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Methane combustion reactions hold significant promise for addressing environmental issues, particularly the

greenhouse effect attributed to anthropogenic emissions. However, current catalysts face challenges in sim-

ultaneously achieving low-temperature activity and high-temperature stability. In this work, a CeMn solid

solution decorated with palladium single atoms (Pd/CeMn-AR) was synthesized via a one-pot auto-redox

method. Experimental findings indicate that the Pd/CeMn-AR catalyst demonstrates favorable activity and

stability in the methane oxidation reaction. Specifically, the T90 of Pd/CeMn-AR reaches 543 °C, significantly

better than its Pd/CeO2 (627 °C), Pd/MnOx (634 °C) and Pd/CeMn-CP (557 °C) counterparts. Furthermore,

after 10 hours of continuous reaction at elevated temperatures of 550 °C and 650 °C, the Pd/CeMn-AR

catalyst retains more than 95% of its initial activity. Mechanistic investigations reveal that the autoxidative

synthesis strategy enhances the exposure of oxygen vacancies, promotes the adsorption of substrates, and

accelerates the oxidative conversion of intermediates, ultimately improving the catalytic efficiency.

Introduction

Mitigating climate change and ecological disruptions stem-
ming from the greenhouse effect poses a formidable global
challenge.1 Methane (CH4) is the second most prominent
greenhouse gas after CO2, with a global warming potential of
up to 25.2–4 Hence, reducing the emission of CH4 into the
atmosphere is of great importance for sustainable human
development.5–7 The methane combustion reaction (CH4 + O2

→ CO2 + H2O) provides a simple but efficient way to handle
this issue. Compared to traditional methane combustion uti-
lizing an open flame, the catalytic combustion process facili-
tates lower operational temperatures and generates fewer toxic
byproducts, thereby emerging as a research focus in recent
years.8–12 Low-temperature catalytic activity and high-tempera-
ture thermal stability are the two most important performance

indicators for catalytic methane combustion.3,13–17 Benefiting
from abundant d-band electron states, noble metal-based cata-
lysts are favourable for activating methane molecules through
σ-d interactions, showing superior low-temperature activity.18

However, the harsh reaction conditions at high temperatures
lead to agglomeration or decomposition of the loaded active
centres, resulting in a significant loss of their initial
activity.4,19–21 Therefore, designing noble metal active centres
that can accommodate both low and high temperatures
requires revolutionary updates to the catalyst structure.22,23

Among the many precious metals, Pd-based catalysts are
extensively researched and regarded as the most promising
candidates for methane oxidation.24–26 Identifying highly
stable and active palladium nanostructures has consistently
been the focus of research endeavors.15 Wang’s group reported
the reversible transformation behaviour of Pd single atoms on
CeO2 across various stages of automotive exhaust aftertreat-
ment.27 The PdOx clusters reduced in a CO atmosphere exhibit
enhanced low-temperature CH4 oxidation activity. However,
the redispersion of PdOx clusters into Pd atoms leads to a
decline in conversion efficiency, severely constraining their
potential applications. Considering that atomically dispersed
Pd atoms are thermodynamically stable at high temperature,
constructing highly active Pd single atoms offers a viable
solution to the inevitable deactivation issues. A major chal-
lenge lies in efficiently accomplishing methane and oxygen
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activation on an individual Pd atom.19 Unlike the direct supply
of O by PdOx particles, the O2 activation process of a single-
atom catalyst predominantly takes place on the support.16 Xie’s
group introduced Rh atoms onto Pd1/CeO2 and improved the
oxygen vacancy formation ability of CeO2, while the CH4 conver-
sion was still less than 10% at 400 °C.28 Wu’s group synthesized
a Pdδ+ (0 < δ < 2) single site with an under-coordinated local
structure, which exhibited a weak interaction with the ceria
support. This enhanced the oxygen supply capacity of the
support and decreased T50 to 450 °C.24 Despite extensive efforts
that have been made, there is still much room for improving the
methane combustion performance of Pd/CeO2 catalysts.

