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Physical characterization

The morphology of the as-prepared samples was studied by field-emission scanning
electron microscopy (FESEM) on a Carl Zeiss Ultra Plus system. Transmission electron
microscopy (TEM) images, high angle annular dark field scanning transmission
electron microscopy (STEM) images and selected area electron diffraction (SAED)
images of the catalysts were observed under JEOL (JEM-2000FX) microscope
operating at 200 kV. Brunauer-Emmett-Teller (BET) was used to measure the specific
surface area of all the prepared samples, and density functional theory (DFT) method

was used to calculate the pore size distribution of carbon materials. X-ray diffraction
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(XRD) patterns of the as-prepared samples were recorded on a Shimadzu XD-3A
instrument using filtered Cu-Ka radiation (4 = 0.15418 nm), generated at 40 kV and 30
mA. Scans for 26 values were recorded at 5° min"! between 10° and 90°. The X-ray
photoelectron spectroscopy (XPS) was acquired with a VG ESCALAB210
spectrometer equipped with an MG 300 W X-ray source. Ultraviolet photoelectron
spectroscopy (UPS) measurements were carried out by a Prevac spectrometer with a
VG Scienta R3000 hemispherical electron energy analyzer. Photons with energy of
21.22 eV generated by helium I were used for UPS spectra. Fourier transform infrared
(FT-IR) spectrometry was carried out using a FTIR-8400S spectrophotometer

(Shimadzu, Japan).

Experimental Section
Oxygen electrocatalytic measurements

The oxygen reduction reaction (ORR) performance was evaluated in a conventional
three-electrode cell on a WaveDriver 20 bipotentiostat (Pine Instrument Company,
USA). A rotating disk electrode (RDE) with a glass carbon disk (5 mm in diameter),
and a rotating ring-disk electrode (RRDE) with a Pt ring (6.5 mm in inner diameter and
8.5 mm in outer diameter) and a glass carbon disk (5.5 mm in diameter) coated with
catalyst film were used as the working electrodes. Ag/AgCl in saturated KCl was
chosen as a reference electrode and Pt wire (ORR) as a counter electrode. The working
electrode was prepared as follows: 5 mg of catalyst were dispersed into 1 mL Nafion
ethanol solution (0.25 wt.%) by ultrasonic mixing for 30 min. 8§ mL of ink containing

40 mg catalyst were dropped onto the surface of a polished glass-carbon rotating disc
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electrode (catalyst loading: 0.196 mg cm2) and air dried. For performance comparison,
commercial Pt/C (20 wt.% Johnson Matthey) catalysts were used for the preparation of
working electrodes according to the same procedure. 0.1 M KOH purged with N, for
30 min was used as an electrolyte for all electrochemical tests in this study. All potential
values recorded in the study were converted to potentials vs. reversible hydrogen
electrode (RHE) using the following equation: Epne =E 4g/a9ci+ 0059 pH +0.197V ip
curve compensation was done in the tests and ORR curves were adjusted to take
capacitive effects into account. The durability testing of ORR was carried out by
continuous cyclic voltammetry (CV) in the potential range of 0.036—1.164 V vs. RHE
at a scan rate of 50 mV s*! in 0.1 M KOH electrolyte for 3000 and 6000 cycles. The
apparent electron transfer number (n) was calculated based on the K-L equation:

R

1
j jL+jk_W+JK (1)
B =0.62nFC,D,”*v"* o)
where j is the measured current density, jx and j; are the kinetic and limiting current
densities, respectively, w is the angular velocity of the disk, # is the electron transfer
number, F' is the Faraday constant (96485 C mol!), C, is the bulk concentration of O,
(1.2 x 103 mol L"), D, is the diffusion coefficient of O, (1.9 x 10~ ¢m? s'!), and v is
the kinematic viscosity of the electrolyte (0.01 cm? s!).

RRDE measurements were performed at the voltage range from 0.2 to 1.2 V versus
RHE in O,-saturated electrolyte at a rotation speed of 1600 rpm with a scan rate of 10

mV s'!. The yield of H,O, and the electron transfer number (n) could be determined by

the following equations:
S3



I /N

H,0,% =200——-"
I,+I. /N 3)

Id
I,+I1 /N )

where [, is the disk current, /. is the ring current, and N is the current collection
efficiency of the Pt ring, which was 0.37, provided by the manufacturer.

