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Abstract  

Photoelectrochemical cell technology is one of the simplest technologies, which converts light energy directly into electricity. 
The synthesis of cadmium sulfide (CdS) nanocrystals (NCs) was performed by the facile hot injection method. The NCs were 
characterized by different techniques such as XRD, Raman, UV-Vis, FESEM, and XPS. The XRD and Raman patterns confirm 
the phase pure hexagonal CdS NCs. The band gap of NCs calculated from the UV-Visible spectrum is at 2.64 eV, indicating 
good absorption in the visible spectrum. XPS analysis confirmed the presence of individual elements in CdS NCs. The CdS 
thin-films having different thicknesses were prepared on FTO substrates using the spin coating technique. 
Photoelectrochemical (PEC) investigation of CdS NCs thin-films photoelectrodes was performed by varying its thickness. The 
increase in the thickness of thin-films increased photocurrent density. 
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1. Introduction 

The heavy dependence on fossil fuels to quench the world’s 

energy thirst is not sustainable. The search for low-cost, safe, 

non-toxic, and sustainable options for green energy is heavily 

researched. The photoelectrochemical (PEC) technologies are 

one such class of green technologies that convert light energy 

into electricity, becoming a promising energy option. The 

stability of the photoelectrode is a major concern in making 

PEC devices commercially viable. The widespread adaption 

of PEC devices strongly depends on the improvement in the 

photocurrent generated by the photoelectrode under solar 

illumination. Researchers have adopted different strategies to 

improve the photocurrent that mainly involves maximizing the 

semiconductor's light absorption capability and reducing the 

electrical losses. The anionic, cationic, and co-doping of 

heteroatoms have been used to tune the bandgap of the 

photoelectrode material to maximize the light absorption.[1-6] 

The tweaking of morphologies and orientations of the 

photoelectrode material with strongly anisotropic electrical 

properties has improved the photocurrent.[7-9] Many 

complicated structures like a helix, inverse opal 

nanostructures, etc., have been used for photoelectrode to 

reduce the surface reflection of light by multiple scattering.[10, 

11] The designing and preparation of high-performance 

photoelectrode have attracted significant interest from 

researchers. [12-16] The structure modification of the thin-film 

photoelectrodes like TiO2,[17-19] ZnO,[20-22] WO3,[23-25] BiVO4,[26, 

27] etc. with CdS nanoparticles or quantum dots as modifiers 

for PEC enhancement have been widely researched. The 

different strategies have been explored for improvement in the 

PEC properties of individual CdS thin-films. The preparation 

of polycrystalline CdS thin-films with hexagonal crystal 

structure has been performed, and the weak PEC performance 

was observed.[28] The aligned CdS nanowires on a Cd foil, with 

anisotropic transport properties, have reported that nanowires 

have low internal resistance and hence reached good effective 

charge transfer, thus improving PEC performance.[29] The thin-

film photoelectrode made of self-supported O-doped CdS 

nanorod-based hierarchical architecture has dramatically 

enhanced the PEC response.[30] The photoelectrode thickness 

also influences the generated photocurrent in PEC devices, 

and thickness optimization to get the highest photocurrent has 

proven crucial.[31-33] 
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The compound semiconductors have become widespread 

in photoelectrochemical technologies. The CdS is a group II-

VI chalcogenide wide band gap compound semiconductor that 

behaves like n-type material. CdS are one of the most 

rigorously studied binary compound semiconductors for 

photocatalysis, photonics, photovoltaics, and opto-electronics 

applications.[34-37] CdS nanocrystals (NCs) have been 

rigorously studied for photocatalysis by assembling into 

heterostructures with other 2D materials.[38-43] Various methods 

have been used to synthesize the CdS NCs, but these methods 

are costly, unsafe, moisture-sensitive, etc. The sol-gel 

method,[44] hydrothermal method,[45] solvothermal method,[46] 

coprecipitation,[47] photochemical method, polyol synthesis,[48] 

ion implantation,[49] microwave-assisted synthesis,[50] and 

electron-beam evaporation[51] have been used for the synthesis 

of CdS NCs. The synthesis of device-quality CdS NCs is 

crucial for various applications. The hot injection technique is 

an appropriate option because it is low-cost, environment-

friendly, and suitable for large-scale synthesis. Nanocrystal’s 

quality and properties can be modified by changing reaction 

time, process temperature, and injection temperature. 

To the best of our knowledge, the thickness optimization 

of CdS photoelectrode to enhance the PEC performance has 

not been studied in detail. The dependence of PEC 

characteristics on the thickness of CdS thin-films 

photoelectrode has been explored in the current study. We 

have synthesized CdS NCs by the facile hot injection method. 

