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Mean-field microkinetic modeling details. 

Flat electrode surface with uniformly distributed carbon active sites, which are equally 

accessible for O2 and HO2- species was considered in simulations. The concentration profile on 

the vicinity of the electrode surface was assumed to be linear for O2 and HO2- species. The 

diffusion in the bulk of the electrode was neglected because of the low catalyst loadings. 

Then the effective diffusion layer thickness 𝛿𝛿𝑂𝑂2,𝐻𝐻𝑂𝑂2−  {cm} for O2 and HO2- is evaluated from the 

approximate analytical solution for RDE reported by Levich1. 

𝛿𝛿𝑂𝑂2,𝐻𝐻𝑂𝑂2−  = 1.61𝐷𝐷𝑂𝑂2,𝐻𝐻𝑂𝑂2− 

1
3� 𝜈𝜈1 6� 𝜔𝜔−1 2�  

Here, 𝐷𝐷𝑂𝑂2,𝐻𝐻𝑂𝑂2−  {cm2 s-1} are diffusivities of O2 and HO2- respectively, 𝜈𝜈 {cm2 s-1} – kinematic 

viscosity, 𝜔𝜔 {rad s-1} – RDE rotation rate. The values for 𝐷𝐷𝑂𝑂2,𝐻𝐻𝑂𝑂2−  and 𝜈𝜈 were taken from literature 

data2. 

All rate constant values are reported for the 0.1 M KOH solution. The rate constants for 

effective 2e- charge transfer steps are given at E0 = 0.7404 V vs. RHE. Prior to each numerical 

solution, the backward rate constant value for the charge transfer step was numerically 

calculated to reproduce the standard potential of O2/HO2- redox pair in alkaline media.  

Model (a) 

Three steps are considered within this model. 

1) Oxygen adsorption/desorption step on/from the surface: 

𝑣𝑣1𝑎𝑎 : ∗ +𝑂𝑂2  → 𝑂𝑂2𝑎𝑎𝑎𝑎𝑎𝑎   (𝑆𝑆1) 

2) Effective 2e- reduction/oxidation step of/to O2 to/from HO2-. Reaction product remains 

adsorbed on the surface: 

𝑣𝑣2𝑎𝑎: 𝑂𝑂2𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− → 𝐻𝐻𝑂𝑂2𝑎𝑎𝑎𝑎𝑎𝑎
− + 𝑂𝑂𝐻𝐻−   (𝑆𝑆2) 
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3) HO2- desorption/adsorption step from/on the surface: 

𝑣𝑣3𝑎𝑎: 𝐻𝐻𝑂𝑂2𝑎𝑎𝑎𝑎𝑎𝑎
− →  ∗ +𝐻𝐻𝑂𝑂2−    (𝑆𝑆3) 

The rates of steps can be formally expressed as follows: 

𝑣𝑣1𝑎𝑎 = 𝑘𝑘1𝑎𝑎𝑐𝑐𝑂𝑂2�1 − 𝛳𝛳𝑂𝑂2 − 𝛳𝛳𝐻𝐻𝑂𝑂2−� − 𝑘𝑘−1𝑎𝑎𝛳𝛳𝑂𝑂2    (𝑆𝑆4) 

𝑣𝑣2𝑎𝑎 = 𝑘𝑘2𝑎𝑎𝛳𝛳𝑂𝑂2𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝛼𝛼2𝑎𝑎𝐹𝐹(𝐸𝐸 − 𝐸𝐸𝑜𝑜)

𝑅𝑅𝑅𝑅
� − 𝑘𝑘−2𝑎𝑎𝛳𝛳𝐻𝐻𝑂𝑂2−𝑒𝑒𝑒𝑒𝑒𝑒 �

(1 − 𝛼𝛼2𝑎𝑎)𝐹𝐹(𝐸𝐸 − 𝐸𝐸𝑜𝑜)
𝑅𝑅𝑅𝑅

�    (𝑆𝑆5) 

𝑣𝑣3𝑎𝑎 = 𝑘𝑘3𝑎𝑎𝛳𝛳𝐻𝐻𝑂𝑂2− − 𝑘𝑘−3𝑎𝑎𝑐𝑐𝐻𝐻𝑂𝑂2−�1 − 𝛳𝛳𝑂𝑂2 − 𝛳𝛳𝐻𝐻𝑂𝑂2−�   (𝑆𝑆6) 

Here k1a/k-1a {cm3 mol-1 s-1/ s-1} are forward/backward rate constants for reaction step (S1), 

k2a/k-2a {s-1/ s-1} are forward/backward rate constants for reaction step (S2), α2a {1}- charge 

transfer coefficient in (S2), k3a/k-3a { s-1/ cm3 mol-1 s-1} are forward/backward rate constants for 

reaction step (S3), 𝛳𝛳𝑂𝑂2/𝛳𝛳𝐻𝐻𝑂𝑂2− {1/1} are surface coverages by O2 and HO2- species respectively, Eo 

– potential at which rate constants for electrochemical step were specified (0.7404 V vs. RHE in 

this work), R – universal gas constant {J K-1 mol-1}, F – Faraday constant {C mol-1}, and T – 

temperature {K} (298 K in this work). 

