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Post-synthetic electrostatic adsorption-assisted fabrication of efficient
single-atom Fe-N-C oxygen reduction catalysts for Zn-air batteries

Le Li, Na Li, Jiawei Xia, Haoran Xing, Muhammad Arif, Yitao Zhao, Guangyu He* and Haiqun Chen*

ABSTRACT Highly efficient platinum-group metal (PGM)-
free electrocatalysts are essential for the large-scale utilization
of Zn-air batteries (ZABs). Herein, we report the simple fab-
rication of a single atomic PGM-free electrocatalyst, Fe-SA/N-
C, via a post-synthetic electrostatic absorption (PSEA) strat-
egy. The single Fe atoms are anchored on the three-di-
mensiaonal (3D) porous carbon with adjacent N atoms,
forming atomic Fe-N4 active sites. Fe-SA/N-C exhibits ex-
cellent ORR activity in 0.1 mol L−1 KOH aqueous solution (E1/2
= 0.92 V) and 0.5 mol L−1 H2SO4 aqueous solution (E1/2 =
0.77 V), superior to those of commercial Pt/C (0.85 and
0.79 V, respectively). As a proof of concept, homemade liquid
ZAB with Fe-SA/N-C catalyst displays outstanding dischar-
ging specific capacity and peak power density, outperforming
the commercial Pt/C. According to the density functional
theory calculation, the Fe-N4 sites with graphitic N dopant can
improve the activation of intermediates and decrease the en-
ergy barrier of the rate-determining step. This work highlights
new insights for the experimental and theoretical guidance of
PGM-free electrocatalysts and prescribes a general strategy for
the rational design of PGM-free electrocatalysts used in ZABs.

Keywords: 3D porous carbon, single-atom electrocatalyst, Fe-N4
active sites, oxygen reduction reaction, zinc-air battery, density
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INTRODUCTION
Zn-air batteries (ZABs), a potential sustainable and environ-
ment-friendly energy conversion technology, require highly
efficient electrocatalysts for the oxygen reduction reaction
(ORR) process [1–5]. The platinum-group metal (PGM) cata-
lysts have the highest kinetic activity and commercial accessi-
bility for driving the ORR on the cathode side [6–9]. However,
the high cost and scarcity of PGM catalysts restrict their wide-
spread applications. Hence, calling for the development of low-
cost, high-activity, and long-lasting alternatives to realize
industrialization for ZABs is of great significance [10–14].
Among the PGM-free catalysts, the metal-nitrogen-coordi-

nated carbon (M-N-C, M = Fe, Co, Zn, Cu, Mn, etc.) materials,
especially Fe (or Co)-N-C, since their discovery in 1964, have
emerged as one of the most promising substitutes [15,16]. Up to
now, their encouraging ORR activity has been revealed both
theoretically and experimentally [6,17–19]. The atomic Fe-Nx
moieties are commonly regarded as the active sites for Fe-N-C

catalysts, showing favorable ORR activity compared with that of
PGM catalysts [20,21]. Recently, Fe-Nx-C single-atom catalysts
(Fe-Nx-C SACs, where x is the coordination number) with
maximum utilization of metal atoms and homogeneity of active
sites have become a new research frontier in the catalysis
community [22,23]. Generally, Fe-Nx-C SACs can be synthe-
sized via direct pyrolysis of N-rich precursors with Fe salts [24–
26]. However, iron species tend to aggregate during the pyrolysis
process, resulting in the difficulty of removing iron-based
nanoparticles or clusters, which restricts the formation of atomic
Fe-Nx moieties [27]. In addition, the random mixing of the N-
rich precursors with the Fe salt causes the generation of dis-
ordered pores, which hinders the access of O2 species to the
surface of Fe-Nx moieties, leading to an inferior ORR activity
[28–31]. In view of this, the rational design of Fe-containing N-
riched precursors at an atomic level and the synthesis of
Fe-Nx-C electrocatalysts with reasonable porous structures are
crucial for the enhancement of the ORR activity of ZABs.
Metal-organic frameworks (MOFs), as a class of crystalline

porous materials featuring tailorable composition and structure,
have been regarded as a kind of ideal precursor for the pre-
paration of Fe-Nx-C SACs [32–37]. Despite considerable effort
on the preparation of SACs, current strategies for synthesizing
MOF-based Fe-Nx-C SACs are almost based on the one-step
pyrolysis of targeted metal-doped MOF precursors. Never-
theless, the doped metal species may influence the construction
of MOF precursors with ordered and regular morphology and
structure [38,39]. Since the carbonization of MOF and the for-
mation of single atoms occur simultaneously during the one-
step pyrolysis process, the interaction effects of the raw material
ratio, pyrolysis temperature, and metal loading on the formation
of MOF-based Fe-Nx-C SACs remain unclear [40,41]. Hence, to
gain a better understanding of the adaptability of this strategy, it
is necessary to develop a simpler and clearer approach for the
preparation of MOF-based Fe-Nx-C SACs with high Fe loading
and fully exposed Fe-Nx active sites.
Herein, we propose a post-synthetic electrostatic absorption

