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Figure S1. (a) FE-SEM image of fresh Cu@ZnO,./Al>Os. (b) A photo of Chinese-yam.
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Figure S2. HR-TEM image of fresh Cu@Zn0,../Al,O3 before H, reduction.
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Figure S3. N, sorption experiments of (a) fresh and (b) reduced Cu@ZnO,../Al,Os.
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Figure S4. N, sorption experiments
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Figure S5. (a) TEM and (b) HR-TEM images of CuZnAl-170-170.

0.209 nm~

S6



—— Cu/ZnO/Al,0,-com
—— Cu@2ZnO0,_/Al,0,

Cu/Zn=0.74

Zn 2p,,

Intensity (a.u.)
Zn 2py,

1200 1000 800 600 400 200 0
Binding energy (eV)

Figure S6. XPS survey spectra of Cu/ZnO/Al,03-com and Cu@ZnO;./Al>O3.
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ZnO,, overlayer with defect

Figure S7. (a—b) Schematic diagram of Cu/ZnO/Al,03-com (a) and Cu@ZnO1-x/Al,03 (b).

S8



Al 2p —— CwZnO/AlL,Q,-com
Cu3p Cu@zn0,_JAl,0,

Overlap
/ AN

Culp .

; AR

Intensity (a.u.)

84 80 76 72 68
Binding energy (eV)

Figure S8. XPS overlaps between Al 2p and Cu 3p of Cu/Zn0O/Al;03-com and Cu@ZnO,./Al;O3.
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Figure S9. Cu 2p XPS spectra of Cu@ZnO,./Al,0;-fresh, Cu@ZnO;./Al,03, and Cu/ZnO/Al,03-com.
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Figure S10. Zn 2p XPS spectra of Cu@Zn0O;../Al,Os-fresh, Cu@ZnO;./Al,03, and Cu/ZnO/Al,03-com.
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Figure S11. O 1s XPS spectra of Cu@ZnO,./Al,03 and Cu/ZnO/Al,03-com.

S12



a ¢ Cu
v ZnO
gy
3 Cu@2n0, /AL,0;-used
© —-’\/\'\/A\.__A_,M
N
=
%)
(=
[
<
=
Cu@2Zn0O, JAlLLO

aar

9§ e (11) = N

ver ¢ g 5%?

T T T T T

20 30 40 50 60 70 80

20 (%)

Figure S12. (a) XRD patterns, and (b) TEM images of Cu@ZnO,../Al,O3-used.
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Figure S13. H, consumption profile at different temperatures in 5% Ha/Ar for the Cu@ZnO,../Al,Os-
fresh.
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pats—pa—ps) of CH30* species adsorbed on

Figure S14. (a—b) Charge density differences (dp

ZneO/Cu(111) interface (a), and ZnsO;../Cu(111) interface (b). Yellow and cyan colors respectively

represent e~ accumulation and depletion.
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Table S1. Metal contents obtained by ICP-OES.

Sample Cu/ZnO/Al203-com Cu@ZnO1../Al203
Cu (wt.%) 52.6 514

Zn (wt.%) 25.5 254

Al (Wt.%) 43 45

O (WL.%) 17.6 18.7

2The O content was not directly determined by ICP-OES, but calculated since the catalysts only consisted

of these four elements (The Na residue was considered negligible due to its extremely low content, which

was less than 0.1 wt.%).
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Table S2. Catalytic performance in CO, hydrogenation over various reported catalysts.

Catalysts PMPa T/°C GHSV H,/CO, Con?® Sel® STY® Ref. Year
CuZnGa/SiO, 2 270 18000 5.6 99.5 3488 ! 2001
CuZnMn 5 250 12000 223 43.0 420 2 2013
CuZnAl 5 250 12000 13.4 58.1 300 3 2015
CuZnAlY 5 250 12000 20.2 69.3 520 3 2015
Iny 05 4 330 15000 7.1 39.7 1181 ¢4 2015
Cu/SiO; 3 320 16000 28 213 260 5 2015
Pd/ZnO 2 250 3600 10.7 60 77.4 6 2016
In,03/Zr0O; 5 300 20000 52 99.8 321 7 2016
CujLag/SBA-15 3 240 12000 6 812 200.7 3 2019
InO3@ZIF-67(Co) 5 270 17200 12.5 83 510 o 2020
Co@S1 3 240 6000 15.2 476 1418 10 2020
Sv-MoS; 5 180 3000 12.5 943 1155 U 2021
Si-Cu-ZnO 3 280 18000 8.3 19 97.4 12 2022
Ce-CuZn-MOF 2.8 260 20000 8.0 71.1 4003 B 2024
Cu@ZnO1../Al,03 3 240 12000 19.4 63 4546 ¢

