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ABSTRACT

Oxygen reduction reaction (ORR) plays an important role in the next-generation energy storage technologies, whereas it involves
the sluggish and complicated proton-coupled electron transfer (PCET) steps that greatly limit the ORR kinetics. Therefore, it is
urgent to construct an efficient catalyst that could simultaneously achieve the rapid oxygen-containing intermediates conversion
and fast PCET process but remain challenging. Herein, the adjacent Fe;C nanoparticles coupling with single Fe sites on the
bubble-wrap-like porous N-doped carbon (Fe;C@Fesa-NC) were deliberately constructed. Theoretical investigations reveal that
the adjacent Fe;C nanoparticles speed up the water dissociation and serve as proton-feeding centers for boosting the ORR
kinetics of single Fe sites. Benefiting from the synergistic effect of the Fe;C and single Fe sites, the Fe;C@Fesa-NC affords an
excellent half-wave potential of 0.88 V, and enables the assembled Zn-air batteries with the high peak power density of
164.5 mW-cm= and long-term stability of over 200 h at high current densities at 50 mA-cm™. This work clarifies the mechanism
for improving ORR kinetics of single atomic sites by engineering the adjacent proton-feeding centers, shedding light on the

rational design of cost-effective electrocatalysts for energy conversion and storage technologies.
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1 Introduction

The oxygen reduction reaction (ORR) has been recognized as an
important section of the next energy conversion and storage
technologies, such as Zn-air batteries (ZABs). Owing to the high
theoretical ~ energy  density (1084 Whkg'), low-cost
manufacturing, and environmental friendliness, ZABs are widely
attracting attention [1-4]. However, the sluggish ORR occurred
on the cathode greatly limits the ZABs performance [5-8]. To
date, Pt-based materials are still regarded as benchmark ORR
catalysts, but their high cost, poor long-term stability, and scarcity
severely limited their large-scale commercialization. To address
this challenge, the development of an efficient and robust
electrocatalyst is essential to the further application of ZABs [9,
10].

In principle, the ORR usually proceeds the following electron
transfer pathways: (1) O,(g) + * > O, (2) O,* + H,O() + e >
OOH* + OH7; (3) OOH* + ¢ > O* + OH7; (4) O* + H,O() + & >
OH* + OH7; and (5) OH* + ¢ > OH + *, where * represents the
active sites [11, 12]. Both the O,* and O* need to couple with the
protons from the water dissociation to generate the *OOH and
*OH, which are frequently recognized as the proton-coupled
electron transfer (PCET) steps [13,14]. Therefore, the energy
barrier of water dissociation and oxygen-containing intermediates
conversion indubitably controls the proton-feeding kinetic rates
and ORR performance, which are naturally taken into
consideration for the rational design of cost-effective

electrocatalysts [15-17]. To reduce these energy barriers, Xie’s
group constructed an electrocatalyst that engineers the sub-nano
Pt nanoparticles on the surface-microenvironment-optimized
Co,N, in which the optimized surface microenvironment on
Co,N enables a boosted water dissociation process to facilitate
PCET steps, thus achieving excellent ORR performance [18]. Feng
and co-workers synthesized a nitrogen-doped hierarchically
porous carbon with homogeneously distributed ultrafine a-MoC
nanoparticles (a-MoC/NHPC), in which the a-MoC could reduce
the energy barrier of the water dissociation and produce proton to
accelerate the PCET process that could boost ORR kinetics of
NHPC [19]. Consequently, constructing multiple sites in one
system is a viable method to accelerate the proton-feeding kinetic
rates and ORR performance.

Recently, single-atom catalysts (SACs), featuring their well-
defined metal-N, (M-N,) active sites, adjustable coordination
structure, and impressive activities, are widely considered as the
most promising candidate to the Pt-based catalysts in the field of
electrocatalysis [20-23]. However, its obvious demerit, that is, only
one kind of specific isolated active site, significantly limits the ORR
activities by the linear scaling relations between the
adsorption/desorption toward complicated multi-intermediates.
Based on the above-mentioned considerations, we deliberately
engineer the adjacent Fe,C nanoparticles to single Fe sites on the
bubble-wrap-like porous N-doped carbon (Fe;C@Fes,-NC) [24,
25]. Density functional theory (DFT) unveils that the adjacent
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Fe;C nanoparticles are in charge of the rapid water dissociation for
achieving the fast PCET process, and the single Fe sites represent
the rapid intermediates conversion, thus enabling the boosted
proton-feeding kinetic rates and ORR performance. As a
consequence, the Fe;C@Fes,-NC affords an excellent half-wave
potential of 0.88 V, and endows the assembled ZABs with a high
peak power density of 164.5 mW-cm™. It is worth mentioning that
the Fe;C@Feg,-NC-based ZABs show excellent long-term stability
at a high current density of 50 mA-cm™ over 200 h, indicating the
practical application ability of the catalyst. This work provides a
rational design principle for the efficient ORR catalysts with
accelerated catalytic kinetics via engineering adjacent proton-
feeding centers to the single atomic sites.

