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Abstract: The present study investigates the influence of photosensitizer selection and the polymer
electrolyte composition on the performance of quasi-solid-state dye-sensitized solar cells (QsDSSCs).
Two benchmark ruthenium dyes, N719 and Z907, alongside a novel photoactive phenothiazine
dye were used. Each dye was incorporated into a QsDSSC architecture employing poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDE-HFP) as the gel electrolyte matrix, with varying molecular
weights, to investigate their impacts on the overall device performance and long-term stability. Our
results demonstrated that the N719 dye exhibited the highest power conversion efficiency (PCE),
attributed to its strong absorption in the visible spectrum and efficient electron injection into the
TiO, photoanode. Z907, on the other hand, showed moderate PCE due to its broader absorption
profile but slower electron injection kinetics. The phenothiazine dye revealed promising PCE, with
tunable absorption properties and efficient charge transfer. Furthermore, the impact of PVDF-HFP
polymer gel electrolytes with varying molecular weights on cell stability was explored. The QsDSSC
incorporating the PVHS80 polymer with the phenothiazine dye exhibited reduced dye desorption,
due to the effective dye molecules’ immobilization by the gel matrix, and consequently enhanced
long-term stability over 600 h. This comparative study sheds light on the interplay between dye
selection, the polymer gel’s properties, and QsDSSCs” performance. These insights are crucial in
designing robust and efficient QsDSSCs for practical applications.

Keywords: dye-sensitized solar cells; ruthenium sensitizers; phenothiazine dyes; PVDF-HFP;
stability study

1. Introduction

The continuous escalation in the global energy demand, juxtaposed with the finite
reserves of fossil fuels and the environmental necessity of curbing carbon emissions, has
foregrounded the imperative need for renewable energy sources. Among these, solar
energy stands as a prominent contender due to its ubiquity and sustainable nature. One
promising photovoltaic technology that has witnessed significant advancement is the dye-
sensitized solar cell (DSSC). Since its inception in 1991 by O'Regan and Gritzel, DSSCs have
offered an attractive alternative to conventional p—n junction solar cells due to their lower
manufacturing costs, ease of fabrication, potential for high energy conversion efficiency,
and versatility in application [1-4].
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Central to the DSSC architecture is the use of photosensitizers, which play a critical
role by absorbing sunlight and facilitating electron injection from the excited dye molecule
into the conduction band of a wide-bandgap semiconductor, typically titanium dioxide. Tra-
ditionally, ruthenium-based dyes such as N719 have been the industry standard, renowned
for their broad absorption spectrum and efficient charge transfer properties. However, the
scarcity of ruthenium and the quest for more sustainable options have stimulated research
into alternative dyes, such as metal-free organic sensitizers like phenothiazine derivatives,
which offer the benefits of lower costs and reduced environmental impacts [3,5,6]. A signif-
icant objective of this research is to overcome the reliance on rare and costly materials, such
as ruthenium, while exploring the potential of novel organic photosensitizers that can offer
competitive performance with enhanced sustainability and cost-effectiveness.

The classical archetype of a DSSC employs liquid electrolytes that include a redox
mediator, usually iodide/tri-iodide (I3~ /17), to shuttle electrons between the photoanode
and the counter electrode. However, issues with liquid electrolyte volatilization, leakage,
and degradation have led to the exploration of more robust alternatives, exemplified by
quasi-solid-state electrolytes [7,8]. The latter present a balanced medium between liquid
and solid states, aspiring to couple the inherent stability of the solid state with the superior
ionic conductivity of the liquid state. Among the myriad of polymers used to form gel
electrolytes, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDEF-HFP) has emerged
as a preferential material due to its favorable attributes, which include a high dielectric
constant, excellent photochemical stability, and suitability to host a variety of ionic liquids,
which serve to enhance the ionic conductivity [5,9-11].

Our study aims to provide novel contributions in several key areas. In detail, our
research provides a direct and systematic comparison of DSSCs’ performance using two
benchmark dyes (2907 and N719) and a novel photoactive phenothiazine dye, com-
bined with PVDF-HFP gel polymer electrolytes of varying molecular weights. This ap-
proach, unlike drawing conclusions from disparate reports, offers a clearer understand-
ing of the interplay between the dye structure and electrolyte properties within a single
study [12,13]. Additionally, particular emphasis was placed on long-term stability, sys-
tematically analyzing the performance evolution of each dye—-electrolyte combination over
an extended period. This focus on stability is crucial for real-world applications, provid-
ing valuable insights into long-term performance trends and degradation mechanisms.
Finally, by examining the performance variations across different dye-electrolyte combina-
tions, our study offers essential insights for material selection and optimization in DSSC
fabrication, highlighting the importance of considering both individual components’ prop-
erties and their synergistic interactions to achieve the desired performance and stability
targets [14-17].

2. Materials and Methods

All reagents and solvents, unless otherwise specified, were obtained from Sigma-
Aldrich (Seoul, Republic of Korea) and the Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan), and used as received.

2.1. Substrate Preparation

Fluorine-doped tin oxide (FTO) glass substrates (MTI Korea, Seoul, Republic of Korea)
with a thickness of 2 mm were first cleaned to remove surface contaminants. Cleaning
involved sequential washing with soap water, deionized water, and then ethanol, followed
by ultrasonication in ethanol for 20 min. The clean FTO substrates were then dried in
a nitrogen flow. Post-cleaning, the FTO substrates were immersed in a 0.04 M titanium
tetrachloride (TiCly) solution maintained at 70 °C for 30 min. This step was crucial to
achieve a dense and uniform TiO, seed layer that facilitated the better adhesion of the
mesoporous TiO, layer. After the pretreatment, the substrates were rinsed several times
with deionized water to remove excess TiCly and then dried.
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2.2. TiO; Layer Deposition

For the deposition of the first TiO; base layer, a TiO, paste with a particle size <20 nm
was prepared at KRICT, Daejeon, Republic of Korea, starting from in-house hydrothermally
grown TiO, nanoparticles, and was spread over the FTO substrates using the screen-
printing method. Then, 3M adhesive tape (3M Korea, Seoul, Republic of Korea) was
employed to confine the coating area and an 11 um screen was used to ensure uniformity in
the layer thickness (10.5 um). The printed substrates were dried by annealing at 125 °C for
30 min to remove organic components from the TiO; paste. Subsequently, a scattering layer
(5.5 um thick) composed of 400-nm-diameter TiO, particles (supplied by Dongjin Semichem
Co., Ltd., Seoul, Republic of Korea) was added on top of the TiO; base layer utilizing a
second screen-printing step. The substrates were then subjected to a sintering process with a
temperature program as follows: pre-heating to 125 °C for 10 min, followed by incremental
increases to 350 °C (5 min), 375 °C (5 min), and 450 °C (20 min). Finally, the temperature
was ramped up to 500 °C and maintained for 10 min before allowing the substrates
to cool down naturally to room temperature (RT). The final thickness of the TiO, films
was assessed through a Dektak XT mechanical profilometer (Bruker, Tucson, AZ, USA) to
be ~16 um.

