-26]. In particular, LaMnOgs and LaCoO3-
based perovskites are generally more active than LaFeOs in CHy
oxidation [27,28], but the long-term stability of LaMnOs is usually
higher than that of LaCoO3 [29], as well as the stability in reducing
conditions. For these reasons, Mn-perovskites have been considered in
this work.

The dissociation and subsequent oxidation of CH4 over perovskites is
reported to involve active oxygen species coming from the oxide cata-
lyst: weakly adsorbed oxygen species at lower temperatures (suprafacial
mechanism), lattice oxygen species coming from the surface and sub-
surface layers at higher temperatures (intrafacial mechanism)
[17,30,31]. This mechanism is often described as a Mars-Van Krevelen
(MvK) type [32-34], involving reduction-oxidation cycles of the active
sites: the loss of active oxygen species (attacking adsorbed CH4 and CHy
fragments) results in the formation of oxygen vacancies (Vo) and in the
reduction of surface sites (B-site cations), which are then re-oxidized by
the adsorption of gas phase Oy, replenishing V. Therefore, besides the
number of active sites and thus the exposed surface area, other factors
affecting catalytic activity towards CH4 combustion are the ease of ox-
ygen release from perovskite surface and subsurface layers and the
presence of highly reducible transition metal cations at surface, being
reducibility connected to the release of active oxygen species [33-37].
Hence, a widely explored strategy to boost oxidation activity of perov-
skites is to create charge imbalances at A-site, either through the
introduction of aliovalent dopants (e.g., Sr?*, Ca%* replacing some La>*)
[35,38,39] or through a La-deficient composition [40-42]. In these
ways, to compensate the missing positive charges at A-site, a fraction of
B-site cations can be overoxidized or a higher number of Vg can be
generated, with the consequence of enhancing surface and/or lattice
oxygen mobility and B-site cation reducibility. Moreover, the sub-
stoichiometry is of some help in minimizing the stable formation of
surface carbonate species that can poison the catalyst. The introduction
of a second transition metal cation at B-site, including Ni and Cu, was
also reported to favour hydrocarbon oxidation activity thanks to
improved surface area, reducibility and surface oxygen mobility
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[43,44].

Another consideration this contribute is based on, is the use of LaBO3
compositions as precursors for obtaining surface segregated metal
nanoparticles (NPs), supported over the perovskite oxide [45-49]. It was
shown that, when doped at the B-site, Pd and other PGMs species can
reversibly segregate outside the oxide lattice in reducing conditions to
form well dispersed metal NPs, then be reincorporated inside the hosting
matrix in oxidizing conditions, thus avoiding sintering and loss of active
sites [50]. A similar protection and recovery mechanism was demon-
strated for other reducible metals as well, like Ni and Cu, when doped at
the B-site [44,51]. The process of metal particle segregation in reducing
conditions, called exsolution, is favoured by A-site cation deficiency
[52]. Even when supporting an active metal like Pd, LayMnOs perov-
skites can assist the activation of CH4 by providing active oxygen species
at the interface with Pd particles, especially with La-deficient compo-
sitions (x < 1) [53]. An analogous beneficial effect of the support
providing active oxygen species, was reported for NiO/CeO catalysts at
the Ni-O-Ce interfacial sites, through a similar MvK mechanism [54].

Based on the abovementioned considerations, in this work
LaggMnO3 perovskite oxides, functionalized with Ni and Cu, were
implemented for the total oxidation of CH4 to CO5 in a stoichiometric
reaction mixture. Indeed, most of the previous works investigating
alternative CH4 oxidation catalysts (PGM-free) carried out the reaction
under excess of Oz [55], while there is still a lack of research focusing on
CH4 combustion around the stoichiometric point, typical of TWC sys-
tems applied to methane fed-engines. Two strategies were exploited for
metal loading on perovskite and compared: i) exsolution from perov-
skite doped at B-site; ii) Ammonia-driven deposition precipitation
(ADP). In the first case, the metal NPs grow on the support surface
coming from inside the support, and the so-called matrix socket can
protect them from coalescence, but the amount that can be deposited on
the surface depends on the solubility of Ni, or Cu, into the lattice [56]. In
the second case the procedure allows to deposit the desired amount of
metal NPs, but they can growth with time and temperature. In ADP
procedure, developed by Guo et al. [57] and optimized for perovskites
[25], a more uniform particle distribution with respect to common wet
impregnation is warranted by the formation of NHz-metal complexes
during synthesis. The prepared catalysts were well characterized by
several techniques (XRD, Hy-TPR, N, physisorption, XPS, SEM-EDX,
HAADF STEM-EDX) and subjected to a reductive treatment to yield
Ni® and Cu® NPs supported on perovskite. Both calcined and reduced
catalysts were tested for CH4 combustion; differences in catalytic ac-
tivity depending on the kind of metal, synthesis protocol and catalyst
pre-treatment were correlated with the results of physicochemical
characterizations. To the best of our knowledge, this is the first work on
Ni- and Cu-catalysts supported on LayMnOs perovskite purposedly
designed for CH4 combustion in stoichiometric conditions. The obtained
results allowed a global understanding of the effect of surface compo-
sition, metal NPs-perovskite interface, and metal NPs morphology on
catalytic activity in CHy activation.

2. Experimental
2.1. Synthesis of catalysts

The reference perovskite of composition Lag sgMnO3 was synthesized
by the sol-gel citrate combustion method, based on an optimized pro-
cedure object of a previous study [58]. Briefly, metal precursors LayO3
(> 99.9 % Sigma-Aldrich) and Mn(CH3COO), tetrahydrate (>99 %
Sigma-Aldrich) were dissolved in water + HNO3 (> 65 % Sigma-Aldrich)
(pH < 1); citric acid monohydrate (CA, > 99.0 % Sigma-Aldrich) was
added according to a molar ratio CA/metal cations of 1.1. After gel
formation and decomposition at 200-230 °C for 1 h, the final perovskite
was obtained upon calcination in air at 750 °C for 6 h.

Ni- and Cu-loading were performed either as one-step B-site doping
of the perovskite lattice, by adding Ni or Cu precursors (respectively, Ni
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(NO3)2 hexahydrate > 97.0 % Sigma-Aldrich and CuO > 99.0 % Sigma-
Aldrich) in the sol-gel solution, or by a two-step Ammonia-driven
Deposition Precipitation (ADP) [23]. In the former case, the nominal
perovskite compositions were Lag gMng gNig 103, Lag gMng 9Cup.103 and
Lag gMng gNig 20s. In the latter case, the calcined Lag gMnO3 powder (~
1.5 g) was impregnated with an aqueous solution of Ni(NO3), hexahy-
drate or Cu(NOs), trihydrate (puriss. 99-104 % Sigma-Aldrich), then
NHj; (32 % Sigma-Aldrich) was added as complexing agent with a molar
ratio NHs/metal = 6:1 by stirring overnight. The solvent was subse-
quently evaporated at 120 °C for 2 h, and the resulting powder was
calcined in air at 550 °C for 6 h, to obtain NiO/Lag gMnO3 and CuO/
Lap.gMnO3. The amount of Ni and Cu deposited through ADP was
equivalent to 0.2 B-site doping.

