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Figure S1. Molecular structure of (a) EDTA and (b) EDTA—Fe.

Figure S3. The TEM images of as-prepared Fe—N—C—900 catalysts.
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Figure S4. (a) The X-ray diffraction (XRD) patterns of as-prepared Fe~N—-C-700, Fe—N—-C-800
and Fe—N—-C-900 catalysts. (b) The typical diffraction peak of (002) facet of graphite carbon on
Fe—N—-C-700, Fe-N—C-800 and Fe—N—C—900 catalysts
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Figure S5. (a) Normalized XANES and (b) first-order derivate of XANES of Fe K-edge of
Fe—N—-C—-700, Fe-N—C-800, Fe—-N—-C-900, and Fe reference samples
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Figure S6. RDE curves of (a) Fe-N-C-700, (c) Fe-N—-C-800 and (e) Fe-N—C-900 in
O,-saturated 0.1 M KOH solution at various rotation rates range from 400 to 2025 rpm. Sweep
rate: 5 mV.st. The corresponding K-L plot of (b) Fe~N—-C-700, (d) Fe-N-C-800 and (f)
Fe—N—C—-900 derived from different potential from -0.4 to -0.65 V.
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Figure S7. Changes of peroxide hydrogen generation and electron transfer number of of Pt/C,
Fe—N—-C-700, Fe—-N—C-800 and Fe—N—C—900 calculated from the RRDE. The experiments were
carried out in the O,-saturated 0.1 M KOH solution, scan rate: 5 mV.s™, rotating speed: 1600 rpm
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Figure S8. Free energy versus the critical reaction steps of the dissociation of O* from HOO* to

HO* with the intermediate state of HO --O* on e-Fe,N and Fe N, structures identified on

Fe—N-C catalysts.

Figure S9. (a) TEM images of the Fe—N—C samples pyrolyzed from EDDA-Fe(ll), and (b)
HAADF-STEM images of as-synthesized Fe—N—-C—800 catalysts from phenanthroline—Fe(ll)

precursor; the insets show the corresponding EDX and elemental mappings results, respectively.



(a)

’\—(

Io2ma em® EDTAFell) ¢

EDDA.Fe(l)

Current Density / mA cm”

I°.2 mA cm* Phenanthroline-Fe{ll)

0.75 -0.60 -0.45 -0.30 -0.15  0.00
Potential /V vs. Ag/AgCI

100 (b) 3M Methanol
x
= Fe-N-C-800
@ Derived from EDTA-Fe(ll)
5 60}
(&)
o
2
& 4}
]
(4
20+
o L L 1 1
0 200 400 600 800 1000
Time /s
1| A T TIPSR
sia]
Fe-N-C-800

Derived from EDTA-Fe(ll)

@
o

E

Pt/C

59%|

Normalization Current / %

H
o

L ' L
0 10000 20000 30000 40000
Elapsed Time /s

Figure S10. (a) CV curves of the Fe-N—C samples synthesized from EDTA—Fe(Il),
EDDA-Fe(Il), and phenanthroline—Fe(II). (b) The current-time responses of the Fe—-N—C—800
and Pt/C at -0.2 V in O,-saturated 0.1 M KOH solution with a rotation rate of 1600 rpm for 1,000
s, and with the addition of 3 M methanol at around 300 s; (c) The current-time responses of the
Fe—N—C—800 and Pt/C during a long elapsed time of 40,000 s. The rotating rate was set up to1600
rpm.
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Figure S11. (a) (b) Morphological and structural evolution, (c) CV curves, and (d) LSV curves of
the Fe—N—C—800 after long-term electrocatalytic ORR stability test for 40,000 s. CV curves were
collected in O,- and N,-saturated 0.1 M KOH solution with a sweep rate of 5 mV st LSV curves
were collected in O,-saturated 0.1 M KOH solution at rotation rates of 1200 rpm with a sweep rate
of 5mvs™t



Note 1 Synthesis of Fe—N—C catalysts

Briefly, taking the Fe—N—C catalysts derived from EDTA—Fe(Il) as an example, the
chelate of EDTA—Fe(Il) monomer was prepared by the mixture of solution of
EDTA-Na, and FeSO47H,0 in the round-bottom flask in N, atmosphere (40°C
water-bath). Here, please notice that a dropwise addition of EDTA-Na, solution to
fully boiled FeSO, solution is recommended. Once the color of the mixture changed
to dark green, dried it at 50 °C in the vacuum oven overnight. Then the high-quality
EDTA—Fe(Il) chelate powder was obtained followed by ball-milling. Afterward, the
dark powder thus produced by temperature-programmed carbonation to 700 to 900 T
under N, atmosphere (5 <T/min), held for 4 h, and cooled down to room temperature.
Finally, to remove unstable phases and inorganic impurities, the pyrolyzed product
was washed in H,SOy solution, ethanol and DI water in sequence, and dried at 80 <C
for 6 h. The resulting black powders are designated as Fe-N—C—x, where x represents
the final pyrolysis temperature. Similarly, the other two kinds of Fe—N—C catalysts as
control samples can be also prepared as mentioned above, but differed in the synthesis

of specific chelates with corresponding precursors.



