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A non-metal covalent hybrid of fullerene and graphene was synthe-
sized in one step via fluorographene chemistry. Its electrocatalytic
performance for the hydrogen evolution reaction and durability
was ascribed to intrahybrid charge-transfer phenomena, exploiting
the electron-accepting properties of Cgo and the high conductivity
and large surface area of graphene.

Electrocatalytic water splitting into oxygen and hydrogen is one
of the most promising processes for the sustainable production
of hydrogen as a carbon-neutral fuel." The most effective
electrocatalysts, which are commercially used in water electro-
lysis devices and fuel cells, are based on Pt and RuO,.” The
prohibitive scarcity and cost of the noble metals limit the future
development of a hydrogen-based economy. Owing to their low
price and earth abundance, non-precious metal-based electro-
catalysts, mainly composed of transition metals, are employed
as alternatives.® However, all metal-based catalysts face chal-
lenges such as low selectivity, poor durability, agglomeration
and environmental issues.” Therefore, it is necessary to develop
efficient, low cost and highly durable catalysts of the hydrogen
evolution reaction (HER) to support the growth of the hydrogen
economy.”” Besides efforts toward minimizing the HER overpoten-
tial, and increasing the reaction kinetics, catalyst electrical conduc-
tivity and stability,*® a new class of catalysts composed of
lightweight and abundant elements must be developed. Towards
this end, the development of carbon-based metal-free electrocata-
lysts has been launched, receiving remarkable attention.
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Remarkable electron acceptor properties of fullerenes have
rendered them as great candidates for the synthesis of efficient
multifunctional metal-free electrocatalysts.'® Heterostructures
based on fullerene (mainly Cqo) and low dimensional nanoma-
terials are gaining increasing interest due to their unique
physicochemical properties, such as large surface areas and
great electronic and mechanical properties."* These hetero-
structures appear as efficient noble-metal-free and low-cost
electrocatalysts to compete with precious state-of-the-art
noble-metal catalysts.'” Noticeably, a non-metal carbon-based
electrocatalyst was prepared through the adsorption of Cg, onto
single-walled carbon nanotubes (SWCNTs), which exhibited
excellent performance toward the HER, oxygen evolution reac-
tion (OER) and oxygen reduction reaction (ORR). Evidently,
intermolecular charge transfer between Cq, and SWCNTs lar-
gely induced high electrocatalytic activities.”* Additionally, a
bimetallic phosphide Ni-Co-P coupled with Cs, presented
excellent HER activity, and it was concluded that Ceo improved
the electrocatalytic activity for the HER by enhancing the sur-
face roughness and electrical conductivity."* In another study, a
covalently linked graphene-Cg, hybrid, which was prepared via
ball-milling, was employed as an electrocatalyst toward the
ORR," exhibiting higher catalytic activity than that of the
individual species Cgo and graphite. This finding was ascribed
to the generation of a positively charged graphene basal plane,
as a result of charge transfer to Cg. Also, covalently linked
CNT-Cgo hybrids very efficiently catalyze the two-electron
reduction of oxygen to H,O, due to high electron mobility
through the fullerene units, large surface area and covalent
linkage between Cgo and CNTs.'® Nevertheless, the use of Cg, as
a potential electrocatalyst is rare; hence, it is of greatest interest
to further investigate its covalent conjugation onto graphene
and scrutinize the electrocatalytic performance of the newly
formed heterostructure for proton reduction toward hydrogen
evolution.

In recent years, fluorographene (FG)'”*® has been employed
as an effective precursor for the preparation of covalently
modified graphene derivatives with high conductivity and
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functionalization degree,">*° synthesizing metal-free electro-
catalysts for the ORR as well.>'>* However, graphene derivatives
produced by FG have not been studied in other electrocatalytic
reactions. Moreover, from the synthetic point of view, the
utilization of FG as a template for the hybridization with Cg,
has not been reported yet. Strikingly, the efficient intermole-
cular charge-transfer processes between graphene derivatives
and fullerene nanocages are expected to result in a large
number of active sites, which may favor electrocatalytic
processes.

