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Synthesis of the EMFs

Isomerically pure samples of Sc;;N@C,, (2n=68, 78 and 80) were obtained using a combination of a non-chromatographic
redox-based method and HPLC developed in our laboratories.'? The other endohedral compound samples (M;N@ Cg, M=Y,
Lu, and Gd) were purchased from Luna Nanoworks and used directly as received after checking their purity by MALDI MS

and HPLC. The structural characterization of these compounds has been also published elsewhere.**

Figure S1. A ball-and-stick representation ofa) Sc;N@D3(6140)-Css, b) SN@Da(5)-Crs, €) ScsN@Dsi(6)-Cso, d) Sc:N@ILi(7)-
Cso, €) YaN@Ii(7)-Cso, f) GAsN@I(7)-Cso, and g) LusN@1IL(7)-Cso endohedral fullerenes.

Electrochemical characterization of the EMFs

Electrochemical measurements were performed in a three-electrode system at an electrochemical workstation (CHI 660D). §
L of each EMF toluene solution (containing 0.05 mg/mL of catalyst) was deposited onto a 3 mm diameter glassy carbon
electrode to reach a loading of approximately 3.57 pg-cm™. LSVs with scan rate of 2 mV.s™' were performed in 0.5 M H,SO,
(purged with pure Ar) using Ag/AgCl (in 3 M KCl solution) electrode as the reference electrode, a graphite rod as the counter
electrode and the glassy carbon electrode as the working electrode. All the LSV measurements were repeated at least 3 times

to assure reproducibility. All the potentials were calibrated to a reversible hydrogen electrode (RHE).
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Figure S2. ECSA-normalized LSVs of the EMF catalysts.

Double layer capacitance measurements

The electrochemical double-layer capacitances of the EMFs were carried out from 0 to 0.20 V (vs RHE) in a Ar-saturated 0.5
M H,S0, solution at different scan rates (20, 40, 100, 150 and 200 mV/s). The difference between the anodic and cathodic
current (at 0.12 V vs RHE) were plotted against the scan rate to obtain a linear relationship and the slopes correspond to the

specific capacitances of the molecular electrocatalysts.®
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Figure $3. Double layer capacitance measurements for a) Sc;N@D;(6140)-Cgq, b) LusN@1I,(7)-Cygo, ) YaN@I,(7)-Cyg, d)

SCsN@Dsh(6)'Csm e) GdsN@Ih(7)'Cso :f) SC3N@D3h(5)'C78 and g) SCsN@Ih(7)'C80~
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Turnover frequency number (TOF) estimation for the Sc;N@D;(6140)-Cgs catalysts

The TOF value of Sc;N@D;(6140)-C was estimated using the following equation at -0.40 V vs RHE:

where N is the quantity of active sites, j is the current density at a fixed potential, A is the geometrical surface area of the

electrode (0.0707 cm? ) and F is the Faradic constant (96485 C/mol ). A factor of 1/m is presented, considering that m

electrons are consumed to form one H,.
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Figure S4.1-t curves for Sc;N@D;(6140)-Cys at-0.35 V vs RHE after 24h.
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Figure SS. Typical IR spectra for the Sc;N@D;(6140)-Cgg catalyst before and after the chronoamperometric study represented

in Figure S4.
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Figure §6. OER polarization curves for the EMF catalysts.
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Overall water splitting device application.

The overall water splitting experiments were conducted following a previously published method.”

A) 25‘ B) 10‘
‘__20- 8
o~ 1 N‘-‘ 4
§ 151 £ 6
£ 10- T 4
T 5. ~ 24
0 1 r 1 T°r 1T 71 0.,.,.....,.,.,.
10 12 14 16 18 0 2 46 8 10121416
Voltage (V) Time (h)

Figure $7. a) LSV curve of the overall water-splitting system using Sc;N@D;(6140)-Cgq as both anode and cathode ina 1 M
KOH electrolyte solution and b) Chronoamperometric test of the Sc;N@D;(6140)-Cgs electrocatalyst for water electrolysis
process at 1.69 V for 16 h.

