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X-ray photoelectron spectroscopy:

Figure S1 represents the X-ray photoelectron spectroscopic (XPS) measurements to 

further support our earlier findings of the incorporation of Co- doping into the host lattice of 

Cu2ZnSnS4 nanocrystals. Accordingly, superimposed high-resolution XPS analysis of the pure 

CZTS nanoparticles shows the oxidation states of constituents element. The peak of Cu 2p split 

into 932. 6 (2p3/2) and 952.5 eV (2p1/2) with a splitting energy of 19.9 eV was assigned to the 

binding energy (BE) of Cu (I). The peak of Zn 2p appeared at BE’s of 1022.1 (2p3/2) and 1045.1 

eV (2p3/2) with a splitting energy of ~23.0 eV, which was consistent with the value of Zn (II). 

The peak of Sn 3d split into 486.6 (2p5/2) and 495.1 eV (2p3/2) with a splitting energy of 8.5 eV 

was attributed to Sn (IV). The peak of S 2p exhibited at 162.2 (2p3/2) and 163.3 eV (2p1/2) with 

an energy difference of 1.1 eV was consistent with the S range between 160 and 164 eV in the 

representative sulfide phase. 1, 2

    To confirm the oxidation states of the metals and sulfur in the Co-doped CZTS nanoparticles, 

we employed XPS, as shown in Figure S1. Cu 2p1/2 and 2p3/2 peaks at 952.9 and 932.2 eV are 

indicative of Cu (I) with a splitting of 20.7 eV. The peak of Zn 2p appeared at BE’s of 1021.2 

(2p3/2) and 1044.4 eV (2p3/2) with a splitting energy of 23.2 eV, which was consistent with the 

value of Zn (II) which is slightly shift towards lower energy after Co doping (which can be 

attributed to the Co2+ ions incorporation in to the Zn2+ lattice sites), Co 2p1/2  and 2p3/2 peaks at 

793.7 and 778.1 eV are indicative of Co (II) with a splitting of 15.6 eV. 3 Sn 3d3/2 and 3d5/2 peaks 

for Sn (IV), at 495.5 and 487.0 eV, show a splitting of 8.5 eV. The peak at 163.6 eV is consistent 

with literature reports of the S 2p peak in sulfide phases. 3, 4 As can be seen from the spectra, no 

other valences such as Cu (II) and Sn (II) were detected, and it is not likely that secondary phases 

CuS, ZnS, SnS, CoS and Cu2SnS3 coexist. 



Figure S1: XPS spectra for the CZTS and Co-doped CZTS nanoparticles.



Scheme S1. Schematic representation of Co-doped CZTS for hydrogen evolution reaction.



Fig. S2 Superimposed  LSV of Co-doped CZTS nanoparticles with different scan rates i.e 10 to 
100 mV s-1



Fig. S3 Superimposed LSV of as synthesized CZTS nanoparticles at various scan rates i.e 10 to 
100 mV s-1.



Turn over frequency (TOF): Calculation of TOF is carried out based on an earlier reported. 5-7

Turn over frequency (TOF)

Molar Mass=439.47 g.mol-1

Density = 4.56g.cm-3

Volume=96.37 ml.mol-1

Current density at -0.3 V (300 mV overpotantial) = 0.188 x10-3

Catalyst loading =5.71 mg.cm-2

BET surface area 42.13 cm2.mg-2

Average surface atoms per 1 square centimeter

  
(
3 × 6.023 × 1023

96.37
)

2
3 𝑎𝑡𝑜𝑚.𝑐𝑚 - 2 = 7.05 × 1014𝑎𝑡𝑜𝑚.𝑐𝑚 - 2

Surface atoms per tested area

5.71 𝑚𝑔.𝑐𝑚 - 2 × 42.13.𝑚𝑔 - 1 × 7.05 × 1014𝑎𝑡𝑜𝑚.𝑐𝑚 - 2 = 0.169596 × 1018𝑎𝑡𝑜𝑚.𝑐𝑚 - 2

Turnover Frequency (TOF) 

1 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟 × 0.188 × 10 - 3𝐴.𝑐𝑚 - 2 × 1𝑚𝑜𝑙 × 6.023 × 1023𝑒 - .𝑚𝑜𝑙 - 1

2𝑒 - × 96485𝐶 × 0.169596 × 1018𝑎𝑡𝑜𝑚.𝑐𝑚 - 2

=
1.132324 × 1020

32726.94012 × 1018
= 0.188 𝑠 - 1.𝑎𝑡𝑜𝑚 - 1

Table S1. Comparison of literature turnover frequency (TOF) of various electrocatalysts.



Sr. No Catalyst TOF (s-1) η (mV) Ref.
1 MoS2-160 0.012 220 8

2 Co-S 0.017 250 9

3 Cu2ZnSnS4 (CZTS) 0.0037 900 7

4 Nanoparticulate MoS2 0.02 N/A 10

5 Co3ZnC/RGO 0.0081 200 11

6 CoP 0.060 100 12

7 MoS2-W3 0.0143 200 13

8 MoS2 NSs-550 0.08 N/A 14

9 MoP 0.048 100 15

11 CZTS NPs 0.0703 300 16

12 Co-FL-MoS2/NG 0.091 N/A 17

13 Co-B 0.088 250 5

14 MoS-C 0.13 200 18

15 MoS2 nanosheets 0.198 200 19

16 MoSx/N-CFP 0.15 200 20

17 CoWS 0.12 300 21

18 Co-CZTS 0.188 300 This Work
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