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Experimental Section 

Synthesis of NiCo2O4 nanowires and NiCo2O4@NiCoFe-OH nanoarrays on 

carbon cloth (CC)

A piece of carbon cloth (2 × 5 cm2, W0S1009, Cetech) was initially treated by 

concentrated nitric acid at 90℃ for 5 h, thoroughly rinsed with deionized water and 

vacuum dried for use. To grow NiCo2O4 nanowires (NWs) on CC, 2 mmol cobalt (II) 

nitrate hexahydrate, 1 mmol nickel (II) nitrate hexahydrate, and 12 mmol urea were 

sufficiently dissolved into a mixed solvent including 35 mL of ethanol and deionized 

water (v/v=1:1), and then magnetically stirred. The formed uniform pink dispersion was 

shifted into a Teflon-lined autoclave (50 mL) with vertical immersion of the CC 

substrate in the reaction system, which was kept at 100℃ for 12 h. The received piece 

was thoroughly washed by deionized water, dried and annealed at 350 °C in air for 2 h 

with a heat rate of 5 °C min-1, crystallized NiCo2O4 nanowires (NWs) were established 

on CC (the membrane electrode is denoted as NiCo2O4). As for the preparation of 

NiCo2O4@NiCoFe-OH, 4 mmol of nickel (II) nitrate hexahydrate, 2 mmol of cobalt 

(II) nitrate hexahydrate and 3 mmol iron(III) nitrate nonahydrate were well dispersed 

in a co-solvent mixture containing 66 ml 1-methyl-2-pyrrolidone (NMP) and 5 mL 

deionized water. 35 mL of such dispersion was put in a 50 mL Teflon-lined autoclave, 

after which above NiCo2O4 coated CC vertically placed in the mixture and endured a 6 

h-thermal reaction at 180 ℃. The as-collected piece was finally washed by deionized 

water and dried, producing the NiCo2O4@NiCoFe-OH nanoarrays on CC (the 

membrane electrode is denoted as NiCo2O4@NiCoFe-OH). For comparison, NiCoFe-
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OH electrode was fabricated under the same condition by direct growth of NiCoFe-OH 

film onto CC substrate without NiCo2O4 NWs.  

Materials characterization

Field-emission scanning electron microscope (SEM, Merlin, Zeiss), Transmission 

electron microscope (TEM, Philips-FEI Tecnai G2S-Twin microscope, 200 kV 

accelerating voltage) were used to image the microstructure and morphology of the 

different catalysts. X-ray diffraction (XRD) patterns were recorded on a Rigaku D/Max 

2550 X-ray diffractometer with Cu Kα radiation. X-ray photoelectron spectroscopy 

(XPS, VG ESCALAB250) was used to analyze the surface properties of the samples. 

Electrochemical measurement

The electrochemical activities of the binder-free catalytic electrode were studied on a 

CHI electrochemical workstation (760E, China) through a typical three-electrode 

system. CC covered with electrocatalysts directly played as the working electrode, 

Ag/AgCl acted as the reference electrode and Pt plate was employed as the counter 

electrode, respectively. OER activities were tested in 1 M KOH electrolyte and ORR 

was performed by using 0.1 M KOH solution under O2-saturated condition. 

Electrochemically active surface area (ECSA) was obtained from cyclic voltammetry 

(CV) curves ranging from 0 to 0.1 V versus Ag/AgCl in 1 M KOH aqueous solution, 

adopting scan rates from 3 to 15 mV s-1. All the recorded potentials were calibrated to 

the RHE on the basis of the equation as follows: 
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E(RHE) = E(Ag/AgCl) + E0
(Ag/AgCl, 0.199) + 0.0591pH                             (1)

RuO2 loaded on CC (RuO2): Commercial RuO2 powder (5 mg, Aladdin) and XC-72 (1 

mg) were dispersed in 1 mL ethanol mixture containing 50 µL Nafion solution (5 wt.%). 

The mixture was ultra sonicated for 60 min to produce a homogeneous dispersion. The 

dispersion was drop-casted onto a pretreated CC substrate (1×1.3 cm2). The loading 

mass of RuO2 was kept in line with the as-prepared samples of 1.2 mg cm-2. The 

preparation of Pt/C electrode was basically the same as the RuO2 electrode except that 

commercial Pt/C catalyst (5 mg, 20 wt.%, Macklin) was used.

