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Research progress on mechanism and catalysts for reverse water-gas shift reaction
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Abstract: CO, emissions rapidly growth have led to the deterioration of the global environment, which seriously endangers
the human living environment, effective measures must be taken to curb the continuous growth of CO, emissions. Reverse
water-gas shift (RWGS) reaction is an effective way to reduce carbon emission and realize carbon resource utilization. CO,
can be converted into CO via reverse water-gas shift reaction, followed by Fischer-Tropsch reaction to produce olefin
chemicals and alcohol fuels, which have a great significance for improving the environment and changing the future energy
structure. In this review, the RWGS reaction mechanisms were summarized firstly, mainly introducing the research progress
of RWGS reaction mechanism latest findings in recent years; according to whether H, is directly involved in the reduction
reaction in the path of CO, converted into CO, the redox mechanism and associative mechanism are divided; the associative
mechanism includes formate, carboxylate and carbonate pathways. The RWGS reaction mechanisms are highly dependent on
catalyst properties, different metal active sites and carriers can provide different mechanisms for RWGS, such as controlling
the metal particle size can change CO, hydrogenation pathway and optimize product selectivity, the increase of catalyst
surface alkalinity can promote the transition from redox mechanism to association mechanism, and the reaction mechanism of
carbon vacancy and sulfur vacancy as active sites, etc. Then, the research progress of catalysts for thermocatalytic conversion
via CO, with H, co-feeding and chemical looping in RWGS were reviewed. The RWGS reaction performance of metal-based
catalysts such as Pt, Ni, Cu, etc. and metal carbide and phosphide materials were discussed, as well as the application of
perovskite oxygen storage materials (OSM) in chemical looping reaction. At present, the research of RWGS catalysts mainly

focuses on the improvement of catalytic performance, the activity, selectivity and stability of catalysts can be optimized by
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controlling the metal particle size and optimizing dispersibility, adding modifiers or alkaline accelerators, producing
synergistic effects through metal alloying, increasing the oxygen vacancy on the carrier and improving the preparation
method, etc. As the donor and acceptor of oxygen vacancy in RWGS-CL reaction, perovskite OSM avoid thermodynamic and
kinetic constraints and eliminates the possibility of CO, methanation as a side reaction. Finally, the key research directions in
reaction mechanism and catalyst of RWGS reaction are further anticipated. Based on the difference and diversity of RWGS
reaction mechanism, the optimal pathway of RWGS reaction on different catalysts, the formation and transformation of key
reaction intermediates, and the relationship between active sites and key reaction intermediates should be studied by
combining various simulation calculation and characterization methods in the future, so as to provide theoretical guidance for
catalyst design. The catalyst of RWGS have not yet been commercially applied, so catalysts with high efficiency and stable
performance are still the focus of RWGS reaction research in the future. And, the development of new technologies
addressing the shortcomings of thermocatalytic pathway is also very important, such as in-situ dewatering can be achieved

through membranes, which reducing the thermodynamic equilibrium restriction. This review aims to provide some references

for the subsequent research of RWGS catalytic materials.
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Table 1 Reaction mechanisms of RWGS on metal-based catalysts
Redox pathwaym Formate associative pathway[l LI Carboxylate associative pathway[] "1 Carbonate associative pathway[]g]
Hy(g)+2*—2*H Hy(g)+2*—2*H Hy(g)+2*—2*H Hy(g)+2*—2*H
CO,(g)+*—*CO, CO,(g)+*—*CO, CO,(g)+*—*CO, CO,(g)+*0—*CO;
*CO,+*—*CO+*0 *H+*CO,—»*HCOO+* *CO,+*H—*COOH+* 2*H+*CO,—*HCOO+*OH
*O+*H—*OH+* *HCOO+*—*HCO+*O *COOH+*—*COH+*O *OH—*H+O
*OH+*H—*H,0+* *HCO—*CO+*H *COH+*—*CO+*H *H+*HCOO—*H,0+*CO
*H,0—*+H,0(g) *H+*O—*OH+* *H+*O—*OH+* *H,0—*+H,0(g)
*CO—*+CO(g) *H+*OH—*H,O+* *H+*OH—*H,0 *CO—*+CO(g)
*H,0—*+H,0(g) *H,0—*+H,0(g)
*CO—*+CO(g) *CO—*+CO(g)

Note: “*” denotes the active sites; “*X” denotes adsorbed species.
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Table 2 Recent findings on RWGS reaction mechanism
Mechanistic Findings Ref.

