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Figure S1. The binding energy (Eb) and cohesion energy (Ec) of TM-loaded 

graphullerene. Ec are the experimental values.1-2

Figure S2. Optimized configurations of four Cr atoms loaded on graphullerene 

(including atomic dispersion, dimers, trimers and tetramers).

Figure S3. The COHP diagram (with specific orbital contributions) of Cr-O bond for 

O2 adsorbed on the Cr@gra structure.



Figure S4. The COHP diagram (with specific orbital contributions) of O-H bond for 

OOH adsorbed on the Cr@gra structure.

Figure S5. The COHP diagram (with specific orbital contributions) of O-H bond for 

OH adsorbed on the Cr@gra structure.

Figure S6. (a) (b) The PDOS of the corresponding atoms after intermediates (*O2 and 

*OH) adsorption on V@gra.



Figure S7. (a) (b) Microkinetic model simulated species coverage as a function of 

electrode potential on Mn@gra and Co@gra model.

Figure S8. Microkinetic model simulated species coverage as a function of electrode 

potential on Cr@gra model.

Figure S9. (a) Minimum energy path for Cr atom diffusion between dispersed 

configuration (IS) and dimeric configuration (FS) (TS is transition state) and (b) 

activation energy barrier (Ebar).



Figure S10. Activation energy barrier (Ebar) in the minimum-energy path for a single 

Cr atom diffusion between two neighboring sites on graphullerene.

Figure S11. (a) Thermodynamic stability of the Cr@gra was examined by ab initio 

molecular dynamics simulations performed at 300 K with a time-step of 1 fs. (b) 

Representative snapshots of the geometric structures are presented.
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Figure S12. The projected density of states (PDOS) of graphullerene substrate and Cr 

atoms in the Cr@gra system.



Figure S13. Total energy per atom (eV/atom) as a function of K-point size for plane-

wave cutoff energies of (a) 400 eV and (b) 500 eV.

Figure S14. Total energy per atom (eV/atom) as a function of the cutoff energy (Ecutoff) 

for a K-point of 4×2×1.

-6

-5

-4

-3

-2

-1

0

1

2

Fr
ee

 e
ne

rg
y 

(e
V

)

Reaction coordinate

4e⁻ Pathway (O2 → H2O)
2e⁻ Pathway (O2 → H2O2)

* *OOH *O *OH H2O

-0.841

-1.447

-1.593

-1.039

1.006

* *OOH H2O2

Figure S15. Free energy diagram of the 4-electron (O2→H2O) and 2-electron 

(O2→H2O2) pathways for the ORR.



Figure S16. (a) Top view and side view of TM@gra system. (b) Free energy diagram 

for ORR on site-I and site-II of the Cr@gra system.

Figure S17. Initial and final optimized adsorption configurations of O2 adsorption on 

Cr@gra with various typical adsorption orientations.

ORR free energy calculations

The Gibbs free energy change (∆G) is calculated using computational hydrogen 

electrode (CHE) method developed by Nørskov et al,3 as follows:

(S1)∆G =  ∆EDFT +  ∆EZPE – T∆S +  ∆GpH +  ∆GU

Where , , and  represent the difference of energy between reactants and ∆EDFT ∆EZPE ∆S

products, the zero-point energy correction, and the change in entropy, respectively, 

 ( , Boltzmann constant), denoting the correction of . ∆GpH =  kB T ln10 ×  pH kB pH

, where U is the electrode applied potential relative to reversible hydrogen ∆GU =  –neU

electrode (RHE) and n is the number of electrons transferred. The ORR reaction under 



acid condition can be written as:

O2 +  4H +  +  4e– ↔ 2H2O (𝑙)

The ORR reaction can be viewed as a four-step elemental reaction:

(1)O2 (g) +  *  +  H +  +  e– ↔ * OOH

(2)* OOH +  H +  +  e–↔ * O +  H2O (l)

(3)* O +  H +  +  e– ↔ * OH

 (4)* OH +  H +  +  e–↔ H2O (l) +  *

In the standard hydrogen electrode (pH=0, T=298 K), the free energy of the 
solvated proton and electron pair (H+ + e−) can be calculated as 1/2G(H2). Zero-point 
energy can be calculated using vibrational frequencies by applying normal-mode 
analysis through DFT calculations. For gas phase free molecules (H2O, H2), the entropy 
was taken from NIST database, and the entropy of intermediates (*OOH, *O, *OH) 
were omitted and considered equal to 0. The value of G(H2O (l)) was calculated 
according to the following equilibrium:

