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Sum of Bond valences (SBV)

The concept of bond valence, developed from the concept of bond number by Pauling,! has been widely applied in
solid-state chemistry.2 SBV can measure the relative strength of the various bonds quantitatively.>* Bond valence is most
commonly calculated by the empirical equation (1),> where rg is the bond valence parameter, r;; is the bond length between
the two atoms i and j, and B is a universal constant equal to 0.37 A. In this work, ro = 1.60 A is used for the Ir—H bond; ro =

1.70 A is used for the Ir—C bond; ro = 1.916 A is used for the Ir—O bond.6
To=Ti;

Z expii Y )
SBVij = B (1)

Vibrational energy contribution
In details, when we consider the contribution of the vibrational at the experimental conditions, the standard molar

vibrational internal energy contribution is calculated as Equation (2)”:

hvyk T
o B
Uy =RTY ———— ©)

rVi/K ,T
ST

Where h is Planck’s constant, Kz is Boltzmann constant and R is the gas constant. The standard molar vibrational entropy is given

Svib = RZ

Overall, when the free energy corrections are added together, the standard molar Gibbs free energy (G) can be written as Equation
(4):

hv,/KgT —hv,/K T
TS (1=
hv,/K,T

3)

by Equation (3):

P o o
G=E+ yRT(l + ln) + U, =TS, (4)

Where E is represents the total energies from the VASP calculation (with ZPE correction). If the molecule is gaseous, then 1 is

chosen as the value of y and 0 is selected for adsorbed species.
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Table S1. Barriers (E,, eV) of CO direct dissociation and H-assisted dissociation on the different surfaces, and the distances

of C—0 bonding at the transition states are shown in the bracket.

(111) (100) Ir(110) Ir(210) Ir(311) Ir(221)
Reaction Step

Ey(dcom) Er Ealdcom) E Ealdcom) E Ealdcom) E Ealdcom) E Ealdcom) E
CO*—>C*+0* 3.17(1.84) 1.52 2.29(1.90) 0.58 2.65(1.86) 1.11 2.56(1.88) 0.80 2.40(2.01) 1.18 2.67 (1.85) 1.13
CO*+H*—>COH* (R1) 1.69(1.34) 0.66 1.60(1.23) 0.95 2.01(1.30) 1.24 1.82(1.23) 1.35 2.13(1.27) 1.30 2.28(1.32) 1.08
CO*+H*—>HCO* (R2) 1.58(1.21) 1.10 1.59(1.36) 0.97 1.35(1.18) 0.98 1.34(1.21) 0.47 1.74(1.17) 1.17 1.50(1.18) 1.01
COH*—>C*+OH* (R3) 2.29(1.87) 1.00 1.21(1.98) -0.24 1.31(1.95) 0.18 1.07 (1.94) —0.41 1.13(1.97) 0.11 1.62 (1.95) 0.40
COH*+H*—>HCOH* (R4) 0.96 (1.36) 0.83 1.08(1.27) 0.77 0.64(1.33) 0.41 1.35(1.67) 0.58 0.84(1.33) 0.53 0.83(1.30) 0.40
HCO*+H*—>HCOH* (R5) 0.94 (1.33) 039 1.15(1.49) 0.75 1.05(1.39) 0.67 1.08(1.40) 1.46 1.7 (1.39) 0.65 1.09(1.39) 0.47
HCO*+H*—>H,CO* (R6) 0.88(1.22) 0.66 1.17(1.16) 1.11 0.85(1.19) 0.66 0.96(1.16) 1.41 0.97 (1.22) 0.71 0.76(1.22) 0.62
HCO*—>HC*+0* (R7) 1.58 (2.09) —0.12 0.60 (2.03) —0.31 1.78(2.17) 0.64 1.09(2.03) 0.63 1.69 (2.09) —0.15 2.12 (2.07) —0.27
HCOH*—HC*+0OH* (R8) 0.47 (2.09) —0.29 0.40(1.78) —0.93 0.87 (1.87) —0.31 0.74 (1.94) —0.81 1.04 (1.89) —0.54 0.90 (2.14) —0.30
HCOH*+H*—>H,COH* (R9)  0.54 (1.42) 0.22 1.19(1.22) 0.76 1.14(1.65) 0.34 0.85(1.44) 0.50 1.22(1.24) 0.57 0.9 (1.16) 0.66
H,CO*+H*—H,COH* (R10) 0.48 (1.48) —0.05 0.71(1.41) 0.40 1.23(1.46) 0.35 0.93(1.40) 0.56 1.46(1.49) 0.51 0.84(1.41) 0.51
H,CO*+H*—>H,CO* (R11)  0.54 (1.63) 0.22 1.04(1.89) 0.45 0.72 (1.47) 0.56 0.94(2.14) 0.57 0.83(1.57) 0.62 0.89 (1.52) 0.67
H,CO*—H,C*+0* (R12) 1.06 (2.33) —0.14 1.15(2.35) —0.47 0.99 (2.37) —-0.49 0.68 (2.05) —0.30 1.03 (2.19) —0.56 1.09 (2.28) —0.51
H,COH*—H,C*+0OH* (R13) 0.96(2.83) 0.14 0.63(2.70) —0.72 0.50 (2.23) —0.51 0.26 (1.99) —0.60 0.48 (2.21) —0.78 0.45(2.29) —0.64
H,COH*+H*>H,COH* (R14) 0.78 (1.51) 0.06 1.11(1.41) 0.63 0.92(1.38) 0.49 0.89(1.43) 0.58 1.16(1.39) 0.77 0.91(1.63) 0.49
H3CO*+H*—H3COH* (R15) 0.48 (1.41) —-0.21 0.99(1.48) 0.58 1.08(1.40) 0.29 1.04(1.37) 0.57 1.08(1.43) 0.66 0.77(1.47) 0.33
H3CO*—H;C*+0* (R16) 1.59 (2.08) —0.34 1.68(2.16) —0.31 1.66(1.82) —-0.67 - —0.51 1.41(1.90) -0.62 1.31(1.93) -0.61
H3COH*—H3C*+0OH* (R17) 1.29(2.06) 0.12 1.50(2.05) —0.73 1.54 (2.16) —0.64 1.37 (2.21) —0.93 - —1.05 1.44 (1.93) —0.57

