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Fig. S1 The out-of-plane polarization in bare a-In,Se; monolayer, (a) P1 and (b) P| .

Formation energy
The formation energy (Err) for the ferroelectric DACs is calculated by the following equation,
Etor = Etotal — Esup — ETM1 - ETMZx (ES1)
where Egb and Eoal are the total energies of the substrate without and with the added two transition metal single atoms,
respectively. Etmi/Etwmz is calculated by dividing the energy of the most stable unit cell of a metal by the atomic stoichiometry

inside the cell.

Desorption energy
The desorption energy (Eqes) for the ferroelectric DACs is calculated by the following equation,
Eges = Etotal — Esup — E”}“Ml - E’;‘sz (ES2)

where Ery, /Ery,is the energy of isolated TM atom.

Table S1 The desorption energy (Eqes, in €V) and formation energy (Eror, in €V) for three TM -TM>@P1-In,Ses hetero-
configurations (Ni-Nb, Pd-Nb, and Rh-Nb) and Nb-Nb@P1-In,Se; homo-configuration.

Catalyst Eqes (eV) Efor (€V)
Ni-Nb@P1-In,Ses3 -12.94 2.74
Pd-Nb@P1-InsSes -12.27 1.91
Rh-Nb@P1-InzSes3 -14.35 2.26
Nb-Nb@P1-InsSes3 -14.23 6.65
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Fig. S2 Top and side veiws of the initial and final states of the Ni-Nb@P | -In,Ses configuration from AIMD simulations at
500 K and a duration of 10 ps.

Table S2 The number of electrons transferred ( in e) between the adsorbed TM single atoms and the ferroelectric substrates
for Pd-Nb@In,Ses;, Rh-Nb@In,Ses, Ni-Nb@In,Se; and Nb-Nb@In,Ses under P| and P1 states. Negative and positive values

represent electron loss and gain, respectively.

Catalyst Pd-Nb@-In,Ses3 Rh-Nb@-In,Ses Ni-Nb@In;Ses3 Nb-Nb@In,Se;
TM atoms Pd Nb Rh Nb Ni Nb Nb Nb

P| 0.16 -2.01 0.24 -1.96 -0.12 -1.91 -1.75 -1.37

Pt 0.15 -1.87 0.11 -2.07 -0.06 -1.81 -1.96 -1.79

Fig. S3 The out-of-plane polarization in Pd-Nb@In>Ses systems (P| and P1).
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Fig. S4 The search process for the minimum energy reaction pathways of the CO reduction reactions on (a) Pd-Nb@P| -
In,Ses, (b) Pd-Nb@P1-In,Ses, (¢) Rh-Nb@P | -In,Ses, and (d) Rh-Nb@P1-In»Ses. The red arrows denote disallowed reaction

paths, while the green arrows stand for the enabled ones.
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Fig. S5 Projected density of states (PDOS) of 4d orbitals for the Pd (red) and Nb (green) in Pd-Nb@In,Se; under P| and Pt

states. The dashed lines indicate the Fermi level. (b) The corresponding d band center positions for the Pd (red) and Nb

(green), showing their shifts with polarization switching.



&
1.4 = = = Nb-Nb@P|-In,Se, {

0.7

3 oo L% COCHO*
& oql S -7 128ev
S . CO*CHO* . )
o _14f ~_CO* .
$ > 2R
s 21f A ~.CO*CO*, E\'@

2.8+ f%; y &

-3.5

S

Reaction co-ordinate

Fig. S6 Nb-Nb@P | -In,Se; carries the CORR path, which ends in a C-C coupling step.
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Fig. S7 Schematic for the partition of the two moieties on the intermediates before C-C coupling reaction. Moietyl and

moiety2 separately consist of the single TM atoms with their attached C,H,0O. group.

Reaction free energy change
The reaction free energy change (AG) for each elementary step is calculated based on the computational hydrogen electrode
(CHE) model proposed by Nerskov and co-workers by the following equation:

AG = AE + AEzpp — TAS + eU + AGpy, (ES2)
where AE is the reaction energy obtained from DFT calculations. AEzpe and TAS are the contributions of the zero-point
energy and entropy to AG, respectively, which are obtained from the vibrational frequency. 7 is the temperature and taken as

298.15 K, and AS is the entropy change.

Table S3 Zero-point energy correction (Ezpg) and entropy contribution (75, 7=298.15 K) of molecules.

