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Abstract

Advancements in flexible, low-cost, and recyclable alternatives to transparent conductive
oxides (TCOs) are critical challenges in the sustainability of third-generation solar cells.
This work introduces a copper mesh-based transparent electrode for dye-sensitized solar
cells, replacing conventional fluorine doped-tin oxide (FTO)-coated glass to simultaneously
reduce spectral reflection losses, enhance mechanical flexibility, and enable material recycla-
bility. Titanium dioxide (TiO2) photoanodes were synthesized and directly deposited onto
the mesh via a single-step, low-energy ball milling process, which eliminates TiO2 paste
preparation and high-temperature annealing while reducing fabrication time from over
three hours to 30 min. Structural and surface analyses confirmed the deposition of high-
purity anatase-phase TiO2 with strong adhesion to the mesh branches, enabling improved
dye loading and electron injection pathways. Optical studies revealed higher visible light
absorption for the copper mesh compared to FTO in the visible range, further enhanced
upon TiO2 and Ru-based dye deposition. Electrochemical measurements showed that
TiO2/Cu mesh electrodes exhibited significantly higher photocurrent densities and faster
photo response rates than bare Cu mesh, with dye-sensitized Cu mesh achieving the lowest
charge transfer resistance in impedance analysis. Techno–economic and sustainability as-
sessments revealed a decrease of 7.8% in cost and 82% in CO2 emissions associated with the
fabrication of electrodes as compared to conventional TCO electrodes. The synergy between
high conductivity, transparency, mechanical durability, and a scalable, recyclable fabrication
route positions this architecture as a strong candidate for next-generation dye-sensitized
solar modules that are both flexible and sustainable.

Keywords: third generation photovoltaics; photoelectrodes; dye-sensitized solar cells; ball
milling; copper mesh

1. Introduction
In recent years, renewable and sustainable energy systems have gained more promi-

nence and importance within the energy mix, and this is primarily driven by the rising
need for power and energy. Initially designed to complement the main grid and address
periods of high demand, these systems are now being explored as a feasible choice for a self-
sufficient continuous power supply. This aligns with initiatives to lower greenhouse gas
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emissions and promote sustainable electricity generation. Among the various renewable en-
ergy sources, solar power—specifically solar photovoltaic (PV) systems—holds the highest
popularity due to its ability to directly convert solar energy into electricity [1]. The technol-
ogy behind PV systems has made significant strides in terms of cost-effectiveness, thanks
to developments in cell materials, module production, and large-scale distribution [2].

Typically composed of crystalline silicon, first-generation solar cells are widely avail-
able in the market. Despite their commercial prevalence, these cells are inundated by
certain drawbacks such as high expenses, fragility, and restricted design adaptability [3].
The following generation of PV systems encompass thin-film technologies that are also
commonly found in the market. These include copper indium gallium selenide, cadmium
telluride, gallium arsenide, and amorphous silicon [4]. Third-generation PV systems en-
compass an array of emerging technologies that aim to surmount the limitations of the first-
and second-generation systems. These innovations are built upon dye-sensitized solar cells
(DSSCs), organic solar cells (OSCs), and perovskite solar cells (PSCs) [5]. Third-generation
solar cells allow for novel and creative applications, including see-through solar cells
suitable for incorporation into windows, adaptable solar cells suitable for integration into
garments or other portable gadgets, and dye-sensitized solar cells capable of serving indoor
lighting needs. Furthermore, these advanced solar cells have the potential to decrease
the environmental footprint connected with the fabrication of the devices, and can thus
address concerns like the utilization of harmful substances and risky chemicals [6]. DSSCs,
also known as Grätzel cells [7], present a unique and innovative approach to harnessing
solar energy. These photovoltaic devices utilize a layered structure composed of a semicon-
ducting photoanode, a counter electrode, and active materials presented by an electrolyte
and an absorbing dye. Its cost-effective manufacturing process, which involves simple
fabrication techniques and the use of abundant materials, is considered as one of the main
advantages of DSSCs [8].

The significant benefit of DSSCs lies in the capability to enhance cell performance
through the optimization of various components, including electron transport and active
materials, counter electrodes, and photoanodes. Semiconducting metal oxides such as
titanium oxide (TiO2) and zinc oxide (ZnO) are commonly used to make electron transport
material in DSSCs [9]. In an attempt to boost the kinetics of electron transportation,
the addition of nanoparticles has been investigated. For instance, dispersing graphene
microplatelets and copper nanopowder on a TiO2 layer resulted in efficiency increases of
up to 30% and 53.7%, respectively [10,11]. Holmium-doped TiO2 and ZnO nanomaterials
and co-doped TiO2 with Zn and Cu have been synthesized and used as electron transport
materials, resulting in an efficiency increase of up to 1.51% and 3%, respectively [12,13].
Natural and green dyes, derived from plants and natural resources, have been studied as
an economical and environmentally friendly alternative to conventional ruthenium-based
dyes utilized in DSSCs. For instance, Peltophorum pterocarpum leaves were used to extract
natural dyes and showed a DSSC efficiency of 6.07% [14]. Additionally, Calotropis plants,
which are harmful non-food plants, were investigated as a dye source, resulting in a solar
cell efficiency of 0.214% [15]. Further research investigated the effect of the Calotropis
leaves’ orientation on the performance of DSSCs and revealed that plant leaves facing west
reported the highest efficiency of 0.157% [16]. Sinha et al. [17] tested devices with natural
dyes obtained from cabbage, spinach, and turmeric, and their combination, and obtained
efficiencies of 0.1%, 0.13%, 0.30%, and 0.6%, respectively.

