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ABSTRACT

The growing demand for renewable and sustainable energy has
spurred interest in dye-sensitized solar cells (DSSCs) as cost-
effective alternatives to conventional silicon solar cells. However,
their performance is often limited by narrow spectral absorption and
dye instability. This study investigates the optimization of DSSC
performance by incorporating lead sulfide (PbS) quantum dots (QDs)
and natural hibiscus dye as a hybrid photo-sensitizer. QD-DSSC
devices were fabricated using TiO,-coated electrodes sensitized
with hibiscus dye and 0.05M PbS quantum dots atvaryingimmersion
times (6 h, 12 h, 24 h). The |-V characterization revealed that
immersion time critically influenced device performance. The
highest efficiency of 3.19 % was achieved at 12 hours of immersion,
corresponding to the optimal balance of dye loading and PbS layer
formation. The associated photovoltaic parameters were Isc = 7.965
mA, Voc = 0.72 V, and FF = 0.557, indicating improved electron
transport and reduced recombination. In contrast, 6 h and 24 h
immersion times yielded lower efficiencies of 2.01 % and 0.754 %,
respectively, due to insufficient or excessive sensitizer deposition
leading to poor charge mobility or increased recombination.
Electrical performance analysis using a solar simulator and
electrochemical impedance spectroscopy (EIS) confirmed that 12-
hour immersion provided optimal interfacial charge transfer and
minimized resistance. The study demonstrates that integrating PbS
QDs with natural dyes broadens spectral absorption and enhances
DSSC efficiency, with 12 hours identified as the optimal immersion
duration for sensitizer application.

INTRODUCTION

2016). Furthermore, the relatively modest efficiency of

A central limitation in the development of solar cell
technologies is the dependence on single-crystal silicon,
which is necessary to achieve efficiencies approaching
30% (Hosenuzaman et al., 2015). However, the production
of single-crystal silicon is costly, making it less attractive
as a large-scale alternative energy solution (Wong et al.,
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conventional silicon-based cells requires the deployment
of extensive panel arrays to meet substantial power
demands (Sharma et al., 2015). Another drawback is the
restricted absorption range of silicon solar cells
(Andereani et al.,, 2019). Although silicon can absorb
ultraviolet, visible, and infrared radiation, the spectral
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distribution of sunlight consists of only 7% ultraviolet, 47%
visible, and 46% infrared (Hollick, 2016). As a result, nearly
93% of available solar energy cannot be fully exploited by
silicon solar cells (Shah et al., 1995). To address these
limitations, O’Regan and Gratzel (1991) introduced dye-
sensitized solar cells (DSSCs), a new class of
photochemical devices that offered a more cost-effective
and efficient alternative for solar energy conversion.
DSSCs operate by utilizing light-absorbing dye molecules
to capture sunlight and generate electricity. Compared to
silicon cells, DSSCs feature a broader absorption
spectrum, lower fabrication costs, and improved
environmental compatibility (Lai et al., 2008). Light-
sensitive dyes, including both synthetic and natural
variants, serve as the active materials, with chlorophyll-
derived plant pigments being among the most commonly
used natural sensitizers. When exposed to sunlight,
chlorophyll molecules donate excited electrons that
initiate current flow in the DSSC (Alhamed et al., 2012;
(Trihutomo et al., 2022). Nevertheless, a critical limitation
of DSSCs lies in their lower electron yield compared to
silicon devices (Gong et al., 2012). This reduction in
efficiency is largely attributed to rapid recombination of
photogenerated electrons, caused by limited electron
diffusion and poor interparticle contact within the TiO,
layer (Du et al., 2009). To overcome these challenges,
researchers have increasingly turned toward incorporating
semiconductor nanomaterials such as quantum dots
(QDs) into DSSC architectures. Lead sulfide (PbS)
quantum dots, in particular, have emerged as promising
sensitizers due to their size-dependent, tunable bandgaps
in the near-infrared region, which allow broader solar
spectrum utilization (Keitel et al., 2016). PbS QDs also
possess advantageous characteristics, including high
absorption coefficients, the potential for multiple exciton
generation, and straightforward solution-processability,
making them suitable for enhancing photovoltaic
performance (Kim et al., 2015) ; (Liu et al., 2023). Research
has further demonstrated that introducing thin organic
bulk-heterojunction interlayers can enhance the power
conversion efficiency of PbS QD-based devices Zhang et
al., 2020). Similarly, the application of ferroelectric field-
effect modulation at heterojunction interfaces has been
shown to improve charge carrier transport in QD solar cells
(Zhang et al., 2021). In addition, surface passivation
strategies—such as employing ligands or protective
layers—have been widely explored to suppress trap-
assisted recombination, thereby improving both the
stability and efficiency of PbS QD-based DSSCs (Zhou et
al., 2016).