(PSEA) strategy to synthesize single-atom Fe (Fe-SA) catalysts
anchored on three-dimensiaonal (3D) N-doped porous carbon
(N-C) using Zn-MOF (zeolitic-imidazolate-frameworks-8; ZIF-
8) as the sacrificial template and Fe-Phen complexes (Fe2+ ions
coordinated with 1,10-phenanthroline) as the Fe-containing
precursors. The structures of both Fe-SA/N-C and Fe-N4 active
sites were in-depth studied via characterization techniques
assisted with density functional theory (DFT) calculation. The
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resultant catalyst, Fe-SA/N-C, with a high specific surface area
and a composite pore structure, is conducive to exposing more
active sites and facilitating the mass transfer during the elec-
trocatalytic process, exhibiting state-of-the-art ORR activity and
excellent battery performance in liquid ZABs.

EXPERIMENTAL SECTION

Chemicals
Zn (II) nitrate hexahydrate (Zn(NO3)2·6H2O, A.R.), ferrous
acetylacetonate (Fe(acac)2, A.R.), 1,10-phenanthroline (A.R.), 2-
methylimidazole (C4H6N2, A.R.), methanol (A.R.), ethanol
(A.R.), and Nafion solution (5%) were purchased from Sino-
pharm Chemical Reagent Co. Ltd, Shanghai, China. All the
chemicals and reagents were used as received without further
purification unless stated otherwise, and deionized (DI) water
was used throughout the whole experiment.

Synthesis of ZIF-8
In a typical procedure, 100 mL of methanol solution containing
3.57 g of Zn(NO3)2·6H2O was quickly poured into another
50 mL of methanol solution containing 4.22 g of C4H6N2 under
continuous stirring. After stirring for 20 h, the white precipitate
(ZIF-8) was centrifuged, washed with methanol three times, and
dried in vacuum at 60°C overnight.

Synthesis of Fe/ZIF-8
In a typical procedure, Fe-Phen solution (5.18 mg of Fe(acac)2
and 11.88 mg of phenanthroline (phen) dissolved in 20 mL of
methanol) was ultrasonicated for 30 min before being added into
100 mL of methanol solution containing 3.57 g of Zn(NO3)2·
6H2O under continuous stirring for 5 h. The above suspension
was quickly poured into another 50 mL of methanol solution
containing 4.22 g of C4H6N2 under continuous stirring. After
stirring for 20 h, the faint yellow precipitate (Fe/ZIF-8) was
centrifuged, washed with methanol three times, and dried in
vacuum at 60°C overnight.

Synthesis of N-C
The obtained ZIF-8 powder (ζ = 20 ± 5 mV, ζ represents the zeta
potential) was pyrolyzed at 950°C with the heating rate of 2°C
min−1 under flowing N2 atmosphere. After cooling down to
room temperature, the powder was post-treated with 0.5 mol L−1

H2SO4 aqueous solution, washed thoroughly with DI water until
neutral, and finally dried in vacuum at 60°C overnight, labelled
as N-C (ζ = −25 ± 5 mV).

Synthesis of Fe-N-C
The obtained Fe/ZIF-8 powder was pyrolyzed at 950°C with the
heating rate of 2°C min−1 under flowing N2 atmosphere. After
cooling down to room temperature, the powder was post-treated
with 0.5 mol L−1 H2SO4 aqueous solution, washed thoroughly
with DI water until neutral, and finally dried in vacuum at 60°C
overnight, labelled as Fe-N-C.

Synthesis of Fe-SA/N-C
N-C (100 mg) was dispersed in 40 mL of methanol under
sonication for 30 min. The Fe-Phen solution (5.18 mg of
Fe(acac)2 and 11.88 mg of phen dissolved in 20 mL of methanol)
was then ultrasonicated for 30 min before being added into the
above suspension under continuous stirring for 5 h. After fil-

tration, the resultant precipitate was rinsed with DI water and
dried in a vacuum oven overnight at 65°C to obtain Fe-Phen@N-
C (ζ = −10 ± 5 mV). The collected sample was pyrolyzed in a
tube furnace at 900°C for 3 h under N2 atmosphere. After
cooling down to room temperature, the black powder was post-
treated in 0.5 mol L−1 H2SO4 aqueous solution at 80°C and then
washed thoroughly with DI water until neutral. Finally, followed
by drying in vacuum at 60°C overnight, Fe-SA/N-C was
obtained.

