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Figure 1 Proposed reaction mechanism of N-methylation reaction with CO,/H, and amines using Pd/CuZrO, as catalyst [17].
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Figure 2 Proposed reaction mechanism of N-formylation reaction with
CO,/PhSiH; and amines using [BMIm]CI as catalyst [24].
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Table 1 Catalytic reduction of CO,/H, (organosilane) by metal catalysts for formylation and methylation
et R4 R fo PeCed gmgen TR D8
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Ru(triphos)(tmm)/HNTf, " -(l-phzrrll}ifllie;l;ylidene) 353 20 60 N-methylation 88 [12]
gl =pit]
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Pt-MoO,/TiO, N-FR LR & 473 10 40 N-methylation 85 [14]
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Au/y-Al,0; N-FE R % 413 10 30 N-methylation 76 [16]
Pd/CuZrO, BN 423 10 25 N-methylation 75 [17]
Cu(OH)(IPr) N-FBL K i 373 2 PhSiH;  N-methylation 65 [18]
IPrZnCl, N-H LK i 373 1 PhSiH;  N-methylation 95 [19]
st C“égiﬁgfjf:;“e WRIE (piperidine) 353 1 PMHS M- formylation 98 [20]
HEALF)
[(dippe)Ni(p-H)], Benzylamin 373 1 PhSiH;  N-methylation 66 [21]
Ni(COD),/dcype Benzylamin 373 1 PhSiH;  N-methylation 64 [22]
CuAlO, BN 433 30 60 N-methylation 86 [23]
4R [BMIm]Cl N-FRHE R & 303 1 PhSiH;  N- formylation 93 [24]
fHEAL NHCs N-FR L2 323 1 Ph,SiH, A-methylation 91 [25]
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Figure 3 Proposed catalytic cycle for the hydrogenation of carbon
dioxide using [Ru(PTA),Cl,] in water or DMSO [29].
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Figure 4 Proposed catalytic cycle for the hydroboration of CO, using
Ir-based catalyst [36].
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Figure 5 Molecular structure of the salt [FeH(PP;)]BF, with selected
atom labels [39] (color online).
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Figure 6 Proposed catalytic cycle for the copper catalyzed hydrobora-
tion of CO, [41].
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Table 2 Catalysts for CO, reduced to formic acid

Py, (ban)B{

AL SSIREE T (K)  Peo, (bar) SR FAII 3 (%) 2R
Ru(PEL,),(H), 323 30 70 7.5 [27]
Ru(PNN)CO(H) 473 10 30 15.0 28]
Ru(PTA),Cl, 313 100 100 9.9 [29]
e Ru/y-ALO; 353 85 50 54 30]
T RhCl(mtppms); 323 50 50 68.8 [31]
Pd;Ni,/CNT-GR 313 25 25 7.0 [34]
AWALO, 343 20 20 200 35]
(2,6-CeHy-(CH,PMey),)IrH, 458 40 40 70.0 36]
Co(dmpe),H 294 10 10 65.0 [37]
Fe(BF.),6H,0/PP,(P(CH,CH,PPh,),) 363 30 60 75.0 [39]
45}5 gf AVALO, 573 1 C,H,0, 99.4 [40]
Cu(O-t-Bu)(IPr) (10 mol %) 310 1 PMHS 85.0 [41]
Cu/Sio, 773 43 175 4.1 [42]

i HUBIR A AR BEM 45 & 0715 % T 15% Fe
10% K/y-ALO,fEALFINI FedALFIHEAT T 2k, CO,
HEALFNS1.3%, CPHIR ISR 1562.6%.

Wang 251 % Bl Fe/ZrO, 4k 771 B W AL CO, I A
B HCH, ARB St R AR e, 1T 224 o e A4 751 o
INBRLI A1 084 8 257 W A6 AR CHL RV B BE 8 11
EREPE. WIMEBG R IE M. Na's KIRICs X fi
PTG  E FR RE S 4 iR CO, ML, M2 JE 7T
TSi0,. ALO;. TiO,« ZrO,. FFLERABGKE LA
[Fi) 8% o AL P R B B0 R B Zr O, R 3R A4 2k
AT

ViscontiZ5P ¥ Co/y-AL O, AL 7 N T COL M,
R, RIAECOE MR N, Py R B ke, B
Uk, 7ELACoAN £ EE AL A AL, Ak s —
AT PSR B AR HL R e A R L fECo R LA
B, HERINK. Cu. MnZEB7).

e RIS R B &7, TSR,
H AT AT 0 32 AR b TR mvE MR 2 A ek . Bl ek
PSS T TH KA S AR IR R L . (HLR 4 fR AL
B R EE S R T RO, AR, H
AT A 5 h 5 R0
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BAERERK, COMFERF. SatthawongZs™ I
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PRCO, I HIMERR I K S S 1 B s, R B> K
TSR B8 2 35 48 0 Co~C KBRS IR 1 AR 1, KIS IR
iy 0 1) {4 A 72 T X AL PR, LR B S X CO,
(IR B, AT Sk 35 8 MR R R 1 7

BrFe-Co &R MEALFIAL, Zhang®5E R FIf 4
Bk #3241 T Fe-ZnfEAL T, I KRR BHEG K
AP, 4% I EAL T B 29100 nm. $50 (1FL4%, 1
AT R T ZnFe,0,42 A MM ZnOM, e 1tk