2.3. Photoelectrode and Counter Electrode Preparation

The prepared TiO; photoelectrodes underwent a post-synthesis conditioning step
where they were immersed in a 0.1 M aqueous TiCly solution. The temperature during
this treatment was maintained at 70 °C for a duration of 30 min to enhance the surface
properties of the TiO; films for better dye adsorption and electron transport. Following
this treatment, the films were washed several times with deionized water to remove any
residual TiCly and were then dried. Subsequent to the TiCly treatment, the TiO, films were
sintered to ensure mechanical stability and to form effective electrical contact between
the TiO, nanoparticles. The sintering was carried out in a programmable furnace with
two distinct temperature holds: the films were first heated to 450 °C and maintained at
this temperature for 20 min, followed by an increase to 500 °C for an additional 10 min.
The sintered films were then allowed to cool down gradually to 80 °C. To prepare the
counter electrode, HyPtCls-6H,O paste was deposited onto the FTO glass substrate using
the screen-printing method and sintered in an electric muffle furnace at 300 °C for 15 min.

2.4. Photoelectrode Sensitization and Optical Characterization

The sintered TiO, electrodes were then immersed in 0.3 mM solutions of Z907, N719,
and organic phenothiazine 2-LBH-92 dye in a tert-butyl alcohol and acetonitrile mixture
at a 1:1 volume ratio. The electrodes were immersed overnight (>12 h) at room temper-
ature and the conditions were optimized for each dye to ensure the maximum loading
on the TiO; surface. The optical absorbance of the photoelectrodes sensitized with the
three different dyes was obtained by an ultraviolet—visible (UV —Vis) spectrophotometer
(UV-1800, Shimadzu Scientific Instruments, Kyoto, Japan).

2.5. Electrolyte Preparation
2.5.1. Liquid Electrolyte

The 1,2-dimethyl-3-propylimidazolium iodide (DMPII) liquid electrolyte (without
polymer) was prepared by adding 0.1 M iodine (I;), 0.5 M N-methylbenzimidazole (NMBI),
and 0.6 M ionic liquid (IL)-DMPII in methoxypropionitrile (MPN) and by subsequent
overnight stirring.

2.5.2. Gel Polymer Electrolytes
1. PVH70 (KRICT)—Molecular Weight (M.W.) 86,000 g/mol
First, 5 wt% PVH70 was added to MPN and stirred well at RT to obtain a clear polymer

solution. Subsequently, 0.1 M I, 0.5 M NMBI, and 0.6 M IL-DMPII were added to the MPN
and stirred overnight.
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2. PVHS80 (KRICT)—M.W. 90,000 g/mol

First, 5 wt% PVHS80 was added to MPN and stirred well at RT to obtain a clear polymer
solution. Subsequently, 0.1 M I, 0.5 M NMBI, and 0.6 M IL-DMPII were added to the MPN
and stirred overnight.

3.  PVDF-HFP (Sigma-Aldrich, Seoul, Republic of Korea)—M.W. 455,000 g/mol

First, 5 wt% PVDEF-HFP was added to MPN and stirred well at 120 °C to obtain a clear
polymer solution. Subsequently, 0.1 M I, 0.5 M NMBI, and 0.6 M IL-DMPII were added to
the MPN and stirred overnight.

2.6. DSSC Assembly and Characterization

The DSSCs were assembled by sandwiching an electrolyte layer between the dye-
sensitized TiO, photoelectrode and the counter electrode. A surlyn film (Solaronix, Aubonne,
Switzerland) was used to maintain a gap between the two electrodes, thus ensuring the
proper filling of the electrolyte. The electrolytes used were varied to examine their influence
on the device performance: a DMPII liquid electrolyte and PVH70, PVH80, and PVDF-HFP
gel polymer electrolytes.

The current density—voltage (J-V) curves of the devices were measured using a Keith-
ley 2400 source measure unit (SMU) (Tektronix, Seoul, Republic of Korea) and a solar
simulator (K201 LAB55, McScience Inc., Yeongtong, Republic of Korea). Irradiation of
100 mW /cm? with a 150 W xenon (Xe) short-arc lamp filtered by an air mass 1.5 G filter
was used, which satisfied the Class AAA standard of the American Society for Testing
and Materials (ASTM). The light intensity was calibrated with a Si reference cell (K801S-
K302, McScience Inc.). The incident photon-to-electron conversion efficiency (IPCE) curves
were measured using a spectral measurement system (K3100 IQX, McScience Inc.), which
applied monochromatic light from a Xe arc lamp at 300 W, filtered by an optical chopper
(MC2000, Thorlabs, Newton, NJ, USA) and a monochromator (CS130B-1-FH, Newport,
Daejeon, Republic of Korea).

2.7. Stability Study of QsDSSCs

The stability study of the gel-polymer-electrolyte-based QsDSSCs with different molec-
ular weights was performed by storing the cells at 70 °C in an oven with humidity of
40-45% and collecting data at 24 h intervals.

3. Results
3.1. Chemical Structures of the Dyes

Table 1 shows the chemical structures and names of the dyes used in this study:
N719 and Z907 were purchased, while the organic phenothiazine dye was synthesized in
our laboratory. N719 is known for its strong and broad absorption in the visible spectral
range, which is crucial in capturing more sunlight. This dye displays a significant molar
extinction coefficient, enabling efficient light harvesting with thinner films. N719 is chem-
ically stable under DSSC operating conditions, ensuring the long-term performance of
the solar cell. Moreover, it exhibits efficient charge transfer properties with rapid electron
injection into the TiO, conduction band and quick dye regeneration by the redox mediator
in the electrolyte. Z907 possesses enhanced thermal stability over N719, making it suitable
for DSSCs operating at higher temperatures. Its molecular structure can be modified to
fine-tune its photoelectronic properties for specific performance needs. The presence of
longer aliphatic chains helps in forming a stable and hydrophobic layer on the semicon-
ductor’s surface, reducing charge recombination. Organic dyes like phenothiazine-based
ones can have their electronic structures easily modified through chemical synthesis to
obtain specific light absorption and charge transfer properties. Phenothiazine dyes are
characterized by their extended m-conjugated systems, which enable strong absorption in
the visible light range, essential for effective light harvesting in DSSCs. Similar to N719,
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these organic dyes exhibit a high molar extinction coefficient, meaning that less material is
required to absorb the same amount of light, helping to reduce the cell’s cost [2].

Table 1. Chemical structures and names of Z907, N719, and organic phenothiazine dyes.

