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Optical band gap determination 

Optical band gaps of CZTSe/CdS/ZnO/ITO were measured using the diffuse reflectance UV-VIS spectra of the 

sample. Kubelka-Munk equation (eq 1) can be used to extract the absorption coefficient (α) from the diffuse 

reflectance spectrum:1  

𝑓(𝑅) =
(1−𝑅)2

2𝑅
=

𝛼

𝑠
  (eq. 1) 

Where R is diffuse reflectance values at a given wavelength and s is the scattering coefficient. 

Assuming that s is wavelength independent, we can consider that f(R) is directly proportional to α, and f(R) can 

be used in place of α to make the Tauc plot (eq 2): 

𝛼ℎ𝜈 ∝  (ℎ𝜈 − 𝐸𝑔)
1

𝑛  (eq. 2) 

Where Eg is band gap energy (in eV) and n can take a value of ½ for the direct and allowed transition. 

Plotting (𝛼ℎ𝜈)2  vs ℎ𝜈 (Tauc plot) 𝐸𝑔  value can be calculated extrapolating the linear region to the baseline 

(Figure S1, left). The values obtained using this method gives an Eg value of 0.96-1.3 eV for CZTSe, 2.1 eV for 

CdS, 2.9 eV for ITO and 3.4 eV for ZnO, that is in good agreement with the reported values in the literature.2,3 

The band gap was also estimated from EQE measurements by derivative way. Since most of the photons with 

energy higher than band gap will be absorbed by the absorber, EQE should show an abrupt change at the 

position of the band gap, so at that position the change rate of EQE should be the largest. Thus, differentiate 

the EQE curve and then fit the corresponding valley with Gauss mode in ORIGIN software to get the center 

position Xc, known as the inflection point. Finally use the following equation to calculate the Eg: 

𝐸𝑔(𝑒𝑉) =
1239.84

𝑋𝑐
  (eq. 3) 

With a Xc=1172.81 nm, the estimated value for Eg is 1.05 eV (see Figure S1, right). 

  

Figure S1. Left) Tauc plot of Mo/CZTSe/CdS/ZnO/ITO for direct and allowed transitions. Right) First derivative of EQE of 

Mo/CZTSe/CdS/ZnO/ITO used to estimate Eg. 

  



S3 
 

Table S1. Band gap values obtained from DRS and EQE compared to data from the literature. 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Structural, morphological and compositional characterization of the CZTSe absorber, including Raman 

spectroscopy with two different excitation wavelengths, 532 nm and 785 nm (A), cross-sectional SEM analysis (B), and XRF 

thickness and compositional measurements (C).  

  

Method CZTSe (eV) CdS (eV) ZnO (eV) ITO (eV) 

DRS (this work) 0.94-1.35 2.0-2.1 3.0-3.4 2.9 

EQE (this work) 1.05 --- --- --- 

Literature2,3 0.95 2.4 3.3 2.8 
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Figure S3. Potential required to reach -1 mA/cm2 (red dots, left y axis) and j reached at -0.3 V (blue dots, right y axis) versus 

MoS2 loading. 

 

 

 

 

 

Figure S4. LSV of ITO covered with different amounts of MoS2 in pH 2. Counter electrode: Pt mesh. Reference electrode: 

SCE. Scan rate: 5mV/s. iR drop corrected at 85%. 

 

Figure S5. Transmittance spectra of ITO coated with different amounts of amorphous MoS2. 
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Figure S6. LSV of ITO-MoS2 in different pHs. Scan rate 5mV/s. 

 

 

 

 

Figure S7. Left) CP of ITO-MoS2 in pH 2 under stirring conditions. Right) LSV before and after 11h of CP in pH 2. iR drop 

corrected at 85%. 

 

 

Figure S8. SEM images of ITO-MoS2 after electrodeposition (Top view) with different magnification. 
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Figure S9. SEM images of the most damaged areas of ITO-MoS2 after 5h of CP, suggesting hydrogen bubbles as 

responsible for the peeling of the MoS2 layers. 

 

Figure S10. SEM images of non-damaged areas of ITO-MoS2 after 1h of CP (A and B) and after 10h (C and D).  
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Figure S11. E-t curve (photo)electrodeposition of MoS2 on ITO and Mo/CZTSe/CdS/ZnO/ITO (photo)cathodes. Dashed 

gray line indicates redox potential for HER at pH 4.5 (electrodeposition conditions). 

 

 

 

 

Figure S12. 1st LSV of CZTSe-MoS2 in pH 2. Counter electrode: Pt mesh. Reference electrode: SCE. Scan Rate: 5mV/s. 

Stirring Conditions. iR drop corrected at 85%. 
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Figure S13. LSV of CZTSe-MoS2 in pH 2 under 1 sun ilumination (red line), in dark conditions (black dashed line) and after 

1 h of CP at -10mA/cm2 (blue line). Counter electrode: Pt mesh. Reference electrode: AgCl/Ag. Scan rate: 5mV/s. LSV 

recorded under stirring conditions. iR drop corrected at 85%. 

