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ABSTRACT

This study reports the development of a novel and eco-friendly dye-sensitized solar cell (DSSC) through the
modification of its three major components: sensitizer, electrolyte, and photoanode. A natural cocktail dye was
employed as the sensitizer, a polymer electrolyte with graphite filler as the electrolyte, and a TiO—CuO
nanocomposite as the photoanode. Natural dyes extracted from Beta vulgaris (beetroot) and Spinacia oleracea
(spinach) were mixed in a 1:1 v/v ratio to form a cocktail sensitizer, thereby enhancing the absorption properties
and light-harvesting efficiency of the device. The polymer electrolyte was fabricated via the solution casting
technique using polyethylene oxide (PEO) as the host matrix, lithium iodide/iodine (Lil/I2) as the redox couple,
ethylene carbonate (EC) and propylene carbonate (PC) as plasticizers, and graphite as a conductive nanofiller.
Owing to its excellent electrical conductivity, thermal stability, and low cost, graphite significantly improved
the ionic conductivity of the electrolyte to 10 S/cm. A TiO.—CuO nanocomposite was synthesized using the
sol-gel method and employed as the photoanode material, which improved electron transport and reduced
recombination losses due to the synergistic effects between TiO: and CuO. Structural characterization was
performed using Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Diffraction (XRD). The fabricated
DSSC exhibited a power conversion efficiency of 3.3%, with a short-circuit current density (Jsc) of 9.0 mA/cm?,
an open-circuit voltage (Voc) of 0.68 V, and a fill factor of 57%. This multi-component modification combining
sustainable natural dyes, a low-cost graphite-based solid polymer electrolyte, and a TiO>—CuO nanocomposite
photoanode offers a promising strategy for enhancing DSSC performance while maintaining both environmental

and economic viability.

https://doi.org/10.30501/jree.2025.486998.2151

1. INTRODUCTION

Polymer electrolytes have emerged as promising materials
for a wide range of electrochemical devices, including sensors,
solid-state rechargeable batteries, dye-sensitized solar cells
(DSSCs), supercapacitors, and electrochromic windows (Ngai
et al., 2016; Tripathi & Chawla, 2015; Luetal., 2023: T. K. &
Saratha, 2024; Hao et al., 2024). Their advantages include
excellent mechanical stability, strong electrode—electrolyte
interactions, flexible processability, and, most importantly,
their leak-proof nature compared to liquid electrolytes (Lv et

semicrystalline, non-toxic thermoplastic polymer that contains
both crystalline and amorphous phases at room temperature. It
possesses coordinating ether oxygen atoms in its backbone,
which facilitate ionic conduction through Lewis acid—base
interactions with cations and the segmental mobility of polymer
chains. While the crystalline regions provide structural
integrity, the amorphous regions primarily support ion
transport, making the enhancement of amorphous phases a key
strategy for improving conductivity (Ida & Suthanthiraraj,
2019; Dissanayake et al., 2016; Nogueira et al., 2001; Nei de

al., 2024; Zhao et al., 2021). However, polymer electrolytes
generally exhibit lower ionic conductivity than their liquid
counterparts, which remains a critical limitation. To overcome
this drawback, researchers have investigated the incorporation
of various metal salts and conductive non-metallic fillers such
as graphite, carbon nanotubes, and graphene into polymer
hosts, effectively enhancing both ionic conductivity and
mechanical performance (Sangwan et al., 2023; Pooja et al.,
2021; Bathaei et al., 2022; Dissanayake et al., 2024).

In this work, we employed polyethylene oxide (PEO) as the
host polymer and graphite as the filler material. PEO is a

*Corresponding Author’s Email: mtcmpau@gmail.com (M. Tripathi)
URL: https://www.jree.ir/article 229950.html

Freitas et al., 2009). These properties make PEO highly suitable
for use as a polymer electrolyte.

Graphite, an abundant and naturally occurring form of
crystalline carbon, exhibits excellent electrical conductivity
(~107* S/cm at room temperature), thermal stability, and strong
compatibility with polymers. Its planar layered structure allows
for the intercalation of charge carriers, and its compatibility
with organic matrices makes it an ideal choice as a conductive
filler (Cermak et al., 2020; Coetzee et al., 2023). Additional
advantages of graphite include high energy and power density,
long cycle life, and low cost, making it particularly suitable for
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sustainable DSSC fabrication (Zhang et al., 2021; Mao et al.
2018; Hebali et al., 2024).

