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ABSTRACT

Efficient bifunctional oxygen electrocatalysts for ORR and OER are fundamental to the development of
high performance metal-air batteries. Herein, a facile cost-efficient two-step pyrolysis strategy for the
fabrication of a bifunctional oxygen electrocatalyst has been proposed. The efficient non-precious-
metal-based electrocatalyst, Fe/FesC@Fe-N,-C consists of highly curved onion-like carbon shells that
encapsulate Fe/Fe;C nanoparticles, distributed on an extensively porous graphitic carbon aerogel. The
obtained Fe/Fe;C@Fe-N,-C aerogel exhibited superb electrochemical activity, excellent durability, and
high methanol tolerance. The experimental results indicated that the assembly of onion-like carbon
shells with encapsulated Fe/FesC yielded highly curved carbon surfaces with abundant Fe-Nj active sites,
a porous structure, and enhanced electrocatalytic activity towards ORR and OER, hence displaying
promising potential for application as an air cathode in rechargeable Zn-air batteries. The constructed
Zn-air battery possessed an exceptional peak power density of ~147 mW cm ™2, outstanding cycling sta-
bility (200 cycles, 1 h per cycle), and a small voltage gap of 0.87 V. This study offers valuable insights
regarding the construction of low-cost and highly active bifunctional oxygen electrocatalysts for efficient
air batteries.
© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by
ELSEVIER B.V. and Science Press.

1. Introduction

by sluggish oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) rates, occurring at the air electrode [4]. Therefore,

The emerging energy crisis and escalating environmental degra-
dation, resulting from the burning of fossil fuels, has accelerated
the exploration of renewable energy conversion and storage tech-
nologies. Rechargeable Zn-air batteries, possessing a high theoret-
ical specific energy density, represent a promising alternative for
next-generation energy conversion devices [1-3]. However, power
density and efficiency of Zn-air batteries are drastically impeded
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the development of electrocatalysts capable of efficient ORR and
OER is crucial for the realization of practical applications of Zn-
air batteries. Currently, precious-metal-based high-performing
oxygen electrocatalysts are considered as state-of-the-art [5]. Nev-
ertheless, their large-scale application is substantially restricted by
their prohibitive cost [6]. Hence, the development of low-cost non-
precious-metal-based electrocatalysts, with excellent catalytic
properties toward ORR and OER, is critical for realizing commercial
applications of Zn-air batteries.

In recent years, 3d transition metals (TMs) and their alloys have
been investigated as efficient ORR and OER electrocatalysts [7-11].
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However, these TM nanoparticles possess low concentrations of
catalytically active sites, are prone to aggregate, and do not offer
a competitive advantage for electrocatalytic applications. In addi-
tion to alleviating crystallite dissolution and agglomeration during
electrochemical reactions, hybrid carbon materials have recently
been shown to increase the exposure of catalytically active sites,
as well as facilitate electrocatalytic reaction pathways [12-14].
Although the catalytic site characteristics of the composites remain
debatable, both metallic clusters and M-N,-C moieties have been
shown to contribute to the enhancement of electrochemical per-
formance [15,16]. While it is challenging to preserve nature of
active sites (e.g. metallic nanoparticles) by simply incorporating
with carbon materials, since the naked metal nanoparticles are
not stable enough during ORR, and will experience oxygen-
induced degradation and deterioration of electrochemical activity
[17]. Close proximity between the metallic nanoparticle core and
onion-like carbon shell, bearing abundant M-N,-C sites, promotes
synergistic catalysis and contributes to the enhancement of cat-
alytic performance. Such an arrangement facilitates electron trans-
fer from the metal nanoparticle core to the carbon shell, allowing
the electronic properties of the carbon shell to be modified, which
consequently alters the binding energies of reaction intermediates
and enhances electrochemical performance [17,18]. Furthermore,
the highly curved carbon support anchoring individual metal sites
enables the combination of efficient charge transfer and a strong
electric field effect for electrocatalysis, which further promotes
reaction kinetics [19]. Hence, the encapsulation of metal cores by
highly curved carbon shells bearing atomically dispersed metal
sites, endows the catalyst with dense and efficient active sites for
enhanced electrochemical performance. Though advances on car-
bon incorporated metal nanoparticles have been made recently,
facile and efficient strategy to achieve highly curved carbon shells
encased metallic nanoparticles with excellent electrochemical
activity towards ORR is still challenging.

