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Abstract

Herein, SrSnO, perovskite and Nd,Sn,O, pyrochlore with definite structures have been synthesized using a
hydrothermal method, and the differences in their reactive sites for the oxidative coupling of methane (OCM) are
investigated. The primary products of perovskite and pyrochlore are C, hydrocarbons and CO,, respectively. The C,
selectivity of perovskite is primarily affected by basic sites and chemisorbed oxygen species O,”. For pyrochlore,
the key factors affecting methane conversion and CO, selectivity are the acidic sites and reactive oxygen species
(chemisorbed oxygen species and weakly bonded lattice oxygen). The chemisorbed oxygen species of pyrochlore
are directly generated through intrinsic oxygen vacancies, whereas those of perovskite are generated through
oxygen vacancies created under high-temperature lattice distortions. The tightness of the stacking between [SnO,]
octahedra is the main factor affecting the acidic sites and oxygen vacancies of the two composite oxides. The
stacking of [SnO,] octahedra in pyrochlore is loose, resulting in a relatively weak Sn—O bond strength. During the
OCM reaction, the Sn—O bond is prone to breakage, resulting in abundant acidic sites and oxygen vacancies.
Additionally, the influence of basic sites on the amount of chemisorbed oxygen species is more important than that
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of oxygen vacancies, which is attributed to the fact that basic sites can stabilize chemisorbed oxygen species on
the catalyst surface.

Keywords: Oxidative coupling of methane, definite compounds, perovskite, pyrochlore, comparison of reactive
sites

INTRODUCTION

Ethylene is widely used as a chemical intermediate to produce plastics and alpha-olefins, and methane is an
abundant and relatively cheap natural resource"”. The oxidative coupling of methane (OCM), a single-step
reaction that converts methane to ethylene and ethane, has attracted significant attention in the past four
decades™!. Following the pioneering work of Keller and Bhasin, nearly thousands of types of catalysts have
been developed for OCM", including alkali metal oxide modified alkaline earth metal oxides'”, rare earth
metal oxides'”, Mn/Na,WO,/SiO,"", and composite oxides such as perovskites and pyrochlores™*. In
particular, ABO, perovskites and A,B,O, pyrochlores are well known for their stable structures. Their A-
and B- site cations are easily replaceable, and thus, their surface acidity and basicity can be regulated.
Furthermore, both these catalysts have excellent thermal stability, chemical stability, and oxygen ion
mobility. Their phase structure is shown in Scheme 1. Considering that their active sites can meet most
requirements for OCM, they are ideal catalysts for understanding the effect of active sites on this
reaction>"”. ABO, perovskites and A,B,O, pyrochlores have the following similarities:

(1) A- and B- site cations have a stoichiometric ratio of 1:1.

(2) The A elements generally represent alkaline earth metal and rare earth metal cations, whereas B denotes
transition metal cations that coordinate with six oxygen ions to form [BO,] octahedra'*'*.

(3) Their fine structures are regulated either by the tolerance factor (t)""” or ionic radius ratio (r,/ry).

(4) The A-O bond is more ionic, and the B-O bond is more covalent!*'”),

ABO, perovskites and A,B,O, pyrochlores exhibit the following differences:

(1) A-site cations of perovskite are 12-coordinated, whereas those of pyrochlore are 8-coordinated™'.

(2) An ideal ABO, perovskite exhibits a cubic structure, and it transforms into triclinic, monoclinic,
rhombohedral, orthorhombic, and tetragonal crystal structures primarily due to cation displacement,
octahedral distortions, and octahedral tilting that maintain corner-sharing connectivity. These structural
deviations cause non-cubic perovskites to undergo phase transitions at high temperatures because they all
tend to transition to cubic structures”*.

(3) The A,B,O, composite oxide contains four sub-crystalline structures, namely layered perovskite (r,/r, >
1.78), pyrochlore (1.46 < r,/r; < 1.78), disorder defect fluorite (r,/r; = 1.46), and rare earth C-type (r,/r; =
1.17)%2. The lattice disorder degree changes from ordered to disordered and then to ordered. Except for
the layered perovskite phase structure, the other three sub-crystalline phases are cubic with intrinsic oxygen
vacancies.

