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Fig. S1 (a) SEM image of porous carbon. (b, ¢ and d) Low and high magnification TEM

images of porous carbon.

17



Fe-SA/PC~700=10

: ”ﬁ 'g‘

e

4 P

e

Fig. S2 SEM images of (a) Fe-SA/PC-700-2, (b) Fe—SA/PC—700-5 and (c) Fe—SA/PC-700—

10 samples.
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Fig. S3 (a) N, adsorption/desorption isotherms of porous carbon, Fe(phen);/PC and Fe—

SA/PC-700-5 samples and (b) the corresponding pore distribution curves.
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Fig. S4 XPS spectra of as—prepared samples under different temperatures (a) before etching

and (b) after etching.
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Theoretical calculations for Fe(phen); complex adsorption

1.1 Initial structure preparation (Fe:Phen = 1:3) 1,10-phenanthroline iron complex, pristine

carbon sheet, carbon nanopore with and without oxygen edges

All structures are constructed using the Materials Studio package version 2018. The initial
structures of the pristine carbon sheet, carbon nanopore with and without oxygen edges are as
shown in Fig. S5 The sizes of the model are chosen based on experimental nanopore sizes. The
carbon sheet and nanopores are hydrogen terminated for the edges. The oxide edges shown in
Fig. S5 (c¢) are chosen based on the initial structure of the nanopore in Fig. S5 (b) for the

armchair edges of the pore.

1.2 Geometry optimization for (Fe:Phen = 1:3) 1,10-phenanthroline iron complex and its

adsorption conformations on pristine carbon, carbon nanopore with and without oxygen edges

The initial adsorption structures are prepared by the Genmer tool of the Molclus package
version 1.82.! by constraining the 1,10—phenanthroline iron complex around the center of
structures in Fig. S6 without constraining their rotations and z distance from the center. There
are around 30 adsorbed conformations generated from the Genmer run for each combination.

The size of complex is about 1 nm based on vdW calculation.

We chose recently developed GFN2—xTB package? * coupled to the Molclus package! version
1.8.3 for further optimization and ranking of structures to find lowest energy conformations that
will be used for the adsorption study. In the optimization of the adsorbed structures, position
constraints set to the hydrogen atoms around the outer edges of the pristine/nanopore carbon
structures to avoid additional unphysical distortion due to adsorption of the Fe(phen); complex.
The convergence criteria for the XTB optimization has been set to that Energy < 5x10~ Ha and
Gradient < 1x103Ha/A. Same criteria has been used for the adsorption study. Prior to the
adsorption, geometry optimization at the xXTB level for the pristine/nanopore carbon structures,

as well as the 1,10—phenanthroline iron complex are also performed with the criteria set above.
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The adsorption energies have been calculated as AE,gs = Eqii — Esubstrate— Ecomplex» Where Eyy is

the total energy of the adsorbed structure, Egypsirate 15 the energy of the substrate while E¢omplex

is the energy of the Fe(phen); complex with adsorbed conformation.

We adopted the calculations at the GFN2—xTB mainly owing to the fact that the adsorption
models in this work generally consist around 400 atoms, which is hardly affordable by
conventional semi—empirical quantum chemistry methods such as PM7, not mentioning higher
level DFT methods. For the validation purpose, we also optimize the structure of the Fe(phen);
complex at PBEO-GD3BJ/def2SVP level using the Gaussian 16 package and compares it to the

xTB optimized geometry.*
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Fig. S5 The initial structures of (a) pristine carbon sheet (b) carbon nanopore without oxygen

edges and (c) carbon nanopore with oxygen edges. Carbon, oxygen and hydrogen atoms are

colored in cyan, red and white, respectively.
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XTBvs. DFT :RMSD=0.15A

Fig. S6 (a) XTB optimized geometry of the (Fe:Phen=1:3) 1,10—phenanthroline iron complex
and (b) overlapped optimized geometry at XTB (red) and DFT (blue, PBEO—GD3BJ/def2SVP)
levels. Carbon, nitrogen, iron and hydrogen atoms are colored in cyan, blue, lime, and white,

respectively.
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Fig. S7 First three lowest energy XTB optimized geometry of the (Fe:Phen=1:3) 1,10-

phenanthroline iron complex adsorbed on pristine carbon sheet. Carbon, nitrogen, iron and

hydrogen atoms are colored in cyan, blue, lime, and white, respectively.
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Fig. S8 First three lowest energy XTB optimized geometry of the (Fe:Phen=1:3) 1,10—

