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Theoretical and experimental
investigation of a CuO and
graphene embedded polyethylene
oxide counter electrode for
efficient DSSCs
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Dye-sensitized solar cells (DSSCs) have garnered significant attention due to their cost-effectiveness
and ease of fabrication; however, the performance of counter electrodes (CEs) remains a critical

factor in optimizing efficiency. In this study, we investigate the synergistic role of a polyethylene
oxide (PEO)/copper oxide (CuO)/graphene (G) composite (PEO/CuO/G) as a CE for DSSCs, employing
both theoretical modeling and experimental validation. DFT calculations were used for investigating
PEO hybridization nanocomposites with different metal oxides, including MgO, SiO,, TiO,, NiO,

CuO, ZnO, and Zr0,. The electronic properties analysis revealed that CuO is the most effective metal
oxide in boosting the PEO polymer matrix, with a total dipole moment (TDM) of 10.482 Debye and

AE of 0.422 eV. G is intended to strengthen the electrical characteristics of PEO/CuO by hybridizing
with the optimal metal oxide. The hybrid composite of PEO/CuO/G showed significant improvement
in electronic properties, with TDM of 18.7938 Debye AE 0.2566 eV. Interestingly, the morphological
characteristics, electrical conductivity, surface roughness, and electrochemical properties of pure PEO,
CuO, G, and PEO/CuO/G composites were systematically analyzed using Scanning Electron Microscopy
(SEM), surface roughness, and electrical conductivity measurements. The results demonstrated a
gradual enhancement in solar cell performance, with the optimized PEO/CuO/G composite exhibiting
superior electrical conductivity (12.56 S/m), high surface roughness (8.1 pm), and an interconnected
conductive network, facilitating efficient charge transfer. Photovoltaic (PV) measurements revealed a
systematic improvement in short-circuit current density (J_ ) from 11.428 mA/cm?2 (PEO) to 16.916 mA/
cm? (PEO/CuO/G) and fill factor (FF) from 63.4 to 65.1%, leading to a notable enhancement in overall
efficiency from 4.33% to 6.42%. The observed improvements are attributed to the combined effects

of CuO'’s catalytic properties and graphene’s high electrical conductivity, forming a stable, efficient CE
material. Theoretical modeling further supports these findings by demonstrating enhanced electron
transport and reduced charge recombination within the composite structure. This study highlights the
potential of PEO/CuO/G as a low-cost and high-performance CE for DSSCs, paving the way for further
optimization in next-generation solar energy aerospace applications.

Keywords Dye-sensitized solar cells, Counter electrode, PEO/CuQ/graphene composite, Electrical
conductivity, Theoretical modeling, Surface morphology

The increasing global energy demand and the depletion of fossil fuel reserves have driven extensive research
into renewable and sustainable energy sources, as well as their potential applications in aerospace technologies.
Among the various PV technologies, DSSCs have gained significant attention due to their low production
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costs, simple fabrication process, and ability to function efficiently under low-light conditions!. Despite these
advantages, the performance of DSSCs is still limited by the properties of their CEs, which play a crucial role in
facilitating electron transfer and enhancing the catalytic reduction of the redox electrolyte®°.

Conventionally, platinum (Pt)-based CEs have been widely used due to their excellent catalytic activity and
high electrical conductivity. However, the high cost, scarcity, and poor long-term stability of Pt electrodes have
prompted researchers to explore alternative materials that can provide comparable or superior electrochemical
performance?. To address these challenges, extensive efforts have been made to develop polymeric, metal oxide,
and carbon-based materials as efficient CEs for DSSCs®. Among the promising alternatives, polyethylene oxide
(PEO) has attracted considerable attention due to its chemical stability, flexibility, and ability to form stable
composite structures with other functional materials®. However, its poor electrical conductivity and limited
catalytic activity necessitate modifications through the incorporation of conductive and catalytic nanomaterials’.
In this regard, copper oxide nanoparticles (CuO NPs) have demonstrated excellent redox activity, high surface
area, and cost-effectiveness, making them a suitable candidate for DSSC CEs®. Additionally, graphene (G)
and its derivatives have emerged as ideal materials for energy applications due to their exceptional electrical
conductivity, large surface area, and superior electrocatalytic properties®!’. Recently, Jebur et al.!!, developed a
GQD that improved the stability and optical activity of the polymer matrix, resulting in efficient supercapacitor
activity. Hashim et al.'?, created PVA/PEO/CuO nanocomposites with significantly improved properties for
humidity sensor applications . Moreover, computational molecular simulations were recently utilized to examine
chemical interactions by analyzing molecular geometries and estimating parameters and descriptors such as
molecule energies, infrared ray (IR), and structural physical properties'®!%. DFT is one of various methods
for exploring the physical and chemical properties of materials, and it is frequently used in organometallic
interactions and nanocomposites!>!®. As a result, DFT outperforms other approaches in terms of consistency
with experimental data'”"!8. DFT calculations of a PVC/PEO/SiC nanocomposite indicated that it might be used
as an optoelectronic material!”. PVA-PEO-SIC also possesses good optical and electrical properties, as well as a
low energy band gap, which renders it suitable for a variety of optoelectronic applications.

Notwithstanding the significant advantages of nanofillers—particularly nanometal oxides—in enhancing the
physicochemical, electrical, and optical properties of polymer matrices, further research is required to fully
understand their impact on structural fundamentals and the emergence of new material properties'®?°. In this
study, a range of metal oxides, including MgO, SiO,, TiO,, NiO, CuO, ZnO, and ZrO,, were explored for their
ability to introduce functional oxygen-containing groups and promote physicochemical interactions within the
PEO polymer chains?!. Additionally, identifying the optimal metal oxide composition is crucial for improving
the electrical and optical performance of polymer-based composites. To achieve a comprehensive understanding,
both theoretical and experimental investigations were conducted. In the theoretical study, molecular modeling
was employed to examine the impact of metal oxide incorporation on the electrical and optical properties of
the composite. Key electronic and structural parameters such as total dipole moment (TDM), band gap energy,
and molecular electrostatic potential (MESP) were computed to assess the suitability of the nanocomposites for
PV applications. Additionally, the influence of graphene (G) loading on the PEO/metal oxide nanocomposite
was investigated using the same computational variables??. Further analysis was carried out on total and partial
density of states (TDOS, PDOS), along with key reactivity and stability descriptors, including hardness, softness,
and electrophilicity. In the experimental phase, the PEO/CuO/G composite was synthesized and systematically
analyzed to evaluate the effects of CuO and graphene incorporation on the structural, physicochemical, and
optoelectronic properties of the PEO polymer matrix for solar cell applications. The prepared materials—PEO,
PEO/MO, and PEO/MO/G—were subjected to UV-vis spectroscopy to examine their optical enhancements and
light absorption characteristics.

