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Abstract 

Bi2S3 is a narrow bandgap (1.2 eV) semiconductor of interest for the construction of solar 

cells and photoelectrodes. While many researchers have reported on the use of Bi2S3 as a 

sensitizer for photoelectrodes, the photoelectrochemical (PEC) properties of pure Bi2S3 

films are less documented. Here, phase pure Bi2S3 films (Bi/S elemental ratio of 0.66) were 

grown on FTO, ITO, Au, Mo substrates by electrochemical deposition of bismuth, followed 

by sulfurization in a single-zone tube furnace. The nanostructured Bi2S3 films are 5±1 m 

thick and crystallize in orthorhombic Stibnite type structure. They have a bandgap of ~1.24 

eV based on UV-Vis diffuse reflectance and are n-type based on a negative surface 

photovoltage (SPV) signal. X-ray photoelectron spectroscopy (XPS) places the Fermi level 

at 0.95-0.91 eV above the valence band edge. According to X-ray diffraction the substrates 

have no influence on the crystallographic properties of the Bi2S3 films. However, the PEC 

properties of Bi2S3 films in 0.5 M Na2S(aq) are sensitively controlled by Bi2S3/substrate 

interface. Under 100 mW/cm
2 simulated solar (AM 1.5) illumination and 1.23 VRHE applied 

bias, Bi2S3 photoelectrodes produce anodic photocurrents of 9.3 mA cm
-2

, 6.1, 3.6 and 1.8 

mA cm
-2

 for FTO, Mo, Au and ITO substrates, respectively, and photovoltages of 0.9 - 0.25 

V. For FTO, the photocurrent reported here is among the best reported for phase pure Bi2S3 

photoanodes. The lower performance of the other substrates is due a Schottky barrier at the 

Bi2S3/substrate interface, which retards electron transfer. These findings explain why FTO 
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is a preferred substrate for Bi2S3 photoanodes and they highlight the importance of 

matching substrate workfunction to the Bi2S3 Fermi level for efficient majority carrier 

extraction. Lastly, the work demonstrates the use of electrochemical deposition combined 

with single-zone furnace-based sulfurization as a pathway to form high-quality Bi2S3 films 

for solar energy conversion. 

 

Keywords: Fermi level matching, Phase pure sulfide semiconductor, Substrate effect, 

Sulfurization protocol 

 

Introduction 

Metal chalcogenide semiconductors are emerging light absorbers for solar energy 

conversion applications, incl. solar cells and electrodes for photoelectrochemical (PEC) fuel 

generation. 
1,2

 Among these materials, bismuth sulfide (Bi2S3) stands out because of its 

favorable bandgap of 1.2-1.3 eV, high light absorption coefficient (α) of 10
4
-10

5
 /cm, and 

high electron (1100 cm
2
/V) and hole (200 cm

2
/V) mobilities and potential replacement to 

other sulfide materials due to its low toxicity.
3,4,5,6,7

 Bi2S3 occurs naturally as the mineral 

Bismuthinite.
8
 It crystallizes in the Stibnite structure, which is isomorphous with black 

phosphorus. The structure consists of Bi2S3 ribbons held together by weak van der Waals 

forces that can be cleaved easily. 
9
 Because of this property, Bi2S3 is used in the mechanical 

industry as a lubricant, but it also has been proposed as a component in optical switches, 

sensors, supercapacitors, in thermoelectric and optoelectronic devices. 
10,11,12,13,14

 To date, 

most studies on the PEC properties of Bi2S3 used the compound as a sensitizer in 

combination with other materials such as ZnO, TiO2, or WO3 for sulfite or sulfide 

oxidation. 
15,16 ,17, 18

 Reports on pure Bi2S3 photoanodes are rare. For example, Liang et al 

reported the fabrication of Bi2S3 nanowires producing 0.083 mA.cm
-2

 at 1 V vs Ag/AgCl, 

likely due to self-oxidation in aqueous Na2SO4. 
19

 Higher photocurrents in aqueous Na2S 

(0.8 mA.cm
-2

 at −0.1 V vs SCE) were seen for Bi2S3 films synthesized by SILAR. 
20

 The 

highest photocurrents for sulfite/sulfide oxidation (e.g 9.48 mA.cm
-2

 at 1.23V vs RHE) 

were obtained for Bi2S3 based heterostructures fabricated by electrochemical/hydrothermal 

deposition. 
15,16

 Other than these deposition methods, WO3 and TiO2 were grown by 
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oxidizing W and Ti substrates, respectively to form Bi2S3 based heterostructures with 

promising results for sulfite/sulfide oxidation (Table S1). However, these photocurrents 

still only represent a fraction of the theoretical photocurrent (38.0 mA cm
-2

) that can be 

achieved with Bi2S3, on the basis of its 1.24 eV bandgap.
21

  

It is well known that the substrate can have a marked effect on device performance 

in photovoltaics and photoelectrochemistry, particularly for small band gap infrared 

absorbing materials. For energy devices indium doped tin oxide (ITO), fluorine-doped tin 

oxide (FTO), Mo, Ti, and Au coated glasses etc are used as substrates. 
22,23,24,25,26,27

 

Compared to others, Bi2S3 on FTO gives the best PEC performance so far (Table S1), but 

the reasons for this are not entirely clear. It is noteworthy to mention that up until now, both 

Mo and Au have not been explored as substrates for Bi2S3, despite the fact that they hold 

significant importance in energy devices. To better understand the substrate dependence of 

Bi2S3, we conducted a systematic study of the structure, optical, electronic, and 

photoelectrochemical properties of Bi2S3 films on Mo, Au, FTO, and ITO substrates.  

