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NHs-activated Fullerene Derivative Hierarchical
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Abstract

Development of high-performance oxygen reduction reaction (ORR) catalysts to replace the noble metal-based materials is
critical for energy applications. Fullerenes, in the form of carbon cage with the intrinsic curvature and pentagons, have been
theoretically simulated as promising ORR catalysts via atom doping and defect modification. However, fullerene-based
catalysts remain challenging in achieving ORR performance comparable to Pt/C given the lack of fullerene host-dopant
synergism. A rational strategy is to anchor active species on fullerene cage to enhance ORR response. Herein, a Fe, N-
decorated fullerene derivative (N-methyl-2-ferrocenyl-pyrrolidinofullerene Ceo) is activated under NH3 stream to achieving
porous Fez04/N-C nanomaterials with high catalytic activity toward ORR. The optimal NHs-etching temperature of 700 °C
gives rise to open-pore structures, large surface area, favorable N doping, active Fe30, sites and short-range ordered
nanographene. Through these synergetic effects, the fullerene-derived FMN700 exhibits superior ORR activity, along with
respectable durability and tolerance to methanol, which surpass most of the reported fullerene-based carbon materials. This
work provides a new strategy for the design and synthesis of porous carbon composites as a new class of catalysts for high-
performance ORR.
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1. Introduction transition metal/N-C series!'>-'9! have been demonstrated to be

Propelled by the aggravating fossil energy crisis, considerable
efforts have been invested in renewable energy sources such
as metal-air batteries and fuel cells. However, the cathodic
oxygen reduction reaction (ORR) restricts the holistic
efficiency due to the kinetically sluggish reaction and
excessive overpotential.l'*! Precious metal platinum shows the
highest kinetic activity in the ORR catalysis, whereas its large-
scale commercial use is impeded by the high cost, inferior
long-term stability and methanol tolerance.*®! Alternatively,
porous carbon structures with defects (such as holes,
pentagons and edges) and/or doped heteroatoms,”®'4! and
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ORR active in view of the synergetic effects between the
conductive carbon matrix and the abundant reactive sites.
However, the synthesis of heteroatom and metal-doped porous
carbon structures is very complicated, requiring multiple
precursors, templates, additional processes such as activation
and acid etching.?*?*! Thus, it is important to explore new
strategies to facilely synthesizing porous nanocarbons
composites.

Fullerene carbon cage, featuring m-conjugated curved
surface with the intrinsic pentagon defects has attracted great
attention in renewable energy field in recent years.>>2! Hybrid
density functional theory (DFT) calculations have indicated
that (i) the curvature and pentagon rings of fullerenes can
promote the catalytic activity toward ORR because the active
sites are associated with the adjacent pentagons, and (ii)
defected fullerene molecules resulted from heteroatoms
decoration were realized as promising catalysts in ORR since
the O, molecule can be effectively chemisorbed, activated and
reduced on heteroatom doped Ceo.?’3") Some interesting
results about the design and synthesis of fullerene-based
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materials for ORR have been reported recently. For example,
Mu and co-workers opened the pristine Cso molecule through
KOH activation and the obtained pentagon-rich graphitic
carbon was proved to enhance the ORR performance.l*?
Fullerene modified graphene synthesized by Yang’s group
exhibited improved ORR catalytic activity than the pristine
graphite.’l Lu et al. prepared the 2D high-surface-area
mesoporous carbon from fullerene microsheets, which was
examined as an effective ORR catalyst.’¥ Vinu and co-
workers fabricated two highly ordered mesoporous carbon
materials from Ceg®! and C70,2% respectively for high
performance ORR. Moreover, anchor of Cu-Cu0
nanoparticles on a mesoporous fullerene improved the onset
potential by 40 mV compared with the mesoporous
fullerenes.l*” Although fullerene-based materials have been
realized active for oxygen reduction, it remains challenging in
achieving ORR performances comparable to Pt/C due to the
lack of fullerene host-dopant synergism. To surmount these
issues, we can add active species to the surface of fullerene
through covalent bonds to prepare fullerene derivatives, so as
to achieve the fullerene host-dopant synergistic effect and
boost the ORR. As well known, fullerene can be modified at
the molecular level with desired functional groups, providing
the opportunity to effectively tune the catalytic properties of
the derived materials. However, the utilization of fullerene
derivatives to prepare active materials for ORR and zinc-air
battery has never been studied.