The model, which was solved numerically: 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝑑𝑑𝜃𝜃𝑂𝑂2
𝑑𝑑𝑑𝑑 = 0 = 𝑣𝑣1a − 𝑣𝑣2a

𝑑𝑑𝜃𝜃𝐻𝐻𝑂𝑂2−
𝑑𝑑𝑑𝑑 = 0 = 𝑣𝑣2a − 𝑣𝑣3a

𝐷𝐷𝑂𝑂2 �
𝑑𝑑𝑐𝑐𝑂𝑂2
𝑑𝑑𝑒𝑒

�
𝑥𝑥=0

≈ 𝐷𝐷𝑂𝑂2
𝑐𝑐𝑂𝑂2
∗ − 𝑐𝑐𝑂𝑂2
𝛿𝛿𝑂𝑂2  

= 𝛤𝛤𝐶𝐶𝑣𝑣1𝑎𝑎

𝐷𝐷𝐻𝐻𝑂𝑂2− �
𝑑𝑑𝑐𝑐𝐻𝐻𝑂𝑂2−
𝑑𝑑𝑒𝑒

�
𝑥𝑥=0

≈ 𝐷𝐷𝐻𝐻𝑂𝑂2−
𝑐𝑐𝐻𝐻𝑂𝑂2−
∗ − 𝑐𝑐𝐻𝐻𝑂𝑂2−
𝛿𝛿𝐻𝐻𝑂𝑂2−  

= −𝛤𝛤𝐶𝐶𝑣𝑣3𝑎𝑎

   (𝑆𝑆7) 

Here 𝑐𝑐𝑂𝑂2/𝐻𝐻𝑂𝑂2− {mol cm-3} are concentrations of O2 and HO2- species in the vicinity of the 

electrode surface, 𝑐𝑐𝑂𝑂2/𝐻𝐻𝑂𝑂2−
∗  {mol cm-3} are concentrations of O2 and HO2- in the bulk of electrolyte, 

given by oxygen solubility in 0.1 M KOH3 and experimental conditions for HPRR/HPOR. 𝛤𝛤𝐶𝐶  is CNT 
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active site surface density {mol cm-2}. It was recalculated from the value used in our previous 

simulations4 for Vulcan Carbon XC-72 (VC) using the ratios of BET surface areas and mass loadings 

for VC and CNTs. 

If one wants to simulate ORR proceeding within the same reaction mechanism but in non-

steady state approximation, then the system of ordinary differential equations should be solved 

numerically. Linear dependence of RDE potential on time should be introduced. Non-zero time 

derivatives of surface coverages will be expressed the same way as in (S7). Time-derivatives of 

surface coverages can be calculated as was shown in5  

Finally, the geometric current density 𝐼𝐼𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔(𝐸𝐸) is evaluated from: 

𝐼𝐼𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔(𝐸𝐸) = −2𝐹𝐹𝛤𝛤𝐶𝐶𝑣𝑣2a(𝐸𝐸)   (𝑆𝑆8) 

Model (b) 

This model is obtained by simplification of the Model (a) by merging steps (S2) and (S3). No 

adsorbed HO2- considered (fast HO2- adsorption/desorption step). 

𝑣𝑣1𝑏𝑏 : ∗ +𝑂𝑂2  → 𝑂𝑂2𝑎𝑎𝑎𝑎𝑎𝑎   (𝑆𝑆9) 

𝑣𝑣2𝑏𝑏: 𝑂𝑂2𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− → ∗ +𝐻𝐻𝑂𝑂2− + 𝑂𝑂𝐻𝐻−   (𝑆𝑆10) 

Then, the rates will be: 

𝑣𝑣1𝑏𝑏 = 𝑘𝑘1𝑏𝑏𝑐𝑐𝑂𝑂2�1− 𝛳𝛳𝑂𝑂2� − 𝑘𝑘−1𝑏𝑏𝛳𝛳𝑂𝑂2    (𝑆𝑆11) 

𝑣𝑣2𝑏𝑏 = 𝑘𝑘2𝑏𝑏𝛳𝛳𝑂𝑂2𝑒𝑒𝑒𝑒𝑒𝑒�−
𝛼𝛼2𝑏𝑏𝐹𝐹(𝐸𝐸 − 𝐸𝐸𝑜𝑜)

