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Lateral interaction effect

Figure S 1. Effect of  on the coverage of adsorbed oxygen intermediates (left) with𝜉𝑂𝐻

. Effect of  on the coverage of adsorbed oxygen intermediates𝜉𝑂 = 10 𝑘𝐽 𝑚𝑜𝑙 ‒ 1 𝜉𝑂

(right) with . Other parameters are given in Figure 2 of the main-𝜉𝑂𝐻 = 10 𝑘𝐽 𝑚𝑜𝑙 ‒ 1

text.



Interfacial parameters

Table S1. Parameters of the electrified interface in calculation of .𝜎𝑀

Category Item Value Note

Gas constant, R 8.314 𝐽 𝐾 ‒ 1 𝑚𝑜𝑙 ‒ 1 Constant
Faraday constant, F 96485 𝐶 𝑚𝑜𝑙 ‒ 1 Constant
Temperature, T 298.15 𝐾 Typical value
Elementary charge, e 1.6 × 10 ‒ 19 𝐶 Constant
Avogadro's number, 𝑁𝐴 6.02 × 1023 𝑚𝑜𝑙 ‒ 1 Constant
Water dipole moment, 𝜇𝑤 3.1 𝐷 Typical value
Pt atom density, 𝑁𝑡𝑜𝑡 1.6335 × 1019 𝑚 ‒ 2 Calculated using 

 with4/ 3𝑎 2
𝑃𝑡

𝑎𝑃𝑡 = 3.92Å

General

Vacuum permittivity, 𝜀0 8.85 × 10 ‒ 12 𝐹 𝑚 ‒ 1 Constant
Permittivity of oxide layer, 
𝜀𝑃𝑡𝑂

1.0 𝜀0 Nothing but vacuum 
inside the oxide layer

Permittivity of the IHP, 𝜀𝐼𝐻𝑃 06.0 𝜀0 1

Permittivity of the OHP, 𝜀𝑂𝐻𝑃 30.0 𝜀0 1

Permittivity of bulk solution, 
𝜀𝑠

78.5 𝜀0 Constant (bulk water)

Thickness of the oxide layer, 
𝛿𝑃𝑡𝑂

0.18 𝑛𝑚 DFT calculation2

Net charge number per oxide 
site, 𝜍𝑂𝐻

0.02 DFT calculation2

Thickness of the IHP, 𝛿𝐼𝐻𝑃 0.275 𝑛𝑚 Constant (the 
diameter of water 
dipole)

Thickness of the OHP, 𝛿𝑂𝐻𝑃 0.515 𝑛𝑚 1

Dielectric 
and structural

Potential difference between 
bulk and interfacial metal, 
Δ𝜙𝑀

0.3 𝑉 1



A collection of ORR Tafel slopes of Pt electrocatalysts.

Table S2. A collection of ORR Tafel slopes of Pt electrocatalysts.

Sample Method & condition
Tafel slope 

/ 
𝑚𝑉 𝑑𝑒𝑐 ‒ 1

Potential 
range / V

Potential 
dependence Reference

Pt/Vulcan
RDE, -saturated 𝑂2

, mass-0.1𝑀 𝐻𝐶𝑙𝑂4

transfer corrected
60~90 0.75 ‒ 0.95 Decreasing 3

Pt(111) RDE, -saturated 𝑂2

0.1𝑀 𝐻𝐶𝑙𝑂4
77 0.7 ‒ 0.9 Not shown 4

50% wt 
Pt/Vulcan

IR-free voltage of a 
catalyst layer in  𝐻2/𝑂2

gas condition at 100% 
RH and 80℃

60 ‒ 110 0.75 ‒ 0.90 Decreasing 5

Pt(111)

