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Supplementary Information Texts
Materials and Methods

Chemicals. Urea (95%, Alfar Aesar), Polyether F127 (98%, Alfar Aesar), FeCl; 6H,0 (Alfar
Aesar) and HCI were purchased from Beijing Chemical Works. All chemicals used in the
synthesis of self-designed catalysts are analytical regents (AR).

Synthesis of electrocatalysts. 0.3 g g-C3N4 was dissolved in 50 ml deionized water, sonicated
1h to make it completely dissolved. Then 0.6g F127 was added into above solution, sonicated
2h and stirred 2h to make the F127 intact wrapped in g-CsNg4. Then 0.5ml (0.3M FeCl; 6H,0)
was injected into above solution. The well dispersed solution continued to stir 12h, then the
solution was evaporated at 80°C. The dried sample was carbonized at 550°C for 2h with the
heating rate 3°C/min and then continue to heat to 800°C for 2h with the heating rate 3 ‘C/min in
a N, atmosphere. The carbonized product was etched by 2 M hydrochloric acid for 24 h at room
temperature, and then the SA-Fe/NG catalyst was obtained, which was labeled as SA-Fe/NG
catalyst. Similarly, Fe/NG was obtained by above procedures but without the addition of F127.

Characterizations. The scanning electron microscope (SEM) images of the samples were
obtained by HITACHI S-4800. TEM images were received by a TECNAI G2 F20 field emission
transmission electron microscope at 200 kV. The morphologies of the catalysts were further
characterized by aberration-corrected scanning transmission electron microscopy (ACSTEM)
equipped with an electron energy loss spectrometer (EELS) onJEM-ARM200F. Powder X-ray
diffraction (PXRD) were obtained by a D8 ADVANCE X-ray diffract meter (Cu Ka radiation 40
kV, 20 mA, A =1.54178 A). High-resolution TEM (HRTEM) was carried out using an image
spherical aberration—corrected TEM system (FEI Titan 80-300) with an acceleration voltage of 80
kV. N, adsorption/desorption isotherm 77 K was measured by an ASAP 2460 analyzer
(Micromeritics, U.S.A). The specific surface area (Sger) was calculated by the Brunauer-Emmet-
Teller (BET) method and the pore size distribution was evaluated by non-local density functional
theory (NLDFT). X-ray photoelectron spectroscopy (XPS) measurements were carried out by a
Thermo Fisher ESCALAB 250 X-ray photoelectron spectrometer equipped with an A1 Ko X-ray
source. X-ray Absorption Fine Structure (XAFS) was performed at the beam line 4W1B of
Beijing Synchrotron Radiation Facility (BSRF), in China. The storage rings of BSRF were
operated at 2.5 GeV with a maximum current of 250 mA. EXAFS data were collected using a
fixed-exit double-crystal Si (111) monochromator. Fe Kedge EXAFS data were analyzed using
standard procedures with the program IFEFFIT. Md%auer spectrum was recorded in
transmission mode with a>’Co source in a rhodium matrix. The absorber and operated source in
Md&sshauer spectrometer of the electromechanical type were fixed on constant acceleration mode,
which was calibrated by using an a-Fe foil.

Electrochemical Measurements. All the electrochemical measurements were performed in a
general three-electrode system on an electrochemical workstation (CHI760e, Shanghai Chenhua
Instrument Factory, China), in which saturated calomel electrode (SCE) regarded as a reference
electrode, 1 cm? platinum net as the counter electrode and 0.1M KOH or 0.5 M H,SO,0r 0.1 M
HCIO4aqueous solution as electrolyte. RHE calibration was performed in the high purity
hydrogen saturated alkaline and acidic solutions with a Pt foil as the working electrode and a Pt
wire as the counter electrode, as depicted in Figs S32 and S33. A rotating disk electrode and
rotating ring-disk electrode were served as the substrate for the working electrodes. The
electrolyte was saturated with oxygen by bubbling O, before the measurement. RDE
measurements were conducted at a rate of 5 mV/s with different rotating speeds from 400 to 2025
rpm. RDE and RRDE tests were both detected by American Pine Instruments device.



