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ABSTRACT: The electrocatalytic properties of some endohedral fullerenes for hydrogen evolution reactions (HER) were recently
predicted by DFT calculations. Nonetheless, the experimental catalytic performance under realistic electrochemical environments of
these 0D-nanomaterials have not been explored. Here, for the first time, we disclose the HER electrocatalytic behavior of seven
M3N@2n (2n = 68, 78, and 80) fullerenes (Gd3N@Ih(7)-C80, Y3N@Ih(7)-C80, Lu3N@Ih(7)-C80, Sc3N@Ih(7)-C80, Sc3N@D5h(6)-
C80, Sc3N@D3h(5)-C78, and Sc3N@D3(6140)-C68) using a combination of experimental and theoretical techniques. The non-IPR
Sc3N@D3(6140)-C68 compound exhibited the best catalytic performance toward the generation of molecular hydrogen, exhibiting
an onset potential of −38 mV vs RHE, a very high mass activity of 1.75 A·mg−1 at −0.4 V vs RHE, and an excellent electrochemical
stability, retaining 96% of the initial current after 24 h. The superior performance was explained on the basis of the fused pentagon
rings, which represent a new and promising HER catalytic motif.

Low-dimensional (LD) carbon-based nanomaterials have
recently sparked increasing interest as efficient catalysts

for proton electroreduction processes due to their remarkable
electronic properties, low costs, large surface areas, variable
molecular structures, and excellent tolerances to acid/alkaline
media.1−5 Among the most successful HER carbon-based LD
catalysts are graphene,6 onion-like graphene structures,7

carbon nanotubes,8 graphitic carbon nitride,9 and boron
carbon nitride nanosheets.10 Although these LD platforms
efficiently catalyze electrochemical proton reduction reactions,
their intrinsic activities are lower than those of their metal-
based counterparts.11

Several strategies have been attempted to maximize the
intrinsic HER catalytic activity of LD carbon-based nanoma-
terials.12−16 The overall electrocatalytic yields are mainly
controlled by the adsorption energy of the reaction
intermediates and the electronic properties of the catalyst
surfaces.17 Therefore, the introduction of single metal atoms
into the sp2 carbon framework has been explored to engineer
the electronic structure and increase the catalytic performance
of the materials.18 It has been discovered that Pt atom sites
deposited onto the curved structures of carbon nano-onions
promote highly active local electric fields, thus greatly
improving the reaction kinetics for hydrogen evolution.18

This suggests that the interaction of single metallic atoms with
sp2 curved carbon networks substantially decreases the energy
adsorption states of the intermediate catalytic species for HER
electrocatalysis. Endohedral fullerenes, which typically contain
metal species in hollow fullerene cavities, have been
theoretically described as unique LD HER catalysts.19

Aijun and co-workers theoretically predicted that when a
metal is trapped inside C60 the surface carbon atoms become

catalytically active as a consequence of a variation of their
electronic density of states due to the effective electron transfer
from the encapsulated metal to the cage, as opposed to metal-
based LD materials.20 To the best of our knowledge, the HER
catalytic properties of endohedral fullerenes have not been
experimentally investigated to date.
In this work, the electrocatalytic HER properties of seven

endohedral fullerenes (Gd3N@Ih(7)-C80, Y3N@Ih(7)-C80,
Lu3N@Ih(7)-C80, Sc3N@Ih(7)-C80, Sc3N@D5h(6)-C80,
Sc3N@D3h(5)-C78, and Sc3N@D3(6140)-C68) have been
experimentally and theoretically investigated. The role of the
metal, symmetry, number of carbon atoms, and non-IPR sites
on the catalytic performance were explored. The main
hypothesis driving this work was that the presence of [5,5]
or fused pentagon rings (pentalenes units) should perform as
reasonably active catalytic sites for H+ attachment and for the
consequent formation of hydrogen. Impressively, Sc3N@
D3(6140)-C68 significantly outperformed the catalytic activity
of all of the endohedral metallofurenes (EMF) studied here,
exhibiting an impressive onset potential value of −38 mV vs
RHE and a very remarkable mass activity of 1.75 A·mg−1 at
−0.4 V vs RHE. This outstanding catalytic performance was
ascribed to the three pentalene sites. Theoretical calculations
and experimental results indicate that the highest negative
charge density on non-isolated pentagon rule (non-IPR) EMFs
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is concentrated on the pentalenes.21 This is the first time, to
the best of our knowledge, that the structure/catalytic function
relationship of EMFs has been explored using a combination of
experimental and theoretical techniques.
Figure 1 displays the ball-and-stick structures of three of the

