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AT DAFETR AN ) S T SE B A S R AR,
SEPR T COLBIAEERA RO il 11y 4R A2 XB A 75 141
BN S T —F2,6- A IS = AR AR (2,6-
DCP-CTF) ff 2k A AU F4E (PA) AL, 7E30°C, 1 bar
(1 bar=10° Pa)f 5 24 FAEALT % AL A5 2R (TOF )
iK13.46 h™', MIMSEEL T # . % K F COmE il
PR A TR U B A Ay, 7EIRAAE T T
S AT AR W AT 1.

PTAEA, AL CO M IR E 2518 TRMIFA BRI
TR, BT R APELAL, T8 AT DL i e e
R EEALCOL A R R, Biln, K T R2Fas
5 5k s B A A5 A A - 4 TR A HL B S (Eu-MOF)
H A =Bk e S AL E T 7S K A PR u(bpy)s 6 BGH FEA
A7 EAHEILF bpy-CuCl/X (bpy=2,2"- L IE,  X=Clak i 1=
M), RIS TR T R R L COLaR T H R 1 AL 5
@R AR R, R EFEEIS5199.7%.
rh Bl AR R 0 s A A PRI 1 — g B
M AR AL 5 (Pb, Cu), £ HLIREE 500 mA cm > F i
KRR E PRI 20 h, R AY R SR R 2 90%,
HAEH A }100 mA cm 2 F L TAE180 hJ5 IR
(AT o R AT A A 85% A2 A . I A YAk o L Ak
CO, il R EL R S T AR 8 H 22 A SR B AN e, H s g
TR R SR AT AE F R 2R R B R SR AR IR . A
L2, PELLCO AT B R/ H AR ER ) ELA o 5 )
FEARSCR. Mk, ARSCFENG T R AL

COL il R AL IR 2R

W (DPIPIR, COME I H FR s K 2 WA
RS A9, H AT A HAE(AG) A+32.9 kI mol ',
PRI T iAo P 27 B BH S 00 AT 24 BRI, i AGE ‘BT
A AR S5 g 4R H7 220270 i g R fi) B R A AR 1)
%), (3):

H,(2)+CO,(g) = HCOOH(I)AG e = 32.9k) mol !, (1)
H,(aq)+CO,(aq) = HCOOH(aq)AngSK = —4kJ mol ',
(2)
H,(aq)+CO,(aq)+NH;(aq)
= HCO, (aq)+NH, (aq)AG g = 354k mol . (3)
IEAh, CO M HH R 22 [ B 16 AL Hy FICO, P A
R AR, 7B A K R 4 R R B H-H %
BURC=OME M InE madsg. Kk, Siazumibik &
XF TR A AL 5 Al 2 T S B FIC O M A Y = e
2ELHEE. HAT, HTCOME S F R a5 2
AFEBAAREAEA AR R, AR,

1 SAfEAess

19764F, HAHT BTSN il 1 it I
EBRu(B) AL S4B AR, TELIRAE
R A B R A A4 T AL CO = A
BPRR. Az, HFFEN AT COn i FH AR A
PEAT T REIFSE, MERGE T 54 WRuP 21 Rh

Homogeneous catalyst (If(PNP)H;, Ru-Macho-BH,

[(n>-Cp")RhCI(HL1)ICI)

Ve High catalytic activity ® High preparation cost

High selectivity

Easy to recycle

® Difficult to recycle
High conversion rate  ® Complex synthesis process
High metal utilization rate

O,
(s

HCOOHF

Higher cycle stability ® Metal particles tend to aggregate i
® Low activity )

® Simpler preparation process

4 v
V 4

,/” _
,/“/ _

o —

Heterogeneous cataiyst (ER-MOSZ, Pd@GaOx/CN,
Ir(l@m-UiO-66-NH,)

B 1 (MR (@) CO M H R s B4

Figure 1 (Color online) Schematic diagram of the CO, hydrogenation process to formic acid
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(58) PRI (80P A AR 2 A AR . BTN, Kyoko
2 \ B Ir(PNP)H, (PNPHE L & 8 B4k (1D = & ik
YDE AT T COMET I AR, 7ECO»/H,=30/30
bar, 120°CHIZAE T N48 hi, FR B3 % (turn-
over frequency, TOF)A] 3573000 h™'. Evgeny2§: A P01
Bef Ry, T 5 B Ru-PNPAHEAL 5 AT 44 FH B TOF ik —
AR E 1100000 h™'. ZEX AL COL NN R S i 72
W, Hy S &R LS A AR R 4 B S Ak (M-
H), FfiJ5, CO,¥f A %48 Sk ® e ml e
(HCOO*), FH-Zatit—PimaE A i FR(HCOOH). i
HORU, (EHEH TG OIE 48 Sk, $EmM-HInE &
PERAETHCO NI FF R S 07 M R 1) Ak