A fraction of each catalyst (~ 100 mg), loaded in a fix bed quartz
reactor between two plugs of quartz wool, was reduced in 100 cm3/min
STP of 2 vol% Hy/Ar for 2 h, at a temperature determined by Hp-TPR:
400 °C for Cu-containing samples, 590-650 °C for Ni-containing sam-
ples; the reference Lay gMnOs was also reduced at 400 and at 650 °C for
comparison purposes.

The list of all the prepared catalyst samples and their synthesis
procedures is reported in Table 1.

2.2. Characterizations

Powder X-ray diffraction (XRD) patterns were acquired with a Bruker
D8 Advanced diffractometer in Bragg-Brentano geometry, employing a
Cu Ka source (A = 1.5406 /DX), powered at 40 kV and 40 mA, with steps of
0.02° and dwell time 0.35 s/step. Average perovskites crystallite size
was estimated with the Williamson-Hall method by fitting three re-
flections at 20 = 22.9°, 32.5° or 32.8°, 46.8° (lattice planes (012), (110)
or (104), (024), respectively).

Additionally, for the three B-site doped freshly calcined catalysts,
high-resolution XRD patterns were collected at the ID22 Beamline of the
ESRF, in the 20 range 0-130° with wavelength A = 0.354408 A. The
samples were pressed into 0.7 mm Kapton capillaries to optimize
transmission and analysed at RT.

Ny adsorption isotherms were collected at —196 °C with a Micro-
meritics ASAP2020 Plus instrument, in the relative pressure range (p/
p% 0.01-1.0 and vice versa; prior to experiments, the samples (0.5-1 g)
were outgassed in vacuum (p < 1.3 Pa) at 300 °C for 3 h. Specific surface
areas (SSA) were determined according to Brunauer-Emmett-Teller
(BET) model, and pore size distributions according to Barrett-Joyner-
Halenda (BJH) model.

Hy-Temperature programmed reduction (TPR) was carried out to
investigate the materials reducibility, on a Micromeritics Autochem II
2920 apparatus. 50 mg of sample were loaded in a U-shaped quartz
reactor, above a layer of quartz wool, and heated from RT to 950 °C
(ramp 10 °C/min) under a 50 cm?®/min STP flow of 5 % Hy/Ar. The Hy
consumption was monitored with a TCD detector after H,O absorption
by a cold trap.

Table 1
List of the prepared catalysts and their respective synthesis conditions.

Sample Synthesis method Last thermal treatment

Citrate combustion
Citrate combustion
Citrate combustion
Citrate combustion
Ammonia dep.-prec.
Ammonia dep.-prec.
Citrate combustion
Citrate combustion
Citrate combustion
Citrate combustion
Citrate combustion
Ammonia dep.-prec.
Ammonia dep.-prec.

Lag gMnOs3 fresh

Lag gMng gNig 103 fresh
Lag.gMng 9Cug 103 fresh
Lag gMng gNi ,03 fresh
Nig.2/Lag gMnO3 fresh
Cug 2/Lag gMnO3 fresh
Lap sMnO3 r400
Lap.gMnO3 r650
Lag.gMng oNig.103 650
Lagp.gMng ¢Cugp 103 1400
Lag.gMng gNip 2,03 1620
Nig.2/Lag.sMnO3 r590
Cuyg.2/Lag gMnO3 r400

Calcination in air, 750 °C, 6 h
Calcination in air, 750 °C, 6 h
Calcination in air, 750 °C, 6 h
Calcination in air, 750 °C, 6 h
Calcination in air, 550 °C, 6 h
Calcination in air, 550 °C, 6 h
Reduction in 2 % H,, 400 °C, 2 h
Reduction in 2 % H,, 650 °C, 2 h
Reduction in 2 % H,, 650 °C, 2 h
Reduction in 2 % H,, 400 °C, 2 h
Reduction in 2 % H,, 620 °C, 2 h
Reduction in 2 % H,, 590 °C, 2 h
Reduction in 2 % Hj, 400 °C, 2 h
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Scanning electron microscopy (SEM) images were acquired with a
Zeiss SUPRA 40 V P microscope, setting the electron acceleration
voltage at 5 to 20 kV. Energy-dispersive X-ray analysis (EDX) was
coupled to SEM for elemental quantification, at 20 kV electron accel-
eration voltage, probing a large area of sample (rectangle of hundreds of
pm each side); X-ray peaks considered for quantification were O Ka, Mn
Ka, La La, Ni Ka and Cu Ka.

X-ray photoelectron spectroscopy (XPS) was performed with a
Thermo Scientific ESCALAB QXi spectrometer, employing a mono-
chromatized Al Ka source (hv = 1486.68 eV) and a charge compensation
gun. The spectrometer was calibrated by assuming the binding energy
(BE) of the Au 4f7,, line to be 84.0 eV with respect to the Fermi level.
Survey spectra were acquired at pass energy 100 eV, 0.5 eV/step and
dwell time 25 ms/step; detailed spectra on C 1s, O 1s, La 3d + Ni 2p
(partially overlapping), Mn 2p, O 1s, Ni 3p and Cu 2p photopeaks were
acquired at pass energy 20 eV, 0.1 eV/step and dwell time 25 ms/step.
The charging problem has been afforded by means of the charge
compensation gun and moreover, setting the adventitious carbon C 1s
peak at 284.8 eV. Elemental quantification was carried by integration of
La 3ds/2, Mn 2p, O 1s, Ni 3p and Cu 2p photopeaks, after Shirley-type
background subtraction. Peaks deconvolution was performed by
assuming a mixed Lorentzian/Gaussian 30/70 shape.

Scanning transmission electron microscopy (STEM) was performed
on Ni- and Cu-containing samples after undergoing reduction in 2 vol%
Hy/Ar, with a JEOL JEM-F200 microscope operating at 200 kV. A high
angle annular dark field (HAADF) detector was used for morphological
imaging, coupled with a EDX detector for elemental mapping. The
sample preparation procedure consisted in dispersing the powder in
ethanol (99 %) by ultrasonication and in the deposition of few drops of
the dispersion on a carbon-coated Au grid.

2.3. Catalytic tests

The prepared catalysts were tested for CH4 complete oxidation to
CO, under stoichiometric O. A fix bed quartz reactor (ID 6 mm) was
employed, loading 50 mg of sample between two layers of quartz wool,
and a K-type thermocouple was placed upstream of the catalyst bed to
monitor its temperature. The reaction mixture was composed of 2 vol%
CHy, 4 vol% O, 16 vol% N; and He balance, with total flow rate 100
cm®/min STP (weighted hourly space velocity, WHSV = 120 L/h/g). The
light-off CH4 conversion tests were conducted in the temperature range
300-800 °C by heating up at 2 °C/min. Stability tests on selected sam-
ples were carried out by stationing for 18 h at 600 °C inside the reaction
mixture, after an analogous heating stage at 2 °C/min. The catalysts
were tested either freshly calcined without any pretreatment, or after an
in-situ reduction under 2 vol% Hy/Ar (100 cm®/min STP) for 2 h, at the
temperature necessary to reduce Ni?*/Cu®" to the metallic state, as
determined by Hy-TPR. The outlet gas mixture was analysed by an on-
line GC (Agilent 7890A), equipped with a TCD detector and two packed
columns, MolSieve 13X (60/80 mesh, 1.8 m) and Porapak Q (80/100
mesh, 1.8 m), using He as carrier gas.

