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Catalysts, consisting of palladium supported on Ruddlesden—Popper (RP) type SrsFe,O;_s perovskite
oxides, were synthesized using co-precipitation and impregnation methods for efficient methane
combustion at low temperatures. Achieving effective and stable methane combustion over SrzFe,O;_;
perovskite-based catalysts necessitates the suppression of the transformation of the RP-type SrzFe,O,_;
perovskite structure supporting active Pd species and the thermal reaction process. In this study, we

demonstrated that the use of a-Al,Os as a supporting material in PdO/SrsFe,O;_s/a-Al,O3 catalysts
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Introduction

Methane (CH,) represents one of the cleanest fossil fuel sources
and holds great potential in achieving carbon neutrality.'” It
serves as the primary component in natural gas, shale gas, and
coal-bed gas, with broad applications as an alternative to crude
oil in various sectors such as ships, motor vehicles, power
stations, and more.*” However, the detrimental impact of
unburnt CH, emissions is a pressing concern due to CH,'s
significantly higher global warming potential (at least seventy-
two times greater than CO,), contributing to the ongoing
greenhouse effect.®® Thus, the widespread adoption of LNG-
powered ships and LNG power plants is essential to curb
methane emissions.'*"*

Catalytic combustion has emerged as an effective method for
mitigating these emissions by enabling CH, oxidation at low
temperatures, producing only water vapor and carbon dioxide
with minimal NO, and CO emissions.”®2° Nonetheless, CH,,
with its stable tetrahedral structure, is challenging to activate
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and oxidize under mild conditions. While Pd-supported CeO,-
ZrO, catalysts have been commonly used for methane
combustion, they are sensitive to water vapor, which can hinder
combustion and catalytic performance.”** Moreover, CeO,-
based catalysts contain rare earth elements, making them
economically challenging to produce.*® In addition, it has been
reported that the complete combustion of methane for the
catalyst systems loaded with Pd occurred at a high temperature
over 400 °C under the conditions of high methane concentra-
tion over 1 vol% and low Pd loading amount under 4 wt%, as
summarized in Table S1.f In order to realize the complete
combustion of methane and further lower the temperature
under these harsh conditions, it is necessary to develop a novel
catalyst loaded with Pd.

To address these challenges, we aim to develop high-activity
catalysts that facilitate CH, combustion at low temperatures,
reduce the activation energy for oxygen migration, and enhance
water resistance.”””®* Among perovskite catalysts, Sr-Fe-based
perovskite-type oxides, following the Mars-van Krevelen
(MvK)-type mechanism,**** are promising for CH, oxidation at
moderate temperatures. Additionally, Ruddlesden-Popper (RP)-
type layered perovskite oxides, such as Sr;Fe,0;_;, offer unique
electron and ion transport properties.**** The RP-type structure
of Sr;Fe,0,_; exhibits high oxygen migration capability,***°
making it a suitable candidate for low-temperature methane
combustion. The oxygen vacancy defects formed through the
electron transition of Fe** — Fe®* can enhance the oxygen
mobility in the crystal lattice, thereby contributing to increased
methane decomposition efficiency of the catalysts.*”~** However,
to serve as an effective catalyst, Sr;Fe,O,_; needs structural
stability, water resistance, and high oxygen storage and release
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ability. While y-Al,O; is a common support for methane
combustion catalysts due to its high specific surface area, it
promotes unwanted reactions with water and lowers catalytic
activity.**> In contrast, a-Al,0; has weaker interactions with Pd
species, high thermal stability, superior water resistance, and
a lower specific surface area.*® In view of the above, this study
focuses on using RP-type Sr;Fe,0;_; perovskite oxide as a cata-
lyst promoter for low-temperature methane combustion, sup-
ported by a@-Al,O; to enhance structural stability without
forming Pd-O-Al bonds. The investigation includes the influ-
ence of the a-Al,O3 support on the catalyst and the methane
oxidation performance of the resulting catalyst, considering
oxygen storage and release ability, perovskite structure effects,
and the role of the a-Al,O; support.

Experimental
Material

Strontium nitrate (Sr(NO3),, =98%) were guaranteed reagents
from Daejung Chemicals & Metals Co. Ltd. Iron(m) nitrate
nonahydrate (Fe(NOj);-9H,0, =98%) was purchased from
SIGMA-ALDRICH. 1 N-Potassium hydroxide standard solution
(5-6%) was from Daejung Chemicals & Metals Co. Ltd. y-Al,O3
powder (99.997%) were from Alfa Aesar. The physical proper-
ties, BET surface area (m” g~ ), and particle size (um) of y-Al,O4
were about 210, and 1-5, respectively. The core elements for
oxidation of CH, commercially Pd catalysts (<20% loading) were
used from conversion of Palladium (u) nitrate hydrate
(PA(NO3),, 37-42%, SIGMA-ALDRICH) to PdO by impregnation
method.

Synthesis of Sr;Fe,0,_;-based complex oxide catalysts

The Sr;Fe,0, s/a-Al,O; catalyst was prepared using a co-
precipitation process. y-Al,O; powder (0.4 g, 99.997%, Alfa
Aesar) was suspended in 1.0 mol L™' Sr(NO;), aq. and
1.0 mol L™" Fe(NO;); ag. in the stoichiometric ratio. The
loading amount of Sr;Fe,0, s was adjusted to be 16wt% by
using 0.46 mL of 1.0 mol L™" Sr(NO;), aq. and 0.31 mL of
1.0 mol L' Fe(NOs); aq., respectively. After stirring at room
temperature for 30 minutes, the pH of the solution was adjusted
to 13.6 by adding 5 vol% KOH aqueous solution drop by drop,
followed by further stirring at room temperature for 6 hours.
The resulting product was collected by filtration, dried at 80 °C
for 12 hours, and calcined at 1000 °C for 12 hours under
ambient atmosphere to obtain the 16wt% Sr;Fe,O;_;/a-Al,0;3
catalysts. For comparison, Sr;Fe,O; catalyst also synthesized as
with the previous method.