MATERIALS AND METHODS

Materials

The following materials were used. hot plate, pipets,
spatulas, scotch tape, Indium-doped Tin Oxide (ITO),

JOSRAR 2(5) SEP-OCT 2025 1-11

Glass slides (1.5cm x1.5 cm) crocodile clips, Titanium
dioxide (TiO,), Potassium lodide (KI), Ethanol (C,HsOH),
Methanol (CH30H), Acetic acid (CH;COOH), distilled
water, Magnifera Indica leaves (mango leaves), Aluminum
sheets. Solar simulator (Newport), UV-Vis spectrometer),
Multi-meters (MA5830 series). Magnetic Stirrer (Staurt),
Muffle Furnace (PEC medical USA, SX-5- 12) and Hot plate
(Stuart).

Methods

Determination of the
Photosensitizer

The optical properties of dye-sensitized materials were
investigated using UV-Vis spectroscopy. TiO,-coated glass
substrates were immersed in dye solutions, and
absorbance spectra were recorded between 300-800 nm.
The Tauc plot method was used to determine optical band
gaps, evaluating the light-harvesting capability of
sensitizers.

Optical Properties of

Preparation of TiO, Paste

TiO, paste was made as follows: Polyvinyl Alcohol (PVA) of
1.5 grams was added to 13.5 ml of distilled water, and then
it stirred with a rotary motor at a temperature of 80°C for +
30 minutes until the solution thickens. This suspension
functioned as a binder in making paste. Add the
suspension to 0.5 grams of TiO, powder which is about 7.5
ml. TiO, powder used is titanium dioxide anatase from
Sigma-Aldrich. Then, a mixture of suspension and TiO,
powder was crushed by a mortar to form a good paste to
be coated. The optimal degree of viscosity of the paste was
obtained by adjusting the number of binders and also if
necessary water was added to the mixture of binder and
TiO, powder.

Preparation of Dye Solution

Dyes were extracted from Hibiscus sabdariffa using the
solvent extraction method. Fresh leaves (approximately 10
grams) were crushed and soaked in 20 ml of ethanol for 20
minutes. The resulting dye solution was then collected by

decantation.

. M d
Concentration of Dye = ass of dye

Volume of solvent (1)
Preparation of Electrolyte Solution

The electrolyte was formulated by first dissolving 0.8 g of
potassium iodide (KI, 0.5 M) in 10 ml of polyethylene glycol
(PEG 400) under constant stirring to ensure homogeneity.
Subsequently, 0.127 g of iodine (l,, 0.05 M) was introduced
into the mixture and stirred until complete dissolution was
achieved. The prepared electrolyte solution was then
transferred into a sealed dark container for temporary
storage to prevent degradation.
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Preparation of Carbon Counter Electrode

The carbon counter electrode was prepared by exposing
one of the TCO glass substrates to a candle flame, allowing
soot deposition across the conductive surface. This
combustion process formed a thin carbon layer on the
substrate, thereby creating the carbon-based counter
electrode. In the assembled DSSC, the deposited carbon
functioned as a catalyst, enhancing the reaction kinetics of
the triiodide reduction process on the TCO surface.

