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Fig. S1. Gibbs free energies of ReOa(OH)b(2O) species adsorbed on 6H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Re(2O)/ 
6H-TiO2 is the reference state. 
 

 
Fig. S2. Gibbs free energies of ReOa(OH)b(2O) species adsorbed on 5H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Re(2O)/ 
6H-TiO2 is the reference state. 
  



 
Fig. S3. Gibbs free energies of ReOa(OH)b(2O) species adsorbed on 4H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Re(2O)/ 
6H-TiO2 is the reference state. 
 

 
Fig. S4. Gibbs free energies of ReOa(OH)b(2O) species adsorbed on 3H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Re(2O)/ 
6H-TiO2 is the reference state. 
 
  



 
Fig. S5. Gibbs free energies of ReOa(OH)b(2O) species adsorbed on 2H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Re(2O)/ 
6H-TiO2 is the reference state. 
 

 
Fig. S6. Gibbs free energies of ReOa(OH)b(2O) species adsorbed on 1H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Re(2O)/ 
6H-TiO2 is the reference state. 
  



 
Fig. S7. Gibbs free energies of MoOa(OH)b(2O) species adsorbed on 6H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Mo(2O)/ 
6H-TiO2 is the reference state. 
 

 

Fig. S8. Gibbs free energies of MoOa(OH)b(2O) species adsorbed on 5H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Mo(2O)/ 
6H-TiO2 is the reference state. 
  



 

Fig. S9. Gibbs free energies of MoOa(OH)b(2O) species adsorbed on 4H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Mo(2O)/ 
6H-TiO2 is the reference state. 
 

 

Fig. S10. Gibbs free energies of MoOa(OH)b(2O) species adsorbed on 3H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Mo(2O)/ 
6H-TiO2 is the reference state. 
 
  



 

Fig. S11. Gibbs free energies of MoOa(OH)b(2O) species adsorbed on 2H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Mo(2O)/ 
6H-TiO2 is the reference state. 
 

 

Fig. S12. Gibbs free energies of MoOa(OH)b(2O) species adsorbed on 1H-TiO2(101) with a 
hydrogen partial pressure of 80 bar and water partial pressure of 0.08 bar, respectively. Mo(2O)/ 
6H-TiO2 is the reference state. 
  



 

Fig. S13. Optimized structures of various species adsorbed on TiO2(101): (a) ReOa(OH)b(2O)/6H-
TiO2(101) and (b) MoOa(OH)b(2O)/6H-TiO2(101). The (2O) notation means that the Re or Mo 
atom and TiO2(101) is bridged by two O atoms, and it is omitted for brevity in each structure 
notation. The hydrogen atoms of the TiO2(101) are shown in white, other color codes are the 
same with Fig 1.  
  



 

 

Fig. S14. Free energy profile of water-assisted H migration on anatase TiO2(101) at 413K. The 
partial pressure of H2O is set to be 0.08 bar.   
 

 
Fig. S15. Free energy profiles at 473K of the AE DODH reaction over ReO2(2O)/6H-TiO2(101). 
The fugacities of all species are: H2, 80 bar; H2O, 0.08 bar; AE, 2.95×10-3 bar; DHF, 0.965 bar. 
 
  



 
Fig. S16. Free energy profiles at 473K and structures of the first O-H cleavage of AE over 
ReO2(2O)/5H-TiO2(101). The fugacities of all species are: H2, 80 bar; H2O, 0.08 bar; AE, 
2.95×10-3 bar. 
  



 
Fig. S17. Free energy profiles at 413K of the AE DODH reaction over MoO(2O)/3H-TiO2(101). 
The fugacities of all species are: H2, 80 bar; H2O, 0.08 bar; AE, 2.95×10-3 bar; DHF, 0.965 bar. 
 

 
Fig. S18. Projected density of states for the active oxygen for ReO2(2O)/6H-TiO2 and two times 
of the density of states for the active oxygen of MoO(2O)/3H-TiO2. The active oxygen atoms 
are circled on the left.  
 
