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Computational and Modeling Methods

All DFT calculations were conducted using the Vienna Ab initio Simulation
Package (VASP)[12. The exchange-correlation interactions were described using the
generalized gradient approximation with the Perdew-Burke-Ernzerhof functional
(GGA-PBE)B!. Core electrons were described using the projector augmented-wave
(PAW) method!], with valence electrons modeled by a plane-wave basis set with an
energy cutoff of 400 eVI3l.

The anatase (101) facet was selected as the model surface for this study. This
facet is the thermodynamically stable and dominant exposed facet in conventionally
synthesized materials[6-l. Although the highly reactive (001) facet has been explored
in specially tailored materials!!®!!], the (101) facet remains the most representative for
practical catalysts. Based on this, a periodic six-layer slab of anatase TiO,(101) was
constructed from a crystal structure sourced from the Crystallography Open Database
(COD)!'2], The slab was built using a (2x2) surface unit cell and included a 15 A
vacuum gap to prevent interactions between periodic images. Doped models (M-TiO,
(101)) were then constructed by substituting a five-coordinated Ti (Tis.) site on the
surface with a transition metal or Ce atom!'3!4l as illustrated in Fig. S1. During
structural optimization, the top four layers of atoms were allowed to relax, while the
bottom two layers were fixed, with convergence achieved when atomic forces were
below 0.05 eV/A. Brillouin zone integration was performed using a 2x2x1 k-point

mesh generated via the Monkhorst-Pack scheme.



To account for the magnetic properties of Mn and other metal ions in M-TiO,,
spin-polarized calculations were conducted for total energy computations. To
accurately describe the strong correlation effects of transition metal d-orbitals and Ce
f-orbitals, the DFT+U approach with Hubbard corrections was applied, with
considering only effective Hubbard parameters (U) for each doping metal, as listed
in Table S1. Transition states were identified using the climbing-image nudged elastic
band (CINEB) method!"”), with their validity confirmed by frequency analysis
showing a single imaginary frequency along the reaction pathway. Bader charge
analysis was conducted to quantify charge transfer and analyze -electronic
properties!!®-191. Adsorption energies were calculated using the following expression:
Eads = Equ—Esiap—E,

where Ea is the total energy of the slab with the adsorbed species, Eqiab is the
energy of the bare slab, and Ey is the energy of the adsorbate in vacuum. A negative

Eads indicates an exothermic process, with a larger absolute value signifying stronger

adsorption.



Table S1. Ugg values for doping transition metals and Ce in M-TiO, catalysts

Ues/eV Ues/eV Ues/eV
Sc 3d 5.0201 Ni 3d 6.0023] Tc 4d /
Ti 3d 4.2021] Cu3d 6.0026] Ru 4d /
V3d 3.1022 Zn 3d 8.0[27] Rh 4d /
Cr3d 3.5[231 Y 4d 3.5028] Pd 4d /
Mn 3d 4.5024] Zr 4d 4.012%1 Ag4d /
Fe 3d 4.0123] Nb 4d 4.01301 Cd4d 2.00311
Co 3d 3.4023] Mo 4d 3.5[23] Ce 4f 4.5132]




Table S2. Bader charge analysis of electron transfer during -NH4SO, formation on Mn-TiO,

catalyst
System(Mn-TiO,) Bader charge change/e
*H,0 -0.12
*H,0+-SO;4 -0.04

-NH4SO4 -0.18




Side view Top view

Fig. S1. Structural models of (a) the pristine TiO,(101) slab and (b) the M-TiO,(101) catalysts.

(Color scheme: gray, Ti; purple, M; red, O. Coordination states: five-coordinated doping metal,

Ms;,; five-coordinated Ti, Tis.; six-coordinated Ti, Tig.; two-coordinated O, Oy.)
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Fig. S2. (a) Adsorption sites and configurations of NH; and flue gas molecules (Color scheme:

dark grey, V; cyan, Cr; green, Fe; brown, Co; orange, Mo; pink, Ce; grey, Ti; red, O; white, H;

blue, N; yellow, S) and (b) their corresponding adsorption energies on M-TiO, catalysts (M =V,

Cr, Fe, Co, Mo, Ce).
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Fig. S3. Configurations of intermediates and products in water-sulfur synergistic poisoning

pathways forming -NH;SO; on M-TiO, catalysts (M =V, Cr, Fe, Co, Mo, Ce). (Color scheme:

dark grey, V; cyan, Cr; green, Fe; brown, Co; orange, Mo; pink, Ce; grey, Ti; red, O; white, H;

blue, N; yellow, S)
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Fig. S4. Configurations of intermediates and products in water-sulfur synergistic poisoning
pathways forming -NH;SO,4 on M-TiO, catalysts (M =V, Cr, Fe, Co, Mo, Ce). (Color scheme:
dark grey, V; cyan, Cr; green, Fe; brown, Co; orange, Mo; pink, Ce; grey, Ti; red, O; white, H;