Herein, a fullerene derivative, N-methyl-2-ferrocenyl-
pyrrolidinofullerene Ceo (denoted as Fc-Cgo) with a pyrrolidine
and a ferrocene group, was utilized as a precursor to achieve
in situ N and Fe dual-doped active carbon material. Fc-Cgo
molecules were firstly self-assembled into a 3D highly ordered
hierarchical microstructure through the template-free liquid-
liquid interface precipitation (LLIP) method. Thermal
treatment of the 3D hierarchical microstructure at 600, 700
and 800 °C under an NHj3 atmosphere resulted in a series of N,
Fe co-doped 3D porous carbon materials (named as FMN600,
FMN700 and FMNS800, respectively). The FMN700 sample
features a unique carbon framework with hierarchically
dispersed pore structures, favorable N doping and active Fe3;O4
nanoparticles uniformly embedded on the short-range ordered
nanographene, and exhibits high performance for ORR with
the onset potential (Eon) of 0.93 V and the half-wave potential
(E1) of 0.81 V vs. RHE, which surpassed those of the most
reported fullerene-based ORR electrocatalysts. It also shows
excellent long-term durability and high tolerance to methanol,
outperforming the commercialized Pt/C catalyst. Further
examination of FMN700 in Zn-air battery demonstrated
activity comparable to the Pt/C and much higher activity than
the Cgo-based carbons. The current work not only
demonstrates the pyrolysis behavior of the fullerene
hierarchical microstructures under NH3, but also develops a
new strategy for preparing new high-performance ORR
catalysts. By introducing various functional groups on the
fullerene cage, many new carbon structures could be
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developed.

2. Experimental section

2.1 Materials

Fullerene (Cep) and ferrocene were purchased from
commercial sources without further purification. Potassium
hydroxide (KOH), isopropyl benzene (IPB), chlorobenzene
(CB), and ethanol (EA) are all available from Titan, Ltd.
Nafion (0.5 wt%) was purchased from Alfa Aesar and used as
received.

2.2 Preparation of Fc-Cgo (FP)

The preparation and purification of N-methyl-2-ferrocenyl-
pyrrolidinofullerene Ceo (Fc-Ceo) were proceeded according to
a previous work. %!

2.3 Preparation of Fc-Cg microstructures (FM)

Fc-Ceo microstructures were prepared through a template-free

liquid-liquid interfacial precipitation (LLIP) method in which

the combined isopropyl benzene (IPB) and chlorobenzene (CB)
were selected as good solvents and ethanol as a poor solvent,

respectively. Typically, Fc-Ceo (15 mg) was dissolved in the

mixed solvents of 10 mL IPB and 10 mL CB by ultrasonic

dispersion, which was filtered twice to prepare a clear solution.
Then the solution was injected slowly into EA (60 mL). The

obtained solution was aged for 12 h. Finally, the precipitation

on the bottom was collected by centrifuge at 6000 rpm and

vacuum dried at 40 °C overnight.

2.4 Preparation of FMN600/700/800, FMA700 and
FPN700

The obtained Fc-Cgomicrostructures were heated at 600, 700
and 800 °C, respectively under the NH3 stream and held for 3
h to yield black powders of FMN600/700/800. For comparison,
FMA700 was synthesized by heating the Fc-Cgo
microstructure (FM) at 700 °C under Ar stream for 3h.
FPN700 was prepared by thermal treatment of Fc-Cgp powder
(FP) at 700 °C under the NH; for 3h. The rate of heating is
5 °C min"! and the gas flow rate is 60 mL min™!' for all the
experiments.

