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1. Characterization

The morphologies and structures of the catalysts were recorded with scanning 

electron microscopy (SEM, SU8220 Hitachi High-Tech). Transmission electron 

microscope (TEM) was conducted on a JEOL JEM2100 TEM with a field emission gun 

operating at 200 kV. EDS analysis was performed on an AMETEK Materials Analysis 

EDX equipped on the TEM. The phase characteristics of samples are measured on X-

ray diffraction (XRD, Dandong Tongda Science & Technology) with a Cu Kα radiation 

(λ = 1.5406 Å). Raman spectra were performed on UV Laser Raman Spectroscopy 

(HORIBA) with an excitation wavelength of 633 nm. Specific surface areas were 

calculated by the Brunaure–Emmert–Teller method. Brunauer–Emmett–Teller (BET) 

specific surface area and pore size distribution measurement employed a Tristar 3020 

gas adsorption analyzer at 77 K. Pore volumes and sizes were estimated from the pore-

size distribution curves from the adsorption isotherms using the Barrett–Joyner–

Halenda method. X-ray photoelectron spectroscopy (XPS) was conducted with an 

AXIS Supra by Kratos Analytical Inc. (using monochromatized Al Kα radiation (HV = 

1486.6 eV, 225 W) as an X-ray source with a base pressure of 10−9 torr, A charge 

neutralizer was used throughout as the samples were mounted such that they were 

electrically isolated from the sample bar. All spectrums were calibrated by C 1s (284.8 

eV).

2. Electrochemical measurement

All electrochemical tests were performed on the Ivium Station workstation at room 

temperature. A three-electrode system evaluated all ORR and OER performance tests. 

The working electrode was a rotating disk electrode (RDE) with a diameter of 5 mm 

(0.196 cm2) or a rotating ring disk electrode (RRDE) with a diameter of 5.61 mm (0.247 

cm2). The counter electrode was a graphite rod. The reference electrode was a saturated 

Ag/AgCl electrode in the acidic medium and a saturated Hg/HgO electrode in the 

alkaline medium. The cyclic voltammetry (CV) test was carried out in 0.1 M KOH or 

0.5 M H2SO4 filled with N2 or O2 (scan rate is 50 mV·s−1). The linear sweep 

voltammetry (LSV) test was carried out in 0.1 M KOH or 0.5 M H2SO4 filled with O2 



at a speed range of 1600 rpm (scan rate is 5 mV·s−1). Current time Chrono current 

response was measured at 0.66 V (relative to RHE) in the alkaline medium and 0.45 V 

(relative to RHE) in the acidic medium. The final oxygen reduction currents were 

obtained by subtracting the background currents measured in the N2-purged electrolyte 

from those measured in the O2-saturated electrolyte. Current time Chrono current 

response was estimated at 0.66 V (relative to RHE) in the alkaline medium and 

0.45V(relative to RHE) in the acidic medium. In the OER test, the working electrode is 

a glassy carbon (GC) electrode with a diameter of 3 mm (0.07 cm2). The counter 

electrode is a graphite rod, and the reference electrode is a saturated Hg/HgO electrode. 

The LSV test is tested in 1 M KOH (scan rate of 5 mV·s−1).

The catalyst used for the ORR and OER test was prepared as follows: 5 mg of the 

catalyst was dispersed in a 1 mL mixed solution containing ethanol and Nafion solution 

(5 wt%). The mixed solution was sonicated for 1 h to form a uniform suspension. Then, 

take out 20 µL of the catalyst solution from the pipette and drop it evenly on the rotating 

disk (RDE) electrode. After natural drying, a uniform film is formed. The catalyst load 

is approximately 500 μg cm-2.

RRDE tests were taken to measure the peroxide (H2O2) yield and the electron 

transfer number (n) using the following equations:

𝐻2𝑂2% =
𝑖𝑅 𝑁0

𝑖𝑅 + 𝑖𝑅 𝑁0

× 200%

𝑛 = 4 ×
𝑖𝐷

𝑖𝐷 +
𝑖𝑅

𝑁0

ID is the disk current, iR is the ring current, and current collection efficiency (0.37) 

of RRDE.