Band gap calculations and M-S study

A semiconductor nanomaterial bandgap can either be direct, indirect, direct forbidden, or indirect forbidden allowed transition
depending on the material type. The universal UV-vis technique for optical bandgap measurement allows for estimation in
both direct and indirect energy gap materials. The optical absorption of semiconductor nanomaterials is derived from models
in which the electrons receive a quantum mechanics approach, and classical EM waves describe the photons. The optical
absorption coefficienta, at the photon energy E of an electron excited from the valence (V;) to the conduction (Cg) band, is

given by the transition rate;

2n
Wep-vp = T (M)?g(E)
where M and g stand for the (coupling) transition matrix element and the (joint electron-hole) density of states.
To determine the flat-band potentials of the samples relative to Ag/AgCl reference electrode, the Mott-Schottky equation
(depending on the free charge carrier density) was obtained from the Poisson’s equation for Schottky barriers at
semiconductor/electrolyte heterojunctions with the assumptions of ideal blocking features of the border, absence of surface

states, dominant space charge layer capacitance rather than Helmholtz layer capacitance, excellent planar interface, zero
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resistance of the electrocatalysts and electrolyte. The ideal Mott-Schottky equation obtained by applying Boltzmann statistics

is expressed as:

1 2 (V v kg T)
€2 egyeN, A2 FB e

Where C is the charge layer capacitance, ¢ is the vacuum permittivity, ¢,is the static dielectric constant. N is the charge density
in the space charge region, A is the exposed area of the sample to the electrolyte, V is the applied potential concerning the
reference electrode, Vy, is the flat band potential, kB is the Boltzmann constant, T is the absolute room temperature, and e is

the elementary charge of an electron.
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Figure S8. a) Tauc’s plots of the endohedral fullerenes compounds and b) Mott-Schottky (M-S) plots of the seven EMFs

nanocatalysts in 0.5 M H,SO,.

Computational details

All electronic structure calculations were performed using density functional theory (DFT) method with a generalized gradient
approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional as implemented in Amsterdam
density functional code (ADF2017).® Triple-{ polarization (TZP) basis sets were used to describe the electrons. Frozen cores
consisting of (i) the 1s shell for C and N; (ii) the 1s to 2p shells for Sc were used. Relativistic corrections were included by

means of the ZORA formalism. In addition, the Grimme Dispersion D3 method was considered.’

Cationic fullerenes were stabilized using water as solvent by conductor-like screening model (COSMO).!* ! This relatively
crude approach allows to place the frontier molecular orbitals at the right energy level for anionic and cationic species, which
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are too high or too deep, respectively, in the gas phase.'? Thus, the redox properties of endohedral fullerenes or polyoxoanions
can be well reproduced, and even complex processes such as heterogenized polyoxometalate catalysts for water oxidation can

be modeled.!?

The protonation energies for C4, and clusterfullerenes were estimated from the calculations of the species in water using the
COSMO approach. AE(H2) and AG (H2) were also computed in aqueous solution. However, AGH* values were determined
in the gas phase to be comparable to previous results. No significant differences were observed between the values in solution

and in the gas phase when only neutral species are involved, as for AG(H2) and AGy:-.

HER mechanism for fullerenes and endofullerenes

Scheme S1 compiles a plausible electron reduction and protonation mechanism of two IPR (C4 and Sc;N@Cg,) and one non-
IPR fullerene, compatible with the computational energies obtained and the observed experimental results. C¢ has a very low
tendency to adsorb a proton, thus initially it is necessary to apply a potential to promote the adsorption of a H'. In fullerenes
containing metals in their interior, the situation is completely different thanks to guest-to-host electron transfer. In scandium
nitride clusterfullerenes, there is a 6e transfer from the internal guest to the carbon surface, which favors the attachment of
protons. We have estimated that Sc;N@Cgg can be easily protonated twice, when it comes into contact with an acid solution,
forming cationic species Sc;N@CgH,?*. The protonation energies (AEy,) were computed to be -0.76 and -0.66 eV for the first
and second proton, respectively. Then, Sc;N@C¢H,** can be reduced at very low potential giving species Sc;N@C¢sH,. From
this species, the release of H, is an exergonic process with a AG(H,) = -0.20 eV (Table S3). Given the protonation energies of
Se;N@CgH, and its deep LUMO, it is expected that the clusterfullerene can be easily reduced and protonated several times.

