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ARTICLE INFO ABSTRACT

Keywords: Fullerenes are widely applied in the field of ORR, OER, and HER due to their well-defined molecular struc-
Fullerenes tures, excellent electron affinity potential that can be used to regulate the electronic structures when
Electrocatalysts

composited with other materials, the n-n intermolecular self-assembly into super crystals, and the custom-
izable chemical modifications including heteroatom doping, metal encapsulation, and functionalization.
These advantages endow fullerene with a great number of derivates and composites. Many theoretical and
experimental works are reported on electrocatalysts. To better understand the study progress, herein, we give
a common review of the latest research. We first introduce the theoretical calculations of fullerenes and their
derivates towards ORR, OER, and HER, aiming to give understandable reaction mechanisms and electro-
catalytic active sites. Then, the experimental identification of the electrocatalytic performance was summa-
rized. The experimental section is organized based on fullerene-based composites including fullerene/carbon
composites, fullerene/sulfide composites, fullerene/LDH or metal composites, and fullerene molecular and its
derivates including fullerene crystals, fullertubes, as well as endohedral fullerene. Finally, the challenges and
opportunities for rational designing of electrocatalysts using fullerene as a precursor or additive are sum-
marized and highlighted. The review not only points out the recent progress in fullerene application in
electrocatalysts but also gives an in-depth insight into the materials design theoretically and experimentally
that helps the future study directions.

DFT calculations

Oxygen reduction reactions
Oxygen evolution reactions
Hydrogen evolution reactions

1. Introduction poor wettability and the low electronic conductivity that impede the

charge transfer during the electrochemical process [7]. Nevertheless,

Fullerenes, constituted of sp>-hybridized carbon atoms, are one of the
allotropes of carbon that have drawn great attention for electrocatalytic
applications in oxygen reduction reaction (ORR), oxygen evolution re-
action (OER), and hydrogen evolution reaction (HER) [1-4]. They
possess favorable electronic properties and n-conjugated curved surfaces
with promoted catalytic performance, which can be attributed to the
quantum restriction on the electronic states and the intrinsic pentagon
carbon defects [5,6]. However, quantum confinement and intrinsic
pentagon defects are highly concealed by their bulk counterparts, thus
hindering exposure of the electrocatalytic active sites [5]. Moreover,
when used in the aqueous electrocatalytic reaction including ORR, OER,
and HER, the wide applications of fullerenes are greatly limited by their
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continuous in-depth research shows exciting findings about the appli-
cation of fullerenes via handling the pure fullerenes in theory and
experiment. The theoretical density functional theory (DFT) studies have
demonstrated that the heteroatom-doped and metal-encapsulated ful-
lerenes have accurate chemical formulas and specific electronic struc-
tures, which also can be effective candidates to forecast the potential
electrocatalytic performance [8-10]. In order to realize the theoretical
activity and take full advantage of the beneficial characteristic of elec-
trocatalytic performance, many particular works were reported. For
example, the quantum confinement of fullerene was widely used to
regular the base materials (like carbon nanotubes, metal oxides, and
sulfides), thus forming composites with enhanced electrocatalytic
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performance [1,11-13]. Besides, fullerenes can also be directly used to
refine the metals, and then further construct uniform metal nanoparticle
(NP) and single atom (SA) electrocatalysts with high efficiency [14].
Assembling fullerenes into crystals or co-crystals with specific micro-/
nano-morphology by the liquid-liquid interfacial precipitation (LLIP) is
an effective strategy to obtain homogeneous and heterogeneous cata-
lysts, which can greatly enhance the catalytic performance [15].
Furthermore, functionalized fullerene with sufficient active groups
greatly extends the fullerene-based derivatives, which not only can
improve its conductivity and wettability, but also introduce active het-
eroatoms [16].

Fullerene-based electrocatalysts are currently being rapidly devel-
oped for various electrocatalytic applications. Making a detailed and
systematic taxonomy of reported electrocatalysts is essential to under-
standing the progress of this fascinating research direction from theory to
experiment. In this review, we first focus on the electrocatalytic mech-
anisms of fullerenes and their derivatives based on the DFT calculations.
Guided by the DFT calculations, many experimental studies have been
summarized. The applications of fullerene-based electrocatalysts can be
classified into the following sections: ORR, OER, and HER.

2. DFT calculations

The increasing number of carbon atoms in fullerene molecules results
in a larger number of isomers, which implies the existence of abundant
hybridized molecular orbitals in fullerene molecules. For example, it has
been shown theoretically that Cgg, constructed with 60 sp>-hybridized
carbon atoms, has the highest occupied molecular orbitals (HOMO)
and lowest unoccupied molecular orbitals (LUMO). Furthermore, there is
a negative correlation between the energy band gap (the difference be-
tween HOMO and LUMO) and the number of carbon atoms in fullerenes
[17-20], indicating fullerene molecules with different structures can
tune the electronic structures that can affect their catalytic performance.
This section summarizes the DFT calculations that have been conducted
on different kinds of pure, heteroatom-doped, and metal-encapsulated
fullerenes, and discusses their theoretic electrocatalytic performances.

2.1. Therocial reaction mechanism of ORR, OER, and HER

Fullerenes are potential candidates as electrocatalysts for ORR, OER,
and HER as their pristine curvature and pentagon defect. The crucial
parameter to evaluate the ORR, OER and HER character is the adsorption
energy (E,gs) of the reaction intermediate species, which contributes to
the investigation of the reaction mechanism and catalytic activity. Elec-
trochemical reactions taking place in different solutions depend on
different processes [21-25].

The Gibbs free energy (AG) of ORR, OER, and HER was calculated
using the following equation based on Norskov et al.‘s method [26].

AG = AE + AZPE — TAS + AGy + AGpy

where AE, AZPE, and AS represent the energy difference of products and
reactants, zero-point energy, and entropy, respectively.

AGy = eU, U is the electrode voltage vs. SCE. e is the charge transfer
during the reaction. AGpy = kT In 10 x pH, kg and T represent the
Boltzmann constant and the temperature, respectively.

The Gibbs free energy curves in ORR, OER and HER process are
powerful parameters to characterize the reaction process, which is given
in most DFT calculations.