Dye-sensitized solar cells (DSSCs) have attracted
considerable attention from both academia and industry as a
potential sustainable energy solution since Gritzel’s seminal
work in 1991 (Grétzel, 2001). Previous studies have
demonstrated that natural dyes and polymer electrolytes can be
effectively employed in DSSC fabrication. In the present study,
we used a natural cocktail dye—a blend of two dyes—as the
sensitizer. Recognizing the critical role of the photoanode in
determining overall device efficiency, we modified the
conventional TiO: anode by synthesizing a TiO—CuO
composite, which was then employed as the photoanode. Figure
1 depicts a schematic representation of a typical DSSC.
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Figure 1. Schematic diagram of a dye sensitized solar cell
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TiO2 can capture only about 6% of the entire solar
irradiation due to its wide band gap of 3.2 eV. To overcome this
limitation, research has demonstrated that incorporating
additional metal oxides such as tin(IV) oxide (SnOz), zinc oxide
(ZnO), and tungsten trioxide (WOs) can enhance the
photocatalytic and photoelectrolytic properties of TiO2. Among
these, CuO has attracted significant attention owing to its
unique physical properties and diverse applications, including
gas sensing, as well as photochromic and electrochromic
devices (Khan & Sahai, 2024; Pooja et al., 2022; Khan & Shah,
2023; Anucha et al., 2022; Krishnan et al., 2024). CuO is
particularly suitable for modifying the TiO:. photoelectrode
because it can form a p—n junction with TiO2, which effectively
facilitates the separation of photogenerated charge carriers. The
appropriate electrical potential at the TiO2/CuO interface
promotes this separation: electrons from the conduction band
of TiO: are transferred into the CuO conduction band, while
holes accumulate in the valence band. This process reduces
recombination losses and enhances charge separation, thereby
improving the overall efficiency of the photoelectrode (Chawla
et al., 2022; Kohestani & Ezoji, 2021; Shin et al., 2006).

Utilizing a polymer electrolyte system composed of PEO as
the host polymer, Lil/I- as the redox couple, ethylene carbonate
(EC) and propylene carbonate (PC) as plasticizers, and graphite
as the filler, together with a cocktail dye and a TiOz photoanode
modified with CuO, we fabricated a DSSC in this study. We
investigated the short-circuit photocurrent density (Jsc), open-
circuit voltage (Voc), fill factor (FF), power conversion
efficiency (PCE), stability, and other performance attributes of
the fabricated device.

The primary objective of this work is to demonstrate a novel
integration approach that combines the individual advantages
of a modified metal oxide photoanode, a natural sensitizer, and
a graphite-reinforced polymer electrolyte to develop a high-
performance DSSC. This hybrid configuration is expected to

significantly enhance light absorption, facilitate faster charge
transport, and minimize recombination reactions, all of which
are critical for improving overall PCE. Moreover, the use of
naturally abundant, non-toxic, and low-cost materials aligns
with global priorities in sustainable energy research.

The novelty of this work lies not only in the eco-friendly
material selection but also in the synergistic design of the
photoanode—electrolyte—dye interface, which is engineered to
optimize the functional role of each component. By integrating
material sustainability with performance-driven architecture,
this study proposes a viable pathway toward scalable, next-
generation DSSC technologies.

2. EXPERIMENTAL

2.1 Preparation of polymer electrolyte

The well-established solution casting process was
employed to prepare the PEO-based polymer electrolyte film.
An appropriate quantity of PEO was dissolved in distilled water
to form a thin polymeric layer, into which the Lil/I> redox
couple was also dissolved. To ensure homogeneity, the solution
was continuously stirred for 6—8 hours. The homogeneous
mixture was then combined with ethylene carbonate (EC),
propylene carbonate (PC), and graphite nanopowder, followed
by overnight blending. Graphite nanopowder was prepared by
ball milling the raw material in a planetary ball mill for 48 hours
at 300 rpm, using the Retsch PM 100 technique. Finally, the
mixture of PEO, Lil/l., graphite, EC, and PC was poured into a
polypropylene dish. The solvent was slowly evaporated at room
temperature, and the resulting film was vacuum-dried to obtain
a solvent-free polymer electrolyte sheet. Figure 2 illustrates the
preparation process of the polymer electrolyte.
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Figure 2. Polymer electrolyte synthesis

