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The oxidative coupling reaction of methane (OCM) process offers a promising pathway for the direct
conversion of methane into high value C, hydrocarbons (C;Hg and CyHy), albeit facing the challenges
of harsh reaction conditions and competing overoxidation reaction. Herein, Ba-doped Eu,03 synthesized
via the spray pyrolysis method was employed as highly active dopant catalyst for the methane oxidative
coupling reaction. The prepared EuggBag;Ox catalyst showed satisfactory reactivity and stability, with a
C,, product selectivity of 52.4%, a C,, yield of 16.2%, and a stabilization time of at least 100 h. The in-
corporation of Ba atoms into Eu,0s lattice leads to an increased molar ratio of Eu?*/Eu** and a higher
oxygen vacancies (Oy) concentration. Such modulation of surface electronic state significantly improves
the adsorption and activation behavior of oxygen, thereby accelerating the production of reactive oxygen
species (O, ). Meanwhile, the acid-base properties of Eu,0s; substrate also undergo obvious alteration
with more basic site generation after Ba doping, which is conducive to the stabilization activated oxy-
gen. O,~ substances can promote the activation of methane into methyl radicals, and also facilitate the

dehydrogenation of ethane into ethylene, thus improving the catalytic activity.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Methane, the main component of shale gas and natural gas,
holds immense potential for the single step production of value
added hydrocarbons and oxygenated compounds owing to its
abundant availability [1-4]. However, it is hard to directly activate
or convert methane due to its chemical internes including the low
polarizability, negligible electron affinity and high C-H bond dis-
sociation energy [5,6]. Therefore, high temperature is usually re-
quired to overcome the thermodynamic barriers and initiate re-
action [7-9]. Among various direct transformation methods, the
OCM reaction has garnered research interest in the past decades
because it can produce valuable C,, hydrocarbons [10]. The OCM
is believed to require the following processes: (1) The C-H bond
in methane dissociates to give methyl radicals, catalyzed by the
surface active oxygen; (2) The coupling reaction involving the ob-
tained methyl radical result in the formation of ethane; (3) The
dehydrogenation process converts ethane into ethylene [11]. Simul-
taneously, methane may also undergo deep dehydrogenation and
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oxidation, resulting in the formation of carbon dioxide and car-
bon monoxide, which poses a major obstacle to achieving high
yields of C, hydrocarbons during the OCM process, rendering it a
formidable challenge [12]. Therefore, it is imperative to search for
well-crafted catalysts that can optimize the adsorption/desorption
behavior of intermediates and effectively attain high yields of the
desired products.

Rare-earth (RE) oxide with unfilled 4f orbitals and the high
thermal stability, have been a hot research topic in OCM reactions
[13-16]. However, despite their potential, the selectivity and yield
of C, product over RE oxide catalysts remain suboptimal. To ad-
dress this issue, surface modification and regulation of the cata-
lysts represent a promising strategy [17]. In the OCM reaction, oxy-
gen vacancies play a crucial role in activating oxygen to produce
reactive oxygen species. These species, in turn, facilitate the sub-
sequent dehydrogenation steps of methane and ethane [18]. Many
efforts have been made to increase the amount of oxygen vacan-
cies on the catalysts surface [19]. For instance, Sim et al. success-
fully doped Al into La,O3 lattice, which promoted the formation
of oxygen vacancies and consequently increased the C, selectivity
from 35% to 42% [20]. Zhang et al. combined La and Ce to form a
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Fig. 1. Structure of the EuggBag;Ox catalyst. (a) Schematic diagram of catalyst syn-
thesis (b, ¢) TEM image and HRTEM image of EuggBag;0x and Eu,03 (d-g) Corre-
sponding EDX mapping images of EuggBag;Ox.

stable La,Ce,0; compound with a disordered defective cubic fluo-
rite structure and increased C, yield from 12% to 15% [21]. It is
therefore clearly evident that there is still a great deal of room
for improvement in terms of C, selectivity and conversion rates in
OCM. Hence, the strategic design of the material surface, coupled
with the augmentation of oxygen vacancies, emerges as promising
strategies for optimizing the performance of OCM reactions.

