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Abstract 

In this study, we have studied and fabricated quantum dot sensitized solar cells based on photoanodes with the support 

of rGO buffer layer to enhance the electron transfer ability from TiO2 nano-semiconductor to FTO substrate. The rGO 

materials were fabricated by hydrothermal method, then they were coated on FTO substrate by Screen - Printing 

technique to create rGO nano films. The thickness of rGO films was studied from 1 to 3 layers to evaluate the mobility 

of charge, reduce recombination and resistance of film. Experimental results were determined by structural properties 

using XRD, FTIR, EDX and XPS, FESEM spectra; determined optical properties using UV-Vis absorption and 

transmission spectra; determined optical, electrical and chemical properties using Nyquist and EIS spectra. The 

maximum measured efficiency was 5.23% for the FTO/rGO(2)/TiO2/QDs film, current density 21.34 mA/cm2, open 

circuit voltage 5.525 V and fill factor of 0.34. These results were also proven through the research results of optical 

properties, electrochemical properties. In addition, these results are also consistent with the studies of others. 
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1. Introduction  

Renewable energy, especially solar energy, 

has gained significant attention due to fossil fuel 

depletion and environmental pollution [1–2]. 

Among solar conversion technologies, quantum 

dot-sensitized solar cells (QDSSCs) are considered 

promising because of their high theoretical power 

conversion efficiency (PCE), simple fabrication 

process, and low production cost [3–4]. A typical 

QDSSC is composed of an anode, a cathode, and a 

polysulfide electrolyte, in which the anode is 
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crucial for photogenerated electron generation 

and transport, directly influencing device 

efficiency [5–6]. Titanium dioxide (TiO₂) has been 

extensively used as a photoanode material owing 

to its chemical stability, low cost, and 

environmental friendliness [7–8]. Various TiO₂ 
nanostructures (nanoparticles, nanotubes, 

nanosheets) have been explored to optimize 

electron transport and light harvesting. However, 

despite these efforts, the actual efficiency of 

QDSSCs remains much lower than the theoretical 

limit [9–11]. 
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To address this limitation, researchers have 

proposed incorporating conductive carbon-based 

materials. Graphene and its derivatives, 

especially reduced graphene oxide (rGO), have 

shown potential due to their excellent electrical 

conductivity and high carrier mobility [12–13]. 

rGO can effectively improve electron transfer 

pathways and reduce recombination losses when 

integrated into semiconductor frameworks. 

Previous studies suggest that introducing rGO 

into TiO₂-based photoanodes enhances charge 

collection, yet challenges remain in establishing a 

stable conductive network within the TiO₂ layer 

[14–17]. 

Although rGO has been investigated as a 

conductive additive, limited studies have focused 

on employing it as an interfacial conductive layer 

to simultaneously repair TiO₂ structural cracks 

(formed during sintering) and enhance electron 

transport. Therefore, there is still a need for a 

practical strategy that integrates rGO into the 

TiO₂ framework in a way that both reinforces film 

integrity and improves conductivity. 

This work aims to fabricate a novel 

FTO/rGO/TiO₂ photoanode for QDSSCs by 

introducing an rGO interlayer through a simple 

screen-printing method. The novelty of this design 

lies in the dual function of rGO: (i) bridging 

microcracks in the TiO₂ film and (ii) forming an 

effective conductive network. By accelerating 

photogenerated electron transfer, this approach is 

expected to significantly improve the photovoltaic 

performance of QDSSCs, thereby contributing to 

the advancement of cost-effective solar energy 

technologies. 

 

2. Materials and Method 

2.1 Materials 

Graphene Oxide (GO) (Sigma Aldrich); 

Ethanol (Vietnam); Ethylene Glycol (Sigma 

Aldrich); Polyvinylpyrrolidone (PVP); 

Polyethylene Glycol (PEG) (Sigma Aldrich); 

Cadmium Acetate Dihydrate (China); Sodium 

Sulfide Nonahydrate (Sigma Aldrich); Selenium 

(Sigma Aldrich); Sodium Sulfite (China); Sodium 

Hydroxide (Sigma Aldrich); Zinc Nitrate 

Hexahydrate (China); Sulfur (China); Potassium 

Chloride (Sigma Aldrich); Copper(II) Chloride 

Dihydrate (China); Sodium Thiosulfate 

Pentahydrate (Sigma Aldrich); Copper(II) Sulfate 

Pentahydrate (Sigma Aldrich); Hydrochloric Acid 

(China); Methanol (Thailand); TiO₂ Paste 

Transparent 18NR-T (Australia). All materials 

have a purity of 99.9% and are used for analytical 

purposes. 