2.2. Heteroatom-doped fullerenes

Heteroatom doping of fullerenes is an effective method to govern the
electronic states and promote conductivity on the atomic scale, by which
the electrocatalytic performance can be regulated [27,28]. For example,
the prevailing N doping can activate the conjugated © configuration to
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create an active site for ORR by changing lone-pair electrons. N-doped
fullerenes have been confirmed with superior electrocatalytic activities
than intrinsic fullerenes [29]. Some similar results also reported that
nitrogen-doped Cgp (Cs9N) displayed superior ORR activities to other
heteroatom-doped Cgo [28,30]. The investigation in Zhao's study indi-
cated that O, molecules are favorably activated by Cs9B both kinetically
and thermodynamically by generating two low-barrier intermediates
[31]. Up to now, heteroatoms, including N, B, S, O, Si, and P, doped
fullerene (Cgp) have come into the sight of researchers due to the varying
electronic characteristics induced by the heteroatoms. Cgo as the most
abundant portion among the fullerene family available for electro-
catalysts is first discussed here [30,31].

To further throw light upon the effects of heteroatom-doped fullerene
(HDF) on ORR, HDF has been systematically studied as a potential
electrocatalyst for ORR [30]. The heteroatoms with different atomic
radii, when doped into the cage of Cg, the size of which lead to different
structure deformations [30]. Compared to the N and B atoms, Si, P, and S
have large radii, which can result in large structure deformation. That
implies more energy is necessary to construct CsgSi and Cs¢S. The
structural stability of doped fullerenes with different heteroatoms follows
Cs9N > Cs59B > C59P > Cs50Si > Cs0S (Table 1). This variation in formation
energy (Ep) can be attributed to the different sizes and electronegativities
of the doped heteroatoms. The negative E¢ values indicate that the
composite materials are thermodynamically stable [32]. Meanwhile, the
charge redistribution was also regulated by the doped heteroatoms. For
the case of Cg, the charge redistribution is changed by introducing the
heteroatoms with different electronegativity (Fig. 1), resulting in carbon
atoms on the fullerene cage being positively charged, which is more
advantageous for Oy adsorption [31]. In addition, based on the E,4s in
Table 1, the different E,qs between intermediate products and CsoX
indicate the differentiated electrochemical activity.

Different from Cgp with 60 equal carbon atoms, there are five
different types of carbon atoms (denoted as C,, n = 1-5) in C7o molecular,
Fig. 2a. Doping B, N, and Si in Cj, sites of C7( (Denoted as X (Cp,)) results in
different formation energy (Ef) compare to the doping in Cg (Fig. 2b),
which leads to different stability and charge redistribution of this doped
fullerene (Fig. 2c) [30,32]. In addition, the AG+oy shows a good linear
relationship with AG+«oog and AG:o for the B, N, and Si-doped Cyo
(Fig. 2d), which is also displayed in other metals [33] or heteroatoms
doped Cgp [30] calculations. It is worth noting that N(C3) exhibits the
lowest ORR overpotential (qORR) value of 0.67 V, while N(C4) exhibits
the lowest OER overpotential (nOER) value of 0.55 V, which demonstrates
the best oxygen reduction activity and oxygen evolution activity,
respectively. According to the calculated #°fR and #°FR, it can be also
known that doping heteroatoms are not always beneficial for the ORR
and OER activity. Thus, rational heteroatoms doping is vital for designing
and discovering new type of carbon-based electrocatalysts.

In addition to the nonmetallic doping, the metallic doped Cgo (CsgM,
M = Fe, Co, Ni, Mn, and Cu), in which metal atoms are used to replace the
carbon atoms on the Cg( cage, is studied by calculating the binding en-
ergies of ORR intermediate products [34]. The binding energy of CsgCo is
comparable to the idea Pt (111) lattice plane, and the detailed ORR path
is given in Fig. 3a—f. The vital O3 hydrogenation during the ORR process
is downhill for CsgFe, CsgCo, CsgNi, and CsgMn except for CsgCu, and *O
reduced to *OH process on CsgMn is uphill, manifesting the

Table 1
Formation energy (Eformation) and adsorption energies (E,qs, €V) of ORR inter-
mediate. Reprinted with permission from Ref. [30]. Copyright (2017) Elsevier.

Species Eformation 0, OOH (0] OH

Ceo 0 0.09 —1.58 -3.81 -6.11
CsoN —6.56 —0.37 —2.57 —4.39 —6.20
CsoP —3.55 0.08 -3.13 —2.67 —7.54
CsoSi -3.15 -1.26 —4.66 —5.50 —7.41
CsoB —4.82 —0.11 -2.23 —3.40 —7.78
CsoS —1.90 —0.12 —2.07 —3.44 —7.72
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Fig. 1. Mulliken charge distribution on (a) Cgo, (b) CsoN, (c) CsoP, (d) CsoSi, (e) CsoB and (f) CsoS. Reprinted with permission from Ref. [30]. Copyright

(2017) Elsevier.

* |
(a) (b) (©) BC,
. -0.143 0.143
\ g
-5
>
g NC, ' —
<
% A N .0.648 0.648
5=
2 OC, me—
g 2 -0.606 0.606
& o
i -
SiC,
5 o e s e i, o Tt i s -0.348 0.348
WH FTN®mSs@ zﬂ FamS @ 7 )
$68838 358838 358838 5
Cc EESSE SefFF Tuwvesw Mulliken charge
70
327
A (d) (e) 3} ™ ORR 283 285 293 297
- 2.49 253 =
3+ - 228 221
= ¥295 a7 g 2}
S NG T - -~ @ =2 1.53
o =0 -~"" o B E 1 1.31 i 1.31 1.33
o= pG - - § ¢35 = < — 142 1.42
3 2F e g a" - %1"-'"‘- 8% vs 3e7 oS T PO = 1 T T T e - Cro (1.00)
@ me- - " 85_ -, an S | MmN~ __ ot (048
S o g Er A E 4%
woqf s 8 AR __ 2T, 588 o =
s 28 2 A -~ g z* R T RuO: (0.42)
2 i A g =
g ol 2 £ = 2
§ = o Cro (1.42)
| as 8= 2| bt Ly | . 188
Ar - 8 8 199203 201 || 000207 243 57 T
8 - 9 OOH 237 o
2 § =0 3r OER 275
1 1 1 1 1 1 1 L n i n i 1 n 1 I n n 1 1
-2.0 1.5 1.0 -0.5 0.0 0.5 QA DA DB RN DA DS AN DA DS AN DA R S
AG-on (eV) RO R R R R R RO S

Fig. 2. (a) The Cy structure contains five types of carbon atoms. (b) The formation energy of Cs9X and X (C,) (X = B, N, and Si). (¢) Mulliken charge distribution on
X (Cp), X represents B, N, O or Si, n = 1-5. (d) Relationship between the adsorption energy and AG+oy on X (Cp). (e) The overpotentials of X (C,,) for oxygen reduction
and oxygen evolution. Reprinted with permission from Ref. [32]. Copyright (2022) Elsevier.

thermodynamically unfavorable process for CsgCu and CsgMn. The
different downhill characteristics (i.e., different free energy changes) of
the energy curves in Fig. 3a—e proved the different catalytic activity of the
CsgM.

