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Dye Sensitized Solar Cells with x% Cu-TiO2
Photoelectrode Sensitized from Syzygium malaccense
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Abstract: Dye-Sensitized Solar Cells (DSSCs) with Cu-doped TiO2 photoelectrodes sensitized by dye from
Jamaica guava leaves (Syzygium malaccense) have been successfully prepared. The DSSCs were constructed
using Cu-TiO2 photoelectrodes synthesized via the doctor blade method, with variations in Cu dopant con-
centrations of 0%, 1%, and 5%. The sensitizer dye was obtained using the maceration technique, while the
electrolyte solution consisted of iodine, and the counter electrode was a carbon layer derived from a candle
flame. The components were assembled in a sandwich-like structure. The layers were characterized by X-ray
diffraction (XRD) to determine the phase structure and crystal size. XRD analysis of all Cu-TiO2 layers identi-
fied the TiO anatase phase with a tetragonal crystal structure, and the average crystal sizes, calculated using the
Williamson-Hall method, were 60.28 nm, 43.32 nm, and 53.32 nm for 0%, 1%, and 5% Cu doping, respectively.
UV-Vis spectrophotometry was used to determine the optical properties of the dye, revealing that the Jamaica
guava leaf dye absorbs light at wavelengths between 400-700 nm, with a bandgap energy of 1.728 eV. Current-
voltage (I-V) characterization was performed to assess the solar cell efficiency. The results indicate that adding
Cu dopants to the photoelectrode can enhance the efficiency of the DSSC at specific concentrations, with the
highest efficiency of 0.0036% achieved at a 1% Cu doping concentration. This study aims to investigate the
effect of different Cu dopant concentrations on the efficiency and performance of DSSCs using natural dye from
Syzygium malaccense, specifically comparing DSSCs with no doping, the lowest (1%), and the highest (5%)
Cu dopant concentrations.
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I. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have garnered signifi-
cant attention as a promising alternative to traditional silicon-
based solar cells due to their cost-effectiveness, ease of fab-
rication, and potential for high efficiency. DSSC is one of
the solar cell technologies that convert solar energy, a form
of alternative energy, into electrical energy. DSSCs use dyes
as light absorbers, which are then transformed into energy in
a process similar to photosynthesis in plants. The semicon-
ductor at the photoanode acts as a replacement for CO2 as
an electron acceptor, (I−/I−3 ) as a substitute for oxygen, wa-
ter as an electron donor, and oxidation products; the multi-
layer structure in DSSC is similar to a thylakoid membrane
which converts solar energy into electrical energy through
dye absorption [1]. DSSCs offer renewable energy solutions
with low pollution levels, environmentally friendly produc-
tion, economical costs, and ease of fabrication. DSSC was
first introduced by Michael Grtzel in 1991, using a ruthe-
nium complex as a dye and achieving an efficiency of 13%
[2]. However, the limited supply of natural ruthenium com-
plexes and their less environmentally friendly characteristics
have led scientists to turn to natural dyes due to their abundant
availability and ease of production.

Jamaica guava leaves were chosen as a sensitizer in DSSCs
due to their rich pigment content, particularly chlorophyll,

which effectively absorbs light and converts it into electricity
[3]. Additionally, these leaves contain high levels of bioactive
compounds, including carotenoids and terpenes, contributing
to their antioxidant properties [3]. The correlation lies in the
role of antioxidant properties in stabilizing the dye and re-
ducing recombination rates in DSSCs. Bioactive compounds
like carotenoids and terpenes in Jamaica guava leaves have an-
tioxidant properties that help protect the dye molecules from
degradation. This stabilization ensures more efficient light ab-
sorption and electron transfer.

Additionally, antioxidants reduce charge recombination by
neutralizing free radicals that could otherwise recombine with
electrons, thus enhancing the overall efficiency of DSSCs by
maintaining a steady flow of electrons through the semicon-
ductor [4]. The plant is also known for its adaptability to
various soil types and climatic conditions, thriving in humid
to subhumid tropical regions, which ensures a reliable sup-
ply of raw material for dye extraction [5]. The extraction was
performed using the maceration technique, a simple and effi-
cient method [6,7]. Moreover, no previous research has uti-
lized these leaves as a sensitizer, adding novelty to this study.
The ease of cultivation and economic considerations in In-
donesia also support the choice of Jamaica guava leaves, as
these plants are easy to grow and have low costs, reducing the
overall production expenses of DSSCs [8].