7

Herein, we synthesized a multicomponent methane com-
bustion catalyst consisting of CeMn solid solutions loaded
with Pd single atoms (Pd/CeMn-AR) based on a modified auto-
redox reaction, exhibiting superior low-temperature activity
and high-temperature stability. Specifically, the T90 of Pd/
CeMn-AR reaches 543 °C, significantly better than its Pd/CeO2

(627 °C), Pd/MnOx (634 °C) and Pd/CeMn-CP (557 °C) counter-
parts. Notably, Pd/CeMn-AR can maintain more than 95% of
its initial activity at elevated temperatures of 550 °C and
650 °C after 10 hours of continuous reaction. Mechanistic
studies revealed the crucial role of the one-pot auto-redox reac-
tion synthesis strategy in generating abundant surface oxygen
vacancies, which facilitates substrate adsorption and acceler-
ates the oxidative conversion of CH3* intermediates.

Results and discussion
Material characterization

According to previous studies, Pd/CeMn-AR was synthesized by
a one-pot auto-redox reaction involving Ce3+, Pd2+, and MnO4

−,
as illustrated in Fig. 1a.29,30 We first study the morphology of
the as-obtained catalyst by transmission electron microscopy
(TEM). The low-magnification TEM image depicted in Fig. 1b
reveals a nanosphere morphology composed of smaller nano-
particles. To identify the composition of the sample, aberra-
tion-corrected high-angle dark-field scanning transmission
electron microscopy (HAADF-STEM) was conducted for a
detailed structural observation. Fig. 1c displays measured
lattice spacings of 0.32 nm and 0.28 nm, which correspond to
the (111) and (200) planes of the CeMn solid solution, indicat-
ing that Ce and Mn are well fused. Meanwhile, some bright
dots associated with Pd single atoms are observed, with no evi-
dence of Pd nanoparticle formation. The corresponding
energy dispersive X-ray spectroscopy (EDX) mapping images in
Fig. 1d demonstrate a uniform distribution of Ce, Mn, Pd, and
O elements, confirming the successful formation of nanosized
solid solution and the atomically dispersed nature of Pd
atoms. In addition, we have obtained a higher-resolution
image of Pd/CeMn-AR by HAADF-STEM, as displayed in
Fig. S1.† Enlargement of the yellow-boxed area in Fig. S1a†
demonstrates bright spots corresponding to isolated Pd atoms,
as confirmed by the strong peak at 400 pm from the X- to
Y-axis in Fig. S1c.† It further demonstrates the atomic dis-

persion of Pd in Pd/CeMn-AR. We further prepared compari-
son samples with a similar Pd content via a conventional co-
precipitation method (Pd/CeMn-CP), impregnation (Pd/CeO2)
and a hydrothermal method (Pd/MnOx); see the detailed syn-
thesis procedure in the ESI.†31 Fig. S2–S4† show the
HAADF-STEM images and EDX mapping images of these three
comparison samples, exhibiting a similar particle size and
elemental distribution to those of Pd/CeMn-AR.

Next, powder X-ray diffraction (XRD) was employed to inves-
tigate the phase composition of various catalysts. In the XRD
pattern in Fig. 2a, both Pd/CeMn-AR and Pd/CeMn-CP samples

Fig. 1 (a) Schematic illustration of the Pd/CeMn-AR synthesis process.
(b) TEM image of Pd/CeMn-AR. (c) HAADF-STEM image of Pd/CeMn-AR.
(d) EDX-mapping images of Pd/CeMn-AR.

