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usage and energy crisis alleviation.[1–3] 
For renewable energy systems, recharge-
able metal–air batteries and proton-
exchange-membrane fuel cells (PEMFCs) 
have attracted huge attention by virtue 
of high energy density, low cost, and 
environmental friendliness.[4–7] The effi-
ciency of electrocatalysts employed in 
both energy systems is heavily dependent 
on electrochemical reactions associated 
with oxygen, including both the oxygen 
reduction reaction (ORR) and the oxygen 
evolution reaction (OER).[8–10] However, 
the poor activity and sluggish kinetics 
of four proton-coupled electron-transfer 
steps in ORR and OER severely hinder 
their application in zinc–air batteries.[11–13] 
Although precious-metal catalysts have 
been considered to be the benchmarks 
for use in zinc–air batteries (Pt for ORR 
side; RuO2 and IrO2 for OER side), their 
extremely high cost, natural scarcity, lim-
ited stability, and potential for competing 
methanol crossover and CO poisoning 
reactions have greatly limited their large-
scale commercial implementation.[14,15] 

Therefore, development of efficient bifunctional electrocata-
lysts to overcome the sluggish kinetics of ORR in the dis-
charging process and OER in the charging process is crucial 
for zinc–air batteries.[3,6,16]

Rechargeable zinc–air batteries typically require efficient, durable, and inex-
pensive bifunctional electrocatalysts to support oxygen reduction/evolution 
reactions (ORR/OER). However, sluggish kinetics and mass transportation 
challenges must be addressed if the performance of these catalysts is to be 
enhanced. Herein, a strategy to fabricate a catalyst comprising atomically 
dispersed iron atoms supported on a mesoporous nitrogen-doped carbon 
support (Fe SAs/NC) with accessible metal sites and optimized electronic 
metal–support interactions is developed. Both the experimental results and 
theoretical calculations reveal that the engineered electronic structures of the 
metal active sites can regulate the charge distribution of Fe centers to  
optimize the adsorption/desorption of oxygenated intermediates. The Fe  
SAs/NC containing Fe1N4O1 sites achieves remarkable ORR activity over  
the entire pH range, with half-wave potentials of 0.93, 0.83, and 0.75 V  
(vs reversible hydrogen electrode) in alkaline, acidic, and neutral electrolytes, 
respectively. In addition, it demonstrates a promising low overpotential of 
320 mV at 10 mA cm−2 for OER in alkaline conditions. The zinc–air battery 
assembled with Fe SAs/NC exhibits superior performance than that of Pt/
C+RuO2 counterpart in terms of peak power density, specific capacity, and 
cycling stability. These findings demonstrate the importance of the electronic 
structure engineering of metal sites in directing catalytic activity.
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1. Introduction

The development of advanced energy conversion and storage 
technologies is important to fulfill the purpose of clean energy 
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Single-atom catalysts (SACs), by virtue of their well-defined 
atomic structure, maximal metal utilization, unique electronic/
geometric properties, and excellent activity and selectivity, have 
attracted considerable research attention.[17–26] Nitrogen-doped 
carbon (NC) supported transition metal-based SACs, which 
exhibit the merits of good electrical conductivity, low cost, envi-
ronmental friendliness, and comparable catalytic activity with 
precious-metal counterparts, have been regarded as one of the 
potentially feasible alternatives to precious-metal-based elec-
trocatalysts in ORR and OER.[27–30] For example, Chen et al.  
reported a polymerization–pyrolysis–evaporation strategy to 
synthesize N-doped porous carbon with atomically dispersed 
Fe1-N4 sites.[31] Experimental results and theoretical calcula-
tions demonstrated superior trifunctional electrocatalytic per-
formance. Sun et al. described a single-atom Fe electrocatalyst 
by incorporating Fe-Phen complexes into the nanocages during 
the growth of ZIF-8, followed by pyrolysis under an inert 
atmosphere.[32] As a cathode catalyst for zinc–air batteries, it 
delivered remarkable electrochemical performances in alkaline 
conditions. Zhang and co-workers developed a clicking con-
finement strategy to create a single-atom cobalt electrocatalyst 
using cobalt-coordinated porphyrin and carbon nanotubes.[33] 
It exhibited impressive bifunctional oxygen electrocatalytic per-
formance with an activity ΔE of merely 0.79  V. Nevertheless, 
further improvement in oxygen bifunctional electrocatalytic 
activity is still required to meet the real-life demands in energy 
storage systems.[20,34,35] In general, increasing the metal loading 
with a high number of exposed metal sites and optimizing the 
corresponding electronic structure are two important tactics to 
improve the intrinsic activity of electrocatalysts.[36–39] One grand 
challenge faced by NC-supported SACs is that when a high 
number of metal precursors are used but without a proper mod-
ification to the synthetic methods, these atomically dispersed 
metal sites tend to aggregate into large nanoclusters during 
pyrolysis, which is detrimental to electrocatalytic activity.[19,20] 
Another challenge is ensuring the maximal exposure of metal 
sites in a 3D NC matrix, with negligible numbers of metal sites 
being buried inside and inaccessible, to significantly minimize 
the mass transport effects.[28,37,40,41] Furthermore, engineering 
the electronic structure of metal sites by tuning coordination 
environments can further optimize the adsorption/desorption 
of oxygen intermediates to effectively enhance the kinetics 
and activity of SACs.[20,34,42] Therefore, creating an efficient 
approach to simultaneously expose high-density active sites and 
precisely tune the electronic structure in SACs is required to 
endow excellent bifunctional ORR and OER performance in 
rechargeable zinc–air batteries. Meeting these design require-
ments is the main goal of this paper.

