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Materials and Methods

Preparation of Ce-MgO-D(x) catalysts

A series of Ce-MgO catalysts with different Ce dosages were prepared using the citrate complex
method. Taking the synthesis procedure of Ce-MgO-D(1.6) catalyst as an example: 0.12 mmol
cerium nitrate hexahydrate, 24.5 mmol magnesium nitrate hexahydrate precursors and 49.3
mmol citric acid were dissolved in 20 mL deionised water and stirred at room temperature for 4
h. The mixed solution of precursors was then transferred to a rotary evaporator for rotary
evaporation. After 2 h evaporation, the resultant sol was dried overnight in an oven at 120°C.
The obtained powders were ground and calcined in the Muffle furnace at 650 °C for 2 h with a
ramping rate of 5°C-min‘t. All of the as-prepared catalysts were denoted as Ce-MgO-D(x), where
X represents the weight fraction of Ce. The molar ratio of citric acid to metals (Mg and Ce) was
fixed at 2. In addition, pure MgO and pure CeO. were also prepared according to the procedures
mentioned above.

Preparation of reference catalysts

CeNPs-MgO-D: The catalyst was prepared using the impregnation method, including the
preparation of CeO2> NPs. CeO, NPs were synthesised from the decomposition of cerium nitrate
hexahydrate at high temperatures, which is referred to in the previous reports.>? Briefly, 5 mmol
of cerium nitrate hexahydrate and 15 mmol of oleylamine as a stabilising agent were mixed in 30
mmol 1-octadecene at room temperature. After vigorous stirring at 80°C for 1 h under a nitrogen
(N2) gas environment, the temperature was ramped to 200°C and maintained for 2 h. The
obtained colloid was washed using ethanol, acetone and hexane 5 times after cooling and
dispersed in 100 mL of hexamethylene.

The CeNPs-MgO-D catalyst was prepared using the impregnation (IMP) method. 1 g MgO-D
support and 9.14 mL CeO NPs solution were dispersed in 30 mL hexamethylene and stirred at
room temperature for 1 h. The suspension was then transferred to a rotary evaporator for rotary
evaporation and dried at 110°C overnight. The solid was calcined at 350 °C for 3 h to obtain the
final catalyst.

Ce-SiOz2: The catalyst was prepared using the impregnation (IMP) method. 1 g SiO> support and
0.12 mmol cerium nitrate hexahydrate were added to 30 mL deionised water and stirred at room
temperature for 3 h. After removing the solvent, the obtained powders were treated at 110°C
overnight. Then, the solid was calcined at 650°C for 2 h in the Muffle furnace to obtain the final
catalyst.

Ce-Al203: The catalyst was prepared using the citrate complex method. 0.12 mmol cerium
nitrate hexahydrate, 9.6 mmol aluminium nitrate hexahydrate precursors and 29.2 mmol citric
acid were dissolved in 20 mL deionised water and stirred at room temperature for 4 h. The mixed
solution of precursors was then transferred to a rotary evaporator for rotary evaporation. After 2
h evaporation, the resultant sol was dried overnight in an oven at 120°C. The obtained powders
were ground and calcined in the Muffle furnace at 650°C for 2 h with a ramping of 5°C/min.

CuZnAl: The catalyst was prepared using the urea homogeneous precipitation method.®
Typically, 12.50 mmol copper nitrate trihydrate, 3.12 mmol zinc nitrate hexahydrate, 2.08 mmol
aluminium nitrate hexahydrate, and 200 mmol urea were dissolved in 100 mL deionised water
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and stirred at 95 °C for 2 h. The obtained slurry was aged at 95°C for 24 h and then filtered and
washed with deionised water three times. Finally, the CuZnAl catalyst was obtained after drying
in an oven at 60°C for 12 h and then calcination in static air at 350°C for 3h.

Characterisation

Powder X-ray Diffraction (PXRD). The PXRD results were collected on an X'pert-Pro
diffractometer (PAN Analytical, Netherlands) using Cu Ko radiation (A = 1.54 A) at 40 kV and
40 mA in the range of 10 - 90°.

Inductively Couple Plasma-Optical Emission Spectroscopy (ICP-OES). Elemental contents
were measured with ICP-OES using a PerkinElmer 7300DV analyser.

Transmission Electron Microscopy (TEM). TEM measurements were carried out on a JEM-
2100 operating at an accelerated voltage of 200 kV.