QD-DSSC Assembly

The assembly of the DSSC was carried out using
conductive TCO glass substrates cut into dimensions of
1.5 x 1.5 cm® A 1 x 1 cm? active area was defined on the
conductive side of the substrate using Scotch tape, which
also served to regulate the thickness of the TiO, film.
Additional tape layers were applied when a thicker paste
coating was required. The TiO, paste was deposited within
the defined area using the doctor blade technique, with a
stirring rod used to uniformly spread the paste across the

|Working electrode |
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substrate. The coated substrate was then annealed in a
furnace at 450 °C for 30 minutes to enhance porosity and
establish strong adhesion between the TiO, film and the
TCO glass. Following this, the TiO,-coated substrates were
sensitized by immersion in a 0.05 M PbS quantum dot
solution prepared in absolute toluene. Immersion times
were varied (6, 12, and 24 hours) under complete darkness
to optimize adsorption. After sensitization, the films were
rinsed with ethanol (99.8%) at room temperature to
remove any loosely bound QDs. The prepared photoanode
was then combined with the electrolyte solution, which
was dropped onto the TiO,/dye/PbS QD layer. For cell
assembly, the carbon-coated counter electrode was
aligned with the photoanode in a sandwich configuration,
ensuring a 0.5 cm offset at the edges for electrical contact.
The two substrates were secured tightly using binder clips
to form a stable structure. The resulting DSSC device was
then ready for photovoltaic performance testing, as
illustrated in Figure 1.

| Counter electrode |

Electrolyte

£y

(r)y (r=)

-

Oxide TiOz2 semicoductor layer

Figure 1: PbS Dye Sensitized Solar Cell Structure

Determination of the Impact of Immersion Time on
Performance of Fabricated QD-DSSC Device

TiO,-coated electrodes were sensitized in dye/quantum
dot solutions for different durations (6, 12, and 24 hours).
Optical properties were re-evaluated, and DSSCs were
fabricated. Performance parameters (Jsc, Voc, and FF)
were measured under standard illumination (AM 1.5G, 100
mW/cmz) to determine optimal immersion time.

Determination of Electrical Properties
Electrical characterization was performed using a solar
simulator and source meter to obtain |-V curves.

Electrochemical impedance spectroscopy (EIS) analyzed
charge transfer resistance, recombination rates, and
interface-related parameters, providing insights into the
influence of immersion time and dye loading on DSSC
performance.

The efficiency (n) of a solar cell was calculated using the
following equation:

Efficiency(%) = =~ 2)
where: Isc is the short circuit current of the solar cell, Voc
is the open circuit voltage, FF is the fill factor on the solar
cell, Pinis the power of incident light.
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RESULTS AND DISCUSSION
Optical Properties of Hibiscus and Quantum Dot
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Figure 2: Absorbance Spectra characterization for Hibiscus DSSC

Figure 2 illustrates the UV-Vis spectra of the hibiscus dye
solution. The spectra reveal that the dye exhibits weak and
inconsistent absorption in the UV region (200-400 nm),
likely attributed to the presence of anthocyanins and other
pigments that primarily absorb in the visible spectrum. In
the visible range (400-700 nm), the absorption remains
relatively stable but low, indicating weak absorption by the

dye. Furthermore, the dye shows negligible absorption in
the near- infrared region (700nm), consistent with the
typical behavior of organic dyes. These findings suggest
that hibiscus dye may have limited potential for DSSC
applications unless its absorption in the UV-visible
spectrum is improved.
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Figure 3: Absorbance Spectra characterization for PbS Quantum dot

Figure 3 illustrates the UV-Vis spectra of PbS
nanoparticles, which exhibit a strong absorption peak in
the UV region (200-400 nm), starting around 300 nm. This
is attributed to their high optical density and quantum
confinement effects. Notably, the absorption trend is
smooth, indicating minimal experimental error. In the
visible region (400-700 nm), PbS nanoparticles maintain

high absorption, reaching a peak of approximately 10 %,
demonstrating their effectiveness in harnessing solar light.
Furthermore, in the near-infrared region (700nm), the
absorption gradually decreases but remains substantial,
highlighting PbS's ability to capture low-energy photons, a
significant advantage over organic dyes like hibiscus.
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Figure 4: Absorbance Spectra characterization for Optimized DSSC (PbS Quantum and Hibiscus dye)

