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Experimental section

Materials. Zinc nitrate hexahydrate (99.9%), 2-methylimidazole (98%), Iron
acetylacetonate (98%), Zinc acetate (99%) and Polyvinyl alcohol (My=145000) were
obtained from Sigma Aldrich. Boric acid was bought from Xilong Chemical
Technology Co., Ltd. Nafion (5% w/w in water and 1-propanol) and commercial Pt/C
(20 wt% Pt) were obtained from Alfa Aesar. RuO, (99.9% trace metal basis) was
obtained from Sigma Aldrich. KOH (85%) and H,SO, (98%) were purchased from
Sinopharm Chemical Reagent Co., Ltd (China). Carbon paper was obtained from Hesen
Electric Inc. Shanghai, and carbon cloth substrate was obtained from WOS 1002,

CeTech. All the chemicals are analytical grade and used without further purification.

Synthesis of Zn/Fe-ZIF. Typically, 2-methylimidazole (2627 mg, 32 mmol) was
dissolved in 30 mL deionized water under stirring in a break to form solution A.
Zn(NO3),-6H,0 (1190 mg, 4 mmol) and Fe(acac); (88 mg 0.25 mmol) were dissolved
in a mixed solution containing 10 mL ethanol and 20 mL deionized water under
ultrasound in a break to form a homogeneous solution B. Then, solution A was
subsequently added into solution B under vigorous stirring for 1 h at room temperature.
The above solution was left undisturbed at room temperature for 12 h. The precipitate
was washed with 50% ethanol solution and separated by centrifugation. After freeze-

drying, the yellow Zn/Fe-ZIF precursor was finally obtained.

Synthesis of Fe-SA/NC. The powder of Zn/Fe-ZIF was transferred into a ceramic boat
and placed in a tube furnace. The sample was heated to 900 °C under flowing nitrogen
gas for 3 h with a heating rate of 5 °C min!, and then naturally cooled to room
temperature. The resultant products were leached with 0.5 M H,SO, for 24 h at 80 °C,
and washed with deionized water, and then dried under vacuum. The obtained products

were named Fe-SA/NC.



Synthesis of Fe-SA/BNC. Fe-SA/BNC-(X)-900: A certain amount of Fe-SA/NC and
H;BO; (with Fe-SA/NC to H;BO3 mass ratios of X, X= 2:1, 5:1, 10:1) were added to
10 mL ethanol to form a suspension. The above suspension was sonicated for 1 h, then
stirred at room temperature until dried. The obtained powder was transferred into a
ceramic boat and placed in a tube furnace. The sample was heated to 900 °C under
flowing nitrogen gas for 1 h with a heating rate of 5 °C min-!, and then naturally cooled
to room temperature.

Fe-SA/BNC-(5:1)-Y: A certain amount of Fe-SA/NC and H;BO; (with Fe-SA/NC
to H;BO; mass ratios of 5:1) were added to 10 mL ethanol to form a suspension. The
above suspension was sonicated for 1 h, then stirred at room temperature until dried.
The obtained powder was transferred into a ceramic boat and placed in a tube furnace.
The sample was heated to different temperature Y (Y= 800 °C, 900 °C, 1000 °C) under
flowing nitrogen gas for 1 h with a heating rate of 5 °C min‘!, and then naturally cooled
to room temperature.

Fe-SA/BNC-(5:1)-900 was the optimal sample, abbreviated as Fe-SA/BNC.

Synthesis of ZIF-8. The synthesis of ZIF-8 was similar to the above method of Zn/Fe-

ZIF except for the addition of Fe(acac);.

Synthesis of NC. The synthesis of NC was similar to the above method of Fe-SA/NC,

except that Zn/Fe-ZIF was substituted by ZIF-8.

Synthesis of BNC. The synthesis of BNC was similar to the above method of Fe-

SA/BNC except that Fe-SA/NC was substituted by NC.

Characterization
SEM images were collected using a JEOL JSM-7900F. TEM images were collected

using a Titan G260-300. The aberration-corrected HAADF-STM measurement was



performed by FEI-Titan Cubed Themis G2 300. ICP-OES was performed on Agilent
5100. The nitrogen adsorption-desorption isotherms were measured at 77 K with a
Quantachrome Autosorb-iQ. Powder XRD patterns were obtained by a Bruker-AXS
D8 Advance X-ray diffractometer. Raman spectra were obtained on a HORIBA

LabRAM HR Raman spectrometer system.