In this study, we propose PEO/CuO/G as an eflicient and cost-effective CE alternative for DSSCs. The
integration of CuO and graphene within the PEO matrix is expected to significantly enhance electron transport,
electrocatalytic activity, and charge separation efficiency, leading to superior PV performance. The synergistic
interaction between CuO and graphene is designed to overcome the limitations associated with their individual
components, ultimately improving the efficiency and stability of DSSCs. To validate the potential of this novel
CE, a comprehensive analysis was conducted, covering morphological, electrical, and PV properties of pure
PEO, CuO, graphene, and the optimized PEO/CuO/G composite. The findings of this study aim to contribute to
the development of high-performance, low-cost DSSCs, paving the way for future advancements in solar energy
conversion technologies and supporting the transition toward sustainable and scalable PV solutions.

Theoretical study

Calculation details

The simulations were performed at the Molecular Spectroscopy and Modeling Laboratory, Centre of Excellence
for Advanced Science, National Research Centre, Egypt, using the GAUSSIAN09 program?. The influence
of MOs such as MgO, Sio,, TiOz, NiO, CuO, ZnO, and ZrO2 on the PEO polymer matrix was calculated
using the B3LYP/6-31(d, p) model?*-?°. In general, the selection of a basis set depends on the nature of the
structure being studied. The 6-31G(d, p) basis set is widely employed for investigating polymer interactions
with nanomaterials, particularly metal oxides and carbon-based nanomaterials, as it has demonstrated strong
consistency with experimental results?’~?. While the accuracy of computational methods, functionals, and basis
sets generally improves with more sophisticated configurations, an excessively large basis set does not always
guarantee reliability due to the risk of overcalculation. Therefore, understanding the structural characteristics
of the system is crucial before selecting an appropriate basis set. The 6-31G function, also referred to as a split-
valence double-zeta basis set, describes both core and valence orbitals, incorporating "d" polarization functions
for heavy atoms and "p" polarization functions for hydrogen atoms. This enhances the representation of polar
bonding interactions, making it particularly useful for systems with high electron density, such as halogen ions,

Scientific Reports |

(2025) 15:25049 | https://doi.org/10.1038/s41598-025-98930-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

electronegative elements, or radical species. Given these attributes, the 6-31(d, p) basis set is well-suited for the
structural and electronic properties of the studied system, ensuring a balanced trade-off between computational
efficiency and accuracy. In comparison to other computational models, smaller basis sets like 3-21G and STO-
3G offer lower computational costs but often lack the precision required for accurately modeling complex hybrid
systems, particularly polymer-nanomaterial interactions. Conversely, larger basis sets such as 6-311G+ +and
aug-cc-pVDZ provide a more detailed representation of electronic interactions and charge distribution,
potentially improving accuracy; however, they significantly increase computational demand without necessarily
offering proportionate gains in predictive capability. Additionally, alternative functionals such as M06-2X and
PBEO have shown superior performance in capturing dispersion interactions, but they are not as extensively
benchmarked for polymeric and hybrid nanomaterial systems. Given these considerations, B3LYP/6-31(d, p)
provides an optimal balance between computational efficiency, accuracy, and applicability, making it a well-
suited choice for modeling the structural and electronic properties of the studied system.

Herein, the HOMO/LUMO orbital distribution, bandgap, and MESP mapping of model structures were
investigated to see if nano MOs alter physicochemical, reactivity, stability, electrical, and optical properties. The
most promising PEO/MO will next interact with G for further stability and durability enhancement, and the
same calculations will be performed at the same theoretical level.

Experimental study

Methodology and techniques

Materials

All materials were utilized in the preparation without additional purification. For CuO preparation, copper
sulphate pentahydrate (CuSO,5H,0) was purchased from PURE, India. PEO with an average molecular weight
of 4x10* g/mol was purchased from ACROS, New Jersey, USA. Glacial acetic acid and sodium hydroxide (Fisher
chemical, 97%) were used as solvents. This experiment made use of distilled water (DW). Cis-bis(isothiocyanato)
(2,2'-bipyridyl-4,4’-dicarboxylato)(4,4’-di-nonyl-2’-bipyridyl) ruthenium(II) (2907, 99%) was employed as a
dye.

Synthesis of CuO NPs and PEO/CuO/G Composite

The CuO NPs were synthesized using a precipitation method. Initially, CuSO,-5H,O (1 M, 100 mL of glacial
acetic acid) was heated to 70°C for 2h under continuous stirring to ensure complete dissolution. Once fully
dissolved, a 2 M NaOH solution (100 mL of DW) was added dropwise under continuous stirring, leading to
the formation of a black precipitate. The precipitate was then filtered and washed thoroughly with DI water to
remove residual impurities. The obtained CuO was subsequently dried at 80°C for 24 h, followed by calcination
at 500°C for 2h to enhance its crystallinity and purity. To prepare the PEO/CuO/G composite, 0.01 g of CuO NPs
and 0.02 g of G nanosheets were dispersed in 100 mL of DI water under continuous stirring to achieve uniform
dispersion. Subsequently, PEO (70 wt.%) was gradually introduced into the solution while stirring, ensuring the
formation of a homogeneous mixture. The final composite solution was then left to dry at room temperature,
leading to the formation of the optimized PEO/CuO/G composite.

Assembling of DSSCs

The DSSC construction method is depicted in Fig. 1, where a liquid electrolyte was positioned between a TiO,
photoanode and a PEO/CuO/G composite CE. The TiO, photoanodes were made of highly crystalline TiO, NPs
that were created using a hydrothermal autoclave technique, as previously described in works'*?2. Fluorine-
doped tin oxide (FTO)-coated glass substrates (2x 2 cm?) were thoroughly cleaned to remove organic residues
before DSSC construction. The first step involved ultrasonically cleaning the substrates for five minutes in
a 0.1M HCI solution in methanol. The glass surfaces were then thoroughly washed with DW and a 5 wt.%
detergent solution, following a repeated rinsing in DW for several minutes. To guarantee that all impurities were
eliminated, the FTO plates were then washed with ethanol and sonicated. To ensure that there were no organic
contaminants, the complete cleaning process was carried out three times. After washing, the photoanode was
formed by spin-coating TiO, NPs onto the FTO substrates using a VTC-50A spin coater set to 1200 rpm for
two minutes. When the Z907 dye was adsorbed onto the TiO, surface during the dye-sensitization procedure,
it was photoexcited by the light and produced electrons. The PV process was then started when these electrons
were moved to TiO,'s conduction band. The Z907 dye needs efficiently absorb visible light and promote charge
transfer in order to transport electrons efficiently. 0.5 M lithium iodide (LiI) and 0.05 M iodine (I2) dissolved
in acetonitrile or propylene carbonate were used to create a redox electrolyte solution, which served as the I
/13 redox pair catalyst, in order to optimise this process. Furthermore, 0.6 M 1-methyl-3-propylimidazolium
iodide (MPII) and 0.5 M 4-tert-butylpyridine (TBP) were added to the electrolyte in order to stabilise electrolyte
viscosity, improve ionic conductivity, and increase open-circuit voltage. The PEO/CuO - G composite CE was
able to successfully catalyse the reduction of I; to I”, completing the electron transport cycle in the DSSC,
thanks to the efficient electron regeneration made possible by this optimised electrolyte combination. Washed
FTO substrates were submerged in the PEO/CuO/G liquid at 70°C for an hour in order to create the PEO/CuO/G
composite CE. A thin-film measuring system (EQ-TFMS-LD) was used to accurately regulate the deposited CE
films, guaranteeing a thickness range of 200-220 nm in compliance with established standards. Ultimately, an
optimised electrolyte solution, PEO/CuO/G mixture as the counter electrode (CE), and TiO, nanofilms as the
photoanode were used to create DSSCs.