The as-synthesized NCs were characterized by XRD, UV-

Visible, Raman, XPS, FESEM, EDS, and 

photoelectrochemical (PEC) techniques. The CdS NCs thin 

film with different thicknesses on FTO substrates were 

prepared by spin coating technique. The CdS photoelectrode 

of different thicknesses were used for PEC measurements, 

such as linear sweep voltammetry (LSV) and 

chronoamperometry (CA). Modifying the thickness of CdS 

thin-film lead to the change in photocurrent density. 

 

2. Experiment section 

2.1 Chemicals 

Cadmium Sulphate (CdSO4·2H2O), Sulphur powder, 

Oleylamine (OAm), toluene, Isopropyl alcohol (IPA) was 

purchased from Sigma Aldrich and were used as received 

without further purification.  

 

2.2 Synthesis of CdS NCs 

In a typical synthesis of CdS NCs, 2 mmol of CdSO4 dissolved 

in 15 ml OAm in 100 ml three-neck flask under vacuum with 

continuous stirring at 130 °C. The solution is degassed for 30 

min, followed by an increase in temperature to 250 °C under 

argon gas and maintained at 250 °C before sulphur-OAm 

injection. The appearance of a clear solution indicates the 

formation of the Cd-oleate complex. The sulphur-OAm is 

prepared by sonication of 2 mmol of sulphur powder in 5 ml 

of OAm for 15 min. 5 mL of sulphur-OAm is quickly injected 

in Cd-oleate solution, immediately turns the color of solution 

pale yellow attributed to the nucleation. The reaction is 

allowed to continue for the next 15 min for particle growth, 

followed by naturally cooling to room temperature. The 

solution of 40 ml IPA and 5 ml toluene is added to collect the 

residue and remove the unreacted precursor by centrifugation 

at 5000 rpm. The washing is repeated 3 times. Finally, the CdS 

NCs powder sample is collected by drying the precipitate 

under an IR lamp and used for further characterization.  

 

2.3 CdS Thin Film Preparation 

The obtained CdS NCs were dispersed in 100 mg/ml of the 

toluene solution, and the mixture was sonicated for 3 hrs to 

form a thick solution. The 1 cm × 1 cm fluorine-doped tin 

oxide (FTO) substrates were cleaned with the soap solution, 

distilled water, ethanol, acetone, and followed by drying with 

N2 gas. The prepared CdS ink was deposited on FTO by using 

the spin coat technique at 1200 rpm for 12 s. Similarly, the 

different layers of CdS NCs (2, 6, and 10) were deposited on 

the FTO substrate. The photoelectrochemical response of CdS 

thin film photoelectrode with different layers (2, 6, and 10) are 

systematically studied. 

 

2.4 Material Characterization 

The different characterization techniques were used to 

investigate as-synthesized CdS NCs systematically. The 

structural properties were studied with x-ray diffraction (XRD) 

performed with an x-ray diffractometer (Bruker D8 Advance, 

Germany) with Cu-Kα radiation (λ = 1.54 Å). The phase purity 

information is derived from Raman analysis using Raman 

spectroscopy (Horibra-Jobin Yvon LABRAM-HR) with an 

excitation source of 532.8 nm line of the laser. The optical 

properties of nanocrystals were studied with JASCO, V-670 

UV–visible spectrophotometer. The field emission scanning 

electron microscopy (FESEM) images were obtained from 

Quanta FEG 450 attached with Energy Dispersive X-ray 

(EDX). The photoelectrochemical measurements were carried 

out using an electrochemical workstation Metrohm 

Potentiostat/Galvanostat (Autolab PGSTAT302N). 

 

3 Results discussion 

3.1 Structural and composition properties 

The powder XRD pattern of as-synthesized CdS NCs is shown 

in Fig.1(a). The sharp and intense peaks refer to different 

crystalline planes with different orientations of crystals. The 

XRD pattern of NCs exhibit diffraction peaks at 25.71°, 

27.31°, 29.02°, 37.35°, 44.55°, 48.66°, and 52.67°, which 

corresponds to (100), (002), (101), (102), (110), (103), and 

(112) crystal planes, respectively. The XRD pattern of NCs is 

in good agreement with JCPDS data (JCPDS No: 01-080-0006) 

of pure hexagonal CdS NCs. The average crystallite size of 

NCs is calculated using the Scherrer formula, D = 0.9/ cos, 

where  is the wavelength of x-rays (1.54 Å),  is the Bragg 

angle, and  is the full width at half maximum (FWHM) in 

radians. The average crystallite size calculated after XRD 

pattern analysis is D = 7.13 nm. The length of dislocation lines 
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per unit volume of the crystal, i. e. mean dislocation density, 

is calculated as 2.41 × 10-2
 from Williamson-Smallman 

relation,  = 1/D2
. The broadening (βhkl) of diffraction peak 

corresponding to typical (hkl) plane consists of broadening 

due to crystal strain (βS) and crystallite size (βD). The 

broadening (βhkl) is given by the equation, 

βhkl = 4ε tan θ + 
Kλ

D cos θ
                (1) 