The preferred electrodes in DSSCs are typically glass substrate coated with fluorine-
doped tin oxide (FTO) in the case of photoanodes, or coated with platinum or gold in the
case of the counter electrode [18]. Platinum (or gold) metals serve as a catalyst, aiding in the
dye regeneration process. Nevertheless, due to their high cost, research has been directed
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towards discovering more economical and suitable sustainable alternatives, such as carbon-
based materials. For instance, a DSSC with a counter electrode fabricated from a reduced
graphene oxide layer reported an efficiency of 9.22% [19]. Moreover, transition metal
dichalcogenides like tungsten disulfide and molybdenum disulfide revealed great potential
as counter electrodes [20]. Tellurium-doped graphene (Te-Gr) resulted in a 28% increase
in efficiency compared to Pt-based counter electrodes [21]. Fiber-shaped DSSCs have also
been investigated by integrating two transition metal dichalcogenide materials onto a
conductive fibrous substrate, in order to enhance the electrocatalytic activity, interfacial
contact, and mechanical robustness of the counter electrode [22]. These DSSCs showed an
efficiency of 8.90% and a long-term stability, retaining 90.1% of the initial efficiency after
approximately 1000 h.

Glass substrates offer a smooth and even surface, ensuring effective adhesion and
uniform contact with subsequently deposited layers. While glass maintains excellent so-
lar radiation transmission, FTO also provides electronic conductivity to the photoanode,
facilitating the collection and transport of electrons to an external load. Although this
arrangement is conventional, there are efficiency losses due to decreased transmissivity
from the reflection of incoming radiation on the glass surface. Additionally, FTO exhibits
relatively higher resistivity compared to opaque metals, in addition to its rigid structure that
offers no flexibility. Hence, numerous studies have investigated the fabrication of flexible
DSSCs. Thus, several metals have been studied as potential electrodes for DSSC applica-
tions. Ismail et al. [23] examined the effect of bending angle on DSSC performance using
a Ti foil photoanode and ITO-PET counter electrode under back-illumination conditions.
The results reported a maximum conversion efficiency of 2.03%, with device performance
remaining stable up to a bending angle of 20◦, beyond which efficiency declined due to
surface cracking and microstructural damage on the TiO2/Ti substrate. Putra et al. [24]
employed TiO2 P25 films on a flexible ITO/PET substrate for utilization as a photoanode.
The device was fabricated through screen printing and hot-pressing methods and achieved
a conversion efficiency of 0.29%. Khir et al. [25] developed a flexible photoanode through
screen printing of TiO2-Bithmus inks. This modification reduced resistance by 57–65%,
suppressed recombination, and extended electron lifetime (0.0036 ms). Jin et al. [26] re-
ported a low-temperature approach for integrating a metal–organic framework into flexible
DSSCs made from ITO-PEN photoanodes. The devices showed fast electron diffusion and
an efficiency of 4.41%. Opaque metals have also been utilized as photoanode material.
For instance, silver (Ag) garnered significant attention for its application as a counter
electrode, especially as Ag nanowires [27]. Nevertheless, the high cost associated with the
mass production of Ag remains a substantial concern. Therefore, it is worth noting that
copper (Cu), in particular Cu mesh, can be an alternative due to its feasibility and elevated
electrical conductivity, as well as mechanical and electrical stability [28]. In addition, Cu
substrates can be easily and effectively coated with various materials in order to enhance
corrosion resistance and behavior [29,30]. For instance, the efficiency of a DSSC increased
by 260% when Cu2S mesh was utilized as a counter electrode [31]. The use of Cu mesh as an
electrode in solar cells enables the fabrication of flexible devices with improved efficiency,
such as a flexible DSSC with TiO2/CuI/Cu mesh. Such a device exhibited outstanding
mechanical stability and performance, with an efficiency of 4.73% [32]. Cu meshes can also
enhance the visible photocatalytic properties of devices, as demonstrated by growing Cu
sulfide and Cu oxide nanowire heterostructures on copper mesh, which showed efficient
degradation of dye under visible light irradiation [33]. For instance, efficiencies of 87.4%
and 98.6% were recorded after 20 min and 40 min, respectively [33].