Reaction rates of CH4 conversion were calculated assuming the mass
balance of a plug flow reactor (PFR) and a first order kinetics with
respect to methane concentration, leading to the following Eq. (1) and
Eq. (2) for the specific rate (rgeic, normalized by catalyst mass) and
intrinsic rate (Finginsic, Normalized by catalyst surface area), respectively
[20].

Ferao 1
Tapecific = — 1 *XCH4)lnm(m01/S/g)~ M
Tintrinsic = Tspecific/SSA(mol/s/m?). (2

Xcnq is the methane conversion, m the catalyst mass (g), Fcuao the
inlet molar flow rate of methane (mol/s) and SSA the catalyst specific
surface area (mz/g) as determined from BET method. In turn, the
methane conversion was calculated by equation (3), where Ccpa is the
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inlet concentration (2 vol%) and Ccusr the outlet concentration at a
certain temperature, as quantified by GC.
CCH4.O - CCH4.T

Xy = —————— 3
cH4 Camo 3

3. Results and discussion
3.1. Structural and morphological features

XRD patterns of the freshly calcined perovskites are shown in Fig. 1.
In all cases, the main observed phase was hexagonal Lag ggyMnOs (space
group R-3c:H, COD reference 1531294), without variations after Ni- and
Cu-loading. The hexagonal/rhombohedral LaMnOs-like phases are
known to possess a mixture of Mn®>" and Mn** in the lattice, coupled
with a defect of both A- and B-site cations with respect to 0>~ anions
[17,31]. Isolated MnOy species were not detected as a result of A-site
deficiency, although they might be amorphous or very well dispersed on
the perovskite surface, as suggested in other works [40,42]. Ni** seemed
completely incorporated in the perovskite lattice when 10 mol% doping
at B-site was performed, whereas a weak NiO reflection at 20 = 43.4°
was probably detected at higher doping amount, 20 mol%, indicating an
uncomplete inclusion in the oxide matrix. A similar uncomplete inclu-
sion of Cu?t was suggested even for the Cu B-site doped sample, since a
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weak reflection ascribed to CuMny04 spinel seemed to be present at 20
= 36.0°. For ADP samples, weak reflections ascribed to NiO (20 = 43.4°)
or CuO (20 = 35.6° and 38.8°) were spotted besides the main perovskite
phase, likely confirming the deposition of oxide NPs on the surface of
Lag.gMnO3 support.

To further confirm the presence/absence of Ni- and Cu-containing
phases in B-site doped samples, high resolution XRD was performed at
ID22 beamline of ESRF, with an incident wavelength of 0.354408 A. The
resulting diffractograms are reported in Figure S1. For LaggMngg.
Nig.103, no other phases except the main perovskite could be detected,
likely confirming the complete Ni incorporation in the lattice. For
Lag.gMng 9Cug 103, the presence of impurities of CuMnyO4 spinel were
confirmed; besides, even weaker impurities of a Ruddlesden-Popper
LayCuO4 phase and of La(OH)3 could be detected for the first time.
Globally, it is evident that Cu?>* was not completely incorporated in the
perovskite framework even at 10 mol% doping; the reason could be the
size mismatch with respect to the main Mn>* cation (Cu®>* 0.87 A vs.
Mn®* 0.785 A), which is higher than in the case of Ni-doping (Ni®" 0.83
A) [59]. Finally, for Lag gMng gNip 203 the presence of a weak NiO phase
was confirmed, and an additionally weak impurity of NiMnyO4 spinel
phase was also spotted. Hence, a lattice inclusion of Ni lower than the
theoretical value of 0.2, but probably higher than 0.1, was confirmed.

The average crystallite size of the main perovskite phase was

Intensity (a.u.)

(a) . * Lag g5;MNnO; rhombohedral

Nij ,/Lay gMnO,4

Lag gMng gNig ;05

Lag gMnggNig 1O

* NiO

26(°)

20 256 30 35 40 45 50 55 60 65

* Lag gg;MNnO; rhombohedral

(b) '

Intensity (a.u.)

* +
W

38 40 42 44 46 48
Lay gMnO,
LI T
70 75 80
v CuO o CuMny,O,
. Cuy,/La; gMnO,
v v
° *
0 32w % 3 40 4
Lag gMnO,

20 25 30 35 40 45 50 55 60 65 70 75 80
26(%)

Fig. 1. XRD patterns of the calcined perovskites: (a) Ni-containing samples, compared to the reference Lag gMnO3 with zoom on the region were NiO reflections are
spotted; (b) Cu-containing samples, compared to the reference Lag gMnOs, with zoom on the region were CuO and CuMn;O, reflections are spotted.
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extracted from XRD patterns through the Williamson-Hall method; the
results are reported in Table 2. It appears that B-site doping by either Ni
or Cu cations tends to decrease the average size compared to the refer-
ence LapgMnO3 composition, whereas a slight increase was observed
after Ni- and Cu-ADP, probably due to the additional thermal treatment
performed in the latter case. These results mostly agree with surface
areas and pore volumes obtained from Ny physisorption isotherms, also
listed in Table 2, showing that a decrease in crystallite size is accom-
panied by an expected increase in the surface area and total porosity. In
particular, the mesoporosity is enhanced in B-site doped compositions
compared to benchmark LaggMnOgs, as shown from the broader hys-
teresis loops of Ny isotherms and by the BJH pore size distribution
(Figure S2). Such morphological improvements could be related to the
unit cell distortion and creation of defects arising from dopant incor-
poration rather than on the difference in the gel thermal decomposition,
as discussed in more details in our previous work [58]. The SSA and
porosity values of Cuga/LaggMnOs prepared by ADP were slightly
decreased compared to the bare support, in agreement with the higher
XRD crystallite size, whereas a (counterintuitive) slight increase in SSA
was observed for Nip2/LaggMnO3, which could be explained by the
deposition of relatively small NiO NPs contributing to the total surface
area. In any case, the adsorption isotherm and pore size distribution of
both ADP samples (Figure S2) were very similar to those of the reference
Lap.gMnOg, in agreement with a surface deposition of metal oxide par-
ticles without significant alteration of the underlying support
morphology.

XRD patterns of the samples subjected to a reductive treatment under
2vol% Ha/Ar are shown in Fig. 2 and Figure S3, compared to the pattern
of freshly calcined LapgMnOs as reference. In all cases, the principal
perovskite phase was modified from the original rhombohedral to the
new orthorhombic symmetry, explained by the reduction of Mn*" ions
to Mn3" (see also Hy-TPR) which expands the unit cell and shifts the
reflections towards lower angles, characteristic of the orthorhombic
phase (Figure S3). Importantly, despite the structural modification, the
perovskite structure was preserved, apart from minor signs of MnO
formation on some samples, e.g., Nig 2/Lag sMnO3 reduced at 590 °C; the
necessity of maintaining the perovskite phase even after the reduction
was the main reason for the choice of a very diluted Hy atmosphere,
since a higher concentration of Hy would have risked to further reduce
Mn species to the +2 state, not compatible with the perovskite structure.
Additionally, Ni?* seemed successfully reduced to the metallic state by
detection of a weak reflection ascribed to Ni° at 26 = 44.5°, surely for the
samples with higher Ni-content (LaggMnggNip203 and Nipa/
Lap.gMnOg), less evident but likely present in the sample LaggMng g.
Nig.103. Similarly, a reflection ascribed to cu® was detected at 20 =
43.3° on sample Cug »/Lag gMnOs after the reductive treatment, whereas
it was not evident for the sample with lower Cu-content, i.e.,
Lag.gMng.9Cug.103. In general, the formation of Ni® or Cu® NPs, primary
goal of the reductive treatment, seemed confirmed by XRD.

