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Calculations:

1. XPS calculations: 

XPSPEAK 4.1fitting software was used to analyze individual peak areas to determine the synthesized sample's relative surface elemental 
composition. Areas (A) enclosed by individual peaks and the relative atomic sensitivity factors (F) of 0.25, 0.66, 0.42, 0.54, and 3.8 for C1s, O1s, 
N1s S 2p, and Co 2p, respectively, were put in equation S1 to calculate the relative atomic compositions. 

                               

         Relative atomic % of Z  = (Az/Fz) / [(Az/Fz) + (Ay/Fy)]     …………Eqn.  (S1)

A standard fitting procedure in XPSPEAK 4.1 was adopted to deconvolute individual C1s, O1s, and N1s peaks into their possible functional group 
peaks by fitting standard binding energy values from the literature.

2. IR-correction, Tafel slope, and overpotential calculations:

The LSV measurements were rectified for electrolyte resistance using equation S2.

        Ecorrected = E – IR  ………………………Eqn.  (S2)

Here, I is the measured current (A), R is the uncompensated solution resistance (ohm), and E is the potential applied (V).

The overpotentials (ƞ) are calculated using:

        Ƞ = Ecorrected – Erev.

Where Erev. is the thermodynamic potential (V). On RHE scale, Erev. is 0 V for HER. Therefore, the Ecorrected is equal to applied Ƞ. For OER, the Erev. is 
1.23 V vs. RHE, and the Ƞ will be

        Ƞ = Ecorrected – 1.23 V

Number of pages 12

Number of figures 09

Number of tables 03

Electronic Supplementary Material (ESI) for New Journal of Chemistry.
This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

mailto:malikwahid15@gmail.com
mailto:kowsar@nitsri.in


Tafel plots for HER and OER are obtained from their respective LSV curves, and the Tafel slopes were calculated as per the Tafel equation:

        Ƞ = a + b log j

Where a, b, and j represent the Tafel constant, Tafel slope, and current density, respectively.

3. Calculation of Electrochemical active surface area (ECSA):

ECSA was determined using the cyclic voltammetry (CV) technique, involving double-layer capacitance measurement (Cdl) of 
electrocatalysts in the non-Faradiac region. In a typical procedure, carbon fiber modified with an active catalyst acting as a 
working electrode, Pt mesh, and Ag/AgCl as counter and reference electrodes were used in 1 M KOH solution. CV scans of 
electrocatalysts were recorded at scan rates of 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mV sec-1 in a non-Faradiac potential 
window of 0 - 0.3 V vs. Ag/AgCl electrode. The value of Cdl is equal to half of the slope of ΔJ = (Ja-Jc) at 0.15 V vs. scan rate curve. 
The ECSA was then calculated using the equation:

       ECSA ≈ Cdl / CS

Where CS is the specific capacitance, defined as capacitance per unit area of an atomically smooth planar electrocatalyst surface, 
the value of CS is reported as 40 µF in 1 M KOH solution.

Supplementary figures and tables.
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                                         Figure S1. XRD pattern of hydrothermally synthesized Co9S8-200 sample



    Figure S2. (a) FESEM image of Co9S8@NSC-10. (b) FESEM image of Co9S8@NSC-6.
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Figure S3. (a) FESEM image of Co9S8-800. (b) and (c) HRTEM images of of Co9S8-800.  (d) SAED pattern of Co9S8-800. 
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               Figure S4. (a) XPS survey spectrum of Co9S8; deconvoluted XPS spectra of: (b) S2p, (c) Co 2p of Co9S8 material.
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Figure S5. Deconvoluted XPS spectra: (a) C1s of Co9S8@NSC-6, (b) C1s of Co9S8@NSC-8, (c) C1s of Co9S8@NSC-10, (d) N1s of Co9S8@NSC-6, (e) 
N1s of Co9S8@NSC-8, (f) N1s of Co9S8@NSC-10, (g) S 2p of Co9S8@NSC-6, (h) S 2p of Co9S8@NSC-8, (i) S 2p of Co9S8@NSC-10, (j) Co 2p of 
Co9S8@NSC-6, (k) Co 2p of Co9S8@NSC-8, (l) Co 2p of Co9S8@NSC-10.



Table S1. XPS functional group analysis of Co9S8@NSC samples. 

                                    Sample

Co9S8@NSC-6 Co9S8@NSC-8 Co9S8@NSC-10

Peak Position (eV) 284.6 284.6 284.6
C-C/ C=C

% 46.9 73.3 66.3

Peak Position (eV) 285.28 285.59 285.1
C-S-C

% 23.4 5 9.6

Peak Position (eV) 286 286.1 285.8
C-N/ C-O

% 20.6 13.9 13.4

Peak Position (eV) 288.28 288.5 287.3

Ca
rb

on

O=C-O/
N-C=O % 9.1 7.7 10.7

Peak Position (eV) 398.47 398.39 398.52
Pyridinic N

% 28.4 26.4 13.4

Peak Position (eV) 399.46 399.53 399.60
pyrrolic N

% 17.1 18 5.1

Peak Position (eV) 400.69 400.82 399.60
Graphitic N

% 50.7 47.9 45.2

Peak Position (eV) 403.6 403.01 404.29

N
itr

og
en

Graphitic N oxide
% 3.8 7.7 36.2
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Figure S6. Long-term chronoamperometric (i-t curve) durability test of Co9S8-8 in 1 M KOH: (a) for OER at the potential step of 270 mV vs. RHE; 
inset (a) polarization curves before (red) and after (black) the stability test of Co9S-8; (b) for HER at the potential step of 314 mV vs. RHE; inset (b) 
polarization curves before (red) and after (black) the stability test of Co9S-8
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Figure S7. ECSA determination of synthesized electrocatalyst samples in 1 M KOH. Cyclic voltammograms at different scan rates (20-200 mV sec-1) 
in non-Faradiac region of (a) Co9S8@NSC-10; (b) Co9S@NSC8-6 and (c) Co9S8@NSC-8. (d)The corresponding plot of scan rate vs. current.



