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Research progress on photothermal catalytic CO, reduction to formic acid
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Abstract: CO, utilization as resource is an indispensable part to achieve the goal of “carbon peaking and carbon neutral-
ity”. Catalytic conversion of CO, to formic acid is an effective and most atomic economically viable route. However, due
to the stable thermodynamic properties of CO,, it is difficult to be activated and the conversion rate of above reaction is
generally low. In order to obtain a higher formic acid yield under mild conditions, photocatalysis is combined with thermal
catalysis. Photothermal catalysis is mainly reflected in photoactivation, which effectively activates CO, by stimulating car-
rier, regulating electron injection location and adsorption site. Thermal energy could further enhance the adsorption rates
of CO,, charge transfer and reaction, and activate the thermally active sites, which could improve the yield and selectivity
of formic acid by combining the advantages of low energy consumption of photocatalysis and high efficiency of thermal

catalysis. At present, the main challenge of photothermal CO, reduction to formic acid is the inherent chemical stability of
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CO, which results in a low CO, conversion rate, uncontrollable product and poor selectivity etc. Considering the current

demand for the photothermal catalytic CO, conversion technology, this study introduced the principles, advantages and

disadvantages of photocatalysis, thermal catalysis and photothermal catalysis. The strategies for improving CO, conver-

sion and formic acid selectivity were reviewed from the aspects of catalyst modification, reaction conditions and reactor

selection. The modification methods of catalyst were mainly elaborated, including the improvement of electron-hole separ-

ation degree, the regulation on the proportion of exposed surface and the improvement on the adsorption of CO,. The key

problems of photothermal CO, reduction to formic acid were described in detail. In future studies, the production of high-

yield formic acid and large-scale industrial application of photothermal catalysis can be realized by optimizing the reac-

tion conditions and comprehensively considering the reactor selection and catalyst design.

Key words: photothermal catalysis; CO, reduction; formic acid; reaction conditions; photothermal catalyst; photo-

thermal reactor
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Table 1 Different reduction products and corresponding
electrode potentials od CO, photocatalytic reduction in
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s S HAL L E eV
1 CO,+2H"+2¢”—>CO+H,0 ~0.51
2 COy+2H'+2¢”—>HCOOH ~0.58
3 COy+4H"+4e”—>HCHO+H,0 —0.48
4 CO,+6H ' +6e” —>CH;0H+H,0 039
5 CO,+8H"+8¢”—>CH,+2H,0 —0.24
6 COy+12H"+12¢—>C,H;OH+3H,0 033
7 2H'+2e —>H, ~0.42
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Table 2 Catalytic activity of CO, reduction to formic acid in homogeneous and heterogeneous catalytic systems
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IrCp*(HBF-2)Cl, H,0 N(CH,CHs); 120 8 1:1 Cili 1500  [18]
BIMIBEIER  [(PPNP)Co(CO),] s DBU 80 7 1:1 R 5700  [19]
Ru(PNN)(CO)(H) TUH P K,CO; 200 4 3:1 HmeE: 2200  [20]
[bpy-CTF-Ru(acac),]CI THF NEt; 120 8 1:1 T 22700  [21]
Ru-DBU/ALLO; DMSO NE+KH,PO, 80 15 3:2 e 239 [22]

LRI IR R A
Au/Si0,-Schiff H,0 P 90 8 5:3 FEREE 12058  [23]
Ru/LDH H,0 NaHCO; 100 2 1:1 HRER 17.3 [24]
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Table 3 Thermodynamic parameters of CO, hydrogenation to formic acid reaction system

126]

T R AHY/(KJ + mol 1) AGY(KJ - mol ™)

1 CO,(g)+Hy(g)—>HCOOH(D) -31.2 329
2 CO,(aq)+H(g)+H,0—>HCOO (aq)+H;0" -4.0
3 COy(g)+Hy(g)+CH;0H(I)—HCOOCH;(1)+H,0(1) -39.9

