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An emerging class of heterostructures with unprecedented (photo)-
electrocatalytic behavior, involving the combination of fullerenes and
low-dimensional (L D) nanohybrids, is currently expanding the field of
energy materials. The unique physical and chemical properties of
fullerenes have offered new opportunities to tailor both the electronic
structures and the catalytic activities of the nanohybrid structures.
Here, we comprehensively review the synthetic approaches to prepare
fullerene-based hybrids with LD (0D, 1D, and 2D) materials in
addition to their resulting structural and catalytic properties. Recent
advances in the design of fullerene-based LD nanomaterials for
(photo)electrocatalytic applications are emphasized. The fundamental
relationship between the electronic structures and the catalytic func-
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tions of the heterostructures, including the role of the fullerenes, is
addressed to provide an in-depth understanding of these emerging

materials at the molecular level.

1. Introduction

Low-dimensional materials have attracted considerable
attention for (photo)electrocatalytic applications.'™”) Unlike
their bulk-counterparts, they exhibit more favorable elec-
tronic properties with enhanced catalytic activities, owing to
the effects of quantum confinement on the electronic density
of states. The quantum confinement at the nanometric level
can enable the downshift of the center of the d-band relative
to the energy of the Fermi level, which, in turn, decreases the
adsorption energy of the intermediate catalytic reactants, thus
improving the catalytic efficiency."'"¥ Quantum confinement
contributes to the increase in the photocatalytic activity by
favoring photon absorption processes and shifting the valence
and conduction bands. However, despite the singular elec-
tronic properties of low-dimensional (LD) materials, they are
predominantly anisotropic, which fairly limits their practical
applications. Many approaches have been attempted to
hybridize them with other nanostructured materials via
covalent and non-covalent strategies.'**! The assembly of
LD nanomaterial units has given rise to different types of
heterostructures with enhanced catalytic properties, such as
0D-1D, 0D-2D, 1D-2D, and 2D-2D."! The resulting nano-
hybrids have shown unique (opto)electronic properties,
a large number of low-coordination sites, and huge surface
area-to-volume ratios, which notably improve the activity,
selectivity, and Faradaic efficiencies of a large number of
electro- and photocatalytic reactions.”*!

Among the large portfolio of LD structures, fullerenes
have played a crucial role in the development of highly
efficient catalysts.’** Since the discovery of buckyballs by
Kroto etal. in 19858 the first known OD nanocarbon
compound, a large number of fullerene-based nanoheteros-
tructures have been developed based on the unique electron-
accepting properties of fullerenes, as well as their ability to act
as effective building blocks to form functional supramolecular
assemblies.”®*”! The hybridization of fullerenes with LD na-
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nomaterials, such as quantum dots,

nanoparticles, graphene, and graphitic

carbon nitride (g-C;N,) nanosheets, to

fabricate highly active (photo)electro-

catalytic systems has notably sparked
the interest of both the materials science and the catalysis
communities. Fullerene-based LD hybrids have emerged as
highly efficient metal-free energy conversion systems as well
as potentially inexpensive alternatives to replace Pt and
compete with state-of-the-art (photo)electrocatalysts, offer-
ing a combination of low cost, high activity, and superior
stability.**! The catalytic properties of the resulting nano-
hybrids are governed by their electronic structures. The
Sabatier principle states that the interactions of the reactant
and intermediate species with the catalytically active surfaces
should be driven by moderate energy adsorption values
instead of strong or weak interfacial interactions. According
to this rule, the electronic behavior at the molecular level and,
thus, the catalytic activity of the resulting fullerene-based LD
heterostructures can be effectively tuned by engineering the
morphology, composition, defect density, and strain. Accord-
ingly, the electrocatalytic and (photo)electrocatalytic per-
formances of fullerene-based LD materials can be modulated
by changing the density of fullerenes in the nanostructured
framework, the dimensionality of the nanomaterial tied to the
fullerene, and/or the number of defects on the resulting
composites. For instance, the rational design of 0D-2D
heterostructures composed of Cy adsorbed onto single-
walled carbon nanotubes through van der Waals (vdW)
interactions has been elegantly used to fabricate metal-free
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multifunctional electrocatalysts.”? The excellent electron
affinity of Cq, that enables the acquisition of up to 6 electrons
per molecule has been used to induce intramolecular electron
transfer processes from the single-walled carbon nanotubes
(SWCNTs) to the adsorbed fullerenes to create high-perfor-
mance catalytic active sites at the Cg/SWCNTSs interfaces.
Furthermore, the number of active sites and corresponding
electrocatalytic activity has been strongly correlated to the
number of adsorbed fullerenes. Among other examples are
Cq/g-C3N, 0D-2D nanohybrids, which have shown remark-
able photocatalytic activities by downshifting the relatively
large band gap of 2.7eV of the graphitic carbon nitride
nanosheets as well as the electron-hole recombination rates,
which strongly influence the overall kinetic efficiency.**!
Shenfang and co-workers have summarized the structural
properties and potential applications of the nanohybrids of
fullerenes and 2D materials.”® However, the aforementioned
review article is mainly focused on 0D-2D fullerene-based
nanohybrids for energy conversion/photocatalytic systems.
Consequently, a comprehensive analysis of the properties,
synthetic methodologies, structures, and (photo)electrocata-
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lytic performances of fullerene-based LD nanoheterostruc-
tures is needed.

In this Review we address the recent breakthroughs in the
use of fullerenes as essential components of high-perfor-
mance (photo)electrocatalytic low-dimensional nanohybrids.
The synthetic strategies to fabricate fullerene—0D, fullerene—
1D, and fullerene-2D hybrids, including their structural
properties and (photo)electrocatalytic performances for
water splitting and methanol oxidation reactions, are com-
prehensibly presented (Figure 1).

2. Fullerene—-OD Nanomaterial Hybrids

2.1. Synthesis and Electronic Properties
2.1.1. C4o—QDs Heterostructures

Recent advances in the area of quantum dots (QDs) have
shown their wide range of applications that extend from
sensing® and bioimaging to catalytic water splitting owing to
their remarkable electronic, electrochemical, optical, and
catalytic properties."" The synthesis of QDs can be
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Figure 1. Summary of Cg, nanohybrids described in this Review and
their applications in catalysis.

achieved by two general methods: top-down or bottom-up
approaches. With the top-down approach, a semiconductor is
thinned until the QDs are formed. Wet chemical etching is
generally used to obtain diameters of approximately 30 nm.
One of the limitations of this method is the introduction of
imperfections and impurities to the samples. An alternative
methodology commonly used is reactive ion etching (RIE). In
this method, reactive gas species are incorporated into an
etching chamber and a radio frequency voltage is applied to
produce a plasma that strikes the surface, forming a volatile
product that etches a patterned sample. In the case of the
bottom-up approach, there are four main techniques: micro-
emulsion,> sol-gel,**>* hydrothermal methods!®*?! and
hot-solution decomposition processes.!”**! All of these con-
stitute wet methods that mainly follow classical precipitation
procedures by controlling several parameters, such as the
concentration and temperature of the precursor solutions.
Several reports have utilized vapor-phase methods to prepare
QDs. The process begins by growing layers atom-by-atom,
thus the QD growth can occur without patterning. The growth
takes place in different ways: epitaxial growth,’*” formation of
a smooth layer followed by nucleation and growth of small
islands,’®®! or the growth of small islands directly onto the
substrate.”!

