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Computational details

To determine the stability, we have calculated the formation energy (Ef) of each TM-Ful system
according to the following equation!,

Ef = Ecatalyst — Esubstrate = LM (1)

where, Ec,ulyst Tepresents the energy of a single transition metal (TM)-doped fullerene systems,
Equstrate denotes the energy of the defected fullerene, and pty is the chemical potential of the
transition metals in their stable structures.

Under standard electrocatalytic conditions, the overall pathway of the HER can be expressed
as,
H* + e — ¥ Hy (2) @)
This reaction involves two elementary steps,
H +e +* — H* 3)

H* — 14 H, (g) 4)
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In the HER, the reactants and products pass through an intermediate adsorbed hydrogen (H*).
Therefore, the catalytic activity of HER can be characterised by the Gibbs free energy of hydrogen
adsorption (AGy), obtained from the Equation (5)

AGy = AEy + AEzpg + TASy %)

where AEy is the hydrogen adsorption energy, AEzpg represents the zero-point energy difference
between adsorbed hydrogen and gas-phase hydrogen, and ASy shows the entropy difference
between gas phase and adsorbed state. T indicates a temperature of 298.15 K. Furthermore, the
AEzpg and TASy values can be measured through the vibrational frequencies of the system. For
the H> and H20 molecules, the frequency and zero-point energy (ZPE) values were obtained from
the NIST database, as DFT calculations cannot provide accurate frequency values for molecular
systems. AEy is defined as,

AEp = Ep — Eca — V2 Em (6)

where Ey represents the calculated adsorption energies of TM-Ful systems with adsorption of

one H atom and E_,, signifies the energy of the TM-Ful system.

The theoretical exchange current (i,) at pH= 0, was calculated based on Equation 7.

ek,

(7)

ioz

where £k is the rate constant, K is the Boltzmann constant and T is the temperature.

In standard acidic conditions, the OER can be divided into the following four elementary
steps.?
H,O()+* - *OH + (H" + ¢) (8)

*OH — *O+ (H" +¢) 9)
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*O + H,0 (1) » *OOH + (H + ¢) (10)
*OOH — 0, (g) + *+ (H" +¢) (11)

In each elementary step of the OER, the free energy can be calculated based on the approach
proposed by Nerskov et al.’> The difference of free energy between the initial state and the final
state of the reactions has been defined as follows*

AG = AE + AEzpg — TAS + AG,u + AGy (12)

where AE, AEzpg, and AS represent the total energy changes from DFT calculations, the zero-
point energy, and the entropy difference between the reactants and products, respectively. T is set
to 298.15 K in our calculations. AG, accounts for the free energy correction due to the difference
in pH (H' concentration) of the solution, calculated using the formula AG,y = 2.303K3TpH, where
K3 is the Boltzmann constant. We assume a pH of zero under acidic conditions. AGy represents
the free energy correction due to the difference in electrode potential, and can be expressed as AGy
= —nelU, where n is the number of electrons transferred, e is the charge, and U is the applied
electrode potential.

The changes of free energy between the elementary steps in OER can be described as follows,

AG; = AGoy (13)
AG, = AGo — AGou (14)
AG; = AGoon — AGo (15)
AG4=4.92 — AGoon (16)

The efficiency of OER can be expressed by the overpotential (nogr) value.
Noer = max {AG, AG,, AGs, AGyl/e —1.23  (17)

where 1.23 V represents the equilibrium potential.
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Fig. S1. Schematic picture of the transition metal-doped fullerene (TM-Ful), with the involved

intermediates for HER (left) and OER (right).

Table S1. The calculated Bader charge values of the doped transition metals (TM) in the H -

adsorbed TM-Ful systems.

™ Fe Co Ni Ru Rh Pd Os Ir Pt
Bader | 1.29 0.84 0.89 0.94 0.56 0.64 1.81 0.98 0.68
Charge

Table S2. The TM-H bond distance in *H intermediate.
™ Fe Co Ni Ru Rh Pd Os Ir Pt
TM-H | 1.60 1.56 1.49 1.71 1.69 1.61 1.71 1.68 1.64

bond
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Fig. S2. Distribution of AGy with the TM-H bond distance.

Table S3. The reaction free energy for each elementary step of the OER and the overpotential

values for different TM-Ful.

TM-Ful AGopn (eV) AGo (eV) AGoon (eV) Tokr (V)
Fe-Ful -0.45 0.90 2.86 0.83
Co-Ful -0.31 1.39 2.65 1.04
Ni-Ful -0.17 1.02 2.96 0.73
Ru-Ful 0.19 1.55 3.26 0.48
Rh-Ful 0.08 1.89 3.08 0.61
Pd-Ful 0.26 1.61 3.35 0.51
Os-Ful -0.46 0.78 2.72 0.97
Ir-Ful -0.66 1.03 2.42 1.27
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Pt-Ful -0.20 0.52 291 1.16

Table S4. U-J values® for the different TMs.

™ Fe Co Ni Ru Rh Pd Os Ir Pt
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Fig. S3. Free energy diagrams of OER for different transition metals (Fe, Co, Ni, Rh, Os, Ir, Pt)

doped fullerene.
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Fig. S4. Density of States (DOS) of (a) Fe-Ful, (b) Co-Ful and (c) Ni-Ful. The Fermi levels are set

to zero, as indicated by the dashed lines.
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Fig. SS. Density of States (DOS) of (a) Ru-Ful, (b) Rh-Ful and (c) Pd-Ful. The Fermi levels are

set to zero, as indicated by the dashed lines.
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Fig. S6. Density of States (DOS) of (a) Os-Ful, (b) Ir-Ful and (c) Pt-Ful. The Fermi levels are set

to zero, as indicated by the dashed lines.

Table S5. The calculated Bader charge values on the doped transition metals (TM) in the TM-Ful

systems.

™ Fe Co Ni Ru Rh Pd Os Ir Pt

Bader | 1.34 1.02 0.91 0.95 0.71 0.68 1.80 1.05 0.68
Charge

Table S6. d-band and p-band center of the TM-Ful systems.

TM-Ful d-band center (eV) p-band center (eV)
Fe-Ful -0.43 1.77

Co-Ful -0.85 -5.06

Ni-Ful -0.83 -3.97

Ru-Ful 0.21 6.69

Rh-Ful -0.71 -6.95
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Pd-Ful -0.60 14.15
Os-Ful -0.02 6.66
Ir-Ful -0.61 -13.91
Pt-Ful -0.84 7.65
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Fig. S7. The variation of total energy with time under AIMD simulations at target temperatures of

500 K, and 700 K for the Ru-Ful.
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Fig. S8. The variation of total energy with time under AIMD simulations at target temperatures of

300 K, 500 K, and 700 K for the Pd-Ful.
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Fig. S9. The variation of total energy with time under AIMD simulations at target temperatures of

500 K, and 700 K for the Ir-Ful.
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Fig. S10. The variation of total energy with time under AIMD simulations at target temperatures

of 300 K, 500 K, and 700 K for the Pt-Ful.
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