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A B S T R A C T

Single-atom catalysts (SACs) embedded in heteroatom-doped carbon are the most promising oxygen reduction 
reaction (ORR) electrocatalysts. However, the expeditious and facile synthesis of high-performance SACs with 
Fe-Nx active sites and identifying the role of edge-type defect at the atomic level in carbon support are essential 
but remain challenging. Herein, Joule heating is applied to anchor Fe single atoms on newly defect rich porous 
carbon spheres (Fe-N-DCSs) in milliseconds. Fe-N-DCSs achieves exceptional ORR performance, with a half-wave 
potential (E1/2) of 0.90 V and E1/2 lost of only 20 mV after 30,000 cycles in 0.1 M KOH, and superior Zn-air 
batteries performances. Density functional theory calculations establish that armchair-type edge defects deco
rated Fe-N4 active sites boost the desorption of OH* and diminish the ORR overpotential. This work not only 
provides a speedy route for the fabrication of SACs but also presents new insights into the excellent ORR activity.

1. Introduction

The oxygen reduction reaction (ORR) is valuable to the research of 
fuel cells, metal-air batteries and fundamental electrochemistry studies 
[1,2]. It is well recognized that Pt catalysts deliver the optimum oxygen 
binding energy of ORR and show the most efficient ORR performance [3, 
4]. However, the high cost and poor storage of Pt hinder its widespread 
application [5,6]. Therefore, it is extremely imperative to prepare 
non-precious metal catalysts for ORR. Single-atom catalysts (SACs) have 
attracted tremendous attention because of their highest atom utilization 
efficiency, and remarkable intrinsic activity, and possess significant 
research potential in sustainable energy conversion technology [4,7]. 
Especially, the well-established metals single atoms (SAs) embedded in 
N-doped carbon (M-N-Cs) with high conductivity, adjustable electronic 
structures of the active centers, and excellent ORR performance are 
considered as highly promising alternatives to Pt-based catalysts [8–11]. 
Early studies testified that porous carbon materials with rich defects are 
not only ideal platforms to anchor metal atoms but also could decorate 
the electronic structures of active sites [12,13]. Thus, the ORR activity of 
metals SAs is support-sensitive. Identification of the exact role of 
edge-type defect sites in carbon support during ORR is vital for the 
rational design of catalysts [14]. Currently, the main approach to 

preparing carbon supports is pyrolytic metal-organic frameworks 
(MOFs), but their poor stability and high cost impede further develop
ment [15–17]. Hence, it is necessary to develop new porous carbon 
supports with a high content of defects.

The synthesis of SACs successfully is a prerequisite for further studies 
into their structures, properties and applications [18,19]. Generally, the 
synthesis approaches of SACs can be summarised into two main cate
gories, top-down and bottom-up strategies [20,21]. For instance, Li et al. 
stated the successful conversion of noble metal nanoparticles to single 
atoms by a time-consuming and energy-intensive pyrolysis method 
under an inert atmosphere [22]. Wu et al. constructed SACs with a tri
nuclear active structure by pyrolysis of Mn ion-adsorbed ZnCo zeolite 
imidazolite skeleton (ZIF) [23]. Obviously, the universal step of these 
approaches for yielding SACs is time-consuming [24,25]. However, SAs 
with high free energy tend to agglomerate to form clusters or nano
particles during the prolonged high-temperature pyrolysis process, 
which seriously restricts the precise synthesis of SACs [18,26,27]. 
Therefore, it is necessary to explore new strategies to synthesize SACs 
speedily and conveniently. Impressively, Joule heating, attaining the 
target temperature in milliseconds and instantaneous quenching, can 
reduce the environmental impact and avoid the loss of favorable N 
specials [28–30]. As far as we know, research on the synthesis of SACs 
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simultaneously realizing high activity and longevity using joule heating 
is scarce and still needs to be further explored [31].

