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Table S1. The electronic adsorption energy (4E.q4s) in €V and adsorption sites of species on Ni(111)

and Nii¢/ZrO; under electric fields.

Ni]}/ Ni25/ Ni]3/ Ni]z/ Ni55/
Species Ni(111)! Ni6/ZrO2(110) 7ZrO,  ZrOy  CeO, MgO AlO;

(1012 (101 (111)* (100)® (110)

Field (V/A) 00 -06 +0.6 00 -06 +0.6

CH4* -0.11 -0.10 -0.13 -0.22 -0.45 -030 -0.31 -0.35 -044 -0.05 0.00
CHz* -1.59 -146 -1.65 -229 -2.09 -249 -195 -149 -257 -2.12 --

CHy* -3.59 -3.60 -3.61 -430 -398 -436 -437 -198 -452 -4.03 -

CH* -596 -6.06 -5.82 -6.25 -6.28 -642 -6.19 -297 -720 -6.24 --
C* -6.34 -6.23 -6.17 -7.07 -6.52 -6.68 -8.71 -- -7.88  -8.15 --
H* 271 271 -2.69 -3.61 -276 -271 -3.89 -- -2.68  -0.20 --
COx* -0.16 -0.16 -0.17 -0.66 -0.88 -0.48 -1.51 -- -- -0.76  -1.49
CO* -1.59 -1.73 -146 -220 -228 -224 -2.09 -135 -2.18 -1.81 -1.48
o* -532 -526 -491 -5.65 -5.55 -552 -7.70 -- -586 -2.42  -6.05
CHO* -2.03 -1.86 -1.86 -2.65 -247 -2.77 -243 -- -- -2.38 --

CH,O* -0.54 -0.27 -0.38 -1.38 -0.60 -1.00 -0.50 -- -- -- --

COOH* -2.05 -222 -1.79 -271 -281 -2.62 -- -- -- -- --

OH* -3.19 272 -298 -4.18 -3.75 -3.88 -3.73 -- -3.97 -- -3.76
H,O* -023 -0.12 -0.23 -0.53 -0.68 -0.41 0.10 -- -- -- -0.48
Hy* 0.05 0.14 -0.01 -0.40 -0.68 -0.61 -- -- -0.47 -- --
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Table S2. The activation energy (4E,) and reaction energy (4E) in eV of all elementary reactions on

Niie/ZrO; under electric fields.

Model Nim/ZrOz
Electric field 0.0 V/A -0.6 V/A +0.6 V/A
Reaction AE, AE AE, AE AE, AE

CHyg—> CHy*+H* 078 -0.11 067 017 057 -0.02
CHug— CHs*+H-O.* 061 -1.01 035 -1.03 027 -135
CH3* —> CHy*+H* 045 001 062 -0.07 075 020
CH,* —> CH*+H* 040 -027 037 -035 034 -0.24
CH* — C*+H* 1.19 074 114 062 137 090
COxp — CO*+O* 0.13 -1.73 -0.18 -1.62 0.14 -1.76
COygtH* —> COOH* 023 -0.10 035 -0.12 065 -0.16
COOH* —» CO*+OH*  0.10 -130 033 -140 040 -136
C*+0* — CO* 123 -1.79 129 -139 120 -1.93
CH*+O* — CHO* 1.14 007 1.03 020 087 0.02
CHO* — CO*+H* 025 -1.14 039 -1.07 048 -0.60
CH,*+O* - CH,O* 125 041 131 048 125 034

CH,O* — CHO*+H* 051 -029 042 -052 050 0.04

O*+H* —> OH* 138 005 148 -038 150 -0.35
OH*+H* — H,0) 142 095 132 064 158 1.12
H*+H* — Hyg 061 082 074 110 082 126

200 — COxtC* 145 124 074 055 086  0.64

C*, diffusion 049 -022 049 -021 059 -0.12
2C* —» C-C* 045 -079 048 -077 032 -0.90
2CH*— CH-CH* 027 -055 035 -037 021 -0.56

Note: Zero-point energy (ZPE) correction is included.
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Table S3. The activation energy (4E,) and reaction energy (4F) in eV of elementary reactions on other

Ni-supported catalysts reported in literature.

Model
Zr0,(110) Zr0,(101)? Zr0,(101)3 CeOx(111)* MgO(100)°
Reaction AE, AE AE, AE AE, AE AE, AE AE, AE

CHyp— CHy*+H* 078 -0.11 -0.10 -0.87 057 021 -0.10 -0.12 340 0.05
CHyg—> CHs*+H-OL*  0.61 -1.01 - - - - - - - -
CH3* — CH,*+H* 045 0.0l 037 -034 080 052 068 034 258 077
CH,* — CH*+H* 040 -027 036 -052 071 054 036 -0.78 192 -0.13
CH* — C*+H* 1.19 074 038 -0.15 132 089 072 -0.16 139 0.55
COyg —> CO*+O* 013 -1.73 -007 -130 - - - —~ 033 -0.79
COyeH* — COOH* 023  -0.10  -- - - - - - - -