Besides dye, to increase the efficiency of DSSCs, it is ad-
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FIG. 1: Jamaica guava leaf dye

visable to use a semiconductor with a wide surface area, high
porosity, and characteristics suitable for the sensitizer used. A
frequently chosen semiconductor for photoanode applications
is titanium dioxide. Titanium dioxide has good stability and
can absorb ultraviolet radiation [9-11]. Furthermore, to im-
prove the performance of solar cells, material engineering on
the semiconductor can be conducted to obtain specific charac-
teristics. One of the material engineering strategies is doping
the semiconductor with certain metals, such as copper (Cu),
to improve the semiconductors electrical properties and over-
all DSSC efficiency. Previous studies have demonstrated that
doping TiO2 with Cu can enhance the photoelectric properties
of the photoanode [12]. For instance, research has shown that
low concentrations of Cu can increase the conductivity and
reduce the recombination rate in TiO2 [13]. However, these
studies often focus on a narrow range of doping concentra-
tions and do not extensively investigate the effects of higher
Cu concentrations on the structural and electronic properties
of TiO2. Furthermore, the techniques used for doping and the
methods for characterizing the doped TiO2 vary widely, lead-
ing to inconsistencies in the reported outcomes[14,15].

In the study of DSSCs with Cu doping, the highest effi-
ciencies were achieved at different Cu concentrations across
various manuscripts. For instance, in the research conducted
by L. B. Patle and A. L. Chaudhari, the highest efficiency of
2.283% was observed with a 1% Cu doping concentration.
As the Cu concentration increased to 2% and 3%, the effi-
ciency decreased to 2.058% and 1.673%, respectively [16].
This decline was attributed to the increase in defect den-
sity and charge recombination, which negatively impacted the
photocurrent density and overall efficiency. Another study
by Li Zhou et al. showed that the highest efficiency was
achieved with a 1.0% Cu doping concentration, resulting in
an efficiency of 6.12% [12]. Beyond this concentration, the
efficiency dropped significantly. The improved efficiency at
1.0% Cu was due to enhanced electron injection and reduced
charge recombination. However, higher doping levels led to
increased impurity concentration and defect sites, which hin-
dered electron transport and reduced efficiency. In research
by W.N. Yehya et al., the highest efficiency was observed at
a 1.0% Cu doping level with an efficiency of 2.87% [17]. In-
creasing the Cu concentration to 10% resulted in a drastic de-
crease in efficiency to 0.12%. The initial improvement at 1.0%
Cu was due to better electron injection and charge-transfer ef-

FIG. 2: Immersion of the photoanode in dye

FIG. 3: DSSC assembly

ficiency. However, the increased defect sites at higher concen-
trations caused significant charge recombination, leading to a
substantial drop in efficiency.

This study conducted material engineering on the photoan-
ode by applying Cu dopants to TiO2 with doping fractions
of 0%, 1%, and 5%. Based on the results of this study, the
optimal doping percentage that most effectively increases the
efficiency of the DSSC will be determined.

II. METHODOLOGY

A. Tools and Materials

The tools used in this study included filter paper, a small
120 mL glass bottle, a micropipette, a beaker glass, a glass
stirring rod, a petri dish, a magnetic stirrer, a hotplate, spat-
ula, mortar, digital scale, pestle, weighing paper, measuring
pipette, dropping pipette, digital multimeter, scotch tape, pa-
perclip, the crucible, furnace, glass bottle, alligator cable,
potentiometer, Lux meter, hygrometer, UV-Vis spectrometer,
and X-Ray Diffractometer. The materials used were Jamaica
guava leaf as a source of dye, distilled water, PEG (Polyethy-
lene Glycol liquid) 400, PVA (Polyvinyl Aldehyde), and 96%
methanol as solvents; Indium et al. glass as a substrate; com-
mercial TiO2 (anatase) and CuCl2 as a semiconductor material
on the photoanode; electrolyte made of potassium iodide (KI)
and iodine; and candle flame soot as a catalyst at the photo-
electrode.
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FIG. 4: (a) UV-vis absorbance spectra, (b) band gap energy of Jamaica guava leaf dye.

B. Preparation of Natural Dye Sensitizers

Chlorophyll was extracted from Jamaica guava leaf by mac-
eration technique, as shown in Fig. 1, which involves soaking
20 g of leaves in methanol solvent in a glass beaker covered
with aluminum foil and storing it for 48 hours under imper-
meable light conditions [18].