Joule heating, which can rapidly transform electricity into heat, is an 
innovative and promising method for eco-friendly, high-efficiency and 
well-controlled chemical synthesis [32]. Joule heating can achieve 
3000 K at an extraordinarily rapid rate, breaking the shackles of tradi
tional heating methods [33,34]. Not only can the agglomeration and 
Ostwald ripening of nanoparticles be avoided, but also new phase 
structures can be generated under the flash quenching process [35]. 
Herein, a facile and superfast Joule heating synthesis method was 
developed to prepare atomically dispersed Fe-N4 sites anchored in newly 
developed defect rich porous carbon spheres support (Fe-N-DCSs) in 
milliseconds. Density functional theory (DFT) calculations reveal sup
pressed OH* desorption barrier by armchair-type defect sites, contrib
uting to the excellent ORR kinetics. Resultantly, Fe-N-DCSs is favorable 
for large half-wave potential (E1/2 = 0.90 V) and excellent Jk 
(34.68 mA cm− 2) in O2-saturated 0.1 M KOH, approaching the highest 
level among developed ORR electrocatalysts. Moreover, Fe-N-DCSs 
displays superior long-term ORR durability with only 20 mV attenua
tion of E1/2 after 30000 cycles test. Most importantly, Fe-N-DCSs per
forms well as an air cathode in the aqueous Zn-air battery (ZAB) with a 
large maximum power density (224.7 mW cm− 2) and long-term cycling 
stability (1100 h). The as-developed SACs also show prominent perfor
mance in the quasi-solid-state Zn-air battery (QSS-ZAB). This work de
velops novel carbon support with abundant defects and furnishes a 
practical and feasible method to rationally design efficient SACs with 
boosting catalytic performance.

2. Experimental section

2.1. Chemicals

Sodium hydroxide (NaOH, ≥ 96.0%) and Potassium hydroxide 
(KOH, ≥85.0%) were purchased from Sinopharm Chemical Reagent Co., 
Ltd. Formaldehyde solution (37 wt% in H2O) and 1,10-Phenanthroline 
monohydrate (98%) were purchased from Macklin. Pluronic F-127 
and Pt/C (20 wt%) were bought from Sigma-Aldrich. Phenol (≥ 99%) 
and Nafion solution (5 wt%) were bought from Aladdin. Hydrochloric 
acid (HCl) was purchased from Xilong Scientific. Iron (III) chloride 
hexahydrate (FeCl₃⋅6H₂O, ≥ 99%) was purchased from J&K Scientific.

2.2. Synthesis of DCS

DCS-precursor was prepared by the hydrothermal method according 
to the previous report [36]. Subsequently, the obtained precursor was 
activated by KOH under an Ar atmosphere at 900 ℃ staying 2 h (the 
weight ratio between DCS-precursor and KOH was four). The DCS was 
collected after washing with deionized water several times to pH = 7, 
and drying in the vacuum oven at 60 ℃.

2.3. Synthesis of Fe-N-DCSs

Firstly, 50 mg DCS and 250 mg 1,10-Phenanthroline were mixed 
uniformly and then were annealed in an N2 atmosphere at 150 ℃ 
staying 6 h. The N-DCS was obtained after suction filtration with 
deionized water, then drying in the vacuum oven at 60 ℃. Secondly, 
54 mg FeCl₃⋅6H₂O and 50 mg N-DCS were added into 20 ml 0.001 M HCl, 
and the mixed solution was stirring continuously for 2 h. The product Fe, 
N-DCS, which was absorbed Fe3+, was obtained after suction filtration 
with deionized water and drying in the vacuum oven.

Finally, the Fe-N-DCSs was obtained by Joule heating at 1200 ℃ in 
the N2 atmosphere. The detailed Joule heating process is as follows: The 
Joule heating equipment manufactured by the company of Shenzhen 
ZhongKe JingYan (ZKJY-HTS, Fig. S1), was used to synthesize the 
samples. Firstly, 5 mg of the catalyst was laid on the carbon cloth, which 
was added to the fixture and linked to direct current power on the 

sintering table. Next, the reaction system was evacuated and filled with 
nitrogen. Finally, heating was performed (52 V, 60.5 A) in automatic 
temperature control mode at 1200 ℃. High-temperature shock enabling 
transient heating and instantaneous quenching process promotes the 
synthesis of electrocatalysts.

Fe-N-DCSs-T (T = 1000 ℃; 1200 ℃; 1400 ℃), Fe-N-DCSs-t (t = 1; 2) 
(T: temperature, t: time) were prepared using the similar procedure of 
Fe-N-DCSs except for the heating temperature and time. During the 
synthesis process, the number of Joule heating presents synthesis time.

2.4. Synthesis of N-DCSs

For comparison, the N-DCSs was prepared following similar pro
cesses with Fe-N-DCSs without adding FeCl₃⋅6H₂O.