The growth of crystalline Bi2S3 films can be achieved conveniently by 

electrochemical deposition from colloidal sulfur suspension as shown in equations 1-3. 

Here, thiourea serves as a sulfur precursor in acidic solution: 
28,29,30

  

2Bi
3+

 + 3S
2−

 → Bi2S3      (1) 

S2O3
2−

 +2H
+
 → S (colloid) + SO2 + H2O     (2) 

S (colloid) + 2e
−
 → S

2−
 (–0.48 V SHE)          (3)   

The bottleneck in this synthesis is the instability of the sulfur colloid in water, which leads 

to precipitation and incorporation of elemental sulfur into the Bi2S3 film. Therefore, an 

alternative route was tried, that involved electrochemical growth of Bi films followed by 

sulfurization, according to equations 4 and 5. 
31,32,33,34

 

Bi
3+

(aq) + 3 e
—

→ Bi(s)      (4) 

2 Bi + 3 S → Bi2S3      (5) 

As we will show below, phase pure Bi2S3 films can be obtained this way, using a standard 

single zone tube furnace for the sulfurization step. We also show that the 
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photoelectrochemical performance of these films is limited by a Schottky junction at the 

substrate/semiconductor interface. FTO is the only substrate that forms an ohmic contact 

with Bi2S3, which can explain the superior performance on this substrate.  

 

Experimental Section 

Bi films were obtained electrochemically from aqueous electrolyte containing 25 mM 

Bi(NO3)3.5H2O (Alfa Aeser, 99+%),  25 mM sodium ethylenediaminetetraacetate dihydrate 

(Na2EDTA) (Fisher Scientific, 99%) and 1M HNO3 (Sigma Aldrich, ACS reagent, 70%) at 

room temperature. 100 mL of the electrolyte was prepared in a volumetric flask by adding 

1.22 g of Bi(NO3)3.5H2O and 0.93 g of Na2EDTA in water, followed by adding 6.33 mL of 

HNO3 (70%). Working electrodes were made from Au, FTO and ITO coated glasses and 

Mo foil. The Au coated glass was cleaned by rinsing with distilled water whereas FTO, Mo 

and ITO were cleaned by sonication in acetone and water for 20 min each and were dried in 

an oven at 50°C. A Pt wire served as counter electrode and a calomel electrode (3.5 M KCl) 

connected via a 3.5 M KCl salt bridge as reference electrode.  All electrodes were contacted 

with nickel plated crocodile clamps. Electrodeposition was carried out in 

chronopotentiometry mode at –1.5 mA cm
-2

 for 30 min using a Gamry potentiostat 

(Interface 1010) at 60 rpm stirring at room temperature. 

After deposition, the films were slowly dipped in water to remove the residual electrolyte 

and were left to dry in air. Sulfurization of the Bi films was conducted in a single zone tube 

furnace as shown in Scheme S1. The Bi electrodes were placed into a quartz tube with the 

Bi-coated side facing up. A quartz crucible filled with 2.5 g of powdered elemental sulfur 

was placed 10 cm in front of the films (Scheme S1). The tube was connected to an argon 

gas line (Airgas, 99.99%) and purged with a constant flow of 100 mL/min. The samples 

were then heated to 200°C at a rate of 5°C/min, kept at this temperature for 3h, and then 

heated further to 350°C at the same ramping rate. After 1h dwell time, the samples were 

cooled down to room temperature at 5°C/min, and removed from the quartz tube. The same 

sulfurization protocol was used for the pure substrates.  
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Characterization 

The morphology of the films was studied by scanning electron microscopy (SEM, FEI 

SCIOS) at the operating voltages of 5 kV for SEM images and 20 kV for EDS mapping. 