Chemical Structure Chemical Name

CHy(CHy)7CH3

=
CHj3(CHz)7CH2 SN | . . . ! s . li
N cis-Bis(isothiocyanato)(2,2’-bipyridyl-4,4'-
DT dicarboxyla-to)(4,4’-di-nonyl-2'-
JN/ | NCS bipyridyl)ruthenium(II) (Z907 dye)
HO N M.W.: 870.10 g/mol
=
07 oH
04O
HO N CHs Di-tetrabutylammonium
N\FLU,NCS HgCWNC\//\/CHg cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4'-
‘N/ [ 'NCS K/\CH dicarboxylato)ruthenium(II) (N719 dye)
HO Ng R M.W.: 1188.55 g/mol
0o
(E)-3-(7-(4-(bis(3-((2-
\/\:Iy _ ethylhexyl)oxy)phenyl)amino)phenyl)-10-
0‘<\:/> hexyl-10H-phenothiazin-3-yl)-2-cyanoacrylic

N\
EN" 48P e
) S COOH M.W.: 878.21 g/mol

The designed molecule incorporates a donor-acceptor structure, which facilitates
charge separation and transfer. The conjugated system between the donor and acceptor
aids the electron flow from the excited dye to the semiconductor. The structures of organic
dyes allow for significant modifications of their molecular structures to optimize their
photophysical and electrochemical properties for better performance. The solubility of
organic dyes in common organic solvents is beneficial for the preparation of dye solutions
and can influence the quality of the dye-sensitized semiconductor’s surface. Phenothiazine
dyes often display reduced aggregation on semiconductor surfaces compared to other
organic dyes, which can lead to improved electron injection efficiency and reduced charge
recombination. Properly designed phenothiazine dyes can also exhibit good stability, which
is crucial for the long-term operation of DSSCs. These properties of the phenothiazine dye
contribute to the overall performance of DSSCs when employed as the sensitizing agent.
In the context of our comparative study, the interaction of this dye with PVDF-HFP gel
polymer electrolytes with different molecular weights would allow for a thorough analysis
of the dynamics within the quasi-solid-state environment of the DSSC and an assessment
of the impact of these interactions on the device performance parameters, such as the
efficiency, photostability, and charge transport mechanism.

3.2. |-V Characteristics of DSSCs with Z907, N719, and Phenothiazine Dye and with and without
PVDE-HFP with Different Molecular Weights in DMPII Electrolyte

Table 2 summarizes the main photovoltaic parameters at day 1 (day of cell assembly),
day 2 (after 24 h), and day 3 (after 48 h) for the DSSCs based on the Z907, N719, and organic
phenothiazine dyes with DMPII liquid electrolytes in the presence and in the absence of
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PVDE-HEFP polymers with different molecular weights; the corresponding J-V curves are
reported in Figure 1.
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Figure 1. |-V characteristics of DSSCs using liquid DMPII electrolytes with and without PVDF-HFP
with different molecular weights and (a) 2907, (b) N719, and (c) organic phenothiazine 2-LBH-92
dyes as the sensitizer.
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Table 2. Main photovoltaic parameters of DSSCs using 2907, N719, and 2-LBH-92 as the sensitizer
and DMPII with and without PVDF-HFP with a different molecular weight as the electrolyte.

Day 1 Day 2 Day 3
Sample Voc Jsc PCE Voc Jsc PCE Voc Jsc PCE
No. ~ Dye  FElecrolyte g ppiemy  FF (%] VI mAlm?l T (%] VI [mAlm? T (%]
R1 DMPII liq. 0.65 10.80 0.64 4.53 0.66 10.41 0.66 4.55 0.66 10.33 0.66 4.51
R2 7907 PVH70 0.63 11.85 0.64 4.74 0.64 11.37 0.65 4.74 0.65 10.99 0.65 4.71
R3 PVHS0 065 109 067 477 066 1055 066 461 066 105 066 462
R4 PVDF-HFP 059 1303 061 468 06l 118 062 45 062 1105 063 435
R5 DMPII liq. 0.71 9.23 0.69 4.47 0.79 9.33 0.69 4.67 0.73 9.27 0.69 4.67
R6 N719 PVH70 0.69 10.67 0.61 4.48 0.70 10.36 0.66 4.79 0.71 10.17 0.66 4.76
R7 PVHS80 0.71 10.51 0.63 4.72 0.72 10.35 0.68 5.06 0.73 10.26 0.68 5.12
RS PVDF-HFP 063 1136 06 445 064 956 066 403 065 839 068 383
R9 DMPII liq. 0.76 10.12 0.60 4.59 0.77 9.82 0.62 4.71 0.78 9.81 0.62 4.74
R10 2-LBH- PVH70 0.73 10.65 0.59 4.48 0.75 10.56 0.58 4.36 0.76 10.21 0.58 4.54
R11 92 PVHS80 0.75 10.72 0.58 4.69 0.76 10.75 0.61 5.07 0.77 10.72 0.61 5.01
R12 PVDF-HFP 0.68 11.03 0.56 4.20 0.68 10.12 0.57 3.92 0.67 8.98 0.57 3.42

Cells R1-R4: Z907 dye

On day 1, the DSSCs using the Z907 dye exhibited diverse performance metrics.
Sample R1, employing a liquid electrolyte, showed a V. 0of 0.65V, a Jsc of 10.80 mA / cm?,
an FF of 0.64, and efficiency (PCE) of 4.53%. Comparatively, sample R2 with the PVH70
electrolyte exhibited a slightly lower V. of 0.63 V but a higher s of 11.85 mA/cm? and a
similar FF of 0.64, resulting in higher PCE of 4.74%. Sample R3 with the PVHS80 electrolyte
presented a V. of 0.65V, a Jsc of 10.96 mA/ cm?, an improved FF of 0.67, and PCE of 4.77%.
Finally, sample R4 with the PVDF-HFP electrolyte achieved a lower V, of 0.59 V but the
highest J;c of 13.03 mA/ cm?, an FF of 0.61, and PCE of 4.68%. The average values with the
relative uncertainty of the photovoltaic parameters of the Z907 DSSCs evaluated on day 1
are therefore equal to V. = (0.63 £ 0.03) V, Jsc = (11.66 £ 0.98) mA /cm?, FF = 0.64 + 0.03,
and PCE = (4.68 £ 0.10)%. Over three days, the performance metrics showed slight
variations. By day 3, R1 showed PCE of 4.51%, R2 of 4.71%, R3 of 4.62%, and R4 showed a
decrease to 4.35%. The primary observation is that the PVDF-HFP electrolyte, despite its
high |, suffers from a lower V. and FF, leading to less stable efficiency compared to the
other electrolytes.

Cells R5-R8: N719 dye

The N719 dye-based DSSCs displayed a different performance profile. On day 1,
sample R5 with a liquid electrolyte recorded a V,c of 0.71V, a J;. of 9.23 mA/ c¢m?, an FF
of 0.69, and PCE of 4.47%. Sample R6 using the PVH70 electrolyte improved the [, to
10.67 mA /cm? but had a lower FF of 0.61, yielding PCE of 4.48%. Sample R7 with PVHS80
showed a similar V. of 0.71 V, a Js of 10.51 mA/cm?, an improved FF of 0.63, and higher
PCE of 4.72%. Sample R8 using the PVDF-HEFP electrolyte displayed a V,. of 0.63 'V, a Js
of 11.36 mA /cm?, an FF of 0.62, and PCE of 4.45%. The average values with the relative
uncertainty of the photovoltaic parameters of the N719 DSSCs evaluated on day 1 are
therefore equal to V. = (0.69 + 0.03) V, Js = (10.44 £ 0.88) mA /cm?, FF = 0.64 + 0.03,
and PCE = (4.53 = 0.12)%. Over three days, R5’s efficiency increased to 4.67%, indicating
good stability. R6 and R7 showed improved PCE of 4.76 and 5.12%, respectively, by day
3. However, R8 experienced a significant drop in PCE to 3.83% by day 3, suggesting that
while PVDF-HFP provided a higher initial s, it suffered from stability issues over time.

