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1. Experimental section
1.1 Materials

Co(NO)3-6H20 (AR, 99%), Zn(NO)3-6H20 (AR, 99%), 2-methylimidazole (AR, 99%),
KOH (AR, 95%), Zn(CH3COO)2:2H20 (AR, 99%) and were purchased from the
Energy Chemical. NaOH (AR, 96%), isopropanol (AR, 99.7%) and ethanol (AR,

99.7%) were purchased from Sinopharm Group Chemical Reagent Co., Ltd. All
chemicals were used without further purification.

1.2 Preparation of ZIF-EC1

Typically, I mL of 0.24 M Zn(OAc)2-2H20 aqueous solution was added in 2 mL of
1.92 M 2-methylimidazole aqueous solution. The mixture was kept vigorously stirring
for 4 h. White powder was obtained by centrifugation at 10000 rpm for 3 min and
washed with deionized water 3-5 times and dried at 60 °C for 24 h.

1.3 Preparation of ZIF-EC1(ZnCo)-X

Typically, 1 mL of aqueous solution contained 0.24 M Zn(OAc)2:2H20 and X M
Co(OAc)2-4H:0 for different percentages (0.036 M for 15%,0.048 M for 20% and 0.06
M for 25%) was added in 2 mL of 1.92 M 2-methylimidazole aqueous solution. The
mixture was kept vigorously stirring for 4 h. The obtained powder was collected by

centrifugation at 10000 rpm and washed with deionized water for 3-5 times and dried
at 60 °C for 24 h.

1.4 Preparation of ZIF-EC1-900 and ZIF-EC1(ZnCo)-900

50 mg precursor (ZIF-EC1 and ZIF-EC1-X%Co) was pyrolized in a tube furnace at
900 °C for 2 h with a heating speed and cooling speed of 5 °C/min to obtain ZIF-EC1-
900 and ZIF-EC1(ZnCo)-X-900.

1.5 Preparation of ZIF-L(Zn) and ZIF-L(Zn)-900

Typically, 2 mmol of Zn(NO)3-6H20 was dissolved in 40 mL deionized water, stirred
for 10 min to obtain solution A. 16 mmol of 2-methylimidazole was dissolved in 40 mL
deionized water, stirred for 10 min to obtain solution B. Then, solution A was poured
into solution B under stirring condition and the mixture was kept stirring for 4 h to
obtain a white suspension. The white powder (denoted by ZIF-L(Zn)) was obtained by
centrifuging at 10000 rpm for 3 min and drying at 60 °C for 12 h. Synthesis of ZIF-
L(Zn)-900: 50 mg of ZIF-L(Zn) powder was transferred to a quartz boat and pyrolized
at 900 °C with a heating speed and cooling speed of 5 °C/min under Ar flow.

1.6 Characterization
The morphology of the materials was characterized with a scanning electron

microscopy (SEM, Hitachi SU8020) at an accelerating voltage of 3 kV and a



transmission electron microscope (TEM, JEOL JEM-2100) with a field emission gun
operating at 200 kV. EDS analysis was conducted on an AMETEK Materials Analysis
EDX equipped on the TEM.. Powder X-ray diffraction (PXRD) patterns of materials
were tested on an X-ray diffractometer (Bruker, D8 Advance, Cu Ka, A = 1.5406 A, 40
kV/40 mA). 3DED data were collected with a Timepix pixel detector QTPX-262k (512
x 512 pixels, Amsterdam Sci. Ins.) on a JEOL JEM2100 microscope at 200 kV.
Brunauer-Emmett-Teller (BET) specific surface area was measured in Micromeritics
ASAP 2020.

1.7 Electrochemical measurement

All ORR electrochemical tests were carried out on a CHI 660E (CH Instruments)
electrochemical workstation and a Pine Modulated Speed Rotator (Pine Research
Instrumentation, Inc.) at 30 °C. A three-electrode system was used to conduct ORR
tests. The counter electrode is a graphite rod, and the reference electrode is a saturated
Ag/AgCl electrode. The working electrode is a rotating disk electrode (RDE) (5 mm,
0.196 cm?). The catalyst ink consists of 2 mg catalyst, 10 uL of Nafion solution (5 wt%,
DuPont), 100 pL of deionized water, and 400 puL of isopropanol. The mixture was
ultrasonicated for about 1 h to prepare a homogeneous catalyst ink. Then, 20 pL catalyst
ink was evenly dropped on the RDE, the catalyst load is 0.08 mg. The cyclic
voltammetry (CV) curves were tested in O2/Ar-saturated 0.1 M KOH solution at the
scan rate of 50 mV s’ The linear sweep voltammetry (LSV) tests were carried out in
Oz-saturated 0.1 M KOH solution at a rotational speed range of 400 to 1600 rpm at the

scan rate of 5 mV-s ! after 100% IR compensation.

The potentials corresponding to the reversible hydrogen electrode (RHE) electrode

were calculated with the following equation:
Erne = Eagiagcr + (0.197 + 0.0591xpH)

The number of electron transfers (n) is calculated by the Koutecky-Levich (K-L)

formula:
1 1 1 1 1

J j] jk B(Dl/z Ji
j 1s the measured current density; ji is the diffusion current density; jk is the
dynamic current density; w is the rotational speed (rpm); B can be confirmed by the

Koutecky-Levich (K-L) formula:

B = 0.2nFCo(Do)* ~1/6



Where F is the Faraday constant (96485 C mol™); Co is the concentration of Oz in
0.1 M KOH (1.2x107° mol cm™); Dy is the diffusion coefficient of O2 in 0.1 M KOH
(1.9x107° cm? s7'); v is the viscosity of 0.1 M KOH (0.1 cm? s7).



and other reported works.

