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1. Experimental Section
1.1 Sample Preparation
Chemicals: 2-Methylimidazole, zinc nitrate hexahydrate (Zn(NOs)2-6H20), ferric nitrate
nonahydrate (Fe(NO3);-9H»0), methanol, dopamine hydrochloride, and ammonium
hydroxide solution (NH4OH, 28-30%) were purchased from Adamas Reagent and used

without further purification.

Synthesis of ZIF-8: 2-Methylimidazole (1.31 g) and Zn(NO3)>-6H>0 (1.13 g) were dissolved
in 50 mL of methanol, respectively. Then, both solutions were mixed and stirred at room
temperature for 24 h. ZIF-8 with a size of 120 nm was obtained by centrifugation, washing
with methanol for several times, and drying at 60 °C in a vacuum oven. Similarly, ZIF-8 with

a size of 60 and 30 nm were prepared by using 200 and 400 mL of methanol, respectively.

Synthesis of PDA nanobubbles: 30 mg of ZIF-8 was dispersed in 30 mL of methanol. Then,
100 mg of dopamine hydrochloride was added into the above dispersion. Afterwards, 0.25 mL
of ammonium hydroxide solution was added into the above mixture and then stirred at room
temperature for 24 h. The products were collected via centrifugation, washing with methanol

for several times, and drying at 60 °C in vacuo.

Synthesis of ZIF-8@PDA: The synthesis of ZIF-8@PDA was similar to that of PDA
nanobubbles, except that the reaction time was reduced to several hours. The ZIF-8 templates

within ZIF-8@PDA composites were etched completely after 24 h.

Synthesis of NCNB-1: The PDA nanobubbles templated by ZIF-8 of 120 nm were pyrolyzed
under N> atmosphere at 950 °C for 3 h to prepare NCNB-1.

Synthesis of NCNB-2 and NCNB-3: The synthesis of NCNB-2 and NCNB-3 was similar to
that of NCNB-1, except that the ZIF-8 crystals with a size of 60 and 30 nm replace the ones

with a size of 120 nm, respectively.

Synthesis of NCNB-4: The PDA nanobubbles, prepared by using ZIF-8 of 30 nm as template,
were pyrolyzed under N> atmosphere at 400 °C for 3 h, then treated with 0.1 M HCI solution

to remove the Zn-containing species and washed with excess deionized water. This



intermediate carbonized product is name iINCNB-4. Subsequently, INCNB-4 was subjected to
the second heat treatment at 950 °C for 3 h under N> atmosphere to form NCNB-4.

Synthesis of Fe-doped ZIF-8 (ZIF-Fe): The synthesis of ZIF-Fe was similar to that of the ZIF-
8 with a size of 30 nm, except that additional 33.3 mg of Fe(NO3)3-9H>O was added in the

course of reaction.

Synthesis of Zn*?/Fe*3-coordinated PDA nanobubbles: The synthesis process of Zn"*/Fe*-
coordinated PDA nanobubbles was similar to that of the PDA nanobubbles, except that ZIF-8

was replaced with ZIF-Fe.

Synthesis of Fe-doped carbon nanobubbles (NCNB-Fe): The Zn"?/Fe*3-coordinated PDA
nanobubbles were pyrolyzed at 950 °C for 3 h under N2 atmosphere to generate NCNB-Fe.