Catalyst

CuIn/M(M=ZrO,, CeO,) The synergistic effect between the active site and the support determines the pathway of CO, [19]

hydrogenation reaction, along with the formation of reaction intermediates.
The catalytic activity depends on the crystal structure of the catalyst, which is influenced by its

¢-In,0; [20]
surface oxygen arrangement.
PUTIO. Depending on the metal particle size of the catalyst, the routes of CO, hydrogenation processes 21]
) can differ, resulting in different product selectivity.
The nature of active sites determines the reaction mechanism. While the redox pathway uses
KnCuAlFe oxygen vacancy sites, the associative pathway can utilize both oxygen vacancies and surface [22]
basic sites.
Due to electronic effects regulated by charge transfer, increasing surface basicity can promote
K,0O-Fe,0, . . L . [23]
a change in the mechanism of CO, activation from redox to associative.
MosS, Catalytic activity can be enhanced by adjusting the sulfur vacancy type, leading to an improved [24]
CO; hydrogenation reaction route.
vC. The existence of surface carbon defects has a substantial impact on catalytic performance, [25]

including activity and stability.
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Table 3 Reaction performance of catalysts of thermocatalytic conversion via CO, and H, co-feeding

Temperature GHSV CO, conversion CO selectivity

Catalyst o CO,H; ratio f (mL.g—l.h—l) % % Ref.
Pt/Ce0, 450 1:3 43200 35 98 [28]
Pt/NaZSM-5(Si/Al=15) 400 1:3 8000 3 86 [29]
PUNaZSM-5(Si/Al=100) 17 100
PtRe/SiO, 400 1:4 30000 24 97 [30]
Pt-Fe/CeO, 380 1:3 192000 31.6 100 [31]
Ni/Ce0O,-CaO 650 - - 62 100 [32]
Ni/Ga,0,/Al,0; 450 1:4 15000 38.9 97.4 [33]
NiCu/saponite 500 1:4 15000 53 89 [34]
Ni;sCu,s/AlLO; 550 1:1 192000 38 94 [35]
Ni-Mo/SiO, 400 1:4 50000 23.6 93.8 [36]
NiAlln3 500 1:4 30000 50.7 99.8 [37]
Cu-Al spinel 400 1:5 - 9.4 100 [38]
Cu/B-Mo,C 600 1:1 6000 51 100 [39]
15Cu/Ce0, 600 1:3 400000 60 100 [40]
Culn/ZrO, 600 1:4 3000 48 100 [19]
Cu/CeO, 68 100
MoO,/Ti;AlC, 550 1:4 15000 22 92 [41]
Au/TiO, 350 1:3 3500 16.2 99.9 [42]
CeO, 600 1:4 5000 66 100 [43]
LN-CeO,-100 700 1:4 18000 54 100 [44]
Cu/p-Mo,C 600 1:2 300000 40 99.2 [45]
WwC 350 1:3 3636 243 88 [46]
K-wC 20.3 98.1
ViC, 600 1:3 3000 45 100 [25]
Carbided Mo/CNTs 500 1:2 36000 38.08 96.57 [47]
Nitrided Mo/CNTs 39.61 98.58
Fe;0,—Fe,C 600 1:2 300000 35 >99% [48]
Pt/Fe;O,—Pt/Fe,C 500 1:3 576000 35 99.5 [49]
Ni,,Ps/Si0, 600 1:4 36000 36.8 100 [50]
Ni,,Ps@SBA-15 51.6 99.6
Ni,Ps-AlLO; 600 1:4 12000 59.3 36.7 [51]
Ni,Ps-SiO, 49.8 88.3
Ni,,Ps-CeAl 63.1 51.8
Ni,Ps-SiO, 600 1:4 6000 44.8 91.8 [52]

Ni,P-SiO, 24.7 96.9
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TR AR e T
2.2 NifEH

Ni S FH e 17 b ok 72 0 R R AR LR, (Al )™
ZJHT RWGS SN BFSE . Sun 285 ) FH %8 e -5 e
Pl %5 T Ni/CeO, I 5 W B 51 CaO ¥ HIE &, ¥t
CO, i 5 RWGS i AL A, WF5% & B, o el i
fd AL A BB CO, W I PERE, B4 Ni 43 HE
PEF T CO, BIHEAL, 75 1-20 YR A 15 Jh - fire e 52 56
i FE R, CaO MR Y B K AN 46 2048 T 5 Ni/CeO,
Z B FEES, # CO, #5 b3 2 Bl 15 i 3 (56.19%—
62.0%) .