2.2 Extraction and purification of dye

Fifty grams of fresh Spinacia oleracea (spinach) leaves and
fifty grams of Beta vulgaris (beetroot) fragments were washed
with deionized water and subsequently pulverized in a mortar.
Each sample was then immersed in 100 mL of ethanol in
separate beakers for one week. After filtration, the resulting
solutions were concentrated using a rotary evaporator
(rotavapor) operated at 40°C. The concentrated dye solutions
were combined in a 1:1 volume ratio to prepare the natural
cocktail dye sensitizer for the DSSC. To further purify the
collected dyes, chromatographic methods were employed.
Figure 3 shows the extracted dye, while Figure 4 presents a
schematic diagram of the chromatographic method used for
purifying the dyes isolated from Beta vulgaris and Spinacia
oleracea.

2.3 Ti02-CuO photoelectrode preparation

The sol-gel method was employed to synthesize TiO: and
CuO nanopowders. To prepare the TiO: colloidal solution,
titanium isopropoxide [Ti(OCH(CHs)2)s] was added dropwise
to propanol. A white precipitate formed upon the addition of
deionized water and was allowed to settle for five minutes.
Subsequently, 1 mL of 70% HNOs; was added to the mixture.
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After stirring, the solution was heated at 80°C for 15 minutes
to allow partial evaporation of propanol and water, resulting in
the formation of a TiO: colloidal solution. The CuO colloidal
solution was prepared by adding 1 mL of glacial acetic acid and
0.2 M CuCl2'6H:20 to an aqueous solution. The mixture was
continuously stirred while being heated to 100°C. An 8§ M
NaOH solution was then added dropwise until the pH reached
7, leading to the formation of a substantial precipitate and
yielding a CuO colloidal solution. To synthesize the TiO.—CuO
nanocomposite, the CuO solution was gradually added to the
TiO: colloidal solution under vigorous stirring for six hours.
The resulting gel was dried and subsequently calcined at 450°C
to obtain the TiO-—CuO nanocomposite.
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Figure 3. (a) Spinacia oleracea dye (b) Beta vulgaris dye (c) Cocktail

4

Figure 4. (a) Purification of Spinacia oleracea (b) Purification of
Beta vulgaris via chromatographic technique

2.4 DSSC Fabrication

ITO conductive glass plates were first rinsed with water and
ethanol, dried, and then cleaned in an ultrasonic bath containing
a detergent solution for 15 minutes. The glass plates had a sheet
resistance of 15 Q/cm?. Using the doctor-blade method, TiO>—
CuO nanopastes were applied onto the conductive ITO glass to
construct the TiO>—CuO layer. The resulting film was heated at
150°C for 5-10 minutes. The prepared photoelectrode was
subsequently immersed in a Petri dish containing the extracted
cocktail dye. The system was kept covered for 24 hours to
prevent photodegradation of the dye and left undisturbed during
this period. Finally, the fabricated polymer electrolyte was
sandwiched between the photoanode and the photocathode, as
illustrated in Figure 5. A platinum-based cathode was
employed.
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2.5 Characterization Techniques

The XRD pattern of the produced polymer electrolyte sheet
was recorded at room temperature using a Philips PW 1710
diffractometer within the 26 range of 20—80°. Electrochemical
impedance of the electrolyte film was measured using a
Biologic SP-150. Structural and  morphological
characterization of TiO-—CuO nanomaterials was carried out
using an X-ray diffractometer (Philips PW 1710) equipped with
a graphite monochromator and a scanning electron microscope
(Carl Zeiss Evo 18). Fourier-transform infrared spectroscopy
(FTIR) analysis was performed with a PerkinElmer instrument.

The absorbance spectrum of the cocktail dye-coated TiO>—CuO
on ITO was obtained using a double-beam spectrophotometer
(Systronics 2201).