Representative SEM micrographs of the freshly calcined and reduced
perovskites are displayed in Fig. 3 and Figure S4. In general, the samples
are characterized by aggregates of small crystal grains, with size in the

Table 2
Morphological features of the six calcined perovskites: specific surface area
(SSA), total pore volume and average crystallite size (dxrp)-

Sample SSA (m?/g) ' Pore Vol. (cm®/g) * dxrp (nm) °
Lag gMnOs 25.0 0.187 33.1
Lag gMng oNig 103 43.9 0.287 22.7
Lag gMng oCug 103 37.1 0.281 32.2
Lag sMno gNio.203 38.0 0.252 24.7
Nig 2/Lag gMnOg 28.2 0.183 35.9
Cup.2/Lag sMnO3 23.2 0.137 41.4

! Determined by BET method.
2 Determined by BJH method.
8 Determined by Williamson-Hall method, with K=0.90 and % = 0.154 nm.
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range of tens of nm as roughly estimated from XRD patterns. Freshly
calcined B-site doped samples (Fig. 3a, S4b, S4d) possess a looser
morphology and the presence of more abundant meso/macropores
compared to benchmark LapgMnOs (Fig. S3a) and to ADP samples
(Fig. 3c and S4f), in agreement with Nj sorption analysis. In turn, the
latter are characterized by a more compact morphology, probably
because of the additional thermal treatment to deposit NiO and CuO
particles. Samples subjected to a reductive treatment (Fig. 3b, 3d, S4c,
S4e, S4g) generally show some signs of aggregation compared to the
respective fresh counterparts, but small grains and a certain porosity
seem well maintained, especially in B-site doped compositions (Fig. 3b,
S4c, S4e).

3.2. Bulk reducibility

Samples reducibility was evaluated by Hy-TPR. The recorded profiles
are reported in Fig. 4, and reduction temperatures and quantification of
H; consumption are listed in Table 3. Two main reduction processes are
discernible on all the prepared catalysts: Mn*" — Mn>" reduction in the
lower temperature range (150-500 °C), in parallel with the removal of
the excessive lattice oxygen with respect to metal cations, and Mn>* —
Mn?* reduction in the higher temperature range (600-850 °C), leading
to perovskite decomposition into simple oxides/hydroxides (LagO3 or La
(OH)3 + MnO) [30,40]. The high Hy consumption in the low tempera-
ture range for Lag sMnOj5 reflects a high amount of Mn*" stabilized in the
structure, probably needed to compensate the charge imbalance created
by A-site deficiency as well as by the oxygen excess usually observed on
LaMnOsg 5 perovskites [17,37].

Furthermore, the low-temperature shoulder at 200-250 °C,
enhanced on Ni B-site doped samples (Fig. 4a), could be attributed to the
reduction of highly reducible Mn** species located at the abundant
surface or pore sites, which are indeed more numerous after Ni-doping,
as revealed by Ny physisorption. The effect of Ni-loading can be
appreciated on Nig o/LaggMnO3 sample, since two new peaks in the
range 400-600 °C appeared, ascribed to the reduction of NiO to metallic
Ni [60], as verified by the detection of Ni® on the XRD pattern after
reduction at 590 °C; no significant modification of the other reduction
processes ascribed to Mn ions could be noticed, in agreement with a
surface deposition not affecting the perovskite support. On the other
hand, the reduction of Ni* species on B-site doped samples was not
clearly visible on the TPR profiles and may fall around 600-650 °C, as
previously found in literature for similar compositions [60], thus hidden
by the rising part of the Mn>* reduction peak; this was confirmed by the
detection of some metallic Ni on the XRD patterns of Lag gMng gNig 103
and LaggMnggNip 203 reduced at 650 and 620 °C, respectively.
Contrarily to ADP, Ni doping at B-site modified the perovskite lattice
reducibility [43,60], anticipating the Mn** reduction peak by 30-50 °C
with respect to the benchmark Lag gMnOg and shifting Mn®* reduction
towards lower temperatures as well, especially for LaggMng gNig 2Os3.
Thus, despite the detection of a NiO phase by XRD on this latter (fresh)
sample, the improvement of perovskite reducibility indicates a major
Ni%* inclusion as dopant ion. Ni-doping also attenuated the amount of
Mn** stabilized in the perovskite lattice in favour of Mn®*, as indicated
by the higher Hy consumption in the high temperature region at the
expense of the low temperature one, as previously found in the literature
[61]. The effect of Cu loading, either as (partial) B-site doping or as ADP
(Fig. 4b), is evident in the low temperature region: two shoulders in the
range 100-220 °C appeared on the TPR profile, assigned to the succes-
sive Cu’® - Cu™ and Cu® - Cu® reduction events [44]. For
Lag.gMng 9Cug 103, in fact, these peaks may be ascribed to the reduction
of impurity Cu-containing phases (LaoCuO4 and CuMny04), as another
small peak centred at 335 °C could be assigned to the reduction by
exsolution of Cu®" ions truly stabilized inside the perovskite lattice, a
peak not observed when CuO was deposited by ADP. Furthermore, Mn**
reduction was greatly anticipated (of about 100 °C) compared to
benchmark Lag gMnOs, thanks to the effect of Hy spillover: once cu®



A. Osti et al.

Fuel 381 (2025) 133368

¢ LaMnO; orthorhombic

Intensity (a.u.)

¢ MnO

+ Nigo/Lag sMnO4 590

La, gMn, gNij ;05 r650

La, sMnO; calcined

& Ni

20(°)

¢ LaMnO, orthorhombic v Cu

Intensity (a.u.)

¢ Cug,/La; gMnO, r4
L4

La, sMnQO, calcined

00

¢

*

42 44 46 48

25 30 35 40 45 50 55 60 65
260(°)

20

70 75 80

Fig. 2. XRD patterns of the reduced perovskites, compared to the reference calcined Lay sMnOs: (a) Ni-containing samples, with zoom on the region where Ni°
reflections are spotted; (b) Cu-containing samples, with zoom on the region where Cu° reflections are spotted.

particles are formed, they easily dissociate Hy molecules and the atomic
H fragments can then be transferred to the perovskite support, acceler-
ating its reduction [44,48]. Finally, the almost identical values of Hy
uptake for Ni-ADP and Cu-ADP samples, on both temperature regions,
are once again in agreement with the hypothesis of a surface nano-
particles deposition without significant alteration of the underlying La-
Mn oxide.

3.3. Elemental composition and surface features

In Table 4, semiquantitative analyses of the samples bulk and surface
compositions are reported, respectively probed by EDX and XPS, on both
calcined and reduced catalysts.

The bulk was often enriched in La at the expense of Mn, except for
ADP samples where the La/Mn ratio was close to the nominal (stoi-
chiometric) one; this holds true on both calcined and reduced samples.

