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Fig. S1. The calculated DFT energies of two different configurations of metal-modified nodes (as shown in Fig. 1(d)) of the Ti(M)-ATA catalysts

(M =Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, Ru, Rh, Pd, Hf, Ta, W, Os, Ir, Au).
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Fig. S2. The calculated substitution energies of two different configurations of metal-modified nodes of the Ti(M)-ATA catalysts (M = Mn, Fe,
Co, Ni, Cu, Zn, Zr, Nb, Mo, Ru, Rh, Pd, Hf, Ta, W, Os, Ir, Au).

Note: The formula for substitution energy calculation is: Ti-ATA + 2M — Ti(M)-ATA + 2Ti (M = Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, Ru, Rh,
Pd, Hf, Ta, W, Os, Ir, Au). The substitution energy (AEy) of Ti(M)-ATA is determined by the equation of AEgy, = Etiovy-ata T 2E7i - EtiaTaA -
2E\ where Eriovy-ata, Eti-ata, Em, and Evj represent the DFT energy of Ti(M)-ATA, the DFT energy of Ti-ATA, and the energies of single atom

M and Ti, respectively.
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Fig. S3. The optimized adsorption configurations of CO, molecule on metal-modified
structure 1 (as shown in Fig. 1(d)) of Ti(M)-ATA (M = Mn, Fe, Co, Ni, Cu, Zn, Mo,
Ru, Rh, Pd, W, Os, Ir, Au).
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Fig. S4. The optimized adsorption configurations of CO, molecule on metal-modified

structure 2 (as shown in Fig. 1(d)) of Ti(M)-ATA (M = Mn, Fe, Co, Ni, Cu, Zn, Zr,

Nb, Mo, Ru, Rh, Pd, Hf, Ta, W, Os, Ir, Au).
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Fig. S5. The calculated adsorption energy of CO, on metal-modified model structurel

Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, Ru, Rh, Pd,

and structure 2 of Ti(M)-ATA (M

catalysts.

Ti-ATA

Ta, W, Os, Ir, Au) and  pristine

Hf,
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Fig. S6. The calculated Gibbs free energy diagrams of the optimal reaction pathway and other possible pathways for the reduction of CO, to C,
(C,H4 and C,HsOH) products on (a) pristine Ti-ATA, (b) Ti(Zr)-ATA, (c) Ti(Hf)-ATA, (d) Ti(Nb)-ATA, and (e) Ti(Ta)-ATA, as well as the

optimized structures of  intermediate species. The MOF framework structure is omitted for clarity.
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Fig. S7. Free energy diagrams involving kinetic barriers for the rate-determining step

for C, product generation over (a) Ti(Nb)-ATA and (b) Ti(Zr)-ATA.
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Fig. S9. The calculated (a) total and projected density of states (TDOS and PDOS),
Fermi energy level set to zero. (b) energy band structures of Ti(M)-ATA (M = Zr, Hf,
Ta). (¢) The calculated valence-band maximum (VBM) (left side) and conduction-band

minimum (CBM) (right side) of Ti(M)-ATA (M = Zr, Hf, Ta).

S15



Nb: -2.84 |e| Zr: -2.66 |e|
O: +1.24 |e| € +1.15 |e|

— \}Ta: -2.68 |e| -
Ti(Ta)-ATA @ O: +1.20 |e|

Fig. S10. The calculated differential charge density maps of the Ti(M)-ATA (M = Nb,
Zr, Hf, Ta) catalysts. The Fermi level was set to zero; the isosurface value was set to
0.005 e A3; cyan and yellow regions in the differential charge density map represent

positive and negative charges, respectively.
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Fig. S11. The optical absorption spectra for other Ti(M)-ATA (M=Zr, Hf, Ta).
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Table S1. The values of Us parameters for DFT calculations in this work.

3d Ti Mn Fe Co Ni Cu Zn

Ue/eV 3.0 3.0 3.0 34 34 3.8 4.1

4d Zr Nb Mo Ru Rh Pd

Ue/eV 2.0 2.0 2.2 24 2.8 33

5d Hf Ta W Os Ir Au

Ue/eV 2.7 3.1 2.2 2.2 23 /
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Table S2. The zero-point energy (ZPE) values for all adsorbed species involved in CO,
reduction to C, products over the pristine Ti-ATA and metal-modified Ti(M)-ATA (M
= Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, Ru, Rh, Pd, Hf, Ta, W, Os, Ir, Au) catalysts.