DSSC fabrication and performance measurement: The
Ti0.—CuO-based photoanode was immersed in the cocktail dye
solution (1:1 ratio) for 12 h. The PEO-based polymer
electrolyte containing the redox couple was then sandwiched
between the dye-sensitized working electrode and the counter
electrode to assemble the solar cell. All electrochemical
measurements were performed using a Biologic SP-150. A
Xenon—-Mercury lamp (Oriel Corporation, USA) with an
intensity of 100 mW/cm? was used as the light source
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Figure 5. Fabrication of DSSC

3. RESULTS AND DISCUSSION

Figure 6 shows the XRD pattern of a 98{80 PEO-20
Lil/I=}:2 graphite film prepared via the solution casting process.
Sharp, well-defined peaks are observed in the XRD pattern of
pure PEO at 19.36° and 23.52°, whereas pure graphite exhibits
a characteristic peak at 25°. Comparative analysis of the XRD
patterns reveals that the addition of graphite as a filler reduces
the intensity of the polymer’s main peaks and broadens their
widths, indicating an increase in the degree of amorphousness.
Intercalation of the polymer chains with the graphite filler
expands the interlayer spacing, rendering the film more
amorphous overall. This amorphous structure facilitates
enhanced ion transport, thereby improving the conductivity of
the polymer electrolyte film. At 80x magnification, Figures
7(a) and 7(b) show the surface morphology of 98 {80 PEO-20
Lil/Iz}:2 graphite films prepared via the solution casting
method. Under the microscope, no discernible PEO spherulite
patterns are observed, and the surface roughness is reduced,
reflecting a decrease in the crystalline fraction of the polymer.
This effect can be attributed to the intercalation of lithium
iodide and graphite, which reduces the crystalline character of
the host polymer (PEO) and increases the overall amorphous
content of the material. Figure 8 presents the FTIR spectra of
graphite, pure PEO, and the PEO—graphite composite. Distinct
spectral features reveal the structural interactions among the
components. In pure PEO (Figure 8a), a broad absorption band
is observed between 2950-2700 cm™, corresponding to the
symmetric and asymmetric stretching vibrations of the CH:
groups. This band becomes narrower in the composite (Figure
8c), indicating restricted polymer chain motion due to
interactions with graphite.

The C-O—C symmetric stretching vibration, characteristic
of the ether backbone of PEO, appears in the 10501150 cm™
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region. Upon incorporation of graphite, this band becomes
broader and more intense, suggesting strong intermolecular
interactions between PEO chains and the graphite surface. This
interaction is attributed to coordination between the oxygen
atoms in the ether linkages of PEO and the m-conjugated
structure of graphite, which facilitates improved ion transport
pathways. The graphite spectrum (Figure 8b) exhibits
characteristic vibrational modes, including C=C stretching
around 1600 cm™ and a broad band below 1000 cm™. These
bands contribute to the overall spectral profile of the polymer
electrolyte system (Figure 8c) and confirm the successful
incorporation of graphite into the polymer matrix.

The enhanced vibrational coupling observed in the 1050—
1150 cm™ region correlates directly with improved ionic
conductivity, as it indicates increased segmental motion and
better ion coordination via Lewis acid-base interactions
between graphite and PEO chains. These structural
modifications underscore the role of graphite as an effective
filler for enhancing the electrical performance of the polymer
electrolyte system (Wen et al., 1996; Shriver et al., 1981)
Table 1 gives detailed inforations of characteristic peaks
corresponding to specific vibration modes, providing insights
into polymer—filler interactions. The CH: symmetric and
asymmetric stretching bands at 2950-2700 cm ™ narrow in the
PEO-graphite composite, indicating restricted chain mobility
due to graphite incorporation (Tsai et al., 2004; Nethravathi &
Rajamathi, 2008). Peaks in the 1600-1500 cm™ region,
corresponding to C=C stretching of graphite and PEO, confirm
successful graphite embedding (Szabé et al., 2006; Chen et al.
2015). The 1150-1050 cm™ C—O—C symmetric stretching band
becomes broader and more intense in the composite, reflecting
enhanced polymer—filler interaction (Goémez et al., 2021;
Arulsankar et al., 2013). The new sharp peaks at ~900-700
cm™', arising from graphite structural modes, appear

exclusively in the composite (Park et al., 2009). These
observations collectively indicate that graphite incorporation
significantly influences the structural dynamics of the PEO
matrix, enhancing polymer—filler interactions.

Figure 9 shows that the ambient AC conductivity of the
PEO polymer electrolyte with graphite filler exceeds 107 S/cm,
compared to 0.32 x 10°® S/cm for pure PEO. The conductivity
increases linearly with frequency up to 5 kHz. The AC
conductivity of the sample is frequency-dependent, following
the well-known power law:

03¢ = Awf )

where A is the constant and p is the frequency exponent
(p<1). The power law (op) is commonly observed in a diverse
array of materials, including polymers.