The oxygen evolution reaction (OER) performance tests were carried out in a
conventional three-electrode cell on a CHI760D electrochemical analyzer (CH
Instruments). Oxygen evolution reaction (OER) was tested in 1.0 M KOH (pH = 13.6)
in a three-electrode cell with a carbon rod as the counter electrode, a Hg/HgO as the
reference electrode, and the catalyst as the working electrode. The working electrode
was prepared as follows: 2.5 mg of catalyst were dispersed into 0.5 mL Nafion ethanol
solution (0.40 wt.%) by ultrasonic mixing for 30 min. 0.2 mL of ink containing 1 mg
catalyst were dropped onto the surface of nickel foam (NF) with a size of 1x1 cm
(catalyst loading: 1 mg cm) and air dried. For performance comparison, the same
loading of commercial RuO, (Johnson Matthey) catalysts were used for the preparation
of working electrodes according to the same procedure. Electrochemical impedance
spectroscopy (EIS) measurements were conducted on a CHI 660E electrochemical
workstation in the range of 0.01 Hz to 100000 Hz with 5 mV sinusoidal perturbations.

All the potentials and voltages were iR-corrected, calibrated, and converted to the RHE,

according to E rpg =E ngg0 70.059 pH+0.098 V.

Zn-air battery performance measurements

Liquid Zn-air battery (ZAB) were assembled and tested. The air cathode was
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prepared by dispersing 4 mg of the catalyst, 3 pL of polymer binder PTFE, 4 mg of
Vulcan carbon in 300 pL isopropyl alcohol to form a homogenous slurry. After rolling
into a slice and oven drying at 40 °C, the air cathode mixture was pressed onto Ni foam
under 20 MPa. A polished zinc plate with a thickness of 0.5 mm and a width of 1 cm
and 6 M KOH solution containing 0.2 M of Zn(OAc), were used as the anode and the
electrolyte, respectively. The gas diffusion area is 1 cm? allowing O, access to the active
sites of catalysts. For comparison, 2 mg of commercial Pt/C (20 wt.% Johnson Matthey)

and 2 mg of commercial RuO,; are mixed as catalysts to prepare Pt/C+RuO, air cathode.
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Fig. S1. Synthetic procedure of the PCF sample.

o .
- P Surfsce Area = 8328 m’ g
E 600f o Pﬂnvdm-i.iaﬂl:l" )
3 g L
1] i
s I.Q z 4 1] L] " §
L] Pors Dismeter | nm c
: - .
R R -
§ r —=—PCF
0 g , . . . ; . i ; i i .
0.0 0.2 0.4 0.6 0.8 1.0 0 10 20 30 40 50 60 70 80
Relative N, pressure P/P, 28/ degree
e) f)
2.37%
Cis \
c
aN
O1s u0
N 1s
200 400 600 800 1000 Atomic Conc. of PCF

Binding energy / eV

Fig. S2. (a) SEM image, (b) TEM image, (c) N, adsorption-desorption isotherms and pore-size-

distributions, (d) XRD pattern, (e¢) XPS spectrum and (f) atomic conc. of PCF sample.
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Fig. S3. (a) SEM image, (b) TEM image, (c) STEM image, Element mappings of (d) C, (e) N, (f) N,

adsorption-desorption isotherms and pore-size-distributions, and (g) XPS spectrum of NPCF sample.
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Fig. S4. (a) FTIR spectra of PCF and the as-prepared PCF-Co?*_¢p-c samples. (b) FTIR spectra of PVP

and the as-prepared PVP-Cu?*_j4poc samples. (¢) FTIR spectra of PCF and the as-prepared PCF-PVP._¢pc

samples.
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Fig. S5. (a-b) SEM image, (¢) TEM image, (d-¢) HRTEM images, (f) STEM image and corresponding

element mappings of Cuycs-NPCF sample.