Table S2. HER and OER performance of Co9S8@NSC and some other noble-metal-free electrocatalysts at 10 mA cm-2 in 1.0 M KOH. (j: current 
density; Ƞ: overpotential)

OER HERCatalysts

Ƞ  (for J=10 mA cm-

2) [mV]
Tafel Slope [mV 

dec-1]
Ƞ  (for J=10 mA cm-

2) [mV]
Tafel Slope [mV 

dec-1]
Reference

Co9S8@NSC 120 48 267 85 This work

Ni/Ni(OH)2 - - 300 128 1

Porous Co-based film - - 375 - 2

Co-NRCNT - - 370 - 3

Co9S8@MoS2/CNFs 430 61 - - 4

FeCoNi-PS 162 - 284 - 5

FeCoNi-P 235 - 346 - 5

FeCoNi-S 244 - 468 - 5

NiCo2S4 NWs/NF 260 40 210 59 6

MoS2/NiS yolk–shell microspheres 350 108 244 97 7

Phosphorene quantum dot/ MoS2 
nanosheets

370 46 600 162 8

Co–FeS2 nanospheres 324 50 267 58 9

N-, O-, S-tridoped carbon 
encapsulated Co9S8

340 68 320 105 10

Co9S8/N,S-rGO 266 75 332 131 11

(Ni0.33Co0.67)S2 nanowires/ carbon cloth 216 78 334 127 12

Ni–Mo–S nanowires 390 75 290 103 13

Co(OH)2/Ni–Co–S nanotube arrays 340 64 254 88 14

N-carbon coated NiCo2S4 hollow 
nanotubes

330 87 295 90 15

(210)-Ni3S2 nanosheets arrays 260 - 223 - 16

NiS microsphere 335 89 158 83 17

Ni(OH)2/Ni3S2 nanosheets arrays 211 153 270 129 18



0 2 4 6 8 10 12
0

30

60

90

120

0 1 2
0

20

40

j /
m

A 
cm

-2

E-IR /V 

  before i-t
 after i-t

j /
m

A
 c

m
-2

Time (h) 

 Co9S8@NSC-8 (-)/ Co9S8@NSC-8 (+)

Potential = 1.9 V

Figure S8. Long-term chronoamperometric (i-t curve) durability test at a potential step of 1.9 V using Co9S8@NSC-8 at both electrodes in the two-
electrode configuration in 1M KOH, inset depicts Polarization curves before (black)  and after (red)  stability test of Co9S8@NSC-8.

10 20 30 40 50 60 70 80

 

 Cycled catalyst

ICSD. 023929

 

 

In
te

ns
ity

 (a
.u

.)

2 (degree)

500 1000 1500 2000 2500 3000

 Cycled catalyst

In
te

ns
ity

 (a
.u

.)

Raman shift (cm-1)

(a) 

(b) (c) 

Figure S9. (a) XRD pattern, (b) Raman spectrum, and (c) FESEM image of a sample of Co9S8@NSC-8 after being used as an electrocatalyst for water 
splitting in full-cell configuration in 1M KOH solution at a potential of 1.9 V for 12 h.



Table S3. Comparison of the full cell water-splitting activity of Co9S8@NSC catalyst with other reported bifunctional catalysts in basic medium.

Catalysts Cell Voltage (for  J=10 mA cm-2) 
[V]  Electrolyte          Reference

Co9S8@NSC 1.60 1M KOH This Work

Ni@NC-800/NF 1.60
1M KOH

19

NiSe/NF 1.63
1M KOH

20

Ni2P nanowires 1.63
1M KOH

21

CoSe film 1.65
1M KOH

22

Ni/Mo2C-PC/NF 1.66
1M KOH

23

Ni5P4/NF 1.69
1M KOH

24

CoPx/NC ~ 1.71
1M KOH

25

Co-P film on Au foil 1.73
1M KOH

26

Ni3S2/NF 1.76
1M KOH

27

Ni(OH)2/NiSe 1.78
1M KOH

28

NiCo2S4 NW/NF 1.63
1M KOH

29

CoOSeP@Co 1.74
1M KOH

30

RuO2/ RuO2 1.45
1M KOH

31

RuO2/Pt-C on CF 1.56
1M KOH

32

Ir-C/Pt-C on EG 1.62
1M KOH

33

P/Pt >1.8
1M KOH

34

IrO2/Pt-C 1.6
1M KOH

35

Pt-C/Pt-C 1.75
1M KOH

35

IrO2/IrO2 >1.9
1M KOH

35

Pt-C on Ni foam 1.67
1M KOH

36

RuO2/Pt-C both on Ti mesh 1.57
1M KOH

37
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