Cells R9-R12: Phenothiazine dye

The phenothiazine dye-based DSSCs highlighted promising initial results. On day 1,
sample R9 with a liquid electrolyte showed a V. of 0.76 V, a Jsc of 10.12 mA/ cm?, an FF of
0.60, and PCE of 4.59%. Sample R10 with the PVH70 electrolyte exhibited a V,. 0of 0.73 V, a
Jsc of 10.65 mA /cm?, an FF of 0.59, and PCE of 4.48%. Sample R11 using PVHS80 achieved a
Voe 0f 0.75 V, a Jc of 10.72 mA /cm?, an FF of 0.58, and PCE of 4.69%. Finally, sample R12
with the PVDF-HFP electrolyte recorded a V. of 0.68 V, a J;c of 11.03 mA/ cm?, an FF of
0.56, and PCE of 4.20%. The average values with the relative uncertainty of the photo-
voltaic parameters of the phenothiazine DSSCs evaluated on day 1 are therefore equal to
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Vioe=(0.73 4 0.04) V, J5c = (10.63 & 0.38) mA /cm?, FF = 0.58 + 0.02, and PCE = (4.49 = 0.18)%.
By day 3, sample RY’s efficiency slightly increased to 4.74%, indicating good stability. Sam-
ples R10 and R11 showed improved PCE of 4.54 and 5.01%, respectively, with R11 showing
the best stability and efficiency among the phenothiazine dye group. However, sample R12’s
PCE dropped significantly to 3.42%, mirroring the trend observed with other PVDF-HFP
electrolyte-based cells.

Across all three groups, the choice of electrolyte had a significant impact on the
performance and stability of the DSSCs. The PVDF-HFP electrolyte, while providing a
high initial ], generally resulted in lower stability and efficiency over time compared to
the PVH70 and PVHSO0 electrolytes. This comparative study highlights the critical role of
electrolyte selection in optimizing the performance and durability of DSSCs.

The performance of QsDSSCs can be significantly impacted also by the choice of
photosensitizer dye, such as Z907, N719, and organic phenothiazine 2-LBH-92; below, some
aspects revealing how these dyes influence the DSSC performance are reported.

Each dye displays a characteristic absorption spectrum. For instance, N719 is a
ruthenium-based complex known for its broad and strong absorption in the visible spec-
trum and good performance in both liquid and QsDSSCs. Z907 is also a ruthenium complex
but with slightly different ligands, which might absorb light differently from N719, poten-
tially impacting the cell’s light-harvesting efficiency. Organic phenothiazine dyes, such as
the one mentioned, absorb light based on their conjugated systems and can be tuned to
enhance their light absorption over specific wavelength ranges. The molecular architectures
of these dyes determine their ability to anchor to the TiO; surface, resist aggregation, and
avoid steric hindrance, all of which can affect the electron injection efficiency and charge
recombination rates.

The dyes’ different energy levels might exhibit varying alignment with the conduction
band of TiO;. The energy level alignment determines the efficiency and the driving force
for the transfer of electrons from the dye to the semiconductor upon photoexcitation.
Ruthenium dyes such as N719 and Z907 generally show good energy level alignment,
yielding efficient electron injection [18]. Organic phenothiazine dyes might have different
energy level alignment, which can also result in efficient electron injection, but they might
require careful design to optimize their performance within a QsDSSC.

Some dyes are more stable than others when exposed to light and the DSSC operating
environment. Organic phenothiazine dyes may offer higher molar extinction coefficients
but can be less stable than ruthenium-based dyes under prolonged exposure to lighting
conditions. Efficient charge separation in DSSCs requires that the oxidized dye molecule is
effectively reduced by the redox mediator in the quasi-solid-state electrolyte. The redox
potential of the dye in its oxidized state should match well with the potential of the redox
couple used in the electrolyte. Ruthenium dyes like N719 and Z907 are well matched
with the conventional iodide/triiodide redox couple, facilitating effective dye regeneration
without much energy loss. For organic phenothiazine dyes, their redox potentials might
be different, and the match with the redox mediator needs to be good to ensure efficient
regeneration and to prevent potential losses that could reduce the cell’s voltage.

The interaction between the dye and the TiO; surface influences the electron lifetime
and recombination dynamics. Dyes that adsorb strongly to TiO, and form an optimal
monolayer can inhibit charge recombination and extend electron lifetimes. In the case of
N719 and Z907, the strong anchoring groups and larger molecules might provide good
coverage and passivation on the TiO, surface. The molecular design of phenothiazine dyes
usually includes anchoring groups like the cyanoacrylic acid moiety, which can provide
similar benefits, but might require optimization for the specific quasi-solid-state system.

Overall, the dye choice for QsDSSCs should consider factors like light absorption, the
energy levels, the stability under operational conditions, and the interfacial electron dynamics
to maximize the photovoltaic performance and longevity. Each dye brings a unique set of
advantages and challenges in terms of efficiency, stability, and fabrication requirements.
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3.3. DSSCs with Z907 Dye and with and without PVDF-HFP with Different Molecular Weights
in DMPII Electrolyte

3.3.1. UV-Vis Absorption and IPCE Spectra

The UV-Vis absorption spectrum of the Z907 dye typically exhibits two characteristic
bands: a strong absorption peak in the UV region at around 300 nm, attributed to 7—m*
transitions within the bipyridine ligands, and a broader absorption band in the visible
region, peaking around 530 nm, arising from metal-to-ligand charge transfer (MLCT)
transitions (Figure 2a). Incorporating PVDF-HFP into the electrolyte, which comprises
0.1 M I, 0.5M NMBI, and 0.6 M IL-DMPI], can influence the dye’s absorption behavior.
For instance, interactions between the dye molecules and the polymer chains might lead to
slight shifts in the absorption peaks or changes in peak intensity. These spectral variations
can provide insights into the degree of dye aggregation, which can negatively impact device
performance by increasing charge recombination.
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Figure 2. (a) UV-Vis absorption spectrum of Z907 dye on TiO; film and quantum efficiency spectra for
(b) R1I—DMPII, (c) R2—DMPII + PVH70, (d) R3—DMPII + PVHS80, and (e) R4—DMPII + PVDH-HFP
7907 sensitized solar cells.