1.2 Material Characterization

Transmission electron microscopy (TEM) was performed on a Tecnai G2 Spirit Biotwin at
120 kV. HAADF-STEM image and element mapping were obtained on a Talos F200X
apparatus at 200 kV. Aberration-corrected HAADF-STEM observations were performed on a
JEM-ARM200F instrument at 200 kV with cold filed-emission gun and aberration corrector.
Fe K-edge X-ray absorption spectroscopy (XAS) were measured at beamline 14W1 of the
Shanghai Synchrotron Radiation Facility (SSRF), China. Data were obtained using a Si (111)
double crystal monochromator in fluorescent mode. X-ray diffraction (XRD) was carried out
using a Bruker D8 advance polyfunctional X-Ray diffractometer, equipped with Cu Ka (A =
1.5418 A) radiation. Raman spectroscopy was conducted on a DXR Raman Microscope
excited by a laser beam of 532 nm. Nitrogen adsorption/desorption isotherms were measured
on an Autosorb-iQA3200-4 sorption analyzer instrument at 77 K. Mercury intrusion
porosimetry measurements were performed on a Micromeritics AutoPore IV 9500 system. X-
ray photoelectron spectroscopy (XPS) analysis was conducted on an AXIS Ultra DLD system

with an Al Ka achromatic X-ray source.

1.3 Electrochemical Measurements
Electrochemical measurements were performed on a CHI760E electrochemical workstation
with a three-electrode system, using the glassy carbon rotating disk electrode/rotating ring

disk electrode (RDE/RRDE), Ag/AgCl electrode, and Pt wire as the working electrode,
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reference electrode, and counter electrode, respectively. For the preparation of the working
electrode, 4 mg of catalyst was dispersed into the mixture of 490 pL of ethanol and 10 pL of 5
wt% Nafion under ultrasonication to make a well-dispersed suspension. The loading of as-
made catalysts is 0.6 mg cm 2. The Pt/C catalyst with a loading of 0.1 mg cm 2 was compared
in the same conditions. The RDE and RRDE tests were performed using linear sweep
voltammetry (LSV) at a scan rate of 10 mV s™! in the potential window of 0—1.2 V (vs. RHE)
in Oz-saturated 0.1 M KOH or 0.1 M HClO4 solution with a rotation speed of 1600 rpm!".

The electron transfer number (n) and H>O: yield were calculated from RRDE results by the

following equations!?):

_ Iq
A N
H,0,% =200 x ir/N

Where iq is the disk current, i; is the ring current, and N is the collection efficiency of the ring

current (N =0.37).

The stability was assessed by cycling test between 0.6 and 1.0 V at 200 mV s™! in Op-
saturated electrolyte, and two LSV curves were recorded before and after continuous 5,000
CV cycles. The methanol tolerance was measured by chronoamperometry with the addition of
20 mL methanol into O»-saturated electrolyte at the 200th second.

The electrochemical active surface area (ECSA) of the catalysts is calculated by the
electrochemical double-layer capacitance (Cai). The ECSA is measured on the RDE working
electrode, which is calculated by the double-layer charging from the CV curves at various
scan rates in non-Faradaic potential region.l! The potential range is 1.05-1.15 V (vs. RHE).
The scan rates are 2, 4, 6, 8, 10, and 12 mV s™!, respectivity. There is a linear relationship
between the charging current and scan rate, and the correponding slope is Ca.¥] The Cai and
ECSA obey the following equation: ECSA = (Ca/Cs)Ageo, Wwhere Cs (0.04 mF ¢cm2) and Ageo
(0.07 cm?) is the specific capacitance and geometric area of the glassy-carbon electrode,

respectively.!

1.4 Performances of carbons in Zn-air batteries
The performances of the as-made carbons were further characterized by the home-made Zn-

air batteries. Typically, the catalyst coated on a gas diffusion layer with a loading of 1.0 mg



cm 2 was employed as an air-cathode electrode, the polished Zn foil was used as the anode
electrode, and 6 M KOH containing 0.2 M ZnCl> was utilized as the electrolyte. The
galvanostatic discharge/charge cycling was conducted at a current density of 10 mA cm™>

with a discharge/charge time of 5 min.



2. Figures and Tables

Fig. S1 HR-TEM images of (a) the PDA nanobubble and (b) NCNB-1.

Fig. S2 HAADF-STEM image and element mappings of the (Zn'’-coordinated) PDA

nanobubbles.
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Fig. S3 HAADF-STEM image and element mappings of NCNB-1.

