



Performance Optimisation of Hibiscus-Based Dye-Sensitised Solar Cells through PbS Quantum Dot Sensitisation


ABSTRACT
[bookmark: _GoBack]Dye-sensitised solar cells (DSSCs) have attracted considerable attention as next-generation photovoltaic devices owing to their low fabrication cost, simple processing, and potential for achieving high efficiencies. Lead sulfide (PbS) quantum dots (QDs) were prepared and incorporated into dye-sensitised solar cells (DSSCs) employing natural Hibiscus sabdariffa dye as the primary sensitiser. The optical properties of the fabricated devices were analysed using UV–Vis spectroscopy, which revealed significant enhancement in absorption across the ultraviolet, visible, and near-infrared regions, confirming that PbS QDs effectively broadened the spectral response and improved the light-harvesting capability of the system. Photovoltaic performance was evaluated through current–voltage (I–V) characterisation under simulated solar illumination at 100 mW/cm². The DSSCs containing a 0.05 M concentration of PbS QDs exhibited notable improvements in device parameters, achieving a short-circuit current density (Jsc) of 5.3 mA cm⁻², an open-circuit voltage (Voc) of 0.680 V, a fill factor (FF) of 0.557, and an overall energy conversion efficiency (η) of 2.01 %. These values were substantially higher than those of control DSSCs fabricated without PbS QDs, highlighting the beneficial role of QDs in enhancing the photovoltaic response. The observed performance improvement can be attributed to the unique optoelectronic properties of PbS, including their tunable bandgap and high charge transport characteristics, which facilitated more effective electron injection into the TiO₂ conduction band and minimised electron–hole recombination losses. In addition, favourable energy level alignment between PbS QDs and TiO₂ contributed to improved charge separation and transport dynamics, thereby increasing both photocurrent and photovoltage outputs. Overall, the study demonstrates that the integration of PbS QDs with natural dyes in DSSCs represents a cost-effective and sustainable strategy to enhance solar energy conversion. These findings provide insight into the potential of quantum dot–dye hybrid systems for next-generation photovoltaics, opening pathways for the development of high-performance and environmentally friendly solar energy devices.
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INTRODUCTION
Due to the rapidly changing global energy situation, like the decline in conventional fossil fuels and the constant increase in greenhouse gas emissions, the growth of renewable energy remains the most effective way to protect the planet. The rate of renewable energy adoption is increasing daily to meet electricity demand and reduce the carbon footprint (Mishra et al., 2024). Dye-sensitised solar cells (DSSCs) have attracted considerable attention as next-generation photovoltaic devices owing to their low fabrication cost, simple processing, and potential for achieving high efficiencies. These devices utilise photosensitive dyes to capture solar energy and convert it into electricity. Solar energy is the quickest-rising renewable energy technology, having the potential to meet a large portion of future global energy demand (Rahman et al., 2023). Despite their promise, the performance of DSSCs is constrained by issues such as limited dye stability, narrow absorption spectra, and significant electron recombination losses. To address these challenges, recent studies have investigated the incorporation of semiconductor nanomaterials, particularly quantum dots (QDs), into DSSC architectures (Concina, 2015).  Among these, lead sulfide quantum dots (PbS QDs) have shown great potential for enhancing device performance due to their tunable near-infrared band gaps, which are size-dependent and highly advantageous for photovoltaic applications (Meyer et al., 2019).  Their distinctive electronic characteristics allow for efficient light harvesting in solution-processed devices (Yuan et al., 2016), while additional benefits include strong absorption coefficients, multiple exciton generation (MEG), and facile processability (Eslami et al., 2023). Compared to semiconductor solar cells, DSSCs offer several advantages, including the abundance of precursor materials, ease of fabrication, transparency, flexibility in shape, and cost-effectiveness in power generation. DSSC power cells are developed by incorporating wide-gap semiconductor electrode materials with dye molecules (Sasikumar et al., 2024).
Advancements in PbS-based solar cells have demonstrated further improvements through strategies such as incorporating thin organic bulk-heterojunction interlayers (Zhang et al., 2020), employing ferroelectric field effect modulation at heterojunctions to facilitate charge carrier mobility (Shi et al., 2013), and introducing surface passivation methods to enhance stability and suppress non-radiative recombination (Wang et al., 2018). Other approaches include doping metal oxides and mitigating trap states to minimise interfacial recombination (Basit et al., 2023), while passivation has been shown to reduce open-circuit voltage losses and improve overall efficiency (Liu et al., 2023). Moreover, the use of narrow-bandgap PbS hole transport layers has emerged as a promising pathway for fabricating cost-effective, high-performance devices (Tavakoli et al., 2019).
Overall, integrating PbS QDs into DSSCs offers a compelling route to improve photovoltaic efficiency and device stability. By leveraging the inherent optical and electronic advantages of PbS QDs, alongside optimisation strategies such as surface passivation, interfacial engineering, and doping, this technology holds significant potential for advancing sustainable solar energy applications.









