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Figure 1 The routes of CO, conversion by sustainable hydrogen
(color online).
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Figure 2 Equilibrium conversion of CO, hydrogenation for methanol,
ethanol, ethylene and toluene formation (color online).
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Figure 3 The comparison of CO, to hydrocarbons conducted by
modified Fischer-Tropsch catalysis (a) and relay catalysis (b) (color
online).
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Figure 4 Direct conversion of CO, to lower olefins by relay catalysis
(color online).
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Figure 5 Proposed surface chemistry of CO and CO, hydrogenation
over ZrO, (color online).
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Figure 6 Catalytic performance of CO, hydrogenation over (a) InZr-
SAPO-34 [49] and (b) ZnGa,0,/SAPO-34 [53]. n.d. denotes not
detected (color online).
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Figure 7 (a) Dependences of the CH;OH/DME formation rate and the
density of oxygen vacancies on the Zn/Ga molar ratio for Zn-Ga-O
catalysts. (b) Dependences of the C,—C, formation rate and product
selectivity on the Zn/Ga molar ratio for Zn-Ga-O/SAPO-34 catalysts.
(c) Correlation of the formation rates of CH;OH/DME (Zn-Ga-O) and
C)—C, olefins (Zn-Ga-O/SAPO-34) with the density of oxygen
vacancies. (d) Correlation of the CO formation rate with the density
of oxygen vacancies [53] (color online).
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Figure 8 Hydrogenation of CO, to aromatics by relay catalysis (color
online).
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Table 1 Statistical catalytic performances of CO, to aromatics over various bifunctional catalystsa) [74]

ZnAlO,&ZSM-5 320 3 2000 9.1 54.9 0.4 73.9 0.017 [34]
ZnZrO/ZSM-5 320 4 1200 14 44 03 73 0.027 [75]
ZnCrO,-ZnZSM-5 320 5 2000 19.9 70.2 2 56.5 0.019 [76]
Cr,0,/ZSM-5 350 3 1200 345 11.4" 1.5 75.9 0.077 [72]
Crzgg;gzw' 350 3 1200 2.1 35.1 45 70.1 0.056 (73]
ZnO/ZtO+ZSM-5 340 3 2700 9.1 425 0.6 70 0.036 [77]
Na/Fe and ZSM-5 300 1 4800 21.8 40.9 14.7 54.7 0.072 [78]
ZnFeO,-Na/HZSM-5 320 3 1000 412 6.9 5.0 75.6 0.121 [79]
Fe,0,@KO,/HZSM-5 375 3 5000 48.9 12.6 13.9 24.9 0.154 [80]
Na-Fe;0,/HZSM-5 320 3 4000 34 14 8 40.1 0.136 [81]
ae-ZnO-Zr0,/ZSM-5 340 4 7200 15.9 34 03 76.0 0.239 [74]

a) CHMF7 R FEE N HEERCOJSBREAL A W ik 54k, J7 I U S T S B BT S ke B i i b) RV B AS5.4 vol%

WERICO
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Figure 9 Effect of the proximity of the two components on catalytic
performances [74]. (a) CO, conversion and CO selectivity and (b)
hydrocarbon selectivities. (1) dual bed; (2) mixing of granules (30-60
mesh) of two components; (3) mixing of granules (60—100 mesh) of two
components; (4) mixing of two functional powders by an agate morta
(color online).
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Figure 10 (a) Effect of the atmosphere on the stability for the
conversion of methanol over H-ZSM-5; (b) thermogravimetry analysis
of the H-ZSM-5 after the conversion of methanol under H, or N, for
20 h (color online).
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Figure 11 (a) Effect of the atmosphere on the stability for the
conversion of methanol over H-ZSM-5; (b) CO promotion mechanism
for aromatics formation [84] (color online).
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Relay catalysis in the direct conversion of carbon dioxide to high-value
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Abstract: Hydrogenation of CO, using renewable hydrogen to build block chemicals, such as lower olefins and
aromatics, not only mitigates the CO, emissions, but also realizes the utilization of CO, as a carbon resource. However,
it is difficult to activate the inert CO, and precisely control the C—C coupling. As a result, the hydrogenation of CO,
mainly produces C; product, and selective synthesis of hydrocarbon chemicals with C—C chains is challenging. In 2016,
Chinese scientists first reported the relay catalysis, in which metal oxides and acidic zeolites were integrated together as
bifunctional catalysts, for converting synthesis gas to lower olefins and aromatics. Inspired by this, a number of
bifunctional catalysts have been recently reported for the hydrogenation of CO, to lower olefins and aromatics, using the
concept of replay catalysis. In this review, we summarize the recent advances in the transformation of CO, to high-value
chemicals and try to clarify how to connect two reactions with different characteristics. The key factors that affect the
product distribution are also discussed.

Keywords: carbon dioxide, relay catalysis, bifunctional, lower olefins, aromatics
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