XPS measurements. XPS spectra were recorded on a Thermo Scientific Escalab
250Xi, with an energy resolution of £0.1 eV, monochromatized Al Ka (1486.6 eV)
radiation and a hemispherical sector analyzer were used. The XPS spectra were
deconvoluted using Gaussian-Lorentzian functions after the Shirley background
subtraction by CasaXPS software, and the integrated peak areas being used to estimate
the surface chemical compositions. All XPS spectra were corrected for any charging

effects by fixing the C Is binding energy at 284.4 eV.

XAFS measurements. X-ray absorption spectroscopy (XAS) experiments were carried
out at the wiggler beamline BL10 at the DELTA storage ring (Dortmund, Germany)
operated with 80-130 mA of 1.5 GeV electrons. Fe K-edge spectra were collected using a
Si (111)-channel cut monochromator and gas-filled ionization chambers as detectors for
the incoming and the transmitted intensities, and a large area photodiode for the
fluorescence photons. For comparison, a metal Fe-foil as well as several Fe-reference

compounds such as Fe203, FeO, and FePc (Fe-phthalocyanine) were measured.

0,-TPD measurements. O,-TPD measurements were conducted on the AutoChem 11
2920. Samples were pretreated by He flow (30 mL min') for 2 h at 200 °C. Then
cooling to 50 °C, the O, adsorption was performed in O, flow (30 mL min-!) for 2 h.
Finally, the sample was heated from 50 to 600 °C with a heating rate of 10 °C min’! in
He flow (30 mL min!). Desorbed gas was detected by a thermal conductivity detector

(TCD).



Electrochemical measurement

All data were recorded on an AutoLab PGSTAT302NI with PINE AFMSRCE by a
three-electrode cell system. The electrocatalyst was loaded on a rotating disk electrode
(RDE) with a geometrical surface area of disk (0.19625 cm) or rotating ring-disk
electrode (RRDE) with a geometrical surface area of disk (0.2475 cm) and platinum
ring (0.1866 cm?) (Pine Research Instrumentation, USA) as working electrode. An
Ag/AgCl electrode in 3 M KCl solution was used as the reference electrode (RE). A
graphite rod was used as the counter electrode (CE). The electrolyte was 0.1 M KOH
aqueous solution and purged of O, for 30 min before running tests. All potentials in this

study refer to RHE, E (RHE) = E (Ag/AgClI) + 0.059 pH + 0.1976.

Preparation of the working electrode. 10 mg of catalyst was dispersed in 1 mL of a
solution containing 855 pL of ethanol and 95 pL of deionized water and 50 pL of 5 wt%
Nafion solution and then sonicated for 1 h to form a homogeneous catalyst ink. Next,
10 pL of the catalyst dispersion was pipetted onto a glassy carbon electrode (RDE or
RRDE). The catalyst dispersion was dried slowly in air until a uniform catalyst

distribution across the electrode surface was obtained.

The ECSA was derived from Cg, which was measured by a series of cyclic
voltammetry (CV) scanning in a non-Faradaic potential (1.00-1.10 V vs. RHE) at
various scans rates of 1-10 mV s!. The ECSA was determined by the following
equation:

ECSA = C,/C,

where Cs represents the specific capacitance of the total double layer (0.04 mF cm-2).

Linear sweep voltammetry (LSV) curves were recorded at 225-2025 rpm with a scan

rate of 10 mV s! using RDE. The geometric area of the electrode was employed to



normalize the currents to current densities. The limited current density was set as the
value of current density at 0.40 V (vs. RHE). The j; was determined by Koutecky-

Levich (K-L) equation:
1 1 1 1
—t = t -
Ji Jx Be™ Jk

B = 0.62nFC,D,/ v~

Jyp = nFkC,
where j is current density measured from LSV curves, j; is the diffusion-limited current
density, j; is the kinetic current density,  is the angular velocity. B is a constant.

The transferred electrons number (n) was determined by RRDE measurements. The
constant ring potential was set at 0.4 V vs. Ag/AgCl during the measurements to oxide
intermediates of ORR. According to the results of RRDE experiments, the HO, (%)
and the n value can be obtained by the following equations:

4 x ]

Disk
n =
IDisk + IRing/N
200 x I, /N
%(HO;) = e

IDisk + Iriné/N

where Ip;y 1s the disk current, /g, 1s the ring current and the N is 0.37.