In this work, we report on a straightforward strategy to 
create oxygen-modified isolated Fe sites distributed over a 
nitrogen-doped carbon catalyst (Fe SAs/NC), with one O atom 
coordinating with a single Fe atom and perpendicular to the 
Fe1-N4 plane. By regulating the electronic structure of the Fe 
sites through oxygen coordination at the optimized Fe1N4O1 
moieties, the highly exposed Fe sites in Fe SAs/NC displayed 
excellent bifunctional oxygen electrocatalytic activity, superior 
to that exhibited by commercial Pt/C and RuO2 catalysts under 
alkaline conditions. In addition, it achieved excellent ORR 
activity in pH-universal electrolyte systems. Most importantly, 

the engineered electronic structure of optimized Fe1N4O1 moi-
eties demonstrated high performance in rechargeable zinc–air 
batteries and proton exchange membrane fuel cells (PEMFCs), 
highlighting the potential for energy conversion systems.

2. Results and Discussion

A combined polymer coating, wet chemistry adsorption, 
ammonia treatment, and pyrolysis approach was conducted to 
create a single-atom Fe catalyst over a mesoporous nitrogen-
doped carbon catalyst (Fe SAs/NC). The detailed synthetic 
procedure is shown in Figure 1a. Zeolitic imidazolate frame-
work-8 (ZIF-8) was coated with a mixture of dopamine and 
F127 in a mixed ethanol/H2O solvent before addition of iron 
acetylacetonate solution (Figure S1, Supporting Information). 
The pH of the mixture was adjusted by ammonia solution to 
8.5. After continuous stirring, the precipitates were collected 
and annealed under an argon atmosphere to obtain Fe SAs/NC 
(metal loading of 1.29 wt.%, Table S1, Supporting Information). 
The morphology of as-prepared Fe SAs/NC was illustrated by 
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) observations (Figure 1b–d). After high-
temperature carbonization, a concave morphology with sharp 
edges and interior cavities was noticed for Fe SAs/NC. This 
is associated with the anisotropic thermal shrinkage of ZIF-8 
induced by a polymer coating.[43] A high-resolution TEM (HR-
TEM) image and the corresponding ring-like selected-area 
electron diffraction (SAED) pattern of Fe SAs/NC confirms the 
absence of Fe nanoclusters in the catalyst (Figure 1e). A spher-
ical-aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (AC HAADF-STEM) 
imaging with sub-angstrom resolution demonstrated densely 
populated bright dots, marked with yellow circles, corre-
sponding to heavier Fe atoms with different Z-contrast relative 
to the NC support (Figure  1f; Figure S2, Supporting Informa-
tion). Energy-dispersive X-ray spectroscopy (EDS) elemental 
mapping unveils that the Fe, C, and N elements are uniformly 
distributed in Fe SAs/NC (Figure  1g). The reference sample 
of Fe1/NC with atomic dispersion (metal loading of 0.91 wt.%) 
was prepared without the use of dopamine and F127 during 
the synthesis (Figures S3–S6 and Table S1, Supporting Infor-
mation). The high-resolution Fe 2p spectrum demonstrates 
that no signal of metallic Fe was found in Fe1/NC (Figure S7, 
Supporting Information). Moreover, the Fe 2p3/2 peak of Fe1/
NC was located at 710.9 eV, which is situated between Fe0 and 
Fe2+, suggesting the Fe species were positively charged (Feδ+,  
0 < δ  < 2).[44–46] The high-resolution N 1s and C 1s spectra of  
Fe1/NC were shown in Figures S8 and S9 and Table S2 (Sup-
porting Information). The position of pyridinic-N of Fe1/NC 
in Figure S8 (Supporting Information) was up-shifted 0.13  eV 
 compared to that of NC (ZIF-8), implying the formation of 
Fe-pyridinic N sites. Two other reference samples were syn-
thesized, the first undergoing the same synthesis process but 
without addition of Fe ions (denoted NC, Figures S10 and 
S11, and Table S1, Supporting Information) while the second, 
denoted NC (ZIF-8) was obtained by simple pyrolysis of ZIF-8 
(Figures S12 and S13, Supporting Information). Raman spec-
trum of Fe SAs/NC showed a higher degree of structural 
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defects, as indicated by a relatively higher ID/IG ratio of  
1.45 compared to other references (Figure S14, Supporting 
Information). The mesoporous structure of Fe SAs/NC was 
confirmed by N2 adsorption/desorption characterization 
(Figure S15 and Table S3, Supporting Information), where 
typical micro-/mesopores were observed. The combined use 
of dopamine, F127, and ammonia during the synthesis makes 
Fe SAs/NC possesses the highest porosity and specific sur-
face area. This is favorable to the accessibility of metal active 
sites and reactant/electron transfer during the electrochemical 
reactions.[35,41]

