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Experimental

Chemical reagents and materials:

FeClz 6H20 was obtained from Shanghai Macklin Biochemical Co., Ltd. Dopamine
hydrochloride, and iron phthalocyanine were obtained from Aladdin®. Nafion (5 wt%)
was obtained from Shanghai Hesen Electric Co. Ltd. Pt/C (20 wt%) was obtained
from Alfa Aesar. All other chemical reagents were from Chengdu Kelong Chemical
Co., Ltd and used as received without further purification. Milli-Q ultrapure water
was used for all experiments with a resistivity of 18.25 MQ cm ™1,

Characterizations and methods:

Scanning electron microscopy (SEM) measurements were performed with Gemini,
SEM-300 field emission scanning electron microscope. Transmission electron
microscopy (TEM), high resolution transmission electron microscopy (HRTEM),
high-annular dark-field scanning transmission electron microscopy (STEM) and
element mapping analysis were conducted on FEI Talos F200X electron microscope
operating at 200 kV. The Atomic-resolution HAADF/STEM images and electron
diffraction patterns were performed on a FEI Titan Themis Z microscope equipped
with a probe-forming aberration corrector and operated at 300 kV. Atomic force
microscopy (AFM) was conducted on Dimension Icon (Bruker, USA) with a force
constant of ~ 48 N/m and scanning rate of 1.0 Hz. X-ray diffractometer (XRD) was
tested on Shimadzu XRD6000 with Cu Ka radiation at 30 kV. Raman measurements
were recorded on an Invia/Reflrx Lasser Micro-Raman spectroscope (Renishaw,

England) with excitation laser beam wavelength of 532 nm. Specific surface areas and



pore size distributions were determined from nitrogen sorption isotherms collected at
77 K on ASAP 2460 apparatus (micromeritics, USA). X-ray photoelectron spectra
(XPS) were determined by an X-ray photoelectron spectrometer (Thermo escalab
250Xi, Thermofisher, USA). The X-ray absorption spectra (XAS) including X-ray
absorption near-edge structure (XANES)and extended X-ray absorption fine structure
(EXAFS)of the samples at Fe K-edge (7709eV were collected at the Singapore
Synchrotron Light Source (SSLS) center, where a pair of channel-cut Si (111) crystals
was used in the monochromator. The acquired EXAFS data were extracted and
processed according to the standard procedures using the ATHENA module
implemented in the FEFIT software packages.

Experimental section:

Synthesis of 2D porous carbon nanosheets: The 2D porous carbon nanosheets were
first synthesized and prepared with a salt-templating polymerization method
combined with freeze-drying and pyrolyzing. Typically, 2.0 g of FeCls 6H.O was
added into 5.0 mL of deionized water (A), while 0.20 g of dopamine hydrochloride
was dissolved in another 2.0 mL of deionized water (B). B was dropwise added into A
with constant stirring and aged overnight. After freeze-drying, the black powder was
immediately pyrolyzed at 700, 800, and 900 < for 120 min with a ramp rate of
5 <C/min under an Ar atmosphere. The resulting powder was etched with 0.5 M
H.SO4 to eliminate the excess iron salt and washed to neutral. Subsequently, the
obtained materials were dried at 60 <T overnight. The secondary thermal treatment of

our catalysts was performed at the corresponding temperature under an Ar atmosphere



for 2 h, and the products heated at 700, 800, and 900 <C were named Fe/N-G-700,
Fe/N-G-800, and Fe/N-G-900, respectively.

For comparison, a series of Fe/N-G-800 composites were also prepared via the same
procedure except that the mass feed ratio of dopamine hydrochloride to FeCls 6H>O
was changed to 1:5, 1:10, and 1:20, respectively.

Synthesis of Fe@Fe/N-G-800: The obtained Fe/N-G-800 (25 mg) was added to 60 mL
of DMF solution containing 5 mg of FePc. To get the uniform suspension, the mixture
solution was subjected to ultrasonic treatment for 1h and then stirred overnight at
room temperature. Finally, the Fe@Fe/N-G-800 composite was collected by filtration
of the resulting solution and washing with ethanol. The obtained sample was dried in
a vacuum at 60 <C for 12 h.

Synthesis of Fe/N-G-800/FePc: The Fe/N-G-800/FePc were obtained by the direct
physical mixture of FePc with the Fe/N-G-800. The as-obtained Fe/N-G-800 (25 mg)
and 5 mg of FePc were mixed by simple grinding.