Figure 4 illustrates the absorbance spectra of a hybrid
material combining hibiscus dye and PbS nanoparticles.
The resulting spectra exhibit a synergistic enhancement of
light absorption. In the UV region (200-400 nm), the
absorbance increases sharply around 300 nm primarily
due to the strong UV absorption of PbS, as hibiscus dye
shows negligible absorption in this range. In the visible
range (400-700 nm), the absorbance stabilizes at 40-45 %,
significantly higher than the individual materials,
indicating that hibiscus dye complements PbS's

Impact of Immersion Time

absorption spectrum. Furthermore, in the near-infrared
region (700nm), the absorbance decreases gradually but
remains higher than PbS alone, benefiting from PbS's
extended NIR absorption. This hybrid system
demonstrates enhanced light-harvesting capabilities, with
hibiscus dye contributing to visible spectrum absorption
and PbS providing UV and NIR coverage. The integration of
these materials effectively broadens the spectral range for
photon absorption, making it a promising candidate for
improving the efficiency of dye-sensitized solar cells."

6 hours immertion time
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Figure 5: 1-V Characteristics for PbS DSSC for 6 Hours Immersion Time

Figure 5 depicts |-V characteristics for PbS DSSC for
different immersion time 6 hours, The IV curve for a PbS
immersion time of 6 hours shows a near-linear increase in
current with voltage. This behavior indicates low charge
carrier density and limited charge transport efficiency due

to the shorter immersion time, resulting in an insufficient
PbS layer formation. The primarily ohmic behavior
suggests that the charge transport is dominated by
resistive conduction with minimal influence from other
mechanisms.
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Figure 6: I-V Characteristics for PbS DSSC For 12hours Immersion Time

Figure 6 The IV curve for a PbS immersion time of 12 hours
shows the sharpest rise in current with voltage and
significant non-linearity, especially at higher voltages. This
isindicative of awell- developed PbS layer with high charge
carrier density and mobility, enhancing the material's

conductive and transport properties. The non-linear
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Figure 7: 1-V Characteristics for PbS DSSC for 24hours Immersion Time

Figure 7 The IV curve for a PbS immersion time of 24 hours
exhibits a steeper increase in current compared to Figure
(5) and figure (6), with slight non-linearity at higher
voltages. This reflects improved charge carrier density and

Electrical Properties of Quantum Dot Cells

better PbS layer formation due to the increased immersion
time. The enhanced conduction properties imply a more
efficient charge transport mechanism, likely involving the
beginnings of saturation or recombination effects.

Table 1: Technological Parameters of the Tested Quantum Dot Cells

No Dye Quantum dot concentration(mM) Dipping time (h)
1 Hibiscus 0.05 6h,

2 Hibiscus 0.05 12h

3 Hibiscus 0.05 24 h
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Table 1 depicts the parameters of each experiment series,
hibiscus was used as the dye and a concentration of 0.05

Table 2: DSSC Parameters with Immersing Time Variation
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M of Pbs was used on each time of immersion 6h ,12h and
24 hours.

Immersion time (h) Isc (mA) Voc (V) Imax (ma) Vimax (v) FF Efficiency (n) %
6 5.30 0.680 4.13 0.486 0.557 2.01

12 7.965 0.72 6.206 0.51429 0.557 3.19

24 2.111 0.64 1.645 0.45714 0.556 0.754

Table 2 depicts the values of DSSC parameters which The
efficiency of DSSC cells increases at the immersion of 6
hour leading to the 12 hour immersion. The efficiency of

DSSC cells in soaking 24hours decreased The optimum
efficiency of DSSC is 3.19 % that owned 12 h cell.

iv curves- time of immersion
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Figure 8: I-V Characteristics for PbS DSSC for Immersion Time

Optical Properties

The UV-Vis absorption spectra illustrated in Figures 2
through 4 provide critical insights into the optical
properties of hibiscus dye, PbS nanoparticles, and their
hybrid composite. These optical characteristics are pivotal
in evaluating their potential for applications such as dye-
sensitized solar cells (DSSCs), where efficient light
absorption across the solar spectrum directly correlates
with device performance.

