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in the reverse water-gas shift reaction
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Abstract: Iron-based catalysts often undergo dynamic carburization and oxidation phase transitions in a CO,/H, atmosphere. The
identification of the active phase and the control of stability remain key challenges affecting their industrial application. This study employed
a gas-solid carburization method to prepare high-purity single-phase y-FesC, (Hagg carbide) and #-Fe;C (cementite), with their structural
purity systematically confirmed by XRD and Mdssbauer spectroscopy (MES). Using techniques including fixed-bed reactor tests (H,/CO,=1,
0.1 MPa, 270-420 °C), pulse experiments (270 °C) and in situ XRD (10% CO,/He, 340 °C), the catalytic performance and structural
evolution pathways of these carbides in the reverse water-gas shift (RWGS) reaction were thoroughly investigated. The results indicate that

x-FesC, exhibits higher RWGS activity but is more susceptible to oxidation during the reaction. In contrast, 6-Fe;C demonstrates stronger
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anti-oxidation stability but lower RWGS activity. Under RWGS conditions with H,, #-Fe;C can partially transform into y-Fe;C,. However, in

10% CO, atmosphere, both carbides are directly oxidized to Fe;O,, with no observed phase transformation between the iron carbides. These

findings reveal the differences in the evolution mechanisms of y-FesC, and 6-Fe;C under different atmospheres, providing experimental basis

for the regulation of phase structure and optimization of operational stability in iron-based Fischer-Tropsch and RWGS catalysts.

Key words: y-Fe;C,; 6-Fe;C; RWGS reaction; in situ XRD

ML AR RIS SR SR AT ok SRR G
sk R v 25U A R W AR R 5 R A Ak 2 i, BT
FE AN TR YRR ARG . 21 2 25 v A 7= i, J2:
S I e T DR v A5OR S (B 4R T Y B AR
H G, )2z 0 ) 2 e 1k 0 32 224045 Fe %&£ Co
H 5 RuFAR R, H, Fe L0 R E &
PRAAPR R | 38 0 IR X 07, HEL A U R KRR A e
(WGS) Vi g )1, FEME . CO,. S C1 - f M
PRI R Bt M Je 7 A JR 0 e R AR 35070 4%
T, R AR AL T A 2 FE S 72 L 15 PR AR 25 4 B A
A HLER B Ry 52 4= 101, 5 o B B E AP R UL Ak
ok TE R .

BREL R E AR B Ak E IR T HEZ R
A5 (CO. Hy, CO,. H,0) 4 T [A] i & A= i
Ji L B SR A SRR R FER R E AR S
A 8 4 T R B A Bk, TR E A M R P ORI RE R
R AR, TR B A k-4 s k-t (L Bk A5 2
A ILARIRAE N, A k- AL -E AT A
AL Wl A4 £ 5510 %) e 1R 90 P, e A I AR e Pk
SR bri

S ETSCHER A i i E A S PR A A
Fe,C. Fe,C;. FesC, il Fe,C 17 Jf: H 4k J& i 1k
FUAE 2 H6 SN o A8 v 2 3% 1Y) 35 i R 22— 3 2 0
PR AH B A AR, (B B T SO SR AT AR A R Y
SR 52 50, T A YAHARIETE M FooE v
N FCAE BC ST N R 0 AR B AR AT v AN B o
Smit %P4 XRD. XAFS. Raman % £ f T HF F B
WK, XT Fe,05 BB Ml o 2 8 1ok #2465 14 22 Ak ik A 7 0F
5%, 4 1) AN ()Rl S5 Rl B2 T 1) e T ke AR 1A,

PR I R ARG . RO TR B4 CO vk BE RS

IRy 3G B, ik o 1R, B SRR T i
AbFR ) Fe,O, 7E 9 36 I I P (1 45 F9 A8 AL 22 AN TR
F B . Peter 55 PE A Y FeC, BE 5 b HE 4T A
XAFS #F 5%, 7£ 350 °C . H,O/CO Fb M 1.15 i & 1
T, bk kAR R A AL IE AR L FeO o AT IR
il T H,O ¥ &, FeC @FeO,,,, % 5¢ 45 4 ] £ e
W FeC, LA 1F 0k 40k, (3% 25 F % il B A2 4k