5 PR, Ni s ] 5 H 43 J i i A 4 A sk
X4 S W 2 & #E U R 20T, 8 40 Ni 5 Ga,0, [H]
0 Uy [E VR A T Co, 1 vk A Ak, Ho,
Ni J& H, (19 & Z 7 85, Ga,0; 12 i CO, 1Y 1 1k
I 904 Hy 59 W% B, T Ni-Ga,0s S i U £ 5 i 1k

CO, Jin & A B CO, I3 il FF 4o Ak m ] 4% 14 £ 1™
B A 72 B2 A T3 A0 NiCu A 57 28 TR 1 465 v ) e
R BE, NiCu &4 1 A T 1 A mT 40 s 41 L v el
i ML E CO, H BE AL 2 N (Sabatier 3 2 ) , [F]
Af 5 % 1 L4 JE 2 k™ AR T T E E Y Ni-Cu A
T4 BT CO, FIMFHEIL™ . Ang % IR, NiCu
Gah AR B Cu & 2 AT 48 e Ni Y38 5k A K fi
PR30 G AR FL R, 0E 1 498 i 4 TR 95 P, (. Gioria 28"
HIR B, i i Cu MR N2 S B0 Ak R e 25 FE 1
FE A, Cu B it B s B 8, B0 T CuNi
LTI PERE R P25, ML Cu Bt 2 00,

FIH MoO, 38 i JL fa] 7 35 Fi HE 48 1 e 1
Ni 2 18 A3 Bh T 1l 55 CO By W Bt fik , 5 el o4 550 8
HOECHEE, 5B E R0 E Mo/Ni Dl 0.1 1, b &
MoO. A B F CO, F1 CO 114 W it 1% £k, 7= 4y B 4 )
TR AR Sl CHL(BEFE1E~100%) , {H 2t 15
W ABET £, f Ak NiMo A Ll 1, it
MoO, i F| {i¢ ¥ CO it Wt 1 /8 JH , Zhang %" 3 1
FT FHAESE T X — o [AlBE, Guo %" i & BH, 2
T Ni AL T A /NG H A R TR 5 Co %
P, B AR F 3K In 8 5 mT X Ni A7 808 e B,
T AT ) P A (CO* ) Ry e 13 T B
2.3 CufELF

RWGS Jz i /1 Cu 5 i 4k 7 B & 1 68 L 5= .
CO W B 2 55 DA B BUAS IR A A A, AHL 410 Cu i ik
) 5 v e 4, alaE i s i Bh 0 8k Ak Cu 4y
BOPE S5y ek s e g I R A g R BT, 3R
TE VL 1 5 1 Cu-AlL R & A1 803 15t il 48 19 Cu/ALO;
FLA AR 51 RWGS 6 P, X 02 R o 4R dh A
A VR I I AT R SO T 1) AR AR S5 AT A, 8
PH =S F o B, L, o 7 57 i F e, 200 23
AT Z A F) T CO, W FHATTE ALY 8 25 0, LAk DFT
THEAIE I Cu-Al 4% fib A1 22 11 8025 6 8 i BB 341K

ARG R Cu 19 43 BICME I8 L 22 4 o AE 28
b, SR A T Cu UKL B 45 TR 1 G4, K 1% S
VR R FHRAR LA A T B R Cu i
#H A (1%, 3%) 19 Cu/p-Mo,C, B 5% & B, 1% Cu 1
B (1%) BRI g o el cu' a5 B-
Mo,C & AE 5 AH BLAE F, 3048 & AR 1 35 17 2B 4 1
B B AR ) 4 T SR AR, 1T 36 Cu(S nm)
Y51 4y BUTE B-Mo,C i, {H 47 Cu fi 8 2 1 &
3%, KA Cu £7E B-Mo,C F 1 & = H 5, [l i 4
R It B Cu” & R F) Mo,C Ak, IR Rk
BF & A be 2, 5 SUME AL 0 1 R AR 5 40 B-Mo,C A
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[, 72k Cu 73458 B-Mo,C FUAR TGI8 J5, fin bl &
AT RS R I PR AR T L S A, R -
Mo,C N A 3 T 23 T8 1K 5 — I HE AR 14 0K 9 fL
W, AR T AR B J1 2 4 i R W, 19%Cu/p-
Mo,C A% B-Mo,C. 3%Cu/B-Mo,C H-A A ) F W
TG AL fE (24.69 kJ/mol) .