The IPCE spectra offer a more direct measure of the DSSC’s ability to convert incident
photons into an electrical current. Z907 typically exhibits a broad IPCE spectrum, mirroring
its absorption profile, with the maximum efficiency often observed at around 530 nm. The
presence of PVDEF-HEFP in the electrolyte can significantly influence the IPCE spectrum
(see Figure 2b—e). Different molecular weights of the polymer can lead to variations in
the electrolyte’s viscosity and ionic conductivity, ultimately affecting the charge transport
within the device. For instance, a high-molecular-weight PVDF-HFP might result in
a more viscous electrolyte, hindering ion diffusion and potentially reducing the IPCE,
particularly at longer wavelengths, where the charge collection efficiency becomes more
critical. Conversely, a lower-molecular-weight PVDF-HFP might lead to a less viscous
electrolyte, facilitating ion transport and potentially enhancing the IPCE. However, the
optimal molecular weight represents a balance, as excessively low molecular weights
might compromise the quasi-solid-state nature of the electrolyte, impacting the long-term
stability [19].

Furthermore, the interaction between the Z907 dye and the PVDF-HFP polymer can
influence the electron injection and dye regeneration processes. For example, if the polymer
interacts favorably with the dye’s excited state, it could facilitate electron injection into the
TiO, conduction band, leading to an increased IPCE. Conversely, unfavorable interactions
could hinder these processes, negatively impacting the device’s performance. In conclusion,
analyzing the UV-Vis absorption and IPCE spectra of Z907-sensitized QsDSSCs with
varying molecular weights of PVDF-HFP in the electrolyte provides valuable information
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about the dye-electrolyte interactions, charge transport properties, and overall device
performance. Understanding these relationships is crucial in optimizing the electrolyte
composition and device architecture to achieve high efficiency and long-term stability in
DSSC applications.

Several factors could have contributed to the observation of the unusually high IPCE
below 400 nm as shown in Figure 2e; they were actively investigated to try to provide a
conclusive explanation. One possible factor is the scattering effects caused by the TiO,
nanoparticles used in the photoanode. These nanoparticles can scatter light, especially in
the UV region, leading to the overestimation of the IPCE in this wavelength range. Scattered
photons might be detected multiple times or contribute to the photocurrent through indirect
pathways, thus inflating the IPCE values. Another potential factor is measurement artifacts.
Despite taking precautions to ensure accurate IPCE measurements, instrumental artifacts
or limitations in the calibration of the light source and detector in the UV region could
have contributed to the observed high values. Our measurement setup and protocols were
thoroughly verified to rule out any systematic errors. Additionally, although less likely,
the possibility of dye aggregation on the TiO, surface cannot be entirely ruled out. If dye
aggregates are present, they could exhibit altered optical properties, potentially leading to
enhanced absorption and IPCE in the UV region.

3.3.2. Stability Study

The stability study of the Z907-sensitized solar cells with the liquid DMPII electrolyte
and with gel polymer electrolytes with different molecular weights is shown in Figure 3.
In this context, the stability study of QsDSSCs employing the Z907 dye and electrolytes
with varying molecular weights of the PVDF-HFP polymer can reveal how these factors
influence the durability and overall performance over time. In our research setup, cells
R1, R2, R3, and R4 exhibited different trajectories after over 600 h of operation, indicating
the complex influence of the PVDF-HFP polymer’s molecular weight within the context of
a QsDSSC.
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Figure 3. Stability study for more than 600 h at ambient conditions of the (a) R1 DSSC based on the
DMPII liquid electrolyte and of the QsDSSCs using PVDF-HFP with different molecular weights:
(b) R2—DMPII + PVHY0, (c¢) R3—DMPII + PVHS80, and (d) R4—DMPII + PVDH-HFP. All solar cells
were sensitized with the Z907 dye.

R1 cell (liquid DMPII electrolyte)
The R1 cell, utilizing a liquid DMPII electrolyte, exhibited a 9% decrease in overall
efficiency after 600 h. This decline primarily stemmed from a 15% reduction in the Js,
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suggesting potential issues with electron injection, dye regeneration, or charge transport
within the device. However, the V. and FF showed slight improvements of 1.5 and
1%, respectively. This V. increase could indicate reduced recombination losses, possibly
due to passivation effects at the TiO, /dye/electrolyte interface over time. The slight FF
improvement might be attributed to changes in the electrolyte composition or interface
properties that enhance charge collection.

R2 cell (PVDF-HFP electrolyte with M.W. of 86,000 g/mol)

Incorporating PVDF-HFP polymers into the electrolyte significantly influenced the
devices’ stability. The R2 cell, with a polymer molecular weight of 86,000 g/mol, displayed
an 11% efficiency reduction after 600 h. While this decrease is comparable to that of
the R1 cell, the individual parameter changes differed. The R2 cell exhibited a more
pronounced V. increase of 10%, suggesting a more substantial reduction in recombination
losses, potentially due to the polymer’s ability to suppress interfacial charge recombination.
However, the Js. experienced a more significant decline of 24%, indicating that the polymer
might hinder charge transport or negatively impact dye regeneration. The FF showed a
notable improvement of 7%, likely due to the polymer’s influence on the electrolyte’s ionic
conductivity and interfacial properties.

R3 cell (PVDF-HEFP electrolyte with M.W. of 90,000 g/mol)

The R3 cell, employing a slightly higher molecular weight of PVDF-HFP
(90,000 g/mol), demonstrated a 9% efficiency reduction after 600 h, similar to the R1
cell. This cell exhibited a moderate V. increase of 4%, a slight FF improvement of 1%, and
a Jsc decrease of 13%. These results suggest that this specific polymer molecular weight
might offer a balance between suppressing recombination and maintaining reasonable
charge transport properties.

R4 cell (PVDF-HFP electrolyte with M.W. of 455,000 g/muol)

The R4 cell, incorporating the highest molecular weight of PVDF-HFP (455,000 g/mol),
suffered the most significant efficiency loss, plummeting by 33% after 600 h. This dramatic
decline primarily resulted from the substantial 50% drop in the Js;, indicating severe
limitations in charge transport within the device. The high-molecular-weight polymer likely
formed a dense network within the electrolyte, hindering ion diffusion and significantly
impeding charge collection. Despite the substantial V,. increase of 14%, likely due to
suppressed recombination, and a notable FF improvement of 9%, the severe ;. limitation
ultimately dominated the device’s performance degradation.

This stability study highlights the complex interplay between the electrolyte com-
position, polymer molecular weight, and device performance in QsDSSCs. While liquid
electrolytes might suffer from limitations related to long-term stability and potential leak-
age, incorporating PVDF-HFP polymers introduces a trade-off between enhancing the
stability and maintaining efficient charge transport. Lower-molecular-weight polymers ap-
pear to offer a better balance, preserving reasonable charge transport while mitigating some
of the drawbacks associated with liquid electrolytes. However, excessively high molecular
weights can severely hinder ion diffusion, leading to significant performance losses despite
potential improvements in other parameters. Optimizing the polymer molecular weight
and electrolyte composition is crucial in achieving efficient QsDSSCs that are stable in the
long term.

