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Materials 

Cobalt chloride hexahydrate, thiourea, potassium hydroxide, sodium perchlorate, monopotassium 

phosphate, and dipotassium phosphate were purchased from SigmaAldrich and used as received. 

Concentrated sulfuric acid (96%) was purchased from EMD Chemicals. Water was deionized with the 

Millipore Milli-Q UF Plus system. All other chemical regents were purchased from commercial vendors 

and used without further purification.  

 

Physical methods 

Electrochemistry experiments were carried out using BASI’s Epsilon potentiostat. Platinum gauze was 

purchased from Alfa Aesar for the electrochemical studies. Fluorine doped tin oxide glass (8 /cm) was 

purchased from Hartford Glass and cut to a size of 1 cm  5 cm for electrochemistry experiments. The 

reference electrode was an aqueous Ag/AgCl electrode (3.5 M KCl) purchased from BASi. The reference 

electrode in aqueous media was calibrated with ferrocenecarboxylic acid (Fc-COOH) whose Fe3+/2+ couple 

is 0.28 V vs Ag/AgCl (Figure S1). All potentials reported in this paper were converted to reversible 

hydrogen electrode (RHE) by adding a value of (0.205 + 0.059 pH) V, or to standard hydrogen electrode 

by adding a value of 0.205 V. iR (current times internal resistance) compensation was applied in 

polarization and controlled potential electrolysis experiments to account for the voltage drop between the 

reference and working electrodes using the software supplied with the BASi Epsilon potentiostat. A typical 

value of 20  40  was usually measured for the internal resistance. ICP-OES was performed on a Perkin 

Elmer 5300 DV optical emission ICP. Samples were dissolved in concentrated HNO3 then diluted to 7% 

HNO3. XPS measurements were taken on an in-house ultra-high vacuum system using an Al Kα 

1486.600eV source at 14kV from a Physical Electronics PHI 5000C ESCA high voltage system and a 

Physical Electronics AMP/DESCRIM CCD detector. 

 

X-ray absorption spectra (XAS) were collected at the Advanced Light Source (ALS) on beamline 10.3.2 

with an electron energy of 1.9 GeV and an average current of 500 mA.  The radiation was monochromatized 

by a Si (111) double-crystal monochromator.  Intensity of the incident X-ray was monitored by an N2-filled 

ion chamber (I0) in front of the sample.  Fluorescence spectra were recorded using a seven-element Ge 

solid-state detector.  The monochromator energy was calibrated with Co foil rising edge energy (7709.5 

eV). Data reduction of the XAS spectra was performed using custom-made software (Dr. Matthew Marcus).  

Pre-edge and post-edge contributions were subtracted from the XAS spectra, and the results were 

normalized with respect to the edge jump.  Background removal in k-space was achieved through a five-

domain cubic spline.  Curve fitting was performed with Artemis and IFEFFIT software using ab initio-



S2 
   

calculated phases and amplitudes from the program FEFF 8.2.1,2 These ab initio phases and amplitudes 

were used in the EXAFS equation: 
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The neighboring atoms to the central atom(s) are divided into j shells, with all atoms with the same atomic 

number and distance from the central atom grouped into a single shell. Within each shell, the coordination 

number Nj denotes the number of neighboring atoms in shell j at a distance of Rj from the central atom. 



feff j (,k,Rj )  
is the ab initio amplitude function for shell j, and the Debye-Waller term e–2σj

2
k
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 accounts for 

damping due to static and thermal disorder in absorber-backscatterer distances. The mean free path term e–

2Rj / λ j (k) reflects losses due to inelastic scattering, where λj(k) is the electron mean free path. The oscillations 

in the EXAFS spectrum are reflected in the sinusoidal term, sin(2kRj  +  φij(k)) where φij(k) is the ab initio 

phase function for shell j. S0
2 is an amplitude reduction factor due to shake-up/shake-off processes at the 

central atom(s). The EXAFS equation was used to fit the experimental data using N, R, and the EXAFS 

Debye-Waller factor (σ2) as variable parameters. For the energy (eV) to wave vector (k, Å–1) axis conversion, 

E0 was defined as 7720 eV. 

 

Figures S10 and S11 show the Co XANES and EXAFS spectra of Co-S/FTO after a 3-h controlled potential 

electrolysis similar to that shown in Figure 2. For a comparison, the CoIIO spectrum, which is present in 

the initial sample as indicated in the XPS results, is also included.  The EXAFS curve fitting parameters for 

Co-S/FTO are shown in Table S2.  In the fit, we assumed CoS species to be Co9S8, in which there are 8 Co 

in tetrahedral structure and 1 Co in octahedral structure, and calculated the CoS coordination number is 4.2. 