Species TS (eV) Ezpe (eV)

Cco 0.11 0.14

H,O 0.18 0.57




CH4 0.17 1.19

CoHy 0.15 1.38
CH3;CH,OH 0.25 2.11
CsHe 0.20 1.98

Table S4 The total energy (E), zero-point energy correction (Ezpg), entropy contribution (7S, 7=298.15 K), and the Gibbs

free energy (G) of adsorbates along the reaction pathway on Pd-Nb@P | -In,Ses, where * represents the adsorption site.

Species E (eV) TS (eV) Ezpe (eV) G (eV)
CO* -334.16 0.15 0.18 -334.13
CO*CO* -349.39 0.24 0.39 -349.24
CO*CHO* -352.35 0.20 0.64 -351.91
COCHO* -352.55 0.20 0.68 -352.07
CHOCHO* -355.89 0.17 0.92 -355.14
CHOHCHO* -360.15 0.19 1.30 -359.04
CHOHCHOH* -364.45 0.26 1.65 -363.06
CH,OHCHOH* -367.88 0.29 1.92 -366.25
CH,OHCH* -357.09 0.23 1.47 -355.85
CH,CH* -346.49 0.19 1.08 -345.60
CH,CHy* -350.66 0.19 1.37 -349.48
CH,CH3;* -353.31 0.16 1.60 -351.87
CH;CH5* -358.91 0.20 2.00 -357.11

Table S5 The total energy (E), zero-point energy correction (Ezpg), entropy contribution (7S, 7=298.15 K), and the Gibbs

free energy (G) of adsorbates along the reaction pathway on Pd-Nb@P1-In,Ses, where * represents the adsorption site.

Species E (eV) TS (eV) Ezpe (eV) G (eV)
CO* -331.60 0.07 0.19 -331.49
CO*CO* -346.98 0.21 0.37 -346.82
COCO* -347.81 0.21 0.42 -347.60
COCOH* -350.43 0.22 0.72 -349.94
cocC* -340.24 0.13 0.34 -340.04
COCH* -344.06 0.18 0.60 -343.64
CHOCH* -347.82 0.15 0.94 -347.04
CHOHCH* -350.79 0.22 1.22 -349.79
CHOHCH* -356.24 0.24 1.51 -354.96
CH>OHCH,* -358.58 0.20 1.83 -356.94
CH,CH,* -348.99 0.12 1.39 -347.72
CH,CH;* -351.90 0.20 1.69 -350.41




CH;CH;3* -355.85 0.15 1.98 -354.02

Table S6 The total energy (£), zero-point energy correction (£zpe), entropy contribution (7', 7=298.15 K), and the Gibbs

free energy (G) of adsorbates along the reaction pathway on Rh-Nb@P | -In,Ses, where * represents the adsorption site.

Species E (eV) TS (eV) Ezpe (V) G (eV)
CO* -336.28 0.14 0.21 -336.21
CO*CO* -351.48 0.24 0.38 -351.34
CO*CHO* -354.73 0.25 0.65 -354.33
COCHO* -355.00 0.27 0.71 -354.56
CHOCHO* -359.56 0.20 1.03 -358.73
CHOHCHO* -363.35 0.25 1.36 -362.24
CHOHCHOH* -352.28 0.15 0.94 -351.49
CH,OHCHOH* | -356.47 0.25 1.21 -355.51
CH,OHCH* -359.33 0.16 1.51 -357.98
CH,OHCH -362.56 0.30 1.82 -361.04
‘CH,OHCH3 -367.30 0.27 2.13 -365.44

Table S7 The total energy (E), zero-point energy correction (Ezpg), entropy contribution (7S, 7=298.15 K), and the Gibbs

free energy (G) of adsorbates along the reaction pathway on Rh-Nb@P7-In»Ses, where * represents the adsorption site.

