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TunableH2/SyngasProductionbyChemical Looping
ReformingofMethaneover La0.6Sr0.4MxM’1-x(M,M’=Fe,Mn,
Co)O3 Perovskites
Stefano Scognamiglio,[a, b] Anna Basco,[a] Melania Musone,[a] Alessandra Di Nardo,[a]

Giulia Sorbino,[a] and Gianluca Landi*[a]

The applications of perovskites in chemical looping dry and
steam reforming have shown promising results in efficient
hydrogen production from hydrocarbons. Notably, LaFeO3 has
shown exceptional capabilities in reforming processes, with sur-
face oxygen contributing to the complete oxidation of methane
to CO2 and H2O, while bulk lattice oxygen promotes partial
methane oxidation to H2 and CO. In this study, the effect of B-
site substitution in La0.6Sr0.4BxB’1-xO3 (B, B’ = Fe, CO, Mn) was
systematically investigated with the aim to develop a mate-
rial with enhanced redox properties and selectivity to syngas.
Among the synthesized materials, under cyclic operation at
900 °C, La0.6Sr0.4Fe0.6Mn0.4O3 (LSFM) demonstrated improved

redox activity, stability, and reproducibility. In addition, an inno-
vative three-step redox cycle is proposed in this study: (i)
methane reduction at 900 °C, producing H2-rich syngas and
coke deposition, (ii) steam oxidation at 550 °C, producing pure
H2 and reoxidation of the material, and (iii) steam oxidation at
900 °C, which gasifies the coke into syngas. Structural charac-
terization indicated increasing perovskite stability with cycling
by secondary phases disappearing while redox properties were
unaffected. These results highlight the potential of Sr- and Mn-
substituted perovskites as efficient and durable oxygen carriers
for chemical looping reforming.

1. Introduction

During the last years, there has been a renewed interest in
the production and utilization of hydrogen.[1–3] Hydrogen has
been recognized as a potential energy carrier due to sev-
eral desirable characteristics, including high energy density,
zero greenhouse gas emissions when utilized, and the poten-
tial for various applications, thus enabling decarbonization of
several strategic sectors, including transportation, power gen-
eration, and industrial processes.[3] Currently, hydrogen can
be produced by several processes, including steam methane
reforming (SMR), coal gasification, biomass gasification, and
water electrolysis,[4] using both fossil and renewable sources as
feedstocks.

In this framework, concentrated solar thermal (CST) tech-
nologies use solar radiation as a renewable heat source that,
among the different applications, can be used to drive endother-
mic reactions, thus enabling thermochemical energy storage
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(TCES) in chemical compounds such as hydrogen.[5] Most of TCES
processes consist of chemical looping cycles, by which a solid
material undergoes two or more reaction steps cyclically.[6,7]

The production of hydrogen (H2), carbon monoxide (CO), or
a mixture of them (synthesis gas) is pursued. Thermochemical
splitting of water (H2O) and carbon dioxide (CO2) is an exam-
ple and consists of a high-temperature reduction step of a
metal oxide with the release of gaseous oxygen, followed by
an oxidation step of the reduced oxide using H2O and�or CO2,
producing H2 and�or CO.[8–11] However, the reduction step typ-
ically requires temperatures of 1200 °C–1500 °C and extremely
low O2 partial pressures, typically obtained by vacuum pump-
ing or inert-gas sweeping.[8–11] The introduction of a reducing
agent, such as methane, allows more moderate thermodynamic
conditions and the simultaneous production of syngas during
the reduction step. The resulting overall reaction in this case is
known as Chemical Looping Reforming (CLR) and is considered
as a cutting-edge technology for hydrogen production.[3] Sev-
eral CLR processes were developed using different feedstocks,
such as natural gas, oil, and ethanol;[12] in these processes, oxy-
gen carriers were based on transitional metal (Ni, Cu, Mn, and
Fe) oxides.[12]

In case of methane used as feedstock, the reactions involved
in the reduction step are as follows.

CH4 + 1
δ
MOx → CO + 2H2 + 1

δ
MOx−δ (1)

CH4 + 4
δ
MOx → CO2 + 2H2O + 4

δ
MOx−δ (2)
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Figure 1. Rationale of the materials preparation.

CH4 → C + 2H2 (3)

where MOx and MOx-δ represent the oxidized and reduced metal
oxide, respectively. Equations (1) and (2) represent the partial
and total oxidation of the fuel, respectively, while Equation (3)
represents fuel decomposition.

In CLR, a high fuel conversion and selectivity to syngas
are desirable; to achieve high fuel conversion, a large oxygen
storage capacity (OSC) is required, related to flexible oxygen
migration rates, while a high syngas can be achieved by match-
ing the oxygen migration rate within the oxygen carrier with the
rate of surface catalytic reactions.[13]

The key factor for the development of CLR process is the
selection of suitable metal oxides showing low reduction tem-
peratures, high re-oxidation rates, high oxygen capacities (δ),
tunable surface reaction rate, and good stability over cycles.[12]

Metals like nickel and iron oxides, due to their high abun-
dance, alongside cobalt and ceria, are particularly well-suited
for these applications and have been extensively studied in
this context. Numerous studies have explored the combina-
tion of these oxides, such as Ni and Fe supported on ceria or
zirconia[14,15] while other works have focused on the develop-
ment of novel metal oxide-based catalysts incorporating tung-
sten, like Ni-modified tungstate zirconia and MnWO4, NiWO4.[16,17]

These materials demonstrate significant catalytic activity, par-
ticularly at milder temperatures (700 °C–850 °C), making them
suitable for a variety of processes.

