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Fig.1 Energy profiles of CO, conversion to C, species via the

“CO"” and “HCOO" " pathways on pure Fe(110) surface
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Fig.2 Optimized structures of transition states associated with all possible elementary steps examined in

reaction pathways for C, species formation from CO, conversion on the Fe(110) surface

(blue = iron, gray = carbon, red = oxygen, white = hydrogen)
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% 1 Fe(110) RE £ CO,£H“CO " ”F1“HCOO " ”
HEMEER L A C ¥ %h B8 1E b B 22 B JT I R B = Rz
(E,,) figiLaE2 (E,, ).

Table 1 Reaction energy (E_, ) and activation barrier (E,,)
associated with all elementary steps examined of CO,
conversion to C, species via the “CO*” and “HCOO"”

pathways on pure Fe(110) surface

Fe(110)
Elementary Steps
E. /(eV) E./(eV)

CO,"— CO"+0" 0.28 -1.42
CO,"+ H"— HCOO" 0.51 -0.02
CO"+H"— HCO™ 0.73 0.67
HCOO"— HCO"+ O~ 0.75 -0.73
HCOO™ + H"— H,CO0 0.93 0.31
H,CO0"— H,CO"+ O~ 0.60 -0.58
HCO"+ H"— H,CO" 0.67 0.46
H,CO"— CH, + O~ 0.52 -1.09
HCO"— CH"+ 0~ 0.47 -1.29
CH'+H"— CH," 0.74 0.66

N HA FHRT = BB 22 (0.67 eV vs. 0.47 eV)
RIS, RN 0.46 eV. HCO * il 48 i
FAEEIME AR HCOH ™ T 7 IR—1~ 1.66 eV FITE
& DO X — AR, I, CO,Z48H“co™”
Hla A A B C, W R B — DA REBS AR S CO, T —
CO* —HCO* —CH" —CH,".

E“HCOO ™ 7 %42 |, HCOO ™ n DA 3¢ ik — 4
0.93 eVIIBE LN A A 1 H,CO0 ™ FhialiA, S pi#ich
0.31 eV. HCOO " AT LAFEAR—> 1.69 eV [HEZ2 N
A HCOOH ™ W Fh, KON K 1.41 eV, DA HXE
LB, M2 R, HCOO™ fi# 85 HCO™ #1 O * 7E
P2 BN 12 LW AR, 2R N 1 RE 22 R R
RN 0.75 F1-0.73 V. 7E/ERL T HCO ™ H[i]
W25, “CO™ " B2 M“HCOO " " B ES, ¥
2 IRIRIRE (0 PR A2 1 HCO ™ f B 4B i CH™ , 15
CH* IR CH, * #Fh. [k Fe(110) i L CO,
AN C R RT RE BSR40 00 CO, T — CO ™ —
HCO"— CH"— CH, " #il CO, " — HCOO " — HCO" —
CH"— CH,". T CH, " ¥FITE Fe(110) M [ Jf
ARasE, Hf B CHY +H” IAEL{UN 0.08 eV,
FiF LA CH™ W\ R e 221 C FR AR,

2.1.2 Ni-Fe(110) #F Ni-Fe (110) Fifi I, @i
Xof AH R HEZE PN BT A AH e BE T SRy 25 BRI T T35 A T
X, CO,FEAE R HE C WA mT B2 I3 I 44 4
Bl 3 BN, il Sk ot S N 6 s I fi 48 K s 1 #4531
Flgh P AN RN 2 R 4 FTs. 9 2% 24 A S
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Fig.3 Energy profiles of CO, conversion to C, species via the

“CO™” and “HCOO"” pathways on the Ni-Fe(110) surface

% 2 Ni-Fe(110) R _E CO,ZH“CO " ”F1“HCOO " ”
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Table 2 Reaction energy (E, ) and activation barrier
(E,,) associated with all elementary steps examined of
CO, conversion to C, species via the “CO"” and

“HCOO " ” pathways on Ni-Fe(110) surface

Fe(110)
Elementary Steps
E. /(eV) E_/(eV)

€O, CO"+ 0" 0.28 -0.82
CO, "+ H"— HCOO"~ 0.55 0.04
CO"+H"— HCO" 1.03 0.45
HCOO"— HCO™+ 0~ 0.73 -0.41
HCOO™ + H*— H,CO0 0.86 0.18
H,CO0"— H,CO"+ 0~ 0.59 -0.23
HCO"+ H"— H,CO" 0.68 0.36
H,CO"— CH,"+ 0" 0.57 -0.65
HCO"— CH"+ 0~ 0.60 -0.83
CH"+H"— CH,” 0.69 0.54
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CO*+H* - HCO¥*