2.5 Characterizations

Scanning Electron Microscopy (SEM) images was obtained
on a FEI Nova Nova NanoSEM 450 Scanning Electron
Microscope. Transmission Electron Microscopy (TEM), High
Resolution Transmission Electron Microscopy (HRTEM) and
High-Angle Annular Dark Field Scanning Transmission
Electron Microscopy (HAADF-STEM) were acquired on a
Talos F200X. N, adsorption/desorption isotherms were
measured on a Micromeritics TriStar II 3flex analyzer. X-ray
diffraction (XRD) patterns and Raman spectra were obtained
at an Empyrean powder X-ray diffractometer with Cu target
and a Bruker VERTEX 70 research spectrometer, respectively.
The interlayer spacing d is calculated by Bragg’s equation,
2dsin® = nA, where n is a positive integer (n = 1) and A
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Scheme 1 Preparation processes of N-methyl-2-ferrocenyl-pyrrolidinofullerene Cso nanoarray architecture via a template-free
LLIP method, and the 3D N,Fe-co-doped carbon composites through annealing under the NH3 stream

(0.15406 nm) is the incident X-ray wavelength of. X-ray
photoelectron spectrometer (XPS) was carried out on a AXIS-
ULTRA DLD-600W, Kratos.

2.6 Electrochemical Measurements
All electrochemical tests were performed on a CHI760E
electrochemical workstation in a conventional three-electrode
system at 25 °C. A rotating ring-disk electrode (RRDE) with a
glass carbon (GC) disk of 5 mm diameter was used as the
working electrode. A graphite rod and a saturated calomel
electrode (SCE) electrode were used as the counter and
reference electrodes, respectively. All the potential-related
data recorded in this work were calibrated with respect to the
reversible hydrogen electrode (RHE). To prepare the catalyst
ink, 5 mg of active catalyst powder and 40 uL of 5 wt% Nafion
solutions were dispersed in 480 puL ethanol and 480 pL water
with the assistance of ultrasonication for at least 40 min. The
loading mass of catalysts was kept at 0.1 mg cm for Pt/C and
0.5 mg cm for the other catalysts. The disk rotation rate is
1600 rpm unless specifically mentioned. The electrocatalytic
activity of the obtained samples towards the ORR was
investigated by the line sweep voltammetry (LSV) and cyclic
voltammetry (CV) techniques with a scan rate of 10 mV s\
The durability and methanol crossover tests for the ORR
activity were performed by chronoamperometry (CA) at 0.6 V
vs. RHE. The apparent number of electrons transferred during
ORR on the carbon catalysts was determined by the Koutechy-
Levich equation given by:

11 1_ 1 .1 1)
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2
B = 0.62nFCoD;V ¢ @)
where J is the measured current density, Jx and J. are the
kinetic and limiting current densities, ® is the angular velocity
of the disk (between 400 to 2500 rpm), n is the overall number
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of electrons transferred in oxygen reduction, F is the Faraday
constant (96485 C mol™"), Cy is the bulk concentration of O,
(1.1 x 10 mol cm), Dy is the diffusion coefficient of O, in
0.1 mol L' (M) KOH (1.9 x 103 cm? s!), and V is the
kinematic viscosity of the electrolyte (0.01 cm? s™).

2.7 Zn-air battery tests

Zn-air Dbattery tests were performed in a customized
electrochemical cell using 6 M KOH as an electrolyte and the
zinc foil as an anode. The air cathode was prepared by
uniformly coating the catalyst ink (2 mg cm?) on a
hydrophobic carbon paper. A Celgard 2340 microporous
membrane soaked with 6 M KOH electrolyte was employed
as the separator. All Zn-air batteries were assembled and tested
under ambient conditions. The polarization curves were
obtained by linear sweep voltammetry at 10 mV s and the
galvanostatic discharge curves were recorded at 10 mA cm™
on a CHI760E electrochemical workstation.