2 Experimental section

2.1 Electrocatalysts preparation

The bubble-wrap-like porous carbon was synthesized by a freeze-
drying and pyrolysis foaming process using sodium alginate as the
carbon source. Then, a certain amount of FeCl;-6H,O (5 mg-mL™)
was introduced into the bubble-wrap-like porous carbon
suspension under stirring. The powder was obtained by
centrifuging with deionized water, and dried at 60 °C overnight in
a vacuum oven. The obtained powder was ground with melamine
and then carbonized to produce the Fe;C@Feg,-NC at 900 °C for
180 min under the N, atmosphere. For comparison, the control
Feg,-NC, NC, and pure carbon (C) catalysts were also synthesized
with the similar procedure to that of the Fe;C@Feg,-NC.

2.2 Characterizations

The morphology and structure of the obtained samples were
characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), high-resolution TEM
(HRTEM), energy-dispersive X-ray spectroscopy (EDS), and
atomic resolution aberration-corrected high-angle annular dark-
field scanning TEM (AC HAADEF-STEM). X-ray diffraction
(XRD) patterns were noted by a Bruker D8 Advance
diffractometer operated at 40 kV and 40 mA with a Cu Ka
radiation (A = 1.54178 A). Raman spectroscopy was performed
with a Thermo Fisher spectrometer equipped with helium-neon
(633 nm) and argon (532 nm) lasers. X-ray photoelectron
spectroscopy (XPS) was performed by Thermo ESCALAB 250XI.

2.3 Electrochemical measurements

The electrochemical measurements were implemented on
CHI-842 electrochemical workstation at room temperature with
the rotating disk electrode (RDE) or rotating ring-disk
electrode (RRDE). 10 mg catalysts were dispersed into 1 mL
mixed solution (N,N-dimethylformamide (DMF):isopropanol:5%
Nafion = 4:1:0.1) and then ultrasonicated for 1 h to form the
homogeneous catalyst ink. 9 pL catalysts ink was pipetted onto the
working electrode (4 mm diameter) with the mass loading of
0.716 mg-cm™. The linear sweep voltammetry (LSV) was used to
keep track of the ORR performance at the scan rate of 10 mV-s™ in
O,-saturated 0.1 M KOH.

All potentials recorded in this work were converted to the
reversible hydrogen electrode (RHE) according to the Nernst
equation

Exste = Eag/agcr +0.197 +0.059 x pH

24 ZABs tests

The ZABs were assembled to evaluate the practical performance of
the prepared samples. A polished Zn plate was used as the anode.
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The hydrophilic carbon paper coating with the catalyst layer
(1 mg-cm™) was employed as air cathode and mixture solution of
60 M KOH + 02 M Zn(Ac),2H,0 served as the alkaline
electrolyte. The LSV polarization curves of the alkaline ZABs were
recorded on CHI-760 electrochemical workstation, and the
galvanostatic discharge was performed at room temperature by a
LAND testing system at 50 mA-cm™. For comparison, the alkaline
Pt/C-based ZABs were assembled by using carbon paper coated
commercial Pt/C catalyst as the air cathode.