By comparing the similarities and differences between ABO, and A,B,O., we can understand the influence
of their surface physicochemical properties on OCM and provide a theoretical basis for designing high-
performance OCM catalysts. It has been found that Sn-based alkaline earth metal perovskites exhibit good
OCM reaction performance, while Sn-based pyrochlore is commonly used in methane combustion
reactions””*, Petit et al. have prepared tin-based perovskite ASnO, (A = Ca, Sr, Ba) for OCM reaction using
SnO or SnCl, as a precursor by sol-gel methods. It has shown that the C, hydrocarbon selectivity of
perovskites prepared by chlorine containing precursor SnCl, is significantly higher than that of perovskites
prepared by SnO as a precursor. The difference could be attributed to the increase in basicity of the catalyst
surface due to the presence of bulk or surface Cl species™!. Yang et al. found that the OCM reaction
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Perovskite Pyrochlore

Scheme 1. The phase structures of the (A) perovskite and (B) pyrochlore.

performance of layered perovskites Sr,TiO, and SrSn,O, at 1,073 K was higher than that of corresponding
SrTiO, and SrSnO, perovskites. The increase in methane conversion and C, selectivity of layered perovskites
is due to the O, species produced by their decomposition under reaction conditions””. Park et al.
synthesized Ln,Sn,O, (Ln = La, Sm, and Gd) pyrochlores using a hydrothermal method for methane
combustion reactions. It demonstrated that La,Sn,O, has better catalytic activity than other catalysts. This is
due to the lowest Sn—O bond energy in La,Sn,O,, which promotes the generation of more surface active
sites”). Cheng et al. synthesized a series of La,Co,Sn, O, 5 composite oxides with pyrochlore structure by
co-precipitation method for methane combustion. They confirmed that with the increase of Co doping
content, the strength of the Sn-O bond weakened, which promoted the formation of oxygen vacancies and,

thus, benefited the activity of methane combustion.

In view of the above research, we are very curious about why tin-based perovskites exhibit OCM reaction
activity, while tin-based pyrochlore mainly exhibits methane combustion activity. Comparing the
similarities and differences in the crystal structure of the two composite oxides, this study addresses the
following questions. How are the acid-base and redox properties of these two complex oxides different, and
how do the presence and absence of intrinsic oxygen vacancies affect their oxygen properties? Accordingly,
we synthesized two types of composite oxides, namely ASnO, (A = Ca, Sr, Ba) and Ln,Sn,0O, (Ln = La, Pr,
Nd), and the two catalysts with the best reaction performance (i.e., SrSnO, and Nd,Sn,0O,) were selected for
detailed investigation of the variations in their reactive sites. By adopting various characterization
techniques, the reasons for the differences in catalytic performance have been revealed, including the
distinctions in major products and active sites.

EXPERIMENTAL

Catalyst preparation

Sr(NO,), (99.9%, Aladdin), Nd(NO,),-6H,0 (99.9%, Aladdin), SnCl,-5H,O (98.0%, Sinopharm Chemical
Reagent Corporation, China), and KOH (99%, Sinopharm Chemical Reagent Corporation, China) were
used for sample synthesis. That is, 24.0 mmol of A-site cation nitrate and 19.6 mmol of SnCl,-5H,0 were
added to 50 mL of deionized water. After stirring the mixed solution at room temperature for 1 h, 8 mol/L
KOH was added to regulate the pH to 14. The resulting solution was stirred for 30 min, after which it was
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transferred to a 100 mL Teflon-lined stainless-steel autoclave and subjected to a hydrothermal reaction at
200 °C for 24 h. The resultant precipitate was washed with deionized water until the concentration of total
dissolved solids (TDS) in the filtrate remained below 10 ppm. Subsequently, the precipitate was dried at
120 °C for 12 h and then calcined at 800 °C for 4 h in air to obtain the target samples. The synthesis
methods of other catalysts are the same as those of these two representative catalysts.

Catalyst characterization and reaction performance evaluation
The characterization and reaction performance testing conditions of the catalysts can be found in the
Supplementary Materials.

RESULTS AND DISCUSSION

Catalytic performance

The catalytic performance of the ASnO, (A = Ca, Sr, Ba) perovskite catalysts for OCM is shown in
Supplementary Figure 1, demonstrating the following order based on CH, conversion, C, selectivity, and C,
yield at 600-650 °C: BaSnO, >CaSnO, > SrSnO,. However, after BaSnO, achieves its maximum C, yield at
700 °C, the catalytic performance shows the following order: SrSnO, >CaSnO, >BaSnO,. The O, conversion
is ~95% using BaSnO, at 600 °C, whereas 100% O, conversion is achieved using CaSnO, or SrSnO, at 800 °C.
Below 800 °C, O, conversion always obeys the following order: CaSnO, > SrSnO,.