4 CO,(g)+H,(g)+NH;(aq)—>HCOO (aq)+NHy" (aq) -84.3 -9.5
5 CO,(g)+Hy(g)—>CO(g)+H,0(1) 41.0 29.0
6 CO,(g)+4H,(g)—>CHy(2)+2H,0(1) -259.9 -132.4
7 CO,(g)+2H,(g)—>CH30H(g)+H,0(1) -137.8 10.7
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Fig.3 Recovery of formic acid, catalyst and ionic liquid CO, hydrogenation product”
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Fig.5 Schematic diagram showing the energy band structure and
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HCOOH, 55042, 24 HCOOH 1 7= F & 171 25,
PtHTAY 3 45, Y fh % 4 w5 1 i P T RS2 Pt TR
| LaCoO; i MR T XA M2 U E A

B A =2 A S R 4 SR B TR A R R A
Fermi REZURIR H DDA R4 A £ 1Y, Hol Pl B )y
] 2 pl 3% R DA A 2 T A 3L 1 3R HE I 8 1) e A
B AR HEEAR L 523 00 i, R4 T T
e R AR PR BE . A 886 (G) B KM HL R L,
AR E A MR CO, WLFHRE 71, 2R T B8 %k
2 10° ecm™/(V - s), LEZE T T2 7O E 51
b, BA RS 2 SRS A U A AR IR R 0T LA
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SR BT PR, BRSO LA RS S R
WA R FRTE G CO, 38 JF S Ny rh, Bh5 1 ]
DGR, 35 T CO, T 107512 H 14 W B 6 ) Al
FEPIE R, ARGE T TSR A B A R Rl

BB SR IR T pn B TiO, f1%%
FHBKE (CoPc/TiO,) S Hi4s, 76 1] WG IR G T, % CO,
SeiifkiA 5 HCOOH., CH, #il CO, H:i HCOOH iy
FHY), PR R ] 3k 708.54 pmol/g, ZHAO %)
il %5 T CoPc/TiO, 54k, 76l WOGHRGS T, #E17e M
ik i CO, By I . H5 R F W, 77 ¥ A CH,OH.
HCHO, HCOOH %, 4 CoPc Fifa 43N 0.7% B, i
15 WAL TS P S5, =) R ik E] 1714.9 pmol/g,
AT HCOOH fY 77 F 5% 1487.6 pmol/g. 124K 1k,
A ZFhp R 5 0 235 9 4 1 3 A 398 o K B D' A4
FHAR B35 FL 728 7O I 43 B A R B R e i Ak
KR, H AT 7 1 WF IR R RS, SRR 1 5
AR R AR — LR
3.2 AR ER A L O A

CO, AW B 12 4k HCOOH B 25 i 5 i %+l
P b RE A EZ AR, AR ATt CO, MR A7 A3
B, AR PR G BN RSB e Flh,
FIAMEEFI R A B FAE 2 H S Co, 454,
e 2 1 2 T A I 7 AT D T A B R A5 L A
A, HO RO B AR AT, RGOt ER TS
H R ] R4 4, AN TTTES i HCOOH Ry BE£:PEFI CO,
AR . 30 AU B A R % R T L A9, AT A 5 e
PR SR B DL R T =25 7 A SRR, A R T4
G ERET

PETERSON £ 3\ ) CO &l W fi i) COOH™
A=Az, i HCOOH i1k OCHO ] A==,
H A SCHkE s A n], HdE—2 B T 454 RexHi ik
FIPERE M

*+CO, +H" +¢~ — *COOH (1)
*+CO,+H"+e” — "OCHO )
*+CO,+e” — "CO; 3)

"+ H" +2¢” — "H” 4)

b, AT RS b A R

£t X CO Fi1 HCOOH # i T 2 A [R] i % A%, 43
RISk [ B B P EHATCOOH RS "OCHO Hrffj{k,
T 2 s AR R B R A S TR CO, 1 SN AR, 1E
— 4% HCOOH 344

MENG 2500 w1y iy VI 1643 J& B W 2 1ol
AL, 7E 4 K B OGS B R 5 UL 5 i W Re,
67 Bz 7 i SR AR R ] 400 °C £E A, E 400 °C DG