Note 2 Characterizations

The crystal structure of sample was characterized by powder X-ray diffraction (XRD)
measurements (Bruker D8 Advance) between 10°and 90° at a scan step of 10°-min ™" operating at
40 kV and 30 mA using Cu Ka radiation. Morphology information was investigated by TEM
observation using a high-resolution TEM/STEM H-800 (Hitachi, Japan) at an accelerating voltage
of 220 kV. Energy-dispersive X-ray spectrum (EDX) was analyzed by an energy dispersive
spectroscopy analyzer attached to the HRTEM. The XPS data were performed with an AXIS-Ultra
instrument (Kratos Analytical, UK) using monochromatic Al Ka radiation (225 W, 15 mA, 15 kV),
where the binding energy was calibrated against reference of Cls peak at 284.8 eV. Raman
spectra were recorded on a microscopic confocal Raman spectrometer (JY Lab Raman HR 800)
with an excitation laser source of 785 nm. The BET surface area was deduced from an analysis of
the isotherm in the relative pressure range of 0.04—0.20. The total pore volume was calculated
from the amount of nitrogen adsorbed at a relative pressure of 0.90. FTIR measurements were
performed on catalysts mechanically mixed with KBr and pressed. IR spectra were collected in air
at 2 cm™ resolution on a Bruker Equinox 55 FTIR spectrophotometer, equipped with a MCT
(Mercury Cadmium Telluride) detector. Fe K-edge X-ray absorption fine structure spectroscopy
(XAFS) spectra were collected on beamline 1W1B at Beijing Synchrotron Radiation Facility. The
ring storage energy of the synchrotron radiation accelerator during data collection was 2.5 GeV
with current intensity of 50 mA. Fe K-edge spectrum of the sample was collected using
transmission mode. Fe foil, FeO, Fe;0, and Fe,O3 NPs were used as standard compounds. The
tested samples of Fe-N-C catalysts were motor homogenized and pressed into thin slices with

diameter of 10 mm and thickness of 2 mm. Athena software was used to process the normalization



and liner combination fitting (LCF) of the XANES spectra. Room-temperature >'Fe Mdssbauer
spectra were recorded by using a Topologic 500A spectrometer and a proportional counter.
*'Co(Rh) moving with a constant acceleration mode was used as the y-ray radioactive source. The
velocity was calibrated by a standard a-iron foil. All spectra were computer-fitted to a Lorentzian
shape with a least-squares fitting procedure. The isomer shifts (IS) were given with respect to the
centroid of a-Fe at room temperature. The absorbers were obtained by pressing the powdered

samples (about 10 mg/cm? of natural iron).



Note 3 TGA-MS analysis

Thermo-gravimetric analysis (TGA) was further performed to provide an estimate
with regards to the composition of the synthesized Fe—-N-C catalysts and to predict
their formation process. The Fe-EDTA precursor was heated in N, under a
temperature programming rate of 10 °C-min™, and the corresponding TGA curve was
collected (Figure S1la), meanwhile the MS signals of generated gas were also
detected (Figure S11b). The TGA results showed three weight loss steps in the
following temperature ranges: 200-250, 325-400, and 750-900 °C, which are also
consistent with the appearance of DTG peaks. The gradual decrease in weight with
loss value of 10 % from 25 to 250 °C can be ascribed to the elimination of surface
capping groups such as some volatile or decomposable of carbonic oxides (m/z = 28
and 44) from organic components and adsorbed water. While a pronounced weight
loss of 17% was found in the temperature range of 325-400 °C with mass gas
evolution of CO, (m/z = 44), CO (m/z = 28), H,O (m/z = 18), NH3 (m/z = 17) and NO
(m/z = 30). It is clear that the separation of oxygen from Fe-EDTA source via the
burn off of carbon and the decomposition of nitrogen was dominant, suggesting a
reorganization of original carbon atom configuration, which agrees well with the
Raman and FTIR results. Moreover, the predominant weight-loss of 25% was
observed coupled only with the measure MS signal of CO gas in this temperature
region, indicating a further decrease in weight throughout by removing oxygen and
carbon from Fe-N-C-700 to Fe-N-C—-900 catalysts. The continuous extraction of O

by virtue of C atom, no longer N atom, not only led to a more abundant amorphous



structure on Fe-N-C-900 than Fe-N-C-800 (agree with the BET analysis), but also
reveals the strong interaction of N-O and N-C bonds in the molecular structure of
Fe-N-C catalysts in high temperature. Thus it can be seen that the Fe—-N-C catalysts
were probably developed via the stripping of O from the organic precursor Fe-EDTA,
being helped by C atom at large, resulting in the rearrangement of Fe and N atoms

residues on carbon matrix.
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Figure S12. TGA-MS of Fe—N—-C—800 catalysts; the Fe—EDTA was heated from 30 to 1000 °C

under N, heat rate: 10 °C/min

Note 4 Computational model and details

Gibbs free energy calculations. The popular B3LYP (Becke, three-parameter,
Lee-Yang-Parr) exchange-correlation hybrid density functional theory of Gaussian 03
was employed with a basis set of 6-31G (d,p)."? The unstrict polarization setting was
used to calculate the breaking and forming of the chemical bond. * Seven different

iron-nitrogen-carbon or iron nitride models were constructed referred to the literatures



and standard inorganic crystal structure information.*’” The edges of the carbon matrix
are terminated by hydrogen atoms. The structures were relaxed until residual force on
each atom is 0.01 eV/A or less.