C. Preparation of ZnO- TiO2 Paste

Photoanode preparation includes the manufacture of x%
Cu-TiO2 semiconductor paste, deposition on ITO glass by the
doctor blade method, annealing, and immersion in dye. Ti-
tanium(IV) oxide (TiO2) was used as a photoanode material.
The TiO2 paste was prepared by mixing TiO2 powder (EM-
SURE, Merck KGaA, Catalog Number: 1.00808.1000) with
a small amount of ethanol to form a slurry. This mixture was
then ground using a mortar and pestle until a homogeneous
paste was obtained. X% Cu-TiO2 paste is made from a doping
and TiO2 paste mixture. The doping solution is made by mix-
ing 10% solvent of a mixture of distilled water and methanol
(10:1) with 0%, 1%, and 5% powder based on the TiO2 /Cu
mole ratio, then stirring with a magnetic stirrer for 10 min.
TiO2 paste is made from a mixture of gel solution made of
PVA and hot distilled water, then stirred with a magnetic stir-
rer at 300 rpm for 30 min at 80◦C. After that, add TiO2 powder
and doping solution, then grind it with a mortar for 10 min or
until homogeneous. The paste was then coated onto a conduc-
tive glass substrate to form a layer with dimensions of 10 mm
× 15 mm by the doctor blade method and then annealed in a
furnace at 400◦C for 30 min.

D. Preparation of Electrode and Counter Electrode

The counter electrode was prepared by coating another con-
ductive glass substrate with carbon using a method similar to
that of Joshi et al. [19]. The curves in Fig. 4 shows that guava

dye has light absorption in the visible spectrum range (400-
700 nm), while in literature, the chlorophyll pigment is in the
680-700 nm spectrum, which means that the dye solution in
this sample succeeded in extracting the chlorophyll substance
colour in the guava leaves. This dye has a band gap energy of
1.728 eV, calculated by the Tauc plot method [20]. This value
is a low band gap energy, so the energy required for electrons
to be excited from the HOMO to the LUMO levels is low,
which makes it suitable as a DSSC sensitizer [21]. Black of
the mustard oil was prepared as follows: a traditional mus-
tard oil lamp with cotton wicks was used, and the flame was
covered with an ITO substrate so that the lamp soot was de-
posited onto the inner surface of the substrate. The collected
lampblack was then applied to the conductive glass substrate
to form the carbon layer.

E. DSSC Assembling

The electrolyte solution consisted of potassium iodide (KI)
and iodine (I2). Potassium iodide (KI) was sourced from EM-
SURE, Merck KGaA, Catalog Number: 1.05043.0500, and
iodine (I2) from NOVA Laboratorium. Electrolytes are made
from a mixture of 8.3 g of KI, 1.26 g of iodine, and 100 mL
of PEG, which were stirred using a magnetic stirrer for 30
min, and then stored in bottles coated with aluminum foil. As
illustrated in Fig. 3, the DSSC is constructed similarly to a
sandwich, with the electrolyte sandwiched between the pho-
toanode and the photoelectrode and offset by 0.5 cm for elec-
trical contact. The two glasses are clamped to maintain the
cell structure [22].

F. Characterization

To evaluate the range of the absorbed spectrum and its ab-
sorbance value, UV- Vis’s characterization was carried out.
Current-voltage (I-V) characterization was carried out to as-
certain the experimental and theoretical efficiency of DSSC,
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FIG. 5: XRD pattern results at x% Cu-TiO2; (a) 0% Cu, (b) 1% Cu, and (c) 5% Cu.

and X-ray diffraction characterization was conducted to dis-
cover TiO2 crystal properties. The study of UV-Vis deter-
mined the range of the absorbed spectrum and its absorbance
value. The TiO2 crystal properties were discovered by X-ray
diffraction investigation. The current-voltage (I-V) analysis
was used to ascertain the experimental and theoretical effec-
tiveness of DSSC.

III. RESULTS AND DISCUSSIONS

A. UV - Viss Characterization

Fig. 4 shows that guava dye has light absorption in the
visible spectrum range (400-700 nm), while in literature, the
chlorophyll pigment is in the 680-700 nm spectrum, which
means that the dye solution in this sample succeeded in ex-
tracting the chlorophyll substance colour in the guava leaves.
This dye has a band gap energy of 1.728 eV, calculated by the
Tauc plot method [20]. This value is a low band gap energy,
so the energy required for electrons to be excited from the
HOMO to the LUMO levels is low, which makes it suitable as
a DSSC sensitizer [21].

