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Supplementary Figure 1. TEM images and size distribution of ZnO and ZrO» particles in
different 3DOM samples. The samples with different particle size of ZnO are obtained by
calcining the precursor at 723 K for 3 h with different ramp rates in air. a-f, M-CZZ (16) sample
prepared by a ramp rate of 1 K/ min. g-1, M-CZZ (19) sample prepared by a ramp rate of 2 K/min.

m-r, M-CZZ (24) sample prepared by a ramp rate of 4 K/ min. s-x, M-CZZ (36) sample prepared
4



by a ramp rate of 8 K/ min. The average particle sizes of ZnO and ZrO, are obtained by statistical
analysis of more than 300 particles of each oxide.

By controlling the ramp rate in the calculation process, the samples with different
ZnO particle sizes (the average particle size of ZnO is 15.8, 19.1, 23.9 and 35.3 for the
M-CZZ (16), M-CZZ (19), M-CZZ (24) and M-CZZ (35) samples, respectively) but
similar ZrO» particle sizes (3-4 nm) are obtained. All the four samples show uniform

macroporous structure.
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Supplementary Figure 2. XRD patterns of the reduced 3DOM samples.

The diffraction peaks of Cu were detected at 43.3°, 50.5° and 74.1° and the main

diffraction peaks of ZnO are detected at 31.7°, 34.4° and 36.2°. The diffraction peaks

of ZrO; are barely visible among all the catalysts, indicating the very small particle

size or poor crystallization of ZrOs.
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Supplementary Figure 3. The relationship between the TOF value/methanol yield and the Cu
surface area (Scy) for the macroporous samples. It seems that the Cu surface area is not the

determining factor for controlling the catalytic performance for methanol generation.
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Supplementary Figure 4. Standard DRIFT spectrum of methanol (a). In sifu DRIFT spectra of
methanol adsorption (b) on the M-CZZ (16) catalyst at 493 K. In situ DRIFT spectra of the CO, +
H; reaction over the M-CZZ (16) sample under ambient pressure (c). /n situ DRIFT spectra of the
CO; + H» reaction over the M-CZZ (16) sample under realistic reaction condition (3MPa) (d)
Supplementary Figure 4a shows the standard DRIFT spectrum of methanol
provided by BRUKER, and the in situ DRIFT spectra of methanol adsorption on the
M-CZZ (16) catalyst at 493 K is presented in Supplementary Figure 4b. As can be
seen, the vibrational bands at 1057, 1030 and 1004 cm™ can be corresponding to the
C-O stretch of methanol, and bands at 2975, 2943, 2920, 2840 and 2818 cm™' are
attributed to the C-H stretch of methanol. The O-H stretching mode of methanol is
detected in the range of from 3600 to 3800 cm'. The infrared peaks position of

methanol on M-CZZ (16) catalyst at 493 K are exactly the same with that of the



standard methanol DRIFT spectrum. The in situ DRIFT spectra of the CO> + H:
reaction over the M-CZZ (16) catalyst under ambient pressure is showed in
Supplementary Figure 4c.The bands for formate species are located at 2967, 2878,
1590, 1384, and 1364 cm™. The C-H (2928 and 2821 cm™!) and C-O (1146 and 1043
cm’!) stretching features attributed to the methoxy are also observed. It should be
highlighted that the C-O stretching mode of methanol is detected at ca. 1055, 1030
and 1005, while it appears at ca. 1150 and 1050 for the methoxy. In this case, the
band at ca. 1005 cm™ could be used to identify the formation of methanol. On the
other hand, the absence of O-H stretching mode of methanol in the in situ DRIFT
experiments under 3MPa should be attributed to the overlapping of CO2 bands in the

range of 3600-3800 cm™.
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Supplementary Figure 5. Evolution of surface species in designed conditions over the different
microporous samples. a and b, In situ DRIFT spectra over (a) M-CZZ (16) and (b) M-CZZ (36)
catalysts when switching the CO» feed gas (CO> has been loaded into the camber for 10 min) to H»
at 493 K and 0.1 MPa). ¢, Peak areas of generated intermediate species and methanol during the
experiments: areas normalized to the values observed at the end of the transient. The M-CZZ (16)
sample shows much higher ability for CO adsorption (carbonate species at 1522 and 1352 cm™")
and their further conversion to formate (2972, 2878, 1587, 1386, and 1365 ¢cm™') and methoxy
species (2930, 2821,1145 and 1043 cm™') than the M-CZZ (36) sample. This suggests that the