For each sample (including SA-Fe/NG, Fe/NG, 20 wt% Pt/C), 5 mg synthesized carbon powder
was dispersed in 0.2 mL ethanol and 0.8 mL deionized water, then added into 50 pL Nafion
solution (5 wt %). The inks were sonicated for at least 0.5 h to obtain the homogeneous
dispersion. The SA-Fe/NG, Fe/NG dispersed solutions were dropped on the glassy carbon
electrode disk with loading of 10puL (~ 0.24 mg cm) in 0.1M KOH aq and with 25uL (~ 0.6 mg
cm™®) in 0.5 M H,S0, aq. The 20% Pt/C dispersed solution with loading 10pL (~48 pg cm™)
regardless in 0.1M KOH or 0.1 M HCIQO, ag.

The RRDE examinations were carried out with the Pt ring electrode (the potential of the Pt ring
was set at V = 1.3 Vgye) to test the ring current (ling). The polarization curves were examined at a
disk rotation rate of 1600 rpm. The peroxide yield (HO, %) and the electron transfer number (n)
were calculated by
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lisk 1S the disk current, and l,ing is the ring current. N is the current collection efficiency of the Pt
ring that is 0.42.
The polarization curves were collected at disk rotation rates of 400, 625, 900, 1225, 1600 and
2025 rpm for the RDE examination. For calculating the number of electrons transferred (n), we
utilized Koutecky—Levich equations to analyze the kinetic parameters on the basis of the:
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where J is the measured current density, Jy, J, are the kinetic- limiting current densities and
diffusion-limiting current densities, respectively. is the angular velocity. F is the Faraday
constant (F 96500 C/mol). Cy is the bulk concentration of O, in 0.1 M KOH (mol/cm®). D is the

diffusion coefficient of O, in alkaline and acidic solution cm?/s). v is the kinematic viscosity of
the electrolyte (0.01 cm?/s) and k is the electron-transfer rate constant.

PEMFC tests. The catalyst was mixed with Nafion® alcohol solution (5 wt%, Aldrich),
isopropanol and deionized water to prepare the catalyst ink, which contained the same weight of
Nafion ionomer as the catalyst. The ink was subjected to a sonication and stirring. The well-
dispersed ink was brushed on a piece of carbon paper (5 cm?), followed by a drying in vacuum
at 80 <TC for 2 h. The prepared cathode and anode were pressed onto the two sides of a Nafion
211 membrane (DuPont) at 130 <C for 90 seconds under a pressure of 1.5 MPa to obtain the
membrane electrode assembly (MEA). Polarization plots were recorded using fuel cell test
station (Scribner 850e) in a current-scanning mode. UHP-grade H, and O, humidified at 80 C
were supplied to the anode and cathode at a flow rate of 0.3 and 0.4 L min™*, respectively. The
cell temperature was maintained at 80 <C. The backpressures at both electrodes were set at 2.0
bar. After recording the polarization curves, a 20-h stability test was performed on the same
MEA, while the flow rates of the gas was switched to 0.1 L min* for both electrodes.
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Zn-air battery. We assembled a home-made Zn-air battery, in which 6 M KOH with 0.2 M
ZnO was employed as electrolyte, and a zinc piece and SA-Fe/NG -loaded carbon paper (1
mg/cm?) served as the anode and air cathode, respectively. The stability of SA-Fe/NG was
evaluated by a rechargeable Zn-air battery, the measurements run 30 cycles, 40 min for a
charging and discharging cycle. The mass loading of SA-Fe/NG and 20%Ir/C is 1 mg/cm? for
rechargeable air electrode, respectively.