 

2.2 Synthesis of FTO/rGO/TiO2 Photoanodes 

24 mg GO was ultrasonically processed in a 

solution of 30 mL ethanol and ethylene glycol for 

1 hour. After that, the mixture was put into teflon, 

and hydrothermally heated at 180 ℃ for 24 hours. 

The mixture had a dark blue color after 

hydrothermal treatment. The mixture of washing 

solution was mixed in a ratio of ethanol: distilled 

water (1:3) and centrifuged to get the solid. After 

completely removing the washing water, the solid 

was dried at 60 ℃ for 12 hours. After drying, the 

solid was ground into a fine powder and mixed 

with a mixture of 10 mL ethanol and 0.25 g PEG 

(Polyethylene glycol) to create a gel with a certain 

viscosity. rGO paste was attached to FTO glass by 

the doctor blade method with different number of 

scans, and the sample was labeled FTO/rGO film. 

FTO/rGO film was baked at 350 ℃ for 30 minutes. 

FTO/rGOd-layer/TiO2 electrode was fabricated by 

depositing TiO2 layer on FTO/rGOd-layer glass 

deposited by Screen - Printing method, then 

calcined at 500 oC for 30 min.  

 

2.3 Fabrication of  

FTO/rGO/TiO2/CdS/CdSe:Cu2+(0.3%)/ZnS 

Photoanodes 

CdS, CdSe:Cu2+(0.3%), and ZnS layers were 

deposited on the FTO/rGO/TiO2 film by SILAR 

method. The FTO/rGO/TiO2 photoanode was 

immersed in a solution containing Cd2+ ions (0.1 

M) for 5 min and washed with ethanol. The 

electrode was further immersed in a solution 

containing S2− ions (0.1 M) for 5 min and then 

washed with methanol, the process was repeated 

for 3 SILAR cycles. The photoanode was dried for 

15 min at 120 ℃. The CdSe:Cu2+(0.3%) layer was 

deposited on the FTO/rGO/TiO2/CdS electrode 

using the same process as the CdS layer. The 

prepared solutions were Cd2+ and Cu2+ ions (0.1 

M), ethanol washing solution, Se2− ions (0.3 M), 

and distilled water washing solution, respectively. 

Figure 1. Schematic diagram of the synthesis and 

deposition process of ZnS nanocrystals onto 

FTO/TiO2/CdS⁄CdSe:Cu2+ by SILAR method. 
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The ZnS surface protection layer was prepared 

with Zn2+ ions (0.1 M),  distilled water washing 

solution, S2- ions (0.1 M), and distilled water 

washing solution with 2 SILAR cycles (Figure 1). 

 

2.4  Preparation of FTO/Cu2S Cathodes 

The Cu2S layer was deposited on FTO glass 

by chemical bath deposition method, in a mixture 

of Cu2+ and S2− under N2 atmosphere, in an oil 

bath for 30 min at 90 ℃. Then, the FTO/Cu2S film 

was rinsed with distilled water, and the glass was 

dried for 30 min at 200 ℃.  

 

2.5 Polysultfide Electrolyte  

The electrolyte solution is a polysulfide with 

the redox couple S2−/Sn
2− synthesized by dissolving 

1.2 g Na2S with 0.064 g S powder and 0.149 g KCl 

with corresponding concentrations (0.5 M, 0.2 M, 

0.2 M) in 10 mL of a mixture of distilled 

water:methanol solution with a ratio of 7:3.  

 

2.6 Processes of Completed QDSSCs 

QDSSC solar cells were assembled between 

FTO/rGO/TiO2/CdS/CdSe:Cu2+(0.3%)/ZnS films 

and FTO/Cu2S cathode by surlyn with size of 1.2 x 

1 cm, with surlyn bonding temperature at 200 ℃ 

for 10 s (Figure 2). 