2.5. Characterization

The morphologies of materials were characterized by scanning 
electron microscope (SEM) on Hitachi Regulus 8100 instrument and 
transmission electron microcopy (TEM) on a JEM-2100 PLUS. Powder X- 
ray diffraction (XRD) spectra were tested on a D-MAX 2500/PC 
diffractometer (Japan Rigaku) operating with Cu radiation. X-ray 
photoelectron spectroscopy (XPS) was performed on an Axis Supra 
spectrometer at 15 mA and 14 kV with a monochromatic Al Kα source. 
Raman spectra were obtained by a Renishaw inVia micro-Raman spec
trometer equipped with a 532 nm laser. Nitrogen adsorption-desorption 
isotherms were determined by a 3Flex Physical Adsorption Analyser 
(Micrometrics, US). The metal contents were quantified by the induc
tively coupled plasma atomic emission spectroscopy (Icpoes 730). The 
aberration-corrected high-angle annular dark-field scanning trans
mission electron microscopy images were obtained from Titan Cubed 
Themis G260–300.

2.6. Zn-air batteries measurements

The aqueous Zn-air battery (ZAB) was assembled with 6.0 M KOH 
and 0.2 M Zn(Ac)2 as the electrolyte, Fe-N-DCSs loaded on carbon paper 
(1 mg cm− 2) as the air cathode, polished Zn flake as the anode. For 
comparison, we also prepared aqueous ZABs based on Pt/C+RuO2. The 
performance of ZABs was evaluated on CHI 760E (Shanghai Chenhua) 
and Landt battery testing workstations. The design of quasi-solid-state 
Zn-air battery (QSS-ZAB) was a typical sandwich-like structure, which 
used polished zinc flake, carbon cloth coated Fe-N-DCSs ink as the anode 
and air cathode, respectively. The PAM hydrogel prepared according to 
the previous report was used as the electrolyte [37].

3. Results and discussions

3.1. Catalysts synthesis and physical characterizations

The schematic illustration of Fe-N-DCSs is shown in Fig. 1a. Firstly, 
defect rich porous carbon spheres (DCS) were prepared by the reported 
method (Fig. S2a) [36]. DCS maintains the original morphology of 
nanospheres and shows a porous form. Following that, the N-doped 
porous carbon spheres (N-DCS, Fig. S2b) were formed using 1,10-Phe
nanthroline as the nitrogen source. Afterwards, Fe3+ was absorbed 
into N-DCS to form Fe,N-DCS shown in Fig. S3 by impregnation method. 
In the end, the mixture was subjected to ultrafast thermal shocks by 
Joule heating in milliseconds and then quenching instantaneously to 
attain the target material, termed Fe-N-DCSs (Fig. S4). The Fe-N-DCSs 
was first characterized by scanning electron microscopy (SEM) in 
Fig. 1b, which has a spherical morphology with about 100 nm in 
diameter averagly. Transmission electron microscopy (TEM) images 
further indicate the monodisperse spherical shape of Fe-N-DCSs 
(Figs. 1c-1d). In addition, SEM and TEM images of N-DCSs in Fig. S5
show that their morphology and structure are identical to Fe-N-DCSs, 
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which indicates that the morphology of the electrocatalyst would not be 
affected by the impregnation of Fe atoms.

The porosity structure characteristic of Fe-N-DCSs was investigated 
by N2 adsorption-desorption isotherms measurement. The Brauer- 
Emmet-Teller (BET) surface area of Fe-N-DCSs is up to 1038.5 m2 g− 1 

and the pore volume is 0.71 cm2 g− 1 (Fig. S6a, Table S1). In detail, the 
pore size distributions identified by the Barret-Joyner-Halenda (BJH) 
and the non-local density functional theory (NLDFT) model, confirm the 
presence of substantial mesoporous and microporous with the average 
pore diameter of 2.7 nm (Fig. S6b). Specifically, the micropores in the 
carbon spheres support could be in favor of accumulating amounts of 
active sites, while the large surface areas and mesoporous enhance the 
exposure and accessibility of active sites, thereby increasing ORR ac
tivity [38]. The corresponding energy dispersive X-ray (EDX) mapping 
images in Fig. 1e show that Fe, N, and C are uniformly distributed 
throughout Fe-N-DCSs. Simultaneously, the aberration-corrected 
high-angle annular dark-field scanning transmission electron micro
scopy (AC-HAADF-STEM) images reveal a large number of bright dots 
representing Fe SAs on Fe-N-DCSs, demonstrating the successful syn
thesis of SACs (Figs. 1f-1g) [37]. Moreover, the component of Fe in 
Fe-N-DCSs was detected by inductively coupled plasma-mass spec
trometry (ICP-MS) as 0.682 wt%.