On reorganizing,  
βhkl cos θ

λ
=

𝐾

𝐷
+

4ε sin θ

λ
                        (2)  

The crystal lattice strain is calculated from the Williamson-

Hall (W-H) analysis in which we plotted hkl cos against 

(4sin)/ and the intercept value of the fitted line gives the 

crystal strain. The crystal strain value obtained from W-H 

analysis is 7.65 × 10-2. The Raman spectrum of the synthesized 

nanocrystals is shown in Fig. 1(b). The spectrum shows two 

major peaks at 300 cm-1 and 600 cm-1, which refers to 

longitudinal optical (LO) phonon vibrational frequencies and 

agree with the earlier report.[52] 

 
Fig. 1 (a) XRD pattern and (b) Raman spectrum of CdS NCs.  

 

X-ray photoelectron spectroscopy analysis was used to 

investigate the oxidation states of the surface elements of 

obtained nanocrystals. Fig. 2(a) shows the XPS survey 

spectrum and includes peaks from Cd, S, C, and O. Fig. 2(b) 

shows the XPS spectrum of Cd 3d with peaks at 406.30 and 

413.10 eV corresponding to Cd 3d3/2 and Cd 3d5/2, respectively. 

The XPS spectrum of S 2p shown in Fig. 2(c) exhibits peaks 

at 162.60, 163.80, and 169.2 eV corresponding to S 2p3/2, S 

2p1/2, and surface sulphate species (SO4), respectively. The 

presence of surface impurities and oxidation of the CdS thin 

film's surface material due to exposure to the air leads to the 

photo- corrosion of the surface material. It gives the sulphate 

(SO4) peak in the XPS spectra.[53, 54] The peaks of O 1s and C 

1s at 284.8 and 530.80 eV are likely due to contaminant 

adsorbed species, respectively.[55] 

 
Fig. 2 (a) XPS survey spectra for CdS NCs. (b) and (c) High-

resolution XPS spectrum of Cd 3d and S 2p, respectively. 
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Fig. 3 (a) and (b) FESEM images of CdS NCs at different resolutions (c) EDX spectrum CdS NCs (d) Distribution of Cd and 

S in a single FESEM image, (e) and (f) Distribution of elements Cd and S present in the material.  

 

The field emission scanning electron microscopy (FESEM) 

images of the synthesized CdS NCs for different resolutions 

are shown in Fig. 3(a) and (b). Fig. 3(a) shows the significant 

clustering of the CdS NCs. The surface morphology of the 

CdS NCs is close to a spherical shape. The EDAX spectrum 

of CdS NCs is shown in Fig. 3(c). The EDAX spectrum 

reveals Cd and S's presence in the correct atomic percent, i. e., 

close to 50 % each, which confirms the high-quality nearly 

stoichiometric characteristics of the CdS NCs. This ensures 

the elemental composition of CdS NCs. EDS elemental 

mapping was performed out to get the distribution profile of 

elements for as-synthesized CdS NCs and the results are 

shown in Fig. 3(d-f)” after “elemental composition of CdS 

NCs. 

3.2 Optical properties 

The optical properties were investigated with UV-Visible 

spectroscopy. The absorption spectrum for the cadmium 

sulfide NCs is shown in Fig. 4(a), indicating strong absorption 

in the range around 300-500 nm with an absorption edge at 

516 nm. The Tauc’s relation is important in the calculation of 

optical band gap energy of CdS nanocrystals. It shows the 

dependence of the absorption coefficient () on the photon 

energy (h) by relation, (h) = B (h - Eg)n where B is Tauc’s 

constant, which is a parameter independent of photon energy, 

 is photon frequency and Eg is band gap of the material, n 

refers to the type of transition and equal to 1/2 in case CdS 

which is direct transition material. The band gap energy is the 

intercept obtained from the extrapolated line on the energy (h) 
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axis in the Tauc plot, i. e. (h)1/2vs. photon energy (h) plot. 

The optical band gap obtained from the Tauc’s plot shown in 

Fig. 4(b) is 2.64 eV.  The structural, composition, and optical 

characterizations were performed and deemed appropriate for 

photoelectrochemical applications. 