On the contrary, the surface of fresh samples was always enriched in Mn
and depleted of La, possibly in the form of amorphous/dispersed MnOy
species as found elsewhere [40-42]; this could in principle by desirable
to enhance the amount of catalytically active redox species at the sur-
face. However, the reduction under diluted H, seemed to reverse this
phenomenon, increasing the surface La/Mn ratio and, in the cases of B-
site doping, pushing it to values even greater than 1. Regarding the
loading of Ni and Cu, their amounts were generally very close to the
expected one in the bulk (the only exception was some Cu defect on fresh
Lag.gMng.9Cug 103), both on calcined and on reduced samples. It can be
inferred that the performed reduction treatment, under 2 % Hy for 2 h,
did not substantially change the bulk chemical composition (higher
reduction time might be necessary for this), as highlighted by both La/
Mn and (Ni or Cu)/Mn ratios. Different behaviours emerged at the
surface: Ni was always found in defective amount when doped at the B-
site, likely confirming its incorporation inside the perovskite matrix
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Fig. 4. Ho-TPR curves of: (a) Ni-containing samples, compared to the reference Lag gMnO3; (b) Cu-containing samples, compared to the reference Lag gMnOs3.

(completely or mostly), even on sample LaggMng gNip203 where an
extra NiO phase was detected by XRD; on the contrary, Cu was found in
excess at the surface of Lag gMng 9Cug 103, suggesting a small incorpo-
ration inside the perovskite framework and a prevalent segregation as

separated phases (CuMnz04 + LapCuOy4 as detected by XRD). The ADP
procedure, instead, yielded an excess of both Ni and Cu XPS amounts, in
agreement with a surface deposition onto the perovskite support. The
reduction treatment did not significantly change the amount of surface
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Table 3
Peak temperatures and quantitative analysis of H,-TPR experiments.
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Sample Low temperature range High temperature range

Tmax Experimental H, uptake (mol Theoretical* H, uptake (mol Tmax Experimental H, uptake (mol Theoretical

(§9) H,/mol) Hy/mol) Q) Hy/mol) H, uptake (mol Hy/

mol)

Lag sMnO3 346 0.40 0.30" 794 0.28 0.50"
LaggMngoNig 103 315 0.29 0.35° 740 0.37 0.55°
LaggMngoCuo 105 239 0.43 0.45¢ 745 0.31 0.45"
Lag gMng gNip 203 298 0.26 0.40" 721 0.46 0.60°
Nig.o/Lag sMnO3 346 0.56 0.46° 724 0.26 0.44°
Cup/LaggMnO; 251 0.57 0.46" 745 0.27 0.44"

" Calculated as if no oxygen excess/vacancies were present (oxygen stoichiometry = 3) and the charge imbalance was compensated by Mn** formation only.

2 for the reduction step Mn** — Mn>*.

b for the reduction step Mn®* — Mn>*.

¢ for the reduction steps Mn®>" — Mn?* and Ni*" — Ni°,

4 for the reduction steps Mn** — Mn®* and Cu?* — Cu* - Cu’.
¢ for the reduction steps Mn** — Mn®* and Ni** - Ni°.

Table 4

Bulk (EDX) and surface (XPS) compositions of freshly calcined and reduced perovskites, surface chemical state.
Sample La/Mn (Ni or Cu)/Mn Oon,co3/OL Cc—0/Cc.c

EDX XPS nominal EDX XPS nominal

Lag gMnOsfresh 1.00 0.75 0.80 - - - 0.65 0.30
Lag gMng oNig 1 Osfresh 1.05 0.63 0.89 0.11 0.03 0.11 0.52 0.17
Lag gMng 9Cug 103fresh 0.99 0.72 0.89 0.07 0.22 0.11 0.50 0.18
Lag gMng gNig 2Osfresh 1.25 0.67 1.00 0.26 0.07 0.25 0.39 0.24
Nig.2/Lag sMnOsfresh 0.81 0.59 0.80 0.21 0.24 0.20 0.29 0.24
Cug.»/Lag sMnOsfresh 0.81 0.58 0.80 0.21 0.26 0.20 0.52 0.12
Lag gMnO3r400 0.97 0.84 0.80 - — - 0.67 0.32
Lagp sMnO3r650 0.95 0.97 0.80 - - — 0.66 0.47
Lag.gMng oNig ;031650 1.01 1.17 0.89 0.10 0.06 0.11 0.77 0.27
Lag gMng oCug 103r400 0.98 1.21 0.89 0.10 0.29 0.11 0.68 0.41
Lag.gMng gNig 203r620 1.08 1.16 0.80 0.25 0.08 0.25 0.62 0.80
Nig.»/Lag sMnO3r590 0.84 0.81 0.80 0.21 0.12 0.20 0.97 0.21
Cug 2/Lag gMnO3r400 0.81 0.69 0.80 0.21 0.28 0.20 0.41 0.53

Ni and Cu in many cases, although a certain enhancement was detected
in Lag gMng ¢Nip 103 and Lag gMng 9Cug 103 catalysts, which reasonably
confirms that the exsolution of Ni®/Cu® NPs occurred to a certain extent.
A markedly different behaviour was observed for Nig 2/Lag sMnO3 ADP
sample, in which the surface amount of Ni was halved in the reduced
compared to the freshly calcined catalyst (yet in greater amount than on
Ni B-site doped samples) suggesting the relevance of diffusion
phenomena.

Detailed XPS spectra of O 1s and C 1s peaks are shown in Fig. 5 for
representative samples. All the other XPS spectra (La 3d, Mn 2p, Cu 2p,
Ni 3p) are reported in the Supporting Information, Figures S5-S9. O 1s
spectra can be deconvoluted into three contributions: surface lattice
oxygen (Oy) at about 529.5 eV, adsorbed OH™ and/or CO%‘ species (Oom,
co3) at 531 eV and residual adsorbed water (Ow) at 533 eV [35,62]. The
dominant contribution was always Oy, for all samples, but the ratio Oy,
co3/OL (Table 4) tended to increase after reduction, with the only
exception of Cug 2/Lag gMnOs. Similarly, C 1s peak can be well fitted by
3 components: C-C and C-H bonds at 284.8 eV, C-O bonds at 286 eV and
C=O0 bonds at about 289 eV. All these contributions, including C-O and
C—=O0 bonds, are naturally present in surface carbon contamination, but
a high percentage of the latter C=0 subpeak can be ascribed to the
presence of metal carbonates [63]: indeed, the ratio between the C=0
and the C-C,C-H contributions (Table 4) tended to increase after
reduction, for all samples except Nigs/LaggMnOs, in agreement with
what was observed for Ogp,cos. These observations, coupled to the in-
crease of La/Mn ratio on reduced catalysts, suggest that the reductive
treatment favoured the surface segregation of La(III) (oxy)hydroxides
and (oxy)carbonates species. The reduction of metal oxides by Hy and
the consequent generation of H,O is indeed expected to induce a surface