Materials characterization
The morphological properties of the materials were character-
ized by scanning electron microscopy (SEM, Zeiss Sigma 300
Cold Field scanning electron microscope), transmission electron
microscopy (TEM, JEOL JEM-2100F, performed at U0 =
200 kV), and aberration corrector high-angle annular dark-field
scanning transmission electron microscopy (AC-HAADF-
STEM, FEI Theims Z, performed at 300 kV with a probe sphe-
rical aberration corrector). The crystalline structures of the
materials were analyzed via X-ray diffraction (XRD) patterns
recorded on a Rigaku Ultima IV X-ray diffractometer (Cu Kα, λ
= 0.15418 nm) with the scanning range of 2θ from 10° to 80°.
Raman spectra were recorded on a Thermo Fischer DXR Evo-
lution spectrometer at a laser wavelength of 633 nm. Specific
surface area and porous structure information were obtained
according to N2 adsorption-desorption isotherms performed on
an AUTOSORB IQ Autosorb Brunauer-Emmett-Teller (BET)
analyzer at 77 K. The chemical environment of each element was
characterized by X-ray photoelectron spectroscopy (XPS, UL V
AC PHI Quantera). The actual Fe content of Fe-SA/N-C was
measured via inductively coupled plasma mass spectrometry
(ICP-MS, PerkinElmer NexION 300X ICP). Atomic-level
investigations of the coordination structure of the materials were
conducted by X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) per-
formed at 1W1B station in the Singapore Synchrotron Light
Source (SSLS) center (operated at an energy of 2.5 GeV with an
average electron current of below 200 mA).

Fabrication of home-made liquid ZABs
A clean Zn plate with a thickness of 0.6 mm was employed as the
anode of liquid ZAB, and a 6 mol L−1 KOH aqueous solution
dissolving 0.2 mol L−1 Zn(Ac)2 was used as the electrolyte. The
air electrode comprises three layers following the order of nickel
foam, polyphenylene sulfide (PPS) sheet, and carbon paper,
which were served as the current collector, gas diffusion layer,
and catalyst carrier, respectively.

Electrochemical characterization
Electrochemical measurements for ORR and oxygen evolution
reaction (OER) were conducted on a CHI 760E electrochemical
potentiostat equipped with a PINE Modulated Speed Rotator,
using glassy carbon electrode (GCE) and carbon rod as the
working and counter electrodes, respectively. Hg/HgO and Ag/
AgCl electrodes were served as the reference electrodes for
alkaline medium (0.1 mol L−1 KOH aqueous solution) and acid
medium (0.5 mol L−1 H2SO4 aqueous solution), respectively. To
prepare the working electrode, freshly prepared ink composed of
3 mg of catalyst, 10 μL of 5% Nafion solution, 360 μL of ethanol,
and 125 μL of DI water was carefully dropped onto the surface of
GCE. After natural evaporation, a uniform layer with a catalyst
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loading of 299 μg cm−2 was obtained. Before the measurement,
the Hg/HgO electrode was calibrated to the reversible hydrogen
electrode (RHE) at 25°C in 0.1 mol L−1 KOH aqueous solution
(Fig. S1). The ORR polarization curves were recorded at room
temperature in the O2-saturated 0.1 mol L−1 KOH aqueous
solution and 0.5 mol L−1 H2SO4 aqueous solution at various
rotation rates (400–2500 r min−1). Polarization curves for OER
were recorded in 0.1 mol L−1 KOH aqueous solution at a scan
rate of 5 mV s−1. The potentials of the recorded polarization
curves without iR compensation in this work were all converted
to the RHE according to E(vs. RHE) = E(vs. Hg/HgO) + 0.89 V
in 0.1 mol L−1 KOH, and E(vs. RHE) = E(vs. Ag/AgCl) +0.059 ×
pH + 0.196 in 0.5 mol L−1 H2SO4.

DFT calculation
All theoretical calculations were implemented based on the
Vienna Ab initio Simulation Package (VASP). The projected-
augmented wave (PAW) method was applied. The exchange-
correlation energies were determined using the GGA method
parameterized with the PBE functional. The Brillouin zone was
sampled with Monkhorst-Pack mesh with a 2 × 2 × 1 k-point
grid. Both geometry optimization and thermodynamic calcula-
tion were carried out with the convergence tolerance of 0.001 Å,
force tolerance of 0.03 eV Å−1, and energy tolerance of 1.0 ×
10−5 eV.

RESULTS AND DISCUSSION

Characterizations of electrocatalysts
The synthetic procedure of the Fe-SA/N-C is illustrated in
Scheme 1. ZIF-8 was first synthesized by a classical wet chemical
synthetic process. Afterward, ZIF-8 was preheated at 950°C
under N2 atmosphere and then etched with H2SO4 aqueous
solution to remove excess Zn species, resulting in a dodecahe-
dron-shaped 3D host with a negative ζ, originating from Zn
atoms volatilizing into a partial vacancy structure [42]. Conse-
quently, the positively charged Fe-Phen complexes can be
readily adsorbed into the 3D porous carbon host, thanks to the
strong electrostatic interaction. The integrated precursor was
then post-heated under an N2 atmosphere and then immersed in
hot acid to finally generate Fe-SA/N-C. For comparison, the

reference samples obtained via the PSEA strategy without Fe-
Phen complexes and the one-step pyrolysis are labeled as N-C
and Fe-N-C, respectively. As for the synthetic precursors,
detailed information on morphological and structural char-
acterizations can be found in Figs S2–S5.
SEM and TEM images illustrate the uniform and regular

rhombic dodecahedra structure of Fe-SA/N-C with a size of
~400 nm after the harsh pyrolysis process and acid etching
(Fig. 1a, b and Fig. S6). High-resolution TEM (HR-TEM)
observation of Fe-SA/N-C reveals no visible nanoparticles rele-
vant to Fe-containing species on the disordered carbon matrix
(Fig. 1c). The corresponding selected area electron diffraction
(SAED) image displays a low crystallinity of the entire carbon
framework, implying the absence of crystalline Fe species (the
inset of Fig. 1c) [43]. HAADF-STEM image and the corre-
sponding elemental mapping images demonstrate that C, N, and
Fe species are homogeneously dispersed throughout the entire
region, without any characteristic features of nanoclusters or
nanoparticles (Fig. 1d). More importantly, AC-HAADF-STEM
images clearly show numerous uniformly distributed white
bright dots marked by red circles over the whole support, cor-
responding to Fe atoms (Fig. 1e, f) [10].
XRD pattern of Fe-SA/N-C presents two broad peaks (2θ =