The catalytic performance of the Ln,Sn,O, (Ln = La, Pr, Nd) catalysts for OCM is shown in Supplementary
Figure 2. Supplementary Figure 2A shows that the CH, conversion only changes slightly with increasing
temperature, exhibiting the following order: Nd,Sn,O, > Pr,Sn,O, > La,Sn,0,. Supplementary Figure 2B
shows that the O, conversion is ~100% at 600 °C. With a rise in reaction temperature, oxygen is consumed
completely; thus, the CH, conversion changes slightly with an increase in temperature. As pyrochlores have
an intrinsic oxygen vacancy”*’, they achieve an oxygen conversion of ~100% at 600 °C. Supplementary
Figure 2C shows that the CO; selectivity of pyrochlores does not differ significantly with temperature
changes. Based on their high reaction performance, we selected the SrSnO, perovskite and Nd,Sn,O,
pyrochlore as the subjects for further study to determine their structure-reactivity relationships.

The results of SrSnO, perovskite and Nd,Sn,O, pyrochlore reaction performance with increasing
temperature are shown in Figure 1A-D. With the rise in reaction temperature, the conversions of CH, and
0,, C, selectivity, and C, yield of SrSnO, also escalate, and C, hydrocarbon is the main product. SrSnO,
shows the best catalytic performance, achieving a CH, conversion of 25.3%, O, conversion of 99.9%, C,
selectivity of 55.7%, and C, yield of 14.1%. Although the conversions of CH, and O, and the CO, selectivity
are less affected by temperature and the main product is CO,, the C, yield of the Nd,Sn,O, catalyst is lower
than 1% at 800 °C. The SrSnO, perovskite with the best reaction performance underwent a long-term
stability test at 800 °C for 100 h [Figure 1E]J; the results showed that the reaction performance did not
decrease.

Temperature-programmed surface reaction (TPSR)-mass spectrometry (MS) was used in combination with
online gas chromatography to investigate the effect of temperature on the catalytic performance of the two
types of composite oxides for OCM reaction. Figure 2A shows that the main products (C, hydrocarbons)
are generated after OCM is performed using a SrSnO, catalyst. Figure 2B shows that the primary reaction
products are CO, for Nd,Sn,O, catalyst, and the amount of C, hydrocarbons is extremely low. Table 1 shows
that the onset temperature associated with deep methane oxidation is lower than the temperature required
for the formation of C, hydrocarbons, indicating that the two reactions may take place at different active
sites.
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Table 1. Onset temperature of major products generated using different catalysts

Samples

Onset temperature of major products (°C)
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Figure 1. OCM reaction performance of the SrSnO; and Nd,Sn, 0, catalysts. (A) CH, conversion; (B) O, conversion; (C) C, selectivity;
and (D) C, yield. (E) Long-term stability test of SrSnO; catalyst at 800 °C for 100 h. Reaction conditions: CH,/O,/Ar = 4/1/5, WHSV =
18,000 mL-h™-g . OCM: Oxidative coupling of methane; WHSV: weight hourly space velocity.

Structural identification
The description of the X-ray diffraction (XRD) analysis can be found in the Supplementary Materials.
Supplementary Figures 3-5 and Supplementary Table 1 reveal that two different types of pure-phase
composite oxide catalysts were synthesized, and there was no phase change due to the OCM reaction. All
ASnO, (A = Ca, Sr, Ba) and Ln,Sn,0, (Ln = La, Pr, Nd) catalysts had a specific surface area of 5-12 m*/g, and
there was no significant change after the reaction. The A/B atomic ratio was less than 1.00. The
physicochemical properties of SrSnO, and Nd,Sn,O, composite oxide catalysts are shown in Table 2. SrSnO,
exhibits an orthorhombic crystalline phase, and Nd,Sn,O, possesses a cubic crystalline phase.
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Table 2. Physico-chemical properties of the composite oxide catalysts

Samples  Crystalline phase Lattice parameters Specific surface areas (m?/g) A/B atomic
P v P ad bA) c(A apy() Fresh Spent ratio
SrSnO, Orthorhombic 5.710 5723 8.067 90, 90, 90 6.4 5.9 0.94
Nd,Sn,0, Cubic 10.576  10.576  10.576 90,90, 90 10.5 9.9 0.95
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Figure 2. CH,-TPSR-MS results in the presence of gaseous O, over the (A) SrSnO; and (B) Nd,Sn,0,.Reaction conditions:
CH,/0,/He = 4/1/5, (Ar as balance gas), WHSV =18,000 mL-hq-g'W.TPSR: Temperature-programmed surface reaction; MS: mass
spectrometry; WHSV: weight hourly space velocity.

