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Abstract: As a cheaper alternative to the industrial Pt electrode used in quantum-sensitized solar 

cells, the electrophoresis process is employed to create the low-cost FTO/PbS cathode. For structural 

cubic and sizes ranging from 40 nm to 200 nm, structure and morphology were investigated using 

high-resolution scanning electron microscopy and X-ray diffraction. The conversion efficiency of 

solar cells is significantly impacted by the calcination temperatures of cathodes at 100 ℃, 150 ℃, 

200 ℃, and 300 ℃ under vacuum. The FTO/PbS cathode electrode was therefore calcined at 150 ℃ 

with a maximum efficiency of 3.938%. This happens as a result of the complete fusion of PbS 

nanoparticles with crystal at 150 ℃, which reduces resistance and increases electron lifetime 

compared to other temperature combinations. 
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1. Introduction 

Inorganic semiconductor quantum dots (QDs), which produce electrons for use in solar cells 

and have highly powerful light absorption properties, were developed as such materials in recent 

years. CdS, CdSe, PbS, PbSe, and InP have all been used in quantum dot sensitized solar cells 

(QDSSCs) [1,2]. The QDs have several advantages over dye molecules, including the ability to 

modify the particle size to change the bandgap energy [3], a higher optical absorption coefficient 

than dye molecules [4], and the formation of many more exciton pairs when photons are absorbed. 

Currently, QDSSCs have a lower conversion efficiency than dye-sensitized solar cells (DSSCs) [5–9]. 

The amazing studies [9–11] are all carried out on single quantum dots, which hardly absorb 

sunlight and do not fully exploit the visible region. More specifically, the bulk materials’ absorption 

wavelengths for CdS and CdSe are respectively 550 and 705 nm. Both absorption wavelengths are 

considerably shorter than the aforementioned values at the scale of the QDs. The performance 

improvement was rather slight when the binding linker was employed after that. Extending the peak 

of the absorption spectrum well into the visible region while lowering recombination and dark 

current are required to improve QDSSC performance. Numerous groups have investigated the issue 

of expanding the absorption ranger by co-quantum dots, and the yield is significantly higher than that 

of devices using single quantum dot [12–15].  

The counter electrode (CE), which is essential to boosting the conversion energy of devices 

because it receives electrons from the external circuit via a redox process at the surface of the 

electrolyte and the CE, was the subject of research in addition to the photoanodic electrode. The CE 

must consequently have a large surface area, high conductivity, and high electrochemical activity in 

order for the electrolyte's redox reactions to occur more quickly and be chemically stable at a low 

cost [16]. 

In a quest to replace the traditional CE Pt, researchers have spent years looking for CEs that 

might accomplish the aforementioned objectives. The ability of metal sulfide compounds such   

Mo2S [17], NiS [18], FeS [19], CuS [20], and Cu2S [12] to satisfy the aforementioned criteria and 

replace CE Pt has been demonstrated by researchers. Compared to the other materials in this 

category, copper sulfide (CuS, Cu2S) is used in more studies because it has a band gap energy         

of 1.1–1.4 eV, a high electrochemical activity, and is stable in a polysulfide electrolyte [21–23]. 

According to the duration, temperature, and environment, thin copper (brass) films with a thickness 

of several micrometers are immersed in a polysulfide electrolyte to produce either a CuS thin film or 

a Cu2S thin film. The copper brass, however, will continue to degrade if immersed in the electrolyte 

for a long time. This will increase the resistance of the film and cause a drop in the fill factor and 

open circuit potential, which will reduce the efficiency of QDSSCs [21–23].  

PbS, which has the most consistent electrochemical activity among the other materials, has been 

investigated, fabricated, and employed in QDSSCs with a high efficiency of 3% [24] by Tachan’s 

group and colleagues. The results show the material's potential. However, PbS has not been studied 

using a variety of fabrication methods, nor has it been investigated how the crystallization 

temperature of PbS film affects the electrochemical properties of the electrode and the conversion 

efficiency of solar cells. An FTO/PbS electrode’s production is influenced by a number of variables, 

including the ratio of precursors, temperature, and calcination environment. In the earlier article, we 

were able to successfully raise the precursor ratio. Therefore, in this publication, we focus on 

studying CE crystallization at the calcination temperature. Choosing the right annealing temperature 



428 

AIMS Materials Science                                                                                                            Volume 10, Issue 3, 426–436. 

is crucial for good crystallization since the electrical resistance of the CEs electrode effects 

crystallization. With better crystallization, the resistance of the crystal decreases. This is also the 

justification behind our choice to research and develop FTO/PbS cathode electrodes for the 

production of solar cells using electrophoresis at varied temperatures. 

