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Abstract

The efficient activation of CO, molecules is imperative for the development of a high-performance catalyst for the oxidative dehydrogenation
of propane with carbon dioxide (CO,-ODP). To enhance the activation of CO, over ceria, in this work, rare earth doped ceria (RE-CeO,, RE=La,
Pr, Nd, and Sm) is comparatively studied as a support for PtSn for CO,-ODP. Compared with PtSn/CeO,, Ce_,RE,O, solid solution is formed
for the RE-doped PtSn/Ce0, catalysts, which increases the oxygen defect content, promotes the dispersion of Pt, and strengthens the ability
of CO, to supplement lattice oxygen in the catalyst, thereby enhancing the catalytic performance for CO,-ODP. Among the investigated
catalysts, PtSn/ Nd-CeO, shows the best CO,-ODP performance, with an initial propane conversion and propylene selectivity of 52.7% and
86.1%, respectively. Moreover, the Pt electron density and oxygen-defect content over PtSn/RE-CeO, catalysts, which can be regulated to
relatively large extents by doping ceria with different RE metals, are key factors in determining the activity of CO,-ODP. These findings
regarding the CeO,-based binary RE solid solutions with adjustable oxygen defects and the derived impacts on supported Pt provide
important references for advancing the design of oxygen-defect involved supported metal catalysts, including Pt-based catalysts, for the
oxidative dehydrogenation of light alkanes with carbon dioxide.

Keywords: Propane, oxidative dehydrogenation, carbon dioxide, platinum, rare earth oxide, solid solution

1. Introduction

Propylene (C;Hy), a crucial foundational feedstock in the petrochemical industry, occupies a pivotal position in modern chemical
manufacturing!'l. It is extensively utilized in the production of a wide range of chemical products and materials, including cleaning
agents and synthetic fibers/plasticsl>!l. For decades, the primary industrial sources of propylene have relied on steam cracking and
catalytic cracking of light oils such as naphthal®l. However, these conventional processes are associated with significant drawbacks,
such as substantial capital investment, high energy consumption, and limited feedstock flexibility, etc. The introduction of oxygen
into the reaction system presents a promising alternative. This approach not only mitigates the thermodynamic equilibrium
constraints inherent in direct dehydrogenation but also alters the thermal characteristics of the process, offering enhanced energy
efficiency and notable environmental benefits. Consequently, the oxidative dehydrogenation of light alkanes, including propane,
using molecular oxygen (0,-ODP) has emerged as one of the research focuses in recent years. Nevertheless, the stronger oxidation
ability of O, often leads to undesirable deep oxidation of the light hydrocarbons, resulting in the formation of CO, and reduced
selectivity toward the target olefins[®7l. A key challenge for O,-ODP, therefore, lies in achieving a reasonably high reaction rate while
simultaneously maintaining economically high selectivity of light olefins such as propylene. In contrast, carbon dioxide (CO,), as an
alternative to O,, is thermodynamically stable and kinetically inert, exhibiting significantly weaker oxidizing power. Employing CO, as
a mild oxidant for the oxidative dehydrogenation of propane (CO,-ODP) offers a compelling strategy. This method effectively
circumvents the deep-oxidation issues observed in O,-based oxidative dehydrogenation processes, while still improving the
thermodynamic equilibrium conversion compared to direct dehydrogenation!®l. Furthermore, it enables the utilization of CO,
resources, a major greenhouse gas, aligning with global efforts toward carbon emission reduction. As a result, CO,-ODP has attracted
considerable attention and is regarded as a promising energy-efficient and environmentally benign green synthesis pathway for
propylene.
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At present, the reported CO,-ODP catalysts are mainly based on supported noble metals (e.g., Pt) and various metal oxides (e.g., CrO,,
V,0s, Ga,03;, MoO; and In,03) 13, Among these, supported Pt-based catalysts have attracted significant attention due to their high
propylene yield, strong ability to activate CO,, and good stability!'’l. In recent years, extensive research has been conducted to
understand the influences and mechanisms of the structure and electronic properties of Pt, additives (such as Sn and Ce), and support
materials (including SiO, and Ce0,)!'>!°] on the catalytic performance of Pt in CO,-ODP, leading to substantial progress. A
comprehensive review of the literature on CO,-ODP reveals that while the catalytic conversion of propane over Pt and its influencing
factors have been thoroughly investigated, controversies persist regarding the activation mechanism of CO, and the detailed reaction
pathway. This is largely due to the complexity of the reaction system and catalyst structure, which in turn hinders the rational design
of high-performance Pt-based catalysts. Considering the specific characteristics of the CO,-ODP reaction, the key to designing
effective catalysts lies in the selective catalytic activation of C-H bonds in propane and the construction of dual-functional active sites
capable of efficiently activating CO,. Our research group combined PtSn with CeO, and employed a sequential impregnation method
to prepare a PtSnCe/SiO, catalyst!'’l. This approach not only significantly enhanced the CO,-ODP performance of the Pt-based catalyst
but also verified the crucial role of CeO,, with its abundant oxygen vacancies, in facilitating the catalytic activation of CO,.
Furthermore, using hydrothermally synthesized CeO, as a support, a PtSn/Ce0, catalyst was prepared via co-impregnation!'®l. This
study elucidated the role of Sn in modulating the Pt-CeO, interface properties and the electron density of Pt, as well as its influence
on the selective activation of both the C=0 bond in CO, and the C-H bond in propane. It was proposed that the Sn-modified Pt-O-Ce
interface likely serves as the active center for catalyzing CO,-ODP over PtSn/CeO,. Building on this foundation, PtSn/CeO, catalysts
with different morphologies were designed!'’l. This work revealed the shape-dependent influence of CeO,’s oxygen vacancy
concentration on the structural and electronic properties of the catalysts. A higher concentration of oxygen vacancies was found to
enhance Pt dispersion and electron density, thereby strengthening the selective cleavage of C-H bonds and significantly improving
the initial propane conversion and propylene selectivity in the CO,-ODP reaction. However, the high-temperature and redox
atmosphere inherent in the CO,-ODP reaction are major factors that can destabilize the CeO, structure, leading to the degradation of
its oxygen storage and release capacity. Introducing other metals into CeO, to form solid solutions is an effective strategy for
increasing both the oxygen vacancy content and the thermal stability of CeO,. For instance, in Fe-doped CeO, catalysts for
C0,-ODPI?’, the incorporation of an optimal amount of Fe to form a Ce,,Fe,0, solid solution enhanced oxygen mobility and oxygen
storage capacity (OSC), resulting in stable propane conversion and propylene selectivity for over 20 h. Similarly, under comparable
CO,-ODP reaction conditions, studies on the oxidative dehydrogenation of ethylbenzene with CO, have shown that forming a
Ce,.Zr,0, solid solution can significantly increase the oxygen defect concentration and OSC performance of CeO,, thereby promoting
CO, activation and conversion?!l. Nevertheless, achieving a homogeneous solid solution without phase separation is critical for
ensuring the long-term stability of the OSC.

