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Research and industrialization progress of copper-based catalysts for
CO, hydrogenation to methanol
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(State Key Laboratory of Porous Materials for Separation and Conversion, National Engineering Research Center for Cl
Chemistry, Southwest Institute of Chemical Co., Ltd., Chengdu 610225, Sichuan, China)

Abstract: The catalytic hydrogenation of carbon dioxide (CO,) to methanol enables the resource utilization of CO, and has the potential
to fundamentally eliminate its adverse impacts on the climate. When integrated with CO, capture technologies and wind- and solar-
powered hydrogen production, this technology can effectively promote the transformation of the energy structure toward low-carbon and
clean energy. Given the chemically stable nature of CO,, the development of efficient and stable catalysts is crucial for achieving
industrial breakthroughs in CO, hydrogenation to methanol. First, by comparing the characteristics of different catalysts used in CO,
hydrogenation to methanol, the favorable prospects of copper-based catalysts for industrial application were clarified. Then, focusing on
reaction mechanisms, active sites, supports and promoters, the research progress of copper-based catalysts reported both domestically
and internationally was systematically reviewed, and on this basis, the directions for catalytic performance optimization of copper-based
catalysts were summarized. Finally, based on the pilot-scale and industrialization progress of the related technologies, the technical
bottlenecks encountered in the industrialization of copper-based catalysts and the corresponding countermeasures were identified from
the perspectives of process design and techno-economic analysis. Research on copper-based catalysts has entered a stage of mechanism-
guided catalyst design. Although most studies are still at the laboratory scale, with the further advancement of theoretical research, the
development of catalyst preparation technologies, and the upgrading of industrialization approaches, copper-based catalysts are still
expected to serve as the primary catalysts for the large-scale industrialization of CO, hydrogenation to methanol before the emergence of
new catalytic systems.
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Fig. 1 Review framework of copper-based catalysts for CO,

hydrogenation to methanol
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BRIEWAT, 7F UiO-66-NH, 1 5 & JEfL AT« 78 SR A7 5
I FEH, Cu@UIO-66 R SR AT 2 i3 Cu'-ZrO, ST
HITE % A% F Cu@UiO-66-NH, =4 ) Cu £ &5,
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Fig.8 Schematic diagrams of structures of novel catalysts: CuO-ZnO @H-S-1 (a)"**', CuZnO@rGO (b) ">, Cu@UiO-66 and

Cu@Ui0-66-NH, ()"
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Table 2 Comparison of catalytic performances of copper-based catalysts supported on different supports

Sl T W PC JEJi/MPa COBEMb% /%  WESEPEME /% WER 2% (gkg'h')  SH R
30Cu-ZZ s, 280 5 19.6 50 725 [131]
Copper/ZnO 170 3 4.9 99.1 [88]
A ZnO, /Cu 220 4.5 8.5 80 877 [105]
Cu/ZnO Cu@ZnO-1.0 240 3 6.2 56.1 335.8 [102]
CuZn-5:4 280 3 12.9 85.1 238 [132]
Cu/ZnO/C-P 94:6 280 3 21 90.5 660 [92]
Cu/ZnO, 240 3 222 58 508 [103]
Cuw/ALO,-1W 280 4 25.8 26.9 249 [133]
Cu/ALO,
Cu-Zn0-Al,0,-LDO 260 3 7.9 512 124 [134]
60 wtCu% CuO/ZrO, 300 1 2.9 60.3 [114]
JHH ZrO,/Cu 220 3 <5 ~70 524 [115]
FSP-Cw/ZrO, 160 3 =20 85 ~213.4 [135]
Cw/Zzr0, 0.5% CuZnZr 290 4.5 9.5 76 277.63 [89]
Cu-Zr0, 240 3 7.1 56.5 ~ 180 [110]
Cu-ZnO-ZrO, 240 3 11.9 93.5 226 [136]
CuZr-1 260 3 11 72.1 362.17 [137]
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Table 2 Comparison of catalytic performances of copper-based catalysts supported on different supports (continued)