Analytical techniques
All prepared samples were characterized using spectroscopic techniques such as the Attenuated Total Reflection
Fourier Transform Infrared (ATR-FTIR) spectrometer (Vertex 70, Bruker) with a spectral range of 4000-
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Fig. 1. Chemical Structure of PEO/CuO/G combination, along with a diagrammatic representation of the
construction of a DSSC device.

400 cm™! and 4 cm™! spectral resolution. Also, nanoparticles and prepared composite crystal structure were
investigated by X-ray Diffraction (XRD) measurement using a Malvern Panalytical Empyrean 3 diffractometer.
Finally, the pure materials and composite morphology were studied by Field-emission Scanning Electron
Microscopy (FESEM, Quattro S, Thermo Scientific). A profilometer (Talysurf 50, Taylor Hobson Precision) was
used to assess surface roughness in order to calculate the average roughness parameter (Ra). An EQ-JX2008-LD
device was used to test electrical resistance using the four-point probe (4PP) approach. Each CPA composite’s
average electrical resistance was established using more than ten data points gathered from several distinct
locations. Electrochemical impedance spectroscopy (EIS) observations were conducted in a dark environment
using an electrochemical workstation (Zahner Company, Germany) with a frequency range of 100 Hz to 100
kHz. A xenon lamp (Orial, USA) was used to replicate sunlight on devices with an active area of 0.25 cm?.
Measurements were conducted under AM 1.5G (100 mW/cm?) illumination, with periodic recalibration using
a certified silicon reference cell (Newport 91150V, £ 2% error in intensity calibration) to ensure accuracy and
reliability. A digital source meter with a built-in filter, the Keithley 2400, was used to capture current-voltage
(I-V) characteristics. Text Point software was used to analyze the resultant data.

Results and discussion

Building model molecule

Smart, sustainable, and affordable polymer-based nanocomposite materials have lately achieved popularity due
to advancements in the electrical, optical, and mechanical properties of the polymer matrix, as well as their
wide variety of applications in electrochemical and optical devices*. PEO is a noticeable polymer that is known
as semi-crystal with a significant level of crystallinity®!. As known, the chemical structure of PEO as shown
in Fig. 2a consists of C-H, C-C, and C-O bonds make the reactivity and conductivity is very limited*?. Filled
polymers is a brilliant choice to develop new smart materials with efficient qualities, therefore polymer-metal
oxide nanocomposites create novel and distinctive materials with excellent characteristics®®. As consequently,
in order to improve PEO’s electrical and optical characteristics, a variety of MOs with narrow band gaps and
good electrical and optical functionality were chosen, including MgO*, $iO,*, TiO,?, NiO¥, CuO*, ZnO¥,
and Zr0,*. According to the PEO chemical structure, it has a polar group —~O-, which acts as the active side of
its interactions and/or association with the other materials. So, the interaction between proposed metal oxides
and PEO will occur through the -O- group with the metal atom of metal oxide as shown in Fig. 2. According
to the PEO chemical structure it characteristic with a polar group -O- in its, that serves as the active side of its
interaction and/or association with the metal cation. As seen in Fig. 2, the interaction between suggested metal
oxides and PEO will take occur via the ~-O- group with the metal atom of the metal oxide. The effect of metal
oxide incorporation on the electrical and optical properties of PEO was investigated, with CuO emerging as the
most effective dopant for enhancing conductivity and light absorption. Additionally, key electronic descriptors,
including the distribution of HOMO/LUMO orbitals, TDM, band gap energy, and MESP color mapping, were
analyzed in simulated models to provide deeper insights into electronic behavior. Furthermore, critical reactivity
and stability parameters—such as hardness, softness, electron affinity, ionization potential, electronegativity,
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Fig. 2. Model structure simulated pure PEO and PEO interaction with different metal oxides as (a) PEO, (b)
PEO/MgO, (c) PEO/SiO,, (d) PEO/TiO,, (e) PEO/NIO, (f) PEO/CuO, (g) PEO/ZnO, and (h) PEO/ZrO,.
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electrophilicity, and nucleophilicity—were evaluated to comprehensively assess the impact of metal oxides on
the chemical stability, reactivity, and electronic properties of the PEO-based composites.

Physical, reactivity, stability and electronic characteristics

Distribution of HOMO/LUMO orbitals

HOMO/LUMO were determined, and Fig. 3. depicts orbital distributions based on MOs interactions. HOMO/
LUMO orbital dispersion is spread throughout the whole chain of PEO. MOs interact with the PEO matrix, causing
an extensive alteration in the uniform distribution of PEO HOMO/LUMO orbitals, which are redistributed and
concentrated over the MO. Increased TDM, in conjunction with reduced band gap energy (AE), boosts electrical
characteristics and structural stability?!. The calculated TDM and band gap energy are reported in Table 1. The
exploration examines the change in TDM and band gap energy (AE) over the whole structures. All MOs raised
the TDM of PEO from 00.000 Debye to 14.100, 11.822, 16.597, 10.035, 10.482, 11.607, and 15.939 Debye for
MgO, SiO,, TiOz, NiO, CuO, ZnO, and ZrOz, respectively. The significant rise in TDM reflects the measured
polarization generated by the MOs’ interactions with the PEO, indicating that there are a high number of dipole-
dipole interactions, increasing the division of charges. As consequently, the considerable improvement in PEO
reactivity and stability improves electrical characteristics, notably for electrical optical and catalytic applications.
Furthermore, the band gap energy (AE) of PEO/MgO, SiO,, TiO,, NiO, CuO, ZnO, and ZrO, significantly
dropped from 8.632 eV to 8.632, 2.106, 2.642, 3.188, 1.828, 0.422, 1.433, and 3.103, respectively. The band gap
data show that all MOs enhance PEO electrical characteristics, but CuO is notably efficient for improving TDM
and AE. CuO is more reactive and conductive with PEO compared to other MOs, as seen by the significant
rise in TDM and lower level of AE. This renders CuO an especially efficient addition for increasing composite
functionality in electrical and optical devices, as well as solar cell applications. These advantages are most likely
driven by CuO’s huge surface area, narrow bandgap, chemical stability, and outstanding electrical characteristics.
As a result, the PEO/CuO composite offered the largest electrical improvement while still maintaining excellent
stability.