24° and 43°) corresponding to (002) and (101) lattice planes of
the N-doped graphitic carbon, which are identical to those of N-
C and Fe-N-C (Fig. 1g) [44,45]. No Fe-containing crystalline
phases can be observed due to the isolated Fe-SA feature and the
low iron content (0.69 wt% measured by ICP-MS). Raman
spectra of N-C and Fe-SA/N-C exhibit two peaks at 1365 and
1584 cm−1 (Fig. 1h), ascribed to the disordered sp3 carbon (D
band) and graphitic sp2 carbon (G band), respectively. The
intensity ratios of D and G peaks (ID/IG) for N-C, Fe-N-C, and
Fe-SA/N-C are calculated to be 0.94, 0.93, and 0.91, respectively,
suggesting the highest graphitization degree of Fe-SA/N-C [46].
N2 adsorption-desorption isotherms of the as-synthesized cata-
lysts exhibit a typical type-I isotherm (Fig. 1i), indicating the
structures with relatively large micropores and small external
surfaces in the samples [47]. Micropores are regarded as the
primary host for the ORR active sites, where the adsorption of
oxygen primarily occurs [48]. Fe-SA/N-C possesses a larger BET
surface area (805.21 m2 g−1) than that of N-C (535.16 m2 g−1),

Scheme 1 Catalyst design: schematic illustration of the synthetic procedure of Fe-SA/N-C.
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originating from the larger micropore structure volume
(0.48 cm3 g−1) than that of N-C (0.32 cm3 g−1) induced by the
introduction of Fe species [49]. Since Fe species in Fe-N-C are
prone to aggregate during the one-step pyrolysis process,
resulting in the blockage of pores and channels. The specific
surface area (424.38 m2 g−1) and micropore structure volume
(0.27 cm3 g−1) of Fe-N-C are smaller than those of Fe-SA/N-C
and N-C. The pore size distribution analyses (the inset of Fig. 1i)
reveal the coexistence of micropores (size < 2 nm) and micro-
mesopores (2 nm < size < 4 nm) in Fe-SA/N-C and N-C,
allowing the accessibility of reactant molecules toward the active
Fe-Nx sites for more efficient mass transfer during the electro-
catalytic process [50]. Notably, such a high surface area and
composite pore structure enable Fe-SA/N-C to facilitate the
exposure of more Fe-Nx active sites, resulting in better ORR
catalytic performance.
The C 1s XPS spectrum of Fe-SA/N-C can be resolved into

C=C (~284.4 eV), C–C (~284.8 eV), C–N (~285.8 eV), and

O–C=O (~288.4 eV), indicating that the heteroatom N is
effectively doped into the network of porous carbon (Fig. 2a)
[51,52]. As for the Fe 2p high-resolution XPS spectra of Fe-SA/
N-C, the fitted peaks at ~731.83 and ~715.84 eV are assigned to
the satellite peaks of Fe, while the peaks at ~712.38 eV are
attributed to the Fe-Nx species (Fig. 2b). No other Fe-containing
species (e.g., metallic Fe, FeO, Fe2O3, FeC, etc.) can be detected
[53,54]. The high-resolution XPS spectra of N 1s of N-C and Fe-
SA/N-C can be deconvoluted into pyridinic-N (~398.02 eV),
pyrrolic-N (~399.36 eV), graphitic-N (~400.35 eV), and oxi-
dized-N (~403.36 eV). In addition, a peak at 398.96 eV assigned
to Fe-Nx species can be observed in both Fe-SA/N-C and Fe-N-C
(Fig. 2c and Fig. S7), confirming the complexation effect
between Fe and N species for the stabilization of single Fe atoms
[55]. The graphitic N is expected to affect the geometric and
electronic structures of the carbon skeleton and thus boost the
intrinsic ORR activity of the Fe-Nx sites [56–58]. Fe-SA/N-C
possesses a higher proportion of graphitic N than Fe-N-C

