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1. Experimental Section
1.1 Preparation Methods
All reagents and raw materials used in this work are analytical grade and without
further purification. Co(NO3)2·6H2O (98%, AR) was obtained from Guangzhou Chemical
Reagent Factory, Melamine (99.5%, AR) and glucose (99%, AR) were gained from Tianjin
Damao Chemical Reagent Factory and Tianjin Fuchen Chemical Reagent Factory
respectively, KMnO4 (99.5%, AR) was purchased from Tianjin HongDa Chemical Reagent
Factory. Commercial Pt/C (Pt 20 wt.%) was bought from Shanghai Hesen Electric Co. Ltd.
commercial IrO2 (IrO2 85%, Ar) was gained from Shanghai Hansi Chemical Industry Co. Ltd.
1.2 Synthesis of catalysts
1.2.1 Synthesis of NCNTs/Co
As a carbon carrier, NCNTs/Co was synthesized by a simple method of vapor deposition.
0.10 g Co(NO3)2·6H2O, 0.05 g glucose and 4.00 g melamine are grinding evenly. Then the
hybrid precursor was transferred into a porcelain boat and annealed in Ar atmosphere at
800 °C for 2 h (the heating rate is 2 °C min-1).
1.2.2 Synthesis of Mn3O4/NCNTs/Co
Mn3O4/NCNTs/Co were synthesized by means of a simple one pan procedure, the
Mn3O4 nanoparticles were grown evenly on the surface of NCNTs/Co. First, 0.02 g, 0.03 g
and 0.04g KMnO4 were placed in a clean beaker, respectively, and then 0.03 g NCNTs/Co
and 30 mL distilled water were added in each beaker. second, the solution in the beaker
by continuous ultrasonication for 15 min was transferred to a 50 mL reaction kettle for
3

hydrothermal reaction at 160 °C for 9 h. After the reaction kettle cooled to room
temperature, the target product was collected by multiple centrifugation using water,
and dried at 60℃ for 6 h. The obtained product was labeled as Mn3O4/NCNTs/Co-1,
Mn3O4/NCNTs/Co-2 and Mn3O4/NCNTs/Co-3 in turn. Except for not adding NCNTs/Co, the
Mn3O4 was obtained follow the same synthesis steps of Mn3O4/NCNTs/Co-3.
1.3 Physicochemical Characterizations
Sample morphologies were characterized using Transmission electron microscopy
(TEM, 300 kV, Tecnai™ G2 F30) and Field emission scanning electron microscope (SEM,
JEOL JSM-7600F). The crystalline phases information of the as-prepared samples was
collected by X-ray diﬀraction (XRD) patterns with Cu Kα radiation source, XRD was
operated at 40 kV and 120 mA in a 2θ angular range of 5−80°. Detailed element
composition and chemical state of samples was collected by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi instrument). Using 514-nm laser, The Raman spectra
were acquired on a Raman spectrometer (JY, HR 800).
1.4 Electrochemical measurements
1.4.1 Electrode preparation
Under identical conditions with the same catalyst mass loading, the ORR and OER
electrochemical analysis were performed. The 4.0 mg as-synthesized catalyst was
dissolved in the mixture solution (0.3 mL distilled water, 0.7 mL ethanol, and 20 μL
Nafion® solution), then sonication for 30 min to get catalyst ink. Followed by 8 μL of the
catalyst ink was transferred onto glassy carbon rotating ring disk electrode (RRDE, 0.196
cm-2) and dried in air, the catalyst loading on RRDE is 0.18 mg cm–2.
4

1.4.2 Electrochemical testing
Other electrochemical tests were conducted at a three-electrode cell with the
Princeton electrochemical workstation, except for the performance of Zinc-air batteries
was performed in an electrochemical workstation (CHI600e). A standard three-electrode
system, a platinum foil, and a rotating ring disk electrode (RRDE) with a glassy-carbon
electrode (area 0.196 cm2) were employed as reference, counter, and working
electrodes, respectively. All potentials in this study are converted to RHE according to
the Nernst equation, where 𝐸𝑅𝐻𝐸 (𝑉) = ESCE + 0.244 + 0.059 × 𝑝𝐻.
The OER polarization curves with sweep rate of 10 mV s-1 were recorded at 1600
rotational speeds in 1M KOH solution. The ORR polarization curves with sweep rate of 10
mV s-1 at different rotational speeds were gained in oxygen saturated 0.1 M KOH solution,
and the rotational speeds were from 400 to 2025 rpm.
The electron transfer number (n) was calculated by koutech-Levich (K-L) equation:
𝐽-1 = 𝐽k-1 + (𝐵𝜔1/2)-1

(1)

𝐵 = 0.62(𝐷0)2/3𝑣-1/6𝐶0

(2)

𝐽𝑘 = 𝑛𝐹𝑘𝐶0

(3)

where J represents the measured current density, J𝑘 is kinetic current density, B and 𝜔
are slope of K-L plots and electrode rotating angular velocity, respectively. 𝑣 means the
kinetic viscosity (0.01 𝑐𝑚2 𝑠-1), as well as 𝐶0 represents the bulk concentration of O2 (1.2
× 10-3 mol L-1). 𝐹 is the Faraday constant (96485 𝐶 𝑚𝑜𝑙-1), 𝐷0 is the diffusion coefficient of
O2 (1.9 × 10-5 cm2 s-1), n means the electron transfer number.
The mean electron transfer number (n) and H2O2 yield of the ORR also can been
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estimated by the RRDE method according to equation (4), (5):