3. Results and discussion

Ordered fullerene crystalline microstructures have been
proved to be important to enhance the performance in energy
applications.3>363%41 Thus, the fullerene derivative, N-methyl-
2-ferrocenyl-pyrrolidinofullerene Ceo (Fc-Ceo) was firstly
assembled into the 3D hierarchical microstructures by LLIP
process, in which the cuboids were anchored on the
microplates (see Scheme. 1 and the details in the Experimental
Section). Although the growth mechanism is not yet clear, the
structural advantage of the 1D cuboids growth can be
established by separating the 2D microplates with each other,
providing the necessary interval for NH3 infiltration and
increasing the surface area. To remove the air before the
subsequent annealing process, the quartz tube was filled with
Argon (Ar) after the evacuation of air and then was refilled
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with the NH3 after the evacuation of Ar. After heating at 600,
700 and 800 °C under the NH3 stream, three 3D hierarchical
porous nanocarbon structures (FMN600/700/800) were
obtained. The NHj treatment outstands for several advantages
including pore opening,*? introduction of different N
groups*#1 and improvement of graphitic degree of carbon
matrix.[*!

Field emission scanning electron microscopy (FESEM)
was employed to identify the morphologies of the samples
before and after the heat treatment in Fig. 1 and Fig. S1-S3.
Compared to the Fc-Cso powder (FP) (Fig. S1), the crystalline
Fc-Cso microstructure (FM) (Fig. 1a and Fig. S2a) obtained
through the LLIP process presents a hierarchical growth
pattern with cuboids growing on the microplates, which can
expand the surface area for electrochemical reactions. After
annealing under the NHj3 at 600 °C, the microstructure of the
FMNG600 was found intact, whereas the frame structure began
to collapse at 700 °C and was heavily wrecked at 800 °C (Fig.
1b-1d). The Fc-Cgp microstructures (FM) show a clean and
smooth surface (Fig. 1a2) while a number of small
nanoparticles appeared on the surface of FMN600 (Fig. 1b2),
which can be ascribed to the agglomeration of the iron phase.
At higher temperatures, hierarchically dispersed porous
structures appear in FMN700 and FMN800 (Fig. 1c2-d2),
providing an advantageous mass transport channel for
electrochemical ORR.

For comparison, Fc-Cgo powder (FP) was directly heated at
700 °C under NHj (the obtained sample was named FPN700),
and Fc-Ceso microstructure (FM) was annealed at 700 °C under
Ar (the obtained sample was named FMA700), respectively.
FPN700 displayed irregular morphology and no trace of pores
or nanoparticles can be distinguished (Fig. S3al-a2). FMA700
showed the non-porous microstructures with Fe3O4
nanoparticles larger than 100 nm (Fig. S3b1-b2 and Fig. S4).
By comparing the morphologic structures of FPN700,
FMA700 and FMN700, the positive effects of the LLIP

30| Eng. Sci., 2021, 14, 27-38

process and NHjs etching function on pore generation and
metal aggregation inhibition were demonstrated.

The micro-morphologies of the prepared samples were
also examined by TEM and HRTEM (Fig. 2). The FM sample
shows smooth surfaces and edges (Fig. 2al). After high-
temperature treatment in NHs, the FMN600/700/800 samples
present irregular edges and a number of nanoparticles (Fig.
2bl, c1 and d1). Moreover, hollow domains and pores became
dominant with the increase of temperature, suggesting the
effective etching effect of NH3. At a relatively low temperature
of 600 °C, the Fe3O4 nanoparticles ranging from 8 to 20 nm
were found wrapped in carbon sheets over seven layers and
uniformly distributed on FMN600 (Fig. 2bl-b2). The
FMN700 and FMN800 samples present a series of open pores
and more exposed and larger nanoparticles with the size of
about 17 ~ 50 nm in FMN700 and more than 160 nm in
FMNB800 (Fig. 2c1-c2, d1-d2). Unexpectedly, the FMN700
displays the stacking of short-range ordered nanographenes
(interlayer spacing of 4.1 ~ 4.8 A) derived from the fullerene
fragments (Fig. 2c2 and Fig. S5a), which can facilitate the
transportation of the oxygen molecules (kinetic diameter =
3.46 A) to the active sites. ] Combined with the favorable
porous structure of the obtained samples, a solid foundation
has been established for high-performance ORR. The SEM,
TEM and HRTEM images of the cuboid structure show the
same porous features and uniform Fe3O4 nanoparticles as the
microplates (Fig. S5b,c,d). The above observations confirmed
the homogeneous phase distributions on the cuboid and
microplate.