Fabrication and characterization of the aqueous rechargeable ZABs

The aqueous ZABs were constructed by employing a 300 µm thick zinc foil as the 

anode, the free standing NiCo2O4@NiCoFe-OH electrode directly as the air cathode 

(geometric area: 1×1 cm2) and 6 M KOH-based electrolyte containing 0.2 M zinc 

acetate as the additive. All the mentioned ZABs in this study were measured under air 

condition (i.e., capturing O2 from the air) at room temperature. Electrochemical 

measurements of the as-fabricated batteries were proceeded on an electrochemical 

workstation (CHI 760E) and a NEWARE battery system (CT-3008). The specific 

discharge capacity (mA h gzinc
-1) and gravimetric energy density (mW h gzinc

-1) of the 

batteries were calculated via following equations, respectively.

                          (2)
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 × 𝑡𝑖𝑚𝑒
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑧𝑖𝑛𝑐

𝐺𝑟𝑎𝑣𝑖𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
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      (3) 
                 =  

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 × 𝑡𝑖𝑚𝑒 × 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑖𝑐ℎ𝑎𝑟𝑔𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑧𝑖𝑛𝑐

Assembly and characterization of the cable-type ZABs

Firstly, 5 mL of mixed 11.25 M KOH and 0.25 M ZnO was fabricated. Then, 0.5 g of 

acrylic acid and 0.075 g of N, N′-methylene-bisacrylamide were added into the former 

solution and stirred vigorously. The white sediment was successively filtered out to 

acquire a settled solution, marked as solution A, and 3 M K2S2O4 aqueous solution was 

prepared as solution B ready for use. Typically, 75 µL solution B was dropwise mixed 

with solution A under vigorous agitation. The as-prepared mixture was carefully poured 

onto a culture dish. The generated transparent film was peeled off and used as the thin 

gel film. Then, a zinc wire (diameter: 1 mm) was densely winded onto a metal rod 

(diameter: 2 mm) and taken out to produce the helical/spiral anode. The above-received 

film acted as the gel electrolyte and was carefully wrapped onto the Zn spring, and 

consequently the NiCo2O4@NiCoFe–OH cathode was wound around the gel film 

covered zinc anode. Finally, heat shrinkable tube with tailored holes as the packaging 

film was adopted to encapsulate the cable battery. The galvanostatic charge/discharge 

measurements were performed on the CHI 760E electrochemical workstation. The 

charge/discharge polarization curves of the batteries were recorded by liner sweep 

voltammetry measurements at 10 mV s-1. Rate capability was evaluated under varied 

current densities from 1 to 12 mA cm-3 through NEWARE CT-3008 battery testing 

system. Noting that the relevant current densities had been normalized to the volume 

of the cable-type ZAB. Electrochemical impedance spectroscopy (EIS) was 

implemented across the frequency of 0.01 Hz-100 kHz under the open circuit potential 
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condition. According to the galvanostatic discharge curves of the cable-type ZAB at 

2.2 mA cm-3, the corresponding volumetric energy density (mW h cm-3) was calculated 

by the following formula. Noting that the calculated volume covering the entire volume 

of the basic components within batteries.

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

(4)
                   =

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ×  𝑡𝑖𝑚𝑒 × 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑧𝑖𝑛𝑐 𝑎𝑖𝑟 𝑏𝑎𝑡𝑡𝑒𝑟𝑦

      

Figure S1 Optical photo of the samples. (a) carbon cloth (CC); (b)NiCo precursor 

coated CC; (c) CC/NiCo2O4 nanowires; (d), (e)CC/NiCo2O4@NiCoFe-OH.
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Figure S2 (a) SEM image of NiCo2O4 nanowires grown on CC; SEM image (b) and 

energy dispersive X-ray spectroscopy (EDS) mapping images (c) of 

NiCo2O4@NiCoFe-OH.
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Figure S3 (a), (b) HR-TEM images of NiCo2O4; (c) Fast Fourier Transform image of 

NiCo2O4.

Figure S4 HR-TEM and corresponding Fast Fourier Transform (FFT) image (inset) of 

NiCoFe-OH.

No obvious and characteristic lattice fringes are identified for the NiCoFe-OH 

sample. Also, the diffused diffraction halo in the FFT image further indicates the 

amorphous feature of NiCoFe-OH.    
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Figure S5 EDS spectrum of NiCo2O4@NiCoFe-OH.

Table S1 Elemental composition of the as-prepared NiCo2O4@NiCoFe-OH sample by 

EDS analysis.

Element Atomic Fraction (%) Mass Fraction (%)

C 37.51 18.65

O 39.73 26.31

Fe 3.17 7.33

Co 11.97 29.19

Ni 7.63 18.53
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Figure S6 (a) XRD pattens of NiCo2O4 and NiCo2O4@NiCoFe-OH, respectively. (b) 

XRD patterns of NiCoFe-OH and pure carbon cloth (CC).    