Herein, we exploited the high conductivity and large surface
area of graphene derivatives produced by FGs with excellent
electron acceptor properties of Cg, to prepare a novel carbon-
based, metal-free electrocatalyst for the HER. In this frame, a
covalently linked graphene-fullerene hybrid (denoted as G-Cs,
henceforth) was synthesized via the chemistry of FGs and
characterized by complementary spectroscopic, microscopy,
and thermal analysis techniques. Additionally, the electrocata-
Iytic activity of G-Cg, for the HER was studied for the first time
by performing linear sweep voltammetry (LSV) measurements
and electrochemical impedance spectroscopy (EIS), showing
significantly improved electrocatalytic activity in comparison
with its precursors. The synergistic interactions between the
formed graphene by FG and Cg, promoted the formation of
abundant active sites for electrocatalytic proton reduction.

Compounds bearing amino groups are widely employed as
nucleophiles for the efficient covalent modification of FG.
Thus, a fulleropyrrolidine derivative carrying a primary amino
moiety as a nucleophile (Cgo-pyr-NH,)** reacted with the elec-
trophilic FG (Fig. 1).>° The reaction was conducted at 130 °C in
dry 1,2-dichlorobenzene (0-DCB) under a nitrogen atmosphere.
Owing to the cascade substitution and defluorination, G-Ceo
was successfully synthesized. The inertness of Cgo to cause
reductive defluorination in FG was also studied through a
control experiment (see Section S1.3 and Fig. S1 in the ESIY).

Successful covalent linking of fullerene derivative Cgo-pyr-
NH, onto the graphene lattice was proved by Fourier-transform
infrared (FT-IR) spectroscopy (Fig. 2(A)). The FT-IR spectrum of
the G-Cg, hybrid displayed the aliphatic C-H stretching vibra-
tions of the ethylene glycol chain at 2980-2850 cm ' and
characteristic vibrational peaks attributed to Ce, at 1450, 1130
and 525 cm™'.?® Moreover, the significant reduction of the
ascribed peak to the C-F bonds at 1200 cm ™" and the appear-
ance of two bands at around 1585 and 1460 cm ' verified the
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Fig. 2 (A) FT-IR spectra of pristine GF, Cgo-pyr-NH, and G-Cego, and

(B) HR-XPS C 1s spectra of pristine GF (upper panel) and G—Cgq (lower panel).

formation of the conjugated C—C double bonds due to the
reductive defluorination of FG,?” which occurs simultaneously
with the covalent grafting of fullerene derivative Cgo-pyr-NH,.

X-ray photoelectron spectroscopy (XPS) measurements also
confirmed the successful synthesis of G-Cg, providing informa-
tion about the chemical composition of the material. According
to atomic content analyses obtained from XPS, G-Cs, showed
an almost quantitative elimination of fluorine atoms (1.5 at%
of F) in G-Cs, with respect to 55.7 at% in graphite fluoride (GF)
(Fig. S2 and Table S1, ESIt). In this context, the high-resolution
C 1s XPS spectrum of G-Cg, corroborated the nucleophilic
substitution and reductive defluorination of FG, since the
intensity of the C-F, components at 288-293 eV practically
disappeared (Fig. 2(B)). On the other hand, new bands
appeared at 284.8 and 285.8 eV, ascribed to sp® and sp’
carbons, respectively, indicating the formation of a graphenic
network and the covalent linking of Cgo-pyr-NH,.>® Moreover, a
peak attributed to nitrogen appeared at around 400 eV, due to
its presence in the fullerene derivative (Fig. S2, ESIT).