3

phenanthroline iron complex adsorbed on nanopore without oxygen edges. Carbon, nitrogen,

iron and hydrogen atoms are colored in cyan, blue, lime, and white, respectively.
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Fig. S9 First three lowest energy XTB optimized geometry of the (Fe:Phen=1:3) 1,10-
phenanthroline iron complex adsorbed on nanopore with oxygen edges. Carbon, nitrogen,

oxygen, iron and hydrogen atoms are colored in cyan, blue, red, lime, and white, respectively.
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Fig. S10 (a) XRD patterns and (b) Raman spectra of as—prepared samples.

17



10} . Fe-SA/PC-700-5 — Fitting

4 6
k (A

Fig. S11 The corresponding EXAFS fitting curves of the Fe-SA/PC—700-5 sample at & space.

17



Fig. S12 The corresponding EXAFS fitting curves of Fe foil at & space.
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Fig. S13 The corresponding EXAFS fitting curves of Fe,O; at k space.
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Fig. S14 High-resolution X-ray photoelectron spectra (XPS) of (a) Fe 2p, and (b) N 1s in Fe—

SA/PC-600-5, Fe—SA/PC-700-5, and Fe—SA/PC-800-5 samples before etching.
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Fig. S15 (a) HRTEM of Fe—SA/PC-800-5 sample, the nanoparticles in red circle can be
ascribed to Fe or Fe;C. (b) LSV curves of Fe—SA/PC-700-5 sample with various rotation
rates in 0.1 M H,SO,4 O,—saturated solution with a scan rate of 10 mV s~!. (¢) LSV curves of
Fe—SA/PC-600-5, Fe—SA/PC—-700-5 and Fe—SA/PC-800-5 samples in O,—saturated 0.1 M
KOH at 1600 rpm with a scan rate of 10 mV s! and (d) their corresponding Tafel plots.

It is clear that several small nanoparticles with lattice space of 0.2 nm ascribed to Fe based
particles can be obviously observed. Therefore, the poor ORR activity should be contributed

to the excessive aggregation of Fe species under higher temperature pyrolysis.
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Fig. 16 LSV curves of (a) Fe—SA/PC-600-5, (b) Fe—SA/PC-800-5 catalysts, (c) Fe—-SA/PC—
700-2 and (d) Fe—SA/PC-700-10 samples in O,—saturated 0.1 M KOH solution with a scan

rate of 10 mV s~! under various rotation speeds.
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Fig. S17 The corresponding RRDE voltammograms recorded in O,—saturated 0.1 M of KOH
solution at 1600 rpm with a scan rate of 10 mV s7!, and the ring potential was constant at 1.5

V vs. RHE.
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Fig. S18 (a) LSV curves of as—prepared catalysts toward ORR at 1600 rmp in O,—saturated

0.1 M KOH solution. (b) Co, (¢) Mn, (d) Cu and (e) Zn—based composites prepared by the

similar procedure of Fe—SA/PC-700-5 sample at various rotating speed in O,—saturated 0.1

M KOH solution.
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DFT calculations for ORR

The first—principle calculations were performed with the Vienna Ab initio Simulation Package
(VASP). The ion—electron interactions were treated with the projected—augmented wave
(PAW) method. The exchange—correlation interactions were calculated with the PBE scheme.
The energy cut—off was set to 400 eV, and the self—consistent convergence was set at criteria

0f 0.0001 eV/atom. The spin polarization was considered in the calculation. The structure was

constructed based on the monolayer of graphite, and the vacuum layer was about 20 A, After

complete structural optimization, the two structures are presented as follows:

The Norskov’s computational hydrogen electrode (CHE) method was applied to calculate the
reaction free energy (AG) for oxygen reduction reactions (ORR). In the method, with the
standard conditions ( pH=0, p =1 bar, T =298 K), the AG of the reaction: A* + H"+ e —
AH*, could be calculated from the reaction: A* + 1/2H,—AH%*, i.e., AG= G (AH*) -G
(1/2H;) -G (A*) +eU’. Here U is the electrode potential vs. SHE, and in alkaline condition,

the formula between U’ and U is U’ = U + 0.059*(pH).
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Fig. S19 (a) Geometric structures of the intermediates OOH*, O*, and OH* on Fe—SA/PC.

