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Fig. S1 Model system of a pure fullerene (Cg) consisting of hexagonal and pentagonal
carbon rings alternatively.
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Fig. S2 Ab-initio molecular dynamics simulations describing self-assembling of a N-
fullerene with 20 at.%. N from molecular N-doped carbon fragments at 750 K over 5 ps.



Top view

Side view

Fig. S3 N-fullerenes with 10 at.% N adsorbed by oxygen-contained intermediates in ORR
and OER.

a) C4gNy, (*), b) OOH®

Top view

Side view

Fig. S4 N-fullerene with 20 at.% N adsorbed by oxygen-contained intermediates in ORR and
OER
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Fig. S5 Free energy diagrams for N-fullerene toward a-c) ORR and d-f) OER as a function of
N-doping level (5, 10 and 20 at.% N) and with thermodynamic potential step of 0.2 V. Effect
of solvation by water on the mechanisms was not considered.

The exothermic ORR potentials (Eqrgr) of a bulk Pt(111) surface, which was known to be
the best catalyst for a pure metal, were already reported by other groups as 0.75 V and 0.78
V vs. SHE with and without correction of an electric field effect, respectively.!>? In our work,
the Eogrr of the azafullerene (0.73 V vs. SHE for 10 wt.% of N) catalyst is quite comparable
with that of the bulk Pt (111) surface, evaluating the. Hence, we proposed that it is a
promising catalyst on the aspects of the lower material cost as well as the ORR catalytic

performance.



Table S1 Solvation energy of ORR/OER intermediates (Eqy, €V).

OOH* O* OH*
N-fullerene (5 at.%) -0.16 -0.27 -0.12
N-fullerene (10 at.%) -0.18 -0.30 -0.13
N-fullerene (20 at.%) -0.20 -0.47 -0.16

Solvation effect by water on ORR/OER activity was calculated using DFT calculations as

implemented implicit method in VASPsol3. The solvation energy was calculated by equation

S1.

E = E

soly solvent — vac (Sl)

where E is the solvation energy, Egven 1S the total energy of adsorbate on catalyst by an
implicit solvent model, and E,,. is the total energy of adsorbate on catalyst under vacuum
environment. Accordingly, a negative Eg,, implies the given structure is more stabilized in

the water against the vacuum.
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Fig. S6 Free energy diagrams for N-fullerene toward a-c) ORR and d-f) OER as a function of
N-doping level (5, 10 and 20 at.% N). Solvation effect on the mechanisms was considered
using calculated data provided in table S1.

Our results indicate that all reaction intermediates are stabilized by the solvation in water but
with differently depending on the N-doping level as agreeing with previous results.* In
particular, O* species are strongly adsorbed in the N-fullerenes. Hence, the rate-determining
step of N-fullerene (20 at.%) in Fig. S6c is shifted to O* — OH* unlike at the non-solvent

model system shown in Fig. 4c.
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Fig. S7 Free energy diagrams for ORR and OER? in alkaline medium as a function of N-
doping level with thermodynamic potential step 0.2 V. Effect of solvation in water was
considered using calculated data provided in table S1.
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Fig. S8 Binding energies of intermediates, O, OH and OOH in a) N-fullerene (10 at.% N) and
b) N-fullerene (20 at.% N) with varying extent of the compressive strain. Insets shows bond
distances of C-O in the fullerene and intermediates.
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Fig. S9 Charge distribution of a) N-fullerene (10 at.% N) and b) N-fullerene (20 at.% N) in
ORR/OER catalysis. Red (green) colors indicate the charge accumulated (depleted) regions.
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Fig. S10 Vacuum size test. The relative total ground state energy of N-fullerene (5, 10 and
20%) nanoparticles with varying vacuum sizes. (Inset) the definition of vacuum size and
length of unitcell.

We identified optimum vacuum size (the larger vacuum size the higher computational cost)

for less computational cost but without losing the accuracy at the same time. Our results
indicate that total energies calculated at 8 A and 23 A are essentially the same (difference less

than 25 meV) for the models of fullerenes with 5, 10 and 20% of N-doping levels.
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Carbon corrosion from thermodynamic calculations

For the calculation of graphite and pure fullerene

C,(s)+2H,0(1) <> CO,(g) + 4H" +4e” )
Ue:ixKAGE%@)+2AG&M9)—(ACQ“,+2AGgpm)—0159pH] (S3)

For the calculation of N-doped fullerenes (e.g., N-fullerene (5 at.%)
C,, N, +57(2H,0(1)) > 57CO,(g) +227(H" +¢) + HN,(g) (S4)

AG, =57xAGY, , +227(AG,. + 47) = 227eU + AGYy (,, — AG?

CO,(2) Cs7N3(2)

~114x AGS o, +227x0.059pH
(S5)

U=

o AGE (8) o
[57xAGco, o + 22772 +AG

HN; (g)

e = AG () —114xAGY, 4, ]-0.059pH (56)

Table S2. Corrosion potential of a variety of carbon materials at pH = 0 and 25 °C.

Materials u (V. V8- RHE).’
corrosion potential
Graphite 0.207
Ceo (Fullerene) 0.086
Cs7N3 (N-fullerene (5 at.%)) 0.161
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