Adsorbate ZPE Adsorbate ZPE
*CO, 0.33 *CH,OHCH, 1.90
*OCOH 0.62 *CHCH, 1.18
*OCHO 0.63 *CH;CH,0H 2.18
*OCHOH 0.87 *CH,CH, 1.47
*CHO 0.53 *CH,OCH,O 1.75
*CHO-"CHO 1.04 *CHOHCH,O 1.74
*CHOCHOH 1.36 *CHCH,0O 1.33
*CHOHCHO 1.36 *CH,OHCH,0 2.02
*CHOCH,0 1.33 *CHOHCH,OH  2.00
*CH,OCHO 1.33 *CH,OHCH,OH 2.34
*CHOHCHOH 1.75 *CH,CH,0 1.61
*CH,OCHOH 1.74 *CH,CH,0OH 1.87
*CHOHCH 1.29 *CHOCH,OH 1.68
*CH,OCH 1.33 *CHOCH 0.91
*CHOCH, 1.27 H,O 0.58
*CH,OCH, 1.61 H, 0.27

*CHOHCH, 1.60 CO, 0.31
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Table S3. The calculated substitution energies (AEg,) of two different node
configurations via metal atom modification of the Ti(M)-ATA (M = Mn, Fe, Co, Ni,

Cu, Zn, Zr, Nb, Mo, Ru, Rh, Pd, Hf, Ta, W, Os, Ir, Au) catalysts.

Ti(M)-ATA 1 (AEqu)(eV) 2 (AEqu)(eV)
Ti(Mn) 4.76 479
Ti(Fe) 4.24 427
Ti(Co) 3.93 4.06
Ti(Ni) 4.23 439
Ti(Cu) 5.21 5.34
Ti(Zn) 6.87 6.89
Ti(Zr) -2.90 -2.86
Ti(Nb) -1.28 121
Ti(Mo) 2.64 271
Ti(Ru) 3.69 3.73
Ti(Rh) 4.54 4.67
Ti(Pd) 6.78 6.95
Ti(Hf) -3.70 -3.65
Ti(Ta) -0.93 -0.91
Ti(W) 2.67 2.79
Ti(Os) 4.76 4.79

Ti(Ir) 6.31 6.37

Ti(Au) 9.16 9.21
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Table S4. Adsorption energies (E,4) of CO, molecule on different metal-modified
model structures (1 and 2) of Ti(M)-ATA (M = Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo,
Ru, Rh, Pd, Hf, Ta, W, Os, Ir, Au) and pristine Ti-ATA catalysts.

Ti(M)-ATA structurel(E,y)  structure2 (E,q)
Ti-ATA 1.45 1.60
Ti(Mn) 0.97 1.09
Ti(Fe) 0.99 1.05
Ti(Co) 0.99 1.14
Ti(Ni) 1.14 1.54
Ti(Cu) 1.29 1.56
Ti (Zn) 1.33 1.71
Ti(Zr) 0.31 0.41
Ti(Nb) 0.15 1.01
Ti(Mo) 0.92 1.05
Ti(Ru) 1.00 1.06
Ti(Rh) 1.08 1.19
Ti(Pd) 1.14 1.95
Ti(Hf) 0.26 0.87
Ti(Ta) -0.10 0.60
Ti(W) 0.93 1.23
Ti(Os) 0.96 1.15
Ti(Ir) 0.98 1.31
Ti(Au) 1.23 2.00
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Table S5. The calculated activation barrier based on Gibbs free energy (AG,./eV) and
reaction rate constant (k) of the rate-determining step for CO, to C, product over

Ti(Nb)-ATA and Ti(Zr)-ATA.

AGact kcat
Ti(Nb)-ATA 1.46 2.51x10-14
Ti(Zr)-ATA 2.49 2.83x1033

Note: The reaction rate constant k., is calculated based on Arrhenius equation:

AGact
RT

in which T is temperature, R is gas constant, kp is Boltzmann constant, 4 is Planck

nstant, and AG,,, is Gibbs free energy barrier.
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Table S6. The values of work function, vacuum energy level and Fermi energy level

for Ti-ATA and Ti(M)-ATA.

Work function (eV) Vacuum level (eV) Fermi level (eV)

Ti(Nb)-ATA 291 5.92 3.00
Ti(Ta)-ATA 3.00 6.09 3.09
Ti(Zr)-ATA 3.87 5.96 2.09
Ti(Hf)-ATA 3.98 5.67 1.69

Ti-ATA 4.23 5.95 1.73
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