The crystal structure of the films was studied by XRD using a Bruker D8 Discover 

diffractometer using Cu Kα1 X-rays (1.5406 Å). UV–vis diffuse reflectance spectra were 

acquired from Thermo Scientific Evolution 220 UV-Vis spectrometer equipped with an 

integrating sphere. X-ray photoelectron spectroscopy was conducted via Kratos Supra XPS 

spectrometer with Al Kα source that generates X-ray at 1487 eV. All analyses were done in 

the ultra-high vacuum (UHV) analytical chamber with the pressure of 10
−7

 mbar. The 

survey scan was conducted at constant pass energy of 160 eV with a scan step of 1 eV, and 

the high-resolution core-level spectra were recorded at constant pass energy of 40 with a 

scan step of 0.1 eV. The spectra were calibrated by the position of adventitious C1s (284.8 

eV). Surface photovoltage spectroscopy (SPS) measurements were performed in air using a 

vibrating gold mesh Kelvin probe (3 mm diameter, Delta PHI Besocke) with 1 mm distance 

from the film samples. Monochromatic radiation was provided by a 150 W Xe lamp using 

an Oriel Cornerstone 130 monochromator (≈ 1 mW cm
−2

), which was not compensated for 

the variable light intensity of the Xe lamp. Contact potential difference (CPD) signals are 

reported relative to the values in the dark. Effective bandgaps were obtained through the 

tangent method from the photovoltage signals of the full scan spectra. Photoluminescence 

(PL) spectra were acquired from JASCO F-6500 spectrofluorometer for the excitation 

wavelength range of 300-500 nm. Photoelectrochemical (PEC) measurements were 

performed in a custom quartz cell using Gamry (Reference 600) potentiostat in a three-

electrode setup, using Bi2S3 films at different substrates as working electrodes, Pt wire as 

counter electrode and calomel electrode (3.5 M KCl) connected via a 3.5 M KCl salt bridge 

as the reference electrode. A N2 degassed (30 min) 0.5 M Na2S solution served as 

electrolyte (pH 13.3). The cell was calibrated using the standard reduction potential of the 

hexacyanoferrate (III/II) couple. Applied potentials were converted to reversible hydrogen 

electrode (RHE) using the Nernst equation. Linear sweep voltammetry was conducted at a 

scan rate of 10 mV/s. Illumination was from a 150 W Xe lamp, calibrated to 100 mW/cm
2
 

using a polycrystalline silicon photovoltaic cell. Electrochemical impedance spectroscopy 

Page 5 of 24 Journal of Materials Chemistry A



6 

 

was conducted under illumination at a light intensity of 100 mW/cm
2
 at open circuit 

potential for a frequency range of 100 kHz—100 mHz with an amplitude of 10 mV. 

 

Results and discussion 

Bi2S3 films were fabricated on ITO, Mo, FTO, and gold substrates via the two-step 

electrochemical / sulfurization approach shown in Scheme S1. Bi films were 

electrodeposited galvanostatically by the reduction of Bi(NO3)3 / EDTA / 1.0 M HNO3 

solution at –1.5 mA cm
-2

 for 30 min. Here, the added EDTA served as a metal chelating 

agent which converts solvated Bi
3+

 ions into [Bi. EDTA]
-1

 complex to shift the onset of 

Bi
3+

 reduction potential from 0.21 V to 0.05 V vs RHE.
35,36,37,38

 

 

Figure 1: (a) Polarization curves for Bi deposition on FTO in 25 mM Bi(NO3)3.5H2O and 1M 

HNO3 with and without adding 25 mM ethylenediaminetetraacetic acid disodium dihydrate 

(Na2.EDTA) in the electrolyte. The dotted lines merge at the onset of Bi
3+

 reduction potential. (b) 

Voltage-time curves recorded during chronopotentiometry (–1.5 mA cm
-2

) at room temperature for 

Au, FTO, ITO and Mo substrates. The inset shows the photographs of the as deposited films. 

 

The applied potential variation during the galvanic deposition experiment is shown in 

Figure 1b. A sharp increase in the applied potential EApp during the first few seconds is 

related to the nucleation barrier of Bi, which requires a higher thermodynamic driving 

force.  After approximately 150 s, EApp moves to more positive values. This occurs because 

the formed Bi crystals increase the electroactive area of the working electrode, and 

correspondingly, a lower overpotential is needed to keep the electrodeposition rate 
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constant.
39

 As can be seen from Figure 1b, the reducing character of Bi deposition 

potential exhibits a distinct order: Au < Mo < FTO < ITO. Notably, this sequence aligns 

closely with the electrical resistance values (Figure S1) for these respective substrates, 

implying a clear correlation between the deposition potential and the ohmic resistance of 

the substrate which suggests the deposition potential is modulated by the substrate's ohmic 

resistance. 

The morphologies of the as-deposited Bi films are shown in Figure 2 (SEM images of the 

non-coated substrates are shown in Figure S2). Truncated tetrahedral crystals with irregular 

sizes are observed, independent of the substrate. This shows that the substrate does not 

affect Bi growth. 
40

   

 

Figure 2. SEM images of as-deposited Bi films (a) FTO/Bi, (b) ITO/Bi, (c) Au/Bi and (d) 

Mo/Bi. The film coverage is conformal for all samples, however pinholes were observed 

that are highlighted as yellow circles. 

