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1. Experimental Details

Synthesis of microwave-annealed Fe–N4 on CNT (MA-Fe-N/CNT). Multi-walled carbon 

nanotubes (CNTs, Hanwha Nanotech) were refined in 1 M HCl at 60 °C for 1 day and oxidized 

with an acid mixture (nitric acid (69 %) + concentrated sulfuric acid (90 %) with a volumetric 

ratio of 1:3) at 60 °C for 3 h. The oxidized CNTs (Ox-CNTs) were filtered by an ample amount 

of de-ionized (DI) water, dialyzed in a 0.1 % Triton X-100 solution for 3 days, and lyophilized. 

In the synthesis of the ternary FePc/CNT@Mel composites, 160 mg of Ox-CNTs and 160 mg of 

iron(II) phthalocyanine (FePc, Sigma-Aldrich) were first mixed and sonicated in water. The 

FePc-adsorbed CNTs were prepared by a hydrothermal reaction at 180 °C for 12 h and freeze-

dried for 1 day. The ternary FePc/CNT@Mel composites were then prepared by ultrasonically 

blending melamine (Mel, 600 mg) and a FePc-adsorbed CNT (120 mg) suspension in 10.0 mL 

of ethanol. They were dried in an oven at 60 °C for 8 h to remove the remaining moisture and 

then transferred into the crucible purged with argon (Ar) gas for more than 30 minutes to 

make an inert atmosphere. The crucible was immediately moved into a household microwave 

(B821118215, Winiadaewoo, 2.45 GHz, 1.0 kW) and microwaved for just 4 min. We controlled 

the ratio of FePc to Ox-CNTs and the irradiation time to optimize the microwave annealing 

conditions. The best-activity catalyst was obtained with a 1:1 ratio using an irradiation time of 

4 min. The resulting powder was ground in a mortar and etched in 0.5 M H2SO4 at 80 °C for 8 

h. After filtering with deionized water several times, the samples were dried at 70 °C in a 

vacuum oven overnight to obtain MA-Fe-N/CNT samples.

Synthesis of thermally annealed Fe–N4 on a CNT (TA-Fe-N/CNT). The TA-Fe-N/CNT samples 

were prepared identically except for using conventional thermal annealing instead of 

microwave annealing. The ternary FePc/CNT@Mel composites were heated to 900 °C under 

an Ar atmosphere for 2 h with a ramping rate of 5 °C min-1 and a flow rate of 100 mL min-1. In 

the same manner, the resulting powder was ground in a mortar and etched in 0.5 M H2SO4 at 

80 °C for 8 h. After filtering with deionized water several times, the samples were dried at 70 

°C in a vacuum oven overnight.
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Physical characterization. The atomic-resolution HRTEM, HAADF-STEM images, and EELS 

spectrum of the samples were taken using a double-side spherical aberration-corrected 

transmission electron microscope (TEM, Titan3 G2 cube 60-300, FEI Company, Netherlands) 

under an accelerating voltage of 80 and 200 keV. Raman spectroscopy (WITec alpha300R, 532 

nm laser) was used to study the structure and disorder of the catalysts. X-ray photoelectron 

spectroscopy (XPS) measurements were performed on an ESCLAB 250Xi (Thermo Scientific) 

using an Al K X-ray source monochromatic operating at 1486.6 eV.

Synchrotron XAS measurements. Synchrotron X-ray absorption spectroscopy (XAS) 

measurements were conducted at the beamline 7D of Pohang Accelerator Laboratory (PLS-II, 

3.0 GeV) in Pohang, Korea. The radiation was monochromatized using a Si (111) double crystal 

monochromator and the incident beam was detuned by 15 % to minimize high-order 

harmonics. The spectra for Fe K-edge were obtained in transmission detection mode at room 

temperature. The intensity of the incident beam was monitored using a He-filled IC Spec 

ionization chamber. The spectra for Fe K-edge were obtained in transmission detection mode 

at room temperature. For each sample, the reference spectrum of Fe foil was taken 

simultaneously so that the energy in the spectrum of sample could be calibrated with respect 

to the K-edge energy of Fe metal. The ATHENA and ARTEMIS in the IFEFFIT suite of software 

programs were used to analyze the obtained data to study the local structure of Fe in the as-

prepared catalysts. EXAFS spectra were fitted using the FEEF 9.0 code and the structure 

parameters obtained from the DFT calculations.

