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Abstract: A new isolation protocol was recently re-
ported for highly purified metallic Fullertubes Ds,-Cy,
D;;Cy, and D;,-Cyy which exhibit unique electronic
features. Here, we report the oxygen reduction electro-
catalytic behavior of Cg, C, (spheroidal fullerenes), and
Cyp, Cos, and Cyy (tubular fullerenes) using a combina-
tion of experimental and theoretical approaches. Cy (a
metal-free catalyst) displayed remarkable oxygen reduc-
tion reaction (ORR) activity, with an onset potential of
0.85 V and a halfway potential of 0.75 V, which are close
to the state-of-the-art Pt/C benchmark catalyst values.
We achieved an excellent power density of 0.75 Wcm ™
using Cys as a modified cathode in a proton-exchange
membrane fuel cell, comparable to other recently
reported efficient metal-free catalysts. Combined band
structure (experimentally calculated) and free-energy
(DFT) investigations show that both favorable energy-
level alignment active catalytic sites on the carbon cage
are responsible for the superior activity of Co. )

F uel cells represent a desirable solution to improve the
continuously rising energy demands and the environmental
impact of traditional energy sources.!! Fuel cells directly
generate electricity by electrochemically reducing oxygen
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and oxidizing hydrogen with water as the only byproduct.”
Currently, platinum (Pt)-group metal-based catalysts (PGM)
are the most active catalysts for the oxygen reduction
reaction (ORR). Typical Pt/C-based electrocatalysts repre-
sent about half the cost (projected by the US Department of
Energy) of an automotive fuel cell stack, which hinders fuel
cell technology commercialization.”! The high price of
conventional platinum nanoparticles-based catalysts and the
large consumption of Pt in fuel cells is a consequence of the
sluggish ORR kinetics and the low atomic utilization
capability on a per Pt atom basis since only a tiny portion of
the Pt atoms on the particle surface area are associated with
electrocatalysis. To enhance the large-scale application of
fuel-cell systems, cost-feasible and efficient non-precious
metal ORR electrocatalysts must be developed as replace-
ments for the scarce Pt-based catalysts. Many efforts have
been devoted to discovering efficient, stable, and inexpen-
sive options to replace Pt.*! Heteroatom-doped nanostruc-
tured carbon materials, heterostructures, and metal-organic
frameworks are significant platforms for metal-free electro-
catalysts for oxygen reduction reactions because of their
unique electronic properties.”! Despite some remarkable
accomplishments attained by the thoughtful adoption of
suitable precursors and the optimization of nanostructuring
processes, the ORR performance of metal-free catalysts is
still inferior to those of the state-of-the-art Pt/C catalysts in
terms of its half-wave potential.®! These metal-free electro-
catalysts are not structurally well characterized and often
contain impurities.” These drawbacks decrease the repro-
ducibility and hinder the practical applications of the current
metal-free electrocatalysts.”>” Herein, we studied the feasi-
bility of using fullertubes as metal-free oxygen reduction
catalysts using a combination of density functional theory
(DFT) and electrocatalytic methods. Fullertubes are charac-
terized by two fullerene endcaps and a tubular midsection
composed of a single graphene layer. Fullertube endcaps
include the following two structures: a) Half of a Cg, with a
pentagon-based symmetry axis and b) half of a Cg with a
hexagon-based symmetry axis.['"!

Figure 1a illustrates the ball-and-stick representations of
Ceo, Crg, Cog, Cos, and Cyyy. The compositions of Cgy, Cyg, Cop,
Cy, and C,, were confirmed using both HPLC and
MALDI-TOF, comparing simulated and experimental spec-
tra (Figures S1 and S2). Figure S3 shows the Raman
spectrum of the fullerenes and fullertubes studied. Typically,
the Raman peak near 1468 cm™! describes the benzoic ring
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Figure 1. a) Structure representation of the Cgy, C;o, Cog, Cog, and Cygo. b) Linear sweep voltammetry (LSV) of Cg, Cro, Cog, Cog, and Cygo compared to
Pt/C (electrode-rotating speed, 1600 r.p.m.). c) Specific activity and mass activity of the Cgy, Cyo, Coo, Cos, and Cyp molecular catalysts. d) O,
Rotating disk electrode plots of Cy4 in oxygen-saturated 0.1 M KOH solution at rotation speeds ranging from 200 to 2000 r.p.m and a scan rate of
10 mVs™. e) Polarization curves of Cy and Pt/C catalysts before (solid) and after (dotted) 1000 ORR cycle.

breath for spherical Cy, while the 1563 cm 'peak is related
to a fingerprint C;, Raman peak.®”! Additionally, the Raman
feature most generally employed to characterize Fullertubes
is the G- band at ~1580-1600 cm™', a vibrational mode
prevalent for sp” carbons and a characteristic mode exclusive
for all Cyy, Cy4, and C,, fullertubes. Fullertubes have a rolled
graphene tubular belt region of 6,6 ring junctions less active
than the more reactive 5,6 ring junctions located at the
endcaps.