Zn-air battery tests

Liquid Zn-air battery assembly. It was constructed by pairing catalysts loaded onto
a carbon paper with a Zn plate (0.20 mm thickness) in electrolyte. First, the air electrode
was prepared by pipetting catalyst dispersion carefully onto the carbon paper (1 mg
cm2) using a pipette. The polished zinc plate was served as the anode, and 6 M KOH

solution with 0.2 M zinc acetate as electrolyte.

Flexible solid-state Zn-air battery assembly. The air electrodes were prepared by

pipetting catalyst slurry carefully onto the carbon cloth (2 mg cm2), the anode was



made by a polished Zn plate (0.10 mm thickness), while the PVA/KOH gel was made
as the electrolyte. The PVA/KOH gel electrolyte was synthesized as follows: 1.0 g of
PVA powder was mixed in 10.0 mL of deionized water under continuous stirring at 95
°C for 1.0 h. Subsequently, 1.0 mL of 18 M KOH with 0.2 M zinc acetate was dropwise
added to the above mixed solution and the obtained gel was stirred continuously at the
same temperature for 30 min. Finally, PVA/KOH gel was sandwiched between the Zn

plate and the as-prepared air electrode to assemble the flexible solid-state Zn-air battery.

Battery tests were carried out at room temperature under an ambient atmosphere with
a CHI760E or a LAND CT2001A. The specific capacity can be obtained by

normalizing the weight of utilized Zn.



Supporting Figures and Table

Fig. S2. (a, b) SEM images of NC. (¢, d) SEM images of Fe-SA/NC.
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Fig. S3. (a) TEM image and SAED pattern of Fe-SA/NC. (b) HRTEM image of Fe-
SA/NC.

Fig. S4. (a, b) SEM images of BNC.



Fig. S5. (a) TEM image of Fe-SA/BNC. (b) Aberration-corrected HAADF-STEM

image of Fe-SA/BNC, focusing on carbon nanotubes.
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Fig. S6. XRD patterns of ZIF-8, Zn/Fe-ZIF and simulated ZIF-8.
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Fig. S7. XRD patterns of NC, BNC, Fe-SA/NC and Fe-SA/BNC.
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Fig. S8. N, adsorption and desorption isotherms of (a) Fe-SA/NC and (b) Fe-SA/BNC.
Pore size distribution (PSD) estimated by quenched solid density functional theory
(QSDFT) method for (c¢) Fe-SA/NC and (d) Fe-SA/BNC. PSD estimated by Barrett-
Joyner-Halenda (BJH) method for (¢) Fe-SA/NC and (f) Fe-SA/BNC.
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Fig. S9. Raman spectra of NC, BNC, Fe-SA/NC and Fe-SA/BNC.
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Fig. S10. XPS survey spectra of Fe-SA/NC and Fe-SA/BNC.
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Fig. S11. High-resolution C 1s XPS spectrum for Fe-SA/BNC.
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Fig. S13. (a) LSV curves of Fe-SA/BNC-(X)-900 at 1600 rpm (X represents the ratio
of Fe-SA/NC to H;BO;). (b) LSV curves of Fe-SA/BNC-(5:1)-Y at 1600 rpm (Y
represents the deposition temperature of B atoms). Fe-SA/BNC-(5:1)-900 was the

optimal sample, abbreviated as Fe-SA/BNC.
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Fig. S16. LSV curves at different rotation rates and corresponding K-L plots of (a, b)
NC, (c, d) BNC, (e, f) Fe-SA/NC, (g, h) Fe-SA/BNC and (i, j) Pt/C.
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Fig. S19. SEM image of Fe-SA/BNC after 30 K cycles.
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Fig. S20. XRD pattern of Fe-SA/BNC after 30 K cycles.
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Fig. S25. (a, b) Long-time charge-discharge cycling curves of liquid ZAB assembled

with Fe-SA/BNC+RuQ, at the current densities of 20 mA ¢m? and 50 mA cm™2.



1.5 ——Fe-SA/BNC: 141V
OCP —Pt/IC:1.35V
1.4
>
o 1.3
o)
S
§ 1.2
1.1
1.0 T " T '
0 200 400 600
Time (s)

Fig. S26. Open-circuit voltage (OCV) of flexible solid-state ZABs assembled with Fe-

SA/BNC and Pt/C as the air cathode catalysts. Inset: photograph of one flexible ZAB
based on Fe-SA/BNC showing the OCV of 1.412 V.

00

Fig. S27. Photographs of a timer powered by one flexible solid-state ZAB based on Fe-
SA/BNC under different bending degrees.