Table S2. The barrier difference between the reaction energies with (E,.,, eV) and without (E,, eV) vibrational energy

contribution of CO direct dissociation and H-assisted dissociation on the different surfaces

(111) (100) Ir(110) Ir(210) Ir(311) Ir(221)
Reaction Step

E. Esy AE, E, Es AE, E, E.y AE, E, Esy AE, Ey Esy AE, E. E., AE,
CO*—>C*+0* 3.17 3.11 —-0.06 2.29 2.26 -0.03 2.65 2.60 —-0.05 2.56 2.51 -0.05 2.40 2.40 0.00 2.67 2.62 —0.05
CO*+H*—COH* (R1) 169 1.68 0.01 1.60 1.60 0.00 2.01 1.97 -0.04 1.82 1.80 —0.02 2.13 2.16 0.03 2.28 2.25 -0.03
CO*+H*—>HCO* (R2) 1.58 1.59 0.01 1.59 1.63 0.04 1.35 1.37 0.02 1.34 1.36 0.02 1.74 1.78 0.04 1.50 1.51 0.01
COH*—C*+0OH* (R3) 229 230 0.01 1.21 1.21 0.00 1.31 1.33 0.02 1.07 1.05 -0.02 1.13 1.07 -0.06 1.62 1.64 0.02
COH*+H*—>HCOH* (R4) 0.96 0.97 0.01 1.08 1.14 0.06 0.64 0.68 0.04 1.35 135 0.00 0.84 0.85 0.01 0.83 0.89 0.06
HCO*+H*—HCOH* (R5) 0.94 1.03 0.09 1.15 1.23 0.08 1.05 1.05 0.00 1.08 1.08 0.00 1.27 1.30 0.03 1.09 1.09 0.00
HCO*+H*—H,CO* (R6) 0.88 1.00 0.12 1.17 1.24 0.07 0.85 0.88 0.03 0.96 1.00 0.04 0.97 0.99 0.02 0.76 0.78 0.02
HCO*—HC*+0* (R7) 158 1.71 0.13 0.60 0.62 0.02 1.78 1.81 0.03 1.09 1.10 0.01 1.69 1.77 0.08 2.12 2.18 0.06
HCOH*—HC*+0OH* (R8) 0.47 0.50 0.03 0.40 0.36 -0.04 0.87 0.86 —0.01 0.74 0.74 0.00 1.04 1.08 0.04 0.90 0.92 0.02
HCOH*+H*—H,COH* (R9) 0.54 0.54 0.00 1.19 1.23 0.04 1.14 1.19 0.05 0.85 0.90 0.05 1.22 1.24 0.02 0.99 1.05 0.06
H,CO*+H*—>H,COH* (R10) 0.48 0.50 0.02 0.71 0.71 0.00 1.23 1.27 0.04 0.93 094 0.01 1.46 149 0.03 0.84 0.86 0.02
H,CO*+H*—H3CO* (R11) 0.54 0.54 0.00 1.04 1.07 0.03 0.72 0.77 0.05 0.94 0.93 -0.01 0.83 0.87 0.04 0.89 0.92 0.03
H,CO*—H,C*+0* (R12) 1.06 1.06 0.00 1.15 1.15 0.00 0.99 1.03 0.04 0.68 0.70 0.02 1.03 1.07 0.04 1.09 1.13 0.04
H,COH*—H,C*+0OH* (R13) 0.96 0.94 -0.02 0.63 0.59 —-0.04 0.50 0.49 —0.01 0.26 0.27 0.01 0.48 0.58 0.10 0.45 0.45 0.00
H,COH*+H*—>H;COH* (R14) 0.78 0.81 0.03 1.11 1.10 —-0.01 0.92 0.95 0.03 0.89 0.89 0.00 1.16 1.25 0.09 0.91 0.90 -0.01
H;CO*+H*—>H;COH* (R15) 0.48 0.49 0.01 0.99 1.04 0.05 1.08 1.09 0.01 1.04 1.05 0.01 1.08 1.15 0.07 0.77 0.81 0.04
H3CO*—H3C*+0* (R16) 1.59 1.58 -0.01 1.68 1.65 —-0.03 1.66 1.67 0.01 -- - -- 141 141 0.00 1.31 1.30 -0.01
H3;COH*—H;C*+OH* (R17) 1.29 1.27 -0.02 1.50 1.49 -0.01 1.54 1.56 0.02 1.37 1.39 0.02 -- - -- 144 139 -0.05
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Ir (111) Ir (100) Ir (110) Ir (210) Ir (311) Ir (221)

Figure S1. High coordination site for CO dissociation on the Ir(111), Ir(100), Ir(110), Ir(210), Ir(311) and Ir(221) surfaces
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Figure S2. Route of direct CO dissociation on the Ir(111), Ir(100), Ir(110), Ir(210), Ir(311) and Ir(221) surfaces
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Figure S3 Top views of the most stable adsorption configuration with adsorption energy (E.qs, €V) for H, OH, CH, CH,, CHs,
CHO, CH,0, CH;0, COH, CHOH, CH,0H, CH30H on the Ir(111) surface
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Figure S4 Top views of the most stable adsorption configuration with adsorption energy (E.qs, €V) for H, OH, CH, CH,, CHs,
CHO, CH,0, CH;0, COH, CHOH, CH,0H, CH30H on the Ir(100) surface
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Figure S5 Top views of the most stable adsorption configuration with adsorption energy (E.qs, €V) for H, OH, CH, CH,, CHs,
CHO, CH,0, CH;0, COH, CHOH, CH,0H, CH30H on the Ir(110) surface
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Figure S6 Top views of the most stable adsorption configuration with adsorption energy (E,qgs, €V) for H, OH, CH, CH,, CH3,
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Figure S7 Top views of the most stable adsorption configuration with adsorption energy (E,qgs, €V) for H, OH, CH, CH,, CH3,
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Figure S8 Top views of the most stable adsorption configuration with adsorption energy (E,qgs, €V) for H, OH, CH, CH,, CH3,