The high-resolution transmission electron microscopy
(HRTEM) images and the corresponding Fourier
transformation were displayed in Fig. 2a2-2d2. FM shows
lattice fringe image with the measured lattice plane distance of
1.01 nm (Fig. 2a2). For FMN600, FMN700 and FMNS&00 (Fig.
2b2-d2), the measured lattice plane distances 0f 0.25, 0.30 and
0.48 correspond to the (311), (220) and (111) lattice planes of

© Engineered Science Publisher LLC



Engineered Science

Research article

Fe,0,(311)

Fig. 2 TEM and HRTEM images of FM (al, a2), FMN600 (b1, b2), FMN700 (c1, c2) and FMN800 (d1, d2), HAADF-STEM image
of the selected area of FMN700 (el) and the corresponding EDX elemental mapping of C (e2), N (e3), O (e4), Fe (e5).

Fe304, respectively. High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) of
FMN700 revealed heterogeneous contrast because of the
abundant pore structures within the carbon framework (Fig.
2el). The corresponding energy dispersive X-ray (EDX)
elemental mapping images demonstrated the uniform
distribution of C, N, O, and Fe (Fig. 2e2—e5).

To understand the phase structures of the fullerene-derived
materials, X-ray powder diffraction (XRD) was performed as
depicted in Fig. 3a and Fig. S6. The FM sample shows well-
defined diffraction peaks, indicating the FM microstructure is
highly crystalline (Fig. S6). After annealing at 600, 700 and
800 °C under NH3 stream, the peaks of FM sample gradually
faded out until one peak at about 20° was left. This broad
diffraction peak at about 20° in FMN700 corresponds to the
short-range ordered nanographene phase with the interlayer
spacing of d = 4.4 A, which is from the decomposition of the
Fc-Ceo microstructure (Fig. 2¢2). The broadened interlayer
spacing is larger than that of graphite (d = 3.4 A) and
beneficial for the diffusion of oxygen molecules to the active
sites.*8] At high temperature of 800 °C, a broad and weak peak
at about 24° was observed owing to the stacking of graphene
sheets. The newly formed peaks at 20 = 30°, 35.5°, 43°, 53.5°,
57° and 63° correspond to the (220), (311), (400), (422), (511)
and (440) lattice planes of Fe3O4 phase, respectively (JCPDS
no. 65-3107). The diffraction peaks of the Fe3O4phase become
more distinct in FMNS800, implying the aggregation of the
metal phase by rising temperatures.

Raman spectroscopy was employed to further analyze the

© Engineered Science Publisher LLC

structures of the synthesized materials in Fig. 3b. The FM
sample shows seven characteristic vibration bands of fullerene
Ceo corresponding to Ag(1) breathing mode at 491 cm!, Ag(2)
pentagonal pinch mode at 1461 cm™! and five Hg bands at 431,
711, 773, 1427 and 1567 cm! (labeled with star),
respectively.’") After annealing under NH3, two significant
bands at ~ 1336 and ~ 1599 cm™ for D- and G-band,
respectively were obtained for FPN700, FMA700, FMN600,
FMN700 and FMN800, which confirmed the decomposition
of the fullerene molecules into the defected graphitic carbon.
The intensity ratio of D-band and G-band (Ip/Ig) is generally
indexed as the disordered nature of carbon materials. The Ip/Ig
values of FMN600, FMN700 and FMNS80O increases from
0.76, 0.85 to 0.89, implying more defect density on the carbon
structures upon the rising of temperature. The Ip/Ig values of
FPN700 and FMA700 are 0.92 and 0.88, respectively (Fig. 3b),
higher than FMN700 (0.85), which indicates that the LLIP
process and NHs-activation contribute to enhance the degree
of graphitization by reacting NH3 with the amorphous carbons
to generate gaseous hydrocarbons.*24531-521 The broad peak
from 2400 to 3200 cm™! was typically caused by the 2D band
from few-layer graphene sheets and D + D' from the defects,
suggesting the emerging of few-layer graphene domains and
exposed edges and defects under annealing conditions.>!
Nitrogen adsorption/desorption characterizations were
carried out to examine the specific surface area (SSA) and pore
size distributions of the prepared samples (Fig. 3¢). Based on
BET simulation, the specific SSA of FM, FPN700, FMA700,
FMN600, FMN700 and FMNS800 are 6.9, 419.8, 353.8,372.1,
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Fig. 3. (a) XRD patterns of FMA700, FPN700, FMN600, FMN700 and FMN800, (b) Raman spectra of FM, FPN700, FMA700,
FMN600, FMN700 and FMN800, ¢) N adsorption/desorption isotherms and (d) pore size distribution of the FM, FPN700, FMA700,

FMN600, FMN700 and FMNS800.