The amorphous nature of the samples was confirmed 
by powder X-ray diffraction (XRD) shown in Figure 2a. The 
absence of bulk Fe in Fe SAs/NC reveals the high dispersion 
of Fe species, without larger aggregates, over the NC sup-
port. The chemical composition and electronic structure of Fe  
SAs/NC were investigated by X-ray photoelectron spectros-
copy (XPS). The survey scan showed that the C, N, O, and 
Fe peaks are observed in Fe SAs/NC (Figure S16, Supporting 
 Information). The high-resolution C 1s spectrum of Fe SAs/NC 
(Figure S17, Supporting Information) can be deconvolved into 
three peaks, corresponding to CC/CC at 284.6 eV, CCN 
at 285.8 eV, and OCO at 288.9 eV. The high-resolution Fe 2p 
spectrum (Figure 2b) was resolved into doublet peaks for Fe2+ 
(710.9 and 723.5  eV) and Fe3+ (715.5 and 728.3  eV), implying 
electron-deficient characteristics of the cationic Fe species.[44–46] 
The high-resolution N 1s spectrum in NC (Figure 2c; Table S4, 

Supporting Information) reveals the presence of three types 
of nitrogen species, being pyridinic-N at 398.2  eV, pyrrolic-N 
at 399.1 eV, and graphitic-N at 401.1 eV. After deposition of Fe 
single atoms over the NC support, the pyridinic-N peak was 
up-shifted 0.12 eV, suggesting the formation of Fe-pyridinic N 
sites. Fourier-transform infrared (FT-IR) spectra of samples are 
displayed in Figure S18 (Supporting Information). All of the 
data provides the typical feature of NC materials. The electron 
paramagnetic resonance (EPR) spectrum of Fe SAs/NC with a 
g value of 2.10 is shown in Figure S19 (Supporting Informa-
tion), which is associated with the coordinatively unsaturated 
nature of Fe sites.

Synchrotron X-ray absorption near-edge structure (XANES) 
and extended X-ray absorption fine structure (EXAFS) spectros-
copy  were performed to investigate atomic dispersion, chem-
ical state, and coordination environment of Fe species in Fe  
SAs/NC. Figure  2d shows that the adsorption edge of Fe  
SAs/NC is situated between those of FeO and Fe2O3 and 
more positive than that of FePc. This suggests these Fe spe-
cies in Fe SAs/NC carry positive charges with the valance state 
between +2 and +3. Fourier-transformed k2-weighted EXAFS 
spectra of the samples are shown in Figure 2e. These allow a 
more intuitive visualization of the local coordination structure. 
Fe SAs/NC delivered one dominant peak at 1.78 Å which is 
associated with FeN first shell coordination. Notably, this peak 
position is close to that of reference FePc. Moreover, no peaks 
from FeO and FeOFe coordination were observed in Fe 
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Figure 1. Synthesis and morphology characterization of Fe SAs/NC. a) Schematic illustration of the synthetic route. b) SEM image. c,d) TEM images, 
e) HR-TEM image, and SAED pattern (inset in (e)). f) High-resolution AC HAADF-STEM image. g) EDS elemental mappings.
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SAs/NC, implying the vast majority of Fe species in the catalyst 
are atomically dispersed. Quantitative least-squares EXAFS fit-
ting analysis (Figures 2f; Figure S20 and Table S5, Supporting 
Information) reveals that the Fe center is in a penta-coordi-
nated geometry with four N atoms and one O atom to form an  
O1–Fe1–N4 structure in Fe SAs/NC, with average FeN and 
FeO bond lengths of 1.99 Å and 2.04 Å, respectively. EXAFS 
wavelet transform (WT) analysis further confirmed the pres-
ence of the FeN/FeO path in Fe SAs/NC (Figure 2g). Overall, 
these results validate that the Fe species exist as isolated atoms 
in Fe SAs/NC. We further investigated the atomic dispersion 
and coordination environment of Fe species in Fe1/NC refer-
ence sample, and the results demonstrate that these isolated Fe 
atoms are positively charged with Fe1-N4 coordination environ-
ment (Figure S21 and Table S5, Supporting Information).

Soft X-ray absorption spectroscopy (XAS) was then  
conducted to study the electronic properties of N and C in Fe 
SAs/NC and NC. Four dominant peaks are observed in the N 
K-edge spectra (Figure 2h) and they are associated with: a) π* 
pyridinic N, b) π* pyrrolic N, c) π* graphitic N, and d) σ* CN 
bonding, respectively. Compared with NC, all of these peaks 
shifted to higher photon energies in Fe SAs/NC, meaning a 
substantial amount of electron density was transferred between 

C and N after deposition of Fe species. Moreover, the intensity 
of peak a is reduced when compared with that of NC, sug-
gesting the formation of Fe–pyridinic N sites. The C K-edge 
spectra of Fe SAs/NC and NC (Figure  2i) exhibited character-
istic peaks of the π* CC (286.8 eV), CNC (289.5 eV), and 
σ* CC (293.8  eV) peaks. In Fe SAs/NC, the intensity of the 
CNC peak was decreased, whereas the π* CC ring peak 
was increased. This can be explained by the electronic density 
change in the NC material after anchoring atomically dispersed 
Fe atoms. When compared with NC, the valence bands of  
Fe SAs/NC and Fe1/NC shifted away from the Fermi level 
(Figure S22, Supporting Information), which is associated with 
a weakened binding with molecular oxygen. In addition, the 
valence band of Fe SAs/NC was intermediate to those of NC 
and Fe1/NC. This suggests that the binding strength between 
the catalyst and molecular oxygen is neither too strong nor too 
weak. The work functions of Fe SAs/NC, Fe1/NC, and NC were 
measured to be 4.09, 4.38, and 4.59 eV, respectively (Figure 2j). 
The smaller work function of Fe SAs/NC is highly desirable for 
obtaining high ORR activity.[47,48]

