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CO, dissociation to CO and O

E;.=1.20 eV
F=-109 cm™?

Figure S1 Direct dissociation of CO, to CO and O on the Ru(0001) surface (cyan, Ru; red, O;
gray, C), denoted with the relative energies of initial state (IS), transition state (TS), final state

(FS) of this reaction and the imaginary frequency (F) of the TS.
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COOH formation from CO, and H

Ers=1.12 eV, F=-824 cm! E.=0.15 eV
Figure S2 The formation of trans- and cis-COOH species from CO, and H on the Ru(0001)
surface (cyan, Ru; red, O; white, H; gray, C), denoted with the relative energies of IS, TS, FS of

the two reactions and the imaginary frequencies () of the TS.

HCOO formation

T X N/ \/\/ .
E+s=0.37 eV, F=-301 cm? EF5='0.21 eV

Figure S3 The formation of HCOO from CO, and H on the Ru(0001) surface (cyan, Ru; red,
O; white, H; gray, C), denoted with the relative energies of IS, TS, FS of this reaction and the

imaginary frequency of the TS.

COOH dissociation to CO and OH

J— Egs=-0.75 eV (trans-COOH path)
Cis-COOH path  Egg=-1.11eV (cis-COOH path)

E,=0 E15=0.09 eV, F=-103 cm'!

Figure S4 The dissociation of trans- and cis-COOH to CO and H on the Ru(0001) surface
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(cyan, Ru; red, O; white, H; gray, C), denoted with the relative energies of IS, TS, FS of the

two reactions and the imaginary frequencies of the TS.

cis-COOH*+H*—HCOOH* and HCOO*+H* —HCOOH*

E¢s=0.80 eV (cis-COOH path)
E;s=0.97 eV (HCOO path)

E=0 E;=1.13 eV, F=-352 cm'!

Figure S5 The formation of HCOOH from CO and H on the Ru(0001) surface (cyan, Ru; red,
O; white, H; gray, C), denoted with the relative energies of IS, TS, FS of the two reactions

and the imaginary frequencies of the TS.

CO dissociation to C and O

Er=1.20 eV, F=-431 cm'!

Figure S6 Direct dissociation of CO to C and O on the Ru(0001) surface (cyan, Ru; red, O;
gray, C), denoted with the relative energies of IS, TS, FS of this reaction and the imaginary

frequency of the TS.
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COH formation from CO and H

E=1.69 eV, F=-991 cm! Er=1.24 eV

Figure S7 The formation of COH from CO and H on the Ru(0001) surface (cyan, Ru; red, O;
white, H; gray, C), denoted with the relative energies of IS, TS, FS of this reaction and the

imaginary frequency of the TS.

CHO formation from CO and H

Ers=1.29 eV, F=-397 cm'L E=0.93 eV

Figure S8 The formation of CHO from CO and H on the Ru(0001) surface (cyan, Ru; red, O;
white, H; gray, C), denoted with the relative energies of IS, TS, FS of this reaction and the

imaginary frequency of the TS.

COH dissociation to C and OH

E1=0.71 eV, F=-343 cm? Ers=-0.05 eV

Figure S9 The dissociation of COH to C and OH on the Ru(0001) surface (cyan, Ru; red, O;
white, H; gray, C), denoted with the relative energies of IS, TS, FS of this reaction and the

imaginary frequency of the TS.
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CHO dissociation to CHand O

Ers=-0.67 eV

Figure S10 The dissociation of CHO to CH and O on the Ru(0001) surface (cyan, Ru; red, O;
white, H; gray, C), denoted with the relative energies of IS, TS, FS of this reaction and the

imaginary frequency of the TS.

CHOH formation from COH and O

E=0 Ers=0.96 eV, F=-241 cm’!

Figure S11 The formation of CHOH from COH and H on the Ru(0001) surface (cyan, Ru;
red, O; white, H; gray, C), denoted with the relative energies of IS, TS, FS of this reaction and

the imaginary frequency of the TS.

CHOH formation from CHO and H

E;=0.62 eV

Figure S12 The formation of CHOH from CHO and H on the Ru(0001) surface (cyan, Ru;
red, O; white, H; gray, C), denoted with the relative energies of IS, TS, FS of this reaction and

the imaginary frequency of the TS.

S5



CH,OH formation from CHOH and H

Ers=0.66 eV, F=-206 cm! E.=0.36 eV

Figure S13 The formation of CH,OH from CHOH and H on the Ru(0001) surface (cyan, Ru;
red, O; white, H; gray, C), denoted with the relative energies of IS, TS, FS of this reaction and

the imaginary frequency of the TS.

CH,;OH formation from CH,OH and H

£,5=0.93 eV, F=-455 cm'! E=0.31eV

Figure S14 The formation of CH;0OH from CH,OH and H on the Ru(0001) surface (cyan, Ru;
red, O; white, H; gray, C), denoted with the relative energies of IS, TS, FS of this reaction and
the imaginary frequency of the TS.