Figure 2 reveals that the hibiscus dye exhibits weak and
inconsistent absorption in the UV region (200-400 nm).
This can be attributed to the chemical nature of
anthocyanins and other flavonoids present in the hibiscus
extract, which are known to absorb predominantly in the
visible spectrum due to their transitions (Giusti and
Wrolstad, 2001). In the visible region (400-700 nm), the
absorption remains relatively low but stable, consistent
with findings by Suresh et al. (2015), who reported similar
absorbance trends in natural dyes used for DSSCs.
Natural dyes, including those extracted from hibiscus,
generally show low molar extinction coefficients
compared to synthetic dyes, which limits their light-
harvesting efficiency (Calogero et al., 2010). Furthermore,

the negligible absorption in the near-infrared (NIR) region
(700nm) aligns with the work of Gratzel (2001), who noted
that most natural dyes fail to capture low-energy photons,
limiting their applicability in high-efficiency solar cells.
Figure 3 indicates that PbS nanoparticles display a strong
absorption onset in the UV region around 300 nm,
attributed to their high optical density and quantum
confinement effects (Brus, 1984; Yu et al., 2003). These
effects occur due to the reduced dimensions of the
nanoparticles, leading to a widening of the bandgap and
shiftin absorption characteristics.

In the visible region, PbS shows consistently high
absorption, peaking around 10 %, which corroborates with
the findings of (Zhao et al., 2009), who demonstrated that
PbS quantum dots possess superior light absorption
across the visible spectrum. Notably, the gradual decline
in absorbance through the NIR region is indicative of PbS’s
narrow bandgap (~0.41 eV in bulk form), which enables it
to absorb photons in the lower-energy NIR range (Hines
and Guyot-Sionnest, 1996). This characteristic is critical
for expandingthe operationalrange of DSSCs and boosting
photocurrent, as emphasized by (Kamat, 2008).
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The hybrid system, illustrated in Figure 4, integrates
hibiscus dye with PbS nanoparticles, producing a
broadened and enhanced absorption spectrum. The
absorbance increase in the UV region is attributed
primarily to PbS’s contribution, while the hibiscus dye fills
the absorption gap in the visible range. The enhanced
absorbance between 400-700 nm, reaching 40-45 %,
indicates a synergistic effect, which is consistent with the
concept of spectral complementarity discussed by Yella et
al. (2011).

This broad spectral coverage, extending into the NIR
region, suggests that the hybrid material effectively
combines the strengths of its constituents. As noted by
Kim et al. (2011), such hybrid systems benefit from energy
level alignment and charge transfer facilitation, which are
critical for efficient electron injection and reduced
recombination rates in DSSCs.

Moreover, the retention of high absorbance into the NIR
region is significant, as it allows for harvesting of low-
energy photons—one of the major limitations of many
organic dye systems (Nozik, 2002). The smooth trend and
high absorbance across the spectrum also suggest
minimal aggregation and good dispersion of the
nanoparticles, which are important factors for
reproducible optical properties (Li et al.,, 2012). The
integration of hibiscus dye with PbS nanoparticles results
in a material with superior light-harvesting properties,
thanks to its extended spectral response and synergistic
absorbance enhancement. While hibiscus dye alone
suffers from limited absorption, particularly in the UV and
NIR regions, PbS nanoparticles compensate with their
broad absorption range and high intensity, making the
hybrid material a promising candidate for DSSC
applications. Future work could focus on optimizing the
dye-to-nanoparticle ratio and improving the chemical
stability of the hybrid system to further enhance device
performance.