733.1 and 622.7 m? g’!, respectively and the average pore
volumes are 0.029, 0.202, 0.180, 0.302, 0.571 and 0.518 cm?
g’!, respectively. It can be seen that the NH;3 plays a critical
role in increasing the SSA and pore volumes. The appearance
of hysteresis loops (Fig. 3c) confirmed the mesoporous
structures of FPN700 and FMN600/700/800 due to the NH3
activation process. Furthermore, the SSA and pore volume of
FMN700 are much higher than those of FPN700 and FMA700,
which further proved the positive effects of the assembly
process and NH3 function. The pore size distribution plots
obtained by the NLDFT method in Fig. 3d depicted the wide
aperture distribution with pore width ranging from a few to
tens of nanometers, which benefits the mass transport during
electrochemical processes. The high SSA and hierarchical
pore size distribution of FMN700 provide imperative
foundations for ORR performance.

X-ray photoelectron spectroscopy (XPS) was adapted to
determine the elemental composition and chemical state of the
obtained samples, as displayed in Fig. 4, Fig. S7, S8 and S9.
The elemental weight ratio listed in Table. S1 presents that the
FMN700 achieved a N content of 1.6 wt.%, whereas the
FMA700 has much lower N content of 0.7 wt. %, which means
that the introduction of NHj resulted in the increase of N
content. The high-resolution spectra of Fe 2p (Fig. 4a) present
characteristic peaks at 710.5, 713.5, 723.3 and 725.5 eV
corresponding to Fe 2P/, Fe 2P3» and Fe oxides accompanied

32| Eng. Sci., 2021, 14, 27-38

by a satellite peak at 718.5 eV.>*>1 The high-resolution C 1s
spectra (Fig. 4b) give characteristic peaks at 284.5, 285.2
286.5, and 288.8 eV, corresponding to the sp? hybrid C-C,
C=N&C-0, C=0&C-N and O-C=0, respectively.*’! The
formation of C-O and C=O are possibly ascribed to the
absorbed ethanol used in the LLIP process. The O 1s spectra
exhibit three peaks at 530.2, 531.9 and 533.2 eV
corresponding to O—Fe, O=C and O-C, respectively (Fig.
S7).5¢ The chemical state of nitrogen becomes interesting as
the electrochemical behavior can dramatically change upon
the introduction of different nitrogen functional groups. The N
Is high-resolution spectra of FMN700 and FPN700 can be
deconvoluted into pyridinic N (398.5 eV), pyrrolic N (399.4
eV) and graphitic N (400.8 eV), respectively (Fig. 4c and Fig.
S9), while the graphitic N was not observed in FMA700 (Fig.
S8c). The relative contents of pyrrolic N and pyridinic N
showed a downward trend from FMN600, FMN700 to
FMNB800, while graphitic N increased with the elevated
temperatures because of its higher stability. Compared with
FMNG600 and FPN700, FMN700 has higher pyridine and
graphite N content, and these two kinds of N have been proved
to be beneficial for electrochemical ORR performance.!*34!
The XPS results corroborate that control of the annealing
temperature and atmosphere can effectively change the
contents of the pyrrolic N, pyridinic N and graphitic N of the
fullerene-derived materials (Fig. 4d).57>8!
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composition of FMN600, FMN700, FMN800, FMA700 and FPN700.