CO pulse chemisorption and TPD. Pulse chemisorption and TPD measurements of CO were 

performed on a BELCAT-II (MicrotracBEL) under a 30 mL min-1 He flow as carrier gas. For each 

catalyst, an amount of 100 mg was mounted between quartz wool in a reactor assembling in 

a furnace. All samples were thermally pre-treated up to 300 K with a ramp of 10 ˚C min-1 in 

inert He gas to remove any possible surface contamination. Pulse chemisorption was carried 

out at -80 ˚C using a CATCryo-II (MicrotacBEL). Five consecutive 0.947 mL CO were injected at 

an interval of 25 min, and its uptake per mole was monitored and quantified using a thermal 

conductivity detector (TCD). In TPD experiments, the sample powder was purged by 10 vol.% 

CO/He and heated up to 450 K with 10 C min-1 ramping rate while recording the TCD signal of 
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outlet gases. Assuming that each catalytic active site is blocked by one CO molecule, the molar 

amount of adsorbed CO per gcatalyst nCO (in mol g-1) is equal to the molar concentration of active 

surface sites. By multiplying the measured values with Avogadro’s constant NA, we can get the 

mass-based surface site density (MSD).

Electrochemical characterization. Electrochemical tests toward ORR were performed via the 

RDE and RRDE techniques in a standard three-electrode cell using a potentiostat (Ivium Stat.h, 

Ivium Technologies), an RDE (AFE3T050GC, Pine Research; disk geometric area 0.196 cm2), 

and an RRDE (AFE7R9GCPT, Pine Research; disk geometric area 0.247 cm2). Potentials were 

measured vs. Hg/HgO (RE-61AP, ALS; 1 M NaOH filling solution) and Ag/AgCl (RE-1B, ALS; 3.0 

M NaCl filling solution) reference electrodes in alkaline and acid electrolytes, respectively, and 

then converted to the reversible hydrogen electrode (RHE) scale by calibration. The RHE 

calibration values were established by the thermodynamic potential for the H+/H2 reaction 

which was measured in a H2-saturated electrolyte with platinum wire as the working 

electrode. All measurements were performed using a graphite rod as the counter electrode 

to avoid any contamination by platinum (Pt). To prepare the catalyst ink, 10 mg of the catalyst 

was ultrasonically mixed for 30 min with 20 μl of a 5 wt% Nafion solution (Aldrich), 65 μl of 

water, and 425 μl of ethanol. From this homogeneous catalyst ink, 10.3 μl was deposited onto 

the disk, resulting in an approximate loading of 0.8 mg cm-2 (or, 0.6, 0.4 and 0.2 mg cm-2). The 

Pt/C catalyst (Johnson-Matthey, 20 wt% Pt) with geometric Pt loading of 50 μgpt cm-2 was used 

as the benchmark. The electrolytes were oxygen (O2)-saturated 0.1 M KOH (99.99% Samchun) 

and 0.1 M HClO4 (70%, GFS Chemicals). Prior to every measurement, the RDE or RRDE were 

polished with a 1.0 μm alumina suspension and then with an ethanol, and the glass cell was 

leached with 0.5 M H2SO4 solution. Each catalyst was activated by 20 cyclic voltammetry (CV) 

scans at a scan rate of 20 mV s-1 in a N2-saturated electrolyte and a potential range of 0.0–1.3 

VRHE. Then, linear sweep voltammetry (LSV) for oxygen reduction reaction (ORR) was 

performed with a scan rate of 5 mV s-1 at 1600 rpm from 1.3 to 0.0 VRHE in the O2-saturated 

electrolyte. All currents were corrected for the capacitive current measured in the N2-

saturated electrolyte, and all potentials were iR-corrected by electrochemical impedance 

spectra measured at 0.68 VRHE with a potential amplitude of 10 mV from 10,000 to 1 Hz. The 

percentage of H2O2 was determined at a ring potential of 1.3 VRHE in the RRDE measurements. 
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The collection efficiency was 37 %, as calculated using an Fe(CN)6
4-/3- redox couple. Stability 

tests were performed in the potential range of 0.6–1.0 VRHE in the N2-saturated electrolyte at 

a scan rate of 100 mV s-1. In order to avoid the replenishing effect derived from Fe impurities 

that might be formed during the potential cycling, LSV for ORR after 10,000 cycles was 

conducted with fully polishing the glass cell and electrolytes.