The ORR processes were simulated beginning with the adsorption of OOH on
catalysts as an intermediate via the one-electron transfer, in which process the O, can
adsorb an H* to form H*-0-0, being simplified as OOH due to the charge neutral
environment. After that, driving by the ionization potentials, the adsorbed H* of OOH
could be easily divorced. The one-electron transformation reactions were simulated by
keeping introducing H atoms via different structure models, which the optimization
structures were obtained, and each adsorption energy for these molecules was
calculated. The adsorption energy is defined as the energy difference between the
adsorption and the isolated systems. Here, the energy of the isolated system refers to
sum of energies of fore-step adsorbed molecules and the individual isolated adsorbate
molecules. Thus, negative adsorption energy indicates that the adsorbate molecules
would be energetically favorable to be adducted to the surface of the modeling

structures.



Table S1. Impedance parameters of the Fe—N-C catalysts deduced from the

equivalent circuit model of Nyquist plot

Catalysts Rg(@mg) Ry (Qmg) cpet (uF mg'l) n W (Q'l mg'l)

Fe—-N—-C-700 0.039 475.30 0.0169 0.90 1618.62

Fe—N—-C-800 0.041 88.23 0.0265 0.94 783.45

Fe—N—-C-900 0.049 49.71 0.0575 0.93 160.17




Table S2 Calculation of parameters derived from the K-L plot of Fe—N—C-700,
Fe—N—-C—800 and Fe—N—-C-900.

Catalysts Potential Slope Intercept n Jx

Fe—-N—-C-700 -0.4 2.16115 0.22408 4.17 4.46
-0.45 2.13272 0.21 4.20 4.76

-0.5 2.17389 0.20076 4.17 4.98

-0.55 2.11305 0.19187 4.22 5.21

-0.6 2.07252 0.1912 4.38 5.23

-0.65 2.05516 0.18979 4.42 5.27

Average 4.2 5.0

Fe—N—-C—800 -0.4 2.53704 0.05536 3.58 18.06
-0.45 2.50908 0.05504 3.62 18.17

-0.5 2.48602 0.04831 3.65 20.70

-0.55 2.48641 0.05099 3.65 19.61

-0.6 2.40059 0.0513 3.78 19.49

-0.65 2.33943 0.049 3.88 20.41

Average 3.7 194

Fe—N—-C-900 -0.4 1.91546 0.24659 4.74 4.16
-0.45 1.95569 0.22693 4.64 4.41

-0.5 1.9271 0.21843 471 4.58

-0.55 1.90854 0.21067 4.75 4.75

-0.6 1.91306 0.20299 4.76 4.93

-0.65 1.93524 0.19406 4.68 5.15

Average 4.7 4.64




Table S3 Schematic diagrams of coordination and space structures of Fe, N and C

atoms

Molecular
Molecular Structure  Structural Diagram
Coordination Structure Reference
(Side view) (Side view)
(Up view)
Fe''N,, distorted .
(low-spin state, S=0 or 1)
Fe''N, centers, in-plane Nrfed
g = i
(low-spin state, S=0 or 1)
Fe''N,.,/C - _
M NyFe 8, 10
(Intermediate spin, S=1) _ _
N-Fe'"Na...Nprot/C
W 8,11,12
(High spin state, S=2)
FeN.Cig @ ‘W !
FeN.Cy, % w 14
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Table S4 Curve fitting results of Fe—N—C catalysts derived from EDTA—Fe(II) for

EXAFS
Catalysts Shell CN R (A o (AZ) R factor (%)

Fe-N 11.64 1.99 0.01390

Fe—-N—-C-700 0.48
Fe-Fe 341 2.81 0.02430
Fe-N 11.31 2.00 0.01312

Fe-N—-C-800 0.30
Fe-Fe 2.80 2.83 0.02132
Fe-N 11.14 1.99 0.01225

Fe—-N—C—900 0.29
Fe-Fe 3.05 2.86 0.02141
Fe-N 2.00 193 --

Fe-N Reference --

Fe-Fe 6.00 2.67 --




Table S5 Curve fitting results of Fe—N—C catalysts derived from EDDA—Fe(II) and

phenanthroline—Fe(II) for EXAFS

Catalysts Shell CN R (A) o2 (A R I;'j‘/f)tor
L Fe-N 11.64 1.95 0.01390
Phenanthroline—Fe(II)-derivative 048
Fe—N—C catalyst '
Fe-Fe 341 2.69 0.02430
Fe-N 11.31 2.12 0.01312
EDDA-derivative Fe—N—C catalyst 0.30
Fe-Fe 2.80 2.86 0.02132
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