The phase structure of Fe-N-DCSs was verified by the X-ray diffrac
tion (XRD) pattern, showing two broad peaks at around 24◦ and 44◦, 
attributed to the (002) and (101) lattice planes of graphitic carbon, with 
no other obvious metallic peaks (Fig. 2a) [39]. As shown in Fig. S7, the 
Raman spectra of Fe-N-DCSs display two characteristic peaks at 1350 

and 1580 cm− 1, belonging to the D-band to G-band, and the intensity 
ratio (ID/IG) of Fe-N-DCSs (1.05) is comparable to N-DCSs (1.04), indi
cating that Fe-N-DCSs and N-DCSs are rich in defects [40]. Since the D 
peak is active in the armchair-type edge and inactive in the zigzag-type 
edge, it is further concluded that Fe-N-DCSs is abundant in 
armchair-type defects [41]. Additionally, the surface composition and 
valence information of Fe-N-DCSs have been studied by X-ray photo
electron spectroscopy (XPS). As depicted in Fig. S8, the XPS survey 
spectrum reveals the existence of C and N elements in Fe-N-DCSs, while 
the Fe signal cannot be detected due to the low content. The 
high-resolution N 1 s spectrum of Fe-N-DCSs could be deconvoluted into 
four peaks, which correspond to pyridinic N (398.5 eV), Fe-Nx 
(399.6 eV), pyrrolic N (400.7 eV) and graphitic N (401.8 eV), respec
tively (Fig. 2b) [42]. The high-resolution Fe 2p spectrum is simulated 
into six peaks in Fig. 2c, which are Fe 2p3/2 (Fe2+ 710.9 eV and Fe3+

714.3 eV), Fe 2p1/2 (Fe2+ 724.8 eV and Fe3+ 727.2 eV) and satellite 
peaks (718.2 eV and 730.2 eV), respectively, indicating the co-existence 
of Fe2+ and Fe3+ and predominance of Fe2+ in Fe-N-DCSs [43]. 
Compared with N-DCSs (Fig. S9), the content of pyridinic N in the 
high-resolution N 1 s spectrum of Fe-N-DCSs declines noticeably, which 
might support that pyridinic N is coordinated with Fe to form Fe-Nx 
(Table S2).

The precise chemical state and coordination environment of Fe 
atoms in Fe-N-DCSs were determined by X-ray absorption fine structure 
spectroscopy. As the Fe K-edge XANES spectra of as-developed Fe-N- 
DCSs and other ferric standards in Fig. 2d show the absorption edge 
position of Fe-N-DCSs is similar to FePc, indicating around 2+ oxidation 

Fig. 1. (a) Schematic illustration of the synthesis for Fe-N-DCSs. (b) SEM image and (c, d) TEM images of Fe-N-DCSs. (e) EDX mapping images of Fe-N-DCSs. (f, g) 
AC-HAADF-STEM images of Fe-N-DCSs.
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state. It is worth noting that the k2-weight Fourier transformed (FT) 
EXAFS spectrum for Fe-N-DCSs displays one dominant peak at around 
1.5 Å and another at around 2.5 Å, corresponding to the first coordi
nation shell of the Fe-N and second coordination shell of Fe-C co
ordinations (Fig. 2e) [44]. Additionally, by comparing with the 
FT-EXAFS spectra of Fe Foil and FeO, Fe-N-DCSs shows no characteristic 
peaks of Fe-Fe bond, confirming that Fe atoms are atomically dispersed, 
which shows no differences with the results of mapping and 
AC-HAADF-STEM mentioned above [45]. To further confirm more in
formation about coordination configurations of Fe in Fe-N-DCSs, 
wavelet transform (WT) EXAFS analysis was performed. As shown in 
Fig. 2f and Fig. S10, only one maximum contour intensity position 
located at 1.5 Å in the R space of Fe-N-DCSs is detected, which is 
assigned to the Fe-N bond [46]. The above analysis is almost identical to 
that of FePc, certificating the Fe dispersed atomically in Fe-N-DCSs 
without the formation of Fe clusters or nanoparticles and the success
ful synthesis of target SACs. Following that, the exact coordination 
configuration and structure parameters of Fe-N-DCSs were analyzed by 
least squares fittings of FT-EXAFS spectra in R and K-space (Figs. 2g-2h). 
The fitting results shown in Table S3 deliver that the first coordination 
configurations shell of Fe atoms in Fe-N-DCSs is Fe-N with a bond length 

of 2.03 Å and the coordination number is about 5.13, indicating the 
successful formation of Fe-N4 sites with an axial O atom absorbed from 
the adsorbed oxygen on the carbon support, and the presence of axial 
oxygen atom bound to Fe has no influence on the planarity of FeN4 [47, 
48]. Meanwhile, the second coordination shell is Fe-C, which has a bond 
length of 2.99 Å and a coordination number of about 4.45.