blue, N; yellow, S)
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Fig. S5. Configurations of intermediates and products in water-sulfur synergistic poisoning
pathways forming NHsHSO,4 on M-TiO, catalysts (M =V, Cr, Fe, Co, Mo, Ce). (Color scheme:
dark grey, V; cyan, Cr; green, Fe; brown, Co; orange, Mo; pink, Ce; grey, Ti; red, O; white, H;

blue, N; yellow, S)
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Fig. S6. Configurations of intermediates and products in water-sulfur synergistic poisoning
pathways forming -SO;+OH+NH4" on M-TiO, catalysts (M =V, Cr, Fe, Co, Mo, Ce). (Color

scheme: dark grey, V; cyan, Cr; green, Fe; brown, Co; orange, Mo; pink, Ce; grey, Ti; red, O;

white, H; blue, N; yellow, S)
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Fig. S7. Configurations of intermediates and products in water-sulfur synergistic poisoning
pathways forming -SO4+OH+NH4" on M-TiO, catalysts (M =V, Cr, Fe, Co, Mo, Ce). (Color
scheme: dark grey, V; cyan, Cr; green, Fe; brown, Co; orange, Mo; pink, Ce; grey, Ti; red, O;

white, H; blue, N; yellow, S)
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Fig. S8. Reaction pathways and corresponding energy values of intermediates and products on M-

TiO, catalysts (M =V, Cr, Fe, Co, Mo, Ce): (a) -NH4SO; formation pathway, (b) -NH;SO4

formation pathway, (c) NH4HSO, formation pathway, (d) -SO; + H,O + NH,* formation pathway,

(e) -SO4 + H,O + NH," formation pathway. (Color scheme: purple, doped metal M; dark purple,

Fe/Co; pink, Ce; grey, Ti; red, O; white, H; blue, N; yellow, S)
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Fig. S9. DOS analysis on Ce-TiO; catalyst: (a) "H,O in SO3+"H,0O with gas-phase NH3, (b)"H,O

in SO4+"H,0 with gas-phase NHj.




Fig. S10. Configurations of intermediates and products in water-sulfur synergistic poisoning

pathways forming -NH;SO,4 on M-TiO, catalysts (M = 3d, 4d transition metals, and Ce). (Color

scheme: purple, doped metal M; grey, Ti; red, O; white, H; blue, N; yellow, S)
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Fig. S11. Reaction pathways and corresponding energy values for NH; dissociation to -NH, on M-
TiO; catalysts (M =V, Cr, Fe, Co, Mo, Ce) under four different conditions: (a) -SO;+H,O(hb), (b)
-SO5;+"H,0, (c) -SO4+H,0(hb), and (d) -SO4+"H,0. (Color scheme: purple, doped metal M; pink,

Ce; grey, Ti; red, O; white, H; blue, N; yellow, S)
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Fig. S12. Energy barriers for NH; dissociation to -NH, on M-TiO, catalysts (M =V, Cr, Fe, Co,

Mo, Ce) under four water-sulfur co-existence conditions and on a pristine surface.
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Fig. S13. Configurations of intermediates and products in water-sulfur synergistic poisoning

pathways (-SO; + H,O(hb)) affecting the NH;-SCR reaction mechanism on M-TiO, catalysts (M

=V, Cr, Fe, Co, Mo, Ce). (Color scheme: dark grey, V; cyan, Cr; green, Fe; brown, Co; orange,

Mo; pink, Ce; grey, Ti; red, O; white, H; blue, N; yellow, S)
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Fig. S14. Configurations of intermediates and products in water-sulfur synergistic poisoning

pathways (-SOs + *H,0) affecting the NH;-SCR reaction mechanism on M-TiO, catalysts (M =V,

Cr, Fe, Co, Mo, Ce). (Color scheme: dark grey, V; cyan, Cr; green, Fe; brown, Co; orange, Mo;

pink, Ce; grey, Ti; red, O; white, H; blue, N; yellow, S)
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Fig. S15. Configurations of intermediates and products in water-sulfur synergistic poisoning

pathways (-SO4 + H,O(hb)) affecting the NH;-SCR reaction mechanism on M-TiO, catalysts (M

=V, Cr, Fe, Co, Mo, Ce). (Color scheme: dark grey, V; cyan, Cr; green, Fe; brown, Co; orange,

Mo; pink, Ce; grey, Ti; red, O; white, H; blue, N; yellow, S)
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Fig. S16. Configurations of intermediates and products in water-sulfur synergistic poisoning
pathways (-SO,4 + *H,0) affecting the NH;-SCR reaction mechanism on M-TiO, catalysts (M =V,
Cr, Fe, Co, Mo, Ce). (Color scheme: dark grey, V; cyan, Cr; green, Fe; brown, Co; orange, Mo;

pink, Ce; grey, Ti; red, O; white, H; blue, N; yellow, S)
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Fig. S17. DOS analysis of H,O in *H,O+-SO, and gas-phase NH; on Cd-TiO,.
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