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Abstract: As potential low-cost solar cells for the upcoming generation of photovoltaic technology, Dye-sensitized solar cells (DSSCs)
have emerged as a promising alternative for photovoltaic research. The photovoltaic performance with long-term stability is largely
influenced by the counter electrode used in the DSSC solar cell. Research on dye-sensitized solar cells has been the main emphasis for
replacing costly platinum counter electrodes. A cost-effective, flexible substrate, such as PET coated with a conductive surface, offers a
large surface area that facilitates the redox reaction by collecting electrons easily. Herein, we report dye-sensitized solar cells (DSSCs)
based on Graphite assisted with copper electroplated bilayer counter electrodes on polyethylene terephthalate (PET) substrate. A device
assembly with a hierarchical architecture, comprising FTO/TiO: (ETL)/graphite-assisted electroplated copper, was fabricated for
experimental investigation. Natural dyes were extracted from Hibiscus flower in an ethanol medium, which acts as a natural sensitizer in
the DSSC. A quasi-solid-state electrolyte prepared with iodide/tri-iodide within a cellulose base medium was employed as redox charge
transport medium. The as-prepared sample was characterized using various analytical tools to explore Light absorption properties, surface
morphology and structural properties via ultraviolet—visible, field emission scanning electron microscopy, and X-ray diffraction analyses,
respectively. Furthermore, the solar cell sample was tested under AM 1.5 G solar illumination to envisage photovoltaic performance. The
as-prepared solar device hierarchical architecture, comprising graphite assisted by an electroplated copper layer, shows a PCE of 3%,

which is almost 150% higher than that of a graphite counter electrode without a copper layer.
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1. Introduction

The world's energy crisis is worsening due to high population
growth and the depletion of conventional energy sources like
fossil fuels, which are driving up power demand [1]. Finding
innovative and alternative sustainable energy sources that are
both economically viable and environmentally sustainable is
crucial to resolving this dilemma [2]. One of the most
promising and optimistic approaches is solar energy, which
offers a plentiful, renewable energy source with a small
carbon imprint [3]. The efficient conversion of solar
irradiation into other forms of energy, such as electrical
energy, has been the subject of numerous analytical studies [1-
3]. Dye-sensitized solar cells are among the newest solar
energy-harvesting technologies that harness sunlight in a very
easy way [4]. For almost 20 years, dye-sensitized solar cells
(DSSCs), a kind of thin-film solar cell, have been the subject
of intensive research because of their versatility and optimized
low manufacturing costs [5].

A class of third-generation categorized solar cells known as
DSSCs has garnered a lot of research interest because of its
enormous potential for flexible and affordable photovoltaic
applications [6]. Since their inception in 1991 by Michael
Gritzel and Brian O'Regan, DSSCs have gained notable
recognition for their effective conversion of solar radiation

into electrical energy [7]. In contrast to traditional silicon-
based solar cells, DSSCs use organic dye molecules to absorb
a wide range of the light spectrum and produce electron hole
pair during excitation, which undergo a number of
electrochemical reactions to transform into electrical energy
[8]. DSSCs' hierarchical structure generally consists of three
primary elements: a transparent conductive glass substrate
with a Nano crystalline titanium dioxide layer coated with
dye, an electrolyte made of an iodide (I")/tri-iodide (I37) redox
pair dissolved in an organic solvent, and a counter electrode
[9]. The counter electrode extracts electrons via an external
circuit and facilitates charge transport, which offers both the
reduction of the redox electrolyte and the transport of holes in
the solid electrolyte.[10] DSSCs operate through the
interlinking of a multicomponent hierarchical architecture,
which means that enhancing device efficiency requires a
multifaceted optimized strategy [11]. The primary light-
absorbing element of the DSSC is the dye or photosensitizer,
which absorbs energy and creates photo generated charged
particles [12]. The dyes are categorized into three groups:
natural dyes, organic metal-free dyes, and metal-based dyes.
Natural dye originates from sources like chlorophylls,
flavonoids, and anthocyanin etc [13]. Inorganic dyes that do
not possess metals and are derived from squaraine, coumarin,
indoline, phenothiazine, triphenylamine, fluorene,
thienopyrazine, carbazole, and tetrahydroquinoline have been
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created [14]. These dyes, when used with the DSSC shows
satisfactory performance, achieving power conversion
efficiencies (PCE) up to 10.3 % [13-14].