Thanks to their structural and electronic properties, per-
ovskites are gaining more attention for CLR at higher tempera-
tures (above 850 °C), where their enhanced stability and redox
capabilities offer distinct advantages. Perovskites (general for-
mula ABO3) are non-stoichiometric oxygen carriers proposed for
CLR.[12,18–20] LaFeO3-based oxygen carriers were the most investi-
gated perovskites as CLR materials.[12,21] Several works reported
the effect of partial substitution of A and/or B cations.[22–33]

Cobalt is often used as a co-cation in B position,[22,23,27–32]

leading to improved performance due to higher structural
disorder/distortion.[28] Moreover, cobalt and iron can display a
synergistic effect on the selectivity to syngas during the reduc-
tion step with methane due to their deep reduction and fast
oxygen diffusion from the bulk to the surface.[29] Sr has been

used to partially substitute La as A-site;[24–31] the lower valence
of samarium with respect to lanthanum introduced charge
compensation by B cations and/or oxygen vacancy and/or struc-
tural disorder, causing larger OSC and faster reduction/oxidation
kinetics.

While Mn-based perovskite (LaMnO3) was largely used as
combustion oxygen carriers,[12] its use as CLR material is
limited.[34–38] As for Fe-based perovskites, Sr is the most common
substitute for La as A-cation; its effect on the redox properties
is like that reported for LaFeO3-based materials.[38] Redox prop-
erties were also improved by acting on B site; both reducible
(Ni, Cu, Fe, and Cu)[35,36,38] and non-reducible (Al)[37] elements
were employed. Results reported a consensus on the posi-
tive effect of B-substitution due to the addition of active sites
and the formation of oxygen vacancies. Moreover, Mn-based
perovskites generally show a lower activity toward methane
decomposition.[36]

In previous work, we demonstrated that partial substitution
of the B cation in La0.6Sr0.4MnO3 (LSM) is an effective strategy to
tailor the redox properties toward H2O splitting.[39] In this study,
we extended and rationalized this effect, underlying the role of
different B cations (Mn, Fe, Co) in the CLR with methane as the
reducing agent and steam as the oxidizing agent to produce
H2-rich mixtures. It is worth noting that a comprehensive study
of the combined effect of these three metals (according to the
rationale reported in Figure 1) has never been reported. More-
over, on the best material, high-temperature cyclic operation
has been carried out to assess both performance and stability
under applicative operating conditions. Finally, according to the
intriguing features of our materials, a novel three-step cycle has
been proposed and assessed.

2. Materials and Methods

2.1. Materials

Perovskites with La/Sr = 1.5 and variable B cation molar
ratios were prepared according to the procedure described
elsewhere.[39] Briefly, aqueous solutions, prepared by mixing sto-
ichiometric amounts of nitrates (manganese (II) nitrate tetrahy-
drate, iron (III) nitrate nonahydrate, cobalt (II) nitrate hexahy-
drate, strontium nitrate, lanthanum nitrate hydrate (Sigma–
Aldrich)), were heated in a MW oven (CEM SAM-155; 10 min)
up to the formation of a homogeneous gel. Calcination at
1100 °C for 6 h (heating rate: 10 °C/min) in a high-temperature
furnace provided the perovskite. The nominal composition of
the prepared samples can be described by the general for-
mula La0.6Sr0.4B1−xB’xO3 (0 ≤x ≤1; B, B’: Fe, Mn, Co). In Table 1,
the general formulas and labels for the prepared materials are
reported.

The Goldschmidt tolerance factor is a key parameter used to
assess the structural stability of perovskite materials. It is defined
as.

t = rA + rO√
2 (rB + rO)

(4)
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Table 1. Prepared catalysts, their nominal formulas, surface areas, and
labels.

Material Label SSA, m2/ga) SSA, m2/gb)

La0.6Sr0.4MnO3 LSM 3.5 3.1

La0.6Sr0.4Mn0.6Fe0.4O3 LSMF 2.7 2.3

La0.6Sr0.4Mn0.4Fe0.6O3 LSFM 3.8 5.0

La0.6Sr0.4FeO3 LSF 2.2 3.5

La0.6Sr0.4Co0.4Fe0.6O3 LSFC 2.2 3.7

La0.6Sr0.4CoO3 LSC 1.8 0.9

La0.6Sr0.4Co0.4Mn0.6O3 LSMC 2.7 3.2

a) Fresh samples.
b) Used samples.

where rA is the ionic radius of the A-site cation, rB is the ionic
radius of the B-site cation, and rO is the ionic radius of the
oxygen anion. An ideal perovskite structure, which is cubic, cor-
responds to a tolerance factor close to 1. In practice, perovskites
typically exhibit a tolerance factor ranging from 0.8 to 1.1, with
deviations indicating varying degrees of structural distortion
depending on the relative sizes of the cations and the anions.