B gt 5o

Fig. S4 TEM images of (a) ZIF-8 with a size of 60 nm, (b) NCNB-2, (c) ZIF-8 with a size of
30 nm, and (d) NCNB-3.
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Fig. S6 (a) XPS survey spectra of NCNBs. (b—e) High-resolution N 1s XPS spectra of (b)
NCNB-1, (c) NCNB-2, (d) NCNB-3, and (e) NCNB-4. (f) Percentage of various nitrogen

species.
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Fig. S7 (a) XRD patterns and (b) Raman spectra of NCNBs.
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Fig. S8 (a—¢) CV curves of NCNBs in the double layer region at a scan rate of 2, 4, 6, 8, 10,
and 12 mV s in 0.1 M KOH, and (f) capacitive current derived from CV curves at 1.10 V as

a function of scan rate.
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Fig. S9 (a) Chronoamperometric response to methanol for NCNB-3 in 0.1 M KOH solution.
(b) LSV curve of NCNB-3 in 0.1 M HClOs.
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Fig. S10 HAADF-STEM image and element mappings of the Zn"*/Fe**-coordinated PDA

nanobubbles.
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Fig. S11 HAADF-STEM image and element mappings of NCNB-Fe.
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Fig. S12 (a) N; adsorption/desorption isotherms, (b) BJH pore-diameter distribution, (c) XPS
survey spectrum, (d) high-resolution N 1s XPS spectrum, (e¢) XRD pattern, and (f) Raman
spectrum of NCNB-Fe.
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Fig. S13 XANES spectra at the Fe K-edge of NCNB-Fe, Fe;03, and Fe foil.
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Fig. S14 (a) LSV curves before and after 5,000 cycles and (b) chronoamperometric response

to methanol for NCNB-Fe and Pt/C in 0.1 M KOH solution.
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Fig. S15 (a) LSV curves before and after 5,000 cycles and (b) chronoamperometric response

to methanol for NCNB-Fe and Pt/C in 0.1 M HCIlO4 solution.
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Fig. S16 Open circuit potential of the NCNB-3, NCNB-Fe, and Pt/C based Zn-air batteries.
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Table S1 Pore-structure parameters of NCNBs and NCNB-Fe.

SBETa Smicrob Vtotalc Vmicrod
Sample

(m*g™") (m’g™") (m’g?) (em’g™)
NCNB-1 518 370 0.99 0.19
NCNB-2 525 407 1.01 0.21
NCNB-3 553 427 1.23 0.22
NCNB-4 421 320 0.96 0.16
NCNB-Fe 545 426 1.16 0.22

a Specific surface area is calculated from N adsorption/desorption isotherms. ® Specific surface area of
micropores are calculated by the V-T plot method. ¢ Total pore volume is calculated from N,

adsorption/desorption isotherms. ¢ Pore volume of micropores are calculated via the VT plot method.

Table S2 Element contents of NCNBs and NCNB-Fe calculated by XPS results.

C N (0] Fe
Sample
(wt%)

NCNB-1 93.93 2.67 3.40 /
NCNB-2 93.22 2.95 3.83 /
NCNB-3 94.47 2.60 2.93 /
NCNB-4 93.65 2.59 3.76 /
NCNB-Fe 93.07 2.55 3.50 0.88

Table S3 Catalytic activity of NCNB-3 and metal-free doped carbons for ORR in 0.1 M KOH.

Catalyst Eone Ere = Reference
42 ™) (mA cm™)

Carbon plates 0.94 0.835 5.36 Adv. Mater. 2018, 30, 18035884

B,N-doped carbon 0.98 0.84 ~5.5 Adv. Sci. 2018, 5, 18000365

Biomass carbon 0.96 0.825 43 Energy Environ. Sci. 2019, 12, 648[6]

Modified fullerene 0.911 0.833 5.29 Angew. Chem. Int. Ed. 2019, 58,
385971

Porous carbon 0.988 0.85 5.7 Adv. Mater. 2019, 31, 190034118

plates

SCNS 0.85 0.770 5.05 Angew. Chem. Int. Ed. 2020, 59,
196271

Pt/C 0.94 0.836 5.43 This work

NCNB-3 0.95 0.856 5.49 This work
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Table S4 Catalytic activity of NCNB-Fe and single-atom doped carbons for ORR in 0.1 M
KOH.