One important aspect that can be tuned during QD
synthesis is the introduction of small quantities of other
materials. It has been shown that doping can alter the band
structure by creating local quantum states that affect their
(opto)electronic properties. Many transition metals have
been introduced in QDs, such as Mn,®! Cr,” Cu,”" and
Co.” A major drawback regarding their fabrication is the
difficulty of controlling their size and distribution. A common
solution is the utilization of capping-agents-like organic
ligands, such as oleic acid or oleylamine.” Among the
different materials used to dope QDs, carbon-based materials
have attracted the most attention. It has been shown that the
electron transfer mechanisms of the QDs/carbon-based
hybrid materials vary significantly. The utilization of ful-
lerenes has gained increasing attention because of their
stability and overall physicochemical properties.”*" An
interesting article was published in 2017 by Du etal. in
which the authors synthesized Cg nanorods decorated with
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CdSe/CdS/ZnS QDs by liquid-liquid interfacial precipitation
and studied the electronic properties of the hybrids.*™ The
results of transmission electron microscopy coupled with
Kelvin probe force microscopy (TEM/KPFM) revealed that
the nanorods exhibit a roughly uniform morphology with
dimensions of approximately 3-40 nm in length and 160-
500 nm in diameter with no quantum dot aggregates. Based
on the UV/Vis spectra, the intrinsic electronic transitions
occur at 325 nm. Absorption peaks were also identified at 445
and 500 nm, which could be attributed to the 0D-0D hybrid’s
Frenkel and charge-transfer excitons. It must be noted that
absorptions at wavelengths longer than 500 nm can be
considered Frenkel excitons that include a strong phonon
coupling. An emission decay profile was also conducted and it
was consistent with the quenching observed by photolumi-
nescence. The average emission lifetimes for the QDs and
Cg nanorods were <t >=230.79 and <t >=18.41 ns, respec-
tively, with an electron transfer efficiency of 40.21 %. The
ultraviolet photoelectron spectroscopy (UPS) measurements
showed the 0D-0D hybrid’s valence band maximum at 6.2
and 5.8 ¢V, both below the vacuum level, while the con-
duction band minimum was estimated at 3.7 and 4.0 eV, also
below vacuum. To facilitate the charge transport, octadecyl-
amine was used as the ligand through which the electrons can
tunnel via the QD conduction band to the conduction band of
Cq- Most ligands exhibit insulating behavior, thus acting as
a barrier for charge transport. As a result, this behavior causes
charge accumulation as seen by spark plasma sintering (SPS).
Three main regions were observed: at 320-420 nm (because
of intramolecular transitions), at 420-550 nm (Frenkel/charge
transfer excitons), and at 550-720 nm (strong coupling
between excitons and phonons).

A Cg/QD hybrid with a different morphology was
prepared by Yi and co-workers by synthesizing ZnO core—
Cyo shell QDs by a hydrothermal method using zinc acetate
dihydrate in a dimethylformamide solution. ZnO@Cy, QDs
were prepared by the addition of Cy oxide to the same
solution to obtain a size distribution of 10-20 nm (Fig-
ure 2A).l% The electronic structure was analyzed via UPS
and the hybrid’s measured secondary electron cutoff (SEC)
region was at 3.73 eV. A higher work function was observed
for the OD-0D hybrid in comparison to the SEC region of
pristine ZnO QDs at 3.48eV. Owing to the significant
difference in ZnO and Cy work functions, the electrons
were transferred to Cg. As a result, as more ZnO was
deposited, a gradual change in Cy,'s SEC and highest occupied
molecular orbital (HOMO) levels was observed. To confirm
a possible energy shift, X-ray photoelectron spectroscopy
(XPS) measurements showed a clear shift to higher binding
energies. No further shift was detected in the flat band. ZnO
QDs exhibited a higher charge density than Cg and a low
ZnO-Cg, volume ratio. Changes in ionization energy as
electrons were transferred caused a further downward shift of
the lowest unoccupied molecular orbital (LUMO) level of Cg,
just slightly above the Fermi level at 0.10 eV.

In addition to physical attachment and adsorption meth-
ods to prepare Cy4/QD hybrids, Kamat et al. introduced the
preparation of CdSe QDs chemically attached to thiol-
functionalized Cg, molecules to make a 0D-0D composite
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Several techniques have been used in
this approach, such as ball milling,[ "
laser ablation,®™®! jon sputtering,’*?
and inert gas condensation.”™™! The
main drawback of this approach is the
number of imperfections on the surface
of the material. The bottom-up
approaches consist of bringing building
blocks together to form the NPs.
Common methods used in this approach
are chemical and electrochemical reduc-
tions, microwave-assisted synthesis,* co-
precipitation,”** sol-gel fabrication,”
vapor-phase chemical deposition,'”! and
hydrothermal synthesis.'"'l However,

Figure 2. A) Schematic illustration of the electronic structure of ZnO core—Cg, shell (ZnO@Cy)
QDs." Copyright 2017, American Chemical Society. B) Scheme of CdSe QD—Cg, nanocompo-
site. C) Charge transfer processes in CdSe QD-Cg, nanocomposites. Solid blue lines represent
charge transfer processes required for photocurrent generation, whereas dotted, red lines
depict main recombination paths that deteriorate the cell performance.?” Copyright 2011,

American Chemical Society.

(Figure 2 B).?Y The electron transfer processes of this 0D-0D
hybrid were further studied and it was found that the
electrons are transferred from the CdSe QDs to the fullerenes
(Figure 2B,C). Scanning electron microscopy (SEM) images
display clusters of the 0D-0D material approximately 50—
100 nm in diameter. It must be noted that the recovery time
and overall charge transfer kinetics are directly dependent on
the size of the QDs. For the smaller-sized QDs, the
corresponding conduction band is less negative than that for
the larger-sized QDs. In principle, the smaller the CdSe QDs,
the faster the electron transfer upon coupling with Cg,. The
radical anion of Cg, exhibits a decay time of approximately
50% more at 1.6 ns, which is consistent with the size-
dependent incident photon-to-electron conversion efficiency
(IPCE) measurements. For the larger QDs, the maximum
IPCE was found to be 8%, while for the medium-small
CdSe QDs it was 4 %, thus the larger the QD, the higher the
photocurrent generated.

2.1.2. C4—NPs Heterostructures

Nanoparticles (NPs) are considered one of the most
versatile OD materials. Their applicability ranges from
analytical chemistry, medicine, and environmental science to
agriculture and the pharmaceutical industry. Some of their
properties, such as surface area, size, and shape, strongly
depend on the synthetic strategies. NPs can be synthesized
similarly to QDs: by top-down or bottom-up approaches. In
the top-down approach, the bulk material is broken down into
smaller units that retain their overall composition.® ¥

www.angewandte.de

© 2020 Wiley-VCH GmbH

multiple approaches have been used to
improve the nanoparticles’ properties.
One common strategy is to form 0D-0D
hybrids with fullerenes to enhance the
conductivity and (opto)electronic proper-
ties of the NPs. One way to synthesize
these 0D—0D hybrids is to covalently link
a fullerene derivative to an as-synthe-
sized nanoparticle. An article published
in 2002 reported the synthesis of full-
erene-functionalized gold nanoparticles
(Au-S-Cy)) used as photoactive anten-
nas.'%! The C4 was functionalized with
a thiol group by a 1,3-dipolar cycloaddi-
tion reaction. The gold NPs were prepared using a reported
method but including 5 mg of the fullerene derivative with
21 mg of dodecanethiol. After precipitation of the Au-S-
C¢o NPs, the product was washed with ethanol and dried.
TEM images showed Au-S-Cy, clusters of various sizes
ranging from 5 to 30 nm, indicating that the 0D-0D hybrid
can also aggregate in nonpolar solvents. Atomic force
microscopy (AFM) revealed that the morphology of the
films displays a high surface area of 3D clusters. To measure
the photoactivity, the 0D-0D hybrid film was used as the
photoanode and applied on a SnO, electrode within a photo-
electrochemical cell illuminated with visible light. The
hybrid’s ability to generate a photocurrent was confirmed
by IPCE. To determine the reproducibility of the electrode,
additional on—off cycles exhibited a photovoltage of 150 mV
and a generated photocurrent of 130 wA cm 2, thus confirm-
ing the ability of Cy, to act as a photon absorber within the
0D-0D heterostructure.