Table S1. Electrochemical ORR activities of Co-based electrocatalysts in this work

Catalyst Electrolyte Ei12vs RHE Ref.
ZIF'E;B:_;%“CO)' 0.IM KOH 876 mV This work
CO@;?)%/IOF' 0.IM KOH 866 mV Angg;vi C(s}:)enélggs -
21690!

Co(POsNC | 0.1M KOH 780 mV Ca 202387
I | oo | momy | O 5
COPSQ;ﬁTviéNTs 0.IM KOH 835 mV 2to]'2j2\ﬁtg,r 55?5-@9/21;14

Co SA/N-CNS-900 |  0.1M KOH 872 mV 2‘(])' 2@’766’;; g’ylgj’_el”;zs
CO/CO;(I?C@QCOS- 0.IM KO $60 my Che‘r:al.gl::rg.gé.i 926021,
Co-N-C/CNF 0.IM KOH 859 mV Nano f:;‘_ . ?ﬁz’ 16,
HEO/CONC-3-1 | 0.IM KOH ssomv | PP 150“’”;'5“?6"'2’428023’

Cg—ol( gzlzzl%ozol | ommxon 840 mV 2((1).21;1’11;{.2’0 | g;}icgé
MPF/Cosw. % | 0.IM KOH soomy | ﬂf‘l i

ACS Appl. Mater.
Co/N/C-1000 | 0.1M KOH 860 mV Interfaces, 2019, 11,

41258-41266"!




Fig. S1. SEM image of ZIF-ECI.



Fig. S2. SEM images of ZIF-EC1(ZnCo)-15 (a), ZIF-EC1(ZnCo)-20 (b), and ZIF-
EC1(ZnCo)-25 (c¢).
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Fig. S3. PXRD patterns of ZIF-EC1, ZIF-EC1(ZnCo)-15, ZIF-EC1(ZnCo)-20, and
ZIF-EC1(ZnCo)-25.
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Fig. S4. SEM image of ZIF-EC1-900.



Fig. SS5. SEM images of ZIF-L(Zn) (a) and ZIF-L(Zn) pyrolized in Ar at 900 °C (b).
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Fig. S6. (a) PXRD patterns of ZIF-L(Zn) and simulated ZIF-L(Zn). (b) The PXRD
pattern of ZIF-L(Zn)-900.



Fig. S7. TEM images of ZIF-EC1(ZnCo)-15-900 (a), ZIF-EC1(ZnCo0)-20-900 (b), and
ZIF-EC1(ZnCo0)-25-900 (c). High-resolution TEM images of ZIF-EC1(ZnCo)-15-900
(a), ZIF-EC1(ZnCo0)-20-900 (b), and ZIF-EC1(ZnCo)-25-900(c).



Fig. S8. HAADF-STEM image and corresponding element mapping images of ZIF-
EC1(ZnCo)-20-900.
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Fig. S9. N2 adsorption-desorption isotherm of ZIF-EC1(ZnCo)-20-900, from which the
Brunauer-Emmett-Teller (BET) surface areas are estimated as 802 m? g™
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Fig. S10. N2 adsorption-desorption isotherm of ZIF-EC1(ZnCo)-20, from which the
Brunauer-Emmett-Teller (BET) surface areas are estimated as 20.3 m? g™'.



Q
(o)
@)

ZIF-EC1(ZnCo)-20-900 Cis ZIF-EC1(ZnCo)-20-900 e ZIF-EC1(ZnCo0)-20-900
5 5 C1s S N1s Pyridinic N
= & &,
2z 2z z
) D =
c | z2p o= c 2
L Co2p l N 1s o 2
£ | £ £
1200 800 400 0 295 290 285 280 408 404 400 396
Binding energy (eV) Binding energy (eV) Binding energy (eV)
ZIF-EC1(ZnCo)-20-900 ZIF-EC1(ZnCo)-20-900 ZIF-EC1(ZnCo)-20-900
— O1s — -y
:é : 5 Zn2p Zn 2p4p
3 8 8
[ (7} (72}
C [ f=
L ¥ 2
c < IS
538 536 534 532 530 528 810 800 790 780 1050 1040 1030 1020

Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. S11. (a) XPS survey spectra of ZIF-EC1(ZnCo)-20-900. High-resolution XPS
spectra of C 1s (b), N 1s (c), O 1s (d), Co 2p (e) and Zn 2p (f) for ZIF-EC1(ZnCo)-20-
900.
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Fig. S12. LSV curves of ZIF-EC1-900 and ZIF-EC1(ZnCo0)-20-900.
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Fig. S13. Tafel slopes derived from Fig. 4b.
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Fig. S14. LSV curve of ZIF-EC1(ZnCo0)-20-900 and LSV curve after 2000 cycles of

CV.



Fig. S15. SEM image of ZIF-EC1(ZnCo)-20-900 after 2000 cycles of CV.
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