Another interesting doping mode is a hybrid of metal-nonmetal doped
fullerenes, which is a kind of catalyst consisting of transition metal M and
heteroatom N4 co-doped in vacancy fullerene. Lots of experimental and
theoretical studies have proven the metal center in M—Nj is the reaction
site of ORR [35-38]. In terms of the M—N, site doped fullerene

(M-N4-Cg4, M = Fe, Co, and Ni), as shown in Fig. 3g-i, the Mulliken
charges indicate nitrogen atoms in M-N4-Ce4 and adjacent carbon atoms
display negative charge density and positive charge density, respectively,
which is attributed to the greater electronegativity of N atoms than that
of C atoms. And the corresponding Mulliken charges of the Fe, Co, and Ni
atoms were calculated as 0.664, 0.483, and 0.540|e|, respectively, sug-
gesting the largest electron transfer from the metal center to N4—Cgq
among the three samples. The positively charged site is more profitable
for O, adsorption, thus the metal center was chosen as the reaction site
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Fig. 3. (a—e) The calculated free energy curves of ORR on CsgM. (f) Binding energies of ORR. Reprinted with permission from Ref. [34]. Copyright (2019) Wiley-VCH
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() Ni-N4—Cg4. Reprinted with permission from Ref. [38]. Copyright (2021) Royal Society of Chemistry.

for ORR. The relative energy curves intuitively revealed that the whole
reaction energy variation during ORR paths of Fe-N4—Cg4 and Co-N4—Cgs
is degressive, which is conducive to positive-going reactions, demon-
strating Fe-N4—Cg4 and Co-N4—Cg4 are high-efficiency ORR electro-
catalysts [38].

2.3. Metal-encapsulated fullerenes

Different from the heteroatoms doped fullerene that heteroatoms are
linked directly to the adjacent carbon atoms, endohedral fullerenes
(EMFs, M@ fullerenes) contain encapsulated metal atoms with stable
structure, where the encapsulated metal atoms are not directly linked to
the adjacent carbon atoms. The active site for electrocatalytic reactions of
EMFs depends on the redistribution of charge on a carbon cage. Lai et al.
systematically studied the oxygen reduction catalytic performance of
Mn@Cgo (M = Mn, Co, Ni, Cu; n = 2-5). Taking Mn,@Cgo as an example,
the inside Mn;,, cluster greatly regulates the charge states of carbon atoms

on the Cgo cage (Fig. 4a). The carbon atoms on the Cgo cage are more
negatively charged when more metallic atoms are encapsulated. The
reaction species including OOH, O, and OH are adsorbed on the carbon
atoms of the Cg cage, rather than the metallic cluster inside. The E,qs
(OOH) and E,45(0) as a function of E,qs (OH) were plotted on all the EMFs
to descript the ORR activity (Fig. 4b), which displays slightly linear re-
lationships between E,3s (OOH), Engs(O) and E,gs (OH). Such results
indicate E,qs (OH) is a vital parameter to assess the electrocatalytic per-
formance of EMFs (Fig. 4c). More importantly, an activity volcano can be
plotted using the calculated Uy, (reversible potential) rate-determining
step (RDS). One can clearly see that the species located in Part I-III
have different E,qs (OH), indicating the varying adsorbed energy with
*OH. While the E,4s (OH) located in Part-II is moderated and beneficial to
the ORR performance. Thus, Mns@Cg at the top of the volcano curve has
the largest Uy of 0.71 V and performs the highest ORR activities [39].
Similarly, to further explore the theoretical ORR activity of M,@Cgo,
Nanjun Lai et al.'s work indicated Fes@Cgo has a higher Uy of 0.73 V
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Fig. 4. (a) Charge distributions on
MnyCgo, Mn3Cgo, MH4C50’ and MnsCegp.-
(b) Relationship between adsorption
and E,;qOH of ORR M,,@Cgp. (c) Active
volcano map of M,,@Cgo. Reprinted with
permission from Ref. [39]. Copyright
(2020) Springer Nature. (d) Active vol-
cano map of Fe,@Cgo. Reprinted with
permission from Ref. [40]. Copyright
(2020) IOP Publishing. (e) Charge dis-
tributions on Co3Ni; @Cy9, Co3Ni; @Cso,s
and CosNi;@Cgo. (f) Volcano plot of
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than Mns@Cgp (0.71 V) and Fe, (x =0, 1, 2, 4, 5, 6 and 7)@Cg (Fig. 4d)
due to improved energy gaps between HOMO and LUMO [40].

In addition to the monometallic cluster encapsulated in fullerene, a
DFT study about bimetallic alloys encapsulated in fullerenes
M1,M24_,@C, (M1,M24_, represents Fe,Cos_y, Fe,Nig_y, CoxNig_y;
x =1, 2, 3;n=40, 50, 60) (Fig. 4e) revealed that more evident charge
transfer between the bimetallic alloy core and the fullerene cage appears
when the fullerene cage size decreases, which results in enhanced
binding strength of the reaction species on the surface of M1,M24_,@C,
(Fig. 4e). The calculations verified that Co;Nig@Csg and CoaNix@Cegg are
confirmed with the best oxygen reduction activity with s°% = 0.35 V
and the best oxygen evolution activity with y°ER = 0.36 V, respectively
(Fig. 4f). The results calculated above indicate not only the metal
encapsulated but also the fullerene size has an effect on its ORR activity.