 

Compared to the previous literature, the film coverage is more conformal,
41,42

 although 

occasional pinholes (as can be seen in the SEM images) were observed for FTO and ITO 

which are attributed to substrate imperfections (Figure S2). As compared to FTO and ITO, 
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these were less apparent for Au and Mo, which might be related to the local conductivity 

and atomical uniformity of these substrates. Based on the appearance of pinholes, the only 

difference between these films was the film coverage related to the substrate irregularities, 

however, the morphology of the films remains the same (Figure S2). 

In the next step, Bi films were reacted with sulfur vapor (Scheme S1) by two step 

ramping at 200°C for 3h and then at 350°C for another hour. The initial temperature was 

chosen above the melting point of sulfur (115.2°C) and below the melting point of Bi 

(271.4°C) to ensure a solid-gas phase reaction between to the elements. 
43

 This allows the 

reaction to proceed in a single temperature zone furnace, and is a major advantage over 

published protocols that require dual temperature zone tube furnaces. 
31,32,33,34

 SEM images 

of the resulting Bi2S3 films are shown in Figure 3. Regardless of substrate, the films are 

composed of irregular 1 to 6 µm particles with other smaller (~100 nm) particles on their 

surface (see insets). The Bi facets seen in Figure 2 are gone and the films cover the 

substrates better, likely a result of the increase of the molar volume in going from Bi to 

Bi2S3.  

 

Figure 3: SEM images of (a) FTO/Bi2S3 (b) ITO/Bi2S3, (c) Au/Bi2S3 and (d) Mo/Bi2S3. The insets 

show the higher magnification images of the samples. After sulfurization, the surface of the films 

turned rougher with the appearance of some nanoparticles.   
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EDS mapping was employed to study the elemental chemical composition of the sulfurized 

film for FTO as substrate (Figure S3). Bi and S were found evenly distributed in the 

particles and the Bi/S ratio was ~0.66 corresponding to the ideal Bi2S3 stoichiometry. This 

is further supported by the EDS line scan in Figure 4a-b. The Bi/S relative intensity ratio 

does not change in the line scan which indicates the nanoparticles and the smoother 

microparticles are chemically identical. Based on the cross-section SEM image (Figure 4c) 

for FTO/ Bi2S3, the average film thickness is ~5±1 µm. EDS mapping was also employed 

to investigate the chemical composition of the film along the cross section (Figure S3b). Bi 

and S are uniformly distributed with an elemental ratio of ~0.63, thus showing an ideal 

stoichiometry along the cross-section of the film. In the current study, to ensure the 

reproducibility, the films were prepared galvanostatically on four different substrates at 

mild electrochemical conditions (–1.5 mA for 30 min (q = –2.7 C)) via 

chronopotentiometry (Figure 1b). 
44

 For the diffusion-controlled process, the current that 

passes through the electrode controls the nucleation and the formation of the films. Since 

all films were deposited at similar chemical and electrochemical conditions except for 

different substrate and the sulfurization conditions were also same for all samples which 

shows the nucleation and growth for Bi2S3 is merely heat dependant; suggesting that all 

prepared films should have the same thicknesses. 
45

 To confirm this hypothesis, the films 

thicknesses were determined by the SEM images of Bi2S3 films on other three substrates 

(Figure 4d-f). The thicknesses varied between 5 to 6 µm, showing that all deposited films 

possess the same thickness.  
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Figure 4: (a) Plain view SEM image for the EDS line scanning over smoother and rougher 

particles, (b) intensity vs distance graph of the line scanning showing similar relative changes for Bi 

and S intensities and (c) SEM cross section image for FTO/Bi2S3, (d) ITO/Bi2S3 (e) Au/Bi2S3 and (f) 

Mo/Bi2S3. The yellow dotted-lines are drawn for eye guide. 

 

The surface composition of the films was studied further with X-ray photoelectron 

spectroscopy (XPS). The survey spectra in Figure S4 show peaks for Bi and S and O 

species, likely from surface oxidation, but no other impurities. In high-resolution spectra 

(Figure 5), the Bi 4f7/2 and Bi4f5/2 doublet was observed at the binding energies of 158.1 

and 160.7 eV, respectively which correspond to the Bi
3+

 state in Bi2S3. From the symmetric 

shape of Bi4f doublet and the absence of shoulder distortion, the presence of other Bi 

species such as metallic Bi or Bi2O3 can be ruled out. However, S 2p3/2 and S 2p1/2 peaks 

appeared at the binding energies of 160.7 and 161.9 eV which correspond to S
2−

 valence 

state. 
46,47

 Overall, the XPS data in Figure S4 & 5 confirms a pure Bi2S3 phase with no 

external impurities or diffusion of species from the underlying substrates.  
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Figure 5: High resolution XPS spectra of Bi 4f and S 2p regions. The binding energy of these peaks 

and their symmetry correspond to Bi2S3 with Bi in the +3 oxidation state.  