The ORR performance of these catalysts was examined 
using rotating disk electrode (RDE) and rotating ring-disk elec-
trode (RRDE) measurements in 0.1 m KOH. The linear sweep 

Adv. Mater. 2023, 35, 2209644

Figure 2. Atomic structural analysis of Fe SAs/NC. a) XRD patterns. b,c) High-resolution XPS Fe 2p (b) and N 1s (c) spectra. d) Fe K-edge XANES 
spectra. e) FT k2-weighted Fe K-edge EXAFS spectra. f) EXAFS fitting results in R space (inset, schematic model of Fe1N4O1). g) 3D contour WT-EXAFS 
plots. h,i) N (h) and C (i) K-edge XANES spectra. j) Secondary-electron tail threshold spectra.
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voltammetry (LSV) curves showed that the optimized catalyst 
loading of Fe SAs/NC was 0.23 mg cm−2 (Figure S23, Supporting 
Information). As shown in Figure 3a, Fe SAs/NC demon-
strated an exceptional ORR activity with an early-onset potential  
(Eonset, defined as the potential at 0.1  mA cm−2) of 1.11  V vs 
reversible hydrogen electrode (RHE, all potentials are refer-
enced to RHE) and a half-wave potential (E1/2) of 0.93 V, outper-
forming the benchmark Pt/C (Eonset of 1.00 V, E1/2 of 0.85 V) and 
other references. Moreover, the ORR activity of Fe SAs/NC is 
among the best-performing non-precious-metal catalysts under 
 alkaline conditions (Table S6, Supporting Information). The fast 
ORR kinetics (Figure 3b) of Fe SAs/NC was demonstrated by a 
smaller Tafel slope of 77.5 mV dec−1 compared to 108.8 mV dec−1 
for Fe1/NC, 119.1  mV dec−1 for NC, 127.7  mV dec−1 for Pt/C, 
and 169.3 mV dec−1 for NC (ZIF-8). As shown in Figure 3c, Fe 

SAs/NC presents the highest kinetic current densities (Jk) of 
63.69 mA cm−2 and 25.84 mA cm−2 at 0.80 V and 0.85 V, respec-
tively, significantly higher than those of Fe1/NC (4.59 mA cm−2 
and 2.51 mA cm−2), Pt/C (15.75 mA cm−2 and 4.25 mA cm−2), 
NC (6.67 mA cm−2 and 2.67 mA cm−2), and ZIF-8 derived NC 
(0.78  mA cm−2 and 0.39  mA cm−2). This further verified the 
excellent ORR activity of Fe SAs/NC. The electrochemical active 
surface area (ECSA) of these catalysts was calculated based 
on the positive relationship between ECSA and electrochem-
ical double-layer capacitance (Cdl). As shown in Figure S24  
(Supporting Information), the calculated Cdl of Fe SAs/NC 
is 8.07 mF cm−2, which is larger than those of 2.93 mF cm−2 
for Fe1/NC, 7.36 mF cm−2 for Pt/C, 1.65 mF cm−2 for NC, and  
0.77 mF cm−2 for NC (ZIF-8). The high Cdl value of Fe SAs/NC  
is beneficial to the fast kinetics and high utilization of active 

Adv. Mater. 2023, 35, 2209644

Figure 3. ORR and OER activity of Fe SAs/NC in 0.1 m KOH solution. a) ORR polarization curves and b) the corresponding Tafel plots. c) Comparisons 
of Jk at 0.80 V and 0.85 V of samples. d) ORR polarization curves of Fe SAs/NC at different rotating speeds (inset: K–L plots and electron-transfer 
numbers). e) RRDE measurements (inset: electron transfer number (n) and H2O2 selectivity). f) ORR polarization curves of Fe SAs/NC before and 
after 20 000 potential cycles. g) OER polarization curves and h) the corresponding Tafel plots. i) Overall polarization curves of samples within the ORR 
and OER potential window.
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sites. Next, the ORR pathways of these catalysts were dem-
onstrated by the Koutecký–Levich (K–L) plots derived from 
the LSV curves. The electron-transfer number (n) of Fe  
SAs/NC was determined to be 4.12 (Figure 3d), closer to the the-
oretical value of 4 than those of the references (Figures S25–S28,  
Supporting Information), suggesting the high 4-electron selec-
tivity during the ORR pathway. This was supported by the 
RRDE measurements: the generated H2O2 yield is below 3% 
over the potential range from 0.2 V to 1.0 V, significantly lower 
than these references (Figures  3e; Figure S29, Supporting 
Information). To evaluate the critical role of these isolated Fe 
sites on ORR activity, KSCN poisoning experiments were per-
formed. The resulting Fe SAs/NC (Figure S30, Supporting 
Information) exhibited ≈34  mV loss in E1/2 after adding the 
KSCN solution, further verifying the important role of these 
Fe sites in ORR. In the case of Pt/C, ≈110 mV loss in E1/2 was 
found (Figure S31, Supporting Information). The electrocata-
lytic stability of Fe SAs/NC was evaluated which manifests 
outstanding long-term stability with negligible activity decay in 
E1/2 (≈9 mV) after 20 000 continuous potential cycles by accel-
erated durability tests. In addition, there were no observable 
morphological and structural changes for the catalyst after the 
durability test, validating its excellent stability (Figure S32, Sup-
porting Information). In sharp contrast, serious activity decay 
of ≈40 mV was noticed for Pt/C (Figure S33, Supporting Infor-
mation). Furthermore, chronoamperometric measurements 
were performed (Figure S34, Supporting Information) and the 
results show that the current density of Fe SAs/NC retained 
≈90% after 550  min, superior to that of the commercial Pt/C 
catalyst (≈82% retained).