EMFs also exhibit HER performance theoretically. Aijun Du reported
the potential HER application of M@Cgo (M = Na, K, Rb, Cs, Sc, Ti, Mn,
and Fe) using the DFT calculations and pointed out that the size of
encapsulated atoms plays a crucial role in the HER performance of EMFs

[41]. As shown in Fig. 4g, compared to the Cg, the values of AG«y for
M@Csp approaching zero manifests the enhanced HER activity. Known
from the volcano curve in Fig. 4h, a negative AG-y impedes the
desorption of H and a positive AG+y restricts the adsorption of H during
the HER process. Rb@Cg( with the ideal AG-y value close to zero exhibits
the highest HER activity. While the Li@Cgo with Li atom encapsulation
(Li atom has a smaller size than Rb) performs the worst HER activity. By
introducing the metal atoms into the EMFs, Adedapo S. Adeyinka et al.
found the molybdenum-encapsulated, iron-doped, and gold-decorated
composite (AuFeMo@Cy4) can be also performed to catalyze the
hydrogen evolution reaction [42].

3. Experimental application

Based on the deep insight gained from studying potential ORR, OER,
and HER activity of fullerene and its derivates, experimental explorations
have been carried out to confirm some of the DFT calculations. DFT
calculations have shown that heteroatom doping and metal/non-meta
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encapsulated fullerenes can greatly enhance the electrocatalytic activity
by tuning the electronic structure and adsorption energy between the
active sites and intermediates. For practical applications of fullerene in
ORR, OER, and HER, they are commonly used as feedstock to prepare
fullerene-based composite, self-assembled crystals, EMFs, and
derivatives.

3.1. Fullerene-based composites

Using fullerenes to construct fullerene-based composites is a widely
studied field because the composites can take advantage of both com-
ponents and achieve a synergistic catalytic effect. The ultra-small mo-
lecular diameter of zero-dimensional fullerene renders it an ideal
candidate for supporting or adsorbing onto a particular base, such as the
carbon nanotubes (CNTs), sulfides, metals, and oxides, through non-
covalent interactions, such as n—7 interactions and van Der Waals force,
and covalent bonding [1,11-14,43-47]. Once composited with these
substrates, fullerene molecules can extract electrons from the sur-
rounding substrate because of their strong electron acceptor properties,
resulting in the tuned electronic structure of the adjacent substrates
[48].

Advanced Sensor and Energy Materials 2 (2023) 100061

3.1.1. Fullerene/carbon composites

The use of 1D CNTs in electrocatalyst applications has received
considerable attention due to their excellent conductivity and chemical
stability [49]. However, the limited number of active sites on pristine
CNTs restricts their activity when used directly as an electrocatalyst.
Surface self-activation or introduction of the active component is crucial
to the catalytic performance. While the Cgo molecule, with all sp>-hy-
bridized carbon atoms and incomparable electron affinity, has high cat-
alytic activity, however, the conductivity of which is extremely poor. A
combination of Cgp with CNTs was designed by Dai and co-workers,
where the quantized Cgy molecules were adsorbed on the surface of
CNTs via noncovalent interaction as shown in Fig. 5a [1]. The process of
adsorbing Cgg onto SWCNTs involved suspending SiO5/Si wafers with
SWCNTs in de-ionized water via ultrasonication, along with Cgo with a
concentration of 1.96 mol L™! for 5, 10, 15, and 20 min (denoted as
Ce0-SWCNTn, n =5, 10, 15, and 20 min). One can clearly see the Cgo was
adsorbed on the surface of SWCNT (Fig. 5b). The C 1s peak shift in XPS
verified the electrons are transferred from SWCNTs to Cgo (Fig. 5¢). The
results indicated that the distinct interfacial charge transfer between Cgg
and CNTs leads to the remarkable electrocatalytic performance of
SWCNT15 and substantially low overpotentials in oxygen reduction

Coo-SWCNT 5

283.574
Coy SWCNT, i

~
(]
~

284.07,

284.31

1
CorSWCNT, f

284.58
I

Intensity (a.u.)

CoeSWCNT,

200 288 286 284 282 280
Binding Energy (eV)

6 08 1.0
Potential (V) vs. RHE

SWCNTs €
C,SWCNT O 4= Ca
9 P-4 SWCNTs
- == RuO, £ ] CSWeNT,
=20 w=C,, 6 S |m=pwc
SWCNTs 84
-2.51 C,-SWCNT | 3
3.0 —Lils 0 —— 10
02 04 O 1.2 1.2 13 14 15 16 1.7 1.8 -0.6 -0.5 -04 03 -0.2 0.1 0.0

Potential (V) vs. RHE

Potential (V) vs. RHE

PPA/P,05
130°C

’ Friedel-Crafts acylation ’

H,0, selectivity (%)

C,-CNT hybrid
C,-ONT mixture
oNTs

cBC,

o8 06 a4 a2 0o o8 07 06 as 04 o3
Potential vs SCE(V) Potential vs SCE (V)
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(Fig. 5d), oxygen evolution (Fig. 5e), and hydrogen evolution (Fig. 5f)
compared to pristine CNTs and Cgp. Additionally, the SWCNT15 exhibi-
ted a similar current decrease as the commercial Pt/C and RuO, elec-
trocatalysts, indicating unprecedented long-term stability towards ORR,
OER, and HER. Furthermore, Zhang et al. explored a novel Cgy-CNT
hybrid leveraging the direct covalent linkage of Cg( derivative molecules
with CNTs sidewalls (Fig. 5g) [44]. As shown in the SEM and HR-TEM
image of the Cgo-CNT hybrid in Fig. 5h-j, spherical Cgp molecules are
covalently conjugated on the CNTs sidewall, and individual size of Cgp
spheres was found to be around 1 nm. Compared to CNTs and CB-Cg, the
Cg0-CNT hybrid showed a higher ring/disc current, higher catalytic ac-
tivity, and higher HoO selectivity (Fig. 5k-1), which further indicated the
direct covalent linkage of Cgg and CNT can effectively enhance the cat-
alytic activity. And the Cgo-CNT hybrid electrode can keep a stable cur-
rent over 10 h under a selected potential of —0.2 V vs. SCE,
demonstrating the stable production of H30,.

