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Fig.1 Reaction energy profiles of the CO, reduction on Cu(111) surface in the gas phase

SR 4 2R R J AR (3 x 3) 8 b - Al
(slab) BRI Cu (111) F MHEAT JUT 4544 19 £
ARLA B S RERY TR, 3 2 (2 x 3) 1y vt i
FMAE S AR R Y CI-NEB 45, Mgkt a
e, 17 %85 B AE Brillouin X FR 438 F special-point
T SRIEFE b A3 (A PO . X T (2 x3) F1(3 x3) 1Y
AR, 73 A T (4 x3) F1(3 x3) /Y k 45 [H]
W% TR E B A AR N 1.6 nm. 7ER
M RIOAE R, %) 4 2 (3 % 3) i-F AR T, TR
PIJZ Cu Ji 5 DL S W B ) e i s B, AR M2 Cu
JEF [ E AN BN, SRR R ISR A H 10 7Ry,
VERAE R — T B R R ) B SR AR T
10 *Ry/Bohr.

{#i i CI-NEB ( Climbing Image Nudged Elastic
Band) 77 "% /E i /N g & % 4% ( Minimum Energy
Path) T+, £ X fe/ )N B 2 B8 AR AR A5 (9 B — 4> o ]
PRV LT BSR4, Herb i PRS0 T Quasi-New-
ton SEARAL , P Ak HH G 22 42 T D[] 5E A3l
T0UJ22 4 Jag D~ S 4 TR o5 it 0 e v st 7R

2 GRS
2.1 CO, % Cu(111) RERSHEER
Bl 1 45 Cu(111) ZHi CO, 3 S e 45 ol

e B AR RE AR 4k, THR R, CO, s 1 P
INEGR JE AT A P R AL HCOO 8, CO. IR T2 1
FEF A HCOO B Ry 25 5. T CO 1 A= U0 28 J;
—ANRIEE 1A (COOH) . | [ A] 1, CO T3 CO,
W JE R CH, SR T 1w & k. & iy it —
L2 B R CHO A1 CH, O rhjal{Ak , 5 CH,O
fif BIE L CH, , X 2T ik & 654 CH, #1 C,H,
5 i X e e ] .

MR ] 1 2 SO Y I RE , FE A b AT AT HY
CO, 7E Cu(111) FRTAT o &0 T i d5e A S N i A%
4:C0,(g) + H* —COOH—(CO + OH) *; (CO +
H)*»CHO";CHO + H>CH,0" —(CH, +0) " ;
CH,* +2H" —CH, & 2CH, " —C,H,.

1 g B RE R AR TR R B R DL B
A BN BRI AL BB B L HH LG AT S B 45 B I
TRIXE S FEE .

R W, M8 12 %A CH,0" — (CH, +
0)", H¥k & €O, (g) + H" — COOH— (CO +
OH) "FI(CO + H) " —CHO" . &S )i ik #2 B gy DA
A SOV A BRI A 45 .
2.2 CO, 7= Cu(111) RERBLZFIER

HL Ak 27 30 S R S A A 27 380 T 7 DX E 1 2 B



%24

RRAHESE - CO, 78 Cu RHESURIR E AL A Y1) DET 1505 - 157 -

F1 Cu(l11)/CO, 1Rt N B2 S fL g
Tab. 1

Activation energy barriers(E,,) of the optimum

reaction path in Cu(111)/CO, system

Reaction path E./eV
CO, + H—»CO + OH 1.18
CO + H—-CHO 1.06
CHO + H—CH, 0 0.72
CH,0—CH, + 0O 1.30
CH, + H—>CH, 0.63
CH, + H—CH, 1.03
CH, + CH,—C,H, 0.21

H FRIEA . AR H =20k [ H, 1
2 I LA I SR F2 SRR T HY B 1 i TOR
FURONE 0 38 2 T 8l 7 2 249 55 r A H 9 DA
K. UM B 2l # %) CO, £ Cu(111) 3%
[R5 VA Ak A

K2~44r5%4H -0.50 V, -0.67 V Hl
-0.90 V (vs. RHE) M # K CO, HiL2Eib 7
A L RE. A7 SCHRAR 1 ALl - 0.50 V