Based on the foregoing analyses and understandings, the introduction of rare earth (RE = La, Pr, Nd, Sm) metals into CeO, to form a
homogeneous solid solution of CeO,-based binary oxides represents a promising strategy to increase the oxygen vacancy
concentration within CeO,. Consequently, the activation and conversion of CO, are intrinsically enhanced over CeO,-based binary
oxides. Diverging from prior research that predominantly focused on modifying the structure and electronic properties of the active
Pt component via additives, the present work adopts a support-engineering perspective with enhanced oxygen vacancies for
accelerating the redox cycle of the CO,-ODP reaction. To this end, a series of RE-doped CeO, (RE-CeO,) supports were first synthesized
via a facile co-precipitation method. Subsequently, PtSn/RE-CeO, catalysts were prepared using a co-impregnation technique. The
influence of different RE dopants on the catalyst’s structure, chemical properties, and performance was systematically investigated by
correlating comprehensive characterization results with catalytic evaluation in the CO,-ODP reaction. This allowed for an in-depth
analysis and discussion of the key factors governing catalyst activity, selectivity, and stability. The results demonstrate that the
incorporation of RE elements and the subsequent formation of a Ce,.,RE,O, solid solution effectively increase the oxygen vacancy
concentration in the catalyst system. This modification leads to multiple beneficial effects, such as improved dispersion of Pt
nanoparticles, altered electron density of the active metal, and enhanced capability for replenishing lattice oxygen via CO, activation.
Collectively, these changes contribute to a significant enhancement in the catalytic performance for CO,-ODP. Therefore, the findings
of this study provide crucial insights and important guidance for the rational design and development of high-performance catalysts
for CO,-ODP.

2. Experimental Section
2.1 Catalyst preparation
2.1.1 Materials

All chemical reagents used in this study were obtained from Shanghai Macklin Biochemical Co., Ltd. and employed without further
purification. These include the metal precursors for support synthesis, cerium nitrate hexahydrate (Ce(NO3);:6H,0), lanthanum nitrate
hexahydrate (La(NO;);-6H,0), praseodymium nitrate hexahydrate (Pr(NO;);-6H,0), neodymium nitrate hexahydrate (Nd(NO3);-6H,0),
samarium nitrate hexahydrate (Sm(NO;);-6H,0), and ammonium bicarbonate (NH,HCO,). The active metal sources were chloroplatinic
acid hexahydrate (H,PtCl,-6H,0) and tin(IV) chloride pentahydrate (SnCl,-5H,0).
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2.1.2 Synthesis of RE-doped CeO, supports

The RE-doped CeO, supports (RE = La, Pr, Nd, Sm) were synthesized via a co-precipitation method?>?, with the dopant content fixed
at a nominal atomic ratio of RE/(RE + Ce) = 0.05. In a typical procedure, 12.8 mmol of Ce(NO3);:6H,0 and 0.64 mmol of the
corresponding RE nitrate were dissolved in 200 mL of deionized water at 30 °C under continuous stirring. Subsequently, 200 mL of a
0.179 mol-L"t NaHCO; aqueous solution was rapidly added to the mixed metal solution. The resulting slurry was vigorously stirred for
0.5 h and then aged statically at 30 °C for 24 h. The precipitate was collected by filtration, thoroughly washed with deionized water to
remove residual ions, and dried overnight at 80 °C. Finally, the obtained solid was calcined at 550 °C for 4 h under flowing air to yield
the RE-CeO, support. For comparison, pure CeO, was synthesized following the same procedure in the absence of any dopant, while
keeping all other conditions unchanged.

2.1.3 Synthesis of PtSn/RE-CeO, catalysts

The PtSn/CeO, and PtSn/RE-CeO, catalysts were prepared via the incipient wetness impregnation method, with the nominal loading
of both platinum and tin fixed at 1 wt% relative to the support. In a typical procedure, calculated volumes of aqueous H,PtCls-6H,0 and
SnCl,-5H,0 solutions were sequentially impregnated onto the CeO, or RE-CeO, support at room temperature. The mixture was then
allowed to equilibrate for 6 h. Subsequently, the impregnated solids were dried in air at 80 °C for 8 h. Finally, the samples were
calcined and reduced in a tubular furnace under a flowing H, atmosphere (50 mL-min!) at 500 °C for 4 h. The resulting catalysts are
denoted as PtSn/CeO,, PtSn/La-CeO,, PtSn/Pr-Ce0,, PtSn/Nd-Ce0,, and PtSn/Sm-CeO,, respectively.