°
0000
0000

000

000
00060
000
) @
H

Q@@
-0.

o

®
5
000

*
—
EiN

)

eoco
©000

H,CO* (-2.36)

COH* (-4.63)

e

on
TS
N

*
, L®©
)]
L2

0000
O 8

CHO, CH,0, CH50, COH, CHOH, CH,0H, CH30H on the Ir(221) surface

~S6~

06390
cases

CH,* (-2.14)

£sisse

00g c®©
©Co

H,COH* (—2.44)

g - P - ®
30‘" :
a®

009
o7e”

Q
I
[
*
— | =
N
(o]
(=]
=

0.0
C \Oa
05002

88

0g0
©

g
©
°

HCOH* (-3.81) H,COH* (-2.27) HyC

00,4 .
008200
005 00
00 0@
©%g¢
HCO* (-2.97)

${ 1 P

H,COH* (-0.61)

o
0%
20
o5

0% ©

* (-]
L
(0]
L

]
=

*
T
o
(4]
o



1.5+

Ir(1
( 11) 1.22
1.0 5
L \
14 v
! 0.65
ey ‘A . 0.55
[ .37 ==
Cogr2H) | \ i f
- o ! 0. i
0.0 _l‘ ’,r 5 i# l"l '/i. ”, i
> 1 ' ' /' _0.63 )t s \ % !
® 051 P e = @ ol /" —070\ /0361 -0.32
> l, J' ’t’ —_— \\|—- < —0.72 ‘. 5 gé v l' ' v
2 404 S q07h A e A AN Y F g
o ' ] P S sr0aN—" cTageny 0 RE ' 5
w ' ' " o— ) N < S0.99 . 4y ; :
1.5 t y " v . " —_— y o 3 /092y \— J
' p[ : ‘\_(' — ,’ \\—1' — el | e “
1\ 4 N 3 i C*+OH*+3 \_: \._," [
205 == ! COMRHyg)—  H,CO* 12Hy(g)  H;CO"+1/2Hy(g) .
co¥ . ' HCO3in 2CO™+Hy(g) H,C*+0*+H.(q) H,C*+OH*+1/2H,(g)
254 +2Ha(g) — COH*+3/2H2(9) HEOHEH:(9) H,COH+1/2Hy(g) RO +172H:(a)
2(9) HC*+0*+3/2H,(g)  HC*+OH*+H,(q) H,COH*
HCO*+H*+H,(g) H,CO*+H*
304 CO*+H*+3/2H,(q) COH* +H™H. LCO™+H+1/2H,(g) H,CO*+H*
b(g)  HCOH™+H™+1/2Hy(@)  H,COH™+H" H,C*+OH*
1
Ir(100)
ol CO(g)+2H,(g) 0.07
_“ % n\ 0.05
' & -0.28 -0.20
\ 4 ! ’ h
> i rt lu 7@ 4t ‘1 ! l.
) -1 - “ ' \ 4 “ ’ i 04\ ; \
-~ i 1 ’ 2 = 1
=3 -1.26 : —1.05 | r
=] 5 i : / ~1.29, /’ L1 78 ’ﬂs‘ / Y
2 R S A
c i v 4 12 \‘— T “\‘\ \ -3t e A L1-2i|‘.‘ 1 )
W, T I L3R 1-1.37, = J-1.20 :
1, ! i/ i
|_\‘ :f 4 ,f -139) \\\\—': e — ] | — :
\ | % =147 R 1 o ' i
\\ I — \l - — ‘_ 1
3 ‘ ‘
7 H,CO™+Hy(g) H,CO*
LGRS 2 L,CO*+1/2H,(g)
HCO*+3/2IE|(9() Lok ) H,COH"+1/2Hy(g)  HsCOH"
CO*"+2H,(g) COH*+3/2H2(g) C*+OH"+3/2H,(g) H,C*+0"+H,(g) HaC*+0*+1/2H,(g)
Hco*2 gz HC™+0™+312H,(q) HC*+OH"+H,(g) H,C*+OH"™+1/2Hy(g)
CO*+H*+ +H'+Hy(g)  H,CO"+H"+1/2H H,CO*+H*
3/2Hig)  COM™+H" 29) SCO"H
+H"+H,(g)  HCOH*"+H"+1/2H,(g) H,COH*+H* H.C*+OH
,C*+OH*
Ir(110
05 ] 11(110)
0.29
0.0 460©@20:(0) b
i | ! l —-0.08 0.06
i i \ —_— )
| [} \ 1-0.29| 4 i 0
-0.5 < | ! \ Yy I ! ] 0.25
: ' t 4, 1‘| -0.68 ! : R |
I /’ -0.83 ' j'; "\ —0.80 '3 ) ' 1l
- v — !
%J e |‘ i ] |L / l\‘ — "’ : i |
2 w3 e
2 15 ) i : 149" — = o i ! Lyagy " i
QC) 29 |I ' "'l—\\ \ ’.' :g‘\\"— il "‘ﬂ\ ,’ ’J‘ '.—l\\l ;J ‘l
I \ VR 121,47 St {143 Yt .7 IR AN !
2 1 1 — i W ' ! N2 y LE :
2.0+ | 1’ 1 5 " W i —x J,-' L !
\ e I A N v ',f \_“\ ‘, "‘| :
\ ] 3
-2.5 - A :r‘ et -, ]‘= '
Y Crom2H B i) H;CO*+1/2H,(g) —
i) * * 2
30 d et heeY HoCOH"
304 CO™2Hy(g) HCO*+3/2H2(g T ) HC*+OH*+H,(g) H,C*+0"+1/2H,(g)
COH*iSE H Q- s HC*+0*H,(g) HoC™+OH™+1/2H,(g)
+ oy
CO™+H"+3/2Hx(g) HCor+Hw+H§§g; ﬂCC%H,jH*i +1”2H2(9) HyCO+H*
+ o
2 12Hy(9) H,COH*+H HaG*+OH"
~ST7w