2. Materials and methods 

2.1. Materials 

The substrate for the cathode electrode film is a thin sheet of FTO (fluorine-doped tin oxide), a 

conductor with a low resistance of roughly 7 Ω/cm
2
. The two diameters of commercial TiO2   

paste—400 nm as a light reflector and 20 nm as a transmission layer—are employed for the anode 

electrode. A full solar cell is created by joining two electrodes together using Meltonix 1170-25 

(Surlyn). Using Na2S2O3·5H2O and Pb(NO3)2 purchased from Sigma’s company in Germany, we 

perform current and potential density measurements, electrochemical impedance measurements, and 

use colloidal silver as the path of the front and back of the solar cell. All of the aforementioned 

compounds are 99.9% pure. 

2.2. Fabricated processes 

The photoanode electrode is fabricated according to the process described in the group’s 

previously published paper [25]. 

Commercial conductive glass (FTO, TEC7, Dyesol) was cut into several plates with an area     

of 1.2 cm × 2 cm each. The FTO plate is drilled with 2 small holes, 1 mm in diameter, used for 

injecting electrolyte solution. These bases are treated as shown in Figure 1.  

 

Figure 1. The diagram treatment of FTO. 

The electrolyte solution used in this study is a polysulfide with an oxidation-reduction pair 

S
2
/Sn

2–
 which was synthesized by dissolving 1.2 g of Na2S with 0.064 g of sulfur powder and 0.149 g 

of KCl in 10 mL of aqueous methanol solution with a ratio of 7:3 to obtain a yellow color. 

The cathode electrode of the PbS film was coated on the FTO conductive substrate by 

electrophoresis in a mixed solution of 2.0 mM Pb(NO3)2 and 1.0 mM NaS2O3 and dissolved in 100 mL 

of distilled water and methanol; adjust pH to 2.65. A voltage of 100 mV was used for 1 h for all 

samples; we fixed the concentration and pH and only changed the electrode heating temperature at 
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100 ℃, 150 ℃, 200 ℃, and 300 ℃ for 1 h in vacuum. Finally, we assemble the solar cell according 

to the structure from Figure 2. 

 

Figure 2. The structural QDSSCs completely.  

2.3. Characterization  

To study the properties of the cathode electrode, we used a high resolution surface scanning 

electromagnetic microscope at scanning potentials 15 kV and 1 kV (FESEM, SU820) for samples at 

different resolutions to analyze Geometric surface analysis of electrodes, Philips X-ray diffraction 

(XRD) spectroscopy, (PANalytical X’Pert) with CuKα radiation to determine the structure of PbS 

crystals on the FTO film, allowing size calculation particles and lattice parameters. After assembling 

the battery, we used the Keithley 2400 instrument and the SOLARENA sunlight simulation system 

to determine the current density and potential curves, thereby determining the conversion efficiency 

of the solar cells. Besides, in order to better understand the electron transfer processes through the 

cathode, we use electrochemical impedance spectroscopy to measure and determine the value of the 

resistances in the battery, including the resistances across the cathode surface with electrolyte to 

evaluate cathode activity.  

3. Results and discussion 

The FTO/PbS cathode electrode is depicted in high resolution scanning electron microscopy 

images in Figure 3 at various resolution levels. In general, the film’s surface is quite porous, making 

it ideal for the electrode’s electrochemical activity. The porous surface leaves a lot of empty spaces, 

making it easier for the polysulfide electrolyte solution to come into direct contact with the PbS 

nanoparticles and carry out the electrochemical reaction. The electrolyte system’s electron exchange. 