AR IE /D Cu fi 3k v] ik B AL 4 I8 4w
w45 1A SR LG W VE L, (0 4 8 is PR AR
JEFIE AL 5 P 22 4 n] R Bl = T ke, PRI, A b 2
TEREE S50 F R i 15 P . AR E PE Y Cu i ik
# . LiuZ™ &KW, & Cu i i (15%) T CuCe fi
)i B RS Fa 2 B9 Cu H#%, H &R (600 °C)
T RWGS Wi R 5, i i ALA AR & 53
Ce #ARER I3 Be4h, 1B Cu-Ce XU 4x & [A] KL 47 (4 1
YEF TR AR Cu LA 2 28R P 5 = 2 2 BROF 1A
I 2 4l LR B 45 1Y CeO, 1T T IR $5 K2
DFT 118 5E B, 5207 a2 mp oK 48025 06 JB A7 A2 B
FEIE IS FE, S5 AR Y Cu B T8 1 1 [8) 44 46 3800
TRUE T B AR CO, 16 AL S M v [l AR TE A Y
FE

Cu X 4 J& 4k 71 K % RWGS J 07 1 5 3%
PER e B2 B T k. LiEY KT
In Xt Cu AL (52, DL ZrO, S 2R R H AR ¥
4 J& In B}, Cu 5 B R ZrO, Bkt = H fi 74 5 Al ok
M EAEF, BT AR G i 2 AR AR A In 5,
WF Y Cu 5 In I UA 4, Ml Cu 731
PEASBNHR &, T Cu (9 HL T 254, B4 30 48 1k 71
() H, ff 55 BE 1, ¥ R In,O, 12 A= 1 48 25 0 AT {2
# CO, %Ak, # Culn/ZrO, I 1Y CO, # 1k % i &
BT Cu/ZrOy; 4 LA CeO, ly #% 4& f H % fin 4 )&
In B}, Cu Al In 43 51 LA 42 J& Cu Ml In,Os (1 JE 2 A7
7E, In (5| ABHAG T Cu 7E CeO, I AY43 8, I 4K
B4 B CeO, 1 43 Eb, BUHEIE B 1) 4825 o7 5K
HIE A, AL TEHERRAL, TR A In ) Cu/CeO, I
Cu BT, 315 CeO,., Z 10 & T i 72, T
AN T M B Cu-CeO,, 1 . L, 7R IH AT
RWGS [ I 1 X 4 J& AL 0 s, N 25 & 25 R A Ak
F A T 4R L 3 AR A R 4 e AR A AR .
24 Hit&EEALF

MAX MR =ik s mik ), A
RS E M L BRI R, — Bl R A S
Ronda-Lloret 2" % 22 1 D) Ti,AIC,( MAX #H ) b %k
K B Mo 3 i 1k 7 75 RWGS H i B JH o BF5E &
B, 714K MoO, J&5 & & BT 1Y Ti,AIC, 2 MoO; i

o 5 o 5007 3 5 T AR R A9 S AL R DR PE R aE AR
23 BTE B, B S & 25 BT 1 Mo {3 4 MGl 3 FL
% CO, IEEHLIE JE M 1% 1k CO,, FEHI 55 C-O 4,
fifi CO, E 5 ik 7l CO.

Au A A 7E AR R 25 48 T X RWGS S b B
A BRI TS P (EA A% B S B N 2 RR
M I Rabee %™ %28 T H A WA (<0.1%) & & =
) Aw/TiO, fil Au/ZrO, ) RWGS Sz i ¥ fE, 250 C
i Aw/TiO, [ 48 4k 16 M o AwzZrO, 11 10 £%, H CO
BB IR 100%, BF 52 30E BH , 15 35 2 6 L fof (9 Au”
7E TiO, 1 ZrO, |43 51 LA 44 K kL - F1 BA 7 45, 1 T
AFAE, B 5w XU B Ti' 1) TiT A5 A8, T A%
T A L A A 6, B Au”-OL-Ti A, X
1 & AwTIO, HH 4 Aw/ZrO, B A S AL Mg i £ &

i 4 &8 T R P BRI = B LA SRR IR 1Y) 4 M
FIRAH, TSR 2 560", CeO, HA &
B4R RE 11, 1F Ce"' 5 Ce'ihift it frhr, CeO, 23 &
A 35 M A7 R CRR P B G, TE AY ARL A A T A
R L BT A A5, TR CeO, AT L LA [
BAEAE (ST M BRI\ T A ), e 3 1 2 28 1Y)
1t A [A] Iqbal 2™ 3 3 2 A AL (RME)
BT ERE TR AR CeO,, I il 1t RWGS )
AN CeO, BYMEALTERE, TEIIEIT, 442K CeO, K
B A BB S H RTHRE OC T4l CeO, 1L RWGS
J I e A 25 S, RAE & I, RME & 11 CeO, ki
BN BRI E) FoRLAR 43 A %5, 7E RWGS JZ h
R 5 B8, I Ak CeO, i # W7 /\ T 440, 2% Tf LA
(110) 120 3, B M AARCF I L (100) 1 i PR, H
b 2 T RRURR S 1 1% 38 i e B SRR (R AR ALk
g, LI 100 h J5 CO, FE AL RAMALFEAR 16%.