Compared with XRD, Raman spectroscopy is a more sensitive probe of structural distortions, short-range
order, and symmetry in solids, providing structural information concerning the long-range order of metal
oxides®. Raman spectra of the fresh catalysts displayed in Supplementary Figure 6 and the attribution of
their Raman modes shown in Supplementary Tables 2 and 3 further testify that these two series of pure
phase composite oxides have been successfully synthesized. To investigate the crystalline phase transition of
these catalysts under OCM reaction conditions, in situ Raman spectra have been obtained, and the results
are displayed in Supplementary Figures 7 and 8, and Figure 3. The catalyst was pretreated at 800 °C under a
pure He atmosphere for 30 min, which was then cooled to room temperature. Next, the CH,/O,/Ar = 4/1/5
gas was introduced, and Raman spectra of the catalysts were recorded at 25, 600, 700, and 800 °C,
respectively.

The frequencies of Raman signals corresponding to SrSnO, and Nd,Sn,O, at room temperature are shown
in Table 3">**. Figure 3A shows that as the temperature increases, the Raman bands of SrSnO, from 100 to
300 cm™' gradually widen and disappear. Meanwhile, only one broadband is observed when the temperature
exceeds 600 °C. Considering that the crystalline phase of SrSnO, undergoes a transition from the Pnma
orthorhombic phase to the Imma orthorhombic phase within this temperature range, the wide peak at 700-
800 °C represents the Raman band of the Imma orthorhombic phase®. The change in symmetry of
perovskite crystals may lead to lattice distortion, resulting in the generation of oxygen vacancies. Figure 3B
shows that the Raman peaks of Nd,Sn,O, pyrochlore mostly remain unchanged, except for the peak
broadening caused by thermal lattice expansion at high temperatures. This indicates that the Nd,Sn,O,
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Table 3. Raman shifts (cm™) of the active modes for SrSnO, and Nd,Sn,0, at room temperature

Raman shifts (cm™) Assigned mode
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Figure 3. In situ Raman spectra of (A) SrSnO5 and (B) Nd,Sn,O, samples.

pyrochlore does not undergo a phase transition or lattice distortion at temperatures required for OCM.
Supplementary Figure 7 demonstrates that CaSnO, did not undergo any crystal phase transition in the
OCM reaction temperature range, while BaSnO, underwent a crystal phase transition from defective
BaSnO, to regular cubic BaSnO, accompanied by the disappearance of oxygen vacancies at temperatures
above 700 °C. This well explains the decrease in reaction performance of BaSnO, at temperatures above
700 °C. Supplementary Figure 8 confirms that La,Sn,O, and Pr,Sn,0, do not undergo crystal phase changes
during the OCM reaction. As shown in Supplementary Figure 9, the Raman modes of the two series of
composite oxides before and after the reaction did not change, which agrees well with the XRD results,
further indicating that these two series of composite oxides are chemically stable.

We have also provided the XRD pattern of SrSnO, after stability testing in Supplementary Figure 10. The
XRD pattern did not observe any diffraction peaks of other impurity peaks, indicating that the bulk
structure of the perovskite is stable during stability testing.

Temperature-programmed desorption studies
As previously reported, the acid-base and oxygen properties on a catalyst surface are closely related to its
catalytic performance for OCM™*. Generally, moderate and strong acidic sites promote deep hydrocarbon
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oxidation, whereas moderate and strong basic sites favor C, selectivity™*. For different types of metal
oxides, chemisorbed oxygen, such as O,, O,*, O and surface lattice O*, may be considered the OCM-
selective oxygen species**. To investigate the effect of these active sites on the catalytic performance for
OCM, ASnO, and Ln,Sn,0, catalysts have been characterized using carbon dioxide temperature-
programmed desorption (CO,-TPD), ammonia temperature-programmed desorption-mass spectrometry
(NH,-TPD-MS), and oxygen temperature-programmed desorption-mass spectrometry (O,-TPD-MS). As
shown in Supplementary Figures 11 and 12, and Supplementary Tables 4-6, as well as the discussion of the
acid-base sites and reactive oxygen species of ASnO, and Ln,Sn,0, series in the supplementary materials, it
can be concluded that it is reasonable to select SrSnO, and Nd,Sn,O, as typical examples of two composite
oxides to explore surface reactive sites.