3.2. Electrocatalytic properties measurement

The electrocatalytic ORR activities of Fe-N-DCSs and Pt/C were 
evaluated via the rotating disk electrode (RDE) in O2-saturated 0.1 M 
KOH solution. The Fe-free defect rich porous carbon spheres (N-DCSs) 
were also prepared by the same procedure without adding Fe3+ as a 
comparison (Fig. S5). To deeply explore the relationship between syn
thetic conditions and the catalytic performance of electrocatalysts, ORR 
polarization curves were compared (Fig. S11). These results indicate 
that suitable synthetic conditions can remarkably boost the ORR activ
ity. Cyclic voltammetry (CV) plots show that the as-developed Fe-N- 
DCSs has the highest oxygen reduction peak (0.84 V), indicating the 
remarkable electrochemical activity towards the ORR (Fig. S12). As 
shown in Fig. 3a, Fe-N-DCSs exhibits a higher onset potential (Eonset =

Fig. 2. (a) XRD pattern of Fe-N-DCSs. (b) High-resolution N 1 s and (c) Fe 2p spectra of Fe-N-DCSs. (d) Normalized XANES spectra and (e) FT-EXAFS spectra of Fe-N- 
DCSs, FeO, FePc, and Fe Foil at the Fe K-edge. (f) WT-EXAFS signals of Fe-N-DCSs and relevant reference samples. (g, h) Least squares fittings of FT-EXAFS spectra of 
Fe-N-DCSs at R and K space.
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1.00 V) and half-wave potential (E1/2 = 0.90 V) than Pt/C (Eonset =

0.95 V, E1/2 = 0.85 V), N-DCSs (Eonset = 0.87 V, E1/2 = 0.73 V) and 
catalysts reported recently (Table S6). Furthermore, the Tafel slopes in 
Fig. 3b reflect that the kinetics of Fe-N-DCSs (62.8 mV dec− 1) is com
parable to that of Pt/C (66.8 mV dec− 1), and less that of N-DCSs 
(79.5 mV dec− 1), an additional proof of its outstanding ORR kinetics 
[49]. Fe-N-DCSs has a record kinetic current density (Jk) value of 
34.68 mA cm− 2 at 0.85 V, exceeding N-DCSs and Pt/C by 115- and 
5.8-fold, since the high Jk also means excellent ORR activity (Fig. S13) 
[50]. The double-layer capacitance (Cdl) was utilized to evaluate the 
electrochemical surface area (ECSA). As presented in Fig. S14, 
Fe-N-DCSs has the highest calculated Cdl value of 9.05 mF cm− 2 than 
N-DCSs (4.22 mF cm− 2) and Pt/C (4.76 mF cm− 2), indicating the large 
surface area of Fe-N-DCSs, which allows full exposure of the active sites 
[51]. Besides, based on Koutecky-Levich’s (K-L) equation, the efficient 
four-electron transfer pathway is extrapolated by the LSV curves of 
Fe-N-DCSs at different rotational speeds (400 rpm to 2025 rpm, Fig. 3c). 
Additionally, the rotating ring electrode (RRDE) test in Fig. 3d and 
Fig. S15 confirms the electron transfer number (n) is about 4, following 
the results calculated of the K-L equation calculations, accompanied by a 
lower hydrogen peroxide (H2O2) yield (below 4%) with the potential in 
the range of 0.2–0.8 V, suggesting its superior selectivity of Fe-N-DCSs 
toward four-electron mediated ORR processes.

Apart from the electrocatalytic activity, the stability of catalysts also 
plays an indispensable role in practical applications, which was assessed 
by accelerated degradation test (ADT) and chronoamperometric i-t 
curves. As demonstrated by the ADT, Fe-N-DCSs lost only 20 mV of E1/2 
after 30,000 cycles (Fig. 3e). In addition, as shown in Fig. S16, the 
current density retention rate of Fe-N-DCSs is 95.1% after operating for 
50 h continuously, which is significantly better than Pt/C (81.3%). All 
these indicate that Fe-N-DCSs has excellent durability. Impressively, the 
morphology of Fe-N-DCSs in Fig. S17 remains unchanged after the ADT 
testing. EDX mapping images in Fig. S18 verify the homogeneous dis
tribution of all elements (C, N and Fe) throughout Fe-N-DCSs after the 