particle size of ZnO affects the CO» adsorption and its further conversion.
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Supplementary Figure 6. TEM images and size distribution of ZnO and ZrO; particles in the
nonporous samples. a-d, N-CZZ (16), which is obtained by grinding the M-CZZ (16) sample. e-h,
N-CZZ (25), which is prepared by a co-precipitation method under the conditions: using sodium
carbonate as precipitator, calcination at 723 K for 3 h in air with a ramp rate of 2 K/ min. i-l,
N-CZZ (31), which is prepared by a co-precipitation method under the conditions: using sodium
carbonate as precipitator, calcination at 723 K for 3 h in air with a ramp rate of 8§ K/ min. m-p,
N-CZZ (42), which is prepared by a co-precipitation method under the conditions: using ammonia
as precipitator, calcination at 723 K for 3 h in air with a ramp rate of 2 K/ min. Cu particles
agglomerate into some big islands (see the dark areas), which were sounded by the ZnO particles.
ZrO; nanoparticles (3.5% Inm) are highly dispersed on the surface of ZnO and Cu matrix. The
average particle size of ZnO is 15.8, 24.6, 31.4 and 43.2 for the N-CZZ (16), N-CZZ (25), N-CZZ
(31) and N-CZZ (43) samples, respectively. The average ZrO, particle sizes (3-4 nm) are similar

for all the four samples.
11
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Supplementary Figure 7. XRD patterns of the reduced nonoporous samples.

12



-
n

2 @ = b =
= —&— MeOH selectivity 160 @ @~ . 160 @
£ 60, ; C o 11 o

8 MeOH yield 4 T
2 @ LI
= F1207 « 2 7 —  [140'S
o =45 T 10 =
2 (@] & T [ ‘1
] oY N o
n 800" = O o | sapes
o8 01 —ToF, @ [ (Qx
c —a— CO; conversion ~v 3 é E 8 i (=]
s 4 e 0 6 7] 100 ©
P i, R B o . G &
o 15 : ~ B o 7. mL
E 10 .4-\'\'\. 5 =.‘ | 80 =
S s ; ; ; ; ; 0o = 8 A et

15 20 25 30 35 40 45 5 6 7 8 9 10 11 12 13 14
- . 2 -
ZnO particle size (nm) S, (mg’)

Supplementary Figure 8. Catalytic performance of the nonporous samples. a, CO; conversion,
MeOH selectivity, MeOH vyield and TOF values as a function of the ZnO, particle sizes in
different nonporous catalysts. b, The relationship between the TOF value/methanol yield and the

Cu surface area (Scy) for the macroporous samples.

Both the CO; conversion and methanol selectivity also obviously decrease with
the increase of ZnO particle size. However, the TOF value increase when the ZnO
particle size is higher than 25 nm. This can be attributed to the significantly reduced
specific surface area of Cu (see Table S1), which is the other determining factor for
calculating the TOF value. In addition, there is no serious dependence of TOF value
on the metallic copper surface area, indicating that the Cu species may not be the

determining factor for the catalytic performance.
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Supplementary Figure 9. Evolution of surface species in designed conditions over the different

nonporous samples. a and b, /n situ DRIFT spectra over (a) N-CZZ (16) and (b) N-CZZ (43)

catalysts when switching the CO» feed gas (CO> has been loaded into the camber for 10 min) to H»

at 493 K and 0.1 MPa). ¢, Peak areas of generated intermediate species and methanol during the

experiments: areas normalized to the values observed at the end of the transient. Similar with that

observed on the macroporous samples in Figure S4, smaller ZnO particle size results in higher

intensity of carbonate species (1522 and 1352 cm™), formate (2972, 2878, 1587, 1386, and 1365

cm') and methoxy species (2930, 2821,1145 and 1043 cm™') during the reactions.
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Supplementary Figure 10. XRD patterns of the Cu-ZnO, Cu-ZrO; and ZnO-ZrO; samples after

reduction treatment by Ho.
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Supplementary Figure 11. /n situ DRIFT spectra of Cu-ZnO (a), Cu-ZrOs (b) and ZnO-ZrO- (c)

at 493 K after switching the feed gas from He to 25%CO,/H> with a total rate of 40 mL/min under

atmosphere pressure.