EMFs studied in this work. Their X-ray crystallographic

structures have been reported (see the Supporting Information
for more details). Although the electronic structures of M3N@
C2n EMFs can be rationalized using the ionic model
(M3N)

6+(C2n)
6−,22 which states that there is a formal transfer

of 6e− from the internal cluster to the fullerene, very well-
defined structural differences can be distinguished. For
instance, while Sc3N adopts a perfectly planar structure inside
C80, Gd3N, Lu3N, and Y3N show pyramidalized configurations
(Figure S1). Most importantly, the non-IPR Sc3N@D3(6140)-
C68 compound exhibits very peculiar structural features.
Sc3N@D3(6140)-C68 clearly exhibits interactions between the
Sc ions and the three negatively charged pentalene units that
stabilize the electronic structure of the compound (Figure
1c,d).
The proton electroreduction properties of the metal-

lofullerenes were explored using linear sweep voltammetry
(LSV) in 0.5 M H2SO4. Figure 2 shows the catalytic activity of
the EMFs for hydrogen evolution. Both the onset potential and
the current densities of the seven compounds amply surpass
the values measured for the empty fullerenes (C60 and C70),
indicating that the effective electron transfer from the metal
clusters to the cages influence the hydrogen adsorption energy
values, in agreement with a recent theoretical report.20 The
HER catalytic activities of Sc3N@Ih(7)-C80, Sc3N@D3h(5)-C78,
Sc3N@D5h(6)-C80, Gd3N@Ih(7)-C80, Y3N@Ih(7)-C80, and
Lu3N@Ih(7)-C80 are similar, indicating that their structural
variations, based mainly on the nature of the metal,
symmetries, and degree of pyramidalization of the metal
clusters do not play a significant role in their catalytic
performances. Interestingly, Sc3N@D3(6140)-C68 decisively

Figure 1. Ball-and-stick representation for (a) Sc3N@Ih(7)-C80, (b)
Sc3N@D3h(5)-C78, and (c) Sc3N@D3(6140)-C68. (d) Computed
atomic charges for Sc3N@D3(6140)-C68.