HCOO* + H* - H,COO* ;

HCOO* - HCO* + O%;

HCO* +H* - H,CO*
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Fig.4 Optimized structures of transition states associated with key elementary steps examined in reaction

pathways for C, species formation from CO, conversion on the Ni-Fe(110) surface

(blue = iron, orange = nickel, gray = carbon, red =

k2 B4 2 B A B ) AR R AR BT P AT,
. FIEF] Fe (110) R EIE WL €, COH™ Al
HCOOH * Yy i 75 s iR U RE 2240 /&7, 7E Ni-Fe(110)
e b, FOFE T BB AR LA AT RER ST
FRNE. G5 SRFW, 2% Ni JR 5 A Fe(110) £
Jo, BARILICR I I RE R A BT AR fL, HMNEER -

oxygen, white = hydrogen)

F, COFAb Y C OCHFITE Ni-Fe(110) ZRfi I
HeHRl cO,” — CO" — HCO® — CH" — CH," I
C0O,"— HCOO" — HCO" — CH"— CH, " PiM k4t
A SRS, CH™ AR IHE A R C, ik,
JUETE Ni-Fe(110) M I CH, " ¥Fh g 258 CH ™
H* fEL2 M 0.08 THE 2 0.15 eV, {H CH, " ¥F1E
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T FRIBEATE, 5 Tl CH ™ TR 2%
1. M Fe(110) 1 Al Ni-Fe (110) i - CO, " %%
b CH* A SR B, “HCOO™ " B4R A RL
AER3 1N 0.73 F10.77 eV, “CO™ " B F2 A A R Rt
254 0.73 F11.03 eV. XFEHH Ni 951 A%} CO,
TN CHE C A, B CH™ 9)FF, JFC B &
M, JEHOE“HCOO ™ 7 #§ 4%, [RIA, S i feff BE i
SRR A28 R K e ) o 282 1 5 s 17 [ A% N 3 1 24 1)
S A T AE AR A 5% T il i S Bl ) 2R R AR
Feitt— LA

2.1.3 Fe(110) Fll Ni-Fe (110) I CH, B2k i iz
HTEH— Fe 42 JE ML A Ni-Fe X4 J& #1071 %
I Yz —, BT AR A CH, A
AT THF5E. CH® FI CH, " INEAE Fe (110) F 1
FIYRER A9 0.74 F10.77 eV; 7E Ni-Fe(110) 3
T 2D SN I RE 22 53 501 0.69 1 0.62 eV, YJ#¢
SoaE . T CH, ™ A A i CH, 76 A~ i 7 2
Iy TERR—~ 1.25 F1 1.18 eV [URER, £ CH,”

INEAER CH, B3R 2. 5 Fe(110) LA L, Ni-
Fe(110) 21 F i T CH™ 3| CH, & Fr & iy =
BT RV I BE 22 AR B H R I B AIG, X U AR
Ni-Fe(110) 1 I CH, A% A4 B Rt 2 45 i i Tt
. AN, CH® A ER T AT L i — R 50N
A CH AL, i\l i C—C 4 R B i C—C
BB MR R C R ek ¢ iR, A
I, CH* ¥ C—C HE-A LS A 40 5 9 5 T
83 P 2 S5 BT R PPN AL R X CH, T CS 2k
PR =4 PR I AR 22 5.
22 C, Tt C—C #E& C—H BRI K ANE
R I 22 17 A SCHR AR 50 Fe B4R ) E
AR EE SR AL, CO ™ Pyl it BUER S I A A
N5 CH, " PR a] (48 G BN AR B2 AR AT, Rk
HATHFZIET 3 F C, 4k, 45 CH™, CH,” FI
CH,” , XS Ry C—C HEATE Fe (110) i Al
Ni-Fe (110) 17 T4 0 5 107 B ek 0 25 45+ 4 ]
5 PR,

(B 8, BE. 8], KE: K, AR 2)

Fig.5 Optimized structures of transition states associated with individual elementary steps for C—C

coupling in the formation of C, species on Fe(110) and Ni-Fe(110) surface

(blue = iron, orange = nickel, gray = carbon, red = oxygen, white = hydrogen)