Lu %™ R W A% % Jr % A L T LN-
CeO,~x 1AL 7] (x & NaCe ¥ T A & LL ), BF 58 & PA,
Na $£7%F CeO, 1] i/ F Ce"'In] Ce” WY 541k, 12k
AR T R, B R 0 M 6 SR, o, LN-
Ce0,-100 | & %5 i e %2, 3% M e ff . Cao %5 ™
NN, CeO, 2 I 48025 o7 Vi i A AL 76 4 (CO, F4 1k
) (AR KO AR Se vk, Hod, Ce0,-200( 50T 1
JBREIR FE 200 °C) b 5078 o0 Wk BE e K, (E AR 2
K T H A 45 5 25 R B (1Y) Ce0,-300, 3 1 )
S5 5 W RS 4 R 2 IR, CeO, 2% 1 A5 147 Bl
T H, 36 A, 525 00 v] inak CO, 1 i &5, T v 45
K- B A 25 6 R B BB AR RF HL 35 AR CO, B iR 2
] 4 P-4, i CeO, $A5 e fETERE .
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ZR NG BH A - 30 RO U e B R ML A AL R F 5 S 9

25 EEHmRLYMB L ELT

ot U 4 ) Bk Ak Y F vk T AL RWGS =N,
PR 4 %) A Pk R A Ak 1k BE 5 A2 B e Y, -
Mo,C & — P LT (1) 3 V8 4 g ik b ¥, LA 43 HiORD
FasE Cu BRI AU RE 71, B A5 2UEH Y2 Cu 5 B-
Mo,C [B] 5 AH B.AE H 6845 &2 #F 1 2k Cu 1Y 431K
FERH 1E Cu kL B A2, [W]E B BB Cu-Mo,C F1fi
MR FE Cu ¥y Fh A S0 H R 2 H X CO, fif B
WAL, {1 Cu figk it K S 38 R,

AL H (WC) 5 Mo,C # 1), 7£ CO, & 5 1
A B AL TE M, (H WC 1E S RWGS 2 i
A B BF 58 R % /0 . Morse 25 WC i T
y-ALO; LI %52 T il 4 J& (Na, K) X 6 77 1 £
HEVER o ST & B, B4 @ AR 32E i WC BER BN
B4 @ 1Y WC PR BB T A, 3 mI 3 2o 25 44 A H T3
N7 R fifp R, — T K 4 S AR Dk 45 v 2 R 4 T
WC B4 53— 5 TR 4 J A Sy ol (i a2 50 14
T WC 38 iR B, 38 17 8 2 B iy v i) 4 1 1k 27
WG BfF, B2 v CO PR, (H R It 2 3l CO, i1k
W, 1 B CO, e A 28 BE AR, 1T Na A 300 i 7 H
KT Ko

RWGS W H1 CO, % 4k 22 F1 CO & £ 1 3
S AL X M CO 1425 A ) A AR O, 25 A R
1 CO, Ak i, CO S5 My sk g T 25 ) 1 —
A& A i CH., Rong %5 " LI Mo/ 40 K 4
(CNT) 2y iy B 44, 38 3 fe £k . 016 A il 1R 1k 43 5l
7E CNT E 4 T B-Mo,C. y-Mo,N il MoP, AiF %
B, b =R LR R Moy i 4 o 22.7%.
22.2% F1 34.9%, iE W] B-Mo,C/CNT F1 y-Mo,N/CNT
# MoP/CNT 7% % 1 B8 5, i CO, fif 25 fig J) T 5,
Il MoP/CNT X} CO & Fl J7 3 55, H H Xt CO iy it
Pk, y-Mo.N/CNT IR 22, I 4 RWGS [ i
L, B-Mo,C & 5% 16 MoC, {H y-MoN /& i f2
T, LA % IE, y-Mo,N/CNT TERE e fd: .

Bk EARAL ) (Fe,0,) 76 RWGS 2 H 4 48 i ib
JL AR Bk sh AR, UL, KR 0] ke FE
A5k Z2 T 41 43 (Fe, Fe,0s, FeiC %), Hb i X bt
REFZAE I ™, Chen %™ il % T PYFe,0, fHEAL T,
Pt 75N 0.017%, Z5HHERRIF T R W, & R A E
BAY Pt 44 oK JoUR 38 2 S iR AL 4 A2 i Fe,O, YA
Bt A&, R Fe0, 38 18 38 ik 1] Fe,C AHAS 1Y 3 %,
Pt A1 Fe;C P 35 i o B[R]/ HI 42 2 CO, B35 1k, 1t
A RWGS J2 i B v, Bl IR 6 T i, 8 43
Pt &5 R, S8 CH, e BB, W25 75 B