 
Fig. 4 (a) UV-Vis absorption spectra and (b) Tauc's plot of CdS 

NCs.  

 

3.3 Photoelectrochemical Properties 

The photoelectrochemical investigation was performed with 

the standard three-electrode system comprising of saturated 

calomel electrode (SCE), platinum plate, and photoelectrode 

corresponding to reference electrode, a counter electrode, and 

the working electrode, respectively as shown in Fig. 5. The 

voltage is measured across the working and reference 

electrode, whereas the current is measured between the 

working electrode and the counter electrode. The n-type CdS 

thin film on the FTO substrate serves as a working 

photoelectrode. The 0.5 M Na2SO4 at pH 7 is used as a 

supporting electrolyte. The physicochemical mechanisms 

occurring at the semiconductor/electrolyte interface during 

photoelectrolysis of water principally include efficient light 

absorption, charge segregation, charge migration, and redox 

reaction at the surface. The electrons from the CdS 

photoelectrode get excited from the valence band to the 

conduction band, and holes are left behind in the valence band 

under the photons' illumination with energy greater than the 

band gap energy of the material. The redox reaction occurs at 

the CdS and electrolyte interface, thus converting the solar 

energy to chemical energy. The holes from the valance band 

of the n-type semiconductor CdS photoelectrode recombine 

with water to give oxygen. The hydrogen ion combines with 

electrons to provide hydrogen at the counter electrode. The 

reactions taking place at different electrodes are shown in Fig. 

5. The linear sweep voltammetry (LSV) and 

chronoamperometry (CA) measurements were performed for 

the photoelectrochemical investigation of CdS thin film 

photoelectrode of different thicknesses. The CdS 

photoelectrodes with the number of spin-coated layers as 2, 6, 

and 10 of the CdS NCs dispersed in toluene were prepared and 

used as photoelectrode in PEC cell to study the PEC response. 

The different spin-coated layers indicate the increase in the 

thickness of the CdS photoelectrode. The LSV involves a 

variation of the photoelectrode potential at a constant rate 

throughout the scan and related current measurement. The 

scan rate was kept constant at around 100 mV/s for all 

measurements. The solar simulator AM 1.5 G (100 mW/cm2) 

was used for photoelectrochemical (PEC) measurements.  

 
Fig. 5 Photoelectrochemical workstation. 

 

The band gap and the thickness of photoelectrode material 

are critical factors that influence the number of absorbed 

photons and thus affect the PEC performance. The full 

harvesting of the solar spectrum requires the photoelectrode 

material's thickness to be larger than the incident solar 

radiation's penetration depth. If the minority-carriers' diffusion 

length is larger than the photoelectrode material's thickness, 

then the charge carriers' recombination rate is lower compared 

to the thicker photoelectrode. If the diffusion length of the 

minority-carriers is smaller than the photoelectrode material's 

thickness, the photo-excited charge carrier’s recombination 

rate will be higher even though the number of photons 

absorbed is larger than the thinner photoelectrode case. The 

LSV of different CdS samples with varied thicknesses, i. e., 

various spin-coated layers, were performed, and results are 
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shown in Fig. 6(a). The J-V curve for no illumination shows a 

minimal current, almost zero, because of non-faradic reaction. 

The J-V curve shows a sharp increase in photocurrent upon 

illumination as compared to dark. The photocurrent values 

obtained upon illumination were 12 μA, 18 μA, and 21 μA  

corresponding to spin coating layers 2, 6, and 10. Thus, an 

increase in the CdS photoelectrode thickness resulted in 

increased photocurrent upon solar illumination. The CA 

measurement involves measuring current as a function of time 

when a potential step sufficient to cause an electrochemical 

reaction is applied to an electrode. The transient photocurrent 

responses to on-off illumination of spin-coated CdS thin film 

on FTO substrate is shown in Fig. 6(b). The increase in the 

number of spin-coated layers, i. e. thickness of thin-film 

thickness, exhibited an increase in photocurrent.  

 
Fig. 6 PEC measurements (a) Linear Sweep voltammetry 

(LSV) response (b) Chronoamperometry response (light 

ON/OFF) of CdS photoelectrode formed from the different 

spin-coated layers. 

 

4. Conclusions 

The CdS nanocrystals were synthesized by the facile hot 

injection method and were characterized by different 

techniques such as XRD, Raman, UV-Vis spectroscopy, 

FESEM, and XPS. We prepared different working electrodes 

of CdS with varying thicknesses by the Spin Coating 

technique. The photoelectrochemical investigation was 

performed on working electrodes of different thicknesses. The 

increase in the thickness of CdS thin film leads to an increase 

in photocurrent density. 
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