I, FEIE M BRI 95 - 0.67 V I, 2™
 CO; —0.90 V i}, E2IE sk Ak &9, 75 i
J1% 53 M, CO, ML AL 2438 JEE i CH, 1) 2
(CO, +8H" +8e—CH, +2H,0) 5 #illh H HfE>
AG = -233.61 —8EF (kJ/mol). {f 4 4 3¢ it &,
B -0.50 V, -0.67 V, —-0.90 VH},i%Z &
B LR g 4 ) R -619.61, —750.89 Fil
-928.41 kJ/mol (VLI 2 ~ [& 4) , J& & BRI
N, B A Y SO RE. B, AR IR BT
AR FIZ N AT

P 2, 4 # ok - 0.50 V B, CO, iTFiLE
% HCOO 1 CO 1) J i fEAH B AR HZ3E {5 CO [yt
— LR JE R — S FERE I . UL, #E -0.50 V L)
IERH AT, Ca (111) KT 3 SIE 5L i 2
HCOO 1 CO W fif ). Bt vy B 72 171, CO, Jix
TFAIE B HCOO il CO H [ g2 2538 A8 K, 3%
R 2 5 TE B CO, I H. CO [ iE— 2538 it
BB AR A e . M 3 AT UL, —0.67 V i
PR TE Cu(111) i &AW R 2 & CO, it 71
TERL CO 1Y S BE A HL 3k — 2522 67, —0.90 V
BF (1 4) ,CO 1Y Ja S0 & 52 0 2% A8 A i i fig
N, PRITTE B S A6 A P a4 2s 5. 5 R

el * e
CHt8(H'+e) oo ) CH+2H,0+4(H +e)
0 " ——
O »
“ COH+H,0+5(H +¢)
= Iy amm——
HCO0+7(H+¢§ CHOFH.O+5{H +e)
=100 [ L + . CHOH+4(H'+e)
CO*+H,0+7(H+e) ! em—
o *, CHO+4(H+e)
- S
S 200 pu— —
g CH*+2H,0'(3(H +e)
= = :
% .
2 300 = *, CH,*+2H,0+2(H'+¢)
5 —..
o
2 o )
=] .
2 ,*, CH+4HO
&) 400 fu— |
= * CH,*+2H,0+(H"+e)
A
-500 ==
=
-600 = *, CH/42H,0
A

Reaction coordinate

2 -0.50 V(vs. RHE) BT, CO, £ Cu(111) i it fbr ik J5U 1 g
Fig.2 Reaction energy profiles of the CO, electrochemical reduction on Cu(111) surface at —0.50 V(vs. RHE)
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DFT Study of CO, Reduction to Hydrocarbons on Cu Surfaces

OU Li-hui'*, CHEN Sheng-li'*
(1. College of Chemisiry and Molecular Sciences, Wuhan University, Wuhan 430072, China;
2. College of Chemistry and Chemical Engineering, Hunan University of Arts and Science,
Changde 415000, Hunan, China)

Abstract ; The CO, reduction on Cu(111) single crystal surfaces was studied using DFT calculations on the re-
action energies and the minimum energy paths. The results indicated that the possible reaction paths for CO, re-
duction on Cu(111) surface are CO,(g) + H*—>COOH* —(CO +OH) *,(CO +H) *—CHO",CHO + H—
CH,0"—(CH,+0) " ,CH," +2H" —CH, or 2CH, * —C,H,. On Cu(111) surface,the reaction rate is con-
trolled by steps of CH,0*—(CH, +0) *,C0,(g) + H*—~COOH—(CO +OH) " and (CO+H) *—CHO".In
addition , the reaction energies for various steps in the electrochemical reduction of CO, were calculated under dif-
ferent electrode potentials. The results indicated that HCOO™ and CO are mainly formed when the potential is
more positive than —0.50 V (vs. RHE). The hydrogenated dissociation of CO, to form CO and the subsequent
hydrogenation of CO become increasingly exothermic as the potential goes negative ,so that hydrocarbons gradual-
ly become the favored products in the electrochemical reduction. Under electrochemical conditions,the CHO in-
termediate prefers to dissociate to form CH ,rather than to form CH,O intermediate via protonation as does in gas
phase reduction.

Key words: density functional theory calculations; carbon dioxide reduction; the minimum energy paths
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