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Experimental Section

Materials. Pyrrole was purchased from Shanghai Macklin Biochemical Co., Itd. Ferric trichloride and
hydrochloric acid were purchased from Sinopharm Group Chemical Reagent Co. LTD. All of the chemicals
were of analytic grade and used as received without further purification.

Synthesis of NM-MGCs. 1.0 mL of pyrrole was placed into the mortar, then, 3.0 g of ferric trichloride
initiator was introduced with rapidly grounded until the formation of homogenous black polymer powder
(NM-MGCs). The obtained black NM-MGCs powder was carbonized under nitrogen flow in a quartz crucible
at 600 °C for 4 h, further heating to 800 °C within 2 h and maintained at 800 °C for another 1 h. Finally, the
carbonized product was stirred into 3.0 M HCI solution at room temperature overnight and successively
washed by using distilled water for two times to remove any residual Fe species, followed by a vacuum
drying at 60 °C, giving the NM-MGC-800. The NM-MGC-700 and NM-MGC-900 were prepared with the same
procedure as that of NM-MGC-800, except for the final carbonization temperature at 700 °C and 900 °C,
respectively.

Synthesis of CP-2-800. CP-2-800 were synthesized from classical solvent polymerization of pyrrole tandem

its carbonization route according to the previously reported method.?

Characterizations

X-ray diffraction (XRD) tests were recorded on an X'Pert3 Powder diffractometer using Cu Ka radiation
(40 mA, 45 kV). Scanning electron microscopic (SEM) analysis was performed over an S-4800 Hitachi at an
acceleration voltage of 5 kV. Transmission electron microscope (TEM) images were obtained on a Zeiss
Libra200 TEM at an acceleration voltage of 200 kV. Specific surface areas and pore volumes were
determined from adsorption—desorption isotherms of nitrogen at -196 °C using a Micromeritics ASAP
2020M system, the sample was degassed under vacuum (1 x 10~° Pa) at 180 °C for 6 h prior to measurement.
X-ray photoelectron spectroscopic (XPS) analysis was performed on a Thermo Fisher Scientific EscalLab
250Xi instrument. Laser Raman (Raman) spectra were collected on a Renishaw InVia Reflex spectrometer
with laser wavelength of 532 nm and power of 100 mW. Contact angles were obtained using a contact angle
measuring instrument (SC16000E). Atomic force microscopy (AFM) studies were conducted on a Nanoscope
IVA electron microscope. The inductively coupled plasma mass spectrometer (ICP-MS, Optima 8000,
PerkinElmer, USA) was used to analyze the metal content. The In situ attenuated total reflectance surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS) was employed on a Nicolet 6700 spectrometer
equipped with the MCT detector. The catalysts were loaded onto a silicon wafer working electrode coated
with a thin layer of gold nanoparticles. The electrochemical tests were conducted in O,-saturated 0.1 M
KOH, adopting the saturated calomel electrode as RE. The O, adsorption isotherms were measured on a
Micromeritics TriStar Il 3020 analyzer. Typically, 100 mg sample was pretreated at 200 °C for 3 h to remove
adsorbed water and impurities, and then the adsorbed amount of O, for the sample was measured at 25
°C. O,-temperature programmed desorption mass spectrometry (O,-TPD-MS) analyses were performed on

a Micromeritics AutoChem Il 2920 system equipped with HPR-20 R&D mass detector, the electric current
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and voltage of the mass detector under working condition was 20 pA and 800 V, respectively. Individual
m/z profiles were recorded over the mass of 16, 18, 28, 32, 44 amu, in which purified He was employed as
the carrier gas. Typically, 100 mg of the sample was loaded in the quartz tube, and the sample was first
purged with a He (20 mL min'1) at 200 °C for 3 h before the measurement. After dropping to room
temperature, the sample was purged with pure O, (30 mL min-1) for 1 h, and then the sample was purged
under He gas for 40 minutes to remove the physically adsorbed O,. The temperature was then raised to

600 °C while the detector signals were recorded simultaneously.
Electrochemical measurement

The electrochemical measurements were carried out using a CHI 760D electrochemical workstation
(Shanghai Chenhua Ltd., China) equipped with RRDE-3A Apparatus (ALS, Japan) using a typical three-
electrode system, containing of saturated calomel electrode (SCE) reference electrode, Platinum wire
counter electrode and modified glassy carbon working electrode. For preparation of the catalyst ink,
dispersing 3.5 mg of samples in 500 uL mixture solvent of isopropanol (120 L), deionized water (370 L)
and Nafion (10 pL) (5 wt.%, DuPont) with ultrasonicated for 30 min, 4 pL homogeneous suspension were
deposited on 3 mm RDE achieving 0.4 mg cm= loadings as working electrode. The catalyst loading for
commercial Pt/C (20 wt.%, JM) catalysts was also 0.4 mg cm2. All the measured potentials were converted
to the reversible hydrogen electrode (RHE): Egpg=Esce +0.0591xpH+0.241.