Density functional theory (DFT) Calculations. The calculations have been performed by using 

the DFT method as implemented in Vienna ab initio simulation package (VASP) code.55 The 

plane wave energy cutoff of 400 eV was used with Perdew–Burke–Ernzerhof (PBE) 

parameterization of the general gradient approximation exchange-correlation functional56. 

Spin polarization has been included for all the calculations. For proper description of Fe d 

electron correlation energy, the Hubbard-U = 5.0 eV has been considered. The slab model with 

in-plane lattice parameters a = 17.22 Å, b = 12.78 Å are used with a sufficient vacuum region 

20 Å along the perpendicular direction. With the k-mesh 1x1x1, all the atomic positions are 

optimized until the force is less than 0.02 eV/Å with including the van der Waals correction by 

Grimme’s method (D3).57 For the density of states analysis, the k-mesh 9x12x1 is used. For 

each step, the Gibbs free energy change is defined as 58, ∆𝐺 = ∆𝐸𝐷𝐹𝑇 + ∆𝑍𝑃𝐸 ‒ 𝑇∆𝑆 + ∆𝐺𝑈 + ∆𝐺𝑝𝐻

where  is the reaction energy from the reactant to the product (*OOH, *O, *OH) ∆𝐸𝐷𝐹𝑇

adsorbed on the catalyst surface using the method proposed by Norskov et al.59 Zero-point 

energy and vibrational entropy  are obtained from the calculations of the (∆𝑍𝑃𝐸) (𝑇∆𝑆)

vibrational frequencies of each adsorbed intermediate on the fixed slab model. For the 

dependency on the pH environment and electrode potential, we applied  ∆𝐺𝑝𝐻 =‒ 𝑘𝐵𝑇𝑙𝑛[𝐻 + ]

and  on the total Gipps free energy ( ), where U is the electrode potential. ∆𝐺𝑈 =‒ 𝑒𝑈 ∆𝐺

Preparation of cell components of Na-air battery. Carbon felts (XF30A, Toyobo) were used as 

the air-cathodes for the Na-air batteries. A Na-air battery kit was purchased from 421Energy 

Co., Ltd. Na metal attached to the surface of a nickel (Ni) mesh was inserted into a pouch cell 

for use as the anode. An organic non-aqueous liquid electrolyte consisting of 1 M NaCF3SO3 in 

tetraethylene glycol dimethyl ether was purchased from Sigma-Aldrich. A Na super ionic 

conducting (NASICON) membrane with a thickness of 1 mm and an exposed area of 2 cm2 was 
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used to separate the anode from the cathode. The ionic conductivity of the NASICON discs 

was measured to be around 1 × 10-3 S cm-1 at room temperature. An aqueous liquid electrolyte 

of 0.1 M NaOH (99.99%) was purchased from Samchun.

    The air cathode was prepared by impregnating catalyst slurries (90 wt% catalyst, 10 wt% 

poly(vinylidene) fluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) solvent) onto one 

side of the carbon felt. The area of the air electrode was 1.0 cm2, and the mass loading of the 

catalyst layer was 2.15 mg cm-2. For comparison, Pt/C (Johnson-Matthey, 20 wt% Pt) and TA-

Fe-N/CNT were also used as catalysts, and the same loading levels were applied.

