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Theoretical study on reaction mechanisms and electron effects of CO catalytic
reduction to methanol on stepped Cu(221) surface
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Abstract: Cu based catalysts are one of efficient green catalysts for catalytic CO reduction to methanol, and different crystal surfaces of
Cu based catalysts exhibit different catalytic performances. Therefore, clarifying the reaction mechanisms on different surfaces is crucial
for design and development of catalysts. At present, the reaction mechanisms of stepped Cu(221) surface with the highest stability for
CO hydrogenation to methanol are not clear. Based on density functional theory, the optimal pathway for methanol synthesis on the
stepped Cu(221) surface was determined via compared activation energies and reaction heats of related elementary reactions. The rate
determining step energy barriers during the optimal pathways of methanol synthesis over the terrace Cu(100) and Cu(111) surfaces with
higher coordination numbers and stepped Cu(110), Cu(211), Cu(611) and Cu(221) surfaces with lower coordination numbers of Cu
active sites were systematically compared (Cu(221): 0.77 eV, Cu(611): 0.88 eV, Cu(211): 0.99 eV, Cu(110): 1.04 eV, Cu(100): 1.05 eV
and Cu(111): 1.21 eV). It is confirmed that stepped Cu(221) surface has the best methanol synthesis performance. Combined with Bader
charge, density of state, differential charge density and Crystal Orbital Hamiltonian Popution, the CO activation and conversion process
was further revealed at the microscopic electronic level. It is found that the strong electrostatic interaction between the step edge site
with stronger electronegativity and key species is the essential reason for the high catalytic activity of the stepped Cu(221) surface.
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Fig.1 Stepped Cu(221) surface model of catalyst
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Fig. 2 Stable adsorption configurations of relevant species during methanol synthesis process on stepped Cu(221) surface
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Table 1 Adsorption energies, adsorption sites and bond lengths of relevant species during methanol synthesis process on stepped

Cu(221) surface
Yol E,/eV W BV s K /m Yyl E, . /eV W B A s K /am
H -3.72 HLIJ7iiH Cu—H 0.1738 CHOH -2.50 Wrfiz C Cu—C 0.1991
. . Cu—C 0.1978
Cco -1.09 M C Cu—C 0.1970 CH,OH 2.13 Mz CO
Cu—0 0.2120
i Cu—C 0.1921 .
CHO 2.18 Mz CO CH,0 -3.33 ML o Cu—0 0.1954
Cu—0 0.2071
COH -3.55 mOyJifC Cu—C 0.1940 CH,OH -0.78 6z 0 Cu—0 0.2147
. Cu—0 0.2043
CH,0 -0.72 FiEAe}
: Cu—0 0.2181
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Fig.3 Adsorption energies of relevant species during methanol
synthesis process on stepped Cu(221), Cu(111) and
Cu(100) surfaces
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Fig. 4 Potential energies of relevant reactions (a) and IS, TS
and FS configurations of reactions (b) during methanol

synthesis process on stepped Cu(221) surface
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Table 2 Activation energies, reaction heats of elementary reactions and bond lengths of IS, TS and only one imaginary frequencies

of TS of relevant species during methanol synthesis process on stepped Cu(221) surface

R E eV AE eV 2 BES /o v fem!
] s TS
RI COC+0 375 1.68 c—o 0.1171 03775 318.10i
R2 CO +H — CHO 0.77 0.59 C—H 0.3761 0.1121 210.33i
R3 CO+H— COH 2.28 1.26 O—H 0.4027 0.0980 1604.531
R4 CHO + H — CH,0 0.51 035 c—H 0.2963 0.1102 804.38i
RS CHO + H — CHOH 0.91 0.13 o0—H 03017 0.0980 1194.34i
R6 CH,0 — CH, +0O 1.79 0.17 CcC—0O 0.1300 0.3810 422.72i
R7 CH,0 + H — CH,0H 101 20.05 0—H 03097 0.0976 1337.92i
RS CH,0 + H — CH, + OH 114 032 c—o 0.1298 03100 1409.88i
R9 CHZO +H— CH3O 0.33 -0.89 C—H 0.3827 0.1103 101.50i
R10 CH3O — CH3 +0 2.34 0.98 CcC—0O 0.1424 0.2863 469.04i
RII CH,0 + H — CH,0H 0.69 -0.07 0—H 03149 03118 104.20i
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Fig.5 Geometric configurations and Cu site coordination

numbers of Cu(100), Cu(111), Cu(221), Cu(211) and Cu(611)

surfaces
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Table 3 Comparison of activation energies and reaction heats of primitive reactions on Cu(100), Cu(111), Cu(110), Cu(211) and

Cu(611) surfaces!*>!

Cu(100) Cu(111) Cu(110) Cu(211) Cu(611)
B WA
E, eV AE eV E leV AE eV E, eV AE /eV E, leV AE eV E, eV AE eV

CO+H— CHO 1.05 0.59 1.10 0.86 1.04 0.52 0.67 0.24 0.60 0.31
CHO +H — CH,0 0.52 -0.41 0.52 -0.23 0.24 -0.51

CHO + H— CHOH 0.42 0.20 0.27 0.21
CH,0 + H— CH,0 0.30 -0.81 0.36 -0.91 0.38 -0.73

CHOH +H — CH,OH 0.37 -0.84 0.20 -1.02
CH,0 +H— CH,0H 0.89 -0.04 1.21 0.16 0.66 0.03

CH,OH + H— CH,OH 0.99 -0.23 0.88 -0.05
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Fig.7 Stepped Cu(221) surface stabilization sites: T, ¢ before/after CO adsorption (a) and P, after CO adsorption (b)
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