Electrochemical characterizations are conducted to
examine the ORR activity of the obtained samples. Fig. 5a
shows the cyclic voltammetry (CV) curves of the Fc-Ceo-
derived materials and Pt/C sample. Among the Fc-Ceo-derived

samples, FMN700 showed the most positive oxygen reduction
peak at 0.803 V vs. RHE. Fig. 5b presents the linear sweep
voltammetry (LSV) profiles of the samples in O»-saturated 0.1
M KOH at 1600 rpm. FMN700 presented the largest onset
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Fig. 5 Electrochemical characterizations of the Fc-Cgo-derived materials and Pt/C. (a) CV curves in N (dotted line) and O, (solid
line) saturated 0.1 M KOH solution (scanning rate: 10 mV s™!). (b) LSV curves of different samples at 1600 rpm in O, saturated 0.1
M KOH (scanning rate: 10 mV s™). (c) LSV curves of FMN700 in O, saturated 0.1 M KOH at different rotating speeds (scanning
rate: 10 mV s™). (d) Electron transfer numbers of FMN700 calculated based on K-L plots. (¢) The stability and (f) methanol-tolerance
evaluation of FMN700 and Pt/C tested by the current-time chronoamperometric responses at 0.6 V versus RHE.
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Table 1 Comparison of the ORR performances of nanocarbons derived from fullerene and Fe-doped carbon materials.

Samples Eon | BT Mass loading Electrolyte ref.
(V vs. RHE) (V vs. RHE) (mg cm?)
FMN700 0.93 0.81 0.5 0.1 M KOH This work
Ceo-derived pentagon carbon / 0.78 0.4 0.1 M KOH 32
MFCe0-130 0.82 0.76 / 0.5 M KOH 35
MFC7-150 0.86% 0.75% / 0.1 M KOH 36
Cu(15% )-MFCeo 0.86 0.76 0.153 0.1 M KOH 37
Graphene—Ceo hybrid 0.8% / 0.05 0.1 M KOH 33
Fe-MFCeo 0.85 0.78 0.285 0.5M KOH 40
Fe-N/C-700 0.910 0.821 0.51 0.1 M NaOH 59
HNCS71 0.97 0.82 0.5 0.1 M KOH 60
Fe-N-CB 0.849 0.746 0.9 0.1 M KOH 61
(FeP)n-CNT hybrid 0.88 0.76 0.51 0.1 M KOH 62
Fe@FeNx/NC 0.96 0.82 0.4 0.1 M KOH 63
Feas-NC-12 0.97 0.87 0.250 0.1 M KOH 64
Fe@S,N-DC 0.99 0.88 1.0 0.1 M KOH 65

# Potentials (vs. Ag/AgCl) were converted to values (vs. RHE) by the Nernst equation. %!

potential (Eon) 0f 0.93 V and half-wave potential (E12) of 0.81
V, which are comparable to those of Pt/C. Whereas, FPN700
and FMA700 delivered low Eqn and E12, and dilatory current
response below 0.6 V vs. RHE, which verified that the LLIP
process and the introduction of NH3 are essential to improve
the performance of FMN700, thereby boosting the sluggish
ORR. To provide a more specific view, ORR performances of
the relevant materials measured by onset potential and half-
wave potential were listed in Table. 1. The FMN700 in this
work gives the higher E, and E1/, among the fullerene-based
nanocarbons and is quite competitive with the other
remarkable Fe/C composites.

Fig. 5c¢ and Fig. S10 showed the LSV curves of Fc-Ceo-
derived materials at rotating speeds from 400 to 2500 rpm in
Os-saturated 0.1 M KOH. Compared to other samples,
FMN700 presented the highest limiting current density of 5.7
mA cm? at 2500 rpm. The Koutecky—Levich plots of FMN700
displayed nearly linear and parallel lines (Fig. 5d). The
average electron transfer number (1) was calculated to be 3.8
in the potential range of 0.55-0.7 V, implying the high
selectivity towards a one-step four-electron pathway.
Furthermore, the FMN700 showed outstanding stability and
poison tolerance with methanol. Whereas the referenced
commercial Pt/C severely decayed to 68% of the initial current
(Fig. 5e, 1).