Figure 1 Morphological and structural characterizations. (a) SEM, (b) TEM, (c) HR-TEM images, and the corresponding SAED pattern of Fe-SA/N-C;
(d) HAADF-TEM image of Fe-SA/N-C and the corresponding EDS maps of C (red), N (orange), and Fe (yellow); (e, f) AC-HAADF-STEM image of Fe-SA/N-
C; (g) XRD patterns, (h) Raman spectra of Fe-SA/N-C, Fe-N-C, and N-C; (i) N2 adsorption-desorption isotherm and the corresponding pore-size distribution
curves (inset) of Fe-SA/N-C, Fe-N-C, and N-C.
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(Fig. S8 and Table S1), which is beneficial for regulating the
properties of active sites. In view of the results above, we pro-
posed a coordination structure of single Fe atoms coupled
with N atoms for Fe-SA/N-C in Fig. S9. Detailed discussion for
both structure analysis and ORR performance can be found as
follows.
To investigate the electronic structure and coordination

environment at the atomic scale, synchrotron-based X-ray
absorption spectroscopy (XAS) measurements were performed
on Fe-SA/N-C at the Fe K-edge [59–61]. The near-edge
absorption energy of Fe-SA/N-C is located between standard Fe
foil and Fe2O3, indicating that the oxidation state of Fe in Fe-SA/
N-C is between Fe0 and Fe3+ (Fig. 2d). Based on the Athena
software’s line combination fitting algorithm, the value of
Fe3+/Fe0+ in Fe-SA/N-C is 0.728:0.272, suggesting an average
valence of 2.18 for Fe in Fe-SA/N-C. More importantly, a pre-
edge peak at ~7114 eV with an additional peak at ~7131 eV can
be observed in Fe-SA/N-C, which is regarded as the fingerprint
of the Fe-N4 porphyrin-like moiety [62–64]. The Fe K-edge
Fourier transform (FT)-EXAFS shows the main peak at ~1.44 Å,

assigned to the Fe-N configuration (Fig. 2e). No metallic Fe-Fe
configuration (~2.21 Å) is detected, suggesting the existence of
Fe species in the form of single atoms, which is in good agree-
ment with the aberration-corrected HAADF-STEM result.
The wavelet transform (WT) was carried out to precisely

investigate the coordination environment of Fe species in Fe-SA/
N-C (Fig. 2f). The WT contour plots of Fe foil reveal a single
intensity maximum at 7.8 Å−1, which is ascribed to the Fe–Fe
bond. As for Fe2O3, the intensity maximums at 3.4 and 7.8 Å−1

are assigned to Fe–O and Fe–Fe bonds, respectively. Hence,
referring to the above-mentioned reference samples, the single
intensity maximum at ~3.8 Å−1 in the WT contour plots of Fe-
SA/N-C demonstrates Fe-N coordination for the isolated single
Fe atom. EXAFS fitting was conducted to further uncover the
quantitative local coordination parameters of Fe atoms (Fig 2g, h
and Fig. S10, and Table S2). The coordination number of N to
the central Fe atom is ~3.9, corresponding to a Fe–N bond
length of ~1.96 Å, which is consistent with the optimal bond
length of the model determined (1.94 Å) by DFT calculation.
The fitting result of EXAFS reveals the formation of a square

Figure 2 Structural characterizations. HRXPS spectra of (a) C 1s, (b) Fe 2p, and (c) N 1s; (d) Fe K-edge XANES spectra; (e) FT-EXAFS spectra, and (f) WT-
EXAFS of the Fe K-edge of Fe-SA/NC, Fe foil and Fe2O3; (g) k space fitting curves of Fe-SA/NC, Fe foil and Fe2O3; (h) R space fitting curves of Fe-SA/NC
(inset is the atomic structure model of Fe-SA/NC).
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planar Fe-N4 structure (the inset of Fig. 2h).

Electrocatalytic performance toward ORR
ORR performance of the as-synthesized catalysts was evaluated
by cyclic voltammetry (CV) and linear sweep voltammogram
(LSV) in a 0.1 mol L−1 KOH aqueous solution using a rotating
disk electrode (RDE). Here, typical redox peaks can be only
detected in O2-saturated electrolyte rather than in N2-saturated
electrolyte. The corresponding cathodic peaks of N-C, Fe-N-C,
Fe-SA/N-C, and Pt/C are centered at ~0.74, ~0.86, ~0.91, and
~0.87 V, respectively (Fig. S11). Fe-SA/N-C prepared under the
optimal conditions (Fig. S12) exhibits an Eonset of 1.02 V and an
E1/2 of 0.92 V (Fig. 3a, Table S3), which are much more positive
than those of N-C (0.82 and 0.72 V, respectively), Fe-N-C (0.99
and 0.89 V, respectively) and commercial Pt/C (0.96 and 0.85 V,
respectively). Fe-SA/N-C shows the smallest Tafel slope of
63 mV dec−1 (Fig. 3b) than that of N/C (119 mV dec−1), Fe-N-C
(85 mV dec−1) and commercial Pt/C (79 mV dec−1), demon-
strating the fastest ORR kinetics. The kinetic current density (jK)
of Fe-SA/N-C reaches 45.81 mA cm−2 at 0.85 V (Fig. 3c), which
is ~138.82 times that of N-C (0.33 mA cm−2), ~2.86 times that of