Counter electrodes play a crucial role in DSSCs device
architecture. Its inefficiency and lack of stability may
significantly restrict the PCE (%) of the device due to low
photoelectric conversion [15]. The greater the active surface
area of a counter electrode, the more it facilitates rapid
catalytic redox activity [16]. The low efficiency of the organic
DSSC and the high cost of some of its components are two
significant obstacles to its widespread scale-up. The counter
electrode is a crucial element that influences this technology's
price [15-16]. Platinum-based, carbon-based, and other
material-based counter electrodes are the three main varieties
generally used in DSSC Solar cell [17]. Among them, the
counter electrode in the device assembly using platinum is
very costly. Metal materials exhibit outstanding electrical
conductivity, good flexibility, exceptional ductility, possesses
advanced thermal stability when subjected to high-
temperature treatment [18]. Incorporating metal materials as
the electrode substrate for solar cells can reduce costs
significantly and may enhance solar cell performance by
minimizing internal resistance [19]. In order to reduce costs
while simultaneously pursuing moderate efficiency, a copper-
based counter electrode was employed. The primary aim of
this study is to enhance the output electrical performance of
DSSCs through the incorporation of an electroplated copper
layer in the counter electrode. Furthermore, this study seeks to
highlight the potential for cost-effective fabrication of DSSCs
by substituting the expensive platinum counter electrode with
copper via electroplating.

2. Material and Methodology
2.1 Materials and Chemicals

All the reagents were utilized without being further purified
and were procured from commercial sources. Ethanol was
used as a solvent to extract a natural dye originating from the
Red hibiscus flower collected from the local flower market.
For the fabrication of the working electrode, a fluorine-doped
tin oxide (FTO) coated on a glass substrate with a surface
resistivity of 12-15 Q sq™! and a thickness of 2.3 mm was
acquired from Pilkington (India) and utilized as a conductive
surface. The doctor's blade method employed Scotch tape (25
um thick, Solaronix) to adjust the thickness of the TiO, film
on the photo anode. On the working electrode, thin film
deposition was accomplished using TiO, nanoparticle paste
(Solaronix, 18 weight percent). PET sheet (2cm x 1cm) was
utilized as a base framework for counter electrode fabrication.
A graphite pencil (8B) was purchased for the preparation of
graphite layer impression on the PET Sheet. Copper (II)
sulphate solution (0.5 M, 250 cm? ) was used as a electrolyte
for electroplating purposes on the as-prepared PET coated
with a graphite counter electrode. Copper strip dimensions
(4cm x 2cm) were procured from the local market. The
iodide/tri-iodide electrolyte solution was made with
potassium iodide and iodine along with HPMC
(Hydroxypropyl methyl cellulose), which served as a medium
for the movement of induced charges between the two
electrodes. During device assembly, a 50 pum thick paraffin

spacer (Merck, Germany) was utilized as a sealer and a layer
of separation between the two electrodes.

Figure 1: (a) Fabrication scheme of counter electrode via
electroplating. (b) electroplated copper layer on graphite
assisted PET sheet. (¢) Schematic drawing of the solar cell
assembly

2.2 Preparation of Hibiscus flower extracted dye solution

The petals of a fresh hibiscus flower weighing 5 g were
cleaned with distilled water and then chopped into little
pieces. The flower petals were then pulverized for three
minutes in a mixer with 100 millilitres of ethanol. To create a
thick solution, the procedure was carried out 5 times. To
obtain a uniformly disseminated solution, the mixture was
also constantly agitated for one hour using a magnetic stirrer.
Before filtering, the solution was stored for 12 hours in a cold,
dark environment. Finally, the residue was filtered away and
the filtrate dye solution was stored. The dye solution was
securely kept in a dark environment at a room temperature
25°C.