Species E (eV) 7S (eV) Ezpe (V) G (eV)
Cco -333.52 0.09 0.20 -333.41
CHO -337.20 0.15 0.46 -336.89
CHOH -340.59 0.18 0.78 -339.99
CH -329.77 0.08 0.34 -329.51
CH, -334.08 0.14 0.59 -333.63
CH; -337.77 0.13 0.91 -336.99
CH4 -341.53 0.12 1.21 -340.44

Elementary steps in CORR and HER
All the hydrogenation reactions (R1~R56) considered in the search process for the minimum energy reaction pathways of

the CO reduction reactions can be written as:

CO(g) + CO* — CO*CO* (R1)
CO* +H +e& — CHO* (R2)
CO*CO* +H* +¢ — CO*CHO* (R3)
CO*CO* — COCO* (R4)
CO*CHO* — COCHO* (R5)
COCHO* + H+ e — CHOCHO* (R6)

COCHO* + Hf + e — COHCHO* R7)



COCHO* + H* + & — COCH,0O*
COCHO* + H' + & — COCHOH*
CHOCHO* + H* + ¢— CHOCHOH*
CHOCHO* + H* + & — CHOCH,O*
CHOCHOH* + H* + e— CHOHCHOH*
CHOCHOH* + H* + e— H,0(1) + CHOCH*
CHOCHOH* + H' + & — CH,OCHOH*
CHOCHOH* + H* + ¢ — CHOCH,OH*
CHOHCHOH* + H* + ¢ — CHOHCH,OH*
CHOHCHOH* + H* + & — H,0(l) + CHOHCH*
CHOHCH,OH* + H' + ¢ — H,O(l) + CHOHCH,*
CHOHCH,OH* + H' + ¢ — CH,OHCH,OH*
CHOHCH,OH* + H' + ¢ — H,O(l) + CHCH,OH*
CHOHCH,* + H* + ¢ — H,0(l) + CHCH,*
CHOHCH,* + H' + ¢ — CH,OHCH,*
CHOHCH,* + H* + ¢ — CHOHCH;*
CHCH,* + H' + & — CH,CH,*
CHCH,* + H' + & — CHCH3*
CH,CH,* + H' + & — CH,CH3*
CH;CH,* + H' + & — CH:CH3*
COCO* + H' + e — COCOH*
COCO* + H* + e — COCHO*
COCOH* + H" + & — H,0(1) + COC*
COCOH* + H* + e — COCHOH*
COCOH* + H* + e — COHCOH*
COCOH* + H* + e — CHOCOH*
COC* + H" +e — COCH*
COC* + H" +e — COHC*
COC* + H" +e — CHOC*
COCH* + H* + ¢ — CHOCH*
COCH* + H* + e — COHCH*
COCH* + H" + ¢ — COCH,*
CHOCH* + H" + & — CHOHCH*
CHOCH* + H* + & — CH,OCH*
CHOCH* + H" + & — CHOCH,*
CHOHCH* + H* + ¢ — CHOHCH,*
CHOHCH* + H" + & — H,O(l) + CHCH*
CHOHCH* + H* + & — CH,OHCH*

(R12)

(R8)
(R9)
(R10)
(R11)

(R13)
(R14)
(R15)
(R16)
(R17)
(R18)
(R19)
(R20)
(R21)
(R22)
(R23)
(R24)
(R25)
(R26)
(R27)
(R28)
(R29)
(R30)
(R31)
(R32)
(R33)
(R34)
(R35)
(R36)
(R37)
(R38)
(R39)
(R40)
(R41)
(R42)
(R43)
(R44)
(R45)



CH,OHCH,* + H* + e — CH,CH,*
CHOCH;* + H" + & — CHOHCH,*
CHOCH,* + H"+ e — CHOCH;*
CHOCH;* + H" + & — CH,OCH,*
CHO* + H" + ¢ — CHOH*
CHOH* + H' + & — H,0(l) + CH*
CHOH* + H" + e — CH,OH*
CH* +H"+e — CHy*
CH*+H'+ e — CH;3*
CH3*+ H'+ e — CHg*

The hydrogenation reactions (R57~R59) for HER can be written as:

Therefore, when U= 0V and pH = 0, AG for each elementary step (R1-R56) can be rewritten

as:

*+H"+e-— H*

H* + H" + e- — *+Ha(g)