In this paper, the viability of Cu mesh as a promising substitute for FTO-coated glass
in DSSC photoelectrodes is explored. It is anticipated that the resulting cell will outper-



Sustainability 2025, 17, 9478 4 of 18

form conventional FTO setups due to the low cost, flexibility, enhanced strength, and
conductivity offered by Cu meshes. A TiO2 layer is deposited on the mesh, employing ball
milling, which is a technique that offers a facile and one-step process for the synthesis and
deposition of the TiO2 layer. Such a technique eliminates the necessity for the preparation of
the TiO2 paste and the TiO2 film annealing, enabling the deposition of thin films with con-
trolled thicknesses. This presents distinct advantages compared to conventional techniques
like doctor blading and screen printing. The inherent structure of the Cu mesh facilitates
multi-directional interaction between incident radiation and the deposited TiO2/dye layers,
thereby augmenting photon-to-electron conversions. The fabricated electrodes will be ex-
amined from various vantage points such as microstructural, spectral, and electrochemical,
to quantify their potential for solar cell applications.

2. Experimental Materials and Methods
2.1. Electrodes Preparation

In this work, three variations of the electrodes are presented: Cu1, Cu2, and Cu3,
resembling the treated Cu mesh, treated Cu mesh with TiO2 layer, and dye-sensitized/TiO2

layer Cu mesh, respectively. The preparation of the Cu mesh starts with cutting it into
5 × 5 cm pieces. The substrates are cleaned, first with ethanol and then with deionized (DI)
water for a period of 15 min using an ultrasonic bath. The mesh is then rinsed, dried, and
placed under UV–Ozone treatment for 30 min. Thermal treatment is then carried out to
obtain copper oxide by annealing the Cu mesh substrates for 30 min at 450 ◦C under an
open atmosphere. The deposition of the TiO2 layer on the treated Cu mesh is processed
using the high-energy yet facile ball milling process. A known mass of nanoparticle-sized
TiO2 powder is added to a crucible made from stainless steel with a volume of 25 mL.
The Cu mesh is restricted on the edge of the crucible to ensure uniform deposition. The
milling conditions are set to 450 rpm for a duration of 30 min. The ruthenium-based dye is
prepared by dissolving a known amount of ruthenium into a certain volume of ethanol
at a ratio of 0.3mg/mL. The dye is then introduced to the substrates by adsorption, and
the Cu mesh/TiO2 substrates are immersed in the dye in a container that is placed in an
unilluminated and dry room for a minimum period of 24 h. Figure 1 shows the process of
fabricating and preparing the electrodes.

 
Figure 1. Flowchart outlining the process of fabricating and preparing the electrodes.

In order to assess the performance of the fabricated electrodes, a comparison with
conventional FTO electrodes is carried out. The deposition of the TiO2 and Ru dye on the
FTO is carried out through the methodology described in [15,21].
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2.2. Electrode Characterization

The crystalline structure of the various electrodes is studied through X-ray diffraction
(XRD) and is performed using the Bruker D8 Advance device (Manning Park Billerica, MA,
USA). Raman spectra of the electrodes are recorded using a Renishaw InVia spectropho-
tometer (Stroud, UK), at a laser excitation wavelength of 514.5 nm with an acquisition
time of approximately 30 s. The Raman spectra are utilized to study the structural and
chemical characteristics of the various electrodes. X-ray photoelectron spectroscopy (XPS)
is performed through a Nexsa G2 machine (Thermo Fisher Scientific Inc., Waltham, MA,
USA), and is utilized to examine the elemental state and chemical compositions of the
various electrode materials using mono-chromatized Al-Kα radiation (1486.6 eV) under
ultra-high vacuum (~10–9 mbar). Scanning electron microscopy (SEM) is employed to
investigate the deposition of the TiO2 layer and to study the surface characteristics of the
electrodes. SEM is performed through the Tescan Vega machine (Brno, Czechia) under 15k
magnification and a beam intensity of 20 kV.

2.3. Electrode Testing

The spectral absorbance of the various electrodes is measured in the UV–Vis spectrum
via a Shimadzu UV-2600iUV–Vis spectrophotometer (Kyoto, Japan). The spectra are carried
using the double beam mode and utilizing air as a background reference. Chronoamperom-
etry analysis through the Bio-Logic SP300 potentiostat (Paris, France) is utilized to study
the photo response of the electrodes. A three-electrode system is used in the analysis,
where the variations in the Cu mesh (Cu1, Cu2, and Cu3) act as a working electrode, a
platinum (Pt) substrate acts as the counter electrode with silver/silver chloride (Ag/AgCl)
saturated in potassium chloride (KCl) acting as a reference electrode. Figure 2 shows the
experimental setup.

 
Figure 2. Experimental setup for testing the photo and electrical response of the fabricated electrodes.

The measurements are obtained at an open circuit voltage for a time interval of 10 min
with both illuminated and dark cycles in a sodium hydroxide (NaOH) solution naturalized
with hydrochloric acid (HCl). Throughout the testing process, the electrodes are kept
at a fixed distance from the light source (tungsten lamp). The same setup is utilized to
study the impedance of the electrodes and deduce the consequences of incorporating the
TiO2 layer and the regenerative dye. The electrochemical impedance spectroscopy (EIS)
measurements are recorded for frequencies in the range of 10 mHz to 0.1 MHz, with a
resolution of 50 µV. The Z-fit tool, available on the EC-lab software, is employed to process
the data in terms of fitting.