Eonset El/2 JL

Catalyst V) ™) (mA em™) Reference

Co-SAs@NC  0.96 0.82  4.96 Angew. Chem. Int. Ed. 2019, 58, 5359110]
Fe-ISA/SNC ~ / 0.896 5.5 Adv. Mater. 2018, 30, 1800588!!1]
SA-Fe/NG / 088  ~58 PNAS, 2018, 115, 66261
Fe-N-CHNSs  1.046 087 59 Adv. Mater. 2019, 31, 1806312113]
Fe-N/P-C-700  0.941  0.867 5.66 J. Am. Chem. Soc. 2020, 142, 2404014
FeN3S 0.94 086  ~5.7 ACS Energy Lett. 2021, 6, 379115]
Fei-HNC 0.93 0.842 58 Adv. Mater. 2020, 32, 1906905!16]

Pt/C 0.94 0.836 5.43 This work

NCNB-Fe 1.05 0.940 5.60 This work

Table S5 Catalytic activity of NCNB-Fe and single-atom doped carbons for ORR in 0.1 M
HCIOs.

Eonset El/Z JL
Catalyst _ Reference
V) V) (mA cm?)
CoNC700 0.89 0.73 5.2 Small 2018, 14, 170431917
FeSAs/PTF-600 0.89 0.74 ~5.2 ACS Energy Lett. 2018, 3, 833[18]
up-Fe-N-CNFs  0.81 0.68 ~5.0 Energy Enviorn. Sci. 2018, 11, 2208[!°]
p-Fe-N-CNFs  0.84 0.74 5.5 Energy Enviorn. Sci. 2018, 11, 2208!!°1
Angew. Chem. Int. Ed. 2019, 58,
Cr/N/C-950 / 0.761 ~5.3
124691201
Feos-N-C 0.87 0.76 54 J. Am. Chem. Soc. 2019, 141, 2035211
Angew. Chem. Int. Ed. 2019, 58,
Zn-N-C-1 / 0.746 4.6
7035[221
Pt/C 0.94 0.810 5.45 This work
NCNB-Fe 0.90 0.792 5.30 This work
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Table S6 Performances of the Zn-air batteries with NCNB-Fe and metal-free or single-atom

doped carbons as air-cathode catalysts.

peak power
loading specific capacity .
Catalyst density Reference
(mgem?)  (mAhg™)
(mW c¢m™?)

NPMC-1000 0.5 835 (@5mA cm?) 55 Nat. Nanotech. 2015, 10, 444123
695 (@25mA cm?)

Si-N-C-6 0.9 990 100 Nano Energy 2019, 62, 70024
(@20 mA cm?)

NPCS-900 1.5 848 (@2 mA cm) 79 Nano Energy 2019, 60, 5362
656 (@20 mA cm?)

NSC-1000 2.0 581 167.8 Nano Energy 2019, 59, 2071261
(@100 mA cm™?)

Co-SAs@NC 1.75 897 105 Angew. Chem. Int. Ed. 2019, 58,
(@20 mA cm?) 5359110]

Fe-N/P-C 3 ~665 133 J. Am. Chem. Soc. 2020, 142, 24040141
(@100 mA cm?)

CoNi-SAs 1.4 886 101 Adv. Mater. 2019, 31, 1905622.[7]
(@20 mA cm?)

Fe-Nx-C / ~770 96 Adv Funct. Mater. 2019, 29,
(@10 mA cm?) 1808872128)

Pt/C 1.0 713 (@10 mA cm?) 128 This work

NCNB-3 1.0 763 (@10 mA cm?) 151 This work

NCNB-Fe 1.0 801 @10 mA cm?) 188 This work
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