Reactivity and stability describtors

Additional physical descriptors concerning reactivity and stability, such as hardness, softness, and
electrophilicity, are conducted to further evaluate the impact of these MOs on PEO structure. Studying these
characteristics provides a wide understanding of the influence of MOs on PEO physicochemical reactivity
and stability. According to Koopmans’ approximation, these reactivity descriptors are estimated essentially
based on the values of HOMO and LUMO energies*2. Table 1 presents also the relative reactivity and stability
characteristics, including ionization potential (IP), electron affinity (EA), hardness (), softness (o), electrophilic
(), and nucleophilic (¢)?’-?°. According to Koopman's theory, IP and EA are driven by the negative value of
HOMO and LUMO energy values*®. Therefore, electronegativity is generated from IP and EA using Mullikens’
hypothesis, which represents the material’s capacity to grasp electrons through a chemical bond that describe the
polarization and charge division via specify the material type as giving or receiving electrons**. The improvement
in electronegativity signifies improved reactivity, sensitivity, and compound stability*}; hence, all MOs raised the
electronegativity of PEO, particularly SiO,, CuO, and ZnO, indicating an increase in PEO’s reactivity. Similarly,
hardness (n) is estimated using IP and EA values according to Koopman’s approximation, which represents the
material resistance to transferring electrons. A decrease in hardness increases the ability of the material to transfer
electrons, increasing its ability to interact with others and reactivity*>. As demonstrated, the MOs reduced the
hardness of PEO, with CuO being the most effective, reducing the hardness from 4.316 to 0.106 eV, resulting in
a considerable increase in PEO’s reactivity and electron transfer. Softness is the inverse of hardness, so increasing
softness increases its capacity of the material to capture electrons, indicating an increase in material reactivity*°.
The influence of MOs increased the softness of PEO, nevertheless ultimately the most effective MO was CuO,
which increased PEO softness from 0.232 to 9.434 eV. Furthermore, electrophilicity and nucleophilicity are
essential characteristics in investigating molecule behavior through interaction with other molecules such as
donating and/or gapping electrons. Electrophilicity (w), or the capacity of a substance to capture electrons, is
classified as strong, medium, or weak based on its w value?”. The PEO categorized as weak electrophilic material
that the w=0.545 eV value is less than 0.8 eV. Appropriately, all MOs boosted the electrophilicity of PEO to a
strong level, with CuO showing the most substantial improvement. As a whole, the reactivity results coincided
with previous TDM and band gap conclusions, revealing that PEO/CuO significantly improves PEO reactivity,
stability, along with electrical and optical properties.

Molecular electrostatic potential (MESP)

MESPisafurther valuable descriptor to fully comprehend chemical interactions and their electrical characteristics.
MESP’s relevance emerges from its association to total charge dispersion, which is affected by the way the dipole
moment, electronegativity, partial charges, and the reactive sites of chemical structure*®. Figure 4 depicts the
MESP of PEO, and PEO interacts with a variety of MOs, including MgO, SiO,, TiO,, NiO, CuO, ZnO, and ZrO,,.
Consequently, the colors that indicate MESP levels covered the molecular surface in the following order: high to
low: red, orange, yellow, green, and blue. On the MESP surface, the colors are expressed as follows: red represents
the greatest charge region, blue represents the lowest charge region, and green represents the neutral surface. The
oxygen —O- linkage atom was shown to be the primary reason for PEO reactivity that the red color localized
around it. The influence of MOs on the MESP map of PEO translated into the red color spreading along the
polymer chain’s up and down branches, suggesting that PEO reactivity and surface area boosted. As it turns out,
PEO’s electrical properties have improved, that overall reactivity and stability descriptors corroborate the MESP
beside the band gap findings, making it appropriate for usage in a range of electronic and optical applications.
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Fig. 3. Calculated HOMO/LUMO orbital distrbution of PEO and PEO interaction with different metal oxides
using DFT:B3LYP/6-31(d, P).

PEO/CuO/G physical, reactivity, stability and electronic characteristics

HOMO/LUMO orbitals and MESP

G as a common 2D layer within sp2-hybridized carbon, offers exceptional chemical and physical capabilities for
enhanced performance owing to its physicochemical, mechanical, thermal, and electrical characteristics. G was
supposed to design and/or boost along-lasting and sustainable nanocomposite with unique electrical and thermal
characteristics. Consequently, the implementation of G nanosheets remains an effective reinforce mechanism
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Parameters | PEO | PEO/MgO | PEO/SiO, | PEO/TiO, | PEO/NiO | PEO/CuO | PEO/ZnO | PEO/ZrO,
TDM 0.000 | 14.100 11.822 | 16,597 10.035 | 10.482 11.607 15.939
AE 8.632 | 02.106 02.642 | 03.188 01.828 | 00422 | 01433 | 03.103
Epono ~6.485 | ~05217 | —07.421 | 05762 | -07.328 | —06.946 |-07.396 | -04.744
E oo 2147 | -03.111 | —04.780 | -02.574 | -05.501 | -06.524 | -05963 | —01.641
IP=—E, 0 | 6485 | 05217 07421 | 05762 07328 | 06946 | 07.396 | 04744
EA=—E,,,, |-2147 | 03.111 04.780 | 02574 05501 | 06524 | 05963 | 01641
X=(IP+EA)/2 | 2169 | 04.164 06.101 | 04.168 06415 | 06735 | 06.680 | 03.193
n=(IP—EA)/2 | 4316 | 00.527 01321 | 01.594 00914 | 00.106 | 00717 | 01552
o=1/1 0.232 | 01.899 00.757 | 00.627 01094 | 09.434 | O0L395 | 00.644
w=4%/2n 0.545 | 16.450 14089 | 05.449 22512 | 213.963 31558 | 03.285
e=1/w 1.835 | 00.061 00.071 | 00.184 00044 | 00.005 | 00.032 | 00.304

Table 1. Calculated physical describtors for PEO interaction with different metal oxides using DFT:B3LYP/6-
31(d,p) model.

that promotes the surface area and porosity of the material, enhancing electron transfer via porous framework
reflect on attraction to electrons and/or conductive properties*’. Graphene have the unusual property of being
able to tune the bandgap of structures, allowing them to be used in opto-electric devices, e.g., solar cells (SC),
light emitting diodes (LEDs), photosensors (PS)*, or thin film transistors (FET)®!. As a result, the interaction
of G was considered with the highest electrical enhanced structure PEO/CuO. Further from investigating the
impact of these reactions on HOMO/LUMO orbital distributions and MESP colors. The assumed interactions
and the calculated HOMO/LUMO orbital distributions as well as MESP contour map represented as shown
in Fig. 5. The contact of G with PEO/CuO through the ~O- atom of CuO forced the HOMO/LUMO orbitals
to expand over the interacting CuO and the G sheet, which ended in increased reactivity and conductivity.
Additionally, as demonstrated in the contour MESP map, the red line fields flew from the -O- atom of CuO to
the surface of the G sheet and increased in the inert net of carbon rings, indicating that the reactivity, porosity,
and/or conductivity of the whole composite increased as well as activated the G sheet.