Sustainability 2025, 17, 9478 6 of 18

3. Results and Discussion
The following sections present the surface, elemental, and spectral characterization

results of the fabricated electrodes. In addition, the photo response and electrochemical
testing results are provided.

3.1. Elemental and Surface Characterization

The deposition of the TiO2 nanoparticles at a microscale level is investigated using
SEM, and information on the grain size and formation of the TiO2 layer are provided as
well. Figure 3 shows the SEM images of the Cu mesh with TiO2 layer at various scales. The
images are obtained with a beam intensity of 20 kV and magnification of 15k. The image
on the right is the magnified TiO2 layer marked by the red arrows in the image of the left.
Inspection of the images reveals that the TiO2 grains are tightly secured with the Cu mesh
fingers, due to the sturdy, disordered arrangement of the substrate that promotes increased
interaction between the surface and incoming solar radiation. Based on Gwyddion software
analysis [34], the size of TiO2 grains is in the range of 3.3–4.2 µm, depending on the region
and electrode. The SEM image also proves the successful deposition of the TiO2 layer on
the Cu mesh. This outcome holds significance, as the strong bond between the TiO2 and
the supporting Cu substrate will lead to reduced resistance in charge transfer.

(a) (b) 

Figure 3. SEM images of Cu mesh electrodes showing successful TiO2 deposition at (a) 100 µm and
(b) 5 µm. Images are taken a magnification of 15k and beam intensity of 20 kV. The image on the right
is the magnified TiO2 layer marked by the red arrows in the image of the left.

Figure 4 displays the XRD spectra of the Cu1 and Cu2 electrodes with the Cu mesh
and TiO2 layer. The XRD analysis is not conducted for the Cu3 electrode as Ru-based dyes
cannot be directly detected by XRD, since they are molecular complexes that adsorb as
ultrathin amorphous layers on the TiO2 surface. As such, they do not produce distinct
crystalline diffraction peaks that can be resolved over the much stronger TiO2 signals. The
results indicate the presence of copper and its oxides, which appear due to the thermal
treatment. The presented peaks are in line with data that investigate the structure of
copper mesh and its oxides [35]. In addition, the Cu mesh spectrum is aligned with the
Cu card (ICDD 00-004-0836) obtained from the International Center for Diffraction Data
(ICDD). Moreover, the spectra show the presence of the anatase-phase TiO2 which is
favorable for solar cell and photo response applications given its high stability and surface
area [36]. The presented peaks are sharp and narrow in shape which indicates the presence
of TiO2 particles with high crystallinity. In addition, the XRD patterns verify that there are
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no impurities present from the surrounding environment during both the synthesis and
deposition processes.
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Figure 4. XRD spectra of Cu mesh electrodes and the anatase TiO2 layer.

Figure 5 shows the measured XPS spectra survey of Cu1, Cu2, and Cu3 electrodes. In
all cases, it is seen that the binding energy of the Cu 2p peaks is in the typical range of
932–934 eV [37]. Close inspection (inset graph in Figure 5a) reveals the presence of the
characteristic doublet peaks related to Cu 2p1/2 and Cu 2p3/2 at ∼952 eV and ∼932 eV,
respectively [38]. Figure 5b focuses on the XPS data of Cu2 electrodes, where peaks related
to Cu 2p, Ti 2P, O 1s, and C 1s are present. Peaks related to Cu 2p are apparent because
of the copper substrate and are comparable to those of Cu1 electrodes. A close up view
of the Ti 2p peaks (seen in the inset of Figure 5b) shows binding energy peaks at 459 eV
and 465 eV corresponding to Ti 2p3/2 and Ti 2p1/2 and are assigned to Ti4+ in TiO2 [39].
The presence of an O 1s peak in the vicinity of 530 eV is a typical representation of the
Ti-O bonds on TiO2 [40]. These peaks are also apparent in the XPS spectrum of electrodes
Cu3 shown in Figure 5c. In addition, inset of Figure 5c shows peaks corresponding to Ru
3d5/2 and Ru 3d3/2 and they are apparent at the binding energies of 280 eV and 284 eV,
respectively. The peak around 280 eV can be assigned to the Ru0 metallic atom [41]. In all
cases, the C 1s peak implies the presence of impurities and ambient contamination that are
adsorbed on the electrodes.

