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Supporting Information

Table S1. Imaginary frequencies for transition states of every elementary step on M-TiO, (M=V,
Cr, Mn, Fe, Co, Mo, and Ce) and TiO,.

fem’! TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8 TS9
TiO, 502.62 / 148.61 / / / / / 90.49
\Y% 768.60 / 605.81 / / / 512.90 / 111.44
Cr 746.89 / 312.28 / 31.86 211.54 180.16 / 148.06
Mn 948.90 / 610.12 / / / 197.28 / 226.32
Fe 945.09 / / 32.43 83.54 118.41 1343.86 / 247.50
Co 941.49 / / 37.46 / 122.39 / / 157.93
Mo 382.51 38.21 705.82 138.36 119.14 512.14 1050.20 109.13 663.71

Ce 1366.40 / 181.45 109.08 623.00 / / / 103.95




Table S2. Imaginary frequencies for transition states of TS1 (NH; dissociation) and TS7 (NH,
dissociation) on M-TiO, (M = 3d and 4d transition metals and Ce).

Jem! Sc TiO, A% Cr Mn Fe Co Ni Cu Zn

TSI 1341.39 502.62 768.60 746.89 948.90 945.09 941.49 1062.70 1160.75 1093.17

TS7 175.36 / 512.90 180.16 197.28 1343.86 / 100.74 1033.58 /

fem! Y Zr Nb Mo Te Ru Rh Pd Ag Cd Ce
TS1 1408.07 265.00 557.22 382.51 869.59 1085.76 933.50 1244.73 1169.61 1222.32 1366.40

TS7 199.44 / 536.85 1050.20 1280.93 165.66 172.81 616.99 / 1060.48 /




Table S3. Reaction energies and energy barriers of every step for N, formation M-TiO, (M=V, Cr,
Mn, Fe, Co, Mo, and Ce) and TiO; (correspond to Fig. 3-4).
eV TiO, Vv Cr Mn Fe Co Mo Ce
NH;* -1.16 -124 -128 -138 -0.84 -093 -15 -0.88
TS1 1.31 1.43 1.34 097 1.35 0.65 1.39 1.26
NH,* 099 093 0.64 0.66 1.06  0.18 0.73  0.87
TS2 / / / / / / 0.087 /
NH,NO -1.03 -137 -198 -2.18 -2.81 -1.8  -0.69 -1.65
NH,NO* -0.44 -0.52 -0.53 -0.33 -047 -049 -0.51 -0.39

TS3 061 041 044 053 / / 0.55 0.62
HNNOH  0.57 037 044 0.4 0.4 0.52 0.5 0.52
TS4 / / / / 043 043 068 0.75
HNNOH® 085 073 078 029 042 042 0.63 0.2
TS5 / / 0.004 / 0.014 / 0.29 0.2
N, -2.51 292 274 -1.85 -244 -223 -3.13 -2.01
TS6 / / 0.007 / 0.01  0.022 0.067 /

H,O -0.65 / -0.19 -082 -025 -047 -0.06 -0.45
H* 08 087 094 071 0.69 0.68 1.13 1.05




Table S4. Reaction energies and energy barriers of every step for N,O formation on M-TiO, (M =
3d and 4d transition metals and Ce) (correspond to Fig. 5).

/eV NH;* TS1 NH,* TS7 NH* TS8 NHNO* TS9 N,O

TiO, -1.16 131 0.99 / 1.56 / -2.25 0.27  -0.08
v -1.24 143 0.93 1.04 0.96 / -1.84 0.03 -0.19
Cr -1.28 134 0.64 1.63 1.07 / -2.81 0.74  -0.18
Mn -1.38  0.97 0.66 133 097 / -3.04 0.19 -0.73
Fe -0.84 135 1.06 1.14 036 / -2.84 031  -0.79
Co -093  0.65 0.18 / 0.76 / -2.92 0.56  -0.50

Mo -1.50  1.39 0.73 1.29 073  0.04 -1.40 0.73 0.29

Ce -0.88  1.26 0.87 / 1.42 / -3.71 0.81 0.68




Table S5. Reaction energies and energy barriers of NH; and NH, dissociation on M-TiO, (M = 3d
and 4d transition metals and Ce) (correspond to Fig. 7).

eV NHz*  TSI(Epp1) NHy TS7  NH*  Egpo

Sc -1.04 0.89 -0.27 148 1.44 1.21
TiO, -1.16 1.31 0.99 / 1.53 2.55
v -1.24 1.43 0.93 1.04 096 1.97
Cr -1.28 1.34 0.64 1.63 1.07 2.27
Mn -1.38 0.97 0.66 1.33 0.97 1.99
Fe -0.84 1.35 1.06 1.14  0.36 2.20
Co -0.93 0.65 0.18 / 0.76 0.94
Ni -1.22 0.68 044 027 0.09 0.71
Cu -1.03 0.68 -0.06 040 0.14 0.68
Zn -0.77 0.62 -0.10 0 -0.30  0.62
Y -1.01 0.71 -0.12 1.05 098 0.92
Zr -1.41 1.26 0.93 / 2.00 2.93
Nb -0.59 1.25 0.88 1.06  0.82 1.94
Mo -1.50 1.39 0.73 1.29  0.73 2.02
Tc -1.63 1.23 0.82 1.02  0.72 1.84
Ru -1.88 1.25 070 079 0.76 1.49
Rh -1.89 1.12 0.33 1.29 1.28 1.62
Pd -2.00 0.90 0.42 1.45 1.38 1.87
Ag -0.88 0.75 0.16 / 0.44 0.75
Cd -0.76 0.72 -0.15 042 -0.1 0.72

Ce -0.88 1.26 0.87 / 1.42 2.29




Table S6. Oxygen vacancy formation energy of O,.; (Evo.1), Oz (Evo.1), and the sum of Oy ;
and Oy, (Evo.1), doping energy, Bader charge transfer of doping metal, O,..; and O, after
doping on M-TiO, (M = 3d and 4d transition metals and Ce) (correspond to Fig. 9-10).