T AR P 79 DR LA R I 4 ok R A % T PR 4
JE TG 5 2548, DT ZE COL I A0 FF R A b e 2
AL TR RN R R, (A TIHA T FE R 4%
T BB A VRS, It AR RN A7)
DA ETSCREE [Rl,  B T A = (B A TIAR, 48 Tl Ak
FHRVFZ RMERBPRAL. 22 LB T LR UL CO,Jm
ST R R M A AR ) B I P BB 45 R

2 AESAREAE

AHAS T XA AR i v AR, AR 38040 e A7) DR o
BT . REMELF . GBIz B T R
P, Adkins®E A POE 193545 ] 5 JE #2(Raney-
NiVE AT, 7£80 CHAIA HLIE A7 7E M 4544 T ) bt
1h, HER/=3RiK55%. RE XS FETEZEN & ET], H
FIFE T AR AR AL CO AU B R 4 ST

FIHATA LE, BTN GARLRG] T Z2 80 H T COo
S ER ARSI AR AR b, A JE R 2R AR
S L. ABAE O AR R, T A S Rk i A SR A

WA, 1A R T B, AR R AR AR
SEVE. HI, BEBGEHAIERAART JEad s AR i 4
U830 R S R 5t i OV A 1 AT R AR
JEE AR 4 5 R [a) A AR B A AR, DT 3 5 4
D7 BPTRRLE R T, Sl D RS PR AR ) A ) A A%
- W E 113 e 7 N 1 P = 0 1 I 9 =P = =
&8 ALY ARGk Tk & m AR k. 21
ST AN 4 R B 3k AR AR F - COo i & Y R 1 S
NEPERE. AR SCHA A G AR AR RS . FRim
JUAa] FITE, 455 Mg 2505 R COL I U B IR Ak 1 RE
ERi-ATh

2.1 1

A3 T EAT PR FLIE S5 4 . TR A R e P
AR R e, EAAE T BME T AR
AL . COAMBAIR LA K S A5 Y 11 69 25 4 0,
BRI R AP gk B B HliblL
BRI A 538 B0 4 B W FP 5| A B 4 F i FLaE 8
SEER T 4B LS S Bronsted R 7 5 1 M R, Frik K
Wi FIRTEEAL T A T RS ai ik 2 & oy
A . Bt BFFE N Bt 7 270 FLIE P9 BRI
K4 I AG TR AL R, KRR T COoLn
SR BRIG . N, s A7 R AF T R A
ARRZE T 75 20 1 R — K PGk M 3R T 4t
A BRI 45 K Pd-Mn XL & J& f# L F (PAMn@S-1), 7E
25C, 2mL 1.5mol L' NaOH/KEW, ERSH,/
C0O,=20/20 barfy W &1F T, HERELH ™ #iK526
MOl fyrmae molpd h™", 24 5 17 I BE 15 280 C i, HI iRtk
HE S AT L HE— A5 T FI2151 molgmye molpd h™',
JFH7E25°C, 2 mL 1.5 mol L™! NEt/KIAW, KRV H,/

F 1 JUBE LB Z S LB S S P R A R R R R
Table 1 Catalytic performance of several common homogeneous catalysts for carbon dioxide hydrogenation to formic acid
Py
fiete) s A ey PECOM hpay oray  ToN
Ir(PNP)H; 7K HEAHC) 120 30/30 48 73000 3500000  [34]
Ru PNP- NN-—HEH 18- HZ T 3[5.4.0]
AR - T 120 10/30 1100000 [30]
Ru-Macho-BH” 7K DY FEEDIR(C-) 55 0/50 20 7375 [31]
Ru(Acriphos)(PPhy)  _. ) P PR 2% v
(CI)(PhCO,)? RN K (4.0 mol L) 60 40/80 16 16310 [32]
5 o AL
[(n*-Cp*)RhCI(HL1)]CI K (0.1 mol LY 80 5/5 8 5991 [33]

a) Ru-Macho-BH=4 LBk (U S AL ) [ XL (2- I 3k 2, 3L) & L1 57 (I0); b) Acriphos=4,5-bis(diphenylphosphino)acridine, 4,5-X KLy