Figure S7 (a) XPS survey spectra of NiCo2O4 and NiCo2O4@NiCoFe-OH, 

respectively. (b) O1s spectra. 
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Table S2 The electrocatalytic activities of recently reported NiCo oxides and ternary 

electrocatalysts for OER.

Catalysts Electrolyte
Loading

(mg cm-2)

Overpotential
(mV vs. RHE)
at 10 mA cm-2

Onset
overpotential
(mV vs. RHE)

Endurance
(Current 
retention)

Ref.

NiCo2O4@
NiCoFe-OH

1.0 M KOH 1.02 235 178 99.6% (36 h)
This 
work

(Ni2Co1)0.925

Fe0.075-MOF-Ni 
foam

1.0 M KOH 0.54 257 ---- 93% (35 h) [S1]

Ni2CoIIIFe-
LDH/N-GO

0.1M KOH 0.085 317 180 90 % (8.3 h) [S2]

CoNiMn-
LDH/PPy/RGO

1.0 M KOH 0.2 369 230 89.7 % (5 h) [S3]

FeCoNi 
oxynitride

1.0 M KOH 0.284 291 230 ---- [S4]

NixCoyO4/
Co-N-rGO

0.1 M KOH 0.2 400 230 ---- [S5]

NiCo/NiCoOx 
nanowire

arrays@Ni foam
1.0 M KOH 0.7 360 270 ---- [S6]

NiCo2O4 
nanosheets

1.0 M KOH 0.285 320 300 ---- [S7]

Co3O4/NiCo2O4 
nanocages

1.0 M KOH 1.0 340 300 96% (10 h） [S8]

NiCo2O4@NiMn 
LDH

1.0 M KOH 2.0 255 216 96% (20 h) [S9]
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NiCo2O4@
N-OCNT

1.0 M KOH 0.71 270 220 ---- [S10]

Ni-doped 
CoFe2O4 

nanospheres
0.1 M KOH 0.4 340 ---- 100% (12 h) [S11]

Figure S8 Cyclic voltammetry curves in the double-layer region of NiCo2O4 (a), 

NiCoFe-OH (b) and NiCo2O4@NiCoFe-OH (c) at scan rate of 3, 5, 7, 9, 11, 13 and 15 

mV s-1 (along the arrow direction), respectively. (d) Half of the capacitive current 

difference at 1.04 V (vs. RHE) as a function of the scan rate.   
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Figure S9 (a) N2 adsorption/desorption isotherms (a) and BJH pore size distribution (b) 

of NiCo2O4, NiCo2O4@NiCoFe-OH and NiCoFe-OH, respectively.

Table S3 BET surface area, pore volume and pore size of the different electrocatalysts.

Catalysts
BET surface 

area (m2 g-1)

Pore volume

(cm3 g-1)

Average pore 

diameter (nm)

NiCo2O4 76.76 0.25 9.89

NiCo2O4@NiCoFe-OH 247.6 0.34 5.01

NiCoFe-OH 78.63 0.05 4.32
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Figure S10 (a) Linear sweep voltammetry curve of NiCo2O4@NiCo-OH for OER 

collected in 1 M KOH at a scan rate of 1 mV s-1. (b) Tafel slope of NiCo2O4@NiCo-

OH. 

The synthesis of NiCo2O4@NiCo-OH was basically the same to that of 

NiCo2O4@NiCoFe-OH except iron nitrate was not added. NiCo2O4@NiCo-OH 

delivers an onset overpotential of 230 mV and OER overpotential of 298 mV at the 

current density of 10 mA cm-2. The corresponding Tafel slope of NiCo2O4@NiCo-OH 

is 125.1 mV dec-1, much higher than that of NiCo2O4@NiCoFe-OH. Both of the 

significantly reduced overpotential and lower Tafel slope of NiCo2O4@NiCoFe-OH 

compared to NiCo2O4@NiCo-OH indicate the positive role of Fe3+ species in the 

trimetal-hydroxides layer for enhanced OER activity and catalytic kinetic.          
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Table S4 Electrocatalytic properties of NiCo2O4, NiCo2O4@NiCoFe-OH and recently 

reported bifunctional catalysts for ORR and OER.

Catalysts

Half-wave 

potential

(E1/2, mV)

Potential at

10 mA cm-2

(Ej=10, mV)

Potential difference

between E1/2 and Ej=10 

(ΔE, mV)

Ref.