 

The crystal structure of the films was studied by XRD (Figure 6) performed in Bragg 

Brentano Geometry. To minimize the substrate contribution in the diffraction data, we 

employed an X-ray attenuator accessory during the measurements. While this approach 

effectively decreased the substrate influence, it should be noted that the decrease was not as 

pronounced for Mo and Au as observed for FTO and ITO. All diffraction peaks match well 

with JCPDS# 17-320 for orthorhombic Stibnite Bi2S3 in space group of Pbnm. The relative 

peak intensity ratio for the high intensity peaks (2θ = 25.2° and 28.6°) remains in the range 

of 0.96-0.98 for all substrates, which rules out a preferred crystal direction dependence on 

the substrate. 
37

 Furthermore, no blue/red shifts related to lattices expansion/shrinkage were 

observed in the peak positions suggesting that the synthesized films are crystallographically 

the same on each substrate. These results indicate that the bulk of the films consist of pure 

Bi2S3 phase and the substrates have no influence on the crystal growth. 

 

 

Figure 6: X-ray diffraction patterns of Bi2S3 films prepared on different substrates. To decrease the 

contributions from the substrates, a X-ray attenuator accessory was employed for data collection. 

Peaks marked as * for Mo/ Bi2S3 (2θ ~ 40.5°) and Au/Bi2S3 (2θ ~ 38.3°) correspond to the 

underlying Mo and Au substrates, respectively.   
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 The optical properties of the Bi2S3 films were studied by UV-Vis diffuse reflectance 

spectroscopy (Figure S5 & 7a). All samples show broad light absorption below 1100 nm 

(>1.1 eV). A shoulder at 950-1100 nm (1.1 – 1.31 eV) is visible for films on Au and Mo 

substrates. Assuming that the absorption shoulder is from light reflection at the Mo and Au 

substrates, the band gap of Bi2S3 can be estimated from the tangent of the major absorption 

feature near 950 nm. This yields values of 1.19, 1.24, 1.26 and 1.27 eV for Au/Bi2S3, 

Mo/Bi2S3, ITO/Bi2S3 and FTO/Bi2S3. The average value of 1.24 eV is near the reported 

bandgap of Bi2S3 (1.2 eV) from the literature. 
6
 

 

Figure 7: (a) UV-Vis diffuse reflectance spectra and (b) surface photovoltage spectra (SPS) of 

Bi2S3 on different substrates. In (b), the fine structure at 1.33 - 1.6 eV is due to strong Xe optical 

emission peaks at 823 nm and 882 nm and the two small features at 2.75 eV and 1.93 eV are from 

monochromator filter changes. The inset depicts the movement of photo-induced holes to the 

surface and electrons to the back contact, as for a n-type photoanode.  

 

To determine the electronic band gap of Bi2S3 and the majority carrier type, surface 

photovoltage spectroscopy (SPS) was employed on the films. In SPS, the contact potential 

difference (CPD) of a sample is measured contactlessly with a vibrating gold Kelvin probe. 

48
 
49

 
50

 
51

 The change of the CPD under illumination corresponds to the SPV signal, SPV = 

CPD(light)-CPD(dark). Spectra in Figure 7b show a negative SPV signal for all samples, 

corresponding to electron transfer away from the Kelvin probe (see insert in Figure 7b). 

This establishes electrons as majority carriers in these samples. Using a tangent to evaluate 
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the onset of the main SPV signal, the electronic band gap is found at 1.23 eV, similar to the 

optical band gap in Figure 7a. No mid-bandgap states were observed at lower energy. For 

all samples, the maximum photovoltage signal is observed at 3.5 eV, where most of the 

light is absorbed in the depletion layer near the Bi2S3 surface. At this energy, SPV=–0.13 V 

for all samples, except for ITO/Bi2S3 which shows a smaller signal (–0.086 V) 
52

. This 

smaller signal is attributed to a larger potential drop in the more resistive ITO substrate. 

Figure 8a compares linear sweep voltammetry (LSV) data under chopped light for Bi2S3 

films immersed in aqueous Na2S solution. Substantial anodic currents are present in the 

dark which reach up to 20 mA cm
-2

 (at 1.23 V vs RHE) for the Mo/Bi2S3 film.  These 

currents appear above 0.50 V vs RHE and are attributed to oxidation of hydrosulfide to 

disulfide (0.41V vs RHE).
53

 The photocurrent onsets appear slightly earlier at applied 

potentials of 0.2 V RHE and increase in the order ITO/Bi2S3 (1.8 mA cm
-2

) < Au/Bi2S3 (3.6 

mA cm
-2

) < Mo/Bi2S3 (6.1 mA cm
-2

) < FTO/Bi2S3 (9.3 mA cm
-2

) at 1.23 V vs. RHE. This 

suggests the Bi2S3 films can generate a photovoltage of ~0.2 V in contact with the Na2S 

electrolyte.  