hydroxylation, which is likely to occur to a greater extent for La>*
compared to Mn>", being the standard enthalpy of hydroxides formation
(A4 more negative for the former cation [64]; this would induce a
preferential surface segregation of La rather than of Mn hydroxide in
contact with HyO. It is also known that Lap,O3 tends to rapidly form
hydroxides, and carbonates to a lower extent, when exposed to ambient
air [65], thus it is also possible that, once segregated on the surface, La>*
ions might be partially carbonated by CO2 adsorption in ambient con-
ditions. The interpretation of Mn 2ps,» photopeak is complicated by the
multiplet splitting effect which causes a peak broadening and asym-
metric shape; in general, calcined LaMnOs-related perovskites are
known to possess a mixture of the +3 (predominant) and +4 oxidation
states as indicated by the peak centre at ~ 642 eV [31,66,67], which is
close to that of both pure Mn,03 and MnO; oxides [68]; similar values
were obtained for the samples prepared in this work as well (Fig. Sé6a,
S7a, S8a). The reduction treatment did not shift the B.E. to significantly
lower values (shifts of only 0.1-0.3 eV were observed), likely confirming
that all Mn** cations were reduced to Mn®' but not further to Mn?*
(pure MnO oxide is centred at ~ 641 eV), in agreement with the absence
of a significant MnO phase on the XRD patterns of reduced samples. The
position and shape of La 3ds,; photopeak (Fig. S6b, S7b, S8b), i.e., ~
834 eV with satellite at ~ 838 eV, is typical of the 3+ oxidation state,
without significant variations before and after the reductive treatment
[66]. Ni 2p photopeak is partially overlapped with the La 3d one, for this
reason detailed spectra were also acquired at the Ni 3p level (Figure S9).
The peak shape and position (67-67.5 eV), although poorly resolved in
B-site doped compositions because of the low surface Ni amount, seems
similar to that of pure NiO [69] on both calcined and reduced samples,
suggesting the presence of Ni?* cations even after the reductive
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Fig. 5. Detailed XPS spectra and their deconvolution for Ni- and Cu-containing catalysts: (a) C 1s photopeak of fresh catalysts, (b) C 1s photopeak of reduced
catalysts, (¢) O 1s photopeak of fresh catalysts, (d) O 1s photopeak of reduced catalysts.

treatment; the reason for the absence of Ni® state (which was likely
detected by XRD) probably lies in the fast surface reoxidation upon
contact with the air atmosphere, before exposing the sample to UHV for
XPS analysis. A similar consideration can be formulated for the Cu 2p
photopeak (Fig. S7c): the binding energy value of 933.5-933.7 eV and
the presence of satellites in the range 938-948 eV, for both calcined and
reduced catalysts, are typical features of the Cu®* oxidation state [20];
again, a fast surface reoxidation of Cu® NPs (detected by XRD) seemed to
occur in contact with ambient air.

Representative reduced samples were further characterized by
HAADF STEM imaging coupled with EDX elemental mapping. The re-
sults are reported in Figure S10 for La, Mn and O, and in Fig. 6 for Ni and
Cu elements. EDX maps were necessary to clearly observe the metallic
nanoparticles (NPs) of Ni and Cu, which could not be distinguished from
the perovskite matrix on morphological images alone; the corresponding
NPs size distribution estimated from the EDX maps is also shown in
Fig. 6. The features of metallic NPs were different, depending both on
the kind of metal as well as on the procedure for metal loading on
perovskite, among ADP and B-site doping followed by reduction/exso-
lution. Cu NPs obtained from Lag gMng 9Cug 103 reduction (Fig. 6b) were
the smallest, 13 nm on average, suggesting that exsolution and/or
decomposition of mixed La-Cu and Mn-Cu phases produced relatively
well dispersed NPs featuring a good metal-support interaction, although
they were not uniformly distributed in the whole probed area and in
some other regions (not shown) they were not even observed. Ni NPs on
Lag sMng gNig 203 (Fig. 6a) had a broader size distribution, with average

size of around 20 nm, likely because they resulted partially from exso-
lution and partially from reduction of segregated NiO particles. In both
cases, the exsolution of Cu or Ni from the perovskite matrix was not
complete, given the presence of atomically dispersed Cu or Ni species
throghout the whole samples, ascribed to residual Ni* and Cu* cations
stabilized in the perovskite lattice.

The Ni NPs deposited by ADP on Nig 5/Lag sMnO3 sample (Fig. 6¢)
were charcaterized by a much higher density compared to NPs on the B-
site doped sample, also in line with the higher Ni XPS concentration on
the former, while the size distribution was only slightly bigger (on
average 22 nm) than on the LaggMng gNip 203 sample, despite some
tendency to agglomerate was spotted. Cu NPs on Cugy/LagsMnOs3
(Fig. 6d) had a very broad size distribution and were affected by a strong
tendency to agglomerate, producing aggregates of up to 70-80 nm of
size, despite the average size (~26 nm) was not much higher than on
Nig.2/Lag gMnOs. The strong agglomeration also suggests a weak metal-
support interaction. The higher tendency of Cu to diffuse and produce
agglomerates of NPs with respect to Ni was similarly observed by us on a
Lag.9FeO3 support [70].

3.4. Catalytic activity

The prepared calcined and pre-reduced catalysts were tested in the
combustion of CH4 to CO, under a stoichiometric amount of O, as a
model reaction occurring on methane-fed vehicles Three-Way catalytic
converters (TWC) [7]. CHy4 light-off conversion curves are reported in
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Fig. 6. HAADF-STEM morphological images and corresponding EDX mapping of Ni or Cu in reduced samples: (a) Lag.gMng gNig 203 1620, (b) Lag.gMng oCug 103
1400, (c) Nig.»/LaggMnO3 r590 and (d) Cug »/Lag gMnO3 r400. Inset: nanoparticles size distribution measured from EDX maps.

Fig. 7, while the values of Tx (temperature necessary to achieve x% CHy4
conversion, with x = 10, 50, 90) and the reaction rates at 500 °C are
listed in Table 5.

For comparison, Ponce et al. studied CH4 combustion with stoi-
chiometric O3 on La; xSrxMnOs perovskites, achieving Tsg values greater
than 550 °C and Tgq values slightly above 700 °C [35]; Zaza et al. tested
Laj xSrxFeO3 compositions, still in stoichiometric CH4/02 mixture,
reaching a Ts slightly below 550 °C for x = 0.2, but did not reach 90 %
conversion even at 800 °C [71]. Hence, looking at the Tso and Ty values

10

reported in Table 5, it is evident that several of the catalysts prepared in
the present work showed a comparable or improved performance with
respect to the previous works.

All the prepared catalysts produced CO, with selectivity close to 100
% as product of CH4 oxidation (very low and hardly quantifiable
amounts of CO were detected in some cases, probably in the range of
tens of ppm), since the stoichiometric amount of Oy in the gaseous
mixture and the ability of LaMn-perovskites to release active oxygen in
general prevent uncomplete combustion. The perovskite synthesis
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Table 5
CH,4 oxidation performance of the prepared catalysts: temperature of 10 %, 50 %
and 90 % CH4 conversion, specific and intrinsic reaction rates at 500 °C.