Scanning Transmission Electron Microscopy (STEM). The atomic resolution STEM with
ADF detection and field emission scanning electron microscopy (FESEM) were performed on an
HF5000 microscope from the Hitachi Company with a 200 kV cold-field emission gun and a Cs-
corrector for the electron probe. The EELS spectra were acquired with a Gatan GIF camera. An
energy dispersion of 0.25 eV was used to acquire the Ce L-edge, with an energy resolution of
approximately 1 eV. For core-loss acquisition, the pixel size was set to 2 A x 2 A and the dwell
time to 0.5 s. The EELS spectrum of CeO; particles was used as a reference. As complementary
to the STEM microscopy, the STEM images and element mapping images were collected by
JEM ARM200F thermal-field emission microscope with a probe spherical aberration (Cs)
corrector working at 200kV. The samples were ultrasonicated in an ethanol solution, dropped
onto the copper grid covered with a holey carbon membrane and dried for observation.

EELS analysis

Due to the extremely weak signal of Ce single atoms, we manually selected individual spectra
with a significant Ce signal and summed them to enhance the SNR.

The valence state of Ce was determined by calculating the M5/M4 ratio. First, a power-law
model was fitted to remove the background of the raw spectra. Then, a double arctan function
was used to remove the continuum background in the EELS spectra. The areas of M5 and M4
were integrated within an 8 eV-wide window, and the M5/M4 ratio was calculated. The M5/M4
ratio of the Ce single atom was compared with that of the CeO2 (IV) reference to determine the
valence state.

Electron Paramagnetic Resonance (EPR). The EPR spectra were gained from Bruker A200
spectrometer at room temperature.

Ultraviolet-Visible Spectroscopy (UV-vis). The catalysts' UV-vis absorption spectra were
measured at room temperature using a Perkin EImer Lambda950 UV-vis near-infrared
spectrometer (200 - 800 nm at a 10 nm/s scan rate).

Temperature-Programmed Desorption of CO2 (CO2-TPD). The CO.-TPD experiments were
performed on a fixed bed reactor with a U-shaped quartz tube (inner diameter 6 mm) at
atmospheric pressure, with the signals recorded by a QMD mass spectroscopy. First, a 100 mg
catalyst was pretreated at 500°C for 1 h under the flow of 99.99% He (40 mL-min') and then
cooled down to 50°C. After that, the 100 vol% CO- (40 mL-min™) was passed through the
catalyst for 1 h during adsorption, followed by flushing in He for 1 h with 30 mL-min™ to
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remove the physically adsorbed CO. Finally, the catalyst was heated to 600 °C at 10°C-min*
under He flow at 30 mL-min™, and the desorbed CO, was monitored with mass spectroscopy.

Temperature-Programmed Surface Reaction (TPSR). The TPSR characterisation of CO2/H>
was carried out on a fixed-bed reactor, and then the reactor was inspected online using a QMD
mass spectrometer. 100 mg of catalyst was loaded in a U-shaped quartz tube (inner diameter 6
mm) reactor. It was pretreated in Hz for 1 h and in He for 1 h at 500 °C, respectively. After
cooling down to 50 °C in He, the reactants with a molar ratio of CO2/H2/N2 = 5/15/80 were
introduced at a flow rate of 40 mL-min™. The temperature of the reactor was started from 50 °C
to 800 °C with a ramp of 10 °C-min™.

H2-D2 exchange Reaction. H>-D2 exchange reactions were performed on a temperature-
programmed micro-fixed bed reactor equipped with a mass spectrometer. Typically, 100 mg of
the sample was reduced in Hz (30 mL-mint) at 500 °C for 1 h, then the gas was switched to Ar
(30 mL-min™) and treated at 500 °C for 1 h, followed by cooled down in Ar until the baseline
signal in MS spectra was steady at 30 °C. At that time, a mixture of D2 (5 mL-min™), Hz (5
mL-min™t) and Ar (20 mL-min) was introduced into the catalyst sample and kept for ~30 min at
30 °C. Next, the catalyst was heated to 300 °C with a heating rate of 10°C-min’t. A mass detector
(QMD) was used to analyse the signal of m/z =2 (H2), 3 (HD) and 4 (D).

Nearly-in-situ X-ray photoelectron spectroscopy (XPS). Nearly-in-situ XPS analyses were
performed on a Thermofisher Escalab 250 Xi+ photoelectron spectroscope equipped with a
monochromatic Al Ka radiation. All the binding energies were calibrated to the containment
carbon C 1s peak (284.8 eV). The data analysis was performed using CasaXPS and a Shirley
background.

X-ray Absorption Spectroscopy (XAS). The XAS experiments, including X-ray absorption
near edge spectra (XANES) and extended X-ray absorption fine structure (EXAFS) of Ce Ls-
edge, were collected at the BL11B beamline of the Shanghai Synchrotron Radiation Facility
(SSRF). Before the measurement, the samples were pressed into the table. The data from the
prepared catalysts and references were collected at room temperature under transmission mode.
The acquired XAS data were processed according to standard procedures using the ARTEMIS
module implemented in the IFEFFIT software package.