  

Figure 8 (a) Chopped LSV curves under chopped illumination and (b) photocurrent versus time 

graph for illuminated FTO/ Bi2S3 at 1.0 V vs RHE. All experiments were conducted in 0.5 M 

aqueous Na2S (pH = 13.3) purged with N2 gas prior to the measurements, and under illumination 

from Xe lamp (100 mW cm
-2

 at sample) without stirring. 

 

To verify if the photocurrent is not merely the self-oxidation of Bi2S3 under illumination, a 

stability test was performed for the FTO/Bi2S3 photoelectrode. As can be seen from Figure 
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8b, illumination of the electrode under 1.0 V RHE bias produces a photocurrent spike 

during the first minute of the experiment, followed by a lower, but constant current, that is 

a result of slow HS
—

 transport in the non-stirred solution. The lack of any photocurrent 

decay over the 30 min experiment confirms that Bi2S3 remains stable and that the 

photocurrent is from HS
— 

oxidation.  

Notably, Bi2S3 films prepared on FTO by sulfurization at lower temperature (200°C 

for 3h) or at higher temperature (350°C for 1h) produce lower photocurrents (Figure S6a) 

than the samples in Figure 8a. That suggests that two-step annealing process leads to a 

superior Bi2S3 with fewer defects. 

To evaluate the reasons for the substantial dark current (Figure 8a), LSV scans 

were conducted for the Bi2S3 films without illumination (Figure S6b). The dark currents 

are similar to Figure 8a and have a nearly common onset of 0.50 V vs RHE, just slightly 

above the standard reduction potential for the HS2
—

/HS
−
 couple. The dark current intensity 

is highest for Mo/Bi2S3 (14.5 mA cm
-2

) followed by Au/Bi2S3 (9.7 mA cm
-2

), FTO/Bi2S3 

(7.2 mA cm
-2

) and ITO/Bi2S3 (1.9 mA cm
-2

) at 1.23 V vs RHE. This shows that the 

substrates greatly influence hydrosulfide electrooxidation. To evaluate this effect, LSV 

scans were repeated for the bare substrates without the added Bi2S3 films (Figure S7). 

Interestingly, only the Mo substrate produces a significant HS
—

 oxidation current (58 mA 

cm
-2

 at 1.23 V RHE) while the currents for Au, ITO and FTO at this potential are close to 

zero. This data cannot explain the dark current trend in the Bi2S3 coated substrates seen in 

Figure S8a. However, this is not surprising considering that the substrates were likely 

modified during the sulfurization step in Scheme S1. To test the effect of sulfurization on 

the electrochemical behaviour of the electrodes, the bare substrates were reacted with sulfur 

vapor using the same two-temperature sequence as before. While the crystal structure of the 

sulfur-modified substrates is unchanged (Figure S8b) the color of the Mo and Au 

substrates is modified by the presence of a sulfide overlayer (Figure S9a & 9b). Linear 

sweep voltammograms of the sulfurized substrates are shown in Figure S7b. The ohmic 

resistances of the sulfurized substrates are given in Figure S8a. The electrochemical 

currents of these substrates followed their electrical resistances trend (Figure S8a); thereby, 

the highest current density was recorded for Mo-S followed by Au-S, FTO-S and ITO-S, 
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respectively. Compared to their unsulfurized counterparts, the current for Mo-S was 

slightly decreased (45 mA cm
-2

 at 1.23 V RHE), that of Au-S was increased (15 mA cm
-2

 at 

1.23 V RHE) and the currents of FTO-S and ITO-S remained unchanged. This suggests that 

the sulfurization of Mo and Au has a profound effect on their electrochemical behaviour. 

Thus, particularly for these two substrates, the sulfurized surfaces act as electrocatalysts for 

hydrosulfide oxidation. The electrochemical currents in Figure S7b now also match the 

dark current for the Bi2S3 coated films in Figure 8a. It is reasonable to suggest that the dark 

currents for the Au-Bi2S3 and Mo/Bi2S3 films in Figure 8a likely are from HS
—

 oxidation 

at pinholes in the films, where the Au-S and Mo-S substrates are exposed to the electrolyte. 

In contrast, the dark currents seen for FTO/Bi2S3 and ITO/Bi2S3 must be attributed to 

electrocatalytic HS
—

oxidation at Bi2S3 sites in the film.  