Another interesting approach to synthesize fullerene-NP
hybrids was reported by Basiuk et al. in 2008."* In this work,
the authors first deposited Cg onto a Si wafer by physical
vapor deposition. Then the layers of Cq, were crosslinked with
1,8-diaminooctane gas, using 1 torr, at a temperature of 150°C
for 2 hours. The next step was the addition of the Ag NPs,
prepared by the reduction of AgNO; with citric acid. Two
solutions of AgNO; and citric acid in 2-propanol were added
simultaneously to the reaction containing the Cg, samples in
10 mL of 2-propanol. The reaction was stirred vigorously for
30 min at room temperature. The samples were then washed
with 2-propanol to eliminate any excess reactants, then dried
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and stored under vacuum. SEM images showed clear differ-
ences for Cg-Ag/Si compared with the starting material
because of the aggregation of Ag particles, causing a hetero-
geneous distribution of Ag clusters over the surface. For the
Ce-DA-Ag/Si hybrid, the Ag clusters were homogeneously
distributed because of the additional functionalization with
the nitrogen atoms that act as nucleation sites for the clusters.
The 1,8-diaminooctane moieties crosslinked the film’s surfa-
ces, thus reducing agglomeration and improving its homoge-
neity. Using reflectance spectroscopy, the band gaps for Cg-
Ag/Si and Cq-DA-Ag/Si were consistent with the previously
reported mobility gap (2.3 £ 0.1 eV). However, the Cq-DA/Si
hybrid decreased the experimental error by 0.1 eV. Only the
Cy-DA/Si hybrid displayed high photoluminescence. The Ag
particles in the Cq,-Ag/Si hybrid caused a significant decrease
in quenching and only a slight increase in the Cq-DA-Ag/Si
heterostructures. Internal quantum efficiency curves showed
that the maximum wavelength obtained for (Au)Cy-Ag/Si
was 850-900 nm. 0D-0D hybrid films (Au)C4-DA/Si and
(Au)Cy-DA-Ag/Si absorbed near 450 nm, exhibiting a signifi-
cant decrease in the generated photocurrents, attributed to
the charge recombination that occurs within the hybrids
functionalized with 1,8-diaminooctane. Dark current-voltage
characterization was also conducted, revealing no significant
differences within the barriers of all three 0D-0D hybrids.
However, there is a substantial increase in resistance for
(Au)C4-DA/Si and (Au)Cg-DA-Ag/Si when compared with
(Au)Cy-Ag/Si. The influence of Ag particles produced
a decrease in the transmittance of light, but importantly,
there was no impact on the hybrid’s photoelectric properties.

2.2. Catalytic Properties

Zero-dimensional nanostructured materials, such as nano-
particles and quantum dots, continue to attract interest
because of their suitable properties for different types of
catalytic reactions, such as their small sizes, large surface
areas, and excellent charge transfer rates.!"'*'%! The assem-
bly of fullerenes and 0D nanomaterials to build 0D-0D
hybrids with efficient water-splitting catalytic properties has
remained mostly unexplored. However, a few articles have
shown potential applications of these nanohybrids for electro-
catalysis. As one of the first approaches, Roth and co-workers
synthesized fullerene-Pt nanoparticle assemblies (Fig-
ure 3 A-C) for methanol electrooxidation reactions."™ The
synergistic interactions between Cy, and the Pt NPs facilitated
the formation of active sites for the electrooxidation of small
molecules like methanol. The fullerenes provided the ability
to immobilize nanoparticles on the electrode surfaces and
study their electrocatalytic performance.

The electronic properties of fullerene-0D nanomaterial
heterostructures have been studied by connecting Cg, mole-
cules to gold surfaces via covalent chemistry.!"'”! For instance,
a set of four thionoester- and thioketone-substituted aza-
homo-[60]fullerenes (Figure 4 A-C) was anchored on gold
nanoparticle surfaces through Au—S covalent bonds, which
exhibited impressive electron transfer properties. The Cgy-
functionalized AuNPs were highly efficient ,,electron sponge
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systems® accepting up to an average of 4500 electrons via
a lithium naphthalide-mediated process (Figure 3D).""
Although these nanohybrids were not tested as electrocata-
lysts, their improved electron mobility could be used to create
electrocatalytic systems with superior electrochemical per-
formances.

Fullerenes have been assembled in different ways to
effectively accommodate nanoparticles to yield more ener-
getically favorable active sites, which consequently increase
their catalytic activity."">!"! For instance, Pt nanoparticles
were electrodeposited onto a two-dimensional array of full-
eropyrrolidine (PyCg, Figure 4D) molecules to form high-
performance electrocatalysts for the methanol oxidation
reaction (MOR).'"™ The Pt nanoparticles adopted a nano-
flake-like structure at higher concentrations that was opti-
mized by coulometric techniques. To evaluate the electro-
catalytic activity of the Pt/PyCy heterostructures, cyclic
voltammetry (CV) was performed in 0.5 M H,SO, and 0.5 M
H,SO,+ 1.0 M MeOH solutions, respectively (Figure 3E,F).
Additionally, the Pt nanoflakes and Pt/C were tested under
the same experimental conditions. The electrochemical sur-
face area (ECSA) derived from the hydrogen adsorption—
desorption charge processes was much larger for the Pt/PyCg,
nanohybrid catalysts (Figure 3E), indicating the presence of
a larger number of catalytic active sites. In addition, Pt/PyC,
heterostructures delivered remarkable MOR activities, out-
performing both the mass activity and specific activity values
of both the unsupported Pt NPs and the commercial Pt/C
(Figure 3G). The Pt/PyCy, hybrids showed better electro-
chemical long-term stability than unsupported Pt NPs and
commercial Pt (Figure 3H). The improved catalytic perfor-
mance was associated with the capacity of the fulleropyrro-
lidine nanosheets to uniformly distribute the Pt nanoflakes,
thus increasing their electrochemically active surface areas,
and, in turn, the number of active sites and the overall MOR
activity. As another example of supramolecular fullerene
structures for catalytic applications, highly ordered mesopo-
rous fullerene nanostructures (MFCg)) were developed as
excellent catalysts for the oxygen reduction reaction (ORR)
using mesopore channels of SBA-15 silica as templates. The
highly porous fullerene nanostructures considerably
increased the number of ORR active sites through the
addition of in-plane pores or nanopores within the carbon
networks.'">!1°l Recently, Vinu etal. have incorporated
different amounts of Cu nanoparticles (5, 10, 20, and 25%)
into the mesoporous fullerene framework to construct new
high-performance ORR catalysts."¥! The synergistic interac-
tion between the MFCy, structure and the Cu NPs resulted in
enhanced electrocatalytic yields. Figure 31,J shows the mor-
phologies of the MFCy—CuNPs nanocomposites. MFC,
shows a non-homogeneous distribution of bundled rod-like
structures with different sizes between 6 and 15 pm while the
Cu nanoparticles are well-dispersed inside the porous full-
erene framework. The nanoparticles exhibited a mixture of
metallic and ionic Cu phases. The HRTEM and selected area
electron diffraction (SAED) pattern confirmed a highly
organized hexagonal fullerene crystalline lattice with well-
defined fringes of 0.246 nm, which originated from the SBA-
15 template (Figure 3K,L). The Cu(15%)-MFCy, catalyst
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Figure 3. A) Schematic representation of fullerene-linked Pt nanoparticles. B) TEM pictures of TOAB-Pt in toluene. C) TEM pictures of PVP-Pt in
water (right image).l'" Copyright 2004, Royal Chemistry of Society. D) Schematic diagram of the electron transfer from LiNaph to fullerene-
functionalized AuNPs."" Adapted with permission from the American Chemical Society, Copyright 2019. E) CV curves of Pt/PyCq,, unsupported

Pt nanoflakes, and JM Pt/C catalysts in E) 0.5 m H,SO, and F) 0.5 m H,SO,+ 1.0 M MeOH solution. G) Mass activity values and ECSA-normalized
activities of all the catalysts at 0.85 V vs. RHE. H) Chronoamperometric curves of Pt/PyCe, unsupported Pt nanoflakes, and JM Pt/C catalysts.!""
Copyright 2015, Elsevier. I) TEM and J) HRTEM pictures of Cu(15%)-MFCg, nanostructures. K) HRTEM image of the highly ordered mesostructure
and L) corresponding SAED pattern for 111 crystallographic plane (inset) of the Cu/Cu,O mesostructure. M) ORR polarization curves at 1600 rpm
in O,-saturated conditions in 0.1 m KOH and N) number of electron distribution as a function of potential for the Cu-MFCg, samples. O) Onset
potential obtained for RRDE results from Cu(15 %)-MFCq, with ring potential polarized at 1.5V (vs. RHE) and P) apparent number of electrons
transferred and peroxide formation.!! Adapted with permission from Wiley-VCH, Copyright 2020.

