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Electrochemical measurements

Hydrogen evolution reaction (HER). The HER activities of the prepared catalysts 

were tested in a typical tri-electrode system with a carbon rod counter electrode and a 

reversible hydrogen reference electrode. The Ni foam (1  1 cm2) coated with the 

catalyst was used as working electrode. 1 M KOH was used as the electrolyte. All 

LSV curves were obtained at a scan rate of 10 mV s-1 without iR compensation. 

The preparation method of the working electrode was according to the following 

steps: First, 2 mg of catalyst and 40 μL of Nafion were added into 0.3 mL of a 

mixture of ultrapure water and ethanol (Vwater : Vethanol = 1 : 2). The homogeneous 

catalyst ink was obtained by ultrasonicating for 20 min. Then, 35 μL of the catalyst 

ink was dropped onto the Ni foam and dried naturally. 

Oxygen evolution reaction (OER). The OER performance of the two catalysts and 

the references was measured in a conventional three-electrode setup. The Ni foam (1 

 1 cm2) modified with catalyst (0.21 mg cm-2) was used as working electrode, a 

reversible hydrogen electrode and a carbon rod were used as reference electrode and 

counter electrode, respectively. The electrolyte was 1 M KOH solution. The scan rate 

for all the LSV curves was 10 mV s-1.

Oxygen reduction reaction (ORR). The ORR activity of the catalyst was 

investigated by the RDE technique in O2-satured 0.1 M KOH solution. The Hg/HgO 

electrode was used as the reference electrode and Pt wire was used as the counter 

electrode, respectively. All the LSV curves were obtained at a scan rate of 10 mV s-1. 

All the potentials were versus to reversible hydrogen electrode (RHE) through RHE 



calibration, according to the formula E (RHE) = E (Hg/HgO) + 0.0591pH + 0.098. 

Zn-air batteries. Coating PTFE and the activated charcoal (the weight ratio = 3 : 7) 

on a nickel foam was used as the air cathodes. Each air cathode was fixed to ~ 700 μm 

in thickness. 200 μL of the Nafion and 10 mg of the catalyst was dispersed in 0.25 mL 

of ethanol and ultrasonicated to form a homogeneous ink. The catalyst ink of 200 μL 

was dropped into the above cathode and the air-cathode was put in a vacuum 

container. Thirty minutes later, a mildly pressing procedure was performed on the air-

cathode. The prepared air-cathode was used for assembling primary Zn-air batteries. 6 

M KOH was used as the electrolyte. Zn plate was used as the anode and Ni foam was 

used as the current collector.



Fig. S1 The low-resolution TEM images of the prepared catalysts. a) NCNT/Ni-

NiMn2O4, b) NCNT/Ni-NiFe2O4.



Fig. S2 The XRD patterns for the precursors of NCNT/Ni-NiFe2O4 and NCNT/Ni-
NiMn2O4.



Fig. S3 Raman spectra of a) CNT, b) NCNT/Ni-NiFe2O4 and c) NCNT/Ni-NiMn2O4.



Fig. S4 Nitrogen adsorption-desorption isotherms of a) NCNT/Ni-NiFe2O4 and b) 

NCNT/Ni-NiMn2O4.



Fig. S5 Chronoamperometric responses of NCNT/Ni-NiFe2O4/Ni foam, NCNT/Ni-

NiMn2O4/Ni foam and IrO2/Ni foam for the OER at a constant potential of 1.48 V (vs. 

RHE).



Fig. S6 a) Cyclic voltammograms recorded for a NCNT/Ni-NiFe2O4/Ni foam 

electrode in the approximate region of 0.1–0.2 V vs. RHE at various scan rates for the 

purpose of determining the double layer capacitance. b) Plot showing the extraction of 

the double-layer capacitance (Cdl) of NCNT/Ni-NiFe2O4/Ni foam and NCNT/Ni-

NiMn2O4/Ni foam.