Furthermore, Cgo can be loaded on doped graphene and graphitic
carbon flakes to modify the electrocatalytic performance. Michal
Otyepka and colleagues also found that the durability and electro-
catalytic performance of a non-metal covalent hybrid of fullerene and F-
doped graphene for HER was improved due to the inter-hybrid charge-
transfer phenomena resulting from the electron-accepting properties of
Ceo and the high conductivity and large surface area of graphene [50].
Interestingly, Juan C. Noveron et al. synthesized fullerene (Cg) inserted
boron carbon nitride nanosheet (F/BCN) [2]. Briefly, a fullerene solution
in toluene (ranging from 5 to 30 wt %) was added to 20 mL of IPA
containing 50 mg of BCN NSs powder. The resulting mixture was then
bath sonicated for 30 min to form the F/BCN nanohybrids, as shown in
Fig. 6a. STEM images of the 10% F/BCN nanohybrids, presented in
Fig. 6b, reveal that Cgo molecules are uniformly distributed on the sur-
face, with sizes of approximately 0.9 nm. The peak locations of
high-resolution C 1s XPS spectra for F/BCN hybrids gradually negatively
shifted to some content when Cgo was introduced into F/BCN hybrids,
which can be explained by electron transfer from the BCN NSs to
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Cg0.-0.5 eV (284.63-284.33 eV) peak shift of C 1s is found in 10% F/BCN
hybrid, which is higher than that of the other samples, indicating the
more pronounced charge transfer in the 10% F/BCN hybrid. A more
pronounced charge transfer in the 10% F/BCN hybrid confirmed by the
largest binding energy shifting of 0.5 eV (284.63-284.33 V) than others
implies the great potential in enhancing the electrocatalytic activity [1].
The HER onset potentials of the obtained nanohybrids are given in
Fig. 6d, the value of 10% F/BCN is as low as —0.042 V vs. RHE which is
much lower than the other samples. The top position of 10% F/BCN in
the volcano plots indicates the most active catalytic rates. For the case of
OER, 10% F/BCN also exhibits the lowest overpotential of 390 mV and is
located on the top of the volcano plots, as shown in Fig. 6f-g. When
applied for ORR, 10% F/BCN shows an E,; = 0.92 V, and an
Enaif = 0.79 V vs. RHE (Fig. 6h). Also, the top position on the volcano
plots of 10% F/BCN indicates its superior catalytic performance (Fig. 6i).
Moreover, even under a chronoamperometric measurement over 12 h,
the current of 10% F/BCN do not show obvious attenuation, which
confirms the hybridization between Cg and BCN can greatly improve the
catalytic stability. These results indicate the hybridization of Ceo and 2D
doped graphene and graphitic carbon flakes is a promising strategy to
develop new electrocatalysts.

3.1.2. Fullerene/sulfide composites

2D MoS; is a promising electrocatalyst, the edge sites of which are
considered as catalytic sites for HER. However, the basal planes of MoS;
have been confirmed to be catalytically inert, which greatly restricts its
catalytic performance [51,52]. Furthermore, the semiconductive char-
acters and low charge carrier mobility of MoS, indicate the pristine
electronic properties of MoS, can be regulated by constructing a p-n
heterojunction interface through hybridization with another semi-
conductive material [53]. Cgg fullerene is another semiconductive ma-
terial with strong electron affinity, which can greatly modulate the
adjacent electron distribution of the contacted substrates. Chen and
co-workers using VASP calculations found that the LUMO of MoS,
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(—4.5 eV) is lower than that of Cgp (—3.8 eV), leading to charge transfer
and electron accumulation on MoS; when the two semiconductors are
interfaced [53]. The electron redistribution at the MoS,/Cgg can create a
built-in electric field that stabilizes the increasing electron density in
MoS,, further reduces the junction-barrier height, and allow facile elec-
tron tunneling and transport. This gives rise to conductive pathways
along the MoS,/Cgo p—n heterojunctions [53].

Consequently, modulating the electronic structure of MoS; with Cgg
to enhance the electrocatalytic activity of MoS; is feasible. In early 2016,
Sarbajit Banerjee et al. introduced Cgo in varying concentrations to the
surface of MoS; to construct Cgo/MoSy composite. They found the
optimal amount of Cgo in MoS; can effectively lower the charge transfer
resistance (Fig. 7a and b) and improve the HER catalytic activity, which
revealed that the charge transfer from the nCg clusters to MoSy can
change the semiconductive charge state of MoS; and further enhance the
HER performance (Fig. 7c) [12]. A study by Echegoyen explored the use
of MoS,/Cgo composite as an HER catalyst via combining ultrasonication
with an organic solvent-assisted strategy, see Fig. 7d, [47]. M0Sy/Ceo
composite with various Cgo loadings exhibited HER overpotential lower
than that of the pristine Cgp and MoS;. 1T-MoSy/Cgo heterostructure with
20 wt% of Cgo shows the smallest overpotentials (highest HER activity)
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and excellent stability (Fig. 7e and f). Related DFT calculations provided
further insight that the improved activity is from the anchoring of C¢p on
1T-MoS,. The optimized atomic model of Cgy molecules stabilized on
1T-MoS; is given in Fig. 7g. One can clearly see that the electrons transfer
from the C atoms of Cg at the interface to the in-plane MoS,, which is in
line with Chen's work discussed above. The density of states (DOSs)
curves display the different waveforms, revealing the interaction be-
tween C and Mo/S atoms (Fig. 7i). The Gibbs free energy diagrams for
20 wt% 1T-MoS,/Ceo show a value of just —0.03 eV, further confirming
its superior HER activity. In addition to MoS,, fullerene can also be used
as the regulating agent to modify the CeNdS (Forming CeNdS/Cgo) [45].
Taisal Igbal and co-workers found that the covered Cgy over CeNdS
provides strong interfacial interaction between CeNdS and Cg, resulting
in a very small overpotential of 346 mV in a medium consisting of 1.0 M
KOH.