PdO was loaded onto 16wt%Sr;Fe,O,_s/a-Al,O3 via the
impregnation method. The 16wt%Sr;Fe,0,_s/a-Al,O3 catalyst
was impregnated with PdO by suspending the catalyst powder
(0.4 g) in 1.0 mol L™ " Pd(NOs), aq. (Sigma Aldrich), followed by
adding 30 mL of deionized water. PdO loading ranged from 0 to
20 wt%. The mixture was stirred at room temperature for 6
hours, and then the solvent was evaporated at 180 °C. The
residue was ground and calcined at 400 °C for 4 hours under
atmospheric pressure to produce the corresponding awt%PdO/
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16Wt%Sr;Fe,0,_4/0-Al,05 catalysts (0 = o = 20). For compar-
ison, 10wt%PdO/Sr;Fe,0, s and 10wt%PdO/a-Al,O; catalysts
were also synthesized, in which 10wt%PdO/Sr;Fe,O,_; and
10wt%PdO/a-Al,O5 catalyst (using o-Al,O3; powder, 98%, DAE-
JUNG) were calcined at 400 °C for 4 hours.

Catalyst characterization

The crystalline phase of the catalysts was identified by X-ray
powder diffraction (XRD, Bruker D8 Advance) using Cu-Ko
radiation (40 kv, 40 mA) in the 26 range of 10-80° with a step
size of 0.02° and a scan speed of 0.2°-min~'. The chemical
composition of the samples was determined by inductively
coupled plasma optical emission spectrometer (ICP-OES, Var-
ian 720-ES). The crystallographic parameters were refined via
Rietveld refinement (RIETAN-FP). In the refinement, the crys-
tallographic parameters of Sr;Fe,O, were obtained from the
inorganic crystal structure data (SrzFe,O,: ICSD #74422) and
were used as the starting model for refinement. The crystallite
size was calculated from the measured XRD peak data using
Scherrer's equation. The microstructure of the samples is
observed by Cs-corrector transmission electron microscope (Cs-
TEM, FEI ThemisZ) with energy-dispersive X-ray spectroscopy
(EDS). The distribution of elements in the catalyst was
measured by Cs-TEM with a back-scattered electron detector.
The Brunauer-Emmett-Teller (BET) specific surface areas were
measured at —196 °C through N, adsorption (TriStar 3020,
Shimadzu). The acidity and basicity were evaluated using the
temperature-programmed desorption method using ammonia
and carbon dioxide (NH;-TPD/CO,-TPD, Micromeritics
AutoChem II 2920 Chemisorption Analyzer). After preheating
the sample (0.1 g) at 500 °C for 1 h under a flow of helium gas
(50 mL min~"), the sample was exposed to ammonia (10 vol%
NH;/90 vol% He, 50 mL min ) and carbon dioxide (10 vol%
C0,/90 vol% He, 50 mL min~') at 50 °C for 30 min, followed by
purging at the same temperature for 15 min under helium flow
(50 mL min~"). Subsequently, the temperature was increased at
arate of 10 °C min ™" under helium flow at a rate of 30 mL min "
(BELCAT-B, Microtrac BEL). H,-temperature programmed
reduction (H,-TPR) was conducted under 5 vol% H,/95 vol% Ar
gas flow (50 mL min~") at a heating rate of 5 °C min™'
(Micromeritics Auto Chem II 2920 Chemisorption Analyzer).
Subsequently, the oxygen storage capacity (OSC) was investi-
gated using the reduced sample after preheating under 5 vol%
0,/95 vol% H, gas flow (50 mL min~') at a heating rate of 5 ©
C min~", by means of the pulse-injection method at 500 °C
(Micromeritics Auto Chem II 2920 Chemisorption Analyzer). X-
ray photoelectron spectroscopy (XPS, AXIS SUPRA) data were
acquired using Mg-Ka radiation (1253.6 eV); the spectra were
fitted using the Shirley background and the Gaussian-Lor-
entzian lineshape analysis.

Methane combustion measurement

The activity for methane oxidation was measured in a fixed-bed
flow reactor consisting of a 10 mm-diameter quartz glass tube.
The mixed gas comprised 0.2 vol% CH, in air at a total flow rate
of 60 mL min~" (mass hourly space velocity =12 000 Lkg " h ™)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and was passed over 0.3 g of the catalyst; the gas was supplied to
the catalyst bed using a mass flow controller. Prior to the
measurements, the catalysts were pretreated at 400 °C for 2 h
under a flow of argon (100 mL min~'). The concentration of
methane gas at the outlet was analyzed using a non-dispersive
infrared (NDIR) gas analyzer (DA-770, GASDNA Co., Ltd). The
reaction temperature was increased from 150 to 500 °C in 25 °C
intervals, and the methane conversion at each point was ob-
tained after stabilization for 15 min.

Results and discussion
Crystal structure of Sr-Fe perovskite-based catalysts

The crystal structure of the SrzFe,O, powders was determined
through X-ray diffraction (XRD) analysis using Rietveld refine-
ment. The detailed crystallographic data and structure refine-
ment parameters obtained by Rietveld refinement analysis are
summarized in Tables 1 and S2.f The analysis used crystal
structure data obtained from the inorganic crystal structure
database (SrzFe,O;: ICSD #74422) as a reference. Fig. 1(a) and
(b) displays the XRD patterns and crystal structure of the
Sr;Fe,0, powders synthesized in this study.