 

3. Results and Discussion 

The structures of rGO/TiO2:GO, FTO/rGO, 

and FTO/rGO/TiO2 films with different numbers 

of rGO layers were measured by FTIR 

spectroscopy, the results are shown in Figure 3. 

The FTIR spectrum of FTO/TiO2 films contains 

characteristic vibrational peaks for Ti–O–Ti 

groups at 518 and 636 cm-1, 465 cm-1 and finally at 

974 cm-1 and 1627 cm-1 are characteristic peaks for 

O–Ti–O and Ti–OH groups, respectively. For GO 

films, there is a strong broad peak at 3400 cm-1, 

indicating the presence of characteristic 

vibrational peak for -OH groups in GO samples. 

In addition, the vibration peak of the 

FTO/rGO/TiO2 composite material appeared [18] 

with small peaks at 1710 cm-1 characteristic of the 

carbonyl group (C=O) of carboxylic acid. The peak 

at 1625 cm-1 represents the -OH bending vibration 

and the C=C stretching vibration and finally the 

characteristic peak for the C-O group at 1060     

cm-1 [18,19]. The FTIR spectrum of the FTO/rGO 

membrane has peaks at about 2330, 1821, 1532 

and 1119 cm-1 corresponding to the functional 

groups C–H, C=O, C=C and C–OH, respectively 

[20]. The result of the successful reduction of GO 

to rGO is clearly shown in the decrease of the 

functional groups containing oxygen (O-H) [21-

23]. The FTIR spectrum of the FTO/rGO/TiO2 

structured material showed the combination of 

vibrational peaks of rGO and TiO2, thereby 

indicating that rGO and TiO2 were successfully 

combined. The transmission spectra of different 

samples, including rGO/TiO₂:GO (black), 

FTO/rGO (red), FTO/TiO₂ (green), 

Figure 2. Assembly process of a completed 

QDSSCs. 

Figure 3. FTIR of rGO/TiO2:GO (black); 

FTO/rGO(red); FTO/TiO2 (green); 

FTO/rGO(1)/TiO2 (yellow) ; FTO/rGO(2)/TiO2 

(blue); FTO/rGO(3)/TiO2 (violet). 

Figure 4. Transmission of rGO/TiO2:GO (black), 

FTO/rGO(red), FTO/TiO2 (green), 

FTO/rGO(1)/TiO2 (yellow), FTO/rGO(2)/TiO2 

(blue), FTO/rGO(3)/TiO2 (violet). 
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Samples D G D/G 

rGO 8.7 527.4 0.15 

FTO/rGO (1)/TiO2 65.4 459.2 0.14 

FTO/rGO (2)/TiO2 74.6 535.1 0.13 

FTO/rGO (3)/TiO2 134.5 1612.9 0.08 

than 1 (Table 1). The results showed that the rGO 

layered structure had high crystallinity and few 

defects. 

The surface morphology of the FTO samples 

coated with rGO from 1 to 3 layers is shown in 

Figure 7. Starting from two layers of rGO, the 

surface morphology of rGO was initially formed on 

the FTO layers. However, under these conditions, 

some areas were not completely covered by rGO as 

observed in Figure 7a. As the number of rGO 

layers increased, the surface morphology became 

uniform, in FTO/ rGO(2) the number of uncovered 

sites decreased as observed in Figure 7b. The 

surface morphology of FTO/ rGO(3) was much 

rougher than that of FTO/ rGO(2), as evidenced by 

the multiple rGO layers stacked on top of each 

other.  

In addition, the surface morphology of 

rGO/TiO2 was observed to be consisten across all 

samples had similar morphology indicating the 

natural porous structure of TiO2. This suggests 

that, the rGO/TiO2 layers retained their porosity, 

which would be advantageous for the retention of 

QDs during the silane process at a later stage. The 

rGO/TiO2 samples were then used to fabricate 

CdS QDSSCs. Generally, the fabricated QDs were 

smaller than 10 nm in size, as reported in a 

previous study [26]. Thus, there would not be any 

significant morphology differences was observed 

FTO/rGO(1)/TiO₂ (yellow), FTO/rGO(2)/TiO₂ 
(blue), and FTO/rGO(3)/TiO₂ (violet), were 

measured in Figure 4. All samples exhibited 

transmittance values exceeding 70% in the visible 

region above 400 nm. 