Figure 10 illustrates the light absorption properties of
betacyanin, chlorophyll, and the cocktail dye, with each dye
exhibiting characteristic absorption peaks corresponding to
their molecular structures. Betacyanin predominantly absorbs
light at 550 nm, whereas chlorophyll exhibits two prominent
absorption peaks at approximately 440 nm and 660 nm.

It is important to note that betacyanin exhibits minimal
absorption at 660 nm, a wavelength where chlorophyll shows
significant absorption. The enhanced absorption at 660 nm in
the cocktail dye is primarily attributable to the chlorophyll
component, while betacyanin substantially contributes to
extending the absorption spectrum at 550 nm. The combination
of these two dyes in the cocktail improves the overall
absorption efficiency. The synergistic effect of both dyes
enhances light capture across the spectrum, particularly at the
660 nm peak dominated by chlorophyll, as well as at other
wavelengths. This broad and intensified absorption profile
promotes more efficient photon utilization and sustained
electron generation.

Table 1. The peaks observed and their corresponding vibration mode.

Peak POjlthn Sample(s) Vibration Mode Interpretation and Significance References
(cm™) Observed
2950-2700 (a) and (¢) CH: symmetric and Broad in pure PEO; narrows in (c), indicating restricted (Tsai et al., 2004) (Nethravathi
asymmetric stretch chain motion due to graphite interaction. & Rajamathi, 2008)
C=C stretching (graphite, Present in graphite and seen in (c), confirming (Szabo et al.. 2006)
1600-1500 (b), (@) and () PEO) successful incorporation
u P . (Chen et al., 2015)
1150-1050 @, (©) C-0-C symmetric Becomes broader and intense in (c), showing increased (Gomez et al., 2021)
’ stretching polymer-filler interaction. (Arulsankar et al., 2013)
~900-700 © Graphite peaks New sharp peaks appear, attributed to structural modes (Park et al.. 2009)

of graphite within the PEO matrix.
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Figure 6. XRD of (a) Pure PEO, (b) Pure Graphite, Figure 7. Optical micrograph of the polymer electrolyte film (a) pure

and (c) 98 {80 PEO- 20 Lil: I}: 2 graphite

PEO (b) 98 {80 PEO- 20 Lil: I,}: 2 graphite
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Figure 10. Absorption spectra of dyes: (a) Spinacia oleracea dye, (b) Beta vulgaris dye, and (c) Cocktail dye

The behavior of TiO-—CuO photoelectrodes coated with the
cocktail dye is shown in Figure 11. The enhanced interaction
between TiO»—CuO and the cocktail dye is likely responsible
for the observed improvement in the light absorption range, as
it facilitates charge transfer and reduces the recombination rate.
CuO acts as an electron-accepting species, which enhances the
photocatalytic performance of TiO.. Additionally, the suitable
conduction band alignment of CuO allows efficient transfer of
photogenerated electrons from TiO:, thereby promoting
effective charge separation.

Figure 12 shows the XRD pattern of the synthesized TiO>—
CuO nanocomposite. The data indicate that the resulting
nanoparticles are crystalline and do not contain any amorphous
phases. Furthermore, the XRD pattern confirms that no new
phases or compounds were formed during the synthesis.

The SEM (scanning electron microscopy) image of the
synthesized TiO.—CuO nanocomposite is shown in Figure 13.
The image reveals a nanocrystalline structure of the composite.
Using SEM analysis in combination with Scherrer’s equation
applied to the diffraction peaks, the average grain size was
estimated to be 20-35 nm.

The small grain size provides a large surface area for dye
adsorption, which can contribute to higher DSSC efficiency.
The SEM image also indicates that CuO is distributed over the
TiO: surface in the form of islands rather than forming a new
compound. The increased photoactive surface area resulting
from the nanocrystalline morphology is expected to enhance
the overall efficiency of the solar cell.

Figure 14 illustrates the performance of PEO-based DSSCs,
both with and without graphite as a filler, using a TiO-—CuO

photoelectrode sensitized with the cocktail dye. Comparative
analysis shows that the DSSC incorporating graphite exhibits
higher efficiency. The presence of graphite enhances the
conductivity of the polymer electrolyte and improves overall
cell performance, likely due to more efficient electron transport
within the electrolyte. Table 2 presents a comparative study
detailing key performance metrics, including power conversion
efficiency, fill factor, and short-circuit current density, for the
fabricated DSSCs.