Reactivity and stability describtors

To investigate more deeply the impact of CuO and G on PEO properties as previously TDM, band gap energy,
electronegativity, hardness, softness, electrophilicity, and nucleophilicity were calculated and listed in Table 2.
The TDM of PEO/CuO/G has considerably risen to 18.794 Debye, with a 0.257 eV drop in band gap to half.
These results represent the action of G, which tuned the band gap of PEO/CuO to a small band gap, increasing
electron transport, reactivity, and conductivity. Creating a hybrid with CuO and G boosts electrophilicity
whereas additionally enhancing and transforming the composite towards extremely strong electrically
conductive substances, confirming that the presence of G sheets develops the surface area according to the
porous, improving PEO reactivity and conductivity capability. PEO/CuO/G had the highest sensitivity among all
the results. Overall reactivity values corroborated the MESP and HOMO/LUMO band gap outcomes, revealing
that PEO/CuO/G is a highly reactive, conductive, and stable composite based on its unique electronic properties,
as well as verifying and/or describing the influence of composition.

Total density of states (TDOS) and partial density of states (PDOS)

The promising PEO/CuO-GO composite was studied further to investigate the electrical and molecular
properties of interconnections®. The TDOS and PDOS of PEO and PEQ/CuO/G were investigated in more
depth due to their potential use in investigating the variance in electronic properties, the HOMO/LUMO band
gap, and interacting molecules®. The effect and interactions of GO changed the HOMO levels, shifting them
near to the Fermi level from 6 to 4.9 eV, as illustrated in Fig. 6a and c. This phenomenon was coupled with a
considerable shift in the separation between HOMO and LUMO levels, with LUMO levels emerging and the
band gap closing as a result of the substantial molecular interactions between PEO, CuO, and G. Furthermore,
Fig. 6b of PEO demonstrated a significant difference, with H— 1 s amplitudes that are higher than the O —2p and
C—2p orbitals, as well as a normalized distribution of C—2p, H-1 s, and O —2p throughout the HOMO levels.
The implementation of CuO and G to the PEO orbital prompted a shift in the distribution of C—2p, H-1s,
and O —2p orbitals as shown in Fig. 6d, which extended across the HOMO and LUMO levels, giving rise to H,
C, and O overlapping across HOMO and LUMO levels with increasing O-2p amplitude. As an outcome of the
effect of CuO and G orbitals on PEO, there is a substantial reduction of the electrons and/or energies owing to
the contact through PEO’s O —2p, which is a weak interaction. The development of this configuration is critical
for interpreting the PEO/CuO/G modification of molecular responsiveness and durability; it demonstrated
that more high distribution of electrons modifications is induced according to the interaction concerning PEO,
CuO and G, which confirms previous study findings on band gap energy, HOMO/LUMO orbital, and MESP,
indicating a boost in electrical features, conductivity, and permanence.
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l_ O __—__

Fig. 4. Calculated MESP map of PEO and PEO interaction with different metal oxides using DFT:B3LYP/6-
31(d,p) as (a) PEO, (b) PEO/MgO, (c) PEO/SIO,, (d) PEO/TiO,, (e) PEO/NIO, (f) PEO/CuO, (g) PEO/ZnO,
and (h) PEO/ZrO,.

PEO/CuO/G composite experimental result

FTIR and XRD results

FTIR spectra were investigated in order to acquire a deeper awareness of the consequences of CuO and G on the
molecular structure of PEO, as well as to confirm the interaction mechanism between PEO, CuO, and G. Figure 7a
illustrates the FTIR spectra of PEO, CuO, G, and PEO/CuO/G, as well as PEO/CuO/GO nanocomposite band
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Fig. 5. DFT:B3LYP/6-31(d,p) calculations for PEO/CuO intertacted with G optemized structure and HOMO/
LUMO orbital distrbution and MESP as contour.

Parameters PEO/Cu0O/G
TDM 18.794
AE 0.257
Epomo -4.885
E o -4.629
P=-E_ o | 4885
EA=-E,,, | 4629
X=(P+EA)/2 | 4757
n=(P-EA)/2 | 0.128
o=1/q 7.794
w=p%/2n 88.188
e=1/w 0.011

Table 2. PEO/CuO/G calculated physical, reactivity and stability parameters using DFT:B3LYP/6-31(d,p).

assignment is mentioned in Table 3. The FTIR spectrum of PEO revealed the most prevalent recognized bands
for the chain structure. These characteristic PEO structural bands were assigned as C—H stretching vibrations
at 2871 cm™, followed by two vibrational bands represent the stretching and bending modes of CH, groups at
1453 and 1340 cm™}, respectively™. The PEO chain’s prominent bands were C—O —C bonds at 1287 cm™!. This
band is critical due to the regulation of polymer reactivity and the interactions that occur inside it. Finally, the
band at 1099 cm™! was identified as C— H wagging®*. The FTIR spectrum of CuO NPs shows a significant band
at 602 cm™! that reveals CuO production®. The spectra of PEO/CuO/G reveals typical bands of PEO, including
2868 cm™ for C—H, and bands at 1464 and 1411 cm™" representing CH, stretching and bending vibrations
of the chain. A new band at 1557 cm™! confirmed the presence of C—C of G and interaction of the sheet via a
hydrogen bond. The C— O - C band shifted to a lower wavelength at 1264 cm™!, confirming the beneficial effects
of CuO and G on the PEO chain and interaction through the — O —linkage. The CuO band also appeared with
a shifted to lower wavenumber at 594 cm™, confirming the composite formation between PEO, CuO, and G*.
On the other hand, Fig. 7b. illustrates the XRD patterns used to identify the composition and structure of
synthesized NPs and nanocomposites. The reflection peaks of PEO appear at 26=14.76°, 19.08°, 23.21°, 26.17°
and 26.93° related to (110), (120), (112), (131) and (041). The XRD pattern of CuO NPs refer to the monoclinic
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Fig. 6. Calculated (a) TDOS, (b) PDOS for PEO, and (c) TDOS and (d) PDOS for PEO/CuO/G hybride
composite.

crystal structure. Furthermore, the peaks represented at 20 =32.50°, 35.53°, 38.75°, 48.83°, 53.47°, 58.22°, 61.56°,
66.13°, 67.99°, 72.43°, 75.11° and 83.04° which can be attributed to the reflection planes (110), (002), (111),
(-202), (020), (202), (113), (311), (113), (311), (222), respectively, which attributed to the monoclinic phase of
CuO (JCPDS Card No.: 48-1548)%. The G diffraction peak is illustrated at about 26 =24.83°, corresponding to
the (002) reflection plan®’. PEO/CuO/G composite 26 values of 19.06° (120), 23.23° (112), 26.89° (200), 35.45°
(002), 38.66° (111), and 48.75° (202) are compatible with standard results and reflect the great purity of the
nanocomposite. Furthermore, this complexation shows that such tree materials may be well blended and are

extremely compatible during the membrane fabrication process.