PURE T, W TE4 Rk F) CO, LT T B RE 2, I
#F CO, HIHLFN Hy H24# . CO, 5ib3mih 93.25%.
TiO, EAFE M I 2548, 982 HT CO, Il i
ERAAR, E25 PR AR MEAL R b, VI % 4R Pd S
PRI AT AE AR, 36— b At 4 T i
e 1~2 B g . ZHANG 269704 pd 1 #8078
BLEKH™ TiO, 49K i b, FZ AR (100). (101). (001)
Ifil, T CO, il HEREL, UEW] 2% 19 PA/TiO,(100)
PEAR R b ELA A A B P A AR X4 2 1 PdHL 435
A BT CO, 1 H, WTE Ak, A5 R TS ML 5
HE 25" L 3BLERE TiOL(101) [ 7E CO, Yok 2k J5
PR CO, IR HERL T I TiO, REFFF] CO,
Jy T AR, ILAMZ A A6 & i R rh id
FEAE RGN B LTS O S, B (101) A
SRR, REZBBUERY B Tio, Mk & 7R
(101) T 1Mif A & (001) 1, 53X A A F CO, Ay M B 71,
HAN 250 % 31 TiO, B (001) T A4 56 A AL 15 7 B 5,
XS (001) i HA TG M A Ti 05 %
) 375 1 2 T AR 1, W T KT R TiO, 1Y (101)
THT 2 R A5 AT (001) 1T A e YA AL TR P, UIRTS 4R &
(1) CO, Yl JFRR . eAh, He[w) 52 85 1) il 1 7] LAAE 5L
A~ TiO, i NIE AR 1 [R) T 45, A R #1453 2
FE i o X LS ROULAIF 5 2 B W] 3 8 458 2 68 ot 1 L
BIERAE CO, VA4S, 1 Pd 5 TiO, Z [8] i AH EAE
H, ATRARSE Pd WSS H, BT BURL R S A2 1, T
KR AL BRI T — ] AT 0 R
3.1.3  ffHZFLAEHE S CO, HIM

B T2 SARAEAL RSN, — 2 AL R i £ F 4
J& A HLREZR AR (MOFs) 7] DL THB Ak 5w Y
MOFs H JCHLFNA HLA 54 %, 43 3% T 42 @ 2
SRR PSR . LT IO F 4K, —28 MOFs
TR AMR AT UG RS R B OB TE P, T
(1) 4 J@ A B A R 2 TEHL P A i, A L A
A DI R R MR | 3 4 i D0, s L
BB AR A FLBRE T B 2L RS T e 15
A/ N CO, 43P, T TiOL(P-25) By mi i 2
H 35~65m’/g, FHAA MOFs [ HA—M7E 100~
1000 m*/g, fL B % K T MOFs SR K FR Y 5095,
R, 7R3 S Z AL BRI CO, 38 A 5 2 —FPAR
A TR 1SR, AT DA —Fh 53k n AR 45 4, 7E
XFhEE Y CO, 1T LA S B . 356, 4RI ok
L IR R, 4R MOFs 945 CO, W[ BE 11 53
FLIE HAR S CO, UM, A B T s 1k
FEH . WANG 2P iF58 T 3 RhSA A 4% MOFs 4
FHHEMIL-101(Fe) . MIL-53(Fe) FIMIL-88B(Fe) |-CO,
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(AR, PLZE (MeCN) S A, 76 7] W% IS
TR 8 h, 3 Fl MOFs ¥ CO, %1k HCOOH 7~
354 59.0, 29.7 F1 9.0 pmol, MIL-101(Fe) | £
B R P R dc e, M B AY Fe (5 AUE R CO, T
B 15 T B B Z2 1 CO,(26.4 g/em?), 11 HAE B AL ik
SR 5 B S SR R, XSS FIESE T CO, i
B BE 1A Rk RE 4 &

MOFs Z It DAL T2 T4, S A e AT 6
e JIARZ 5y VAT, il kR m DI AR AL, S CO, AL
BH7 55 . FU 25N & 5 T —Ff Ti % MOF TigO4(OH),
(BDC)s(HeH BDC=—1,4— 3R MRHR), J1-75 7] WG M
SR A=k (TEOA) ikl i) L o fkid