As switching to 25%CO./H», the very weak formate species (1590, 1388, 1367

cm) were detected on Cu-ZnO and Cu-ZrO, samples. Interestingly, apparent

carbonate species (1526, 1419, 1084 cm™) and formate species (2970, 2876, 1590,

1386, 1365 cm!) are observed on the ZnO-ZrO,. This indicates that the ZnO-ZrO2

interface should be the active sites for CO> adsorption.
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Supplementary Figure 12. /n situ DRIFT spectra of Cu-ZnO (a), Cu-ZrOs (b) and ZnO-ZrO- (c)
samples at 493 K after switching feed from He to 25%CO-/H, with a total rate of 40 mL/min
under 3MPa. d, d, Peak areas of generated intermediate species during the experiments: areas
normalized to the values observed at the end of the transient.

As switching to 25%CO./H,, the apparent carbonate species (1540, 1401 cm™)
and formate species (2975, 2878, 1591, 1385 and 1367 cm™') are observed over the
over binary ZnO-ZrO> at high pressure (3MPa). No obvious intermediate species are
detected on the Cu-ZnO and Cu-ZrO; samples. Obvious signals at 1057, 1030 and
1005 cm™! corresponding to the C-O stretch and bands at 2976, 2948, 2920, 2840 and
2819 cm’! attributed to the C-H stretch are observed over the Cu-ZnO or Cu-ZrO,
sample. This indicates the methanol formation over Cu-ZnO or Cu-ZrO> sample

should not follow the formate pathway.
17
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Supplementary Figure 13. (a) Methanol yields (normalized by specific surface area or
normalized by weight) of Cu-ZnO, Cu-ZrO,, ZnO-ZrO; and Cu-ZnO-ZrO; catalysts for CO>

hydrogenation and (b) the relationship between Sc, and methanol yield.

As shown in Supplementary Figure 13a, no methanol is detected over the
Zn0O-ZrO; catalyst for CO2 hydrogenation, but both Cu-ZnO and Cu-ZrO> catalysts
show good activity for this reaction. This indicates that the Cu/ZnO and Cu/ZrO>
interactions are crucial for the methanol synthesis. On the other hand, the
Cu-ZnO-ZrO; ternary catalyst exhibits much higher methanol yield than either
Cu-ZnO or Cu-ZrO: even though it shows a lower surface area of Cu (Scu) than the
Cu/ZnO catalyst (see Supplementary Figure 13b), suggesting that the ZnO-ZrO»
interaction should also play an important role in the Cu-ZnO-ZrO; catalyst for CO2

hydrogenation.
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Supplementary Figure 14. TEM images and size distribution of ZnO particles in the different

Zn0-ZrO; samples. a-d, ZnO (15)-ZrO, sample, which is prepared by a co-precipitation method

under the conditions: using sodium carbonate as precipitator, calcinated at 673 K for 3 h with a

ramp rate of 1 K/ min. e-h, ZnO (21)-ZrO> sample, which is prepared by a co-precipitation

method under the conditions: using sodium carbonate as precipitator, calcinated at 723 K for 3 h
19



with a ramp rate of 1 K/ min. i-l, ZnO (42)-ZrO, sample, which is prepared by a co-precipitation
method under the conditions: using ammonia as precipitator, calcined at 723 K for 3 h with a ramp
rate of 2 K/ min. The average particle sizes of ZnO and ZrO> are obtained by statistical analysis of

more than 300 particles of each oxide

The average particle size of ZnO is 15.2, 21.4 and 42.3 for the ZnO (15)-ZrO2, ZnO
(21)-ZrO7 and ZnO (42)-ZrO> samples, respectively. The average ZrO» particle sizes

(3-4 nm) are similar for all the four samples.
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Supplementary Figure 15. CO-TPR of ZnO(15)-ZrO, sample and pure ZnO with different
particle sizes.