chronoamperometric i-t test. AC-HAADF-STEM images reveal that Fe in 
Fe-N-DCSs still remains as SAs and no agglomeration occurs after ADT 
testing (Fig. S19). It also can be seen from XPS in Fig. S20 that the 
valence states of N and Fe in the catalyst have no significant change, and 
from the ICP, the Fe loading has a marginal lost of only 0.007 wt%. All 
these further confirm the outstanding stability of Fe-N-DCSs. Moreover, 
negligible ORR current density of Fe-N-DCSs can be found after adding 
methanol into the electrolyte, inferring a favorable methanol tolerance 
of Fe-N-DCSs in an alkaline environment (Fig. 3f). All these results 
corroborate the excellent ORR activities of Fe-N-DCSs, which has 
exceptional potential for practical applications.

3.3. DFT calculations

To elucidate the origin of the excellent ORR performance achieved 
by Fe-N-DCSs, DFT calculation using the Vienna ab initio Simulation 
Package (VASP) was carried out. Our previous studies have shown that 
the substitution of the nearest carbon atom at the Fe-(N-C2)4 site with N 
is one of the stabilized conformations and the defects take a more critical 
role in accelerating ORR kinetics [52]. Therefore, we constructed four 
typical configurations including armchair-type edge and zigzag-type 
edge defects of Fe-(N-C2)4 and N-doped Fe-(N-C2)4-N, named 
A-Fe-(N-C2)4, A-Fe-(N-C2)4-N, Z-Fe-(N-C2)4 and Z-Fe-(N-C2)4-N respec
tively, to investigate the effects of different edge-type defects around the 
active site of Fe-N4 on the ORR performance (Fig. S21). The adsorption 
configurations of the DFT-optimized ORR intermediates on different 
models were then systematically explored in Fig. 4a and Fig. S22-S24. 
Accordingly, the changes in the free energy about the four-electron 
transfer pathway for different models at U = 0 V and U = 1.23 V were 
calculated. Under the equilibrium potential (U) = 0 V (Fig. 4b and 
Table S4), the calculated adsorption-free energies of the intermediates 
tend to decrease for the four configurations, suggesting exothermic and 
spontaneous ORR processes. Specifically, it has been exhaustively 
confirmed that the OH* desorption step is considered the 

Fig. 3. (a) ORR linear sweep voltammetry (LSV) curves (b) the corresponding Tafel plots of Fe-N-DCSs, N-DCSs, and Pt/C obtained in O2-saturated 0.1 M KOH at 
1600 rpm. (c) ORR LSV curves of Fe-N-DCSs recorded at different rotating speeds. (The inset is the corresponding K-L plots). (d) H2O2 yield and n of Fe-N-DCSs and 
Pt/C. (e) 1st and 30000th LSV polarization curves of Fe-N-DCSs in O2-saturated 0.1 M KOH. (f) Comparison of methanol tolerances of Fe-N-DCSs and Pt/C with the 
addition of methanol.
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rate-determining step (RDS) for Fe-N4 active sites. In particular, as 
depicted in Fig. 4c, the ΔGOH* (0.62 eV) for A-Fe-(N-C2)4 configuration 
is similar to that of A-Fe-(N-C2)4-N (0.60 eV), but significantly higher 
than ΔGOH* for Z-Fe-(N-C2)4-N (0.57 eV) and Z-Fe-(N-C2)4 (0.54 eV), 
which suggests that A-Fe-(N-C2)4 with armchair-type edge defects have 
the largest OH* adsorption free energy, benefiting to the OH* desorption 
step and boosting the ORR performance [53]. This proves that 
armchair-type edge defects can promote the adsorption-desorption be
haviors of ORR intermediates. At U = 1.23 V (Fig. 4d-4e and Table S5), 
the whole reaction consists of exothermic and absorptive steps, where 
the differences in free energy, especially the endothermic step, were 
discussed. The endothermic step with the largest free energy difference, 
the desorption process of OH*, is the RDS for all configurations [54]. 
Particularly, A-Fe-(N-C2)4 shows an overpotential of 0.61 V, lower than 
the overpotential of Z-Fe-(N-C2)4 (0.69 V). Simultaneously, the over
potential of Z-Fe-(N-C2)4-N (0.66 eV) is inferior to Z-Fe-(N-C2)4 
(0.69 eV). Consequently, the armchair-type edge defects decorated 
Fe-N4 active site possess a lower energy barrier for OH* desorption than 
the zigzag-type edge defects, resulting in the improvement of intrinsic 
ORR activity. In brief, armchair-type defects do have important impli
cations for ORR.