Fig. 2 (a) XRD patterns of Pd/CeMn-AR, Pd/CeMn-CP, Pd/CeO2 and
Pd/MnOx. (b) Pd 3d XPS spectra of Pd/CeMn-AR, Pd/CeMn-CP, Pd/CeO2

and Pd/MnOx. (c) Raman peak ratio (ID and IF2g) of Pd/CeMn-AR, Pd/
CeMn-CP and Pd/CeO2. (d) In situ CO-DRIFTS spectra of Pd/CeMn-AR,
Pd/CeMn-CP, and Pd/CeO2.
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show broad diffraction peak positions at 2θ = 28.5°, 33.0°,
47.4°, 56.4°, 70° and 77.7°, which can be attributed to the
cubic fluorite structure of CeMn solid solutions, consistent
with previous studies.32–34 In the pattern of Pd/MnOx, the
peaks at 12.8°, 19.9°, 32.7° and 56.45° correspond to the MnO2

phase (PDF #01-073-2509). The diffraction peaks situated at 2θ
= 18.1°, 25.7°, 28.8°, 37.5°, 41.9°, 49.8°, 60.3°, 65.1° and 69.7°
can be assigned to the MnO2 phase of MnOx (PDF #00-044-
0141), and the diffraction peaks at 2θ = 14.3°, 21.7°, 26.1°,
28.9° and 43.9° can be assigned to the Mn3O4 phase of MnOx

(PDF #03-065-2776). It is noteworthy that the absence of diffr-
action peaks associated with Pd nanoparticles or palladium
oxides in all samples indicates a high dispersion of Pd
element, aligning with our TEM observations.30

We further conducted X-ray photoelectron spectroscopy
(XPS) to obtain detailed electronic information on each cata-
lyst. Fig. 2b shows the fitting results of Pd 3d XPS spectra,
where all samples show two sets of peaks at 338 eV and 338.9
eV corresponding to Pd2+ and Pd4+, suggesting that the Pd
atoms are not aggregated to nanoparticles.35–39 This proves
that Pd on the surface of various samples exists as single
atoms. Fig. S5† shows the fitting results of the Mn 3d XPS
spectra, where the peaks at 641 eV, 642.4 eV and 644.5 eV are
attributed to Mn2+, Mn3+ and Mn4+.40–42 Fig. S6† shows the
fitting results of Ce 3d XPS spectra, where the peaks from
882.5 eV to 898.4 eV represent the spin-coupled orbitals of Ce
3d3/2, and the peaks from 900.5 eV to 917 eV represent the
spin-coupled orbitals of Ce 3d5/2. The peaks at 884.1 eV and
903.5 eV represent Ce3+.38 Previous studies indicate that elev-
ated Ce3+ concentrations induce more oxygen vacancies on Ce–
Mn solid solution surfaces, thereby improving methane com-
bustion activity.35,43 The calculated Ce3+ ratios of Pd/CeMn-AR,
Pd/CeMn-CP and Pd/CeO2 are 19.94%, 15.20%, and 14.97%. It
shows that Pd/CeMn-AR prepared using an auto-redox method
has more low-valent Ce species, which is favourable for the
methane combustion reaction to proceed. Fig. S7† shows the
fitting results of the O 1s XPS spectra of different catalysts,
where the peaks at 529.7 eV, 531.9 eV and 533.2 eV represent
lattice oxygen (Olatt), defective oxygen (Odef ) and weakly bound
oxygen (OOH). The concentration of oxygen vacancies can be
calculated using Odef/(Olatt + Odef + OOH),

44 and the order of
the percentage of oxygen vacancies is Pd/CeMn-AR > Pd/CeMn-
CP > Pd/CeO2. This suggests that more oxygen vacancies can
be produced by the auto-redox method. Table S1† lists the pro-
portion of different valence states of each element species for
all catalysts, as determined by XPS. Then, Raman measure-
ments were carried out to identify the oxygen vacancy content
of various samples. Fig. S8† shows that the primary bonds
observed at 450 cm−1 belong to the typical F2g mode of the
CeO2 fluorite structure.38 The faint bands at 633 cm−1 are
attributed to the defect-induced mode (D-mode), relating to
the oxygen vacancies.45 Fig. 2c shows the calculated results of
these two Raman bond intensities (ID/IF2g) in each sample;37