Sample T1o Tso Too Tspecific Tintrinsic
Q) Q) (9] (mol/s/g) (mol/s/m?)
Lag gMnOs; fresh 489 581 678 3.2x107° 1.3 x 1077
Lag gMng gNig 105 455 569 675 51 x107° 1.2x1077
fresh
Lag gMng ¢Cug 103 455 580 676 4.8 x107° 1.3 x 1077
fresh
Lag gMng gNig 203 452 572 678 5.0 x 107° 1.3x 1077
fresh
Nig.o/Lag sMnOg 426 517 635 8.2 x10°° 2.9 x 1077
fresh
Cug.2/Lag gMnO3 469 585 706 41 x10°° 1.8 x 1077
fresh
Lag gMnOs r400 444 533 646 6.9 x 107 2.8 x 1077
Lag gMnO3 r650 488 592 781 3.2x10°° 1.3x1077
Lag.gMng oNig 103 455 538 733 7.0 x 107 1.6 x 1077
1650
Lag gMng oCug 103 416 508 645 9.0 x 10°° 2.4 x1077
r400
Lag gMng gNig 203 454 527 694 7.0 x 107 1.9 x 1077
620
Nig 5/Lag gMnO3 425 515 650 8.5 x10°° 3.0 x 1077
r590
Cug.o/Lag gMnO3 426 524 676 8.1 x10°° 3.4 x1077
r400

protocol by citrate combustion was previously optimized to achieve the
highest possible surface area, Mn*" reducibility and surface as well as
bulk oxygen mobility, crucial factors for enhancing CHy activation. A
further improvement at temperatures below 600 °C were obtained on
the fresh B-site doped samples (T19 = 452-455 °C) compared to calcined
Lag gMnOj3 (T19 = 489 °C) [58]. The higher surface area arising from B-
site doping accelerated the release of surface oxygen species, thus pro-
moting the suprafacial mechanism occurring at low temperatures,
whereas the intrafacial mechanism, likely triggered above 600 °C [37],
were not affected by doping. There were no marked differences among
Ni and Cu dopants, nor among different Ni contents at B-site (10 mol%
or 20 mol%), suggesting that the same type of active site is involved for
all compositions and the only discriminant factor is the higher SSA (thus
greater number of active sites) provided by doping. An analogous
consideration can be deduced by the values of intrinsic reaction rates
(normalized by BET surface areas) at 500 °C, which were identical for all
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B-site doped samples as well as for LaggMnOj3 Remarkably, Nig o/
Lap gMnO3 nanocomposite showed superior performance compared to
all other compositions in the calcined state, achieving 90 % conversion
already at 635 °C (Tgg > 670 °C for the other catalysts). In parallel, this
sample showed higher values of both specific and intrinsic rates,
evidencing that a different kind of active site is involved, which is
assumed to be the interface between NiO NPs and perovskite support.
For comparison, a Ni/ZrO catalyst was analogously prepared by ADP,
as detailed in the SI, and tested for CH4 conversion as reported in
Figure S11. NiO particles loaded on inert ZrO, support performed much
worse than Nigo/LaggMnO3 (and even worse than the benchmark
Lag.gMnO3), only reaching 70 % conversion at 800 °C; this would
confirm that the presence of a reducible support like LaMnOs is crucial,
being able to provide active oxygen species at the NiO interface to assist
CH4 activation. A similar metal-support synergistic effect was reported
comparing NiO/CeO, and NiO/SiO catalysts, the former being more
active in CHy oxidation thanks to the oxygen exchange capability of the
support [54]. Instead, the loading of CuO NPs by ADP was not favour-
able to increase CH4 oxidation performances: only a modest increase in
activity at T < 550 °C was observed for Cug »/Lag gMnO3 compared to
bare Lap gMnOs, but the perovskite alone became more active above
575 °C. Thus, NiO is clearly more active than CuO for CH4 combustion,
as also revealed by the lower intrinsic rate observed on the Cu-ADP
sample with respect to the Ni-ADP one. Similar results were obtained
by Liu et al. [12].

It is interesting to note that the Lag gMnOs3 perovskite itself displayed
very different catalytic activity depending on the temperature of pre-
reduction: a marked improvement of CH4 conversion was achieved by
pre-treatment at 400 °C (Tso = 533 °C with respect to 581 °C of the fresh
sample), whereas a decrease in the high temperature activity occurred
upon reduction at 650 °C (Tgp = 781 °C compared to 678 °C of the
calcined counterpart). The reason for the former observation could be
that the partial Mn** to Mn®* reduction, occurring at 400 °C according
to Ho-TPR, generated more oxygen vacancies (Vo) which would favour
the reactant adsorption and/or the mobility of active oxygen species. On
the contrary, the reduction at 650 °C leaved no residual Mn** cations in
the perovskite lattice, and the subsequent Mn>" reoxidation under re-
action conditions depleted some O, from the inlet stream, worsening
CH4 conversion and producing a two-steps conversion curve. This is
confirmed by the XRD pattern of spent LapgMnOs r650 catalyst
(Figure S3), in which the rhombohedral structure characteristic of the
calcined powder was recovered, indicative of the mixed Mn3*/Mn**
state. It is also suggested that a certain amount of Mn** ions in the
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perovskite structure are crucial to ensure a good oxidation activity.

The reduced Ni-doped catalysts, LaggMngoNip 103 and especially
Lag.gMng gNig 203, displayed some improvement of CH4 conversion, at
intermediate temperatures only (from 450 to 600/650 °C), reasonably
due to the exsolution of a certain number of active Ni NPs: for instance,
the Tso was decreased from 572 °C of the fresh LaggMnggNig 203 to
527 °C after reduction. However, the issue of perovskite reoxidation at
high temperatures (above ~ 650 °C) that worsened CH4 conversion was
still observed, in particular for LaggMnggNip103. A high reduction
temperature (> 600 °C) is thus quite detrimental in this sense, which
however is in contrast with the requirements for Ni exsolution, already
limited according to surface Ni concentrations by XPS. Concerning the
Ni-ADP catalyst, its performance was nearly unchanged after the
reductive treatment, with only a marginal decrease above 600 °C
because of the perovskite reoxidation issue, yet retaining higher activity
than the B-site doped samples. It is suggested that the mechanism of CH4
oxidation on Ni sites could involve cycles of reduction—oxidation of the
Ni2*/Ni® redox couple [54], thus producing an identical activity irre-
spective of the initial presence of NiO or Ni® NPs; in addition, partial
coverage by chemisorbed O, might occur on Ni® surface, in line with XPS
Ni 3p spectra. The dominant factor for improving catalytic activity in Ni-
LaMnOg3 nanocomposites seems therefore the number of Ni active sites,
which were higher on Ni-ADP sample compared to B-site doped ones,
even after reduction/exsolution, as revealed by both XPS and STEM-
EDX.

Both Cu-containing catalysts, LaggMngg9Cup103 and Cuga/
Lag gMnOs, achieved markedly better CH4 conversion after the reductive
treatment at 400 °C, with Tso lowered to 508 and 524 °C, respectively,
compared to 580 and 585 °C for the fresh samples. Below 550/600 °C,
their performances were also higher compared to the reference
Lag sMnO3 r400 catalyst (Tso = 533 °C), indicating that the enhance-
ment is not only due to the partial Mn** — Mn>®* reduction of perov-
skite, but also to the higher activity of reduced Cu species, either Cu® or
Cu’, compared to Cu?’". A similar conclusion was provided by
Esmaeilnejad-Ahranjani et al., who observed a transient increase in
propane combustion performance when reducing Cu?*, which was
attributed mainly to active Cu™ species [44]. The subsequent reox-
idation to Cu?" inside the reaction mixture (likely occurring at ~
600 °C) suppresses this improved performance compared to the bare
perovskite. Among the two Cu-containing catalysts, the B-site doped one
was more active than the ADP one in the whole temperature range, the
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latter showing some performance degradation at temperatures > 750 °C,
which in fact was detected even on the fresh counterpart. This is most
likely the effect of the smaller NPs size and good metal-support inter-
action characterizing the Lag gMng 9Cug ;O3 r400 sample, as opposed to
the strong NPs agglomeration on Cug »/Lag gMnOs r400, as observed by
STEM-EDX micrographs.