  H2O (l) ↔ H2O (g)  T = 298K, P = 0.035 bar
Because DFT calculations cannot accurately describe the high-spin ground state of 
oxygen module, the Gibbs free energy of O2 can be obtained indirectly by G(O2) = 
2G(H2O) – 2G(H2) + 4.92 (eV). Therefore, the free energy change of each step in the 
reaction equation can be written as:

(S2)
∆G1 =  G * OOH – (G *  +  GO2

 +  1/2GH2
)

(S3)
∆G2 =  G * O +  GH2O – (G * OOH +  1/2GH2

)

(S4)
∆G3 =  G * OH – (G * O +  1/2GH2

)

(S5)
∆G4 =  G *  +  GH2O – (G * OH +  1/2GH2

)

Meanwhile, the adsorption free energy of *OOH, *O, *OH is defined as follows:

(S6)
∆G * OOH =  G * OOH – G *  – (2GH2O – 3/2GH2

)

(S7)
∆G * O =  G * O – G *  – (GH2O – GH2

)

(S8)
∆G * OH =  G * OH – G *  – (GH2O – 1/2GH2

)

In this way, the free energy change of each step can be expressed in terms of the free 
energy of the intermediate adsorption:4



(S9)∆G1 =  ∆G * OOH – 4.92

(S10)∆G2 =  ∆G * O – ∆G * OOH

(S11)∆G3 =  ∆G * OH – ∆G * O

(S12)∆G4 =  – ∆G * OH

Of the above four steps, the step with the most difficult energy climb determines the 
reaction rate and is called the potential‐determining step (PDS). To describe the 
catalytic performance, the overpotential is defined as:

(S13)
ηORR =  

max ( ∆G1, ∆G2, ∆G3, ∆G4)

e
+ 1.23

Microkinetic model

In the microkinetic model, the reaction pathway and rate constant of the elementary 
reaction need to be determined. After that, we can solve a set of ordinary differential 
equations (ODEs) at steady state. By solving ODEs, we can obtain the information 
about the coverage of intermediates and turnover of frequency (TOF) of electrons.

Reaction pathway

The ORR reaction pathway at TM@gra involving six elementary reaction steps:

(1)O2 (aq) ↔ O2 (dl)

(2)O2 (dl) +  *  ↔ * O2

(3)* O2 +  H +  +  e– ↔ * OOH

(4)* OOH +  H +  +  e– ↔ * O +  H2O

(5)* O +  H +  +  e– ↔ * OH

(6)* OH +  H +  +  e– ↔ H2O +  *

where the (1), (2) is nonelectrochemical step, and the rest is electrochemical step. 

Rate constant

For nonelectrochemical step, the rate constant ( ) and equilibrium constants ( ) are ki Ki

given by:



(S14)
ki =  vi exp (–

Ea

kBT
)

(S15)
Ki =  exp (–

∆Gi

kBT
)

For electrochemical step, they are given by:

(S16)
ki =  Aiexp (–

Ea,i

kBT
)exp (–

eβi(U – Ui)
kBT

)

(S17)
Ki =  exp (–

∆Gi +  eU

kBT
)

(S18)
Ui =  –

∆Gi

e

(S19)
k–i =  

ki

Ki

where the ,  and  are the free energy change, activation energy and pre-Gi Ea Ai

exponential factor, respectively. The activation energy of electrochemical step is 

estimated as 0.28 eV due to solvent reorganization, and  is estimated as Ai

.  is symmetric factor taken as 0.5. The values of factors ( , ) and  1.23 × 109 s–1 βi Ai βi Ea

for proton transfer are taken from the reference,5 and the  of all steps are calculated Gi

by DFT.