The cyclic voltammetry (CV) and linear sweep voltammetry (LSV) tests were performed at a scan rate
of 50 and 10 mV s, respectively. The current-time (i-t) curves were collected at 0.8 V (vs. RHE). The ring
electrode voltage was 1.51 V (vs. RHE) using RRDE electrode as working electrode. The H,0, yield and
electron transfer number n were obtained using the following equations:

41,

LA N M

21, /N
%H,0, =100x —=—— )
I,+(;/N)
The Ip and Iy is the disk current and ring current, and N = 0.424 is the collection efficiency of the Pt ring.
RDE tests were performed with rotating speed of 400-2500 rpm. The electron transfer number (n) can

be obtained by the Koutecky-Levich equation:
1 1 1 1 1

—_——t—=—t— 3

77 T T Ba” 3)
B0.62nFC, (D)0 _ (4)

J = nFkC, ©®)

In which J, Ji, and J, represent the measured, kinetic-limited, and diffusion-limited current densities,
respectively, w represents electrode rotation rate, n is the number of electrons transferred per oxygen

molecule, F is the Faraday constant (96500 C moll), Cy is the concentration of O, (1.2 x 1073 M), Do
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represents diffusion coefficient of 0, (1.9 x 10 cm? s71), u presents solution stickiness (0.01 cm? s1), and k

is electron-transfer rate constant.
Assembly and testing of zinc-air batteries (ZABs)

The liquid-state Zn-air batteries were evaluated in a homemade electrochemical cell, utilizing a
polished Zn plate (0.2 mm thickness) as the anode and a catalyst-loaded paper (loading of 2.0 mg cm2) as
the cathode at room temperature. The employed electrolyte was a mixed aqueous solution of KOH (6 M)
and Zn(OAc), (0.2 M). The cathode of the Zn-air battery was made as follows: A composite substrate
material with a thickness of ~ 610 uM was fabricated by integrating nickel foam, waterproof film, and
carbon paper. The catalyst ink was prepared by ultrasonic dispersion of 10 mg of the samples or 20 wt.%
Pt/C in 1 mL of (960 pL anhydrous ethanol + 40 pL Nafion) solution. Then, 2 mg of the catalyst ink was
deposited on the composite substrate within an area of 1 cm? as the cathode. The specific capacity was
calculated according to the following equation 6:

Specific capacity (mA h g1) = | x t/wy, (6)
where |, t and wz, represent the applied current, cycle time and the weight of zinc consumed, respectively.
The polarization test was conducted using an electrochemical workstation CHI 760D, and the galvanostatic
discharge and discharge—charge cycle tests were conducted using the LAND CT3002A test system.

The flexible solid-state Zn-air battery was obtained using a polished zinc foil (0.10 mm thickness) as
anode, the carbon cloth (1 x 2 cm?) loading of catalyst as air electrode with a Ni foam as current collector,
and the gel polymer as solid electrolyte. The gel polymer electrolyte was prepared as follows: 1.0 g
poly(vinyl alcohol) (PVA) powder (MW 19500, Aladdin) was dissolved in 10.0 mL deionized water at 95 °C
under magnetic stirring for 2.0 h. Then 1.0 mL of 6 M KOH filled with 0.2 M Zn(OAc), was added and the
electrolyte solution was continuing stirred for 30 min at 95 °C. Then the solution was frozen at -3 °C over

12 h, and then thawed at room temperature to obtain the solid electrolyte.
Density functional theory calculations
Computational methods

All density function theory (DFT) calculations are performed using the Vienna ab initio simulation
package (VASP).2 The exchange correlation is described by the Perdew-Burke-Ernzerhof (PBE)3 functional
under the generalized gradient approximation (GGA),* incorporating the van der Waals interactions through
the Grimme DFT-D2 approach.> The projected augmented wave (PAW)® pseudopotential is used to
manipulate the electron-ion interactions. A 400-eV energy cutoff is employed to truncate the plane wave
basis. For all geometric relaxations, 3 x 3 x 1 Monkhorst-pack k-points are utilized in the first Brillouin zone,
and the convergence thresholds are set at 10 eV for energy and 0.05 eVA-1 for atomic force. A vacuum
space of 20 A in the z direction is created to eliminate potential interactions between adjacent periodic

images.