In-situ Diffuse Reflectance Infrared Fourier Transforms (DRIFTS) spectroscopy. The In-
situ DRIFTS investigations were recorded using a Bruker Vertex 80V spectrometer equipped
with a Mercury-Cadmium-Tellurium (MCT) detector in the range 850-4000 cm™ at a 32-scan
integral at a resolution of 4 cm™. For CO, adsorption, the catalyst was pretreated with H at 500
°C for 2 h sequentially in Ar for 1 h. The background spectrum was obtained at 500, 400, 300
and 200°C and then at r.t. (30°C) in Ar flow. After cooling the catalyst down to room
temperature (RT), the gas flow was changed to 5% CO2/Ar (40 mL-min, 0.1 MPa), and the
spectra were collected simultaneously. Once the adsorption was completed (that is, the intensity
of CO-adsorption bands no longer increased), the temperature was increased from 30 °C to 500
°C in 5% CO2/Ar (40 mL-min, 0.1 MPa), and the spectrum was continuously recorded. The
reaction DRIFTS spectra and H-D isotope exchange DRIFT spectra were obtained using a
similar procedure. The catalyst was pretreated with Hz at 500 °C for 2 h sequentially in Ar for 1
h. The reaction infrared spectra were continuously recorded during exposure to 5 vol%

CO2/15 vol% H2/80 vol% Ar. The H-D isotope exchange DRIFT spectra were continuously
recorded during exposure to Do.
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DFT calculations.

Computational methods: All spin-polarised DFT calculations were carried out using the Vienna
Ab-initio Simulation Package (VASP) #°. The Perdew-Burke-Ernzerhof (PBE) functional within
the Generalised Gradient Approximation (GGA)® was used to describe the exchange and
correlation effects. Valence electrons were described using plane waves with a Kinetic energy
cutoff of 400 eV, while core electrons were treated with the Projector Augmented Wave (PAW)
method.” The dispersion-corrected DFT-D3 method was employed to describe the van der Waals
(vdW) interactions.® Uerr = 5.0 eV was applied to the Ce 4f states to calculate the highly localised
Ce 4f orbitals accurately.® The Brillouin zone was sampled using 8 x 8 x 1and 3 x 3 x 1
Monkhorst-Pack k-points mesh for the bulk of MgO and surface models, respectively. The
convergence criteria for the forces and total energy were set at 0.02 eV/A and 1.0x10 eV,
respectively. The Climbing Image Nudged Elastic Band (CI-NEB) method'%!! was employed to
search the transition states (TSs), and then, the dimer method!?!3 was used to locate the
transition state until the energy converged to 0.03 eV/A. All transition states were verified by
vibrational frequency analysis. All energies of the elementary step involved in the RWGS
reaction are corrected at 873.15 K.

Computational models: The optimised lattice parameters (a = b = ¢ = 4.20 A) of MgO bulk
were in excellent agreement with the experimental values (a = b = ¢ = 4.21 A).* The MgO(100)
surface was modelled using a p(3 x 3) supercell consisting of four atomic layers named as MgO.
The defective MgO(100) surface (denoted as MgO-D) was constructed by removing some atoms
from the MgO surface to induce a step structure. The Ce atom-doped defective MgO(100)
surface (denoted as Ce-MgO-D) was constructed by substituting an Mg atom at the step sites of
the MgO-D surface with a Ce atom. The defective MgO(100) surface with enriched oxygen-
vacancy (denoted as Oy-MgO-D) and Ce atom-doped defective MgO(100) surface with enriched
oxygen-vacancy (denoted as Ce-Oy-MgO-D) were further constructed by removing an oxygen
atom from the step sites of MgO-D surface to simulate the observed oxygen vacancies. A similar
approach has been successfully applied in previous studies about the surface and catalytic
properties of MgO.*1° In all calculations, all atoms were relaxed except for the bottom two
atomic layers. For all surface models, a vacuum layer of 15 A was added in the vertical direction
to avoid interlayer interactions. Detailed structures of these surface models are shown later in
Figure S25.

Catalytic performance evaluation and Kinetic experiments.

The CO2 hydrogenation reaction was carried out at ambient pressure in a quartz tube reactor (d =
8 mm) under a gas atmosphere of 24% CO2/72% Ha/N2 (40 mL-mint) with the GHSV of 24,000
mL-geat 2-hL. Before the activity test, 100 mg catalysts (160 - 400 pm) with 1.0 g SiC (400 - 450
um) as a diluent were activated by 100% H, (40 mL-min) at 500 °C for 2 h at a ramp of 5
°C-min. After the reduction, the H, stream was switched to Ar until the temperature was heated
to 600 °C, and the reactant gas was switched to pass through the catalyst bed. The effluent gas
was analysed online by an Agilent 7890B gas chromatography (GC) instrument equipped with a
thermal conductivity detector (TCD). The long-term stability of the catalyst was also measured at
600°C for 150 h duration. CO2 conversion, CO selectivity and RWGS rate were calculated by
using the following equations:

F
Conversion (CO,, %) = <1 — M) X 100% (D

COz,in
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FCO,out

Selectivity (CO, %) =

x 100% (2)
Fco,,in — Fco,,out

RWGS rate (umol - g2k -s71) = (3)

where Fco, in is the concentration of CO; in the reaction stream, and F¢o, out: Fco,out are the

concentrations of CO2 or CO (respectively) in the outlet stream. mcat. (g) represents the mass of
the catalyst during the catalytic performance test.

