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Figure S1.   Low-angle powder XRD pattern of O-Co3S4@S-MCN material (a) and wide-  

  angle Powder  XRD patterns O-Co3S4@S-MCN, Co-MCN, and S-MCN materials 

  (b).  
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FT-IR spectra of O-Co3S4@S-MCN, Co-MCN, and S-MCN are shown in Figure S2. A broad 

peak around 3300 cm
-1

 is observed in all three materials (O-Co3S4@S-MCN, Co-MCN, and S-

MCN) which can be corroborated to the N-H stretching vibrations. Peaks observed around 1620 

cm
-1

 represents C=N stretching vibrations. Broadening of this peak in Co-MCN and O-

Co3S4@S-MCN materials is observed which is due to the coordination of nitrogen with cobalt.
S1

 

For O-Co3S4@S-MCN and S-MCN the peak around 1090 cm
-1

 is attributed to the stretching 

vibrations of C=S.
S2-S4

 Thus, the presence of sulfur in the framework of MCN is strongly 

supported by the presence of C=S stretching vibrations in case of O-Co3S4@S-MCN and S-MCN 

materials. No such band is observed in the Co-MCN material.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2.  FT-IR spectra of Co3S4@S-MCN, Co-MCN, and S-MCN materials.
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Figure S3.  SEM images (a and b) and EDAX spectra (c and d) of Co-MCN (a and c), and S-MCN (b and d) materials.   
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Figure S4(a).  Elemental mapping images of O-Co3S4@S-MCN together with the corresponding SEM image.
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Figure S4(b).  Elemental mapping images of Co-MCN together with the corresponding SEM  

  image.  
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Figure S4(c).  Elemental mapping images of S-MCN together with the corresponding SEM  

  image.  
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Figure S5. Nitrogen adsorption desorption isotherm of O-Co3S4@S-MCN. 
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Determination of open circuit potential (OCP) 

Two electrode system was used for the OCP determination. Modified GCs were used as working 

electrodes in 1.0 M KOH. Variation of potential with time was recorded using the OCP 

technique available in the software (660C electrochemical workstation, CH Instruments, USA). 

All materials were found to achieve a constant potential within 400 s. The constant potential 

value in each case is considered as OCP for the respective electrode. The obtained variation is 

shown in Figure S6. OCP values are 0.83, 0.93, and 0.0.89 V, respectively for GC/O-Co3S4@S-

MCN, GC/Co-MCN and GC/S-MCN 

    

 

 

 

 

 

 

 

 

Figure S6. Potential variation with time for OCP determination of GC/O-Co3S4@S-MCN, GC/ 

Co-MCN, and GC/S-MCN in 1.0 M KOH. 
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Figure S7.  Nyquist plot of GC/O-Co3S4@S-MCN, GC/Co-MCN, and GC/S-MCN recorded  

  in aqueous 1.0 M KOH solution at their respective open circuit potential.   

  Frequency range: 1 MHz to 0.01 Hz and Amplitude: 0.005 V. 
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Procedure for calculation of electrochemically active surface area (ECSA) and 

roughness factor  

CV responses of GC/O-Co3S4@S-MCN, GC/Co-MCN, GC/S-MCN, and GC/RuO2, were 

recorded with incremental scan rates from 1.08 to 2.14 V in which no obvious faradic process 

takes place and only double layer charging occurs (Figure S8(A-D)). The variation in the anodic 

current density is plotted with the scan rate (Figure S8(A’-D’)).  The slope obtained from the 

current density vs. scan rate plot gives double layer capacitance (Cdl). The ECSA is calculated 

based on the equation S1
S5,S6

 using the capacitance of the bare GC electrode as 60 µFcm
-2

 per 

cm
2
 ECSA.

S5,S6
 The calculated ESCA values are summarized in Table S1. Roughness factor is 

defined as the ratio between ECSA and geometrical surface area of the electrode. Since the 

current density is used for the calculation of ECSA in this work, the roughness factor will have 

the same value as ECSA without units. 