Theoretical models
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Based on our relevant experimental results, we initially construct a 10x10 supercell of N-doped single-
layered graphene with a hole of appropriate size, where three representative modes of N-doping are
considered, namely graphitic-N, pyridinic-N and pyrrolic-N, as illustrated in Fig. S13a. Subsequently, we
have constructed the double-layered theoretical model based on this single-layered graphene, adopting
the AB stacking similar to the graphitic case (Fig. S13b). This model is used to simulate the ORR system
achieved experimentally in our study. In this theoretical model, the calculated lattice parameters are
a=24.35 A and b=24.33 A, and the calculated C-C and C-N bond lengths are in the range of 1.38~1.49 and
1.33~1.45 A, respectively. Additionally, the calculated interlayer distance is about 3.16 A, and the diameter
of hole is around 11.60 A, both of which can closely match the corresponding experimental results.
Furthermore, the interaction energy has been assessed using the formula Ejnt = Egouble-layer = 2 X Esingle-layer- OUF
computed E;; value can be as large as -7.02eV, indicating high structural stability, which can also be well

consistent with the related experimental findings.
The free-energy calculations on oxygen reduction reaction (ORR)

The ORR process is the four-electron (4e) pathway for the conversion of oxygen to water. It usually
involves two main 4e reduction pathways, namely, the oxygen dissociation and association pathways, as
shown in the following:

Dissociation pathway:
0,* > O* + O*
O* +0*+H,0 +e -> O* + OH* + OH'
O* + OH* +e > 0*+ OH
O* +H,0 +e > OH* + OH
OH* +H O+e > H O* +OH
Association pathway:
0,* +H,0 +e - OOH*+ OH
OOH* +e > O* + OH
O* +H,0 +e-> OH* + OH
OH* +H O+e > H O*+OH
These electrochemical free energy pathways are constructed from the DFT-calculated free energies (AG)
using the computational model proposed by Ngrskov.”® The AG value in each elementary step of ORR is
defined as:
AG = AE + AEzpe- TAS +AGy +AGpy
where AE, AEzpe and AS are the difference of total energy, zero point energy and entropy before and after

the reaction, respectively. The temperature T is 298.15 K, and AGy= -neU, in which U is the electrode

potential. AG,y = kgTIn10xpH is the correction for Gibbs free energy depending on concentration of H* ion,
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in which kg is Boltzmann's constant. In this work, pH = 13 is chosen to reflect an alkaline environment based
on the experimental conditions. The overpotential (1) of the oxygen reduction reaction on the catalytic
surface can be calculated by the formula n = neq - Nappies. Moreover, the side reaction producing H,0,
through the two-electron (2e) step is considered to evaluate the selectivity of the catalyst.

In the cathodic ORR reaction, oxygen adsorption initiates the process, and play a crucial role in
determining the overall reaction pathways. In this work, three presentative oxygen adsorption
configurations on the theoretical model are considered, that is, two O atoms in the O, molecule interacting
simultaneously with two C atoms, each situated in different graphene layers adjacent to graphitic-N,
pyridinic-N, or pyrrolic-N, as depicted in Fig. S14. Specifically, the O, adsorption energy (AEq,) is calculated
using the formula AEp; = Egjab-02 — Esiab— Eo2, Where AEgjap-02, AEgap, and AEq, represent the total energies of
the adsorbed O, on the slab, the isolated slab and the O, molecule, respectively. As shown in Fig. S14, the
calculated adsorption energy AEq, on the C atoms (0.05 eV) neighboring to graphitic-N can be significantly
more favorable compared to those associated with pyridinic-N (2.69 eV) or pyrrolic-N (1.58 eV). This
indicates that the relevant C atoms adjacent to the graphitic-N can be considered as the optimal site for O,
adsorption. Especially, the corresponding O, adsorption energy AEq; (0.05 eV) can even be close to zero,
indicating an appropriate adsorption state of O, on the studied system, which will facilitate the subsequent
ORR reaction process. Consequently, this study will primarily focus on the adsorption of O, on the relevant

C atoms adjacent to the graphitic-N.
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1. Supporting Figures

Fig. S1 Scale-up synthesis graph of NM-MGCs catalyst.
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Fig. S5 HRTEM image of NM-MGC-800.
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Fig. S15 The theoretical models of single-layer (a) and double-layer (b) N-doped graphene systems with a
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hole of appropriate size.
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Table S1. The yields of the obtained NM-MGCs-800 and literature-reported porous carbon materials.

HCl and water

Sample Raw material Yield References
treatment
NM-MGC-800 1.0 g Py 0.641g 64.1% This work
CP-2-800 1.0 g Py 0.227 g 22.7% Adv. Funct. Mater. 2011, 21, 2781-2787

Fe/N/C-Si0,-HT1 0.2 g Fe/Phen/C 0.117 g 58.5%
Fe/N/C-Si0,-HT2 0.2 g Fe/Phen/C 0.079g 39.7% Electrochimica Acta 2017, 244, 47-53

Fe/N/C-HT1 0.2 g Fe/Phen/C 0.126 g 6.3%

ZIF-67-NaCl-800 / / 38.5%

Glucose-NaCl-800 / / 26.6%
Matter 2022, 5, 1603-1615

PVDF-NaCl-800 / / 33.0%

Leaf-NaCl-800 / / 37.3%
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Table S2. Textural parameters of the obtained NM-MGCs-x samples.