exhibited better electrocatalytic properties than MFC, plat-
forms and its counterparts, delivering an onset potential of
0.86 V and a half-wave potential of 0.73 V (Figure 3M,0). As
shown in Figure 3N, K-L plots revealed that the ORR

process was conducted by a four electron transfer pathway
from 0.56-0.66 V (vs. RHE). This was confirmed by a decrease
of the H,0, yield at higher ORR potentials (Figure 3P). The
high ORR activity of the Cu(15% )-MFC, heterostructure
was ascribed to both the synergistic contribution from the

RO R_g porous network of fullerenes and the highly conductive Cu
A) B) D) metallic domains, improving both the electrocatalytic active
\ /\"‘ surface area and the mass transport processes, therefore
N 0 L shortening the length of the ion diffusion channels and
6‘Q <’1‘Q enhancing the overall electrochemical yield. This work
\ Q \ O showed the synergy between non-precious nanoparticles
..’ .-’ and mesoporous fullerene nanostructured frameworks for
the efficient electroreduction of oxygen, thus providing an

R= Me, Bu, n-CygHg; R= Me, OMe, OBu, O(n-C1gH33) PyCeo

easy and low-cost strategy to build very active 0D-0D ORR
Figure 4. Schematic illustration of A-C) thioketone-substituted aza- electrocatalysts.

homo-[60]fullerenes derivatives. D) PyCq, used in catalysis.
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3. Fullerene—1D Nanomaterial Hybrids

SWCNTs are particularly promising materials with re-
markable applications in electronics and catalysis because of
their unique physical and (opto)electronic properties such as
high charge mobility, small capacitance, nanoscale size, and
high current-carrying capability.!'”! Their applications have
been extensively studied and several approaches have been
used to improve their overall performance. One of the
methodologies that has gained more attention is the forma-
tion of hybrid materials. In this section, we will discuss the
synthesis and properties of fullerene-SWCNT (0D-1D)
hybrid materials.

3.1. Synthesis and Electronic Properties
3.1.1. C4—CNT Heterostructures with vdW Interactions

Extensive work has been published that describes hybrids
of C(~SWCNTs based on vdW interactions."'*'?!l One of the
most recent articles published in 2019 by Dai et al. shows the
adsorption of C4 onto the external walls of SWCNTs to
prepare trifunctional catalysts used for ORR, oxygen evolu-
tion reaction (OER), and hydrogen evolution reaction
(HER) over a wide range of pH values.”’! The synthetic
process was a simple adsorption method in which the
SWCNTs were simply dispersed in a Cg, aqueous solution.
Characterization by Raman Spectroscopy revealed that the
nanotube structures became slightly disordered as an intra-
molecular electron transfer occurred from the SWCNTs to
the fullerenes. The X-ray diffraction (XRD) patterns con-
firmed the high crystallinity of the hybrids, a further indica-
tion of the relatively efficient charge mobility and electro-
chemical stability.

It has been shown that the interaction of some fullerene
derivatives with SWCNTSs can be stronger than that of Cgy-
SWCNTs. As demonstrated by Maggini and co-workers,
a Cy—pyrene dyad can increase the solubility and facilitate the
n—m interactions with SWCNTSs compared to pure Cg,.["? The
synthesis of the Cy—pyrene derivative was performed by
a reported protocol in which a regioselective Bingel reaction
is performed with a tether—pyrene addend to obtain a cis-2-
Cg-bisadduct (Figure 5 A)."> The synthesis of the hybrid was
carried out by preparing a mixture of SWCNTs and the Cg,
derivatives in DMF or THF and stirring it for 24 hours. The
mixture was then ultrasonicated and centrifuged to collect the
products.

3.1.2. Fullerene—-SWCNT Peapods

0D-1D hybrid materials are not only limited to those
prepared via the physical adsorption to the external walls of
the carbon nanotubes (CNTs), in fact, the so-called fullerene—
SWCNT peapods have been extensively studied throughout
the years. These materials were first discovered in 1998 by
serendipity,"* and since then, they have attracted consid-
erable attention because of their unique properties when
compared to their pure counterparts. The introduction of
fullerenes into SWCNTSs can significantly alter the electronic
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Figure 5. A) Semiempirical (PM3) optimized geometry of Cg—pyrene
conjugate in the presence of a (9,0) SWCNT."? Copyright 2006, Wiley-
VCH. B) HRTEM micrographs of a bundle of (Ce@Cg,) @SWCNT
structures taken with 2 and 1 s camera exposures. C) Translational
oscillations and discontinuous molecular rotations observed for
Ce@Cs,."""! Copyright 2004, Wiley-VCH.

structure of the surrounding CNT, leading to pronounced
modifications to the band gap and unoccupied density of
states.'””! The synthetic methods used to prepare these 0D-
1D nanocomposites include gas-phase reactions, temper-
ature-shock treatment, heating at temperatures close to
sublimation,'*! as well as arc discharge methods.?” Besides
Cq, there are many other examples, including metalloful-
lerenes, that have also been incorporated inside SWCNTS,
such as Cy, Cy, Cyp, Cgy ScsN@Cy,, Dy;N@Cy,, GAd@Cy,,
La,@Cy,, Ti,@Cy, and Ce@Cy, (Figure 5B,C).1%12 It has
been shown that the fullerene inside the SWCNT exhibits free
rotation which can influence its physical and electronic
properties (Figure 5C).l%

Interesting articles have been published regarding the
syntheses and properties of peapods. Mizutani et al. prepared
a doped metallofullerene-SWCNT peapod containing
Gd@Cy,, which exhibited ambipolar transistor behavior.'*’)
By incorporating an endohedral fullerene within the SWCNT,
there was a notable narrowing of the observed band gap from
0.5 to 0.1 eV. In addition to its field-effect transistor (FET)
properties, the 0D-1D hybrid had the capability of acting as
both an n- or p-type semiconductor. These results constituted
a significant improvement since usually the semiconducting
properties of Cg-peapod-FETs and SWNTs-FETs tend to
exhibit only p-type semiconductor behavior. The metalloful-
lerenes can be considered as unique building blocks within the
0D-1D heterostructures since they can act as small individual
circuits that can be finely tuned. The results revealed
a significant decrease in current by an estimated three
orders of magnitude (approximately 0.06 to 0 nA), followed
by a sudden spike near 0.35 nA.

To the best of our knowledge, there are no articles that
report the catalytic activity of peapods for HER or ORR, so
this remains as a potentially open and exciting avenue to
explore.

www.angewandte.de

An dte

Chemie

131


http://www.angewandte.de

GDCh
~—~

132

3.1.3. Coo—CNT Heterostructures Linked Covalently

There are numerous reports of covalent attachment of
fullerenes to SWCNTs.*'33 Tn an article published in 2007
by Langa et al.,'*! a simple amidation of an acid-functional-
ized SWCNT was performed to obtain the 0D-1D nanohybrid
with the fullerene attached to the ends of the SWCNT. The
structures were confirmed using high-resolution transmission
electron microscopy (HRTEM), Fourier-transform infrared
spectroscopy (FTIR) and Raman spectroscopy. More
recently, Zhang and co-workers reported an interesting
comparison study between CB-C¢,-SWCNT covalently func-
tionalized with 4-chlorobenzoic acid (CB) and a vdW Cg—
SWCNT hybrid using a two-step synthetic approach.!* C,
was functionalized with CB following a Friedel-Crafts
acylation reaction, and then coupled to the SWCNT surfaces
using a Birch reduction (Figure 6 A). The resulting 0D-1D
nanohybrids were washed with CS, under ultrasonication to
eliminate the physically adsorbed fullerene molecules. The
products were characterized by HRTEM and the C4, mole-
cules were clearly seen on the CNT surfaces (Figure 6C).
According to the XRD patterns, the 0D-1D hybrid formed
via vdW interactions exhibited poor crystallinity in compar-
ison to the covalently bonded 0D-1D hybrid. In addition to
the improvement in the morphology of the covalently bonded
Cs—SWCNT hybrid, the latter also exhibited a higher surface

HO
A) < H—a
[6)
PPA/P,05
130°C /

(&)
‘ Friedel-Crafts acylation ‘

Nanotubides

SCA-hybrid 3
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area (422.52m?g ") than the vdW Cg,-SWCNT hybrid
(258.5m?g ™).

