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Experimental section

1. Chemicals and regents

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), Cobalt chloride hexahydrate 

(CoCl2·6H2O) was purchased from Sinopharm Group Chemical Reagent Co. Iron 

chloride hexahydrate (FeCl3·6H2O) and Nickel chloride hexahydrate (NiCl2·6H2O) 

were purchased from Aladdin. All of the used regents were not purified.

2. The preparation of catalysts.

In a typical synthesis strategy, 0.5 mmol FeCl3·6H2O, 0.5 mmol NiCl2·6H2O, 0.5 

mmol CoCl2·6H2O and 10 mmol Zn(NO3)2·6H2O were dissolved in a 50 mL methanol 

(donated as solution A). 5 g of 2-methylimidazole was dissolved into 100 mL methanol 

(donated as solution B). Next, solution B poured into solution A and stirred vigorously 

at room temperature for 12 h. Centrifugal collection and dried at 80℃ for 10 h. Then 

the obtained precursors powder was pyrolyzed at 800, 900, 1000, 1100℃, which 

donated as FeCoNi/NC pyrolyzed at T (T=800, 900, 1000, 1100℃).

3. Physical Characterization 

The crystal structure of catalysts was analyzed by Powder X-ray diffraction 

Electronic Supplementary Material (ESI) for Catalysis Science & Technology.
This journal is © The Royal Society of Chemistry 2024



(MiniFlex-600, Rigaku, Japan). The field emission scanning electron microscope 

(FESEM, FEI, NANO SEM430, 15 kV) was applied to analyses the morphology of 

samples. The transmission electron microscope (TEM, JEM-2100, Japan) was applied 

to further observe the morphology of catalysts. The chemical states of elements on the 

surface of prepared catalysts were analyzed by X-ray photoelectron spectrometer (XPS, 

Thermo Scientific ESCALAB Xi+, Al k, hv = 1486.6 eV) which calibrated the binding 

energy with C1s (284.8 eV). 

4. Electrochemical measurements

All electrochemical properties were measured on the electrochemical workstation 

(CHI 760E) by using a typical three electrode system which the platinum network as a 

counter electrode and Hg/HgO as a reference electrode. A 3 mm rotating disk electrode 

(RDE) and a 5 mm rotating ring disk electrode (RRDE) was used as work electrode for 

ORR study while catalysts loaded Ni foam (NF) was used for OER. All the 

measurement potentials were converted in the reversible hydrogen electrode (RHE) by 

the following equation:

                   (S1)𝐸𝑣𝑠.𝑅𝐻𝐸= 𝐸 𝜃
𝐻𝑔 𝐻𝑔𝑂+ 𝐸+ 0.059 × 𝑝𝐻

Where E is the tested potential, and  is the standard potential of Hg/HgO 𝐸 𝜃
𝐻𝑔 𝐻𝑔𝑂

reference electrode.

The working electrode were prepared as follow: 5 mg of catalysts powders were 

dispersed in a 1 mL mixture solution (VNafion : Vwater : Vethanol = 1:9:10) to form a 

homogeneous black ink. 8 µL of catalysts ink was pipetted to a RDE as well as 22 µL 

for RRDE to form the catalysts loaded at 0.57 mg cm-2 for ORR test. The cyclic 

voltametric (CV) and liner sweep voltametric (LSV) curves were tested in a 0.1 M KOH 

solution saturated with O2 and Ar under various rotating speeds from 625 rpm to 2500 

rpm. The electron transfer was obtained by fitting Koutecky-Levich (K–L) equation:
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                (S3)𝐵= 0.62𝑛𝐹𝐴𝐶𝑂𝐷
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Where the JK and Jd were presented as kinetic current density and limit diffusion 



current density. n is the overall number of electron transfer number. F is Faraday 

constant (F=96485 C mol-1). A is the area of electrode. CO is the bulk phase 

concentrations of O2 in electrolyte solution (1.2 *10-3 mol cm-3, 0.1 mol L-1 KOH). Ν 

is the kinematic viscosity of the electrolyte (0.01 cm2, 0.1 mol L-1 KOH). DO is the 

diffusion coefficient of O2 in the electrolyte (1.9 *10-5 cm2 s-1, 0.1 mol L-1 KOH). ω is 

the angular velocity of the disk (ω = 2πN, N is the linear rotation speed). When the 

rotating speed is expressed in rpm, the formula (S3) can be expressed (S4):