Herein, a facile two-step pyrolysis strategy for the fabrication of
the bifunctional oxygen electrocatalyst, Fe/FesC@Fe-N,-C, is dis-
closed, wherein uniform Fe/FesC nanocrystals were encapsulated
by onion-like carbon shells and distributed on a highly porous car-
bon aerogel. The controlled carbonization procedure affords the
formation of specific structure in which defined Fe/Fe3;C nanoparti-
cles were tightly encased by carbon shells. Such close proximity
between the highly curved carbon shells possessing abundant Fe-
N,-C moieties and the Fe/Fe;C nanoparticles promotes synergistic
catalysis and contributes to enhanced catalytic performance for
both ORR and OER. Benefiting from its three dimensional (3D) por-
ous structure, abundant exposed active sites, and modified elec-
tronic structure, the as-synthesized Fe/Fe;C@Fe-N,-C displayed
excellent ORR performance with 4 electron reaction selectivity,
favorable activity, outstanding robustness and excellent methanol
tolerance. Moreover, the catalyst exhibited an onset potential of
1.0 V, a half-wave potential of 0.9 V for ORR, and a low potential
of 1.64 V at 10 mA cm 2 for OER. The utilization of the fabricated
catalyst as an air cathode in a constructed rechargeable Zn-air bat-
tery, delivered a high peak power density of ~147 mW c¢m~2 and
remarkable stability over 200 cycles (1 h per cycle) at a current
density of 5 mA cm~2. Overall, a novel, facile cost-effective strategy
is presented for the development of exceptionally efficient bifunc-
tional oxygen electrocatalysts for improved Zn-air batteries.

2. Material and methods
2.1. Materials
Analytical grade NaNOs, FeCls-6H,0, KOH, EDTA-4Na, and HCI

were purchased from the Sinopharm Chemical Reagent Co., Ltd.
Commercial Pt/C, Nafion solution, and RuO, were acquired from

Sigma-Aldrich and/ or Alfa Aesar. All chemicals were used as
received.

2.2. Synthesis of the catalyst

2.2.1. Synthesis of EDTA-Fe

In a typical procedure, FeCl;-6H,0 (0.550 g) was dissolved in
2.5 mL of deionized water (DI water); then EDTA-4Na (1.9 g) in
5 mL of NaOH (1 mol L™') was injected into the FeCl; solution
under vigorous stirring at 100 °C, until a yellow power formed.
The obtained complex was denoted as EDTA-Fe.

2.2.2. Synthesis of the Fe/FesC@Fe-N,-C aerogel

Typically, EDTA-Fe (50 mg), glucose (360 mg), and NaNO;
(420 mg) were dispersed in 6 mL of DI water. Next, 3 mL of HCI
(1 mol L) containing melamine (504 mg) was added to the above
solution and the resulting mixture was stirred at room tempera-
ture. The vial containing the hydrogel was then subjected to
lyophilization. The dried gel was placed into a tube furnace and
heated to 280 °C for 6 h at a heating rate of 5 °C min~' under a flow
of N,. The obtained product was washed with DI water several
times to remove remaining salts, and the products were dried
under vacuum for 10 h before the second pyrolysis step. The dried
product was heated in a tube furnace under N, at 950 °C
(5 °C min™!) for 2 h and allowed to cool to room temperature to
obtain the final aerogel.

2.2.3. Synthesis of N-doped carbon electrocatalyst N-C

The N-doped carbon electrocatalyst (N-C) was fabricated
according to the protocol for Fe/Fe;C@Fe-N,-C synthesis, without
the introduction of EDTA-Fe.