0.5 =

Ir(210)
011
CO(g)+2H,(g) ;
004 = U
i 1
I\ £ 0.56
iy | ; ' -0.65 22
: ! ‘\ / 1 1 kL
[
poa ; g 1 /=100 -1.03 A
i ; et
> 1| /’ -1.24 ! /’ 4 W i Y ,J :
Q 1 T T /71081 ,’,’_1 14 -1.47 ' l
é 155 I, ,' Lq 7'3‘\I FoG :—1.67 YW % 2 I\\ ! \\ ’v :
= l ! ] i 2 ’ 1.51 & = Ay I i
o L Yo ! y ’ 1 \—- it v J 1
€ 204 Yl om Ny el e 152 Tl Tt .
w i I — —\ fjg =t 163" |
\ f [l W § \ ) It ¥ |
1 [ S— ) e \ i \
-2.5 \ (r’ \\ " ; ‘H o ‘,
I "t HCOH™+H,(g) HCO+1/2Hye) o ]
- Vo0 CHO*2Hu(g)  H,CO™+Hy(g) H,COH*+1/2H,(g) MO —_—
e . ) COH"+3/2Hy(g)  HC*+O*+3/2H,(g) H,C*+0*+H,(g) HC™+OH™+1/2H,(q)
CO™+2H,(g) HCO*+3/2H,(g)  C*+OH*+3/2H,(g) HC™+OH"+H,(g)
354 COH*+H*+Hy(g) =~ HCOH*+H*+1/2H,(g) HCO*+H*
CO*+H*+3/2H,(g)  HCO*+H*+Hy(g) H,CO*+H*+1/2H,(g)  H,COH*+H* H,C*+OH*
057 1r(311)
CO(g)+2H 0.07
00 (i‘ 3} b -0.12
1' ,’ ‘\ P
g ! 5o -0.42
05 4 4 ' i )/ 057 o
| g _iFEe \ P \'. -0.73 i "
/ Y
15 | 4o \ L ' ,/fm:‘ /—1.42,
= - 0 \ ’ - ’
% i g ,'—1.25‘\ — ,,”/ —121) - +o.99‘“ ;=144
= } / W ab ’ s el ’ | a— g —-1.44
> 16 1 / " A ,—1.51\\\ ¢ ! \ b =
9 -1.0 | ! h W “ H_: o e ¥ '—_1'28 \ ’ 7 o
o \ f ]1 S g ,'r1.5 \\t 4 1Y ~4 4, =7 3 o %\
= \' 4 n’ "—{\ 5' \b'=? "71'61 N~ - ‘l [
L 204 i ,/ I:l W h "_\\\ J‘I’ i\_\': ,[.' “ ‘I
H \
II rf ' \\\‘ / ? \:\ :“F I" \\\ i A \x
S ¥ ' g "\ " \
25 - v 1 \:l, p= V! [
L 4 C*+OH*+3/2H,(g) HsCO*+1/2H,(gr— L
V1 CrO™+2H,(g) H,CO*+H,(g) H,COH™+1/2H,(g) i
3.0 - — COH*+3/2H,(g) HCOH*+H,(g) H,C*+Q*+H,(g) H,COH
CO™+2H,(g) HCO*+3/2H,(g) HC*+0*+3/2H,(g) HC*+OH*+H,(g) HC™+O™+1/2Hs(q)
COH*H*+Hy(g)  H,CO*+H*+1/2H,(g) HyCO*+H* HC™+OH™+1/2H,(g)
CO*+H*+3/2H,(g) HCO*+H*+Hy(g)  HCOH*+H*+1/2H,(g) H,COH*+H*
s Ir(221) 0.46 0.39
. — o
! 1
| i
004 $OQ2HAD) fo /~0.04
! I 2 ! il -0.21 —0.28
! ." - l' ‘,/ ’ ’ |
0.46 i } \
-0.5 1 sl . { -0.56 ) ' .
\ i 1y !, \ ¥ | P i 1
> \| ', J Il| ’::’ I'" 3 ﬁO,QU. 1I : ! 'l
-ED.. -1.0 4 | ,J ! | \|_ 4] _ 1y ,/ /’—1.36' 4 ; v' !
> | F1.24 ¥ i3 S | v I
E'J \ ‘[ ,'J—\ | 4 L] 3R — *lé‘l ’ o — ’ i |
© \ ' i § ==\ i A ' - 1 L i
sy i oa g Al 7 s Lo :
| | ;oo 1 11151 \\—, e T +1.29 |
| Il ! \ i \ " \ v =130, ;
204 | ] ," ‘\\ /:[’ —_ It \ \ 1y 1 "
3 I ] ! 1 if W ] la s \ '
3 1 { \\—t'f — ‘
25 L C*+OH*+3/2H,(g)  HsCO™+1/2H,(g) BRI
\ C*+0"+2H,(9) H,CO*+H,(g) RCOMH D) et av i
. COH*+312H)(g)  HCOH*™+H,(g)  HC*+OH%H,(g)  :C+0O™1/2H,(g)
304 CO*+2H,(g) HCO*+3/2Ha(g) HG*+0"+3/2H,(g) HoC*+0*+H,(g) H,C*+OH*+1/2H,(g)
COH*+H*+H,(g)  H,CO™+H*+1/2H,(g) H;CO™+H* X
CO*+H*+3/2H,(g) HCO*+H*+H,(g)  HCOH*+H*+1/2H,{g) H,COH"+H" H3C*+OH