3.1.3. Fullerene/LDH or metal composites

Fullerenes can be also used to regulate the metals and oxides-based
materials via covalent bonding or non-covalent adsorption. We know
that non-noble metal oxides and layered double hydroxides (LDHs) face
significant challenges in achieving high electrocatalytic activity due to
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their sparse catalytic edge site and poor electrical conductivity [43].
Quantized functional fullerenes can serve as an additive to increase the
number of actives via insertion into the substrates. Additionally, the
functional groups introduced into the fullerene cage can improve the
conductivity and facilitate the charge transfer of LDHs. Chunru Wang and
co-workers inserted HNOs-functionalized Cgg (fullerene quantum dot,
FQD) into the interlamination of CoNi LDH, forming an atomic-scale
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sandwich-like structure (FQD/CoNi-LDH/NF electrode) [43]. As shown
in Fig. 8a, the HNOj3 treatment of Cgo introduced sufficient nitrogen and
oxygen functional groups, for example, -NH,, -OH, and -COOH groups,
which improve the conductivity and facilitates the charge transfer of
LDH. FQD/CoNi-LDH/NF electrode exhibited the smallest charge trans-
port resistance (R.t) among the tested samples, as shown in Fig. 8b, d, and
demonstrated enhanced OER and HER overpotential of #30 = 320 mV
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and 710 = 150 mV, respectively. DFT calculations were then performed
with an optimized model in Fig. 8f. The Bader charge analysis confirmed
the charge transfer from FQD to CoNi-LDH (Fig. 8g). Furthermore, the
formation of FQD/CoNi-LDH greatly improves the Gibbs free energy
values AG=y from —1.65 to —0.09 eV and from —1.96 to —0.15 eV for the
adsorption on Co and Ni sites, respectively, indicating the enhanced
catalytic activity of FQD/CoNi-LDH compared to the pristine CoNi-LDH
(Fig. 8h).

Similarly, when hybridizing fullerene with metal, the charge distri-
bution around the metal nano-particle and single metal atoms can be also
regulated by the adjacent fullerene. Yonggiang Feng and co-workers
assembled a repeating layer-by-layer configuration of Cgo/Ru/C60/Ru
via covalent bonding, and the RuNP-RuSA@CFN-800 sample was ob-
tained after annealing the assembled precursor at 800 °C, as shown in
Fig. 8i, [14]. The major peaks at 10.8°,17.7°, and 20.8° were assigned to
the (111), (220), and (311) planes of the fcc crystal structure of Cgo, and
the peaks at around 44.9°, 49.4°, and 51.6° can be attributed to the
(100), (002), and (101)planes of hexagonal Ru, which confirmed the
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fullerene substance remains stable even at high temperature of 800 °C.
The prominent peaks at 275.4, 492.1, and 1466.2 cm™! in the Raman
spectra and solid-state 13C NMR represent C—=C stretching and sp> carbon
of Cgo, respectively, further confirming the existence of Cgp in
RuNP-RuSA@CFN-800 (Fig. 8j-1) [48,54,55]. RuNP-RuSA@CFN-800
exhibited the lowest HER overpotential of 710 = 33 mV and a tafel
slope of 31.76 mV dec™*. The DFT calculations revealed the AG+y values
for RuSA@CFN, RuNP-RuSA@CFN, and RuNP@CFN are —0.09, —0.27,
and —0.37 eV, respectively. AG+y alone is the only factor that can be used
to describe the HER activity due to the large energy barrier of water
dissociation [56]. The kinetics of water dissociation for
RuNP-RuSA@CFN, RuSA@CFN, and RuNP@CFN was compared, and it
was found that the transition state (TS) barrier for water dissociation was
significantly lower for RuNP-RuSA@CFN, with a value of 0.36 eV, as
compared to RuSA@CEFN (0.57 eV) and RuNP@CFN (0.85 eV). Under the
circumstances, RuNP-RuSA@CFN performed a favorable reaction ki-
netics. Other research groups have also studied the Cgo@Cu/Cu-oxide for
ORR [13], MnOx@Cgp for OER [11], and NiO/Cgp composites for OER
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[46], and the results showed the universal enhancement properties of
fullerene for electrocatalysis.

3.2. Fullerene molecules and their derivates

3.2.1. Fullerene crystals

The application for ORR, OER, and HER of pristine fullerene powder
is retrained by its inferior electronic conductivity that impedes the charge
transfer during the catalytic process. Fortunately, owing to the sphere-
shaped molecular structures and adjustable architectures of fullerenes,
it is found that constructing fullerenes into micro-structure using liquid-
liquid interfacial precipitation (LLIP) is an effective method to overcome
those limitations [15,57-62].

Luis Echegoyen and co-workers reported two types of fullerene micro-
structure including Cgo-based rhombic-shaped nanoflakes and nanotubes
via an LLIP solvent engineering strategy, which were used as bifunctional
water-splitting catalysts (Fig. 9a and b) [63]. In such work, tert-butyl
alcohol and toluene were used as poor and good solvents, in which the
Ceo microstructure precipitated from the mixture solution after static
settlement for 24 h. XRD in Fig. 9c demonstrated the distinguished
crystal type of the Cg nanoflakes (2D-Cgg), Ceo nanotubes (1D-Cgp), and
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pristine Cg. Typically, Cg crystal exhibited an hcp structure, which is in
line with some previous works [64-67]. It can be clearly seen that new
peaks located at around 260 = 6° that correspond to the (010) lattice plane
is different from that of the pristine Cgp (20 = 10°), which reveals the
rearrangement of Cgo molecules in the newly formed structure. Both the
1D and 2D-Cg structures exhibited lower overpotential for HER and high
half-wave potential for ORR in Fig. 9d and e, solidly revealing that
self-assembling of fullerenes via LLIP is an effective way to promote the
electrocatalytic properties. Such results can be explained by a called “tip
effect” of the curved interfaces caused by the different dimensionality
[68,69].