2.3. Characterization

Powder X-ray diffraction patterns of the as-prepared electrocat-
alysts were performed on a Rigaku-Dmax 2500 diffractometer with
Cu-Ko radiation. The morphologies and structural information of
the synthesized electrocatalysts were analyzed via scanning elec-
tron microscopy (SEM, FE-SEM, S4800, Hitachi) and transmission
electron microscopy (TEM, JEM-2100F). X-ray photoelectron spec-
troscopy (XPS, Kratos Axis ULTRA) was implemented to evaluate
the chemical compositions of the obtained catalysts. Pore distribu-
tion and specific surface area were determined from nitrogen
adsorption-desorption curves at 77 K, employing the ASAP 2020
physisorption analyzer (Micrometrics). Raman spectroscopy was
performed on a confocal Raman microscope (LabRAM HR800).

2.4. Electrochemical characterization

Electrochemical characteristics were investigated on an electro-
chemical workstation (CHI 760E, Princeton: PARSTAT MC), consist-
ing of a rotating disk electrode (RDE) and a rotating ring-disk
electrode (RRDE) (Pine Instrument Company, USA). For ORR, Pt
wire, a glassy carbon electrode with a diameter of 5 mm
(5.61 mm for the glassy carbon electrode including the Pt ring),
and a Ag/AgCl (with saturated KCl solution) electrode were used
as the counter, working, and reference electrodes, respectively.
For the OER, Pt wire, a glassy carbon electrode, and a Hg/HgO elec-
trode were used as the counter, working, and reference electrodes,
respectively. Typically, the electrocatalyst ink was prepared by
adding electrocatalyst (5.0 mg) to a mixture of Nafion solution
(40 pL), deionized water (720 pL), and isopropyl alcohol
(240 pL), followed by ultrasonication for 30 min. Then, the
freshly-prepared electrocatalyst ink was deposited onto the glassy
carbon electrode with a controlled loading of 0.51 mg cm~2 and
dried at room temperature. The loading capacity of benchmark
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noble metals is similarly 0.51 mg cm~2. Prior to measurement, the
glassy carbon working electrode was cycled several times until a
repeatable capacitance was attained. The ORR polarization curves
were obtained from 1.2 to 0.2 V (vs. RHE) with a scan rate of
5 mV s~!. The potentials were calculated using the equation: E
(RHE) = E(Ag/AgCl) + 0.059 pH + 0.1976 - 95% iR. Four-electron
selectivity and H,0, yield during the ORR were determined by
measured ring and disk currents. The OER polarization curves with
95% iR-compensation were determined from 1.2 to 1.8 V (vs. RHE)
in 1.0 M KOH solution with a scan rate of 5 mV s~ and a rotation
rate of 1600 rpm. Potentials were calculated using the equation:
Erue (V) = Engjugo + 0.926

2.5. Zn-air battery

To fabricate the aqueous Zn-air battery, the catalyst ink was
first prepared by sonicating 10 mg of catalyst and 30.0 pL of
5 wt% Nafion solution in 970.0 pL of isopropanol for 1 h. The as-
prepared catalyst ink solution was sprayed onto carbon paper, fol-
lowed by drying at 60 °C for 2 h, and then used as the air cathode.
The loading amount for all catalysts was 1 mg cm 2. A Zn plate was
applied as the anode. Zn-air battery tests were performed on self-
manufactured cells using the two electrodes and 6.0 M KOH elec-
trolyte solution at room temperature.

3. Results and discussion

Fig. 1(a) briefly describes the synthetic approach for the produc-
tion of Fe/FesC@Fe-N,-C. The electrocatalyst, bearing copious
active sites and Fe/FesC nanocrystals encapsulated by nitrogen-
rich carbon shells, was derived via pyrolysis of the sol-gel precur-
sor. First, a given amount of EDTA-4Na-coordinated FeCl; was
added to the melamine solution and the resultant mixture was
stirred at room temperature to obtain a light-yellow hydrogel.
Then, the lyophilized hydrogel (Fig. S1) was subjected to two-step
pyrolysis under N, atmosphere, to afford the Fe/FesC@Fe-N,-C
aerogel. During pyrolysis, the EDTA-Fe complex is carbonized in-
situ to generate onion-like carbon shells that encapsulate the Fe/
Fe;C nanocrystals, and coupled with Fe, the N co-doped carbon
aerogel.