FEBY I, K Pt 4 K UK B ik 2 0 25, CHL B A%
DL, 528 PUFe:0, 235 A R E 1Y Fe.C@Pt@C
ghty, o, Fe,C 3R I A A2 78 55 10 AL )2, Pt
KGR AT 43 2 58 LA 32 20 25 B niy ik e, kR Y
Fe;:C@Pt@C 45 Fa i Ak 70 2 30 1 P 5 A e A 1 i

Tl i R b ORE IR BRSO 1, g TR AR
RWGS [ b, Horr, NiP 3R 85 9 CO B4
HLAEHR I 55 4+ 1Y CO, W ke Ak I 17 . Bao 26 SR H
2 B WAk ) 45 T NiPy/SiO, F Ni,P/SiO,, X &%
FH UL 70 8 NiaPs 449 2K 50k BR il 76 4 FL Sio, i
i P 4l 75 Ni,Ps@SBA-15, BF 5% % B, RWGS J Jif
HNi/Si0, | & B il ik £ 8 CO( — i Fn A ) |
CO &3t Ak N CH., i fb Ni AL 7] B A1
£k 4 CO, DFT i+ 8 UERH, CO 7E Ni,,Ps fil Ni,P I ()
2 1 B B S 55 T 4 R NGl 22 R, L R A
i) CO, T 3 5545 5] CO, fiit NiP, %} CO £ T
1 (100%) ; 5 Ni,P A Fb, NiPs H7 Ni [1] P [ H T 5%
g, (i H B B 5R i 4 8 £, LA NiPs M
g T Ni iy d B 55 p H 7 B 09 A R L 4] /)N
F NP AH, X H3% T Ni Ji 75 CO, iy i 5 g
AL I AR A 36 1 B 5 5 NiPs@SBA-15 U] PR B i 2
LA 26 7 fiff NPy 5087 = B 4 1, I 900 ) He e
45, i fh A0 TR P AR MRS B — 2P R

Zhang 457 ) % £ T NiP, 1k 7 28 4K ( SiO,.
ALO;. CeO,-ALO,) X 4k 1 1 F11E £ 1 1 52 1) .
F 75 & B, BEfk )5 Sio, BB AL T Ni,P A, H At P
Pl 38 A4 b 2 B NinPs A, Hodr, Sio, & B
CO, W B, 4k CO, H ke fk., it NLP/SIO, 3 i 5
= ) CO % #:: (80%) 5 Ni,Py/ALO, il Ni,Ps/CeAl
W) ¢ B MR O TRD L R 0 s B VD 44T R, FE 300
450 °C T WA AL 0 H e fh 05 P i, CHL BEREE
ik 100%, (=5~ RWGS JF4h 5 oh £ 5 ) I #2
P A, Horp, NipPy/CeAl PERENL T Ni,Py/ALO;,
— J7 T CeAl ZHAK H CeO, 8 38 Ji 7= A= 1% M A &5
7, FEAR FE L 17 Ni 05 03B 8, 32 85 NiPs A1 1Y
Fa g M 3 — 5 TG PEAH NiPs 78 CeAl 38 I A9 ¥
J& (38%) 1= T ALO; 2% I 1 ¢ 5 (26% ) o

bk ek B 9T B4 UE B, NGP A ) T
CO, 1y B e b 2 B, H it = LLAS [7] Ni/P Jit - L
(0.5-2.4) A JL 1) NiP, (& 14 25 14 %55 e Ak 351 1 B 52 il
(85T, Hameed 5™ 45 H 4538, TA 4 NiP, & AH B
E T CO A, 300-800 °C T FF A NiP>Ni, P>
Ni,P>NiP,, /A [f] NiP, /s AH B A £k 1 1 A 8], 07
K Ni.P>NiLP>NiP>NiP,, H 1, Ni.Ps J& 5 1 Bk 5
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Fefa 52 B NiP, A4H, DRI, J81%% Ni/P Ji 1 H r] #75 NiP,
AL FITE RWGS 2 H AL TR RE

3 LA (CL) AR 5

B ER R 4R AL W) RWGS-CL T 9 /)12
M fEAL ], ABO, 58K 454 rh, A 7 5538 A B
e B8+ 4 Jm (il RO ), B A i 4R,
PR3 o R 2 R A BT B B A R B
Ak AR E CO, R FE&RER
FRAALRE 1, VR At A B (OSM) 8 )1z v F T
RWGS-CL Jz i 1, {H B4 AL i 72 v 5 e 45 25 5 3
A TR P 2 3, R TR A R R A 4 T SR Ak
Yok v 11 2T Si0,. ALO, b IE AN 4k 8 A Ak
Yy, dE Tk AR e R 4B T AR R G
F RWGS b4 106 PR A0 7R 2 19 S B o