2.2.1 Fe (110) TE Fe (110) Fm [, CH™ F1
CH, " WiFhid % ¥4 5E 78 4-fold hollow £ /5, CH," ¥
FiNBES EF, S TR E 3-fold hollow {7 5.
fECH + CH", CH"+ CH,”, f1CH,"+ CH,” 3/~
FETC RN IR, AT A BRI 43 0 1 il A
FHEBAI PG 4-fold hollow £/ 45 . 7E CH™ + CH™ Fl
CH" + CH, " XA B i R, CH™ Y
Fh 22 15 B3 76 B JE R 1) 4-fold hollow 7 #5, I, [ i
CH, " PP 2w bridge 7 5 #8630, X4 CH, " 55 —14
CH, "™ B, Horp— s 2545 B8 7E S 91 1) 4-fold

hollow {375 I, 1155 — % 7] bridge v 55 2 1M E A%,
C—CH#E 4 CH," 5 CH" 5% CH, " JZ Wi, iR
5 RN Y CH, ™ W) Fh 23 ) top 7 s, 5 k(A
if, CH™ 5¢ CH, " ¥Fh {5 8 7 4-fold hollow fii 5 .
£ CH, ™ YRl B RSB I RN T, SO 0 IS 9 1)
3-fold hollow {3 AH B 5% 3% I8 2 e 7 o1 3% 1 35 > 1)
FAEEEMIE L C—C 8, & S iR, Fe(110) i
b CIE S B B BT W RE C—C Al B A 2 I 4
(E.), fER(E,) & C—C BT (d, ) H7EHR
3 WA,
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%< 3 Fe(110) REFA Ni-Fe(110) RE L C—CHR/ERA, CH," & C,H, " MM R MK M (E,,, ),
iELEE (E,, ) Fixd R S B Rk R FE Sk SR FEBE S (do_o/de_y)

Table 3 Reaction energies (E, ), activation barriers (E,,) and C—C distances (d._.) or C—H distances

(de_y) of the transition states associated with all C—C coupling reactions, CH_ “ and C,H_" species

hydrogenation reactions on Fe(110) and Ni-Fe(110) surfaces

Fe(110) Ni-Fe(110)

Reactions - -

E _/eV E. /eV de_/de_y/A E._/eV E. /eV de_/de_y/A
CH"+ CH"— CHCH" 0.08 0.83 1.96 -0.18 0.63 1.96
CH" + CH, " —CHCH, " 0.47 0.96 1.95 -0.02 0.73 1.99
CH" + CH, " — CHCH, " 0.44 1.57 1.94 0.18 1.39 2.01
CH,” + CH,* —CH,CH,”  -0.01 0.83 2.05 -0.46 0.47 2.07
CH,* + CH, " —CH,CH, " 0.22 1.38 2.05 -0.03 1.07 2.04
CH," + CH,” —CH,CH, " 0.12 2.73 2.06 -0.16 2.74 2.13
CH"+H"— CH," 0.66 0.74 1.48 0.54 0.69 1.52
CH,"+H"— CH," 0.25 0.77 1.61 -0.01 0.62 1.74
CH,"+ H"— CH, 0.35 1.25 1.56 0.09 1.18 1.58
CHCH" + H"— CHCH, " 1.07 1.15 1.51 0.69 0.85 1.29
CHCH, "+ H*— CH,CH, " 0.17 0.55 1.60 0.10 0.62 1.72

16 Fe(110) £ 1 FFx CH, ™ ¥yF1a) i #8452
Ab, BB RS G I N #B 2 . CHT W1 fh 5
CH™ . CH," Al CH, " & EREG SN i it 228 v Ik A g
23500 0.83, 0.96 il 1.57 eV, [AIBIHA~ CH™ &
AEFR A 0 SN FROR AR XA Y. X T CH, " 9Fh, &
5 CH, " #1 CH, " BEA#A I 93 AL fig 2250 1 R
0.83 1 1.38 eV, [N #4352 -0.01 F10.22 eV. iX
Segh RH] CH, " YFh Z [ I HE & RN AT 45 5
AL BRI CH, ™ WIFIAE Fe (110) i _FIFAFRE,
i T CH™ + H* . P~ CH, ™ B4R 2 [a] ()
C—C FHA RN REZR 2 2.73 eV, BEHTIZ I N
1Esh )12 Bz L, RigEio: bk 2sh
b, WA C—C A R AT EE, AR AR
C, IR ) S B I 1 A5 BR B A T BB CH™ R Ia] 1
A R AL CH-CH™ . Rk, FRAT4k&Em 98 T )
ZL0Y) CH-CH ™ i3 1o PR 25 I &S I A 8 2 0 0 Iz
N FE(WFE 3). CHCH ™ Jin& £ /g CHCH, * /51
PO 1.07 eV, FHELRAYAESRZ 1.15 eV. CHCH,~
HE— =R Ry 205, X —FET0 N 1) 2 N
M 0.17 eV, FFZli—"1>0.55 eV HUHES
2.2.2 Ni-Fe(110) TE Ni-Fe (110) i ., B4
C, PR IR BRCE FE T PN AH AR Y 4-fold hollow