The Fe/Fe;C@Fe-N,-C aerogel obtained at 950 °C was first char-
acterized by SEM, and the results are shown in Fig. 1(b). SEM
images revealed a 3D porous structure and the absence of distin-
guishable carbon nanotubes. It has been demonstrated that
transition-metal salts, especially those of Fe, catalyze the carbon
nanotubes during pyrolysis [20]. Accordingly, the two-step pyroly-
sis strategy facilitated the construction of onion-like carbon shells
encapsulating Fe/FesC nanoparticles, and inhibited the growth of
carbon tubes.

TEM images (Fig. 1(c)) further confirmed that the porous sheet-
like structure was composed of ultrathin and wrinkled carbon
nanosheets. As mentioned, the melamine-based composites
decompose during the pyrolysis process, producing a large amount
of NHs. Thus, in addition to melamine serving as the nitrogen
source, it contributes to the formation of ultrathin crumpled car-
bon nanosheets. SEM and TEM images of the hydrogel and electro-
catalysts prepared at various temperatures were obtained to
investigate the formation of a highly porous architecture. SEM
images of the obtained aerogel (Fig. S1) indicated that it was con-
structed from well-defined nanorods, which had a diameter of
~100 nm. Notably, the nanorods were largely bonded together to
form nanosheet-like structures, contributing to the generation of
carbon nanosheets following pyrolysis. As shown in Figs. S2 and
S3(a), the Fe/FesC nanocrystals are embedded in the carbon aerogel
during pyrolysis, while thin carbon nanosheets and a porous struc-

ture are evident at higher pyrolysis temperatures. Therefore, the
highly porous carbon aerogel constructed by ultrathin carbon
nanosheets obtained at higher pyrolysis temperatures is expected
to provide abundant exposed active sites towards ORR/OER, and
enhance ion and electron transport during electrocatalytic
reactions.

High-resolution TEM further elucidated the morphology and
crystal structure of the embedded nanocrystals. As depicted in
Fig. 1(d) and Fig. S3(b), the crystallized nanocrystals were well-
encapsulated by several layers of onion-like carbon shells; the
nanocrystal lattice distance was determined to be 0.20 nm, corre-
sponding to the d-spacing of the (110) crystallographic plane of Fe,
or the (220) plane of FesC. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) results, illus-
trated in Fig. 1(e), confirm the presence of copious Fe/FesC
nanoparticles. The formation of a hierarchical morphology consist-
ing of carbon shell-wrapped nanoparticles is presumably initiated
during first low-temperature pyrolysis, when glucose and the
EDTA-Fe complex are thermally decomposed and carbonized.
Therefore, carbon nanotube growth was expected to cease, as the
carbon layers completely enveloped the initially exposed metal
nanoparticles. Subsequently, the crystallization of Fe/Fe;C and for-
mation of well-graphitized carbon shells occurred simultaneously,
without nucleation of carbon nanotubes during the second pyroly-
sis. The highly curved carbon shells that anchor single metal sites
enable the combination of efficient charge transfer and a strong
electric field effect within the electrocatalyst, thereby promoting
favorable reaction kinetics [21]. Meanwhile, Fe/Fe;C nanoparticles
are proposed to modify the electronic properties of the carbon
shells, thereby altering the binding energies of reaction intermedi-
ates to facilitate the electrochemical reaction.

Energy-dispersive spectroscopy elemental mapping (Fig. 1(f, g,
h)) was conducted to reveal element distribution, and to investi-
gate possible active species of the composites. The results indi-
cated a uniform distribution of N and C throughout the
nanosheets. Fe was dispersed throughout the architecture, though
it was predominantly distributed over the nanoparticles, suggest-
ing that in addition to its nanoparticle form, Fe was present in
the form of iron and nitrogen-doped carbon (Fe-N,-C). Accordingly,
the 3D nanosheets served as an outstanding carbon matrix for
hosting dispersed Fe-N,-C and Fe/FesC nanoparticles, thereby max-
imizing active site density and promoting electrocatalytic
efficiency.