BE; ¢) HL1,8-& Sk
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F 2 JUME LE AR PRI AR

Table 2 Catalytic performance of several common heterogeneous catalysts for the hydrogenation of carbon dioxide to formic acid

. - , TR N TOF .
;q \,\;‘q VIS ;‘(I N=ls:d o S -
el bl AN IR C) P(CO,/H,)(bar) A [E] (h) (h~1y" TON ik
s
AL 25 526
PdMn, ¢@S-1 K < ! 20/20 [41]
TR & B
PdCe,,/SP-S-1 7K 2.0 mol LY 50 10/10 536 [42]
TR M
PdAg/SBA-15 7K (1.0 mol LY 100 10/10 24 36 874 [43]
TR M
Pd-Co@MSN 7K (10 mol L) 100 0/20 408 [38]
Ru@MCM-41 7K ZOME) 110 30/20 15 182 2729 [44]
RuClL;@ZIF-8-Mtz(0.29) K =) 120 40/40 2 1008 [45]
TR S
PdAg@MIL-101-PEI-50 7K (10 mol L") 120 40/40 2 4968 [46]

2%Pd/CeO 366"

’ ? 7k BRRRAN () 100 0/20 1 [37]

2%Pd/ZnO 68"

Pd/p-CeO, 7K RIRE M) 40 10/10 1 746" [39]
Pd/TiO, 7K TR () 40 10/10 1 1369 [40]
Ni/TiO, K TREREA(-) 190 0/30° 3 3.519 [47]

- 200 11.25/33.75 10 780.7
Vi
ER-MoS, 7K (0.5mol L) 200 6.25/18.75 10 598.9 [48]
160 6.25/18.75 10 218.8
TR M
Pd@GaOx/CN 7K (1.0 mol L1 100 10/10 6 105 629 [49]
TRIR A
PdAg-NMHCS 7K (1.0 mol L) 100 10/10 2 640 [50]
Ir(IN@m-Ui0-66-NH, 7K TREREA(-) 140 10/40 24 3313 [51]
a) PTG YES: 8 A5 T4 BRAY TOF (molgs moligly h™"); by FAEALI R Fe v 4 48 SR80 58 B R A TOF (molga molge h™); ¢) 90%H,/

Ar; d) R EA oy, M BT

C0,=20/20 barJ 2 N 51 T Gl SIIEH G, HIRERN
TOF{RAR AT 476360 h™ 'L |-, 454 HRTEM.,
XANES/EXAFSHIXRDAFRAESERAESE, 30 1 £L
TELEFIAT R 1E T R N B PARIMn 25 B TR, M
e T et ok, JEAIDRIFTSIR 0,
Pd5MnIE G 45 e HE T HM LA X CO AL
BRIRER . Bk b A p H R ER A 2.

VT AT 75 20 I R B T v R
A H S ATk A (SP-S-1) |, #3817 — £ %1IPd
FW 4 JEm A KRAEALTR. A PdCeq »/SP-S-1FE S FE
2.0 mol L™" KHCO+/K% ¥, 10 bar H, and 10 bar CO,
JFUBFS RS0 °C B RO S5, F IR £k A A s SR 5k %]
536 mOlgomae molpg h™'. £ XFSP-S-1IHFFEIE HA H
SCAEAK R G5 HE B 43 T AT A e LR AR =
PIARST REFESESE I, AR TR E &R PRI = 28

20

AL, [, DFTHARM, IS5
Py HE BB RI 8O0, DT 25 PR COL I A Ry 6 AL fE
22, i PR A JCT .

2.2 firflAdbRE

L E A AE(S10,) R BA 3R LA R i L3R
RS, H B Tl e &8 P sl VE & R il &
WL S ST R BT S NPSER S e =
FEIRAEZ (CTABWE M ECIARAR Y71, 1t /K $efe PA AN
Colr] i FRIEAEAFL — SR AL E S K BR 1 (PAd-Co@MSN).
YORBRF & LB L5 H ] LA B E Pd-Co B & 40K
AIREE iR, WM A SRR, FECOo mE L&
(100°C, 20 bar H,, 1.0mol L~' NaHCO;&),
Pd-Co@ MSNsf fb 7 B H iR A= Bl K nl 15408
molgymae molps h™', B TRIMLPA/C, Pd/BaSO,HI