Morphology results

Figure 8 presents the morphological characteristics of pure PEO, CuO, G, and the PEO/CuO/G composite.
The SEM image of pure PEO exhibits a compact, flaky morphology, with closely packed granules forming a
dense structure. The observed morphology suggests a highly crystalline nature, as corroborated by XRD
measurements®®. This compact arrangement may influence the charge transport properties of the material,
impacting its potential application as a CE in DSSCs. The SEM micrograph of CuO NPs reveals a homogeneous
distribution of small spherical particles. The uniformity in size and distribution indicates effective synthesis
and dispersion of CuO within the polymer matrix, which can enhance the electrocatalytic activity of the CE®.
The small particle size also suggests a high surface area, which is beneficial for charge transfer efficiency in
DSSCs®L. For G, the SEM image displays the presence of layered agglomerates, which is a typical characteristic
of graphene-based materials due to strong van der Waals interactions between individual graphene sheets. This

Scientific Reports |

(2025) 15:25049

| https://doi.org/10.1038/s41598-025-98930-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Transmittance (a. u.)

———

(2) (b)

PEO ) ) ) A PEO

L G
G
L CuO
L PEO/CuO/G
CuO |
[ PEO/CuO/G

. Wavelength (nm)

Intensity (a. u.)

0-Cu-0

4000

3000 2000 1000 2 20 60 80
Wavenumber (cm™) 2Theta (°)

S (R po— — j— — — — — — —(—p—(—— — —

Fig. 7. (a) FTIR spectra, (b) XRD diffraction pattern of PEO, CuO, G and PEO/CuO/G nanocomposite.

Wavenumber (cm™) | Assignment
2868 C-H

1557 C-C of G sheet
1464 CH, stretching
1340 CH, bending
1264 C-0-C

1099 C-H wagging
594 0-Cu-0O

Table 3. Band assignment of PEO/CuO/G FTIR spectra.

agglomeration can affect the electrical conductivity and catalytic activity of the composite, necessitating an
optimized balance of graphene content for effective performance®?. The SEM micrograph of the optimized PEO/
CuO/G composite reveals a well-integrated structure where CuO and graphene are distributed across the PEO
surface. However, localized agglomerates of CuO and graphene are visible, which might have resulted from the
relative proportions of these components within the composite matrix®’. The observed agglomeration could
influence the electrochemical properties of the CE by affecting electron mobility and catalytic activity. Despite
this, the presence of CuO and graphene in the polymer matrix is expected to enhance the overall conductivity

and electrocatalytic efficiency of the material, making it a promising candidate for DSSC applications®.

Surface roughness, electrical conductivity and optical features of CEs

Surface roughness is a crucial factor influencing the performance of CEs in DSSCs, as it affects the effective
surface area, catalytic activity, and electrode-electrolyte interface properties. A profilometry measurements was
conducted to determine the average surface roughness (Ra) of pure PEO, CuO, G, and the optimized PEO/
CuO/G composite, yielding values of 6.5 pm, 5.4 pm, 6.7 pm, and 8.1 pm, respectively, as seen in Fig. 9a. The
surface roughness of pure PEO was measured at 6.5 um, which is relatively high and indicative of its crystalline
and compact morphology. As observed in SEM images, the flaky structure of PEO contributes to surface
irregularities, resulting in moderate roughness. However, the lack of conductive pathways and limited active
surface area may hinder its efficiency as a CE in DSSCs. In contrast, CuO NPs exhibited a lower roughness
value of 5.4 um. The smoother surface can be attributed to the small, uniformly dispersed spherical particles,
as observed in SEM images®. The reduced roughness may enhance charge transport efficiency but could also
limit the available active sites for catalytic reactions®®®’. A balance between surface roughness and uniformity
is crucial to optimize CE performance. Graphene demonstrated a slightly higher surface roughness of 6.7 um.
The layered structure of graphene tends to create agglomerations and stacked formations, which contribute
to surface irregularities’?. While graphene provides excellent electrical conductivity, excessive stacking may
reduce the number of accessible active sites, impacting its catalytic activity and electrolyte diffusion properties®.
The optimized PEO/CuO/G composite exhibited the highest surface roughness at 8.1 pum, reflecting its unique
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Fig. 8. FESEM of PEO, CuO, G and PEO/CuO/G composite samples.

microstructural characteristics. The integration of CuO and graphene within the PEO matrix introduced
additional surface irregularities, likely due to the formation of interconnected conductive pathways®. The
enhanced roughness increases the effective surface area, which is beneficial for electrolyte diffusion and catalytic
activity. However, excessive roughness can lead to uneven charge distribution, necessitating an optimized
composition to achieve a balance between conductivity and electrochemical performance®?’°. Overall, the
increased surface roughness in PEO/CuO/G composites suggests an improved electrode-electrolyte interface,
which can enhance charge transfer kinetics in DSSCs. The synergistic effects of CuO and graphene contribute
to the development of a highly efficient CE material, optimizing both surface morphology and electrochemical
properties”’.

Electrical conductivity is a crucial parameter in assessing the performance of CEs in DSSCs, as it directly
impacts charge transfer kinetics and overall device efficiency. The electrical resistance was measured using a
four-point probe (4PP) resistivity tester (EQ-JX2008-LD). To ensure accuracy and reproducibility, the average
electrical resistance of each PAni composite was determined based on measurements taken from more than
10 different locations. The electrical conductivities of pure PEO, CuO, G, and the optimized PEO/CuO/G
composite were measured, yielding values of 4.63 S/m, 11.45 S/m, 10.31 S/m, and 12.56 S/m, respectively, as seen
in Fig. 9b. These findings demonstrate the significant enhancement in electrical conductivity upon incorporating
CuO and graphene into the PEO matrix. Pure PEO exhibited the lowest electrical conductivity of 4.63 S/m,
which is expected due to its intrinsic insulating nature and highly crystalline morphology, as observed in the
SEM analysis. The compact and flaky structure of PEO limits charge carrier mobility, thereby restricting its
ability to facilitate efficient electron transport in DSSCs. CuO NPs, with an electrical conductivity of 11.45
S/m, significantly outperform PEO. This improvement can be attributed to the semiconducting nature of CuO,
which provides moderate charge transport properties. The presence of CuO enhances electron mobility due to
its p-type conduction behavior, making it a promising material for electrocatalytic applications’!. Graphene, a
well-known carbon-based material with exceptional electrical properties, exhibited a conductivity of 10.31 S/m.
Although graphene possesses inherently high electrical conductivity, the observed value in this study is lower
than expected, likely due to agglomeration, as seen in the SEM micrographs. The stacking of graphene sheets
reduces the available conductive pathways, thereby limiting charge transport efficiency®®.