3.2. Catalytic Properties

Within the last decade, hybrids of fullerenes and 1D
nanomaterials have been employed for the fabrication of
energy-related materials with outstanding light energy har-
vesting and photovoltaic properties due to their unique
extended mn-delocalization properties."'®**1 Particularly,
SWCNT nanohybrids have been well studied. Several syn-
thetic strategies have been used to create diverse types of
these assemblies such as vdW assemblies,!*! covalently linked
composites, > peapods,'*” and more recently the encapsula-
tion and the covalent linkage of endohedral fullerenes to
SWCNTs.4:1421 Although in-depth understanding of the
photoenergy conversion processes of Cg—~SWCNT nanohy-
brids has been achieved,** their applications for electro-
catalysis have been scarcely studied to date. However, their
intermolecular charge-transfer properties have recently
sparked attention in the fields of materials science and
catalysis.

The attachment of fullerenes to the sidewall of SWCNTs
by covalent and non-covalent interactions has received a lot
of attention as a powerful alternative to build high-perfor-
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Figure 6. A) Synthetic strategy of CB—Cq, and C4,—CNTs hybrids via covalent attachment. B) Attachment of endohedral Sc;N@ Gy to the sidewall
of SWCNTs by using negatively charged SWCNTs.[*? Adapted with permission from Wiley-VCH, Copyright 2019. C) TEM image of the Ceo—CNT
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electrode.l*”! Adapted with permission from Nature publising group, Copyright 2019.
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mance electrocatalysts. Zhang and co-workers have cova-
lently attached Cg, derivatives on the sidewall of MWCNTs
(Figure 6 A,C). The Cg-CNT hybrids showed excellent
performance for the two-electron reduction of oxygen to
H,0,.11 As shown in Figure 6D, C(,—~CNT nanocomposites
surpassed the electrocatalytic activities of their components
for the generation of hydrogen peroxide yielding a disk
current density (/) of —=5.3 mAcm 2 at —0.4 V (vs. SCE), and
the highest hydroperoxy efficiency with a ring current density
value of 0.91 mAcm™ at —0.4V (vs. SCE) and an onset
potential of —0.12 (vs. SCE) at 1600 rpm. The number of
exchanged electrons for the nanocomposites was very close to
two electrons, clearly showing their high selectivity towards
hydrogen peroxide formation (Figure 6 G). The rotating disk
electrode (RDE) and the K-L plots (Figure 6 E,F) demon-
strated that the nanohybrids followed first-order kinetics for
ORR transferring 2.2e~ per O, molecule.

The catalytic activity of the 0D-1D hybrids was compa-
rable to those of state-of-the-art two-electron oxygen reduc-
tion carbon-based nanoelectrocatalysts.**1*1 The excellent
catalytic performance of the C4~SWCNTs nanohybrids was
linked to the carbon nanostructured network, which provides
a large number of active sites. The high electron mobility
through the fullerene units and the covalent linkage between
the C,—CB and the CNTs increase the more favorable

Aufsitze

adsorption states of the intermediate reactants such as OOH*
during ORR reactions. This work has paved the way towards
the rational design of 0D—1D nanohybrids composed of CNT's
covalently functionalized with fullerenes as promising cath-
ode materials for efficient peroxide generation (Figure 6 H).
Also, the covalent binding between endohedral Sc;N@Cy, and
SWCNTs has been recently reported (Figure 6B)."*?! The
electrocatalytic function of these interesting heterostructures
has not been tested to date.

vdW Cg-SWCNT nanohybrids with superior electrocata-
lytic performances for water splitting reactions have been
fabricated taking advantage of the efficient intermolecular
charge-transfer processes from the CNTs to the fullerene
nanocages. Dai and co-workers have reported a new class of
trifunctional metal-free electrocatalysts based on Cg, ad-
sorbed onto SWCNT surfaces using an easy one-step ultra-
sonication methodology for 5, 10, 15, and 20 minutes.”? The
as-synthesized Cyg-SWCNT displayed an unprecedented
multifunctional pH-universal catalytic activity towards hydro-
gen evolution, oxygen reduction, and oxygen evolution
reactions. In basic environments (0.1 M KOH), the vdW 0D-
1D nanohybrids (C4(—SWCNT 5) considerably surpassed the
catalytic activity of both SWCNTs and Cy, for all three
reactions (Figure 7 A—C). For the OER reaction, the AE value
(710—E1;,) was 0.82 V, which is significantly better than that of
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from the American Chemical Society, Copyright 2019.
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other carbon-free nanoelectrocatalysts including graphene—
SWCNTs and g-C;N,-carbon."* %! C( - SWCNTs; displayed
improved ORR and OER electrochemical stability after
80 hours compared to commercial Pt/C in alkaline medium.
The aforementioned heterostructures exhibited excellent
trifunctional catalytic behavior in both acid and neutral
environments.

It is worth noting that the trifunctional electrocatalytic
rates of the vdW Cg-SWCNT 5 were markedly linked to the
positively charged active sites generated at the Cy/SWCNT
electrochemical interfaces through the unidirectional inter-
molecular charge transfer processes from the conductive
nanotubes to the strongly electron-accepting fullerene mol-
ecules.™ The positively charged catalytically active sites may
modify the binding energies of the reaction intermediates
(i.e., OH*, OOH*, O*, and H*) and, in turn, enhance the
overall catalytic activity. In summary, these findings provide
an in-depth understanding of the nanohybrid catalytic
mechanisms and suggest new avenues for the development
of inexpensive multifunctional metal-free 0D-1D hybrids
with improved catalytic properties.

4. Fullerene-2D Material Hybrids

2D heterostructures are constructed by stacking one or
a few monolayers upon one another via vdW interactions.
Although the interactions are rather weak, it has been shown
that they are adequate to keep the assembled layers together.
Various 2D materials have been studied and characterized,
including several methods explored to improve their elec-
tronic and conducting properties, morphology, crystal pack-
ing, and dimensions. In this regard, the formation of hybrids
with fullerenes has been one of the most popular approaches
amongst many methodologies that have been utilized. For
example, heteroatom doping (N, S, B, P, Cl, Br, I) has been
used with 0D-2D graphene-fullerene heterostructures to
increase the number of active
sites. Additionally, other 2D mate-
rials have been studied for 0D-2D  rGO in IPA (i)
hybrids such as g-C;N,, ,white-
graphene”“  hexagonal  boron
nitride (HBN), graphene oxide
(GO)/reduced graphene oxide
(rGO) and transition metal dichal-
cogenides (MoS,, WS,, WSe,).

4.1. Synthesis and Electronic
Properties
4.1.1. C¢o—Graphene Heterostruc-
tures with vdW Interactions

During the last decade, many
articles reported the fabrication of
Cg-graphene heterostructures via (i)
vdW interactions!™ for diverse
applications such as solar cells,*”
Sensors. [153,154] su : [155]

X percapacitors,
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catalysis,**'*"! and lithium-ion batteries."” These 0D-2D
hybrids can be synthesized as physical blends or bilayer films,
depending on the application desired. Commonly used
methods are thermal evaporation deposition,™*®! spray
coating,'* thermal treatment, ultrasonic treatment,[!3>-156:163]
liquid-liquid interfacial precipitation,'® and acid treat-
ment.[>®!