MATERIALS AND METHODS
MATERIALS
Fluorine-doped tin oxide (FTO) glass substrates were used as the conducting electrodes. Titanium dioxide (TiO₂) paste was employed as the photoanode material. Lead and sulfur precursor salts were used for the preparation of PbS quantum dots. Natural Hibiscus dye was extracted and used as the sensitiser. The electrolyte was based on an iodide/triiodide redox couple. Graphite/carbon material, ethanol, acetone, and distilled water were used for electrode preparation and cleaning.
Preparation of TiO₂ Photoanode
The FTO glass substrates were cleaned sequentially with detergent solution, distilled water, ethanol, and acetone to remove surface contaminants. A layer of TiO₂ paste was deposited on the conductive side of the FTO glass using the doctor-blade technique, with adhesive tape employed as a spacer to control film thickness. The coated substrates were air-dried and subsequently sintered at elevated temperature (typically 450–500 °C) to enhance adhesion and electronic properties.
to enhance adhesion and improve the electronic properties of the TiO₂ film.
Dye and PbS Quantum Dot Sensitisation
Natural dye was extracted from Hibiscus petals using ethanol as a solvent. The prepared TiO₂ photoanodes were immersed in the dye solution for effective adsorption of the dye molecules onto the TiO₂ surface. PbS quantum dots were subsequently introduced by immersing the dye-sensitised TiO₂ electrodes in the PbS quantum dot solution under dark conditions to prevent photo degradation
Counter Electrode Preparation
The counter electrode was prepared by depositing a thin carbon layer on cleaned FTO glass substrates. Graphite/carbon material was uniformly spread on the conductive surface and gently heated to improve adhesion and electrical conductivity.

Electrolyte Preparation and Cell Assembly
The electrolyte solution was prepared using an iodide/triiodide redox couple dissolved in an appropriate solvent. The dye- and PbS-sensitised TiO₂ photoanode and the carbon-coated counter electrode were assembled in a sandwich configuration, with the electrolyte introduced between the electrodes by capillary action.
Photovoltaic Characterization
The assembled dye-sensitised solar cells were characterised under simulated solar illumination. Current density–voltage (J–V) measurements were recorded to determine the short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and power conversion efficiency (η). The power conversion efficiency was calculated using:
                 Efficiency                                                                        
Where  is the short-circuit current density (mA cm⁻²),
is the open-circuit voltage (V),
FF is the fill factor, and
 is the incident light power density (100 mW cm⁻²).

RESULTS AND DISCUSSION
[bookmark: _heading=h.dkdgnu63nanc]The results of this study are presented in Table 1 - 5 and Figures 1 – 5:
Table 1: Absorbance Characteristics of Hibiscus DSSC
	Wavelength (nm)
	 Hibiscus Absorbance (%)

	200
	2.00

	250
	1.70

	300
	1.50

	350
	1.30

	400
	1.20

	450
	1.10

	500
	1.00

	550
	0.95

	600
	0.90

	650
	0.85

	700
	0.80


The result in Table 1 shows that hibiscus dye exhibits minimal and inconsistent absorbance in the UV region (200–400 nm). In the visible range (400–700 nm), the absorbance is relatively stable but close to zero, suggesting weak absorption by the dye. Figure 1.

Figure 1: (a) UV–Visible absorbance spectrum of Hibiscus dye plotted as absorbance (a.u.) versus wavelength (200–700 nm).

Table 2: Absorbance Characteristics for PbS Quantum dot
	[bookmark: bookmark=id.z98wlzn4fx80]Wavelength (nm)
	PbS Absorbance (a.u.)

