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General Characterizations. X-ray powder diffraction (XRD) analyses were conducted on a Rigaku
D/Max 3400 powder diffraction system with CuKa radiation (k = 0.1542 nm). The 26 scans were
taken from10 to 80° with a step size of 0.04°. Phase purity and crystal structures were confirmed by
powder X-ray diffraction profiles using the EXPGUI, GSAS package. Hydrogen temperature-
programmed reduction (H2-TPR) was performed by using a Micromeritics AutoChem II 2920 device
with a thermal conductivity detector (TCD). Before measurement, the sample (200 mg) was placed
in a quartz U-tube reactor and was purged with flowing Ar gas (50 mL-min™") at 200 °C for 30 min.
For TPR measurement, the sample was reduced in a stream of H2/Ar (1:9, v/v; the total flow rate is
50 mL-min') with a heating rate of 10 °C-min' up to 600 °C. Temperature-programmed desorption
(TPD) of ethylene was conducted on a GSD320 Thermostar instrument. In a typical TPD
experiment, 200 mg of dried sample material was placed in a quartz tube and reduced in flowing H>
(20 mL-min") at 350 °C for 30 min. Then it was purged with flowing Ar gas (20 mL-min™") for 30
min after cooling down to room temperature. Subsequently, the sample was exposed to ethylene gas
for three times through a 5.0 mL injection syringe. After ethylene adsorption, the sample was purged
with flowing Ar gas (20 mL-min™"). Finally, the TPD was carried out by heating the sample from
room temperature to 300 °C with a heating rate of 10 °C-min! in flowing Ar gas (20 mL-min™").
Raman spectra were recorded on a micro-Raman spectrometer (Renishaw) equipped with a CCD

detector using a He/Ne laser with a wavelength of 532 nm.

S2



Table S1. Detail list of the chemicals and reagents

Chemicals Purity Corporation
36.0-38.0% metal the Non Ferrous Metal
RuCls
basis Institute of Shenyang
Methanol AR
Sinooharm Chemical Reagent
NiO AR
Co., Ltd
V4(0}! AR
Ce(NO3)3-6H20 AR CINOR chemical
TiO; (anatase) 99.8% metal basis
WO3 99.9% metal basis
Aladdin Industrial Corporation
MoO;3 99.9% metal basis
Si0; 99.5% metal basis
Beijing fine chemicals Co.,
MgO >98%
Ltd
Na3PO4-6H>O AR
Tianjin Kemiou Chemical
NaOH AR
Reagent Co., Ltd
NH+OH AR
Dalian Guangming Special
Ethylene 99.9%
Gas Products Co., Ltd
0
0, 99.9999% Dalian Institute of Chemical
Millipore-purified .
18 MQ-cm Physics

water
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Fig. S1. GC-MS signal of the product after reaction. Reaction conditions: Ru/ceria (0.15 g, 0.03
mmol as Ru), ethylene (7.5 mmol), 1.0 MPa CO, methanol (4 mL), 165 °C, 6 h. MP: methyl

propionate, PTO: pentan-3-one, DMP: 1, 1-dimethoxypropane.
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Fig. S2. Powder XRD patterns of ceria with various shapes and ceria-supported Ru catalysts. The

loading amount of Ru is 2 wt%.
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Fig. S3. (A) Effect of CO partial pressure on MP yield in EMC reaction over Ru/ceria. Reaction
conditions: Ru/ceria (0.15 g, 0.03 mmol as Ru), ethylene (7.5 mmol), methanol (4 mL), 165 °C, 8 h,
Pco is the partial pressure of CO. (B) The effect of reaction temperature. Reaction conditions:
Ru/ceria (0.15 g, 0.03 mmol as Ru), ethylene (7.5 mmol), CO (1.4 MPa), methanol (4 mL), 2 h. (C)
Time-on-stream profile at 165 °C. Reaction conditions: Ru/ceria (0.15 g, 0.03 mmol as Ru), ethylene

(4.0 mmol), CO (0.5 MPa), methanol (4 mL).
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Fig. S4. Filtration reaction. Reaction conditions: Ru/ceria (0.15 g, 0.03 mmol as Ru), CO (7.5
mmol), ethylene (0.6 MPa), methanol (4 mL), 165 °C. The yield of MP is calculated based on CO.
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Fig. SS. Raman spectra of ceria (a) and Ru-clusters/ceria (b).