Pd/ALO;MZE . Ak, Pd-Co@MSNsHEALIERE
Pd/ColfJEE /R LB VIR, 51 A 2 1 Co(Pd/Co=4/1)R]
DL B e I, A R 22 AT, A A TR S )
COMME TN . XS CoffE oy 82 i o, 1 B 390 A LA
FPAfLIB LT, R TPARYH T35, Hid B iCodr
AT PAN S RS, SR TR

[E#E, OrdomskyZ5: A* LI FLMCM-41 R #AK, 171
# 732 wt%HRu, WNEHRER, 7E110°C, Hy/CO,
=20/30 barJfRV RN AT, £815 hiy ),
Ru@MCM-41JTONIAF] 7200004 F. A58k, 164
AL R P A B B CTA AT LA S0k & 4 B A 4L
MCM-4 1L RuI A5, FFEARRuAY R 5. DFT
FHEAG Y, SR AR S 1 2% B H,, T
[EPERu-HYIFh, Jfi—25 5 CO & A iU 2.

2.3 SIRAPHES

4 @A HIHESL(MOFs) & LA 43 J& B T i 1 el
W SAYLEERA AR, B AL A =
Y ZFLE5H B TCHL-A DL B AR, MOFskA kA
KR EAL, F 5 048RS =4t 2 ALE5H M bk
KA FH TR B A s R AT H AR Y
&, MOFstTEHE ML TL 50 i MmAfL &
R, HIE A TR AR B I G R0,

TR 2 Ty w4 NS 3- 1 - 1,2,4- = (Mtz)
R AAGE S K Bk — A BT RusPEZIF-8(Ru@-
ZIF-8)ffEALF]. DFTIHA L5548 Mtz b B A AN
NAV 5 S RuZ [ fFAE SR FL AR AR, AMUBESFaE
Rufiks, i8n] DA HAL s 7, e ERuf T2, 78
120°C., H,/CO,=40/40 barlfURII N &1 F, &t
2 hi e, HERAITONK T 1000, I H 285 SUAEER
WG, AR AT U903 % I LA AL T 1.

BBIRA R AR N\ YT IEMIL-101 L[R2 Pd
FlAg, FFIATR 2 (PED) R XA AT i PE.
PSR LSRRI, Aghs| ARIPEIRDIREIL 3L [F] FEAIK
THEILCOMA R TEILAE2:, MImHE R T AL A E
P, E120°C . Hy/CO,=40/40 barlfUBlVS A4 F &t
2 hig RN, Pk SR B PAAg@MIL-101-PEI-50f#AL 7 Y
TON(H {1 i54968.

24 BIRAIEDRELH]

BT o310 . AL S ALREFIMOF 55 2 fL A
ke Jm A AL R A A RS M AL T R e

TiE, IR CO N F AR s R v B R A5 k)32 1 38
PRFHRIL S i kA 4 R S A AR A Y SR RS F . S
8 A T DL R R PO S AE, A ROR AR A R A
G RE R4 T - A 2 [ (4 AH EAE ] (metal-support - in-
teraction)sm B, ME I H2 0 4@ 06 P2 25 ) JLART /6, T~ 2%
PRIy 25 B, A28 M0 A 5 P A SR e )

BT A NP TR SR DT TE 74 1 % T Pd/CeO, FIPd/
ZnOWiFh 4 JE AL TR M PAIL AL, JEHZER T A
[ 3 A4 1 CO MU FH R 1 SN RE2E 5. #ENaHCO;
VEREINF, 20 bar Hy, 100°C I 444 F, Pd/CeO,
HIPA/ZnOM) H FREETOF 43 K1366 F168 h™". 1 i Ak
PEfE 22 5 10 2R R R CeO, 28R HAT SN =F & p9 21t
BPERLAS, AT COW MY BiixmaEh, Jfit—2 54
JEPAL i fifE B A TS R H A AR AR R IR AR, 111 ZnO
BT E A S, R AR, Bk, RS a)E
AL BARRIIREE, JZER T ISR ISR A RO 2

AN, B AR 3 R 200 S P g 7 A
SR, WYL K 8 2k 45 NP0 5 OB - T
H T BAARFEIESICe0,, 205 NI (-CeO,) . 37
7 (c-CeO,) FIZ A (p-Ce0,), Fik—# %4 J/Pd,
TE M PA/CeOMEALFI(K12). FECO NN HI H B it 2
Pd/p-CeO, AL 1 FRBRTOF i 5, M746 h™', HkJ&
Pd/c-Ce0,(532 h™)HIPd/r-Ce0,(425 h™"). WIFEFEH, 4
JaB - AAAH ELAE i B B T4 A ) S s R B, T
H 0% 45 s - AR B R T 2 S P A kAR
L F2580 AR ARk, o4 B -2 A AR FH AT LA
il 25 /NG 2 SR AR IR, $E 4 RS AR, (Hil
A B ALSMELLA . BN, FEPA/CeO fiEfFIH, 4
23 LR FE AR AR 7 T IR > Z AR B AR s ik
J& B 5 A -Ce O, 3R ARTE TR PR TR,  BARPAIAR L
SPEEVIN, HPAYRHL B FEREAIR.  TTPd/p-CeO, A A5 i
WRERAR, 4B Pd i, BASIGLH,, R
FETi0))E=REE N

