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Section S1 Materials characterization

Powder X-ray Diffraction (XRD): XRD patterns were analyzed on a Bruker D8
Advance X-ray diffractometer using Cu Ka radiation (40 kV, 40 mA, A = 0.15418 nm)
with a scan rate of 8°-min! and a 20 range of 10-50° for precursors and 10-80° for
catalysts.

Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES):
Elemental content data for Cu, Zn, and Al were obtained by a PerkinElImer Avio 200
ICP-OES instrument. Samples were digested as described below. A 10 mg sample was
dispersed in 10 mL of phosphoric acid and then diluted to 100 mL with deionized water
prior to measurement.

Nitrogen adsorption and desorption isotherms: N, adsorption-desorption
measurements were performed by nitrogen adsorption (-77 k) on a Micromeritics
TriStar Il 3020 instrument. Prior to testing, samples were vacuum dried at 200°C for
10 h. Surface areas were calculated using the Brunauer-Emmett-Teller (BET) method.

Transmission electron microscopy (TEM): TEM samples were prepared by
dispersing the samples in ethanol using a sonic bath followed by drop casting onto
copper grid. The TEM images and EDS mapping were performed using JEM-2100F with
an accelerating voltage of 200 kV.

X-ray photoelectron spectroscopy (XPS): XPS measurements were performed on
a Thermo Fisher Scientific K-Alpha spectrometer with Al Ka (1486.8 eV) as the X-ray
source. The samples used for testing were CZA-1-R, CZA-2-R and CZA-3-R.

Temperature-programmed H, reduction (H,-TPR): H,-temperature programmed
reduction (H,-TPR) was carried out using Micromeritics AutoChem 1l 2920

chemisorption analyzer. Before the H,-TPR test, the calcined sample of 50 mg was



heated to 150°C under Ar atmosphere (30 mL-min) and purged for 1 h, and then
cooled to 50°C. The reduction process was performed in the range of 50-400°C under
10% H,/Ar (30 mL-min1) atmosphere.

Temperature-programmed CO, desorption (CO,-TPD): CO,-TPD were carried out
using a Micromeritics AutoChem Il 2920 chemisorption instrument. Before the CO,-
TPD test, the reduced sample of 50 mg was heated to 150°C under He atmosphere (30
mL-min-t) and purged for 1 h. After being cooled to 50°C in a He atmosphere, the
sample was purged with 10% CO,/He mixture (30 mL-min~t) for 1.5 h at 50°C to
saturate the surface, then purged in flowing He (30 mL-min~t) for 1.5 h to remove
physically adsorbed CO,. Subsequently, the temperature was elevated in flowing He
(30 mL:min~1) until up to 800°C at a ramp rate of 10°C-:min~1. CO, desorption amount
was quantitatively measured based on CO; single-pulse experiment.

Temperature-programmed H, desorption (H,-TPD): H,-TPD were carried out
using a Micromeritics AutoChem Il 2920 chemisorption instrument. H,-TPD
experiment was carried out with the similar method as that employed in CO,-TPD.
Before the H,-TPD test, the reduced sample of 50 mg was heated to 150°C under Ar
atmosphere (30 mL-mint) and purged for 1 h. After being cooled to 50°C in an Ar
atmosphere, the sample was purged with 10% H,/Ar mixture (30 mL-min~!) for 1.5 h
at 50°C to saturate the surface, then purged in flowing Ar (30 mL-min) for 1.5 h to
remove physically adsorbed H,. Subsequently, the temperature was elevated in
flowing Ar (30 mL-min~1) until up to 800°C at a ramp rate of 10°C-min~. The desorbed
H, signal was monitored by a TCD detector, and H, desorption amount was
guantitatively calculated by H, single-pulse experiment.