Synthesis of CB-FePc and OCB-FePc: Here, the Hummers method was used to
oxidatively modify the surface of carbon black (CB) to obtain O-containing carbon
black (OCB). The CB or OCB (25 mg) was added to 60 mL of DMF solution
containing 5 mg of FePc. To get the uniform suspension, the mixture solution was
subjected to ultrasonic treatment for 1h and then stirred overnight at room temperature.
Finally, the CB-FePc or OCB-FePc composite was collected by filtration of the
resulting solution and washing with ethanol. The obtained sample was dried in a

vacuum at 60 <C for 12 h.



Electrochemical measurements:

All the electrochemical measurements were carried out in a conventional
three-electrode cell using the PINE electrochemical workstation (Pine Research
Instrumentation, USA) and a CHI 760E electrochemical workstation (CH Instruments,
Chenhua Co., China) at room temperature, with a graphite rod as the counter electrode,
a Hg/HgO as the reference electrode, and a glassy carbon rotating ring-disk electrode
(RRDE) (® = 5.6 mm) as the working electrode. The catalyst ink was prepared by
adding 1 mg of a catalyst into a solution containing water, isopropanol, and Nafion
(5%) at a volume ratio of 16:1:1 to form a homogeneous suspension at the catalyst
concentration of 5 mg mL™. A calculated amount (19 pL) of the suspension was then
evenly cast on the clean RRDE surface with a syringe and dried in the air,
corresponding to a catalyst loading of 0.384 mg cm™. The electrolyte was 0.1 M KOH
solution. RRDE measurements were conducted by linear sweep voltammetry (LSV)
from 1.1 V to 0 V at a scan rate of 10 mV s at 1600rpm, while the ring electrode was
held at 1.5 V vs. RHE. The accelerated durability tests (ADTSs) were carried out in O
-saturated 0.1 M KOH solution in the potential range from 0.6 to 1.0 V at the scan rate
of 100 mV s. All the potentials were converted to values versus the reversible
hydrogen electrode (RHE) according to the Nernst equation (VrRHe = VHgHgo +0.0591
pH + 0.098).

The four-electron selectivity of catalysts was evaluated based on the H>O> yield,
calculated from the following equation (1):

_ IR/N
Hy0,(%) = 200 X 7= (1)



The electron transfer number can be calculated based on the following equation (2):
n=4x (IR/:V%ID (2)
Here, I, and I are the disk and ring currents, respectively, and N = 0.38 is the ring
collection efficiency.
Electrochemical capacitance was determined using CV measurements. First, the
potential range of non-faradaic current response was determined by CV in 1 M KOH
solution. The range is typically a 0.1 VV window centered at the open circuit potential
(OCP) of the system. Secondly, CV was conducted at different scan rates
(0.002-0.014 V s1) to evaluate the electrochemical double-layer capacitance (Cai).
The charging current, ic, is then measured from CVs at multiple scan rates. The
double-layer charging current is equal to the product of the scan rate, v, and the
electrochemical double-layer capacitance, Cqi, as given by eq:

ic = v Cal (3)
Therefore, a plot of ic as a function of v yields a straight line with a slope equal to Ca.
Zn-air Battery Measurements:
The Zinc-Air battery test was carried out using a home-made Zn-O; battery in a 6 M
KOH solution, and pure oxygen was used as cathode reactant. Both the loading of
Fe@Fe/N-G-800 and commercial Pt/C (20%) are 0.5 mg cm™. The catalysts ink was
prepared by dispersing 2 mg catalysts in 195uL alcohol and 5 pL nafion (5 wt.%)
solution. Then the catalysts ink was uniformly coated onto the carbon paper and dried

at room temperature. A Zn plate and the carbon paper with catalysts were used as the

anode and cathode respectively. A piece of nickel foam was used as the current



collector. Both electrodes and the current collector were assembled into the Zn-O;
battery. The polarization curves were recorded by linear sweep voltammetry (LSV) at
a sweep rate of 10 mV s,

Computational methods:

In this work, the initial models of different structures were built using VESTA.[1]
First-principles calculations are performed by using the DFT approach as
implemented in the Vienna Ab initio Simulation Package (VASP) code with the
projector-augmented-wave (PAW) method. [2-6] For the exchange and correlation
energies, the generalized gradient approximation (GGA) in the form of
Perdew-Burke-Ernzerhof (PBE) functional is adopted.[7] Considering the reality that
the vdW interaction has an unneglected effect on the final stability of the
heterostructures, the standard PBE function cannot handle this weak interaction well,
so we adopted the DFT-D2 method by Grimme to describe the weak vdW interaction
between two layers in all calculations, [8] in which all the force field parameters are
obtained based on the PBE function. The total energy (Etotar) is expressed as: Etotal =
Exs-DFT + Evaw, where Exs-DFT and Eww are Kohn-Sham DFT energy and
dispersion correction respectively. [9, 10] The first Brillouin-zone sampling of 111
and 3>3xLl k-points generated by Monkhorst-Pack scheme are used for geometric
optimization/molecular dynamics and energy calculations, respectively. The vacuum
layer is set to 20 A along the Z direction to avoid the interactions induced by the
periodic effects. To find a balance between accuracy and efficiency, a 500 eV cut-off

energy has been adopted in all calculations. The pristine and heterojunction structures



were optimized until the forces on each atom are less than 10* eV and the
Hellmann-Feynman force on each atom is 0.01 eV A, which was sufficient enough
to reach convergence for the whole calculations. The charge density different is
obtained by: Ap = p"B — p* — pB.

The free energies of reactants and each intermediate state at an applied electrode
potential U were calculated as follows: AG = AE + AZPE - TAS-neU, where n is the
electron number of such state and AE represents the change in enthalpy which is
considered from the DFT total energy value, AZPE represents the change in
zero-point energy and AS represents the change in entropy. Since it is difficult to
obtain the exact free energy of OOH, O, and OH radicals in the electrolyte solution,
the adsorption free energy AGoon+, AGo=, and AGon= are used in the calculations. The
equilibrium potential Up for ORR at pH = 13 was determined to be 0.455 V vs. NHE
where the reactant and product are at the same energy level. The free energy of H20(l)
was derived as Greoq) = Grheo@) + RT*In(p/po) since only Ghao can be directly
obtained by DFT calculations. The free energy of O2(g) was derived as Gozg) =
2GH200)—2GH2 — 4.92 €V. [11] The free energy of OH™ was derived as Gou- = Gh2oq) —
Gh+, Where Gu+ = 1/2GH2 — kgTIn10 * pH. The overall reaction scheme of ORR in
alkaline environment is: O, + 2H.O + 4e” — 40H", [12] and the following associative
mechanism is considered in our calculations:

O2(g) +*+H0+e s *OOH + OH" (1)

*OOH +¢e" s *O + OH" 2

*0+H,0 +e $ *OH + OH ©)



*OH+e S *+OH" 4)



Figure S1. a) SEM image of Fe/N-G-800, b) aberration-corrected HAADF-STEM of

the isolated Fe atoms involved Fe/N-G-800 catalyst.
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Figure S2. SEM images of DA/FeCls with an initial mass ratio of a) 1:5, b) 1:10, and

c) 1:20.
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Figure S3. a) SEM image of Fe/N-G-800/FePc, b) EDS mapping (C red,N orange, Fe

green, O yellow)
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Figure S4. XRD patterns of FePc and Fe/N-G-800/FePc.
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Figure S5. a) XPS survey and b) C 1s XPS of various catalysts. High resolution C 1s

XPS for c¢) Fe/N-G-800 and d) Fe@Fe/N-G-800.
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Figure S6. a) XPS survey; b) high resolution XPS of C 1s, ¢) N 1s, and d) Fe 2p for

Fe/N-G-800/FePc and Fe/N-G-800.
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Figure S8. a) XANES at the Fe K-edge and b) FT-EXAFS spectra of the Fe foll,

Fe20s, FePc, and Fe/N-G-800 in R space; ¢) Comparison between experimental and

fitting results of the FT-EXAFS of Fe/N-G-800 in R space; d) Comparison between

experimental and fitting results of the FT-EXAFS of Fe/N-G-800 in k space.

Figure S8 shows the Fe K-edge X-ray absorption near-edge structure (XANES)

spectra of Fe/N-G-800, Fe foil, Fe.O3, and FePc. The pre-edge at 7113 eV of

Fe/N-G-800 suggests the deviation of Fe-N4 squareness and the existence of an axial

ligand. [13] The absorption threshold position of Fe/N-G-800 is located between FePc

and Fe20s3, indicating that the valence state of the Fe atom in Fe/N-G-800 is situated

between +2 (FePc) and +3 (Fe203).[14] The coordination configuration of isolated Fe

atoms in Fe/N-G-800 was investigated by extended X-ray absorption fine structure
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(EXAFS). The peak at ~1.59 A in R space of Fourier-transformed (FT) k*-weighted