OER measurement: Calculate the potential corresponding to the reversible 

hydrogen electrode (RHE) electrode by the following formula:

𝐸(𝑅𝐻𝐸) = 𝐸𝐻𝑔/𝐻𝑔𝑂 + (0.098 + 0.0591 × 𝑃𝐻)

The following formula calculates the overpotential (η):

𝜂 = 𝐸𝑅𝐻𝐸 ‒ 1.23



3. Zn-air battery performance test

All ZAB tests were performed at room temperature on the Ivium Station 

workstation. Each charge and discharge cycle were 20 minutes, and the current density 

was 5 mA cm-2. LSV was recorded to record the charge and discharge polarization 

curve, and the scan rate was fixed at 10 mV s-1. The discharge characteristic curve was 

obtained by testing at a current density of 20 mA cm-2. Both current density and power 

density were normalized to the effective surface area of the air electrode.

Battery-specific energy calculation formula:

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 × 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 ℎ𝑜𝑢𝑟

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑧𝑖𝑛𝑐
Energy density calculation formula:

𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 × 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 ℎ𝑜𝑢𝑟 × 𝑎𝑟𝑟𝑎𝑔𝑒 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑧𝑖𝑛𝑐
By varying the current density (from 1 mA cm-2 to 20 mA cm-2) for a constant 

current discharge test, the discharge stability of the ZAB can be observed. Then, the 

discharge multiplier performance and reversibility of the ZAB were determined by 

adjusting the current density from 20 mA cm-2 to 1 mA cm-2.

Preparation of the air cathode: A carbon cloth (2×2 cm2) was attached to the gas 

diffusion layer (2×2 cm2) by hot pressing. 4 mg of the catalyst was dissolved in 1 mL 

of ethanol, then dropped into 11 μL of PTFE solution (6 wt%), and sonicated for 30 

minutes to form a uniform suspension. Spread the catalyst suspension uniformly on the 

side of the carbon paper without the microporous layer, with a loading of approximately 

1 mg cm-2. After the catalyst solvent evaporates, the obtained electrode can be prepared 

for Zn-air battery assembly and further testing.



Fig. S1 The SEM image of the precursor ZIF-CoZn

Fig. S2 The SEM image of the Co-NC



Fig. S3 The XRD image of ZIF-CoZn and Na2MoO4@ ZIF-CoZn

10 20 30 40 50 60 70 80

 

 

Co/MoC-NC

In
te

ns
ity

 (a
.u

.)

 Co-NC

10 20 30 40 50 60 70 80

10 20 30 40 50 60 70 80
2 Theta (degree)

PDF#15-0806 Co                          PDF#45-1015 MoC

Fig. S4 The XRD image of Co/MoC-NC and Co-NC



Fig. S5 The pore size distribution patent of Co/MoC-NC and Co-NC

Table S1 Surface areas, mesopore volumes, and mesoporosity of Co-NC and 

Co/MoC-NC

Sample SBET (m2·g-1) Vmes (cm3·g-1) Mesoporosity (%)

Co-NC 248.21 0.7039 63.21

Co/MoC-NC 395.06 0.8509 65.75

Fig. S6 The XPS spectrum of (a) Co/MoC-NC and (b) Co-NC
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Fig. S7 High-resolution C1s XPS spectra of Co/MoC-NC and Co-NC

Table S2 Fraction of the different Co species present in Co-NC and Co/MoC-NC

Sample

Co(0) (at 

%) Co3+ (at%) Co2+ (at%) Sat. (at%)

Co-NC 19.85 32.60 36.36 11.19

Co/MoC-NC 30.94 32.30 25.37 11.39

Table S3 Fraction of the different Mo species present in Co/MoC-NC

Sample Mo6+ (at %) Mo4+ (at%) Mo2+ (at%)

Co/MoC-NC 19.93 43.96 36.11



Fig. S8 In 0.1M KOH, CV curves of (a) Co/MoC-NC, (b) Co-NC, and (c) MoC-NC 

under O2 and N2 saturated conditions

Figure S9 In 0.5M H2SO4, CV curves of (a) Co/MoC-NC, (b) Co-NC, and (c) MoC-

NC under O2 and N2 saturated conditions

Table S4 ORR performance comparison of various catalysts in alkaline electrolytes