3.4. Zn-air battery performance

During the charging process of Zn-air batteries (ZABs), the air elec
trode experiences an oxygen evolution reaction (OER) [55]. Therefore, 
the OER performance of Fe-N-DCSs was evaluated in 1 M KOH by RDE. 
In Fig. S25a, the OER polarization curves demonstrate that Fe-N-DCSs 
achieves the current density of 10 mA cm− 2 at a potential of 1.57 V, 
similar to the reference RuO2 (1.53 V). Meanwhile, the Tafel slope of 
Fe-N-DCSs (66.3 mV dec− 1) is in proximity to that of RuO2 (62.3 mV 

dec− 1, Fig. S25b), indicating that Fe-N-DCSs has sound OER activity and 
kinetics.

Given the outstanding bi-functional activity of Fe-N-DCSs, we further 
evaluated the application potential of Fe-N-DCSs in ZABs, compared 
with ZAB based on Pt/C + RuO2. As shown in Fig. 5a, the aqueous ZAB is 
assembled using Fe-N-DCSs as the air cathode and polished Zn flake as 
the anode, 6 M KOH + 0.2 M Zn(Ac)2 as the electrolyte. The open circuit 
plots (OCP) of aqueous ZABs based on Fe-N-DCSs in Fig. S26 remain at 
1.48 V, higher than that of Pt/C + RuO2 (1.37 V). Fe-N-DCSs-based ZAB 
achieves a higher peak power density of 224.7 mW cm− 2 than Pt/C +
RuO2 (172.5 mW cm− 2, Fig. 5b). Moreover, ZAB based on Fe-N-DCSs 
shows a specific capacity of 790 mA h g− 1 at 10 mA cm− 2 (Fig. S27), 
outperforming ZAB based on Pt/C + RuO2 (748 mA h g− 1). All these 
demonstrate that the assembled aqueous ZAB has exceptional perfor
mance. Furthermore, the variations in voltages of Fe-N-DCSs and Pt/C +
RuO2-based ZAB were examined at different current densities. Fig. 5c 
shows that the discharge curve voltages of Fe-N-DCSs and Pt/C + RuO2- 
based ZAB decrease as the current density increases to 50 mA cm− 2, 
however, the voltage returns to the initial state as the current density 
gradually decreases. Impressively, Fe-N-DCSs-based ZAB possesses a 
constantly higher voltage than that of Pt/C + RuO2 under the same 
current density (1–50 mA cm− 2), in particular, even at a high current 
density of 50 mA cm− 2, the Fe-N-DCSs maintains at 1.15 V, while the 
Pt/C + RuO2 is only 1.0 V, signifying the excellent rate capability of Fe- 
N-DCSs.

Using galvanostatic discharge/charge measurement to further assess 
the cycling stability of the battery. The ZAB constructed by Fe-N-DCSs 
has remarkable stability, with an initial charge-discharge voltage gap 
around 0.92 V, keeping constant even after 1100 h continuous charge- 
discharge cycles at 10 mA cm− 2 with voltage gap still around 0.92 V, 
while the gap of aqueous ZAB based on the Pt/C + RuO2 catalyst rises 

Fig. 4. (a) DFT-optimized adsorption configurations of ORR intermediates on A-Fe-(N-C2)4. (b,c) Free energy diagram of the four-electron ORR process and the OH* 
desorption step on A-Fe-(N-C2)4, A-Fe-(N-C2)4-N, Z-Fe-(N-C2)4 and Z-Fe-(N-C2)4-N at U = 0 V. (d,e) Free energy diagram of the four-electron ORR process and the 
OH* desorption step on A-Fe-(N-C2)4, A-Fe-(N-C2)4-N, Z-Fe-(N-C2)4 and Z-Fe-(N-C2)4-N at U = 1.23 V.
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dramatically after 200 h with voltage gap of 1.08 V (Figs. 5d and 5e). 
Impressively, the voltage efficiency of Fe-N-DCSs-based ZAB decreases 
from 54.8% to 53.8% during charging and discharging from 200 to 
1000 h in Fig. S28, a decrease of only 1% further indicating the excellent 
durability of Fe-N-DCSs-based ZAB [56]. Overall, by comparing with the 
recent reports, the electrochemical performance of aqueous ZAB driven 
by Fe-N-DCSs is more outstanding than most reported ZAB (Table S7). 
All these results indicate that as-developed Fe-N-DCSs exhibits a high 
potential to be an exceptional candidate for ZAB air cathode.

