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Electrochemical measurement

To obtain the catalyst ink, mixture of 1 mL of deionized water and isopropanol 

(in a 1 : 9 volume ratio) was used to disperse 5 mg of catalyst and 20 μL of 5 wt% 

nafion solution. Then, 20 μL of catalyst ink was applied to the surface of RDE (5 mm 

in diameter, 0.196 cm-2) in three drops to dry naturally. The RDE electrode was 

loaded with 0.1 mg catalyst (0.5 mg cm-2). In contrast, Pt/C and IrO2 catalyst inks 

were also prepared using the same process. 

ORR tests were performed using the 0.1 M KOH solution with scan rate of 5 mV 

s-1. Measurements were taken for the samples at various rotational speeds (ranging 

from 400 to 2000 rpm), in -0.8 ~ 0.2 V (vs. Hg/HgO) within the range of linear 

scanning voltammetry (LSV) curves. The cyclic voltammetry (CV) measurements 

were scanned at 50 mV s-1. The current time chronoamperometric curves (I-T) was 

tested at -0.3 V (vs. Hg/HgO).
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OER activity was studied using the 1 M KOH solution with LSV curves in the 

potential range of 0 ~ 1.0 V. The double-layer capacitance of the catalyst was 

estimated by CV measurements of the non-Faraday current region within potential 

window of 1.00 ~ 1.10 V. These tests were performed at scan rates of 20, 40, 60, 80, 

100 and 120 mV s-1. Electrochemical impedance spectroscopy (EIS) 

measurements were carried out at 1.05 V vs. RHE in the frequency range of 

106 Hz ~ 1 Hz with an AC voltage of 10 mV. The current time 

chronoamperometric curves (I-T) was tested at 0.6 V (vs. Hg/HgO).

The potentials reported in this study were calibrated with reference to the 

reversible hydrogen electrode (RHE) using the following equation:

Evs.RHE = Evs.Hg/HgO + 0.059 pH + 0.098 (1)

The overpotential value for OER was calculated using the following 

equations.

η(V) = Evs.RHE - 1.23 (2)

The electron transfer number (n) in ORR process is calculated by Kouteckye-

Levich (K-L) equations according to ORR polarization curves at different rotation 

speeds:1
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limiting. n, F and ω is the abbreviation of overall electron transfer number per oxygen 

molecule, faraday constant (96485 C mol−1), rotating speed of disk electrode, 

respectively. ,  and  are saturated oxygen concentration (1.2 × 10-6 mol cm-
2OC

2OD 

3), diffusion coefficient of oxygen (1.9 × 10-5 cm2 s-1) and kinematic viscosity of the 

electrolyte (0.01 cm2 s-1) in aqueous solution with 0.1 M KOH.



Fig.S1 Full XPS spectra of NC, CoS2 and CoS2/NC.

Table S1 The proportion of different nitrogen species in the N1s XPS spectra.

 sample Pyridinic N
(At.%)

PyrrolicN
(At.%)

Graphitic N
(At.%)

NC 21.14 33.49 45.37

CoS2/NC 32.38 17.76 49.86



Fig.S2 CV curves for NC(a), CoS2(b) and CoS2/NC(c) catalysts at different scan rates 
of 20~120mV s-1 in the potential range of 1.00~1.10 V (vs. RHE). 

The electrochemical active surface area (ECSA) is measured via a 

double layer capacitance (Cdl) method.2,3 In the non-Faradaic potential 

region, the measured current via CV is attributed to double-layer charging 

current (ic), which is equal to the product of scan rate (v) and double layer 

capacitance (Cdl), as expressed by equation:

ic = vCdl (6)

Thus, a plot of a series of “i” voltammetry as a function of “v” yields a 

straight line whose slope is Cdl. The electrochemical active area of the 

catalyst is calculated according to equation:

ECSA=Cdl/Cs (7)

Where the Cs is the specific capacitance of planar surface. In this work, 

a typical Cs value of 0.040 mF cm-2 in 1.0 M KOH solution is adopted for 



the estimation of ECSA.4

For the determination of Cdl, CV curves were measured in a potential 

range of 1.00 ~ 1.10 V at scan rates of 20, 40, 60, 80, 100 and 120 mV s-1. The 

CV curves of NC, CoS2 and CoS2/NC recorded at various scan rates are 

shown in Fig. S2. The anodic currents (ia) and cathodic currents (ic) at 1.05 

V were extracted for further analysis. Cdl was then obtained by plotting i, 

0.5(ia –  ic), as a function of scan rate, and the results were shown in Fig. 6c. 