Figure 6 displays the Raman scattering of the fabricated electrodes Cu1, Cu2, and Cu3.
Raman is employed to confirm the phase of the deposited TiO2 layer and the presence of the
sensitizing dye. Inspection of the Cu1 spectrum shows the presence of peaks in the vicinity
of 215, 356, and 642 cm−1 which correspond to the phonon scattering of the three Raman
active optical phonon branches Ag + 2Bg, respectively [38]. Regarding Cu2 electrodes,
Raman is used to validate the purity of the synthesized anatase TiO2 layer. Six fundamental
Raman active modes are identified, denoted as A1g + 2B1g + 3Eg, distinguishing it from the
rutile phase which features four active modes A1g + 2B1g +B2g + 3Eg [42,43].
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Figure 5. XPS spectra of the (a) Cu mesh (Cu1), (b) Cu mesh and TiO2 layer (Cu2), and (c) Cu mesh
with TiO2 layer and Ru dye loading (Cu3).

Figure 6. Raman spectra of the Cu mesh (Cu1), Cu mesh and TiO2 layer (Cu2), and Cu mesh with
TiO2 layer and Ru dye loading (Cu3).
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The Raman spectrum depicted in Figure 6 distinctly manifests characteristic attributes
of TiO2 anatase, with discernible peaks at 144 (Eg), 197 (Eg), 399 (B1g), 513 (A1g), 519 (B1g),
and 639 cm−1 (Eg). Thus, it can be proven that the high-purity anatase phase of TiO2 is
attained via the ball milling method. The same peaks can be observed in the spectrum
regarding the Cu3 electrode. Moreover, a peak around 700 cm−1 signaling the presence
of the Ru-based sensitizing dye is observed [44]. In both Cu2 and Cu3 spectra, the peaks
corresponding to the copper oxide are still present, yet they have diminished in amplitude,
implying uniform and even deposition of the TiO2 layer over the Cu mesh substrate [37].

3.2. Photoelectrical Response

The UV–Vis absorption analysis of the fabricated electrodes, presented in Figure 7,
reveals a noteworthy advantage in employing copper mesh as an electrode material com-
pared to the conventional choice, FTO. Cu electrodes exhibit superior absorption within
the visible light range (400–800 nm), whereas FTO demonstrates higher absorption in
the UV region (200–400 nm), with absorbance intensities reaching 4–5 (a.u), especially
when compared to Cu1 and Cu2 electrodes. The incorporation of a TiO2 layer significantly
enhances the absorption of the Cu mesh electrodes, as evident in the absorption spectra of
Cu1 and Cu2 electrodes, where an enhancement of 0.3 (a.u) is recorded. It was expected
that there would be a decrease in absorption for the Cu2 electrode in the 450–750 nm range,
given the greater activity of TiO2 when closer to UV light. To address these limitations,
the addition of the Ru-based dye becomes crucial. Notably, the Cu3 electrode displays the
highest light absorption across the UV–Vis spectrum.
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Figure 7. UV–Vis absorption spectra of the Cu mesh (Cu1), Cu mesh and TiO2 layer (Cu2), Cu mesh
with TiO2 layer and Ru dye loading (Cu3), and FTO.

The UV–Vis spectra confirm the successful and uniform deposition of the TiO2 layer,
achieved through ball milling and establishing Cu mesh-based electrodes as a promising
alternative to conventional materials like FTO. These results are promising, particularly
considering the porous nature of the Cu mesh. Thus, the UV–Vis spectra affirm that in
comparison to FTO, the light irradiation is highly absorbed in the Cu mesh due to the
scaffolding-like structure, which also boasts higher reflectance properties. These attributes
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ensure proper dispersion of light irradiation onto the substrate hosting the light active ma-
terials such as the TiO2 layer and the sensitized dye. Additionally, due to the commendable
thermal conductivity of the Cu mesh, any emitted radiation dissipates rapidly, thereby
not contributing to heat-induced degradation of the substrate. The optical transparency of
the fabricated electrodes is also evaluated using UV–Vis spectroscopy. The transmittance
profile across the visible region provides a direct measure of transparency, with lower
absorbance corresponding to higher optical transmission. This confirms that the UV–Vis
data not only demonstrate enhanced light absorption upon TiO2/dye deposition but also
serve as a quantitative indicator of the electrode’s transparency.

The photoelectric response of the electrodes is studied through chronoamperometry
by applying a light source at various time intervals. Figure 8 shows the photocurrent
response of the Cu1, Cu2, and Cu3 electrodes, in addition to the conventional FTo/TiO2/Ru
dye electrode. Cu1 electrodes show adequate photo response as the Cu mesh is thermally
annealed, and a semiconducting oxide is formed. Nevertheless, the addition of the TiO2