The kinetic experiments were performed in the same reactor. The CO> conversion was kept
below 15% by adjusting gas hourly space velocity (GHSV) to eliminate any diffusion resistance.
The reaction order with respect to reactants (CO2 and Hz) was obtained at 500°C, and changing
the flow rate of Hz between 6-72 mL-min’, the flow rate of CO, between 6-72 mL-min, while
using N as a balance to maintain a 100 mL-min™ total flow rate. The apparent activation energy
was measured similarly.

Supplementary Text

Theoretical modelling of H2 adsorption and dissociation.

H> adsorption and dissociation over MgO, MgO-D, Ce-MgO-D, O,-MgO-D, and Ce-Oy-MgO-D
were investigated theoretically. The corresponding optimised configurations and potential energy
profiles for Hz adsorption and dissociation are shown in Figures S28-S30. Specifically, Hz
molecules are physically adsorbed on the MgO, MgO-D, and Ce-MgO-D catalysts. Then, the
dissociation of physically adsorbed Hz was further analyzed (Figure S30a). The two H atoms
from Ha heterolytic dissociation were adsorbed at the Mg site and O site, respectively, and the
dissociation activity followed the order of MgO (2.50 eV) < Ce-MgO-D (0.80 eV) < MgO-D
(0.43 eV). Interestingly, the presence of oxygen-vacancies over O,-MgO-D and Ce-O,-MgO-D
catalysts promotes spontaneous dissociation of H> molecules, and it is strongly exothermic;
correspondingly, the co-adsorption energy of two H atoms is more negative (Figure S30b). The
above results indicate that compared to the five-coordinated oxygen sites (Osc) in the MgO
catalysts, the presence of four-coordinated oxygen atoms on the surfaces of MgO-D and Ce-
MgO-D can lower the activation barriers for H dissociation. In contrast, the presence of oxygen
vacancy on the Oy-MgO-D and Ce-O,-MgO-D surface further enhanced the H dissociation
activity, suggesting that the presence of unsaturated-coordinated oxygen sites (Oac) and oxygen
vacancy are the key factors for the enhancement of H> dissociation ability.

H»-D> exchange reactions were studied over the MgO-C, MgO-D and Ce-MgO-D(1.6) catalysts.
After activation in the Hz atmosphere at 500°C, a mixture of Hzand D2 (5 mL-min™ and 5
mL-min’, respectively) was introduced into the catalyst bed. For the Ce-MgO-D(1.6) catalyst
(Figure S31), the formation of HD (e.g. hydrogen molecule with one hydrogen and one
deuterium atom) occurred at 50°C, which has a higher HD signal than MgO-C and MgO-D
catalysts, indicating that the activation of the H-H bond in H> on Ce doped MgO was much more
facile than pure MgO.

XRD and HRTEM results
The XRD (Figure S1) and HRTEM (Figure S13) results of MgO revealed that the (100) plane
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was the main exposed surface. This surface was used in the following calculation and simulation,
which were not changed after the addition of Ce species (Figure S13Db).

Catalytic behavior

The catalytic performances in the RWGS reaction over Ce-MgO-D(1.6) and MgO-C catalysts
were evaluated at various temperatures with a space velocity of 24,000 mL-gcat2-h™ under the
conditions of 24% CO., 72% H2 and N2 as equilibrium gas. First, we tested the catalytic
performance of quartz with a CO> conversion of 0.9% at 600°C. The commercial MgO (MgO-C,
Macklin) show a negligible RWGS catalytic performance, where the CO2 conversion is as low as
6.5% at 600°C (Figure S16). The activity of MgO-C was reduced to 3.4% (Figure S16) after
treatment at 1200°C, indicating that sintering may occur after high-temperature treatment of
MgO-C, resulting in a decrease in the number of active sites. Besides, the Ce-MgO-D(1.6)
catalyst showed a very promising performance, which can reach equilibrium conversion at
higher reaction temperature with a space velocity of 4800 mL-g e -h (Figure S16).