The fit was carried out, by assuming a presence of some Co oxide fraction.  Large Debye-Waller factors of 

Co-O and Co-Co paths in Table S2 and the observation of no significant intensity in the EXAFS spectrum 

that corresponds to the Co-Co interaction suggest that the major fraction is CoSx in the Co-S/FTO film. 

 

Preparation of cobalt-sulfide catalyst films on FTO 

A two-compartment custom-built electrochemistry cell was used to carry out the electrodynamic deposition 

of cobalt sulfide film on FTO. A medium frit separates the working and counter compartments. An FTO 

electrode with a circular area of 0.385 cm2 (d = 0.7 cm) exposed to the electrolyte solution and a saturated 

Ag/AgCl reference electrode were used in the working compartment which contains 5 mM cobalt chloride 

and 0.5 M thiourea, while another similar FTO electrode with an active area of ~2 cm2 was used in the 

counter compartment containing the same electrolyte solution. Consecutive linear scans from 1.2 V vs 

Ag/AgCl to 0.2 V Ag/AgCl were conducted at a scan rate of 5 mV/s. FTO electrodes were rinsed with 

water, acetone, and isopropyl thoroughly prior to deposition. The deposition bath was bubbled with nitrogen 

under stirring for 15 min prior to and during the electrodynamic deposition. Figure S2 shows the scans of 

a typical electrodynamic deposition of cobalt sulfide film on FTO. After deposition, the FTO working 

electrode was removed from the deposition bath, washed with copious water, acetone, and isopropyl gently, 

followed by drying at room temperature in air and annealing at 300 C for 2 h under argon. Without 

annealing, the freshly-prepared Co-S/FTO exhibits poor stability and its catalytic activity decreases quickly 

with repeated polarizations as shown in Figure S16. The SEM images of the freshly-prepared Co-S/FTO 

are shown in Figures S17. 

 

Determination of Faradaic efficiency 

Controlled potential electrolysis was conducted in 1.0 M potassium phosphate buffer of pH 7.0 for 3 h at  

= 287 mV. The charge build-up versus time was plotted in Figure S13. Figure S14 shows the generated 

hydrogen volume during electrolysis based on gas chromatography (Varian Micro-GC with a Molecular 

Sieve 5Å column, 40 m) measurement. The theoretical (assuming 100% Faradic efficiency) hydrogen 

volume based on the amount of consumed charge during the course of electrolysis was also included as a 

comparison in Figure S14. 
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Photoelectrochemistry experiments 

To apply Co-S electrocatalyst onto a photocathode for photoelectrochemical proton reduction, a planar 

TiO2-coated Si n+/p photocathode was used for neutral pH application. Boron-doped p-type Si (100) wafer 

(University Wafer, inc.) with resistivity 0.1 ~ 0.2 Ω cm was doped with arsenic to create a n+/p embedded 

junction, as reported before.3 The absence of the arsenic-dopant layer leads to negligible photoreponse 

under neutral pH, possibly because of the Fermi-level pinning of Si in aqueous electrolyte.4 Additionally, 

in aqueous electrolyte Si corrodes under neutral and alkaline solutions. To stabilize the electrode, TiO2 

coating was applied as a protective layer via Atomic Layer Deposition (ALD) as suggested by literature.5 

About 30 nm of anatase TiO2 was deposited in a home-built system at 300 °C, with TiCl4 and H2O as the 

precursor.6 Detailed characterization of the TiO2-coated Si n+/p embedded junction will be presented later 

in a manuscript currently under preparation.  

 

To load the Co-S catalyst onto the electrode, the same solution and procedure was applied for 

electrochemical deposition with different number of cycles. Photoelectrochemical performance of Co-S-

loaded photocathode was tested in a conventional three-electrode setup under 1.0M phosphate buffer (pH 

7.0) with Ar purging. Ar was continuously purged during all of the measurements. The light source is a 100 

mW/cm2 simulated one-sun irradiation, realized with 300W Xenon lamp (Newport, Inc.) equipped with 

AM1.5G filter. The scan rate of the J-V response is 10 mV/sec.  

