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Figure S1. The N, adsorption isotherm and pore diameter distribution for the catalysts (A) Co-B-O, (B) Co-Zrgs-B-0O, (C) Co-Zry1-B-O,

(D) CO-ZI’O.3-B-O.
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Figure S2. The HAADF-STEM images and EDS mapping of B, O, Co and Zr on the Co-Zry ;-B-O catalyst.
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Figure S3 XPS spectra of the Co-Zr,-B-O catalysts: (A) Co2p; (B) O1s; (C) Zr3d; (D) B1s. The data were fitted according to literature.[]
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Figure S4. The FTIR spectra of the Co-Zry 1-B-O catalysts. The peak positions of O-H deformation and stretching are the same as those

in the literature.
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Figure S5. The XRD spectra of the Co-Zr(;-B-O catalyst after treating in flowing H, at different temperature.
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Figure S6. Impact of Pco,/Py, ratio upon the reaction. Conditions: Co-Zrg1-B-O catalyst 40 mg, cyclohexane 2 mL, initial pressure 8.0

MPa, 180 °C, 12 h.
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Figure S7. Impact of total pressure on the reaction. Conditions: Co-Zry 1-B-O catalyst 40 mg, cyclohexane 2 mL, Pco,/Pyr=1, 180 °C, 12
h.
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Figure S8. The results of the reaction in different solvents. Conditions: Co-Zrq ;-B-O catalyst 40 mg, solvent 2 mL, 4 MPa CO,, 4 MPa

Hy, 180 °C, 12 h.
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Figure S9. Time course of the reaction. Conditions: Co-Zrg 1-B-O catalyst 40 mg, cyclohexane 2 mL, 4 MPa CO,, 4 MPa H,, 180 °C.
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Figure S10. Results of the recycling test of the catalyst. Conditions: Co-Zrg 1-B-O catalyst 40 mg, cyclohexane 2 mL, 4 MPa CO,, 4 MPa
H,, 180 °C, 12 h.
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Figure S11. The HAADF-STEM images and EDS mapping of B, O, Co and Zr on the catalyst after five cycles.
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Figure S12. XPS characterization of the Co-Zry,-B-O catalyst after adsorption of H, or CO, at elevated temperature: (A) Co 2p, (B) Zr
3d, (C) B 1s, (D) O1s.

I: The catalyst was pretreated in a reactor with 4 MPa H, at 180 °C for 2 h and then cooled to room temperature;

II: After step | the H, was released and replaced by 4 MPa CO,, after the reactor was kept at 180 °C for 1 h it was cooled to room
temperature.

After the adsorption, the catalyst samples in the reactors were quickly transferred into the chamber of the XPS spectrometer.
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Figure S13. In situ FTIR spectra obtained during CO, adsorption on the Co-Zry 1-B-O catalyst. The catalyst was pretreated by H, at 180

°C for 2 h before the CO, adsorption. The black line is the background spectrum scanned before CO, was introduced.

14/22



11210
Carbonyls (in HxCOy)
1330 /1
2077 1573 \
1 | 1
2056 180°C 30min...—1 !
gy ! 180°C_10min ,
=. ! 18° min | |
8 ¥ 180°C_3mir '
L) 180 I
8 i 0 I !
| i 1
: 160 1
© L 1407 | i |
2 s .
o ‘ I 100.Cw
) L 80°C w
Ko 50°C \ :
< 20°C CO,+ i
I G zoic 1623
20C N, _HCO,

: T ; T ' T ' T E T :
2200 2000 1800 1600 1400 1200 1000
Wave number (cm™)

Figure S14. In situ FTIR spectra during reaction of CO, and H, over the Co-Zrq;-B-O catalyst. At 20 °C, CO, was firstly added, then CO,
and H, were introduced together. The temperature was elevated from 20 to 180 °C at the rate of 5 °C /min and kept at 180 °C for 30

min. The black line is the background spectrum scanned at 20 °C before CO, was introduced.
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Figure S15. In situ FTIR spectra of the Co-Zry;-B-O catalyst during heating at a rate of 10 °C/min in N, flow. The background

spectrum was scanned at 30 °C.
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Figure S16. XPS characterization of the Co-Zrg-B-O catalyst after CO, methanation. Conditions: Co-Zrg;-B-O catalyst 40 mg,
cyclohexane 2 mL, 4 MPa CO,, 4 MPa H,, 180 °C, 12 h. The sample was obtained after releasing the gases of the cooled reactor.
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Table S1. The representative results of CO, methanation at low temperature (<250 °C).