The analyzed perovskites exhibit a Goldschmidt tolerance
factor ranging from 0.85 to 0.87, which theoretically defines their
structure as rhombohedral.[40]

2.2. Materials Characterization

The actual composition was determined by means of ICP-MS
analysis using an Agilent 7500CE instrument. Results showed dif-
ferences with the nominal content within the experimental error
(±5.0%).

BET surface areas (SSA) of supports and catalysts were mea-
sured by N2 adsorption at 77 K with a Quantachrome Autosorb-1C
instrument after degassing the samples at 150 °C for 1.5 h. Results
on fresh and used samples are reported in Table 1. SSA are lower
than 5 m2/g due to the high-temperature treatment.[23]

X-ray diffraction spectra were collected with an XRD diffrac-
tometer PANalytical X’Pert Pro. The measurements were carried
out with a step size of 0.02° and a counting time of 80 s per step.

O2-TPO was carried out in the experimental setup described
elsewhere[39] on used samples to evaluate the deposition of
coke. Experiments were performed in 2 vol.% O2/N2 by heating
up to 1000 °C (heating rate: 10 °C/min; isothermal step at 1000 °C:
20 min).

2.3. CLR Tests

The powdered catalysts (0.5 g) were tested in the experimen-
tal setup described elsewhere[39] and without any pretreatment.
Catalytic tests were conducted at a constant contact time,
defined as the ratio of catalyst weight to flow rate, set at
0.18 g·s·cm−3. Two distinct sets of measurements were carried
out.

A preliminary screening of the redox properties of the mate-
rials was carried out by two TPR/TPO cycles. Reduction was
performed in 5 vol.% CH4/N2 by heating up to 1000 °C (heating
rate: 10 °C/min; isothermal step at 1000 °C: 20 min). The reduced
sample was cooled down to 300 °C in N2. Then, oxidation was
performed in 5 vol.% H2O/N2 by heating up to 1000 °C (heating
rate: 10 °C/min; isothermal step at 1000 °C: 20 min).

A selected sample was tested for isothermal CLR. Reduction
and oxidation mixtures were identical to those used in the pre-
liminary screening, with varying temperatures between 800 °C
and 900 °C. Stability of the material was tested by repeating
isothermal cyclic operation (reduction/oxidation) at 900 °C for 40
cycles. Finally, several non-isothermal three-step cycles (reduc-
tion at 900 °C; first oxidation at 550 °C; second oxidation at
900 °C) were carried out to check the performance of a novel
cycle proposed in this work.

The molar amount of gaseous species i produced or con-
sumed (ni) was calculated from the volumetric composition (yi)
(Equation 5), assuming the total molar flow rate (F) constant due
to the high dilution of the stream. Consequently, the perfor-
mance evaluation was carried out through methane conversion
xCH4 (Equation 6) and product selectivity si (Equation 7).

ni = N ∫ yINi − yOUTi dt (5)

xCH4 = nINCH4
− nOUTCH4

nINCH4

(6)

Si = nOUTi∑
i n

OUT
i

(7)

3. Results and Discussion

3.1. TPR/TPO

Figure 2 shows the concentration profiles of the gaseous species
recorded during the two TPR/TPO cycles on LSM. During the
first cycle, reduction reaction started at about 600 °C with a
peak in CH4 consumption at 1000 °C along with a peak of pro-
duction of H2, CO, and CO2. COx production is directly related
to material reduction. Interestingly, CO selectivity is significantly
higher than CO2 selectivity (Table 2), suggesting the produc-
tion of high-value syngas. The transition to a more gradual and
stable methane consumption after the peak can be attributed
to the formation of carbon deposits due to methane decom-
position. However, a non-negligible CO production is detected;
under these operating conditions, material reduction is limited
by oxygen diffusion from the bulk to the surface.[29] During the
subsequent oxidation step, H2 production was first noticed at
relatively low temperatures (<600 °C); the absence of contempo-
rary COx production suggests that the so-produced hydrogen is
the product of the oxidation of the perovskite. At higher temper-
atures (600–1000 °C), H2, CO, and CO2 were found to be produced
simultaneously, suggesting the occurrence of coke gasification

ChemCatChem 2025, 17, e00554 (3 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 2. Concentration profiles during TPR/TPO cycles on LSM.

according to Equations (8) and (9).

C + H2O → CO + H2 (8)

C + 2H2O → CO2 + 2H2 (9)

Interestingly, H2 concentration calculated according to Equa-
tions (8) and (9) (dark red line in Figure 2) overlaps the measured
profile in the high-temperature range, suggesting that only coke
gasification occurs within these operating conditions. Thus, full
perovskite oxidation occurs at low temperatures. On LSM, CO2

production during TPO is slightly higher than CO production,
in agreement with the good activity of Mn-based perovskites
toward full oxidation.[41–43]

The second TPR/TPO cycle shows similar qualitative behavior
of the first one, even if the reaction rates are slower and the con-
centrations of the gases produced and consumed are lower and
higher, respectively.