In order to further understand the role of produced CO for Cu/ZnO/ZrO», we
have performed CO-TPR measurements of ZnO with different particle sizes and the
Zn0O-ZrO> sample, and the signal of CO; is recorded using a mass spectrometer, as
shown in Figure S15. It can be seen that a CO; peak is detected at 617 K for the pure
ZnO sample with an average size of 11 or 19 nm. When the ZnO particle size
increases to 37 nm, this low-temperature CO> peak disappears. This suggests that
smaller particle size of ZnO could improve the reducibility. More importantly, there is
an apparent CO> peak at very low temperatures (373~473 K, which is lower than the
reaction temperature of 493 K for CO2 hydrogenation in the present work) on the
Zn0O-ZrO> sample. The observation of this low-temperature peak indicates that the
presence of CO in the reaction system may promote the formation of oxygen

vacancies in the ZnO-ZrO; catalysts by reducing the ZnO.
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Supplementary Figure 16. XRD patterns of ZnO-ZrO, sample (a) with different average sizes

(15, 21 and 42 nm), pure ZnO with different average sizes (11, 19 and 37 nm) and ZrO, with an

average particle size of 10 nm (b).
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Supplementary Figure 17. XPS spectra of ZnO-ZrO, catalysts: Zn 2p (a), Zr 3d (b), Zn LMM

(¢), and O 1s (d).

To discuss the effect of ZnO particle size and the ZnO-ZrO» interaction on the
formation of oxygen vacancy, XPS characterization was performed on the ZnO-ZrO»
and ZnO samples with different particle sizes. According to the literature', the
difference in the binding energy of Zn and Zn** in the 2p XPS features is very small
(about 0.3 eV). On the other hand, the change in the valence state from Zn?>" to Zn® is
more obvious in the Auger measurements as a more pronounced 3 eV downward shift
in the LsMM Auger peak. As shown in Supplementary Figure 17¢, the Zn L:MM
Auger peak was fitted to a main peak (Peak II) and a shoulder peak (Peak I). No
obvious change is detected over the pure ZnO sample when changing the particle size.
However, the peak for the ZnO-ZrO, sample is shifted by 0.4 eV to lower energy as

compared to the pure ZnO. In addition, the shoulder peak is strongly enhanced for the
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ZnO-ZrO, sample. As reported in the literature! %, the shift of the main peak and the
change in the shoulder feature can be related to the formation of oxygen vacancies in
both ZnO thin films and Cu-Zn alloys. Since there is no Cu in the ZnO-ZrO; sample,
the observations in Supplementary Figure 17 suggest the generation of oxygen
vacancy due to the strong ZnO-ZrO> interaction. The negative shift as compared to
ZnO may be similar to the ZnOx (x < 2) species, which is created by the interaction
between Cu and ZnO** . The existence of oxygen vacancies is also reflected by the
relative higher OI (surface oxygen)/OII (lattice oxygen) ratio in the O 1s peak for the

ZnO-ZrO, sample (see Supplementary Figure 17d)>”
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Supplementary Figure 18. XPS spectra of different CZZ samples after reaction: Cu 2p (a), Cu

L3VV (b).

All the samples exhibited Cu 2p3» and Cu 2pi2 main peaks with BEs values at
approximately 932.6 and 952.4 eV, respectively, with a spin-orbit coupling energy of
19.8 eV. A shake-up satellite peak at approximately 942 eV was not detected,
suggesting the absence of Cu?* species®. It cannot be excluded the existence of Cu’,
since the BE of Cu’ generally overlaps with that of Cu® in Cu 2p core level®. The
results of Cu L3VV Auger peaks are presented in Supplementary Figure 18b, which

shows that the Cu nanoparticles are still zero valence after reaction’.
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Supplementary Figure 19. HRTEM images of the M-ZnO (a-c¢) and C-ZnO (d-f); The frequency

of 11-20 plane (g) and XRD patterns (h) of M-ZnO and C-ZnO.
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Supplementary Figure 20. /n situ DRIFTS of C-ZnO and M-ZnO in CO; adsorption (a and c)
and then switching to CO; + H (b and d) at 220 °C under atmospheric pressure; CO,-TPD
profiles of C-ZnO and M-ZnO (e). MS analysis on the products of CO, + H; over C-ZnO and

M-ZnO at 220 °C under different pressures (f).
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Supplementary Figure 21. SEM images of (a) M-CZZ(16), (b)N-CZZ(42) and (c) N-CZZ(16)

samples.
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Supplementary Figure 22. /n-situ DRIFTS of the hydroxyl group stretching region taken for

CZZ (a) and ZZ (b) in H, and CO, + Hy, respectively. Spectra referenced to empty cell in He.