XRD patterns of TiO2 materials and the 

composite materials of TiO2 and rGO on FTO 

substrate are shown in Figure 5. From these 

patterns, the results of FTO materials on the 

anatase TiO2 structure were determined through 

the peaks appearing at 25.74°, 48.4°, 55.01°, 65.8° 

of the anatase TiO2 phase, corresponding to their 

lattice planes (101), (200), (211) and (116). 

Besides, no peaks related to rGO or carbon were 

found in the X-ray diffraction patterns likely due 

to the layers of rGO are much thinner than the 

TiO2 layers [24-25]. 

Raman spectroscopy is a non-destructive 

technique to study the various non-polar 

vibrational bonds present in the crystal structure. 

The changes in the oxygen groups in GO during 

the hydrothermal process can also be explained 

using this spectroscopic technique. Figure 6 shows 

the Raman spectra of FTO/TiO2, FTO/rGO, 

FTO/rGO(1)/TiO2, FTO/rGO(2)/TiO2, 

FTO/rGO(3)/TiO2 films. The results show that the 

reduced graphene oxide (rGO) exhibits Raman 

peaks at the wavenumber positions of 1350 cm−1 

and 1595 cm−1. The peak positions of 1350 cm−1 

and 1595 cm−1 are identified as the internal 

structural defects of sp2 carbon (D band) and the 

well-ordered phonon vibrations inside the sp2 

bonded carbon atoms (G band), respectively. The 

vibrational features related to the 2D band of 

graphene were observed at 2645 cm−1 [18]. The 

anatase TiO2 phase has vibrational features Eg, 

B1g, B1g + A1g and Eg observed at wavenumbers 

154, 400, 515 and 640 cm−1. The average ratio 

between the intensity of the D and G bands 

(ID/IG) for the composites prepared here was less 

Figure 5. The XRD of rGO/TiO2, FTO/TiO2 (orange), 

FTO/rGO/TiO2 (green). 

Figure 6. The Raman of FTO/rGO/TiO2 

photoanode. 

Table 1. Intensity of D, G and D/G peaks. 
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under FESEM because of the small size of the 

fabricated QDs. 

An energy-dispersive X-ray spectroscopy 

analysis was investigated the chemical 

composition and the formation of the synthesized 

FTO/rGO(3)/TiO2 layer with the results 

illustrated in Figure 8d and Table 2. The EDX 

spectral results have successfully confirmed the 

fabrication of the FTO/rGO(3)/TiO2 structure. The 

results indicated the presence of characteristic 

peaks of Ti at 3.0 eV, 4.2 eV, and 5.1 eV; for 

Oxygen (O) at 0.2 eV, and for carbon (C) at 0.4 eV 

[27]. Moreover, the peaks were of high intensity, 

narrow widths and sharp half profiles, which 

confirmed the crystalline nature of the 

FTO/rGO(3)/TiO2 composites. 

Figure 9 presents the XPS spectra of 

FTO/rGO/TiO₂ and FTO/TiO₂ anodes, revealing 

characteristic peaks of C1s, Ti2p, and O1s (Figure 

9a) [28-29]. Ti2p1/2 and Ti2p3/2 peaks appear at 

465.1 eV and 459.1 eV, respectively, with no 

significant difference in intensity (Figure 9b). The 

O1s spectra (Figure 9c, 9d) indicate oxygen 

vacancies (OV) at 531.3 eV, OO-H at 532.9 eV, and 

OO-Ti at 530.2 eV in FTO/rGO/TiO₂. The stronger 

oxygen-related signal in FTO/TiO₂ suggests 

incomplete reduction of GO to rGO during 

calcination at 500 °C [30]. 