  ECSA = Cdl(observed) / Cdl(bare GC)    … (S1) 

Table S1. ECSA of various material coated GC electrodes in 1.0 M KOH 

Material ESCA (cm
2
) 

O-Co3S4@S-MCN 167 

Co-MCN 2 

S-MCN 4.3 

RuO2 75 
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Figure S8. CV responses of O-Co3S4@S-MCN (A), Co-MCN (B), S-MCN (C), and RuO2  

  (D) in 1.0 M KOH at different scan rates and corresponding variation of current  

  density measured at 1.11 V with scan rate (A’- D’). 
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Figure S9.  LSV response of GCRDE electrodes modified with different loadings of the O- 

 Co3S4@S-MCN or modified  with RuO2 in 1.0 M KOH solution at the rotation 

 rate of 1600 rpm. The values in parenthesis indicate the amount of material coated 

 on the electrode (0.50, 0.71, and 1.26 mg/cm
2
 loadings were obtained by coating, 

 10, 14, and 25 µL of 1% aqueous O-Co3S4@S-MCN suspension).   

 

 

Figure S9 (above) shows the OER response of GCRDE electrodes modified with different loading 

amounts of the catalyst (O-Co3S4@S-MCN) and also with RuO2 (99.9%) under exactly similar 

experimental conditions. It is observed that the O-Co3S4@S-MCN gives best catalytic response 

when the loading is kept as 0.71 mg/cm
2
 on the electrode.  
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Figure S10.  LSV polarization curves presenting mass activity of O-Co3S4@S-MCN, Co-

MCN, S-MCN, and RuO2 materials coated on GCRDE in 1.0 M KOH.  

 

Mass activity (A/g catalyst) of the O-Co3S4@S-MCN, Co-MCN, S-MCN, and RuO2 materials is 

plotted with the applied potential. On comparing the results at 1.7 V (RHE), O-Co3S4@S-MCN 

(76 A/g) exhibits 2.5 times higher activity than the RuO2 (31 A/g). 
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Calculation of turn over frequency (TOF) 

The number of active sites on the catalyst was calculated based on the previous reports.
S7-S10

 

Briefly, CV response was recorded from -0.2 to 0.6 V (vs. SCE) in phosphate buffer (pH = 7) at 

the scan rate of 50 mVs
-1

 (Figure S11). The potential range is chosen in such a way that it should 

not show any catalytic current in the potential region and it should exhibit only the redox 

characteristics of the active site. Redox peak observed in CV (Figure S11a) is attributed to the 

oxidation of cobalt and reduction of the oxidized species in the reverse segment. Assuming that 

all sites available on the electrode are active, the number of active sites (n) can be calculated 

from equation S2.
S7-S10

  

n = Qcv / 2F          … (S2) 

where Qcv is the integrated charge calculated from the CV response and F is the Faraday constant 

(96485 C). From the number of active sites (n), the turn over frequency (TOF) can be calculated 

using equation S3.
S7-S10

  

TOF = I /4 n F         … (S3)  

where I is the linear sweep voltammetry current. The division by 4 is attributed to the total 

number of electrons required for the conversion of water to O2. These results are compared with 

commercial RuO2 (Table S2) which clearly indicates the superior performance of the O-

Co3S4@S-MCN material. 

Table S2.  Comparison of the TOF measured at different overpotentials for the O-Co3S4@S- 

  MCN and RuO2 materials. 

Material Number of active 

sites (mole) 

Electrolyte TOF (s
-1

) at different 

overpotentials () 

370 mV  400 mV  430 mV  

O-Co3S4@S-MCN 3.63×10
-10

 1.0  M KOH 5.0 9.0 14.8 

RuO2 4.04×10
-9

 1.0 M KOH 0.34 0.5 0.8 

 



16 
 

 

 

 

 

 

 

 

 

 

 

Figure S11.  CV response of O-Co3S4@S-MCN and RuO2 coated on GC electrodes in 0.1 M 

phosphate buffer (pH =7). 
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