B EK A OSM 7E A Jli o 2 v v i Ak 3 25 i
B AR 2 T R A, PR, s 2 A A R BT
e b R T AR AR 1 R SRy — ol figp D L ) R ) A AR
75 ¥ o Brower %57 E A5 BR WV i -5 I IR AR IR
W A SBA-15 il #8 T Lay+sSro»sFeO;( LSF) /SBA-
15, FAE &P, 54 LSF M L, #4751 He 26 i AR
Jny 300% H 85 Bk 48 Ak W) 0 A R kL AR /)
700°C N ¥ £ 2N WAL 2E B R, CO =it vl #2555 10
%, Shi 2 #1457 La,sBa,sFeOy/SiO,(LBF/SIO,),
H v, LBF 71 8 i 4 26.6%, % 1F & i, LBF 11 %%
F Si0, FIE &R AL, W T EZ 8 (111) f
1], 5 CO, W B 4 3% i, %4l LBF 42 /5 2 3.4
iz, CO F= R 32 & 10 5.

VL& @ Ak %, Bk B & Sk R
FC 1) % e B 235 KA Ak 390 EL A% T 3 1) LR 3, 5
B R A A Ak BT P, BE A R0RE S bt
E LR ALY b s, TRl B B B S g A A

BT, A R T R S B A
J& ALY AZ I P RE . Lee ™
fiff Yt Fe, O, PR 58 235 1 P 3R T B0 2% 0% ) |t 9% m 21>
H LaFeO, T Fe,0O; H1, LaFeQ, — J Tal #2 52 4t 5 b
(9 VE L, BH 1E 4 )8 BH 25 7 76 A0 B 0RL 22 8] 1) 5% B
Zil IS HRUN =R (e 7/ Ra ol N B S Y IR e
IR (Kirkendall) %00 5 55 — J7 T3 04 Ak 55 A9 5 L
PE, i E I 2SR 3E . Orsini 257 0| % 5%
T Sr,FeMo,Ni, 40 ; 7 RWGS-CL H {14 45 ¥ 3 7%
R R ME . R AF & B, IR E & T 800 °C i
H, i Ji 25 53 3 Ni-Fe & @ M1 i1 9 1l Sr;FeMoO-,
(RP) HH, Sz if 1 i v S 2 Ji5 2 1) 480 Ak 30 S A B4
T& B Ni-Fe #% F1 45 £k 0 51 481k W 52 B K% 52 45 4
X 25 4 ) T HE B 3 TR Y CO, I BR A  hl
AL R B 4G, [P B RP A5 NiFe & & /7 7F
P VE L, NiFe & 4 BURLAE UE H, A1 CO, Al W BRI
I Ak, RP AH W42 32 9 28 0 25 b 48019 PR i 38 46
Lee 2™ &0 T 4 )8 B LW N #%, LagsStosFeO,
FEI MeO,@Lao7sS10.5Fe0;(MeO,=CeO,. NiO., Co;0;.
Co;0,-NiO) {4k 7], A58 & B, 5 4l Lay,sSrosFeOs
HEG, 5458 1) OSM A R I TARIE T 5 T/
A AL 25 7, R CeO,@LSF 41, Hi 4 = F OSM
¥IE RWGS-CL h R 3 H & 1Y CO 7= F M fa
P, Hirp, Co,0.-NiO@LSF B A fit ¥ i 48 1T 7%
R, MERERARL, CeO.@LSF NI HAE W 414 T CeO,
W N RE W 5¢ 4 1 I, 5 350RT O 5 AR i AR, Pk
R (K. AR AHAS vl 59 im OSM I 48045 1, A 4K
$2 8 RWGS-CL "' CO (1773, LA dh A R A T
OSM( Fey:sNioesO,) 2 9l , 3 2k 3 fiF A1 3+ 55 A &
(CALPHAD) ¥ #L 3iF B}, RWGS-CL 1§ ¥£ 3 #% Fe 7£
I3 AT A4 JB S (FeNi &4 ) Z 4R, JE R4
e AR R

&4 RWGS L2BIREL TG R R 1% AR
Table 4 Catalytic performance of chemical looping catalysts for RWGS.

Temp. H, flow Time

H, conc.

Temp. GHSV CO, conc. CO yield

Catalyst /C fmLmin) /min /% jC JmLeg b 1% fmmol-g ) ReF

Lay,75Sr),sFeO,/

s 700 50 20 10 700 40000 10 3.36 [67]

LaosBasFeO./ 550 50 - 10 500 6000 10 2.45 [68]

Si0,

Fe.0:-LaFeO, 477 50 20 20 477 30000 20 123 [70]
SEFeMoyNiniOs 850 500 5 2.7 850 750000 20 1.5 [71]
Co0-NiO@LSF 600 50 20 10 600 30000 10 1.68 [72]

Co:0,@LSF 600 50 20 10 600 30000 10 1.49 [72]
FeyssNio O, 500 - 20 - 500 - - 1.26 (73]
Cu-In,O, 500 100 30 10 500 - 10 438 [74]
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A 265, 37K A LI i 5 .