Table S1. Summary of the Brunauer—Emmett-Teller (BET) surface area and pore size

distribution for Fe-SA/NC and Fe-SA/BNC.

BET Micropore Mesopore Macropore
Sample surface area volume volume volume
(m* g (ccg™) (ccg™) (ccg™)
Fe-SA/NC 769 0.225 0.521 0.320
Fe-SA/BNC 809 0.256 0.273 0.378

*Micropore and mesopore were determined using quenched solid density functional
theory (QSDFT) method, while the macropore was determined using Barrett-Joyner-

Halenda (BJH) method.



Table S2. Elemental contents of C, N, O, B and Fe based on XPS analysis for Fe-

SA/NC, Fe-SA/BNC and Fe-SA/BNC after cycles.

Chemical composition (at%)

Sample
C N O B Fe
Fe-SA/NC 82.78 8.24 8.62 / 0.36
Fe-SA/BNC 82.18 7.59 6.64 3.21 0.38

Fe-SA/BNC (after cycles) 83.34 6.31 7.37 2.66 0.32

Table S3. EXAFS fitting parameters of Fe-SA/NC and Fe-SA/BNC.

Sample Path N R (A) o2 (103A2) R-factor
Fe-SA/NC Fe-N 39 1.98 5.0 0.05
Fe-SA/BNC Fe-N 4.3 2.04 1.7 0.13

*N, coordination number; R, distance between absorber and backscatter atoms; o2,

Debye—Waller factor to account for both thermal and structural disorders; R-factor (%)

indicates the goodness of the fit.



Table S4. Comparison of ORR performance of Fe-SA/BNC with previously reported

advanced single-atom catalysts in alkaline solution.

Eonset Ep
Sample Electrolyte References
(Vvs.RHE) (V vs.RHE)

Fe-SA/BNC 0.1 M KOH 1.02 0.910 This work
Fe-CNG 0.1 M KOH / 0.890 1
Fe/N-G-SAC 0.1 M KOH / 0.890 2
Fe@NMC-1 0.1 M KOH 1.01 0.880 3
FeN4Cl1;/NC 0.1 M KOH / 0.910 4
Fe-SA-NSFC 0.1 M KOH 1.01 0.910 5
Fe(Fc)-N/S-C 0.1 M KOH 0.991 0.872 6
FeN4CB 0.1 M KOH / 0.840 7
FeBNC-800 0.1 M KOH 0.968 0.838 8
Co-SAs@NC 0.1 M KOH 0.96 0.820 9
NC-Co SA 1 M KOH 1.00 0.870 10
Co-pyridinic N-C 0.1 M KOH 0.99 0.870 11
Co-N;PS/HC 0.1 M KOH 1.00 0.920 12
CoSA/N,S-HCS 0.1 M KOH 0.96 0.850 13
Co-N/S-DSHCN-3.5 0.1 M KOH 0.989 0.878 14
Co-N,B-CSs 0.1 M KOH / 0.830 15
Zn-B/N-C 0.1 M KOH / 0.886 16
Se@NC-1000 0.1 M KOH 0.95 0.850 17
S-Cu-ISA/SNC 0.1 M KOH 1.05 0918 18




Table S5. Comparison of open-circuit voltage, peak power density and specific
capacities for liquid Zn-air batteries based on various reported electrocatalysts. All

performances were reported in 6.0 M KOH.

Peak power
Open-circuit Specific capacities
Catalyst density References
voltage (V) (mAh g") @ mA cm?
(mW cm?)
Fe-SA/BNC 1.55 308.3 819@50 This work
D-Fe SAC 1.52 215 785@50 19
Fe/N,S-HC 1.46 239 809@10 20
Fe-NSDC 1.53 225.1 732@20 21
Fe/S,-NC 1.51 170 / 22
Fe/SNCFs-NHj 1.38 255.84 / 23
FeCoNi-NC 1.526 315.2 803.78@100 24
Co/CNWSs/CNFs 1.46 304 823@5 25
OLC/Co-N-C 1.48 238 790@20 26
CoSA/N,S-HCS 1.50 173.1 781.1@10 13
Co;-N;PS/HC 1.47 176 786@10 12
CoSA+CoySg/HCNT 1.45 177.33 788@100 27
B, N-Co/ CNs 93.93 727.5@10 28
Ni-N-C 1.462 178 827@5 29
Cu-SAs@N-CNS / 192 856@20 30

Oa-MoC/NHPC 1.44 200.3 783.9@10 31
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