(a) TS of CH formation (b) TS of CH, formation

E1=0. 72 eV, F=-309 cm? E1=0.43 eV, F=-271 cm'!

(c) TS of CH, formation (d) TS of CH, formation

E1=0.87 eV, F=-632 cm! E;s=1.30 eV, F=-1015 cm!

Figure S15 The TS of CH (a), CH; (b), CH; (c), and CHy4 (d) formation (cyan, Ru; red, O;

white, H; gray, C), denoted with the relative energies and the imaginary frequency of the TS.
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(a) CHCO formation
IS

(e) CH,CO formation

E=0 E=1.22 eV, F=-868 cmt
(b) CHCH formation

E;s=0

E=0.77 eV, F=-437 cm?  Eg=-0.35eV

(c) CHCH, formation (g) CH,CH; formation

N VAVAVA!

Ers=1.30eV, F=-732 cm! Er=0.24 eV E=0 E1s=0.85 eV, F=-521 cm™ Er=-0.01 eV

(d) CHCH, formation (h) CH5CH; formation

FS
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E;=-133 eV Es=0 Er=1.33 eV, F=-767 cm™! E;s=-0.03 eV

SIS

Figure S16 C—C coupling reactions on the Ru(0001) surface (cyan, Ru; red, O; white, H; gray,
(), denoted with the relative energies of IS, TS, FS of the eight reactions and the imaginary

frequencies of the TS.

The Theory for Kinetic Analysis: According to experimental observations, dissociatively
adsorbed H is in equilibrium with H; in the gas phase:
H,(g)+2* == 2H*

and

0 92
0 —AG" /| RT
K —e —_ H

sz 0*2

0

(1)

where K° is the standard equilibrium constant; AG? is the standard difference of Gibbs free
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energy; p° is the standard pressure, and Gy and 0x are the coverages of adsorbed hydrogen and

free surfaces site, respectively.

According to our calculations, the H adsorption energy is about —0.80 e V with respect to

H, in gas state. Therefore it can be estimated that the standard equilibrium constant K° is
about 1 when T > 300K. The value of 8y/0+ can be viewed as a function of the hydrogen
partial pressure. Assuming that the methane desorption is irreversible, the formation of

methane from C and H can be described as

k
*HH* === CH*+* .
CHH* == )
CH*+H* == CHy*+*
ka (i1)

k
CHYPP=SE ST i

K
CHy*+H* —> CHy(g)+* (iv)

At steady state, we can obtain

P =n—r, =n-r,=n—-r,=r (2)
1 =kOcu O ©)

and
r; =k Oy O. 4)

where r; (r;) is the forward (reverse) reaction rate of each hydrogenation step; 7, is the net
reaction rate; k; (k) is the forward (reverse) reaction rate constant, and 0, is the coverage of
surface species CH; (i=0, 1, 2, 3). The formation of CH4 from CH; and H (step iv) requires the
highest barrier in the sequence hydrogenation of C steps. Combining Egs. (2)—(4), we can
obtain

ra>>, (5)
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and thus

VRS>, (6)
Similarly, we have

Vo, Ry >>TF,, (7)
and

RS> (8)

Egs. (6)—(8) suggest that the hydrogenation reactions are in quasi-equilibrium state on the
Ru(0001) surface. As a result, the coverages of C, CH, CH, and CHj3 on the surface have the

following relationship:

Ocn, 00

—E, I(RT)
— = 9
6.6, ©)
and therefore,
Ocn, = et /(RT)GC —Z}f =e i /(RT)HCti,i =1,2,3 (10)

where 6+ is the coverage of free surface site; ¢ represents Gy/6x; E; is the relative stability of
CH; with reference to the C atom and equal to the energy difference between adsorbed CH;
and C. It should be noted that the ratio of H to free surface site coverage, ¢, is related to the H,

partial pressure: ¢ = /K" 2 / p" (K'is the standard equilibrium constant for H, dissociation

on Ru surface; p? is the standard pressure; Py, 18 the H partial pressure). If p;, varies in the
range 1-100 atm, the value of 7 can be estimated between 1 and 10. Assuming that p,, does
not change significantly during the reaction, # can be expected to be a constant.

For the C—C coupling reactions, the reaction rates can be expressed as

h= ki€CHX9CHy (11)



The reaction rates of C-C coupling reactions can be calculated using transition-state theory,
which are expressed as

Tewq+cn, = Alei(E“/RT)QCHIQCHj , Lj=1-3 (12)
and the net reaction rate of the sequence carbon hydrogenation reactions is
T =t,—1,=1,=de "0, 0, i=1-3 (13)
where A, and A4, are the pre-exponential factors (which are usually assumed to be 1013 s71);!

E,; is the energy barrier; 7T is the temperature.
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