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S1. Micro kinetics of oxygen reduction reaction 

Calculating the free energy of reactions is crucial for understanding and predicting the feasibility 

and dynamics of reactions. It involves using quantum chemical methods to estimate the change in 

free energy of a reaction at a specific potential, thus predicting the rate and direction of the reaction. 

Nørskov et al. 1 employ a general kinetic model for the oxygen reduction reaction motivated by 

previous DFT calculations without a priori assumptions about rate-determining steps. In this model, 

O2 molecules diffuse from the bulk electrolyte to the catalyst-electrolyte interface, given by,

O2(aq) 
k1
⇌
k - 1

 O2(dl) (1)

O2 may then adsorb on free lattice sites and participate in the hydrogen bonded network and this 
is given by

O2(dl) +  * A 
k2
⇌
k - 2

 O2 * A (2)

Once adsorbed on the surface, O2 can be reduced to H2O by a series of proton-coupled electron 

transfer steps in the associative pathway2

O2 * A +  H +  +  e -
k3

 ⇌
k - 3

 OOH * A (3)

OOH * A +  H +  +  e -  
k4

⇌ 
k - 4

O * A +  H2O (4)

O * A +  H +  +  e -  
k5
⇌

k - 5

 OH * A (5)

OH * A +  H +  +  e -
k6

 ⇌
k - 6

 * A +  H2O (6)

According to transition state theory, the rate constant is given by

ki =  
kBT

h
exp( ‒

Ga,i

kBT) (7)

Where Ga,i is the activation free energy. For chemical dissociation steps, we neglect the 

activation entropy and use activation energies calculated by Tripkovic et al. 3 for the solvated Pt(111) 

surface. We use Brønsted−Evans−Polanyi (BEP) relations derived from previously published DFT 

calculations to describe variations in the activation free energy with variations in the dissociation free 

energy relative to platinum. 4, 5 With these approximations, the activation free energy is given by
Ga,i ≈  EPt

a,i +  γi(ΔGi ‒  ΔGPt
i ) (8)

where  is the activation energy on Pt(111), is the reaction free energy of the step EPt
a,i ΔGi - ΔGPt

i

relative to Pt(111), and  is the BEP slope. The rate constants of an electrochemical reduction step, i, γi

is assumed to take the functional form
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ki =  
kBT

h
exp( ‒

G 0
a,i

kBT)exp( ‒
eβi(U ‒ U0

i)
kBT ) (9)

where  is the activation free energy at the reversible potential of the step, . The reversible G 0
a,i U0

i

potential of step i

U0
i  =  ‒  

ΔG0
i

e
(10)

The rate equations for elementary reactions of ORR displayed as eq (1-6) are shown as following:
 𝑟1 = 𝑘1𝑥 O2(aq) ‒ 𝑘 ‒ 1𝑥 O2(dl) (11)

 𝑟2 = 𝑘2𝑥 O2(dl)𝜃 * A
‒ 𝑘 ‒ 2𝜃 O2 * A (12)

 𝑟3 = 𝑘3𝜃 O2 * A
‒ 𝑘 ‒ 3𝜃OOH * A (13)

 𝑟4 = 𝑘4𝜃OOH * A
‒ 𝑘 ‒ 4𝑥H2O𝜃O * A (14)

 𝑟5 = 𝑘5𝜃O * A
‒ 𝑘 ‒ 5𝜃OH * A (15)

 𝑟6 = 𝑘6𝜃OH * A
‒ 𝑘 ‒ 6𝑥H2O𝜃 * A (16)

Where  denotes the surface coverage of the intermediate species during the ORR process. The 𝜃

 and  were set as 2.3×10-5 and 1, respectively, to simulate their saturated concentration 
𝑥 O2(aq) 𝑥H2O

during water solvent. Assuming that all the intermediate species are in steady state during ORR 

process, one could obtain the relationship between coverage of species and potential can be obtained 

by save the equations as follows:
∂𝑥 O2(dl)

∂𝑡
= 𝑟1 ‒ 𝑟2 = 0 (17)

∂𝜃 O2 * A

∂𝑡
= 𝑟2 ‒ 𝑟3 = 0 (18)

∂𝜃OOH * A

∂𝑡
= 𝑟3 ‒ 𝑟4 = 0 (19)