1, 58 T Fel5Zn 2 [ AR ELAE I, ek 1 Co,
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Tian%: " F /K A %l % 7 Cu0-ZnO/SAPO-34
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Table 3 Catalytic reduction of CO, by metal catalysts for light alkenes

WONARBRIG KA EL R WL, — 25 CO, AL LA U IRk
KRR R Lo T3R3. & @A & 8 1k 7] —
i UAFedk fICoRE % Ly, il 25 a7 B0, (EEH 2N
BhFRISR B e HE AL i 1

5 CO.fEALIE N H B

FREEA DR EE AL TR, b2 — Mg R
BT DA R PR IR AT PR I A B R O (L i
dh. Dok EAEFRESATR IR S % COMH,, Hit—F
FHRPEE, TR TR RN R i e o
iy BEFER. PRILAE T COLME Al n & b i 32 21
BT )2 R

CO,TE M BiIR, FAH,BNaBH, /E i JE 5 5~
A DMEALIE A S, 4 COLMEALIE JF N B I 1.2
S ) 46 PR RE LR AL ). RO AL 77
TR AR AR  DLDE PO T O 1)
AL AN R 2 AL

5.1 RG]

Tl b, DA RS SR Y I 22 H0R FH 12 4
FEMEALF, B, 4SS AL FITE COLMALIE IR F R (1)
SRR R T A

BRI Cud M LRI TE CO M AL iR A FR B F) ot 2
AT Z M. ZhuangZE P U H Cu/ZrO, 1AL 71,
7£523 K. 20 bar/k IHICO,M%ME T, COMEELZE
N13.6%, HEE PR N83.5%. 1% R4 & B )

AL 77 B FRVIRET (K)  COMME (%)  CrC BN (%) EE BTN
Fe/MgO-ZSM-5 Cu-K-Ce 623 63.6 25.4 [46]
FeK/y-ALO; K 673 51.3 62.6 [48]
B R AL
Fe/Zr0, Rb 613 42.0 28.5 [49]
Fe/ZrO, K 613 43.0 29.0 [50]
Fe-Co e 623 77.9 47.9 [52]
X5 Ja fRE A7) Fe-Co K 623 243 25.1 [53]
Fe-Zn K 593 51.0 53.6 [55]
. CES_SZXI?OZ_;%/ I 673 49.7 545 [56]
CuO-ZnO/SAPO-34 *x 543 18.7 75.5 [57]
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Figure 7 Mechanism of CO, hydrogenation to methanol synthesis on Cu/ZnO/ZrO, catalysts [63] (color online).
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Table 4 Catalysts for CO, reduction to methanol

N 5 0 3 B CO, 56 MeOHIEF 14 N
I ‘ P
e o Peq, (bar) o s 2% 51
Cw/Zr0, 523 20 13.6 83.5 [58]
, Cw/ZnO/Zr0, 503 50 15.4 66.8 [62]
] A AL
Cu-ZnO-Zr0,-MgO/ALO, 523 20 12.1 36.0 [64]
Cu0/Zn0/Zr0,/ALOGO 513 20 14.7 78.9 [65]
Pd, ,Zn,/CNTs(h-type) 523 30 6.3 99.6 [66]
Pd/ZnO 523 50 10.7 60.0 [67]
SR i Pd/ZnO/ALO, 493 30 93 44.8 [68]
el Pd/CNTs-in 523 20 0.8 48.4 [69]
Pd/-Ga,0, 523 30 <1 52,0 [70]
PACW/SiO, 523 41 6.7 30.0 [71]
In,0, 543 40 1.1 54.9 [72]
HABAELL
0,0, 603 40 7.1 39.7 [72]
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Abstract: CO, is a kind of greenhouse gas, which has an important influence on the atmospheric environment, and it is
also a kind of cheap carbon resource. The production of urea and ammonium bicarbonate by the reaction of NH; and
CO, in the synthetic ammonia industry is a model for the large-scale utilization of CO,. Recent studies show that with
the effect of high efficiency catalyst, CO, can be used as a raw material to participate in the synthesis of fine chemicals.
For example, CO,, H, (or organosilane) and amines can generate N-formamide and N,N-dimethylamine. H, (or
organosilane) can reduce CO, to form formic (acetic) acid. CO, can also be used as a raw material to participate in the
synthesis of basic chemicals. CO, and H, can produce high value-added chemicals such as light olefins and methanol
under different reaction conditions, which opens up some new ways for the conversion and utilization of CO,. In this
article, we summarize, review and forecast the high efficiency catalyst system, process conditions of catalytic system
and mechanism of catalytic reaction about the catalytic reduction of CO, with H, in recent years. Specifically, we focus
on three types of chemical reactions: CO,, H, (or organosilane) and amines generate N-formamide and N,N-
dimethylamine; H, (or organosilane) reduce CO, to form formic (acetic) acid; CO, and H, produce high value-added
chemicals such as light olefins and methanol. We expect to provide a reference for the development of new technology
about the catalytic reduction of CO, to produce high value-added chemicals.

Keywords: CO,, catalytic reduction, N-formamide, N,N-dimethylamine, formic acid, acetic acid, light olefins,
methanol
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