Combining RWGS and Fischer-Tropsch synthesis is considered the most promising process for
converting CO; to value-added chemicals.}” Thus, we performed Ce-MgO-D(1.6) catalyst at a
high pressure of 10 and 20 bar (Figure S18). The CO; reduction performance of defective MgO-
D nanoparticles is 5.5-8.3 times higher than that of MgO-C. When the Ce species is introduced,
the CO- activity gradually increases to 18.9 umol-gea.-s™ at 20 bar. Interestingly, the MgO-D
and Ce-MgO-D(1.6) catalysts have >98.5% CO selectivity in the pressure range of 1- 20 bar,
whereas the MgO-C catalysts have only 85.4% CO selectivity at 20 bar.

Kinetic results

In order to further explore the catalytic process, the Arrhenius plots of MgO-D and Ce-MgO-
D(1.6) catalysts were obtained (Figure S19). The apparent activation energy (Ea) of the three
catalysts indicates a value of about 105-110 kJ mol* for MgO-C, MgO-D and Ce-MgO-D(1.6)
(Figure S19a and Table S4). Subsequently, the apparent reaction orders of the CO> and Hz were
investigated by varying the partial pressure of the reactants at 500°C. As shown in Figure S19b
and Table S4, the reaction orders of CO2 and H2 were estimated to be -0.78 and 0.57,
respectively. The reaction rates of CO> increased with the partial pressure of Hz, while the
reaction rates of CO, were suppressed in excess of COa.

The apparent activation energy (Ea) for the three catalysts was the same value (Figure S19a), but
Ce-MgO-D(1.6) exhibits a higher CO; reaction rate (37.2 umol-gea *-s1) than that of MgO-C
(4.6 umol-gea *+s") and MgO-D (26.4 pmol-gear-s™). Therefore, we continued to correlate the
CO2 reaction rate with the fraction of oxygen defects and rate constant Kapp in Figure S20. It was
found that the CO: reaction rate had good linearity on the fraction of oxygen defects (Figure
S20a) and rate constant kapp (Figure S20b), indicating the difference is related to the pre-
exponential factors (the number of active sites, Table S4).18

Characterisation of the catalysts after the stability tests

Powder x-ray diffraction (PXRD) analysis of the catalyst recovered after the long-term stability
test revealed no discernable diffraction peaks of CeO; crystals (Figure S39), indicating that the
Ce species were highly dispersed on MgO for cerium loadings as high as 4 wt% after reaction.

Comparisons between TEM and STEM-HAADF images of the fresh and spent catalysts do not
reveal apparent changes in the material and single-dispersed Ce species upon prolonged exposure

7
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to reactants under these harsh conditions (Figures S40 and S41). In addition, STEM-HAADF
images collected before and after the reaction illustrated the Ce species disperse in a single-atom
form on the MgO (100) surface, illustrating that the structure of the Ce-MgO-D catalysts is very
stable during the reaction.

These observations suggest that its prolonged high activity may result from the lack of
aggregation or structural transformation during long exposure to the reaction conditions.
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Supplementary Results

Additional characterisation data

Table S1. Elementary Content of Ce in Ce-MgO-D Catalysts Characterized by ICP-OES. TA:
theoretical amount.

Catalysts Cera)/wt% Ceqncr)/wt%
MgO-D 0 -
Ce-MgO-D(0.2) 0.16 0.12
Ce-MgO-D(0.4) 0.41 0.33
Ce-MgO-D(0.8) 0.81 0.75
Ce-MgO-D(1.6) 1.63 1.44
Ce-MgO-D(4) 4.07 3.10
CeO> 100 -
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CeO,

A - Ce-MgO-D(4)
A Ce-MgO-D(1.6)
Ce-MgO-D(0.8)
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[ |
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20 40 60 80
2 Theta (degree)

Figure S1. XRD patterns of Ce-MgO-D samples with different cerium content.
Diffraction peaks of face-centred cubic MgO (JCPDS No. 45-0946) dominate in all
Ce-MgO-D samples with different cerium content. No discernable diffraction peaks
for CeO; crystals were observed, indicating that the Ce species were highly dispersed
on MgO for cerium loadings as high as 4 wt%.

10
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Figure S2. TEM images and particle size distribution plot of Ce-MgO-D(1.6) catalyst.
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Figure S3. TEM images of MgO-C catalyst.
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Figure S4. TEM images of MgO-D catalyst.
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Figure S5. TEM images and particle size distribution plot of Ce-MgO-D(0.4) catalyst.
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Figure S6. TEM images and particle size distribution plot of Ce-MgO-D(0.8) catalyst.
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Figure S7. TEM images and particle size distribution plot of Ce-MgO-D(4) catalyst.
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Figure S8. HR-TEM image of Ce-MgO-D(1.6) catalyst.
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Figure S9. Atomic resolution STEM-ADF images of Ce-MgO-D(1.6) catalyst.
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Figure S10. STEM-HAADF images of Ce-MgO-D(1.6) catalyst with different
magnifications.
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Figure S11. Atomic resolution a, b) STEM-ADF images and c, d) corresponding
STEM-SE images of Ce-MgO-D(1.6) catalyst .
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Figure S12. STEM-HAADF image and corresponding EDS elemental mapping (O,
Mg, Ce) of Ce-MgO-D(1.6) catalyst.
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Figure S13. HR-TEM images of a) MgO-D and b) Ce-MgO-D(1.6) catalysts.