In the Raman spectra of pristine ceria, two peaks are observed. The sharp peak at 461 cm™ is
assigned to the F2¢ vibrational mode of the ceria fluorite-type structure.! Another peak at 595 cm™! is
assigned to the defect induced (D) mode of ceria.!® When 2wt % of Ru was impregnated on ceria,
those Raman peaks still remained but with the peak assigned to Fa¢ red-shifted and broadened
compared with pristine ceria. This may be due to the presence of Vo derived from the introduction of
Ru into the ceria.? In addition to those Raman peaks observed on pristine ceria, two peaks at 695 cm™

""and 980 cm™' are also observed on Ru-clusters/ceria, which are assigned to the existence of Ru-O-

Ce or Ru=0 stretching.>
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Fig. S6. Ru®" / (Ru’ +Ru®") calculated with using the XPS data in Fig. 2. Ru®" / (Ru® +Ru®") is

calculated according to the following Eq. S1.

Ru®*
Ru5+ 0
— = —Ru Eq. SI.
Ru’" + Ru 1+ Ru
Ru’
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Fig. S7. H2-TPR of ceria (a), RuO2/SiOz2 (b) and RuOz/ceria (c).

H2-TPR of RuO2/ceria is conducted and shown in Fig. S7. The pristine ceria and inactive catalyst
Ru02/S10: are also investigated for compared. For pristine ceria, two peaks at 338 °C and 472 °C are
assigned to the removal of the surface oxygen.!® * For Ru catalyst, the oxidized RuO: has been
reduced even at < 150 °C for either RuO2/ceria or RuO2/Si02. On RuOx/ceria, the peaks at 285 °C
and 450 °C are probably due to the removal of the surface oxygen of the ceria support, which shift to
lower temperature compared with pristine ceria, indicating the promotion of Ru addition for the ceria
reduction.** > Further, the H2 consumption of RuO2/ceria (11.7 mmol per gram supported RuO2, Ru
2.0 wt% relative to ceria) is lower than that of the stoichiometrically-demanded H> consumption
considering a full reduction of RuO2 to Ru® (15.1 mmol per gram RuQz), indicating the presence of

partially oxidized Ru species.
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Fig. S8. Ethylene-TPD profiles of Ru-clusters/ceria.
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Fig. S9. In situ IR spectra of ethylene adsorption on pristine ceria recorded after desorption at room

temperature for 30 min.
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Fig. S10. In situ IR of ethylene adsorption on Ru/silica in the regions of 3300 cm'-2760 cm™'. The

spectra are collected after ethylene desorption at room temperature.
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Fig. S11. In situ IR spectra of CO adsorption on pristine ceria recorded after desorption at room

temperature for 30 min.
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Fig. S12. In situ pyridine-IR after methanol adsorption on ceria.
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Fig S13. Raman spectra of fresh Ru-clusters/ceria (a) and the catalyst used for three times (b).

The ratio of the integrated peak areas around the bands at 595 and 460 cm™' (Asos/A460) can be
used to quantify the relative surface concentration of oxygen vacancies.® The concentration of
oxygen vacancies in Ru-clusters/ceria catalyst decreased after used for three times (0.1654 for fresh
catalyst and 0.1083 for the deactivated catalyst). In addition, for the deactivated catalyst, the peaks
assigned to Ru-O-Ce red-shifted compared with fresh Ru-clusters/ceria, indicating the blocking of

interface of by organic species.’
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Ru atom Bader charge

Rul 0.30
Ru2 1.10
Ru3 0.38

Fig. S14. Bader charge of the three Ru atoms in the model.
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