The overall architecture of the fullerene—graphene 0D-
2D hybrids is generally referred to as graphene nanobuds.
Owing to the rather weak intermolecular forces and lack of
directionality or orientation, vdW interactions tend to exhibit,
in this type of O0D-2D hybrids, a relatively compressed
packing density. This is consistent with both theoretical and
experimental results, further indicating that the Cg molecules
are ,locked“ into the graphene lattice at the interface.'™”]
However, the dimension of the 0D-2D heterostructure is
dictated by stoichiometry, the size of the molecule, and its
coverage of the surface material. Further modifications of the
0D-2D hybrid can be made by doping, which can also alter
the electrostatic interactions of molecules with the adjacent
layer. The introduction of Cg, results in charge transfer and
vdW interactions as a result of the m—m stacking between the
molecules and the graphene network. It is precisely this
interaction that dictates the packing density of the first few
layers, adsorption of the molecules, and the overall 0D-2D
heterostructure.

i. Physical blends

One of the most used methods to synthesize 0D-2D
fullerene/graphene hybrids is physical blending. This can
result in nanomaterials with different morphologies. In 2011,
Shin et al. studied the synthesis of a hybrid rGO/Cy, using
a liquid-liquid interfacial precipitation method to yield very
well defined nanowires (Figure 8).'"°l The assembly of the
nanowires was driven by m—m interactions that allowed the
graphene oxide sheets to wrap around the Cg to form
nanostructures with p-type semiconducting behavior.

» rGO-wrapped Cg wires

Dropping slowly rGO solution into Cg, solution
(ii) Keeping the mixed solution at 4°C

Figure 8. Schematic illustration and SEM images (a—e) showing steps of formation of rGO-wrapped
Cgo wires.*l Adapted with permission from the American Chemical Society, Copyright 2011.
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In the same year, Huang et al. synthesized several hybrids
of C4/SWCNT/GO to form water-stable colloidal dispersions.
The synthesis was carried out by ultrasonication of the
components (Cg, SWCNT and as-synthesized GO) to obtain
binary and tertiary mixtures. As reported before, 172 C,,
can easily adhere to the surface of graphene by vdW
interactions. In these cases, the graphene was functionalized
on the surface, thus decreasing its interactions with C4. By
using ultrasonication, microcrystals of Cy and SWCNT were
produced, resulting in a larger surface area and stronger
interactions with the surface of the GO. This process allowed
the formation of a homogeneous dispersion of components
that are usually not soluble or dispersible in water, typically
used for photovoltaic applications.

In order to enhance the overlap of m-bonds, the rings of
a C¢, molecule align in a parallel fashion with the surface of
graphene (face-on orientation). Kim et al. reported TEM
images that confirmed the morphology of graphene—C,, with
the fullerene exhibiting a highly ordered ,,hexagonal honey-
comb structure“.'*! Several possibilities for the molecular
arrangement of fullerenes at low temperatures in 0D-2D
heterostructures were determined to be energetically favor-
able using computational models. Experimentally, the gra-
phene/Cy, hybrids show that the Cg, molecules tend to favor
a zigzag and armchair lattice direction along the graphene
surface.

Not all of the 0D-2D hybrids featuring fullerenes and GO
are fabricated with pristine Cg, or C;,.' Qiao et al. recently
described a hybrid of GO with multi-functionalized full-
eropyrrolidine Cgq, derivatives (PyrCg, see Figure 10A in
Section4.1.2) by a self-assembly process.'’””) Similar to
previous reports, the GO and the PyrCy, were mixed and
sonicated in a mixture of ethanol/water to obtain the 0D-2D
composites. The authors noticed that by increasing the
amount of PyrCy, in the mixture, the number of floating
particles was reduced until a clear solution was obtained at
a ratio of 2:1 (GO/PyrCy).

ii. Bilayers

Another common method to prepare 0D-2D fullerene/
GO hybrids is by forming bilayers, typically used for super-
capacitors and photovoltaic applications. Generally, the
graphene—Cg, heterostructures are considered an n-type
semiconductor that transports electrons in the perpendicular
direction to the 2D layers. Several approaches have been
made to tailor the interfacial properties of 0D-2D hybrids,
specifically, the charge transfer of graphene-Cg, which can
alter the overall electronic transport of the 0D-2D compo-
sites.

Ojeda-Aristizabal et al. analyzed, both experimentally
and theoretically, the structure and charge transfer of a hybrid
graphene/Cq,/h-BN.'""l The DFT calculations revealed differ-
ent molecular arrangements, interfacial band structures,
electron-hole mobilities, and intrinsic charge transfer of the
stacked Cg layers, ultimately dependent on the deposition
process of h-BN.

Generally, h-BN is an ideal choice of substrate because of
its chemical inertness, however, calculations revealed its
significant effect on the 0D-2D hybrid’s polarizability and
charge transfer. Experimentally, the orientation of Cg,
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assumed a ,,dimer/hole” configuration, consistent with theo-
retical studies. In addition to high crystallinity, dependent on
the heat applied to the h-BN substrate, the C¢, molecules were
ordered in a triangular patterned lattice that was established
by TEM and electron diffraction.

Bao et al. investigated the morphology of Cg on a gra-
phene layer, its electronic properties, and its application as
vertical transistor.') The preparation of the graphene was
done by chemical vapor deposition (CVD) on a copper foil.
The C4 was then thermally evaporated onto the graphene
layer (Figure 9A).

Using HRTEM and electron diffraction, they observed an
epitaxial relationship between the assembled Cy, crystals and
the graphene lattice, where C, shows a well-organized
hexagonal honeycomb lattice structure (Figure 9B-D). Ab i-
nitio simulations were performed to explain the observed
experimental patterns. In the calculations, vdW forces were
employed as the primary form of interaction and the results
suggest that the latter has a very strong influence in the
interfacial junction between Cg, and graphene (Figure 9E-I).

The bilayer strategy to form fullerene—graphene hybrids is
extremely versatile, as demonstrated by Meyer et al., who
published the first evidence of Cy sandwiched within
graphene.®!! The sandwiches were constructed by thermal
evaporation and the study revealed that the Cy, lattice spacing
is smaller than expected with a value of 9.6 +0.1 A, indicating
that the interaction with the graphene sheets compresses the
Cq lattice. An interesting finding was that the Cy, molecules
were extremely mobile at the edges of the monolayer, which
was observed by HRTEM. To explain this, simulations were
performed to calculate the relevant diffusion barriers using
the nudged elastic band method. As a result, the authors
found that the individual C4 molecules can undergo dimer
formation and this transition suppresses rotation and locks
them into place, allowing their internal structure to be
revealed. Overall, the Cy—graphene heterostructure provided
a nanoscale reaction chamber, some suppression of radiation
damage, and a low-contrast background that can be sub-
tracted from the image.

4.1.2. C4—Graphene Heterostructures Linked Covalently

Although noncovalent 0D-2D hybrids have been exten-
sively explored, optimization of their structures and proper-
ties has proven to be difficult. In order to improve their
properties, covalent functionalization has also been utilized as
an alternative approach.

The first directly bonded Cg—graphene hybrid was
synthesized by Yang etal. in 2015 using a solid-state
mechanochemical method by ball milling with LiOH as the
catalyst.'™ After a series of morphological and spectroscopic
characterizations, the successful covalent attachment of Cg,
onto the edges of the graphene nanoplatelets was confirmed.
A mechanism of formation was proposed involving two
critical steps: the generation of a reactive carbon species
(radicals and ions) induced by the catalyst LIOH and the
reaction between the reactive carbon species and gaseous or
solid reactants introduced into the sealed ball-mill crusher to
bond C, onto the edge of the graphene via two C—C single
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Cso a-carbon

u

® graphene

Figure 9. Cg, thin film grown on graphene. A) Schematic of C, film grown on a graphene membrane. Cy is
thermally evaporated onto a graphene TEM grid. The central circular region has a suspended graphene
membrane. Outside the circle, the Cg, is evaporated onto an amorphous carbon film. The bottom image shows
a side view of the sample geometry. B) TEM image of the Cg, film (10 nm thickness) on graphene. Cq, uniformly
covers the graphene surface. C) TEM image of Cq, film around the edge of a hole in a Quantifoil TEM grid. The
Cgo morphology on amorphous carbon shows island growth. D) Zoomed-in TEM image of Cq, film on a graphene
membrane. The uniform lattice structure of Cg, is visible. The red square is a field view for the inset, which
clearly shows the crystal structure of the Cg, thin film. E) Schematic of the Cq, crystal model with three Cg, close-
packed layers. The three layers (red, blue, and gray) of Cg, have an ABC stacking relation. F) Side view of the Cq,
model shown in panel (E). G) Atomic resolution TEM image of a Cg, crystal grown on graphene. H) Cg, crystal
model with three layers. [) TEM simulation image of model (H)."*!Copyright 2015, American Chemical Society.

bonds. Raman spectroscopy showed a significantly high 7,/
I ratio (0.40), which can be attributed to distortion of the
graphene because of the reduced grain size, which was
consistent with SEM images that showed the hybrid’s overall
homogeneous morphology and the observed distortions in the
graphene layers. TEM images exhibited approximately five
distorted graphene layers in the synthesized 0D-2D hybrid. In
addition, an increase in surface area (211.3m’g’'), in
comparison to pristine graphite (2.8 m*g™'), was observed.