Next, we turn our attention to the photocurrents in Figure 8a. To explain the 

observed substrate dependence, the energy diagrams in Scheme 1 were constructed for the 

FTO/Bi2S3 and Au/Bi2S3 configurations using the data in the caption. Because Bi2S3 is a n-

type semiconductor with a reported flatband potential of 0.17 V vs RHE in sodium sulfide 

solution,
54

 it forms a depletion layer in contact with the HS2
—

/HS
—

 electrolyte (0.41 V vs 

RHE) as shown in Scheme 1b. An Ohmic junction is formed with the FTO substrate, 

whose Fermi level (-0.04 V vs RHE) is reducing compared to that of Bi2S3 (0.17 V vs 

RHE).  Illumination of the FTO/Bi2S3 electrode promotes hole transfer into the electrolyte 

and electron transfer into the substrate in agreement with the photoanodic current seen in 

Figure 8a. The situation is less optimal for the Au substrate (Scheme 1c), whose large 

workfunction causes the formation of a depletion layer in the n-Bi2S3 film. The resulting 

Schottky barrier retards electron transfer and is responsible for the lower photocurrent of 

the Au/Bi2S3 configuration, as observed in Figure 8a. The barrier height can be estimated 

as 0.89 eV, on the basis of the Fermi level difference between Au (1.06 VRHE) and Bi2S3 

(0.17 VRHE). Schottky junctions with intermediate barriers form with Mo (0.39 eV) and 

ITO (0.17 eV), which leads to an improved photocurrent for Mo/Bi2S3. This Schottky-

junction model explains the observed photocurrent trend in Figure 8a, except for ITO, 

whose lower performance results from the higher electric resistivity of the material (Figure 

S8a). 
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Scheme 1. (a) Workfunctions of substrates and band edges of Bi2S3 before contact. EF (flat band potential) of 

Bi2S3 is ~0.17 V vs RHE in Na2Ssolution.
54

 The VB edge of Bi2S3 is 0.92 eV below EF, based on valence 

band XPS data in Figure S9. This places EVB at 1.09 V vs RHE in NaSH solution, and the conduction band 

(ECB) edge at –0.15 V vs RHE, using the 1.24 eV bandgap value. Workfunctions for FTO, ITO, Mo and Au 

were taken from the literature as 4.4, 4.7, 5.0 and 5.5 eV, 
55,56,57,58

 respectively, which correspond to –0.04, 

0.34, 0.56 and 1.06 V vs RHE. (b) band bending and charge transfer in FTO/Bi2S3/HS
—

 and (c) for Au/ Bi2S3/ 

SH
—

.  Red arrows are detrimental to photoanode performance.  

 

The energetics in Scheme 1 also explain the variable photovoltage of these 

photoelectrodes. Based the observed photocurrent onset near 0.2 V vs RHE (Figure 8a) 

and the standard reduction potential of 0.41 V vs RHE for the HS2
—

/HS
−
 couple, Bi2S3 

films generate photovoltages of up to 0.25 V.  To confirm this, open circuit potential 

measurements for the different photoanodes under AM 1.5 illumination were performed 

(Figure 9a). Here the photovoltage is obtained as the difference between the 

electrochemical potentials of the photoanode under light and in the dark. The highest value 

(0.25 V) is seen for the FTO/Bi2S3 configuration, followed by ITO/Bi2S3 (0.19±0.01 V), 

Mo/Bi2S3 (0.12 V) and Au/Bi2S3 (0.09 V), respectively. This relative trend is in good 

agreement with the photoelectrochemical data in Figure 8a. It also inversely correlates 

with size of the detrimental Schottky barriers at the Bi2S3 back contact, as discussed above. 
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This hypothesis was also tested by Photoluminescence (PL) spectra (Figure S11). In 

agreement with the previous literature for Bi2S3, the main PL emission peaks were obtained 

at ca. ~584 nm.
59

 The carrier lifetime and PL intensity are closely intertwined, as a 

prolonged carrier lifetime typically results in an elevated PL intensity. The reason behind 

this connection is that a lengthier carrier lifetime enables a greater number of carriers to 

undergo radiative recombination, resulting in the emission of light. In contrast, shorter 

carrier lifetimes tend to involve more non-radiative processes.
60

 The main peak intensity 

decreases in order FTO>ITO>Mo>Au. This decrease followed a similar trend as observed 

in OCP measurements (Figure 9a). These analyses suggest that the work function of the 

substrate provides a non-radiative recombination pathway for the photogenerated carriers, 

thus decreasing the PL intensity according to the back contact barrier height (Scheme 1). 

  

Figure 9: (a) Electrochemical potentials of Bi2S3 photoanodes in 0.5 M Na2S solution measured at 

open circuit against saturated calomel electrode and converted to RHE. Illumination from a Xe 

lamp (100 mW/cm
2
). (b) Nyquist plots of Bi2S3 films on different substrate recorded in 0.5 M Na2S 

at open circuit potential under illumination. Some of the frequencies are highlighted in the data with 

the same colour as of the respective plots and the dotted lines show the simulated curves obtained 

by circuit fitting. 

Electrochemical impedance spectroscopy (EIS) was utilized to study the interfacial charge 

transportation which was performed under 1 Sun illumination at open circuit potential in 

0.5 M Na2S. Except for Au substrate (inset Figure 9b), all other samples presented a single 

incomplete semicircle, presenting charge transfer process governed by a single time 

constant. 
61

 Data fitting was performed for an equivalent circuit which is presented in the 

inset of Figure 9b .The series resistance (Rs) simulates the solution and the back contacts 

(a) (b) 
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combined resistance, Rp is the resistance related to the charge transfer process at the solid-

liquid junction and CPE (constant phase element) models the double layer capacitance 

which is added in the circuit due to the surface inhomogeneities of the electrode 
62

. 