Cu dispersion (D¢,) and metallic Cu special surface area (Sc,): Assuming that the



chemisorption of H on copper atoms proceeds according to Cu:H = 2:1, the specific
surface area (Sc,) and dispersion D¢,) of copper are calculated as follows:
Scy = 4 x Hyuptake x N_ /(1.47 x 10")(m/g)

In this equation, N av is Avogadro's constant and 1.47x10%° is the value of Cu
atoms per square meter 1.

amount of Cu atoms on surface (moles)
x 100%

D =
€4 total amount of Cu atoms on sample (moles)
H,uptake x 4(moles)

= % 100%
total amount of Cu atoms on sample (moles)




Section S2 Catalytic performance measurement

Activity measurements in the hydrogenation of CO, were carried out in a fixed-bed
reactor. Calcined sample (CZA-C, 0.4 g, 40 - 60 mesh) diluted with 1.1 g quartz sand
(40 - 60 mesh) was placed in a stainless steel tube reactor. Prior to reaction, the sample
was reduced in Hy/N, (10/90, v/v) mixture gas at a flow-rate of 60 mL min~! under
atmospheric pressure. The reduction temperature was programmed to increase from
room temperature to 290°C and maintained at 290°C for 4 h. The reactor was then
cooled to room temperature. After reduction, the activities of the catalyst samples in

CO, hydrogenation process were determined under specific reaction conditions.

The exit gas from the reactor was maintained at 150°C and immediately
transported to the sample valve of the GC (Agilent 8860), which was equipped with
thermal conductivity (TCD) and flame ionization detectors (FIDs). TDX-01 C molecular
sieve packed columns (1 m x 3 mm; Agilent) were connected to TCD, whereas HP-
PLOT/Q capillary columns were connected to FID. The packed column was used for
the analysis of CO, and CO, and the capillary column (30 m x 0.32 mm x 20 um; Agilent
Technologies, Inc) was used for methanol (CH;0H), methoxymethane (CHsOCH;),

methane (CH,) and other C-containing products. CO, conversion (denoted as Xco,), the
CH30OH selectivity (denoted as SCH3OH) and the yield of CH;0H were calculated using an
external normalization method, which were defined as the following Eq. 1, Eq. 2, and

Eq. 3.

n(CO) + n(CH,) + n(CH,0H)
Xco,("%) = 0y + n(CH,) + n(CH.OH) < n(CO,)
4 3 2

100
Eq. 1



n(CH,OH)

x 100
n(CH;OH) + n(CO) + n(CH,)

SCH3OH(%) -
Eq. 2

Yieldey on(%) = Xco, * Sci o * 100 03



Section S3 Attached drawings and schedules

Photo S1. Photos of precursors and calcined samples.
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Fig. S3. TEM images and histograms of particle size statistical distribution of various

catalysts: (a) CZA-1-R; (b) CZA-2-R; (c) CZA-3-R. (The particle size count is 150 for each

image).
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Fig. S4. N, adsorption-desorption isotherms of the CZA-1-R, CZA-2-R and CZA-3-R.



Fig. S5. HRTEM images of CZA-1-R (a-c), CZA-2-R (d-f), CZA-3-R (g-i). (Yellow lines

represent Cu-ZnO interface)
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Fig. S6. HAADF-STEM images and EDS elemental mappings of Cu, Zn, Al and O for

CZA-1-R (a-c), CZA-2-R (d-f) and CZA-3-R (g-i).
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Fig. S7 Relationship between CO, conversion and methanol selectivity in CZA-1-R, CZA-

2-R and CZA-3-R.
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Fig. S8. The relationship between the concentration of oxygen vacancies relative to

the methanol yield at (a) 190°C, (b) 210°C, (c) 250°C over different catalysts. Reaction

conditions: 3 MPa, Vy,/co, = 3 and WHSV = 10000 mL-g.,*-hL.
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Fig. S9. The relationship between CO, conversion and methanol selectivity in (a) CZA-

1-R, (b) CZA-2-R and (c) CZA-3-R. Reaction conditions: 3 MPa, Vy,/co, = 3 and WHSV =

10000 mL-gest-ht.
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Fig. $10. The relationship between the fraction of strongly basic sites relative to all the

basic sites and methanol selectivity over the different catalysts at the 20% CO,

conversion. Reaction conditions: 3 MPa, Vy,/co, = 3 and WHSV = 10000 mL-g,; 1-hL.
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Fig. S11. XRD patterns of fresh CZA-2-R and CZA-2-R after 120 h stability test.