Similarly, Chen et al. reported a graphene—Cy, hybrid
material using a chemical coupling method between graphene
oxide and fulleropyrrolidine derivatives (Figure 10 A,B).1"!
In this case, the synthesis method used was completely
different. Pyrrolidine-Cg, derivatives were synthesized by
a photochemical reaction between Cg, and amine acid esters
and further attached to the acyl-chloride-functionalized GO
by a condensation reaction. The successful attachment was
confirmed by FTIR and Raman spectroscopy, thermogravi-
metric analysis (TGA), X-ray photoelectron spectroscopy
(XPS), and HRTEM.
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4.2. Catalytic Properties

i. Water
properties

Two-dimensional
materials have been
recently coupled to
a large number of LD
nanostructures such as
quantum dots, nanoparti-
cles and nanowires to
construct high-efficiency
nanohybrid electrocata-
lysts for water splitting
reactions."’*'”") The pos-
sibility to tune their phys-
icochemical properties by
surface chemical modifi-
cation or defect engineer-
ing has opened up attrac-
tive strategies for the
development of new
classes of heterostruc-
tures with outstanding
electrocatalytic perform-
ances. Fullerenes are
excellent candidates to
modify the electronic
structures of 2D materi-
als to extend their func-
tionalities and, in turn,
their energy-related ap-
plications.’!  Although
the development of full-
erene-2D nanomaterial
hybrids for electrocata-
Iytic reactions is still in
its infancy, seminal exam-
ples have shown the high potential of these nanoassemblies
for water splitting reactions.”® Both functionalized fullerenes
and fullerene-derived nanostructures have been used as
efficient building blocks to form high-performance electro-
catalysts. The fabrication of QDs from Cy molecules has
sparked an interest for electrocatalysis."!! Wang et al. recently
reported non-precious electrocatalytic materials by assem-
bling fullerene quantum dots decorated with CoNi layered
nanosheets onto Ni foam (NF) electrodes (FQD/CoNi-LDH/
NF) through a simple one-pot hydrothermal strategy.”! The
nanohybrid materials exhibited excellent yields for OER with
lower overpotentials at a current density of 50, 100, and
200 mA cm? than both their components and commercial
IrO, deposited on NF (Figure 11 A). Additionally, the nano-
heterostructures delivered superior HER catalytic activity
compared with their components (Figure 11B), exhibiting
lower Gibbs free energies for hydrogen absorption. The
increased catalytic activity was linked to the intermolecular
charge transfer between the fullerene quantum dots and the
CoNi nanosheets, which indeed decrease the energy barriers
for the formation of intermediate catalytic species. Bearing in
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Figure 10. Fullerene derivatives used to form 0D-2D heterostructures.

mind their extraordinary HER and OER properties, the
hybrids were tested as anode and cathode materials for water
splitting and they generated a current density of 10 mA cm™>
at 1.59 V (Figure 11 D), which is similar to the values for state-
of-the-art 2D nanomaterials. This work sheds light on the
effect of fullerene quantum dots over the catalytic activity of
nanostructured hybrids and paves the way towards the
development of non-noble multifunctional 0D-2D electro-
catalysts for practical applications in the construction of
efficient water splitting devices.

Aufsitze

Other types of 0D-2D electrocatalytic composites have
been assembled. Graphene nanoplatelets and C4, molecules
were covalently bonded using LiOH as a catalyst via a solid-
state mechanochemical strategy (Figure 11C).'"® The gra-
phene—Cg, hybrids largely outperformed the ORR catalytic
activity of the pristine graphene and Cq, (Figure 11 E,F). The
charge transfer processes from the graphene to the Cg,
molecules induce a net positive charge on the graphene
basal planes giving rise to highly active catalytic sites. The
aforementioned results demonstrated that the pronounced
electron-acceptor properties of fullerenes adsorbed on 2D
nanostructures can promote an efficient intermolecular
electron transfer from the nanosheets to the C,, molecules,
which, in turn, triggers the formation of new types of
electrocatalytic active sites for the HER and OER processes.

Fullerene-modified molybdenum disulfide (MoS,) nano-
structures have also been explored as water-splitting catalysts.
Cg nanoclusters (nCy) have been integrated into MoS,/
carbon fiber paper (CFP) architectures to create highly
effective HER electrocatalysts.*”) The HER properties of the
fullerene-2D heterostructures were superior to those of the
Ce, and of the 3D MoS,/CFP, showing an overpotential
110 value of 172 mV and a Tafel slope of 60 mV dec ™' for the
optimized Cg,loading of 0.5 mgmL™" (Figure 11 GH). Fur-
thermore, the values of C; and ECSA were plotted as
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Figure 11. A) HER and B) OER polarization curves of the FQD/CoNi-LDH/NF. C) Schematic diagram of the mechanochemical reaction between
graphite and Cg4, molecules. D) LSVs of the water splitting electrolyzer cells of FQD/CoNi-LDH/NF, CoNi-LDH/NF, and 1rO,/NF || 20 wt% Pt/C/
NF electrodes in 1 m KOH.H Copyright 2020, Elsevier. E) Cyclic voltammograms (CVs) of the graphene—Cg, heterostructures in N,- and O,-
saturated 0.1 M KOH. Scan rate: 50 mVs™'. F) ORR polarization curves of pristine graphite, Ce, and graphene—Cg, nanohybrids in 0.1 m KOH at
1600 rpm. Scan rate: 10 mVs~'.["® Copyright 2015, Royal Society of Chemistry. G) Polarization HER curves and H) corresponding Tafel plots for
nCe, (0.5 mgmL™), as-prepared 3D MoS, nanosheets, and hybrid nCq, (0.5 mgmL™")/MoS, architectures deposited on CFP. 1) Double layer
capacitance as a function of the Cg, concentration for nCg, on CFP (black), 3D nanosheets of MoS, (blue), and hybrid nCgy/MoS, prepared on

CFP."I Copyright 2016, American Chemical Society.
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a function of the Cy, concentration for the nanohybrids and
their components (Figure 111). The results revealed the
higher number of catalytic active sites for the 0D-2D
nanoheterostructures for all concentrations, thus confirming
their superior HER performances. The improved catalytic
performance was ascribed to the charge transfer from the nC,
to the MoS,, which polarizes the Mo—S bonds, thus decreasing
the adsorption energy for the hydrogen cations. In this work,
the concept of interfacial doping to improve the electro-
catalytic rates of 2D nanomaterials was presented, opening
new avenues for the development of 0D-2D nanohybrids with
superior catalytic properties.

ii. Photocatalytic properties

The development of (photo)electrocatalytic nanohybrid
systems based on low-dimensional materials has attracted
considerable interest because of their impressive advantages,
including the strong interfacial interactions between their
components, high surface area, and desirable band potential,
among others.'”!7*1%] Tn addition to having the ability to
effectively form a wide range of supramolecular assemblies,
fullerenes show remarkable optical and physical properties
which makes them excellent candidates to construct photo-
catalytic LD nanosystems.”” Their 0D closed-cage molecular
structure and high symmetry fulfill an essential role in several
(photo)electrocatalytic reactions, improving the quantum
efficiency of the overall processes. Fullerenes exhibit a very

Aufsitze

1469

Intensity / a.u.