Rate differential equations

Based on the part of reaction pathway and rate constant, the rate differential equations 
can be given at steady state as follows:

(S20)

∂xO2
(dl)

∂t
 =  k1 xO2

(aq) – k–1 xO2
(dl) – k2 xO2

(dl) θ *  +  k–2 θ * O2

(S21)

∂θ *

∂t
 =  –k2 xO2

(dl) θ *  +  k–2 θ * O2
 +  k6 θ * OH – k–6 θ *  xH2O

(S22)

∂θ * O2

∂t
 =  k2 xO2

(dl) θ *  – k–2 θ * O2
 – k3 θ * O2

 +  k–3 θ * OOH



(S23)

∂θ * OOH

∂t
 =  k3 θ * O2

 – k–3 θ * OOH – k4 θ * OOH +  k–4 θ * O xH2O

(S24)

∂θ * O

∂t
 =  k4 θ * OOH – k–4 θ * O xH2O – k5 θ * O +  k–5 θ * OH

(S25)

∂θ * OH

∂t
 =  k5 θ * O – k–5 θ * OH – k6 θ * OH +  k–6 θ *  xH2O

(S26)
θ *  +  θ * O2

 +  θ * OOH +  θ * O +  θ * OH =  1

In these equations  and , corresponding to 1 atm O2 
xH2O =  1 xO2

 (aq) =  2.34 ×  10–5

(g) in equilibrium with O2 (aq), and the rate equations are solved numerically at steady 
state.

Current density

The current density is calculated as:

(S27)
j =  e ρ TOF

e–

where  is the elementary charge and  is the surface density of active sites and  e ρ  TOF
e–

is the turnover frequency of electrons. The value of  is estimated as 80.3  eρ μC/cm2

based on the assumption that the surface density of active sites of TM@gra is the same 

as Pt(111)5.  can be given by solving above rate differential equations.
 TOF

e–

Dynamic stability

The graphene adatom systems are generally unstable without doping or substitution. 

This instability is primarily due to the planar structure of graphene, where the pz orbitals 

of the carbon atoms interact weakly with the metal atoms, leading to a tendency for 

metal atoms to aggregate. However, in fullerene the unique curved geometry plays a 

significant role in enhancing the binding of metal atoms.6-7 Because the px and py 

orbitals extend into the external space due to the curvature of the surface. This makes 

the interaction between the metal atoms and the carbon framework more intense.

We performed detailed calculation of the diffusion barrier for metal atoms on the 

graphullerene surface by CI-NEB.8-9 The process we focus is one Cr atom moving out 

from its ground state to the Cr next to it. The route diagram and related data are shown 



in Fig. S9, and the result shows that the barrier is 1.12 eV. Consider Arrhenius process 

, if we take , , the transition rate is about 0exp( / )b BR R E k T  13 1
0 10  sR  300 KT 

. This rate means the transition can be safely ignored in the macro-6 12.2 10  sR   

scale view. Similar results also can be found in calculations of Suo et al. in the same 

graphullerene structure.10 We also compared our system with other materials. Similar 

studies have shown that high diffusion barriers (e.g., 0.56 eV for chromium atoms in 

Fe-Cr alloys) can effectively inhibit sintering.11 Therefore, Our calculated potential 

barriers indicates that our model system is plausible and stable under the studied 

conditions.

Thermodynamic stability and corrosion resistance

The minimum-energy path (MEP) calculated by CI-NEB reveals that the Ebar for a Cr 

single atom jumping between two neighboring sites is 1.22 eV (see Fig. S10). Clearly, 

such a substantial Ebar effectively hinders the diffusion of Cr atoms. To further dispel 

the misgivings, we additionally examine the thermodynamic stability of Cr@gra 

complex through ab initio molecular dynamics simulations at 300 K (see Fig. S11). The 

first 200 fs are used to allow the system to reach equilibrium so that data collection 

begins from 200 fs. The results suggest that the graphullerene network keeps stable at 

temperatures near 300 K, which is in line with the experimental result that the 

graphullerene network does not decompose at 600 K.12-13

We also examined the corrosion process of the system. First, the C60 system is 

stable in acidic environment which can be deduced from the paper,14 in which the 

authors synthesized carbon nanotube/C60 and used it as a catalyst in acidic solution. 

