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Figure 1 (Color online) (a, b) Schematic illustration of the catalytic
mechanisms of the Cos/MnO, nanocatalyst and catalysts reported in
other literature.
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Figure 2 (a—c) The TEM images of the Co,/MnO, nanocatalyst. Reproduced with permission from Ref. [15]. Copyright 2019, National Academy of

Sciences.
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Figure 3 (Color online) /n situ FTIR spectra recorded during CO, adsorption on Cog/MnO; catalyst pre-activated by H,. (a) Key intermediates;
(b) wide band. Reproduced with permission from Ref. [15]. Copyright 2019, National Academy of Sciences.
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Figure 4 (Color online) (a) Hydrogenation of CO, by coupling
homogeneous and heterogeneous catalysis; (b) the distinctive advan-
tages of coupling homogeneous and heterogeneous catalysis. Repro-
duced with permission from Ref. [16]. Copyright 2021, Elsevier.

200 °C F & ZBRMTOFIA30.8 h™!, T HIEL[ = %
NT0.3%. H@BML, KNP ITKMESSH,
Ru-Rh/Lilf# b 4 & vl R ERWGS [ B it 47, FEAEICO
A& INERIEAE — DA BRI~ 4. KR 1)
SIAIH T CORIF=tE, f R AR MEAE B COFIRE SR
PR, RN RAR PR IR EAE R, TR R e Ak
SN R AR (R AR R T A

T 28 470 R S B N ) o7 2o B S (P CH,OHL
CH;OD. CH;""OH), FRAESE T %% 5 [ 2L L EE,
WE SN, 56, EEAILI SN A2 B T CH,LL 84
WP IR, CHLLE— 20 5Rh&S & A i CH;RhIH [H]
. BEFECO 0 T Il N K AEC-CBIE SN, TR 2Tk
i) R CH,;COORD*L. #i¢ 2%, FERui M H O IEIL T
CH;COOR*IH ) 44 5 HL1F A IS R 70+, T fiEdk
TR0 SE AR IR T UR N — ML AR PR, axdegh
T, 1ZBKAR AR LT COMIAE il S FL B J I BRI Ak Js
IR, X T8 i () F EE FRFE10(CH,OH + CO — CH;-

Imidazole, Lil @
iRu,(CO),,/Rh,(OAc),:

H,OH +CO, + H, /%
(a) CH;OH +CO, + 1, s CH,COOH + H,0

AH3gg = —137.6 kJ *mol ™!
AG3gg¢ = —66.4 kJ -mol '