The electrochemical OER activities of catalysts were further 
measured in 0.1  m KOH solution. As shown in Figure  3g, Fe 
SAs/NC exhibited a smaller overpotential (η) of 320 mV when 
the current density reaches 10 mA cm−2, revealing its superior 
OER activity compared with Fe1/NC (422  mV), NC (510  mV), 
NC derived from ZIF-8 (560  mV), and RuO2 (384  mV). The 
Tafel slope of Fe SAs/NC was determined to be 55.5 mV dec−1, 
significantly smaller than these reference catalysts (Figure 3h), 
implying the fast OER kinetics. Of particular note is that both 
the η and Tafel slope of Fe SAs/NC are among the smallest 
values of reported OER electrocatalysts (Table S7, Supporting 
Information). Turnover frequency (TOF) values of these 
catalysts were calculated and the results show that 0.32 s−1  
is obtained for Fe SAs/NC at the overpotential of 300  mV 
(Figure S35, Supporting Information), which is much higher 
than those of Fe1/NC (0.09 s−1) and RuO2 (0.005 s−1), revealing 
its high intrinsic activity. Fe SAs/NC also demonstrates robust 
OER stability with merely 9  mV activity decay after 3000 
repeated cycles (Figure S36), Supporting Information. The per-
formance stability of catalysts is essential to their practical appli-
cations.[16] Chronoamperometric and chronopotentiometric 
measurements were performed and strong evidence for the 
high OER stability of Fe SAs/NC was confirmed (Figures S37 
and S38, Supporting Information). The ORR and OER bifunc-
tional catalytic activity were further evaluated by the voltage gap 
(ΔE) between the Ej = 10 for OER and the E1/2 for ORR. Gener-
ally, a smaller value of ΔE reveals a better bifunctional electro-
catalytic activity for a catalyst. As shown in Figure 3i, the ΔE of 
Fe SAs/NC was determined to be 0.62  V, much smaller than 

those of Fe1/NC (0.86 V), NC (0.93 V), NC derived from ZIF-8 
(1.12  V), Pt/C+RuO2 ( 0.76 V), and most of the non-precious-
metal bifunctional catalysts reported in the literature (Table S8, 
Supporting Information). These results strongly validate the 
excellent bifunctional electrocatalytic activity of Fe SAs/NC.

To validate the potential application of bifunctional Fe  
SAs/NC catalyst in energy conversion devices, a primary 
zinc–air battery was assembled with Fe SAs/NC loaded on 
nickel foam as an air cathode, a zinc plate as an anode, and 
6  m KOH as an electrolyte, respectively. For comparison, a  
Pt/C+RuO2 catalyst (mass ratio: 1:1) and a Fe1/NC catalyst 
were used as controls. The device configuration is depicted in 
Figure 4a. The Fe SAs/NC-based battery (Figure 4b) exhibits a 
high open-circuit voltage (OCV) of 1.46 V, larger than that of the 
Pt/C+RuO2 (1.41 V) and Fe1/NC (1.39 V). Charging/discharging 
polarization curves of catalysts were recorded and a smaller 
voltage gap was observed for Fe SAs/NC, implying an excellent 
rechargeability (Figure 4c). In Figure 4d, Fe SAs/NC-based bat-
tery shows a maximum peak power density of 306.1 mW cm−2, 
significantly higher than those of Fe1/NC (229.9 mW cm−2) and 
Pt/C+RuO2 (96.3  mW cm−2) based batteries. Importantly, the 
Fe SAs/NC-based battery delivered exceptional performance 
and outperformed most reported results (Table S9, Supporting 
Information). For example, Zhao et al. fabricated a Fe/Ni het-
ero-single-atom electrocatalyst and it demonstrated a power 
density of 148  mW cm−2 when used in zinc–air batteries.[49] 
Wu et al. reported a Cu ISAS/NC electrocatalyst-based zinc–air 
battery with a high power density of 280 mW cm−2.[50] Du and  
co-workers synthesized a hierarchically porous FeNC electro-
catalyst with a power density of merely 160 mW cm−2 in a zinc–
air battery.[51] The discharge curves of batteries are shown in 
Figure 4e,f, and the results demonstrate Fe SAs/NC-based bat-
tery can deliver stable discharge potentials at different currents, 
revealing excellent ORR stability and reversibility. In Figure 4g, 
the specific capacity of Fe SAs/NC-based battery at different 
discharge currents of 5 mA cm−2, 10 mA cm−2, and 20 mA cm−2  
were determined to be 785.4 mAh g−1, 746.9 mAh g−1,  
and 720.0 mAh g−1, respectively, and the corresponding Zn uti-
lization ratios were calculated to be 95.7%, 91.1%, and 87.8%. 
In sharp contrast, the Pt/C+RuO2-based battery at a discharge 
current of 10  mA cm−2 exhibits a low specific capacity of  
684.0 mAh g−1 with a Zn utilization of merely 83.4%. As shown 
in Figure  4h, two Fe SAs/NC-based batteries were  connected 
in series and they can light up a blue light-emitting diode 
(LED) indicator, suggesting excellent operational  practicability. 
The cyclability of zinc–air battery was evaluated under con-
tinuous galvanostatic discharge/charge at a current density of  
10 mA cm−2 with a duration of 30  min per cycle (Figure  4i). 
Compared with Pt/C+RuO2-based battery, Fe SAs/NC demon-
strated negligible voltage decay within 315  h (630 discharge/
charge cycles), revealing superior long-term durability. In addi-
tion, a high and robust round-trip efficiency (initial: 65.1%; 
intermediate: 65.1%; final: 64.7%) was evidenced. More impor-
tantly, the zinc–air battery assembled with Fe SAs/NC exhibited 
superior performance than other benchmarking counterparts 
in terms of peak power density, specific capacity, and cycling 
stability.[31,32,40] The highly exposed active sites and unique 
electronic structure in SACs obtained by different synthesis 
methods contribute to the excellent bifunctional ORR and OER 