The XRD data matched well with the lattice constants of
Sr;Fe,O, (ICSD #74422), albeit with some SrFeO,,s as an
impurity phase. Rietveld refinement yielded favorable weighted
profile R-factors, confirming the phase purity of the samples. At
room temperature, SrzFe,O, was found to crystallize in
a tetragonal system (space group I,/mmm) with lattice parame-
ters a = 3.86239 nm, b = 3.86239 nm, and ¢ = 20.15442 nm (see
Table 1). The mass fraction of Sr;Fe,O, in the synthesized
powder was determined to be 96%, making it the predominant
phase. The Sr;Fe,0, oxide exhibited the RP-type structure
composed of (SrFeO;),(SrO). A second perovskite-type phase,
SrFeO, ;5, was also present. As a promoter, the synthesized
Sr;Fe,0;, was used to create a composite oxide catalyst for low-
temperature methane combustion. For this purpose,
a composite oxide catalyst, composed of 10wt%PdO/16wt%
Sr;Fe,0,_s/a-Al,03, was synthesized by varying the composi-
tion. The composition of the samples was analyzed by ICP-OES

Table 1 Crystallographic data and refined lattice parameters of
SrzsFe,O; (main phase) and SrFeO, 75 (second phase) obtained via
Rietveld refinement using the X-ray powder diffraction data acquired
at room temperature

Sr;Fe, 05 SrFeO, ;5
Crystal system Tetragonal Orthorhombic
Space group I,/mmm Cmmm
a (nm) 3.86239 9.75109
b (nm) 3.86239 9.81500
¢ (nm) 20.15442 2.91472
Mass fractions of the phases 0.9603 0.0397
Ryp (%) 6.379
R, (%) 3.343
S (%) 5.2009
d, 0.0867
d, 0.0531

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Rietveld refinement of X-ray powder diffraction data for
SrsFe,O7; white symbol: measured pattern, red solid line: calculated
pattern, blue solid line: difference between the intensities and (b)
crystal structure of SrsFe,O; and SrFeO, 75. The circles correspond to
Sr cations (green) and oxygen anions (red), which are located at the
corners of an FeOg octahedron.

and the results are summarized in Table S3.7 It was confirmed
that all samples were synthesized in each stoichiometric ratio.
XRD patterns of the synthesized catalysts were compared with
those of 10wt%PdO/Sr;Fe,05_5, 10wt%PdO/a-Al, O3, and 16wt%
Sr;Fe,0;_;/a-Al,03 as shown in Fig. 2. The XRD pattern of the
10wt%PdO/Sr;Fe,0,_, catalyst showed PdO and the ortho-
rhombic SrFeO, 5 (StFeOj;_;) perovskite phase. Supporting PAO
on Sr;Fe,0; led to the transformation of the RP-type Sr;Fe,O5
structure into the simple perovskite-type SrFeOj;_s, likely due to
the migration of oxide ions from Sr;Fe,O- to the Pd active sites.

In contrast, the XRD pattern of the 10wt%PdO/16wt%Sr;-
Fe,0;_s/a-Al,0; catalyst showed PdO, tetragonal SrzFe,O,

@ PdO ICSD 98-002-9281

.SrSFe:OH (Tetragonal) ICSD 98-024-9015

B SrFeO,_; (Orthorhombic) ICSD 98-024-9007
[Jo—Al,O4 ICSD 98-007-3724]
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Fig. 2 XRD pattern of (a) 10wt%PdO/SrFeO=_s; (b) 10wt%PdO/a-
AlLOs, (c) 16wt%SrsFe,O5_s/a-Alb,Os, and (d) 10wt%PdO/16wt%Srs-
Fe,O5_s/a-Al,O5 catalysts.
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(Srs3Fe,0;_;) perovskite phase with space group I,/mmm, o-Al,O3
and y-Al,O; phase, in which phase ratio of the a-Al,0; and vy-
Al,O; phase was 84.4:15.6% form the Rietveld refinement. In
the XRD patterns of the 16wt%Sr;Fe,0,_s/a-Al,O3 catalyst,
a small amount of y-Al,O; phase was also obtained and the
phase ratio of y-Al,O; phase was 17.3%. This confirmed the
preservation of the Sr;Fe,O;, perovskite phase when supported
on a-Al, O3, indicating improved structural stability. In addition,
a-Al,O; contributes to the enhancement of the dispersity of the
PdO on catalyst promoter. The crystallite size of the PdO of
10wt%PdO/SrFeO;_5, 10wt%PdO/16wt% SriFe,0,_/a-Al,O;,
and 10wt%PdO/a-Al,0; was calculated using Scherrer's equa-
tion. As shown in Table 2, the structural effects were supported
by differences in PdO crystallite sizes, with the 10wt%PdO/
SrFeO;_; catalyst exhibiting larger crystallites compared to the
10wt%PdO/16wt%Sr;Fe,0,_s/a-Al,O5. This difference indicates
that the bulk migration of the oxide ions from Sr;Fe,O; to the
Pd active site in the 10wt%PdO/SrFeO;_; catalyst without the o-
Al,O; support can facilitate oxidation and aggregation of the Pd
active centers, which increases the size of the PdO crystallites.
In addition, this result was also supported by the PdO disper-
sion on the respective catalysts. The PdO dispersion of 10wt%
PdO/16wt%SrsFe,0,_s/0-Al,03 (7.69%) was determined to be
higher than that of 10wt%PdO/SrFeO;_; (7.58%), as shown in
Table S4.f In comparison, the 10wt%PdO/a-Al,O; catalyst
without the Sr;Fe,O, promoter had the smallest PdO crystallite
size (3.71 nm) because there was no source of oxide ions for
migration to the PdO active species.

To determine an amount of PdO on the surface of the cata-
lysts, we carried out XPS analysis for 10wt%PdO/SrFeO;_; and
10wt%PdO/16wt%Sr;Fe,0,_s/a-Al,O;, and calculated the Pd?*/
(Pd** + Pd°) ratio using peak areas of Pd 3d core-level (see in
Fig. S3 and Table S47). The Pd 3d XPS spectra comprise two
spin-orbit multiplets corresponding to the 3d;/, and 3ds,, core
levels, and each peak of the 3d;/, and 3ds/, core levels can be
divided into two Gaussian peaks, where peak at high binding
energy corresponds to the Pd** and the other peak at low
binding energy corresponds to the Pd’. The Pd**/(Pd*" + Pd°)
ratio of 10wt%PdO/SrFeO;_; (42.49%) was higher than that of
10wt%PdO/16wt%Sr;Fe,0; s/a-Al,03 (40.31%). This result
indicates that a larger amount of PdO was loaded onto the
surface of 10wt%PdO/SrFeO; ; compared to the 10wt%PdO/

Table 2 PdO crystallite size and specific surface area of y-Al,Os, a-
Al,Os, SrsFe,O; 10wt%PdO/SrFeOs_; 10wt%PdO/a-Al,O5, 16wt%