layer (Cu2 electrodes) greatly enhances the photocurrent of the Cu mesh electrodes and
the photo response rate. This increase is a result of the improved charge separation and
transport, which is seen with the addition of the TiO2 that has a wider bandgap than the
Cu mesh oxide. Moreover, the introduction of Ru-based dye aids in the increase in the
photocurrent and photo response of the electrodes. The utilization of the dye improves the
electron injection rate, as the excited state of the ruthenium dye allows electrons to easily
inject into the conduction band of the TiO2 layer. This accelerates the charge separation
process, leading to a higher photo response rate. Furthermore, by efficiently injecting
electrons, the ruthenium dye helps to minimize the recombination of charge carriers,
which occurs when electrons and holes recombine rather than contribute to the current. In
comparison, the FTO/TiO2/dye electrode delivers the largest, most reproducible on/off
signals with sharp rise spikes followed by high, stable plateaus, reflecting fast injection from
the dye, efficient percolation of electrons through the TiO2 network, and low-resistance
collection by the FTO substrate.
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Figure 8. Photo response of the Cu mesh (Cu1), Cu mesh and TiO2 layer (Cu2), and Cu mesh with
TiO2 layer and Ru dye loading (Cu3).
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Impedance spectroscopy is utilized to study the electrical behavior of solar cells un-
der various conditions. This includes crucial parameters such as series resistance, shunt
resistance, capacitance, and ideality factors, which are essential for understanding losses
and efficiency limitations. Additionally, impedance spectroscopy aids in studying carrier
dynamics, characterizing interfaces, detecting degradation, and optimizing device perfor-
mance. The interface between the Cu mesh, TiO2 layer, and regenerative dye is modeled
based on the equivalent circuit shown in the inset of Figure 9. Given the unconventional
structure of the Cu mesh, its double-layer capacitance is modeled as a Constant Phase
Element (CPE). The charge transfer resistance at the Cu mesh/active layer (TiO2/dye)
interface is modeled by Rct. The series resistance (Rs) represents the overall resistance
associated with the Cu mesh, including any resistance due to the metal itself and any
contact resistances.
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Figure 9. Nyquist plot for Cu mesh (Cu1), Cu mesh and TiO2 layer (Cu2), andCu mesh with TiO2

layer and Ru dye loading (Cu3).

Figure 9 illustrates the Nyquist plot depicting the behavior of Cu1, Cu2, and Cu3

electrodes. While a semicircular pattern is typically observed in most electrochemical
systems, the distinctive structure of the Cu mesh leads to a deviation in the Nyquist plot.
Nonetheless, the plot yields valuable insights into the interactions at the interface of the Cu
mesh, TiO2 layer, and Ru-based dye. The diameter of the semicircle directly correlates with
the system’s charge transfer resistance, with a smaller diameter indicating more efficient
charge transfer processes. Table 1 shows a summary of the series and charge transfer
resistances of the various electrodes. Rs is estimated from the x-axis intercept at the start of
the curve, while Rct is estimated from the width of the semicircle along the x-axis (difference
between the start and end of the arc).

Table 1. Summary of the resistance from the Nyquist plot for Cu mesh (Cu1), Cu mesh and TiO2

layer (Cu2), and Cu mesh with TiO2 layer and Ru dye loading (Cu3).

Photoelectrode Rs Rct

Cu1 90 Ω 900 Ω
Cu2 80 Ω 800 Ω
Cu3 70 Ω 380 Ω
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The Nyquist plots clearly reveal distinct electrical behaviors for the three electrode
configurations. For the bare copper mesh electrode (Cu1), the series resistance is approxi-
mately 90 Ω, with a relatively high charge transfer resistance of about 900 Ω. These values
suggest that while the Cu mesh provides baseline conductivity, significant barriers remain
for efficient electron transfer at the electrode–electrolyte interface. Upon introducing the
TiO2 layer as seen in electrode Cu2, Rs decreases slightly to 80 Ω, indicating improved
interfacial contact and reduced overall ohmic losses. More importantly, the Rct is reduced
to 800 Ω, which highlights the beneficial role of TiO2 in enhancing charge separation and
facilitating electron injection. However, despite this improvement, the charge transfer
resistance remains comparatively high, implying that further optimization is needed to
minimize recombination processes. The most notable performance enhancement is ob-
served for the dye-sensitized Cu mesh electrode Cu3. Here, Rs drops further to 70 Ω, while
Rct decreases significantly to 380 Ω, which is less than half that of the untreated mesh. The
high reduction demonstrates the synergistic effect of combining the conductive copper
mesh with a high-purity anatase TiO2 layer and an efficient Ru-based dye. The dye not only
enhances light absorption but also accelerates electron injection into TiO2, thereby reducing
recombination and improving overall charge transfer kinetics. Despite the non-standard
shapes, it is evident that Cu3 electrodes exhibit the closest approximation to a semicircle,
implying superior charge transfer resistance compared to Cu1 and Cu2 electrodes.

3.3. Techno–Economic and Sustainability Assessment

In order to completely evaluate the viability of the Cu mesh electrodes, an economical
and environmental analysis investigating the materials cost and fabrication process is
carried out. Table 2 shows the bill and cost of the materials utilized for the fabrication
of the conventional and flexible DSSCs based on Cu mesh electrodes. The prices are
based on quotations from local suppliers, and a batch of DSSCs contains 10 different
cells. The materials are separated into materials for the photoanode electrodes and for the
sensitizer and counter electrode. For both conventional and flexible DSSCs, the sensitizer
and counter electrode materials are the same. It can be seen that due to the low cost
of Cu mesh, the total price for the fabrication of flexible DSSCs is lower than that of
conventional DSSCs. Moreover, the ball milling technique requires less amounts of TiO2 as
the synthesis and deposition are both achieved in one step, reducing losses and the amount
of material needed.