Cu-In;O; 1E i OSM & Bt Lt 45 2K 5 % OSM
i Fe FL 440 W) B 2 i CO, 24 fire 0 3, AR S Ay A
PR BE TR T 1 0 T R 5K 114 AR Ak L A A 28
&, H, Cu AT HE H, 5 808 2 1m0 B, B
AR T Cu-In & 4 WA PR = B2 JFR S, BT
A CO, PR 52 1 1481k, 33 AR 47 K 1 AR AT R
AP TR T A 4 T B R s T R
A & CnlIn-In,O; I 189 4 S 8 Ak, (H 2 WK A6 36 )
Cu-In,O, H B Ak ) 85, AL 2+ IR 3R J5
FEAR 2y 479%™

4 Rgi5REH

RWGS JZ i 42 I 72> CO, HE ikt (4 A Rk 42, W
g E K, ARZER N RWGS S HLEE FIHLELAF
FEIOHT &I . RWGS J i H CO, I H, ik} A
TEHE AL A 2R B AL~ 06 AR R T kAT T
MEE5 5. RWGS [ 3 54 A AL i AL R
Fnas A AL, S R B AR B A TR], 46 G AILEE L
o EREL L RIREL . MRFR K42, LAl , RWGS
IO AJLHR e B AR A R T, AN [R] 4 8 TS PR A
R BURSEER AT SRR [F] A L] i 1R . RWGS
TR A o8 S FE AL ME BE FR T I, A i ) 4 R
WA 0 Ak 0 BT LS T o R R R R
o e o Y ata N N 1 B VAN 78 = R NI S E = R 1A
T o ) % T 1 A TR Ak M0 A L R T I L R
PE R RasE vk . 54K OSM E 8 RWGS-CL J i
oA S O I R 5 2 AR, kR T AR D) S R B 2
BRI, W BR T CO, FBE A N &I s B 1 vl R o

SR IR, N R Ak A BT R 22 B R B AR
1) A AR T A, Xt s T s AL Y A 5
MERE . 3T H AT RWGS Sy AILER A% 25 5 M F 22 B
PE, 3k 1 4k S 25 4 DFT 8. 5 18 i S
A8 27 4M 1S (DRIFTS) | 3 ) F R 25 4 R T
B £ 3k

BEWFFE AN TREAL ) |- RWGS F R B4 e ik 42 . 56
it 2 N H TR AR 1 T B RN AR e, DA KT A A 6
e 2 N F TR AR 1] 4 56 2R, SR AR R G 82 4R L B
WS A, RWGS R H 4k oo 55 1 v 47
SR LA IR BT S AN WA AL, (RIS PR 4 i 3 Ak
VLR 2%, H AN TR 37 AT RE X B R B A A AR
FAASTR], 33t 45 8 7% S5z o7 AL B ) 3k R 7 6 Bk Ak
R G PR X — R e sh A AR, F R REE SRR
T T R 3 3 A5 RS A 9 e 4N K 4 e i A S
F R R A G A A S S e

RWGS {16 551 1 i 5 1 A9 FF 5% 2 IR T 35 4
() 1, (H K RWGS J2 AR b Bl Y CO, B
FI AR A AE— 2 2200, SRR N R &R, e
P BE B A AL A R AT 2 Ak RWGS W AF 5% 1) 5
Mo BT SR & R IR B, A% 5, 4
J& Fe. Cu 45 H & KBUALRH 1¥ T1, B ik 4 5
I P RWGS fift 4k 5771 J0 5 4 U 28 B9 30, e Ak
T A2 SR Tl 25K, A 25 A A 1 Al 114 ] o), 2
AL o OGRS T I AR E R E W
5T, DA RO AR B obe & F A R4 .
T R AR 2 T, TR, JF & et ) P AR R
Mt AR E T, BT, K2R A ERE M ik
R B A 2R, T RE RIS A Rl g, 5
A WEIF R IR R B 5 T A B R RWGS i
k51 .

Wk s AL RN A 500 A1, A ke B A ik A5 Bl
ST AR (T Rt R AR Y, R E T
Hofh Tk A5 2 T R, a8 v R W RS B
HLO 1 S BB, R A AR g 2 1 1687 B ok, (A1 Ay s
5 %15 Y M PE R, BT LA 35 B5E A4 R 4 24 7 4k B
A S, AN RDRE IR R 5 A Tl % it
HA A A DA, S A AL RWGS B ) Tk
e H
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