CH;COOH
(b) H,O H,
I 4

5 .\ :
Y CH;COORK*I

Lil LiOH 3

Rh* >\
>—< Co,
L 5 CH3Rh*I

CH;0H CH;l

Bl S (FRURIE) (a) i RS COLMBRIE SR & ik
L (b) SEE B 5 COL/H, RIS N A FR 2 BRI R SEHL
B

Figure 5 (Color online) (a) Synthesis of acetic acid via methanol
hydrocarboxylation with CO, and H,; (b) proposed reaction mechanism
of methanol hydrocarboxylation with CO, and H,. Reproduced with
permission from Ref. [27]. Copyright 2016, Nature Publishing Group.
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Figure 6 Synthesis of acetamides using CO,, methanol, H,, and
amines. Reproduced with permission from Ref. [30]. Copyright 2018,
The Royal Society of Chemistry.
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Figure 7 (Color online) (a) Synthesis and (b) proposed reaction
mechanism of higher carboxylic acids via the reaction of ether with CO,
and H,. Reproduced with permission from Ref. [36]. Copyright 2019,
Nature Publishing Group.
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Figure 8 The synthesis of cyclohexanoic acid from cyclohexane
derivatives with CO, and H,.
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Figure 9 (Color online) Reaction mechanism of synthesizing higher
carboxylic acids from alcohols and CO,/H, catalyzed by metal Ir-based
catalytic system. Reproduced with permission from Ref. [37]. Copyright
2022, The Royal Society of Chemistry.
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Figure 10 Synthesis of higher carboxylic acids via polyol hydro-
carboxylation with CO, and H,. Reproduced with permission from Ref.
[44]. Copyright 2022, Elsevier.
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Figure 11 (Color online) The proposed reaction mechanism of polyol
hydrocarboxylation with CO, and H, to higher carboxylic acids.
Reproduced with permission from Ref. [44]. Copyright 2022, Elsevier.
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Figure 12 (Color online) (a) Synthesis of C; carboxylic acids via the
reaction of glucose with CO, and H,; (b) possible pathway of the
reaction of glucose with CO, and H,. Reproduced with permission from
Ref. [46]. Copyright 2023, The American Chemical Society Publica-
tions.
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Figure 13 (Color online) Synthesis of adipic acid from GVL, CO, and
H,. Reproduced with permission from Ref. [68]. Copyright 2025, The
American Chemical Society Publications.
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Figure 14 (Color online) Computed free energies for the tandem
conversion of GVL with CO and H,O to adipic acid via 4-pentenoic
acid as an intermediate at 140 °C. Reproduced with permission from
Ref. [68]. Copyright 2025, The American Chemical Society Publica-
tions.
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H,. Reproduced with permission from Ref. [68]. Copyright 2025, The American Chemical Society Publications.
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Figure 16 Synthesis of C,, alcohols from CO, hydrogenation by a
homogeneous Ru-Rh bimetallic catalyst. Reproduced with permission
from Ref. [76]. Copyright 2015, The Royal Society of Chemistry.
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Figure 17 Proposed mechanism of C,.OH synthesis from CO,
hydrogenation using a homogeneous Ru-Co bimetallic catalyst.
Reproduced with permission from Ref. [77]. Copyright 2016, The
Royal Society of Chemistry.
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Copyright 2016, Wiley-VCH.
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Figure 19 Synthesis of ethanol via methanol homologation with CO,
and H, using a Ru-Co bimetallic catalyst. Reproduced with permission
from Ref. [90]. Copyright 2018, The Royal Society of Chemistry.
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Figure 20 (Color online) Proposed mechanism of methanol homo-
logation with CO,/H, using a Ru catalyst in an ionic liquid. Reproduced
with permission from Ref. [91]. Copyright 2019, The Royal Society of
Chemistry.
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Figure 21 (Color online) Synthesis of ethanol from aryl methyl ethers
(a) and lignins (b) with CO, and H,. Reproduced with permission from
Ref. [92]. Copyright 2019, The Royal Society of Chemistry.
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Figure 22 (a) Synthesis of ethanol via the reaction of DME with CO,
and H,; (b) proposed mechanism of the reaction of DME with CO, and
H,. Reproduced with permission from Ref. [93]. Copyright 2018, The
Royal Society of Chemistry.
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Figure 23 Synthesis of ethanol from paraformaldehyde, CO,, and H,.
Reproduced with permission from Ref. [94]. Copyright 2017, The Royal
Society of Chemistry.
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Abstract: Carbon atoms in carbon dioxide (CO,) exist at their highest oxidation state, making hydrogenation a
foundational pathway for converting CO, into organic chemicals. With the rapid advancement of renewable electricity-
driven water splitting for hydrogen production, the catalytic transformation of CO, with H, has gained significant
prominence. Over recent decades, research on CO, hydrogenation has primarily focused on synthesizing C,; products
such as carbon monoxide (CO), formic acid/formates, methanol, and methane (CH,). Compounds containing two or
more carbon atoms (C,,) hold greater economic value, but their synthesis necessitates coordinated modulation of C—C
bond formation and hydrogenation processes, presenting substantially greater challenges. In recent years, our team has
achieved systematic innovative results in addressing the aforementioned challenges, successfully synthesizing important
chemicals such as C,, carboxylic acids, C,, alcohols, and liquid hydrocarbons from CO, and hydrogen (H,) as raw
materials. Moreover, we have developed several new reaction routes and elucidated the peculiar catalytic mechanisms.
This article will discuss the important progress made by our team in this field.

Keywords: CO, hydrogenation, multi-carbon products, carboxylic acids, alcohols, hydrocarbons, reaction mechanism
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