Sr3FeZO7,5/a-Al203, and lOWt%PdO/lGWt%Sr3Fe207,5/a-AIZO3
catalysts

PdO crystallite Specific surface
Sample size/nm area/m* g~ !
v-ALO;, — 148.0
o-AlL, O, — 14.6
Sr;Fe,0- — 30.5
10wt%PdO/SrFeO;_; 19.1 21.6
10wt%PdO/a-Al, 0, 3.7 2.5
16Wt%Sr;Fe,0,_s/a-Al, 0, — 80.9
10wt%Pd0O/16Wt%Sr;Fe,0,_s/a-AlL,O; 9.2 70.2
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16wt%Sr;Fe,0,_s/0-Al,O; and it also supports that bulk
migration of the oxide ions from the promoter to the Pd active
sites was more extensively occurred at the sample of 10wt%PdO/
SrFeO;_;. In addition, the 10wt%PdO/16wt%Sr;Fe,0,_s/a-
AlLO; catalyst (70.19 m> g~ ') exhibited a higher specific surface
area than that of 10wt%PdO/SrFeO;_; catalyst (21.58 m* g ')
without supporting Al,O; as shown in Table 2. On the other
hand, the specific surface area of 10wt%PdO/a-Al,O; catalyst
(2.51 m> g ') was lower than that of 10wt%PdO/SrFeO;_;
catalyst. This result indicates that a high specific surface area of
the 10wt%PdO/16wt%Sr;Fe,0,_s/a-Al,O5 catalyst may be due to
the presence of the y-Al,O; phase, which usually contributes to
the enhancement of the specific surface area of catalyst
materials.

To investigate the effect of the «-Al,O; support on the
thermal and structural stability of the catalysts, the 10wt%PdO/
16wt%Sr;Fe,0,_s/0-Al,0; and 10wt%PdO/SrFeO;_; catalysts
were evaluated at various temperatures, 200-600 °C. The cata-
lyst samples were re-heated at each temperature for 1 h and
their crystal structure was identified (see in Fig. S11). In the case
of the 10wt%PdO/16wt%Sr;Fe,O,_s/a-Al,O5, the Sr;Fe,0,_s
perovskite structure was well maintained in all samples re-
heated at 200-600 °C. On the other hand, the SrFeO; s perov-
skite structure for 10wt%PdO/SrFeO;_; was transformed to
a composite phase of SrFe;,0,9 and Sr,Fe,O5 after heat treat-
ment at 200 °C. It indicates that a-Al,O; is significantly effective
in inhibiting the crystal structure change for these catalysts.
Moreover, when Sr;Fe,0, was supported on a-Al,0;, the XRD
peak of the Sr;Fe,O; perovskite phase shifted to the lower angle
side (refer to Fig. S7t), which indicates that the lattice of the
Sr;Fe, 0, perovskite structure was expanded by the formation of
oxygen vacancies in the Sr;Fe,O; lattice. The release of oxide
ions from Sr;Fe,O- can be associated with transformation of the
v-Al,0; monoclinic phase, the raw material used for the
support, into the hexagonal a«-Al,O; phase with a volume
reduction of ~10% after calcination at 1000 °C during synthesis
of the catalyst.® This result confirms that in the case of the
16wt% Sr;Fe,0,_s/a-Al,03; and 10wt%PdO/16wt%Sr;Fe,0,_s/a-
Al,O; catalysts, the Sr;Fe,0,_; promoter with oxygen vacancies
was formed without any change in the RP-type SrzFe,O, perov-
skite structure when Sr;Fe,O, was supported on a-Al,O;.

Surface and bulk oxide property of Sr-Fe perovskite-based
catalysts

To investigate the surface acidic and basic property of the
prepared Sr-Fe perovskite-based catalysts, NH;- and CO,-TPD
measurements were evaluated as shown in Fig. 3(a) and (b). The
10wt%PdO/16wt%Sr3Fe,0,_s/a-Al,O3 catalyst displayed narrow
desorption peaks at around 100, 230, and 490 °C in the NH;-
TPD profile, signifying weak, medium-strength, and strongly
acidic sites, including Lewis acid sites. In comparison, the
10wt%PdO/SrFeO;_5, 10wt%PdO/a-Al, O3, and a-Al,O; catalysts
exhibited broad and narrow peaks mainly associated with weak
acid sites and Lewis acid sites. In the CO,-TPD profiles, the
10wt%PdO/16wt%Sr;Fe,0,_s/a-Al,O5 catalyst showed
a pronounced area peak at around 110 °C, while the other

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalysts showed weak CO, adsorption. This result indicates
that the 10wt%PdO/16wt% Sr;Fe,0,_s/a-Al,O3 has the superior
basic sites compared to that of the other catalysts. The number
of acidic and basic sites on each catalyst was determined from
peak areas in the NH;- and CO,-TPD profiles. As shown in Table
3, the number of acidic sites on the catalyst was dramatically
increased when PdO was supported on a-Al,O3, which is due to
the increased acidic sites of Pd>" cations on the catalyst surface.
The highest number of basic sites was obtained for the 10wt%
PdO/16wt%Sr;Fe,0,_s/a-Al,O; catalyst (220.0 pmol g~ '), which
is higher than that of 10wt%PdO/SrFeO;_; (148 pmol g ). This

result indicates that the concentration of surface oxygen species
which act as a Lewis basic site on the 16wt%Sr;Fe,0,_s/0-Al,05
is higher than that on the SrFeO;_; bulk, which may be due to
the surface area of 16wt%Sr;Fe,0,_;/a-Al,O; was higher than
that of SrFeO;_; bulk.