To verify the effect of Fe3O4 nanoparticles on the ORR
activity, FMN700 was etched with 1 M HCI for 8 hours to
remove the Fe3O4 nanoparticles. TEM image of the treated
sample revealed only hollow pits (yellow circles in Fig. 6a)
instead of Fe3Os4 nanoparticles on the carbon framework.
HRTEM image in Fig. 6b showed that the short range ordered
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Fig. 6 (a) TEM and (b) HRTEM images of FMN700 after HCI
leaching, (c) CV and (d) LSV curves of FMN700 before and after
HCI leaching in O» saturated 0.1 M KOH (scanning rate: 10 mV

sh.
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Potential (V vs. RHE)

nanographene with the interlayer spacing of 4.1 ~ 4.8 A was
remained. The oxygen reduction peaks in the CV curves
decreased from the initial 0.803 V (FMN700) to 0.783 V (Fig.
6¢), and the E; value showed a 40 mV attenuation after the
removal of Fe3Os nanoparticles (Fig. 6d). The Fes3Os4
nanoparticles on the 3D porous carbon framework have a
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synergetic effect for the enhanced ORR activity. Thus, the
excellent ORR performance of FMN700 is ascribed to the
synergistic effects of large surface area, hierarchical pore
structures, short-range ordered nanographene, favorable
nitrogen doping and the uniform Fe3O4 active sites.

a

Power density (mW/cm?)

— PtC
’ — FMN700

0o 40 80 120 160 200 240
Current density (mA/cm?)

Voltage (V)
S
o

—PUC
— FMN700

2000 4000 6000 8000 10000
Time (sec)

il ) ey
Fig. 7 (a) Schematic configuration of the Zn-air battery device.
(b) Open circuit voltage of Zn-air battery using FMN700 as the
cathode. (c) Photograph of a red LED lighted by two Zn-air
batteries connected in series. (d) Discharge polarization curves
and corresponding power density of Zn-air batteries with
FMN700 and 20 wt% Pt/C catalysts, respectively. (e)
Galvanostatic discharge curves of FMN700 and 20 wt% Pt/C at a

current density of 10 mA ¢cm for 10000 s.

The electrochemical performance of FMN700 was further
examined by applying FMN700 as an air cathode in a Zn-air
battery device with 6 M KOH as the electrolyte (Fig. 7a). The
device presents an open circuit voltage as high as 1.456 V (Fig.
7b). A 1.8 V red LED can be lit by two Zn-air batteries
connected in series (Fig. 7c). The polarization curves and the
corresponding power density plots of Zn-air batteries with
FMN700 and 20% Pt/C were depicted in Fig. 7d. At 0.6 V,
FMN700 catalyst exhibited a high current density of 223.6 mA
cm? with a power density of 135.5 mW cm?, which is
comparable to 142.9 mW cm? of Pt/C and much higher than
111.4 mW cm? of the fullerene Cgo-derived carbon.?? The
galvanostatic discharge tests of the assembled Zn—air battery
at the current density of 10 mA cm for 10000 s revealed the
long-term stability (Fig. 7¢). Remarkably, the battery with
FMN700 cathode shows a potential of 1.26 V at 10 mA c¢cm™
close to 1.34 V of Pt/C catalyst.

4. Conclusions
In summary, a fullerene derivative was introduced as a

© Engineered Science Publisher LLC

precursor for synthesis of active ORR catalyst. Pyrolysis of the
fullerene derivative microstructures under an NH3 atmosphere
was conducted to prepare FesO4/N-C porous nanomaterials.
The obtained FMN700 has developed multiple merits,
including large surface area, favorable N doping, the short-
range ordered nanographene and advantageous Fe3;O4
nanoparticles, which can boost the oxygen reduction. Under
these synergetic effects, FMN700 shows high onset potential
(0.93 V) and half-wave potential (0.81 V), along with
excellent durability and methanol tolerance. And delivered the
high power density of zinc-air battery. The utilization of
fullerene host-dopant synergism is proved to be a practical
way for enhancing ORR performance. It can be concluded that
control of fullerene structures by covalently bonding required
units can effectively adjust their catalytic properties. This
work not only provides an understanding of the NHs-assisted
pyrolysis behavior of fullerene materials but also presents a
novel perspective for the preparation of new catalysts from
fullerene molecules for the wide applications.
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