𝑅𝑅𝑅𝑅
� − 𝑘𝑘−2𝑏𝑏𝑐𝑐𝐻𝐻𝑂𝑂2−�1 − 𝛳𝛳𝑂𝑂2�𝑒𝑒𝑒𝑒𝑒𝑒 �

(1 − 𝛼𝛼2𝑏𝑏)𝐹𝐹(𝐸𝐸 − 𝐸𝐸𝑜𝑜)
𝑅𝑅𝑅𝑅

� (𝑆𝑆12) 
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Here k1b/k-1b {cm3 mol-1 s-1/ s-1} are forward/backward rate constants for reaction step (S9), 

k2b/k-2b {s-1/ cm3 mol-1 s-1} are forward/backward rate constants for reaction step (S10), and α2b 

{1}- charge transfer coefficient in (S10). 

Numerical model: 

⎩
⎪⎪
⎨

⎪⎪
⎧

𝑑𝑑𝜃𝜃𝑂𝑂2
𝑑𝑑𝑑𝑑

= 0 = 𝑣𝑣1b − 𝑣𝑣2b

𝐷𝐷𝑂𝑂2 �
𝑑𝑑𝑐𝑐𝑂𝑂2
𝑑𝑑𝑒𝑒

�
𝑥𝑥=0

≈ 𝐷𝐷𝑂𝑂2
𝑐𝑐𝑂𝑂2
∗ − 𝑐𝑐𝑂𝑂2
𝛿𝛿𝑂𝑂2  

= 𝛤𝛤𝐶𝐶𝑣𝑣1𝑏𝑏

𝐷𝐷𝐻𝐻𝑂𝑂2− �
𝑑𝑑𝑐𝑐𝐻𝐻𝑂𝑂2−
𝑑𝑑𝑒𝑒

�
𝑥𝑥=0

≈ 𝐷𝐷𝐻𝐻𝑂𝑂2−
𝑐𝑐𝐻𝐻𝑂𝑂2−
∗ − 𝑐𝑐𝐻𝐻𝑂𝑂2−
𝛿𝛿𝐻𝐻𝑂𝑂2−  

= −𝛤𝛤𝐶𝐶𝑣𝑣2𝑏𝑏

   (𝑆𝑆13) 

Geometric current density: 

𝐼𝐼𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔(𝐸𝐸) = −2𝐹𝐹𝛤𝛤𝐶𝐶𝑣𝑣2b(𝐸𝐸)   (𝑆𝑆14) 

Model (c) 

No surface coverages are considered within the simplest single step model: 

𝑣𝑣1𝑐𝑐: 𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− →  𝐻𝐻𝑂𝑂2− + 𝑂𝑂𝐻𝐻−   (𝑆𝑆15) 

Reaction rate: 

𝑣𝑣1𝑐𝑐 = 𝑘𝑘1𝑐𝑐𝑐𝑐𝑂𝑂2𝑒𝑒𝑒𝑒𝑒𝑒�−
𝛼𝛼1𝑐𝑐𝐹𝐹(𝐸𝐸 − 𝐸𝐸𝑜𝑜)

𝑅𝑅𝑅𝑅
� − 𝑘𝑘−1𝑐𝑐𝑐𝑐𝐻𝐻𝑂𝑂2−𝑒𝑒𝑒𝑒𝑒𝑒 �

(1 − 𝛼𝛼1𝑐𝑐)𝐹𝐹(𝐸𝐸 − 𝐸𝐸𝑜𝑜)
𝑅𝑅𝑅𝑅

�    (𝑆𝑆16) 

Here k1c/k-1c {cm3 mol-1 s-1/ cm3 mol-1 s-1} are forward/backward rate constants for reaction 

step (S15), and α1c {1}- charge transfer coefficient in (S15). 

Numerical model: 

⎩
⎪
⎨

⎪
⎧ 𝐷𝐷𝑂𝑂2 �

𝑑𝑑𝑐𝑐𝑂𝑂2
𝑑𝑑𝑒𝑒

�
𝑥𝑥=0

≈ 𝐷𝐷𝑂𝑂2
𝑐𝑐𝑂𝑂2
∗ − 𝑐𝑐𝑂𝑂2
𝛿𝛿𝑂𝑂2  

= 𝛤𝛤𝐶𝐶𝑣𝑣1𝑐𝑐

𝐷𝐷𝐻𝐻𝑂𝑂2− �
𝑑𝑑𝑐𝑐𝐻𝐻𝑂𝑂2−
𝑑𝑑𝑒𝑒

�
𝑥𝑥=0

≈ 𝐷𝐷𝐻𝐻𝑂𝑂2−
𝑐𝑐𝐻𝐻𝑂𝑂2−
∗ − 𝑐𝑐𝐻𝐻𝑂𝑂2−
𝛿𝛿𝐻𝐻𝑂𝑂2−  

= −𝛤𝛤𝐶𝐶𝑣𝑣1𝑐𝑐
   (𝑆𝑆17) 

Geometric current density: 
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𝐼𝐼𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔(𝐸𝐸) = −2𝐹𝐹𝛤𝛤𝐶𝐶𝑣𝑣1c(𝐸𝐸)   (𝑆𝑆18) 
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Supplementary Table 1. Estimated uncertainties of independent model parameters. 