NiCo2O4

@NiCoFe-OH
770 1465 695

This 

work

NiCo2O4 750 1581 831
This 

work

CoSx/Co, N-Co doped 

CNTs
800 1540 740 [S12]

MnO/Co/Porous 
graphitic carbon

780 1537 757 [S13]

NiCoIIIFe-LDH/N-GO 778 1547 769 [S2]

NiCo2S4/N-doped 
CNTs

800 1600 800 [S14]

Ni3Fe-N/C 780 1620 842 [S15]

Co@Co3O4/NC-1 (in 
CNT-grafted N-doped 

carbon polyhedral)
800 1650 850 [S16]

Co3O4/Co-N-rGO 791 1660 869 [S5]

NiCo2O4@N-doped
GO

750 1630 880 [S17]
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NixCo3-xO4 
nanosheets
@Ni foil

768 1760 992 [S18]

Figure S11 Open circuit voltage of the aqueous ZAB with the NiCo2O4@NiCoFe-OH 

cathode. 
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Table S5 Comparison of the Open circuit voltage, specific capacity, energy density of 

aqueous Zn-air batteries with the NiCo2O4@NiCoFe-OH air electrode and recently 

reported Zn-air batteries. 

Catalysts
Loading

(mg cm-2)

Open circuit

voltage（V）

Specific 
capacity

(mAh gZn
–1)

Energy 
density

(Wh kgZn
–1)

Current 
density

(mA cm–

2)

Ref.

NiCo2O4

@NiCoFe-OH
1.02 1.42

740

720

864

767

5

10

This 

work

NiCo2S4/N-doped 

CNTs
1.0 1.49 431 554.6 10 [S14]

NiCo2S4

@g-C3N4-CNT
2.33 1.45 485.7 ---- 10 [S19]

CoO-NiO-NiCo 0.53 ---- 594 713 7 [S20]

Ni3Fe/N-C 0.13 ---- 528 634 10 [S15]

CoZn-NC-700 0.24 ---- 578 694 10 [S21]

NiCo2O4

@NiMn LDH
2.0 ± 0.2 1.4 675 762 10 [S9]

ZnCo2O4 quantum 

dots/NCNT
2.0 1.47 428 595 10 [S22]

NiFe nanoparticles

/N-Graphene
1 ---- 583 732 10 [S23]

NiO/CoN Porous

nanowires
0.2 1.46 648 836 10 [S24]

Fe0.5Co0.5Ox/N-doped 

rGO
1 1.43 756 904 10 [S25]

CoCo3O4@N-doped 

active carbon
1.3 1.449 721 ---- 10 [S26]
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Figure S12 SEM morphology (a) and high-magnification SEM images (b, c) of the 

NiCo2O4@NiCoFe-OH binder-free cathode after intensive 500 charge/discharge 

cycles at a current density of 10 mA cm-2.   

Figure S13 Optical photos showing the voltage generated by two in-series (a) and 

three in-series (b) cable-type batteries.
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Figure S14 Nyquist plots of the cable-type zinc-air batteries (ZABs) through different 

connections.

Table S6 Comparison of the energy density of recently reported fiber-shaped or cable-

type batteries.  

Fiber or cable-shaped 

energy storage devices

Cathode

Anode

Energy density

mW h cm−3
Ref.

CNT/LiMn2O4

CNT/Li4Ti5O12

17.7 [S27]

(Ni–Sn)–Cu

LiCoO2–Al
20.4 [S28]

Lithium-ion batteries 

(LIBs)

LiFePO4-CF

Li4Ti5O12

6 [S29]

Ni–Zn battery
Ni–NiO fiber

Zn fiber
0.67 [S30]
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Ni/Co-Zn battery
NCHO@yarn

Zn@yarn
8 [S31]

Aqueous lithium-ion 

battery (ALIB)

LiMn2O4/CNT

PI/CNT
14.3 [S32]

Sodium-ion battery (SB)
CNT/Na0.44MnO2

NaTi2(PO4)3@C
25.7 [S33]

Metal-organic 

frameworks material-

based battery (MOF)

NiZnCoP/CNTF

Fe2O3/OCNTF
30.6 [S34]

CNT/rGO composite fiber 2.4 [S35]

Superiorcapacitors (SCs)

Hollow rGO/PEDOT:PSS 3.2 [S36]

Co3O4/N-rGO

Zinc wire
36.1 [S37]

CNT sheet

Zinc spring
5.7 [S38]

Zinc-air batteries 

(ZABs)

NiCo2O4@NiCoFe-OH 

Zinc spring
38.1 This work

Zn-Co battery

CC-ZnO@C-Zn

Co(CO3)0.5(OH)x·0.11H2O@CoMoO

4 

4.6 [S39]

Video S1 Two in-series cable-type ZABs are connected and bent to light the LEDs.

Video S2 Two cable-type ZABs can power the “SCAU” panel consisting of 47 

commercial green LEDs under highly distorted conditions.
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