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Fig. S1. Possible configurations for each adsorbed species (end-on O2, side-on O2, O, 
H, OH, OOH, H2O) involved in the ORR on CoN3 embedded graphene. Eads 

represents the adsorption energy (eV). The gray, blue, dark blue, red, and white balls 
represent C, Co, N, O, and H atoms, respectively.





Fig. S2. Atomic structures of the designed initial state (left panel) and optimized final 
state (right panel) for HOOH species on CoN3 embedded graphene. 



2. Quantum Chemical Molecular Dynamics Simulations

To further confirm that whether the HOOH species could stably exist on the surface 

of CoN3-Gra catalyst, we performed the Quantum Chemical Molecular Dynamics 

(QM/MD) simulations on the decomposition of non-optimized HOOH species. The 

QM/MD was implemented based on the self-consistent charge density functional 

tight-binding (SCC-DFTB) method [1]. This method consists of the integration of 

classical equations of motion, in conjunction with a quantum chemical potential. The 

equations of motion were integrated by employing the Velociy−Verlet algorithm [2] 

with a time step of 0.5 fs for the time propagation. The decomposition reaction 

temperature (Tn) was held constant at 300 K in the NVT ensemble via a Nosé−Hoover 

chain thermostat [3].

The standard trans3d-0-1 [4] and mio-0-1 [1] parameter sets were employed in 

the simulation process. The orbital occupation in Fermi−Dirac distribution was 

employed with an electronic temperature (Te) [5] of 2000 K. 

We chose six different initial configurations. In a, b and c configurations, the 

OOH configurations are the same but the orientation of H atoms are left-facing, 

down-facing and right-facing, respectively. This also applys to d, e and f 

configurations. During the simulations, we performed three decomposed trails for 

each configuration at different initial velocities. (For instance, a-1, a-2 and a-3 

represent three decomposed trails for a configuration). As illustrated in Fig. S3, the O-

O bond of non-optimized HOOH configuration cleavages immediately, forming either 

OH+OH or O+H2O species. As a result, the HOOH species could not exist on the 

surface of CoN3-Gra catalyst. As a consequence, the ORR on CoN3-Gra catalyst is a 

direct four-electron process.
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Fig. S3. Molecular dynamic simulations of HOOH species adsorbed on CoN3 
embedded graphene at 300 K. 



Fig. S4. Free energy diagrams for the reaction pathway b→c→d→e on CoN3 
embedded graphene at different electrode potentials. 

4. Microkinetic Modeling [1] of ORR mechanism on CoN3 embedded graphene 

in acid environment

On the basis of the calculated optimum reaction mechanism, i.e., b→f→e in Fig. 3, 

we deduced the ORR Tafel kinetics by using microkinetics.

We obtain the following reaction equations with rate constant kx and k-x for the 

corresponding reverse reaction step:
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The reaction rate r for product formation is obtained by the equation:

r1 =  = k1∙a(H+)∙a(e-)∙θO2 - ∙θOOH    

𝑑𝑎(𝑂2)

𝑑𝑡 𝑘 ‒ 1
1

r2 =  = k2∙a(H+)∙a(e-)∙θOOH - ∙θO ∙a(H2O)

𝑑𝑎(𝑂𝑂𝐻)
𝑑𝑡 𝑘 ‒ 1
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r3 =  = k3∙a(H+)∙a(e-)∙θO - ∙θOH

𝑑𝑎(𝑂)
𝑑𝑡 𝑘 ‒ 1
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r4 =  = k4∙a(H+)∙a(e-)∙θOH - ∙a(H2O)

𝑑𝑎(𝑂𝐻)
𝑑𝑡 𝑘 ‒ 1

4

The activities of hydrion, electrons and H2O are assumed to be constant, i.e., 

a(H+) = a(e-) = a(H2O) =1. The coverage of surface species (θO2, θOOH, θO and θOH) 

are obtained from steady state approximation [2]. For CoN3-Gra, the coverageθO2, 

θOOH, θO and θOH of the precursors can be obtained as solutions of the following 

differential equation:
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Taking into account the relation:
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The rate constant k1 and  were calculated employing transition state theory 𝑘 ‒ 1
1

summarized in eqns. (5) to (6): 
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where  and  represent the calculated free energy barriers of elementary ∆𝐺𝑎
1 ∆𝐺 𝑎

‒ 1

reactions in the ORR process. a1 is the assuming symmetry factor which is set to be 

1/2. kB, h, F and R represent Boltzmann constant, Planck constant, Faraday constant 

and the universal gas constant, respectively. The temperature (T) is fixed to be 298.15 

K. The same situation applies to  , , ,  and .       𝑘2, 𝑘 ‒ 1
2 𝑘3 𝑘 ‒ 1

3 𝑘4 𝑘 ‒ 1
4

By Faraday’s law, the reaction rate r is transformed into the current density j:

j=e ∙ z ∙ r ∙ Ncat

where e denotes the elementary charge, z is the number of transferred electrons, which 

equals 1 for the elementary reaction of ORR and Ncat is the number of active places 

per cm2 area on the catalyst’s surface. 

The jtot can be calculated according to:

  (7)2Otot O OOH OOH O O OH OHj j j j j          

The overpotential η=1.23 eV-U (U denotes the external potential) as a function 

of the calculated decade logarithm of the total current density log (jtot) establishes a 

so-called Tafel plot [η vs. log (jtot) relation], which is depicted in Fig. 6 of the 

manuscript.
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