22
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Figure S14. Ce 3d XPS spectra of a) Ce-MgO-D(0.4), b) Ce-Mg0-D(0.8), c) Ce-MgO-
D(1.6) and d) CeO; catalysts by XPS.
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Table S2. Surface Ce species were analyzed by XPS using different Ce-MgO-D catalysts.

Catalysts Ce®*/(Ce®* + Ce*)
Ce-MgO-D(0.4) 36
Ce-MgO-D(0.8) 42
Ce-MgO-D(1.6) 46

CeO2 33
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Figure S15. a) O 1s spectra and b) Mg 2p spectra of Ce-MgO-D(0.8) catalyst.
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Table S3. Comparison of reactivity of catalysts in RWGS reaction.

T GHSV, c Sel Rate, u Rate,
Catalysts <o mbegeat | o | S0 | molcozgeat” | Molcozmolm | Ref.
C 1.h-1 % % - 1,01
-h lgl etal S
Ce-MgO-
1 D(L6) 600 | 300,000 | 9.5 100 84.8 0.74
Ce-MgO- This
2 D(L6) 600 | 24,000 | 521 | 99.9 37.2 0.33 work
3 MgO-D 600 | 24000 | 369 | 99.9 26.3 —
4 MgO-C 600 | 24,000 65 | 99.8 4.6 —
5 | 39%Au/CeO> | 500 | 12,000 | 30.3 | 100 22.5 0.15 19
6 | K80-PL | 500 | 30,000 | 280 | 100 22.2 1.44 20
8 PYTiOz 400 | 6,000 230 | 95.0 20.0 0.39 21
9 | PUALOs | 400 | 12,000 | 200 | N/A 01.6 0.003 22
PUCEOZ‘ 23
10| | Mmp.aso | 450 | 72000 | 430 | 840 62.9 1.40
11 | Plowser/PN- 12,000 30.1 | 985 48.4 0.26 24
CeO2
12 | Pt/NR-CeO, | 350 | 12,000 | 194 | 100 11.2 0.17 24
13| Ptmullite | 550 | 30,000 | 22.9 | 83.9 38.34 0.37 25
14 | K-Ptmullite | 550 | 30,000 | 30.9 | 99.2 51.73 0.50 %
15 PUS'OTZ@CN 500 | — 4 | 985 7.4 0.33 26
0.5%Pd/Laz 27
16 | oumwenT | 400 | 72000 | 200 | 100 429 0.86
17| Pd-In/Si0. | 600 | 60,000 | 957 | 100 14.24 0.05 28
18| Pd/SiO2 600 | 60,000 | 29.39 | 83 43.74 0.15 28
19 R“(C‘z')):m' a7 | — 260 | 92.0 57.6 0.33 28
20 | 1%Ni/CeO> | 400 | 120,000 | 45 | 90.0 335 0.20 30
21 | Ni-Mo/Al20s | 600 | 30,000 | 350 | N/A 65.1 0.07 31
10%Cu- -
22 | ) 39¢Fersio, | 600 | 120000 | 120 | 100 89.3 0.06
23 | 109%Cu/SiO2 | 600 | 120,000 | 8.0 100 59.5 0.04 32
24| 0.3%Fe/SiO2 | 600 | 120,000 | 2.0 100 14.9 0.28 32
1%NiO/CeO 3
25| cBA.ls | 450 | 1500 25 100 0.2 0.001
26 | 5%Co-N-C | 500 | 6,000 524 | 96.0 7.0 0.008 34
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Figure S16. Catalytic activity of Ce-MgO-D(1.6) catalyst. Reaction conditions:
CO2/H2=1/3, GHSV = 4800 mL-gcar*-ht. Catalytic activity of quartz sand, MgO-C

and MgO-C_HT catalyst (HT refers to catalysts treated at 1200 °C high temperature).

Reaction conditions: CO2/H2=1/3, GHSV = 24,000 mL-gcar*-h™.