In this study, Ba-doped Eu,03 catalysts were prepared using ul-
trasonic spray pyrolysis, exhibiting high C, selectivity and high sta-
bility for OCM reactions. A variety of characterization techniques
were employed to gain insight into the structural and physico-
chemical properties of the Ba-doped catalysts, including transmis-
sion electron microscopy (TEM), X-ray diffraction (XRD) analysis,
X-ray photoelectron spectroscopy (XPS), electron paramagnetic res-
onance (EPR) and programmed temperature rise desorption (TPD)
analysis. The findings demonstrate that Ba doping in Eu,03 can
markedly enhance the number of basic sites and the concentra-
tion of oxygen vacancies on the catalyst surface. This results in the
generation of reactive oxygen species, which in turn improves the
C, selectivity and thus enhances the catalytic performance.

As illustrated in Fig. 1a, Ba-doped Eu,03 catalyst was prepared
via ultrasonic spray pyrolysis. The spray solution was initially un-
derwent ultrasonic treatment within a spray generator, and fol-
lowed by calcining in a tube furnace, wherein the aerosol pre-
cursor decomposed into powder [22]. The SEM and TEM images
displays that the obtained products are regular spherical polyhe-
dron with a diameter of 0.5-3 wm (Fig. S1 in Supporting infor-
mation and Figs. 1b and c). The sharp contrast observed between
the center and the edges allows for the inference that the primary
grains possess a hollow structure. The creation of the unique hol-
low structure can be attributed to the rapid evaporation of water
from the droplet surface within the tube furnace, which is accom-
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Fig. 2. Catalytic performance investigations. (a) Temperature effect for EuggBag;Ox.
(b) Catalytic performances of Eu,0s3, EuggBag;0x and BaO. (c) CH4/O, (mol/mol)
ratios of the EuggBag;Ox catalyst. (d) Redox OCM performance comparison of
Cep9BagOx, ProgBag;Ox, EuggBag;Ox and ErggBag;Ox. (e) Long-term stability test of
the EuggBag;Ox catalyst at 800°C, 3:1 CH4/O, ratio, and 2000mL h~" ge,;~' GHSV
for 6000 min.

panied by the swift deposition of nitrate onto the particle surfaces,
leading to the formation of M(NO3)3-6H,0 shells. Once the solvent
evaporation is complete, the nitrate undergoes dehydration and ul-
timately decomposes, yielding single shell hollow oxide particles
[23]. Throughout the entire process, the spray droplets can serve
as individual reactors. The high-resolution TEM image in the in-
set demonstrates that the crystal region of pure Eu,03 exhibits a
lattice stripe spacing of 0.445nm, which corresponds to the (211)
planar spacing of cubic Eu,03. In contrast, the lattice fringe spac-
ing of the Ba-doped Eu,03 crystal region is 0.447 nm, which can be
attributed to the substitution of Ba2* for Eu3* along with a big-
ger ionic radius of Ba (135 pm) than that of Eu (95 pm). Further
characterization by the corresponding EDX elemental mapping re-
veals the uniform distribution of Eu, Ba, and O elements (Figs. 1d-
g). The X-ray diffraction (XRD) pattern of Eu,03 (Fig. S2 in Sup-
porting information) is in accordance with the standard card (PDF
#34-0392) and exhibits a space group of 1a3 [24,25]. No diffrac-
tion peaks belong to Ba species were detected, and the position
of the (222) crystal facet diffraction peak shifted from 28.5° (for
Eu,03) to 28.4° (for EuggBag10x), thereby confirming the success-
ful incorporation of Ba into the Eu,05 lattice.