20224F, o ERMF L PR A 2E A A B sk AR e
TR ORI P K IR TS — 5 (DR AR
T Y SR B TIO,. TAZAH IR S & JBPAZ G, X
il 45 FIPA/TIO,- {100} . Pd/TiO,-{101} FIPd/TiO,-{001}
HEFT T COmA I H ERpEREM. 250 &8, WIRmE
B PEBGR TR R . AP PA/TiO- {100} HA
R HERTOF, A1369 h™!, HIKZEPA/TIO,-{101} K
1034 h™'HIPA/TiO,-{001} #1323 h™([&I3). 454 EPROGIE
RAE, VEETE R TIOBR M) 22 55 i I, 23%) 42 J@Pd
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Bl 2 REJESAIPA/CeO ML A TEMIEI FPAFIR: R 434 0% (a, d) Pd/r-CeOy; (b, €) Pd/e-CeOy; (¢, f) Pd/p-CeO,

Figure 2 TEM images and Pd particle size distribution of Pd/CeO, catalysts with different morphologies™”. (a, d) Pd/r-CeO,; (b, ) Pd/c-CeO»; (c, )
Pd/p-CeO,

(@]

d e) |ToF
(d) S )16_ a: 2%Pd/TIO{100}
o, S % | 1360 b 2%PdTOf101)
& 5 R ¢ 2%PdTIOf001)
g B2 1034
'g 2004 - )__//\ E’ E o——
EE ©E e E o
100 3 S
§ -n-PlelOz{100} % 44 323 % 44
~PdTOfI01 B 3 N
-~ PATIO {001}
ol . : : ol . o
3 Iy S 3 a & 1 2 3 4 5 6
ngly NIFC €S IS Successive Reaction Rounds

Bl 3 (W4 MR 8)2%Pd/TiO, AN 7] 5 85 & T U TEMIE RIS S M BT 25 910, (a) 2%Pd/TiO,-{100} . (b) 2%Pd/TiO,-{101}F(c) 2%Pd/TiO,-
{001 iR TEMIEIZ. (d) 313 KT, /N [R1 85 F T AYPA/TIO, ML AR HY R A U (e) 313 KINF, AN [RI B2 5% A I A9 2%Pd/ TIO, A TOF; () AN[]
5 i T B P/ TIO, AL RO PR ERA S E 1

Figure 3 (Color online) TEM and reaction performance evaluation results of different exposed crystal surfaces of 2%Pd/TiO5*"). TEM images of (a)

2%Pd/TiO,-{100}, (b) 2%Pd/TiO,-{101}, and (c) 2% Pd/TiO,-{001} catalysts. (d) Formate formation rate of Pd/TiO, catalyst with different exposed

crystal planes at 313 K; (e) TOF value of 2% Pd/TiO, with different exposed crystal planes at 313 K; (f) recycle stability of Pd/TiO, catalysts with
different exposed crystal planes
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WP IES = A, SRR T AR A
i,

AR5 4 7 s 22 8] B SR AR B AR FH R RE 206 4 )
RS BN AT AR B, JLsU R T T4 AL
& JRNIFECOL NNl Y i ad A P s PEARAIG, i i i
BEA WO, RN 55 AR TIO N A BLAVE FH R
A IS AN B A, AT 5 4R B CO bR
H e e, VEF A i FNICHING 4 4 22 ) 77
TEDEWE, Ni2" Al LIJEHECO3 7ENIRITIO, | iy W ffY,
[, Ho7F 4 S8 NI i i B T G PE H, e s T 2
Ni-TiO, /) FLii, -5 16 W W B A B 7 56 52 i A= i R
fif k.

B R AR A B AL I AN, — B A A 2R
WAEAFSCTE. BN, &AL B0 &R mALTIE N
B IERI sk R A, 7ECO kit R rp R B
SRR PERERS. B T IOR A Sans A PAFI
TLAVERZZ b3, e A RuE A Ab 77 R % 52 0 Ak 551
THEALCOHIH R, AL B R TOF AITON 2 51l il ik
2.1x10* h ' RI8x10°. X Ui I B TR A AL ZECOL MM
S e R v (R ELA B K N V.