Na-air battery assembly and testing. Pouch-type cells were assembled for the Na-air batteries 

with 0.1 M NaOH aqueous solution. The anode compartment was first assembled by mounting 

the NASICON disc on the open-structured top part of the anode and then was sealed with the 

bottom part of the anode, where a Ni tap current collector (Solbrain LTK) with Na metal 

attached and an organic electrolyte were inserted. Assembly was performed in a glove box 

under a high-purity Ar atmosphere (O2 and H2O < 1 ppm). The anode compartment and air-

cathode were mounted in a Na-air battery test cell body with an open-structured cathode, 

where the air-cathode was immersed in 0.1 M NaOH aqueous solution. The assembled Na-air 

battery was mildly stirred and connected to a testing station. A potentiostat (Ivium Stat.h, 

Ivium Technologies) was employed to apply discharge–charge voltage behaviour at the 

desired current rates. 
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2. Supporting Figures and Tables

Fig. S1. Structural discrepancy of the carbon supports between MA-Fe-N/CNT and TA-Fe-
N/CNT catalysts. HRTEM images of (a) MA-Fe-N/CNT showing thin carbon layers on the CNT 
surface and (b) TA-Fe-N/CNT catalysts showing thick carbon layers on the CNT surface.

Fig. S2. Pore structure. (a) N2 adsorption-desorption isotherm and (b) Barrett-Joyner-Halenda 
(BJH) pore size distributions of MA-Fe-N/CNT and TA-Fe-N/CNT catalysts.
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Fig. S3. Thermogravimetric analysis (TGA) of FePc/CNT and FePc@Mel/CNT.

Fig. S4. Wide-scan XPS spectra of MA-Fe-N/CNT and TA-Fe-N/CNT catalysts. The surficial O 
content of the MA-Fe-N/CNT catalyst (3.3 at%) is much less than that of the TA-Fe-N/CNT 
catalyst (6.8 at%), indicating that the microwave annealing method could effectively remove 
O defects.
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Fig. S5. Atomic-resolution HRTEM images of MA-Fe-N/CNT and TA-Fe-N/CNT catalysts. (a,b) 
Additional images showing the highly crystallized and thin carbon layers on the CNT surface in 
the MA-Fe-N/CNT catalyst. (c,d) Additional images showing the amorphous and thick carbon 
layers on the CNT surface in the TA-Fe-N/CNT catalyst. Scale bars, 5 nm.
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Fig. S6. HAADF-STEM images of MA-Fe-N/CNT catalysts. Additional images showing that a 
relatively higher proportion of single Fe atoms is distributed on the CNT surface in the MA-Fe-
N/CNT catalyst. 

Fig. S7. BFTEM and HAADF-STEM images of TA-Fe-N/CNT catalyst. (a,b) BFTEM and (c,d) STEM 
images showing that abundant Fe or Fe3C particles are formed instead of single Fe atoms in 
the TA-Fe-N/CNT catalyst. 
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Fig. S8. XRD patterns of MA-Fe-N/CNT and TA-Fe-N/CNT catalysts. 

Fig. S9. HRTEM and HRSTEM images of MA-Fe-N/CNT. (a,b) HRTEM and (c,d) HRSTEM images 
showing that some Fe clusters are formed in MA-Fe-N/CNT.
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Fig. S10. Fe K-edge EXAFS analysis of (top) MA-Fe-N/CNT and (bottom) TA-Fe-N/CNT catalysts. 
(a) k-spaces and (b) R-spaces fitting curves of MA-Fe-N/CNT. (c) k-spaces and (d) R-spaces 
fitting curves of TA-Fe-N/CNT. In k-spaces, fitting curves from bottom to top: Fe-N, Fe-Fe and 
Fe-C γ(2) two-body signals and Fe-C-N γ(3) three-body signal are included in the fits. No phase-
shift correction was applied to the Fourier transforms. The fitted EXAFS parameters are 
reported in Table S2.