An ordered micromorphology of the fullerene was further confirmed
to have positive effects on its electro-catalytic properties [70]. Ajayan
Vinu and co-workers constructed an ordered mesoporous Cy crystalline
using an SBA-15 template. Just simply drop the C;q solution into the
SBA-15 template at 100, 130, 150, and 200 °C, respectively, to form a
fullerene-silica composite, then annealing the composites under Nj at-
mosphere at 900 °C, the corresponding samples were named MFCyo-T
(T =100, 130, 150 and 200 °C). Interestingly, although the fullerene is
easy to be carbonized and transformed into graphitic or amorphous
carbon [36,71], the SBA-15 templated can effectively protect Cyo from
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being carbonized, thus maintaining the intrinsic C;o cage structure. As
shown in Fig. 9f-h, MFCy¢-T reflects a similar XRD pattern to the SBA-15
template, revealing the ordered mesopore structure can be perfectly
duplicated with this strategy. Thus, the obtained MFCy(-150 displays the
same 2D hexagonal lattice (P6mm) as the SBA-15 template and possesses
an interplanar spacing over 10 nm. When used for ORR, the limiting
current density of MFCyo-150 performs an analogous limiting current
density to the 20% Pt/C [72]. The electron transfer number of
MFCy0-150 is 3.6, higher than that of the MFCg( (2e™), suggesting the
better performance of MFCy( for 4e~ ORR. Such results indicate that the
highly crystalline ordered mesoporous structure of Cyq fullerene can
greatly meliorate the oxygen reduction performance. Of course, the
crystallinity and pore structure of nano-micro scaled fullerene crystals
can be further tuned via high-temperature annealing, with which lots of
carbons, including CNTs, heteroatom doped carbon et al., have been
reported [6,36,73,74]. However, the intrinsic cage structure is severely
destroyed and no fullerene anymore, thus the fullerene-derivated car-
bons are not discussed here.
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3.2.2. Fullertubes

As discussed above, Cgo and Cy( with different sizes perform different
electrocatalytic activities [70]. Here, the effects of different sizes of ful-
lerenes on the electrocatalytic performance were intensely explored. For
the case of fullerene with more carbon atoms, named higher fullerenes,
the HOMO-LUMO gaps are generally reduced, which implies the pro-
motion of the conductivity that is good for the efficient electron transfer,
thus guaranteeing the positive effect on an electrocatalyst [7]. Revolu-
tionary experimental research about the higher fullerenes is related to
the extraction of fullertubes which is a new fullerene with 100-200
carbon atoms (denoted as C100-C200), see Fig. 10a and b [75]. Full-
ertubes are fundamentally assembled with rotated monolayer graphene
and two half-fullerene end-caps and show a similar structure to SWCNT.
According to the fullerene end-cap configuration, the molecular formula
of a classic fullertube can be noted as C3gp:30+10m C30+30+18n and
C30+30+12n- Some studies pointed out that the Dsp-Cop and Dsg-Cioo
exhibit semiconducting electronic properties and metallic characteristics,
respectively, manifesting a reductive energy band gap when the number
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of carbon atoms increases [76,77]. While for the D3 and Dsq,y, fullerenes
(number of atoms: 60-150), the energy band gap reduces with the C atom
number increases. However, the energy band gap Dsp-Cy g is found larger
than that of the Dsp-Cqg, which is antipodal to the rules of D3 and D3q,n
fullerenes [78]. Thus, higher fullerenes that have larger carbon cage sizes
not only visually display the size difference compared to the common Cgo
and Cyq fullerene, but also exhibit complex electronic properties, which
draw great attention to be used as potential electrocatalysts.

Luis Echegoyen and coworkers first explored the performance of three
new synthetic fullertubes including Cgp-Dsp, Cgg-D3q, and Cjgo-Dsq to-
wards the ORR (Fig. 10c—e) [3]. One can clearly see in Fig. 10d that
Cog-D3q possesses the highest E,, (0.85 V vs. RHE) and Ej /5 (0.75 V vs.
RHE) in 0.1 M KOH, and derives a high selectivity of four electron ORR.
The theoretically calculated HOMO-LUMO gaps of these fullerenes in
Fig. 10f show that the smallest band gap (1.15 eV) of Cgg-D3q is close to
the ideal potential for water splitting and oxygen reduction, manifesting
the promising ability of Coe for ORR. In another work, the HER activities
of commercially available fullerenes (Cgo, C70, C76, Cg4, C100) Were used
to recognize the electrocatalytic performance by simply loading the ful-
lerenes ink on nickel foam [79]. The bandgap energies of Cgg, C70, Crs,
Cg4, and Cgp were calculated to be 2.77, 2.68, 1.98, 2.15, and 2.39 eV,
respectively, which are in line with those reported in the literature
(Fig. 10g and h). The lowest bandgap energy of Cy¢ indicates its high
conductivity, which ensures the most promising electrocatalyst of Cze
among those samples. The Ni foam loaded with more C;4 showed a
sharply reduced overpotential (Fig. 10i). For example, the overpotential
of nikel foam with 0.53 mg C7¢ loading is only 20 mV in 0.5 M H3SO4,
which is much lower than the 0.12 mg Cy¢ loading nickel foam (270 mV).
Furthermore, all the Cy¢ loading nickel foam samples exhibited a superior
overpotential to the pristine C7¢ (420 mV). In the Cyg and nickel foam
composite, an interface dipole layer (IDL) was constructured via elec-
trons transfer from nickel to Cyg (Fig. 10j), which is proved by the AGsy
value for Cy¢/Ni foam (—0.09 eV, closet to zero) compared to the bare Ni
foam (—0.43 eV), thus ensuring the enhanced HER activity of Cyg/Ni
foam (Fig. 10k). Moreover, it can also see that this exchange current of
nickel foam loaded with 0.53 mg Gy incresaed by 5.99 A cm™2 compared
to the bare nickel foam (Fig. 101).

3.2.3. Endohedral fullerene and its derivates

DFT calculations have confirmed that encapsulated metals or metal
compounds can break the initial electron distribution of the fullerene
cage and further activate the fullerene molecules [10,38-41]. However,
the extremely low yield of EMFs greatly impedes the wide application of
electrocatalysts, and few works were reported in past decades. Recently,
the amazing electronic distribution of EMFs draws tremendous attention
from researchers. Up to now, some researchers start to explore the
electrocatalytic performance of EMFs.