Fig. S7 Chronoamperometric responses of NCNT/Ni-NiFe2O4/Ni foam, NCNT/Ni-

NiMn2O4/Ni foam and Pt/C for the HER at a constant potential of -0.14 V (vs. RHE).



Fig. S8 Nyquist plots of NCNT/Ni-NiFe2O4/Ni foam and NCNT/Ni-NiMn2O4/Ni 

foam in 1 M KOH solution at open circuit potential: a) OER, b) HER.



Fig. S9 a) Polarization curves of the NCNT/Ni-NiFe2O4 and NCNT/Ni-NiMn2O4 for 

OER in 1 M KOH electrolyte. b) Polarization curves of the NCNT/Ni-NiFe2O4 and 

NCNT/Ni-NiMn2O4 for HER in 1 M KOH electrolyte.



Fig. S10 Chronoamperometric curves of NCNT/Ni-NiFe2O4, NCNT/Ni-NiMn2O4, 

and Pt/C at 0.60 V versus RHE in O2-saturated 0.1 M KOH electrolyte.



Table S1. Comparison of OER performance in alkaline medium for NCNT/Ni-

NiFe2O4/Ni foam and NCNT/Ni-NiMn2O4/Ni foam with other OER electrocatalysts

Catalysts
Overpotential

(mV) (@j=10 mA cm-2)
Tafel Slope
(mV dec-1)

Ref.

NCNT/Ni-NiFe2O4/Ni 
foam

250 51

NCNT/Ni-NiMn2O4/Ni 
foam

300 89
This work

CoP/CP 320 82.8 1

S-2-T5 302 90

Mo-MOFs-T5 407 93

ZIF-67-T5 387 92

RuO2 355 104

2

Ni0.33Co0.67MoS4/CFC 283 68.8 3

Ir/C 345 107

Co–P film 390 91

4

Co9S8 340 85.6 5

IrO2 324 108 6

Co3(PO4)2@N-C 317 62 7

Mo2C/Co6Mo6C2/NRGO 360 50

IrO2 387 77

8

Co3ZnC/Co@CN 366 81 9

Co/CNTs25 wt% 380 81

Co0.8Fe0.2Ox 430 85

Fe3O4/CNTs25 wt% 470 98

10

Table S2. Comparison of HER performance in alkaline medium for NCNT/Ni-



NiFe2O4/Ni foam and NCNT/Ni-NiMn2O4/Ni foam with other HER electrocatalysts

Catalysts
Overpotential

(mV)(@j = 10 mA cm-2)
Tafel Slope
(mV dec-1)

Ref.

NCNT/Ni-NiFe2O4/Ni 
foam

140 85

NCNT/Ni-NiMn2O4/Ni 
foam

188 76
This work

NiCo–(MoO4)2−/CFC 315 113.6

bare CFC 558 344.8

3

CF 352 130

Ni/CF 400 167

11

Ni3S2/NF 318 74 12

Cu3P/CF (0.1 M KOH) 222 148

CF (0.1 M KOH) 521 184

13

CoP/CC 209 129 14

Mo2C/XC72 229 74.5

Mo2C/C 165 63.6

15

CoNi@NC 142 104 16

FeP NAs/CC 218 146 17

Cu3P NW/CF 143 67 18

Co2P nanorods 152 171 19



Table S3. Comparison of ORR performance in alkaline medium for NCNT/Ni-

NiMn2O4 with other ORR electrocatalysts

Catalysts
Catalyst Loading

(mg cm-2)
Half-wave potential

(V vs RHE)
Ref.

NCNT/Ni-NiMn2O4 0.208 0.71 This work

Au@Zn−Fe−C 71.5 gAu cm-2 0.70 20

NGPC-800-5 0.102 0.55

NGPC-900-5 0.102 0.67

21

NCNTs-20 0.570 0.62 22

N:C-MgNTA 0.153 0.75 23

AG 1.00 0.66 24

N-graphene 0.038 0.67 25

NG-800 0.034 0.68 26

HNCNSs-800 0.153 0.69 27

NG 0.04 0.71 28

N-CDs/G 0.05 0.71 29
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