 
 
 
 
 



Formulation of harmonic transition state theory and microkinetic 

model 
 

Harmonic transition state theory was used to calculate elementary surface rate constants, 

kf (forward rate) and kb (backward rate) 

k𝑓𝑓 = 𝑘𝑘𝐵𝐵𝑇𝑇
ℎ
𝑒𝑒−∆𝐺𝐺𝑇𝑇𝑇𝑇 𝑘𝑘𝐵𝐵𝑇𝑇⁄                         (1),  

where kB is the Boltzmann constant, T is the reaction temperature, h is the Planck constant, and 

ΔGTS=GTS-Gr is the free energy of activation. kb was calculated using ΔGTS=GTS-Gp, where 

ΔGTS is the activation free energy of the backward reaction.  

Free energies of each perodic system were calculated as 

G = EDFT + EZPE − 𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇𝑞𝑞𝑣𝑣𝑣𝑣𝑣𝑣      (2). 

Here, EDFT and EZPE = 1
2
∑ ℎ𝑣𝑣𝑣𝑣𝑣𝑣  are the DFT energy and zero point energy (ZPE), respectively. 

𝑞𝑞𝑣𝑣𝑣𝑣𝑣𝑣 is the vibrational partion function. Each vibrational mode is labelled by i.  

The vibrational partion function was calculated as 

𝑞𝑞𝑣𝑣𝑣𝑣𝑣𝑣 = ∏ 1

1−𝑒𝑒
ℎ𝑣𝑣𝑖𝑖
𝑘𝑘𝐵𝐵𝑇𝑇

𝑣𝑣                       (3). 

To calculate the free energy of gas phase molecules, we also take into account the translational 

and rotational contributions to the entropy.  

G𝑔𝑔𝑔𝑔𝑔𝑔 = EDFT + EZPE − 𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇𝑞𝑞𝑣𝑣𝑣𝑣𝑣𝑣 − 𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇𝑞𝑞𝑟𝑟𝑟𝑟𝑔𝑔𝑡𝑡      (4). 

𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 is the rotational partion function and is expressed as: 

𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 = 8𝜋𝜋2𝐼𝐼𝑘𝑘𝑇𝑇
𝜎𝜎ℎ2

 (5),  I is the moment of inertia and σ is the symmetry number.  

𝑞𝑞𝑟𝑟𝑟𝑟𝑔𝑔𝑡𝑡 is the translational partion function and is expressed as: 

𝑞𝑞𝑟𝑟𝑟𝑟𝑔𝑔𝑡𝑡 = (2𝜋𝜋𝜋𝜋𝑘𝑘𝑇𝑇)
3
2

ℎ3
× 𝑘𝑘𝑇𝑇

𝑃𝑃
 (6). P is the pressure of the species which is typically set to 1 bar. 

To reduce the error of small vibrational frequencies, we shifted all frequencies below 100 cm-1 

to 100 cm-1.1,2 Free energies of reaction, ΔG𝑟𝑟𝑟𝑟𝑡𝑡, are calculated similarly to ΔGTS. Thus, the 

equilibrium constant Keq can be obtained as the ratio of forward and reverse rate constant.  

The forward rate constant of an adsorption process was calculated using collision theory with 

a sticking coefficient of 1, 



k𝑓𝑓 = 105

�2𝜋𝜋𝜋𝜋𝐴𝐴𝑘𝑘𝐵𝐵𝑇𝑇
𝑆𝑆𝑢𝑢𝑡𝑡𝑣𝑣𝑟𝑟(𝑠𝑠−1𝑏𝑏𝑏𝑏𝑏𝑏−1)         (4). 

Here, mA is the molecular weight of the adsorbed species A, Sunit is the adsorption area of the 

active site which we approximated to be 5.65×10-19 m2 in the present study. The desorption rate 

constant is obtained from the equilibrium constant, adsorption rate constant, and the 

relationship Keq = k𝑓𝑓/k𝑣𝑣. 

The Gibbs free energies of the gas molecules were calculated using  

Ggas = EDFT +EZPE+Δμ(T, Pθ)+kBT ln(P/Pθ) (5), 

where Δμ  can be calculated from the rotational, translational, and vibrational partition 

functions of the gas molecules, while P and Pθ represent the pressure of the gas molecule and 

1 bar, respectively. The free energies of the gas molecules were used to calculate the free energy 

of adsorption. The calculated rate constants of all elementary steps for ReO2(2O)/6H-TiO2(101) 

and MoO(2O)/3H-TiO2(101) are tabulated in Table S1 and S2, respectively. Since a hydrogen 

vacancy is created on TiO2(101) during the reaction process that need to be filled to close the 

catalytic cycle, we assume that the hydrogen vacancy is replenished by the diffusion of atomic 

hydrogen that is created by H2 dissociation on a metal cluster “somewhat distant” from the 

ReO2(2O)/MoO(2O) catalytic center. In this context, “somewhat distant” means far enough 

away that the metal cluster does not change the electronic structure of the ReOx and MoOx site, 

while it has to be close enough that hydrogen surface diffusion does not become rate limiting. 