The C1s spectra (Figures 9e, 9f) exhibit peaks 

at 284.6 eV (C–C), 286.2 eV (C=O), and 288.8 eV 

(C–O), with FTO/rGO/TiO₂ showing higher 

intensity. The proportion of C–OH, C–O–C, C=O, 

Figure 7. The FESEM of (a) FTO/rGO(1), (c) FTO/rGO(2), (e) FTO/rGO(3), and (g) FTO/rGO/TiO2. Cross 

– section FESEM of (b) FTO/rGO(1), (d) FTO/rGO(2), and (f) FTO/rGO(3). 
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Photoanodes Jsc Voc FF η(%) 

FTO/TiO2/QDs 22.65 0.5 0.4 4.52 

FTO/rGO(1)/TiO2/QDs 27.42 0.52 0.44 4.84 

FTO/rGO(2)/TiO2/QDs 21.34 0.525 0.47 5.23 

FTO/rGO(3)/TiO2/QDs 20.97 0.54 0.45 5.14 

Sample C O Ti 

Weight% 1.37 44.57 54.07 

Atomic% 2.82 69.16 28.02 

 and COOH bonds reflects the degree of 

deoxygenation. The sp² (C=C) and sp³ (C–C) 

species appear at 284.2 eV and 285 eV, 

respectively [31-32]. Increased C=C bonds in 

irradiated samples confirm rGO formation. 

Additionally, a peak at 282 eV suggests Ti–C bond 

formation, indicating chemical interaction 

between carbon and TiO₂ [33]. Oxidation of carbon 

groups (C–OH, C–O–C, C=O, O=C–OH) is 

observed at higher binding energies (286.0–290.0 

eV). 

The photovoltaic performance of QDSSCs 

based on FTO/rGO(0-3)/TiO2 composite was 

investigated by current density-voltage 

characterization (Keithley 2450 

spectrophotometer - AM1.5, 100 mW/cm2). The J–

V diagrams were reported in Figure 10, where the 

active area of each sample is 0.168 cm2. The 

parameters are presented in Table 3. The sample 

without rGO had the lowest efficiency of 4.52% 

with a photocurrent density of 22.65 mA/cm2. In 

addition, the efficiency of QDSSCs was increased 

when the TiO2 photoanode was layered with a 

small amount of rGO. The short-circuit 

photocurrent (JSC) densities of QDSSCs based on 

FTO/TiO2, FTO/rGO/TiO2 (d = 1, 2, 3) were 22.65, 

27.42, 21.34, and 20.97 mA/cm2. The results 

showed that the addition of rGO layer between the 

FTO and TiO2 layers would help improve the 

energy band alignment, leading to better charge 

transfer. This sample produced better current 

density and open-circuit voltage, which was 

further reflected in the fill factor (FF) value. The 

presence of rGO would facilitate the charging and 

charge moving in films. Moreover, rGO also 

helped to broaden the spectral light absorption 

range [34]. In this case, rGO could act as an 

electron acceptor from TiO2 and quantum dots; 

thus, reducing electron-hole pair recombination. 

In addition, the decrease in current density with 

increasing number of rGO layers may be due to 

the decrease in visible light transmission, which 

will affect the conversion efficiency of the solar 

cell. In contrast, the open circuit potential 

Figure 8. (a-c) Image elements of FTO/rGO/TiO2, and (d) the EDX spectrum of  FTO/rGO/TiO2. 

Table 2. Atomic percentage of  FTO/rGO/TiO2. 

Table 3. Parameters of FTO/rGO(d)/TiO2/QDs with 

various layers of rGO. 
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enhanced from 0.5 V (FTO/TiO2) to 0.525 V 

(rGO(2)/TiO2), and then reached 0.54 V for 

(rGO(3)/TiO2). The change of FF was similar to 

that of VOC. The results showed that the power 

conversion efficiency (η(%)) of QDSSC reached 

5.23% at the optimal number of rGO layers of 2. 

The results showed that the rGO layer with TiO2 

improved the bonding between TiO2 and FTO, 

leading to better electron transfer and 

contributing to the prevention of electron-hole 

pair recombination [35,36]. To elucidate the 

charge kinetics effect of rGO/TiO2 composite film, 

the QDSSCs were analyzed by EIS. The 

measurements were carried out in the dark at 

open circuit voltage. In this work, the fabricated 

QDSSC based on the FTO/rGO(2)/TiO₂ 
photoanode achieved a power conversion 

efficiency (PCE) of 5.23%. Compared with 

previous reports on QDSSCs using rGO-modified 

TiO₂ photoanodes, which typically show 

efficiencies in the range of 3–5% [35,36], our result 

is at the higher end of this range. This indicates 

that the dual rGO interlayer strategy is an 

effective approach to further enhance electron 

transport and reduce recombination losses. The 

improvement highlights the novelty of our method 

in constructing a more continuous conductive 

network between TiO₂ and QDs, leading to better 

device performance. 