As shown in Fig. 2, we evaluated the OCM catalytic performance
of various catalysts. As shown in Fig. 2a, while the reaction tem-
perature rises from 550°C to 800 °C, both the methane conversion
and C,, selectivity exhibit a steady augmentation. That is account
for the fact that higher temperatures facilitate the cleavage of the
C-H bond within the methane molecule. Specifically, the methane
conversion of EuggBag;0x catalyst was 30.9% as the temperature
reached 800°C. Among all the products, the selectivity for ethane
and ethylene were 19.2% and 30.9 % respectively, while there was
a minor proportion of C3 products and a significant majority of
by-products consisting of CO,. As a contrast, the methane conver-
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Fig. 3. Characterizations of catalyst structure. (a) Raman spectra of EuggBag;Ox and
Eu,05. (b) EPR spectra of EuggBag;Ox and Eu;0s. () Eu 3d and (d) O 1s XPS spectra
of EupgBag;0x and Eu,0s.

sion over bare Eu,03 was 30.1%, but the C, selectivity was rela-
tively low at 41.6%. The C,, selectivity of bare BaO was compara-
ble to that of EupgBag;Ox, however, the methane conversion was
significantly lower, standing at just 8.7% (Fig. 2b, Figs. S3 and S4
in Supporting information). The results underscore the superiority
of Ba-doping in terms of enhancing the selectivity of C,,. To as-
certain the role of oxygen, we conduct further investigation into
the performance of OCM reaction under O,-lean and O,-rich con-
ditions. As shown in Fig. 2c, as the feeding ratio of CHy to O, was
increased from 2:1 to 3:1, the methane conversion continued to
decrease from 37.8% to 30.9%, but the C,, selectivity continued
to increase from 42.9% to 50.2 %. The reason for this phenomenon
is that an O,-rich environment favors not only the activation of
methane but also the undesirable overoxidation of methane, lead-
ing to a simultaneous increase in methane conversion and a de-
crease in C,, selectivity, and a similar situation occurs with the
reduction of GHSV (Fig. S5 in Supporting information) [15]. Sub-
sequently, an investigation was extended to encompass other rare
earth elements beyond Eu, as exemplified in Fig. 2d. In a com-
parative analysis, the catalytic activity exhibited by EuggBagOx
surpasses that of CepgBag;0x, PrggBag10x and ErggBag;Ox cata-
lysts (Figs. S6-S10 in Supporting information). The C,, yields of
the EuggBag10x catalysts were superior to most of the catalysts
reported in the literature (Fig. S11 in Supporting information).
Finally, the findings depicted in Fig. 2e illustrate that the
EuggBag10x catalyst maintains a methane conversion rate within
a narrow band of 31%-32% over a prolonged reaction period
of 100h. The catalyst exhibits high thermal stability and no car-
bon buildup (Fig. S12 in Supporting information). Concurrently,
the yield of C, products remains consistently stable at approxi-
mately 15%—16%, exhibiting extremely stable OCM reaction activ-
ity. After undergoing rigorous durability testing, the samples were
thoroughly characterized. As shown in Fig. S13 (Supporting infor-
mation), the XRD pattern remained nearly indistinguishable from
their initial state, with no impurity diffraction peaks detected. TEM
analysis provided additional confirmation that the morphology and
structural integrity of the catalysts sustained unchanged through-
out the entire testing period (Fig. S14 in Supporting information).
Fig. 3a and Fig. S15 (Supporting information) illustrate the Ra-
man spectra of pure Eu,03 and EuggBag;Ox, which were acquired
under ambient conditions utilizing a 633 nm excitation laser. Both
samples exhibit a prominent band at 339.5cm™!, along with two
distinct peaks at 285.8 and 432.2cm~!. The band centered at
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339.5 and 432.2cm~! are assigned to the Fg mode of Eu,03 crys-
tal, whereas the band at 285.8cm~! is ascribed to the combined
Fg +Eg mode [26]. In the EupgBag;Ox sample, the aforementioned
peaks exhibit a slight shift towards lower wavelengths, which can
be attributed to the phonon confinement effects arising from an
increased O, concentration [27]. To gain better qualitative and
quantitative insights into the unpaired electrons in substances,
EPR measurement was constructed. As shown in Fig. 3b, the g-
value signal associated with unpaired electrons captured by oxy-
gen vacancies (2.003) displays a noticeable augmentation in the
EuggBag10x catalyst [28]. The presence of Oy facilitates the dis-
sociative adsorption of O, to generate surface-active electrophilic
oxygen, which is a pivotal active site for OCM reactions [29]. All
of the aforementioned results powerful confirm that the incorpo-
ration of Ba atoms into Eu,03 lattice plays an instrumental role
in enhancing the concentration of oxygen vacancies and enabling
efficient oxygen activation.