The PbS nanoparticles were found to range in size from 40 nm to 200 nm, and they were extremely 

uniformly shaped like square or rectangular blocks. It is shown that the electrophoresis-created film 

is extremely stable. 
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Figure 3. FESEM of FTO/PbS film was calcinted at 150 ℃ in vacuum environment with 

500 nm, 1 µm, 2 µm and 5 µm resolution.  

By using electrophoresis to create a strong adhesion film, the FTO/PbS electrode is created. To 

stop the formation of PbO, the film is crystallized in a vacuum. As a result, we first need to ascertain 

the structure of PbS in order to use it as electrodes. The FTO/PbS electrode’s ray diffraction 

spectrum in a vacuum at 150 ℃ is shown in Figure 4, together with the PbS film’s and the FTO 

substrate’s distinctive diffraction peaks. The lattice planes with the Miller indices (111), (200), (220), 

(311), and (222) that correspond to the diffraction peaks at positions 26.1º, 30.2º, 43.19º, 51.61º,   

and 52.5º fit well with the standard JCPDS card No. 05-0592 of the face-centered cubic structure. 

Additionally, this outcome is entirely consistent with the findings of the research groups Varma [26], 

Yang [27], and Shyju [28]. The PbS face-centered cubic’s distinctive peak is the plane (200). We 

estimate the average particle size of the PbS at 150 ℃ to be about 48.9511 nm using Scherer’s Eq 1 

(see Table 1), which is in agreement with the findings of the FESEM pictures. Additionally, we 

noticed the characteristic peaks of the FTO conductive film at diffraction angles of 26.64º, 33.85º, 

and 37.9º [29]. 

  
    

     
                                                                         (1) 
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Figure 4. An XRD of FTO/PbS cathode was conducted at 100 ℃, 150 ℃, 200 ℃, and 

300 ℃ in a vacuum environment for 1 h. 

Where β is the half-width of the characteristic peak of PbS and D is the grain diameter.  

Table 1. The structural parameters of the FTO/PbS cathode. 

d-space (Å) 2θ (º) (hkl) D (nm) 

3.4 26.1 (111) 48.9511 

2.95 30.2 (200) 

2.09 43.19 (220) 

1.77 51.61 (311) 

2.74 52.5 (222) 

After examining the electrode’s structural and morphological characteristics, we attach the 

cathode electrode and the anode using surlyn that has been heated to more than 100 ℃. The 

electrolyte is pumped and measured at the end. The parameters, short circuit current density (Jsc), 

open circuit potential (Voc), fill factor, and conversion efficiency of QDSSCs are determined using 

current and voltage density curves. Figure 5 displays the characteristic curves, and Table 2 displays 

the calculated values of the parameter. Figure 5 shows that the electrode heated to 150 ℃ has the 

highest current density (18.18 mA/cm
2
) and the biggest open circuit voltage (0.572 V), resulting in a 

very high conversion efficiency of 3.938%. The conversion efficiency of this study is higher than 

that of studies by Tachan and co-workers (3%) and Zhang et al. (1.75%) [30], and it is in line with 

the findings of Yang and co-workers (3.91%) [27]. The achieved efficiency is substantially lower for 

the FTO/PbS cathode electrode heated at 100 ℃, 200 ℃, and 300 ℃, respectively: 2.579%, 1.929%, 

and 2.338%. As a result, it is clear that the temperature needed to create PbS crystals on the FTO 

substrate is crucial. This temperature has a significant impact on the electrochemical characteristics 
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of the cathode electrode, which in turn impacts the current density in cells and the functionality of 

QDSSCs.  

 

Figure 5. J-V cuvres of QDSSCs based on different cathodes. 

Table 2. The electrochimical parameters of QDSSCs. 