27



Supplementary Material

a b Il Ce-MgO-D(1.6) [l Reference
= 40 100
o AP T=e00°c » 30
3 w0l % GHSV =24000mL gzt h' [80 2 <3
- 1 ONRa299909033333003333AAAA A A 2 S
§_ ..... L0 g % 204
g 20- & o
5 40 9 © 0
(7} o w 1
g 101 o ce-Mgo-D(1.6) L20 © g
x P CuZnAl catalyst x
01— . T T T v —-0
0 25 50 75 100 125 150 25 100
Time on stream, h Time on stream, h

Figure S17. a) Long-term catalytic tests of the Ce-MgO-D(1.6) and the reference
(commercial) CuZnAl syngas catalyst. b) Catalytic tests of the Ce-MgO-D(1.6) compared to a
reference (commercial) CuZnAl syngas catalyst (comparison of RWGS rate after 25 and 100 h
of time on stream, 600 °C, GHSV = 24,000 mL-gcar - ™).
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Figure S18. RWGS reaction activity of MgO-C, MgO-D and Ce-MgO-D(1.6) at 500
°C as a function of pressure.
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Figure S19. a) Apparent activation energy value of MgO-C, MgO-D and Ce-MgO-D(1.6)
catalysts. b) Effect of CO- (left) and Ha (right) partial pressure on reaction rate of MgO-C,

MgO-D and Ce-MgO-D(1.6) catalysts at 500 °C.
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Table S4. Kinetic results of MgO-C, MgO-D and Ce-MgO-D(1.6) catalysts.

R:kapp[COZ]a[H Z]b

Catalysts Kapp/*10°7° a b | Ea kJmol?
MgO-C 0.5 -0.71 | 0.58 110.1
MgO-D 17.2 -0.77 | 0.57 105.4

Ce-MgO-D(1.6) 20.3 -0.78 | 0.57 110.8
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Figure S20. Correlation between the catalytic performance in RWGS with a) oxygen defects,
and b) rate constant kapp over MgO-C, MgO-D, and Ce-MgO-D catalysts.
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FT-IR additional results
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Figure S21. Operando DRIFT spectra taken for MgO-C catalysts at 0.1MPa CO at
350 °C. Spectra referenced to different catalysts under 0.1 MPa Ar at 350 °C.
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Figure S22. Operando DRIFT spectra taken for MgO-D catalysts at 0.1MPa CO: at
350 °C. Spectra referenced to different catalysts under 0.1 MPa Ar at 350 °C.
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Figure S23. Operando DRIFT spectra taken for Ce-MgO-D(1.6) catalysts at 0.1MPa
CO- at 350 °C. Spectra referenced to different catalysts under 0.1 MPa Ar at 350 °C.
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Additional Theoretical calculations data

Figure S24. a) Top and b) side views of the optimized MgO(100) model. The red and yellow
spheres represent O and Mg atoms, respectively.

36



Supplementary Material

a P e b e S% c s d e © e
aYs 85 > O 3/
+L e o Cu ¥ ) p?
sl ut B | B
Taieie | e +4 S +4

Sas Fe¥ Wew 4 [ ¥ ) oo "9 @

Figure S25. The structure models of a) MgO, b) MgO-D, c) Ce-MgO-D, d) O,-MgO-D and e)
Ce-0v-MgO-D catalysts. In the top view, atoms from the second layer to the bottom are
depicted in a line style to enhance the visualization of the surface layer. Yellow: Mg, blue: Ce,
red: O, black dashed circle: oxygen vacancy.
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Figure S26. Top and side views of the optimized geometries and calculated adsorption energies
(Eads) of CO2 on the models of a) MgO, b) MgO-D, c) Ce-MgO-D, d) O,-MgO-D and e) Ce-
Ov-MgO-D catalysts, respectively. The red, green, grey, yellow and blue spheres represent O,
O, C, Mg and Ce atoms, respectively. Distances between C atoms and O atoms are in angstroms
(A), and the bending angle of CO, molecule are indicated in degrees (°).

38



Supplementary Material

Table S5. The adsorption energy (eV) of CO2 and H> on different models.

Catalysts Eai/?ezV) Eadis_/|(29V)
MgO -0.67 -0.13
MgO-D -2.47 -0.25
Ce-MgO-D -1.68 _
0.-MgO-D -3.48 -0.13
Ce-Ov-MgO-D -2.89 _
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Figure S27. Differential charge density and Bader charge of a) MgO, b) MgO-D, c¢) Ce-MgO-
D, d) O,-MgO-D and e) Ce-Oy-MgO-D surfaces, and the cyan and yellow regions represent the
charge depletion and accumulation, respectively. The isosurface value is 0.003 e/Bohr®. The red,
green, grey, yellow and blue spheres represent O, O, C, Mg and Ce atoms, respectively.
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Figure S28. The structures of initial state, transition state and final state involved in the
dissociation of H> on the models of a) MgO, b) MgO-D and c) Ce-MgO-D catalysts.
The red, white, yellow and blue spheres represent O, H, Mg and Ce atoms, respectively.
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Figure S29. The optimized structures of Hz adsorption configurations on the models of
a) Oy-MgO-D and b) Ce-O,-MgO-D catalysts. The red, white, yellow and blue spheres
represent O, H, Mg and Ce atoms, respectively.
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Figure S30. a) Energy profiles of Hz dissociation on the MgO, MgO-D and Ce-MgO-D models.
b) Co-adsorption energy of the dissociated two H atoms on the models of MgO, MgO-D, Ce-
MgO-D, Oy-MgO-D and Ce-O,-MgO-D catalysts.