the oxygen vacancy content follows the sequence: Pd/CeMn-AR
> Pd/CeMn-CP > Pd/CeO2. We also used electron paramagnetic
resonance (EPR) to measure the oxygen vacancy content of

various samples. Fig. S9† shows the g = 2.003 signal corres-
ponding to oxygen vacancy-trapped unpaired electrons in all
catalysts, with intensity following Pd/CeMn-AR > Pd/CeMn-CP
> Pd/CeO2, indicating the highest oxygen vacancy concen-
tration in Pd/CeMn-AR. This is consistent with our Raman and
XPS results, proving that the auto-redox synthesis strategy of
Pd/CeMn-AR produces more oxygen vacancies, thereby enhan-
cing methane combustion activity.

We then utilized in situ diffuse reflectance infrared Fourier-
transform spectroscopy (DRIFTS) to investigate the presence of
Pd species in all samples (Fig. 2d). Based on the strong inter-
action between d-orbital electrons of noble metals and carbon
monoxide (CO) molecules, CO-DRIFTS can effectively probe
the existing state of Pd centres. For Pd/CeMn-AR, the distinc-
tive peak at 2150 cm−1 corresponds to CO adsorption on
Ce3+,46 while a weak peak at 2120 cm−1 is attributed to the
linear adsorption on Pd single atoms.37 A similar CO linear
adsorption peak at 2132 cm−1 is also observed for Pd/CeMn-
CP, confirming the atomically dispersed character of Pd
species. However, the signals corresponding to CO bridge
adsorption on Pd nanoparticles are present in both samples
within the range of 1800 to 1970 cm−1. The signal for Pd/CeO2

exhibits a comparable trend to those of Pd/CeMn-AR and Pd/
CeMn-CP.37,46 This observation aligns with previous studies on
Pd single-atom catalysts, suggesting that it may be due to the
mobility of Pd atoms in the CO environment during testing.46

Combined with TEM, EDX, XRD, XPS, and CO-DRIFTS results,
we believe that Pd is dispersed on CeMn solid solutions in the
form of single atoms. The nitrogen adsorption–desorption iso-
therms in Fig. S10† showed negligible differences in the
surface areas of Pd/CeMn-AR and Pd/CeMn-CP (196 and
151 m2 g−1), indicating that the surface area is not a factor
affecting the performance.

Catalytic performance evaluation

The methane combustion reaction was evaluated in a fixed-
bed reactor with a weight hourly space velocity (WHSV) of
30 000 mL gcat

−1 h−1. As shown by the catalytic performance in
Fig. 3a, the conversion of methane increases with the rise in
reaction temperature. Among various samples, Pd/CeMn-AR
shows the best low-temperature performance, with the T50
reaching 440 °C and the T90 reaching 543 °C, which were 82 °C
and 84 °C lower than those of its typical Pd/CeO2 counterpart,
respectively. The Pd/CeMn-CP catalyst shows the second best
low-temperature performance, reaching a T50 of 452 °C and T90
of 557 °C. This observation not only indicates that CeMn solid
solution supports are more advantageous than pure CeO2, but
also highlights the significant influence of the preparation
methodology on methane combustion performance.
Additionally, to demonstrate the superiority of the one-pot syn-
thesis approach, CeMn solid solution supports decorated with
Pd single atoms were prepared via a similar redox reaction and
impregnation procedure (namely, CeMn-AR-Pd), as shown in
Fig. S11.† As shown in the catalytic results in Fig. S12,† the
methane conversion of CeMn-AR-Pd reaches only 77% at
550 °C, significantly lower than that of Pd/CeMn-AR. We sub-
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sequently investigated the compositional effect in the ternary
system by verifying the feeding ratio of Ce, Mn, and Pd precur-
sors, as shown in Fig. S13.† At a constant Pd loading of 1 wt%,
the optimal methane combustion performance of the catalyst
was achieved when the Ce : Mn molar ratio was 2 : 1. On this
basis, further variations in the Pd loading led to decreased
catalytic performance. When evaluating the space velocities,
the methane conversion rate gradually decreases, as shown in
Fig. S14.†