2.3 Cleaning of the FTO glass substrate

Prior to TiO, deposition, FTO glass substrate was cleaned
with distilled water and then ethanol in an ultrasonic bath for
ten minutes.

2.4 Photoanode Fabrication

Before material deposition FTO glass substrate was dried
properly then the edges of the cleaned FTO glass substrate
were covered with scotch tape that was approximately 25 pm
thick. Scotch tape was used to restrict the TiO; film's thickness
to about 25 um. The doctor blade method was employed for
deposition of layer of a transparent TiO, nanoparticle paste on
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the conducting side of the FTO glass substrate. Before the as
prepared TiO- film being annealed in a furnace at 480 °C for
45 min, the produced TiO; film was dried for about 20 minutes
at 60 °C in a hot air oven dryer. Before being dipped in a
natural dye solution, the sample was carefully cooled down to
prevent any surface flaws or cracks. The as prepared sample
was stored at room temperature after being submerged in a dye
solution for 24 hours. After gently washing the electrode
samples with distilled water to get rid of any excess dye color
that hadn't been absorbed. Photo-anode Sample was dried for
five minutes at 40 °C in a hot oven air dryer before device
assembly.

2.5 Counter electrode preparation

Deionized water was used to create an electrolyte solution
with 0.5 M CuSOs (96%, Sigma-Aldrich), which was then
filtered using 0.2-um filters. The copper plate was cleaned by
Ultrasound sonication in isopropanol (99.5%, Sigma-Aldrich)
and water in a sequential manner before electroplating. To
create a layer of graphite on the PET substrate (2 cm x 1 cm)
soft graphite pencil 8B was used. An electrically conductive
graphite layer was incorporated by creating an impression on
the PET substrate for electroplating purposes. Graphite-
assisted PET Counter electrode and Copper metal plate were
assembled depicted in the figure la, for the electroplating
system at room temperature, 25 °C.

2.6 Preparation of electrolyte solution

Here, 100 ml of ethanol was combined with 50 mg of
potassium iodide (Sigma-Aldrich, Merck India), 10 mg of
iodine and 10 mg of HPMC (Alpha Chemika) in a culture
tube, and the mixture was continuously stirred for five
minutes. The culture tube holding the electrolyte solution was
kept in a dark location.

2.7 Assembling the Solar Cell

The photoanode and the graphite assisted with copper-coated
counter electrode were assembled together facing conductive
side with each another after being separated by a paraffin
spacer (Fig. 1c). Before assembling the device, an electrolyte
solution comprising iodide/triiodide (I7/I3” ) was injected into
the hollow spacer between the counter electrode and working
electrode layer. Furthermore, the sandwich-like architecture
was fabricated for electrical characterization.

2.8 Characterization

The light absorption characteristics of the dye solution and
TiO; layer were examined and documented with a UV—Vis
spectrophotometer (Hitachi Spectrophotometer, Japan). Field
emission scanning electron microscopy (JEOL, Japan) was
used to explore the surface topography of the nanostructure on
TiO, photo-anode and copper counter electrode sample
respectively. The diffractogram was analysed with an XRD
diffractometer (XPert PRO, USA) using a CuKa radiation
source (1.54 A). Using nickel-filtered CuKo radiation, sources
of 40 kV and 30 mA were utilized to measure 20 in the range
of 20°-80°. The performance of the fabricated DSSC was
evaluated with an AM 1.5 G sun simulator that provided light
irradiation at an intensity of 100 mW cm2 (Compact

150WSolar Simulator, Zolix Instruments, China), using a
source meter (model: 2450, Keithley, USA).