OOH*
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The reaction pathways of ORR four—step electron transfer process are presented in the above

figures.
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Table S1. Comparison of the as—prepared porous carbon, Fe(phen);/PC-700-5 and Fe—

SA/PC-700-5 samples.

BET surface area Pore volume
Samples
(m* g™ (m® g™
porous carbon 1903 1.23
Fe(phen);/PC 406.7198 0.285791
Fe-SA/PC-700-5 606.9 0.544
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Table S2. The elemental quantification analysis of O and different N species of the obtained

catalysts.

Samples O (at%) N (at. %)
Fe-SA/PC-600-5 3.72 2.15
Fe-SA/PC-700-5 3.18 3.48
Fe-SA/PC-800-5 2.15 1.82

Porous carbon 6.06 0
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Table S3. Parameters of the Fe K—edge EXAFS Fitting results.

o2x103
Sample Path C.N. R (A) AE (eV) R factor
(A?)
Fe-Fe 8* 2.45 1.9 2.5
Fe foil 0.004
Fe—Fe 6* 2.85 2.5 3.5
Fe-O 5.6 2.02 12.2
Fe, 04 0.7 0.014
Fe—Fe 4.8 2.97 3.9
Fe-SA/PC-
Fe-N 4.5 2.00 7.2 1.8 0.006
700-5
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Table S4. The prepared conditions and performances of as—prepared catalysts in our work.

Fe atomic%

in samples Pyrolysis E(1/2) vs.
1 Tafel sl
Catalyst (XPS temperature RHE Ja alel s1ope
analysis)
Fe-SA/PC—
- SAPC 0.73 % 700 °C 0.91V 54mAcm?  66mV dec!
700-5
Fe-SA/PC- - 700 °C 0.88 V 54mAcm?2 68 mV dec!
700-2
Fe-SA/PC= - 700 °C 08V  475mAcm? 77mV dec’
700-10
Fe-SA/PC—
e-SAPC 0.71 % 600 °C 0.77V 52mAcm? 73 mV dec!
6005
Fe-SA/PC—
c-SAPC 1.49 % 800 °C 0.83 V 6.1 mAcm? 69 mV dec!
800-5
NPC 0 700 °C 075V 3.78mAcm? 80 mV dec!
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Table S5. Comparison of the ORR activities with other previous reports about non—precious

metal-based catalysts.

Half-wave
Catalysts potential Electrolyte Reference
(V vs. RHE)
Fe-SA/PC-700-2 0.88 0.1 M KOH
Fe—-SA/PC-700-5 0.91 0.1 M KOH This work
Fe-SA/PC-700-10 0.8 0.1 M KOH
NGM—Co 0.82 0.1 M KOH [5]
Co—Nx/C NRA 0.88 0.1 M KOH [6]
Co—-N,B—CSs 0.83 0.1 M KOH [7]
FeNx—PNC 0.86 0.1 M KOH [8]
Fe,~Z3—C 0.87 0.1 M KOH [9]
Fe-NGM/C—Fe SAC 0.86 0.1 M KOH [10]
Fe SAs/PTF-600 0.87 0.1 M KOH [11]
S, N-Fe/N/C-CNT 0.85 0.1 M KOH [12]
Fe-N/C-700 0.84 0.1 M KOH [13]
Fe—N/C catalyst 0.81 0.1 M KOH [14]
p—Fe—N—-CNFs 0.82 0.1 M KOH [15]
Fe-NGM/C—Fe SAC 0.86 0.1 M KOH [16]
Fe-ISAs/CN 0.90 0.1 M KOH [17]
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Table S6. Summarized the ORR performance of other as—prepared non—precious metal-based

catalysts in this paper.

Catalyst Fe-SA/PC- Mn-SA/PC- Co-SA/PC- Cu-SA/PC— Zn—-SA/PC—

700-5 700-5 700-5 700-5 700-5
Eqp) 091V 0.89V 0.87V 085V 082V
Jq 54mAcm? 535mAcm? 54 mAcm? 475 mAcm?2 4.25mA cm™?
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