2.2 Characterizations

The crystalline structures of the synthesized materials were characterized by powder X-ray diffraction (XRD) on a Bruker D8 Advance

diffractometer employing Cu Ka radiation (A = 0.15406 nm). Data were collected in the 26 range of 5°-85° with a scanning rate of
2°min’L

Raman spectra were acquired to probe the local structure and defects using a HORIBA LabRAM HR Evolution spectrometer.
Measurements were performed with a 532 nm laser excitation source at a controlled output power of 2.5 mW to avoid thermal
damage, utilizing a 50x long-focus objective lens. Spectra were recorded in the range of 200-1,800 cm™! with an acquisition time of
10 s per scan.

Textural properties, including specific surface area, pore volume, and pore size distribution, were evaluated based on
N, adsorption-desorption isotherms measured at 77 K using a Micromeritics TriStar II 3020 analyzer. Prior to analysis, all samples
were degassed under vacuum at 300 °C for 10 h to remove physisorbed species. The Brunauer-Emmett-Teller (BET) method was
applied to calculate the specific surface area.

Morphological and structural analyses were conducted by high-resolution transmission electron microscopy (HRTEM) using an FEI
Tecnai G2 F20 microscope operating at an accelerating voltage of 200 kV.

Surface elemental compositions and chemical states were investigated by X-ray photoelectron spectroscopy (XPS) on a KRATOS
Analytical AXIS Ultra DLD spectrometer with monochromatic Al Ko X-rays (1,486.6 eV). All binding energies were referenced to the
adventitious carbon C 1s peak set at 284.8 eV.

The platinum loading in the catalysts was quantitatively determined by inductively coupled plasma mass spectrometry (ICP-MS) on a
Bruker Aurora M90 instrument. For analysis, approximately 0.01 g of each sample was digested in 2 mL of aqua regia at 100 °C, and the
resulting solution was diluted with 1wt% HNO; to a concentration suitable for measurement (50-200 ppm).

Thermogravimetric analysis was performed to assess coke deposition using a TA Instruments Q1000 system. Approximately 10 mg of
sample was heated in an alumina crucible under a 30 mL-min! air flow from room temperature to 800 °C at a heating rate of
10 °C'min*.

Hydrogen chemisorption experiments were carried out on a Micromeritics Autochem-II 2020 analyzer to estimate metallic Pt
dispersion. Prior to measurement, a 0.1 g sample was reduced in a 10 vol% H,/Ar flow (30 mL-min!) at 500 °C for 30 min, purged with
Ar at the same temperature for 120 min, and then cooled to 50 °C under Ar. Pulses of pure H, (0.5 mL per pulse) were subsequently
introduced at 50 °C at 3 min intervals until saturation was achieved.

CO, pulse experiments were conducted on a Micromeritics Autochem 2920 system to evaluate CO, activation and conversion
behavior. A sample (0.3 g) was pretreated in Ar at 500 °C for 60 min, reduced in a 10 vol% H,/Ar flow (30 mL-min!) for 30 min, and
purged again with Ar for 30 min. Pulses of CO, (0.5 mL) in an Ar carrier gas (30 mL-min"!) were then injected into the catalyst bed. The
effluent gases were monitored in real-time using a Hiden HPR QIC20 mass spectrometer, specifically tracking the signals for CO,
(m/z = 44) and CO (m/z = 28).
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2.3 Catalytic experiments

The CO,-ODP catalytic performance was evaluated in a fixed-bed quartz reactor (inner diameter: 6 mm) at atmospheric pressure
(0.1 MPa) and a reaction temperature of 550 °C. Prior to activity testing, 0.25 g of catalyst (40-60 mesh) was uniformly mixed with
0.75 g of quartz sand (of the same mesh size) and loaded into the reactor. The catalyst bed was then reduced in situ at 500 °C for
30 min under a flow of 50 vol.% H,/Ar (15 mL-min™?!). Following reduction, the reactor was purged with He and heated to the target
reaction temperature of 550 °C. A fully premixed reactant gas with a composition of C;Hg/CO,/He/Ar/ = 4/4/16/1 (by volume) was
then introduced at a total flow rate of 25 mL-min™'. Argon (Ar) served as an internal standard for accurate quantification. The effluent
gas stream was analyzed using an online gas chromatography (GC) system equipped with two detectors: a Thermal Conductivity
Detector and a Flame Ionization Detector. Gas separation was achieved using a combination of a TDX-01 packed column and an
HP-PLOT Al,03/KCl capillary column. Key catalytic performance parameters, including propane conversion, product selectivity,
propylene yield, and carbon balance, were calculated based on the GC analysis data using Eq. (1) to Eq. (8) as follows.
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In these equations, Fc,x,, Fo.n,, and Fco, represent the volumetric flow rates (mL-min!) of C;Hg, C3H,, and CO,, respectively. These
values were determined using the internal standard method with Ar, ensuring accurate quantification of the inlet and outlet gas
compositions. The variable i denotes an individual hydrocarbon species detected in the product stream, and n; corresponds to the
number of carbon atoms in that specific species. m stands for the weight of the catalyst. 22,400 stands for the molar volume
(mL-mol™). c is the content of Pt in the catalyst (mol-g™!) and b is the dispersion of Pt.