Fig. S11. XPS spectra of Fe2p deconvolution peak of MA-Fe-N/CNT. 
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Fig. S12. XPS spectra of N1s deconvolution peak depending on irradiation time. The XPS N1s 
results indicate the presence of pyridinic-N, pyrrolic-N (Fe-Nx) species, as well as graphitic-N 
and oxidized N species. The fraction of pyrrolic-N (Fe-Nx) species (blue) gradually decreases 
while that of graphitic-N (orange) gradually increases with increasing irradiation time.
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Fig. S13. Fe K-edge XANES spectra depending on irradiation time. (a) The intensity of peak A 
increases, while that of peak C decreases upon increasing the irradiation time in the 
overlapped spectra. (b) The position of peak E is gradually shifted toward lower energy 
moment by moment. XANES spectrum of Fe(II)Pc was used as a square-planar FeII-N4 standard. 
Note the changes in the intensities of peaks A and B and the relative position of peak E.

Fig. S14. Fourier-transformed k3-weighted Fe K-edge EXAFS spectra depending on irradiation 
time. (a) Progressive enhancement of the peak intensity for Fe-Fe (2.20 Å) over time is evident. 
(b) All FT-EXAFS spectra for the microwave-treated catalysts show slightly elongated Fe-N 
scattering peaks (1.7 Å). Note the changes in the relative peak position of Fe-N and the relative 
peak intensity of Fe-Fe. No phase-shift correction was applied to the Fourier transforms.
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Fig. S15. Comparison of microwave-annealed catalysts for different irradiation times with 
other control catalysts in alkaline media. (a) RDE curves for various catalysts measured in 0.1 
M KOH, (b) comparison of the kinetic current densities at 0.9 V (vs. RHE), (c) Tafel plots, and 
(d) EIS results.

All measurements were carried out before acid-washing in 0.5 M H2SO4. We synthesized the 
N-doped CNT catalyst (MA-N-CNT) by simply adding melamine to the Ox-CNT, followed by 4 
min of microwave irradiation to confirm the effect of introducing Fe-containing moieties. We 
also prepared MA-Fe-N/CNT-4’_w/o Mel and TA-Fe-N/CNT_w/o Mel catalysts (w/o Mel: 
without melamine) following the same procedure explained in the “Experimental Methods” 
section except with the addition of melamine to confirm the effect of introducing a secondary 
N source. MA-Fe-N/CNT-3’, 4’, 5’_w/o AT catalysts were measured three times in 0.1 M KOH 
to confirm the reproducibility and to analyse the trends. The dots indicate the average values, 
and the error bars were defined using the maximum–minimum range. Linear sweep 
voltammetry for ORR was performed with a scan rate of 5 mV s-1 at 1600 rpm from 1.3 to 0.0 
VRHE in the O2-saturated electrolyte. All currents were corrected for the capacitive current 
measured in the N2-saturated electrolyte, and all potentials were iR-corrected. Catalyst 
loading amount was 0.8 mg cm-2 for all measurements (electrode surface area: 0.196 cm2).
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Fig. S16. Correlation of ORR activity and the relative ratio FeNxCy moiety. Correlations between 
the kinetic current densities at 0.9 V (vs. RHE) and the relative quantities of FeNxCy moieties 
obtained from the (a) XPS and (b) CO chemisorption results. A surface mass-based site density 
(MSD) was calculated from the CO chemisorption results.
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Fig. S17. Microwave-annealed catalysts with different mass ratios of FePc precursor to CNT 
for ORR in alkaline media. (a) RRDE curves measured in 0.1 M KOH, (b) peroxide yields with 
electron transfer numbers, (c) Tafel plots, and (d) EIS results. (e) Comparison of the kinetic 
current density at 0.9 V (vs. RHE); all catalysts were measured three times in 0.1 M KOH. The 
dots indicate the average values, and the error bars were defined using the maximum–
minimum range. (f) Correlation of ORR activity and relative ratio FeNxCy moiety obtained from 
XPS. The dots indicate the average values, and the error bars were defined using the 
maximum–minimum range. Linear sweep voltammetry for ORR was performed with a scan 
rate of 5 mV s-1 at 1600 rpm from 1.3 to 0.0 VRHE in the O2-saturated electrolyte. All currents 
were corrected for the capacitive current measured in the N2-saturated electrolyte, and all 
potentials were iR-corrected. Catalyst loading amount was 0.8 mg cm-2 for all measurements 
(electrode surface area: 0.247 cm2).
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Fig. S18. Tafel plots for MA-Fe-N/CNT, TA-Fe-N/CNT, and Pt/C catalysts in 0.1 M KOH. The 
order of the Tafel slope (MA-Fe-N/CNT > Pt/C > TA-Fe-N/CNT catalysts was observed.