The H migration on TiO2(101) has a free energy barrier of 0.42 eV at both 413 and 473K in the 

presence of H2O. Therefore, we use this barrier of hydrogen migration as the barrier for the 

overall replenishment of hydrogen step and a hydrogen atom is equated by 1/2 H2. Given that 

the thermodynamics of filling the hydrogen vacancy by 1/2 H2 is clearly defined, our modeling 

approach is meaningful as long as the hydrogen diffusion process does not become rate limiting 

in the model or in the experiment.  

After obtaining the rate constants of each elementary step, we developed a chemical Master 

equation of probability densities for the system to occupy each discrete state and solved for the 

steady-state solution. Here, the probability densities are also referred to as surface coverage θ. 

We solved the Master equation using Matlab. The reaction rate (turnover frequency) of each 

pathway was calculated using the obtained surface coverages. The apparent activation energy 



(Eapp) was calculated from the overall rates over a temperature range of 383−443 K using the 

expression 

2

,

lnE
i

app
P y

rRT
T

=
∂ 

 ∂ 
   (5) 

where the total pressure (P) and the mole fraction of species i in the reaction mixtures (yi) were 

kept constant. 

The reaction order (αi) with respect to species i at a specific temperature (T) is calculated by 

varying the partial pressure of the species (Pi) using the relation  

T,P

ln
ln P iji

i
rα

≠

=
∂ 

 ∂ 
 (6). 

  



Table S1. Description of each elementary step for reactions over ReO2(2O)/6H-TiO2(101).  
Reaction label Elementary Steps Description 

R1 AE (g)+Re-IS→Re-IM1 AE physisorption 
R2 Re-IM1→Re-IM2 Cleavage of the first O-H bond 
R3 Re-IM2→Re-IM3 Formation of the first H2O 
R4 Re-IM3→Re-IM4+H2O(g) H2O desorption 
R5 Re-IM4+1/2H2(g)→Re-IM5 Hydrogen adsorption 

R6 Re-IM5→Re-IM6 
Cleavage of the second O-H 

bond 

R7 Re-IM6→Re-IM7 
Extrusion of DHF and formation 

of H2O 
R8 Re-IM7→Re-IM8+ DHF(g) DHF desorption 
R9 Re-IM8→Re-IM9+ H2O(g) H2O desorption 
R10 Re-IM9+1/2H2(g)→Re-FS Hydrogen adsorption 

 
 
Table S2. Chemical formulas of initial/final and intermediate surface species for reactions over 
ReO2(2O)/6H-TiO2(101). 

Reaction states Chemical formula 
Re-IS/ Re-FS ReO4H6Ti48O96 

Re-IM1 C4H8O3ReO4H6Ti48O96 
Re-IM2 C4H8O3ReO4H6Ti48O96 
Re-IM3 C4H8O3ReO4H6Ti48O96 
Re-IM4 C4H8O3ReO3H4Ti48O96 
Re-IM5 C4H8O3ReO3H5Ti48O96 
Re-IM6 C4H8O3ReO3H5Ti48O96 
Re-IM7 C4H8O3ReO3H5Ti48O96 
Re-IM8 H2O2ReO3H5Ti48O96 
Re-IM9 ReO4H5Ti48O96 

 
  



Table S3. Description of each elementary step for reactions over MoO(2O)/3H-TiO2(101).  
Reaction label Elementary Steps Description 

R1 AE (g)+ Mo-IS→Mo-IM1 AE physisorption 
R2 Mo-IM1→Mo-IM2 Cleavage of the first O-H bond  

R3 Mo-IM2→Mo-IM3 
Cleavage of the second O-H 

bond and H2O formation 
R4 Mo-IM3→Mo-IM4+H2O(g) H2O desorption 
R5 Mo-IM4→Mo-IM5 Extrusion of DHF 
R6 Mo-IM5→Mo-IM6+ DHF(g) DHF desorption 
R7 Mo-IM6→Mo-IM7 Hydrogen migration 
R8 Mo-IM7+1/2H2(g)→Mo-IM8 Hydrogen adsorption 
R9 Mo-IM8→Mo-IM9 H2O formation 

R10 
Mo-IM9+1/2H2(g)→Mo-

IM10 
Hydrogen adsorption 

R11 Mo-IM10→Mo-FS+H2O(g) H2O desorption 

 

 

Table S4. Chemical formulas of initial/final and intermediate surface species for reactions over 
MoO(2O)/3H-TiO2(101). 