Figure 9. The XPS of FTO/rGO/TiO2 and FTO/TiO2 photoanodes. 

Figure 10. The J-V of QDSSCs with various layers 

of rGO.  
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Samples RS (Ω) Rct (Ω) CPE (µF) 

FTO/TiO2/QDs 38.05 278.5 0.90 

FTO/rGO(1)/TiO2/QDs 33.19 120.5 0.92 

FTO/rGO(2)/TiO2/QDs 25.08 61.9 0.87 

FTO/rGO(3)/TiO2/QDs 31.19 81.5 0.92 

The Nyquist plot provides insights into the 

electron migration kinetics in different QDSSCs 

structures. Figure 11 presents the Nyquist plot of 

each QDSSCs, fitted using the equivalent circuit 

shown in the inset, which consists of three 

components [25]. The series resistance (Rs) in the 

high-frequency region reflects the resistances of 

the electrolyte, electrode, and FTO layer. The 

charge transfer resistance (Rct) at the 

electrolyte/counter electrode interface and the 

constant phase element (CPE) representing the 

electric double-layer capacitor dominate the mid-

frequency region [26]. In the low-frequency region, 

Rct corresponds to charge transfer resistance at 

the TiO₂/QD or rGO/TiO₂/QDs interface, while 

CPE represents capacitance. 

The Rs values (Table 4) remained consistent 

across samples, confirming that the rGO layer did 

not enhance the anode electrode film's resistance. 

The Rct of QDSSCs incorporating rGO remained 

largely unchanged due to the use of the same CuS 

anode, and polysulfide. But, cell with rGO 

exhibited significantly lower Rct than the TiO₂-
only structure, demonstrating enhanced charge 

transfer at the rGO/TiO₂ and QDs interface. This 

reduction in charge transfer resistance highlights 

the rGO layer’s role in facilitating electron 

transport. The lower resistance observed in the 

photoanode with two rGO layers can be attributed 

to the formation of a more continuous and efficient 

conductive network. With a single rGO layer, the 

coverage may be incomplete, leaving localized 

regions of high resistance due to cracks or grain 

boundaries in the TiO₂ film. By introducing two 

rGO layers, these defects are more effectively 

bridged, and multiple conductive pathways are 

established, which facilitates faster electron 

transport and reduces charge recombination. 

Therefore, the dual-layer structure minimizes 

interfacial resistance between TiO₂ and QDs, 

leading to the lowest overall resistance and 

improved photovoltaic performance. 

Figure 12 illustrates the structure of a 

quantum dot solar cell consisting of the 

photoanode, cathode, and electrolyte components. 

This section focus on the energy band structure of 

the photoanode. When the photoanode film is 

illuminated, the CdS, CdSe, and ZnS quantum 

dots absorb photons, generating electrons in their 

conduction bands. These electrons subsequently 

move through the conduction band of the TiO2 film 

to the external circuit. For photoanode films 

without rGO support, electron loss occurs due to 

recombination in surface trap states. However, for 

photoanodes with rGO support, electrons are 

transferred more efficiently, thereby reducing the 

loss due to recombination.  

 

4. Conclusions 

Quantum dot sensitized solar cells using 

photoanodes with FTO/rGO/TiO2/QDs structure 

have been successfully fabricated. In the 

FTO/rGO/TiO2/QDs structure, rGO is used as a 

buffer layer to support the charge transfer process 

between QDs, TiO2, and FTO. QDSSCs with 

FTO/rGO(2)/TiO2/QDs photoanode achieved the 

highest photoelectric conversion efficiency of 

5.23%. In general, all FTO/rGO(1-3)/TiO2/QDs 

photoanodes have higher efficiency than 

photoanodes without rGO layer support. This 

demonstates the effective support of rGO layer in 

the electron transfer process through the contact 

layers. This result is also proven by the analysis 

of electrochemical impedance spectrum. The 

curve-fitting result shows that of the resistance of 

photoanode with two rGO layers is the lowest. 

This result shows that the flexibility as well as the 

conductivity of rGO membranes have increased 

under our fabrication conditions. 
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