Figure S9 Surfaces of reaction potential energy of H-assisted CO dissociation on these six Ir surfaces

~g8~



TS3(0.65 6V)

= , - (A 0090
9090 Fa=229 0000 o‘b:t.o’ e
P — Cr+OH* LAY
A A (172eV) 0000 oo‘o’u
~1.04 @ — ! B
COH* TSE‘E( 10036 v) nga_c)074o7ev -.0‘ OCO‘
-a=0. =4 3
(~1.64 V) - k. HC™+OH* i
e, W e S
000 ] 9009 90000
Ctiro | 0000 | eege. oo ]
: AL TS9(-0.99 &V) s
0000 v ; . 2 e Tk
s L =20 e ee 086¢ 118eV) QO Q.
(117 &V) "g . .g_ CQQQ o%re.
A e A A 0000 0000 9000
"'. "‘*‘ TS14(-089¢V) Q@09 @ 0000, 0980
L @ , ’ TS10(-0.79 eV H,COH Ea=0.78 0‘& (J TS17(-0.32 eV) .,..
0006 Ea=0.04 = (-1.32eV) ' 0000 == . 0000
9009 o TS15(-0.92 eV) 0000 H,C*+OH*
co~ 0000 ~ Ea=048 H,COH~ (149 eV)
g (-1.958V) _O’O.Q‘O’ : RSN @ ‘0. (-1.61 eV)
..° .0 0000 00 O..&C° o ' °Q‘
R ; TS2(-0.72 &V) TS6(-0.89 eV) @ TS11(-0. 72 eV) ooty oL © O 00
’.‘.‘.-.. Ea=1.58 Ea=0.88 0000 Ea=0.54 'é','.‘-.e SRR
’ 0000 bk TS16(0.19 eV) o o
A LCLCR et T B33~ 000
see — °.‘. “ (-0.91 &V) A S A e 0000 H?(;::o\;
‘0c0e DOCC AP 0000 ‘Ceos ose Y
00600 0006 000 | TS12015¢Y) | "9'$9.0. 0000
0000 TS;(U 1375;\/) ; 006 Ea=1.06 Y X o adadial
HCO* = 00 0" H2G*+O
(-1.21ev) HC*+O" (-1.04 V)
(-1.33 6V)
Figure $10 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(111)
surfaces
TS3(_070 eV) ‘
T Ea=i2l 5‘.0.‘\03
0;(0‘: L] ’/‘ ’ :.C'"'+C')'H*' el " § 5 o
-] —1 @ “3 o (-2.15 &V) . 000k
@ o 0000 TSS( 1 39 eV) Q 00 0000
[ 1) 0000 ®
wor TS4(-1.47 eV) ° 9\“.é - ‘A‘ ~
(-1.91Y) Eam1.08 “Ho oM o%e } 630 [ (
P — (272 6V) 000
0000 ;Q‘gp TS13(-1.05 eV)
} | Tst(-1.28 ev) :\‘/‘/: X ) | ee6e Ea=0.63 “ [ L)
00B0O | =160 g e HCOH* TS8(=1.25 &V) 0000 cuon I
0000 LA A (1.7 8V) Ea=119 “2.0 © (2400 :;’3
TS5(-1.39 oV) TS10[1.37 &V) o g :
Ea=1.15
: Ea=0.71 . 000 000‘ oe00
(111} H,COH* TS14(-1.21 6V, “" o000 “’%
° 1 (-1.68 eV) Ea=1.11 TS17(-0.20 oV) 00
™ Ea=150 0 00
Soos o086 0000
M Tetiotey ©C0O H,Cr+OH"
0000 Ea=1.17 \ P (-242eV)
‘xx./ Ts2-1.27evy | hi.:‘ :9 11 9 1
Q@0 | E£a-150 0600 e eV) 0000 ‘0% 0 0000
0000 : :-:: _6 ) 000 TS16(0.05 eV) :zgxyzt
I 0000 Ta=168 ROO
¢00e TS7(1.29 V) Q o, 0000 0000
ot ot ot = | O
° o Ea=0.60 . T$12(-0.28 eV) O 00 H3C*+O
3 cooo S Seee > ex. REY
00 HC™+0* HaC*+0* |
O:cg (-2.20 V) (-1.90 &V) eooo
(-1.89 eV)

Figure S11 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(100)

surfaces

~gQ~



20200
L >
Soduso
b C ]
©,0,0 ‘?g‘o'""!
TS3(-0.29 eV
:0’0:0 Ea=131
oo |
.°O°‘° TS4(-1.44 eV)
COH*
(-1.60 &V)
iﬁ"c"'c
‘O ©.0 |Ts1(-0.83eV)
b° Q.0 Ea=2.01
%.0 0.0
TS5(-1.29 6V)
0%%c® “Ea=105
Sogose ¢9%%¢®
S050.0 20200
S et SoS0%
co* et et
L (2asey) TS6(-1.49 eV)
000 © Ea=0.85
0(* © |rs2149ev) 0%%°
009e® | Ea=135 ©%e°%®
ogege 08500
e%5%°
0%0%° e
% © TS7(-0.08 8V)
) :
0%%%e® Ea=1.77
9¢20% - 0.0.0
S
(-1.86 8V) o°
20 O‘.Q

et

[) ‘
olese® o
(-1.42 eV) ¢ ':0202
LA
.0.0.6: Ea=087 0%0%°
©.0.0 ‘ 3 HC*+OH*
099 — 020%° (-1.97 oV)
®0%% 0¢Pco%
0 0 0" o o°
2 . °
HCOH* ‘..‘ S
(-1.67 eV) TS9(-1.01 eV) =20 0.0
Ea=1.17 .g Q.Q
20,
TS10(=0.92 &V) 0908
- OO0 Ea=1.23 907070
; H,COH"
©.0.0 0,0,0 5
=.= 0.: °°°:° (-1.81 eV}
[ ) &0 C3Pe®
20,0,0 0200
07070
H2co* -9 .° 0.:
167 eV TS11(-1.43 eV) ) (-
( ) Ea=0.72 ‘0.0.Q
%% :.o.o (-] 0%%°
.9 00 20,00 H3CO*
.0%:0 p @ (-1.60 eV)
©%%° 0%%°
HC*+O*
(-1.22 8V) TS12(-0.68 eV!
Ea=0.99
000000
s
bS53