3. Results and Discussion

3.1 Characterization of the catalyst

The morphological and structural characteristics of the catalysts were examined using transmission electron microscopy (TEM), as
shown in Figure 1a,b,c,d and Figure S1. The morphology of PtSn/CeO, catalyst resembled a belt-like nanosheet, the size parameters of
which are 20 to 60 nm in thickness, 5 to 10 um in length, and 0.5-5 um in width. After RE doping, the morphological structure of the
catalyst remained well preserved, indicating that the introduction of RE elements into the CeO, support essentially does not alter the
architecture of the catalyst. To determine the elemental composition and spatial distribution, energy-dispersive X-ray spectroscopy
mapping was performed for all of the catalysts. The results illustrated in Figure 1a,b,c,d confirm the successful loading of platinum
(purple) and tin (yellow) species onto the CeO, surface. Moreover, the RE dopants (orange), along with cerium (red) and oxygen (blue),
were uniformly distributed throughout the PtSn/CeO, catalyst. These results provide direct evidence that the doped RE cations were
incorporated into the CeO, lattice, likely forming a homogeneous single-phase solid solution. From the N, adsorption-desorption
isotherms and the derived pore-size distributions in Figure S2, all of the catalysts display type IV isotherms with H3-type hysteresis
loops in P/P, of 0.69-1.0 (Figure S2a), which could be assigned to mesopores following the IUPAC classification. Moreover, the
hysteresis loops may have been induced by slit-shaped pores due to the aggregation of nanoparticles. As indicated in Figure S2b, all
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catalysts show a narrower pore-size distribution centered between 2.0 and 5.0 nm. The calculated BET surface area, pore volume, and
average pore diameter based on the isotherms summarized in Table S1 could be applied to give quantitative comparisons between
different samples. The PtSn/Ce0, catalyst exhibited a BET surface area of 49.0 m?-g’!, a pore volume of 0.105 cm?-g°%, and an average
pore diameter of 10.0 nm. In comparison, RE-doped PtSn/CeO, catalysts showed a clear increase in both BET surface area and pore
volume. Among them, the PtSn/Nd-CeO, catalyst possessed the highest values, with a BET surface area of 66.4 m?g! and a pore
volume of 0.137 cm?-gL. Conversely, the average pore diameter of RE-doped catalysts was slightly reduced relative to the undoped
counterpart, ranging from 9.5 to 9.1 nm, which was consistent with the refinement of the porous structure upon RE incorporation.

The structural properties of undoped and RE-doped PtSn/CeO, catalysts were investigated using XRD, with the corresponding
patterns presented in Figure S3a. The XRD pattern of the undoped PtSn/Ce0, catalyst displayed prominent diffraction at 20 values of
28.54°, 33.12°, 47.54°, 56.34°, 59.13°, 69.34°, 76.59°, and 79.12°, corresponding to the (111), (200), (220), (311), (222), (400), (331), and (420)
planes, respectively. All diffraction peaks were indexed to the cubic fluorite structure of CeO, (Fm-3m space group, JCPDS card
no. 34-0394, marked as ¢)[>!l. Upon RE doping, the XRD patterns of all PtSn/RE-CeO, catalysts retained only the characteristic peaks of
the cubic CeO, phase. However, a noticeable shift of the predominant (111) peak to a lower angle was observed, indicating a lattice
expansion of the cubic phase (Figure S3b). This was reasonably attributed to the formation of a Ce;,RE,O, solid solution as a result of
the substitution of larger RE?' cations (La3': 0.110 nm, Pr3: 0.113 nm, Nd3: 0.113 nm, and Sm?3": 0.108 nm) for CeO cations having a
smaller radius of 0.097 nm[>2°l, Moreover, the formation of Ce, ,RE,O, solid solutions was also manifested from the lattice parameters
calculated from XRD patterns, which were slightly increased from 0.541 nm for PtSn/CeO, to 0.543, 0.542, 0.544, and 0.545 nm for La-,
Pr-, Nd-, and Sm-doped samples, respectively. Considering the limitations of XRD as reflected by the slight variations in the
characteristic diffractions, HRTEM tests of the representative PtSn/CeO,, PtSn/Nb-CeO,, and PtSn/Sm-CeO, samples were conducted
for the possible direct observation of the solid solutions, and the results are shown in Figure S4. In the TEM-FFT images, the distances
from the center of the (111) diffraction spot to the spots corresponding to Nb- and Sm-doped samples were measured to be
3.147 nm! and 3.117 nm'%, respectively, which corresponded to lattice spacings of 0.3209 nm and 0.3177 nm. For the undoped sample,
the (111) diffraction spot was located at a distance of 0.3227 nm™! from the center, corresponding to a lattice spacing of 0.3099 nm.
These results indicated that doping with Nb and Sm led to an expansion of the CeO, lattice, consistent with the shift in diffraction
peaks observed in the XRD patterns. Notably, no distinct XRD diffractions from either metallic Pt, platinum oxides (PtO,), or tin oxides
(SnO,) were detected in any catalyst. This might be due to the high dispersion of these species and low loading or the amorphous
nature of the active metal species, which cannot be detected by XRD.