To investigate the oxygen migration properties of the
prepared Sr-Fe perovskite-based catalysts, H,-TPR and O, pulse
injection measurements were performed (Fig. 3(c), S2f and
Table 3). The «-Al,05 support showed no H, reduction activity
or oxygen storage capacity. The H,-TPR profile of the Sr;Fe,0,
perovskite bulk oxide exhibited H, reduction peaks at high

Table 3 Number of acidic, basic sites, reduction peak temperature, H, consumption amount and oxygen storage capacity (OSC), amount of

oxygen desorption site, and surface oxygen vacancy density for a-Al,O3,
SrFeOs_; and 10wt%PdO/16wt%SrsFe,O;_s/a-AlL,O3

SrzFe, Oy, 16wWt%SrsFe,O7_s/a-Al,O3, 10wt%PdO/a-Al,Oz, 10wt%PdO/

Oxygen vacancy
Number of acidic Number of basic Reduction H, consumption  OSC/umol O, desorption density/x10""

Sample site/umol g~* site/pmol g~* temperature/°C amount/mmol g~ O,-g* site/umol g~'  sites m?
0-AlL 05 27.5 53.8 — 0 0 — —
SrsFe,0, — — 450, 495 1.237(SrFeO,) 4.899 44 1.59
16wt%Sr; — — 345 0.111(SrFeO,) 1.752 84 3.95
Fe,0,_s/0-Al,03
10wt%PdO/a-Al, 05 41.0 15.5 62 0.258(PdO) 0.703 — —
10wt%PdO/SrFeO;_s 109.5 148.2 73, 325, 0.587(PdO) 35.174 75 3.21

440, 495 2.119(SrFe0,)
10wt%PdO/16wt% 169.0 220.0 56, 83, 193, 0.104(PdO) 35.695 357 15.44
Sr;Fe,0,_s/a-Al, 05 420, 490 0.677(SrFeO,)
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temperatures of around 450 and 495 °C by bulk oxygen species.
In contrast, the 16wt%Sr;Fe,0;_s/a-Al,O; showed a lower
temperature H, reduction peak at 345 °C by surface oxygen
reduction. It is because that the higher specific surface area and
the more surface oxygen species, the lower the activation energy
required for oxygen release induced to facilitate H, reduction
even at low temperatures. The 16wt%Sr;Fe,0;,_s/a-Al,0; cata-
lyst exhibited lower H, consumption amount and oxygen
storage capacity (OSC) than the SrzFe,0O- perovskite bulk due to
the small absolute amount of oxygen species released from the
lattice of Sr;Fe,0,_s. When assessing supported PdO species,
the PdO reduction peak of 10wt%PdO/16wt%Sr;Fe,0, s/a-
Al,O; catalyst was exhibited at the lowest temperature of 56 °C
compared to 10wt%PdO/a-Al,O0; (62 °C) and 10wt%PdO/
SrFeO;_; (73 °C). The H, consumption amount of PdO reduc-
tion peak were determined as follows; 10wt%PdO/SrFeO;_; (587
umol g~ ') > 10wt%PdO/a-Al,O; (258 umol g~ ) > 10wt%PdO/
16Wt%Sr;Fe,0,_s/0-Al,05 (104 pmol g~ '). The reduction peak of
SrFeO, oxide in the 10wt%PdO/16wt%Sr;Fe,0,_s/a-Al,O5 cata-
lyst occurred at lower temperatures (83, 193, 420 and 490 °C)
than that in the 10wt%PdO/SrFeO;_; catalyst (325, 440 and 495
°C). The H, consumption amount of SrFeO, oxide reduction
peak were determined as follows; 10wt%PdO/SrFeO; ; (2119
umol g ') > 10wt%PdO/16wt%Sr;Fe,0,_s/0-Al,05 (677 pmol
g™ "). As the PdO active species was supported, the activation
energy for oxygen release from SrFeO, oxide was reduced, and
then, H, consumption amount and OSC of PdO supported
catalysts tended to increase compared to catalyst without PdO
supported. On the other hand, although H, consumption
amount was low, the 10wt%PdO/16wt%Sr;Fe,0,_s/0-Al,04
catalyst, which has high concentration of surface oxygen
species, showed more low-temperature activity for H, reduction
than the 10wt%PdO/SrFeO;_; catalyst, which has mainly bulk
oxygen species. O,-TPD analysis was performed to confirm the
formation of oxygen vacancies on the surface of prepared
catalysts and the results are shown in Fig. 3(d) and Table 3. The
16wt%Sr;Fe,0;_s/0-Al,0; showed a higher O, desorption area
than that of the SrzFe,O, perovskite bulk oxide at low temper-
ature of around 100 °C. The O, desorption at low temperature
can be induced from physically adsorbed oxygen on surface
oxygen vacancy. The 16wt%Sr;Fe,0;_s/a-Al,0; showed a higher
oxygen vacancy density which estimated based on the amount
of ad-0, derived from the O,-TPD than that of the Sr;Fe,O, bulk
(Table 3). This result indicates that the surface oxygen vacancy
of the 16wt%Sr;Fe,0,_s/a-Al,O3 is a higher than that of the
Sr;Fe,O;, perovskite. This is because that the lattice of the
Sr;Fe,0, perovskite structure of 16wt%Sr;Fe,0,_s/a-Al,O3 was
expanded by the formation of oxygen vacancies as the oxygen
ions are released from Sr;Fe,O, lattice associated with the
transformation of the y-Al,0; monoclinic phase into the a-
Al,O; hexagonal phase. The O, desorption area of the catalysts
was effectively increased when PdO was supported on the
surface of the catalysts and the O, desorption area. and the
oxygen vacancy density of 10wt%PdO/16wt%Sr;Fe,0,_s/a-Al,03
was superior to 10wt%PdO/SrFeO;_s. These results indicate
that the amount of oxygen ions released from the surface
oxygen and migrating to the Pd active sites is higher for 16wt%
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Sr;Fe,0,_;/0-Al,O5 due to the high oxygen ion conductivity and
the oxygen vacancy density compared to the Sr;Fe,O; bulk. This
usually results in the high methane gas decomposition perfor-
mance of catalysts.

Catalytic activity for methane combustion over Sr-Fe
perovskite-based catalyst

The catalytic activity of catalysts with different compositions for
methane combustion was evaluated. Fig. 4 illustrates the
temperature dependence of methane combustion over the
various prepared -catalysts, including 10wt%PdO/SrFeO;_;,
10wt%PdO/a-Al, 05, 16wt%Sr;Fe,0,_s/a-Al,O5, and 10wt%PdO/
16wt%Sr;Fe,0,_5/0-Al,O5.