Immersion Time on PbS DSSC Performance

The immersion time during the sensitization of PbS (lead
sulfide) layers in dye-sensitized solar cells (DSSCs)
critically impacts the photophysical and electrical
properties of the device, The |-V characteristics captured
for immersion times of 6, 12, and 24 hours exhibit varying
degrees of current response and nonlinearity, reflecting
changes in charge transport efficiency and photo-
response behavior.

The |-V curve in Figure 5 reveals a nearly linear
relationship, implying ohmic behavior. Such behavior
indicates a sub-optimal PbS layer formation, likely due to
insufficient immersion duration. This restricts nucleation
and growth of PbS quantum dots, resulting in low surface
coverage and poor inter-particle connectivity (Zhang et al.,
2009; Lee et al., 2011). Consequently, the low carrier
concentration and high recombination rate limit
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photovoltaic activity, consistent with earlier findings that
emphasize the need for adequate sensitizer deposition
time for effective light absorption and charge separation
(Sargent, 2005; Konstantatos and Sargent, 2010).

Figure 6 shows a sharp increase in current with voltage,
particularly at higher voltages, revealing strong
nonlinearity and indicating diode-like behavior. This
suggests enhanced formation of the PbS layer, enabling
improved charge carrier generation and mobility. Studies
by Luther et al. (2008) and Nozik (2002) affirm that optimal
immersion time leads to efficient electronic coupling and
percolation pathways for carrier transport. Moreover, the
higher photocurrent implies reduced recombination and
enhanced injection of electrons into the TiO, conduction
band (Kamat, 2008; Wang et al., 2010).

This behavior aligns with the work of Hodes (2007), who
emphasized that PbS nanocrystals exhibit superior
absorption and electron transport properties when
uniformly deposited. Similarly, Tang et al. (2011) reported
that intermediate immersion times yield improved
morphology and quantum dot packing density, enhancing
conductivity and suppressing trap-mediated
recombination.

In Figure 7, further immersion to 24 hours results in a
steeper |-V curve compared to the 6-hour condition,
indicating an improved PbS layer with better charge carrier
density. However, the curve also shows reduced
nonlinearity compared to the 12-hour condition, possibly
pointing to the onset of saturation or increased interfacial
recombination. This is supported by findings from Gao et
al. (2014), who noted that excessive immersion can lead to
PbS agglomeration or overgrowth, which may block pores
in the TiO, film and impede efficient charge extraction.
Additionally, Bisquert (2004) discussed how thicker
quantum dot layers, while beneficial for light harvesting,
could introduce transport limitations due to
recombination and reduced electric field strength. Thus,
while 24 hours of immersion improves overall conduction,
it may approach the threshold where the trade-off between
light absorption and carrier mobility becomes unfavorable.
The progression from 6 to 12 and then to 24 hours
illustrates a nonlinearimprovement in device performance
with immersion time. This observation is consistent with
several key studies (Kim et al., 2012; Koleilat et al., 2008),
which demonstrate that optimal sensitization balances
surface coverage, light absorption, and efficient charge
transport. Too short an immersion yields incomplete
coverage, while excessive duration may induce
morphological defects or recombination centers.

The study reinforces the critical role of immersion time in
optimizing the performance of PbS-sensitized DSSCs. The
12-hour immersion time appears optimal for enhancing
photoresponse and charge transport, offering a balance
between layer thickness and electrical conductivity. These
findings are corroborated by previous works in the field and
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highlight the nuanced control required in quantum dot-
sensitized solar cell fabrication.

Electrical Properties of PbS DSSCs Sensitized with
Hibiscus Dye at Varying Immersion Times

The performance of dye-sensitized solar cells (DSSCs) is
highly influenced by various factors such as the nature of
the dye, semiconductor material, and sensitization
conditions. In this study, PbS was used as a
semiconductor material at a concentration of 0.05 M, and
hibiscus extract served as the natural dye sensitizer.
Immersion times of 6 h, 12 h, and 24 h were employed to
study their influence on electrical properties. Data from
Table 1 and Table 2 demonstrate a clear correlation
between immersion time and the photovoltaic
performance, particularly with respect to short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor
(FF), and efficiency (n).