Fe-N-C (16.01 mA cm−2) and ~6.89 times that of commercial Pt/
C (6.65 mA cm−2), respectively. The potential difference (ΔE; ΔE
= E1/2-catalyst – E1/2-Pt/C) is applied to further assess the ORR
catalytic activity [65]. Obviously, Fe-SA/N-C exhibits a high ΔE
of 74 mV, which is superior to most of the reported ORR cat-
alysts (Fig. 3d and Table S4). The linearity of Koutecky-Levich
(K-L) plots derived from the ORR polarization curves at various
rotation speeds reveals first-order reaction kinetics related to
dissolved oxygen concentration. An electron transfer number
(n) of Fe-SA/N-C calculated from K-L plots is ~3.93,
approaching that of Pt/C (~4.21, the inset of Fig. 3e and Fig.
S13), demonstrating a 4e− oxygen reduction process in ORR.
The rotating ring-disk electrode (RRDE) measurements were
performed to further validate the ORR reaction pathways at the
potential of 1.4 V vs. RHE. All the obtained catalysts exhibit a
low yield of HO2

− and a similar average n at a potential ranging
from 0.2 to 0.8 V (Fig. 3f). In particular, Fe-SA/N-C shows an
average n of ~3.56 with HO2

− yield of ~4.71%, corresponding to
a typical 4e− ORR catalytic process.
Except for excellent ORR activity, the long-term durability of

electrocatalysts is also an important parameter for the sustain-

Figure 3 Electrocatalytic performance for ORR. (a) ORR polarization curves of N-C, Fe-N-C, Fe-SA/N-C, and commercial Pt/C in O2-saturated 0.1 mol L−1

KOH at 1600 r min−1; (b) Tafel plots, (c) jK and E1/2 of N-C, Fe-N-C, Fe-SA/N-C, and commercial Pt/C; (d) comparison of ΔE in this work with other
representative catalysts; (e) polarization curves of Fe-SA/N-C at varied rotating speeds ranging from 400 to 2500 r min−1 (the inset shows the K-L plots at
different potentials); (f) n and peroxide yield (%), (g) stability test, (h) methanol-tolerant test, (i) the extraction of the Cdl of N-C, Fe-N-C, Fe-SA/N-C, and
commercial Pt/C.
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able utilization of ZABs. According to the current-time curves in
Fig. 3g, Fe-SA/N-C exhibits a satisfactory current density
retention rate of 95.67% after 20 h in 0.1 mol L−1 KOH aqueous
solution, which is much higher than that of N-C (77.07%), Fe-N-
C (83.89%), and commercial Pt/C (56.21%), thanks to the stable
chemical structure of Fe-N4 active sites. In addition, the Fe
species in Fe-SA/N-C still exist in the form of single atoms after
20 h of chronoamperometry testing (Figs S14–S17), confirming
its structural and mechanical stabilities. When 0.3 mol L−1

methanol was added to the electrolyte for the chron-
oamperometry test (Fig. 3h), a substantial current change
occurred over commercial Pt/C but not over other obtained
samples, revealing an adequate methanol tolerance for Fe-SA/N-
C, N-C, and Fe-N-C.
The double-layer capacitance (Cdl) calculated via CV mea-

surements was conducted to evaluate the electrochemically
active surface area (ECSA). The Cdl of Fe-SA/N-C is significantly
higher than that of other reference samples (Fig. 3i and Fig. S18),
owing to the combined effects of the huge specific surface area,
well-ordered composite pore structure, and stable Fe-N4 active
sites of Fe-SA/N-C. In addition to the excellent ORR perfor-
mance in alkaline medium discussed above, the OER activities
for Fe-SA/N-C were tested in 0.1 mol L−1 KOH. Detailed
information on OER measurements can be found in Fig. S19.
The ORR activity in acidic media is especially crucial due to its

potential application in acidic proton exchange membrane fuel
cells (PEMFCs). The ORR activities of the as-synthesized cata-
lysts and commercial Pt/C were studied in 0.5 mol L−1 H2SO4
aqueous solution (Fig. S20). Here, Fe-SA/N-C displays an Eonset
of 0.98 V and an E1/2 of 0.77 V for ORR, which is close to those
of commercial Pt/C (0.94 and 0.79 V, respectively) and higher
than those of Fe-N-C (0.75 and 0.57 V, respectively, Table S5), as

well as most of the non-PMG ORR electrocatalysts reported
recently (Table S6). As for the reference samples, detailed
information on ORR measurements in acidic medium can be
found in Figs S20, S21 and Tables S5, S6.

ZAB performance
Inspired by the superior activity of Fe-SA/N-C toward ORR, we
constructed a homemade liquid ZAB (LZAB@Fe-SA/N-C) using
Fe-SA/N-C as the catalyst (Fig. 4a). Detailed information about
the assembly of ZAB can be seen in the experimental section in
the Supplementary information. Reference ZABs were also
assembled for comparison by using commercial Pt/C+RuO2 as
the catalyst, labelled as LZAB@Pt/C. LZAB@Fe-SA/N-C shows a
stable open-circuit voltage (OCV) of ~1.55 V, higher than that of
LZAB@Fe-N-C (~1.47 V) and LZAB@Pt/C+RuO2 (~1.49 V,
Fig. 4b). Moreover, two series-wound LZAB@Fe-SA/N-Cs can
power a red light-emitting diode (LED) array (3–5 V), indicating
broad application prospects for the field of electronic devices
(the inset of Fig. 4b). According to the long-time galvanostatic
discharge at the current density of 5 mA cm−2 (Fig. 4c),
LZAB@Fe-SA/N-C holds a superior discharge specific capacity
of 800.86 mA h g−1 and a higher energy density of
985.06 W h kg−1, compared with LZAB@Fe-N-C
(728.41 mA h g−1, energy density = 801.7 W h kg−1, respec-
tively), LZAB@Pt/C+RuO2 (657.32 mA h g−1, energy density =
775.61 W h kg−1, respectively), and other newly reported ZABs
with PGM-free catalysts (Table S7).
Particularly, the charging polarization curves were recorded in