CO,-TPD profiles of SrSnO, and Nd,Sn,O, catalysts are shown in Figure 4A, and the quantitative results are
listed in Supplementary Table 4. According to the number of moderate and strong basic sites (the CO,
desorption peak at 300-600 °C), SrSnO, (0.10 pmol/m?®) > Nd,Sn,O, (0.01 umol/m?), demonstrating that the
number of basic sites favorable for the formation of C, hydrocarbons is higher in perovskites than that in
pyrochlores.

NH,-TPD-MS profiles of SrSnO, and Nd,Sn,O, are shown in Figure 4B, and the quantitative results are
listed in Supplementary Table 5. Nd,Sn,O, exhibits a higher number of moderate acidic sites (the NH,
desorption peak at 200-500 °C, 0.04 mmol/m®) than SrSnO, (0.01 mmol/m?®). Table 2 shows that the A/B
atomic ratios of SrSnO, and Nd,Sn,O, are similar, indicating that the factors affecting their acidic and basic
sites are unrelated to the enrichment of surface Sn elements.

O,-TPD-MS profiles of SrSnO, and Nd,Sn,O, are shown in Figure 4C, and the quantitative results are listed
in Supplementary Table 6. Notably, SrSnO, perovskite exhibits a higher desorption temperature and
chemisorbs more oxygen species than Nd,Sn,O, pyrochlores, indicating that both SrSnO, and Nd,Sn,O,
have different mechanisms for activating gas-phase oxygen.

The results indicate that SrSnO, with the perovskite phase has more abundant moderate and strong basic
sites, chemisorbed oxygen species, and fewer moderate acidic sites than Nd,Sn,O, with the pyrochlore
phase.

Reactive oxygen species identification

To clarify the role of chemisorbed oxygen species in the OCM reaction, CH,-TPSR in the absence of O, and
continuous CH,-pulse tests have been conducted for SrSnO, and Nd,Sn,O, after the saturation of oxygen
adsorption. In the TPSR tests, the two catalysts are treated with high-purity He to remove the impurities
adsorbed on the catalyst surface, after which they are exposed to a 40% CH,/He mixture to perform a
temperature-programmed reaction. Figure 5A and B shows that in the absence of gaseous O,, the main
reaction product of SrSnO, and Nd,Sn,O, catalysts is CO,, indicating that the surface lattice oxygen species
lead to deep methane oxidation. The amount of CO, generated using SrSnO, is significantly less than that
produced using Nd,Sn,0,, indicating that the latter has a higher lattice oxygen content for deep methane
oxidation than the former.

In the continuous CH,-pulse tests, the two catalysts are pretreated using the same method. After adsorption
saturation at 750 °C in a 10% O,/Ar gas flow (30 mL/min), 10% CH,-Ar is pulsed every 3 min through a
1 mL loop; the results are shown in Figure 5C and D. SrSnO, produces a considerable amount of C, after
OCM, whereas Nd,Sn,O, generates a large amount of CO, and a negligible amount of C,, suggesting that the
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oxygen species chemisorbed on the perovskite surface are the OCM-selective oxygen species. With an



Page 10 of 20 Ouyang et al. Chem Synth 2024;4:72 | https://dx.doi.org/10.20517/cs.2024.29

increase in reaction time, the peak areas of all products gradually decrease.

Furthermore, the types of reactive oxygen species related to SrSnO, and Nd,Sn,O, have been examined by in
situ X-ray photoelectron spectroscopy (XPS). The XPS O1s spectra of the two composite oxides are
measured at room temperature, and then the samples are exposed to a 10% O,-He gas mixture at 800 °C for
30 min. After being purged with high-purity He, the samples are allowed to cool to room temperature, and
the spectra are collected again. As shown in Figure 6A and B, compared with the XPS O1s spectra obtained
at room temperature, the peaks located at ~531 eV for both composite oxides decrease after the treatment
with 10% O,-He at 800 °C, which can be attributed to the decomposition of carbonate or dehydration
hydroxyl groups on the catalyst surface. The remaining peak located at ~531 eV can be ascribed to the O,
species'””. In addition, the chemisorbed oxygen species on the surface of SrSnO, are more abundant than
those on Nd,Sn,0..