3.4. DSSCs with N719 Dye and with and without PVDF-HFP with Different Molecular Weights
in DMPII Electrolyte

3.4.1. UV-Vis Absorption and IPCE Spectra

In the field of DSSCs, evaluating the UV-Vis absorption and IPCE spectra is crucial to
optimize the device performance (see Figure 4). Analyzing these spectra for the N719 dye
incorporated into both quasi-solid-state and liquid DSSCs, i.e., with and without PVDE-
HFP polymers of varying molecular weights in the electrolyte (0.1 M I, 0.5 M NMBI, and
0.6 M IL-DMPII), can elucidate the impact of the polymer on the dye’s light-harvesting
capabilities and charge generation processes [20].
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Figure 4. (a) UV-Vis absorption spectrum of N719 dye on TiO; film and quantum efficiency spectra
for (b) R5—DMPII, (c) R6—DMPII + PVH70, and (d) R7—DMPII + PVH80 N719 sensitized solar
cells. The quantum efficiency data of the R8&—DMPII + PVDH-HFP cell are not available due to the
degradation of the device.

N719, a ruthenium-based dye, typically exhibits two prominent absorption bands in
its UV=Vis spectrum (see Figure 4a). A strong absorption peak at around 390 nm arises
from MLCT transitions within the dye molecule. A broader absorption band, peaking at
around 530 nm, also originates from MLCT transitions but involves a different energy level
within the dye’s molecular orbital structure. Incorporating PVDF-HFP into the electrolyte
can influence the dye’s absorption behavior. Interactions between the dye molecules and
the polymer chains might induce slight shifts in the absorption peaks or alter the peak
intensities. These spectral variations can provide insights into the degree of dye aggregation,
which can negatively impact device performance by increasing charge recombination [2,9].

The IPCE spectra offer a more direct measure of the DSSC’s ability to convert incident
photons into an electrical current. N719 typically exhibits a broad IPCE spectrum, mirroring
its absorption profile, with the maximum efficiency observed around the wavelengths corre-
sponding to its MLCT absorption bands. The presence of PVDE-HFP in the electrolyte can
significantly influence the IPCE spectrum (see Figure 4b—d). Different molecular weights
of the polymer can lead to variations in the electrolyte’s viscosity and ionic conductivity,
ultimately affecting the charge transport within the device.

For instance, a high molecular weight of PVDF-HFP might result in a more viscous
electrolyte, hindering ion diffusion and potentially reducing the IPCE, particularly at longer
wavelengths, where the charge collection efficiency becomes more critical. Conversely, a
lower molecular weight of PVDF-HFP might lead to a less viscous electrolyte, facilitating
ion transport and potentially enhancing the IPCE. However, the optimal molecular weight
represents a balance, as excessively low molecular weights might compromise the quasi-
solid-state nature of the electrolyte, impacting the long-term stability [21-23].

Furthermore, the interaction between the N719 dye and the PVDF-HFP polymer can
influence the electron injection and dye regeneration processes. For example, if the polymer
interacts favorably with the dye’s excited state, it could facilitate electron injection into the
TiO, conduction band, leading to increased IPCE. Conversely, unfavorable interactions
could hinder these processes, negatively impacting the device’s performance.

3.4.2. Stability Study

This stability study focuses on understanding the long-term performance of DSSCs
utilizing the N719 dye and various electrolytes. The changes in the V., FFE Js, and over-
all efficiency after a 600 h aging period will be thoroughly analyzed. Our analysis en-
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compasses a control cell (R5) with a liquid DMPII electrolyte and cells incorporating
PVDF-HFP polymers of different molecular weights (R6: 86,000 g/mol, R7: 90,000 g/mol,
R8: 455,000 g/mol) in the electrolyte.

The long-term stability data for the N719-sensitized solar cells with the liquid DMPII
electrolyte and various molecular weights of the PVDF-HFP polymer are shown in Figure 5.
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Figure 5. Stability study for more than 600 h at ambient conditions of the (a) R5 DSSC based on the
DMPII liquid electrolyte and of the QsDSSCs using PVDF-HFP with different molecular weights:
(b) R6—DMPII + PVHY0, (c) R7—DMPII + PVHS80, and (d) R8—DMPII + PVDH-HFP. All solar cells
were sensitized with the N719 dye.

R5 cell (liquid DMPII electrolyte)

The R5 cell, employing a liquid DMPII electrolyte, exhibited a significant 35% efficiency
reduction after 600 h. This decline primarily stemmed from the substantial 36% decrease in
the Js, indicating a significant loss in the cell’s ability to generate a current from incident
light. This could be attributed to several factors, including dye degradation, electrolyte
decomposition, or increased charge recombination at the TiO, /dye/electrolyte interface.
The 6% decrease in the V. suggests increased recombination losses, further supporting this
hypothesis. However, the 6% increase in the FF implies improvements in charge transport
and collection within the device, possibly due to changes in the electrolyte’s conductivity
or interfacial properties over time.

R6 cell (PVDEF-HEFP electrolyte with M.W. of 86,000 g/mol)

Incorporating PVDF-HFP polymers into the electrolyte significantly influenced the
devices’ stability. The R6 cell, with a polymer molecular weight of 86,000 g/mol, displayed
a much smaller efficiency reduction of 11% after 600 h compared to the R5 cell. This
improved stability is promising and can be attributed to the polymer’s ability to mitigate
some degradation pathways present in the liquid electrolyte system. The 3% increase in the
Vo suggests a slight reduction in recombination losses, potentially due to the polymer’s
passivation effect at the TiO, /dye/electrolyte interface. The 10% increase in the FF indicates
improved charge transport and collection, likely facilitated by the polymer’s influence on
the electrolyte’s ionic conductivity and interfacial properties. However, the 25% decrease in
the Jsc, while less severe than in the R5 cell, still points to some degree of dye degradation
or hindered charge injection/regeneration processes.

R7 cell (PVDE-HEFP electrolyte with M.W. of 90,000 g/mol)

The R7 cell, employing a slightly higher molecular weight of PVDF-HFP (90,000 g/mol),
demonstrated a 15% efficiency reduction after 600 h, slightly higher compared to the R6 cell.
This suggests that this specific molecular weight might not offer significant advantages over
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the 86,000 g/mol polymer in terms of long-term stability. The 3% increase in the V,, and
13% increase in the FF show similar trends to the R6 cell, indicating potential benefits in
reducing recombination and improving charge transport. However, the 25% decrease in the
Jsc remains a concern, suggesting that the further optimization of the electrolyte composition
or device architecture is necessary.

R8 cell (PVDF-HFP electrolyte with M.W. of 455,000 g/muol)

The R8 cell, incorporating the highest molecular weight of PVDF-HFP (455,000 g/mol),
suffered a catastrophic failure, with both the efficiency and J;. dropping to zero after
600 h. This dramatic decline clearly demonstrates the detrimental effects of using an ex-
cessively high molecular weight of the polymer in the electrolyte. The high molecular
weight likely leads to a highly viscous electrolyte, severely hindering ion transport and
effectively shutting down charge collection within the device. This is further evidenced
by the substantial 54% decrease in the FF, indicating extremely poor charge transport
and collection. The 9% decrease in the V., despite the complete loss of current genera-
tion, suggests that the recombination processes are not the primary cause of the failure
in this case.