COOH* —» CO*+OH*  0.10  -1.30 -- - - - - - - -

C*+0* — CO* 123 -1.79 1.12 -047 131 -143 147 -031 224 -1.76
CH*+0O* — CHO* 1.14 007 261 0.79 - - - — 328 044
CHO* — CO*+H* 025 -1.14 - - - - - — 164 -131

CH*+O* > CH,0* 125 041 218 1.14 - - - ~ - -
CH,0* > CHO*+H* 051  -029 - - - - - - - -
O*+H* — OH* 138 -0.05 1.10 0.09 - - - - - -
OH*+H* - H,0 142 095 177 151 — - - - - -
H*+H* — Hyg 0.61 082 048 041 - ~ 062 094 - -

200 —> COytC* 145 124 - - - - - - - -

C*, diffusion 049 -0.22 -- - - - - - - -
2C* — C-C* 045 -0.79 -- -- 0.42 -1.39 -- -- -- --
2CH*— CH-CH* 027 -0.55 - - — - - - - -
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Table S4. The distance of TS in all elementary reactions on Nij¢/ZrO> under electric fields. (Unit: A)

Niie/ZrO>

Reaction (distance of TS) 0.0 V/A -0.6 V/A +0.6 V/A
CHa — CHy*+H* (dcar) 1.658 1.641 1.679
CHatp — CHy*+OH* (derr) 1358 1357 1.360
CH;* —» CHy*+H* (dcn) 1.793 1.812 1.794
CHy* » CH*+H* (dc-n) 1.714 1.711 1.638
CH* —» C*+H* (dc.n) 1.629 1.610 1.609
COz*— CO*+0* (dc.o) 1.730 1.773 1.729
CO*+H* - COOH* (dc-n) 1.408 1.406 1.407
COOH* —» CO*+OH* (dc-0) 1.621 1.697 1.660
C*+0O* —» CO* (dc.o) 1.915 1.913 1.908
CH*+0* — CHO* (dc-0) 1.884 1.879 1.887
CHO* —» CO*+H* (dc.n) 1.191 1.180 1.175
CH,*+0* — CH,0* (dc.o) 1.929 1.927 1.931
CH,O0* —» CHO*+H* (dc-n) 1.715 1.672 1.577
O*+H* — OH* (do-n) 1.392 1.388 1.363
OH*+H* — H,O* (do-n) 1.509 1.492 1.532
H*+H* - Ho* (du-n) 1.313 1.316 1.303
2CO* = CO*+C* (dc.0) 1.916 1.756 2.033
2C* > C2* (dcc) 2.029 2.024 2.021
2CH*— C;H»* (dc.c) 2.014 2.005 2.024
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Figure S1. The (a) Bader charge and (b) charge density difference plot of Ni16/ZrO2 with ZEF, NEF
and PEF. (The values in the figure represent the charge of single atom.) The green, red, grayish-green,
and purple represent Ni, O, and Zr, respectively. Isosurface level used for the charge density plot was

0.007 e/Bohr’. The yellow (cyan) color represents the charge accumulation (depletion).
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Figure S2. The front view of the DRM intermediates on Nijs/ZrO: interface. The green, red, and

grayish-green represent Ni, O, and Zr, respectively.
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(12) CH2*+O* CH20* '

(9) CH+O*=CO* '

Figure S3. The front view of IS, TS, and FS of elementary reaction involved in DRM

reaction on Ni¢/ZrO; surface.
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Figure S4. Potential energy profiles of (a) CH2-O, (b) CH-O, and (c) C-O oxidation on Ni¢/ZrO> and

under electric fields.
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2:CH,(2)+CO,(g), b:CHy(g)+CO*+0%, ¢:CH; *+H*+C0O*+0%, d:CH,*+2H*+CO*+0%,
e:CH, 0*+2H*+CO*, f:CHO*+3H*+CO*, g:2CO*+4H*, h:2CO*+2H,*, i:2CO(g)+2H,(g)
e:CH*+3H*+CO*+0%, f:CHO*+3H*+CO*, g:2CO*+4H*, h:2CO*+2H,*, i:2C0O(g)+2H,(g)

Figure S5. Gibbs free energy profiles of CHx-O (0-2) oxidation DRM reaction pathways on Nii¢/ZrO2

under (a) ZEF, (b) NEF, and (c) PEF at 1073.15 K.
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Figure S6. Relationship of the energy barrier and reaction energy for C—H breaking (R1, R3-5, R11,

and R13) elementary reactions involved in the DRM reaction on (a) Ni(111) and (b) Nii¢/ZrO; under

electric fields.
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(a) 4d — zEF (b) 3] — ZFF
—— NEF

a:CH,4(g)+H,0(g), b: CH,(g)+OH*+H*, a:H(g)+CO;(g), b:2H*+CO;(g),
c:CH,(g)+2H*+0%, d:CHy*+3H*+0%, ¢:2H*+CO*+0%*, d:H*+CO*+OH*,
e:CH,*+4H*+0%*, f:CH*+5H*+0*, e:H,0*+CO*, f:H,0(g)+CO(g)

g:CHO*+5H*, h: CO*+6H*, i:CO*+3H,*,
i:CO(g)+3H;(g)

Figure S7. Gibbs free energy profiles of the most favorable (a) SRM reaction and (b) RWGS reaction
on Nij¢/ZrO; under electric fields at 1073.15 K.
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