3 Results and discussion

Figure 1(a) displays that a facile two-step pyrolysis method was
adopted to prepare Fe;C@Feg,-NC catalysts, in which the porous
carbon was first synthesized via a seed-induced foaming approach,
and then the FeCl;-6H,0 and melamine were introduced as the Fe
and N source to yield the final Fe;C@Feg,-NC catalyst at 900 °C
[26]. Meanwhile, the Fes,-NC catalyst including only Fe single
atoms was also synthesized for comparison. As presented in Fig.
1(b), and Figs. SI and S2 in the Electronic Supplementary Material
(ESM), SEM images of the Fe;C@Fes,-NC catalyst reveal that it
exhibits a similar “bubble-wraps” structure to the NC and pure C
catalysts. This obtained carbon “bubble-wraps” structure could
enable the catalysts with the “tree crown-stem” type porous
skeleton accompanied with numerous micro/meso/macro-pores,
which might be advantageous to speeding up the mass transfer of
the reaction intermediates, and also exposing abundant accessible
active sites to participate in the collision between the active sites
and reaction intermediates, giving the boosted ORR performance
[27]. Such a unique structure of the Fe;C@Fes,-NC catalyst can be
further demonstrated by its TEM image, as presented in Fig. 1(c).
Besides, some nanoparticles with an average size of 13-25 nm can
be clearly observed on the bubble-wrap-like porous N-doped
carbon framework, manifesting that the Fe species was
successfully introduced into the carbon substrate [28]. In order to
investigate the detailed structural information of the Fe;C@Feg,-
NC catalyst, HRTEM and AC HAADF-STEM were employed. As
shown in Fig. 1(d), a crystalline lattice distance of 0.21 nm can be
obtained within the nanoparticles, which is traced to the (210)
plane of the Fe;C species. Moreover, the selected area electron
diffraction (SAED) analysis was utilized to further prove the
formation of the Fe;C species. As displayed in Fig. S3 in the ESM,
an obvious diffraction ring of (121) plane for the Fe;C species can
be captured, which supplies an additional evidence to confirm
their existence [29]. The HAADF-STEM and corresponding
elemental mapping images demonstrate the homogeneous
distribution of the Fe, N, and C elements (Figs. 1(e)-1(h)). It can
be clearly seen in AC HAADF-STEM images (Fig. 1(i)) that some
single bright spots indexing the heavier Fe atoms (marked with
red circles) are present around the nanoparticles, which evidently
indicates the coexistence of the single Fe atom and Fe;C species in
the Fe;C@Feg,-NC catalyst. As for the control Fes,-NC catalyst,
no obvious particles can be found in the TEM (Fig.S4 in the
ESM), and HAADEF-STEM and corresponding elemental
mapping images (Fig. S5 in the ESM), while there are only many
single bright spots (marked by red cycles) can be captured in AC
HAADF-STEM image (Fig. S6 in the ESM), strongly indicating
the Fe species are mainly present as single atomic sites on carbon
framework [30].

Figure 2(a) displays the XRD patterns of Fe;C@Fegy,-NC and
Fegy-NC catalysts. The broad peaks at 24.0° and 44° attributed to
the (002) plane of the graphitized carbon can be captured for the
Fe;C@Feg,-NC catalyst. Also, it presents some diffraction peaks at
38°, 43° and 45° that are well-matched with the Fe;C species
(JCPDS #75-0910), indicative of the formation of Fe,C in the
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Figure 1 Morphological and structural characterization of the Fe;C@Fes,-NC. (a

a) Schematic illustration of the synthesis process for Fe;C@Fes,-NC. (b) SEM image,

(c) TEM image, (d) HRTEM-STEM image, (¢)-(h) elemental mapping images, and (1) ACHAADF-STEM image of the Fe;C@Feg,-NC.
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Figure2 Structural and chemical identifications of Fe;C@Fes,-NC. (a) XRD patterns of the Fe;C@Fes,-NC and Fegy,-NC catalyst. (b) Raman patterns of the
Fe;C@Fes,-NC. (c) Nitrogen adsorption—desorption isotherms of Fe;C@Feg,-NC and Feg,-NC. (d) and (e) The N 1s and Fe 2p XPS spectra of the Fe;C@Fes,-NC. (f)

VBS of the Fe;C@Feg,-NC and Feg,-NC.

Fe;C@Feg,-NC catalyst [31, 32]. While the Fegy,-NC catalysts only
showcase the diffraction peaks belonging to the graphitized
carbon, implying that no Fe-based nanoparticles are formed on
the carbon framework. Raman spectroscopy was carried out to
investigate the defects and graphitic structure of the obtained
catalysts. As shown in Fig. 2(b) and Figs. S7-S10 in the ESM, two
main typical peaks at 1344 and 1589 cm™ assigned to the
disordered carbon (D-band) and the sp* hybridization carbon (G-
band) can be captured in the Raman spectra of the Fe;C@Fes,-NC
catalyst [33]. It can be seen that the Fe;C@Fes,-NC catalyst pays
the lowest intensity ratio of D to G band (1.13) among all
investigated catalysts, unveiling that the introduction of Fe and N