To investigate the reactive oxygen exchange mechanisms of the two catalysts, isotope *O, exchange
experiments have been performed. As shown in Figure 7A and B, the products of both composite oxide
catalysts are similar, indicating that the oxygen activation mechanisms of the two composite oxide catalysts
are similar. Research has shown that the isotopic "*O, exchange mechanism of metal oxides involves the
following two pathways!***:

Simple hetero-exchange mechanism:
0”0 (g) + 0 (s) > *0*0 (g) + *O (s) (1)
Multiple hetero-exchange mechanism:
*0"0 (g) +2"°0 (s) — °0"0O (g) + 20O (s) (2)

In the present study, the main products of both composite oxides are *O**O, demonstrating that the
activation of gas-phase oxygen in both composite oxides occurs via a multiple hetero-exchange mechanism.
In addition, the generation of gas-phase oxygen *O'O suggests the presence of binuclear oxygen species,
such as O, and O,”*, on the catalyst surface, which is consistent with the in situ XPS results, confirming
that O, is the chemisorbed oxygen species of these two composite oxides.

Overall, the results reveal that the chemisorbed selective oxygen species produced most by the two
composite oxides in the OCM reaction process is O,”, which is activated through a multiple hetero-
exchange mechanism.

Sn-0 bond properties investigation

We use infrared (IR) spectra and XRD Rietveld refinement to investigate the Sn—O bond properties of both
these composite oxides. In Figure 8A, the IR bands at 665 and 621 cm™ are attributed to the stretching
vibrations of the Sn-O bond for SrSnO, and Nd,Sn,0., respectively”**. In addition, the IR peaks around
3,000 cm™ are ascribed to surface hydroxyl groups”", and the IR bands ranging from 1,000 to 1,500 cm™ are
related to surface carbonates™). Note that the IR peak intensity for the surface carbonate of SrSnO, is
significantly stronger than that of Nd,Sn,O,, which further suggests that the surface basic sites of SrSnO, are
more abundant than those of Nd,Sn,O.. Moreover, the B-O bond of A,B,O, and ABO, composite oxides
have covalent bonding properties, making the B-O bond more prone to fracture than the A-O bond with
ionic bonding properties®**. From our calculations, the Sn-O bond force constant of Nd,Sn,O, pyrochlore
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Figure 6. In situ XPS O 1s spectra of the (A) SrSnO, and (B) Nd,Sn,0 . XPS: X-ray photoelectron spectroscopy.
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Figure 7. °0, pulse reaction over the (A) SrSnO, and (B) Nd,Sn,O, catalysts at 800 °C.

(3.162 N/cm) is lower than that of SrSnO, perovskite (3.628 N/cm); the calculation method can be found in
Supplementary Materials.

As shown in Supplementary Table 7, SrSnO, has three different Sn-O bond lengths, which is due to their
orthorhombic crystal phases and inclination, twisting, or distortion of BO, octahedra, deviating from the
cubic structure”. Conversely, the cubic Nd,Sn,O, pyrochlore has one Sn-O bond length longer than that of
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Figure 8. (A) FT-IR spectra; (B) H,-TPR profiles; and (C) EPR spectra of the catalysts. FT-IR: Fourier-transform infrared spectroscopy;
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perovskite, which is consistent with the fact that the Sn-O bond force constant of pyrochlore is smaller than
that of perovskite. This conclusion can be further supported by the H,-temperature-programmed reduction
(TPR) results. As shown in Figure 8B, no reduction peaks are observed for SrSnO,, but a peak attributed to
the Sn-O bond reduction is observed around 500 °C for Nd,Sn,O,"*. Supplementary Figure 13A confirms
that after the H,-TPR reaction, the XRD diffraction peaks of SrSnO, did not change, while the XRD pattern
of Nd,Sn,0O, can be observed to belong to the diffraction peak of Nd,O,, indicating that the phase structure
of SrSnO, under a strong reducing atmosphere of H, at high-temperature is stable, while Nd,Sn,O, can be
partially reduced. The XRD, Raman spectroscopy, and XPS results of the fresh catalysts indicate that no
residual SnO, content exists, and the H,-TPR results testify that the Sn-O lattice oxygen structure of Nd,Sn,
O, is looser than that of SrSnO..

Previous studies have found that weaker B-O bonds in A,B,O, composite oxides are easier to break,
resulting in abundant oxygen vacancies™. Thus, Nd,Sn,O, is expected to have more abundant oxygen
vacancies than SrSnO.,. In Figure 8C, the g value of 2.003 is attributed to the characteristic signal of oxygen
vacancies™', and the electron paramagnetic resonance (EPR) signal of Nd,Sn,0O, is stronger than that of
SrSn0O,, further demonstrating that Nd,Sn,O, has more abundant oxygen vacancies than SrSnO,. EPR
spectra of the spent catalysts displayed in Supplementary Figure 13B demonstrated that after OCM reaction,
the oxygen vacancies of Nd,Sn,0, are still more abundant than those in SrSnO.. Although Nd,Sn,O, has
more oxygen vacancies than SrSnO,, the previous results show that the amount of chemisorbed oxygen
species in SrSnO, is higher than that in Nd,Sn,O.. This indicates that the abundance of oxygen vacancies is
not directly related to the amount of adsorbed oxygen species on the catalyst surface and may be influenced
by other factors.