The 10wt%PdO/a-Al,O; catalyst enabled complete methane
combustion at 400 °C. Upon the addition of the Sr3Fe,O,_; co-
catalyst to the 10wt%PdO/a-Al,O; catalyst, the temperature for
complete methane combustion decreased to 325 °C. This result
indicates that catalytic activity for methane combustion at low
temperatures can be enhanced by adding the Sr;Fe,0,_; co-
catalyst, which increase surface oxygen species and oxygen
vacancy density of the catalyst, thus promoting methane
oxidation at low-temperature. To confirm the promoting effect
of the PdO active sites and a-Al,O; support on catalytic methane
combustion, we compared the catalytic activity of the 16wt%
Sr3Fe,0;_s/a-Al,03 and 10wt%PdO/SrFeO;_; catalysts with that
of the 10wt%PdO/16wt%Sr;Fe,0,_s/a-Al,0; catalyst. The
16wt%Sr;Fe,0,_s/0-Al,0; showed limited catalytic activity for
methane combustion. Since methane oxidation primarily
occurs on the PdO active sites, the 10wt%PdO/SrFeO;_; cata-
lysts achieved complete methane combustion at 425 °C,
approximately 100 °C higher than the 10wt%PdO/16wt%Sr;-
Fe,0,_;/a-Al,O3 catalyst. This difference arises from the fact
that the 10wt%PdO/SrFeO;_; catalysts exhibit lower surface
oxygen species and oxygen vacancy density compared to the
10wt%PdO/16wt%Sr;Fe,0,_;/a-Al,O3 catalysts, attributed to
the high activation energy for oxygen migration in SrFeO;_;
compared to the Sr;Fe,O, ; perovskite oxide. Among the

100 =
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. 80}
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Y ~
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)
= e
g 540

> -
E 2 == 10Wt% PdO/SrFe0; 5
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Fig. 4 Temperature-dependence of methane oxidation over 10wt%

PdO/SrFeO3,(5, 10Wt%PdO/d—AlZO3, 16Wt%Sr3FeZO7,5/a—A1203, and
10wt%PdO/16wWt%SrsFe,O,_s/a-Al,O3z catalysts.
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prepared catalysts with different compositions, the highest
catalytic activity was achieved with the 10wt%PdO/16wt%Sr;-
Fe,0;_;/a-Al,O; catalyst sample, where a methane conversion
of 100% was attained at 325 °C. Nevertheless, when compared
to cerium oxide (CeO,)-based catalysts with higher oxygen
storage capacity than Sr;Fe,O, , perovskite oxide,” > the
catalytic methane combustion activity of the 10wt%PdO/16wt%
Ce.92510.0805_s/7-Al,O3 catalysts®® was still higher than that of
the 10wt% PdO/16wt%Sr;Fe,0;_s/a-Al,O; catalysts under low
temperature below 300 °C as shown in Fig. S6.1

For a more detailed investigation of the methane decompo-
sition mechanism of the Sr;Fe,O, ; perovskite oxide-based
catalyst, XPS analysis of Fe 2p and O 1s before and after the
reaction was performed,***" as presented in Fig. S4, S5, and
Table S4.1 An increase in the ratio of Fe**/Fe and a decrease in
the ratio of Fe*"/Fe can be observed in both SrFeO;_; and Sr;-
Fe,O,_; before and after methane combustion reaction. This
implies that the reduction of FeO, to Fe,O; occurs during the
methane decomposition reaction, activating the redox property
of the catalyst due to the valence change of Fe*"/**. In result of O
1s analysis, the ratio of surface oxygen species (0,45/0) (53.67%)
was higher than the ratio of lattice oxygen species (Op,/O)
(46.67%) in before reaction of 10wt%PdO/16wt%SrsFe,0,_s/o-
Al,O;. On the other hand, the ratio of surface oxygen species
(0aas/0) (33.25%) was lower than the ratio of lattice oxygen
species (Op,t/O) (66.75%) in before reaction of 10wt%PdO/
SrFeO;_;. And then, no the fraction of surface oxygen species
was measured in XPS spectra of O 1s of 10wt%PdO/a-Al,O3.
From this result, it can be confirmed that the highest concen-
tration of surface oxygen species is distributed on 10wt%PdO/
16wt%Srs;Fe, 0, s/a-Al,O3 compared to 10wt%PdO/SrFeO; s
and 10wt%PdO/a-Al,O;. Additionally, a relative decrease in the
ratio of surface oxygen species (0,q45/O) can be observed before
and after the reaction with increase of the ratio of lattice oxygen
species (Oj/O) in SrFeO, promoted catalysts. This indicates
that the surface oxygen species of the catalyst actively partici-
pate in the reaction activity during the methane combustion
reaction. Moreover, the high Fe*"/Fe and 0,4,/O ratios after the
reaction indicate that the mobility of surface oxygen associated
with the reduction of FeO, to Fe,Oz; was higher for 10wt%PdO/
16wt%Sr;Fe,05_;/0-Al,O5 than for 10wt%PdO/SrFeO;_;.

For a more detailed discussion of the effects of catalyst
composition on the catalytic activity for low-temperature
methane combustion, we calculated the turnover frequency
(TOF) to density of surface PdO active site, oxygen vacancies and
specific reaction rates for methane conversion at 275 °C. Table 4
presents the methane conversion, specific reaction rate (7,75.c)
and TOF at 275 °C to the density of PdO active site (PdO) and
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oxygen vacancies for the 10wt%PdO/a-Al,03, 10wWt%PdO/
SrFeO;_;, and 10wt%PdO/16wt%Sr;Fe,0, s/a-Al,O; catalysts.
The 10wt%PdO/16wt%Sr;Fe,0,_;/a-Al,O; catalyst exhibited the
highest reaction rate (0.619 mmol s~ g~) compared to that of
the 10wt%PdO/SrFeO;_; (0.132 mmol s~ * g ') and 10wt%PdO/
a-Al,O; (0.75 mmol s~* g~ ') catalysts, which is consistent with
the catalytic methane conversion activities as shown in Fig. 4. In
particular, the TOF derived from normalization of the rate
constant with the surface density of PdO active sites was found
to increase as the SrFeO, oxide supported to 10wt%PdO/a-
Al,O;, reaching 7.955 x 10°> h™* for the 10wt%PdO/16wt%Sr;-
Fe,0;_s/a-Al,0;. When methane is decomposition at the PdO
active site, even under the same PdO loading conditions, the
TOF value increases as the SrFeO, oxide is loaded. This is
because the oxygen species released by SrFeO, increases the
oxidizing properties of the PdO active species. Moreover, the
TOF derived from normalization of the rate constant with the
surface density of oxygen vacancy in the 10wt%PdO/16wt%Sr ;-
Fe,0;_;s/0-Al,0; was superior to 10wt%PdO/SrFeO;_;, reaching
36.10 x 10° h™" for the most activity, which is consistent with
the catalytic methane conversion activities. This observation
confirms that by supporting the Sr;Fe,O,_ s co-catalyst, the
catalytic activity for low-temperature methane combustion can
be facilitated by improving the density of oxygen vacancy.
Therefore, it can be concluded that, despite having identical
PdO loadings, these factors are the primary contributors to the
superior methane oxidation capacity of the PdO active species
in 10wt%PdO/16wt% SrzFe,0,_s/a-Al,0; compared to those in
the 10wt%PdO/SrFeO;_; catalysts.