RDE, -saturated  𝑂2

 at 296 K, 0.1𝑀 𝐻𝐶𝑙𝑂4

intrinsic kinetic 
current

~60 ‒ 118 0.5 ‒ 1.0 Decreasing 6

Pt-poly, 
, 𝑃𝑡3𝑁𝑖

𝑃𝑡3𝐶𝑜

RDE, -saturated 𝑂2

 at 293 K, 0.1𝑀 𝐻𝐶𝑙𝑂4

mass-transfer 
corrected

90 ‒ 110 0.80 ‒ 0.92 Decreasing 7

Pt disk 
electrode

RDE,  and 𝐻𝐶𝑙𝑂4

𝐻2𝑆𝑂4
60 ‒ 120 0.4 ‒ 1.0 Decreasing 8



Effect of ionic strength

Figure S 1. Effect of ionic strength on the ORR for the case of pH=1.2 in Figure 3.



Rate constants

Figure S 3. Variations in the rate constants as a function of electrode potential for 

pH=1.2 in Figure 3.



Oxide coverage as a function of the chemisorption energy

Figure S 4. Normalized total oxide coverage, , as a function�̃�𝑂𝑋 = (𝜃𝑂𝐻 + 𝜃𝑂)/𝜃𝑚𝑎𝑥

of hydroxyl binding energy. The data are calculated at  using the 𝐸 = 0.9 𝑉 (𝑅𝐻𝐸)

same parameter set as in Figure 7.



Relation between ORR activity and 𝐺
0

𝑂𝐻

According to the definition we obtain,

𝐾 ∗
3

=
𝑘 ∗

3

𝑘 ‒ 3
= [𝐻 + ]exp (𝐸𝑎, ‒ 3 ‒ 𝐸𝑎,3

𝑅𝑇 ) = [𝐻 + ]exp ( ‒
Δ𝐺3

𝑅𝑇 ) = [𝐻 + ]exp ( ‒
𝐹(𝐸 ‒ 𝐸𝑒𝑞

3 ) + 𝛿𝐺𝑂𝐻 ‒ 𝛿𝐺𝑂

𝑅𝑇 )
.

(S1)

Based on the scaling relation,  of a catalyst having a different  relative to 𝐸𝑒𝑞
3 Δ𝐺 0

𝑂𝐻

 is expressed as,Δ𝐺𝑃𝑡,0
𝑂𝐻

𝐸𝑒𝑞
3 = 𝐸𝑃𝑡,𝑒𝑞

3 +
(𝜁𝑂 ‒ 1)(Δ𝐺 0

𝑂𝐻 ‒ Δ𝐺𝑃𝑡,0
𝑂𝐻  )

𝐹
.

(S2)

where  as in Table 1.𝐸𝑃𝑡,𝑒𝑞
3 = 0.95 𝑉

Substituting Eq.(S2) into Eq.(S1) leads to,

𝐾 ∗
3

= [𝐻 + ]exp ( ‒
𝐹(𝐸 ‒ 𝐸𝑃𝑡,𝑒𝑞

3 )
4𝑅𝑇 )exp (𝛿𝐺𝑂 ‒ 𝛿𝐺𝑂𝐻

𝑅𝑇 )exp ( 𝐹
𝑒𝑅𝑇

(𝜁𝑂 ‒ 1)(Δ𝐺 0
𝑂𝐻 ‒ Δ𝐺𝑃𝑡,0

𝑂𝐻 )) = 𝐾𝑃𝑡, ∗
3 exp ( 1

𝑅𝑇
(𝜁𝑂 ‒ 1)(Δ𝐺 0

𝑂𝐻 ‒ Δ𝐺𝑃𝑡,0
𝑂𝐻 ))