Fig. S19. RRDE polarization curves of MA-Fe-N/CNT catalyst at different loading amounts in 
0.1 M KOH. The MA-Fe-N/CNT catalyst shows high ORR activity with high selectivity regardless 
of the catalyst loading amount.
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Fig. S20. Chronoamperometric (current-time) responses of Pt/C and MA-Fe-N/CNT for ORR at 
0.7 VRHE, followed by the introduction of methanol (3 M) in O2-saturated 0.1 M KOH at a 
rotation speed of 1600 rpm. The MA-Fe-N/CNT catalyst shows much better methanol 
tolerance than Pt/C, with only a negligible change in the current density after the introduction 
of methanol.

Fig. S21. Long-term durability tests up to 50,000 cycles. Change in potential as a function of 
cycle number for MA-Fe-N/CNT catalyst.
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Fig. S22. STEM images of MA-Fe-N/CNT catalyst after 10,000 potential cycles. (a) BFTEM and 
(b) STEM images show that CNT support and single atomic Fe-N4 species do not undergo any 
considerable deterioration.

Fig. S23. RDE polarization curves for MA-Fe-N/CNT and TA-Fe-N/CNT catalysts before and 
after acid treatment in (a) alkaline and (b) acidic media. The effectiveness of SMA and acid 
treatment seems to be more prominent in the acid electrolytes. Linear sweep voltammetry 
for ORR was performed with a scan rate of 5 mV s-1 at 1600 rpm from 1.3 to 0.0 VRHE in the O2-
saturated electrolyte. All currents were corrected for the capacitive current measured in the 
N2-saturated electrolyte, and all potentials were iR-corrected. Catalyst loading amount was 
0.8 mg cm-2 for all measurements (electrode surface area: 0.196 cm2).
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Fig. S24. Electrochemical performance comparison in acid media. (a) RRDE polarization curves 
of MA-Fe-N/CNT, TA-Fe-N/CNT, and Pt/C in O2-saturated acid electrolyte. (b) Tafel plots of 
MA-Fe-N/CNT, TA-Fe-N/CNT, and Pt/C catalysts. (c) Peroxide yield with electron transfer 
numbers measured via RRDE testing. (d) Polarization curves after 10,000 potential cycles in 
acid media are also given. Conditions: RRDE measurements at room temperature with a 
rotation rate of 1600 rpm, in 0.1 M HClO4. The stability tests involved 10,000 potential cycles 
between 0.6 V to 1.0 V (vs. RHE) in the N2-saturated electrolytes. All currents were corrected 
for the capacitive current measured in the N2-saturated electrolyte, and all potentials were iR-
corrected. Catalyst loading amount was 0.8 mg cm-2 for all measurements (electrode surface 
area: 0.247 cm2).
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Fig. S25. Projected DOS analysis for clean and Type II Fe–N4 structures. (a) (left) Clean Fe–N4 
structure, (right) projected DOS of Fe d orbitals. (b) (left) Fe–N4 with an epoxide (type II), (right) 
projected DOS of Fe d orbitals. (c) (left) clean Fe–N4 structure, (right) projected DOS of Fe d 
orbitals and pz orbital of O. (d) (left) clean Fe–N4 structure with an epoxide (type II), (right) 
projected DOS of Fe d orbitals and pz orbital of O.
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Fig. S26. Side views of the geometries of the clean, Type I and Type II structures with the axial 
OH ligand. Large Fe displacements are observed in (a) the clean sheet, whereas mild Fe 
displacements are observed in both (b) Type I and (c) Type II sheets. 
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Fig. S27. Free-energy evolution diagrams for ORR on the central Fe atoms at pH = 13 and 1. 
The clean sheet always shows a more favourable ORR pathway under U = 0.7 VRHE and 0 VRHE, 