eSSl fiEAl 7 W °C J£7)/MPa  CO,%:4b% /%  WELEREEM: /% HER 2R (gkg'h") S Lk
CuZnl10Zr 220 3 14 54 650 [81]
Cu/Zr0, 227 3 12 55 15.39
ZnO/Cu/Zr0, 227 3 2.7 71 58.08 (138]
Cu/Zn0O/Zr0, 227 3 2.4 68 41.09
ZnO/Cu/Zn0/Z10, 227 3 3.1 79 64.896
40CZ-0G 200 4 932 370 [139]
CMZZ-0.5 250 5 6.5 73.7 63.6 [140]
Cu-Zn0-Zr0,-55 220 4 14.83 78.80 345.8 [36]
FSP-Cu/Zn0/Z10, 235 4 9 55 1040 [141]
CZZ(5:4:1) 240 3 13.03 44 112.92 [142]
CuZnZr 250 3 133 71.3 390.4 [117]
Culn, ,ZnZrO, 240 5 225 77.8 1974 [143]
Cu-Ce0,-Z10, 240 3 6.5 65 270.8 [144]
Cu/AICeO 260 3 19.9 68 380.8 [145]
Cu/CeO, 280 3 12.4 47.6 209.54 [82]
Cw/CeW,,0, 250 35 13 87 393.6 [28]
Cu/Ce0,-SG 240 3 6.4 89.1 489 [146]
Cu/CeO,
Cu-Ce, Zr, 0, 240 3 15.2 495 270.8 [147]
CuO/Ce0,-H 260 3 15.6 92.4 [118]
CuZn/CeO, 260 3 ~ 14 68.5 433.4 [119]
U-Cu-CeO, 240 3 12 92 163 [148]
Cu0/Zn0/CeO, 270 4 16 83 [149]
Cw/TiO, -500 300 4 125 433 92.8 [120]
CwTiO, TiO, /Cu-80 240 3.5 52 83 339.2 [121]
Cu/TiO,(001) 280 5 15.7 457 7.20% [122]
FSP-Cu/SiO, 250 3 52 79.3 41.6 [150]
. Cu/Zr,-SiO, 210 3 3.6 86 42.4 [83]
Cu/SiO, .
? Cw/ZnO/SiO, 275 3 14 68 390 [124]
Cu0-ZnO,@H-S-1 240 3 10 85 922.8 [125]
CuZnO@rGO 260 1 ~ 100 20 [126]
Cw/TiA Rk Au-10%Cuw/C,N, 250 3 11.6 60 41.29 [127]
Cu-ZnO@(N)C 200 4 1.7 89.7 82.24 [128]
Cu/ZnO/Ui0-66 230 5 27 16 128 [151]
Cu@Ui0-66 260 1 4 62.4 493 [129]
Cu/MOFs
Cu/Zn0/CeO,@MOF-5 260 1 79 23 [152]
Cu@zeolitic-ZIF-8 200 5 9 70 128.7 [130]
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Fig. 9 Schematic diagram of surface characteristics of Cu-MgO-CeO, catalyst (a) and reaction sequences of CO and CO,
hydrogenation on surfaces of Cu/MgO and Cu/CeO, (b)""*!



14 f&BALE BT

b < ) BhFr) A, A ALt RT DLE S 2% A 1 e
AL R T PE BT . DAT 55UV B A4 771 1] £ 1 7%
SN TE B TR LA 83 1A (0 0 1. AR
ANLLANEE RER W AT ERIR T 5 ZrO, B WA 2% &
Y AT 22 S B RS 0 AT DL R AR R . Ik
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Table 3 Comparison of catalytic performance of copper-based catalysts with different promoters

AL I /°C JEJ1/MPa CO, #5403 /% FELIEFETE /% RN 2572 % gk ) BECHk
Cu-ZnO/AILaO 240 5 ~12 ~ 65 374.4 [156]
Cw/Zn-Ce 260 2.8 8 71.1 400.3 [166]
CuZnY 250 5 16.6 56.6 4023 [157]
Cw/ZnO/Y, 0, 240 3 9.3 60 140 [158]
[n0.92-Cu/CeO, 210 3 7.6 95 24 [32]
Mn-CZA 240 3 14.9 60 118 [159]
Cu-ZnO-MnO, 220 5 233.23 [162]
Cw/ZnO/ALO;-2%Mn 220 15 95 691.2 [161]
CuZn,Ga, 240 4 13 59 [160]
CZAK 220 3 10 98 461 [155]
Cu/Zn0/Zr0,/MgO (CZZ, M) 220 3 7.28 71.8 305.3 [167]
Cu/Zn0/Z10,/AL,0,-MgO 260 5 12.7 50.6 990 [163]
Cu-MgO-CeO, 240 5 94.8 646 [164]
Cw/Zr0,-CA 260 3 15 69 660 [165]
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o R oK G S AR AL R B 2% RS
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Table 4 Information on typical pilot-scale and industrial projects of CO, hydrogenation to methanol worldwide
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Fig. 10 Process flow for methanol production via CO, coupling with green hydrogen
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Table 5 Estimated unit cost of methanol

s TH A /(CNY-t!)
- APAR AR =(—)+( ) 1962.26
(ED) JEAfME=1+2+3 80.00

1 H, TN AR A

2 Co, TN AL R
Al 7% 80.00
(=) AT =4+5+6 1882.26
4 R 1692.00
5 i Kk 174.00
6 TEFRAEKD 16.26

] 52 AR = =D+ (TD+(FD+(F)+

- B+ O+OL 187000
(=) HrIH 55 e 2% 755.00
qup NLIL8 R ARH) 180.00
() Ei 302.00
2y oAt 2 2 90.00
C") oAt 13 2 151.00
()] HAtE N 2 90.00
Juw it 55 9 H 302.00
= BA=—+" 3832.26

VE:OH A B 0.15 CNY/(KW-h) : @ 25K 48 5404 120.00
CNY/t; QIR H K EFLEAMN 4 3.00 CNY/to
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