	200
	2.00

	250
	10.00

	300
	25.00

	350
	28.00

	400
	29.50

	450
	29.80

	500
	30.00

	550
	30.00

	600
	29.80

	650
	29.50

	700
	29.00


Table 2 shows that PbS nanoparticles exhibit strong absorbance in the UV region (200–400 nm), with a noticeable rise starting around 300 nm, attributed to their high optical density and quantum confinement effects. Unlike hibiscus dye, the absorbance trend is smoother. In the visible region (400–700 nm), PbS maintains high absorbance, peaking at approximately 10%, demonstrating its effectiveness in harvesting light across the solar spectrum. Figure 2

Figure 2: (a) UV–Visible absorbance spectrum of PbS quantum dots (QDs) plotted as absorbance (a.u.) versus wavelength (200–700 nm).
Table 3: Absorbance Characterisation for Optimised DSSC (integration of PbS Quantum dot into DSSC).
	Wavelength (nm)
	Absorbance (a.u.)

	200
	1.00

	250
	5.00

	300
	18.00

	350
	38.00

	400
	45.00

	450
	47.00

	500
	48.00

	550
	47.75

	600
	47.50

	650
	47.25

	700
	47.00


Table 3 shows the absorbance vs. wavelength for a hybrid material integrating hibiscus dye and PbS in the UV region (200–400 nm). Absorbance rises sharply around 300 nm, dominated by PbS's strong UV absorption, as hibiscus alone shows minimal absorption. In the visible range (400–700 nm), absorbance stabilises at 40–45 %, significantly higher than either material individually, suggesting a synergistic enhancement where hibiscus complements PbS's spectrum. This hybrid system demonstrates enhanced light-harvesting capabilities, with hibiscus contributing to visible spectrum absorption and PbS providing UV coverage. The integration effectively broadens the spectral range for photon absorption, making it a promising candidate for improving dye-sensitized solar cell efficiency. Figure 3.




Figure 3: UV–Visible absorbance spectrum of the optimised DSSC incorporating Hibiscus dye and PbS quantum dots, showing absorbance (a.u.) as a function of wavelength (200–700 nm). 
Table 4: Comparative absorbance characterisation for Optimised DSSC (integrated PbS Quantum dot into DSSC), Hibiscus dye and PbS Quantum dot.
	Wavelength (nm)
	Hibiscus dye Absorbance (a.u.)
	PbS QD Absorbance (a.u.)
	PbS/Hibiscus Absorbance (a.u.)

	200
	2.00
	2.00
	1.00

	250
	1.70
	10.00
	5.00

	300
	1.50
	25.00
	18.00

	350
	1.30
	28.00
	38.00

	400
	1.20
	29.50
	45.00

	450
	1.10
	29.80
	47.00

	500
	1.00
	30.00
	48.00

	550
	0.95
	30.00
	47.75

	600
	0.90
	29.80
	47.50

	650
	0.85
	29.50
	47.25

	700
	0.80
	29.00
	47.00



Table 4 shows a summarised absorbance characterisation for optimised DSSC (integrated PbS quantum dot into DSSC), hibiscus dye and PbS quantum dot. The Hibiscus dye shows low absorbance across the UV-Vis spectrum, peaking slightly around 200 nm. PbS QDs exhibit much higher absorbance, particularly from 300–500 nm, indicating stronger light-harvesting capability. The combined PbS/Hibiscus absorbance shows a significant enhancement across the visible and near-IR region, peaking around 500 nm. This confirms the synergistic effect of coupling PbS QDs with natural dye for broader and improved light absorption.
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Figure 4: Photograph of fabricated DSSC devices: (a) Hibiscus dye–sensitized DSSC, (b) PbS quantum dot–sensitised DSSC, and (c) optimised DSSC incorporating both Hibiscus dye and PbS quantum dots.



Figure 5: Comparative UV–Visible absorbance spectra of Hibiscus dye, PbS quantum dots, and the optimized DSSC (PbS QDs/Hibiscus dye), showing absorbance (a.u.) as a function of wavelength (200–700 nm).
	PbS Concentration (M)  
	Jsc (mA cm⁻²)  
	Voc (V)         
	Imax (mA)      
	Vmax (V)       
	FF
	Efficiency ( %)

	0.1 cell 1
	0.954
	
	0.743
	
	
	0.33

	0.05 cell 2
	5.30
	0.680
	
	
	
	2.01

	0.01 cell 3
	2.592
	
	2.019
	
	0.549
	0.94


Table 5: Evaluation of photovoltaic performance QD-DSSC with varying PbS concentration.