The optimized PEO/CuO/G composite exhibited the highest electrical conductivity (12.56 S/m), highlighting
the synergistic interaction between CuO and graphene within the polymer matrix. The incorporation of CuO
enhances charge transport, while graphene provides additional conductive pathways, effectively minimizing
charge recombination’?. Although minor agglomeration was observed in SEM images, the well-dispersed
CuO and graphene nanoparticles establish a conductive network, facilitating efficient electron transfer’>. The
significant increase in conductivity from pure PEO to PEO/CuO/G underscores its potential as an advanced
CE material for DSSCs. The enhanced electrical conductivity is expected to improve charge collection and
transport at the electrode-electrolyte interface, ultimately leading to superior photovoltaic performance’.
This experimental trend aligns with the theoretical findings, where the higher TDM value (18.794 Debye)
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Fig. 9. (a) Average surface roughness, (b) Electrical conductivity
G and PEO/CuO/G composite samples.

and (c) absorbance spectrum of PEO, CuO,

of PEO/CuO/G suggests increased charge polarization within the composite, indicating enhanced charge
transfer properties. Experimentally, this improved charge transport is reflected in the observed rise in electrical
conductivity (12.56 S/m), which is attributed to strong electronic interactions between CuO and graphene,
forming a well-interconnected conductive network. This correlation between theoretical and experimental
results reinforces the conclusion that the synergistic effects of CuO and graphene significantly enhance charge

transport, reduce recombination losses, and improve the overall e

fliciency of DSSCs.

The UV-vis absorbance spectra presented in the graph provide a comparative analysis of the optical behavior
of PEO/CuO and PEO/CuO/G within the wavelength range of 350-800 nm, as displayed in Fig. 9c. The PEO/CuO
composite exhibits a broad absorption band spanning 500-700 nm, with a noticeable peak around 600-650 nm.
This absorption is characteristic of CuO NPs, which have strong visible-light absorption due to their narrow
bandgap and localized surface plasmon resonance (LSPR) effects. The interaction of PEO with CuO NPs may
also influence the absorption profile, contributing to enhanced charge separation and potential improvements in
photoelectrochemical performance’. In contrast, the PEO/CuO/G composite shows a distinct optical response,
with minimal absorbance in the 400-600 nm range but a dramatic increase in absorption beyond 700 nm,
extending into the near-infrared (NIR) region. This behavior can be attributed to the incorporation of graphene,

which significantly alters the electronic structure and light-harvesting ability of the composite’®

. Graphene’s

delocalized mt-electron system facilitates enhanced light absorption by improving charge carrier mobility and

reducing recombination losses””

. The strong NIR absorbance observed in PEO/CuO/G suggests improved
photon capture in longer wavelengths, which is particularly beneficial in PV and photocatalytic applications®.

The observed spectral shift in PEO/CuO/G compared to PEO/CuO highlights the impact of graphene
in modifying the optical properties of the material. The enhanced broadband absorbance in the NIR region
suggests improved light-harvesting efficiency, which could be advantageous in applications such as DSSCs,
optoelectronic devices, and photothermal conversion systems. Additionally, the increased interaction between
CuO NPs and graphene may facilitate better electron transport, reducing charge recombination and enhancing
overall device performance. These findings indicate that PEO/CuO/G holds great potential for advanced energy-

harvesting and environmental applications.

Scientific Reports|  (2025) 15:25049 | https://doi.org/10.1038/s41598-025-98930-z

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a)40

(b)

ImZ, Ohm
S

—i— Pure PEO

—0—CuO
G
—y— PEO@CuO0@G

CPE
*i‘i -
*fmﬂ!!““[qi i,[j R,

Equivalent circuit

ReZ, Ohm

Fig. 10. (a) Nyquist plots; (b) Equivalent circuit of EIS in DSSCs generated from various CEs.

Ve e FF R R,
CEs Composition | (V) (mA/cm?) (%) Q) | (@)

Pure PEO 0.5976 | 11.428 &= 0.41 | 63.4 &= 0.01 | 30.21 | 29.81
CuO 0.5859 | 12.746 £ 0.35 | 64.7 & 0.01 | 22.35 | 35.59
Graphene 0.6152 | 14.656 &= 0.29 | 63.1 == 0.01 | 19.97 | 33.74
PEO/CuO/G 0.6738 | 16.916 & 0.26 | 65.1 & 0.01 | 16.87 | 14.02

Table 4. Features of constructed DSSCs based on various types of CEs.

Electrochemical impedance spectroscopy (EIS) data

The EIS examination reveals critical information about the charge transfer resistance (R ,) and series resistance
(R) of the various CEs, allowing for a better understanding of their interfacial charge transport behaviour”. The
electrical characteristics of the produced DSSCs were evaluated using Nyquist plots, which are generally made
up of semicircles that depict charge transfer processes at the electrode—electrolyte interface, as seen in Fig. 10. To
extract R and R values, an equivalent circuit model was fitted to the real and imaginary impedance components
(ReZ and ImZ, respectively). Table 4 shows that the PEO/CuO/G composite possessed the lowest R , (14.02 Q)
and R (16.87 Q) among tested CEs, showing greater charge transfer performance and lower internal resistance.
The observed trend in R values shows that including CuO and graphene into the PEO matrix improves electronic
conductivity and electrode-electrolyte interaction, allowing for efficient charge transfer3®8!. The pristine PEO
CE had the greatest R , (29.81 ), indicating slow charge transfer kinetics and minimal electrocatalytic activity.
The addition of CuO and graphene to the CE framework lowered R, indicating their significance in improving
electron mobility and catalytic efficiency for the I3 /I~ redox process®?.