Fig. 4d. The peak power density and current density of
LZAB@Fe-SA/N-C at a voltage of ~0.44 V have achieved up to
144.34 mW cm−2 and 325.11 mA cm−2, respectively, out-
performing those of LZAB@Fe-N-C (113.89 mW cm−2,

Figure 4 Electrochemical performance of liquid ZABs. (a) Schematic illustration of the mechanism of the liquid ZAB; (b) OCV curves (inset: the photograph
of two LZAB@Fe-SA/N-Cs powering the red LED array); (c) voltage-specific capacity curves of LZAB@Fe-SA/N-C, LZAB@Fe-N-C and LZAB@Pt/C+RuO2;
(d) discharge polarization curves and corresponding power density curves; (e) discharge curves of ZABs at different current densities; (f) discharge-charge
cycling curves at 5 mA cm−2 (20 min for each cycle) of liquid ZABs with Fe-N-C, Fe-SA/N-C and Pt/C+RuO2 as the air cathode catalysts, respectively.

ARTICLES SCIENCE CHINA Materials

998 March 2023 | Vol. 66 No.3© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022



249.76 mA cm−2, at a voltage of ~0.46 V) and LZAB@Pt/C
(54.71 mW cm−2, 141.46 mA cm−2, at a voltage of ~0.47 V).
Galvanostatic discharge observations at current densities ran-
ging from 5 to 100 mA cm−2 are shown in Fig. 4e. Obviously, the
discharge potential of LZAB@Fe-SA/N-C is much higher and
more stable at different current densities than that of LZAB@Fe-
N-C and LZAB@Pt/C. The discharge voltage of LZAB@Fe-SA/
N-C can still be maintained at ~0.87 V even at 100 mA cm−2,
while for LZAB@Pt/C, noticeable voltage variations can be
observed at 50 and 100 mA cm−2, indicating excellent stability of
LZAB@Fe-SA/N-C at high current densities [66]. When the
current density returns to 5 mA cm−2, the discharge voltage
(1.16 V) of LZAB@Fe-SA/N-C still maintains 98.31% of the
initial discharge voltage (1.18 V), higher than that of LZAB@Fe-
N-C (1.14 V vs. 1.17 V, 97.43%) and LZAB@Pt/C (1.10 V vs.
1.16 V, 94.83%), revealing a prominent durability in the practical
application. The long-term cycling tests are illustrated in Fig. 4f.
LZAB@Fe-SA/N-C exhibits superior cycling stability with neg-
ligible voltage decay of up to 340 h (1020 cycles) to those of
LZAB@Fe-N-C (160 h and 480 cycles, respectively) and
LZAB@Pt/C (40 h and 120 cycles, respectively), which further
evidences its superiority as the cathode catalyst in LZABs.

Catalytic mechanism
The mechanism underlying the enhanced catalytic activity of Fe-
SA/N-C during the ORR process was studied via DFT calcula-
tion. Two optimized configurations were built, as shown in
Fig. S22. Here, a common Fe-N4 center and a Fe-N4 center with
graphitic N dopant nearby represent the active sites of Fe-N-C
and Fe-SA/N-C, respectively. The free energy diagram for 4e−

pathways on Fe-SA/N-C in an alkaline electrolyte is shown in
Fig. 5a and Fig. S23.
As shown in Fig. 5b, c, at U = 0 V, both Fe-SA/N-C and Fe-N-

C have the smallest absolute value of free energy change in the
fourth step (desorption of *OH, |ΔG4-Fe-SA/N-C| = 0.61 eV,
|ΔG4-Fe-N-C| = 0.37 eV, respectively), suggesting that the fourth
step serves as the rate-determining step (RDS) and dominates
the ORR overpotential [43]. Meanwhile, the limiting potential of
Fe-SA/N-C for ORR (denoted as UL-ORR) was calculated to be

0.61 V, which is higher than that of Fe-N-C (0.37 V). At U =
1.23 V, the RDS energy barrier required to overcome for Fe-SA/
N-C is 0.62 eV, lower than that required for Fe-N-C (0.86 eV).
Particularly, at U = 0.92 V (E1/2 from electrochemical tests,
Fig. 5d), the third and fourth steps of Fe-SA/N-C and Fe-N-C
are both uphill, and the RDS energy barrier for Fe-SA/N-C
(0.31 eV) is smaller than that for Fe-N-C (0.55 eV), in agreement
with the electrochemical test results. All the results above further
verify the high activity of the Fe-N4 center with graphitic N
dopants that can decrease the energy barrier of the RDS and thus
accelerate the ORR process.