Adv. Mater. 2023, 35, 2209644
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performance in rechargeable zinc–air batteries. Taken together, 
these results strongly support the superiority of Fe SAs/NC as a 
potential material in the zinc–air battery.

The ORR activity of catalysts was further evaluated under 
acidic conditions (0.5 m H2SO4). As shown in Figure 5a, Fe SAs/
NC delivered an ultrahigh activity with an Eonset of 0.95 V and 

Adv. Mater. 2023, 35, 2209644

Figure 4. Zinc–air battery performance. a) Schematic diagram of a homemade zinc–air battery. b) Open-circuit plots (inset: OCV recorded by a mul-
timeter). c) Charging/discharging polarization curves. d) Discharging polarization and power density curves. e,f) Galvanostatic discharge curves of 
zinc–air batteries at different current densities. g) Specific capacities of zinc–air batteries at different discharge current densities. h) Photograph of a 
LED powered by two zinc–air batteries. i) Galvanostatic discharge/charge cycling curves.
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an E1/2 of 0.83 V, exceeding the benchmarking Pt/C (0.88 V and 
0.74  V) and other references. Importantly, the ORR activity of 
Fe SAs/NC surpassed most of the reported non-precious candi-
dates in acidic electrolytes (Table S10, Supporting Information). 
Moreover, the ORR performance of Fe SAs/NC also exceeded 
those of metal–organic framework (MOF)-derived non-precious 
metal based single-atom catalysts with similar or even higher 
metal loadings in alkaline and acidic conditions.[13,32,33,52,53] 
Compared with these references (Figure  5b), a smaller Tafel 
slope obtained for Fe SAs/NC (66.2  mV dec−1) highlights 
its outstanding ORR kinetics. The Jk of catalysts at 0.60 and 
0.70 V were calculated, with Fe SAs/NC achieving the highest 
Jk of 100.00  mA cm−2 and 45.45  mA cm−2, respectively. These 
values are superior to those of Fe1/NC, Pt/C, NC, and NC (ZIF-
8). The calculated Cdl of Fe SAs/NC presents a higher value of 

4.20 mF cm−2 (Figure S39, Supporting Information), implying 
the largest electrochemical active area and high accessibility of 
active sites. The electron transfer number was determined to be 
4.18 for Fe SAs/NC by the K−L equation (Figure 5d). The RRDE 
results (Figure S40, Supporting Information) further confirm 
the desired Pt-like 4-electron ORR pathway with high H2O 
selectivity. In sharp contrast, the reference catalysts show infe-
rior selectivity toward the 4-electron ORR pathway. Following 
addition of KSCN into 0.5  m H2SO4, the Eonset and E1/2 of Fe 
SAs/NC showed serious activity decay (Figure 5f). After rinsing 
with water, the ORR activity of Fe SAs/NC was recovered in 
0.1  m KOH; this results from the detachment of SCN− on Fe 
sites under alkaline conditions (Figure S41, Supporting Infor-
mation). Moreover, Fe SAs/NC demonstrates a superior toler-
ance to methanol crossover (Figure  5g); by contrast, the Pt/C 