Echegoyen and co-workers first performed the DFT calculation of
seven MsN@C,, fullerenes as molecules for HER electrocatalyst [80].
Here, M represents Sc, Y, Gd, and Lu, and 2n represents 68, 78, and 80.
The structural models of the three EMFs are shown in Fig. 11a-d. The
electronic structures of MsN@C,,, can be understood with an ionic model
of (M3N)6+(C2n)6’, implying there is a six-electron transfer process from
the internal cluster to the external fullerene cage [81]. Importantly, the
peculiar structural features of ScsN@D3 (6140)-Cgg clearly show that the
internal Sc atoms in the Sc3N unit greatly affect the charge distribution of
pentalene units in the external fullerene cage (Fig. 11c and d), resulting in
pentalene units are negatively charged. Owing to the prominent electron
transfer between the Sc3N unit and the fullerene cage, the crucial process
of hydrogen adsorption onto the fullerene cage is greatly improved.
ScsN@D3 (6140)-Ceg exhibits the superior HER overpotential to the
others, and performs reliable stability (Fig. 11e and f). Furthermore, the
calculated Fermi level for ScsN@D3 (6140)-Cgg based on Mott Schottky
(M-S) analysis is proximate to 0 eV (the ideal potential for hydrogen
evolution), which further confirms the interactions between Sc ions and
negatively charged pentalene can effectively enhance HER activity.
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The selectivity addition reactions can introduce plentiful mono- and
multiple functional groups to the surface of EMFs, which can not only
regulate the chemical environment but also modify the localized charge
distribution of EMFs. Such a functionalized strategy is a powerful way to
promote electrocatalytic activity by improving the electronic configura-
tion of pristine fullerene. Echegoyen and colleagues found that using
diazonium salts to functionalize EMFs can introduce extremely high
active sites into EMFs via changing the surface charge polarization states
[82]. The functionalized DPyScsN@IhCg, exhibited the lowest onset
potential of —0.25 V vs. RHE and excellent stability compared to other
samples. Furthermore, the M—S analysis indicates DPyScsN@IhCgg has
the lowest band gap and the Fermi level, which implies the diazonium
group regulates the local charge distribution and the C atoms adjacent to
the functional group are more negatively charged. Attributed to the
changes after the introduction of the diazonium group, the HER activity
of functional EMFs was promoted.

4. Conclusions and outlook

Great attention has been paid to fullerenes because of the special well-
defined molecular and sp>-hybridized carbon atoms. The regular fullerene
Cgo with ideal electron acceptors and semiconductor characteristics is most
studied because of the sunken LUMO and large band energy gap. Many
theoretical DFT works were performed to forecast the electrocatalytic ac-
tivity of fullerenes and their derivates towards ORR, OER, and HER. It has
been pointed out that both heteroatom doping and metal encapsulation are
useful strategies to optimize the electrolytic activity by regulating the
charge distribution or introducing active sites. On the other, for the case of
practical applications of fullerenes and their derivates, researchers
designed catalysts based on their intrinsic characteristics. The high elec-
tron affinity endows fullerenes with the potential of easily regulated
electronic structure when they are composited with other materials, which
further enlarges the application of electrocatalysts. The fullerene itself can
also act as the electrocatalyst, the electrocatalytic activity of which can be
further improved by the hybridization process due to the charge self-
distribution after doping or functionalization. Such processes can not not
only activate the inert fullerene cages by localized electron adjustment but
also give rise to abundant fullerene derivatives. In addition, the n—=
interaction between the fullerene molecules results in the formation of
crystalline fullerene mico-/nano-structures in given solutions via a self-
assembly process. In addition to the wide application of fullerenes in the
field of ORR, OER, and HER, fullerenes also exhibit great potential for
other energy field applications. For example, high temperature annealing
Fc-Cg crystals can prepare a Fe and N co-doped carbons with excellent
capacity in 6 M KOH [71], functional nitrofullerene can be used as additive
into the electrolyte to stabilize the anode Lithuim (or sodium) and further
to smooth the surface of the anode in Li (or Na)-ions batteries [83,84],
fullerene-modified MOF-545-Co exhibits boosting CO5 electroreduction
performance [85], novel metal (Pt, Ru or Pd) decorated Cgp displays
outstanding methanol and ethanol oxidation fuel cells [86,87], and even
the high value-added ethylene glycol can be electro-synthesized with
Ceo-buffered Cu/SiO;y as catalyst [48]. Those applications of fullerenes
greatly extend the scope of their use.

Although much progresses have been achieved in past decades, the
wide application for ORR, OER, and HER of fullerenes is also faced with
great challenges waiting to be settled down, and further exploration
should be carried out. The limitations of current studies are listed below.

(1) Up to now, only the Cgg and Cy( can be scaled produced by an arc-
discharge process, and the price of which is still relatively higher
than the commercial graphene and other carbons, for example,
CNTs, and hard carbon. The higher fullerene with superior cata-
lytic activity including C;¢, EMFs, and fullertubes is much more
difficult to synthesize due to the limited synthetic process. Espe-
cially, although many metal-doped fullerenes are highly active
electrocatalysts, they are never experimentally reported due to the
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absence of actual materials. Those problems greatly impede the
wide application of fullerenes and their derivates. If it can be
properly solved, a great achievement will be made for the wide
application.

The fullerenes are commonly unsoluble in aqueous solutions
where the ORR, OER, and HER take place, which results in
extremely poor conductivity and sluggish reaction kinetics.
Furthermore, fullerenes only dissolve in one of the few non-polar
organic solvents, such as toluene. Thus, new methods to improve
hydrophilia without pollution are highly desirable.

Although fullerene composites, fullerene crystals, and higher ful-
lerenes are confirmed with amazing electrocatalytic activity, the
reaction active sites and intermediate are still unclear, which
greatly restricts the depth of comprehension of the catalytic
mechanism. More accurate and advanced techniques should be
rationally developed to detect the reaction process and confirm
the active sites, which can provide insight into the evolution of the
interface, chemical, and electronic states as a function of the
applied potential of these heterostructures.
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Therefore, the principles for designing novel functional nano-
materials using fullerenes should take their advantages and limitations
into account. First, great attention should be paid to the natural prop-
erties of fullerene molecules, such as their size, shape, and electronic
characteristics, due to their diverse characteristics. Fullerenes with
more carbon atoms have larger sizes and more complex electronic
structures. Second, intrinsic fullerene molecules only possess C-C bonds
and lack sufficient active groups, resulting in hydrophobic character-
istics that impede their electrocatalytic activity. Chemical modifications
on the surface of fullerene cages can impart specific functionalities,
such as better solubility in different solvents (for example, water) or
binding to specific targets. Third, micro-architectures, such as the
atomic arrangement of fullerene molecules or multiple fullerene de-
rivatives, should be highly considered because different micro-
architectures can result in different specific surface areas and lattice
structures. By fully understanding the properties of fullerenes and
having in-depth insights into their catalytic mechanisms, fullerenes
could be effective materials to overcome challenges in the field of
electrocatalysts.
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