Table 3 shows the cost of electricity and CO2 emissions associated with the fabrication
of the conventional (FTO) and flexible electrodes. The cost linked to energy consumption
is determined as 0.367 United Arab Emirates Dirham (AED) per kWh, aligning with the
electricity tariff of the Dubai Electricity and Water Authority [45], while the CO2 emissions
of electricity are estimated as 0.8 kg/kWh [46]. The utilization of the facile ball milling
technique not only simplifies the synthesis and the deposition of the TiO2 into one step
but also reduces the total time taken for the fabrication by almost an hour and a half. This
reduction is manifested by a lower electricity cost and CO2 emission for the fabrication of
the Cu mesh electrodes.

In order to assert metallic-based electrodes as a viable alternative for conventional elec-
trodes, an industry-oriented comparison of common commercially available photoanodes
is carried out. Table 4 shows a summarized comparative analysis between commercially
available glass electrodes, and polymer-based and metallic-based electrodes [47–56]. The
comparison highlights three distinct value propositions across the electrode classes. The
trade space is governed by the conductivity and transparency figure of merit, electrochemi-
cal durability, and manufacturability. FTO on glass delivers the most stable optoelectronic
baseline with negligible drift under illumination, heat, and oxidizing electrolytes. Never-



Sustainability 2025, 17, 9478 13 of 18

theless, intrinsically mechanical limitations such as brittleness and poor flexural endurance,
in addition to high process temperatures, constrain substrate applications. Thus, glass
is suitable for rigid modules and benchmarking, but it is less than ideal for flexible or
low-temperature stacks. Polymer electrodes such as PEDOT: PSS invert those constraints
with low solution processing temperatures, and roll-to-roll manufacturing compatibility
which enables low-CAPEX and large-area coating with excellent bendability. However, the
achievable conductivity and transparency is typically inferior to FTO, or metal meshes at
comparable transmittance. Additionally, moisture, oxygen, UV, and acidic formulations ac-
celerate conductivity loss unless barrier layers and post-treatments are employed. Metallic
meshes (e.g., Cu) with conformal TiO2 passivation and Ru dye sensitization achieve the
highest current headroom because series resistance can approach the milliohm regime while
the optical aperture remains high. If the TiO2 layer is dense and continuous, it functions as
both an electron-selective layer and as a corrosion barrier, reducing recombination at the
metal/electrolyte interface and enabling dye-assisted injection into the TiO2 conduction
band. Nevertheless, incomplete coverage or rough edges can dominate failure through
localized pitting and rising dark currents.

Table 2. Bill and cost of materials utilized for the fabrication of the conventional and proposed
flexible DSSCs.

Conventional DSSC Proposed Flexible DSSC

Electrode Materials

Material Price (AED/unit) Required Quantity
(Unit/Batch) Material Price ($/Unit) Required Quantity

(Unit/Batch)

FTO 340/30 × 30 cm2 30 cm2 Cu mesh 54/30 × 100 cm2 30 cm2

TiO2 537/1 kg 5 g TiO2 537/1 kg 2.5 g
PEG 60/0.5 L 4.5 mL - - -

Sensitizer and counter electrode materials

Material Price (AED/unit) Required Quantity (unit/batch)

Ruthenium 144/200 mg 6.84 mg
Ethanol 60/2.5 L 50 mL

Electrolyte 246/20 mL 2 mL
Pt counter electrode 246/16 pieces 10 pieces

Total Price 184 AED Total Price 172 AED

Table 3. Electricity cost and CO2 emissions associated with the fabrication of conventional and
flexible electrodes.

Equipment Process Power
Rating (kW) Time (min) Energy

(kWh)
Electricity

Cost (AED)
CO2

Emission (kg)

Conventional Electrodes

UV-Cleaner UV Treatment 0.66 20 0.22 0.081 0.18
Hot Plate TiO2 deposition 1.05 20 0.35 0.129 0.67
Furnace TiO2 film annealing 4.4 97.5 7.15 2.645 5.72

Total Electricity Cost 2.864 AED Total CO2 Emission 6.57 kg
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Table 3. Cont.

Equipment Process Power
Rating (kW) Time (min) Energy

(kWh)
Electricity

Cost (AED)
CO2

Emission (kg)

Cu Mesh-based Electrodes

Hot Plate Cu mesh treatment 1.05 30 0.525 0.194 0.67

Ball milling TiO2 synthesis and
deposition 1.25 30 0.625 0.231 0.50

Total Electricity Cost 0.425 AED Total CO2 Emission 1.17 kg

Table 4. Comparative analysis between conventional, polymer-based, and metallic-based electrodes.