Figure 3 shows the concentration profiles of the gaseous
species recorded during the two TPR/TPO cycles on LSFM. LSFM
exhibits similar behavior from a qualitative perspective to LSM.
As for LSM, methane is converted to syngas during TPR due
to material reduction, while an additional H2 production is
related to methane decomposition at high temperatures and
a high reduction degree of the material. This finding agrees
with the results of DFT calculations on LaFeO3, suggesting that
coke deposition by methane decomposition occurs on reduced
iron.[44] During TPO, the low-temperature H2 production can be
assigned to LSFM re-oxidation, as reported above for LSM, while
the high-temperature H2 evolution, occurring simultaneously to
COx production, is exclusively due to coke gasification (dark red
line in Figure 3 represents H2 concentration calculated according
to Equations (8) and (9).

The quantitative behavior of LSFM during TPR/TPO is signifi-
cantly different from that reported for LSM. Methane conversion
and product evolution are significantly higher; CO2 production
is very low, resulting in a CO-rich syngas produced. Also, syn-
gas produced by coke gasification during TPO is richer in CO
than in CO2, confirming the good activity of iron toward partial
rather than full oxidation.[12] Additionally, the second cycle shows
a qualitative and quantitative behavior similar to the first one,
suggesting a better stability of LSFM than LSM.

Other materials show similar TPR/TPO cycles (not reported).
Table 2 shows the performance of the different perovskites. It is
worth noting that methane conversion during TPR is low due
to the long inactivity of the materials between room temper-
ature and about 600 °C; actually, the performance cannot be
compared to literature results. Except for LSM showing the low-

Table 2. Performance of perovskites in TPR/TPO cycles.

Reduction Oxidation

First cycle xCH4 sCO sCO2 sC sH2 H2/COx CO/CO2 xH2O sCOa) sCO2>a) sCO>b) sCO2>b) sO>b) H2/COx CO/CO2

LSC 15 8.9 9.6 81.5 71.9 7.8 0.9 28.8 91.3 8.7 64.4 24.6 11.1 1.2 10.5

LSF 19 16.1 3.2 80.7 47.3 4.9 4.9 38.1 97.4 2.6 44.7 4.7 50.6 2.1 38.2

LSFC 17 18.9 8.1 73 64.5 4.8 2.3 32 95.2 4.8 37.0 7.3 55.7 2.5 20.0

LSFM 16 24.4 2.6 73 70 5.2 9.3 32.6 82.9 17.1 27.9 22.9 49.2 2.6 4.9

LSM 6 52.3 6.9 40.7 53.7 1.8 7.6 17.5 31.2 68.8 5.2 45.7 49.2 4.7 0.5

LSMC 15 25 4.5 70.4 57.7 3.9 5.5 36.8 77.8 22.2 25.8 29.5 44.7 2.6 3.5

LSMF 15 31.5 4.4 64.1 62.1 3.5 7.2 34.5 76.6 23.4 21.1 25.8 53.1 3.2 3.3

Second
cycle

LSC 13 11.6 1.1 87.3 59.8 9.4 10.5 28.5 86 14 36.3 23.5 40.2 2.1 6.2

LSF 17 18.7 0.7 80.5 62 6.4 25.0 44.1 90.4 9.6 32.2 13.8 54.0 2.6 9.4

LSFC 17 22 3.4 74.6 63.7 5.0 6.6 28.5 95.5 4.5 36.5 6.8 56.8 2.5 21.4

LSFM 17 23.9 1.1 74.9 64.9 5.2 21.2 38.3 86.9 13.1 31.4 19.0 49.6 2.5 6.6

LSM 6 45.5 1.3 53.2 63.8 2.7 35.2 18.3 37.4 62.6 6.9 46.4 46.7 4.1 0.6

LSMC 19 17.8 0.4 81.7 61 6.7 42.1 48.2 96.1 3.9 42.2 6.8 51.0 2.2 24.9

LSMF 13 39.4 2.9 57.8 49.1 2.3 13.7 32.1 51.1 48.9 11.3 43.3 45.4 3.5 1.0

a) With respect to C.
b) Used samples.
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Figure 3. Concentration profiles during TPR/TPO cycles on LSFM.

Figure 4. Oxygen storage capacity (OSC) of perovskites in chemical looping
reforming of methane (thin bars) and in thermochemical water splitting
(thick bars).

est CH4 conversion, all the samples show similar activity. The
most part of methane is converted into coke; accordingly, the
lowest activity of LSM toward methane decomposition partially
explains its low conversion. LSC shows different performance
between the first and second cycle in terms of exchanged oxy-
gen and products distribution, suggesting a re-organization of
the material. The H2/COx ratio during reduction is higher than

Figure 5. Hydrogen production on LSF and LSFM during TPO (second
cycle).

2 for the most part of materials; H2 enrichment with respect to
the stoichiometric value of typical CLR is due to the occurrence
of methane decomposition, leaving part of carbon as coke onto
the material surface.

During oxidation, water conversion is due to both re-
oxidation of the material and coke gasification. LSM shows the
lowest water conversion, as for methane conversion. CO/CO2

ratio is generally higher than 1 (except for LSM), due to low selec-

ChemCatChem 2025, 17, e00554 (5 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 6. Concentration profiles during isothermal cycles on LSFM for (a) 800, (b) 850, and (c) 900 °C. Reduction, purging, and oxidation are highlighted in
red, yellow, and blue areas, respectively.