Computational details: Geometry optimization and total energy calculations were performed by
using first-principle calculations within the framework of density functional theory (DFT), as
implemented in the plane wave set Vienna abinitio Simulation Package (VASP) code (1, 2) The
Perdew-Burke-Ernzerhof (PBE) functional (3) within the generalized gradient approximation
(GGA) was used to model the exchange correlation energy. The projector augmented wave (PAW)
pseudo-potentials (4) were used to describe the interaction valence electron and ionic cores. The
kinetic energy cut off of 500 eV was chosen for the plane-wave expansion to ensure that the
energies were converged within 1 meV/per atom. A gaussian smearing with 6= 0.05 eV to the
orbital occupation is applied to broaden the Fermi level for accurate electronic convergence,
whilst a tetrahedron method with Blcehl corrections was employed for the accurate electronic
structure calculations. Self-consistent-field (SCF) calculations were performed with an electronic
structure iteration of 1x10™ eV on the total energy. Geometry optimizations were performed by
using the BFGS algorithm until the maximum force component of the system converges to 0.02
eV/A.

Computational models: As shown in Fig. S26, two kinds of periodic rectangular unit cells with
one Fe-N, active center per unit were used. A large vacuum slab of 15 A was inserted in z
direction for surface isolation to prevent interaction between two neighboring surfaces. The k-
point sampling of the Brillioun zone was obtained using a 671 grid for Fe@pyridinic N and
6>6x1 grid for Fe@pyrrolic N by Monkhorst Pack Scheme. Denser k-points (12x14x1 and
12x12x1) were used for the electronic structure calculations.

Reaction mechanism: The ORR activities on active sites of various electrocatalysts were studied
in details according to the electrochemical framework developed by Nerskov and his co-workers
(5). As for ORR, O, is reduced either through a two-electron process, or completely via a direct
four-electron pathway. In an alkaline electrolyte (pH=14), H,O rather than H;O" may act as the
proton donor, so the overall reaction scheme of the four-electron transfer ORR can be written as:
0,+2H,0 +4e-—-40H"
The four-electron transfer ORR may proceed through two possible mechanisms: the associative
pathway that involves protonation of O, or a direct O, dissociation pathway. The associative
mechanism can be split into the following elementary steps which are usually employed to
investigate the electrocatalysis of the ORR on various materials:

0,(g) + H,0(l) + & — OOH* + OH' (S1)
OOH* + & —0* + OH’ (S2)
O* + H,0 (1) + e- »OH* + OH' (S3)
OH* + & »OH + * (S4)

where * stands for an active site on the catalytic surface, (1) and (g) refer to liquid and gas phases,
respectively, and O*, OH* and OOH* are adsorbed intermediates.
The mechanism for four-electron transfer ORR via direct O, dissociation pathway starts with the
following elementary steps:

0, (g) — O* —-20*

20* + 2H,0 (I) + 2e- ->20H* +20H"

20H* + 2¢" >OH  + *



According to the preview first principles computational works, (6-8) O, dissociation hardly exists
on graphitic nitrogen-doped graphene surface due to the extremely high barriers. Additionally, we
have also examined the O, dissociation pathway on Fe@pyridinic N and Fe@pyrrolic N as shown
in Fig. S25. The energy barriers for O, dissociation are all above 1 eV, indicating that the
dissociative 4e” pathway is not surmountable at room temperature. Hence, in this work only the
associative 4e” reduction pathway is considered.
In addition, the two-electron transfer ORR under alkaline condition is generally reported to
proceed according to the following elementary steps:

02(g) + H,O (I) + e —> OOH* + OH (S5)

OOH* + e ->O00H" (S6)

Reaction free energy: For proton-transfer steps, reaction free energies are regarded as
approximate values of activation barriers(9). This approximation may result in a slight
overestimation of activity for a given proton-transfer elementary step, but can still qualitatively
represent the right relative energetic ordering of the various proton-transfer elementary steps.
Therefore, we took reactions (S1)-(S6) to derive the thermochemistry for ORR. The Gibbs
reaction free energy of these electrochemical elementary steps involving electron/proton transfer
was obtained by using density functional theory (DFT) calculations accompanied with
computational normal hydrogen electrode (NHE) model developed by Nerskov and co-workers
(5, 10, 11). In this model, the calculation of reaction free energy is performed by setting up NHE
as the reference electrode, which allows us to replace chemical potential with that of half a
hydrogen molecule at standard conditions (U = 0 V vs NHE, pH=0, p = 1 bar, T = 298 K).
In order to obtain the reaction free energy of each elementary step in ORR on different sites for
various model electrocatalysts, we calculated the adsorption free energy of O*, OH* and OOH*.
Since it is difficult to obtain the exact free energy of OOH, O, and OH radicals in the electrolyte
solution, the adsorption free energies AGoon«, AGo+, and AGop-, are relative to the free energy of
stoichiometrically appropriate amounts of H,O (g) and H, (g) , defined as follows:

AGo*: Eo*+EH2-EH20- E *+AZPE-TxAS

AGOH*z EOH*+ 0.5>4EH2'EH20 +AZPE-T>AS

AGoor= Eoopst 1.55Ep-2>E 0 +AZPE-TXAS
where T is the temperature and AS is the entropy change. The vibrational frequencies of adsorbed
species (O*, OH*, and OOH*) were calculated with the model electrocatalysts that remain fixed
to obtain zero-point energy (ZPE). Entropy values of gaseous molecules are taken from the
standard tables in the Physical Chemistry text book (12), while the entropies of intermediates
adsorbed on clusters are negligible. The entropy and zero-point energy (ZPE) corrections in
determining the adsorption free energy are summarized in the Table S6.
For each elementary step, the Gibbs reaction free energy AG is defined as the difference between
free energies of the initial and final states, which is given by the expression:

AG = AE + AZPE —TAS + AGy + AGpy
where AE is the reaction energy of reactant and product molecules adsorbed on catalyst surface,
obtained from DFT calculations; AZPE and AS are the change in zero point energies and entropy
due to the reaction, respectively. The bias effect on the free energy of each initial, intermediate
and final state involving an electron in the electrode is taken into account by shifting the energy
of the state by AGy=—neU, where U is the electrode applied potential relative to NHE as
mentioned above, e is the elementary charge transferred and n is the number of proton—electron
pairs transferred. The change of free energy owing to the effect of a pH different from 0 of the
electrolytic solution is considered by the correction for H* ions concentration ([H']) dependence
of the entropy, AGpy= -KsTIN[H']=pH>kTIn10, where kg is the Boltzmann constant and T is the
temperature. Hence, the equilibrium potential U, for four-electron transfer ORR at pH = 14 was
determined to be 0.402V vs NHE or 1.23V vs RHE according to Nernst equation (E=E°-
0.0591pH, Ukpe= Ul\ne +0.828V=0.402+0.828=1.23V), where the reactant and product are at



the same energy level. As for two-electron transfer ORR, the equilibrium potential U°at pH = 14
was determined to be 0.695V vs RHE. Given that the high-spin ground state of the oxygen
molecule is poorly described in DFT calculations, the free energy of the O, molecule was derived
according to Gox(9) = 2GH0(l) — 2GH, + 4 x<1.23 (eV). The free energy of OH- was derived as
Gou- = Grzo (1) — Gus, Where Gy, = 1/2GH; — kg TIn 10 x<pH. The free energy for gas phase water
is calculated at 0.035 bars because this is the equilibrium pressure in contact with liquid water at
298 K. The free energy of gas phase water at these conditions is equal to the free energy of liquid
water.

The reaction free energy of S1-S4 for four-electron transfer ORR can be expressed with the
adsorption free energy of various oxygenated species (see Table S7), gas phase H, and H,O
defined earlier, which are

AG1 =AGooy - 4.92 + eU + pH>kBTIN10 (S1)
AG2 =AGor -AGoo + eU + pH>KBTIN10 (S2)
AG3 =AGoy -AGos + eU + pH>kBTIn10 (S3)
AG4 =-AGop + eU + pH>kBTIn10 (S4)

The reaction free energy of S5—S6 for two-electron transfer ORR can be calculated using the
following equations:

AG5 = AGoon~ - 4.92 + eU + pH>kBTIn10 (S5)

AG6 =3.53 -AGgon+ + eU + pH>kBTIn10 (S6)
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Fig. S1. (a) (b) The TEM image of precursor g-CsN,. (c) TEM image of precursor of g-CsN4/Fe.
(d) The corresponding mappings of C, N, Fe and CI elements distributed in the precursor of g-
C3N4/Fe.
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Fig. S2. (a) TEM image of SA-Fe/NG. (b-e) The corresponding mappings of C, Fe, O and N
elements distributed in the SA-Fe/NG.
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Fig. S3. High-resolution XPS spectra of (a) Fe 2p and (b) N 1s for SA-Fe/NG.