i R . Ding %5 PRl MES. XPS. DRIFTS,

H,&CO-TPD %5 £ Fp FAEH A, X Uie kL 4T &

BUAE AL 3R I 5 B AT BT S, ZER AR
S, BRI AR AR AZ i R R o-Fe,05,—Fe,0,—~FeO—
o-Fe, LIZ BAEMAKUAM R ZS S KA BT
A I JE AR T A e A AR B i SN, {H B ik g
FIF K o-Fe>FeO>Fe,0,. £ AE4 LR M 1 72
H, AR Fe(ID) E ALY W Fh 23 38 B MRS,
Ao o-Fe thEIAS . AL R 28 RSB AH
] e A2k (OO0 2 FesC,) MG Ak, XA i 8 2 ) i
) A= ELAT B AE o Zhu 25298 FH 547 XRD WL
#% a-Fe 1€ n(H,):n(CO,) = 3 5514 F R &5 i A, 1
Je kAR MBS AL, bR AWMt g &
TEAL A 4R AL, d5e 238 2138 ik -SA A0 T, R
W 298 WA A Fey0,@(Fe;04+FesCy) Y 5¢
45t

T X A2 2% 1) B FCad B2, T DA 44 i 2 M A
FZH o B YA T B REIE S . Claeys %61
BT Fe,0, 5 FesC) fERG# VR BN 2E R, Wit T
AR S5, 3t 7E CO, 5, H,0 K4 & AL FesC,,
JEAE LI H AR AR A7 Ry, & B HLO WY A AL fiE Ty 5 T
CO,o FFRFHAEPILL H,O IR TR 4L (4.36%. 1.68%.
0.56%) N 7EwfF5E T B — Al Fe,C, B E LT FE, &
I E H,0 1Y He AURENE A AL FesC, 080/ N S br
K42, HyO 7 il s S fb R st . Bl x5
B3R, TG AR Y B — A Al Ak K A AR AL AU I
g e A8 A 5 i AT AR A A R SIS (R e Ak A
FEN AL AR TN AT X ko HO0 5
CO, 34 /2 B HE S0 5 | B A Ak ) AR A 19 22 4 Ak
PR, H CO, AL W] B AL T H,0. B,
AT LA H,0 R e S WGS | B, B 58 L
CO, J WS RWGS [z v B 25 5 i i 21 A [R] sk
AR AE A B T B AT R 25 S, DT S B T
AF Y A i AL V55 b 7 T

SRS, H AT 8 = £ X y-FesC, 5 6-Fe,C
P el R A R[] A0 A 40T 1 435 4 i 728 X
Fewf gy, JLHEAE CO, 519 RWGS T4 T 4R
AR AT R AN . 5 I8 3] RWGS I U4
H COL/H, X B 3 5 4 345 B A sa S PR AR,
I, ¥t y-FesC, 5 6-Fe,C fE RWGS 5 X CO,
AT S AR AT RS TR, B o R R H AR



INEFE: y-FesC, 55 0-FesC TEWTKIRE AL G 78 AE MR / JRBHE 4R (HF3E3L), 2026, 54(5), 20250309 (3 of 11)

EVEE R ST EARME RO A . A TAEES
BL— ) y-FesC, 5 0-Fe,C fE MR R 2, 5 Bl [
JE R RWGS P . ik o 52 30 5 CO, & 1k 5t fif
XRD, F 48 75 W& 16N [A) 5N 40 1Y 45 4 722
AR, A B Ak A AH - N AR A e = otk
2, AL R B A TR RO B R R 4R L

1 SEEH
1.1 EEFHE

it A S o & R R, T A A ) RS
4 15 mm=230 mm, 38 F B 5 i aE i ok 458 i R R
AR, AR BB, BT AT RN SR R Y
100 mL/min,

x-FesCy LR &1 72 4l H, SR F 0.5 g Fe,04
£ 300 °C 057 12 h 5 R =R, V415 R n(H,)/
n(CO)=4:1 &R, FHEZE 185 C, ikfk 24 h )5
R 2 =R, Vldeal Ar, FHE 2 350 °C, 57 S h 5%
M, 155 -Fe,Cy, B 2 T L5 0l Bl fb b 3
TRAE

0-Fe,C ELR I i #2: 46 H, 45U F 0.5 g Fe,0,
T£300 °C iR Ji 12 h J5 B 2 %00, VI 58 n(Hy)/
n(CO) = 4:1 & A, FHER %2 185 C, ik 24 h
Jo B 2, Yl gl Ar, FHE ZE 550 C, £ HF 1 h
5 M E R, 158 0-Fe,C, # 8 2 F B4l & Btk
b FRARAE