Figure 7. Products distribution per mass of catalyst during isothermal
cycles at 800 °C, 850 °C, and 900 °C on LSFM.

tivity to CO2. The overall H2/COx ratio is higher than 2 (except for
LSC). Thus, both steps produce a H2-rich, CO-rich syngas. Under
the adopted operating conditions, H2O consumption for coke
gasification is generally between 40%–60%.

It should be emphasized that the mass balances on car-
bon and oxygen close within ± 10%. By taking into account
the intrinsic error related to the calculation of the pro-
duced/consumed amount of reactants/products according to
the procedure reported in section CLR tests, the closing of mass
balances is satisfying. Finally, O2-TPO (not reported) carried out
on samples after the second TPO revealed the absence of coke
still deposited, suggesting that gasification involves all the car-
bon left during reduction and confirming the overall quality of
mass balances.

In their oxidized state, iron and cobalt are 3+,[28] while man-
ganese is 3 + with a 4 + fraction.[37] According to the above

results, it appears that CO and CO2 production start in parallel,
suggesting that they are formed onto different metal oxide sites.
Cobalt-based perovskites generally possess a larger amount of
deep oxidation sites, as suggested by the lower CO/CO2 ratio
(Table 2, second reduction cycle). Partial reduction of metals
depletes the deep oxidation of methane to CO2 and enhances
the partial oxidation to CO and H2. While iron and cobalt can
be reduced to their metallic state, manganese is reduced to
2+.[10] Accordingly, LSM shows the lowest OSC (Figure 4). On
the other hand, metallic iron and cobalt are more active toward
methane decomposition, explaining the larger methane conver-
sion and selectivity to coke of Fe- and Co-containing perovskites.
During oxidation, all the materials are re-oxidized at low temper-
atures, as reported above. Thus, coke oxidation at temperatures
above 600 °C is provided by the oxidized metals; during this
phase, materials act as catalysts, that is, oxygen provided to
coke by the material is fast replaced by water decomposition.
LSM shows the lower CO/CO2 ratio due to its good activity
toward full combustion.[37] Among the single metal perovskites,
LSF shows the highest selectivity to CO, in agreement with its
activity toward partial oxidation.[12] The mixed iron-manganese
materials show behavior in between LSF and LSM; the selectivity
toward full and partial oxidation seems related to the main metal
B cation (i.e., iron or manganese). On the other hand, mixed per-
ovskites containing cobalt are the most selective toward partial
oxidation of coke to CO, suggesting a different oxygen availabil-
ity on these systems compared to material with only a B cation.
Further investigation on this behavior is beyond the scope of this
work.

Figure 4 shows the OSC of the different materials as cal-
culated according to the second TPR/TPO cycle (thin bars),
compared to OSC obtained in simple water splitting (reduc-
tion in N2 up to 1400 °C; thick bars). The use of methane
as a reducing agent significantly enhances the OSC of per-
ovskites, independently from the material. LSF and LSFM show
the highest OSC.

To decide which material is the most interesting to use in
thermal cycles, a comparison between their hydrogen produc-

ChemCatChem 2025, 17, e00554 (6 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 8. Concentration profiles during first and last isothermal cycles on LSFM at 900 °C. Reduction, purging, and oxidation are highlighted in red, yellow,
and blue areas, respectively.

Figure 9. O2-TPO after 23 isothermal CLR cycles.

tion profiles during TPO has been carried out and reported in
Figure 5. Profiles at low temperatures are similar, suggesting sim-
ilar re-oxidation kinetics. At high temperatures, differences can
be noticed; the larger H2 amount on LSF is due to larger coke
deposition and directly related to the large iron content of this
sample.[44] However, coke gasification seems faster on LSFM, as
suggested by the abrupt decreasing of the corresponding H2

production. For this reason, LSFM has been selected for further
experimentation.

3.2. CLR Cycles

Isothermal cycles are interesting due to their higher energy
efficiency.[45–47] To determine the optimal temperature for the
isothermal chemical looping cycles, experiments were con-

ducted on the LSFM at three different temperatures: 800 °C,
850 °C, and 900 °C. This temperature range corresponds to the
range providing methane conversion during TPR (see section
“TPR/TPO”) and is typical of CLR.[23,24,48,49]

Figures 6 and 7 show concentration profiles and the prod-
ucts distribution per mass of catalyst during isothermal cycles
at different temperatures on LSFM, respectively. Similar reaction
trends were observed at all temperatures (Figure 6), although the
reaction kinetics and time scales differed. Reduction at 900 °C
proceeded rapidly, with an initial peak in CH4 consumption
along with the production of H2, CO, and CO2, followed by a
noticeable change in the reaction rate, thus giving a slow but
steady conversion of methane. The change in the observed reac-
tion rate suggests a change in the reaction mechanism, likely
due to the change in the rate-determining step of the pro-
cess as the catalyst was gradually reduced. The transition to a
more gradual and stable methane consumption after the peak
can be also attributed to the formation of carbon deposits (as
detected during TPR). In contrast to the lower temperatures, the
reduction at 900 °C showed a higher consumption of CH4 and
a more pronounced formation of products in a shorter time.
During the subsequent oxidation step, a very high increase in
the production of H2, CO, and CO2 was observed, and peak val-
ues for all three gases were reached within 20 min, signaling
the complete re-oxidation of the material and gasification of the
carbon deposits. Figure 7 shows that the overall quantitative dis-
tribution of the reaction products remains almost unchanged
between 850 °C and 900 °C, but, as previously described, a
notable difference emerges in terms of reaction kinetics. At
900 °C, the reaction time is significantly reduced compared to
850 °C, indicating a more rapid completion of the process.