A brief discussion

During the OCM reaction, the SrSnO, sample mainly contains C, products, whereas the Nd,Sn,O, sample
primarily contains CO, products. The analysis of acid-base properties reveals that the number of moderate
and strong basic sites is greater in SrSnO, than in Nd,Sn,O,. Meanwhile, the number of acidic sites is
inversely proportional to that of basic sites. The O,-TPD-MS and in situ XPS O1s results indicate that their
chemisorbed oxygen species (O,”) are OCM-selective oxygen species and the amount of chemisorbed
oxygen and O,”/O* ratios are greater for SrSnO, than for Nd,Sn,O,, but the desorption temperature of
SrSnO, is higher than that of Nd,Sn,O,. In addition, the Sn-O bond strength of Nd,Sn,O, is weaker than
that of SrSnO,, resulting in more abundant oxygen vacancies in Nd,Sn,O, than in SrSnO., which contradicts
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the fact that the chemisorbed oxygen species on the surface of SrSnO, are more abundant than Nd,Sn,O,.

Coordination unsaturated metal cations (acidic sites) are known to chemically adsorb the methyl radicals,
ethyl radicals, and ethylene formed during OCM*”. Consequently, a series of reactive oxygen species is
generated via the activation of gas-phase oxygen, after which CO, products are formed'*”. Therefore, the
synergistic effect of acidic sites and reactive oxygen species (chemisorbed oxygen species or weakly bonded
lattice oxygen) on the catalyst surface can lead to the generation of deep oxidation products. In addition, the
weaker Sn—O bond in Nd,Sn,0, is easier to break during the OCM reaction, resulting in the generation of
more acidic sites. Basic sites are generally composed of hydroxyl groups and coordination unsaturated basic
lattice oxygen species™. These electron-rich/basic sites can provide electrons to stabilize electron-deficient
oxygen species such as O,, O,”, and O".

As illustrated in Supplementary Table 8, the electronegativity of Sr and Nd elements is lower than that of Sn
element; compared with Sr-O, Nd-O, and Sn-O bonds, the tendency of electrons from Sr and Nd elements
to transfer to O element is greater than that of Sn element. Therefore, Sr-O and Nd-O bonds exhibit ionic
bond properties, while Sn—O bonds exhibit covalent bond properties. The electronegativity of Sr element is
smaller than that of Nd and Sn elements; the electron transfer of Sr element in the Sr-O bond tends to be
stronger than that of Nd element in the Nd-O and Sn element in the Sn—O bond towards O. Therefore, the
lattice oxygen basicity of the Sr—O bond is stronger than that of the Nd-O and Sn-O bonds. In addition, the
sum of the electronegativity of SrSnO, metal elements (s, + %, = 2.91) is smaller than that of Nd,Sn,O, (x, +
Ysa = 3.10), the ability of SrSnO, metal element electrons to transfer to oxygen is stronger than that of
Nd,Sn,O,, which well explains that the basic sites on the surface of SrSnO, are more abundant than
Nd,Sn,O,. As can be seen from the above analysis, the lattice oxygen of Sr—O is more electron rich than that
of Nd-O and Sn-O bonds, so the basic lattice oxygen of Sr-O and Nd-O bonds can not only activate gas-
phase oxygen to generate chemisorbed oxygen, but also stabilize these electron-deficient oxygen species on
the surface of the catalyst.

Even though the surfaces of metal oxides are abundant in oxygen vacancies, which can create many
electrophilic oxygen species, it is difficult to stabilize them on the surface when there are fewer basic sites'*”..
This explains why, despite Nd,Sn,O, having more oxygen vacancies than SrSnO,, there are fewer surface
selective oxygen species O, for Nd,Sn,O, than for SrSnO,. Moreover, studies have shown that the
temperature at which methane combustion occurs at acidic sites is lower than the OCM reaction at basic
sites on metal oxide catalysts*. This explains why the onset temperature is lower for generating CO, than
for generating C, products.