CONCLUSIONS
In summary, we propose a simple PSEA strategy to synthesize an
atomically dispersed Fe-N4 catalyst anchored on N-doped 3D
porous carbon. The atomic Fe-N4 moiety with adjacent graphitic
N dopants can effectively promote the generation of reactive
intermediates and decrease the energy barrier for the RDS, thus
accelerating the intrinsic ORR processes. The resultant catalyst,
Fe-SA/N-C, shows outstanding ORR performance in terms of
high onset potential (1.02 V in 0.1 mol L−1 KOH aqueous solu-
tion, 0.98 V in 0.5 mol L−1 H2SO4 aqueous solution, respec-
tively), half-wave potential (0.92 V in 0.1 mol L−1 KOH aqueous
solution, 0.77 V in 0.5 mol L−1 H2SO4 aqueous solution,
respectively), high kinetic current density (45.81 mA cm−2@
0.85 V in 0.1 mol L−1 KOH aqueous solution, 4.26 mA cm−2@
0.75 V in 0.5 mol L−1 H2SO4 aqueous solution, respectively),
excellent stability, and methanol resistance. Notably, the
homemade liquid ZAB assembled with Fe-SA/N-C as the cata-
lyst exhibits remarkable battery performance in terms of high
OCV (~1.55 V), potential specific capacity (800.86 mA h g−1),
peak power density (144.34 mW cm−2), and excellent discharge
voltage retention rate at high current densities (98.31%). The
combination of experimental results and mechanism studies
reveals that the outstanding ORR activity stems from:
(1) enhanced intrinsic activity of Fe-N4 with adjacent graphitic
N dopants; (2) high surface area and composite pore structure
that is beneficial for the accessibility of reactant molecules
toward active sites. This work provides a new idea for designing
and synthesizing highly efficient PGM-free electrocatalysts for
ORR.
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后合成静电吸附辅助制备高效Fe-N-C单原子氧还原
催化剂用于锌-空气电池
李乐, 李娜, 夏佳伟, 邢浩然, 阿里夫·默罕默德, 赵宜涛, 何光裕*,
陈海群*

摘要 设计和制备高效的非铂族催化剂对锌-空气电池的大规模应用至
关重要. 本文采用简单的后合成静电吸附策略制备了Fe-N-C单原子催
化剂(Fe-SA/N-C). 其中, Fe原子与相邻的氮原子形成Fe-N4活性位点并
锚定在三维多孔碳上. 该催化剂在0.1 mol L−1 KOH (E1/2 = 0.92 V)和
0.5 mol L−1 H2SO4 (E1/2 = 0.77 V)中均表现出优异的氧化还原活性,性能
优于商业Pt/C催化剂(0.1 mol L−1 KOH, E1/2 = 0.85 V; 0.5 mol L−1

H2SO4, E1/2 = 0.79 V). 此外, 以Fe-SA/N-C作为阴极催化剂自组装的液
体锌-空气电池具有优异的放电比容量和峰值功率密度, 优于商业Pt/C
催化剂. 密度泛函理论计算结果表明, 石墨化氮掺杂的Fe-N4位点能有
效提高ORR中间产物的活化程度, 降低速率决定步骤的能垒. 本工作对
非铂族催化剂的实验制备和理论研究提出了新的见解, 为锌-空气电池
中使用的非铂族催化剂的合理设计提供了一般策略.

SCIENCE CHINA Materials ARTICLES

March 2023 | Vol. 66 No.3 1001© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022

https://doi.org/10.1002/adfm.201901531
https://doi.org/10.1002/adfm.201901531
https://doi.org/10.1021/jacs.6b00757
https://doi.org/10.1002/smll.201901485
https://doi.org/10.1039/C7NR04349J
https://doi.org/10.1021/acsami.7b01712
https://doi.org/10.1002/adma.201903415
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1238/Physica.Topical.115a00232
https://doi.org/10.1103/PhysRevB.52.2995
https://doi.org/10.1016/j.apcatb.2020.118720
https://doi.org/10.1002/adma.201806312
https://doi.org/10.1002/smll.202002203
https://doi.org/10.1039/C8TA11785C
https://doi.org/10.1021/acscatal.0c05577

	Post-synthetic electrostatic adsorption-assisted fabrication of efficient single-atom Fe-N-C oxygen reduction catalysts for Zn-air batteries 
	INTRODUCTION
	EXPERIMENTAL SECTION
	Chemicals
	Synthesis of ZIF-8
	Synthesis of Fe/ZIF-8
	Synthesis of N-C
	Synthesis of Fe-N-C
	Synthesis of Fe-SA/N-C 

	Materials characterization
	Fabrication of home-made liquid ZABs
	Electrochemical characterization
	DFT calculation

	RESULTS AND DISCUSSION
	Characterizations of electrocatalysts
	Electrocatalytic performance toward ORR
	ZAB performance
	Catalytic mechanism

	CONCLUSIONS