Therefore, we focus on the stability of the Cr/graphullerene in acidic solution. The 

corrosion process is as follows:

* Cr +  3H + → *  +  Cr3 +  +  1.5H2#(S28)

Where * denotes in the C60 network, because the hydrogen ion cannot be directly 

calculated in DFT, we use the DFT calculated energy of a hydrogen atom plus the 

ionization energy 13.6 eV as the energy of an isolated hydrogen ion. The hydration 

energy of a hydrogen ion is -11.3 eV.15 The hydration energy of a Cr3+ is taken as an 



experimental value -41.6 eV.16 All other values were computed with the PCM model 

implemented in VASP_sol. By this way, we confirmed that the reaction needs extra 

11.6 eV to proceed, which means difficult to happen.

Convergence test

We use plane-wave as basis sets to expand the Hilbert space. For plane-wave, the basis 

set completeness is determined by the energy cutoff. Also, the K-point sampling is 

important for the accuracy.

To ensure the basis set completeness, we performed systematic convergence tests 

for (Ecutoff). We calculated the energies of the materials at different cutoff energies and 

K-points (Ecutoff ranges from 400 to 600 eV, K-points are taken as 3×2×1, 4×2×1, 

7×4×1, etc.) (Figs. S13 and S14). At a cutoff energy of 500 eV and a K-point of 4×2×1, 

the energy converges within 1 meV/atom, and the cutoff energy of 500 eV and the K-

point grid of 4×2×1 were finally selected for subsequent calculations in order to balance 

the computational accuracy and efficiency.

Two reaction pathways

We suppose only single site active process can happen because the large spacing of the 

four metal sites in the catalyst (the distance between the two nearest Cr atoms is about 

5 Å) prevents the formation of multi-site synergies. Therefore, there is only one active 

site available, where O2 is stabilized on the substrate by side-on adsorption, allowing it 

to be activated efficiently.

Focusing on the single site active process, there are usually two reaction pathways 

in the ORR,17 one is four-electron reaction which lead to formation of H2O, the other is 

two-electron reaction which lead to formation of H2O2. Our Gibbs free energy 

calculations further confirm that after the first protonation step, the two-electron 

pathway generates H2O2 as an endothermic process (ΔG = +1.006 eV), whereas the 

four-electron pathway is exothermic (as shown in Fig. S15). This thermodynamic 

difference clearly explains why the four-electron path is energetically more favorable 

and the two-electron process can be safely ignored.

Different active site reactions



We carried out the analysis for a symmetric structure consisting of four metal atoms 

(labeled 1, 2, 3 and 4). As shown in Fig. S16a, the red dashed line divides the structure 

into upper and lower symmetric regions, and the metal atoms can be divided into two 

categories: site-I (1 and 4) and site-II (2 and 3). Through DFT calculations, we 

systematically evaluated the adsorption behaviors of oxygen molecules on different 

sites. The results showed that O2 adsorbed at site-II was energetically favorable (ΔE = 

-0.246 eV) compared to site-I. This thermodynamic preference led us to focus on the 

site-II-dominated ORR pathway. We further supplemented the calculation of the 

adsorption free energies of key intermediates (e.g., *OOH, *O and*OH) on site-I. As 

shown in Fig. S16b, the adsorption free energies of each intermediate on site-I were 

higher than that on site-II (e.g., ΔG = -0.781 eV for *OOH at site-I and -0.841 eV at 

site-II). The Gibbs free energy plot shows that the first protonation step as the potential-

determining step for both sites, and site-I exhibits a higher overpotential (0.449 V) than 

site-II (0.389 V). The result further validates thermodynamically that site-II is justified 

as the main active site, and at the same time excludes the dominant role of site-I in 

ORR.

Determination of active site (metal atom or C atom)

We performed extensive calculations on O2 adsorption, considering various initial 

orientations, including several typical configurations of O2 molecules near the C60 

structure (O2 molecules in vertical, horizontal, and tilted orientations). Here, we show 

the initial and optimized structures in Fig. S17, using Cr as a typical example. In the 

initial structure, the O2 molecules are positioned about 1.5 Å from a C atom of C60 and 

about 2.5 Å from the Cr atom. After optimization, the O2 molecules adsorb onto the 

metal site. As shown in Fig. S17, the O2 molecule automatically relaxes to the Cr site 

even if we manually place it near C60. It can be concluded that the metal atom is the 

active site of the ORR catalyzed reaction.
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