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Abstract The detailed reaction mechanism of ethanol dehydrogenation on Co(111) surface was studied using the density
functional theory (DFT) and slab periodic model. The structures and energies of the species involved in the reaction adsorbed
on different adsorption sites (top, fcc, hep and bridge sites) of the surface were calculated and compared. The calculated re-
sults show that ethanol adsorbs weakly on the Co(111) surface. CH;CH,O, CH and C prefer hcp sites with adsorption ener-
gies of —2.72, —6.85, and —6.92 eV, respectively. CH;CHO adsorbs weakly at the bridge-n'(0)-n'(C%) site with adsorp-
tion energy of —0.47 eV. CH3CO and CH, adsorb stably on Co(111) surface through their unsaturated C atoms with binding
energies of —2.31 and —3.90 eV, respectively. CH; and CH, prefer to locate at top sites through the C atom with adsorption
energies of —1.95 and —0.12 eV, respectively. CO and H are bind stably at fcc sites with binding energies of —1.62 and
—2.77 eV, respectively. Due to the complexity of the decomposition of ethanol, the scissions of O—H, C—H, C—0O and C—
C bonds of CH3;CH,0OH were examined. The results show that ethanol decomposition on Co(111) surface starts with the scis-
sion of the O—H bond, and the dehydrogenation reaction of ethanol on Co(111) surface can be described as three reaction
pathways: Path I is the gradual dehydrogenation of CH3CH,OH via intermediate CH;CHO, which ultimately produces CH,
and CO; Path II is the reaction of CH;CH,0 and CH3;CHO which were generated by dehydrogenation of ethanol, to form CH,
and CO, via CH;COOH intermediate; Path III is the process of CH;CH,O reacts with CH3CO to generate CH;COOC,Hs. On
the basis of our computational results, Path I (CH;CH,OH—~CH;CH,0—CH;CHO—CH;CO—CH;+CO—CH,—~CH—CHj,
+CO+C+H) is more favorable than Paths Il and III and the dehydrogenation of CH;CH,O to CH3CHO is the
rate-determining step with a reaction energy barrier of 1.61 eV.

Keywords first principle; ethanol; Co(111) surface; dehydrogenation; adsorption
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Figure 1 Top views of Co(111) surface with marked adsorption sites
(top site, bridge site, hexagonal-close-packed (hcp) site, and
face-centered-cubic (fcc) sites.) For clarity, only two layers of Co atoms
are illustrated
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Figure 2 Geometries of cis- and trans-CH;CH,OH, the most stable
adsorption configuration of CH;CH,OH on Co(111)

CH300CH,CHj

ZBE(C,HsOH) ZFEA MR RIS, AR
RMRLE 2), FATHE R DSA R R RS =
RMERH KR E LGB IR S2). 1HH4ERE
B, £ Co(111)#FH L, LB TiliE O JRF7EIifhs
BT R B, 75 0 P AR AR e B R B (s X 2 T A
PR ILEE 2, WX 2B R L LR ST). seagRiEt),
i & TR AR b I (0 B 00 A OSSN O—HL B8 ) 7
ZATFUEI, BAV BIIRT T ZBEPI R (08 O—H

Acta Chim. Sinica 2019, 77, 559—568

R 1 CEBESRAW KB EELE Co(111)FR I L IRAR & B
frris WMTRE AR IS ZH (155 NN E S RERIEE)

Table 1 Stable adsorption sites, adsorption energies and structural pa-
rameters for intermediates of ethanol dehydrogenation on Co(111) (Zero
point correction value is in parentheses)

Cc—O it
Ewd  demcd  doce .
WRBHIRE R \“/ C’;C O R
e
ELPIiiNG)
trans- | —0.29
top-n (O) 2.24 63
CH;CH,OH* (—0.32)
CH;CH,0* hepi0) 2 201 90
Cp- .
M P (—2.57)
. . e 047
CH3CHO*  bridge-n (0)-n (C") 2.02 2.06 62
(—0.47)
CH;CO*  bridge-n'(0)-n'(C% —23l 1.88  2.03 83
riage- - . .
3 ge-n ' (0)-n (—2.25)
2.00,
—1.62
CO* fee 1.99, 0
(—1.57)
1.98
1.74,
—2.77
H* fce 1.74,
(—2.59)
1.74
1.78,
—6.92
c* hep 1.78,
(—6.82)
1.78
1.86,
—6.85
CH* hep 1.87,
(—6.66)
1.87
i —390 2.19,
CHy* bridge
(—3.74) 2.16
—1.95
CH3* top 2.01
(—1.89)
CH.* ¢ T2 00
0] .
! P (—0.13)