                (S4)𝐵= 0.2𝑛𝐹𝐴𝐶𝑂𝐷
2 3
𝑂 𝜈

‒ 1 6

The yield of hydrogen peroxide and corresponding electron transfer number was 

test by RRDE measurement, which calculated by the following equation:

            (S5)
𝐻2𝑂2% =

𝐼𝑅 𝑁

𝐼𝑅 𝑁+ 𝐼𝐷
× 200%

                      (S6)
𝑛= 4 ×

𝐼𝐷
𝐼𝐷+ 𝐼𝑅 𝑁

where IR and ID were the current density of ring and disk. N is the collection 

efficiency (0.38) of the Pt ring of RRDE. 

5. Home-made Zn-air battery prepared and measurement

The performance of catalysts in the realm of Zn-air batteries (ZABs) was 

examined using a homemade ZABs system. The experimental setup involved utilizing 

a 3 mm thick zinc plate as the metal anode, while a catalyst-loaded carbon paper served 

as the air cathode. The electrolyte solution consisted of 6.0 mol L-1 KOH containing 

0.20 mol L-1 Zinc acetate. To assess the battery's charge and discharge cycling 

capabilities, as well as its rate of performance, measurements were taken using a 

Neware test system.



Figures

FigureS1 XRD pattern of FeCoNi-ZIF8 precursors.

FigureS2 Raman pattern of FeCoNi/NC pyrolyzed at 800, 900, 1000 and 1100℃



FigureS3 (a) SEM images and (b) TEM images of FeCoNi-ZIF8 precursors.

Figure S4 SEM images of (a)FeCoNi/NC pyrolyzed at 800℃, (b) FeCoNi/NC 
pyrolyzed at 900℃, (c) FeCoNi/NC pyrolyzed at 1000℃, (d) FeCoNi/NC pyrolyzed at 
1100℃, respectively. 



Figure S5 TEM images of (a)FeCoNi/NC pyrolyzed at 800℃, (b) FeCoNi/NC 
pyrolyzed at 900℃, (c) FeCoNi/NC pyrolyzed at 1000℃, (d) FeCoNi/NC pyrolyzed at 
1100℃, respectively.



Figure S6 The survey spectrum of FeCoNi/NC pyrolyzed at 900℃.

Figure S7 The high-resolution spectra of Ni 2p (a) and Zn 2p (b) of FeCoNi/NC 
pyrolyzed at 900℃.



Figure S8 (a-d) CV curves of FeCoNi/NC pyrolyzed at 800, 900, 1000, 1100℃. (e-h) 
LSV curves at various rotating of FeCoNi/NC pyrolyzed at 800, 900, 1000, 1100℃. 
(i-l) K-L plot curves of FeCoNi/NC pyrolyzed at 800, 900, 1000, 1100℃, respectively.

Figure S9 Tafel plot curve of FeCoNi/NC pyrolyzed at 800, 900, 1000, 1100℃ and 
Pt/C.



Figure S10 Polarization curves of FeCoNi/NC pyrolyzed at 800, 900, 1000 and 1100℃ 
measured by RRDE test.



Figure S11 SEM images of FeCoNi/NC pyrolyzed at 900℃ after 50,000 i-t tests.
 