Fig. S4. (2) (b) The TEM image of Fe/NG.
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Fig. S5. High-resolution XPS spectra of N1s for Fe/NG.
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Fig. S7. PXRD graph of SA-Fe/NG before acid washing.
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Fig. S8. The TEM image of SA-Fe/NG (a) before (scale bar, 100 nm) and (b) after acid washing
(scale bar, 200 nm).
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Fig. S9. (a) HAADF STEM image of the SA-Fe/NG with iron atom bright points (scale bar, 10
nm). (b) The electron energy loss spectroscopy (EELS) atomic spectra of Fe element from the
bright points, where the Fe was signed by red circle (c) TEM image of SA-Fe/NG, scale bar, 200
nm. (d-h) EELS mapping of carbon, iron, nitrogen, and superimposed iron and nitrogen and
superimposed iron, nitrogen and carbon for SA-Fe/NG.
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Fig. S10. Fourier-transformed of Fe K-edge spectra of Fe foil and corresponding fitting.
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Fig. S11. The corresponding EXAFS k space curves of SA-Fe/NG and Fe/NG.
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Fig. S12. Fourier-transformed of Fe K-edge spectra of (a) SA-Fe/NG and (b) Fe/NG and
corresponding fitting.

18



(a) & o] SA-FeING in acidic (b)
E o
< 0.2
£ <
2 E
w
c —— 400rpm £
8 44 —— 625rpm 803
e — 900rpm '-._.
é ——1225rpm
- ~——1600rpm
3 & —— 2025rpm 0.4
02 04 06 08 1.0 0.02 0.03 0.04 0.05
Potential(V versus RHE) @ (rpm ™)
(C) "e 0 20% Ptin acidic (d)
S -0.24
£
> 2] :
e “g-0.3{+_0.3V - 0.35
@ &
Q 4 . |=-0.4v. 0asv
c ~——1225rpm
8 —at il 0.5V < 0.55V
S -6 ——2025rpm Al0ev ' :
02 04 06 08 1.0 0.02 0.03 0.04 0.05
Potential(V versus RHE) @ (rpm )
(e) e %1 Fe/NG in acidic (f) -0.21
(8]
t
E L] <
fa £ 03
e e —=—0.3V —-0.35V
e 4001
a - szs:3$ < —— 0.4V~ 0.45V
€ 4 ——900rpm —-0.4-
g D 1225rpm P 0.5V—0— 0.55V
e 1600rpm e
8 — 2025rpm 3 0.6V . .
02 04 06 08 1.0 0.02 0.03 _ 0.04
Potential(V versus RHE) o (rpm™?)

Fig. S13. RDE linear sweep voltammograms of SA-Fe/NG (a), and Fe/NG (e) at different
rotating speeds in O,-saturated 0.5 M H,SO, solution and 20% Pt/C (c) in 0.1M HCIO, with a
sweep rate of 5 mV/s at the different rotating rates (400 rpm-2025 rpm). Corresponding
Koutecky-Levich plots of SA-Fe/NG (b), 20% Pt/C (d), Fe/NG (f) derived from RDE at different
potentials.
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Fig. S15. The electron transfer number n at different potentials (0.2 V- 0.6 V) in O,-saturated 0.5
M H,SO,0r 0.1 M HCIO,.
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Fig. S17. Single cell stability test of the SA-Fe/NG-based MEA in a PEMFC.
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24



(a) £ o] SA-FeING in alkaline (b)
E o
g -0.2
= <
2 2 E
2 ——400rpm NE
8 -4 ——625rpm o, 0.3
2 ——900rpm =
S ——1225rpm
= 64 ——1600rpm
a3 ——2025rpm -0.4
00 02 04 06 08 1.0 1.2 0.02 0.03 0.04 0.05
Potential(V versus RHE) @° (rpm”'s)
(C) “~ 04 20% Pt/C in alkaline (d)
§ 0.2
‘é 2 <
z £
g 4. _zggrpm 5-0.3- ——0.3V —--0.35
=7 rpm . —— —v— U.
a e | = 0.4V—— 0.45V
5 ——1225rpm —+—0.5V—— 0.55V
£ -6 ——1600rpm 0.4
5 ——2025rpm 1 —-—0.6V
0.2 0.4 0:6 0.8 1.0 0.02 O.O_EI5 _005.04 0.05
Potential(V versus RHE) ® " (rpm™)