Among all the prepared catalysts, the Cu-doped one was the best
performing after pre-reduction, even slightly better than Nigo/
Lao.ng’lO:;.

The long-term stability of the two best performing catalysts, i.e. fresh
Nig.o/Lag.gMnOgs and pre-reduced Lag gMng oCug 103, was investigated
through a 18 h-long test at 600 °C in the same reaction mixture as for
light-off experiments. For comparison, the same durability test was
carried on fresh Lag gMnOj3 perovskite. The results are reported in Fig. 8.
Let us note that, for all catalysts, the conversion of CH4 during the
ramping up stage of the stability tests was very similar to the values
obtained throughout light-off tests, with deviations not larger than 2.5 %
at 600 °C, highlighting a good data reproducibility. In detail, Lag gMnOs3
reached a maximum CHy4 conversion of 63 % and showed only a mar-
ginal loss of 3.5 % over the 18 h-period, likely due to a modest thermal
sintering. Ni-ADP and Cu-exsolved catalysts performed better, with
maximum conversion at 600 °C of respectively 83 % and 79 %, similarly
to light-off tests, but were characterized by a faster performance loss
over the first 2-3 h on stream. The Ni-perovskite nanocomposite had the
fastest degradation, going below the performance of Lag gMng 9Cug 103
after the first hour at 600 °C and keeping a residual CH4 conversion of
nearly 70 % after 18 h. The Cu-doped catalyst was more stable after the
first few hours, retaining 72 % conversion at the end of the timeframe.
The more prominent loss of activity affecting Nig 2/Lag sMnO3 could be
caused by the weaker metal-support interaction characterizing NPs
loaded by ADP, producing more agglomerates which would decrease the
number of active Ni-perovskite interface sites. The NPs obtained by
exsolution or mixed oxides decomposition on LapgMng gCug 103 were
probably more resistant to thermal sintering and the initial performance
loss might result mainly from the reoxidation of active Cu’/Cu* species
(as well as of Mn®* to Mn*").

The spent catalysts were characterized from the structural point of
view by XRD. Their diffraction patterns are reported in Figure S12 and
S13 concerning powders subjected to light-off experiments up to 800 °C
(after the pre-reductive treatment in 2 % Hy/Ar), and in Figure S14 for
the catalysts subjected to durability tests at 600 °C. The original
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rhombohedral LaMnOj3 perovskite structure was restored for all catalysts
in a globally oxidizing reaction mixture, highlighting a good structural
reversibility; the reflection splitting characteristic of the rhombohedral
symmetry was often more evident on spent catalysts at 800 °C compared
to freshly calcined samples, but not for powders recovered from the
long-term test at 600 °C. Thus, a more prominent growth of perovskite
grains due to thermal sintering occurred when reaching high tempera-
tures (above the calcination T of 750 °C), even for a short time, rather
than when stationing for long times at lower temperatures. Some minor
phases often appeared or became more pronounced on spent catalysts
after reaching 800 °C. Mn3O4 impurities were detected for spent
Lao.gMHOgg, Lao.gMno.gNio.log and Lao‘gMn0,9Cu0.103, coupled with a
more evident LaoCuO4 phase on the latter; hence, the perovskite struc-
ture might have become less A-site deficient and/or amorphous MnOy
species originally present on the sample surface might have formed
larger and less dispersed crystallites. On the contrary, Lag gMng 9Cug 103
after the 18 h test at 600 °C only showed the appearance of La;CuO4 and
CuMny04 phases, as on the calcined powder, confirming that reox-
idation is the most probable reason for the activity loss on the pre-
reduced catalyst. Regarding Lag gMng gNig 203, weak impurities of NiO
and of NiMn,O4 spinel were detected on the spent sample after light-off
test at 800 °C, as well as on the fresh one, but the spinel phase become
slightly more evident after reaction. An even more pronounced crys-
tallization of a side spinel phase (NiMnyO4 or CuMny04) was found on
both ADP samples after reaching 800 °C, which was not detected on the
fresh samples; this suggests a less A-site deficient perovskite support was
formed as well, along with the formation of Mn-Ni or Mn-Cu solid so-
lutions from originally deposited NiOyx or CuOy particles. The Ni-ADP
catalyst after durability test at 600 °C showed the growth of the spinel
phase as well, but to a much lower extent than after test at 800 °C. This
would likely confirm the main cause of deactivation in the long-term test
to be NPs sintering and loss of Ni-perovskite interface.

4. Conclusions

In the present work, A-site deficient LaMnO3 perovskites, func-
tionalized with non-noble metals Ni and Cu, were studied as potential
catalysts for CH4 combustion in stoichiometric conditions, as cheaper
alternative to traditional Pd-based ones. This reaction is of interest for
the abatement of unburned CHjy residues on methane-fed engines. Two
different metal loading protocols were investigated: i) B-site perovskite
doping with Ni%* or Cu®" cations; ii) Ammonia-driven Deposition-Pre-
cipitation (ADP), to deposit NiO or CuO nanoparticles onto the perov-
skite surface. An improvement of perovskite morphology (surface area,
porosity) and of Mn*" reducibility was observed on all B-site doped
compositions, while CuO and NiO deposition did not significantly
modify the support textural features. Subsequently, a reductive treat-
ment under diluted H, promoted reduction to Ni® and Cu® nanoparticles
(NPs) and a partial exsolution in the case of B-site doping. The amount of
Ni at surface was low for doped compositions, high for the ADP sample,
whereas Cu was always present at high surface concentrations. Catalytic
activity of fresh (calcined) catalysts was slightly improved at low tem-
peratures after B-site doping with either metal, thanks to more favour-
able surface area and reducibility of the perovskite itself. NiO-ADP
showed a remarkable catalytic activity, ascribed to a cooperative effect
of the metal oxide-perovskite support interface, while CuO-ADP did not
bring such favourable performances. After reduction and partial exso-
lution, Ni-doped perovskites could increase the catalytic activity in a
limited extent because of a rather low Ni surface concentration and NPs
density, whereas a good performance was retained for Ni-ADP catalyst
thanks to the higher concentration of this metal at the surface and the
higher NPs density. Reduced Cu species (likely Cu") were shown to
improve catalytic activity compared to oxidized Cu®*, and the effect was
more pronounced on the Cu-doped sample because of lower NPs size and
stronger metal-support interaction compared to Cu-ADP catalyst, the
latter showing a strong NPs agglomeration and some signs of
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deactivation at high temperatures. Hence, the most promising catalysts
among those investigated in this work were Nig 2/Lag sMnO3 prepared
by ADP and Lag gMng gCug 103 with doping at B-site, the latter showing a
better long-term stability because of more favourable metal-support
interaction achieved by exsolution, limiting NPs sintering. Future
work will be focused on the variation of the inlet CH4/0> ratio around
the stoichiometric point, to mimic the oscillating reducing/oxidizing
conditions typical of TWC systems, as well as on the investigation of
HO-containing mixtures, a potential inhibitor always present in real
engine exhausts.
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