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Experimental Details

Materials Characterization

The microscopic and nanostructured morphologies of all samples are characterized by scanning 

electron microscopy (SEM, JEOL JSM-6700F), transmission electron microscopy (TEM, FEI Tecnai F20, 

200 kV), high-resolution transmission electron microscope and energy dispersive X-ray spectroscopy 

analyses (HR-TEM and EDS, JEOL JEM-2100F, 200 kV). The phase of samples are studied by powder X-

ray diffraction (PXRD, Bruker D8-Advanced with Cu Kα radiation) at 40 kV, 40 mA (λ = 1.5406 Å), 

Raman microscope (LabRAM HR Evolution, Thermo-Fisher Scientific, Excitation at 532 nm from an 

argon ion laser) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250). N2 

adsorption/desorption isotherms were used to characterize the determine specific surface areas and pore 

distribution of samples based on the Brunauer-Emmett-Teller method (BET, Micrometrics ASAP 2020 

system). 

Electrochemical Measurements. 

The electrochemical performance of the samples was conducted in a three-electrode system using the 

Autolab workstation (Metrohm, Swiss) and/or CHI760E electrochemical workstation (CH Instruments, 

Shanghai) for ORR, which comprise a counter electrode (graphite rod), a reference electrode (Ag/AgCl 

(3M KCl)) and a working electrode (rotating ring-disk glass-carbon with catalyst, disk diameter is 5.6 mm). 

The working electrode is prepared by depositing the ink of catalysts. In a typical process to make up the 

electrode ink, 5 mg CoZn-ZIF/CS-1000 is dissolved in a mixed solvent containing 450 μL EtOH, 50 μL 

deionized water, and 20 μL Nafion (5%) to form a homogeneous catalyst ink by ultrasonicating for 3 h. 

Then 20 μL of the as-prepared droplet is deposited onto the surface of GCE electrode and dried at room 

temperature condition (a mass loading of ~ 0.35 mg cm-2). Before every test, the electrolyte (0.1 M KOH) 

is pre-purged with pure O2 for 30 min to make sure it is O2-saturated. Firstly, scanning 40 cycles of cyclic 

voltammetry (CV) curves until the signals is stabilized. The linear sweep voltammetry (LSV) is scanning 

at a potential scan rate of 5 mV s-1 at different rotational speeds from 100 to 2500 rpm for ORR. For data 

analyzing, all the potential are transferred with reference to standard reversible hydrogen electrode (RHE) 

according to following equation: ERHE = EAg/AgCl + 0.964 V in 0.1 M KOH. To evaluate the active surface 

area of catalysts, the double-layer capacitance (Cdl) is determined by measuring the CV plots in the region 
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from 1.00 to 1.10 V vs. RHE at various scan rate from 5 to 200 mV s-1 in N2-saturated 0.1 M KOH in non-

Faradaic potential region. By fitting the current density at 1.15 V vs. RHE at various scan rates, the linear 

trend is observed and equal to the slope of the linear Cdl. All electrochemical impedance spectroscopy (EIS) 

measurement wasrecorded at the same overpotential of 0.6 V vs. RHE in the frequency range of 10-2-106 

Hz with an amplitude of 5 mV. Electrocatalytic stability is made by using current-time (i-t) 

chronoamperometric at 0.6 V in O2-saturated 0.1 M KOH for 10 h.

The electron transfer number (n) and yield of the H2O2 intermediate were calculated according to the 

Koutecky-Levich (K-L) equations (1-2) and RRDE technologies (3-4), as shown in the following 

equations:
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In these formulas, J is the experimental current density, JL is the diffusion-limited current density, and 

JK is the kinetic current density, respectively; ω is the rotation speed in rpm (round per minute), F is the 

Faraday constant (96,485 C mol-1), C0 is the bulk concentration of oxygen (1.2 ×10-6 mol cm-3), D0 is the 

diffusion coefficient of oxygen in 0.1 M KOH (1.9×10-5 cm2 s-1), and υ is the kinetic viscosity (0.01 cm2 s-

1). When the speed of rotation is also represent as rpm, 0.2 is a constant. The n can be extracted from the 

slope of the K-L plot. Ir is the ring current, Id is the disk current and N expresses to the collection 

efficiencyof the ring electrode (0.37).
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Figure S1. SEM images of (a) poly-disperse Zn-BTC spheres; (b) functionalized CS; (c) 

PDA/CS; (d) CoZn-ZIF/CS; (e) Co-ZIF/CS; (f) Zn-ZIF/CS;



S6

Figure S2. (a, b) SEM, (c) TEM; (d, e) HR-TEM images at different magnification of 

the Co-ZIF/CS-1000 spheres, respectively; (f) the corresponding SAED pattern; (g) 

EDX spectrum; (h) HAADF-STEM image and the corresponding C, N, O, and Co 

mappings of the Co-ZIF/CS-1000 spheres.
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Figure S3. (a) SEM, (b) TEM; (c) HR-TEM images of the Zn-ZIF/CS-1000 spheres, 

inset in (c) shows the corresponding SAED pattern; (d) EDX spectrum; (e) HAADF-

STEM image and the corresponding C, N, and Zn mappings of the Zn-ZIF/CS-1000 

spheres.
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Figure S4. Nitrogen sorption isotherms at 77 K (closed, adsorption; open, desorption) 

and the corresponding pore size distribution curves of (a) CS, (b) PDA/CS.