J5 CO,, % MOF HAT M i i A, 158 1302 m/g,
10 h J5 4 5 8.14 pmol HIREE . S & 48 AL A1
Fb MOFs [ 1Y 2L HHA &1 o, MM fE
FIHCAEAIEPE . BRIGSR CO, WA, MOFs 15 -4t
T T R REAR i L 54 88, (A A7 A S s T ANER
SE B
3.2 RBEEXIRMEN CO, BRI PR RERI RN
SCHR T ARGE 9 TORAEAL CO, nE R 6
VR AL . RS R A R = L3 4, MART,
CO, A H 1R 19 B I i B AE 25~ 100 °C, J& J1 7
0.1~7.0 MPa, ITAEWFFEH IR IM e BRI A B 0 0,
{H CO, 5L 7= 3L & TOF 3R ARMK

K4 AERNEERET CO,EERMIERE

Table 4 Performance of CO, reduction reaction under different reaction systems

JUNE A
R AL IR FEER TOF/Hh™ SCHik
P/MPa 7/°C
Zr-TCBPE-I{® 400 nm,LED;4.9 W/m? 30 5.2x10% umol/(g + h) [61]
o Ru(I1)-PNP® 405 nm,LED;1 050 mW — 362 pmol [62]
TiO, 900 W, XekJ 25 0.267 umol/(g + h) [63]
g-C3N,/(Cu/TiO,) 500 W, XefT 25 5069 pmol/g [64]
XA Pd/TiO, 300 W, XekT 3.0(Hy) 25 162.6 [65]
Ag/SITiO; UV 250 W, HgtT 25 3.006>10° pmol/(g - h) [66]
CoFe204 AL HEHgT 90 8 000 pmol/g [67]

VE: @ DU — F BRI Zeg 0 4(OH), — A LSt b A A i O N ON-SU( AR S ) 2,6 — UL e

321 REREEHA

P B AL CO, 1 JE il 4 HCOOH 75 6 X
o FTAAE I AE I PR B TR A& A, DA T S0 G ATk
E 7] — S o7 B () FN 23 [B] N AR 2 DR IR AR o Fl AR
Z Ot EEAEH, e ReRRiaR 7RIt R
CO, FEAL A= E 43 o o YeAb 2R ORI H B PR N
N F 7R, P AR B TR S R B R K
YOTSUHASHI % * i Jf] 300 nm 541 (UV) Je k47
[l CO, IR JE LG, ARAG T 28% Wit Kit Fre, #
IZSZEH, 2 h JFIE AL 17 mmol HIR .

FSEVE R B E TG AL L, a8 5 f T AL
B R A, CO, s FREA RO . B G YC AR
FR I, 150 28 Gt A B BE B R TR N, 2 SR AL 5
F WG T2 L 6 e Al b, (A5 2
AR TSGR AR . ASPHEHREE |
AFHEI KX TR B —E i, LU 451 %
B Aw/CeO, TENEHAEAL 251 T 1 CO, it 2yl 4
ALY 10 £, X R IDEIVELEAG R 5 A A TE 1,

FERIH AT EER
322 iR

CO, I 5] FH R Ry RO N, ARG B T A )
TN ) 1E 7 [ #E AT . CO, i J5R I8 i A0 35 Jo 7 il
ML T3 A% b e, Ak R I A i R, o A v T T 2
C—0 #, I C—H #, Co, 2T EW I, &
TR AT DA 2R 9% S 17, T e T ) DA T o2 o 3 3R,
RESRAEER B i AL RE 2 0 BE 1P, (B % R 1L
CO, T ZEML A, PRI 4538 4 1) S I Tl AN B 1
P v R A P RN e R, ] Pof b BB A A0 e A Ak 71
AT

AL rp ARG VE O o —RE A, R IR AR
100~200 °C, 7ELIOCAHE R T AR R FroGilgE Sy =2
PIRE A, T T AER T Sy 858, I, P A i
J R KA, 3 3 7E 25~ 100 °C, 7l Bh 6 fit ik
CO, it JE i HCOOH s 72, AFNHA S 1o A7 A5 A 7
AT AR K AR 1 S oy A7, T AP i 3 e TR
JEE, BN R A T i s X AN R AR R AR AR R K
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MR YU S0 BiF gy WA, ORI IR, B A
257N SR T 0] Pt GRORFTURL I 6 A% 38, =)
A AN, PR BT Pt SR H, SRR ik
FPE (87.5%). Y Ll HCOOH & R W7 1E ek
TEPERRE, R T I, YRR R AR R R S R
LR — e R o 2 i A R T TR A Ak R SR
(R TR, 5 G AL TR S5 A T AR 1 A5 1k, Sk fili 4
A3 55 R NI S PR R R A 25 A T e i fih, 5 B3
FEAE RV A o