To further elucidate the composition and phase structure of the
electrocatalyst, X-ray diffraction (XRD) were measured and pre-
sented in Fig. 2(a). The XRD pattern displayed evident graphitic
carbon peaks, and signals corresponding to cubic Fe (PDF No. 06-
0696), and Fe;C (PDF No. 35-0772). It has been established that
Fe;C nanoparticles originate from the reduction of Fe by carbon
during heat treatment [21]. Raman spectroscopy was performed
to investigate the Fe/Fe;C@Fe-N,-C carbon structure. As seen in
Fig. 2(b), the Raman spectrum exhibited characteristic D
(1350 cm™'), and G (1600 cm™!) bands, indicating disordered car-
bon structures with abundant defects [22]. To further evaluate the
role of the N species, X-ray photoelectron spectroscopy (XPS) was
conducted, and the results are demonstrated in Fig. 2(c). The high-
resolution N 1s XPS spectrum exhibited four representative peaks,
arising from graphitic-N (401.2 eV), pyrrolic-N (399.6 eV), Fe-N,
(398.8 eV), and pyridinic-N (398.1 eV) [23]. Reportedly, increased
pyridinic-N and Fe-N, site density enhances ORR and OER activities
[24]; while high-purity pyridinic and pyrrolic N, possessing planar
structures, reduce the energy barrier for O, adsorption, which leads
to enhanced intrinsic electrocatalytic activity for the ORR [25,26].
Thus, the obtained electrocatalyst, possessing Fe-N,, pyridinic,
and pyrrolic N, is expected to display exceptional electrocatalytic
properties. A high resolution Fe 2p spectrum was used to analyze
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Fig. 1. (a) Synthetic scheme for Fe/Fe;C@Fe-N,-C. (b) SEM image, (c) TEM image, and (d) HRTEM image of Fe/Fe;C@Fe-N,-C synthesized at 950 °C. (e) HAADF-STEM image and
the corresponding EDX maps of Fe/Fe;C@Fe-N,-C synthesized at 950 °C for (f) C, (g) N, and (h) Fe.

the chemical state of Fe and explore its vital contribution to the
overall electrocatalytic performance. As exhibited in Fig. 2(d), the
deconvoluted peaks centered at 706.9 eV and 720.0 eV corre-
sponded to zero-valence Fe, suggesting the existence of metallic
iron or carbide, respectively. The peaks located at approximately
710.9 eV and 724.1 eV were attributable to Fe in the Fe-N, config-
uration [21,27]. These results further confirmed the coexistence of
metallic Fe and Fe-N,-C in the Fe/Fe;C@Fe-N,-C aerogel, both of
which have been established as typical electrocatalytic active sites
[28].

Subsequently, the electrocatalyst surface area and pore size dis-
tribution were analyzed, as well as its nitrogen adsorption—-desorp-
tion characteristics. As shown in Fig. 2(e), the Fe/Fe;C@Fe-N,-C
aerogel provides a specific surface area of 535 m? g~ '. The N, sorp-
tion isotherms exhibited a pronounced hysteresis loop, implying
the existence of a mesoporous structure formed by a 3D sheet-
like framework, as confirmed by TEM [29]. Specifically, a Barrett-
Joyner-Halenda (BJH) pore size distribution plot derived from the
adsorption curve verified that the developed electrocatalyst pos-
sessed abundant mesopores, with pore diameters ranging from 5
to 50 nm (Fig. 2(f)). The porous structure affects the electrocat-
alytic performance significantly, and more importantly, mesopores
facilitate the madefaction of the catalyst physical surface, and
enhance active site utilization [30,31]. Thus, benefiting from the

synergistic effect, bifunctional oxygen electrodes can provide
excellent electrocatalytic activity and stability.