B N eSS, QIR 20 O—H B2 I M R
20918 0.74 eV X 1.01 eV, KT 3ch Rishig 74144
R A A LIS B ALER . S AR e 3R 2B 4y
¥, C—O #, C—C #, O—H #HIEE B M £C-C-0 I
FEH N 1.44, 1.52, 0.97 A A1 108°, WF 2 i, Xt
Kol 5 se s ML) R S v S e 45 3 R AR —
;. TR R RS ILE 2 fiFk 1), SR, O—H
BRI SRIPATIORES, X Cc—0 8=,
H 5 RMEEL I R E N 43°. 0—Co Z Al B
N2.24 A, RIUNFIRE, TFEERN—0.29 eV, ATt
A 3 10 TR B e R B S S BT I ST AR I (— 0.30
eV

F2 SRR TEESE SR LR

Table 2 Experimental and theoretical values of molecular parameters of
trans-CH;CH,OH in the gas phase

AR LR M iR S
de.olA 1.44 1.43 1.42
de.c/A 1.52 1.51 1.50
dow/A 0.97 0.97 0.95
/C-C-0/(°) 108 108 108
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CH3CH,0H TS1-4

CHg + CH,0H

B3 Co(11)*i LZEK O—H. C—H. C—0. C—C #MWZ 3
JUIR R RE (B HUE R A B A LA )

Figure 3 Calculated structures of the initial state (IS), transition state
(TS), and final state (FS) involved in the O—H, C—H, C—0, and C—C
bonds scission of ethanol on Co(111) (The value is the length of the bro-
ken bond)
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eI C—H B4 % CH 2680 H T, 7 E L 0.22
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bond scission of ethanol (Zero point correction value is in parentheses)
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Bl5  Co(111)Z1H Z 8 22 7o R M e (R BB AR 1)

Figure 5 Calculated structures of the initial state (IS), transition state
(TS), and final state (FS) involved in ethanol dehydrogenation on Co(111)
(Path I)

Acta Chim. Sinica 2019, 77, 559—568



1 F F ®R

RIE

Frow, B B Ol i 53R FEA H 718 M
1.46 A 4555 2.40 A (TS10), W L&) C IR F 5%
[ Co J5 ¥ BB T RS € 2554, FLERES Co(111)3 1M F %
TIPS Co Ji R BIBEES 4 5l 9 2.17 A1 2.02 A, LER,
Ol HTHZEFN C JETRIMEEEM 1.46 A LN
2.86 A (TS10), Ef7=4) CH;COOH F1 CH,CH; FE 3t
[ E W TE Co(111)F M, i O1—H K h
098 A, O1 52591 C JHFRIMEERA N 442 A, &
B3 O1—H $A4= i O1—C i 5e Wiz,

CH;COOH 73 f# R M. CH3;COOH— CH,+ CO,.
=20 I SRR A AR A CH3COOH 4 F & it — 5 4 iR
F=HE CHy Al CO,, 1 MR IR 0.30 eV, OB TEAL
AE N 1.78 eV. 1X 5 SRIGHIE (1) =i 2644~ CH;COOH 43
TR B4 # A CH, f1 CO, —3BY. CH3;COOH 431
PL 02 JELFIRFHAE top £7, BRIV TS11 A4 K CH, A
CO,, TS11 MIER BT 6-(k), C—C K H
1.50 A Ky 2.81 A(TS11), C—H 88K 1 2.45 A 4%
N 1.80 A(TS11), F&AR CH, 43 FF1 CO, 701, BEi
C—HHEREEK N 1.11 A C—CHEK N3.46 A, R CH,
i C—H B OSAIM C—C e W

CH3COOH

Bl 6 Co(111)3R I &5 HE: AN 2 BEAH HLAE F B0 0 S ST R (s % 42
1D

Figure 6 Calculated structures of the initial state (IS), transition state
(TS), and final state (FS) involved in the reaction of CH;CH,O and
CH;CHO on Co(111) (Path II)
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Figure 7 Calculated structures of the initial state (IS), transition state

(TS), and final state (FS) involved in the reaction of CH;CH,O and
CH;CO on Co(111) (Path IIT)
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Figure 8 Potential energy surface of ethanol dehydrogenation (Path I); [A+B]* represents the co-adsorbed A and B, and A*+B* represents the respec-
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Figure 9 Potential energy surface of ethanol dehydrogenation (Path II and Path III)
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Figure 10 Reaction network and energy barriers (eV) of ethanol dehydrogenation on Co(111) (The values on the lines are energy barriers for the relevant
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Figure 11 The differences of d-projected density of state (PDOS) of
surface Co atom between pure state and transition state
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