 

 

 

 

 

 
 

Figure S1. Cyclic voltammograms of ferrocene carboxylic acid in 1.0 M potassium phosphate buffer of 

pH 7.0 using the Ag/AgCl reference electrode (scan rate: 100 mV/s). 
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Figure S2. A typical potentiodynamic deposition scans (15 cycles) for the preparation of Co-S films on 

FTO in 5 mM CoCl2 and 0.5 M thiourea (scan rate: 5 mV/s). 

 

 

 

 

 

 
 

Figure S3. XRD of Co-S/FTO and blank FTO. 
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Figure S4. EDX of the annealed Co-S film on FTO. 

 

 

 

 

 

Table S1. ICP-OES data of Co-S/FTO prepared via 15 cycles of potentiodynamic deposition. 

Samples Preparation Co/S ratio [Co] (mol/cm2) 

1 Co-S/FTO, fresh prepared 1.45  0.05 3.02  0.10 

2 Co-S/FTO annealed at 300 C for 2 h under Ar 1.42  0.05 2.93  0.10 

3 
Co-S/FTO annealed at 300 C for 2 h under Ar, after a 

controlled potential electrolysis at 0.6 V for 3 h 
0.98  0.03 1.35  0.04 
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Figure S5. XPS spectra of Co-S deposited on FTO before and after annealing at 300 oC for 2 h under Ar. 

 
 

Figure S6. C 1s XPS spectra of Co-S deposited on FTO before and after annealing at 300 oC for 2 h under 

Ar. 
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Figure S7. Co 2p XPS spectra of Co-S deposited on FTO before and after annealing at 300 oC for 2 h under 

Ar. 

 
Figure S8. S 2p XPS spectra of Co-S deposited on FTO before and after annealing at 300 oC for 2 h 

under Ar. The peak at ~168.5 eV is likely due to the thiourea dimerization product 

thioperoxydicaronimidic diamide.7 
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Figure S9. O 1s XPS spectra of Co-S deposited on FTO before and after annealing at 300 oC for 2 h under 

Ar. 

 

 

 

 
 

Figure S10. Co K-edge XANES spectra of Co-S/FTO after electrolysis at  = 287 mV for 3 h (red) and 

CoO as a comparison. 
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Figure S11. Co EXAFS spectra of Co-S/FTO after electrolysis at  = 287 mV for 3 h (red) and CoO as a 

comparison. 

 

 

 

 

 

 

 

Table S2. EXAFS curve fitting parameters. 

path R (Å) N s2 (Å2) R (%) 

CoS 2.21 4.2 0.004 9.3 

CoO 2.05 6 0.011 DE=-8.4 

CoCo 2.96 6 0.013  

S0 was fixed to 0.75.  N is the coordination number and s2 is the Debye-Waller factor. DE is the EXAFS 

threshold energy.  R factor (%) indicates the goodness of the fit.  Bold letters are the fixed parameters.  
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Figure S12. Polarization curves of annealed Co-S/FTO (solid) and blank FTO (dotted) in 1.0 M potassium 

phosphate, pH 7 water (scan rate: 5 mV/s). 
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Figure S13. Controlled potential electrolysis shows the accumulated charge versus time for annealed Co-

S/FTO in 1.0 M potassium phosphate buffer of pH 7 at  = 287 mV. Inset: current versus time during the 

controlled potential electrolysis of Co-S/FTO. 

 
Figure S14. Generated H2 volume measured via GC (square) and calculated H2 volume from the passed 

charge in Figure S13 (solid, assuming 100% Faradaic efficiency) versus time. 



S12 
   

 
 

Figure S15. SEM images of Co-S deposited on FTO with annealing at 300 oC for 2 h under Ar after 

controlled potential electrolysis at  = 287 mV for 3 h in 1.0 M potassium phosphate buffer of pH 7.0. 
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Figure S16. Polarization curves of freshly prepared Co-S deposited on FTO in 1.0 M potassium phosphate 

buffer of pH 7.0 (scan rate: 5 mV/s). 
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Figure S17. SEM images of freshly prepared Co-S deposited on FTO. 
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Table S3. Comparison of various solid-state HER catalysts. 