33 RIEZEERE

R 52 N7 45 A % 305 1140 S5 I i A2 A S5 IOz ML
FIHEATR AT . HAT, # RS Cco, In&Hl iR
IV g E 97 ] 2 AR S5 N e RGN 48
331 Ui

H A7 6 #UiE AL CO, 38 J5U I FF IR Y S 0 2% P s
FER N A I )z, TEAR GE AL CO, 3 5
PR P B I T e T e S P A A Rl B8 R e ) SR A
T T R R RN 4 1 R B N R R ) R BIR B R g
AT HEAT, B8 CO, GRS A frf
PO RN Y E FH T 30~300 °C, Al ik 0.1~
20 MPa, e & KW AR R 1K, TR R AR O 2544
T B RER IR AT I8 1009, 2% 5 0 R 8 1 52
Z LA RN, FEELH S CO, 5 H, v WA, Ml
S ESARRENS 7E 43 S AL B Ak, B T MU RE S
BE TR . WU FEAE SC IR 5T R G B B 114
FURTF 50 mL (R4, 25 AR B shHLLK S IR g
BRPEES R, (R N SR R A . ZHANG
2P HE 100 mL = 548w DU B AL — S8 Ak Ak [ 5
AT & P1EAL CO, A, TEIREE N 80 C HIZRAT T
il 3 HLBEE R H, MRS CO, Skl s R4,
45 B PR B e R M 3K B 100%, TOF 158 1384 h',
P R 1 2 38 2o i ) A% Bl # s sh i 10 O N A T
Pt 7T DMARLF 0 RN 22 NI TR A . BAVYKIN
U i F H,/CO, B 45 BE IR SR IR A WITE 45 mL #Y)
fmERE T, DIRE I PE T IR A, e s R i g1 AJK
YRR, l@CTF AL FIEC R CO, i S5 H iR, 7F
2 MPa, 50 °C #:/E%14F, TON iA%] 29~358.

& Ge 0 1y FE N 28 To Ik FE B AR T i#E4T CO,
MRS, T BN AT O S IR N 48, TE R
i L mT AR SRR 5 5 A S ARE e, 1
KT HEAT RS, AR AN 18] ) B2 07 2% 2 1T AT J5 AN [ 38 4
FIBRBERIEIR . R RHIA R N 25, A% B
RN 50 mL A 4 9 R ) bk Bl s i 5
PEAL R FE 40 fioh o 52 7 i 2k AR AR B BURE 11
WO P2 HEA T 43 M, AR i Tl 22 50 I TSR

P 6 Ry fili FH AR N 28 Ak CO, 38 JE i 45 HY 2 11 5
2k JIN 2% K BHBEAE M BK 3h 1, ZERCAT 5 50
7 1 R g, % 1 300 W4 Xe £T LA PA/TIO, Wi
LK COLMRIR SR B AL IR R, 226 T #ui
FEAEAEA A A5, R AR ) 500 2 B 30.9%
FRIYEIEE L RE 1 TN G RE A

ﬁ

CO, H,

ol
ol

Liquid phase
Bl 6 St il CO, Hil MLk

Fig.6 Photothermal reactor catalytic CO, to formic acid route

diagram

332 [EERCH A%

TE RS fi R E VAL CO, 38 i i H F A0 32k
B, TECIASE T RS AR AT LB S e k)
[#] 22 PR ELAG B 5 15 1 RE M AR 4 1) 43 285 A AL 390 RN
A7 e, (H B T CO, 3 JU I Y R 2 a2,
[#6 RE PRAFAE IR 2 R AN S 04, Jm il B ok v 2
AR AR 5 BT L o A% B8 18 8 TR N & 52 # SR
JUFE PR RN 4, 2 2ok e S A A 350 FH DA S 3 &
PEAE B —F SR %, 32 FH S0 B0 A 2 N,
(R NA CO, N, HEAL AL AT . 78 R IR RV 45 1)
bl B 5l A SEET AR, 1B T IRR R R AL AT
S R R R o AR R I S g 7 2
T OGS A FEXI AR RO, AT [ A A )
Tk T RNV AR b, B HE RS rTR AR =0, Sk
WAL TS B A BRSNS R AR L P R 4R T 5]
— A RS R T, B K 25 A ) 6 R R IS i )
E VA=Y Gl e s Y Y o € NI = B - N A v
AR (S [, P H 5 (5 FH PR RE