3. Results and Discussion
3.1Uv-Vis Analysis

Optical properties of the TiO, layer as well as dye solutions
were characterized by wusing an Ultraviolet—visible
spectrophotometer (UV-Vis). Figure 2. shows that the light
absorption intensity was higher when the dye solution was
prepared via the ethanol extraction route.
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Figure 2: Optical absorption spectra plot of (a) TiO, and (b)
dye solutions

The as-prepared ecthanolic dye solution shows higher
absorption in the 400-600 nm range (visible light region) and
a peak observed around 525 nm. The absorption spectra of the
TiO; film is depicted in Figure a. The maximum absorption
range is from 200 nm to 320 nm (ultraviolet region). Optical
bandgap was envisaged via the Tauc plot method, and the

TiO, sample shows an indirect band gap of 3.18 eV.
3.2 Structural analysis

Crystalline structure, phase formation and nature of the
fabricated TiO; film and Copper electroplated counter
electrode were investigated by thin film XRD analysis.
Diffraction peaks originating at 28 =25.78°, 37.6°, 48.06°,
54.37°, 63.2°,75.2° and are corresponding to the lattice planes
(101), (004), (200), (211), (204), and (215) confirmed the
anatase phase of TiO; film. The additional characteristic
peaks indicate the presence of the rutile phase mixed with the
anatase phase. Diffraction peaks originating at 20=
43.1°,50.7°, and 74.4° correspond to the lattice planes
(111),(200), and (220), indicating the as-prepared copper film.
Sharp and intense peaks in both samples may be ascribed as
samples are highly crystalline in nature.
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Figure 3: X-ray diffraction patterns of (a) Copper
nanoparticle sample (b) TiO,
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3.3Field Emission Scanning Electron Microscopy Imaging

TiO, film and the electroplated Copper sample were
characterized by field emission scanning electron microscopy
(FESEM) to obtain surface morphology. FESEM image
depicted in the fig ¢ shows, almost spherical shape of TiO»
particle size ~25 nm. Some clusters of TiO, particle shows
agglomeration due to the presence of rutile along with the
anatase phase. Figure a represents the surface morphology of
the as-prepared copper film, which has a more compact and
uniform particle size than the TiO; film. A porous network of
TiO; helps dye loading, while the surface roughness of the
copper counter electrode significantly impacts the electrical
performance of the solar cell. Several cracks were observed
on the graphite layer in fig b due to induced strain. Strain-
induced surface cracks minimize the surface area of the
conductive path. Conductive layer of copper on the graphite
helps in reduction of void space on the film, substantially
reducing the recombination rate of electron hole pair,
concomitantly improving the PCE of the solar cell.

Figure 4: FE-SEM images of surface topography of
prepared (a) Copper layer (b) graphite layer (¢)TiO, layer on
PET sheet

3.4 Energy dispersive X-ray Spectroscopy(EDS)

Quantitative elemental analyses of the as-prepared coatings
were investigated via EDS characterisation technique.
Elemental map scanning was carried out for both samples
during EDS sample characterisation, and the results were
depicted in fig 5. Figure a exhibits a prominent characteristic
peak originating at 4.5eV confirms the presence of Titanium.
Typical EDS pattern depicted in fig b exhibits for the copper-
coated sample possesses a low stoichiometric ratio of
elemental copper. The surface analyses conducted via EDS
confirm the homogeneity of the samples as the stoichiometric
ratio are consistent for both the samples.
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Figure 5 EDS data of (a)TiO: (b) Electroplated Copper layer
of graphite assisted PET sheet

3.5 PhotoVoltaic Characterization

The photovoltaic performance of the DSSC samples was
tested under an AM 1.5G optical filter, and subsequently,
current density versus voltage (J—F) curves were analyzed.
Light illumination was kept at 100 mW c¢m2 and data were
recorded at room temperature, 20°C. Photovoltaic parameters
open-circuit voltage (V,.), short circuit current density (Js),
fill factor (FF), and efficiency (#) are depicted in table nol.

Table 1: Photovoltaic parameters of Copper incorporated
and devoid of copper layer in the counter electrode in DSSC
cells (active area of cell was 1 cm?)

Counter VOC JSC FF | n ghsnli Oll{nSn
) . .

