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S.1 Rationale on Ni(111)-M Surfaces Structure

Several following subsections require visual assistance in locating important atoms. The following illustration
will be used to refer the dopant M atom (symbolized with grey circle) and a near-to-dopant Ni atom (symbolized
with blue circle). Both atoms are situated in the topmost layer of Ni(111)-M surface slab.

S.1.1 Convergence Test Result
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Figure S.1: Kinetic energy cutoff parameter optimization for (a) wavefunction (ecutwfc) and (b) charge density
(ecutrho). The convergence test shows that 30 Ry for ecutwfc and 200 Ry for ecutrho are sufficient to obtain

converged results.



S.1.2 Projected Density of States (PDOS) of Ni(111)-M Surfaces
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Figure S.2: PDOS of d-orbital of dopant M atom, near-to-dopant Ni atom, and Ni atom from Ni(111) surface
for reference. The PDOS are calculated relative to each surface’s Fermi energy (Er).

Based on the projected d-orbital density of states, we calculated each surface’s theoretical d-band center for
spin-up, spin-down, and the average.

Table S.1: d-band center of each Ni(111)-M surface relative to its Fermi energy.

d-band center [eV]

Surface Spin-up Spin-down Average
Ni(111) —2.10 —1.63 —1.86
Ni(111)-Cu —2.14 ~1.75 ~1.94
Ni(111)-Pd —-2.21 —1.80 —2.00
Ni(111)-Pt —2.26 —1.88 —2.07
Ni(111)-Rh —2.21 —1.77 —1.99
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S.1.3 Magnetic Moment of Topmost Layer of Ni(111)-M

In this section, we provide magnetic moment value of dopant M atom and the near-to-dopant Ni atom.

Magnetic moment (in Bohr magneton)

Ni(111) Ni(111)-Cu Ni(111)-Pd Ni(111)-Pt Ni(111)-Rh
M 0.6950 0.0276 0.2096 0.2758 0.8343
Ni 0.6951 0.6687 0.7210 0.6953 0.7315

S.1.4 Adsorption Energy Comparison
Variation in Atomic Layers of Ni(111)-M
Table S.2: Adsorption energy of COy and CH3OH on Ni(111)-M of various number of atomic layers. Using

3 x 3 unit cell, three variations of layers were simulated: 3 layers (topmost layer is relaxed), 4 layers (2 topmost
layers are relaxed), and 5 layers (2 topmost layers are relaxed).

E,4s CO2 [eV] E,4s CH;0H [eV]
Surface 3 Layers 4 Layers 5 Layers 3 Layers 4 Layers 5 Layers
Ni(111) —0.24 —0.25 —0.26 —0.48 —0.77 —0.76
Ni(111)-Cu —0.23 —0.23 —0.24 —0.71 —0.76 —0.76
Ni(111)-Pd —0.23 —0.24 —0.25 —0.74 —0.78 —0.78
Ni(111)-Pt —0.29 —0.29 —0.30 —0.78 —0.83 —0.83
Ni(111)-Rh —0.23 —0.24 —0.25 —0.48 —0.51 —0.52

Variation in Pt Concentration

Table S.3: Adsorption energy of COy and CH30H on Ni(111)-Pt of various dopant concentration. 1/9 ML
coverage is represented with 3 x 3 unit cell size, 1/16 ML with 4 x 4, and 1/25 ML with 5 x 5. All surface slabs
consist of 3 atomic layers where the topmost layer is relaxed and two beneath layers are fixed.

Eaas COy [eV] Eqqs CH30H [eV]
Surface 1/9 ML 1/16 ML 1/25 ML 1/9 ML 1/16 ML 1/25 ML
Ni(111)-Pt —0.29 —0.28 —0.28 —0.78 —0.77 —0.77
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S.1.5 Adsorbates Binding Energy on Ni(111)-M Surfaces

Table S.4: Binding energies (BE) of all adsorbed species involved in the reaction network. All of the BEs are
calculated in respect to its molecular species. ZPE corrections are inadvertently neglected.