To further probe the influence of RE doping on the lattice dynamics and defect structure, Raman spectroscopy was employed. As
shown in Figure S5a, a principal peak at ~462 cm™ appeared for all of the catalysts. This was the characteristic F,4 vibrational mode of
the fluorite structure (Fm3m space group), i.e., the symmetric stretching vibration of Ce-O bonds. Moreover, a shoulder-like, broader
but weaker band centered around 595 cm!, enlarged in Figure S5b, was also observable as the defect-induced mode, which is
commonly associated with the presence of oxygen vacancies within the latticel?’l. To quantitatively compare the relative
concentration of these oxygen defects, the ratio for the intensity of the defect band to that of the principal F,q band (Isgs/14,) Was
calculated. The results in Figure S5b indicated that the promoted formation of oxygen vacancies by RE doping was obvious from the
higher values of I595/1,4, for the PtSn/RE-CeO, catalysts relative to that of the undoped PtSn/CeO, catalyst, i.e., in a decreasing order of
PtSn/La-CeO, (0.052) < PtSn/Pr-Ce0, (0.058) < PtSn/Sm-CeO0, (0.065) < PtSn/Nd-Ce0,(0.074). Thus, the PtSn/Nd-CeO, catalyst had the
highest density of oxygen vacancies. It is well-established that lattice defects in CeO,-based oxides are intimately linked to crystallite
size, where a reduction in particle dimensions typically promotes the formation of surface and sub-surface defects, thereby
facilitating the generation of reactive oxygen species!*®. Consistent with this principle, the estimated crystallite sizes for the oxides
within the PtSn/CeO,, PtSn/La-CeO,, PtSn/Pr-Ce0,, PtSn/Sm-CeO,, and PtSn/Nd-CeO, catalysts were calculated to be 17.8 nm,
15.2 nm, 14.5 nm, 13.9 nm, and 13.1 nm, respectively. This inverse correlation between crystallite size and the measured I595/1,4, Tatio
strongly suggests that the RE doping strategy not only modified the electronic structure but also refined the oxide matrix. The
resultant decrease in crystallite size provided a complementary pathway for augmenting the oxygen vacancy content, thereby
enhancing the catalyst’s redox functionality.

To further investigate the influence of RE doping on the oxygen-vacancy content, XPS measurement was applied to
characterize/analyze the chemical states of Ce and O species on the top surface of the reduced catalysts. As shown in Figure 1e, the
Ce 3d XPS could be fitted to eight peaks from two pairs of spin orbits, in which V, V", V" and U, U", U" represented the characteristic
peaks of Ce*3ds,, and Ce** 3d;,,, respectively, while V' and U' were the characteristic peaks of Ce3* 3ds,, and Ce3*3d;,,**-*". Based on
the peak results, namely the changes in the peak areas of V' and U', it could be preliminarily determined that the content of Ce3* on
the catalyst surface was closely related to the type of dopant element. To conduct a quantitative comparison, the relative content of
Ce?* on different catalyst surfaces was calculated using the ratio of peak areas, that is, Ce3'/(Ce3* + Ce*), and the results are shown in
Table S2. Obviously, RE doping increased the concentration of Ce®* on the catalyst surface. Moreover, the concentration of Ce3* on the
catalyst surface was related to the type of doping element. Among them, the PtSn/Nd-CeO, catalyst had the highest concentration of
Ce?. If part of Ce*" in CeO, was replaced by Ce¥, surface oxygen species were required for charge balance, which means a quantitative
relationship was established between the Ce3* content on the catalyst surface and the oxygen species content. For this purpose, the
XPS spectrum of O 1s was analyzed (Figure 1f). According to the relevant literature reports of O 1s XPS, three oxygen species were
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identified on the surface of the catalyst, namely surface OH (0y, 529.0~529.4 eV), surface adsorbed oxygen (Og, 529.2~529.3 eV), and
lattice oxygen (O, 532.1~533.6 eV)l*l. Compared with O, the catalytic oxidation activity of the high mobility O; was higher. The value
of 0g/(0, + Og + Oy) was often used to evaluate the concentration of surface oxygen vacancies (0,). As shown in Table S2, the content
of Og on the surface of each catalyst decreased in the following order of PtSn/Nd-CeO, (44.6%) > PtSn/Sm-CeO0, (39.9%) > PtSn/Pr-CeO,
(36.7%) > PtSn/La-CeO0, (33.2%) > PtSn/Ce0, (24.1%), which was consistent with the variation pattern of Ce?" concentration.
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electron microscopy; STEM: scanning transmission electron microscopy; EDS: energy-dispersive X-ray spectroscopy.
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As shown in Table S3, the measured Pt contents by ICP-MS were 0.98 * 0.02 wt.% for all of the catalysts, which were similar to those of
the designed Pt loadings (1.0 wt.%). Based on the measured Pt contents and results of the H, chemical adsorption, the calculated Pt
dispersions for all of the catalysts are also provided in Table S3. Compared with the unmodified PtSn/CeO,, the RE-modification
significantly increased the Pt dispersion, which increased in the order of PtSn/CeO, (22.1%) < PtSn/La-CeO, (24.6%) < PtSn/Pr-Ce0,
(25.7%) < PtSn/Sm-Ce0, (28.5%) < PtSn/Nd-Ce0,(30.4%). As for the reasons, on the one hand, the higher specific surface area of the
RE-doped catalysts was favorable to disperse Pt species. On the other hand, the abundant defects on the surface of the Ce,,RE,O,
solid solution were helpful in anchoring Pt and improving its dispersion. Previous studies have demonstrated that surface oxygen
vacancies play a pivotal role in determining the structural configuration of supported Pt species in heterogeneous catalysts!*?l. The
Pt 4f XPS spectra (Figure 1g) exhibited characteristic doublets of Pt 4f;,, and Pt 4f;,, centered at 72.1 eV and 75.4 eV, respectively,
indicative of the coexistence of Pt° (70.9 eV and 73.5 eV) and Pt?' (71.7 eV and 75.5 eV) species*’. Based on the peak areas of Pt and
Pt?*, the relative content of Pt° on the surface of different catalysts was calculated, and the results are shown in Table S4. Compared
with the PtSn/Ce0, catalyst, the Pt° content in the PtSn/RE-CeO, catalyst was significantly increased. The content of Pt° in different
catalysts increased in the following order of PtSn/Ce0,(30.5%) < PtSn/La-Ce0,(34.8%) < PtSn/Pr-Ce0,(36.7%) < PtSn/Sm-Ce0,(37.8%) <
PtSn/Nd-Ce0,(38.9%), indicating that the electronic density of Pt gradually increased. Analysis of Sn 3ds,, XPS spectra (Figure 1h)
identified two predominant states of Sn° (~484.8 eV) and Sn?'/Sn*" (~486.4 eV)l*!l. Quantitative evaluation yielded a decreased Sn°
concentration in the order of PtSn/Nd-Ce0, (17.2%) > PtSn/Sm-CeO, (16.1%) > PtSn/Pr-Ce0, (14.9%) > PtSn/La-CeO, (13.7%) > PtSn/Ce0,
(11.3%). The same changing trend of Sn° and electron-rich Pt° species was beneficial for the formation of Pt-Sn alloy.