Figure S12 SEM images of FeCoNi/NC pyrolyzed at 900℃ after 50,000 i-t test 



Figure S13 (a) XRD pattern, (b) Raman spectra, (c) survey spectra, (d) Fe 2p spectra, (e) Co 2p 

spectra, (f) Ni 2p spectra, (g) Zn 2p spectra, (h) C 1s spectra, (i) N 1s spectra of FeCoNi/NC 

pyrolyzed at 900℃ after I-t test.



Table S1 the element contents characterized by the EDS mapping of FeCoNi/NC 
pyrolyzed at 900℃

Element Atomic % / wt.%

C 78.207

N 18.763

Fe 0.064

Co 2.284

Ni 0.135

Table S2 the element contents characterized by ICP-OES of FeCoNi/NC pyrolyzed at 
900℃

Element Element content / %

Fe 0.207

Co 5.111

Ni 0.107

Table S3 the onset potential and half-wave potential of the prepared catalysts.

Sample Onset potential
(V vs. RHE)

Half-wave potential
(V vs. RHE)

FeCoNi/NC 800℃ 0.94 0.82
FeCoNi/NC 900℃ 0.96 0.85
FeCoNi/NC 1000℃ 0.94 0.81
FeCoNi/NC 1100℃ 0.88 0.79

Pt/C 0.98 0.84

Table S4 ORR and ZAB performance comparison tables reported in some previous 
paper.

ORR ZABs
Catalysts E1/2 electrolyte VOCP Power density electrolyte Ref

FeCoNi/NC 0.84 V
(vs. RHE)

0.1 M 
KOH 1.5 V 161 mW cm-2 6M KOH + 0.2 M 

Zn(ac)2
This work

FeCoNi-N/CNFs
0.61 V

(vs 
Ag/AgCl)

0.5 M 
H2SO4

—— —— —— 1

FeCo/FeCoNi@NCNTs
-HF

0.85 V
(vs. RHE)

0.1 M 
KOH 1.481 V 156.22 mW cm-2 6M KOH +0.2 M Zn(ac)2 2

FeCoNi-N-rGO 0.836 V
(vs. RHE)

0.1 M 
KOH 1.43 V 152.5 mW cm-2 6M KOH + 0.2 M 

Zn(ac)2
3

NiFeCo-NC2 0.620 V
(vs. RHE)

0.1 M 
KOH 1.44 V —— 6 M KOH + 4 % ZnO 

electrolyte (2 mL) 4

FeCoNi-CNTs-2 0.82 V
(vs. RHE) 1 M KOH 1.49 V 210.5 mW cm-2 6M KOH + 0.2 M 

Zn(ac)2
5

FeCoNi/NC 0.83 V
(vs. RHE)

0.1 M 
KOH 1.372 V 125 mW cm-2 gel electrolyte 6

FeCoNi/NCHNs 0.885 V
(vs. RHE)

0.1 M 
KOH 1.48 V 160 mW cm-2 6M KOH + 0.2 M 

Zn(ac)2
7

Co-FeNi-342 0.86 V
(vs. RHE)

0.1 M 
KOH 1.32 V 77 mW cm-2 6M KOH + 0.2 M 

Zn(ac)2
8

SPAN-FCNM 0.71 V
(vs. RHE)

0.1 M 
KOH —— 242 mW cm-2 6M KOH + 0.2 M 

Zn(ac)2
9

NiFe-MOF/NiFe2O4 —— 0.1 M 
KOH 1.397 V 158.4 mW cm-2 6M KOH + 0.2 M 

Zn(ac)2
10

Fe1.2(CoNi)1.8S6
0.81 V

(vs. RHE)
0.1 M 
KOH 1.45 V 158.4 mW cm-2 6M KOH + 0.2 M ZnCl2 11

CoFeNi/NC 0.842
(vs.RHE)

0.1 M 
KOH —— —— —— 12

Commercial Pt/C 0.84
(vs.RHE)

0.1 M 
KOH 1.38 V 146 mW cm-2 6M KOH + 0.2 M ZnCl2 This work
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