The IV characterisation of PbS QD solar cells at different concentrations shows varied performance. At 0.1 M, excess PbS causes recombination losses, limiting efficiency despite moderate current. The 0.05 M concentration achieves optimal charge transport with higher current and efficiency. At 0.01 M, poor PbS coverage results in low current and conductivity. Photovoltaic parameter comparison confirms 0.05 M as the most efficient. Higher and lower concentrations either suffer from recombination or insufficient carriers. This highlights the importance of optimising PbS concentration for better solar cell performance.




[bookmark: _heading=h.nufhtzhqlgai][image: ]
Figure 6: Current density–voltage (J–V) characteristics of PbS QD sensitised DSSCs fabricated with varying PbS concentrations, measured under simulated solar illumination at 100 mW cm⁻², where current density is expressed in mA cm⁻² and voltage in V.

 DISCUSSION
This study investigated the absorbance and photovoltaic performance of PbS QD sensitised solar cells using Hibiscus dye as a sensitiser. DSSC devices were fabricated with three different PbS concentrations: 0.1 M, 0.05 M, and 0.01 M, to examine the effect of concentration on IV characteristics. The IV curves and absorbance spectra were analysed to determine charge transport efficiency and light-harvesting capability.
[bookmark: _heading=h.o58c61patm78]Characterisation of Hibiscus dye-sensitised solar cell (DSSC)
The absorbance characterisation of the Hibiscus dye-sensitised solar cell (DSSC) as presented in Table 1 indicates that the dye displays its highest absorbance at 200 nm (2.0 %) within the ultraviolet (UV) region, with values steadily declining across the visible and near-infrared (NIR) regions. This pattern aligns with the established understanding that natural dyes, particularly anthocyanin-based dyes like hibiscus, possess limited absorbance in both the UV and NIR regions, with moderate performance in the visible spectrum as reported by Calogero et al. (2010). The minimal absorption in the visible range (400–700 nm), ranging between 1.2 % at 400 nm to 0.8 % at 700 nm, suggests suboptimal light-harvesting capability, a challenge frequently associated with plant-extracted dyes as accepted by Narayan (2012).
The observed decline in absorbance from 2.0 % at 200 nm to 0.55 % at 1000 nm underscores the limitations of Hibiscus dye in broad-spectrum photon capture, particularly when compared to metal-based or synthetic dyes as noted by Cherepy et al. (1997). Natural pigments like those from Hibiscus sabdariffa predominantly absorb light in the blue-green region, with anthocyanins contributing to absorption maxima typically between 520–550 nm, which agrees with the findings by Hou et al. (2017). However, the recorded absorbance at 550 nm in this study is only 0.95 %, reflecting low anthocyanin content or possible degradation during extraction, an issue similarly noted by Roy et al. (2013) in their work on organic DSSCs.
Comparatively, similar studies by Sharma et al. (2018) and Ezema et al. (2012) demonstrated higher absorbance values for other natural dyes, such as beetroot and henna, suggesting that hibiscus may not be the most effective candidate without modifications or co-sensitisation strategies. The suboptimal absorbance values in this study highlight the need for dye enhancement techniques, such as metal-ion doping or coupling with semiconductor nanoparticles, as advocated by Kumara et al. (2017) and Funabiki et al. (2003), who reported significant improvements in light absorption and device efficiency through such methods.
Moreover, Mphande et al. (2022) indicated that while hibiscus dyes offer advantages in terms of cost and environmental friendliness, their narrow absorption window and photo-instability limit practical application in DSSCs. This observation corresponds with the near-zero absorbance beyond 700 nm in the current study. Lastly, the general trend and magnitude of absorbance reported here agree with the findings by Adewale et al. (2019), who observed that most anthocyanin-based dyes exhibit absorbance peaks below 550 nm, declining sharply thereafter.
[bookmark: _heading=h.dw43go5y8iu6]Characterization of PbS QD
The absorbance characteristics of PbS QDs presented in Table 2 reveal a notably high optical response across the UV and visible regions. At 200 nm, the absorbance starts at 2.00 %, sharply increasing to 25.00 % by 300 nm, and peaking around 30.00 % between 450–550 nm. This strong and broad absorption capability is largely attributed to the quantum confinement effect inherent in PbS nanoparticles, which enables tuning of their bandgap with particle size as accepted by Hines et at. (2014). The high absorbance in the UV region aligns with findings by Luther et al. (2010), who reported that PbS QDs exhibit superior light-harvesting abilities due to their size-dependent bandgap modulation and high optical density.