020%?°
L) O
L) .U
0% .0.0.0
() () ‘
el et ) ©¢9c%
TS13(-1.30 &V) .‘3,8.’
E ) :
0% ©%%°
‘ H,C*+OH" COL0.0
o (-2.32eV) 0.0.0
° o0e0c0
ececes
TSI137eV)  20.0.0 @%%° ,0,0.0
Ta=007 09,90 9:%:%
® ) TS17(=0.25 eV) ©°0
™) ‘Q Ea=1.54 © ‘0
Ts15-1.00ev) | 9g¥%e% { o
Ea=1.08 07070 [ -
:.0 0.0; H,COH* H,CH+OH"
p 0.0 (-1.79 8V) (-2.43eV)
O W 0.
0%6%°
©%%° 'Q,tz.o;
TS16(0.06 eV) 0’ o
Ea=1.66 : 0'0 ©
ogego
H,C*+O*
(-2.27eV)

Figure S12 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(110)

surfaces
QUL
©°0°0°0
00,99
Cafolol CIUI0.0
Sefetee  Leaessse
__TS3(085eV) | Qg.&:‘.g-
00(-'0("000 Ea=1.07 © 00 0 0.0 0. O
00 o 0 09 0 0 © 0.0 ¢
g 0 e CH+OH* OgTece’s
%:8'0'@. : (-2.13eV) 0 0 0.9 6% %
6%6%%© TS4(-1.00eV) 020.%°  @° o
coH* Ea=1.35 LR B ) OQG (]
9%, . T88(103eV) | 'usu'o.o
oo (172eV) ©.0.0.0 €99 st 7a ]
°¢9°.°‘_.g & Py O oo s He*+OH
TeIgIese  |TS1(-1.24eV) %6%%° ‘o:ggc,zo° .:- () (-2.58 eV)
$00%06 Ea=1.82 00”0 0 8% %
e o 0o HEOL ecece e,
TS5(-1.67 eV) (-1.76 eV) ©%%%°
C 0 0. C Ea=1.08 TS9(—1.54 V) 0.0
0.0.0. 0 a0 sl e 50 0
“o%6 e 0. OO Fa=085 “eg‘:“:‘?d
Sceveece 08,09 Coterels
09 00 ; , TS10(-1.52 6V) %%e%¢
co* %6%%° - Ea=0.93 H,COH*
(-2.44 V) e’ ) (-1.89 V)
T 3 oletslel 0%e2a%e?
©-0-0-0 | _TSE(1.79eV) = Jeg@cece | Vi,
©.0e0 0 TS2(-1.73 eV Ea=0.96 ecocece .
©6%%° P13 | emmieie: %%%"° eeceCe
Scgoecese | B ©696%° H2CO" ©%%%° %:%%%
%% 000 00
©.0.0_0 (-1.82eV) .(.ggzuo o
Cio=ee L, TS11(-1.51 V) ocece 0
0.0 9669 a=0. 0°0.-0°6
elogele’ i OIOL00: ©°0°0°0
00 00 — ©696669 m-_ Haco*
0000 o 0-8 ©.0 00 (-1.888V)
0%%%° TS7(-1.04 V) ©-6°0°0 ocecece.
Heo" T ececacecy ¢%6%%e®
reize) YcCotele e TS12(-1.14eV) Ce%%Fe%%
JOC8 0 Ea=0.68 90 -
o2oteles (=1.97eV) SRR ©.0.0_0
oo e 0 .wg Q. 0c800cec,
0%%%" Q28 ¢%%%
0C0ce 0, H2C*+0"
0%6%%° (-2.12ev)

96%a%%.
0000 g
ocececec:  Yetatet
“6°0°0.0. 0,0 0.0,
i 0°0.0-0.
TS13(-1.63eV) | @COCOCOC"
Ea=0.26 0%6%%%:
el H,C*+OH*
Ce% e’ (-2.49 &V) el
: 01000
"-‘zg::égs 0%6%Ce
Coi . -._°3=_ “eCo. =
“0.0,0°0 0 ;
87000 . g oog. 9c808080, Celetele
TS14(-1.63 eV) ©59,9.° o?—o—g—. Soioc,
Fa=0.89 6 0 00 _ TS17(-056eV) @ 0 0.0
- 90 = (O]
TS15(-1.47 &V “"’:"’;:obo Ea=1.37 0%6%%%
= .. H,C*+OH"
Ea=1.04 HiCOH* 5
96%%%6°, 1936v) (-2.86 oV)
-%32“.%
9cece 8 OIOLOIE
0%%%Y 9590
"0 0.6,
0%%%°
H3C*+0*
(-3.016V)

Figure S13 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(210)

surfaces

~S10~



002% ¢ |Tsi-0ssev)

.‘ ‘00 Ea=2.13

'_0"2.0:

00
50000

ecoco0
©9090©
090%0@

cor

(-2.32 eV)

TS2(-1.25 eV)
Ea=1.74

0056
ocgleo
00g 00
oo.-o'oo
it ]
Heo*
(-1.82 eV)

00 ..
002%¢
00%&o0
002%0

©% ¢
TSS*U.STEV!

