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To formulate the derivation of rate expressions, the Dumesic’s method1 in terms of De Donder 

relations2[19] is utilized. Dumesic defined the reversibility of the elementary step i, zi, as: 
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where vij is the stoichiometric coefficient for the j reactant (or product) of step i, aj is the activity of the j 

reactant (or product) of the step i and Kieq is the standard equilibrium constant. 

It should be noted that the value of zi is between 0 to 1 if step i proceeds in the forward direction. When 

the value of zi approaches zero, step i is irreversible; as it approaches one, step i reaches quasi-equilibrium. 

The net reaction rate of step i, ri, can be expressed in terms of the reversibility, zi: 
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where r+i and r-i are the forward and backward reaction rate of step i, respectively. 

 

On the basis of the two-step (adsorption and desorption) model in the main text (Scheme 1 and Figure 1), 

we derive the reaction rate as follows: 

At steady state, the reaction rate (r) is equal to the adsorption (rads) and desorption (rdes) rate: 

desads rrr ==                                                                         (3) 

According to Eq. (2), the adsorption rate can be expressed as: 
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where PR is the partial pressure of reactant R, θ* is the coverage of free surface sites, kads is the rate 

constant of adsorption and zads is the reversibility of adsorption. From Eq. (1), zads is equal to 
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where θI is the coverage of surface intermediate I and Kads is the standard equilibrium constant of 

adsorption. 

Similarly, the desorption rate can be written as: 

)1( desIdesdes zkr −= θ                                                                   (6) 
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where kdes is the rate constant of desorption and zdes is the reversibility of desorption. 

The total surface coverage is equal to one, thus, 

1* =+ Iθθ                                                                            (7) 

In the sequential reaction system, the overall reversibility (ztot) is equal to the product of the reversibility 

of each step, thus, 
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where PP is the partial pressure of reactant P and Keq is the overall standard equilibrium constant. 

The rate constants and equilibrium constants that appear in the above equations can be expressed: 
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where SR and SP are the entropy of reactant and product, respectively, ΔG and ΔH are the Gibbs free 

energy change and enthalpy change of the overall reaction, respectively, and the other terms are defined 

in the main text. It should be mentioned that the entropy of surface intermediate I is usually very small 

and neglected in this treatment. 

Combining Eq. (3)-(12), the reaction rate can be derived: 
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If assuming adsorption is the rate-determining step, desorption achieves quasi-equilibrium, zdes is close to 

one and zads is approximate to ztot. Thus, the reaction rate is expressed as: 
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Similarly, the reaction rate is in the following form if assuming desorption is the rate-determining step: 
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Since both adsorption and desorption follow the BEP relation, the activation energies (ER
dis, ER

ass, EP
dis, 

and EP
ass) in Eq. (13)-(15) are controlled by ΔHR and ΔHP. Moreover, ΔHR and ΔHP are related, and their 

difference is the overall enthalpy change ΔH. So, the overall reaction rate is entirely determined by ΔHR. 

The plots of TOF against ΔHR in Figure 4 in the main text are obtained from Eq. (13)-(15) together with 

the BEP relations on the stepped surface. The temperature is chosen as 500 K, the entropy of reactant (SR) 

and product (SP) are reasonably assumed to be 200 J/mol/K and the overall enthalpy change (ΔH) is set as 

-0.5 eV. 
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