2 CO; conversion (%). ° Selectivity of methanol (%). ¢ Space time yield of methanol (g-kge: !*h™!). ¢ This

work.
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Table S3. Summarized Raman shifts of likely compounds.

Compounds Raman shift (cm™) References
Hydrogen bonded OH of the brucite-like layers  200-300 14
CuO 293 (Ay) 14
CuO 341 and 630 (By) 15,16
Chemisorbed CO on copper surface 282 17
Chemisorbed CO; on copper surface 529 18
Chemisorbed H,O on copper surface ~624 (broad) 19
Cu—CO stretching 355-366 17
486—500
C-containing species binding to the Cu surface 20
526536
101 and 437 (E)
381 (transverse A1)
ZnO 407 (transverse E) 21
574 (longitudinal A+)
583 (longitudinal E)
ZnO with lattice defect 580 (E1(LO)) 2
Symmetric COjs stretching vibration 1106 (v1) 2
Symmetric CO stretching vibration 980-1050 u
Carbonate group 837 (v2) 25 26
Relative translations between the cation and 176 »
carbonate groups
1350 (D)
Carbon materials 7
1580 (G)
Metallic copper / 28
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Table S4. Potential energy values (eV) in Fig. 8.

Steps ZneO/Cu(111) ZnwO/Cu(111)  ZngO1/Cu(11l)  ZniOr/Cu(111)
COx(g)+3Hx(g) 0.000 0.000 0.000 0.000
CO,*+3Hx(g) ~0.305 ~0.234 -0.318 ~0.320
COL*+H*+5/2Hx(g) ~0.625 ~0.582 ~0.623 ~0.639
TSI -0.021 0.173 ~0.117 0.025
HCOO*+5/2H,(g) ~0.818 ~0.939 ~1.270 ~1.255
HCOO*+H*+2H,(g) ~1.181 ~1.421 ~1.644 ~1.891
TS2 -0.231 ~0.573 ~1.090 ~1.221
HCOOH*+2H(g) -0.938 ~1.076 ~1.239 ~1322
HCOOH*+H*+3/2Ha(g) ~1.316 ~1.351 ~1.433 ~1.507
TS3 ~0.500 ~0.630 ~0.634 ~0.666
H,COOH*+3/2H(g) ~0.866 ~1.003 ~1.048 ~1.190
TS4 ~0.155 ~0.060 -0.310 ~0.367
CH,O*+OH*+3/2H,(g) ~0.706 ~0.504 ~0.860 ~0.817
CH,O*+OH*+H*+H,(g) ~0.944 ~0.754 ~1214 ~1.081
TS5 ~0.289 ~0.485 ~0.467 ~0.386
CH,O*+H,0*+Ha(g) ~1.076 ~1.224 ~1.300 ~1.464
CH,O*+H,0(g)+Hx(g) ~0.564 ~0.674 ~0.802 ~0.814
CHO*+H*+H,0(g)+1/2Hy(g)  —0.912 ~0.956 ~1.118 ~1.110
TS6 -0.721 ~0.838 ~0.885 ~0.755
CH;0*+H,0(g)+1/2Hx(g) ~1.081 ~1.316 ~2.450 ~2.583
CH;0*+H*+H,0(g) ~1.547 ~1.662 -2.711 ~2.857
TS7 ~1.245 ~1.479 ~1.937 ~1.988
CH;0H*+H,0(g) -2.175 ~2.284 ~2.104 ~2.226
CH;0H(g)+H,0(g) ~1.194 ~1.194 ~1.194 ~1.194
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