The second one-electron reduction step likely determines the observed onset potentials for all the process.

For Sc;N@Cygy, the activation process of the catalyst is slightly different. Hence, while the monoprotonation is estimated to be
quite favorable (AEy,=-0.53 eV), the adsorption of a second proton on its surface is much less feasible, AE;;,=-0.09 eV (Table
1). Given that the Sc;N@CgH* fullerene can be reduced atlower potential than the bare C, we assume that the S;;N@CgH*
-> Sc;N@CgH step determines the onset potential for this electrocatalyst. The relative reduction potentials computed for
ScsN@Ces (0.0 V) ScsN@Cygp (-0.42 V) and Cqg (-0.58 V) agree with experimental trends for the three electrocatalysts. It is

worth noting that our reduction potentials are somewhat more positive than the experimental values, probably because the
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environment of the fullerene in the catalyst is different from that of a fullerene in a solution. Additional computational studies

are underway on these and other endofullerenes to gain a deeper understanding of the full HER mechanism.
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Scheme S1. Postulated HER mechanism for the initial steps for C4p, Sc;N@Cggand Sc;N@Cg endofullerenes. The steps that
are supposed to determine the overpotential are highlighted. Reduction and protonation energies are given in eV, whereas the
overpotentials relative to S;;N@Cgg are in V. The pronation and one-electron reduction energies of the fullerenes are in blue
and red, respectively. The energy of the LUMO for all species are in green. All values were computed assuming the species in

water solution

Figure S9. 3D representation for ScaN@esH12 computed in gas phase. This structure was used to determine

chemisorption free energy AGh* as AGh* = (1/m) E(M@C2nHm) — E(M@C2n) — m/2 E(H2) +0.24.
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Table S1. Comparison of the onset potential of ScsN@D3(6140)-Ces with the state-of-the-art HER metal-

based molecular and LD catalysts.

Onset potential Ref
LD nanohybrids
(mV vs RHE)
Mo2CTx/2H-MoS:2 -150 14
GD-WS2 2D-NH -210 15
graphene/WS2/WO03 -96 16
PAH@Rh-NSNSs/CNT -1 17
ScsN@D3(6140)-Ces -38 This work

Table S2. Comparison of the mass activity of ScsN@D3(6140)-Ces with the state-of-the-art HER metal-based

LD catalysts.

Mass activity Ref

LD nanohybrids

(A-mg™)
CoP NSs 1.51 18
G-Pt4Ni/GF 2.25 19
Ru/MWCNTSs 3.75 20
Pt/f-MWCNTs 18.75 21
ScsN@D3(6140)-Ces 1.75 This work
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Table S3. Energies and Free Energies (in eV) Computed for Hz Release from Hydrogenated Fullerenes.

Compound AE(Hz) AG(Hz2) (An?:z;] (ﬁleﬂl ;))
CeoH2 0.17 -0.37 -0.16 +0.06
0.37 -0.20 -0.06 +0.13

-0.17

ScsN@CesHz2
-0.05 -0.68 -0.27

ScaN@CsoH2
a) Values for the ScsN@C2nH2 -> ScsN@Cz2n + H2 process; b) Determined as AGu* = (1/m) E(M@C2nHm) -
E(M@C2n) - m/2 E(Hz2) +0.24. The lowest in energy adsorption sites are represented in Figure 4. The optimal

location of H atoms for m=12 was obtained directly as neutral form see Figure S9.
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