We then carried out a kinetic study across all samples,
while maintaining the methane conversion below 15%.47 The
calculated apparent activation energies (Ea) in Fig. 3b reveal
that Pd/CeMn-AR has the lowest energy barrier of 64.75 kJ
mol−1, indicating a fast kinetic process. Considering that water
resistance is also a key performance indicator for methane
combustion catalysts, we incorporated 1.5% water vapor and
evaluated the performance of Pd/CeMn-AR. As depicted in
Fig. 3c, Pd/CeMn-AR maintained a high activity under wet con-
ditions, with T50 at 464 °C and T90 at 562 °C, suggesting sub-
stantial application potential. Fig. 3d presents the long-term
stability measurements of each sample. As expected, the stabi-
lity of all single-atom samples is satisfactory. For Pd/CeMn-AR,
nearly 97% of the original activity remained after 10 hours of
continuous catalysis at 550 °C. At the same reaction time and
temperature, as much as 98% of initial methane conversion
remained under wet conditions. Furthermore, a comparative
sample of CeO2-supported Pd particles was prepared (namely,
PdNP/CeO2). As shown in Fig. S15 and S16,† although it exhi-
bits better activity compared to PdNP/CeO2 in the low-tempera-
ture region, its conversion rapidly declines above 500 °C.
Stability tests revealed that its activity decayed by 19% within
the first 30 minutes and it retained only 74% of the initial

activity after 2 hours. This result highlights the crucial role of
stable single-atom Pd active centers in methane combustion at
elevated temperatures. Fig. S17–S19 and Table S2† list the
detailed structural characterization of the reacted samples. No
significant Pd nanoparticle agglomeration was observed in the
high-resolution TEM image, and the corresponding EDX
mapping images showed that the Pd is uniformly distributed
through the CeMn support. The XRD patterns of the used
samples were consistent with those prior to the reaction. The
above results confirm the catalyst’s robust structural stability.
Compared to the existing Pd-based single-atom catalysts for
methane combustion, our Pd/CeMn-AR catalyst exhibits a
decreased reaction temperature, faster kinetic process,
enhanced structural stability, and improved atom utilization
efficiency (Table S3†).

Mechanism investigation

To investigate the factors underlying the performance dispar-
ities among various samples, CH4 and O2 temperature pro-
grammed desorption (TPD) tests were carried out to examine
the adsorption ability of various catalysts on both substrates.
From the CH4-TPD profile in Fig. 4a, the peaks located at
200 °C are attributed to weak CH4 adsorption. The peaks
located at 391 °C and 575 °C are attributed to medium CH4

adsorption. Compared to those of pure CeO2 and MnOx, the
methane adsorption characteristics of both Pd/CeMn-AR and
Pd/CeMn-CP exhibit an optimized state: the weak adsorption
is enhanced, while the strong adsorption is weakened, and
medium adsorption occurs. Previous studies have pointed out
that medium methane adsorption is most efficient for
methane activation, which explains the preference of CeMn
solid solutions over CeO2 and MnOx. The O2-TPD results in
Fig. 4b can be divided into three regions: weakly bound

Fig. 3 (a) Catalytic activities for methane oxidation of Pd/CeMn-AR, Pd/
CeMn-CP, Pd/CeO2 and Pd/MnOx. (b) Corresponding Arrhenius plots. (c)
Effect of the presence of water vapour on the catalytic activity of Pd/
CeMn-AR. (d) Long-term stability of Pd/CeMn-AR, Pd/CeMn-CP, Pd/
CeO2, Pd/MnOx and PdCeMn-AR-H2O at 550 °C and 650 °C. The space
velocity was set at 30 000 mL gcat

−1 h−1. The feed gas was composed of
0.5% CH4, 20% O2, and balance Ar.