Fig. S6. (a-b) SEM image, (¢) TEM image, (d-¢) HRTEM images, (f) STEM image and corresponding

element mappings of Concs-NPCF sample.
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Fig. 87. (a-b) TEM image of Cuncs-Congs 0.5:6/NPCF. (c-d) TEM image of Cuncs-Congs 2:6/NPCF. (e-f)
TEM image of Cuncs-Concs 4:6/NPCF. (g) Cu atomic concentration and Co atomic concentration within
the Concs (0.5:6/NPCF, Cuncs-Congs (1:6/NPCF, Cuncs-Cones 2:6/NPCF and Cuncs-Congs 4:6/NPCF
samples. (h) Cu 2p XPS spectrum and (i) Co 2p XPS spectra of Concs (0.5:6/NPCF, Cuncs-Cones

a :6)/NPCF, CuNCs'CONCs (2;6)/NPCF and CuNcS—CoNCS (4:6)/NPCF samples.
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Fig. S8. (a) Surface area, external surface area and micropore area, and (b) Pore volumes of the NPCF,

Cuncs-NPCF, Cone/NPCF and Cuyes-Cones/NPCF samples.
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Fig. S9. CV profiles of the Cuycs-Cones/NPCF catalyst sample in O,-(red) and N,-(black) saturated

0.1 M KOH solution.
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Fig. S10. (a) ORR linear scan voltammograms (LSV) at 1600 rpm in an O,-saturated 0.10 M KOH
with a scan rate of 5 mV s, (b) corresponding E e, £ 12 and J g 5 v vs. rug values, (c¢) Tafel plots

of Cuncs-Congs (0.5:6/NPCF, Cuncs-Cones (1:6/NPCF, Cuncs-Cones (2:6/NPCF and Cunes-Concs

4:6y/NPCF samples.
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Fig. S11. LSV curves and K-L plots of (a) 20% Pt/C, (b) NPCF, (c¢) Cunc/NPCF and (d)

Concy/NPCF samples on RDE in O,-saturated 0.1 M KOH solution at various rotation rates.
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Fig. S12. (a) ORR LSV curves at 1600 rpm in an O,-saturated 0.10 M KOH with a scan rate of 5
mV s! on RRDE, (b) H,0, yield and electron transfer number plots at 0.5 V vs. RHE of 20% Pt/C,

NPCF, Cuncy/NPCF, Cones/NPCF and Cuycs-Cones/NPCF samples.
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Fig. S13. (a) LSV after deducting Cy and Initial LSV in O, of Cuycs-Cones/NPCF sample at 1600
rpm in an O,-saturated 0.10 M KOH with a scan rate of 5 mV s°!. (b) Specific activity at 0.9 V vs.
RHE for Cuncy/NPCF, Cones/NPCF and Cuyes-Cones/NPCF samples at the constant temperature

of 30 °C.
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Fig. S15. Overpotential at 10 and 50 mA-cm? of RuO,/NF, NPCF/NF, Cuncy/NPCF/NF,

Coney/NPCF/NF and Cuycs-Cones/NPCF/NF samples.
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Fig. S16. OER LSV curves in 0.1 M KOH with a scan rate of 5 mV s°! of Cuycs-Cones/NPCF

sample.
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Fig. S17. (a) OER LSV curves in 1.0 M KOH with a scan rate of 5 mV s°!, (b) corresponding over
potential at 10 and 50 mA-cm?, (¢) Nyquist plots at +1.533 V vs. RHE of of Cuncs-Concs

(0.5;6)/NPCF, CuNCs'CONCs (1;6)/NPCF, CuNCs'CONCs (2;6)/NPCF and CuNCs'CONCs (4;6)/NPCF samples.
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Fig. S18. CV plots with scan rates from 20 mV s! to 120 mV s™! of (a) NPCF, (b) Cuncy/NPCF, (¢)

Coney/NPCF and (d) Cuncs-Coney/NPCF samples.
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Fig. S20. The entire LSV curves for bifunctional activities within the ORR and OER potential

window of Cuncy/NPCF and Cuyncy/NPCF samples.

1.6F

10 mA cm?

1.4+
>
s 1.2
-]
2 1.0}

0.8+

0 10 20 30 40 50

Time/ h

Fig. S21. Long term stability of Cuncs-Concs/NPCF-assembled ZABs at 10 mA cm?2.
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Table S1. The BET surface area of the prepared Cuncs-Cone/NPCF catalyst sample

compared with the reported results in literature.