Species Binding Energy [eV]
Ni(111) Ni(111)-Cu  Ni(111)-Pd  Ni(111)-Pt  Ni(111)-Rh

H* —3.83 -3.77 —-3.74 —3.68 —3.82
oH* —3.80 —3.69 —3.64 —3.59 —3.69
CO* —2.05 —2.11 —2.02 —1.99 —2.05
H,O* —0.52 —0.52 —0.52 —0.57 —0.54
COy* —0.24 —0.23 —0.23 —0.29 —0.23
HCOO* —3.42 —-3.45 —2.36 —2.60 -3.33
H,COO* —0.25 —0.34 —0.29 —0.14 —0.38
HCOOH* —0.42 —0.42 —0.37 —0.37 —-0.41
H,COOH* -3.00 -3.00 —2.93 —2.97 —2.91
COOH* —2.89 —3.00 —2.92 —2.86 —2.90
HCO* —2.80 —2.83 —2.77 —2.74 —2.86
COH* -5.01 —5.05 —-4.97 —4.95 -5.03
HCOH* —3.30 —3.26 —3.20 —3.23 —3.42
H,COH* —2.35 —2.14 —2.35 —2.42 —2.24
H,CO* —1.02 —1.41 —1.30 —0.95 —1.04
H;CO* —3.15 —3.12 —3.04 —3.01 —3.04
CH3;0H* —0.49 —-0.71 —0.76 —0.78 —0.50

S.2 Microkinetic Modeling

S.2.1 Pre-exponential Factor Definition

The pre-exponential factor depends on the type of reactions: adsorption, surface, or desorption reaction [I]. For

adsorption reaction [2],
Ao

—_— 1
vV 27kaBT ( )
where A is effective surface area of the catalyst, o is sticking coefficient, and m is molecular mass. The pre-

exponential factor has unit of Pa=! s~!. For all Ni(111)-M surfaces, the effective surface area has been calculated
to be 2.71 x 10719 m?2. For surface reaction,

ads __
A =

kT QTS
hQ

where h corresponds for Planck constant, QTS refers to partition function in transition state, and @ conforms
to partition function in ground state (inital or final state). In most cases, the partition function ratios equal
almost to 1 leaving the pre-exponential factor with order-of-magnitude estimates kgT'/h ~ 10** s=1 [1]. For
desorption reaction [2],

surf __
AT =

(2)

kBTS A(27kaB)
h3 €@r0t

where ¢ is molecular symmetry number and O, is the characteristic temperature for rotation.

des __
Ag® =

3)
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S.2.2 Microkinetic Model Derivation

In this section, we demonstrate the derivation of microkinetic model for formate-mediated and carboxyl-
mediated route taking place on Ni(111)-Cu surface as an example. For other surfaces, the derivation steps
are identical. The elementary steps involved in formate-mediated route are arranged as:

Hy(g) + 2% = 2H" (S.R1)
COy(g) + * = COy* (SR2)
CO,* + H* = HCOO* + * (SR3)
HCOO* + H* — HCOOH" + * (S.R4)
HCOOH* + H* = H,COOH* + * (S.R5)
HyCOOH* + * = H,CO* + OH* (S.R6)
OH* + H* — H,0(g) + 2* (SR7)
H,CO* + H* — H3CO* +* (S.R8)
H3CO* + H* — CH30H* + * (S.R9)
CH30H* — CH30H (g) + * (S.R10)

Refering to the DFT result, we found that step S.R4 and S.R9 have the highest energy barrier. Therefore, we
define step S.R4 and S.R9 as the rate-limiting steps for formate-mediated pathway taking place on Ni(111)-Cu.
All other steps are then set to be quasi-equilibrated. The rate law for S.R4 and S.R9 are written as:
Ry = k3 Oucoobu — ki Oncoomnt (S.1)
Ry = kJ&HSCOGH — k§90H30H9* (82)

where k™ corresponds to forward reaction rate constant, k= for backward reaction rate constant, and fx is the
coverage of species X. The equilibrium equation for other steps are defined as follow.

ki Pa,02 = ki 0% (S-3)
k;rpco29* = k‘;@COQ (84)
ki 0o, 00 = k3 Orcoob. (S.5)
kS Oncoontu = ki Ou,coonb- (S.6)
k¢ Om,coonds = kg Ou,cobon (8.7)
kT Oonbu = ky Pu,00? (S.8)
ng@choeH = kg Ouycobs (S.9)
k;r()GCH3OH = k;()PCH3OH9* (8.10)
Px is standard pressure of species X (Px = py/p° where p° = 1 bar). The coverages are expressed as:
Oy = /K1 Pu,0, = Cnb. (S.11)
9(302 = KQPCOQG* = CCOQQ* (S.12)
P,
QCH;;OH = %0* = CCHgOHa* (813)
10
fucoo = K3Cco,Cubs = Cucoobs (S.14)
Py,o
fon = 2= 0, = Coub: S.15
S OH (S.15)
kfC Cq + kg C,
O co = 4 HCOO _H 1 k9 Cconzon 0, = Cri,c00. (S.16)
ke + ky ConsonPayo
O K Ko K7 KsC}
Cu,co
0 =20, =C 0. S.17
H.CO RsCr H,CO ( )
C C
fu,coon = %{SOH@* = Cu,cooubx (S.18)
Ch,cooH
0 = =229, =C 0, S.19
HCOOH KoCrn HCOOH (S.19)

where K is equilibrium constant (K = kT /k™). These coverages have to suffice the conservation law of coverages:

01 + 0co, + Oucoo + Oucoon + Ou,coon + 0ou + Ou,co + Ou,co + Ocuzon + 0. =1 (5.20)
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Lastly, the turnover frequency of this mechanism can be expressed using either rate law of reaction S.R4 or

S.R9. Using the rate law of S.R4,

The elementary steps involved in carboxyl-mediated route are arranged as:

R = [k} CucooCu — ki Cucoon) 07

Hy(g) +2* = 2H*

CO2(g) +* == COy*

COy* + H* = COOH* + *
COOH* +* == CO* + OH*
OH* + H* = H,0(g) + 2"
CO* + H* — HCO* + *
HCO* + H* == H,CO* +*
H,CO* + H* == H3CO* +*

H;CO* + H* — CH3OH" +*

CH;0H* — CH3;OH(g) + *

(S.21)

On Ni(111)-Cu surface, reaction S.R16 and S.R19 are considered as the rate-limiting steps. Identical to what
we have described before, all other steps are set to be quasi-equilibrated. The rate law for these rate-limiting

steps are:

Ris = kig0cobu — kigfucobx

Rig = k{70m,c00n — kigfcH,0m0x

Equilibrium equation for other steps are listed as:

The coverages are expressed as:

ki1 P02 = ki, 6%

k3 Pco,b = kiyfco2
k0c0,0u = kiz0coonfs
kf0coonts = ki,0cobon
kfs0onbu = ki Pa,00?
ki 0ncofn = ki-0m,c00-
kiOn,cofu = kigfn,cobs

+ —
k3s0cu,0m = koo Pensonfs

Ou = /K11 Pu,0. = Cub.

0co, = K12Pco,0« = Cco,b0«

fcoon = K13Cco,Cub« = Ccoonbs

Py,0
fon = 20, = Coubx
OH = 7 G oH
K14C,
fco = w& = Ccobs
oH
) _ Pemon, )
cuson = = = 0. = Congonts
P _ kfsCcoCh + kigCon,on
HCO =

kiBKle?CEI + k1_6
Ou,co = K17CucoCubs = Cu,cobs
0u,co = K18Cn,coCub = Cu,cobx

The conservation law of coverages can be written as:

0u + 0co, + fcoon + bco + Oon + Ouco + Ou,co + Onsco + Ocnson + 0« =1
The turnover frequency for carboxyl-mediated route can be expressed using the rate law of S.R16.

R= [kIFGCCOCH — kﬂ;CHCO] 95
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S.2.3 Equilibrium Conversion

Using inlet gas (CO2 and Hsy) with pressure ratio of 1 : 3, respectively, we have calculated the equilibrium
conversion for CO5 at 473 — 573 K and 75 bar. The ratio choice is based on the stoichiometric coefficient of

those species.
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Figure S.3: Equilibrium conversion rate of CO5 with initial pressure ratio of 1 : 3 in respect to Ho at 473 — 573
K and 75 bar.

Result of this conversion rate is used to determine the partial pressure of all gaseous species involved in methanol
synthesis process (CO2, Ha, H2O, and CH30H) at a total pressure of 75 bar.
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S.2.4 Microkinetic Result

Using equations enlisted in our microkinetic model and each gaseous species’ calculated partial pressure, we
calculated TOF value of all pathways. In total, there are four pathways considered in this submission.

1. Formate-mediated route via HoCOO™* intermediate

2. Formate-mediated route via HCOOH* intermediate
3. Carboxyl-mediated route via HCO* intermediate
4

. Carboxyl-mediated route via COH* intermediate

TOF result as a function of temperature of these routes are depicted through Figure [S-4]
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Figure S.4: TOF result as a function of temperature for (a) formate-mediated route via HoCOO* intermediate,
(b) formate-mediated route via HCOOH* intermediate, (¢) carboxyl-mediated route via HCO* intermediate,
and (d) carboxyl-mediated route via COH* intermediate. The calculation was done using total pressure of 75
bar with temperature-dependent extent of reaction.
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