Catalyst E1/2 (mV vs RHE) j(mA cm-2) Reference

Co/Mo-NC 0.87 6.5 This work

Co/NC 0.83 4.5 [1]

Co/HNCP 0.84 5.4 [2]

Co 3 mmol N/C 0.84 6.0 [3]

Co@NCNRs 0.84 5.5 [4]



Co-SAs@N-CNS 0.84 4.7 [5]

Co-N-C 0.80 4.5 [6]

Co/CoO/NG-900 0.80 4.5 [7]

Co/N,S-CN-900 0.74 4.2 [8]

Co-NC-AD 0.86 6.2 [9]

Co/NHPC-800 0.82 6.4 [10]

Table S5 OER performance comparison of various catalysts in alkaline electrolytes

Catalyst

η10

(mV@10 mA cm-2) Electrolyte Reference

Co/Mo-NC 320 1 M KOH This work

MoS2/Co-N-CN2 400 1 M KOH [11]

Co2P 364 1 M KOH [12]

CoMnNiS 371 1 M KOH [13]

Co@NrC-0.3 386 1 M KOH [14]

P-CoNi@NSCs 350 0.1 M KOH [15]

Co-N/C 330 1 M KOH [16]

Co@N-PCNF-1 440 0.1 M KOH [17]

Co/N–CNF 380 1 M KOH [18]

Co2P/doped-CNTs-

1000 343 1 M KOH [19]

Co-Ni 

(trace)/NCNTs 337 1 M KOH [20]



Figure S10 CV curves of the (a) Co/MoC-NC, (b) Co-NC, and (c) MoC-NC at 

various scan rates.

Table S6 Comparison of the ZABs performance

Catalyst

Open circuit 

voltage(V)

Power density 

(mW cm-2) Reference

Co/MoC-NC 1.51 214.5 This work

Fe/Co/Zn-CNZIF 1.46 156.7 [21]

Co@CNT-NC 1.52 179.3 [22]

FeZn4Co@CNFs 1.496 107.6 [23]

CoFe-NCNFs 1.522 156.3 [24]

Co@NCNRs 1.54 76.76 [4]

Co/N-CNSNs 1.47 81.7 [25]

Co-N-C 1.54 132 [26]

Co/NHPC-800 1.5 40 [27]

Co/Co-N-C 1.434 122.5 [28]

Co-NDC 1.3 154 [29]

Co/CoO@NSC 1.53 187.6 [29]

Co-Ni-S@NSPC 1.539 100 [30]

Co@N-C700 1.41 133 [31]



CNT@SAC-Co/NCP 1.45 172 [32]

Co@hNCTs-800 1.45 149 [33]
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Fig. S11 Multiplier performance testing of the Zn-air batteries assembled with 

Co/MoC-NC and 20% Pt/C
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Fig. S12 Energy density of the Zn-air batteries assembled with Co/MoC-NC and 20% 

Pt/C
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Fig. S13 Discharge-charge cycling curves of the batteries assembled by Co/MoC-NC 

at 10 mA cm-2 (20 min per cycle).
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Fig. S14 Discharge-charge cycling curves of the batteries assembled by Co-NC at 5 

mA cm-2 (20 min per cycle).

Table S7 Comparison of the ability of ZABs assembled with different catalysts

Catalyst

Density current

(mA cm-2) Hour(h) Reference

Co/MoC-NC 5 300 This work

Co/MoC-NC 10 250 This work

CoNi-CoO-

NiO@NC-800 2 78 [34]



Mn-CoNx/N-PC 5 35 [35]

Co-N-C 5 50 [36]

Co@N-C/PCNF 5 90 [37]

FeCo/NG 5 100 [38]

Co@bCNTs 5 110 [39]

Co9S8/CoNSC 10 40 [40]

Co/N–CNFs 10 50 [41]

CuCoSe@NC-2 10 130 [42]

Co/N–CNTs-2 10 200 [43]
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