Additional in situ DRIFTS experiments were performed to determine the
relatively degree of hydroxylation on the surface of the catalyst under reaction
conditions. The hydroxyl groups on the surface of the CZZ and ZZ samples were
measured in pure H> and CO>+H> at 3MPa and 393K. Assuming that the surface of
catalysts after pure H> reduction is likely covered with a saturation coverage of
hydroxyl species, the ratio of the OH peak area in the CO>+H> atmosphere to that in
pure H> can be considered as a relatively degree of hydroxylation. As shown in
Supplementary Figure 22, both samples show similar peak areas of hydroxyl in
different atmospheres, suggesting that the catalysts show saturation coverage of OH
(nearly 100% degree of hydroxylation) under the experiment conditions (3Mpa, 493

K and CO»+3H>). This supports the DFT model used in this manuscript.
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Supplementary Figure 23. /n situ DRIFTS of ZnO (11) (a), ZrO»(10) (b) and ZnO(15)-ZrO> (c)

catalysts. Reaction conditions: CO,+3H>, 493 K and atmospheric pressure.
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Supplementary Figure 24. CO,-TPD profiles and in situ DRIFTS in CO2+H; over CZZ catalysts
with different compositions: CZZ-163, CZZ-343 and CZZ-523 means the Cu, ZnO, ZrO; molar

ratio in the sample is 1:6:3, 3: 4:3, 5:2:3, respectively.

The comparison on the CO>-TPD, in situ DRIFTS characterization, and catalytic
activity over CZZ catalysts with different compositions was performed.
Supplementary Figure 24 shows the CO»-TPD profiles and the in situ DRIFTS, and
the catalytic activity as well as the specific surface area/Cu specific surface area (Scu)
are shown in Supplementary Table 6. It can be seen that the CO desorption in
CO>-TPD (Supplementary Figure 24a) is enhanced and the bands of carbonate (1540
cm) in the DRIFTS experiment also increases (Supplementary Figure 24b) with
decreasing Cu content. This phenomenon supports the conclusion that the ZnO-ZrO:
interface contributes to the CO; adsorption because the decrease of Cu content is
accompanied by the increase of ZnO content which would result an increase in the
Zn0O-ZrO: interface “length”. On the other hand, the in situ DRIFTS experiments
(Supplementary Figure 24b) show that the peak intensities of formate (2972, 2878,
1589, 1384, 1367 cm™") and methoxy (2929, 2823, 1146, 1045 cm™") decrease with the
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decreasing Cu content. In addition, the formation of methanol is also suppressed by
the decrease of Cu content (see Supplementary Table 6). This should be attributed to
the fact that Cu related species are the active sites for Hz dissociation, which provides
active H for producing formate, methoxy and methanol. These phenomena further
confirm the synergy among Cu, ZnO and ZrO: that the ZnO-ZrO; interface is the
active sites of CO; adsorption and the Cu related species contribute to the dissociation
of Hz. H> is dissociated on the Cu sites and then spilled to the ZnO-ZrO> interface to
react with the carbon-containing intermediates to sequentially form formate, methoxy

and methanol.
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Supplementary Figure 25. DFT optimized structures. (i) ZnO(110): (a) ZnO(110) slab, (b) *COx,

(¢c) *HOCO, (d) *HCOO, (¢) *CO, and (f) *HCO. (ii) Zr0,/ZnO(110): (a) ZrO, cluster on

Zn0(110), (b) *CO; on ZrO; and (¢) *HCOO on ZrO,.(iii) adsorbates at ZrO,/ZnO interface: (a)

*CO,, (b) *CO, (c) *HCOO, (d) *H,COO, (¢) *H,COOH, (f) *HCO, (g) *H,CO, (h) *H;CO and

(1) *CH30H. *(X) indicates adsorbed species. The reaction intermediates are shown inside the

dotted circle. Gray: Zn, green: Zr, red: O, brown: C and blue: H
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Supplementary Figure 26. DFT optimized structures. (a) ZrO»/ZnO(110), (b) *CO», (c) *CO, (d)

*HCOO, (e) *H.COO, (f) *H.COOH, (g) *HCO, (h) *H.CO, (i) *H3CO and (j) *CH3OH. *(X)
indicates adsorbed species. The reaction intermediates are shown inside the dotted circle. Gray: Zn,

green: Zr, red: O, brown: C and blue: H
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Supplementary Figure 27. Schematic diagram of the CO, hydrogenation process over (a)
Cu-ZnO, (b) Cu-ZrO», and (¢) Cu-ZnO-ZrO; catalysts

For the Cu-ZnO catalyst, the active sites of CO2 hydrogenation to methanol are
related to the Cu-ZnO species (Cu-ZnO interface or Cu-Zn alloy), while the
hydrogenated ZnO is the active sites for CO> hydrogenation to CO®. The presence of
abundant isolated ZnO results in relatively low methanol selectivity. For the Cu-ZrO:
catalyst, the oxygen vacancies of ZrO: play a very important role for the conversion of

CO» to methanol””?