To investigate the electrocatalytic activity of the composite, its
electrochemical performance was evaluated using the RDE
method. The ORR data for the electrocatalysts pyrolyzed at differ-
ent temperatures were obtained, to explore the impact of pyrolysis
temperature on catalyst characteristics (Fig. S4). Fe/Fe;C@Fe-N,-C-
950 exhibited the highest onset potential (1.0 V vs. RHE), and the
most positive half-wave potential (0.90 V vs. RHE), compared to
those of Fe/FesC@Fe-N,-C-900 (0.97 V and 0.88 V vs. RHE, respec-
tively), and Fe/Fe;C@Fe-N,-C-1000 (0.95 V and 0.86 V vs. RHE,
respectively). As evident from the TEM images (Fig. S2), the carbon
matrix architecture experienced significant alterations with
increasing pyrolysis temperature, and thin carbon nanosheets
formed when the catalyst was annealed at 950 °C. The Raman spec-
troscopy results additionally suggested that the pyrolysis temper-
ature influences the degree of graphitization and can thus be
adjusted to optimize the electronic structure of an electrocatalyst.
As indicated by the XPS results detailed in Table S1, Fig. S5, and
Table S2, the N content declined with the increase of pyrolysis tem-
perature. Interestingly, Fe/FesC@Fe-N,-C-950 exhibited a lower
content of nitrogen species than Fe/Fe;C@Fe-N,-C-900, but supe-
rior electrocatalytic activity. This finding implies that increasing
the content of appropriate active N species is more important than
a high overall N doping content [32]. An important consideration is
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Fig. 2. (a) XRD patterns, (b) Raman spectrum, (c) N 1s high resolution XPS spectrum, (d) Fe 2p high-resolution XPS spectrum, (e) nitrogen ad- and desorption isotherms, and

(f) derived pore size distribution of Fe/Fe;C@Fe-N,-C synthesized at 950 °C.

that high-temperature pyrolysis can enhance the conductivity and
graphitization degree, which is beneficial for ORR performance.
Therefore, the effective doping of active N species, optimal graphi-
tization, and a porous structure are factors that enhance the elec-
trocatalytic activity of Fe/Fe;C@Fe-N,-C.

Fig. 3(a) exhibits the ORR polarization curves of Fe/Fe;C@Fe-N,-C
in O,-saturated 0.1 M KOH medium. It is noteworthy that
Fe/FesC@Fe-N,-C exhibited encouraging ORR activity with an Egset
(on-set potential) of 1.0 V, and a E;, (half-wave potential) of 0.9 V.
The electron-transfer number and kinetics of the optimized

electrocatalyst were investigated next. Fig. 3(b) indicates that the
limiting current densities increased with increasing rotation
speeds, and that the E,,se¢ remained constant at varying rotation
speeds. Fig. 3(c) displays the Koutecky-Levich (K-L) plots of Fe/Fes-
C@Fe-N,-C, which feature distinct linear relationships at various
potentials. The electron transfer number calculated from the K-L
plot was ~3.74, indicating preference for the four-electron process
in the ORR. The Tafel plots (Fig. 3(d)) show that the Fe/Fe;C@Fe-N,-C
sample presented the smallest slope of 56 mV dec™!, compared to
those of N-C (141 mV dec™!), and benchmark Pt/C (64 mV dec™?),
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Fig. 3. (a) ORR polarization curves of Pt/C, Fe/Fe3C@Fe-N,-C and N-C. Scan rate: 5 mV s~ '; rotation rate: 1600 rpm. (b) LSV curves of Fe/Fe3C@Fe-N,-C in O,-saturated 0.1 M
KOH at various rotation speeds. Scan rate: 5 mV s™'. (c) K-L plots of Fe/Fe;C@Fe-N,-C at various potentials. (d) Tafel slopes of Fe/Fe;C@Fe-N,-C, N-C and Pt/C. (e) RRDE LSV
curves of Fe/Fe;C@Fe-N,-C at a rotation rate of 1600 rpm; scan rate: 5 mV s~ '. (f) H,0, yield and electron transfer number of Fe/Fe;C@Fe-N,-C at 1600 rpm.
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further verifying its superior ORR activity. The electron transfer
number measured by the RRDE technique during ORR (Fig. 3(e))
was in agreement with the value obtained from the K-L plots.
Notably, H,0, yields were consistently below 3% in the potential
range of 0.2-0.8 V (vs. RHE), implying complete reduction of O,
via the four-electron process (Fig. 3(f)) [33]. Stability and tolerance
to methanol are likewise important parameters for evaluating the
utility of developed electrocatalysts. To assess electrocatalyst sta-
bility and resistance to methanol crossover, chronoamperometric
measurements were performed in O,-saturated 0.1 M KOH
solution with an RDE rotation speed of 1600 rpm. The
Fe/Fe;C@Fe-N,-C electrocatalyst obtained at 950 °C displayed
excellent stability, even beyond 40,000 s (Fig. S6(a)). In contrast,
benchmark Pt/C exhibited severely degraded durability over time.
Fe/FesC@Fe-N,-C morphology was analyzed by TEM after its
40,000 s ORR durability test, wherein no obvious differences were
observed in the electrocatalyst morphologies prior to and after the
test (Fig. S7), suggesting excellent catalyst stability. Unlike the
benchmark Pt/C catalyst, Fe/FesC@Fe-N,-C displayed excellent tol-
erance to methanol (Fig. S6(b)). Overall, the as-developed Fe/Fes-
C@Fe-N,-C  electrocatalyst  exhibited outstanding = ORR
performances, a preference for the four-electron transfer process,
excellent stability, and high methanol tolerance.