,

(S3)

with .
𝐾𝑃𝑡, ∗

3 = [𝐻 + ]exp ( ‒
𝐹(𝐸 ‒ 𝐸𝑃𝑡,𝑒𝑞

3 )
𝑅𝑇 )exp (𝛿𝐺𝑂 ‒ 𝛿𝐺𝑂𝐻

𝑅𝑇 )
Similarly, we have,

𝐾 ∗
4 = 𝐾𝑃𝑡, ∗

4 exp ((Δ𝐺 0
𝑂𝐻 ‒ Δ𝐺𝑃𝑡,0

𝑂𝐻 )
𝑅𝑇 ),

(S4)

with .
𝐾𝑃𝑡, ∗

4 = [𝐻 + ]exp ( ‒
𝐹(𝐸 ‒ 𝐸𝑃𝑡,𝑒𝑞

4 )
𝑅𝑇 )exp ( ‒ 𝛿𝐺𝑂𝐻

𝑅𝑇 )
For step (1),



𝑘 ∗
1 = 𝑘𝑃𝑡, ∗

1 exp ( ‒ 𝛽1𝜁𝑂𝑂𝐻(Δ𝐺 0
𝑂𝐻 ‒ Δ𝐺𝑃𝑡,0

𝑂𝐻  )
𝑅𝑇 ),

(S5)

with .
𝑘𝑃𝑡, ∗

1 = 𝑘0
1exp ( ‒ 𝐸 0

𝑎,𝑖 ‒ 𝛽1𝐹(𝐸 ‒ 𝐸𝑃𝑡,𝑒𝑞
1 )

𝑅𝑇 )[𝑂2][𝐻 + ]

For step (3),

𝑘 ∗
3 = 𝑘𝑃𝑡, ∗

3 exp (𝛽3(𝜁𝑂 ‒ 1)(Δ𝐺 0
𝑂𝐻 ‒ Δ𝐺𝑃𝑡,0

𝑂𝐻  )
𝑅𝑇 ),

(S6)

with .
𝑘𝑃𝑡, ∗

3 = 𝑘0
3exp ( ‒ 𝐸 0

𝑎,3 ‒ 𝛽3𝐹(𝐸 ‒ 𝐸𝑃𝑡,𝑒𝑞
3 )

𝑅𝑇 )𝜃𝑂[𝐻 + ]

For step (4),

𝑘 ∗
4 = 𝑘𝑃𝑡, ∗

4 exp (𝛽4(Δ𝐺 0
𝑂𝐻 ‒ Δ𝐺𝑃𝑡,0

𝑂𝐻  )
𝑅𝑇 ),

(S7)

with .
𝑘𝑃𝑡, ∗

4 = 𝑘0
4exp ( ‒ 𝐸 0

𝑎,4 ‒ 𝛽4𝐹(𝐸 ‒ 𝐸𝑃𝑡,𝑒𝑞
4 )

𝑅𝑇 )𝜃𝑂𝐻[𝐻 + ]

Combining Eqs. (S3)-(S7) into the relation  gives,𝑣𝑂𝑅𝑅 = (𝐾 ∗
3 )𝜈(𝐾 ∗

4 )𝜇𝑘 ∗
𝑖

𝑣𝑂𝑅𝑅 = 𝑣 0
𝑂𝑅𝑅exp ((𝜈(𝜁𝑂 ‒ 1) + 𝜇 ‒ 𝜁𝑖)

𝑅𝑇 (Δ𝐺 0
𝑂𝐻 ‒ Δ𝐺𝑃𝑡,0

𝑂𝐻  )),
(S8)

with  and 𝑣 0
𝑂𝑅𝑅 = (𝐾𝑃𝑡, ∗

3 )𝜈(𝐾𝑃𝑡, ∗
4 )𝜇𝑘𝑃𝑡, ∗

𝑖

𝜁𝑖 = { 𝛽1𝜁𝑂𝑂𝐻,   𝑖 = 1
‒ 𝛽3(𝜁𝑂 ‒ 1),   𝑖 = 3

‒ 𝛽4,   𝑖 = 4 �, (S9)



Rate determining term

Figure S 5. Rate-determining term of the ORR rate expression for 

. Labels for the curves are the same as in Figure 5.(Δ𝐺 0
𝑂𝐻 ‒ Δ𝐺𝑃𝑡,0

𝑂𝐻 ) = 0 𝑎𝑛𝑑 0.2 𝑒𝑉
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