(€) T of Feneinalkaline (f) . 0.5V
2 N 0.6V
< 0.2 =
€ 4l - l\n . 0.7V
Z T N\, . 0.75V
[72] -~ N\

c —— 400rpm £ .03, O\

g | 592 N

= ——900rpm T S .

O ——1225rpm| N\

c 6l ——1600rpm \1

8 ——2025rpm| -0.4- b
00 02 04 06 08 10 0.02 0.03 0.04 0.05

Potential(V versus RHE) " (rpm™9)

Fig. S19. RDE linear sweep voltammograms of SA-Fe/NG (a), 20% Pt/C (c) and Fe/NG (e) at
different rotating speeds in O,-saturated 0.1M KOH solution with a sweep rate of 5 mV/s at the
different rotating rates (400 rpm-2025 rpm). Corresponding Koutecky-Levich plots of SA-Fe/NG
(b), 20% Pt/C (d), Fe/NG (f) derived from RDE at different potentials.
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Fig. S20. The percentage proportion of peroxide to the total oxygen reduction products and
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Fig. S21. LSV curves of (a) SA-Fe/NG and (b) 20% Pt/C before and after 5000 potential cycles
in O,-saturated 0.1 M KOH.
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Fig. S22. Methanol resistance of SA-Fe/NG in O,-saturated 0.1 M KOH without and with
CH;OH.
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Fig. S23. CV curves of (a) SA-Fe/NG catalyst and (b) commercial 20% Pt/C in O,-saturated 0.1
M KOH without and with CH;OH. LSV curves of (¢) SA-Fe/NG catalyst and (d) commercial 20%
Pt/C in O,-saturated 0.1 M KOH without and with CH;OH.
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Fig. S24. Photograph of the liquid Zn-air battery.
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Fig. S25. (a) (b) The SEM and TEM images of SA-Fe/NG catalyst after stability test for Zn-air
battery.
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Fig. S26. Repeat cell of computational models of (a) Fe@pyridinic N and (b) Fe@pyrrolic N.
The reaction sites considered in this work including I : Fe@pyridinic N(Fe), II: Fe@pyridinic
N(C), III: Fe@pyrrolic N(Fe) and IV: Fe@pyrrolic N(C). The green, blue, and grey balls
represent Fe, N, and C atoms, respectively. The unit cells are marked in red dash line.
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Fig. S27. Configurations of adsorbates (OOH, O and OH) on different catalytic center, including
(a-c) Fe@pyridinic N(Fe), (d-f) Fe@pyrrolic N(Fe) and (g-i) Fe@pyrrolic N(C).
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Fig. S28. O,dissociation pathway on (a) Fe@pyridinic N and (b) Fe@pyrrolic N to form
twoadsorbed O*.
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Fig. S29. (a) Free energy diagram for four-electron transferORR on Pt(111) surface at zero
electrode potential, on-set electrode potential and equilibrium potential with reversible hydrogen
electrode (RHE) in an alkaline electrolyte. (b) Free energy diagram for four-electron transfer
ORR on Fe@pyridine-N(Fe), Fe@pyrrole-N(Fe), Fe@pyrrole-N(C) at zero electrode potential
with RHE in an alkaline electrolyte.
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Fig. S32. The calibration of saturated calomel electrode (SCE) as reference electrode with respect

to RHE. (In 0.5 M H,SO,, Erpe= Esce + 0.2589 V.)
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Fig. S33. The calibration of saturated calomel electrode (SCE) as reference electrode with respect
to RHE. (In 0.1 M KOH, Egrpe= Esce + 1.004 V)
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Table S1 Summary of XPS elemental analysis of SA-Fe/NG and Fe/NG