Sger 2 V,° Micro/meso/macropore volume
Sample
(m?/g) (cm3/g) percentage ©
NM-MGC-700 811 0.31 69.2%/22.9%/7.9%
NM-MGC-800 624 0.22 64.6%/23.9%/11.5%
NM-MGC-900 117 0.02 13.6%/46.7%/39.7%

aBET surface area;
bV, calculated by the t-plot method;
¢Micropore volume was calculated by the DFT method; mesopore and macropore volumes were calculated

by the BJH model. Micropore: 0-2.0 nm, mesopore: 2.0-50.0 nm, and macropore: >50 nm.
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Table S3. Composition of the NM-MGCs.

Mass ratio
Atomic ratio (%) 2 Ratio of N sites (%) .
Samples (%)
C N 0] pyridine-N pyrrole- N graphitic-N oxidized-N Fe
NM-MGC-700 82.70 9.64 7.66 31 30 16 23 ~0
NM-MGC-800 91.61 5.59 2.79 22 25 38 15 ~0
NM-MGC-900 93.02 464 234 18 24 39 19 ~0

a3 Estimated from XPS results

b Estimated from ICP-OES results
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Table S4. Comparison of E;/; and Ej; in alkaline media of NM-MGC-800 and previously reported ORR

electrocatalysts.

Catalysts Ey/> (V vs. RHE) Ej10(V vs. RHE) References

NM-MGC-800 0.872 1.536 This work
FeMn-DSAC 0.922 1.635 9
Mn@CNT@Co-N/C 0.81 1.62 10
ZnCo, @NCNTs-80 0.85 1.58 11
Co@CNT-NC 0.87 1.63 12
N,P-HCNF-8 0.82 1.55 13
Cu-Co/NC 0.92 1.565 14
$,5'-CNT1000°C 0.74 1.58 15
B,N-Carbon 0.84 11057 16
CoN,C 0.86 1.55 17
P'S_CNS 0.87 1.56 18
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Table S5. Comparison of Ey/; and Egneet in alkaline media of NM-MGC-800 and previously reported ORR

electrocatalysts.

Catalysts Ey/> (V vs. RHE) Eonset (V vs. RHE) References

NM-MGC-800 0.872 0.996 This work
B,N-Carbon 0.84 0.98 16
P,S-CNS 0.87 0.97 18
NPCNF-O 0.85 0.98 19
VP/CNs 0.86 1.08 20
BN-C-1 0.812 0.876 21
NCN-1000-5 0.82 0.95 22
NCR-1000 0.826 0.981 23
NDC1000 0.86 0.96 24
meso/micro-PoPD 0.87 0.98 25
PTA-1000 0.78 0.96 26
NCMT-1000 0.86 1.03 27
VA-NCNT/GC 0.865 0.965 28
ZrN 0.8 0.95 29
CosN/C 0.862 0.95 30
N-GRW 0.84 0.92 31
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CoNC SAC 0.86 0.93 32
Zn/CoN-C 0.861 1.004 33
Co-pyridinic N-C 0.87 0.99 34
Cosa/N,S-HCS 0.85 0.96 35
NCF 0.85 1 36
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electrode based ZABs with alkaline electrolyte.

Table S6. Summary of performance based on NM-MGC-800 and recently reported state-of-the-art air-

Peak power
Specific capacity
Catalysts density Stability (h) Ref.
[MAh/g,,@mA cm]
(mW cm=)

NM-MGC-800 221 854.3@5 800 This work
P,S-CNS 198 830@5 100 18
CuS/NiS, 172.4 775@5 83 37
P-MnCo,0,@PWC 160 811.3@10 400 38
Fesp/ac@HNC 171.5 811.8@20 130 39
Co3S,/FeS@CoFe/NC 170 816.3@1 680 40
CusP/CoP@NC 209 765.6@10 317 41
PCN-226(Co) 133 724@20 Overl60 42
Ru-SAS/SNC 229 728@10 270 43
FeMn-N-C 151 795 700 44
C-MOF-C,-900 105 741@10 120 45
Fe/N-CNRs 181.8 771.7@10 100 46
FeqsCo@HOMNCP 134 786.5@10 120 47
Fe,0;@NPCA 130 767@5 160 48

FeMn-DSAC 184 734@2 80 9
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N-HPCs 158 829@5 100 49
Fe,-pPc 255 791@10 450 50
FeMn,./Mn-N,C 207 720.2 100 51
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