Model 
parameter 

Overall parameter 
sampling interval 

ORR fitting. Minimal 
interval, which contains 
all parameters giving 
the accuracy of fitting 
lower than 
experimental error. 

ORR and HPRR/HPOR 
fitting. Minimal interval, 
which contains all 
parameters giving the 
accuracy of fitting lower 
than experimental error. 

Model (a) 

k1a, s-1 cm3 mol-1 3.4x10-4...3.4x1010 2.8x106…1.3x107 2.8x106…7.2x107 

k-1a, s-1 3.4x10-4...3.4x1010 3.4x100…1.9x108 2.2x100...5.6x107 

k2a, s-1 3.4x10-4...3.4x1010 4.8x10-2…2.1x106 2.3x10-2…7.2x106 

k3a, s-1 3.4x10-4...3.4x1010 4.4x100…5.3x108 5.5x100…1.7x109 

k-3a, s-1 3.4x10-4...3.4x1010 9.6x100…3.4x1010 1.2x101…7.7x109 

α2a, 1 0.40…0.95 0.40…0.92 0.43…0.90 

Model (b) 

k1b, s-1 cm3 mol-1 3.4x10-4...3.4x1010 2.8x106…3.9x106 2.8x106…3.5x106 

k-1b, s-1 3.4x10-4...3.4x1010 8.8x100…5.5x102 9.7x100…1.7x102 

k2b, s-1 3.4x10-4...3.4x1010 3.1x10-2…5.9x106 3.6x10-2…1.5x101 

α2b, 1 0.40…0.95 0.42…0.91 0.64…0.90 
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Supplementary Figure 1. XPS survey spectra measured for two multiwalled carbon nanotube 
materials: CNT 1 sample – studied in 6 and CNT 2 sample – studied in this work. Spectra were 
shifted in Y-axis for the sake of comparison.  
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Supplementary Figure 2. O1s high-resolution spectra measured for two multiwalled carbon 
nanotube materials: CNT 1 sample – studied in 6 and CNT 2 sample – studied in this work. Best 
peak fitting results. Spectra were shifted in Y-axis for the sake of comparison.  
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Supplementary Figure 3. Example of modeling results for the model (a) with 3 reaction steps. All 
figures include the simulated RDE CVs for 10 random sets of model parameters with target 
functional lower than the experimental error (semi-transparent lines) and averaged experimental 
data (dots). Model parameters were adjusted by fitting of ORR RDE (a-c) and both ORR and 
HPRR/HPOR RDE (d-f) data. Simulated RDE CVs for O2-saturated solution (a, d), Ar-saturated 
solution with added 1.2 mM (b, e) and 0.6 mM (c, f) of hydroperoxide are shown.  
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Supplementary Figure 4. Pair distributions of independent model (a) parameters. The figures on 
the left lower and right upper parts correspond to the fitting of ORR only and all ORR plus 
HPRR/HPOR RDE CVs respectively. Dots represent sets of the model parameters, for which target 
function was evaluated to be: lower than experimental error (red); between one and four 
experimental errors (green); higher than four experimental errors (blue).  
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Supplementary Figure 5. Example of modeling results for the model (b) with 2 steps. All figures 
include the simulated RDE CVs for 10 random sets of model parameters with target functional 
lower than the experimental error (semi-transparent lines) and averaged experimental data 
(dots). Model parameters were adjusted by fitting of ORR RDE (a-c) and both ORR and 
HPRR/HPOR RDE (d-f) data. Simulated RDE CVs for O2-saturated solution (a, d), Ar-saturated 
solution with added 1.2 mM (b, e) and 0.6 mM (c, f) of hydroperoxide are shown. 
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Supplementary Figure 6. Example of modeling results for the model (c) with a single step. All 
figures include the simulated RDE CVs for 10 random sets of model parameters with target 
functional lower than the experimental error (semi-transparent lines) and averaged experimental 
data (dots). Model parameters were adjusted by fitting of ORR RDE (a-c) and both ORR and 
HPRR/HPOR RDE (d-f) data. Simulated RDE CVs for O2-saturated solution (a, d), Ar-saturated 
solution with added 1.2 mM (b, e) and 0.6 mM (c, f) of hydroperoxide are shown.  
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