The obtained Fe/FesC@Fe-N,-C electrocatalyst was additionally
employed as a water oxidation electrocatalyst to evaluate its OER
activity. As shown in Fig. 4(a), when the current density reaches
10 mA cm™2, the Fe/Fe;C@Fe-N,-C electrocatalyst obtained at
950 °C presents a significantly lower potential (1.63 V) than that
obtained for N-C (1.72 V), demonstrating promising OER activity.
Additionally, the Tafel slope for the Fe/Fe;C@Fe-N,-C electrocata-
lyst (92 mV dec™!) was considerably smaller than that of N-C
(292 mV dec!), signifying superior reaction kinetics (Fig. 4(b)).
Fig. S8 presents the OER durability test results for Fe/Fe;C@Fe-
N4-C, obtained by electrolysis at a static overpotential; here,
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current density/time dependence indicated negligible degradation
after 20,000 s. The TEM image (Fig. S9) of Fe/Fe3C@Fe-N,-C
recorded after the OER durability test demonstrated no obvious
morphology changes when compared to its morphology prior to
the test, implying outstanding stability. No significant differences
in the chemical composition were noted in the high-resolution N
1s spectra of Fe/Fe;C@Fe-N,-C recorded before and after the OER
stability test, indicating favorable chemical and structural stability
during the OER (Fig. S10). To evaluate the OER efficiency of Fe/Fes-
C@Fe-N,-C, the RRDE technique was performed in O, or
N,-saturated KOH electrolyte. As depicted in Fig. 4(c), monitoring
of the negligible ring current density suggested that the desired
four-electron process was preferable for the OER [34]. To verify
that the detected disk current density arises from the gaseous pro-
duct of the electrode reaction, rather than from side reactions, the
Faradaic efficiency (OER) of Fe/FesC@Fe-N,-C was assessed (Fig. 4
(d)). Ring electrode potential was maintained at 0.4 V (vs. RHE)
to detect evolved O, on the disk electrode, and a ring current of
approximately 110 pA was detected when a constant current of
300 pA was applied to the disk electrode. Therefore, a high Faradic
efficiency of ~100% was achieved, confirming that the tested cur-
rent originated exclusively from the OER [35].