would increase the graphitization degree of the Fe;C@Fes,-NC,
which is generally accepted to be conducive to improving the
conductivity and electron transfer ability for accomplishing the
boosted ORR performance. N, adsorption/desorption isotherm
was recorded to gain insight into the porous structure and surface
area of the catalyst (Fig.2(c)) [34]. The Fe;C@Fes,-NC catalyst
affords a higher Brunauer-Emmett-Teller (BET) surface area
(529.09 m*g™") than the Feg,-NC catalyst (459.97 m*g™). The pore
size distribution curves in Fig. S11 in the ESM decode the
formation of hierarchical macro/meso/microporous structures in
both the Fe;C@Fesy-NC and Feg,-NC catalysts, which could
effectively accelerate the mass transport of ORR intermediates and
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expose more accessible active sites for participating the collision
between the active sites and ORR intermediates, thus gaining the
boosted ORR performance [35].

XPS was further employed to analyze the chemical states and
compositions of catalysts [36,37]. The XPS survey spectra of all
catalysts reveal the existence of Fe, N, and C elements (Fig. S12
and Table S1 in the ESM). The C 1s spectra of Fe;C@Fes,-NC in
Figs. S13 and S14 in the ESM can be deconvoluted into C-C
(284.1 eV), C-N (285.0 eV), C-OH (286.0 V), and O-C=0
(289.7 eV), respectively, in which the presence of C-N bond
confirms the N is successfully incorporated into the carbon
skeleton. As displayed in Fig.S15 in the ESM, the N 1s XPS
spectra of NC catalyst display four peaks at 398.4, 400.6, 401.9, and
404.5 eV, which are attributed to the pyridinic-N, pyrrolic-N,
graphitic-N, and oxidized-N species, respectively. As for both
Fe;C@Feg,-NC and Fes,-NC, Fig. 2(d) shows that addition peak
indexing the Fe-N, can be captured [38,39]. Also, such Fe-N,
bond can be observed in the high-resolution Fe 2p XPS spectra of
both Fe;C@Fes,-NC and Feg,-NC (Fig. 2(e)), indicating the
formation of single Fe atoms in them [40]. As shown in Fig. 2(e),
the peaks at 706.9 and 720.3 eV are contributed to Fe-C bond for
Fe;C@Fegy-NC catalyst, decoding the formation of the Fe,C
species. These results again confirm the coexistence of the Fe,C
species and single Fe atoms in the Fe;C@Feg,-NC catalyst.
Significantly, it can be seen in Fig. 2(e) that the Fe-N, species for
the Fe;C@Fes,-NC display a positive shift of 1.7 eV compared
with that of the Fes,-NC, revealing that the strong electronic
interaction is present between the Fe,C species and single Fe
atoms. As displayed in Fig. 2(f), the d-band center (g;) of the
investigated catalysts was also calculated by the surface valence
band spectra (VBS) [41, 42], in which the &4 of the Fe;C@Feg,-NC
and Feg,-NC was determined to be —-13.42 and -13.34 eV,
respectively. These results suggest that the strong electronic
interaction between Fe;C species and single Fe atoms enables the
catalysts with the down-shifted d-band center, thus resulting in the
moderated bonding strength of the oxygen-related intermediates
and boosted ORR activities [43, 44].