Fe K-edge EXAFS is assigned to the Fe-N scattering path (Figure S10c). The EXAFS

fitting results show that the coordination numbers of Fe-N and Fe-O are 3.8 and 1.0,

respectively, and the average bond distance is 2.05 A (Table S3). Based on the above

results, it is reasonable that the coordination structure of Fe in Fe/N-G-800 is FeN4O.
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Figure S9. High resolution O 1s XPS for a) Fe/N-G-800 and b) Fe@Fe/N-G-800.
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Figure S12. LSV curves of a) Fe/N-G-800 (1:X) with different initial mass ratio of

DA/FeCls, and b) Fe/N-G-T with different annealing temperature.
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Figure S19. Electron localization functions of O2 adsorbed (a) Fe/N-G-800/FePc and

Fe@Fe/N-G-800.
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Table S1. BET surfaces area, BJH desorption average pore size

and BJH desorption pore volume for Fe/N-G-800 and Fe@Fe/N-G-800.

Samples BET surfaces area/ m?g? Average Pore Size /nm  Pore Volume / cm® gt
Fe/N-G-800 970.5 3.6 0.49
Fe@Fe/N-G-800 988.9 3.8 0.65

Table S2. The element compositions and the ratios of

various nitrogen-functionality in Fe/N-G-800 and Fe@Fe/N-G-800.

C N 0 Fe
Samples content content content content pyridinic-N - graphitic-N. - oxidized-N
[at%] [at%] [at%] [at%] ratio ratio ratio
Fe/N-G-800 95.09 2.50 2.18 0.23 27.8% 48.9% 23.3%
Fe@Fe/N-G-800  90.56 5.08 3.88 0.48 59.6% 29.9% 10.5%
Fe/N-G-800/FePc  91.36 341 4.62 0.61 51.7% 38.0% 10.3%
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Table S3. EXAFS fitting results of Fe in Fe@Fe/N-G-800 and FePc.

Coordination 6% (10 R
Sample Path R(A) ,
number A% factor
Fe-N 3.8+0.7 2.05+0.04 10.2
Fe/N-G-800 Fe-O 1.0+0.6 2.05+0.02 1.7 0.0109
Fe-Fe 0.8+0.2 3.05+0.02 6.8
Fe-N 4.30+0.6 2.06 = 0.02 2.2
Fe@Fe/N-G-800 Fe-O 1.24+0.3 1.89+0.04 15 0.0047
Fe-Fe 1.34+0.3 2.44+0.02 14.3
FePc Fe-N 408+04 1.93 +0.03 4.03 0.018
Fe-Fe 8 2.47+0.01 0.0049
Fe foil 0.0024
Fe-Fe 6 2.86+0.01 0.0065

R is the distance between absorber and backscatter atoms, o2 is Debye-Waller factor
to account for both thermal and structural disorders, R factor indicates the goodness of

the fit
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Table S4. Summary of recently reported ORR performances of different non-precious

metal catalysts under alkaline conditions (0.1 M KOH).

Catalysts Catalyst Eir E12 of reported Reference
loading (Vvs.RHE) | Pt/C
(ng cm?) (V vs. RHE)
Fe@Fe/N-G-800 | 384 0.866 0.850 This work
Fe-N/P-C-700 600 0.867 0.848 J. Am. Chem. Soc.
2020, 2, 2404-2412
Ni-N4/GHSs/Fe-Ns | 255 0.830 0.860 Adv. Mater. 2020,
32, 2003134
Fe/OES 400 0.850 0.850 Angew. Chem. Int.
Ed. 2020, 59, 7384
-7389
W>N/WC 300 0.810 - Adv. Mater. 2020,
32, 1905679
Fe:-HNC-500-850 | 630 0.842 0.831 Adv. Mater. 2020,
32, 1906905
10Co-N@DCNF | 100 0.830 0.840 Angew. Chem. Int.
Ed. 2020, 59,
6122-6127
Gd203-Co/NG 255 0.820 - Adv. Energy Mater.
2020, 1903833
Mo SACs/N-C 1620 0.830 0.900 Nano Energy 67
(2020) 104288
Co(mIm)-NC(1.0) | 600 0.820 0.855 Nature Catalysis 3
(2020) 1044-1054
Fe—N-C/MXene 100 0.840 0.900 ACS Nano 2020, 14,
2436-2444
N-CoS2 YSSs 500 0.810 0.850 Adv. Sci. 2020, 7,
2001178
Co-N3Cq 400 0.824 - ACS Catal. 2020,

10, 5862-5870
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