Based on such observations, 900 °C was selected as the
optimum temperature for further chemical looping experiments

ChemCatChem 2025, 17, e00554 (7 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 10. Concentration profiles during (a) first and (b) last non-isothermal three-step cycles on LSFM. Reduction, purging, first oxidation at 550 °C, and
second oxidation step are highlighted in red, yellow, and blue areas, respectively.

Table 3. Methane consumption and product production during isothermal two-step cycle and non-isothermal three-step cycle.

Cycle Type Step T (°C) CH4 Consumption
(mmol/gcat)

H2 Production
(mmol/gcat)

CO Production
(mmol/gcat)

CO2 Production
(mmol/gcat)

Isothermal
two-step cycle

Red 900 8.48 ± 0.55 11.4 ± 0.38 3.15 ± 0.21 0.22 ± 0.10

Ox 900 – 5.25 ± 1.10 1.87 ± 0.30 0.51 ± 0.14

Non-isothermal
three-step cycle

Red 900 7.52 ± 1.26 11.37 ± 1.10 3.13 ± 0.07 0.33 ± 0.07

Ox 550 – 2.67 ± 0.13 – –

Ox 900 – 2.65 ± 0.52 1.48 ± 0.36 0.58 ± 0.05

because it would achieve a good conversion of CH4 and oxida-
tion of carbon within a reduced time frame.

3.3. Isothermal Two-Step Cycles

23 consecutive isothermal reduction-oxidation cycles at an opti-
mized temperature of 900 °C were conducted on the used
LSFM material. One cycle consisted of a 30-min reduction phase,
followed by a 30-min oxidation phase.

Figure 8 shows the first and last cycles. During each reduc-
tion step, the material demonstrated a reproducible production
of H2, CO, and CO2, along with the generation of carbonaceous
deposits (coke). In the following oxidation period, all the coke
formed was fully consumed, as proved by the fact that H2, CO,
and CO2 production ceased.

A very important outcome from the experiments is that
LSFM material performed with extraordinary stability over the
23 cycles. As shown in Figure 8, there were no clear signs of
deactivation or decay in activity. Thus, the material performed
stably, hence showing its durability for long-term use in chemical
looping processes under the experimental conditions explored.

Additionally, after the 23rd cycle, the O2-TPO (Figure 9) shows
a stable oxygen signal throughout with no uptake of oxygen
to indicate residual coke combustion. Moreover, no oxidation
of the material is detected, suggesting full re-oxidation under
steam.

3.4. Non-Isothermal Three-Step Cycles

It is worth noting that the isothermal cycles provide the produc-
tion of syngas during both the reduction and oxidation steps.
However, the production of pure hydrogen is of interest. The
results showed that H2 production was first noticed at relatively
low temperatures (500–600 °C), which was related to the oxi-
dation of the perovskite, while, at high temperatures between
700 and 1000 °C, H2, CO, and CO2 were found to be produced
simultaneously, resulting from coke gasification. Based on these
observations, an innovative three-step cycle is proposed.
1. Reduction in methane at 900 °C (syngas production, material
reduction, and carbon deposition).

2. Oxidation in steam at 550 °C (pure hydrogen production and
material oxidation).

ChemCatChem 2025, 17, e00554 (8 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 4. Oxygen storage capacity (OSC) comparison with literature refer-
ences.

Materials OSC (mmol/g) References

LaMn0.7Fe0.3O3 3.0 [36]

LaFeO3-CeO2 2.7 [21]

3DOM LaFeO3 1.6 [48]

LaSrFeCoO6 5.9 [27]

La0.6Sr0.4Mn0.5Co 0.5O 3+δ 3.2a) [38]

LaMn1-xAlxO3+δ 2.0 [37]

La0.6Sr0.4Fe0.6Mn0.4O3 2.3 This work

a) Measured by H2-TPR.

3. Oxidation in steam at 900 °C (syngas production and coke
gasification).
The catalyst went through eight such cycles (Figure 10 shows

the first and last ones), and the expected results were confirmed.
The reduction step at 900 °C exhibited behavior consistent with
the isothermal process, with CH4 consumption leading to the for-
mation of H2, CO, and CO2, alongside carbonaceous deposits on
the material. At 550 °C, only hydrogen evolved due to the oxi-
dation of the perovskite, while at 900 °C, coke gasification took
place during the reduction reaction, with H2, CO, and CO2 evolv-
ing simultaneously. More importantly, the material remained
stable, and no serious deactivation was observed after eight
cycles of operation.

At the end of the 8th cycle, an O2-TPO (not reported) was per-
formed, as previously described, confirming the absence of coke
and full oxidation of the sample at the end of the CLR cycles.