Quasi-solid-state Zn-air battery (QSS-ZAB), the most attractive en
ergy technology for wearable electrons has received widespread atten
tion [57]. Meanwhile, to broaden the usefulness of Fe-N-DCSs, we 
prepared QSS-ZAB using Fe-N-DCSs loaded on carbon cloth as air 
cathode, polished zinc flakes as the anode, and PVA hydrogel as the 
electrolyte, compared with QSS-ZAB based on Pt/C + RuO2 (Fig. 5f) 
[37]. As shown in Fig. S29, the QSS-ZAB based on the Fe-N-DCSs shows 
an OCP of 1.46 V and a specific capacity of 746 mA h g− 1, out
performing QSS-ZAB based on Pt/C+RuO2 (1.36 V and 698 mA h g− 1). 
In addition, the QSS-ZAB based on Fe-N-DCSs possesses a better current 
density at the same voltage and the power density (266.3 mW cm− 2) is 
1.3-fold higher than Pt/C+RuO2 (Fig. S30), revealing the outstanding 
performance of assembled QSS-ZAB. Simultaneously, when testing from 
0.5 mA cm− 2 to 10 mA cm− 2 and then back to 0.5 mA cm− 2 in Fig. S31, 

the discharge potentials of QSS-ZAB based on Fe-N-DCSs and 
Pt/C+RuO2 return to the initial state. Surprisedly, the QSS-ZAB based on 
Fe-N-DCSs delivers a higher current density of 1.21 V than Pt/C + RuO2 
of 1.19 V even at 10 mA cm− 2, which demonstrates the attractive rate 
capability of Fe-N-DCSs-based QSS-ZAB. Most crucially, the QSS-ZAB 
based on Fe-N-DCSs remains a consistent voltage gap of 0.34 V 
throughout the charge-discharge processes for nearly 90 h, while Pt/C +
RuO2-based QSS-ZAB only remains a stable continuous for 25 h with 
voltage gap of 0.40 V (Fig. 5g and Fig. S32). Fig. 5h illustrates that the 
Fe-N-DCSs-based QSS-ZAB can cycle stably even bending to different 
angles, proving its impressive stability and flexibility. These results 
show the promise of our fabricated Fe-N-DCSs-based quasi-solid-state 
and aqueous ZABs for practical applications.

4. Conclusion

In summary, this work introduces a novel method for the controlled 
synthesis of SACs with atomically dispersed Fe-N4 active sites on newly 
developed porous carbon spheres support through super-fast Joule 
heating in milliseconds. The fabricated Fe-N-DCSs possesses rich defects, 
which accommodates and fully exposes a wide range of SA active sites. 
We demonstrate that the armchair-type defects decorated Fe-N4 active 
sites have a lower energy barrier for OH* desorption. This offers critical 

Fig. 5. (a) Schematic illustration of the aqueous ZAB. (b) Power density and discharge curves of aqueous ZABs assembled by Fe-N-DCSs and Pt/C + RuO2. (c) Rate 
performance of aqueous ZABs assembled by Fe-N-DCSs and Pt/C + RuO2 at different current densities from 1 to 50 mA cm− 2. (d) Discharge/charge cycling per
formance of aqueous ZABs based on Fe-N-DCSs and Pt/C + RuO2 at a current density of 10 mA cm− 2. (e) Discharge/charge voltage gap of aqueous ZABs based on Fe- 
N-DCSs during the cycling test. (f) Schematic illustration of the QSS-ZAB. (g) Discharge/charge cycling performance of QSS-ZABs based on Fe-N-DCSs and Pt/C +
RuO2 at a current density of 1 mA cm− 2. (h) Discharge/charge curves of QSS-ZABs based on Fe-N-DCSs under different bending angles.
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insights into the key role of armchair-type defects during the ORR pro
cess. Thereby, Fe-N-DCSs affords a superior high ORR activity of E1/2 
and Jk up to 0.90 V and 34.68 mA cm− 2 in 0.1 M KOH, respectively. 
Furthermore, Fe-N-DCSs also delivers excellent working durability for 
virtually nearly no lost of E1/2 after 30,000 cycles. Impressively, the 
aqueous ZAB assembled with Fe-N-DCSs affords excellent long-term 
galvanostatic charge-discharge cycling durability for 1100 h and also 
performs well in QSS-ZAB. This work presents a large step forward in the 
design and ultrafast fabrication of SACs with high catalytic performance.
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