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Experimental Section

Chemicals. Cobalt nitrate hexahydrate (Co(NOs),"6H,0, 99%, Aladdin Industrial
Corporation), 2-Methylimidazole (C4HgN,, 98%, Aladdin Industrial Corporation),
Methanol (CH40O, 99%, Guangdong Guanghua Sci-Tech Co., Ltd), Ethanol (C,HO,
99%, Guangdong Guanghua Sci-Tech Co., Ltd), Potassium chloride (KCI, Tianjin
Damao Chemical reagent Factory), Potassium hydroxide (KOH, 95%, Aladdin
Industrial Corporation), Pt/C (20 wt%, Alfa Aesar), IrO, (99 wt%, Alfa Aesar) and
Nafion (5 wt%, Hesen). All chemicals used in this work were purchased
commercially and used without further purification. All the solvents used were of

analytical grade.

Synthesis of ZIF-67. Typically, 0.8745 g Co(NO;3),HO and 099 g 2-
Methylimidazole (2MI) were dissolved in 75 ml methanol, respectively.
Subsequently, the 2MI solution was added into the metal salt solution rapidly with
vigorous stirring. After stirring for 10 s, the mixture solution was kept still for 24 h at
room temperature. The obtained purple precipitates were collected by centrifuging,

washed with methanol at least 3 times, and then dried at 60 °C.

Synthesis of NCNHP-r-T. In a typical synthesis, as-prepared ZIF-67 was thoroughly
ground with KCI with a mortar (KCl : ZIF-67 = 1:1 by weight). Then the mixture was
placed in a tube furnace, heated to 500 °C with a ramp rate of 2 °C-min-!' and kept for
3 h under flowing H,/Ar (1:9) atmosphere. The obtained black powders were washed
by deionized water and ethanol and then dried at 60 °C, yielding NCNHP-1-500. A
series of samples with different KCI/ZIF-67 mass ratio or carbonization temperature
were prepared through a similar synthesis procedure. The products were named as
NCNHP-r-T, where r represents the mass ratio of KCl to ZIF-67, T represents the

carbonization temperature.

Synthesis of Co/NPC-500. As-prepared ZIF-67 was placed in a tube furnace, heated



to 500°C with a ramp rate of 2 °C-min-!' and kept for 3 h under flowing Hy/Ar (1:9)
atmosphere. The obtained black powders were washed by deionized water and ethanol

and then dried at 60 °C, yielding Co/NPC-500.

Synthesis of Co/NPC-1-500-Ar. The mixture of KCl and ZIF-67 (mass ratio = 1:1)
was placed in a tube furnace, heated to 500 °C with a ramp rate of 2 °C-min-! and kept
for 3 h under flowing Ar atmosphere. The obtained black powders were washed by

deionized water and ethanol and then dried at 60 °C.

Materials characterization. Powder X-ray diffraction (XRD) patterns of the
prepared samples were collected with a Rigaku diffractometer (D/MAX/IIIA, 3 kW)
employing Cu Ko radiation (40 kV, 30 mA, A= 0.1543 nm). TGA curves were
obtained on TGAS550 instrument in nitrogen atmosphere. Raman spectra were
recorded on a LabRAM Aramis Raman Spectrometer (HORIBA Jobin Yvon). N,
adsorption/desorption isotherms were tested at 77 K on a 3H-2000PSI specific surface
and pore size analysis instrument. Before the measurements, the samples were
degassed in advance. The elemental contents were determined quantitatively by an
Elementar Vario EL cube. The surface morphology and size of the materials was
investigated by a high-resolution scanning electron microscopy (SEM, SU8220 of
HITACHI). The structure and element mapping were determined by a high-resolution
transmission electron microscope (TEM, JEOL, JEM-2100F) with EDS analysis
(Bruker Xflash 5030T) operated at 200 kV. X-ray photoelectron spectroscopy (XPS)
was performed by using Thermo Scientific Escalab 250Xi system with a base pressure

of 2 x 10-9 Torr.

Electrochemical measurements. All the electrochemical characterization studies
were conducted with a CHI 760E potentiostat (CH Instruments, Inc., Shanghai)
supported with the electrochemical station of Pine Instruments (model AFMSRCE) at
room temperature. A standard three-electrode system was applied using a glassy

carbon rotating disk electrode (GC, RDE) as the working electrode, and a platinum



wire as the counter and Ag/AgCl (3 M KCl) as the reference electrode. The working
electrode was prepared with the following procedures. Firstly, 5.0 mg of catalyst was
dispersed in 1000 pL of the solution containing 490 pL of ethanol, 490 pL of
deionized water and 20 pL of Swt% Nafion solution and then followed ultrasonication
for 30 min to form the homogenous ink. Subsequently, 10 puL of the catalysts ink was
uniformly dropped onto the freshly polished glassy carbon electrode (d = 5 mm, S =
0.196 cm?) with a loading of 0.255 mg cm, and dried at room temperature. The
measured potentials vs. the Ag/AgCl reference electrode were converted to the
reversible hydrogen electrode (RHE) scale via the Nernst equation: Ejrug) = Ejagaecy

+0.197 + 0.059 pH.