Adv. Mater. 2023, 35, 2209644

Figure 5. ORR activity of Fe SAs/NC in 0.5 m H2SO4 solution. a) ORR polarization curves and b) the corresponding Tafel plots. c) Comparison of Jk at 
0.60 V and 0.70 V of samples. d) ORR polarization curves of Fe SAs/NC at different rotating speeds (inset: K–L plots and electron-transfer numbers). 
e) RRDE measurements (inset: electron transfer number (n) and H2O2 selectivity). f) KSCN poisoning results. g) Methanol tolerance results. h) ORR 
polarization curves of Fe SAs/NC before and after 20 000 potential cycles (inset: the corresponding CV curves). i) PEMFC polarization and power 
density curves of the H2–O2 fuel cell.
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catalyst shows a serious activity decay due to the methanol oxi-
dation. Fe SAs/NC catalyst also demonstrates excellent stability 
with current retention of ≈ 91% after 10 h chronoamperometry 
measurements (Figure S42, Supporting Information), superior 
to that of the commercial Pt/C catalyst (≈76%). Importantly, 
no significant activity decay in E1/2 (≈15 mV) is observed for Fe 
SAs/NC after 20 000 repeated cycles by the accelerated durability 
and cyclic voltammetry tests (Figure  5h), which is superior to 
that of Pt/C with ≈51  mV activity loss (Figure S43, Supporting 
Information). To validate the potential of Fe SAs/NC in practical 
applications, we assembled the catalyst into a membrane elec-
trode assembly (MEA) in proton exchange membrane fuel cells 
(PEMFCs). Figure 5i shows the polarization and power density 
curves of Fe SAs/NC and Pt/C-based MEA in PEMFCs. Fe SAs/
NC displayed current densities of 0.95 A cm2 and 2.86 A cm2 
at 0.60 V and 0.25 V, respectively. Moreover, it demonstrates an 
impressive peak power density of 850 mW cm−2, which is among 
the best non-precious-metal catalysts (Table S11, Supporting 
Information). Compared with Pt/C-based MEA (1190 mW cm−2), 
the relatively lower peak power density of Fe SAs/NC can be 
explained by the lower number of active sites in the catalyst.[54–56] 
The above results demonstrate the promising role of Fe SAs/NC 
as cathode catalysts in direct methanol fuel cells.

The electrocatalytic ORR activity of Fe SAs/NC was further 
explored in neutral conditions (0.1  m PBS). Impressively, Fe 
SAs/NC afforded the best ORR activity with Eonset of 0.93  V 
and E1/2 of 0.75 V, exceeding Pt/C (0.92 V and 0.67 V) and other 
references (Figure S44a and Table S12, Supporting Informa-
tion). Importantly, its ORR activity was superior to most of the 
reported Fe catalysts in 0.1 m PBS (Table S12, Supporting Infor-
mation). Additionally, a smaller Tafel slope of 67.4 mV dec−1 was 
achieved than those of other references (Figure S44b), under-
scoring the high intrinsic activity. RDE and RRDE results (Fig-
ures S45 and S46, Supporting Information) demonstrate the 
4-electron ORR pathway of Fe SAs/NC over the potential range 
from 0.2 V to 0.8 V. Moreover, Fe SAs/NC possesses the largest 
electrochemical active surface area (Figure S47, Supporting 
Information), highlighting its favorable role in efficiently cata-
lyzing the ORR in neutral conditions.

To explore the origin of the exceptional bifunctional catalytic 
activity of Fe SAs/NC, density functional theory (DFT) calcu-
lations were performed. 9 types of models were constructed 
for Fe1N4O1 and type i was found to have the lowest formation 
energy, suggesting that this structure is energetically more 
favorable than others (Figure S48, Supporting Information). 
Bader charge analysis and differential charge density distri-
butions are shown in Figure 6a,b. Due to the unique Fe1N4O1 
configuration, more charges are transferred from the Fe center 
to the nearby N and O elements in comparison to that of the 
Fe1N4 structure. This reveals that the induction of O can induce 
charge spatial redistribution around the Fe1N4 center and opti-
mize the adsorption/desorption behavior of adsorbed oxygen-
ated intermediates, thus affecting the catalytic properties. Based 
on the projected density of states (PDOS) and d-band theory, a 
downshift of the d-band center of −0.90 eV for Fe1N4O1  indicates 
a lowered energy level and elevated occupancy of the antibo-
nding states (Figure  6c–e).[57,58] Moreover, the change in elec-
tronic states facilitates tuning the metal-adsorbate interaction 
which was too strong in Fe1N4.[43,59] To confirm the  downshift 

in the d-band center in Fe1N4O1 correlates with a weakened 
binding with molecular oxygen, Bader charge and differential 
charge density were conducted (Figures S49 and S50, Sup-
porting Information). The results reveal that a significantly 
lower amount of charge is transferred from Fe to the adsorbed 
O2 for Fe1N4O1. This result in weakened adsorption between 
O2 and Fe1N4O1. From the viewpoint of thermodynamics, the 
weakened adsorption should be beneficial to ORR because of 
the alleviated strong binding of ORR intermediates on the Fe 
center.[43,60] The weakened binding was further verified by the 
PDOS and adsorption energy results shown in Figures S51 and 
S52 (Supporting Information).