Particularly, for Au substrate, an additional RC component was added (highlighted in the 

onset of Figure 9b) to compensate for the second time constant process observed for this 

sample 
54

. The fitted parameters are summarized in Table S2.  In the current study, the 

observed values of the total resistance (∑R) decrease in order ITO/Bi2S3 (510.8 Ω) > 

FTO/Bi2S3 (212.8 Ω)> Mo/Bi2S3 (179.8 Ω) > Au/Bi2S3 (62.6 Ω). It is generally expected 

that the photoelectrode producing better photocurrent exhibits the least overall resistance 

(∑R). 
63

 For ITO/Bi2S3, It is reasonable to suggest the highest resistance value is related to 

its highest ohmic resistance (Figure S8a) and it also corroborates with its lowest 

photocurrent. However, for other substrates, the obtained resistances in EIS data values 

don’t coincide with the observed photocurrents (Figure 8) trend, particularly for Au/Bi2S3 

which is contrary to what was expected. Inline, with the literature, we observed, large dark 

currents in Figure 8 for all samples.
64

 As observed for FTO and ITO, pinholes do not take 

part in the dark current. However, the pinholes in Au/Bi2S3 and Mo/Bi2S3 act as active sites 

for S
−2

 oxidation in addition to the oxidation induced by Bi2S3 film itself. Thus, for 

Mo/Bi2S3 and Au/Bi2S3 smaller total resistance compared to FTO/Bi2S3 in the Nyquist plots 

can be rationalized to the presence of active S
−2

 oxidation sites in the form of pinholes 

which decrease the overall resistance for the charge transfer process 
65

. Au WF lies closer 

to the VB of Bi2S3 (Scheme 1), thus, photogenerated holes in Bi2S3 may follow an 

additional path for diffusion to Au back contact.
61

  That might be the reason why we 

observed two-time constants processes in EIS for Au/ Bi2S3. These results suggest that the 

smallest total resistance observed in the Nyquist plots for Au/ Bi2S3 is related to the hole 

transfer to the back contact and the presence of active pinholes. It is worth highlighting that 

FTO/Bi2S3 presented higher resistance in EIS compared to Mo/Bi2S3 and Au/Bi2S3 (Figure 

9b) but the photocurrent for FTO/Bi2S3 was the highest (Figure 8a) which suggests the 

ohmic contact prevails for improved (photo)electron transfer. On the other hand, the WF of 

ITO is closer to the FTO but it presented lowest photocurrent which is related to its highest 

ohmic resistance. Thus, the photocurrent strongly depends on the back contact energetics 

and the substrate resistance. To optimize the performance of the photoelectrode, it is 
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essential to ensure an ohmic contact between the substrate-Bi2S3, as well the substrate 

resistance should be minimized. It is worth mentioning that the photocurrent achieved in 

this study with the FTO/Bi2S3 photoanode is among the highest reported values to date.
20

 

This demonstrates that the two-step electrochemical deposition / sulfurization protocol used 

here can produce high quality Bi2S3 films for photoelectrochemical energy conversion.  

 

Conclusion 

Phase-pure Bi2S3 films in the Stibnite structure type were prepared on FTO, ITO, 

Au and Mo substrates using a two-step electrochemical deposition / sulfurization protocol 

in a single temperature zone tube furnace. The films are n-type and have a bandgap of 1.24 

eV based on surface photovoltage spectroscopy. In 0.5 M Na2S solution, the films behave 

as photoanodes, producing photocurrents of up to 9.3 mA cm
-2

 at 1.23 V vs RHE and 

photovoltages of up to 0.25 V for the FTO/Bi2S3/Na2S configuration. These values are 

among the best reported for phase pure Bi2S3 photoanodes. The lower performance on ITO 

substrate is due to the higher ohmic resistance of this material. In EIS analyses, the 

interfacial resistance value for FTO substrate was higher than Au and Mo which can be 

understood on the basis of a detrimental Schottky barrier at the substrate-Bi2S3 contacts and 

active pinhole for S
2–

 oxidation for these substrates. Specifically for Au/Bi2S3, a second 

time constant process was observed in the EIS; suggested as the hole transfer to the back 

contact due to matching Au work function with the VB of Bi2S3. PL spectra followed a 

similar trend as observed for OCP values (FTO>ITO>Mo>Au), indicating that the substrate 

work function play a vital role for charge transfer and recombination.  Using a substrate 

with lower resistance and having more negative fermi level for n-type semiconductor is a 

straight forward path to enhance the device performance.  Overall, these results provide an 

explanation for the predominance of FTO as preferred substrate material in the Bi2S3 

photoanode field. They also show that the electrochemical deposition / sulfurization 

protocol can produce high quality Bi2S3 films for solar energy conversion applications.  
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