Doping  Bader charge transfer =~ Bader charge transfer ~ Bader charge transfer

/eV Evo. Evoa Evo.sum
energy of doping metal/e of O, /e of Oyc.0/e

Sc 1.19 -0.25 217 1.01 0.9058 1.48 2.67
Ti 3.49 0 -2.02 0.92 0.9196 3.57 7.06
\Y 2.8 2.06 -1.91 0.86 0.9207 3.44 6.24
Cr 1.87 221 -1.80 0.82 0.9178 2.35 422
Mn 0.6 5.09 -1.76 0.85 0.9222 2.04 2.64
Fe 1.04 4.41 -1.72 0.80 0.9215 2.31 3.35
Co 0.14 5.97 -1.53 0.72 0.9124 2.20 2.34
Ni -0.94 6.90 -1.31 0.63 0.9125 0.29 -0.7
Cu -1.39 8.86 -1.21 0.62 0.9082 -0.13 -1.5
Zn -1.67 8.83 -1.29 0.59 0.9055 -0.26 -1.9
Y 1.06 0.60 -2.27 1.05 0.9108 1.43 2.49
Zr 4.75 2.0 -2.36 1.01 0.9228 3.50 8.25
Nb 4.60 -2.82 -2.78 1.03 0.9223 3.44 8.04
Mo 3.54 2.51 -1.99 0.91 0.92 3.45 6.99
Te 3.75 1.22 -1.79 0.86 0.9199 3.45 7.20
Ru 2.77 2.70 -1.59 0.80 0.9178 3.42 6.19
Rh 1.89 4.45 -1.42 0.72 0.9183 2.56 4.45
Pd 0.69 7.84 -1.31 0.76 0.9172 1.46 2.15
Ag -0.56 10.44 -1.18 0.63 0.9027 0.69 0.13
Cd -1.51 10.65 -1.31 0.62 0.8954 -0.22 -1.70

Ce 2.28 -1.43 -2.32 0.96 0.9246 3.45 5.73




Table S7. Electronic energies and Gibbs free energies (at 150 and 250 °C) for reaction energies

and barriers of every step for N, formation on Mn-TiO, (correspond to Fig. 3-4).

/eV AE(el) AG(150°C)  AG(250°C)
NH;* -1.38 -0.44 -0.50
TSI 0.97 0.85 0.81
NH,* 0.66 0.56 0.55
TS2 / / /
NH,NO 2.18 -2.02 2.05
NH,NO* -0.33 -0.34 -0.36
TS3 0.53 0.47 0.49
HNNOH 0.40 0.41 0.41
TS4 / / /
HNNOH’ 0.29 0.23 021
TS5 / / /
N> -1.85 -1.98 -1.99
TS6 / / /
H,0 -0.82 -0.77 -0.70

H* 0.71 0.14 0.20




Table S8. Electronic energies and free energies (at 150 and 250 °C) for reaction energies and
barriers of every step for N,O formation on Mn-TiO; (correspond to Fig. 5).

/eV NHs;* TS1 NH,* TS7 NH* TS8 NHNO* TS9 N,O
AE(el) -1.38 097 0.66 1.33 097 / -3.04 0.19 -0.73
AG(150°C)  -044  0.85 0.56 1.26  0.89 / -2.93 024 -0.68

AG(250°C)  -0.50  0.81 0.55 1.27  0.88 / -2.98 024  -0.69




Table S9. Electronic energies and free energies (at 150 and 250 °C) for reaction energies and
barriers of every step for NH; and NH; dissociation on M-TiO, M=V, Cr, Mn, Fe, Co, Mo, and Ce)
and TiO; (correspond to Fig. 5).

leV NH; TS1(Egpr) NH, TS7 NH Eupp

AE(el) -1.16 131 099 /153 2.55

TiO, AG(150°C) -0.23 1.19 103/ 142 245
AG(250°C) -0.28 1.19 101/ 141 2.42

AE(el) -1.24 1.43 093 104 096 1.97

\% AG(150°C) -0.33 1.33 090 090 0.89 1.80
AG(250°C) -0.39 1.35 091 092 088 1.83

AE(el) -1.28 1.34 064 163 1.07 227

Cr AG(150°C) -0.32 1.20 053 161 098 2.14
AG(250°C) -0.38 1.21 052 163 097 2.15

AE(el) -1.38 0.97 066 133 097 1.99

Mn AG(150°C) -0.44 0.85 056 126 0.89 1.82
AG(250°C) -0.50 0.81 055 127 088 1.82

AE(el) -0.84 1.35 1.06 114 036 2.20

Fe AG(150°C) 0.074 1.26 096 115 032 2.11
AG(250°C) 0.0073 1.29 095 119 033 2.14

AE(el) -0.93 0.65 018 /076 0.94

Co AG(150°C) -0.051 0.61 021 /068 0.89
AG(250°C) -0.12 0.64 023 /069 0.92

AE(el) -1.50 1.39 073 129 0.73 2.02

Mo AG(150°C) -0.56 1.28 069 119 071 1.88
AG(250°C) -0.62 1.29 068 121 071 1.89

AE(el) -0.88 1.26 087 /142 2.29

Ce AG(150°C) 0.060 1.10 071 /143 2.14

AG(250°C) 0.019 1.09 0.67 / 1.43 2.10