We further investigate the surface elemental composition and
fine chemical state of the Eu,03 catalyst both before and after dop-
ing Ba by XPS analysis [30]. In the Eu 3d spectra (Fig. 3c), it can be
found that the peak at 1133.6 and 1163.3 eV corresponds to Eu3+*
and the peak at 1154.6eV is attributed to Eu?t [31]. By calculat-
ing the areas under the Eu3* and Eu?* peaks, it was determined
that the percentage of the Eu?* state in the EuggBag;Ox catalyst
increased from 15.9% to 17.5% after Ba doping. The concentration
of oxygen vacancies in the catalyst is closely related to the percent-
age of the Eu?* state. In order to maintain charge conservation, a
decrease in the Eu valence state leads to the appearance of oxygen
vacancies. As shown in Fig. 3d, the O 1s spectrum in EuggBag;0x
catalyst can be deconvoluted into three secondary peaks, which
have been assigned to the oxygen vacancies Oy (532.8 eV), surface-
adsorbed oxygen 0,2~ and O~ (529.8eV) and lattice oxygen 0%~
(528.8eV) [32]. It is noteworthy that the substantial rise in O, con-
tent, from 3.0% in Eu,03 to 7.8% in EuggBag;0x, coincides with
the increased in Eu?* content on the catalyst surface. The propor-
tion of Eu2* and Oy in the EuggBag;Ox catalyst is almost constant
before and after the reaction (Figs. S16 and S17 in Supporting in-
formation). The above results further confirm that the incorpora-
tion of Ba atoms into Eu, 03 lattice can effectively promote the for-
mation of oxygen vacancies, as evidenced by both Raman and EPR
analyses. It is also demonstrated that the quantity of Oy is the key
to promote the OCM catalytic performance.

For better understanding the structure-activity relationship
of catalysts, the O,-TPD characterization was utilized to get a
deeper insight into the intrinsic correlation between surface oxy-
gen species and catalytic performance. As shown in Fig. 4a, the
0,-TPD profile was divided into three sections: the desorption
peaks of surface physically adsorbed oxygen (50-300°C), sur-
face chemisorbed oxygen (300-550°C), and surface lattice oxy-
gen species (550-800°C) [33]. It has been proven that the pres-
ence of surface chemisorbed oxygen facilitates the activation of
methane and enhance the subsequent dehydrogenation of ethane
whereas the surface lattice oxygen (0%2~) promotes the complete
oxidation of hydrocarbons to COx. As expected, it can be observed
that the two catalysts exhibit distinct desorption profiles for oxy-
gen species. Specifically, the amount of desorbed chemisorbed oxy-
gen was higher in the EuggBagiOx catalyst compared to Eu,0s3,
aligning with our findings regarding their respective catalytic per-
formances. In H,-TPR curve (Fig. S18 in Supporting information),
the EupgBag;0x catalysts have stronger and more pronounced re-
duction peaks compared to the Eu,05 catalysts, indicating that the
oxygen on the surface of the EuggBag10x catalysts is more likely
to bind with hydrogen and form oxygen vacancies.