irrespective of the pH. 
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Fig. S28. XPS spectra of N1s deconvolution peaks of MA-Fe-N/rGO and MA-Fe-N/CB catalysts. 
The pyrrolic-N (Fe-Nx) species peaks are much higher than the graphitic-N peaks, implying that 
numerous FeNxCy moieties were formed in the MA-Fe-N/rGO and MA-Fe-N/CB catalysts as 
well.
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Fig. S29. RDE polarization curves for MA-Fe-N/rGO and MA-Fe-N/CB catalysts in 0.1 M KOH. 
The current densities at 0.9 V and the half-wave potentials of MA-Fe-N/CB and MA-Fe-N/rGO 
were 2.54 and 1.97 mA cm-2 and 0.89 and 0.88 VRHE, respectively. Catalyst loading amount was 
0.8 mg cm-2 for all measurements (electrode surface area: 0.196 cm2).

Fig. S30. Rate capability test at different rates ranging from 0.01 to 0.1 mA cm-2 for an aqueous 
Na-air battery. (a) Discharge profiles of MA-Fe-N/CNT loaded air-electrode. (b) Discharge 
profiles of TA-Fe-N/CNT loaded air-electrode. All chronopotentiometry results were collected 
after 30 s of equilibration time to exclude side-reaction-derived currents; the loading amount 
was 2.15 mg cm-2; the electrode surface area was 1 cm2; charging was conducted with the 
bare carbon felt air-electrode.
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Table S1. Raman fitting results of pristine CNT, oxidized CNT, MA-Fe-N/CNT and TA-Fe-N/CNT.

Fitting results were constructed by calculating peak areas; I peak, C-sp2; D’’ peak, distortion, 
C5 ring or heteroatoms; D2 peak, stretching vibrations in small graphite crystallites covered 
by O functional groups. Higher portion of the D’’ peak and D2 peak in TA-Fe-N/CNT catalyst 
suggest that onion-like N-doped graphitic shells commonly observed on the Fe-based particles 
and less reduced carbon structures are obtained.

Table S2. Elemental content of MA-Fe-N/CNT and TA-Fe-N/CNT catalysts, obtained from ICP-
OES and elemental analysis measurements.
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Table S3. Best-fit parameters obtained from the analysis of the Fe K-edge EXAFS spectra of 
MA-Fe-N/CNT and TA-Fe-N/CNT catalysts. 

N, coordination number; R, interatomic distance; 2, Debye-Waller factor (thermal and 
structural disorders);  E0, energy shift; R-factor, goodness of the fit. The estimated parameter 
errors are indicated in parentheses. The various paths in the Table are generated from the 
Feff calculations of model structure optimized by DFT calculations and Fe foil cif file. The Fe-
N, Fe-C and Fe-Fe scattering are the single scattering. The Fe-C-N scattering is the obtuse 
triangle scattering. The Fourier transformed EXAFS spectra of MA-Fe-N/CNT and TA-Fe-N/CNT 
catalysts are well reproduced with a combination of these scattering paths. No phase-shift 
correction was applied to the Fourier transforms. R-range and k-range are the fitting range 
for each catalyst.
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Table S4. Summary of elemental analysis results for selective microwave-annealed catalysts 
with different irradiation time, obtained from XPS measurements.

Table S5. Turnover frequencies ORR based on the CO-titrated sites.
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Table S6. Comparison of the kinetic parameters of Pt group metal-free catalysts for the ORR 
in alkaline media.
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Table S7. Comparison of the kinetic parameters of Pt group metal-free catalysts for the ORR 
in acid media.
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Table S8. Bond lengths in the studied model structures via DFT calculations.
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3. Supporting Movie

Movie S1. Preparation of highly reduced carbon-hosted, Fe–N4 on a CNT via selective 
microwave annealing (MA-Fe-N/CNT catalyst). This video demonstrates the SMA method. The 
ternary FePc/CNT@Mel composites were moved into the crucible purged with Ar gas to make 
the inert atmosphere. Upon microwave irradiation, the CNT support absorbs microwaves and 
generates heat within dozens of seconds. Then heat migrates to the overall samples and FePc 
begins to carbonize and immobilize to form Fe–N4 catalyst on the CNT support. 
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