. However, the oxygen vacancy concentration in ZrO», especially
for tetragonal ZrO» (t-ZrO»), is relatively low, which should be responsible for the
low CO; conversion. In the case of the Cu-ZnO-ZrO; catalyst, the strong ZnO-ZrO:
interaction creates more oxygen vacancies (as revealed by the XPS characterization
shown in Supplementary Figure 17) that can enhance the CO; adsorption, contributing
to the relatively high CO> conversion. In addition, the presence of ZrO; on ZnO

reduces the surface proportion of exposed ZnO, which can eliminate the active sites

for the reduction of CO; to CO, improving the methanol selectivity” .
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Supplementary Table 1. Specific surface area (Sger), Cu specific surface area (Scu), Cu grain

size (dcu), Cu dispersion (Dcy) and catalytic properties of the M-CZZ and N-CZZ samples.

SgET dcu Scu Dcu  |COzconversion| MeOH selectivity |  MeOH yield
Catalysts
(m*g) | (nm) | (m7g)* | (%) (%) (%) (gmeongcan ' h)°
M-CZZ(16) | 33.8 22.4 10.2 4.64 18.9 80.2 297.2
M-CZZ(19) | 32.9 22.8 10.0 4.55 17.4 77.1 263.1
M-CZZ(24) | 34.1 223 10.3 4.68 15.8 73.6 227.8
M-CZZ(36) | 34.7 21.9 10.5 4.77 11.5 64.8 146.1
N-CZZ-(15) | 36.7 22.4 10.3 4.68 14.2 59.3 160.3
N-CZZ-(25) | 53.6 17.2 13.3 6.05 12.5 54.2 128.7
N-CZZ-(31) | 45.2 23.6 9.7 441 11.3 51.4 110.5
N-CZZ-(43) | 353 41.8 5.5 2.50 9.1 46.7 80.7

Reaction conditions: T=493 K, CO2:H>=1:3, P=3.0 MPa, WHSV=3 h™!
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Supplementary Table 2. Catalytic properties for TOF calculation and TOF values towards the

M-CZZ and N-CZZ samples.

CO; conversion MeOH selectivity MeOH yield TOFcy
Catalysts
(%) (%) (gmeongcanh™) (107
M-CZZ(16) 9.7 91.4 582.2 20.6
M-CZZ(19) 8.9 89.7 517.8 18.1
M-CZZ(24) 7.8 84.5 426.6 15.7
M-CZZ(36) 5.8 73.6 279.4 9.9
N-CZZ-(15) 6.0 75.1 295.7 10.4
N-CZZ-(25) 5.6 65.3 237.9 6.5
N-CZZ-(31) 4.8 62.9 200.4 7.5
N-CZZ-(42) 33 56.2 145.8 9.7

Reaction conditions: T=493 K, CO2:H>=1:3, P=3.0 MPa, WHSV=10 h™!

The TOF, which represents the molecular number of methanol formed per
second per metallic copper atom, was calculated based on the Scy for all the catalysts.
To ensure the reliability of TOF values and avoid the possible occurrence of
thermodynamic constraints, the conversion should be controlled in low level (<10%).

In this case, the WHSV is elevated to 10 h™! for reducing CO, conversion.
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Supplementary Table 3. Catalytic performance of some typical Cu-ZnO-ZrO, catalysts reported

in literatures under similar conditions with that in the present work.

catalyst H,:CO, | Temperature | Pressure Conversion | Selectivity Velocity Space-time yield
ratio (K) (MPa) (%) (%) (ml/g/min) | (gMeOH/kgcata/h)