3.2 Catalytic performance

The results of CO,-ODP over undoped and RE-doped PtSn/CeO, catalysts are summarized in Figure 2. As shown in Figure 2a, the initial
propane conversion at a time on stream (TOS) of 5 min varied significantly, in the increasing order of PtSn/Ce0O, (34.3%) <
PtSn/La-CeO, (41.1%) < PtSn/Pr-CeO, (45.4%) < PtSn/Sm-CeO, (48.0%) < PtSn/Nd-CeO, (52.7%). In the case of the CO, conversion
(Figure 2b), it was clearly lower than that of the propane conversion, although the same changing pattern was still there, i.e.,
PtSn/CeO0, (12.3 %) < PtSn/La-Ce0, (20.9%) < PtSn/Pr-Ce0, (23.5%) < PtSn/Sm-Ce0, (31.2 %) < PtSn/Nd-CeO, (26.4 %). Moreover, RE doping
led to a modest but consistently improved propylene selectivity (Figure 2¢), from 82.1% for PtSn/Ce0, to approximately 86.3% for the
PtSn/RE-CeO, catalysts. These results indicate that the CO,-ODP reaction did not occur stoichiometrically, and the non-oxidative
dehydrogenation of propane (PDH) for producing propylene simultaneously happened as a side reaction, the extent of which strongly
depended on the specific catalyst. To give an estimate, the selectivity of by-products was examined. As indicated from Figure 2d, the
summed selectivity of hydrocarbons (CH,, C,H,, and C,H,) originated from cracking reactions was the highest over the undoped
PtSn/CeO, catalyst (9.3%), while it decreased over the RE-doped catalysts (6.8 to 4.2%), the lowest of which was observed over
PtSn/Nd-CeO0, (4.2%). Furthermore, the selectivity of CO formed via side reactions (primarily from the dry reforming of propane (DRP))
rather than CO,-ODP is 11.3% for PtSn/CeO,, while it decreased to 6.2-7.8% for the RE-doped counterparts (Figure 2e). Thus, the
enhanced propylene selectivity upon RE introduction was principally attributed to the suppression of side reactions, including
cracking and DRP, and the extent of CO,-ODP relative to PDH was the highest over PtSn/Nd-CeO, catalyst. Consequently, the initial
propylene yield followed the decreasing order of PtSn/Nd-CeO, (45.3%) > PtSn/Sm-CeO, (41.3%) > PtSn/Pr-Ce0, (38.6%) > PtSn/La-CeO,
(33.7%) > PtSn/Ce0, (27.6%). Considering the clearly varied Pt dispersions over different catalysts (Table S3), the turnover frequency for
the formation of propene (TOF,qpyiene) Was calculated using the CO,-ODP results at a TOS of 5 min. As shown in Figure S6a, TOFopyiene
decreased in the order of PtSn/Pr-Ce0, (0.359 s!) = PtSn/Nd-Ce0, (0.356 s™!) > PtSn/Sm-CeO, (0.347 s™!) > PtSn/La-Ce0, (0.325 s™!) >
PtSn/CeO, (0.293 s™!). Considering the slight differences in TOF,ypyiene fOr all of the catalysts and the errors in measuring Pt
dispersions, the intrinsic rate for the formation of propylene was not clearly different during CO,-ODP over all of the catalysts. In
contrast, more significant variations of TOF., were manifested from Figure S6b, with a decreasing order of PtSn/Nd-CeO, (0.243 s'1) >
PtSn/Sm-CeO0, (0.222 s™!) > PtSn/Pr-Ce0, (0.219 s™!) > PtSn/La-Ce0, (0.201 s') > PtSn/Ce0, (0.130 s™!). These results revealed that the
modification of PtSn/CeO, with RE clearly improved the Pt dispersion, and the activity of CO,-ODP was enhanced with the promoted
CO, activation by oxygen vacancies. This was consistent with the highest activity of PtSn/Nd-CeO, for the formation of propylene
along with the simultaneous conversion of CO,. In the case of catalyst stability, it was assessed by calculating the relative deactivation
rate (Rp), defined as R, = (X,-Xp/X,, where X, and X; represented the propane conversions at 5 min and 200 min TOS, respectively. As
illustrated in Figure 2f, all RE-doped catalysts exhibited significantly lower R;, values than that of undoped PtSn/CeO,, confirming that
RE incorporation enhanced catalytic stability. Among the investigated catalysts, PtSn/Nd-CeO, demonstrated the highest stability, as
revealed from the smallest R, value (48.2%). To estimate its long-term stability, CO,-ODP over the PtSn/Nd-CeO, catalyst was operated
for a TOS of 1000 min, and the results of the propane conversion and propylene selectivity are shown in Figure S7. The catalyst
underwent a fast deactivation in the first 400 min, where the propane conversion changed from 52.7% to 10.7%, while the propylene
selectivity remained at 85.4%. The propane conversion dropped slowly to 5.1% with extended TOS from 400 to 1000 min, while the
propylene selectivity remained at 90.2%. The C3Hg conversion gradually decreased during the relatively longer catalytic test, which
may have been due to the gradual accumulation of coke on the catalyst. The overall performance of the optimal PtSn/Nd-CeO,
catalyst was benchmarked against prominent catalysts reported in the literature for CO,-ODP. A comparison of catalyst names,
reaction conditions, and the calculated propylene space-time yield (STY) is provided in Table S5. Remarkably, a propylene STY of
0.82 Kkgc3nerKgicap *h 't over PtSn/Nd-CeO, was higher than those of the most reported Pt-based catalysts, provided comparable
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reaction conditions were taken into account. Furthermore, the CO, conversion over PtSn/Nd-CeO, remained consistently high
throughout the stability test (31.6 to 15.7%), a merit that was important for the simultaneous conversion of CO,, a greenhouse gas, to
valuable CO during propylene production.
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Figure 2. The initial C;Hg conversion (a), CO, conversion (b), C;H, selectivity (c), CH,+C,H,+C,H, selectivity (d), selectivity of CO produced from C;Hg (e) at a time on stream of