Normalized activity

Entry Catalyst T (°C) Best data in the Reference ( mmolcoy-gear th) CH4% Ref.
1 Ru(NC)/CeO, 190 7.41x1073 571 6.8 >98 3]
2 Rh(3 wt.%)/TiO, 150 0.143x102 molcys molgyt st 1.5 100 [4]
3 Ru/[BMIM]BF,/SiO, 250 70% (CO, conversion) 5.1 100 [5]
4 RuNPs in [Cgmim][NfO] 150 3.25 h'1 (84% vyield) n/a 100 [6]
5 Ru/TiO, (B) 160 1.5x102 51 2.4 100 7]
6 RuNPs in [omim][NTf,] 150 72 (TON), 69% (yield) 29.7 100 (8]
7 Rh-Pd/y-AlO; 200 ?5,33?198irf§'z f;a;_li::mol%_l - 11 100 [9]
8 3Ru-30Ni/Ceq9Zrp 10, 230 98.2% (CO, conversion) 21.0 100 [10]
9 Ru/30%Ce0,/Al,05 250 6.2 mL mint ge,?t 16.6 ~100 [11]
10  Rh/y-Al,05:Ni/AC 125 9.5 umol g n/a 100 [12]
11 Co-Zrp1-B-0O 180 10.7 97.8 This work

The activities of some results are converted to mmolco, * gth™? based on the data given in the literatures, and the detailed
procedures are given below.

n/a represents “not available” because of lacking some key parameter for calculation.

Ru(NC)/CeO, (Ref. 3):
7.41x1073 51 x 3600 s/h—+101.1 g/molg, x 0.0256 gru/Ecat X 1000 mmol/mol = 6.8 mmolcoy*gear th™t
Rh(3 wt.%)/TiO, (Ref. 4):
0.143%x1072 molcys molRh™ st x 3600 s/h+102.9 g/molg, x 0.03 grn/geat X 1000 mmol/mol = 1.5 mmolcoy*gear tht
Ru/[BMIM]BF,/SiO, (Ref. 5):
2400 h™t (GHSV) X | Leyy+22.4 L/mol x 15 (CO5)% x 70 (conv.)% (1 Leye x 2200 geat/L) x 1000 mmol/mol = 5.1 mmolcoy gear tht
(The catalyst density was not available and was supposed to be the density of SiO, support because of the low Ru loading.)
Ru/TiO, (B) (Ref. 7):
1.5x102 s x 1.55 m2g ;" 1x 0.1739 x102° + (6.02x1023 atom/mol) x 1000 mmol/mol x 3600 s/h = 2.4 mmolcoygear *tht
RuNPs in [omim][NTf,] (Ref. 8):
72 molcys molgy™? =+ 101.1 g/molg, =+ 24h x 1000 mmol/mol = 29.7 mmolcgy gear th?
Rh-Pd/y-Al,O; (Ref. 9):
0.309 umol g, ts7t x 3600 s/h 1000 umol/mmol = 1.1 mmolcg,*gear th?
(The reaction rate with the unit of umol g.,;' s™* was obtained directly from Table 1 of the Ref. 9)
3Ru-30Ni/Ceq 0Zr10; (Ref. 10):
2400 mL g'th1=-22.4 mL/mmol x 20%cos % 98.2%cony. = 21.0 mmolcor gear tht
Ru/30%Ce0,/Al,O; (Ref. 11):

6.2 mLmint g +22.4 mL/mmol x 60 min/h = 16.6 mmolcgy*gear th?
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Table S2. Impact of Zr content on the structure and performance of the catalysts.

Surface composition (atom%)?

SgeT Catalytic
Catalyst
Co 7r B o (m2g?) activity?
Co-B-0 7.7 - 3.6 88.7 18.8 0.9
Co-Zrp05-B-O 30.4 1.6 14.7 53.3 32.0 8.2
Co-Zry1-B-0 34.7 5.1 18.9 41.3 92.4 10.7
Co-Zry3-B-0 16.5 6.6 13.2 63.7 20.0 5.8

aThe data were from XPS analysis, indicating the atomic percentage in total surface atoms.

b The unit of the activity is mmolco, gt h™, which was obtained at the same condition to that in Figure 1.
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Table S3. The oxygen states of different catalysts determined by XPS characterization.

O01s%

Catalyst
Lattice O Surface O B-O
Co-B-O 6.2 51.3 42.5
Co-Zrgs-B-0 455 41.7 12.8
Co-Zrp1-B-0 36.2 47.7 16.1
Co-Zry3-B-0 35.0 40.5 24.5
Co-Zrg1-B-0-5r 33.9 51.6 14.5

The data of oxygen states were obtained from the XPS characterization of different catalysts.

20/22



Table S4. Result of the CO hydrogenation over the Co-Zry 1-B-O catalyst.

Product selectivity (%) co

. Activity
conversion | 1t
(%) (mmo €0 8Bcat )
methane ethane propane Cco,
26.2 43 4.4 65.1 0.7 0.4

Conditions: catalyst 40 mg, cyclohexane 2 mL, 4 MPa CO, 4 MPa H,, 180 °C, 12 h.
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