B. X-Ray Diffraction

Fig. 5 compares the XRD pattern results for samples of
0%, 1%, and 5% Cu-doped TiO2. These results were com-
pared to COD data for TiO2 materials with reference codes
96-101-0942 for 0% and 96-101-0943 for 1% and 5%. From
the matched phases, an X-ray diffraction pattern analysis was
performed to obtain further crystallographic information from
the three samples using the Rietveld refinement method. The
refinement results for the three samples have reasonably good
fitting quality with minimum Rp, wRp, and χ2 (chi-squared)
[23].

The XRD pattern in Fig.5 and the crystallographic data in-
formation in Table II show that the element Cu was not identi-
fied in the XRD results. These results follow previous studies
conducted by Li Zhou et al., which found that adding the ele-
ment Cu to TiO2 with doping fractions of 0.7%, 0.9%, 1.0%,
1.2%, and 1.5% did not result in Cu being identified in any
XRD results. From these results, it can be inferred that the
doping sample has no other peaks or impurities obtained in
the XRD pattern, and no CuO element is formed in the x%
Cu- sample, indicating that the Cu dopants have entered the
TiO2 crystal lattice [18]. Additionally, the absence of other
compound peaks in the XRD pattern indicates that the anneal-
ing process was successful. The heat treatment after drying
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TABLE I: XRD characterization data for the three highest
peaks in each doping fraction

TiO2

phase HKL Peak 2θ FWHM(◦)

101 26.20415 0.17961
0% Cu-TiO2 112 38.67441 0.20955

200 48.89638 0.23355
101 26.11616 0.21417

1% Cu-TiO2 112 38.60587 0.21482
200 48.83359 0.2469
101 26.13264 0.19126

5% Cu-TiO2 4 38.60896 0.22135
200 48,82914 0.23991

the x% Cu-TiO2 layer is to make the material active for the
photocatalytic reaction and to ensure uniformity in the anatase
phase in TiO2, which in previous studies was formed at around
400◦C [19].

From the results already mentioned, the average crystal size
at 1% Cu-TiO2, 43.32 nm, is smaller than the average crystal
size of 0% and 5% Cu-TiO2. The smaller crystal size at 1%
Cu doping can be attributed to the substitutional doping effect,
where Cu2+ ions replace Ti4+ ions, causing lattice distortion
and strain, limiting crystal growth and producing finer crys-
tals. At 0% Cu doping, the absence of additional strain allows
for more considerable crystal growth. In contrast, at 5% Cu
doping, the excessive number of Cu2+ ions introduces more
significant lattice strain and defects, which initially reduce the
crystal size but also disrupt the crystal structure. This disrup-
tion can lead to the resumption of crystal growth in certain
regions, resulting in a larger average crystal size compared to
1% doping but still smaller than the undoped sample.

Based on the X-ray diffraction pattern data in Table I,
each peak at 2θ has different FWHM, hkl, and crystal sizes.
The crystal size can be calculated using the Williamson-Hall
method [24]. From the results of the crystal size calculation
using the Williamson-Hall method, it was found that the strain
factor caused the width of the diffraction peaks to increase, re-
sulting in a decrease in crystal size. The reduction in crystal
size is due to the dopant element Cu entering the TiO2 crys-
tal lattice substitutionally, given the slight difference in ionic
radii between Cu2+ (87 pm) and Ti4+ (74.5 pm). A decrease
in lattice parameters accompanies the entry of Cu2+ ions into
Ti sites due to the high electron affinity of Cu2+, which do-
nates 2e to Ti4+ [25].

Table II shows the results of adding 1% and 5% Cu dop-
ing without changing the crystal structure of TiO2. These re-
sults show that the three samples have an anatase phase with
a tetragonal crystal structure. This is by previous research.