Considering the crystalline phase structure and high-temperature crystalline phase transition of the two
composite oxides, it is important to note that Nd,Sn,O, possesses intrinsic oxygen vacancies, and thus, the
chemisorbed oxygen species are directly activated by oxygen vacancies, generating chemisorbed oxygen
species at low temperatures. Therefore, the desorption temperature is lower for Nd,Sn,O,. At high
temperatures, SrSnO, undergoes lattice distortion®”, resulting in thermal defects such as oxygen vacancies.
Hence, gas-phase oxygen is only activated to produce chemisorbed oxygen species at higher temperatures,
resulting in a higher desorption temperature. The different desorption temperatures of chemisorbed oxygen
species in the two composite oxides are attributed to their various gas-phase oxygen activation pathways.

The BO, octahedra of perovskite are connected through corner-sharing to form a three-dimensional
network [Scheme 2A]"”, and the octahedra are stacked closely. According to the Pauling coordination
polyhedron connection rules, the close corner-sharing of the octahedra leads to the maximum distance
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A B

Perovskite Pyrochlore

Scheme 2. The network of corner-sharing octahedra BO, formed in (A) perovskite and (B) pyrochlore structure.

between positive cations and smaller Coulomb repulsion. In addition, this compact and symmetrical
stacking mode makes the cations at the B-site subject to the Coulomb interaction between electrons, the
effect of the surrounding oxygen ionic crystal field, and the spin-spin interaction within the atom, which
balance each other to reach the most stable state. Compared with the close octahedra stacking of perovskite,
the BO, octahedra stacking of pyrochlore is looser and more disordered [Scheme 2B]. This disorderly and
loose stacking mode leads to different effects on some B-site cations, and they cannot balance each other.
Therefore, the B-O bond of pyrochlore is weaker than that of perovskite, and it is easier to break.

From the results, the variations in the degrees of lattice oxygen relaxation and acidic sites between
perovskite and pyrochlore may be caused by the different packing modes of BO, octahedra. BO, octahedra
in perovskite are more tightly packed than those in pyrochlore. Therefore, the B-O bond in perovskite is
less easily reduced and less easily broken to produce acidic sites than that in pyrochlore.

CONCLUSIONS

In summary, we synthesized two types of composite oxides (SrSnO, and Nd,Sn,0,) with definite structures
via a hydrothermal method for OCM catalysis. Furthermore, we compared and analyzed the differences in
their active sites using various characterization methods. The SrSnO, perovskite catalyst mainly produces C,
hydrocarbons during the OCM reaction, whereas the Nd,Sn,0O, pyrochlore catalyst primarily generates CO,
products.

SrSnO, perovskite has abundant basic sites that produce a synergistic effect with chemisorbed oxygen
species of O,”, which, in turn, facilitates the formation of C, products. The thermal defects generated by the
high-temperature lattice distortion of perovskites (such as oxygen vacancies that lead to the formation of
chemisorbed oxygen species) play an important role in the generation of C, hydrocarbons. When an
appropriate number of basic sites exist along with abundant chemisorbed oxygen species, perovskites
exhibit a high selectivity and yield of C,. For Nd,Sn,O, pyrochlore, the synergistic effect of the abundant
acidic sites on their surfaces and the reactive oxygen species (chemisorbed oxygen species) generated by
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intrinsic oxygen vacancies and weakly bonded lattice oxygen mainly results in the formation of CO,
products. The Sn-O bond strength of pyrochlore is the main factor affecting the formation of deep
oxidation products (CO,). The weaker the Sn-O bond, the higher the number of acid sites, and the higher
the CO, selectivity.

The oxygen vacancies of both composite oxides are related to the Sn—O bonds. The weaker the Sn—-O bond
of the composite oxides, the richer the oxygen vacancies. However, the amount of chemisorbed oxygen
species is not only related to oxygen vacancies but also to basic sites. Composite oxides generally have
abundant oxygen vacancies and fewer basic sites, resulting in a lower amount of electrophilic oxygen species
stabilized on the catalyst surface. Basic sites have a stronger impact on the amount of chemisorbed oxygen
species than oxygen vacancies.

The Sn-O bond strength and the compactness of the [SnO,] octahedron are responsible for the differences
in the catalytic performance of SrSnO, and Nd,Sn,O, for OCM. Pyrochlores have a weak Sn-O bond
strength, and their [SnO,] octahedra are loosely stacked. Thus, Sn-O bonds break easily and acidic sites are
readily generated. Moreover, because lattice oxygen can be easily reduced and its mobility is high, CO,
products are primarily formed in pyrochlores; meanwhile, contrasting results are observed for perovskites.
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