Percentage 0 0 0 0 pyridinic N pyrrolic N/ graphitic N
(at%) Cl[at%] Nl[at%] Ol[at%] Fe[at%] [at%] Fe-N [at%] [at%]

SA-Fe/ING 8153 11.25 6.63 0.6 31.6 31.9 36.5
Fe/NG 93.62 2.74 3.16 0.48 39.5 11.6 48.8
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Table S2 Summary of porosity parameters of SA-Fe/NG, Fe/NG

Samples SzBETl SLaggurplui, \ét B} Poresize  Surface area of Surface area of
(m°g”?) (m°g?) (cm’g?) (nm) micropores (%) mesorpores (%)
SA-Fe/ING 579 1020 1.79 14.4 12.7 87.3
Fe/NG 386 684 0.87 15.5 16.6 83.4
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Table S3 Parameters of EXAFS fits for SA-Fe/NG and Fe/NG.

sample ath Coordination ~ Bond length ~ Bond disorder R factor
P P Number R (A 02 (10'3 AZ) (%)

Fe-N 4.0 1.95 3.1

SA-Fe/NG 0.457
Fe-C 3.2 2.6 4.2
Fe-N 0.8 1.95 1.8

Fe/NG 0.321
Fe-Fe 7.1 2.6 3.6

Fe foil Fe-Fe 8 247 3.1 0.227




Table S4 M&ssbauer parameters of SA-Fe/NG catalyst derived from the fittings.

Component IS (mms™) QS (mms™) LW (mms™) Area (%)
D1 0.29 0.97 0.7 23.7
D2 0.4 2.54 131 56.1
D3 0.4 1.39 0.58 20.2

Isomer shift (1S), quadrupole splitting (QS), line width (LW) and relative spectral area % of each
component.
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Table S5 Comparison of the important parameters of non-precious metal catalysts for the ORR in

acidic media.
Catalysts On(s\c;[ gﬁgﬁal plgff::t\iﬁ“(/\e/s LEQ; f:‘;;f?)”t Ref
RHE)

SA-Fe/NG 0.9 0.8 5 This work
Fe;C/C-700 0.9 0.73 4.2 (13)
Fe,N-VACNT 0.97 0.79 6 (14)
Fe-ISAs/CN 0.9 0.79 5.8 (15)
FeCo/C-800 0.9 0.76 55 (16)
Fe-CNT-PA 0.6 (Ag/AgCl) 0.42 5.8 a7
FePhenMOF-NH; 0.98 0.78 6.4 (18)
PANI-Fe-C 0.98 0.8 3.8 (19)
FesC/NG-800 0.92 0.77 5.8 (20)
FePhen@MOF-NH, 0.93 0.77 4.8 (21)
Feos5-950 0.99 0.9 5 (22)
PANI-Fe-C 0.96 0.81 4 (23)
C-Fe-Z8-Ar 0.94 0.82 7.4 (24)
Fe-NrGO-900 0.9 0.79 3.5 (25)
Fe,N-nanoshells 0.85 0.76 55 (26)
Fe-N/C 0.86 0.735 5.12 (27)
Cobalt imidazolate 0.83 0.68 4 (28)
Iron imidazolate 0.915 0.76 5 (29)
MDCs 0.82 0.7 54 (30)
Fe, Co-NC 0.82 0.72 6 (31)
Fe-N-C 0.99 0.77. 6.2 (32)
Co-N-C 0.85 0.71 5 (33)
Fe-N/C 0.95 0.79 6 (34)
Fe—N/C-800 0.82 0.6 6 (35)
PmPDA-FeNx/C 0.92 0.82 4 (36)

44



Table S6 Comparison of PEMFC performance of SA-Fe/NG materials with reported state-of-the-
art M-N-C catalysts