Fig. 4 (a) CH4-TPD profiles and (b) O2-TPD profiles of Pd/CeMn-AR,
Pd/CeMn-CP, Pd/CeO2 and Pd/MnOx. (c) In situ DRIFTS for methane
oxidation over the Pd/CeMn-AR catalyst at 550 °C. Test conditions: 0.5%
CH4, 20% O2, and balance Ar. (d) Schematic diagram of the reaction
mechanism of CH4 and O2 on the catalyst surface.
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surface oxygen species (below 250 °C), active oxygen species
adsorbed on oxygen vacancies (from 250 °C to 600 °C), and
bulk oxygen species (above 600 °C).20,48 Compared to Pd/
CeMn-CP, Pd/CeO2 and Pd/MnOx, Pd/CeMn-AR exhibits the
strongest oxygen desorption ability within the second region
and presents an additional desorption peak at 393 °C, indicat-
ing a higher concentration of oxygen vacancies, which is
advantageous for methane combustion. Notably, such robust
O2 desorption behavior was not found in the O2-TPD profiles
of CeMn-AR-Pd in Fig. S20,† highlighting the significance of
the one-pot synthesis method in preserving oxygen vacancies
on the catalyst surface.

To elucidate the methane conversion process, we recorded
the in situ DRIFTS spectra in the reaction gas at 550 °C. As
shown in Fig. 4c, the signals of the reaction substrates, inter-
mediates and products appeared in the spectra, as the reaction
gas was continuously passed. Bands corresponding to the OH
stretching vibration (3736 cm−1 and 3536 cm−1), gaseous
methane (3054 cm−1 and 2956 cm−1), and gaseous CO2

(2286 cm−1 and 2384 cm−1) appeared in the first minute, indi-
cating a rapid combustion process.20,49,50 In line with prior
investigations, both formate (1588 cm−1 and 1545 cm−1) and
carbonate (1340 cm−1 and 1540 cm−1) species were detected
throughout the measurement procedure, implying a sluggish
intermediate-to-product conversion process.20,38,51 In contrast,
the absorption bands belonging to the CH2O* intermediate
(1225 cm−1) appeared only after 7 min, suggesting a fast dehy-
drogenation process of CH2O* to HCOO*.38 Therefore, a poss-
ible reaction mechanism of methane conversion on Pd/CeMn-
AR is proposed in Fig. 4d. Initially, methane molecules are
activated and form CHx* species at the Pd site. Subsequently,
the surface lattice oxygen of the CeMn support participates in
the reaction and oxidizes CH3* to form CH2O*. CH2O* species
interact with OH* or the lattice oxygen on the surface to form
carbonate species (CO3*) and formate species (HCOO*). These
intermediates are further oxidized on the catalyst surface,
yielding CO2 and H2O.

18,51,52 Finally, oxygen molecules from
the substrate are captured by oxygen vacancies on the support,
completing the catalytic cycle.

Conclusions

In summary, we successfully synthesized a CeMn solid solu-
tion-loaded Pd single atom catalyst via a modified auto-redox
reaction. Pd/CeMn-AR exhibited superior methane combustion
performance, especially at elevated temperatures. The T90 of
Pd/CeMn-AR is only 543 °C, significantly lower than those of
Pd/CeO2 (627 °C), Pd/MnOx (634 °C) and Pd/CeMn-CP
(557 °C). Furthermore, Pd/CeMn-AR showed only a 5%
decrease of its initial activity after 10 hours of long-term stabi-
lity testing. Systematic characterization and mechanism
studies reveal that the abundant surface oxygen vacancies not
only facilitate the adsorption of methane and oxygen mole-
cules but also accelerate the oxidative conversion of CH3*
intermediates. This work presents a convenient but efficient

synthesis procedure for creating highly dispersed active
centers and abundant defects, thereby enhancing catalytic
activity. We anticipate that the proposed strategy based on the
auto-redox reaction will find widespread application in various
catalyst designs and contribute to other sustainable catalytic
systems.
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