Reaction states Chemical formula 
Mo-IS/ Mo-FS H3O3MoTi48O96 

Mo-IM1 C4H11O6MoTi48O96 
Mo-IM2 C4H11O6MoTi48O96 
Mo-IM3 C4H11O6MoTi48O96 
Mo-IM4 C4H9O5MoTi48O96 
Mo-IM5 C4H9O5MoTi48O96 
Mo-IM6 H3O4MoTi48O96 
Mo-IM7 H3O4MoTi48O96 
Mo-IM8 H4O4MoTi48O96 
Mo-IM9 H4O4MoTi48O96 
Mo-IM10 H5O4MoTi48O96 

 



Table S5. Forward (kf) and backward (kb) reaction rate constant, free energy of activation (ΔG⧧) 
and reaction free energy (ΔGrxn) of each elementary step over ReO2(2O)/6H-TiO2(101) at 413 
K. The reaction free energies and rate constants are calculated with the H2, H2O, AE and DHF 
partial pressures being 80, 0.08, 2.95ⅹ10-3 and 0.965 bar, respectively. In other words, for 
adsorption processes the rate constant already includes the adsorbate partial pressure.  

Reaction 
label Elementary Steps kf(s-1) kb(s-1) 

ΔG⧧(e
V) 

ΔGrxn(eV) 

R1 
AE (g)+Re-IS→Re-

IM1 
8.165E+05 8.606E+12  0.577  

R2 Re-IM1→Re-IM2 4.660E+02 2.442E+04 0.841  0.141  
R3 Re-IM2→Re-IM3 2.964E+10 3.257E+12 0.202  0.167  

R4 
Re-IM3→Re-
IM4+H2O(g) 

4.407E+09 5.326E+07  -0.157  

R5 

Re-
IM4+1/2H2(g)→Re-

IM5 

6.451E+07 2.833E+09 0.420  0.135  

R6 Re-IM5→Re-IM6 4.156E+08 1.575E+02 0.354  -0.526  
R7 Re-IM6→Re-IM7 1.065E+11 3.769E+08 0.156  -0.201  

R8 
Re-IM7→Re-IM8+ 

DHF(g) 
8.606E+12 4.593E+08  -1.127  

R9 
Re-IM8→Re-IM9+ 

H2O(g) 
7.005E+10 5.326E+07  -0.256  

R10 

Re-
IM9+1/2H2(g)→Re-

FS 

6.451E+07 6.013E+04 0.420  -0.248  



Table S6. Forward (kf) and backward (kb) reaction rate constant, free energy of activation (ΔG⧧) 
and reaction free energy (ΔGrxn) of each elementary step over ReO2(2O)/6H-TiO2(101) at 473 
K. The reaction free energies and rate constants are calculated with the H2, H2O, AE and DHF 
partial pressures being 80, 0.08, 2.95ⅹ10-3 and 0.965 bar, respectively.  

Reactio
n label Elementary Steps kf(s-1) kb(s-1) 

ΔG⧧(eV
) 

ΔGrxn(eV) 

R1 
AE (g)+Re-IS→Re-

IM1 
7.629E+05 8.606E+12  0.668  

R2 Re-IM1→Re-IM2 6.994E+03 2.851E+05 0.853  0.151  
R3 Re-IM2→Re-IM3 4.392E+10 2.834E+12 0.215  0.170  

R4 
Re-IM3→Re-
IM4+H2O(g) 