3 AgiEER

PACOL M JFATEL, Zead fit Al Al 45 = M B fh 2
i, BRREMEDL N CORERHERS | K PR EE IR, [R]if X
A DATE— B R b G A ] P A A A RE TR A 8 1Y) e 1,
HA HE A2 T80 FEREE B2 L. FECO, B k2=
1, COMMEI it i F BR AR AT, HA 100% Y i)
FH, FESCRE SARCO AL AT, iR RERHL A ik

B
)

5% 3CHk

A G BRI = i R, BT AZR AR 228000, SLRERS
SEERH, % A A7 A .
FTFCOME I R IR F R E L, uts T
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Recent advances in carbon dioxide hydrogenation to
formic acid
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The massive utilization of fossil resources, such as coal, petroleum and natural gas, has spurred rapid societal advancement,
however, it has also led to excessive carbon dioxide (CO,) emissions. In 2022, global atmospheric CO, concentrations
reached 417.9+0.2 ppm, and marking a new record high over the past two million years. This substantial in CO, levels
contributes to intensified greenhouse effects and widespread environmental issues. By 2023, the annual average
temperature increased to 1.45+0.12°C above pre-industrial levels, further approaching the 1.5°C temperature control target
set by the Paris Agreement, resulting in notable significant negative economic and social consequences. Mitigating CO,
emissions and controlling atmospheric CO, levels have thus become urgent global priorities. Given that CO, is a clean
abundant carbon resource, it can be catalytically hydrogenated into valuable C; compounds, such as methane (CH,),
methanol (CH30H), formic acid (HCOOH) and carbon monoxide (CO), as well as C,, products, such as like alkenes,
aromatics, gasoline, diesel and liquefied petroleum gas (LPG) etc. The conversion of CO, into value-added products helps
reduce atmospheric CO, content and provides a sustainable pathway for producing essential chemicals. Amongst these
products, formic acid stands out as a fundamental organic chemical feedstock with extensive applications in leather
production, pharmaceutical, textile printing, dyeing, agriculture, paper manufacturing and chemical industries. In addition,
formic acid serves as a crucial hydrogen energy, carrier with a hydrogen storage capacity of up to 53 g L™". It exhibits low
toxicity and flammability, making it safe and practical for storage and transportation. Consequently, the selective
conversion of CO, to formic acid holds promise for mitigating the global greenhouse effect, while enabling synthesis of
valuable chemical precursors. Nevertheless, this reaction has a significant challenge that cannot be overlooked, the
hydrogenation of CO, to formic acid necessitates simultaneous activation of two stable gas molecules-H, and CO,, which
is subject to obvious thermodynamic limitations and usually requires reaction conditions of high temperature and pressure.
Therefore, designing an effective catalytic system is critical to lower the substantial energy barrier involved in hydrogen
dissociation and C=0O bond hydrogenation. Current catalytic approaches for CO, hydrogenation to formic acid mainly
include both homogeneous and heterogeneous systems. Although homogeneous catalysts demonstrate exceptional
catalytic activity for formic acid/formate production, their practical application is limited by the high costs of organic
ligands and challenges associated with separating and recycling metal complexes, making industrialization difficult.
Conversely, heterogeneous catalysts are particularly appealing owing to their low preparation costs, good stability and ease
of separation and recycling. Among these, metal-supported catalysts are the most commonly utilised heterogeneous
catalysts for CO, hydrogenation to formic acid/formate reaction. However, the activity of such catalysts rapidly decreases
during reactions, primarily due to metal site agglomeration and loss. To enhance the catalytic stability of metal-supported
catalysts, strengthening the metal-support interaction is essential. This can be achieved by tailoring the surface geometry
and electronic structure of the support material. In this review, we present a comprehensive evaluation of the catalytic
performance of various metal-supported catalysts, including zeolites, mesoporous silicas, metal-organic frameworks and
metal oxides, for CO, hydrogenation to formic acid/formate. In addition, we assess the impact of support structure,
morphology and exposed crystal surfaces on the activity in formic acid/formate formation. We hope this work may provide
some guidance for the design of high-performance catalysts for CO, hydrogenation to formic acid.

carbon dioxide hydrogenation, formic acid, heterogeneous catalyst, metal-support interaction, confinement effect
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