Figure 2. (a) LSVs of HER for C60, C70, Gd3N@Ih(7)-C80, Y3N@Ih(7)-C80, Lu3N@Ih(7)-C80, Sc3N@Ih(7)-C80, Sc3N@D5h(6)-C80, Sc3N@D3h(5)-
C78, and Sc3N@D3(6140)-C68 and Pt/C at 2 mV·s−1 in 0.5 M H2SO4. (b) Onset overpotential and current density HER values for C60, C70,
Gd3N@Ih(7)-C80, Y3N@Ih(7)-C80, Lu3N@Ih(7)-C80, Sc3N@Ih(7)-C80, Sc3N@D5h(6)-C80, Sc3N@D3h(5)-C78, and Sc3N@D3(6140)-C68. (c)
Corresponding Tafel plots of the EMFs and Pt/C. (d) Mass activity values of EMFs, Pt/C and other state-of-the-art catalysts at −0.4 V vs RHE. (e)
Δj vs scan rate for the EMF catalysts. (f) I−t curves for Sc3N@D3(6140)-C68 and Pt/C.
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outperformed the HER activities of all the EMFs, exhibiting a
very low onset potential of −38 mV vs RHE and an amplified
current density of 500 μA·cm−2 at −0.4 V, which is ∼5 times
larger when compared with the currents observed for Gd3N@
Ih(7)-C80, Y3N@Ih(7)-C80, and Lu3N@Ih(7)-C80 at the same
electrochemical potential (Figure 2a,b). The ECSA-normalized
LSVs of the EMFs show the higher intrinsic catalytic activity of
Sc3N@D3(6140)-C68 (Figure S2). Additionally, the observed
onset potential is comparable to those observed for state-of-
the-art metal functionalized LD HER catalysts (Table S1). We
propose that the enhanced catalytic activity of the Sc3N@
D3(6140)-C68 catalyst can be understood on the basis of the
relatively high negative charge densities on the pentalene
groups, which can favor the adsorption of the intermediate
catalytic species and significantly improve the catalytic HER
rates. The Tafel plots revealed key details to understand the
underlying HER mechanisms for the EMF surfaces (Figure
2c). Gd3N@Ih(7)-C80, Sc3N@Ih(7)-C80, Sc3N@D3h(5)-C78,
and Sc3N@D5h(6)-C80 display very high Tafel slope values
between 189 and 225 mV·s−1, indicating that the Volmer step
is mainly controlling the catalytic processes, thus leading to
sluggish kinetics on the fullerene surfaces. Notably, the
behavior is completely different for Sc3N@D3(6140)-C68,
Lu3N@Ih(7)-C80, and Y3N@Ih(7)-C80. The notable decrease
of the Tafel plot slopes confirmed that the electrocatalytic
mechanisms follow a more efficient pathway (probably
Volmer−Heyrovsky), suggesting a better HER kinetic
efficiency. To further understand the intrinsic catalytic activity
of the EMFs, their mass activity values at −0.4 V vs RHE were
determined (Figure 2d). Remarkably, the Sc3N@D3(6140)-C68
catalyst delivered a superior mass activity value of 1.75 A·mg−1,
which is by far better than for the other EMFs and close to
other top-performing metal-containing LD nanocatalysts
(Table S2). The superior intrinsic catalytic performance of
the non-IPR fullerene was verified by double-layer capacitance
(CDL) studies (Figures 2e and S3 and the Supporting
Information for the capacitance study). The capacitance
value was estimated to be 2.5 mF·cm−2, which is at least
three times the value estimated for Lu3N@Ih(7)-C80 and
comparable with those for metal functionalized LD HER
catalysts.23−27 These results demonstrate the higher number of
accessible catalytic sites of Sc3N@D3(6140)-C68, which
exhibits a TOF value of 2.35 s−1(see the Supporting
Information for TOF calculation). Additionally, Sc3N@
D3(6140)-C68 showed an outstanding electrochemical long-
term stability in acid environments, retaining 98 and 96% of
the initial current applied after 5.6 and 24 h, respectively
(Figures 2f and S4). The EMF does not exhibit notable
structural changes after 24 h (Figure S5). An overall water
splitting device was fabricated using the Sc3N@D3(6140)-C68
as anode and cathode, due to its good OER properties (Figure
S6).28 It delivered a cell voltage of 1.69 V to achieve 10 mA·
cm−2 (Figure S7).
Mott−Schottky (M-S) analyses were carried out to

investigate the available charge carrier densities (Nd) for
HER of the EMFs (Figures 3 and S8 and Supporting
Information for the M-S study). It is well-known that the
correlation between the M-S plots and Nd is negative, which
means as slope decreases, the Nd increases, thus improving the
charge carrier densities, and in turn, the electron transfer
kinetics. Sc3N@D3(6140)-C68 exhibited the lowest slope
among all the fullerene catalysts, indicating that the non-IPR

fullerene has the largest number of charge carriers, which
significantly enhance the charge transfer at the M-S interfaces.
Figure 3 shows M-S analyses of the endohedral catalysts.

Note that the calculated Fermi level for Sc3N@D3(6140)-C68
is the closest value to that for the standard hydrogen evolution
potential (0 eV).
To better understand the role of pentalene units in the

generation of H2 at low reduction potentials, we have
performed DFT calculations. In particular, we compared the
proton and electron affinities of C60 with those of the
prototypical IPR Sc3N@C80 and of the non-IPR Sc3N@
D3(6140)-C68, using approaches employed in the analysis of
redox properties of fullerenes and polyoxoanions.29−31