43



Supplementary Material

I Ce-MgO-D(1.6)
I MgO-D
I Mgo-C

HD signal (a.u.)

50 150 250
Temperature (°C)

Figure S31. H>-D» exchange reaction on MgO-C, MgO-D and Ce-MgO-D(1.6).
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Figure S32. a) In-situ DRIFT spectra taken for MgO-C catalysts at 0.1MPa CO2:H»>=1:3 at
450 °C. b) In-situ DRIFTs of MgO-C pre-reacted at 450 °C for 40 min under CO2:H>=1:3
atmosphere followed by H» for 30 min. Spectra referenced to different catalysts under 0.1 MPa

Ar at 450 °C.
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Figure S33. a) In-situ DRIFT spectra taken for MgO-D catalysts at 0.1 MPa CO2:H,=1:3 at
450 °C. b) In-situ DRIFTs of MgO-D pre-reacted at 450 °C for 40 min under CO2:H>=1:3
atmosphere followed by H, for 30 min. Spectra referenced to different catalysts under 0.1 MPa

Ar at 450 °C.
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Figure S34. a) In-situ DRIFT spectra taken for Ce-MgO-D(1.6) catalysts at 0.1MPa
CO2:H2=1:3 at 450 °C. b) In-situ DRIFTs of Ce-MgO-D pre-reacted at 450 °C for 40 min
under CO2:H2=1:3 atmosphere followed by H> for 30 min. Spectra referenced to different
catalysts under 0.1 MPa Ar at 450 °C.
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Figure S35. The corresponding quantitative surface formate (HCOO*, 1606 cm™)

from in-situ DRIFTs of MgO-C, MgO-D and Ce-MgO-D(1.6) catalysts during
CO2:H2=1:3 atmosphere switch to H at 450 °C.
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Figure S36. The structures of initial state, transition state and final state involved in
CO2 hydrogenation to CO on the MgO surface. The red, white, grey, green and yellow
spheres represent O, H, C, O and Mg atoms, respectively.
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Figure S37. The structures of the initial state, transition state and final state involved in CO;
hydrogenation to CO on the MgO-D surface. The red, white, grey, green and yellow spheres
represent O, H, C, O and Mg atoms, respectively.
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Figure S38. The structures of initial state, transition state and final state involved in CO>

hydrogenation to CO on the Ce-O,-MgO-D surface. The red, white, grey, green and yellow
spheres represent O, H, C, O and Mg atoms, respectively.
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Table S6. Activation free energy (Ga/eV) and reaction free energy (AG/eV) of elementary steps

involving in RWGS reaction over MgO, MgO-D and Ce-Oy-MgO-D catalyst at 873.15 K.

Catalysts Elementary step reaction Ga(eV) | AG (eV)
Ho*—H*+H* 2.50 1.47
CO+2H*—>HCOO*+H* - -3.07
MgO HCOO*+H*—>HCOOH*+* 1.39 1.17
HCOOH *+*—CO*+H,0* 0.97 -0.03
CO*+H20*—>CO+H20*+* - -1.22
CO+H20*+*—>CO+H0+2* - -0.54
Ho*—H*+H* 0.43 0.00
COx*+2H*—>HCOO*+H*-I 0.43 -0.01
HCOO*+H*-I-HCOO*+H*-II - -1.31
MgO-D HCOO*+H*-II-HCO*+OH* 1.77 -0.14
HCO*+OH*—CO*+H,0* 2.15 0.89
CO*+H20*—CO*+H,0+* - 0.02
CO*+H20+*—CO+H0+2* - -0.47
Ho*—H*+H* - -1.18
COx*+2H*—>HCOO*+H*-I 0.29 0.25
HCOO*+H*-I->HCOO*+H*-II - -0.28

*pH*

Ce-0.-MgO-D Lo e 220 | 087
CO*+OH*+H*—>CO*+H0*+* 1.79 1.74
CO*+H.0*—CO*+H,0+* - -0.50
CO*+H20+*—CO+H0+2* - -0.19
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Figure S39. XRD patterns for spent Ce-MgO-D catalysts with different Ce content
after the reaction.
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Supplementary Material

HR-TEM images of spent Ce-MgO-D(1.6).
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Figure S41. HAADF-STEM images of spent Ce-MgO-D(1.6).
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