Table 3 shows the average methane consumption and prod-
uct production per gram of catalyst per cycle during the whole
experimental campaign.

A straightforward comparison with literature results is quite
difficult due to the variability of experimental conditions and
of performance parameters. For instance, methane conversion
strictly depends on contact time and thus, values obtained at
different contact times cannot be compared. On the other hand,
the OSC could be considered more representative of the mate-
rial’s performance. Table 4 shows some OSC calculated from
literature results. LSFM shows OSC similar to those reported in
the literature; only the double Fe-Co perovskite[36] shows a sig-
nificantly higher oxygen evolution. Interestingly, the overall H2

and CO productivity is about 16.7 and 5.0 mmol/g, indepen-
dent of the type of cycle (2 or 3 steps). The H2/CO ratio is
about 3, in agreement with the stoichiometry of reforming reac-
tion. In comparing the LSFM performance against novel metal
oxide-based systems, such as Ni-modified WO3 systems,[16] it is
important to consider the different operating conditions applied.
While Ni-WO3/ZrO2 catalysts have shown considerable activity
under milder conditions, the LSFM perovskite evaluated in this
work exhibited comparable or even superior syngas produc-
tion under more severe conditions. This indicates that, while
Ni-WO3-based is highly effective in their optimized conditions,
perovskite-like catalyst can also be a worthy candidate for CLR.
Notably, the LSFM showed constant performance during 45 h of

Figure 11. XRD profiles of studied perovskites: ( ) trigonal R-3c
perovskite-like phase, ( ) cubic Pm-3 m perovskite-like phase, ( )
lanthanum oxide phase (JCPDS 01–071–5408), and (°) lanthanum-cobalt
oxide (JCPDS 00–034–1081).

time-on-stream, with no deactivation signs, and even showed a
progressive structural homogenization of the perovskite phase.

Furthermore, application of perovskite-type materials
is highly compatible with the innovative three-step two-
temperature approach proposed in this study, thanks to their
ability to store oxygen at relatively low temperatures (below
550 °C).

3.5. Characterization of the Materials

Figure 11 shows XRD profiles of the studied perovskites, reveal-
ing a complex phase composition influenced by the nature of
the B-site cation. In all samples, reflections associated with La2O3

(JCPDS 01–071–5408 and JCPDS 00–054–0213) were detected in
the range 2θ = 15°–30°, indicating the presence of a segregated
lanthanum oxide phase due to the low calcination tempera-
ture (∼1100 °C). Additionally, a distinctive peak at approximately
θ = 45° appears in the cobalt-containing perovskites, suggest-
ing the formation of an orthorhombic lanthanum-cobalt oxide
(JCPDS 00–034–1081) as a secondary phase.

Apart from the secondary oxide phases, the dominant reflec-
tions in the XRD patterns are those of perovskite-like structures,
which differ according to the specific transition metal used as
the B-site. LSC, LSF, LSM, LSFC, and LSMF consist mainly of a trig-
onal R-3c phase (JCPDS 00–048–0122, JCPDS 01–090–0939, JCPDS
01–09–8874, JCPDS 01–090–8920, JCPDS 04–015–50219, respec-
tively). The presence of two phases, both with a trigonal R-3c:H
structure (JCPDS 00–072–0089 and JCPDS 00–074–0744), was ver-
ified in LSFM; LSMC, however, breaks the trend and is cubic with
a Pm-3m structure (JCPDS 00–069–0224).

The results emphasize the impact of the B-site cations and
reveal that, although most of the perovskites investigated here
follow the rhombohedral R-3c:H symmetry, the introduction of

ChemCatChem 2025, 17, e00554 (9 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 12. XRD profiles of fresh, used and reduced LSFM (LSFM_F, LSFM_U,
LSFM_red, respectively): ( ) trigonal R-3c perovskite-like phase (JCPDS
00–072–0089), ( ) trigonal R-3c perovskite-like phase (JCPDS 00–074–0744),
( ) trigonal P-3m1 La2O3 phase (JCPDS 04–008–7342), ( ) tetragonal
I41/amd Mn3O4 phase (JCPDS 03–065–2776), ( ) orthorhombic Pbcm Fe
(JCPDS 04–018–8483), (°) cubic Fm-3m SrO (JCPDS 01–071–3778), and ( )
trigonal R-3c Fe(CO3) (JCPDS 04–018–4705).

Figure 13. Crystal structure of the predominant phase in LSFM perovskite
(JCPDS 00–072–0089). The image was obtained using VESTA software.

certain transition metals, like cobalt, facilitates the development
of other phases with unique crystallographic features.[12] The
presence of the R-3c:H space group is consistent with theoretical
expectations using the Goldschmidt tolerance factor (as in the
preceding section), further corroborating the structural stability
of these perovskites.

The XRD analysis of LSFM in its fresh, used (after 30 cycles),
and reduced forms (Figure 12) reveals significant phase evolution
while retaining a consistent rhombohedral symmetry (R-3c:H).
Fresh LSFM catalyst is predominantly composed of the LSFMO
phase (JCPDS 00–072–0089) (crystal structure in Figure 13), with
minor contributions of other perovskite-like phases (iron-free)
and La2O3. After 30 redox cycles, the overall perovskite struc-
ture remains intact, as shown by the retention of the main
diffraction peaks (JCPDS 00–072–0089). Significant phase trans-
formation occurs, most notably the loss of La2O3 reflections,
indicating the complete incorporation of lanthanum into the
perovskite lattice. Additionally, peaks that were originally related

to minor perovskite-like iron-free phases also decreased, indicat-
ing a gradual restructuring and uniformization and preferring
iron-enriched perovskite phases.