 

 

 

 

 

Figure S14. Left) Photovoltaic J-V curve of Mo/CZTSe/CdS/ZnO/ITO device used in this work.  

 

 

 

  



S9 
 

Calculation of Faradaic efficiency (FE) 

The FE of the CP is calculated using the following formula:4 

   𝐹𝐸 (%) =
𝑛𝐻2 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑛𝐻2 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
· 100     (eq. 4) 

Where 𝑛𝐻2 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑  is the number of mols of molecular hydrogen that Clark Electrode have detected and 

𝑛𝐻2 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 is the number of theoretical mols of H2 calculated from the charge that pass through the electrode. 

Clark electrode measures partial pressure of H2 in the headspace of the electrochemical cell. Calibration slope 

is required to correlate the signal of the Clark Electrode and the amount of H2 contained in the headspace.  

After the CP, the cell is degased with N2 for 30 min, and different known amounts of H2 gas were injected in the 

head space using a Hamilton syringe. By plotting the reponse of the Clark sensor versus the hygrogen volume 

added it is possible to obatin a calibration line (Figure S15). With the slope of the calibration, we can convert 

the Clark’s values (mV) in volume of H2. Using the perfect gases equation, we can obtain the number of moles 

of hydrogen gas produced by the electrode and measured in the headspace: 

 

𝑃 · 𝑉 = 𝑛 · 𝑅 · 𝑇  (eq. 5) 

 

Where P is the pressure of the headspace (1atm), R is the gas constant (0.082
𝑎𝑡𝑚·𝐿

𝐾·𝑚𝑜𝑙
) and T the temperature 

(298K). 

To calculate the theoretical number of moles from the electrical charge transferred to the electrode:  

2𝐻+ + 2𝑒− →  𝐻2 

    𝑛𝐻2 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝐶

𝐹·𝑛
    (eq. 6) 

Where C is the charge (in C) passed through the electrode, F is the faraday constant (96485C) and n the number 

of electrons involved to form one molecule of hydrogen (2). 
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Figure S15. Amount of molecular hydrogen evolved (red line) and the calculated from the charge transferred (black dashed 

line) associated to the CP experiment in Figure 6 of the main manuscript: CP of CZTSe-MoS2 in pH 2 at -10 mA/cm2 in a 

two-compartment photoelectrochemical cell.  

 

 

 

 

 

 

Figure S16. Calibration slope for calculating the FE of the CP experiments in a two-compartment (photo)electrochemical 

cell for the ITO-MoS2 electrodes related to CP in Figure 3 of the main manuscript (Left) and CZTSe-MoS2 photoelectrodes 

related to CP in Figure 6 of the main manuscript (Right). 
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Figure S17. CP of CZTSe-MoS2 in pH 2 at -10 mA/cm2 in a two-compartment photoelectrochemical cell. 

 

 

 

Figure S18. Polarization curve of CZTSe-MoS2 (red line) and the same photocathode after 5h soaked in pH 2 (dashed black 

line). 
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Table S2. Relevant works on photocathodes using CZTS/Se as absorber, CIS/CIGS and photocathodes with MoS2 as HER 

electrocatalyst.  

Material Catalyst pH j0V 

(mA·cm-2) 

j@10mA/cm2 

(V) 

Eonset 

(V) 

Stability Year Ref 

Mo/CZTS/CdS/TiO2 Pt 9.5 -9.0 -- +0.60 -- 2010 5 

Mo/CZTS/CdS/AZO/TiO2 Pt 7 -0.80 -- +0.4 900 s 2013 6 

Mo/CZTS/CdS/ In2S3 Pt 6.5 -9.3 -- +0.64 2 h 2015 7 

Mo/Ge-CZTS/CdS/In2S3 Pt 6.5 -11.1 +0.10 +0.60 2 h 2017 8 

Mo/CZTSe/CdS/ZnO/ITO/TiO2 Pt 0 -37.0 +0.27 +0.45 1 h 2018 9 

Mo/CZTS/CdS/ZnS Pt 6.5 -8.0 -- +0.65 2 h 2019 10 

Mo/CuInS2/In2S3 Pt 6.5 -15.0 +0.26 +0.72 3 h 2014 11 

Mo/CuInS2/TiO2 Pt 10 -13.0 +0.15 +0.60 1 h 2014 12 

Mo/ 

(Ag,Cu)GaSe2/CuGa3Se5/CdS 

Pt 10 -8.8 -- +1.0 20 days 2015 13 

Mo/Cu(In,Ga)Se2/Ti/Mo Pt 6.8 -30.0 +0.42 +0.63 10 days 2015 14 

Ti/p-Si 1T-MoS2 0 -17.6 -- +0.25 3 h  2014 15 

Cu2O/AZO/TiO2 MoS2 14 -6.3 -- +0.48 10 h 2015 16 

p-Si MoS2 0 -24.6 +0.082 +0.17 2.8 h 2016 17 

Si/SiO2/MoxSi/MoxO MoS2 0 -15.7 +0.09 +0.31 64 days 2017 18 

Mo/CZTSe/CdS/ZnO/ITO MoS2 2 -18.1 +0.100 +0.30 3.5h 2019 This work 
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