(e) 8-C3Na/Co0-20%

1 (a) Ceo 1424/ 1566

| (b) pristine g-C3N, e

¢) g-CsNa/Ceo2%. 1461
1(d) g-CaNa/ Ceor12% LY W
1424 1461566

Raman shift / cm™

Visible light

Potential vs. NHE (V)

R \\ 42.05
2CN, . -C,N/C,
] TEOA TE()A\\E NJ/C,

600 800 1000 1200 1400 1600 1800

An dte

Chemie

large band gap which allows them to absorb over the visible
and ultraviolet spectral regions. Fullerene functionalization
has been employed as a useful strategy to regulate their
electronic structures and to significantly boost their (photo)-
electrocatalytic performances.'*!

Despite all of these advantages, there are few examples of
fullerene-based LD nanoheterostructures for (photo)electro-
catalytic applications. Most examples are based on fullerene—
2D hybrids.

vdW MoS,-Cy, heterostructures have been prepared using
a one-pot mechanochemical strategy for the efficient photo-
catalytic generation of hydrogen." Bulk MoS, and Cg
molecules were mixed with different weight ratios to optimize
the photocatalytic hydrogen production process. The resulting
0D-2D nanocomposites were fully characterized by elec-
tronic microscopic techniques (Figure 12 A-C). The HRTEM
image of MoS,-Cg-BM3, which corresponds to the 1:1 weight
ratio, shows the formation of the 0D-2D nanocomposites with
the typical MoS, fringe lattice distance of 0.62 nm (Fig-
ure 12C). Raman spectra of the heterostructures and their
counterparts show a clear downshift in the frequency of the
A,(2) mode of Cy, suggesting that an intermolecular charge
transfer process from MoS, to Cg, is taking place (Fig-
ure 12 D). The photocatalytic hydrogen production rates were
determined for the nanocomposites as well as for the pristine
MoS, and Cy after a ball milling process. The MoS,-Cy-BM3
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Figure 12. TEM images of A) MoS,-BM and B) MoS,-C¢-BM3 nanohybrids. C) HRTEM of MoS,-C¢-BM3. D) Raman spectra of the bulk MoS,,
MoS,-C¢,-BM3 nanohybrid, and Cg, powder."® Adapted with permission from Elsevier, Copyright 2018. E) HRTEM and F) Raman spectroscopy of
the g-C3N,/Cgo 12 Wt % nanohybrid.®! Adapted with permission from the Royal Chemical Society, Copyright 2017. G) Photocatalytic yields of the
MoS,-C¢-BM3 0D-2D composites for hydrogen production.®? Adapted with permission from Elsevier, Copyright 2018. H) Photocatalytic yields
for the hydrogen generation of the as-synthesized g-C;N,/Cq, nanohybrids in 5 vol % TEOA aqueous solution in the presence of EY for 3 h under
visible light (A >420 nm) irradiation of a 300 W Xe lamp. 1) Scheme of the photocatalytic hydrogen production mechanism for the g-C;N,/Cqo
nanohybrids. J) Schematic representation of the mechanochemical reaction between g-C;N, and Cg, in the presence of the LiOH catalyst."®!
Reproduced with permission from the Royal Chemical Society, Copyright 2017.
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nanohybrids perform better than the other materials with the
highest hydrogen production rate of 6.89 mmolh'g™" (Fig-
ure 12G). The enhanced (photo)electrocatalytic activity of
vdW MoS,-C¢-BM3 was explained on the basis that ful-
lerenes lead to faster photoinduced electron transfer process-
es which, in turn, significantly decrease the number of
electron-hole recombinations, thus improving the overall
(photo)electrocatalytic efficiency. Fullerene functionalization
induces a partial exfoliation of the MoS, layers that creates
more catalytic sites in the 0D-2D material. This work
provides new insights into the hybridization of 2D MoS, and
Cg, via vdW interactions to facilitate the (photo)electrocata-
Iytic generation of molecular hydrogen.

Graphitic carbon nitride is an emerging 2D nanomaterial
that has been employed to create efficient photocatalytic
water splitting nanosystems.'®3 o .C,N, usually displays
poor electrical conductivity and low photocatalytic activity
because of the rapid recombination of photogenerated
electron-hole pairs. For this reason, improving the photo-
catalytic activity of these 2D platforms is highly desired. To
improve their photophysical properties, fullerenes have been
covalently attached to their 2D structures using mechano-
chemistry. Yang and co-workers have synthesized a covalently
bonded g-C;N,-fullerene 0D-2D nanohybrid using a solid-
state mechanochemical strategy in the presence of lithium
hydroxide (LiOH) as a catalyst, changing the weight ratio of
g-C;N, and Cg, (Figure 127).'1 HRTEM and Raman spec-
troscopy demonstrated the covalent anchorage of the Cy,
molecules onto the 2D g-C;N, layers (Figure 12E,F). The
0D-2D heterostructure showed improved (photo)electroca-
talytic properties, delivering an H, production rate of
266 umolh™'g™" in a noble-metal-free configuration, which
is around 4.0 times higher than that obtained for the pristine
g-C;N, (Figure 12H). The improved photocatalytic activity
was directly linked to the ability of the fullerenes to
drastically decrease the conduction band of g-C;N,, thus
hindering the hole—electron pair recombination processes
(Figure 121).

5. Conclusions and Perspectives

Recently, the assembly of fullerenes and LD nanostruc-
tures to create nanoheterostructures for improved electro-
catalytic and photocatalytic properties has shown great
potential for water splitting, methanol electrooxidation, and
photocatalytic generation of hydrogen. Herein we describe
the synthetic strategies, structural properties, electrocatalytic
and photocatalytic performances, as well as the role of the
fullerenes and the catalytic mechanisms of these nanohybrid
structures. Despite the progress that has been made, the
development of advanced fullerene-based low-dimensional
(photo)electrocatalysis is still at an early stage and more
details about the underlying catalytic mechanisms need to be
disentangled.

Most fullerene nanohybrids undergo structural changes
during the catalytic reactions, which significantly influence
their overall catalytic yields. The absence of in situ/operando
characterization techniques strongly limits the identification
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of both the catalytic active sites and the intermediate
reactants of the electrocatalytic reactions, which limits the
understanding of the underlying catalytic pathways. The study
of the catalytic reactions with a combination of different
advanced in situ/operando characterization techniques, such
as FTIR, XPS, Raman infrared, and TEM spectroscopy, will
facilitate the rational design of advanced fullerene-based
electrocatalysts. They can provide in-depth information about
the evolution of the interfacial, chemical, and electronic states
as a function of the applied potential of these heterostruc-
tures.

Bearing in mind the recent promising theoretical results
about their exciting catalytic properties, endohedral ful-
lerenes are strong candidates for efficient nanoheterostruc-
tures with improved electrocatalytic properties. Their ability
to drastically decrease the Gibbs free energy values for
hydrogen adsorption could be combined with the excellent
conductive properties of 1D CNTs or 2D ultrathin nano-
sheets, such as graphene, g-C;N,, hexagonal boron nitride, or
MXenes, to develop highly efficient water splitting systems.
The resulting nanohybrids could also be used as a new
generation of NRR catalysts and open a new chapter in the
field of electrocatalysis. Transfer of electrons from metallic
clusters to the carbon atoms of the nanocages could further
increase their electrocatalytic rates, resulting in new catalysts
with unprecedented properties.

A set of more realistic computational methods needs to be
developed to obtain a better understanding of the fundamen-
tal relationship between the electronic structures and the
catalytic function of the fullerene-based low-dimensional
materials at the atomic scale. Simplified theoretical models
usually don’t reproduce the experimental conditions very
well. Consequently, new simulations are needed for con-
structing both fullerene-based electrocatalysts and fullerene-
based photocatalysts with superior performances.

Undoubtedly, fullerene-based low-dimensional nanosys-
tems will continue to impact both materials science and
catalysis in many ways because of their attractive and
desirable properties for the development of high-perfor-
mance catalysts.
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