Conversely, the reduced LSFM sample, which experienced a
reduction step in CH4 without subsequent reoxidation, exhibits
some differences in the XRD spectra. The perovskite lattice char-
acteristic reflections are weakened, and other peaks correspond-
ing to metallic Fe phases, La, Mn, Sr oxides, and Fe-carbonate are
observed, revealing the partial decomposition of the perovskite
structure under reducing conditions. Furthermore, intermediate
oxide phases not related to the perovskite lattice emerged. XRD
analysis does not reveal the presence of carbon phases on the
material, despite the expected coke deposition after the reduc-
tion step; this suggests that the carbon produced is likely to be
in its amorphous phase, undetectable by XRD.

The presence of iron carbonate (FeCO3) can be attributed
to CO2 adsorption onto the material during the reduction step,
where it remains stabilized in this carbonate form. In the oxida-
tion phase, Fe2+ in FeCO3 is oxidized to Fe3+, releasing CO2,[50]

which can further contribute to gasification reactions, promot-
ing CO formation through the Boudouard reaction. According
to El-Bellihi,[50] iron carbonate decomposition occurs at about
600 °C, thus during the second oxidation step of the three-
step cycle; this is experimentally confirmed by the absence of
COx during the first oxidation step (see section “Non-isothermal
three-step cycles”). It is reasonable to suppose that the amount
of iron carbonate is limited and confined to the outer shell of
LSFM material, thus releasing low amounts of carbon dioxide
and providing an additional minor contributor to the overall
material oxidation. Interestingly, no carbon phase is detected
on the reduced sample, suggesting the formation of amorphous
carbon.

These results show that while LSFM retains its perovskite
structure with repeated redox cycles, reduction alone results in
extreme structural decomposition. The stability of the rhombo-
hedral phase in fresh and used samples indicates its robust-
ness under cycling conditions, whereas the breakdown of the
perovskite network in reduced LSFM highlights the deep mod-
ification of the material under reducing conditions; however,
oxidation in steam fully restores the perovskite structure, thus
suggesting a complete reversibility between the reduced and
oxidized LSFM.

4. Conclusions

Perovskites with the general formula La0.6Sr0.4BxB’1-xO3 (B, B’= Fe,
Co, Mn) were prepared and tested for chemical looping reform-
ing (CLR) of methane. Preliminary tests conducted through
temperature-programmed reduction (TPR) in methane and
temperature-programmed oxidation (TPO) in steam revealed
that the redox properties of perovskite can be tuned by the
proper combination of different B cations. Materials with dif-
ferent B cations showed higher oxygen storage capacity (OSC)
with respect to their single B cation counterparts, showing that
this strategy allows to improve the oxygen amount that can

ChemCatChem 2025, 17, e00554 (10 of 12) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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be released. Interestingly, CLR reaction conditions, that is, the
use of (bio)methane as a reductant up to 1000 °C, enlarges OSC
with respect to self-reduction at 1300 °C; moreover, the operating
temperature of the reduction step is significantly lower.

During the reduction step, most of the materials showed
good selectivity toward partial oxidation products (i.e., syngas)
rather than CO2 and H2O; moreover, at a high reduction degree
of the perovskites, methane is decomposed to additional hydro-
gen and coke. TPO revealed that full oxidation of the perovskites
occurs at low temperatures (<600 °C), while coke gasification
occurs at higher temperatures. At the end of TPR/TPO cycles, the
perovskites are fully oxidized and coke-free.

The most interesting material (La0.6Sr0.4Fe0.6Mn0.4O3, LSFM)
was tested in repeated isothermal cycles at 900 °C, selected
as the best operating temperature. Performance in terms of
product amounts distribution and production rates is stable,
suggesting the full stability of this perovskite.

Moreover, the results of TPR/TPO experiments suggested an
innovative 3-step cycle composed by a reduction in methane at
900 °C (syngas production, material reduction, carbon deposi-
tion), an oxidation in steam at 550 °C (pure hydrogen production,
material oxidation), and an oxidation in steam at 900 °C (syn-
gas production, coke gasification). LSFM was successfully tested
in this novel cycle, showing pure hydrogen production during
the second step and syngas production during steps 1 and 3.
Performance was stable in repeated experiments.

Characterizations revealed that materials show that the main
structure corresponds to perovskite phase. However, the low cal-
cination temperature does not provide full formation of a single
perovskite structure. The repeated use of LSFM showed a reor-
ganization of the material with improved perovskites structure;
this phenomenon does not modify the overall performance, sug-
gesting that usage conducts to a more stable phase structure
with the same OSC. Under reducing reaction conditions, iron
and manganese are reduced. Metallic iron is detected; the pres-
ence of a single perovskite phase after oxidation suggests the
full reversibility of the phase transition between reduced and
oxidized LSFM material.
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