Raman spectroscopy provided further proof of the FG reduction
due to the nucleophilic substitution and the formation of the G-Ce,
hybrid (Fig. S3, ESIf). Whereas the precursor GF is Raman
inactive,”® the Raman spectrum of the hybrid exhibited the char-
acteristic D and G bands at around 1330 and 1600 cm ™', respec-
tively, demonstrating the construction of a graphene lattice through
the formation of sp” lattice-carbons (G-band) and the conjugation of
Ceo-pyr-NH, units through the formation of sp® hybridized carbons
(D-band). The intensity ratio (Ip/Ig) was found to be 1.29, as also
observed for other graphene derivatives prepared via the chemistry
of FG."”

Thermogravimetric analysis (TGA) was employed under a nitro-
gen atmosphere to assess the thermal stability and degree of
functionalization of the hybrid (Fig. S4, ESI{). The pristine GF is
thermally stable below 400 °C and decomposes in the temperature
range of 450650 °C, losing 75% of its weight.>® On the other hand,
decomposition of G-Cg started at 175 °C and completed at 600 °C,
exhibiting a weight loss of ~30% of the initial mass. Importantly,
Ceopyr-NH, started decomposing at a lower temperature (155 °C).
According to the thermographs of these materials, the higher
thermal stability of the fullerene unit on G-Cg, can be ascribed to
its covalent conjugation with the graphene lattice.

Additionally, the redox properties of G-Cg, were assessed in
0-DCB and 0.1 M TBAPF; as electrolyte vs. Fc/Fc' with the aid of
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Fig. 3 (A) HR-TEM, and (B)-(D) AFM images and height profile of G—Cgo.

differential pulse voltammetry (Fig. S5, ESIt). The corres-
ponding differential pulse voltammogram is compared with
that acquired from Cgo-pyr-NH,. In short, Cgo-pyr-NH, exhibited
three reversible reductions at —1.30, —1.67, and —2.22 V.*%3!
Concerning G-Cg, the reversible reduction at —2.22 V seems to
have been shifted to —1.87 V, implying the existence of inter-
actions between both components.*'** However, the other two
reductions are not clearly observed, specifically the reversible
peak at —1.67 V appeared broadened.

The morphology of G-Cs, was explored by high resolution
transmission electron microscopy (HR-TEM) and atomic force
microscopy (AFM) (Fig. 3(A)-(D)). A representative HR-TEM
image of G-Cgq, indicated the hybridization of FG with Cg,-
pyr-NH,. According to Fig. 3(A), spherical species, having a
diameter of around 0.8 nm, are linked with graphene layers at
their edges. The AFM analysis (Fig. 3(B)-(D)) showed that the
height of G-C¢, was around 3.0 nm, which corresponded well to
the thickness of the hybrid material.

Finally, the electrocatalytic properties of the G-Cq, hybrid
were explored. In this context, the as-prepared G-Cq, was
investigated as an electrocatalyst for the HER via the perfor-
mance of LSV measurements in a N,-saturated aqueous
solution 0.1 M KOH electrolyte. The polarization curves of the
synthesized G-Cg, precursors GF and Cgo-pyr-NH, as well as
commercially available Pt/C (20 wt% on carbon black) are
illustrated in Fig. 4(A) and summarized in Table S2 in the ESL
An onset overpotential at —0.562 V versus RHE for G-C¢, was
recorded, which was more positive than the ones recorded for
the precursors Ceo-pyr-NH, (at —1.488 V) and GF (at —1.613 V),
respectively. Concerning the evaluation at —10 mA cm ™%, which
is the functional current density required for sufficient hydro-
gen production, the overpotential of G-C¢, was found to be
—0.939 V versus RHE, 880 and 914 mV more positive than the
recorded ones for Cg-pyr-NH, and GF, respectively. All of the
above observations show that G-Cg, exhibits much higher
electrocatalytic activity for the HER in comparison with the
used precursors for its synthesis. The great catalytic perfor-
mance of the G-Cg, hybrid in alkaline media is attributed to the
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Fig. 4 (A) Polarization curves for the HER of benchmark Pt/C (black line),
GF (grey), Ceo-pyr-NH; (blue line), and G-Cgg before (red line) and after
1000 (dashed red line), 5000 (dashed purple line) and 10 000 (dashed
orange line) cycles respectively, (B) Tafel slopes, and (C) Nyquist plots of GF
(grey), Cgo-pyr-NH> (blue) and G-Cgq (red), and (D) chronoamperometric
response of G—-Cgq (red), at an applied potential of —1.86 V.