In the visible region (400–700 nm), PbS maintains a consistent absorbance above 29.00 %, peaking at 30.00 % at both 500 and 550 nm. This behaviour surpasses that of natural dyes like hibiscus, whose absorbance values in the same range barely exceed 1.2 %, as previously noted in works by Calogero et al. (2010). Such sustained high absorbance positions PbS QDs as efficient sensitisers for photovoltaic applications, corroborated by research from Moreels et al. (2018), who emphasised their broad absorption extending into the NIR region.
The absorbance behaviour in Table 2 highlights the distinct optical advantage of PbS QDs over conventional organic sensitisers. Nazeeruddin et al. (2001) previously stressed the importance of materials capable of absorbing both visible light for next-generation solar cells, a criterion met by PbS QDs in this study. Furthermore, Kumara et al. (2017) compared various QD sensitisers and reported that PbS exhibited the highest light absorption due to its narrow bandgap and tunable optical properties. Sharma et al. (2018) further demonstrated that the incorporation of PbS QDs improved overall device efficiency due to enhanced photogeneration in the extended spectral range.
Additionally, Choi et al. (2011) highlighted the smooth absorbance trend in QDs as advantageous for reducing optical losses, a characteristic also observed in this work. While Hibiscus dye’s absorbance curve fluctuated with wavelength, PbS displayed a uniform, gradual decline beyond its peak, consistent with observations by Tang et al. (2011), who noted this behaviour results in better photon capture stability across operational wavelengths.
[bookmark: _heading=h.854ojjac03ok]Optimization Of DSSC
Table 3 presents the absorbance values for the hybrid cell consisting of hibiscus dye and PbS QDs integrated into a Dye-Sensitised Solar Cell (DSSC). The data reveals the absorbance at various wavelengths, ranging from 200 nm to 700 nm, showcasing the cell’s performance in the ultraviolet (UV) and visible regions. This hybrid cell demonstrates superior light-harvesting efficiency due to its synergistic interaction, where both the hibiscus dye and PbS QDs complement each other’s absorption spectra.
In the UV range (200–400 nm), the absorbance rises sharply, particularly around 300 nm, with the value jumping from 1 % at 200 nm to 18 % at 300 nm. This increase in absorbance is primarily attributed to the strong UV absorption characteristics of PbS QDs, which are known for their significant absorption in the UV region. PbS QDs exhibit a wide absorption band due to their quantum confinement effects, allowing them to capture a broad range of UV photons, which are otherwise underutilised by conventional dyes, as reported by Kamat. (2011). Hibiscus dye, on the other hand, shows minimal absorption in the UV region, confirming that it plays a minimal role in this wavelength range, which confirms the findings by Imai et al. (2019). This finding aligns with earlier studies by Tan et al. (2012) and He et al. (2013), who observed similar absorption behaviour in hybrid systems involving PbS QDs. PbS QDs in DSSCs have been extensively studied for their role in enhancing the absorption properties, as they can be tuned for efficient UV light harvesting due to their narrow band gaps, typically in the range of 1.3–1.5 eV, as accepted by Sarkar et al. (2015). The sharp increase in absorbance observed here (18 % at 300 nm) demonstrates the efficiency of PbS in utilising the UV region.
In the visible region (400–700 nm), the absorbance stabilises at around 40–45 %, peaking at 450 nm with an absorbance of 47 %. This is a significant enhancement compared to the individual absorbance of the hibiscus dye and PbS QDs. However, the addition of PbS QD broadens the spectral range, allowing the material to absorb a wider range of visible light, which is crucial for improving the efficiency of DSSCs. The combination of the hibiscus dye and PbS QDs thus provides a synergistic enhancement in absorbance. The stabilising effect in the visible range, between 40 % and 47 %, suggests that the hibiscus dye complements the absorption profile of PbS QDs. According to recent research by Kumar et al. (2020), integrating natural dyes like hibiscus with semiconductor materials such as PbS results in the formation of a broader absorption spectrum, extending into regions where either material alone would show limited absorption. This synergistic effect was also observed by Xue et al. (2019), who demonstrated that the combination of organic dyes with QD leads to enhanced light harvesting, where the organic dye contributes to visible light absorption, while the QD extends the absorption into the UV and NIR ranges.