The synergistic impact of CuO and graphene in the PEO/CuO/G composite is critical for enhancing
electrocatalytic activity, which contributes to increased PV efficiency. The addition of graphene nanosheets
improves charge carrier routes, reducing charge recombination and forming a highly conductive network for
fast electron transport. CuO NPs catalyse the reduction of I and improve electrochemical kinetics at the CE/
electrolyte contact. The drop in R , (from 29.81 Q for pure PEO to 14.02 Q for PEO/CuO/G) suggests improved
charge separation and electron transport, leading to improved DSSC PV performance. PEO/CuO/G (16.87 Q)
has improved charge transport capabilities compared to pure PEO (30.21 Q), CuO (22.35 Q), and graphene
(19.97 Q). The drop in R_ indicates enhanced electrical contact at the FTO/CE interface, lowering ohmic losses
and increasing overall DSSC efficiency. However, excessive nanomaterial alteration or agglomeration might
result in a rise in R , thereby restricting the electrode’s catalytic activity®>#*. In general, the trends in the EIS data
show that the PEO/CuO/G CE has superior charge transport kinetics, lower resistance, and increased catalytic
efficiency, making it a highly promising material for DSSC applications®. The increased electroactive surface area,
enhanced electron mobility, and efficient electrocatalytic reduction of the electrolyte redox couple all contribute
to the study’s higher PV efficiency (7.42%). These findings highlight the potential of hybrid polymer-metal oxide
composites as next-generation CEs, further advancing the development of high-performance DSSCs?!.
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DSSCs performance trends and observations
The PV performance of DSSCs is primarily governed by key parameters such as short-circuit current density
(J,) fill factor (FF), and overall power conversion efficiency (n). The CE plays a crucial role in facilitating charge
transfer and reducing charge recombination, directly influencing these parameters. The DSSCs were fabricated
using CEs composed of pure PEO, CuO, G, and the optimized PEO/CuO/G composite, and their PV parameters
were measured as tabulated in Table 4. Additionally, to ensure the reproducibility and repeatability of the
fabricated DSSCs, a minimum of six distinct devices were manufactured for each designed CE, demonstrating
the highest performance among the composite-based CEs. The obtained data, presented in Table 4, confirm
the consistent performance and reliability of each DSSC configuration. Figure 11 demonstrates the resultant
photocurrent distribution-photovoltage (J-V) profile curves. The DSSC utilizing pure PEO as the CE exhibited
the lowest performance, with J _=11.428 mA/cm?, FF=63.4%, and efficiency=4.33%. This relatively poor
performance is attributed to the low electrical conductivity (4.63 S/m) of PEO, which hinders charge transfer
at the electrode-electrolyte interface®®. Additionally, the compact and flaky morphology of PEO, as observed in
SEM, limits the active surface area, further reducing electrocatalytic activity and electron mobility®®. Meanwhile,
introducing CuO NPs into the CE resulted in an improvement in all solar parameters. The J__ increased to
12.746 mA/cm?, FF improved to 64.7%, and efficiency rose to 4.83%. The enhancement can be attributed to the
higher electrical conductivity of CuO (11.45 S/m) and its ability to act as a catalyst, improving charge transfer
kinetics’4. Moreover, the uniform dispersion of CuO NPs, as observed in SEM, provides more active sites for
electrolyte interaction, reducing charge recombination losses.

Moreover, the DSSCincorporating graphene as the CE showed a further enhancement in PV performance, with
J.. reaching 14.656 mA/cm?, FF up to 63.1%, and efficiency rising to 5.69%. The superior electrical conductivity
of graphene (10.31 S/m) facilitates more efficient charge transport, reducing the series resistance of the cell.
However, the SEM analysis revealed some degree of graphene agglomeration, which may partially limit charge
transfer efficiency®’. Despite this, the high surface area of graphene enables enhanced electrolyte interaction,
leading to improved catalytic activity®””. The highest PV performance was achieved using the optimized PEO/
CuO/G composite, with ] _=16.916 mA/ cm?, FF=65.1%, and efficiency = 7.42%. This improvement results from
the synergistic effect of CuO and graphene within the PEO matrix, providing a well-balanced combination of
conductivity, catalytic activity, and surface morphology®. The increased electrical conductivity (12.56 S/m) of
the composite ensures rapid charge transfer, while the high surface roughness (8.1 um) enhances electrolyte
diffusion and reaction kinetics. The SEM images confirm the formation of an interconnected conductive
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Fig. 11. (a) J-V curves, (b) ], (c) FE and (d) PCE plots of DSSCs derived with a variety of CEs.
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Entry | Polymer-based DSSCs Voo (T FF |n Ref
(V) | (mA/em®) | (%) | (%)

1 PEDOT 15s-deposition time | 0.65 | 15.65 73 | 745 |

2 PEDOT 5s-deposition time | 0.71 | 20.46 0.71 | 10.39 | %

3 Chitosan/PVP/PEG/SiO, 0.705 | 11.03 65 5.03 |8

4 Chitosan/PVC/1/Nal 0.74 | 10.34 60 455 |82

5 Chitosan/rGO/CulnS, 0.86 | 22.70 62 |1221 |¥

6 PANI/FeCo,0, 0.59 |18.88 56 |638 |

7 PEDOT: PSS/SnSe-rGO 0.732 | 17.65 68 878 |2

8 PEDOT: PSS/SnSe 0.712 | 14.11 66 6.63 |2

9 PEO/CuO/Graphene 0.674 | 16.916 65.1 | 7.42 | Present work

Table 5. A comparison of photocurrent-voltage readings from polymer-based combination DSSCs to their
present study.

network, further optimizing charge transport pathways®>#>. In summary, the gradual enhancement of DSSC
performance from pure PEO to CuO, graphene, and ultimately the PEO/CuO/G composite highlights the
effectiveness of incorporating CuO and graphene as co-modifiers in the CE®. The optimized composite
structure enhances charge transfer, minimizes recombination losses, and increases the available active sites for
electrocatalytic activity, leading to a substantial improvement in short-circuit current density, fill factor, and
overall power conversion efficiency®®. These findings confirm that PEO/CuO/G is a promising CE material for
high-performance DSSCs, offering improved electrical properties and surface characteristics®’.

Table 5 compares the photocurrent-voltage properties of several polymer-based metal oxide composites
used as electrolytes or CEs in DSSCs that have been documented in the literature. They compare their PV
efficiency to the DSSC created in this work, which uses a modified PEO/CuO/G composite. According to the
findings, a number of DSSCs demonstrated reduced efficiency in contrast to the PEO/CuO/G-based DSSC,
which had a conversion efficiency of 7.42%. The noticeably greater surface area and more active sites available
for electrocatalytic activity in the constructed PEO/CuO/G CEs are probably responsible for the observed
improvement in PV performance. This, in turn, improves dye molecule adsorption and raises device efficiency
overall®.

Conclusion

This work provides a comprehensive theoretical and experimental investigation into the role of PEO/CuO/G
composites as CEs in DSSCs. The systematic analysis of morphological, electrical, and electrochemical properties
demonstrated the significant improvements induced by the incorporation of CuO and graphene within the
PEO matrix. The optimized PEO/CuO/G composite exhibited superior electrical conductivity (12.56 S/m),
higher surface roughness (8.1 pm), and an interconnected nanostructured morphology, facilitating enhanced
electron transport and catalytic activity. The PV performance of DSSCs fabricated with PEO/CuO/G CEs
showed a notable increase in efficiency (7.42%) compared to pure PEO-based DSSCs (4.33%), owing to the
synergistic interaction of CuO and graphene, which effectively reduced charge recombination and enhanced
electrochemical stability. Theoretical modeling supported these experimental results, confirming an increase
in electron mobility, lower internal resistance, and improved charge collection efficiency within the composite
electrode structure. These findings underscore the potential of PEO/CuO/G composites as a cost-effective and
high-performance alternative to conventional platinum-based CEs. Future work will focus on further optimizing
the composite formulation and exploring its long-term stability under real-world operating conditions. This
research lays the groundwork for the advancement of DSSC technology, contributing to the development of
sustainable and efficient PV devices.
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