Electrodes JSC 

(mA/cm2) 

VOC  

(V) 

Fill factor 

(FF) 

Efficiency  

(%) 

Rct1  

(Ω) 

Rct2  

(Ω) 

τn  

(ms) 

FTO/PbS-100 ℃ 12.29 0.571 0.373 2.579 211.5 58.4 79.6 

FTO/PbS-150 ℃ 18.18 0.572 0.382 3.938 10.6 36.8 199 

FTO/PbS-200 ℃ 9.72 0.493 0.41 1.929 81.7 193 201.5 

FTO/PbS-300 ℃ 13.39 0.529 0.331 2.338 711.2 221 101.8 

The speed of charge carriers in solar cells and the chemical composition of cathode electrodes 

are investigated using electrochemical impedance spectroscopy. We obtained the experimental EIS 

spectrum from the EIS spectrum in Figure 6 after measuring the solar cells, and we then used the 

specialized software Autolab to fit and calculate the resistance values of QDSSCs, such as: Rct1 is the 

resistance of the excited electrons that are transferred through the cathode and the cathode surface 

with polysulfide electrolyte, and Rct2 is the resistance of the excited electrons when moving through 

the photoanode to the external circuit. The EIS of QDSSCs, which were created using cathode 

electrodes heated at various temperatures in a vacuum atmosphere, is shown in Figure 6. Figure 6 

illustrates this relationship between semi-circle size and resistance values; the cathode heated           

to 150 ℃ has the lowest Rct1 resistance (10.6 Ω), followed by cathodes heated to 100 ℃ (211 Ω), 

200 ℃ (81.7 Ω), and 300 °C (711.2 Ω). This outcome can be explained by the fact that PbS layer on 

FTO crystallized more precisely at 150 ℃ than it did at higher heating temperatures. Additionally, 

all of the films were calcined in a vacuum to prevent Pb from oxidizing and becoming PbO. The 

outcomes of the XRD demonstrate this. Therefore, it can be said that the electrons moving through 
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the PbS film and across its surface with the S
2–

/Sn
2–

 electrolyte do so at a faster rate the smaller the 

resistance value of Rct1. The efficiency of the cells for the cathode heated at 150 °C is the highest due 

to its highest current density, and this result is entirely consistent with the results of the current and 

potential curve measurements of QDSSCs. This result is also entirely consistent with the findings of 

Zhang et al., who examined the PbS electrode film formation time [26] and compared it to that of the 

Pt electrode [30].  

 

Figure 6. EIS of QDSSCs based on different cathodes. 

The bode spectrum, which is depicted in Figure 7, is derived from electrochemical impedance 

spectroscopy and is used to determine how well excited electrons may recombine and how long 

electrons in the PbS film’s conduction band live. The calculation results for electrodes heated           

at 100 ℃, 150 ℃, 200 ℃, and 300 ℃ for 1 h in a vacuum atmosphere are shown in Table 2. This is 

related to the minimum frequency by the formula      
 

      
. According to Table 2, when two 

cathode electrodes are heated to 150 ℃, the lifetime of QDSSCs is the longest (199 ms and 201.5 ms) 

at 200 ℃, and it is subsequently half at 300 ℃ (101.8 ms). The electrode is heated to 100 ℃ for a 

brief period of time (79.6 ms) since PbS crystals didn’t crystallize perfectly. The measured current 

density is larger than that of other electrodes because the longer the lifespan, the less likely it is that 

the electron will recombine with the hole in the material’s valence band. This result is in perfect 

accordance with the findings of current and potential density (J-V) curve measurements as well as X-

ray diffraction (PbS crystals crystallize most efficiently at 150 ℃).  
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Figure 7. Bode plots of QDSSCs with different cathodes. 

4. Conclusions 

Electrophoresis is used to create the FTO/PbS cathode electrode at a voltage of 100 mV, which 

changes depending on the calcination temperature. Due to its reduced cost and superior performance, 

the film is utilized to replace commercial Pt electrodes. The PbS nanofilm was effectively created on 

the FTO conductive substrate as a result, and it possesses a face-centered cubic structure, excellent 

crystallinity, and somewhat uniform particle size, according to FESEM and XRD. We note the 

highest current density and efficiency performance at 18.18 mA/cm
2
 and 3.938% with an FTO/PbS 

cathode electrode at 150 ℃ when compared to other heating temperatures based on the findings of 

measuring current density and potential. What’s more, this outcome was better than that of other 

research teams. The electrochemical impedance spectrum, commonly known as the bode spectrum, 

can also be used to explain the performance’s outcomes. According to the findings, the PbS film was 

calcined at 150 ℃ for flawless crystallization, which resulted in fewer crystal lattice defects and 

recombination processes, as well as the least Rct1 resistance (10.6 Ω) and the longest lifetime (199 ms).  
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