OER performance tests. Before evaluating the OER activity, pure O, was bubbled
through 1 M KOH for 30 min to obtain O,-saturated solution and catalysts were
activated by 60 cyclic voltammetry (CV) cycles at a scan rate of 100 mV s-!. Linear-
sweep voltammetry (LSV) measurements were first conducted at a rotating rate of
1600 rpm with a scan rate of 5 mV s!. Tafel slopes were obtained by plotting
overpotential () against Log j through LSV curves. The stability of the NCNHP-1-
500 was estimated by comparing the LSV curves before and after 1000 CV cycles at a
scan of 100 mV s-1 and by chronoamperometric experiments. The electrochemically
active surface areas (ECSA) were determined by the double layer capacitance (Cdl)
measurements which were performed in non-Faradaic region at different scan rates (4,
8,12, 16 and 20 mV s!). Then Cdl was estimated by plotting the Aj at 1.10 V against
the scan rate. All the measured OER polarization curve potentials in this work were
performed with iR compensation and were converted to reverse hydrogen electrode

(RHE).

ORR performance tests. Before the experiments, pure N, or O, was bubbled through
0.1 M KOH for 30 min to obtain Nj-saturated or O,-saturated solution, respectively.
Cyclic voltammetry (CV) experiments were carried out in Np- and O,- saturated

solutions with a scan rate of 20 mV s!. Linear-sweep voltammetry (LSV)



measurements were carried out in the O,-saturated 0.1 M KOH solution at a rotating
rate of 1600 rpm with a scan rate of 10 mV s!. For rotating ring disk electrode
(RRDE) measurements, the disk electrode was scanned catholically at a rate of 5 mV
s'1, and the ring electrode potential was held at 1.2 V (versus RHE) to oxidize H,O,
diffusing from the disk electrode. The hydrogen peroxide yield [H,0,(%)] and the

electron transfer number (n) were determined from the following equations.

Ir
200—
_ N
—+1d
H,0, (%) N (1)
_ 4Id
—+1d
n N (2)

where I is the disk current, I; is the current ring current, and N is the current

collection efficiency (0.37) of the Pt ring.
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Figure S1. Characterization results of ZIF-67. (a, b) SEM images of ZIF-67, (c) TEM
image of ZIF-67, and (d) XRD patterns of experimental and simulated ZIF-67.

Figure S2. SEM images of NCNHP-1-500.
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Figure S3. (a) XRD pattern, and (b) N, sorption isotherm of NCNHP-1-500.
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Figure S4. XRD patterns of NCNHP-1-400, NCNHP-1-600 and NCNHP-1-700.
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Figure S5. (a) Raman spectra, and (b) N, isotherms of the NCNHP samples.

Figure S6. Characterization results of NCNHP-1-400. (a, b) SEM images, (c) TEM
images, (d, ¢) HR-TEM images, and (f) HAADF-STEM and EDS mapping images.



Figure S7. Characterization results of NCNHP-1-600. (a, b) SEM images, (¢, d) TEM
images, (¢) HR-TEM images, and (f) HAADF-STEM and EDS mapping images.

Figure S8. Characterization results of NCNHP-1-700. (a, b) SEM images, (¢, d) TEM
images, (¢) HR-TEM images, and (f) HAADF-STEM and EDS mapping images.
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Figure S9. XPS full scans of NCNHP-1-400, NCNHP-1-500, NCNHP-1-600 and
NCNHP-1-700.
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Figure S10. High-resolution XPS spectra of Co 2p of the NCNHP materials.
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Figure S11. High-resolution XPS spectra of C 1s of the NCNHP materials.
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Figure S12. High-resolution XPS spectra of N 1s of the NCNHP materials.

Figure S13. (a, b) SEM images of Co/NPC-500, and (c) TEM image of Co/NPC-500.
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Figure S14. TGA and DTG curves of ZIF-67 and KCI/ZIF-67 mixture (1:1) in N,

atmosphere.

Figure S15. (a, b) SEM images of Co/NPC-1-500-Ar, and (¢) TEM image of
Co/NPC-1-500-Ar.



Figure S16. SEM images of (al, a2) NCNHP-0.5-500, (b1, b2) NCNHP-2-500, (cl1,
c2) NCNHP-5-500, and (d1, d2) NCNHP-10-500; TEM images of (a3) NCNHP-0.5-
500, (b3) NCNHP-2-500, (c3) NCNHP-5-500, and (d3) NCNHP-10-500.
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Figure S17. (a) LSV curves and (b) Tafel curves of NCNHP-1-500, Pt/C and IrO, in
1 M KOH for OER.
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Figure S18. (a) LSV curves and (b) Tafel curves of catalysts prepared by using
different ZIF-67/KCl ratio in 1 M KOH for OER.
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Figure S19. CV curves of (a) NCNHP-1-400, (b) NCNHP-1-500, (c) NCNHP-1-600,

(d) NCNHP-1-700, (e) Co/NPC-500 at various scan rates; and (f) electrochemical

active surface areas.