3.5. DSSCs with Organic Phenothiazine Dye 2-LBH-92 and with and without PVDF-HFP with
Different Molecular Weights in DMPII Electrolyte

3.5.1. UV-Vis Absorption and IPCE Spectra

The phenothiazine dye in question, characterized by a long alkoxy side chain and
cyanoacrylic acid anchoring group, was designed for efficient light harvesting and electron
transfer in DSSCs. The UV-Vis absorption spectrum shown in Figure 6a exhibits a char-
acteristic broad absorption band in the visible region, given the extended m-conjugation
and donor-acceptor nature of the molecule, translating into significant photon capture
within the spectral range where the solar irradiance is high. This band arises from the
intramolecular charge transfer (ICT) between the phenothiazine donor and the cyanoacrylic
acid acceptor. The position and intensity of this ICT band are sensitive to the surrounding
medium’s polarity and can be influenced by the presence of the PVDF-HFP polymer [24].
Additionally, 2-LBH-92 shows a prominent absorption band in the UV region, attributed to
m—7r* transitions within the conjugated phenothiazine and phenyl rings.
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Figure 6. (a) UV-Vis absorption spectrum of 2-LBH-92 organic dye on TiO, film and quantum
efficiency spectra for (b) R9—DMPII, (c¢) R10—DMPII + PVH70, (d) R11—DMPII + PVH80, and
(e) R12—DMPII + PVDH-HFP 2-LBH-92 sensitized solar cells.

Incorporating PVDF-HFP into the DMPII electrolyte can induce changes in the UV-Vis
spectra. For instance, interactions between the dye molecules and the polymer chains might
lead to slight shifts in the absorption peaks, reflecting changes in the energy levels within the



Photonics 2024, 11, 760

15 of 19

dye. Additionally, variations in peak intensity can occur, potentially indicating alterations
in the dye’s molar extinction coefficient or aggregation state. Higher-molecular-weight
PVDE-HFP might lead to increased viscosity and reduced dye aggregation, potentially
enhancing the light absorption. The IPCE spectra provide a direct measure of the DSSCs’
ability to convert absorbed photons into a current. Meanwhile, 2-LBH-92, with its broad
absorption profile, is expected to show a correspondingly broad IPCE spectrum, with peaks
aligning with its UV and visible absorption bands. The presence of different molecular
weights of PVDF-HEFP in the electrolyte can significantly influence the IPCE spectra (see
Figure 6b—e). Lower-molecular-weight PVDF-HFP, due to its lower viscosity, might facilitate
faster ion transport within the electrolyte, leading to more efficient charge collection and
potentially higher IPCE values, especially in the longer wavelength regions, where charge
recombination becomes more prominent. However, excessively low molecular weights
might compromise the quasi-solid-state nature of the electrolyte, negatively impacting its
long-term stability.

Conversely, higher-molecular-weight PVDF-HFP, while potentially enhancing the sta-
bility, might hinder ion transport due to increased viscosity. This could lead to lower IPCE
values, particularly at longer wavelengths, as charge recombination outcompetes charge
collection. However, the reduced dye aggregation potentially offered by higher-molecular-
weight PVDF-HFP could partially offset this effect by improving the light harvesting.
Furthermore, the interaction between the 2-LBH-92 dye and the PVDF-HFP polymer can
influence the electron injection and dye regeneration processes. Favorable interactions
could facilitate electron injection from the dye’s excited state into the TiO, conduction band,
leading to increased IPCE values. Conversely, unfavorable interactions could hinder these
processes, negatively impacting the device performance.

3.5.2. Stability Study

The stability study of the DSSCs using the phenothiazine organic dye 2-LBH-92 with
the liquid DMPII electrolyte and PVDF-HFP polymer electrolytes at different molecular
weights is shown in Figure 7.
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Figure 7. Stability study for more than 600 h at ambient conditions of the (a) R9 DSSC based on the
DMPII liquid electrolyte and of the QsDSSCs using PVDE-HFP with different molecular weights:
(b) R10—DMPII + PVHY70, (c¢) R11—DMPII + PVHS80, and (d) R12—DMPII + PVDH-HFP. All solar
cells were sensitized with the phenothiazine organic dye 2-LBH-92.

R9 cell (liquid DMPII electrolyte)
The R9 cell, employing a liquid DMPII electrolyte, exhibited a 12% efficiency reduction
after 600 h. This decline primarily stemmed from the 21% decrease in the J;, indicating



Photonics 2024, 11, 760

16 of 19

a significant loss in the cell’s ability to generate a current from incident light. This could
be attributed to several factors, including dye degradation, electrolyte decomposition, or
increased charge recombination at the TiO, /dye/electrolyte interface. The 3.8% decrease
in the V, further supports this hypothesis, suggesting increased recombination losses.
However, the 9% increase in the FF implies improvements in charge transport and collection
within the device, possibly due to changes in the electrolyte’s conductivity or interfacial
properties over time.

R10 cell (PVDF-HFP electrolyte with M.W. of 86,000 g/mol)

Incorporating PVDF-HFP polymers into the electrolyte significantly influenced the
devices’ stability. The R10 cell, with a polymer molecular weight of 86,000 g/mol, dis-
played an 11% efficiency reduction after 600 h, comparable to the R9 cell. This suggests that
this specific molecular weight might not offer significant advantages in overall efficiency
retention compared to the liquid electrolyte. However, a closer look at the individual
parameters reveals a more nuanced picture. The 4% increase in the V,. suggests a re-
duction in recombination losses, potentially due to the polymer’s passivation effect at
the TiO, /dye/electrolyte interface. The substantial 33% increase in the FF indicates sig-
nificantly improved charge transport and collection, likely facilitated by the polymer’s
influence on the electrolyte’s ionic conductivity and interfacial properties. This improve-
ment in the FF partially compensates for the 16% decrease in the Js., which, while still
present, is less severe than in the R9 cell. This suggests that the polymer might be mitigating
some degradation pathways affecting J, even if not completely eliminating them.

R11 cell (PVDEF-HFP electrolyte with M.W. of 90,000 g/mol)

The R11 cell, employing a slightly higher molecular weight of PVDF-HFP
(90,000 g/mol), demonstrated the most promising stability results, with only a 4% ef-
ficiency reduction after 600 h. This suggests that this specific molecular weight might offer
a trade-off in balancing the benefits of polymer incorporation with minimal adverse effects
on performance. The 5% decrease in the V,, while indicating some increase in recombina-
tion, is less pronounced than in the R9 cell. The 8% increase in the FF, while not as dramatic
as in the R10 cell, still points to improved charge transport and collection. The 15% decrease
in the Js, comparable to the R10 cell, suggests that the polymer’s influence in terms of
mitigating the J,. degradation pathways might be similar for both molecular weights.

R12 cell (PVDF-HFP electrolyte with M.W. of 455,000 g/mol)

The R12 cell, incorporating the highest molecular weight of PVDF-HFP (455,000 g/mol),
suffered a significant 50% efficiency reduction after 600 h, the most severe among all tested
cells. This clearly demonstrates the detrimental effects of using a polymer with an exces-
sively high molecular weight in the electrolyte. The high molecular weight likely leads
to a highly viscous electrolyte, severely hindering ion transport and negatively impacting
charge collection within the device. This is further evidenced by the relatively small 3.5%
increase in the FF, indicating a limited improvement in charge transport compared to the
lower-molecular-weight polymers. The 8% decrease in the V. and the substantial 46%
decrease in the Js further highlight the negative impact of the high-molecular-weight
polymer on both the recombination losses and charge generation/collection processes.