Power density ~ Mass loading

Catalysts Conditions (MW cm?) (mg cm?) Ref.
FePhen@MOF-Ar . Nat. commun.,
NH; H/AIr 380 3 2015, 6, 7343
Nano Energy 2017,
PANI-Fe-MCS 830 4 42, 249 256
Fe-N-C-PANI- Adv. Mater. 2017,
Phen H/O, 1060 4 1604456
Adv. Mater. 2017,
ZIF-FA-CNT-p H.,/0, 820 45 29 1604556
Adv. Mater. 2016,
Fe-NMCS H./0, 463 4 28, 79487955
Angew. Chem. Int.
Fe-Z8-C H./0, 1141 2.8 Ed. 2018, 57, 1204—
1208
PNAS, 2015, 112,
Fe/N/CF H.,/0, 900 3 10631
Angew. Chem. Int.
PFeTPP-1000 H.,/0, 730 4 Ed. 2013, 52, 8349
8353
J. Mater. Chem. A,
Fe/ PI—N1|(_)|OO—III— H,/O, 600 4 2014, 2, 11561
3 11564
FeCBDZ Adv. Energy Mater.
H/0, 700 4 2014, 4, 1301735
PANI-FeCo-C Science, 2011, 332,
H.,/0, 550 4 443-247
) ElectrochimicaActa
NMCC-C-SIO;, H.,/O, 450 2 2010, 55, 2853
2858
SA-Fe/NG H,/0, 823 2 This work
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Table S7 Values used for the entropy and zero-point energy corrections in determining the free
energy of reactants, products, and intermediate species adsorbed on catalysts. For the surface

bound species, the ZPE values are averaged over model structures.

Species T>S (eV) (298K) ZPE (eV)
o} 0 0.07
OH" 0 0.33
OOH" 0 0.43
H,(g) 0.41 0.27
H,0(q) 0.58 0.57
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Table S8 Adsorption free energies (in eV) of OH, O and OOH on different active sites on
catalysts.

Active site AGOH* AGO* AGOOH*
Pt(111) 0.80 162 4.00
Fe@pyridinic N(Fe) 0.73 152 4.12
Fe@pyrrolic N(Fe) 0.91 2.35 3.93
Fe@pyrrolic N(C) 0.64 1.83 3.75
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Table S9 Reaction free energy (in eV vs RHE) of elementary step for four-electron transfer ORR

at Urye=0V, pH=14 on different active sites on catalysts.

Active site four-electron transfer ORR
AG, 4G, AGs AG,
Pt(111) -0.92 -2.38 -0.82 -0.80
Fe@pyridinic N(Fe) -0.80 -2.60 -0.79 -0.73
Fe@pyrrolic N(Fe) -0.99 -1.58 -1.44 -0.91
Fe@pyrrolic N(C) -1.17 -1.92 -1.19 -0.64
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Table S10 On-set electron potential (U°™*, in V vs RHE), reaction free energy for potential-
determining step at equilibrium potential (AGax, in €V) for ORR, reaction free energy of

potential-determining step at Urye=0.6V for four-electron transfer for ORR (AGyy0z, in V),
reaction free energy of potential-determining step at Ugy=0.6V for two-electron transfer for

ORR (AGy02, in €V) and difference between AGp,o and AGypo, 0N different active sites on

catalysts.
ORR Active site yerse AGmax AG0 AGrpo2 AGrp0-AGr02
Pt(111) 0.80 0.43 -0.20 0.13 -0.33
Fe@pyridinic N(Fe) 0.73 0.50 -0.13 0.01 -0.14
Fe@pyrrolic N(Fe) 0.91 0.32 -0.31 0.20 -0.51
Fe@pyrrolic N(C) 0.64 0.59 -0.04 0.38 -0.42
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Table S11 Reaction free energy (in eV vs RHE) of elementary step for four-electron transfer and

two-electron transfer ORR at Ugre=0.6V, pH=14 on different active sites on catalysts.

two-electron transfer

Active site four-electron transfer ORR ORR
AG, AG, AG3 AG, AGs AGg
Pt(111) -0.32 -1.78 -0.22 -0.20 -0.32 0.13
Fe@pyridinic N(Fe) -0.20 -2.00 -0.19 -0.13 -0.20 0.01
Fe@pyrrolic N(Fe) -0.39 -0.98 -0.84 -0.31 -0.39 0.20
Fe@pyrrolic N(C) -0.57 -1.32 -0.59 -0.04 -0.57 0.38
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