Ea=1.13

TS4(=1.53 eV)

00

00%%¢
005600
006g c00€

C+OH*
(-1.59 8V)

~Ea=0.84
00, .
segses
003 00
s U}

(-1.84 o)

TS5(-1.21 8V)

TS6(-1.51 eV)
Ea=0.97
664
000000
ee8Sec
0cgg00
*%¢

TS7(-0.12 &V)
— Ea-160

Y
00900
siess

H2CO*
(-1.78 8V)

do,
069 S00
ecggoo
00500
®90
HC*+O*
(-1.97 &V)

0056
99§§°° e
00,00 Y .
©%¢ ©02%0
TSB(-0.73 &V .°°'o' )© PR
— DT . eofl0e 00,4
Ea=1.04 © ©
00, HEo : °:2
go 0_:: (-2.37 V) .9:=.° B
ssdees ec  §o8%0¢
“Q0gq & v TS13(-144eV) @Y%
(-1} [ -1+ s | .0...&
s .°‘.°.° ~Ea=0.48 0 ©0
TS9(-1.28 eV) P 06 .. 00g &
= ¢ 00 Y00 .. 00
Ea=122 %
00g 00 :o- 0:: H,C*+OH
TS10(-0.99 eV) Hzédﬁ L4 : 9.:, (-271eV)
»“,’Ea”“s (-1.93 eV} &
003500 %0, % 0.,
0G; 00 00g0C 00 -3&.
I seegss
) 00 : 000, 00500 ©0gc0C
- 00, 90 Y00 %00
(-] : )
_ 00, 90 :
Ts1 é (a —10'6313 av) ° 0’0-0' © H,COH* H,C*+OH*
; = 00y (-1.83 eV) (-2.88 V)
:969‘6‘ H3co*
00s ¢ ~1.83 eV
oo go0 (F1.836) © 2%0s,
065 c0© s TS16(-0.42¢eV) | g ot 980
gt Y- 00, Ea=1.41 2 a002
' 002%¢ e -4
=t e gl X
TS12(-075¢v)  ©© : @ 00%% o
s v (] : HyC*+O*
Ea=1.03 005600 oY% o 3
P = 00%% ¢ (-245¢eV)
00, . . o 00,00
002%¢ Hzc™o %o
0c®%¢o (-2.34 V)
0'9'." o0
‘00

Figure S14 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(311)

surfaces

o
[ TS1(-0.46 eV)
9 Ea=2.28

999 1o 1.24ev)
90,0 -
@ Ea=1.50
-...

TS3(-0.04 &V)
Ea=162

TS4(-1.37 eV)

0 0.3 0.

020%92°

TS9(-1.34 8V)
Ea=0.99

TS10(-1.35 V)

0%%%® 020002
TS13(-1.22 eV Qbﬁ- 6‘6
Ea=0.45 pr- . _0.
0% %%*
H,C*+OH®
(£2.31 8V) °:° :.:
06000
0%c5:% %
z 0:0.0.0 60 %®%® ¢ e
TS14(-1.30 &V) ¢ ) eTe’eTe” 0
056 (4 00
Ea=0.01 90% 99 _Tsircosev) | g9¢
Teisc120ey) | 920 0e® T FEariad %
Ea=0.77 g’q .Q. .!99
ogethBes © cor
020%%0® (-1.72eV) (-2.29eV)
R HH R—
0¥0% %" % %°
3
TS16(-0.21 eV) 0‘9 ‘._0.
Ea=1.31 Q—‘o .".
©%%%0"
Hac™+0*
(-213ev)

% %*®
H2C*+QO
(-2.16 8V)

Figure S15 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(221)

surfaces

~Ssi11~



Energy/eV

S
2.0 \

-2.5 \ .

-3.0 -

Energy/eV

3.

0.5 -

0.0

Energy/eV

N
(%]
1

@
o
1

-1.0 4 I '

-1.5 4 ' '

'
n
1

Jc0(g)+2H,(g)

Ir(111)

1.0 4

, '
0.5 4

CO@r+2Hy(g) / |

[l
[l

0.0 4

-0.5 4

'
v
'
'

Ve,
CO*+2H;g)

1

' COH"+3/2H,(g)

HCO*+H
COH*+H

CO*+H"+3/2H,(g)
Ir(100)

CO(g)+2H,(g)
5 —

—
CO™+2H,(g),

i’
|
]
l.
4 1
\
—

COH"+3/2H,(g)
HCO*+3/2H,(g)

CO™+H"+3/2H,(g)

Ir(110)

I
|
1
1
|
|
|
1
1
|l
]
|
|
1
1

' 73
—
CO*+2H,(g)

o]
C*+0*+2H,(g)

COH*+3/2H,(g)
HCO*+3/2H,(g)
COH*+H*+H,(g)

CO™+H"+3/2H,(g) HCO*+H*+H,(g)

~

| C*+0O*+2H (99 —v,
HCO*+3/2H,(q),

C*+0*+2H,(g)}' — HCO H*+H2(g)

HCO*+H"+Hy(g)
COH*+H*+H,(g)

C+OH"+3/2H,(g)
H,CO*+H,(g)
HCOH"+H,(g)
HC™+0"+3/2H,(0)
“+Ha(g)
"+Hs(g)

HaCO*+1/2H,(g)

HC*+OH*+H,(g)
H,CO™+H"+1/2H,(g)

HCOH*+H*+1/2Hy(g) ~ H,CO

L]

' \
L
! HCOMH,(g)

C*+OH"+3/2H,(q) — R0
HC*+0*+3/2H,(g) WEEREAED )
H,CO™+1/2H,(g)
H,CO™H*+1/2H,(g) H,C*+0*+H,(g)
HCOH*+H*+1/2H,(g) HG*+OH"+H,(g)

§ ]
1 O* et 3CO*+1/2H2(g)\‘—”

HC*+0"+3/2H,(g) SCOH+112t(g

C+OH"+3/2H,(9) Gr40H +H,(g) —

H CO*+H2(Q) H.C*+OMH
HCOH*+H,(g) 2 2(9)

H,CO*+H*+1/2H,(g)

H,CO*+H*
HCOH*+H*+1/2H,(9)

H,COH*+H*

S12~

HQC*"'O*"'HQ(Q)‘_ :

H,COH*+1/2H,(g)