Effect of PdO loading in Sr-Fe perovskite-based catalyst

To investigate the impact of PdO loading on the catalytic activity
for methane combustion, we synthesized a series of awt%PdO/
16Wt%Sr;Fe,0,_s/0-Al, O3 catalysts (1 = « < 20) and evaluated
their catalytic performance. The X-ray diffraction (XRD) peaks in
Fig. 5(a) were accurately indexed to PdO, the Sr;Fe,O¢ phase,
and a-Al,O3, with no impurity phases detected. Notably, the
intensity of the PdO peak increased with higher PdO loading,
leading to an increased calculated crystallite size of PdO (refer
to Table 5). Conversely, the specific surface area of the awt%
PdO/16wt%Sr;Fe,0,_4/0-Al,05 catalysts (1 = « = 20) decreased
as PdO loading increased (see Table 5). This decrease can be
attributed to the aggregation of PdO particles on the catalyst's
surface. High-resolution TEM images obtained via Cs-TEM
revealed Pd(200) crystal lattices with a d-spacing of 0.22 nm in
13wt%PdO/16wt%Sr;Fe, 0, ,/a-Al,05 catalysts (see Fig. S8(b)t).
The particle size of PAO was approximately 6-7 nm, which is

Table 4 Methane conversion, specific reaction rate(r,75 «c) and turnover frequency (TOF) at 275 °C the density of PdO active site (PdO) and
oxygen vacancies over the 10wt%PdO/a-Al20s, 10wt%PdO/SrFeOs_,; and 10wt%PdO/16wt% SrsFe,O;_s/a-Al,O3

Methane conversion

TOF x 10%/h* TOF x 10%/h*

Sample at 275 °C/% T2750c/mmol " g~ (PdO) (oxygen vacancies)
10wt%PdO/a-Al, 04 3.50 0.075 0.002 —
10wt%PdO/SrFeO;_; 9.85 0.132 0.103 7.28
10wt%PdO/16Wt% StsFe,0, s/a-AlO; 49.85 0.619 7.955 36.10
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Fig. 5 (a) XRD pattern of awt%PdO/16wt%SrsFe,O_s/a-Al,O3z cata-
lysts with different PdO loadings (@ = 1, 3, 5, 10, 13, 15, 20). (b) O,-TPD
profile of awt%PdO/16wWt%SrsFe,O,_s/a-Al,O3 catalysts with different
PdO loadings (a = 5, 10, 13, 15, 20).

Table 5 PdO crystallite size, specific surface area, amount of oxygen
desorption site and surface oxygen vacancy density of awt%PdO/
16wWt%SrsFe, 05 _s/a-Al, O3 catalysts with different PAO loadings (« = 1,
3, 5,10, 13, 15, 20)

PdO crystallite Specific surface

Sample size/nm area/m* g~ !
v-AlLO; — 148.0
o-AlL, 0, — 14.6
Sr;Fe,0- — 30.5
10wt%PdO/SrFeO;_; 19.1 21.6
10wt%PdO/a-Al, 0, 3.7 2.5
16Wt%Sr;Fe,0,_4/0-Al0; — 80.9
10wt%Pd0O/16Wt%Sr;Fe,0, s/a-AlL,O; 9.2 70.2

smaller than crystallite size of PdO calculated from the XRD
analysis results. These differences may be due to the aggrega-
tion of PdO in high concentration PdO supported awt%PdO/
16wt%SrsFe,0;_s/a-Al,05 catalysts. Additionally, EDS images
(Fig. S8(a)T) confirm the homogeneous distribution of Pd, Sr,
Fe, and Al elements, affirming the uniformity of the as-prepared
catalyst samples. While Al elements are widely distributed, Sr,
Fe, and Pd are locally and uniformly distributed. These results
indicate that PdO and Srs;Fe,0, ; are effectively supported on
surface of a-Al,O3, with PdO expected to exist either in the form
of PdO/Sr;Fe,0,_; or independently on the surface of Al,05.7%