57 /5,88 3-fold hollow 137 5, I H HH— A7 5 4
F— Ni J5F. Fl Fe( 110) 0 A IS GE
PR, L EBRLE A S iR, FEICRV IR
BIA(CE,,) . OV REZR (E,, ) Ml A C 5
TR (d, ) WAER 3 HIIH. 7E Ni-Fe(110)
T LW ETA C—C #A R, B CH™ 5 CH, ™
R A AN LIS, AR B R N, 3 2 I
TE Fe(110) £M5IA Ni JRF 5, fiffiXe5orx
REER A2 FE AR SEeFER, KEAM Y C—C
R R BE 22 DL I C, W Bl 1 — 25 i 0% LT Y
C—H B S RE 220 A T REAIN, X SRWITE Fe fifL
FMA D& Ni I 5 1Eh 12 B2 ). XFF
CH* WIFhi o, P CH™ SR #8452 I 55 72 IR
0.63 eV fiE 22, MW R -0.18 eV. X CH™ §
CH, " 3% CH, " ) W i, JIr 75 o IR 1) e 22 3 Jor
B, 2Rk 0.73 F11.39 eV. WS CH, " HAHFE A Y
FEICRE, 1EALAER N 0.47 eV, NN 0.46 eV.
CH," 5 CH, " KA MG N EZ2 K 1.07 eV. I
CH, " PR BAR A I IR VI RE &2 R 2.74 eV, ULHHH
TE Ni-Fe (110) Fm Lt B3 H#ZHM. 5
Fe(110) FRYTEBL ML, Ni-Fe (110) F i [ ¢—C
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DFT Insight into the Effect of Ni Doping on Hydrocarbons Synthesis
from CO, Hydrogenation over Fe Catalyst

LIANG Zhi-ming' , NIE Xiao-wa'", GUO Xin-wen'" , SONG Chun-shan’
(1. State Key Laboratory of Fine Chemicals, PSU-DUT Joint Center for Energy Research,
School of Chemical Engineering, Dalian University of Technology, Dalian, Liaoning 116024, China;
2. EMS Energy Institute, PSU-DUT Joint Center for Energy Research, The Pennsylvania State University,
University Park, PA 16802, USA)

Abstract: Density functional theory ( DFT) calculations were performed to investigate the effect of Ni doping on C,
and C, hydrocarbons production from CO, hydrogenation on the Fe catalyst. The CH" species was found to be the
most favorable monomeric CH, * species leading to both CH, and C,H, formation on Fe(110) and Ni-Fe(110) sur-
faces. The plausible pathway went through CO,— HCOO*— HCO*— CH". Although CO " formation from direct
dissociation of CO, was kinetically more favorable than CO, hydrogenation to HCOO* and COOH * intermediates on
the two surfaces, the subsequent hydrogenation of CO " to HCO * was energetically detrimental, resulting in the re-
verse conversion of HCO " to CO " preferred. Further conversion of CH" species led to either CH, via several hydro-
genation steps or C,H, through C—C coupling followed by two hydrogenation steps. On monometallic Fe( 110) , the
barrier difference associated with the selectivity determining step was only 0.10 eV, suggesting similar selectivity to
CH, and C,H,. In contrast, when a Ni atom was doped onto Fe(110) , the selectivity difference became more pro-
nounced, leading to an enhanced C,H, production on Ni-Fe(110). These results revealed that adding a small a-
mount of Ni could promote CH* formation from CO, hydrogenation, C—C coupling of two CH" species and the fur-
ther hydrogenation of C, intermediates to ethylene.

Key words: CO, hydrogenation; hydrocarbons; Ni-Fe bimetallic catalysts; density functional theory; reaction

mechanism