𝑛=

4𝐽𝐷
𝐽𝐷 + (𝐽𝑅/𝑁)

H 2O2 %  100

(4)

2( J R / N )
J D  (J R / N )

(5)

Where n represent the mean electron transfer number of the ORR. JD, JR and N
represent the disk current, ring current and the collection efficiency of the RRDE (37 %),
respectively.
CV measurements are conducted with the varying scan rates from 5 to 30 mV s−1 by
sweeping the potential across the non-Faradaic region. The measured current density in
this non-Faradaic potential region is mainly caused by a double layer charge. the
electrochemical active surface area (ECSA) was gained by the equation (6):
ECSA = Cdl/Cs

(6)

where Cs is the specific capacitanc. Electrochemical impedance spectroscopy (EIS) was
collected from 1 Hz to 100 KHz at open-circuit potential (OCP). When
chronoamperometry at 0.4 V, the stability of ORR was characterized.
1.4.3 Zn-air Battery Assembly
The rechargeable Zn-air Battery were tested in a home-made electrochemical cell using
6 M KOH solution as the liquid electrolyte, Zinc foil was used as anode and catalysts
loaded on the gas diffusion layer (Nafion-coated carbon fiber paper with a geometric area
of 1.21 cm2, catalyst loading amount of 7.0 mg cm–2) was acting as the air cathode. All
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data of the as-fabricated cell were tested on CHI760E electrochemical workstation at
room temperature. For comparison, the air cathode was consisted of the coupled noble
metal Pt/C (Pt/C: IrO2 mass ratio is 1:1) catalyst.

2. Supplementary Figures
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Fig S1. XRD of Mn3O4/NCNTs/Co-1, Mn3O4/NCNTs/Co-2, Mn3O4/NCNTs/Co-3, Mn3O4 and
NCNTs/Co samples.
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Fig S2. SEM of a) Mn3O4.

Fig S3. SEM of a) NCNTs/Co, b) Mn3O4/NCNTs/Co-1, c) Mn3O4/NCNTs/Co-2 and d)
Mn3O4/NCNTs/Co-3.
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Fig S4. Raman spectra of NCNTs/Co, Mn3O4/NCNTs/Co-1, Mn3O4/NCNTs/Co-2 and
Mn3O4/NCNTs/Co-3 samples.

10

Fig S5. High-resolution a) survey, b) C 1s XPS spectra of NCNTs/Co, Mn3O4/NCNTs/Co-1,
Mn3O4/NCNTs/Co-2, Mn3O4/NCNTs/Co-3.
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Fig S6. CV curves of Mn3O4, NCNTs/Co, Mn3O4/NCNTs/Co-1, Mn3O4/NCNTs/Co-2,
Mn3O4/NCNTs/Co-3 in an O2-saturated 0.1 M KOH solution at the scan rate of 50 mV s-1.
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Fig S7. LSVs with different scanning rates (400 to 2025 rpm) and the corresponding
Koutecky-Levich plots at different potentials of a) and b) Mn3O4, c) and d) NCNTs/Co, e)
and f) Mn3O4/NCNTs/Co-1.
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Fig S8. LSVs with different scanning rates (400 to 2025 rpm) and the corresponding
Koutecky-Levich plots at different potentials of a) and b) Mn3O4/NCNTs/Co-2, c) and d)
Mn3O4/NCNTs/Co-3, e) and f) Pt/C.
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Fig S9. The CVs measured at different scan rates and the electrical double-layer capacitor
of a) and b) Mn3O4, c) and d) NCNTs/Co, e) and f) Mn3O4/NCNTs/Co-1, g) and h)
Mn3O4/NCNTs/Co-2, i) and j) Mn3O4/NCNTs/Co-3.
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Fig S10. Nyquist plots, inset: the equivalent circuit diagram.
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Fig S11. Red LED (1.8 V) photos powered in series by two sets of homemade batteries.
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Table S1. Element content of C, O, N, Co and Mn in different catalysts calculated by XPS
scan.

Element content (At.%)

Catalyst

C

O

N

Co

Mn

NCNTs/Co

90.10

3.26

5.48

1.17

-

Mn3O4/NCNTs/Co-1

88.17

8.96

1.12

1.18

0.57

Mn3O4/NCNTs/Co-2

81.88

10.43

5.02

1.66

1.01

Mn3O4/NCNTs/Co-3

82.15

10.08

5.13

1.63

1.01

Table S1. Element content of C, O, N, Co and Mn in different catalysts calculated by XPS scan.
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Table S2. The ORR and OER activities of as-prepared catalysts in this work.
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Table S3. Comparison for ORR activity in 0.1 M KOH for Mn3O4/NCNTs/Co-2 with other
recently reported electrocatalysts.
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Table S4. Comparison for OER activity in 1 M KOH for Mn3O4/NCNTs/Co-2 with other
recently reported electrocatalysts.
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