Catalysts BET (surface area/m? g) References

Cuncs-Cone/NPCF 493.08 This work
Co,Ni; LDH-GO 84.87 !
Fe-Mn;0,HYSNBs 120.80 2
FeCo-N-C-700 332.00 3
Fe-N-NDC-1-900 346.40 4
Co-ISAS/p-CN 380.00 3
NisFe/N-C sheets 447.00 6
Co/CoFe@NC 468.60 7
FeCu-DA/NC 488.80 8
Cu-N-C 512.20 9
Cu-CoNCNs 550.88 10
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Table S2. The ORR performance of the prepared Cuncs-Concs/NPCF catalyst

compared with the recently reported electrocatalysts under alkaline condition.

Catalysts Loading E, E;, References
(mg cm?) (Vvs. RHE)  (Vvs. RHE)

Cuncs-Cones/ NPCF 0.20 0.97 0.85 This work
Fe-Mn;O4HYSNBs 0.26 1.02 0.78 2
Fe-N-NDC-1-900 0.195 1.06 0.89 4
Co-ISAS/p-CN - - 0.84 5
Co/CoFe@NC 0.25 0.97 0.84 7
FeCu-DA/NC 0.5 0.96 0.86 8
Cu-N-C 0.53 - 0.87 ?
FeCu,; y@NC 0.380 0.89 - 1
NP-Ag,Cu 0.02 0.82 - 12
Cu-SAs/N-C 0.09 - 0.90 13
FeNi/N-LCN 0.8 0.97 0.85 14
FeCo/Se-CNT 0.38 0.97 0.90 15
(N1,Cu)-NG 0.36 - 0.84 16
FeCo/Co,P@NPCF - 0.85 0.79 17
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Table S3. The OER performance of the prepared Cuncs-Cones/NPCF catalyst compared

with previously reported electrocatalysts.

Catalysts E j—10 ma em2(V) Tafel slop (mV dec™) References

Cuncs-Conc/NPCF 1.53 74.40 This work
Fe-N-NDC-1-900 1.58 66.30 4
Co/CoFe@NC 1.54 49.00 7
FeNi/N-LCN 1.57 75.00 14
FeCo/Se-CNT 1.57 74.20 15
FeCo/Co,P@NPCF 1.56 61.00 17
Fe-N/S-CNT-GR 1.60 - 18
Co/Co,P@NPCNTs 1.54 71.50 19
FeS/Fe;C@N-S-C-800 570 81.00 20
Cug7P3.4.yOxN,/NPC 1.57 69.00 21
CoNi@NCNTs/CC 1.56 64.00 2
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Table S4. The ORR/OER activities of the prepared Cuncs-Cones/NPCF catalyst

compared with recently reported bifunctional electrocatalysts.

Catalysts E j—10 mA em- E;» AE References
2(V) (V vs. RHE) (V vs. RHE)

Cuncs-Concs/NPCF 1.53 0.85 0.68 This work
6-FeCo-N-C-700 1.60 0.89 0.71 3
3-Fe-N-NDC-1-900 1.58 0.89 0.69 4
12-NizFe/N-C 1.60 0.78 0.82 6
4-Co/CoFe@NC 1.54 0.84 0.70 7
7-FeNi/N-LCN 1.57 0.85 0.72 14
1-FeCo/Se-CNT 1.57 0.90 0.67 15
2-FeCo/Co,P@NPCF 1.57 0.89 0.68 17
5-Fe-N/S-CNT-GR 1.60 0.90 0.70 18
8-CoNi@NCNTs/CC 1.56 0.83 0.73 2
10-3D Fe/N-G#4 1.62 0.85 0.77 23
13-SNC 1.67 0.78 0.89 24
11-N-Co304,@NC-2 1.60 0.82 0.78 %
9-CuCo,S4NSs@N- 1.54 0.79 0.75 26

CNFs
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Table S5. Performance comparison of the Cuycs-Coney/NPCF-assembled ZAB with

those reported in literature.

Catalysts OCP (V) Peak power density References
(mW cm??)

Cuncs-Cones/NPCF 1.46 135.24 This work
Fe-Mn;O4,HYSNBs 1.40 100.00 2
Fe-N-NDC-1-900 1.48 200.00 4
Co/CoFe@NC 1.49 140.00 7
NP-Ag,Cu 1.47 145.00 12
FeNi/N-LCN 1.49 162.00 14
FeCo/Se-CNT - 155.00 15
(N1,Cu)-NG - 140.00 16
Fe-N/S-CNT-GR - 123.00 18
CoNi@NCNTs/CC 1.49 114.00 22
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