synergistic effects between the materials that promote the
intermolecular electron transfer from the graphene nanosheets
to the electron-accepting fullerenes;*'*? hence, the negative
charge density on the fullerene cages facilitates the proton
adsorption step and the overall HER activity.'>"

Insight into the HER kinetics was obtained by the Tafel
slopes extracted from the LSV curves and the EIS measure-
ments. The Tafel slope value for G-C4, was found to be
347 mV dec ', which was lower in comparison with the ones for
pristine materials GF and Cgypyr-NH,, 438 and 542 mV dec ',
respectively (Fig. 4(B)), indicating the easier HER kinetics for G-Ceo.
The EIS measurements were conducted at —2 mA cm ™2, a potential
where significant HER current was recorded, and EIS data were
fitted to Randles circuit. According to the Nyquist plots, G-Ceo
displayed the lowest charge resistance value (R, = 73 Q), while GF
and Ceopyr-NH, exhibited higher R. values, 188 and 266 Q,
respectively (Fig. 4(C)). The lower charge transfer resistance for
G-Cg than those of individual components is attributed to the
formed m-network due to the nucleophilic substitution of amino-
modified fullerene moieties onto FGs and the concurrent reductive
defluorination. The latter result is also an extra indication for the
successful covalent grafting of amino-modified fullerene moieties
onto FGs.

Additionally, the long-term stability of G-C¢, was evaluated
by durability studies. The LSV polarization curves for the HER
of G-Cg, after 1000, 5000 and 10 000 cycles exhibited gradually
improved electrocatalytic activity (Fig. 4(A)). Further confirma-
tion of this unusual behavior for G-Cq, was received by
chronoamperometry measurement, which showed enhanced
electrocatalytic performance for G-Cg, after 52000 seconds
(Fig. 4(D)). The self-improving electrocatalytic activity for mate-
rials has been reported in other works as well,>*** attributed to
the activation of more catalytic sites in the hybrids during
cycling.

This journal is © The Royal Society of Chemistry 2022
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Concerning the estimation of the electrochemically active
surface area (ECSA) for G-Cg and its precursors (GF and Cgo-
pyr-NH,), cyclic voltammograms for the HER for each material
were measured in a non-faradaic region at scan rates of 50, 100,
200, 300, 400 and 500 mV s~ ' (Fig. S6-S8, ESIt). ECSA for G-Cg,
was calculated at 1.4 cm”, which was higher compared to GF
(at 1.0 cm?) and Cego-pyr-NH, (at 0.3 cm?), respectively. These
values are in agreement with the electrochemical performances
for the HER for each material since the efficient accessibility of
the active sites is associated with higher ECSA values.

In summary, we report a non-metal G-Cg, hybrid material
evaluated as an electrocatalyst for proton reduction displaying
improved HER electrocatalytic activity compared to the refer-
ence materials FGs and Cgo—pyr-NH,. The interfacial charge-
transfer process between the graphene nanosheets and
electron-accepting fullerenes boosted the overall HER activity.
This synergistic interaction yielded new active catalytic sites
that enhanced the electrocatalytic activity of the material.
Notably, the G-Cq, electrocatalyst exhibits high durability for
up to 52000 seconds. The composition based on light and
abundant elements together with the facile one-step synthesis
of the hybrid opens new avenues for the efficient covalent
integration of carbon allotropes towards the preparation of
non-metal all-carbon hybrid materials equipped with electro-
catalytic activity.
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