HoG*+OR+1/2Hy(g)
HsC+O"+1/2Hy(g)
H,COH*

H,CO"+H*

H*+H* H,C*+OH*

1 l

— S :
H,COH*+H*

H* H3C*+OH*

H,COH*

HyC*+0+1/2H(g)
H,C*+OH*+1/2H,(g)

-0.77
—_—

H,COH" :
HaC*+0*+1/2H,(g)
H,C*+0OH*+1/2H,(g)

H,C*+OH*



0.5+

Ir(210)
CO(g)+2H,(g)
004 — -0.11
| £
0.5 ' K |
] i 1
\ ! 1 -0.95
1.0 5 ! : : -1.08
I 7 | res
> \ ! ; 132" r P
Q9 i " 155 1 S = — ] |
> -1.54 \ : 1 ,or+138  — y i
9 | lf : Yo 4 ,f ! \; /’, ’-1.49 S I |
A} 1 ) ]
[0) ! i \ e v v it i g
5 | R T T T \ 199 ! !
w : g H X \ /, [ — 2 117*1'98“ P ’_\\\ I |
‘I _,/ 1" N 4 1 ,:—2.15 — /L1.99 }:: et 1 AN 1 |
25 ! ; n A .{\ \ 1y —1 J’ﬂ‘ o 2000 \
3 l’i L 1y 3 y 1 \ "—2.20‘ \
\ i \ & oy 9" 3 " 1 ; :
Iy
-3.0 1 \ 1 ] + ‘\=1 . y
i »  HCOH™+H(@)  HCO*+1/2H,(g) H,COH '
C*+O"+2H,(g)  H,CO*+H.(g) H,COH*+1/2H,(g) H,C™+OH"+1/2Hy(g)
354 " COH™3/2H,(g)  HC*+0*+3/2H,(g) H,C*+O"+Hy(g) —
’ CO*+2H,(g) HCO"+3/2H,(g)  C*+OH*+3/2H,(g) HC*+OH*+H,(g)
COH™+H*+H,(g)  HCOH™+H*+1/2H,(g) H3CO*+H"
CO*+H*+3/2Hy(g)  HCO™tH*+H,{g) H,CO*+H*+1/2H,(q) H,COH*+H* HyC+OH"
0.5 -
Ir(311)
0.0 J €O1)*2H(q)
— - -0.14
; i -0.36
! i \ J—
-0.5 = '| / \ ’ \
\ 'f \ by 1
| ; ! /| 090! -0.92
199 | ’114 57 G ~1.08 3
% : ’: L .‘ \ 1,, p \\‘ ’/, Fﬁ 3]'_2 F ||
1 ! i e
3, 154 | S s AT g / J
[@)] \ / i oy v — 4 7 +1.75% ’ i
o [ AN L1188 o=y f 188,
= ! { i B I o7 1L2.05" P |
T 20 - |‘ ’, %t 7 ;“ 90w / JIF’—\'\\‘ o ;ﬁ\\ﬁ
h W i 1 N L
1 / / Y | f’—l 98\
25+ L ool LY A = S
: —(\ 1 COH*+3/2H,(g)" rh Cr+OH™+3/2Py(g) ¢ \t \\\\ j{* )
CO*+2H,(g) " HC0’+3/2H2(9)‘,‘—‘;‘ H,CO"+Ha)y, = ! iy
g ey : —
-3.0 4 Yo HCOH"+H,(0) = H300"+1f2H2(g)“ ! '
\ *p " \ \
v n HC*+0*+3/2H,(g) H,COH*+1/2H,(q)
s | W— L
H,C*+0*+H,(g)
35 HC™+OH"+H,(g) H,COH*
COH"+H*+H,(g) H,CO™+H*+1/2H,(g) HyCO™H*  H,C*+O"+1/2H,(g)
CO*+H*+3/2H,(g) HCO*+H*+H,(g) HGOH*+H*+1/2H,(g) H,COH™H" H,C*+OH"+1/2H,(g)
0.5 1
Ir(221) o ois
CO(g)+2H;(9) ;o =
004 — y | Mg
) i 1
! ;o /034
1 1 ) il
f - 1
0.5 : ‘r 455 ‘L {{ l/ |‘i -0.67
! 1T ) | -0.89 S -0.84
! I g 1! Y y p— / | 1 |
-1.0 4 ' TR i it i ’ \ ’ ' ' i
% . o 1" 1 /=126 ' ' o
; i ] I \ | M J;t Iy p ,—u“ ’I ] | 1
! 1 ]
o 1.5+ ! - ;o =159 4\ S =174 LT A
() ; J noooaa " 173! r,0 AT 5 ,7@ ! I |
5 A U A AR S~ (A
h AL . N ? - . !
-2.0 4 'l ! I =<" i I ,:F v—( . ;F Ty ! .1
i ; i t'; \—(\ i V—f ] / " S i
— :C'+O‘+2H2(g)n r’ — i \' g | t‘|—l :
25 ! | COH™+3/2Hy(g}) |/ C™*OH" +3/2Hz(g) v o — |
CO*+2H,(g), ! HCO*+3/2Hy(g)' = HaCO™+Hx(g) \ — H,CO™+1/2H,(g) " |
HCOH*+H,(g) * H,COH* \_
Lo e ! H,COH*+1/2H,(g —
304 \ HC*+0*+3/2H,(g) HC”+OH*+H2(g) HaC*+0*+1/2H,(g)
H,C*+0*+H,(g) H,C"+OH"+1/2H,(g)
COH*+H*+H,y(g)  H,CO*+H*+1/2H,(g)  HyCO*+H*
CO™+H"+3/2H,(g) HCO*+H*+Hy(g) ~ HCOH"+H"+1/2Hy(g)  H,COH*+H* HaC*+OH*

Figure S16 Gibbs free energy PES of H-assisted CO dissociation on these six Ir surfaces on the surfaces
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Figure S17 Gibbs free energy PES of the minimum energy path of H-assisted CO dissociation and methanol formation on

these six Ir surfaces
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