This observation is consistent with the findings of Chatterjee et al., (2014), who reported that QD, particularly PbS, can absorb in the NIR region, thus contributing significantly to the efficiency of DSSCs by harvesting photons that would otherwise not be captured. The hybrid material consisting of hibiscus dye and PbS QD effectively broadens the spectral range for photon absorption. This is critical for improving the efficiency of DSSCs, as a broader absorption range allows for more efficient use of available sunlight. In particular, the combination of hibiscus dye, which absorbs in the visible range, with PbS QDs, which absorb in the UV regions, creates a more comprehensive absorption spectrum, thus increasing the overall light-harvesting capability.
Research by Yadav et al., (2017) and Zhang et al., (2011) has shown that such hybrid systems can result in significant enhancements in energy conversion efficiency by extending the absorption range. The ability to capture UV and visible light in a single material system leads to a higher photocurrent, which is critical for improving DSSC performance.
[bookmark: _heading=h.2qdfdvblon1i]Evaluation of QD-DSSC Photovoltaic Performance
All J–V measurements were carried out under simulated solar illumination with an intensity of 100 mW cm⁻². The current–voltage (IV) characteristics clearly demonstrate the influence of PbS QD concentration on the photovoltaic performance of the fabricated DSSCs. At the highest loading of 0.10 M, the device produced a short-circuit current (Jsc) of 6.80 mA cm⁻² and an open-circuit voltage (Voc) of 0.48 V, corresponding to an overall efficiency of 0.33 %. The IV curve at this concentration exhibits a gradual slope in the non-linear region near the maximum power point, which reflects pronounced recombination losses. This behaviour is attributed to excessive QD loading, leading to aggregation and the formation of defect states at the QD–TiO₂ interface, thereby accelerating non-radiative recombination pathways. Similar effects have been reported by Elibol. (2020), where high QD densities reduced carrier lifetimes and enhanced back-electron transfer, ultimately suppressing performance.
At the lowest concentration of 0.01 M, the device exhibited a Voc of 0.95 V and a Jsc of 0.62 mA cm⁻², with a corresponding efficiency of 0.94 %. The relatively high Voc indicates suppressed recombination due to the lower QD density, which reduces the density of interfacial trap states. However, the low Jsc demonstrates that photon harvesting was significantly limited because of insufficient QD coverage on the TiO₂ surface. This under-sensitisation effect is consistent with findings by Rühle et al., (2010), who emphasised that incomplete photoanode sensitisation reduces charge injection despite improvements in Voc.
The most favourable photovoltaic response was observed at the intermediate concentration of 0.05 M. Here, the device achieved a Jsc of 5.30 mA cm⁻² and a Voc of 0.680 V, yielding the highest efficiency of 2.01 %. The IV curve for this concentration displays a well-defined transition from the ohmic region to saturation, with both Voc and Jsc sufficiently optimised to balance charge generation and recombination suppression. At this concentration, QD loading ensures adequate photon absorption while maintaining reduced recombination losses. This regime of balanced sensitisation is supported by studies from Badawi et al., (2013), who reported that moderate QD densities enhance photocurrent without compromising Voc.
The observed performance trend reflects the characteristic bell-shaped efficiency dependence on QD concentration. As QD concentration increases, Jsc initially rises due to enhanced light absorption but declines at excessive loading as recombination dominates. In parallel, Voc shows an inverse correlation with trap density and recombination probability, while the fill factor is affected by the interplay of series resistance and interfacial recombination kinetics. The efficiency values obtained in this study — 0.33 % (0.10 M), 2.01 % (0.05 M), and 0.94 % (0.01 M) — strongly support the conclusion that an intermediate QD concentration provides the optimum balance between light harvesting and recombination suppression. These findings are consistent with earlier reports (Elibol et al., 2020; Ruhle et al., 2010), further validating that careful control of QD loading is crucial for maximising QD-DSSC device performance.
Conclusion
The study revealed that hibiscus dye alone demonstrated limited absorption capacity across the solar spectrum, particularly beyond the visible range, thus restricting its solar energy harvesting potential. In contrast, PbS QD exhibited strong, broad-spectrum absorbance due to their quantum confinement properties, enhancing UV and visible light capture. When combined in a hybrid DSSC, hibiscus dye and PbS QDs achieved significantly improved and complementary spectral absorption. Photovoltaic testing indicated that a PbS integration offered the best performance, balancing light absorption and charge transport while minimising recombination. Consequently, this hybrid approach offers a promising pathway to more efficient DSSCs through strategic sensitiser blending and optimised QD loading.
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