5 min, and the relative deactivation rate (f) over undoped or RE-doped PtSn/CeO, catalysts for CO,-ODP.

3.3 Key factors affecting catalytic activity and C;Hg selectivity

The characterization and catalytic evaluation results collectively demonstrated the RE doping significantly modulated the structure,
chemical properties, and catalytic activity and selectivity of the PtSn/CeO, catalyst for CO,-ODP. As shown in Figure 2, the
PtSn/Nd-CeO, catalyst exhibited the highest initial propane conversion (52.7%) and propylene yield (45.3%). In stark contrast, the pure
CeO0, and Nd-CeO, supports showed negligible activity (conversion < 2%), unequivocally identifying the PtSn species as the essential
active component for this reaction (Figure S8). A positive linear correlation was observed between Pt dispersion and initial propane
conversion across the catalyst series: higher Pt dispersion corresponded to improved catalytic activity (Figure 3a). Combined with the
characterization data, this indicated that RE doping enhanced the specific surface area and surface oxygen vacancy concentration of
the support, which in turn promoted Pt dispersion, a key factor contributing to the improved activity. The improved Pt dispersion by
oxygen deficiency may be related to electronic and geometric interactions between Pt and RE-CeO, carriers, similar to reported
references!®>3°l, Notably, while Pt dispersion increased from 22.1% for PtSn/CeO, to 30.4% for PtSn/Nd-CeO,, the observed propane
conversion (52.7%) significantly exceeded the value predicted solely from the increased active-site density (estimated at about 47.2%).
This discrepancy suggested that factors beyond Pt dispersion played a crucial role in enhancing catalytic performance. According to
the literaturel'®l, CO,-ODP over PtSn/CeO, likely followed a redox mechanism, where not only the number of active sites but also the
rate of the redox cycle critically determines the overall activity. To validate this hypothesis, an additional PDH experiment was
performed over the PtSn/Nd-CeO, catalyst, and comparative results are given in Figure S9. Throughout the TOS of 200 min, the C;Hg
conversion for CO,-ODP was significantly higher than that for PDH, indicating the positive role of CO, in converting propane. If the
CO,-ODP reaction followed the Mars-van-Krevelen (MvK) redox mechanism, oxygen defects over the catalysts participate in
activating CO, molecules. Thus, CO, pulse experiments were conducted at the reaction temperature (550 °C) over pre-reduced
catalysts. As shown in Figure 3b and Figure S10, CO, was consumed with the simultaneous release of CO upon contact with all
reduced catalysts, confirming the replenishment of oxygen vacancies over the reduced catalysts through activating CO,. The total
amount of CO, consumed during the consecutive pulses increased in the order of PtSn/Ce0O, (70.3 pmol-g™!) < PtSn/La-CeO,
(158.2 umol-g!) < PtSn/Pr-Ce0, (178.4 Umol-g'!) < PtSn/Sm-CeO0, (194.2 pmol-g'!) < PtSn/Nd-Ce0,(225.7 umol-g'!), which aligned with
the trend in oxygen vacancy concentration quantified by Ce*/(Ce + Ce*') ratio, Og/(O, + Op + Oy) ratio, and Raman Is5es/146, intensity
ratio (Figure 3c). With these understandings, an MvK redox mechanism of CO,-ODP catalyzed by Nd-doped PtSn/CeO, was proposed in
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Figure S11. The redox cycle starts with the propane dehydrogenation to propylene with the concurrent catalyst reduction, and the
replenishment of oxygen vacancies over the reduced catalyst via the reduction of CO, to CO completes the redox cycle. A strong
linear correlation was observed between CO, consumption and initial propane conversion (Figure 3d), indicating that the catalyst’s
ability to activate CO, and facilitate lattice oxygen replenishment was a key determinant of its activity. In terms of product selectivity,
RE doping led to a slight but consistent increase in propylene selectivity. Analysis of by-product distribution revealed that RE
incorporation effectively suppressed side reforming reactions. As supported by XPS results (Table S4), the formation of a defect-rich
CeRE,O; solid solution promoted the formation of a PtSn alloy and increased the electron density of Pt. This electronic modification
enhanced the catalyst’s ability to selectively activate C-H bonds in propane while maintaining relative inertness toward C-C bond
cleavage, thereby improving propylene selectivity.
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Figure 3. Correlation between the initial C;Hg conversion and Pt dispersion over undoped or RE-doped PtSn/CeO, catalysts (a), representative transient MS responses of the
consecutive CO, pulses over the pre-reduced PtSn/Nd-CeO, (b), the correlation of the Ce*/(Ce**+Ce™), Isss/l45, and Oy/(O,+0,+0,) ratio with the cumulative amount of CO,

consumed during pulse experiments (c), and the correlation of the cumulative amount of CO, consumed with the initial C;Hg conversion of CO,-ODP (d). CO,-ODP: oxidative
dehydrogenation of propane with carbon dioxide.