The electrocatalytic performance of Fe;C@FeSA-NC was

(a) (b)
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evaluated by the RDE measurement [45-47]. Cyclic voltammetry
(CV) was first performed to assess the oxygen reactivity in 0.1 M
KOH. As shown in Fig S16 in the ESM, the Fe;C@Fes,-NC
exhibits the more positive peak than those of the Fegy,-NC, NC,
and pure C, implying its superior electrocatalytic properties
toward ORR. LSV was further conducted to investigate the
catalytic activity of the Fe;C@Fes,-NC. As shown in Figs.
3(a)-3(c) and Table S2 in the ESM, the Fe;C@Feg,-NC shows a
higher half-wave potential (E;, = 0.88 V) than the control Feg,-
NC (E,;, =0.82 V), NC (E,;, = 0.81 V), pure C (E,;, = 0.78 V), and
Pt/C (E,;, = 0.85 V), which can be comparable to other previously
reported ORR catalysts. Such strengthened ORR performance
may be attributed to the synergistic effect of the single Fe atoms
and Fe,C species in the Fe;C@Fes,-NC [48]. Figure 3(d) displays
that the Fe;C@Fes,-NC presents the lowest Tafel slope
(49.71 mV-dec") among all investigated catalysts, indicating its
more favorable dynamic process toward ORR. Also, it exhibits a
high kinetic current density (j,) of 11.96 mA-cm™ at 0.85 V, which
was twice as high as that of the Pt/C (5.48 mA-cm™, Fig. 3(e)). The
electrochemical active surface area of all catalysts was evaluated by
the CV tests at different scan rates (Figs. S17-S21 in the ESM). It
can be clearly seen that the Fe;C@Fes,-NC affords the largest
double-layer capacitance (Cy) value of 126 mF.cm™ for
comparison with Fegy-NC (124 mF-cm™?), NC (109 mF-cm™), and
pure C (98 mF-cm™), implying more effective catalytic sites created
on the Fe;C@Fez,-NC. The electron transfer number () toward
ORR was appraised by the RRDE measurement and is calculated
to be 3.69 (close to 4), manifesting the ideal 4e” reduction process
experienced (Fig. S22 in the ESM) [49]. The LSV curves recorded
at different rotation rates from 400 to 2500 rpm were also studied
to investigate the electron transfer number of Fe;C@Feg,-NC. As
shown in Fig. $23 in the ESM, the average number of Fe;C@Feg,-
NC can be extracted from the corresponding Koutechy-Levich
(K-L) equation and determined to be 3.7-3.8, again decoding the
ideal 4e~ reduction process undergone. Besides, the
electrochemical stability of Fe;C@Feg,-NC during ORR was
supported by the chronoamperometric measurements [50]. The
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retention rate of the original current density for the Fe;C@Feg,-
NC is calculated to be 87.6% (Fig. 3(f)), which is higher than that
of 80.1% for commercial Pt/C and comparable to those of other
reported M-N-C catalysts in recently reported literatures (Table S3
in the ESM), validating its good ORR stability.

Motivated by its excellent ORR activity, the Fe;C@Feg,-NC-
based ZABs are assembled to evaluate the practical application
(Fig.4(a)). It can be seen in Figs. 4(b) and 4(c) that the ZABs
driven by Fe;C@Feg,-NC own an open circuit potential (OCP) of
1.40 V and a maximum power density of 164.5 mW-cm™, which
are comparable to those of the Pt/C-based ZABs (1.44 V and
112.1 mW-cm™?). The Fe;C@Feg,-NC-based ZABs display a higher
specific capacity of 850.4 mAh-g" than the Pt/C-based ZABs
(550 mAh-g") at 10 mA-cm™ (Fig. 4(d)), reaching 78.3% of the
theoretical energy density of the ZABs [51]. Furthermore, the
ZABs assembled by the Fe;C@Fesy-NC can power the light-
emitting diode (LED) screen for a few hours, indicating the
potential practical application ability (Fig. 4(e)). As displayed in
Fig. 4(f), the ZABs driven by the Fe;C@Feg,-NC also pay a voltage
of 1.273 V for accomplishing the current density of 1 mA-cm?,
and again return to the 1.265 V when the current density comes
back to 1 mA.cm™ As represented in Fig 4(g), the ZABs
fabricated by the Fe,C@Fes,-NC show excellent long-term
stability over 200 h at a high current density of 50 mA-cm™, which
exceeds the performance of most state-of-the-art ZABs (Table S4
in the ESM). All these results powerfully unveil that the synergistic
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effect of the single Fe atoms and Fe;C sites in Fe;C@Feg,-NC
enables it with excellent ORR activities and robust ZABs stability,
showcasing the great application prospects in energy conversion
devices.