Table S1

Catalytic performance of Cu/ZnO/Al,0; catalysts in CO, hydrogenation to CH;0H.

. P T o ScHoH . o
Catalyst Preparation method  H,/CO, (MPa)  (C) sV Xco, (%) %) Yield (%) Ref
190 8.31 79.7 6.6
Cu/ZnO/Al,03 Co-precipitation 3 3 ;;8 10000 mL-g.,i-h? 124625 gjz 191'.22 This work
250 23.0 45.8 10.5
Cu/Zn/Al-HT - 3 3 250 2600 mL-g.,1-h? 6 73.4 4.4 2
Cu/Zn/Al/Zr Co-precipitation 3 4 240 9742 h1 18.7 47.2 8.8 3
Cu/Zn/Zr Co-precipitation 3 3 200 8800 ht 5.8 55.2 3.2 4
Cu/Zn/Al Co-precipitation 3 3 230 - 18.7 43 8.0 5
Cu/zn/Al- commercial ; 3 4 250 18000 ht 11.1 54.8 6.1 6
catalyst
Cu/Zn/Al-LDO Hydrothermal 3 3 250 - 7 50 3.5 7
Cu-ZnOMOF cAl,04 Solvothermal 3 3 240 14400 h1 9.1 86.9 7.9 8
Cu-ZnO/Al,03 Co-precipitation 3 3 240 14400 ht 5.1 79.6 4.1 8
Cu-ZnO@AI,04 Co-precipitation 3 3 250 1500 mL-g.:*-h? 19.8 48 9.5 9
10NG-Cu/Zn/Al Co-precipitation 3 3 200 - 8.2 84 6.8 10
Cu/zn/Al Ultrasonic co- 3 2 200 2000 h- 5 66 33 11
precipitation
Cu/Zn/y- Al,Os Am";‘:g'c?p‘:;ﬁi‘f:'on' 3 4 220 1500 mL-geh 15 58.9 8.8 12
Cu/Zn0O/Al,04 Co-precipitation 3 5 230 2500 mL-g.,1-h? 27.5 75 20.66 This work
Cu/Zn/Al Co-precipitation 2.8 5 170 400 mL-ge,1-h? 14.3 54.8 7.8 13
Cu/ZnO/Al, 05 Precipitation 2.2 4.5 280 8000 mL-ge-ht 12 71.6 8.6 14
Cu/Zn/Zr Co-precipitation 3.89 5 280 10000 h1? 21 34 7.1 15
Cu/Zn/Al/Zr Co-precipitation 3 5 190 4000 h1 18.9 81.1 15.3 16
Cu/Zn/Al/Zr Co-precipitation 3 5 250 4000 ht 25.6 61.3 15.7 17



https://www.sciencedirect.com/topics/engineering/hydrothermal-synthesis

Table S2

The stability of over the reported catalysts for CO, hydrogenation to methanol.

Before stability test After stability test
Catalysts Time on stream Ref.
CO, Conv. (%) CH5OH Sel. (%) CO, Conv. (%) CH5OH Sel. (%)

CZA-2-R 20 54.5 20 54.3 120 This work
Czz ~17.0 ~45.5 ~15 ~45.5 100 18
Cz/z 15.8 40.4 - - 100 19

Cu/Sio, 20 23 - - 45 20

Cz5-0 14 30 11.7 30.2 41.6 21
CZz-400 16.8 41 16.1 42 130 22
CsZ,Z5 sWo 19.7 49.3 ~19.3 ~48 100 23
Czz-120 ~18.4 ~37.5 ~17.3 ~36 100 24
CZzZ-flower ~19 ~57 ~18 ~59 100 25
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