BAL A =R T 4554 0.5% 0,-99.5%
N, Bl S AL BE 10 h, S AR & 20 mL/min,

RWGS [# & IR |2 I J5 B f# 16 57 H y-FesC,-
Spent-1, #-Fe,C-1 fir % ; RWGS Jik i 52 ¥ J B4 Ak
#I Fl x-FesC,-Spent-2., 6-Fe,C-2 fii 44 o
1.2 fELFIRAE

FE & W) AH 25 ¥4 F Bruker AX-D8 X i £k 4y K A7
FHY (Co Ko, 2=0.179 nm) FAE, 45 HL JE 40 kV, 5
Uit 35 mA, FdE R 5 A FE Ty 200-90°, 25K 0.05°, 15
B E] 0.4 s, i 18 [ FAST 22 Al ) MR-351
Méssbauer 35 1%, i F 175 B A% X e B A S7Co( 5 3
T BT IR, A6 %8 U (25 °C) T LAZE i s =X Sk 4R 5
P, DABG e SR A I B it ol B A R R AR v -
Fe $A 78 = I T JEAT RS HE, A [R) L 5 B B 4 4
YTz LS o R A B A3 E fF FH MossWinn
B 3 e/ AR AT A o R A I T SRR
& £ 808 1 3€ [E] FEI A ] Talos F200A 74335 &} B, 1
BT, BRI A L RS T E T

22 LAk R i) X 28044, 21 /KT BEE 15 min 25 BR ¥ 711
5% B8 5 EAT ORI, i H LR A 200 KV, FE SR 2R
{& B {#i i} Micromeritics Tristar I 3020 477 3 1 Fff 1%
FE-196 °C T #4700 3K, MLHT, 29 200 mg ¥ 5 7E
200 °C Je i H25 (< 107° Pa) R i S AL B 10 h, DL 2=
Fax HC % i W BFF 09 4% B . >R A Brunauer-Emmett-
Teller (BET) 154 8 7E AH X & 1 (p/p,) 41 0.05-0.30 31
BURE S RY HL % AL i i Barrett-Joyner-Halenda
(BIH) A5 7Y W B S B0 T 33 AL &5 5 fL AR o i .
$i = WU 61 (Raman spectra) 73 #7 H 18 16 71 &
15 &, {#i 35 [# Thermo Fisher 23 7] 4 7= i) DXRxi
T BT 2 SO RS A AT o R 532 nm O
Wk, = PERE EMCCD 45 #53
1.3 RWGS & K7 B E KR4

AL RWGS S I 3 2R FH 1 2 R G 78 2 i
AT IR o B 50 mg HEAL 7] 5 100 mg A7 B
(40-60 H) AR A R IH R T N2 10 mm B9 £ 9
SN J AR v 2 24 T N A TR A A DA R
o7 Y WE G B o A U SN A% R 18 2 R SN L
J& 270420 °C(BAJE 30 °C) . /KR JE S 0.1 MPa, &
A n(H,):n(CO,):n(Ar) = 48:48:4, [ b %5
(GHSV)= 12000 mL/(g-h)). Ar E P b5 £ 1E 35 RE Al
o 0 2ot R v A AR IR B, B e o0 B MR B, SO
Y38 i RS R A BR 2 F] 7890B A A (L3 R
GLHATIE L ST, B AU (H,. CO, AT CO) 2 1
i PLOT/Q. 5A 4310 F1 Haysep Q A% B¢ FH &
g5, A IR & (TCD) M & . — R W
1S AH B R R AL $E Hy, CO,. CO Ml#lk 2> & CH,o
X 25 RWGS 2 i, CO, #5405 % F T A
KA

Neoyintet Mcoy.outlet

Narinl

CO AL, xeo, = n—” x100% (1)

Marinlet

:T:E ':F‘ 2 Mo, intet ncoz.ouﬂe['f—k‘: %‘%}E *‘4‘% *H % /—jh ':F‘ Coz %
Jr B HE, B mOl; My s Marowe T R IUEFS AR S
W Ar P, B mol,

BN LRI CO, A 4 .