Figure S20. (a, b) SEM images and (c) TEM image of NCNHP-1-500 after stability

test for OER.
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Figure S21. CV curves of (a) NCNHP-1-400, (b) NCNHP-1-500, (¢) NCNHP-1-600

and (d) NCNHP-1-700.
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Figure S22. LSV curves of (a) NCNHP-1-500, commercial Pt/C and IrO,, and (b) the
NCNHP catalysts prepared by using different ZIF-67/KCI ratio in 0.1 M KOH for
ORR.

Figure S23. (a, b) SEM images and (c) TEM image of NCNHP-1-500 after stability
test for ORR.

Table S1. BET surface areas and element contents of the catalysts.

BET Element content ? Relative content of the N species
surface (wt%) (%, based on XPS)
Sample
area Graphitic  Pyrrolic  Pyridinic
C N Co-Ny
(m?/g) N N N
NCNHP-1-400 157 43.21 1.17 15.04 36.84 39.76 8.36
NCNHP-1-500 152 37.81 3.27 16.67 25.72 35.14 22.46
NCNHP-1-600 147 40.69 1.90 24.51 25.49 33.82 16.18
NCNHP-1-700 146 40.58 1.34 29.10 24.74 32.97 13.19

(a) The weight percentage of C, N were determined by elemental analysis.



Table S2. The bifunctional activity of different catalysts for ORR and OER.

Catalyst Ei1o(VvsRHE)  Ejp(VvsRHE)  AE (V vs RHE)
NCNHP-1-400 1.584 0.801 0.783
NCNHP-1-500 1.540 0.828 0.712
NCNHP-1-600 1.566 0.814 0.752
NCNHP-1-700 1.574 0.807 0.767

Co/NPC-500 1.570 0.793 0.777
PY/C 1.810 0.834 0.976
IrO, 1.622 0.707 0.915

PY/C+ IrO, - - 0.788

Table S3. Summary of OER and ORR electrocatalytic activities of various Co-based

electrocatalysts
OER performance ORR performance
AE=
Loading Onset Onset Ei-10-E12
Catalysts Ej:IO E1/2 Ref.
(mg-cm?) potential potential (Vs
Eletrolyte (Vvs Eletrolyte (Vs
(Vs (Vs RHE)
RHE) RHE)
RHE) RHE)
This
NCNHP-1-500 0.255 1M KOH / 1.54 0.IM KOH 0.89 0.828 712
work
Co-NC@ALO; 0.28 1M KOH / 1.647 0.1M KOH 0.91 0.86 787 S1
Co@NC-3/1 0.248 IM KOH 1.52 1.6 0.IM KOH 1.15 0.87 730 S2
Co3;0,/HNCP-40 0.204 1M KOH 1.483 1.563 0.1M KOH / 0.834 729 S3
C0304@C-
0.325 IM KOH L.5 1.55 0.IM KOH 0.89 0.81 740 S4
MWCNTs
C03ZnC/Co@CN 0.344 IM KOH / 1.596 0.IMKOH 0912 0.814 782 S5
Co@Co;0,@NC-900 2.5-3.0 1M KOH / 1.6 0.IM KOH / 0.8 800 S6

P-Co-NC-4 0.4 IM KOH / 1.545 0.1M KOH 0.9 0.85 695 S7



Co@N-CNTF-2 0.28 IM KOH / 1.58 0.IM KOH 0.91 0.81 770
Co4N/CNW/CC 0.2 1M KOH / 1.54 0.IM KOH 0.8 740
CoNi-MOF/rGO 0.6 IM KOH / 1.548 0.1M KOH 0.88 0.718 830
Cog355e@NC 0.4 1M KOH 1.49 1.55 0.IMKOH 0912 / /
D-Co@CNG 0.2 IM KOH 1.46 1.59 0.IM KOH 0.91 0.81 780
CoO,-NC 0.136 1M KOH 1.5 / 0.IM KOH 0.84 0.64 /
1.4 OER
CoySs@TDC-900 IM KOH / 1.56 0.IM KOH / 0.78 780
1.7 ORR
CoysFeysS@N-MC 0.8 IM KOH 1.57 1.64 0.IMKOH 0913 0.808 832
Co@Co304/NC-2 0.21 0.1IM KOH / 1.65 0.IM KOH / 0.8 850
CoySg/C-NSs 0.25 0.IM KOH 1.5 1.664 0.IMKOH 0.892  0.778 886
ZnCoNC-0.1 0.2 0.1IM KOH / 1.75 0.IM KOH / 0.84 910
CoZn-NC-700 0.24 0.IM KOH / 1.62 0.IM KOH 0.98 0.84 780
Co-N/PC@CNT-700 0.255 0.1IM KOH / 1.63 0.IM KOH 0.92 0.79 862
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