The protonation energies for Sc3N@D3(6140)-C68 were
computed to be significantly more exergonic than for C60. For
instance, whereas the protonation process for C60 is
endothermic by +0.21 eV, for Sc3N@C68, it is exothermic by
−0.76 eV. We have observed a similar trend for the second
proton (Table 1). Table 1 also includes the LUMO energy

levels for C60, Sc3N@C68Hm
m+ and Sc3N@C80Hm

m+ at different
protonation states. Interestingly, although Sc3N@D3(6140)-
C68 is the fullerene with the highest LUMO, it decreases by
0.75 eV with the attachment of the first proton and by 1.52 eV
when two protons are bound to the carbon surface, indicating
that the protonation degree dramatically changes the redox
properties of the fullerene upon proton adsorption on the
pentalene units.
The free energy associated with the release of H2 once the

fullerene is reduced (i.e., the free energy (ΔGH2
) associated

with the Sc3N@C68H2 → Sc3N@C68 + H2 process) is
exergonic by −0.20 eV. The behavior is different for Sc3N@
C80, for which the first proton is favorably adsorbed by −0.53
eV, but the energetic gain for the adsorption of the second
proton is only 0.09 eV. The release of H2 occurs once the

Figure 3. M-S analyses of the EMFs.

Table 1. Comparison of LUMO Energies and Proton
Adsorption Energies for Neutral and Protonated Fullerenes

LUMOa ΣEH+
b

m = 0 m = 1 m = 2 m = 1 m = 2

C60Hm
m+ −4.15 −5.28 −5.53 +0.21 −0.09

Sc3N@C68Hm
m+ −3.45 −4.20 −4.97 −0.76 −1.42

Sc3N@C80Hm
m+ −3.55 −4.27 −5.11 −0.53 −0.62

aLUMO energy in water for neutral, monoprotonated and
diprotonated fullerenes. bEnergies associated to process Fullerene +
mH3O

+ → Fullerene-Hm
m+ + mH2O.
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fullerene is reduced (ΔGH2
= −0.68 eV) and is more favorable

than that for Sc3N@C68H2, a result that is consistent with the
high stability of the bare IPR endofullerene.32

These findings suggest that the applied potential to activate
the catalysts determines the onset potential of the HER process.
Combining experimental and theoretical observations, we
propose in Figure 4 the activation mechanisms for the three
catalysts studied.

Notably, while for C60, the fullerene is only activated after
1e-reduction because of its relatively low proton affinity,
Sc3N@C80 and Sc3N@D3(6140)-C68 can be initially proto-
nated, thus lowering their relatively high reduction potentials.
In particular, Sc3N@D3(6140)-C68 can be easily protonated
twice in acid environments, forming Sc3N@C68H2

2+ species
with a rather deep LUMO that can be reduced at very low
potentials to produce the neutral Sc3N@C68H2. For Sc3N@
C80, the activation process of the catalyst is slightly different.
Thus, while the monoprotonation is favorable, the adsorption
of a second proton is much less so (Table 1), and given that
Sc3N@C80H

+ can be reduced at a lower potential than the bare
C60, we assume that the Sc3N@C80H

+ → Sc3N@C80H step
determines the onset potential for this electrocatalyst. From
the 1e-reduction energies given in Scheme S1, we estimated
that the relative overpotentials for Sc3N@Ih(7)-C80 and C60
with respect to that for Sc3N@D3(6140)-C68 are −0.42 and
−0.58 V, respectively, which are close to the experimental
values. A similar trend is obtained for the Fermi levels obtained
from the M-S analyses (Figure 3).
At the onset potential, the current densities quickly increase,

particularly for Sc3N@D3(6140)-C68 (Figure 2a). This means
that more carbon sites are probably activated by successive
electron reductions and proton adsorptions. The rather low
ΔGH* value of −0.13 eV computed for Sc3N@D3(6140)-
C68H12

33,34 suggests that high degrees of hydrogenation favor
the generation of H2. The lowest energy distribution of 12H on
the Sc3N@D3(6140)-C68 and its ΔGH* can be found in Figure
S9 and Table S3, respectively.
In summary, we have determined that the non-IPR Sc3N@

D3(6140)-C68 exhibits an impressive HER activity. This ability
seems to be closely related to the pentalene motifs, which can
significantly lower the LUMO energy values after proton
adsorption as well as greatly facilitate the hydrogen

protonation, thus increasing the overall catalytic rates. Further
studies are being carried out in our laboratories to fully
understand the diverse factors that control the generation of
H2 catalyzed by EMFs.
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