To further reveal the synergistic effect between single Fe atoms
and Fe;C sites on ORR, DFT calculations were performed based
on two optimized models including FeN, model and Fe,C + FeN,
model [11,52,53]. As is well known, the ORR process in an
alkaline solution involves the complicated protons coupling with
electrons steps, in which the protons mainly come from the water
dissociation process [11, 19]. The adsorption energies of the *H,O
and *O, were first calculated on Fe;C + FeN, model, as displayed
in Figs. 5(a) and 5(b). The Fe;C site in Fe;C + FeN, model affords
a lower *H,O adsorption energy (-1.22 eV) and a higher *O,
adsorption energy (—1.71 eV) than the FeN, site in this model
(-1.03 and -3.56 V), manifesting the former exhibits the stronger
*H,O adsorption and weaker *O, adsorption than the latter.
Figure 5(c), and Figs. S25 and S26 in the ESM show the Gibbs free
energy diagrams of the water dissociation on the Fe;C site or FeN,
site in Fe;C + FeN, model, in which the conversion from *H,O to
*OH-H intermediates is recognized as the rate-determining step
(RDS). The Fe,C site in Fe;C + FeN, model requires a lower
energy barrier of 2.55 eV toward RDS than the FeN; site in this
model (2.71 eV), indicating that the Fe;C site possesses superior
water dissociation ability. As displayed in Fig.5(d), the energy
barrier of the protonation process on the Fe;C site in Fe;C + FeN,
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Figure4 ZABs performance of Fe,C@Feg,-NC. (a) Schematic diagram of ZABs. (b) OCPs of ZABs. (c) Polarization and power density curves of the primary ZABs.
(d) Voltage-capacity curves. (e) Optical picture of a LED screen lighted by Fe;C@Fes,-NC based ZABs. (f) Galvanostatic discharge curves for primary ZABs at
different current densities. (g) Discharge curves for the ZABs at a high current density of 50 mA-cm™.
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Figure 5 DFT calculations of water dissociation and ORR on FeN, and Fe;C + FeN, model. (a) Illustration of representative atomic configurations of the *H,O and
*O, absorbed on the Fe;C + FeN, model. (b) The E, 4 of *H,O and *O, absorbed on the Fe;C and FeN, sites in Fe;C + FeN, model. (c) Schematic energy diagrams for
water dissociation. (d) The energy barrier of the protonation process on the Fe,C and FeN; sites in the Fe;C + FeN, model. (¢) ORR free energy diagrams for FeN,
model (black line), Fe,C sites in Fe;C + FeN, model (blue line), and FeNj sites in Fe;C + FeN, model (red line) at U = 1.23 V. (f) Energy changes for the ORR pathway

on the FeN, model, Fe;C sites in Fe;C + FeN, model, and FeN; sites in Fe;C + FeN, model (U = 1.23 V). (g) Schematic illustration for water dissociation step and the

subsequent elementary processes for ORR in alkaline solutions over the Fe;C@Feg,-NC electrocatalyst.

model is determined to be 1.33 eV, which is lower than that of the
FeN, site in Fe;C + FeN, model (1.68 eV), suggesting that the
absorbed *H,O on the Fe;C sites can more easily produce the
proton to participate in the ORR process [54]. Based on the above-
mentioned results, the Fe;C site in Fe;C + FeN, model mainly
serves as the active site for the fast water dissociation that could be
beneficial to speeding up the supply of protons toward catalyzing
ORR. Besides, it can be seen in the Gibbs free diagrams for ORR
that all reaction steps are downhill at U = 0 V, indicating the
thermodynamic spontaneous process (Figs. S27-530 in the ESM).
When the equilibrium is increased to 1.23 V, the *OH desorption
step with the highest uphill free energy (0.73 V) is the RDS for
the ORR process on the pure FeN, model (Figs. 5(e) and 5(f)). As
for the FeN, site in Fe;C + FeN, model, the RDS is the conversion
from *O, to *OOH species that requires an energy barrier of
0.49 eV, which is lower than that of Fe;C site in Fe;C + FeN,
model, demonstrating that the FeN, site in Fe;C + FeN, model
serves as the active species for ORR. Taken together, one may
conclude that the Fe;C sites in Fe;C + FeN, model mainly serve as
the proton-feeding center for speeding up the ORR kinetics of
neighboring FeNj sites in Fe;C + FeN, model (Fig. 5(g)), which
enables the Fe;C + FeN, model with the boosted ORR
performance.

4 Conclusions

In conclusion, we have developed an efficient ORR catalyst
Fe;C@Fegy,-NC. We found that the strong electronic coupling
effect is present between the adjacent Fe;C nanoparticles and
single Fe sites, in which the former represents the fast water
dissociation and serves as the proton-feeding centers for boosting
the PCET process, and thus resulting in the enhanced ORR

kinetics of the latter Fe sites. As a result, the Fe;C@Feg,-NC
affords an excellent half-wave potential of 0.88 V as well as the
high kinetic current density, and enables the assembled ZABs with
the high peak power density of 1645 mW-cm™ and long-term
stability of over 200 h at high current densities of 50 mA-cm™.
This finding paves the way to design highly efficient and robust
electrocatalysts for next-generation metal-air batteries at high
current densities.
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