At 6-hour immersion, the DSSC exhibited modest
photovoltaic activity. The relatively lower efficiency
compared to 12 h immersion can be attributed to an
underdeveloped PbS layer, which limits the ability of
photogenerated electrons to be efficiently separated and
transported (Kamat, 2007; Hodes, 2007). Lower Jsc and
Voc values at this stage suggest that the surface coverage
and interfacial charge transfer between the dye,
semiconductor, and electrolyte are sub-optimal (Liu et al.,
2009; Gratzel, 2005). According to Law et al. (2005),
insufficient sensitization time leads to lower dye loading
and minimal quantum dot nucleation, which explains the
lower electron injection efficiency. Additionally, the
interface between the hibiscus dye and PbS quantum dots
may not be sufficiently developed to promote effective
charge transfer (Wang et al., 2010). As reported in Table 2,
the DSSC immersed for 12 hours achieved the highest
efficiency (n = 3.19 %), indicating optimal semiconductor
layer formation and improved interfacial properties. The
increase in efficiency can be linked to: Enhanced dye
adsorption, Better PbS crystal growth, Improved charge
separation and reduced recombination (Bisquert, 2004;
Tang et al., 2011). The Jsc and Voc are significantly higher
compared to the 6 h sample, reflecting improved charge
carrier density and better energy level alignment between
the dye and the PbS conduction band (Sargent, 2005;
Nozik, 2002). At this immersion duration, there is a more
uniform quantum dot distribution, leading to efficient
exciton dissociation and charge collection, as noted by
Luther et al. (2008) and Koleilat et al. (2008). Moreover,
studies by Lee et al. (2011) confirm that intermediate
immersion times enable optimal charge carrier lifetime
and increased electron mobility, contributing to higher
photocurrent and voltage.

Electrical Degradation at 24-Hour Immersion
Unexpectedly, the DSSC performance declined at 24-hour
immersion, as evident from Table 2 While intuitively longer
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immersion might allow more sensitizer deposition,
excessive growth of PbS may cause agglomeration, pore
clogging, or formation of recombination centers that
hinder charge transport (Gao et al., 2014; Zhang et al.,
2009). This drop in efficiency is often attributed to: Thicker
PbS layers that obstruct light penetration, Electron-hole
recombination due to reduced surface passivation,
Diminished FF resulting from higher series resistance
(Bisquert, 2004; Kamat, 2008). Over-sensitization can also
cause poor contact between PbS and TiO, due to
aggregation, which increases recombination losses and
decreases the effective interface area for charge
separation (Tang et al., 2011). These effects are further
reinforced by the observed decline in Voc and Jsc.

The peak efficiency at 12 hours suggests this duration
allows a balanced structure for optimal light harvesting,
charge generation, and collection. Electrical properties
depend not just on material deposition, but on their
morphology and electronic interfaces.

CONCLUSION

The integration of hibiscus dye with PbS nanoparticles
creates a superior material for solar cells, thanks to its
broader spectral response and enhanced light absorption.
The hybrid material overcomes the limitations of hibiscus
dye alone, which struggles to absorb light in the UV and NIR
regions. PbS nanoparticles fill this gap with their wide
absorption range and high intensity, making the hybrid
material promising for dye-sensitized solar cells (DSSCs).
The study highlights the importance of immersion time in
optimizing PbS-sensitized DSSC performance. A 12-hour
immersion time yields the best results, striking a balance
between layer thickness and electrical conductivity. This
finding aligns with previous research, emphasizing the
need for precise control in quantum dot-sensitized solar
cell fabrication. Immersion time significantly impacts the
electrical properties of PbS-based DSSCs sensitized with
hibiscus dye. The optimal 12-hourimmersion time enables
efficient charge transport and minimizes recombination.
Excessive immersion, however, leads to performance
decline due to aggregation and increased recombination
pathways. Therefore, fine-tuning immersion time is crucial
for DSSC optimization.
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