[ 2 ARG I 8 BB S T AN [ () B VR AR X, D
LR S ARG R, BT Z 8] XA T anfar i 4
SMRFEARLLIE— 2550 0T o A0 38 5 4 B8O [ 2 78
AU s AT AT 3k Rs b, HabR R co, A
H, 7840 Ml 138 i AR Ab 30, A Ak TS 23 DR R SR i
Ly s & ERE BN, B A SR 2R 16 o K
NPk CO, Fl H, 98 28— R ) 5, i ot o 3 o
T —E i LR A 5 18 A PR, R R S %
IR A Z L 3 BT, HEA R R R)Z
PEATHEAL R, B IR BOREREAT oA i Ak 30 ol [
FER A b, SRAIER K R RS EE T, ikl 7
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Fig.7 Schematic diagram of photothermal fixed bed reactor
JIE R B S S I AAAE RGN A i A
W 1] RSB R 8 B, B DR SO g PR R TE [ 5 i
JE, AR 1 A o R R AR E RO FARE, SRSk
JE N EA T o

WA, SEFA T RE PR BN 4% RE 1 G IR 1 4 RS 7
HEALT L, (i 15 2 5 A AR SR T 72 0 RO G 7. TR
R SRAREAR T ) 28 R R A B N DR RS, e i
O BEIR B BN R AR B PR BB AL, S JRURE S A
M Z AR LT 2 A $fil . CO, i J5 i & HY IR 1 52 17
o e P 2 A, AT DGR T 2% P B0 [ 5 PR B0 8 T LA
SCERAE R R AR BN o VESCIR D KR S A
B4 FH T CO, 38 J5L 3 i R 1Y B, A y-ALO;,
Si0,. NIt A1 3 FOCHLEMRIA 5228 T Ru ZeAiEfk
N, G5 R K INTEG A BRI T 53 5h 2 FhIhLEUA,
HCOOH fYEFEMEAE 0.029%~0.25%, AT 0.02% ~
0.20% . WAy it — 25 e FR R BAUAC R . S B/ MR,
i B Tl AR, 3 75 AN W 81 B S B A RARE CO,
¥4k HCOOH.,

e OV i sl i B S S I, G
Ao o ORE A SR AR SRR 3 R, 7
LRI 3 A H LMER: CO, MRk IR, kT
JERIE T CO, S R B S AR R B h AT, S
A TR T ) WM ST S 7 4 A T PR B
HRYSE IR A SR A

4 DHEERE

JCARMELL CO, 3 i il FF R S 7 H Aip 7™ R M 4%
PRSI, i B A B S g = el Ak, i T
TR R AT AE R PHRESE A IR e
MBRARAR L BB T 2 S f9 TR AL, 7 B FRR) T A5
Ko o] AL A g o OB CO, I I o5 H IR 1A 2
H T H A3l BRI, 5 2L S St A 9 4 s by
Fil, 5 AT P [T RE AR 53 A AR L DI S 05 (8
(DS A TR0, I TITRAEARR AR o DR AR SCA Xt
PETAVAEAE 4 1) 5 LA Qo s % e A R A 2 AR AR
BRI TIRALRIR o
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AL CO, i SR F iR R i 4 = CO, I
AZ A7) HCOOH i #itk: 2 O 22, M9 HADL
PP EIE F (0 6 AT RE A AL H A 5 32 B0 1) 8
AL AR, B TSI, 255 5 R
PEFIES S | &5 A R AR . S e
FH EL, S 070 75 B2 1R AN i T8 5 R &b 4 42 il A
BRI T8 . TR, SRV AL RS 40 2544
LR R Z AR I, il Co, i it v
R T P LRI A it — 2D Y
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