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Computational details: 

Spin-polarized DFT calculations were performed using Vienna ab initio simulation package 

(VASP).1 The Projector augmented wave (PAW) method2 was employed to describe core 

electrons. The valence electronic wave functions were expanded in plane waves with a cutoff 

energy of 400 eV, and the convergence criteria of force and energy were set to 0.02 eV/Å and 

10-4 eV respectively. The Perdew-Burke-Ernzerhof (PBE)3 exchange-correlation method from 

generalized gradient approximation (GGA) was employed and the DFT + U method4 was 

applied to the d states of vanadium. In this work, the recommended Ueff = 3.2 eV5 (Ueff = U-

J) was utilized. Additionally, we did not include a U correction term for the d states of the metal 

dopants following the case of the literature.6 Dipole corrections were considered where 

necessary. The vacuum layer for all slab models is set to 15 Å. 

The visualization of the model and electronic structure is achieved by MS and VESTA 

software.7 Transition states (TS) were determined with the climbing-image nudged elastic band 

(CI-NEB) method and the dimer method.8,9 Only one imaginary frequency is recognized as 

transition state. Atomic charges were computed using Bader charge analysis.10 Crystal orbital 

Hamilton population (COHP) analysis was performed with the LOBSTER 3.2.0 package.11,12 

A c(4x4) expansion of the VO2 (110) slab model was chose to simulated the most stable and 

dominant surface.13 The first three layers of atoms are relaxed, while the remaining two layers 

are fixed during the structure optimization. The k points sampling of the Brillouin zone was 

conducted using a Monkhorst-Pack scheme14 of (2 × 2 × 1) for all surface optimization. For 

bulk optimization, k points sampling of the Brillouin zone was conducted using a 

Monkhorst−Pack scheme of (9 × 9 × 13). For DOS calculation, the sampling of the Brillouin 

zone was employed using a Monkhorst−Pack scheme of (5 × 5 × 1). 

Oxygen vacancy formation energy (EOv) was calculated using the following equation： 

( )Ov 3 6 2 xOv 3 81 + x  Ov
E )= E + C H  + H O (g) - (g  E C)  H  (g-   (1) 

H-atom adsorption energy (EH) was calculated using the following equation： 

H-atom slab + H-atom slab 2  (g)E = E - E  - 0.5H   (2) 

Propylene adsorption energy was calculated using the following equation： 

3 6 3 6C H slab+C H slab 3 6E =E - E - C H  (g)   (3) 

First C-H bond activation energy was calculated using the following equation: 

3 8 TSTS (slab+C H ) slab 3 8E =E - E - C H  (g)   (4) 

Oxygen 2p band center was calculated using the following equation: 
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Unoccupied d-band center was calculated using the following equation: 
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The Gibbs free energy (G) was calculated using the following equation：  

T

DFT V
0

G=E  + ZPE + C dT-TS   (7) 

The zero-point energy (ZPE) was calculated using the following equation by VASPKIT 15: 
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i=0

hω
ZPE= 

2
   (8) 

According high operating temperature and weak physical adsorption [T = 525 ℃, P(C3H8) = 

0.23 atm], the entropies of all adsorbed state species were calculated using the following 

equation based on Campell-Seller’s equation: 

ad gas

0 0S (T) = 0.70S  (T) - 3.3R   (9) 

Charge density difference of transition state for first C-H bond activation: 

Δρ = ρ(TS) - ρ(slab) - ρ(ads)   (10) 

Charge density difference of defective slab: 

Δρ = ρ(defective) - [ρ(perfect) - ρ(single oxygen atom)]   (11) 
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Figure S1. Comparison between different phase VOx (V2O5-001, V2O4-110, V2O3-0001), H-

atom adsorption energy, Ov formation energy and C3H6 adsorption energy. 
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Figure S2. The locations of the surface-reducing optimum oxygen species with lowest EOv at 

different Ovc, from left to right, range from 0.0 Ovc to 1.0 Ovc.  
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Figure S3. Comparison of Ov formation energy for different Ov distribution models at 0.25 

Ovc (A). Average Ov formation energy of different Ov distribution patterns over the range of 

0.00-0.75 Ovc (B). 
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Figure S4. Transition state of C3H6* route (A), CH3O*CH3 route (B), H2O* route(C), H2 route 

(D), Plot of different Ovc surfaces against reaction energy of H2 and H2O* routes (E). 
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Figure S5. V-V distance between different Ovc surfaces. 
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Figure S6. Bader charge difference between the 0.25, 0.50, 0.75 Ovc surfaces and the pristine 

surface. Green for lattice oxygen atoms, Blue for metal vanadium atoms. 
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Figure S7. Charge density difference of defective surface. 
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Figure S8. -pCOHP curves for V-O bonds within V-O-V species (focusing on V-O bond with 

higher ICOHP value) across the calculated range of Ovc surfaces. 
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Figure S9. Hydrogen atom adsorption configuration on bridge oxygen (A), and oxygen 

vacancy (B). Adsorption energy of Hydrogen atom on bridge oxygen and vacancy site across 

VOx surfaces with different Ovc (C). Comparison between bridge O site and hollow O site on 

clean VO2 surface, H-atom adsorption energy, Ov formation energy and C-H bond activation 

energy (D). 
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Figure S10. Adsorption modes of propylene on VOx surfaces (A). Calculated adsorption energy 

(Eads) of propylene on different Ovc surfaces (B). Reaction pathway and calculated Gibbs’s 

free energy [T = 525 ℃, P (C3H8) = 0.23 atm] for propylene and acetone route (C). Calculated 

adsorption energy (Eads) of propylene on different metal-doped VOx surfaces (D). 
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Figure S11. Plot of First C-H bond activation energy against improved parameter γ on VOx 

surfaces with different Ovc and metal-dopants. 
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Figure S12. Mo doped VOx models on different sites (A). Difference energy of different Mo 

doped sites refer to pristine surface (B). 
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Figure S13. DOS (Density of state) projected onto the p-bands of surface oxygen atoms on the 

clean, Nb-doped, Os-doped, Mo-doped, W-doped surfaces (spin up and down). EF is the fermi 

level and ԑp is the average O-2p band center of spin up and down. 
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Figure S14. Plot of Hydrogen atom adsorption energy on bridge oxygen against Ov formation 

energy with different Ovc on VOx surfaces. 
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Figure S15. Plot of First C-H bond activation energy against O-2p band center on VOx surfaces 

with different Ovc. 
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Figure S16. Ov formation energy for various Ov distribution patterns with different Ovc in W-

doped VOx surface. 
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