The oxygen reduction electrochemical performance of
the fullerenes and fullertubes was investigated using linear
sweep voltammetry at 1600 rpm in O, saturated 0.1 M KOH
alkaline medium. Figure 1b depicts the rotating disk elec-
trode voltammograms of a glassy carbon electrode loaded
with the ink of Cy I,, C;y Ds;, Coy Dy, (1), Cos D3, (1), and
Cip0-Dss (1). When the electrode potential was swept
negatively, the nonzero current started to rise, indicating
oxygen reduction catalyzed by these fullerenes. The onset
potential (E,,.) was found to increase in the order of Cg,
(+0.40 V) & ek; <Cyy (+0.60 V) <Cy (+0.80 V) <Cyg (+
0.82 V) <Cy (+0.85 V). Cy4 surpassed other fullertubes and
fullerenes with an onset potential of 0.85V and a halfway
potential of 0.75V versus a reversible hydrogen electrode
(RHE). The catalyst achieved 0.73 A/mg mass activity, a
very significant and promising value for a metal-free electro-
catalyst. The same trend was observed for the specific
activity of Cyq (0.027 mA cm2), which is in the range of the
state-of-the-art of recently reported values for some metal-
free catalysts (Figure 1c).”! The Double-layer capacitance
(Cyq) is related to the electrochemical surface area (ECSA).
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It can be calculated using cyclic voltammetry by sweeping
the voltage in the non-faradaic potential range at different
scan rates, as shown in Figure S4. The double-layer
capacitance Cy of Cys was found to be 1.02 mFcm ™, which is
larger than for the other fullerenes and fullertubes, indicat-
ing that the Cy interface has a higher ability to store charges
(Figure S4). The dynamic oxygen reduction reaction (ORR)
properties at different electrode rotation rates were studied
for Cyq in detail using a rotating disk electrode (RDE) set up
to probe the kinetics of the interfacial redox reactions on
both catalytic surfaces under non diffusion conditions (Fig-
ure 1d). Cy displayed excellent electrocatalytic activity
toward ORR. The linearity of the Koutecky-Levich (K-L)
plots for Cy indicates first-order reaction kinetics as a
function of the concentration of dissolved oxygen. The K-L
plots also revealed that Cy, fullertubes show a superior
catalytic activity, which is close to that for Pt/C under
dynamic environments."”! The average value of n (the
number of electrons) was estimated to be 3.76 electrons
transferred per oxygen molecule during the electrocatalytic
reaction, a fundamental descriptor of the ORR kinetic
efficiency (Figure S5). This also indicates that some types of
intermediates might be formed other than water. The long-
term durability of Cys and Pt/C were also assessed. Notably,
the half-wave potential (E,,) for Cy after 1000 cycles
exhibited a 30 mV shift compared to 12 mV observed for
commercial Pt/C (Figure 1e). Electrocatalyst band structure
is an essential factor that affects the ORR capability.'] As
shown in Figure 2a and Figure S6, the valence band of Cy is
closer to that of the standard water splitting and oxygen
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Figure 2. a) Experimental band structure of Cg, Cyq, Coo, Cog, and C,qo. b) Density of states (DOS) of Cgo, Cs0, Cog, Cog, @and Cygp

reduction reaction standard potentials, which indicates the
potential capability of Cys to reduce oxygen.

The electronic properties of the fullerenes and full-
ertubes were further investigated using Gaussian 16 with the
use of the B3LYP method and the 6-31G basis set. The
results were visualized and analyzed using GaussSum. The
study included the optimization for Cq I, C;y D5, Coy D3y
(1), Cys D34 (1), and C,p-Ds, (1). The calculations provide
insights about the band gap energy of the fullerenes, as
illustrated in Figure 2b. It can be observed that C,y has
band gap energy (2.2 eV) considerably lower than those of
Cy (248 ¢eV) and Cg, (2.56) and higher than that of Cy,
(1.7 eV) and Cy (1.15 eV). The calculated band gap energies
are close to the experimental values for C¢—Cys but not for
Cio0, which shows a bit higher band gap energy. The density
of states (DOS) presented in Figure2b shows that Cy,
exhibits the highest DOS in the non-occupied states. In
contrast, Cys and C,,, show the highest DOS in the occupied
states, providing insights about the reactivity of C,y, in the
ground state. The electronic Mulliken charge calculations
showed that C¢, has zero charges on the carbon skeleton. At
the same time, all higher fullerenes possess electronically
non-equivalent carbon sites (i.e., carbon atoms with non-
equal charges or electrical fields) with different charges in
the range of 0.058 and —0.041, as shown in Figures S7.