Electrode (V) |[(mA/cm?)|(%) | (%) em? | om?
1.Without Cu layer | 0.45 9.88 45| 2 |454.5|384.6
2.With Cu layer 0.60 9.09 |55] 3 |1250 |27.78

Data reveals that a device assembled with copper as a layer in
the counter electrode exhibits higher PCE (%). Increase open
circuit voltage, fill factor, as well as power conversion
efficiency in the copper assembled counter electrode possibly
due to the defect reduction in the counter electrode via
electroplating. Higher Voc offers a slow recombination rate.
Series resistance of the samples shows that modification in the
counter electrode reduces charge transfer resistance, as a
result fill factor improved. The highest PCE was observed 3%
in the DSSC sample have copper in the counter electrode,
which is comparative 150% higher than the sample without a
copper layer in the sample.
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Figure 6: Current density—voltage (J—V) plots of DSSC solar
cell sample devoid of copper layer and incorporated copper
layer in the counter electrode
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3.6 Static Contact Angle measurement

Surface homogeneity of the as-prepared counter electrode was
analyzed using the static contact angle measurement
technique. A drop of water was placed on the active side of
the counter electrode, and subsequently, static images were
captured via a camera kept stationary on the surface. When the
liquid is released from the static droplet and the base of the
counter electrode makes 0° with the horizontal plane, the
baseline remains stable in a static position. The adhesion
condition of the droplet on the electrode surface was explored
via tilting angle measurement. The contact angle was
estimated from the captured images using software based on a
suitable curve-fitting method. Advancing contact angle
(ACA) and receding contact angle (RCA) were estimated
approximately 64.729° and 60.098°, respectively, while the
electrode sample was tilted at approximately 35.08° (sliding
angle) with the horizontal surface. Minimal change between
ACA and RCA indicates low contact angle hysteresis.

. Receding contact angle =60.098"
Advancing contact lngl‘“.m
4

(a) (b)
Figure 7: Liquid droplet is in contact with the as prepared
copper coated counter electrode surface a. advancing contact
angle b. receding contact angle.

3.7 Relative conductivity measurement

The electrical conductivity of the deposited material is largely
influenced by the Electroplating time, as the deposited
material thickness increases with electroplating time. Fig. 8
depicts relative conductivity vs. electroplating time for the as-
prepared copper layer on a graphite-coated PET sheet.

Electroplating time up to 10 min shows a continuous
increment of the conductivity, which may be ascribed to a thin
and continuous coating of copper layer on graphite.
Electroplating time more than 10 minutes shows the rate of
increase of electrical conductivity is minimized. This can be
attributed to the irregular accumulation of copper particles on
the thin films, which forms a secondary structure on the thin
film. Electroplating time beyond 25 minutes results in a
decrease in electrical conductivity, as prolonged
electroplating Causes irregular agglomeration of copper ions
on the thin film, which might increase the surface resistivity.
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Figure 8: Variation of sheet resistance with the change of
thickness of the electroplated copper layer

4. Conclusion

The counter electrode extracts electrons efficiently from the
electron-hole pair and returns them to the cell, establishing a
complete circuit. The sintered TiO, sample exhibits almost
uniform spherical particle size that may help with dye loading.
An electroplated copper layer on the PET coated with graphite
impressively improves the surface smoothness. The PET sheet
devoid of a copper layer possesses several cracks

On the graphite layer, which might reduce the charge transport
rate. It has been found that the surface resistance affects the
efficiency of the solar cell; a low series resistance improves
efficiency, whereas a high shunt resistance suppresses the
recombination rate. Higher open circuit voltage, along with
lower series resistance, offers a lower recombination rate and
improves the fill factor when a copper layer is incorporated on
the graphite layer. Lower contact angle hysteresis may be
attributed to a uniform smooth surface. Due to its high charge
transport rate, platinum is the most widely utilized electrode
in DSSCs; however, because of its high price, scalable
production is not possible. Copper is abundantly available,
which is being employed instead.

An attempt was made to replace the costly platinum counter
electrode in DSSC with Copper.
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