Table III shows the results that the average crystal size at
1% Cu-TiO2, 43.32 nm, is smaller than the average crystal
size of 0% and 5% Cu-TiO2. The smaller crystal size at 1%
Cu doping can be attributed to the substitutional doping effect,
where Cu2+ ions replace Ti4+ ions, causing lattice distortion
and strain, limiting crystal growth and producing finer crys-
tals. At 0% Cu doping, the absence of additional strain allows

TABLE II: Crystal structure data TiO2 anatase phase

Structure 0% Cu-TiO2 0% Cu-TiO2 0% Cu-TiO2

Parameter

Room group I 41/amd I 41/amd I 41/amd
Crystal Structure Tetragonal Tetragonal Tetragonal
Corner = 90 = 90 = 90
Grid
parameter:
a(Å) 3.78432 3.782533 3.784024
b(Å) 3.78432 3.782533 3.784024
c(Å) 9.512178 9.50675 9.510414
Volume (Å3) 136.225 136,018 136,178
Density (gr/cm3) 3.896 13,889 11,635
Rwp (%) 14.94 14.84 12.35
Rp (%) 11.7 11.5 9.59
χ2 1.176 1.039 0.8221
Bond length (Å3) 1,874 1,874 1,874
Bond Angle (◦) 43.2985 43.2985 43.2985

TABLE III: Average crystal of Cu-TiO2 samples with x%
variations

Doping fraction X% Cu-TiO2

0% 1% 5%

Crystal Size
average (nm) 60.28 43.32 53.32
Strains 0.09 0.03 0.08

for more considerable crystal growth. In contrast, at 5% Cu
doping, the excessive number of Cu ions introduces more sig-
nificant lattice strain and defects, which initially reduce the
crystal size but also disrupt the crystal structure. This disrup-
tion can lead to the resumption of crystal growth in certain
regions, resulting in a larger average crystal size compared to
1% doping but still smaller than the undoped sample.

From these results, the average crystal size of 1% Cu-TiO2

(43.32 nm) is smaller than the average crystal size of 0% and
5% Cu-TiO2. A smaller crystal size results in a larger surface
area, which can adsorb more dye [21]. Additionally, the cause
of the low DSSC efficiency of 5% Cu-doped TiO compared
to 1% Cu-doped TiO2 is thought to be due to the large num-
ber of electrons trapped in the doped metal. This hypothesis
is supported by the XRD results, which show increased strain
and defects at higher doping concentrations. These defects
act as recombination centers, trapping electrons and reducing
overall efficiency. Therefore, while Cu doping can enhance
efficiency by improving light absorption and electron trans-
port, there is an optimal doping concentration (1%) beyond
which the introduction of defects outweighs the benefits [19,
23, 24].
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TABLE IV: Table of DSSC Efficiency x% Cu-TiO2

X% Lux VOC ISC Efficiency (× 104 %)
Cu-TiO2 (mV) (µA) Theoretical Experiment

0% 79730 55.6 0.57 126,80 105,90
1% 14120 40.7 5.25 104,44 36,24
5% 31690 192.3 5.34 19,33 13,19

C. Current and Voltage Characterization

Table IV is obtained from the calculations of the equations
derived from previous research. From the results in Table IV,
there are differences in efficiency values between DSSCs with
0%, 1%, and 5% Cu-doped TiO2 photoanodes. The DSSC
with 1% Cu dopant has higher efficiency than the DSSC with-
out Cu dopant. This result aligns with the theory of the effect
of adding dopants, which states that when a semiconductor is
doped with an element having excess electrons, donor energy
levels are introduced, thereby reducing the energy required for
electrons to be excited from the valence band to the conduc-
tion band, also known as the band gap energy [26]. However,
the lower efficiency of the DSSC with 5% Cu-doped TiO2

compared to 1% Cu-doped TiO2 is likely due to the large num-
ber of electrons trapped in the doped metal. The metal dopant
ions act as recombination centers, making electron transfer
to the interface more difficult, thereby significantly reducing
photocatalytic activity [19, 23, 24]. Thus, there is an opti-

mum concentration of metal ion dopants where photocatalytic
activity is not hindered.

IV. CONCLUSION

This study concludes that x% Cu-TiO2 photoelectrode sen-
sitized from Jamaica guava leaf dye (TiO2) has been success-
fully fabricated. The X-ray diffraction characterization results
show that the TiO2 anatase phase compound with a tetrago-
nal crystal structure and average crystal size calculated using
the Williamson-Hall method for 0%, 1%, and 5% Cu doping
fractions are 60.28 nm, 43.32 nm, and 53.32 nm, respectively.
UV-Vis characterization results indicate that Jamaica guava
leaf dye has light absorption at a wavelength between 400-
700 nm with a band gap energy of 1.728 eV. Current-voltage
(I-V) characterization shows that adding Cu dopants to the
photoelectrode can increase the efficiency of DSSC at a spe-
cific concentration, with the highest efficiency achieved being
0.0036% at 1% Cu doping concentration.
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