Cu-Zn0-Zr0,'° 3:1 513 3 17.0 415 40 48.8
Cu-ZnO-Zr0,'! 3:1 513 3 18.0 512 ~166 302
Cu-Zn0-Zr0,"? 3:1 503 3 19.3 48.6 50 80
Cu-Zn0-Zr0,"3 3:1 513 3 11.8 46.0 ~146 180
Cu-Zn0-Zr0,'* 3:1 513 3 17.5 48.4 ~73 140
Cu-Zn0-Zr0," 3:1 523 3 19.4 29.3 ~46 60
Cu-Zn0-Zr0,'% 3:1 503 5 15.4 66.8 ~110 160
Cu-Zn0-Zr0,"” 3:1 493 5 7.9 64.0 160 162
Cu-Zn0-Zr0,'8 3:1 493 8 21.0 68.0 ~55 181
Cu-Zn0-Zr0," 3:1 493 8 20.4 66.0 55 170

7n0-7r0,%° 3:1 593 5 10.0 86.0 400 730

This paper 3:1 493 3 182 80.2 100 297
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Supplementary Table 4. XPS peaks fitting results of Zn Auger peak and O 1s over ZnO, ZrO»,

Zn0O-ZrO;.

The percentage of Peak I/ Peak | The percentage of | The ratio of
Catalysts Zn Auger peak II ratio O 1s species Ol oIl
Peak I (%) | Peak II (%) OI (%) | OII (%)

ZnO(15)-Zr0O; 26.7 73.3 0.36 30.7 69.3 0.44
ZnO(37) 14.3 85.7 0.16 20.8 79.2 0.26
ZnO(11) 16.4 83.6 0.19 22.1 77.9 0.28
Zr0(10) - - - 20.3 79.7 0.25
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Supplementary Table 5. Catalytic activity and surface area of Cu (Scy) for Cu-ZnO (molar

ratio=5:2), Cu-ZrO, (molar ratio=5:3), Cu-ZnO-ZrO, (molar ratio=5:2:3) catalysts.

SBET Scu COzconversion | MeOH selectivity | MeOH yield MeOH yield
Catalysts
(mg) | (wg) %) %) (gkgh) | (mg/m*h)
Cu-ZnO 42.1 14.2 9.0 32.7 54.6 1.3
Cu-ZrOs 36.8 8.6 3.8 58.7 46.2 1.2
Cu-ZnO-ZrO2 53.6 133 12.5 54.2 128.7 2.3
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Supplementary Table 6. The specific surface area (Sger), the Cu specific surface area (Scy) and

the catalytic activity of CZZ catalysts with different compositions: 163, 343 and 523 in the sample

means the Cu, ZnO, ZrO, molar ratio is 1:6:3, 3: 4:3, 5:2:3, respectively.

Catalysts SgET Scu CO; conversion MeOH MeOH yield
(m?/g) (m?/g) (%) selectivity (%) (g/kgh)
CZZ7-523 53.6 13.3 12.5 54.2 128.7
CZZ-343 60.9 8.2 10.9 49.6 101.2
CZZ-163 58.4 2.6 3.1 22.9 13.3
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Supplementary Table 7. Comparison of catalytic activity for Cu-based catalysts with different Cu

structures
TOFc, (methanol)
Literatures catalysts Scu (M?/g) | Dcu(%)
(103sh)
50-CZZ 3.32 - 11.8
75-CZZ 1.20 - 15.0
Guo et al. J. Catal. 2010,
100-CZZ 0.75 - 17.8
271, 1782

125-CZZ 1.26 - 14.6
150-CZZ 1.50 - 14.4
Cu(12)/ZrO(6) 8.7 3.3 19.0
Arena et al. J. Catal. Cu(11)ZnO(1)/ZrOx(6) 17.4 6.2 11.7
2007, 249, 185.14 Cu(9)ZnO(3)/ZrO,(6) 60.8 29.1 3.7
Cu(3)Zn0O(9)/ZrO(6) 44.7 57.9 39

Cz 2.83 - 5.0

Guo et al. J. Mol. Catal. 1%LCZ 3.22 - 4.7
A. 2011, 345, 60.22 5%LCZ 436 - 4.5
10%LCZ 3.55 - 5.4

Bonura et al. Appl. C6Z3Z21-CB 23 7.4 2.25
Catal. B. 2014, 152-153, C6Z3Z1-CT 18 6.3 2.20
152.11 C62371-0X 28 9.5 2.21
Stoczynski et al. Appl. CuZnZr 3.9 - 6.5
Catal. A. 2003, 249, CuZnZrMg 9.1 - 3.1
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129.%3 CuZnZrMn 13.5 - 2.6
CHTs-0 29.4 9.54 4.60
Gao et al. J. Catal. 2013,
CHTs-1 35.8 11.59 5.18
298, 51.%