The Cdl of NC, CoS2 and CoS2/NC are determined to be 12.894, 0.667 and 

2.296 mF, respectively. Accordingly, the ECSA is calculated to be 322.35 

cm2 for NC, 16.68 cm2 for CoS2, and 57.4 cm2 for CoS2/NC.



Fig.S3 The atomic models of *(a), O*(b), OH*(c) and OOH*(d) intermediates adsorbed on 
CoS2/NC catalysts after geometry optimization.

Fig.S4 The atomic models of O2 adsorbed on (a) NC, (b) CoS2(001) and (c) CoS2/NC after 
geometry optimization.

The free energy changes for all elementary reactions in ORR are calculated 

according to simulated atomic model of NC, CoS2 and CoS2/NC. The ORR 

elementary reaction of 4-electron reaction pathway in an alkaline electrolyte is 

thought as follows:5
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where * represents bare catalyst. O*, OH* and OOH* represent that catalyst 

adsorbs intermediate products, such as OOH, O, and OH, respectively. The oxygen 



evolution reaction (OER) is the reverse reaction of the oxygen reduction reaction 

(ORR), and the OER process that occurs according to four electrons is shown below:

    (12)- * *OH OH e  

 (13)* - *
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  (14)* - *O OH OOH e  

 (15)* - *
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For all elementary reactions in ORR and OER, the free energy change is defined 

as follows: 

ΔG = ΔEDFT + ΔZPE – TΔS + ΔGpH – eU  (16)

where ΔEDFT, ΔZPE and ΔS represent the difference of total energy, zero-point 

energy, and entropy between products and reactants for all elementary reactions. For 

ORR, the value of ΔGpH is 0.769 eV at pH = 13 according to ΔGpH = -kBTln[H+]. U 

and e are the electrode potential and transferred charge, respectively. The 

overpotential of ORR is given by following equations (at U=0 V). 

GORR = max{ΔG1, ΔG2, ΔG3, ΔG4}, where ΔG1, ΔG2, ΔG3, and ΔG4 are 

calculated according to elementary reaction (8) - (11).

ηORR = GORR/e + 0.461 V (17)

In similar way, the value of ΔGpH is 0.828 eV at pH = 14. The overpotential of 

OER is given by following equations (at U=0 V) 

GOER = max{ΔG5, ΔG6, ΔG7, ΔG8}, where ΔG5, ΔG6, ΔG7, and ΔG8 are 

calculated according to elementary reaction (12) - (15).

ηOER = GOER/e - 0.402 V  (18)

In addition, the oxygen adsorption energy of NC, CoS2 and CoS2/NC is given by 

following equations.

(19)
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Table S2 Catalytic performance comparison of CoS2/NC with the recently reported CoS2 and 
carbon based ORR catalysts

Catalysts E1/2（V） Reference
CoS2/NSCNTs 0.80 6

CoO/CoS2 0.78 7

Co-CoOX/Co-N-C 0.81 8

CoS2/NSC-MC 0.84 9

CoS2@MoS2@NiS2 0.80 10

FeS2–CoS2/NCFs 0.81 11

 CNT–CoS2–Fe/NC 0.80 12

LiET-CoS2 0.82 13

Fe-SAC/NC 0.84 14

Fe@FeSA-N-C-900 0.83 15

CoS2@NC-400 0.82 16

The N,P/CoS2@TiO2 NPFs  0.81 17

CoS2/NC 0.85 This work

Table S3 Catalytic performance comparison of CoS2/NC with the recently reported CoS2 and 
carbon based OER catalysts

Catalysts η10（mV） Reference
FeS2/CoS2/NSCNTs 225 6

CoS2/NCFs 400 11

The N,P/CoS2@TiO2 NPFs 260 17

NC/CoS2 380 18

CoS2-C@MoS2-25 390 19

CoS2@BP-COP 270 20

CoS2 310 21

CoS2/NSG 393 22

N-doped CoS2 290 23

Co-N-C-TET 280 24

CoS2/CNT composites 290 25

EG/CoS2-NC 335 26

CoS2/NC 220 This work
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