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Table S1. Optimized adsorption geometries and corresponding relative Gibbs free energies 
(ΔG, eV) of intermediates in the OH-passive pathway on Zr6-MOF-525, Ti1Zr5-MOF-525, 
and Ti1Zr5-MOF-525 clusters.

Zr6-MOF-525 Ti1Zr5-MOF-525 Ti1Zr5-MOF-525Intermediates ∆G ∆G ∆G
*COH 
(optimized as 
*COHOH)

3.79 4.51 3.87
*C
(optimized as 
*COH)

6.36 5.73 5.57
*CHOH

4.08 4.02 3.99
*CH
(optimized as 
*CHOH)

4.97 4.85 4.58
*CH2

(optimized as 
CH2OH)          3.47 4.00 3.81

*O
(optimized as 
*OOH)

3.79 4.37 3.62
*CH3

3.31 3.10 2.92
*CH4

-0.01 -0.17 -0.31
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Table S2. Optimized adsorption geometries and corresponding relative Gibbs free energies 
(ΔG, eV) of intermediates in the OH-assisted pathway on Zr6-MOF-525, Ti1Zr5-MOF-525, 
and Ti1Zr5-MOF-525 clusters.

Zr6-MOF-525 Ti1Zr5-MOF-525 Ti2Zr4-MOF-525Intermediates ∆G ∆G ∆G
*COOH-H2O

1.67 1.39 1.31
*CO-H2O

2.74 2.16 1.92
*CHO-H2O

2.30 1.87 1.92
*COH-H2O
(optimized as 
*CHOH)

2.88 2.85 3.96
*C-H2O

(optimized as *CH-
OH)                   4.46 6.15 5.87

*CH-H2O

(optimized as *CH2-
OH)                   3.33 4.54 4.43

*CH2-H2O

3.07 3.13 2.68
*CH2OH-H2O

2.28 1.92 1.79
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Table S2. (continued.)

Zr6-MOF-525 Ti1Zr5-MOF-525 Ti2Zr4-MOF-525Intermediates ∆G ∆G ∆G
*O-H2O

1.22 1.33 0.97
*CH3-H2O

1.33 1.24 0.94
*CH4-H2O

0.81 0.40 -0.05

Note on intermediate labeling:

Throughout this work, species labels (e.g., *CH, *C) denote the initially proposed 
intermediates along the reaction pathway and are retained for consistency and clarity in 
describing the reaction mechanism. Upon full geometry optimization, some intermediates 
undergo structural relaxation, including interaction or bond formation with neighboring 
hydroxyl groups. For example, an initially defined *CH species may relax into a CHOH-like 
configuration by forming a bond with an adjacent OH group. Unless otherwise stated, all 
reported geometries and free energies correspond to the fully optimized minimum-energy 
structures.





Figure S1. Free-energy profile (ΔG, eV) of the OH-passive pathway on Zr6-, Ti1Zr5- and 
Ti2Zr4-MOF-525, together with the corresponding optimized structures of the adsorbed 
intermediates.





Figure S2. Free-energy profile (ΔG, eV) of the OH-assisted pathway on Zr6-, Ti1Zr5- and 
Ti2Zr4-MOF-525, together with the corresponding optimized structures of the adsorbed 
intermediates. 

Figure S3. Density of states (DOS) of Zr6-, Ti1Zr5-, and Ti2Zr4-MOF-525 calculated at the 
HSE06//PBE-D3(BJ) level of theory, with energies referenced to the highest occupied crystal 
orbital (HOCO = 0 eV).

Periodic electronic structure calculations

Band gap and density of states (DOS) calculations were performed using periodic 
density functional theory (DFT) as implemented in the Vienna Ab Initio Simulation Package 
(VASP).(1) The atomic structures were first optimized using the PBE functional (2) with 
Grimme’s D3 dispersion correction and Becke–Johnson damping (PBE-D3(BJ)).(3) Single-
point electronic structure calculations were then carried out using the HSE06 hybrid functional 
(4) on the optimized PBE-D3(BJ) geometries (HSE06//PBE-D3(BJ)). Projector-augmented 
wave (PAW) potentials (5) were employed with a plane-wave kinetic energy cutoff of 520 eV 
and Γ-point sampling was used due to the large unit cell of MOF-525. These periodic 
calculations were performed to characterize the photophysical properties of the frameworks, 
while reaction energetics and mechanistic pathways were evaluated using finite cluster models.
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