The calculated free energy diagrams of the ORR on Fe1N4O1 
and Fe1N4 at pH = 13 are shown in Figure 6f,g and Table S13 
(Supporting Information). The details of the optimized geom-
etry of Fe1N4O1 and Fe1N4 with adsorbed intermediates (O2*, 
OOH*, O*, and OH*) are presented in Figures S53 and S54 
(Supporting Information). Compared with Fe1N4, the free ener-
gies at zero electrode potential (U  = 0  V vs RHE) in Fe1N4O1 
demonstrate a downhill and thermodynamically spontaneous 
exothermic process. In contrast, the first elementary step (the 
reduction of O2 to OOH*) from Fe1N4 has the highest endo-
thermic energy of 0.28  eV. The theoretical limiting potentials 
of Fe1N4O1 and Fe1N4 are calculated to be 0.19 V and −0.28 V, 
respectively. The higher theoretical limiting potential suggests 
that the Fe1N4O1 is more active to catalyze ORR under alkaline 
conditions. Under the equilibrium potential (U  = 0.46  V), the 
first elementary step (the reduction of O2 to OOH*) for Fe1N4O1 
and Fe1N4 is the limiting step. The corresponding free energy 
change of Fe1N4O1 (0.28 eV) is much smaller than that of Fe1N4 
(0.75  eV), manifesting that the Fe1N4O1 site is thermodynami-
cally favorable.

Then, the OER mechanisms of Fe1N4O1 and Fe1N4 at pH = 13 
were investigated and the corresponding free energy profiles are 
shown in Figure 6h,i and Table S14 (Supporting Information). 
At U = 0 V, the free energy difference of Fe1N4O1 in the limiting 
step (deprotonation of OH*) is 1.05 eV, which is smaller than 
that of 1.16  eV for Fe1N4 (oxidation of O* to OOH*). At U  = 
0.46 V (equilibrium potential), the corresponding limiting step 
values are 0.59 eV and 0.70 eV for Fe1N4O1 and Fe1N4, respec-
tively. These results indicate that the induction of O in Fe1N4O1 
can effectively reduce the energy barrier to strongly accelerate 
the OER kinetics. Taken together, facilitating the formation of 
OOH* for the ORR and accelerating deprotonation of OH* for 
OER are the keys for Fe SAs/NC to serve as an efficient bifunc-
tional catalyst.

Finally, the ORR mechanisms of Fe1N4O1 and Fe1N4 at  
pH = 0 were investigated. The corresponding free energy dia-
grams are shown in Figure  6j,k and Table S15 (Supporting 
Information). Each ORR step for the two models is thermo-
dynamically downslope at U = 0 V, implying all these elemen-
tary steps are exothermic. The theoretical limiting potential 
of Fe1N4O1 is up to 0.96  V, significantly larger than that of 
Fe1N4 (0.48  V), implying Fe1N4O1 has a better catalytic activity 
toward ORR under acidic conditions. At U  = 1.23  V (equilib-
rium potential), several endothermic steps are observed in the 
two models. The highest endothermic energy of 0.27  eV was 
found for Fe1N4O1 which suggests the first step is the limiting 
step. By contrast, a significantly higher endothermic energy of 

Adv. Mater. 2023, 35, 2209644
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0.75  eV was observed for Fe1N4 (the first step). These results 
demonstrate that Fe1N4O1 possesses a lower activation energy 
barrier in comparison to Fe1N4 (more sluggish kinetics). Taken 
together, these findings demonstrate Fe SAs/NC possesses 
exceptional ORR/OER bifunctional electrocatalytic activity.

3. Conclusion

We have demonstrated a single Fe atom electrocatalyst sup-
ported over mesoporous NC material with an engineered coor-
dination environment and electronic structure that confers 

Adv. Mater. 2023, 35, 2209644

Figure 6. Density functional theory calculations. a,b) Bader charge and differential charge density of Fe1N4O1 (a) and Fe1N4 (b) (isosurface is 0.003  e 
Å−3). The charge accumulation and depletion are colored in yellow and cyan. c–e) Projected density of states of NC (c), Fe1N4 (d), and Fe1N4O1 (e).  
f,g) Calculated free energy diagrams of the ORR on Fe1N4O1 (f) and Fe1N4 (g) at pH = 13. h,i) Calculated free energy diagrams of the OER on Fe1N4O1 
(h) and Fe1N4 (i) at pH = 13. j,k) Calculated free energy diagrams of the ORR on Fe1N4O1 (j) and Fe1N4 (k) at pH = 0.
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outstanding ORR and OER performance. This Fe SAs/NC pos-
sesses a higher specific surface area and mesoporosity, favoring 
efficient mass transport and high utilization of metal sites. Due 
to the optimized electronic metal–support interactions, the Fe 
SAs/NC demonstrated excellent ORR activity, durability, and 
tolerance to methanol, superior to the benchmarking Pt/C cat-
alyst at all pH values. Moreover, it delivered impressive OER 
activity under alkaline conditions. Importantly, the Fe SAs/
NC-based zinc–air battery exhibited a high peak power density 
of 306.1  mW  cm−2, a large specific capacity of 746.9 mAh g−1, 
and robust cycling stability beyond 315  h, exceeding those of 
the previously reported non-precious-metal catalysts and the 
benchmarking Pt/C+RuO2 catalysts. Theoretical calculations 
highlight the merit of electronic structure engineering can 
effectively induce charge redistribution around the metal center 
and optimize the binding of oxygenated intermediates, thereby 
ultimately tuning catalytic properties. This work shed light on 
the rational design of single-atom catalysts by electronic struc-
ture engineering for efficient electrocatalysis.
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from the author.
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