Catalyst Loading pH 
Onset  

(mV)a 

Tafel 

slope 

(mV/dec) 

j0 

(mA/cm2)b 

 at 2 

mA/cm2 

(mV) 

Electrolysis FEc Ref 

Co-S film 

Co = 1.35 

mol/cm2 

(79.6 g/cm2) 

pH 7 43 93 0.256f 83 
40 h at  = 

187 mV 
~ 100 % 

this 

work 

          

H2-CoCat 

film 

Co = 1 mol/cm2 

(58.9 g/cm2) 
pH 7 50 140 0.003 385   8 

          

Ni-Co 

sulphide 
46 mg/cm2 pH 14 155 (?) 81 0.180.56    9 

          

Ni2P crystals 1 mg/cm2 pH 0  46 0.033 ~100 
50 min at 

10 mA/cm2 
~ 100 % 10 

          

MoS3 film Mo = 5 g/cm2 pH 0 ~ 120  40 1.3  104 ~170 
1 h at  = 

200 mV 
9296 % 11 

          

MoS2 

particles 
32 g/cm2 pH 0 ~ 100 54 6.3  104 ~190 

1 h at  = 

200 mV 
~ 100% 12 

          

MoS3 film Mo = 5 g/cm2 
pH 0  39 1.2  104    

13 
pH 7  86 8.9  104    

Mn-MoS3 

film 
Mo = 5 g/cm2 pH 0  39 1.1  104    13 

          

Fe-MoS3 film 
Mo = 14 g/cm2 

Fe = 2.7 g/ m2 

pH 0  39 2.0  104    
13 

pH 7  95 0.0048    
          

Co-MoS3 

film 

Mo = 13 g/cm2 

Co = 2.0 g/cm2 

pH 0  43 5.0  104  
1 h at  = 

200 mV 
 

13 

pH 7  87 0.011    
          

Ni-MoS3 film 
Mo = 14 g/cm2 

Ni = 1.4 g/cm2 

pH 0  42 2.8  104    
13 

pH 7  96 0.010    
          

Cu-MoS3 

film 
Mo = 5 g/cm2 pH 0  40 1.1  104    13 

          

Zn-MoS3 

film 
Mo = 5 g/cm2 pH 0  39 1.4  104    13 

          

MoS2/MoO3  pH 0 150 to 200 5060 8.2  105 ~210   14 
          

MoS2/MoO3 60 g/cm2 pH 0 150 to 200 50 6.9  104 ~190   15 
          

Cu2MoS4 

crystals 
0.0416 mg/cm2 pH 7 160 95 0.040 ~210 

2 h at  = 

300 or 400 

mV 

~ 100 % 16 

          

MoN/C 0.25 mg/cm2 pH 1 157 54.5 0.036  ~290   17 
          

NiMoNx/C 0.25 mg/cm2 pH 1 78 35.9 0.24 ~170   17 
          

Pt/C 0.25 mg/cm2 pH 1 0 30.1 0.78 ~60   17 
          

Pt 1 mg/cm2 pH 0 0 30 2.7 ~5   10 
aOnset overpotential = |the potential where electrocatalysis starts – the thermodynamic potential|; bexchange current density; 
cFaradaic efficiency. fthe geometric surface area (0.38465 cm2) of the electrode was used to calculate the exchange current density. 

Due to the possible porosity of the Co-S film, the real surface area of the Co-S film is expected to be much higher than the geometric 

surface area of the electrode, thus the real exchange current density of the catalyst would be lower than 0.256 mA/cm2. 
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Figure S18. Polarization curves (top; from 1st to 15th scans) and Tafel plot (bottom) derivatized from the 

second polarization curve of annealed Co-S/FTO in 0.5 M H2SO4 (scan rate: 5 mV/s). 
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Figure S19. Polarization curves (top) of Co-S/FTO (solid) and blank FTO (dotted) at scan rate of 5 mV/s, 

and controlled potential electrolysis (bottom) of annealed Co-S/FTO at  = 274 mV in 1.0 M KOH. 
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Figure S20. Polarization curves (top) of annealed Co-S/FTO (solid) and blank FTO (dotted) at scan rate of 

5 mV/s, and controlled potential electrolysis (bottom) of annealed Co-S/FTO at 0.70 V vs SHE of Co-

S/FTO in natural seawater. 1.0 M NaClO4 was added as supporting electrolyte. 
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Figure S21. Polarization curves of Co-S deposited on planar n+/p-Si photoelectrodes with different 

preparation cycles in 1.0 M potassium phosphate buffer of pH 7.0. 

 

 

 
Figure S22. Absorbance of electrodeposited Co-S film on FTO with different cyclic voltammetry cycles 

between 0.2 V and 1.2 V vs Ag/AgCl. 
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