AGry = Geowcor — Geox — Geo

1
AGry = Gepox — Geox — ;GH

2

1
AGrs = Geowcrox — Geoxcor — EGHZ

AGry = Geocox — Geoxcon
AGgs = Geoxcrox — Geocrox

1
AGR6 = GCHOCHO* - GCOCHO* - EGHZ

1
AGR7 = GCOHCHO* - GCOCHO* - EGHZ

1
AGgrg = Geocnyo+ — Geocros — ;GHZ

1
AGR‘B = GCOCHOH* - GCOCHO* - EGHZ

1
AGRlO = GCHOCHOH* - GCHOCHO* - EGHZ

1
AGgr11 = Genocyos — Gernocros — EGHZ

1
AGR12 = GCHOHCHOH* - GCHOCHOH* - EGHZ

1
AGgriz = Genocn + Gryo — Genochons — ;GHZ

1
AGgria = Genyochons — Genocrons — ;GHZ

1
AGrys = Genocryons — Genocrons — ;GHZ

(R56)
(R57)

(ES3)

(ES4)

(ES5)

(ES6)
(ES7)

(ES8)

(ES9)

(ES10)

(ES11)

(ES12)

(ES13)

(ES14)

(ES15)

(ES16)

(ES17)

(R46)
(R47)
(R48)
(R49)
(R50)
(RS51)
(R52)
(R53)
(R54)
(R55)



1
AGR16 = GCHOHCHZOH* - GCHOHCHOH* - EGHZ (ESlS)

1
AGry7 = Genoncens + Gryo — Gernoncrons — EGHZ (ES19)

1

AGrig = Geroncryons + Guyo = Geronchy« — EGHZ (ES20)
AGri9 = Genyonchyons = Genonchyons — %GHZ (ES21)
AGrao = Gencnyons + Gryo — Genoncyon- _%GHZ (ES22)
AGra1 = Gencrys + Guyo — Geronchy — %GHZ (ES23)
AGraz = Genyonchys — GeHoHCH, _§GH2 (ES24)
AGraz = Genonchys — Geronchy« = %GHZ (ES25)
AGgoy = GCHZCHZ* - GCHCHZ* _%GHZ (ES26)

AGpys = GCHCH3* - GCHCHZ* - %GHZ (ES27)

AGroe = GCH26H3* - GCHZCHZ* - %GHZ (ES28)
AGgy; = GCH3CH3* - GCH26H3* - %GHZ (ES29)
AGrag = Geocons — Geocos — %GHZ (ES30)

AGra9 = Geocrox — Geocos — %GHZ (ES31)

AGrso = Geocs + Gryo — Geoconr — %GHZ (ES32)
AGrsy = Geocrons — Geocons — %GHZ (ES33)

AGrsz = Geoncons — Geocons — %GHZ (ES34)

AGrsz = Gerocons — Geocons — %GHZ (ES35)

AGgrss = Geocns — Geocw — %GHZ (ES36)

AGgrss = Geones — Geocs _%GHZ (ES37)

AGrss = Genoc- — Geoc- — 5 G, (ES38)

AGrs7 = Genocus — Geocns — %GHZ (ES39)

1
AGgrsg = Geoncnr — Geocns — ;GHZ (ES40)



1
AGgrse = GCOCHZ* — Geochs — EGHZ

1
AGrao = Geoncy — Geoncns — EGHZ

1
AGra1 = Genoncy — Genochx — EGHZ

1
AGraz = Genocy — Genochx — EGHZ

1
AGraz = Geponcy — Genoncr« — EGHZ

1
AGrasa = Genenw + Guyo — Genoncn« — EGHZ

1
AGras = Genyonch« — Genoncns — EGHZ

lGH

AGrye = GCHZCHZ* - GCHZOHCHZ* —3

2

1

AGra7 = Geroncty« — GeorcHys — EGHZ

6,

AGpyg = GCHOCH3* - GCOHCHZ* 3

2

lGH

AGryo = GCHZOCHZ* - GCOHCHZ* —3

2

1
AGgrso = Gerons — Genox — ;GHZ

1
AGgsy = Gepe + Guyo — Genons — 5 G,

1
AGgs, = GCHZOH — Gcronx — ;GHZ

1

AGgss = GCH2 — Gepw — ;GHZ

16,

AGgsy = GCH3 - GCHZ* 3

2

16,

AGgss = GCH4 - GCH3* 3

2

1
AGgse = Gy — G. — ;GH

2

1
AGR57 = GHZ + G* - EGH

2

(ES41)

(ES42)

(ES43)

(ES44)

(ES45)

(ES46)

(ES47)

(ES48)

(ES49)

(ES50)

(ES51)

(ES52)

(ES53)

(ES54)

(ES55)

(ES56)

(ES57)

(ES58)

(ES59)