In summary, the alterations of the V., Js., FF, and overall efficiency in these cells
over time provided insights into how the molecular weight of the PVDE-HFP polymer
electrolytes could severely influence the long-term performance of DSSCs. The changes
observed in the solar cell parameters suggested a trade-off between the structural and
transport properties of the polymers used. Lower molecular weights seemed to favor
a more stable interface and better transport properties, leading to a smaller decrease in
efficiency, whereas very high-molecular-weight polymers may impede ion movement and
increase recombination, significantly reducing the cell’s performance.

4. Discussion

This study aimed to provide a comprehensive analysis of the impact of incorporating
poly(vinylidene fluoride-co-hexafluoropropylene) with varying molecular weights into
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the liquid DMPII electrolyte of DSSCs. Three different dyes, namely the commercially
available ruthenium-based Z907 and N719 and the organic phenothiazine dye 2-LBH-92,
were investigated to understand how the polymer-electrolyte interaction influences device
performance and stability across different dye systems.

Our findings highlight the complex interplay between the dye structure, polymer
molecular weight, and resulting electrolyte properties on the overall device performance.
While all DSSCs exhibited a decrease in efficiency after 600 h, the extent of the degradation
and the underlying mechanisms differed significantly depending on the specific dye and
polymer combination. Cells employing the liquid DMPII electrolyte, regardless of the
dye, generally exhibited more pronounced efficiency reductions compared to their counter-
parts incorporating PVDF-HFP. This observation underscores the inherent limitations of
liquid electrolytes in terms of long-term stability, likely due to factors like dye desorption,
electrolyte decomposition, and increased interfacial recombination.

Incorporating PVDF-HFP into the electrolyte yielded varying results depending on
the dye and polymer molecular weight. For the Z907 and N719 dyes, incorporating PVDF-
HEFP generally led to improved stability compared to the liquid electrolyte, particularly at
specific molecular weights. This improvement can be attributed to several factors, including
(1) enhanced interfacial stability—the polymer could passivate the TiO, /dye/electrolyte
interface, reducing recombination losses and improving the V., as observed in several
cases; (2) improved ionic conductivity—the polymer might influence the electrolyte’s
ionic conductivity, facilitating charge transport and enhancing the FF, as evidenced by the
observed increases in this parameter.

For all dye-polymer combinations, the polymer might have hindered dye aggrega-
tion on the TiO; surface, leading to better dye regeneration and improved J; retention.
However, the optimal molecular weight for PVDF-HFP varied depending on the dye. This
suggests that the polymer’s interaction with the dye molecules and its influence on the
overall electrolyte environment are crucial factors in determining the device’s stability. The
2-LBH-92 dye, when paired with PVDF-HFP, exhibited more complex behavior. While
some molecular weights led to improved stability compared to the liquid electrolyte, others
resulted in more severe degradation. This suggests a more intricate interplay between the
2-LBH-92 dye structure and the polymer, potentially involving specific interactions that
influence dye aggregation, electron injection, or the recombination dynamics. The most
significant observation across all dyes was the detrimental effect of using an excessively
high molecular weight of PVDF-HFP. This consistently led to a substantial decrease in
efficiency, primarily driven by a significant drop in the J;. and FFE. This result highlights
the importance of balancing the beneficial properties of the polymer, such as enhanced
interfacial stability, with its potential drawbacks, such as increased viscosity and hindered
ion transport, which become particularly problematic at high molecular weights.

The decrease in Js. over time can be attributed to several dye degradation mechanisms.
For the dyes investigated (2907, N719, and the phenothiazine dye), prolonged illumination
and specific electrolyte environments can lead to degradation pathways such as photo-
oxidation, dye desorption, and chemical interactions with the electrolyte components.
Photo-oxidation occurs when dyes are exposed to light over extended periods, leading to
their breakdown and a reduced ability to absorb photons. Dye desorption involves the
detachment of the dye molecules from the TiO, surface, diminishing the number of active
sites for electron injection. Additionally, chemical interactions between the dye and elec-
trolyte components can result in the formation of inactive complexes, further decreasing the
Jsc- The influence of PVDF-HFP gel polymer electrolytes with different molecular weights
on Js. decay has also been explored. The polymer structure and properties, such as ion
mobility and long-term stability, play crucial roles in this context. High-molecular-weight
polymers can impede ion movement, affecting the efficiency of charge transport within
the cell. Conversely, lower-molecular-weight polymers might enhance ion mobility but
could compromise the overall stability of the electrolyte, leading to degradation over time.
Charge transport limitations within the device are another critical factor impacting the
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Jsc. Changes in charge transport properties, including electrolyte degradation, interface
modifications, and increased recombination processes, can hinder electron injection and
transport. Electrolyte degradation reduces the ionic conductivity, while interfacial mod-
ifications between the dye and TiO, can create traps for electrons, leading to increased
recombination. These factors collectively contribute to a gradual decline in Js, highlighting
the importance of optimizing both the dye stability and electrolyte properties to enhance
the long-term performance of DSSCs.

In conclusion, our study demonstrates the critical role of carefully selecting the ap-
propriate polymer molecular weight and considering its interaction with the specific dye
employed in QsDSSCs. While incorporating PVDE-HFP can enhance the stability compared
to liquid electrolytes, optimizing the polymer molecular weight for the chosen dye is crucial
to maximize the device performance and longevity. This study provides valuable insights
for the development of efficient and stable QsDSSCs for future applications.

5. Conclusions

The performance of QsDSSCs is critically dependent on the intricate interplay between
the photosensitizing dye, the semiconductor, and the quasi-solid electrolyte. The choice
of dye, particularly its energy level alignment with the TiO; semiconductor, significantly
influences the charge injection, the recombination dynamics, and, ultimately, the overall
efficiency of the device. Dyes like N719 and Z907, with their established performance
in DSSCs, provide a good baseline for comparison. However, organic dyes, such as the
phenothiazine dye investigated in this study, offer potential advantages in terms of tunable
optoelectronic properties and cost-effectiveness. The careful molecular engineering of
these dyes is essential to optimize their energy levels for efficient electron injection and
reduced recombination in the context of a quasi-solid-state electrolyte. The quasi-solid elec-
trolyte, while offering advantages in terms of stability and leakage prevention, introduces
additional complexities. The slower diffusion of ions within the more viscous medium
necessitates a highly efficient charge transfer process at the dye-semiconductor interface.
Phenothiazine dye-based QsDSSCs showed promising stability for longer durations of
time compared with the Z907 and N719 dyes. Future research should focus on tailoring
both the dye structure and the electrolyte composition to create synergistic interactions
that maximize charge transport and minimize recombination losses, paving the way for
high-performance, stable, and commercially viable QsDSSCs.
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