It has been established that the smaller the AE value (difference
between the OER potential at 10 mA cm 2 and the ORR E;, poten-
tial), the higher the electrocatalytic activity of a bifunctional oxy-
gen electrode [36]. Fig. S11 illustrates the exceptional ORR and
OER activities of Fe/FesC@Fe-N,-C, and its small AE value of
0.74 V, which was found to be superior to that of a number of
reported outstanding bifunctional oxygen electrocatalysts, includ-
ing Mn,O,/N-carbon (0.87 V) [37], FeNi-N-carbon (0.81 V) [1], Co-N
co-doped hollow carbon sphere (0.856 V), [36] and N, S, O-carbon
nanosheets (0.88 V) [38]. Based on the above findings, it can be
concluded that the obtained Fe/Fe;C@Fe-N,-C electrocatalyst
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Fig. 4. (a) OER polarization curves of Fe/Fe3C@Fe-N,-C, RuO, and N-C in O,-saturated 1.0 M KOH electrolyte with a scan rate of 5 mV s~! (1600 rpm). (b) Tafel plots of Fe/
Fe;C@Fe-N,-C, RuO, and N-C. (c) RRDE measurement of Fe/Fe;C@Fe-N,-C in O,-saturated 1.0 M KOH electrolyte at a rotation speed of 1600 rpm, and a scan rate of 5 mV s~ .
(d) Faraday efficiency characterization of Fe/Fe;C@Fe-N,-C in N,-saturated 1.0 M KOH electrolyte (The inset represents the Faraday efficiency testing mechanism of the RRDE).
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Fig. 5. (a) Schematic of Zn-air battery configuration. (b) Power density and discharge polarization curves of the Zn-air battery based on the Fe/Fe;C@Fe-N,-C air cathode and

based on Pt/C. (c) Discharge-charge cycling curve of the rechargeable Zn-air battery at a current density of 5 mA cm™“.

exhibited a promising performance for the development of bifunc-
tional oxygen electrocatalysts.

Considering the remarkable electrocatalytic activity and excep-
tional robustness of Fe/FesC@Fe-N,-C towards ORR and OER, a
rechargeable Zn-air battery was constructed, employing zinc foil
as the anode and Fe/Fe;C@Fe-N,-C as the cathode (Fig. 5(a)). As
shown in Fig. 5(b), the discharge curve and corresponding power
densities of the assembled Zn-air battery exhibited promising elec-
trocatalyst activity. The maximum power density of the fabricated
battery was confirmed to be 147 mW cm~2, which was consider-
ably higher than that of Pt/C (120 mW cm™2). Significantly, a high
current density was observed for the assembled Zn-air battery,
outperforming the commercial Pt/C-based counterpart (Fig. S12).
The galvanostatic discharge-charge cycling curves of the assem-
bled Zn-air battery (Fig. 5(c)) further imply its excellent reversibil-
ity over 200 cycles at a high discharge/charge current density of
5 mA cm 2 (1 h per cycle) with a small discharge/charge voltage
gap of ~0.87 V. The overall results reveal the significant potential
of the Fe/FesC@Fe-N,-C electrocatalyst for application in recharge-
able Zn-air batteries, based on its outstanding reactivity and
stability.

4. Conclusions

In summary, we developed a facile and cost-efficient sol-gel
synthetic approach for the fabrication of Fe/Fe;C@Fe-N,-C bifunc-
tional oxygen electrocatalysts. The electrocatalyst exhibited 3D
meso- and microporous morphology, consisting of Fe/FesC
nanoparticles encapsulated by ultrafine onion-like carbon shells
and a nanosheet-like Fe, N-co-doped carbon aerogel. These unique
hierarchical structural characteristics endowed the catalyst with
abundant accessible reversible oxygen electrocatalytic sites, and
gave rise to superb electrocatalytic activity, in terms of positive

-2

Eonset POtential, a large half-wave potential, superb durability for
ORR, and a low potential at j = 10 mA cm 2 for OER. The as-
fabricated rechargeable Zn-air battery, employing Fe/Fe;C@Fe-N,-
C as the cathode, afforded a high peak power density of
147 mW cm 2 and excellent stability over 200 cycles at 5 mA cm 2
with a narrow discharge/charge voltage gap of ~0.87 V. Conse-
quently, in addition to the generation of an efficient low-cost
bifunctional oxygen electrocatalyst, this study features a facile
and rational strategy applicable to the development of transition-
metal-based catalysts for electrochemical reactions and practical
energy conversion applications.
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