Fig. 5(b) presents the O,-TPD profile recorded on the awt%
PdO/16wt%Sr;Fe,0,_s/a-Al,O; catalysts (5 = a =< 20). When
PdO was supported up to 13wt%, the oxygen desorption area
continued to increase, and the desorption temperature
decreased to around 100 °C of low temperature. The highest
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oxygen desorption area was obtained at the sample of « =
13 wt%. The increase of the oxygen desorption area can be
explained by the production of oxygen vacancies on the crystal
surface and within the lattice to maintain charge compensation,
because Fe** is reduced to Fe*" during CH, gas decomposition
reaction. However, in range of « > 13wt%, the amount of oxygen
desorption decreased, and the desorption temperature
increased. It can be inferred that the formation of oxygen
vacancies can be suppressed by excessive aggregation of Pd
metal in range of o > 13wt% caused to reduce the property of
electron donor. From this O,-TPD analysis, the density of
oxygen vacancy was estimated based on the desorption amount
of O,, as shown in Table 5. Among the prepared catalysts,
13wt%PdO/16wt%Sr;Fe,05_;/a-Al,O; catalysts showed the
highest oxygen vacancy density of 31.71 x 10" site m 2. We
assessed the catalytic activity for methane combustion over the
awt%PdO/16wt%SrsFe,0,_s/0-Al,03 (1 = o = 20) catalysts, and
the results are presented in Fig. 6(a). The temperature required
for complete methane combustion decreased to 300 °C with an
increase in PdO loading to « = 13. However, at higher PdO
loadings (e« = 15), the temperature of complete methane
combustion rose to 325 °C, and catalytic activity decreased due
to PdO aggregation and a reduction in the catalysts' surface
area. These findings confirmed that the optimal PdO loading for
methane combustion is 13 wt%. To investigate the effect on the
catalytic activity for methane combustion in more detail, we
calculated the TOF and specific reaction rates for the methane
conversion reaction, varying the loading amount of PdO and the
density of oxygen vacancies. In Fig. 6(b), the correlations of the
specific reaction rate (7,,s0c) and the turnover frequency (TOF)
to the density of PdO active sites at 275 °C for oxidation of
methane for the various catalysts is presented. To isolate the
effect of PdO loading, we normalized the TOF and the specific
reaction rate at 225 °C with surface density and mass of PdO
active site. Additionally, it was determined that the specific
reaction rate and TOF also continuously increased as the oxygen
vacancy density increased (Fig. 6(c)). The highest oxygen
vacancy density and the fastest methane combustion rate were
observed when the PdO loading amount was 13 wt%. The
13wt%PdO/16wt%Sr;Fe,0,_;/a-Al,O; catalyst showed methane
conversion of 100% at the lowest temperature of 300 °C. It can
be determined that the highest oxygen vacancy density and
surface oxygen species in the catalyst promoted methane
combustion activity in combination with PdO active species.
The catalyst recyclability test for methane combustion was
performed using the 13wt%PdO/16wt%Sr;Fe,0;_s/a-Al,0;
catalyst and the results are shown in Fig. S9(a).T Although the
methane combustion activity decreased slightly at some
temperature with each iteration of methane combustion anal-
ysis, they are showed the same temperature of initial and
complete methane combustion. From the XRD patterns of the
samples after cycling test, no impurity phase corresponding to
the decomposition of the SrzFe,0,_; catalyst was observed
(Fig. S9(b)t). Additionally, the methane combustion activity of
awt%PdO/16wt%Sr;Fe,0;_s/a-Al,0; catalysts with low PdO
loading amount (¢ = 1, 3) under a methane concentration of
2.5% and mass hourly space velocity of 120000 L kg™ h™* are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Temperature-dependence of methane oxidation over the o wt%PdO/16wt%SrzFe,O,_s/a-Al,O3 catalysts with different PdO loadings

(=1, 3,5,10, 13, 15, 20). (b) Correlations of the specific reaction rate (rzs-c) and the turnover frequency (TOF) to the density of PdO active sites
at 225 °C for oxidation of methane over the awt%PdO/16wt%SrsFe,O;_s/a-AlLO3 catalysts (@ = 5, 10, 13, 15, 20). (c) Correlations of the specific
reaction rate and TOF to the density of oxygen vacancy estimated based on the amount of O, derived from the O,-TPD analysis of the awt%PdO/

16wWt%SrsFe,O_s/a-AlbO3 catalysts (e = 5, 10, 13, 15, 20).

shown in Fig. S9(c).t 1wt%PdO/16wt%Sr;Fe,0,_s/a-Al,O5 cata-
lyst did not show the complete methane combustion activity
under 600 °C. On the other hand, 3wt%PdO/16wt%Sr;Fe,0,_s/
a-Al,O; catalyst showed the complete methane combustion
activity at 400 °C with T, of around 280 °C and Ty, of 350 °C. In
similar methane concentration and PdO loading amount, the
novel catalyst based on Sr;Fe,0,_; perovskite oxide prepared in
this study showed superior methane combustion activity under
low temperature compared to the reported catalyst.®**

Conclusions

We prepared PdO/Sr;Fe,0;_;/a-Al,0; composite oxide catalysts
using a co-precipitation and impregnation method and
assessed their catalytic performance in low-temperature
methane combustion. SrzFe,O; perovskite oxide is known for
its exceptional oxygen storage and release capabilities.
However, to utilize it effectively in low-temperature methane
oxidation, we needed to enhance its structural and thermal
stability. This was essential to prevent the transformation of the
Sr;Fe,0; perovskite structure, as it can change to SrFeO;_;
when supporting PdO active species on SrzFe,O, oxide and
calcining at 400 °C for 4 hours. In this study, we successfully
synthesized awt%PdO/16wt%Sr;Fe,0, s/a-Al,O; composite
oxide catalysts with SrzFe,O,_; as a co-catalyst. These catalysts
formed only oxygen vacancies without distorting the crystal
structure of Sr;Fe,O,. By employing an «-Al,O; support, we
improved the thermal stability of the catalysts. The structural
integrity remained intact even after heat treatment at 600 °C.
Notably, the 16wt%Sr;Fe,0;_s/a-Al,O; co-catalyst, without PAO

© 2025 The Author(s). Published by the Royal Society of Chemistry

active species, displayed no methane oxidation activity. In
comparison, the 10wt%PdO/SrFeO;_, catalyst, lacking a-Al,0;
support, exhibited lower methane oxidation activity compared
to  10wt%PdO/16wt%Sr;Fe,0,_s/a-Al,03. This comparison
solidified the position of the composite oxide catalyst,
comprising PdO/Sr;Fe,0,_s/a-Al, 03, as the superior choice. It
offered higher oxygen vacancy density and surface oxygen
species, making it the most suitable catalyst for methane
oxidation among various compositions. Finally, after opti-
mizing the PdO loading, the 13wt%PdO/16wt%Sr;Fe,0,_s/a-
Al,O; composite oxide catalyst achieved complete methane
combustion at the remarkably low temperature of 300 °C,
demonstrating the highest methane oxidation activity. Also,
this study underscores the potential of this novel catalyst, where
Sr;Fe,0,_; perovskite oxide plays a pivotal role as a promoter in
methane combustion at low temperature even with low PdO
loading amount of 3 wt%.
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