∂𝜃O * A

∂𝑡
= 𝑟4 ‒ 𝑟5 = 0 (20)

∂𝜃OH * A

∂𝑡
= 𝑟5 ‒ 𝑟6 = 0 (21)



 4 / 15

∂𝜃 * A

∂𝑡
= 𝑟6 ‒ 𝑟2 = 0 (22)

∑
𝑖 = 𝑠𝑝𝑒𝑐𝑖𝑒𝑠

∂𝜃𝑖

∂𝑡
= 1 (23)

The ORR polarization curve is available to be calculated via:
𝑗 =‒ 4𝑒𝜌𝑠𝑖𝑡𝑒𝑟6 (24)

Where  is the surface active site density with a unit of sites·cm−2.𝜌𝑠𝑖𝑡𝑒

S2. The computational details of slow growth

To simulate the diffusion of oxygen, we positioned oxygen molecules approximately 5-6 Å away 

from the Pt surface (outside the HP), effectively mimicking the entire process of oxygen diffusing 

through the electric double layer and ultimately adsorbing onto the Pt catalyst surface.

The transformation from OO to H2O involves the introduction of hydrogen atoms to form stable 

intermediates (*OOH, *O, *OH) and the confirmation of their structural stability. The initial state of 

each process is determined based on the stable structure obtained from the previous step, with the 

structure at the lowest energy point selected to ensure thermodynamic stability throughout each stage.
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S3. The structure of Pt/ionomer/water interface 

Fig. S1 Structures of the Pt(111)/Nafion ionomer interface with different distance.
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Fig. S2 Evolution of temperature and energy during a 10 ps AIMD simulation for the contact (a) and non-contact 
(b) structures.

Fig. S3 (a) Differential charge density of the corresponding structures (iso-surface at 0.0003 e·Å−3; cyan-green 
indicates electron deficiency, while yellow indicates electron accumulation) and Bader charge of atoms near the 
sulfonic acid group on the Pt surface; (b) PDOS of surface Pt atoms and O atoms of sulfonic acid groups, along 
with the d-band center in both contact and non-contact structures.
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S4. The electric double-layer structure of the Pt/io nomer/water interface 

Fig. S4 RDF of Pt-O(SO3) and Pt-S(SO3) in both contact and non-contact structures.



 8 / 15

Fig. S5 Pt-OH bond lengths and adsorption energies of OH at various sites in both contact and non-contact 
structures. (The formula for calculating OH adsorption energies is Eads=EPt/Nafion+OH-EPt/Nafion(after deformation)-
EH2O-1/2EH2)
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Fig. S6 Number density distribution and integral values of water within the HP, considering different orientation 
angles in both contact and non-contact structures.

Fig. S7 The distribution of H-bond number density (a) and hydrogen bond length (b) (The values 1.23 and 2.38 
represent the number of H-bonds within the HP in the contact and non-contact structures)
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S5. The ORR activity of Pt/ionomer/water interface

Fig. S8 Snapshots from the slow growth simulation of O2 diffusion in the contact structure.

Fig. S9 Snapshots from the slow growth simulation of O2 diffusion in the non-contact structure.
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Fig. S10 Snapshots from the slow growth simulation of O2 protonation (*OO + H+ + e− → *OOH) in the contact 
structure.

Fig. S11 Snapshots from the slow growth simulation of O2 protonation (*OO + H+ + e− → *OOH) in the non-
contact structure.
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Fig. S12 Snapshots from the slow growth simulation of *OOH protonation (*OOH + H+ + e− → *O + H2O) in the 
contact structure.

Fig. S13 Snapshots from the slow growth simulation of *OOH protonation (*OOH + H+ + e− → *O + H2O) in the 
non-contact structure.
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Fig. S14 Snapshots from the slow growth simulation of *O protonation (*O + H+ + e− → *OH) in the contact 
structure.

Fig. S15 Snapshots from the slow growth simulation of *O protonation (*O + H+ + e− → *OH) in the non-contact 
structure.
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Fig. S16 Snapshots from the slow growth simulation of *OH protonation (*OH + H+ + e− → H2O) in the contact 
structure.

Fig. S17 Snapshots from the slow growth simulation of *OH protonation (*OH + H+ + e− → H2O) in the non-
contact structure.
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