Our density of states calculations show a high density of
states near the Fermi level in the case of Cyy, Cos and Cyg,
supporting the high electrocatalytic activity of the full-
ertubes as shown in Figure 2b."” DFT was also used to
calculate the free energy of the oxygen reduction reaction
intermediates over the Cy, and Pt/C catalysts. The adsorp-
tion free energies were computed assuming a low oxygen
coverage in both cases. As shown in Figure S8, adsorption
energy calculations of oxygen species over the fullerenes
and fullertubes shows that Co compounds have three
different types of active sites with acceptable energy values.

Our DFT calculations showed a good agreement with
the experimental results. In detail, a significant reduction of
the Gibbs free energies for the O* OH®* and OOH*
intermediate catalytic species was observed (Figure S9). The
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specific active sites are shown in Figure S8, which match
with NBO charge distribution in Figure S10. Gibbs free
energy and ORR reaction intermediates over both Cy and
Pt/C are shown in Figure S9. Free energy calculations show
that the limiting elementary step for the oxygen reduction
reaction (ORR) is OH,,, which has a small energy barrier
for Cy, which firmly confirms its more favorable adsorption
to the Cy4 surfaces.

Figures S10 show the natural bond charge distribution
over the ball and stick representation of the isolated C,,
and Cy crystals. Their high charge asymmetry through the
whole skeleton creates potentially active sites for ORR. In
the case of Cy there are three different negatively charged
active sites compared to only one position on C,y,. NBO
charge distributions also show that Cy4 is characterized by
high electron density over the endcaps, suggesting that the
endcaps are the most active sites for the ORR. NBO charge
distributions for Cg, C;, and C,, are also shown in Fig-
ure S11.

The fuel cell used is shown in Figure 3a and features
graphite plates with gas flow channels and an active area of
6 cm?. Pure hydrogen and pure oxygen gases were supplied
to the anode and cathode sides of the cell, respectively. The
cell was allowed to stabilize for two h before recording
polarization curves. Pt/C and C,¢ loading were 0.5 mg/cm’.
Polarization curves were recorded using a CHI potentiostat.
Pt/C was used for the hydrogen oxidation reaction (HOR),
and Cys was used as a modified ORR catalyst. Figure 3b
shows the results of the fuel cell tests using a Cyq catalyst
and a commercial Pt/C catalyst (40 wt % Pt on carbon) at
the cathode for comparison. For Cy, the fuel cell produced
0.75 Wcem 2, which is reasonably close to the value for Pt/C
(0.9 Wcm™2). Figure 3c shows a column chart comparing the
power density achieved using Cy as an ORR cathode with
other reported highly active metal-free catalysts. Cyq ex-
hibited better performance than other metal-free catalysts
such as g-C;N, with a carbon nanofiber hybrid,"*! amorphous
N-doped carbon film,'"" N, S-doped mesoporous carbon, ™
and carbon nanotubes/heteroatom-doped carbon core-
sheath nanostructures metal-free catalysts (Figure 3c).' Cyq
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Figure 3. a) The fuel cell setup: Pt/C used as anode and Cy used as cathode. b) Polarization curves and power density curves for the polymer
membrane fuel cell using Cy5 as ORR Cathode and Pt/C as HOR anode. c) Comparison of the power density achieved by Cy with the highest

reported value for metal free ORR catalysts.

performs similarly to some metal-based electrocatalysts such
as Co-NC@F127, Co-ED/PPy-CNF, and NC@KJ600 (Fig-
ure 3c).["”

The high performance of Cy establishes the superiority
of Cy fullertubes as metal-free catalysts and a new
alternative to other reported metal-free catalysts. The other
Fullerenes and Fullerutbes followed the same ORR per-
formance trend in power density in the fuel cells, as shown
in Figure S12.

In conclusion, we have introduced highly purified forms
of fullertube nanostructures, synthesized using the arcing
method, as metal-free molecular catalysts. The band struc-
ture of different types of fullertubes was investigated using
both theoretical and experimental approaches. Based on the
band alignment (i.e., HOMO-LUMO levels), we found that
Cys is a good oxygen reduction molecular catalyst. Electro-
chemical measurements confirmed that Cy, compared to
Cqo, Crg, Cop, and C,q, shows a high catalytic activity toward
ORR with good stability after 1000 cycles. Cy achieved
oxygen reduction with a notable onset potential of 0.85V
and a halfway potential of 0.75 V, close to the values for the
Pt/C benchmark catalyst (E,,=0.9 V). A high fuel cell
power density of 0.75 Wcm ™2, achieved by employing Cyq as
a modified cathode in a proton exchange membrane fuel
cell, suggests the superiority of these materials when
compared to Other recently reported metal-free catalysts.
Considering the ORR performance, fuel cell power density,
and compound purity, Cy fullertubes are very promising
oxygen reduction electrocatalysts. One drawback is the
production yields of fullertubes. The challenge is to improve
the synthesis methods to produce the fullertubes at higher
yields which should be feasible. As opposed to PGMs, the
fullertubes constituent elements carbon and hydrogen are
not limited by natural abundance, so higher yields should be
possible via new synthetic methods.
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