It is well known that the acidity and alkalinity of the catalyst
surface are significant variables which significantly influence the
efficacy of the OCM process. On the one hand, the conversion of
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oxygen into reactive oxygen species on the catalyst surface necessi-
tates a specific alkalinity. On the other hand, the generated reactive
oxygen species also requires a certain alkalinity to be stabilized
[34]. Accordingly, the alkaline sites on the catalyst surface were in-
vestigated through CO,-TPD (Fig. 4b). The alkaline sites were clas-
sified into three categories based on the CO, desorption tempera-
ture, namely weakly alkaline sites at 50-250°C, moderately strong
alkaline sites at 250-600°C, and strongly alkaline sites at 600-
800°C [35]. However, weakly basic sites are prone to be inactive
at elevated temperatures, while strongly basic sites are susceptible
to inactivation due to the formation of carbonates upon combin-
ing with CO,; thus, medium-strength basic sites are optimal for
achieving high C, selectivity. It can be found that the number of
medium-strength basic sites of the Ba-doped EuggBag;0x catalyst
increased significantly in comparison with that of Eu,05, which is
consistent with the observed catalytic activity.

In order to identify whether CH4 is activated to methyl radicals
by lattice oxygen of metal oxides or surface reactive oxygen species
in this catalytic system, we performed CH4-TPSR experiments. Prior
to test, the EuggBag;Ox catalyst was first purged with He at 700°C
to remove reactive oxygen species (0,~, O, etc.) on the catalyst
surface. The results are shown in Fig. 4c, where the coupling prod-
uct of the OCM reaction (C3Hg), was rapidly formed at 580 °C, and
the deep oxidation product (COx), appeared at 750°C. This indi-
cates that the coupling reaction starts to occur above 580°C. To
verify the possibility of the reactive oxygen species mechanism,
the EuggBagq0x catalyst was directly subjected to CH4-TPSR exper-
iments. As shown in Fig. 4d, the product peaks of C3Hg and CO,
can be detected at a low temperature of 360 °C. The above compar-
ative results intuitively indicate that reactive oxygen species play
an important role in the activity of EupgBag;Ox catalysts, which
is because the coupling reaction reacts violently at 360°C in the
presence of reactive oxygen species, and the rapid coupling reac-
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tion temperature rises to 580°C after removal of the reactive oxy-
gen species.

Based on the comprehensive analysis of the above character-
ization results, the catalytic pathway for OCM reaction over the
EuggBag10x catalyst is clearly illustrated in Fig. 4e. The doping
of Ba ions significantly increased the number of oxygen vacan-
cies on the catalyst surface, thereby effectively facilitated the ad-
sorption and activation of O,. This, in turn, fostered the evolution
of 0, species and further promoted the dissociative coupling of
methane to form ethane. Additionally, the presence of O,~ species
also facilitated the dehydrogenation of ethane to ethylene, ulti-
mately enhancing the overall performance of the oxidative cou-
pling of methane (OCM) reaction.

In conclusion, a monolayer hollow EuggBag;Ox catalyst was
successfully prepared and utilized for the OCM reaction. The dop-
ing of Ba ions in cubic Eu,03; promoted the formation of O, and
increased the number of active oxygen sites. The EuggBag;0x cata-
lyst exhibited satisfactory performance and stability in the OCM re-
action, achieving a CH,4 conversion of 30.9%, a selectivity of 52.4%
and a yield of 16.2% for C,, product, and maintained its catalytic
activity for up to 100h. The Ba doping of Eu,0s3 increased the
number of surface oxygen vacancies, which is conducive to the ac-
tivation of oxygen into active O,~, and increased the number of
medium-strength basic sites on the surface, which is conducive
to the stabilization of the generated reactive oxygen species. This
strategy holds great promise for advancing the design of highly ac-
tive and stable rare earth oxide-based materials for catalytic appli-
cations.
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