CHTs-5 39.7 13.79 3.89
Cu(0.5)ZnO 0.40 12.3 0.95
Cu(1)ZnO 0.67 9.8 0.87

Karelovic et al. Catal.
Cu(3)ZnO 0.75 42 0.83

Sci. Technol. 2015, 5,
Cu(5)ZnO 0.86 2.8 0.84

869.%

Cu(8)ZnO 0.25 0.5 4.05
Cu(15)ZnO 0.32 0.4 3.77
Ccz 7.2 - 2.53
Pd-CZ-0.005 6.8 - 3.42
Hu et al. J. Catal. 2018, Pd-CZ-0.01 5.0 - 11.8
359,17.%¢ Pd-CZ-0.02 6.2 - 7.14
Pd-CZ-0.03 2.7 - 13.5
Pd-CZ-0.04 2.1 - 14.3
Zn/(Zn + Cu)=0.1 11 3.03 0.20
Zn/(Zn + Cu)=0.3 9 3.03 0.93
Valant et al. J. Catal. Zn/(Zn + Cu)=0.5 6 2.96 1.65
2015, 324, 41.3 Zn/(Zn + Cu)=0.62 5 3.03 2.77
Zn/(Zn + Cu)=0.7 4 3.03 2.67
Zn/(Zn + Cu)=0.9 1 3.10 3.81
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Zn/(Zn + Cu)=0.09 8 2.2 1.14
Zn/(Zn + Cu)=0.3 10 34 1.50
Tisseraud et al. J. Catal.
Zn/(Zn + Cu)=0.5 7 3.6 1.92
2015, 330, 533.6
Zn/(Zn + Cu)=0.7 13 10.6 0.89
Zn/(Zn + Cu)=0.9 2 5.6 5.95

In the Cu-ZnO or Cu-ZrO, system, it is widely believed that bare Cu’ metal is
the origin of the reactivity for the hydrogenation of CO> to methanol, and a direct
relationship between the Cu specific surface area (Scu) and the activity has been
reported. However, many previous studies report that the oxide supports also play a
very important role in the catalytic process. For Cu-ZnO -catalysts, the oxygen
vacancies in ZnO play a critical factor in determining the catalytic activity®?2’. The
ZnOx (x < 1) moieties are formed under reducing conditions at the Cu-ZnO interface,
and this in situ-formed decorated surface is suggested to hold the active sites for
methanol synthesis?®. On the other hand, it has also been observed that the promoting
effect of ZrO, on Cu/SiOz is due to the effective adsorption of CO2 on ZrO>"?° . In
addition, the results obtained by Koppel et al.>° and Ma et al.>' suggest that the
presence of t-ZrO; on the Cu-ZrO; catalyst promotes the methanol formation from
CO and CO,. However, another view is that m-ZrO» is more active than t-ZrO- in the
methanol formation® 3> due to the relatively high oxygen vacancy concentration on
m-ZrO;. Interestingly, Rhodes and Bell reported that when the surface area of Cu was
higher than 2.5 m?/g in the Cu-ZrO; catalysts, the further increase in the surface area

of metallic Cu does not promote methanol synthesis and lowers the TOF value?!-33. In
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summary, the catalytic activities depend not only on the Scu but also the

physicochemical property of the supports.

It is more complicated for the ternary Cu-ZnO-ZrO> catalyst. As shown in Table
S7, there are no obvious relationship between the Cu dispersion/Cu specific surface
area and the TOF value. In the present work, Cu makes up the 3DOM framework of
the microporous Cu-ZnO-ZrO; catalysts, and the microstructure of Cu particles (e.g.,
Cu dispersion, Cu specific surface area and Cu particle size) in all the samples is
similar (see Supplementary Table 1). The only significant difference for the different
samples is the particle size of ZnO. As shown in Figure 2a in the manuscript, both the
TOF value and the selectivity of methanol decreases with increasing ZnO particle size.
The ZnO particle size determines the Cu-ZnO interface “length”, which further affects
the dissociation of H> and the spillover efficiency of H. On the other hand, the ZnO
particle size also influences the ZnO-ZrO; interface “length” that would modify the
CO» adsorption capacity. Overall, both of the two types of interface “length” affect

the catalytic activity.
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