Previous studies have explored various strategies to
enhance the efficiency and stability of DSSCs by modifying
key components such as the electrolyte, sensitizer, and

photoanode. Approaches have included doping polymer
electrolytes with organic additives, ionic liquids, or nanofillers,
as well as introducing advanced dyes or co-sensitizers to
broaden the absorption spectrum. For instance, incorporation of
4-nitroaniline (Sathya et al., 2025) and Al>O; nanofillers (Kim
et al., 2024) improved ionic conductivity and overall efficiency,
while co-sensitization with POBA and Z907 dyes (Devadiga et
al., 2022) significantly enhanced light absorption and device
performance.

However, many of these systems rely on costly or synthetic
materials. In contrast, the present study introduces a sustainable
approach by combining a natural cocktail dye, a graphite-
reinforced PEO-based polymer electrolyte, and a TiO>—CuO
nanocomposite photoanode. This eco-friendly configuration
achieved a power conversion efficiency of 3.3% with a fill
factor of 57%, demonstrating a favorable balance among
performance, cost, and environmental compatibility. A detailed
comparative summary of these studies is presented in Table 3.
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Table 2. Comparative study of DSSCs based on PEO with and without graphite filler

S.No. Electrolyte System Ise,(mA/cm?) Vo, (V) FF, % n, (Efficiency)
1. PEO: Lil/I; 2.0 0.82 63 1.06%
2. PEO: Lil/Io/Graphite 9.0 0.68 57 3.3%
Table 3. A Comparative analysis of the present study with previously reported work.
Photoanode Counter . o
S.No. Electrolyte System Dye Material Electrode Efficiency (%) Reference
PVA-PVP + TBAI blend o o 2.37 (Pt), 1.06 (r- (Devadiga et al.,
1 polymer electrolyte Carbazole-based dye | Ag-TiO: (4%) Pt & 1GO GO) 2021)
PVDF-PEG + I-n-hexyl-3- POBA, 7907, - o 1.85 (POBA), 4.52 (Devadiga et al.,
2 methylimidazolium iodide Ni-TiO: (4%) Pt (2907), 5.77 (co-
POBA+Z907 o 2022)
(GPE) sensitized)
Polymer composite electrolyte . . .
3 with ALOs nanofiller Synthetic Dye TiO: Pt 5.61 (Kim et al., 2024)
PVDF-co-HFP + PMMA + . . (Subramanian et
4 Phenothiazine + /15~ Synthetic Dye TiO: Pt >-20 al., 2024)
Gelatin-based gel electrolyte . . 5.8 (SAA), 3.9 (Devikala &
> + SAA additive Synthetic Dye Ti0 Pt (GLN) Abisharani, 2024)
Chitosan + KI + PMII + (Hatmanto et al
6 Polyaniline (Quasi-solid Synthetic Dye TiO: Pt 0.058 -
2025)
Electrolyte)
PVDF + Lil + L. + 30% 4- . . (Sathya et al.,
7 Nitroaniline (SPE) Synthetic Dye TiO2 Pt 3.73 2025)
. Natural Cocktail of
+ +EC+PC+ . .
8 PEO. LilL EC. PC beetroot & spinach TiO2-CuO Pt 33 Current Study
graphite (SPE, solution-cast) (1:1 vAv)
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4. CONCLUSIONS

In this study, a natural dye-sensitized solar cell was
successfully fabricated using a PEO-based polymer electrolyte,
both with and without graphite filler, and a CuO-modified TiO-
photoanode. The photovoltaic performance of the DSSC was
significantly enhanced by incorporating 2 wt% graphite into the
PEO:Lil/I. matrix. The power conversion efficiency (PCE)
increased from 1.06% (without graphite) to 3.3% (with
graphite), corresponding to an efficiency improvement of
approximately 211%, as calculated using the formula:

3.3-1.06

o ~ 0
106 X100 = 211%

This substantial increase indicates that the graphite filler
effectively enhances ionic conductivity and restricts polymer
chain mobility by reinforcing polymer—filler interactions, as
also evidenced in the FTIR spectra. Additionally, surface
modification of TiO2 with CuO created an interfacial energy
barrier that suppressed recombination losses, while the use of
the cocktail dye improved charge transfer efficiency and light-
harvesting capability. Collectively, these synergistic effects
produced a more efficient, stable, and high-performing DSSC
system based on environmentally benign materials.
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