S9

Figure S5. Nitrogen sorption isotherms at 77 K (closed, adsorption; open, desorption) 

and the corresponding pore size distribution curves of (a) Co-ZIF/CS; (b) Zn-ZIF/CS; 

and (c) CoZn-ZIF/CS.
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Figure S6. The dV/dlogD curves of CoZn-ZIF/CS-1000, Co-ZIF/CS-1000, and Zn-ZIF/CS-

1000.
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Figure S7. Full survey XPS spectra of Co-ZIF/CS-1000 and Zn-ZIF/CS-1000.
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Figure S8. The high-resolution XPS C 1s, N 1s, O 1s, and Co 2p spectra of Co-

ZIF/CS-1000.
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Figure S9. The high-resolution XPS C 1s, N 1s, O 1s, and Zn 2p spectra of Zn-

ZIF/CS-1000.
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Figure S10. Deconvoluted Zn 2p XPS spectra for CoZn-ZIF/CS series at different 
temperatures.

The Zn 2p3/2 peak at a binding energy of 1022.1 eV in CoZn-ZIF/CS remains unchanged, 

which is in good agreement with the Zn cation with a valence of +2. At high temperatures, 

the complete decomposition (400 oC) to carbonization (1000 oC) shows a gradual shift in the 

Zn 2p peak position from 1022.0 eV to 1021.6 eV in Figure S10, which indicates the 

transformation of Zn(II) to metal Zn(0).
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Figure S11. RRDE plots with various rotation speeds at a scan rate of 5 mV s-1 and 

Koutecky-Levich (K-L) plots at various voltages at 1600 rpm in O2-saturated 0.1 M 

KOH solution of (a, d) Co-ZIF/CS-1000, (b, e) Zn-ZIF/CS-1000, and (c, f) Pt/C. 
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Figure S12. Hydrogen peroxide yields of the CoZn-ZIF/CS-1000, Co-ZIF/CS-1000, Zn-

ZIF/CS-1000, and Pt/C in O2-saturated 0.1 M KOH electrolyte at 1600 rpm.



S17

Figure S13. CV plots of the (a) CoZn-ZIF/CS-1000, (b) Co-ZIF/CS-1000, (c) Zn-

ZIF/CS-1000, (d) Pt/C in 0.1 M KOH solution in the region of 1.00-1.10 V vs. RHE 

for ORR.
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Figure S14. (a) SEM, (b) TEM, and (c, d) HR-TEM images of CoZn-ZIF/CS-1000 after 

ORR stability test for 10 h.
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Figure S15. PXRD patterns of CoZn-ZIF/CS-1000 before (Black) and after (Red) ORR 

stability test for 10 h.
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Figure S16. Open circuit voltage curves of Zn-air batteries with different CoZn-

ZIF/CS-1000 material and Pt/C.
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Tables S1. Pore characteristics of all samples mentioned in the main article.

Surface area/m2g-1

Sample BET 
method

Langmuir
method

Total pore
volumea/cm3g-1

Micropore
volumeb/cm3g-1 Vmeso+macro/Vmicro

CS 1336 1748 0.67 0.53 0.26

PDA/CS 159 128 0.09 0.06 0.56

Co-ZIF/CS 311 355 0.15 0.12 0.25

Zn-ZIF/CS 638 713 0.26 0.25 0.03

CoZn-ZIF/CS 500 558 0.21 0.19 0.06

Co-ZIF/CS-1000 354 386 0.36 0.05 6.08

Zn-ZIF/CS-1000 1015 1303 0.57 0.24 1.34

CoZn-ZIF/CS-1000 586 625 0.39 0.11 2.44
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Table S2. C, N contents and N dopant proportions of CoZn-ZIF/CS-1000, Zn-ZIF/CS-1000, 

and Co-ZIF/CS-1000 catalysts measured from fitting of the N 1s XPS.

Relative content of differernt N species /%
Sample C 1s

/wt%
N 1s
/wt% pyridinic-N pyrrolic-N graphitic-N oxidized-N

Neffective

/Ntotal /%

CoZn-ZIF/CS-1000 85.82 3.44 30.07 19.64 28.33 21.96 58.4

Co-ZIF/CS-1000 89.46 2.94 22.43 17.69 34.01 25.87 56.44

Zn-ZIF/CS-1000 90.74 2.80 29.71 20.64 29.71 19.93 59.42

Tip: Neffective=Npyridinic-N+Ngraphitic-N



S23

Table S3. Comparison of ORR performance for CoZn-ZIF/CS-1000 with reported carbon-

based electrocatalysts.

Catalyst
Eonset

(V vs RHE)
E1/2

(V vs RHE)
ne |JL|

(mA cm-2)
Reference

C-CZ-4-1000 1.03 0.89 3.99 5.9 [S1]

VNHSs 0.83 - 3.9 5.5 [S2]

Co-C@NWCs 0.94 0.83 3.99 4.51 [S3]

MMo2C/NCS 0.92 0.83 3.5 4.48 [S4]

meso/micro-FeCo-Nx-CN-30 - 0.89 - 6.3 [S5]

CoHNCS-0.2 0.94 0.82 3.84 5.8 [S6]

Fe-N-RFC_C240 0.998 0.91 3.99 5.48 [S7]

A-NHCN-800 0.9 0.81 3.9 3.63 [S8]

Fe-N-C HNSs 1.046 0.84 3.98 5.8 [S9]

FeNC-950 0.94 0.84 3.95 5.85 [S10]

CoZn-ZIF/CS-1000 0.93 0.82 3.82 5.11 This work
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