3.056E+10 4.977E+07  -0.262  

R5 
Re-IM4+1/2H2(g)→Re-

IM5 
2.882E+08 1.432E+10 0.420  0.159  

R6 Re-IM5→Re-IM6 1.229E+09 3.627E+03 0.361  -0.519  
R7 Re-IM6→Re-IM7 1.468E+11 7.043E+08 0.166  -0.218  

R8 
Re-IM7→Re-IM8+ 

DHF(g) 
8.606E+12 4.292E+08  -1.203  

R9 
Re-IM8→Re-IM9+ 

H2O(g) 
2.762E+11 4.977E+07  -0.351  

R10 
Re-IM9+1/2H2(g)→Re-

FS 
2.882E+08 1.024E+06 0.420  -0.230  

 
  



 
Table S7. Forward (kf) and backward (kb) reaction rate constants, free energy of activation (ΔG⧧) 
and reaction free energy (ΔGrxn) of each elementary step over MoO(2O)/3H-TiO2(101) at 413 
K. The reaction free energies and rate constants are calculated with the H2, H2O, AE and DHF 
partial pressures being 80, 0.08, 2.95ⅹ10-3 and 0.965 bar, respectively. In other words, for 
adsorption processes the rate constant already includes the adsorbate partial pressure. 

Reaction 
label Elementary Steps kf(s-1) kb(s-1) 

ΔG⧧ 

(eV) 
ΔGrxn 

(eV) 
R1 AE (g)+ Mo-IS→Mo-IM1 8.165E+05 1.262E+06  0.015  
R2 Mo-IM1→Mo-IM2 4.874E-01 2.344E+08 1.086  0.711  
R3 Mo-IM2→Mo-IM3 6.212E+09 6.288E+01 0.257  0.257  

R4 
Mo-IM3→Mo-

IM4+H2O(g) 
9.766E+10 5.326E+07  -0.267  

R5 Mo-IM4→Mo-IM5 1.604E-06 1.373E-07 1.535  -0.087  

R6 
Mo-IM5→Mo-IM6+ 

DHF(g) 
9.603E+16 4.593E+08  -0.682  

R7 Mo-IM6→Mo-IM7 5.474E+10 3.664E+12 0.180  0.150  

R8 
Mo-IM7+1/2H2(g)→Mo-

IM8 
3.591E+06 6.451E+07 0.523  0.103  

R9 Mo-IM8→Mo-IM9 7.943E-02 3.984E-12 1.150  -0.844  

R10 
Mo-IM9+1/2H2(g)→Mo-

IM10 
4.110E+07 6.451E+07 0.436  0.016  

R11 
Mo-IM10→Mo-

FS+H2O(g) 
1.515E+07 5.326E+07  0.045  

 
 
  



Table S8. Forward (kf) and backward (kb) reaction rate constants, free energy of activation (ΔG⧧) 
and reaction free energy (ΔGrxn) of each elementary step over MoO(2O)/3H-TiO2(101) at 473 
K. The reaction free energies and rate constants are calculated with the H2, H2O, AE and DHF 
partial pressures being 80, 0.08, 2.95ⅹ10-3 and 0.965 bar, respectively.  

Reaction 
label Elementary Steps kf(s-1) kb(s-1) 

ΔG⧧ 

(eV) 
ΔGrxn 

(eV) 
R1 AE (g)+ Mo-IS→Mo-IM1 7.629E+05 1.319E+07  0.116  
R2 Mo-IM1→Mo-IM2 1.644E+01 6.288E+08 1.100  0.712  
R3 Mo-IM2→Mo-IM3 1.100E+10 1.456E+03 0.272  0.272  

R4 
Mo-IM3→Mo-

IM4+H2O(g) 
3.638E+11 4.977E+07  -0.363  

R5 Mo-IM4→Mo-IM5 6.373E-04 4.340E-05 1.514  -0.110  

R6 
Mo-IM5→Mo-IM6+ 

DHF(g) 
4.087E+16 4.292E+08  -0.749  

R7 Mo-IM6→Mo-IM7 1.040E+11 3.870E+12 0.180  0.147  

R8 
Mo-IM7+1/2H2(g)→Mo-

IM8 
2.078E+07 2.882E+08 0.527  0.107  

R9 Mo-IM8→Mo-IM9 3.729E+00 4.442E-09 1.160  -0.838  

R10 
Mo-IM9+1/2H2(g)→Mo-

IM10 
1.133E+08 2.882E+08 0.458  0.038  

R11 
Mo-IM10→Mo-

FS+H2O(g) 
1.744E+08 4.977E+07  -0.051  

 