3.4 Catalyst deactivation

The results in Figure 2f showed that as the reaction time increased, all the catalysts became deactivated, and the degree of
deactivation was closely related to the type of dopant element. Generally speaking, catalyst deactivation of CO,-ODP is mainly related
to the evolution of coke deposition and Pt species structure. As shown in Figure S12, the carbon balance over all catalysts remained
above 95.6% throughout the entire CO,-ODP reaction, indicating a small amount of coke deposited over the catalysts. Raman analysis
was conducted on the PtSn/CeO, and PtSn/Nd-CeO, catalysts after the reaction, and the results are shown in Figure S13a. After the
reaction, the catalysts showed obvious signal values at the Raman shifts of 1345 cm™ and 1600 cm™!, which could be attributed to the
graphite carbon (D bond), representing the disordered structure, and the graphite carbon (G bond), representing the first-order
scattering E,; model*’-*8l. To quantitatively characterize the degree of graphitization of the carbon deposits on the PtSn/CeO, and
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PtSn/Nd-CeO, catalysts, the ratio of D peak intensity (I,) to G peak intensity (I;) was calculated. The I,/ of the PtSn/Nd-CeO, catalyst
was 0.74, which was much lower than the 0.92 of the PtSn/CeO, catalyst. This indicates that the introduction of Nd significantly
reduced the formation of graphitized carbon. According to relevant literature reports, the degree of graphitization of the carbon
deposits produced by the CO,-RP reaction is significantly higher than that of the CO,-ODP reaction. Therefore, this may be due to the
introduction of Nd into CeO,, which inhibited the occurrence of CO,-RP and other side reactions, thereby reducing the formation of
graphitized carbon. To quantitatively analyze the carbon content in the catalysts, TG analysis was performed on the PtSn/CeO, and
PtSn/Nd-CeO, catalysts after the reaction, as shown in Figure S13b. The catalysts showed two weight loss stages in the temperature
range of 100-200 °C and 200-500 °C, corresponding to the desorption of water on the catalyst surface and the combustion of carbon
depositsl®’l. The carbon content distribution of the PtSn/Ce0, and PtSn/Nd-CeO, catalysts was 1.82% and 2.11%, respectively. The
carbon generation rate was calculated and correlated with the relative deactivation rate, as shown in Figure S13c. The carbon
generation rate of the PtSn/Nd-CeO, catalyst was much higher than that of the PtSn/CeO, catalysts. At the same time, the carbon
generation rate was inversely proportional to the relative deactivation rate, indicating that carbon deposition may not be the main
cause of catalyst deactivation. Therefore, XPS characterization was performed on the PtSn/Nd-CeO, catalyst after the reaction. As
shown in Figure S13d, compared with the fresh catalyst, the binding energy of Pt on the reacted catalyst shifted to a higher binding
energy. The Pt° species at the binding energies of 71.3 eV and 74.3 eV basically disappeared, which may be due to the segregation of
Pt species from the PtSn alloy. The XRD spectrum of the spent PtSn/Nd-CeO, catalyst shows a clear diffraction of platinum species at
20 values of 39.56°, further confirming this conclusion (Figure S13e). To further verify the causes of the catalyst deactivation,
reaction-regeneration experiments were conducted by using optimal PtSn/Nd-CeO, catalyst. As shown in Figure S14a, the propane
conversion was fully restored, while the propylene selectivity was slightly decreased after the first regeneration. However, as the
number of regeneration cycles increases further, the propane conversion at the initial and end of the test showed a slight decrease.
Combining the XRD results (Figure S14b) of the spent catalyst after reaction-regeneration tests, the change of the Pt species as the key
factor of the catalyst deactivation was further confirmed. Thus, the structural evolution of Pt species on the catalyst after the reaction
may be a key factor affecting the catalyst deactivation.

4. Conclusion

From the perspectives of enhancing the activation of the C=0 bond in CO, molecules, selectively activating the C-H bond in propane
molecules, and the synergy between the two, a catalyst design concept was proposed to utilize different RE dopants to modulate the
oxygen vacancy concentration and Pt electronic density of the PtSn/CeO, catalyst. A systematic study was conducted on the effects of
different RE dopants on the catalyst structure and the performance of CO,-ODP. The following conclusions were obtained: the cubic
fluorite structure solid solution Ce;,RE,O, was formed by doping different RE into CeO, using the co-precipitation method. The
dopants have a significant influence on the textural properties of the PtSn/CeO, catalyst. The surface Pt dispersion and oxygen
vacancy content decreased in the order of PtSn/Nd-CeO, > PtSn/Sm-CeO, > PtSn/Pr-Ce0O, > PtSn/La-CeO, > PtSn/CeO0,. Different RE
dopants significantly affected the performance of PtSn/CeO, in catalyzing CO,-ODP. RE doping significantly increased the initial
propane and CO, conversion of the catalyst, but had a slight inhibitory effect on the selectivity of propylene. The propylene yield
decreased in the order of PtSn/Nd-CeO, > PtSn/Sm-CeO, > PtSn/Pr-Ce0O, > PtSn/La-CeO, > PtSn/CeO0,. The results of structural
performance correlation analysis indicate that the oxygen vacancy content and Pt dispersion are the key factors affecting the activity
of the RE-doped PtSn/CeO, catalyst in catalyzing CO,-ODP, and the evolution of the Pt species structure is the key factor leading to
catalyst deactivation. Therefore, based on the regularity of the RE modulation of the surface oxygen vacancy concentration and Pt
dispersion of PtSn/ CeO, catalysts, it is expected that better-performing Pt-based CO,-ODP catalysts are obtained.
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