Electrode/Criteria FTO on Glass Polymer-Based Metallic-Based

Sheet Resistance 7–15 Ω/sq 30–500 Ω/sq 1–10 Ω/sq

Optical Transmittance 80–90% 85–95% 80–95%

Mechanical Flexibility Poor Excellent Excellent

Chemical/thermal
stability

Excellent; stable to UV and
heat

Moderate; moisture/UV
sensitive, needs
encapsulation

Cu prone to oxidation; TiO2
passivation and encapsulation

required

PEC/photo response
trend

Reliable baseline; moderate
spikes/plateaus

Fast but lower current
density vs. oxides/metals

Highest amplitude and fast
transients, good injection via

dye → TiO2

Process temperature High Low Low

Fabrication complexity Single thin-film deposition;
well-standardized

Coat → mild anneal →
(dopants/encapsulation)

Facile using ball milling or
screen printing

Equipment CAPEX High Low Medium

Material cost Moderate Low Low

Scalability Very high Very high High

Durability in
electrolytes High Needs barrier layers Good

Recyclability/EHS
Glass recyclable;
energy-intensive

processing

Mixed (polymer films
harder to recycle) Recyclable

Summary Low risk, proven supply
chain

Lowest CAPEX; great for
flexible, low-cost modules

but lower
conductivity/performance

ceiling

Strong performance at low
material cost (Cu), recyclable,

attractive if made via R2R
mesh + facile deposition

of TiO2

Recommendations follow from these constraints. For instance, applications prioritiz-
ing metrological stability, long operational lifetimes, and straightforward benchmarking,
FTO/TiO2/Ru-dye remains the preferred architecture. For flexible or temperature-limited
substrates, polymer electrodes are viable provided the stack includes (i) neutralized/high-
conductivity PEDOT: PSS, (ii) an inorganic or multilayer moisture/oxygen barrier and
(iii) UV filtering or stabilizers. Even with these recommendations, lower peak photocur-
rents are expected, and encapsulation costs need to be planned for. In cases where flex-
ibility is required and maximum photo response per materials cost is the objective, a
Cu-mesh/TiO2/Ru-dye stack is advantageous if process control is available. A well-
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deposited thin and dense TiO2 film is essential to act as a passivation layer and prevent
under-film ingress.

From a sustainability and end-of-life perspective, glass offers durability and recycla-
bility if the device is designed for clean delamination; nevertheless, the remelting process is
heavy and energy intensive. Polymer substrates enable low-temperature and lightweight
manufacturing, yet once laminated with metals and oxides, it becomes hard to separate.
Thus, these substrates are usually downcycled or incinerated unless a validated mono-
material or chemical-recycling route exists. Cu mesh exhibits a robust circular end-of-life
pathway, with high residual value and efficient recovery via mature smelting and refining
infrastructure. Given the elevated impacts of primary copper production, substrates should
target highly recycled content and incorporate strippable passivation layers to enable clean
reclamation and minimize corrosion.

4. Conclusions
This work demonstrates the successful fabrication of copper mesh-based electrodes for

DSSCs, evaluated through structural, optical, and electrochemical characterization, and in
addition to applying techno–economic and sustainability assessments to assess the viability
of the electrodes as an alternative to conventional FTO on glass electrodes. Three electrode
configurations were investigated: pristine copper mesh, TiO2-coated copper mesh, and
dye-sensitized TiO2/copper mesh. The TiO2 layer was deposited using a one-step ball
milling process, which effectively simplified electrode fabrication by eliminating the need
for paste preparation and high-temperature annealing. Compared to traditional doctor
blading or screen printing methods that require several hours, the proposed approach
achieved both synthesis and deposition in just 30 min, significantly reducing time and
energy consumption. Structural analyses (XRD, Raman, XPS, SEM) confirmed the formation
of high-purity anatase TiO2, with uniform adhesion on the copper mesh branches, enabling
enhanced dye adsorption and efficient electron injection.

The results highlight that the copper mesh substrate offers clear advantages over
conventional FTO/glass electrodes. In terms of fabrication, the Cu mesh electrodes show a
lower cost (7.8%) and less CO2 emission (82%) as compared to conventional electrodes. The
copper mesh’s distinctive open structure enhances optical transparency, reduces sheet resis-
tance, and provides superior electrical conductivity. Moreover, the flexibility, recyclability,
and mechanical stability of copper mesh make it well suited for the development of next-
generation flexible and sustainable solar cells. Electrochemical impedance spectroscopy
confirmed improved charge transfer characteristics for the dye-sensitized TiO2/copper
mesh configuration, correlating with enhanced photocurrent generation and reduced re-
combination losses.

The study establishes copper mesh electrodes combined with one-step ball-milled
TiO2 deposition as a promising alternative to glass/TCO-based DSSCs. Beyond simplifying
fabrication, this approach enables scalable, modular device designs, where multiple cells
can be integrated on a single mesh substrate in series or parallel to achieve higher power
outputs. These findings underscore the potential of copper mesh-based architectures as a
pathway toward sustainable, cost-effective, and high-performance DSSC technologies.
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