GHSV X yco, X Xco,
Tco, = v

m

x 100% (2)

AHr: GHSV AU S iy 25 3, BLA7: mL/(g h); yeo, 1R
%%fi@%qj COz E"Jﬁk*ﬂ%ﬁ’ xcozj‘j COZ %%%,
V, AR AR DL T 0 A BE IR AR R



INET-EE: -FesC, 5 0-Fe;C FEWT/KILS AR I BGL5 A8 AR AL / IRBIE 2221 (P ), 2026, 54(5), 20250309 (4 of 11)

1.4 RWGS BkiH 3L58

1 1o bk i S5 WL %K y-FesC, 1 6-Fe,C 7E RWGS
N A i 22 57 o B 5 m 119 BUAH B 1B 2k 4 AL
5% A SF 1 mm x 100 mm A4 FEE G0 N, 8
25 1000 pL (1 5E f AT bk 52 55, ) A i
i F sh bR, TR 60 s, He I H 300 s, JZ L
Sy M n(H,) :n(CO,):n(Ar) = 48:48:4, 11 7t i &
5 mL/min, He K. 7 & 5 mL/min, 1 48 2.5 JHE
£ 270 °C, 68 T I HEAT Pk o 52 55, 3 4 BTk
LR B CO, I BT =, Tk o S g 5 22 A7
3 h, i1t CO, W TH AL AE LTI CO, # b %, ik
& Ar AEN AR, BTSSR N AT S ¥ 5T 0 12 8 A2 Y
R B AR, T A A E TS B CO,
[ T FR AR A, RIPRT 531 CO, b,
1.5 CO, EHELL XRD E£1g

i 3 J5 7 XRD H W %% y-FesC, fil 6-Fe,C 1£
CO, FALR A T A5 224k . 250 mg f 15
HEATJE AL XRD 25, SE50 4544 340 °C. 0.1 MPa,
JFRVS N 109% CO,-90% He, SZPrifi 4 20 mL/min.
X 28 %153k XRK900, Co Ko 4&5f, 2 =0.179 nm, T.

(@)

Intensity

m 4-Fe,C,(PDF#36-1248)
Ll

I A ETR PO N1 m
30 40 50 60 70 80 90
20/¢)

YEH R 35 kV, T/EH I 40 mA, MRS 50% 5 N
SRR, LK 0.05°, (5B AT E] 0.4 s, 20 132,
g 35°-85°,

2 #R51Ne
2.1 BRI HHERE

Bk y-FesC, B9 45 ¥4 FAE LK 1, 38 i XRD
FAE (B 1) BN A B y-FesC, FIRT B AT B 5
Fe,C, tnifi & H (PDF#36-1248) — £, BRI 42 /R 3 %
HEZE R (T 1(b)) BT LU FesCy(A). FesC,y(B). FesCy(C)
SANINERGE G DL SO AE ARk (Fet) TG, &
SCHRARIE 19 y-FesC, 1 Kl — 27, % & v ok 5% 2]
AT A Al 0 A ) 5% 0, I BH 5 BB Fb K A B A -
FesCyo R HIE X B 177 5 (SAED) K Wi 22 & 1 41
B SRS A (B 1(c)), BRI U [212] Al
P 5 4 P TEM MG, JIE 52 T 9% BURL Y 5 5
3o FRie BB s A0 A 2 A (302) A1 (021)
AT, TR 4L & T TR) BB 0 0 oR 2.07 RN 2.13 A, Sk ff
66.1°, 55 x-FesC, b #f K 7 (PDF#36-1248) H i) #
W{H 2.08 F1 2.18 A, Je £ 67°W) &, IESL T y-FesC,
YA A AE -

() —Fe,Cy(A)
— Fe”H

Fe;Cy(B)

Fe;Cy(C)
——Fit

o Experiment

Transmission

(021)

10 1/nm

(a): XRD; (b): MES; (c): TEM.

Bl 1 y-FesC, FUZEF AL

Fig. 1

Structural characterization of y-Fe;C,
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Fig. 3 CO, conversion over y-FesC, and 6-Fe;C catalysts during the heating (a) and cooling (b) stages of the RWGS reaction

£ 1 gFeC,Fl 6-Fe,C FEFHR K FEIR RWGS FIEHH CO, LEiFEH

Table 1

CO, area-specific activity over y-FesC, and 6-Fe;C catalysts during the heating and cooling stages of the RWGS reaction

Specific activity (CO, conversion)

Reaction Temperature / (mm01~m72~h71 )

Specific activity (CO, conversion)

Reaction Temp. i mmol-m 2h )

stage e 1-FesCs 0-Fe,C stage /T 7-FesCs 0-Fe,C
270 17.3 7.0 270 19.6 21.9
300 353 16.7 300 442 48.3
Heating 330 61.5 42.1 Cooling 330 86.4 88.6
process 360 111.3 107.1 process 360 121.7 139.5
390 140.3 178.2 390 143.1 177.3
420 162.4 206.2 420 162.4 206.2
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Fig. 5 Raman spectra of (a) y-FesC, and (b) 6-Fe,C after RWGS reaction
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