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Abstract: Ruthenium N719 is a well-known material used as the dye in commercial dye-sensitized
solar cell (DSSC) devices. However, it poses risks to human health and the environment over time. On
the other hand, titanium dioxide (TiO2) has low electron mobility and high recombination losses when
used as a photoanode in this photovoltaic technology device. In addition, using Ruthenium as the
dye material harms the environment and human health. As an alternative sensitizer to compensate
Ruthenium on two different photoanodes (TiO2 and ZnO), we constructed DSSC devices in this study
using three different natural dyes (blueberry, pomegranate, and black grape). In good agreement with
the anthocyanin content in the fruits, black grape, with the highest anthocyanin content (450.3 mg/L)
compared to other fruit dyes (blueberry—386.6 mg/L and pomegranate—450.3 mg/L), resulted in
the highest energy conversion efficiency (3.63%) for the natural dye-based DSSC. Furthermore, this
research proved that the electrical performance of natural dye sensitizer in DSSC applications with a
ZnO photoanode is better than using hazardous Ru N719 dye with a TiO2 photoanode owing to the
advantage of high electron mobility in ZnO.

Keywords: dye-sensitized solar cells; natural dye; zinc oxide; titanium oxide; anthocyanin;
renewable energy; solar cells

1. Introduction

The third generation of solar cell technology, known as the dye-sensitized solar cell
(DSSC) or Gratzel Cell, uses the photovoltaic effect to turn solar energy (photons) into
electricity [1]. Due to its low cost of production, straightforward fabrication method,
and efficiency performance comparable to other photovoltaic technology devices, this
cell has attracted much research since Gratzel and O’Regan first developed it in 1991 [2].
Resembling the photosynthesis process, in DSSC, a dye that serves as the absorber layer
(such as chlorophyll) absorbs photons and excites the electrons in the valence band to the
conduction band. The electrons are then transferred from the conduction band to the outer
circuit via metal oxide material, and a redox process completes the circuit at the counter
electrode [3].

DSSC is a sandwich cell, as shown in Figure 1, that consists of ITO-coated glass
as the electrodes and mechanical support [4], a wide bandgap mesoporous oxide layer
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photoanode [5] that serves to anchor the molecules of the dye sensitizer and acts as an
electron transport medium, a dye which responsible for absorption of solar radiation for
electron generation [6], and an electrolyte based on iodide/triiodide redox system between
photosensitized photoanode and transparent conducting counter electrode [7]. Technically,
the DSSC’s working principle can be simplified into the following [5];
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Figure 1. An electrical and chemical reaction in a DSSC structure during photon absorption.

A dye molecule (S) is struck by photon energy (hv), which causes it to enter the excited
state (S*).

S + hv→ S∗ (1)

When an electron escapes from a dye molecule and enters a photoanode nanostructure,
the molecule develops a hole (S+).

S∗ → S+ + e− (2)

The redox system regenerates the dye molecule.

S+ +
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I−3 (3)

Electrons passing through the load regenerate the redox couple at the counter electrode.

I−3 + 2e− → 3I− (4)

The process will repeat in the presence of sunlight.
The commercialized DSSC utilizes TiO2 and metal complex N719, Ruthenium (Ru),

as the photoanode and dye sensitizer. Due to their advantageous photoelectrochemical
characteristics and great stability in the oxidized state, ruthenium complexes have attracted
particular interest as photosensitizers in DSSC applications [8]. Modern DSSCs with
ruthenium (II)- polypyridyl complexes (N719) as the active materials currently have total
power conversion efficiencies of about 11% under AM1.5G light conditions [9]. Besides
the extensive range of absorption from the visible to the near-infrared (NIR) spectrum,
careful study of the HOMO and LUMO energy levels can be used to adjust the ruthenium
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polypyridyl complexes’ absorption spectra, which may increase the performance of the
cell [10].

Unfortunately, besides the advantages listed above, the DSSC structure developed
using TiO2 and Ru N719 have drawbacks that impact the device’s performance and are
carcinogenic. TiO2 has low electron mobility (0.1–4 cm2V−1s−1) [11], which causes the
DSSC to have a high recombination rate [12]. This limitation of TiO2 reduces the number of
carriers transported to the front contact and disturbs the overall cell efficiency performance.
The red line in Figure 1 shows the electron recombination process phenomena, which results
in a loss in energy conversion efficiency; it occurs when the electrons in the TiO2 structure
recombine with the oxidized dye molecules and electrolyte rather than being transported
to the anode and cathode terminals. In addition, because the TiO2 phase is metastable
and can change into either brookite, anatase, or rutile under specific conditions such as
temperature, the nanostructure of TiO2 is also restricted to being synthesized [13]. Ru, on
the other hand, is a high-cost material [14], rare [15], and complex to be synthesized [16].
Worryingly, Ru sensitizer material has been reported as toxic and carcinogenic, harming
human health [17]. It has been reported that the basic requirements for a good sensitizer
are (a) a strong dye attached to a semiconductor material, (b) a broad absorption spectrum,
and (c) being able to inject the electron into semiconductor materials [18].

In this work, we explored the possibility of using ZnO, which has higher electron
mobility compared to TiO2, as the photoanode for the test cells using three different organic
dyes: Cyanococcus (Blueberry), Punica granatum L. (Pomegranate), and Vitis vinifera (Black
Grape). Organic dyes were synthesized using chemical mixing, and the doctor blade
technique was used to layer the photoanode material on the front contact of the respective
devices. The properties of the photoanodes (morphology and phase) and the electrical
performance of the DSSC devices with various photoanode materials and dyes used were
reviewed, measured, and studied. Our previous study on natural pigments shows that
photosensitizer dyes [19] such as chlorophyll, anthocyanin, and betalain extracted from
various plants’ leaves, flowers, and fruits have proved their efficacy as a good dye selection
for organic-based DSSCs.

2. Materials and Methods
2.1. Preparation of TiO2 and ZnO Photoanode

Two transparent conductive oxide (TCO) coated glasses were cleaned as in [20]. Fol-
lowing this, 1 g of 99% anatase TiO2 powder and 1.5 mL of acetic acid solution (0.1 M) were
combined in a pestle and mortar to create the TiO2 solution. A solution of 0.1 M acetic
acid was prepared beforehand by mixing 10 mL of deionized water with 58 µL of 99.99%
acetic acid. A white soupy solution was then obtained by stirring the acetic acid solution
and photoanode powder together. In the other pestle and mortar, 1 g of ZnO powder
(98%) with 6 mL of ethanolic solution (0.01 M) and 0.5 mL of nitric acid solution (0.1 M)
were mixed, creating a ZnO photoanode soupy solution. Ethanolic 0.01 M solutions were
prepared beforehand by mixing absolute ethanol with DI water in a ratio of 7:3 to prevent
photoanode paste from drying before applying it to the ITO-coated glass. Meanwhile, the
0.1 M nitric acid solution comprised 137 µL of 65% nitric acid base and 20 mL of DI water.

TiO2 and ZnO photoanodes were prepared using the doctor blade technique with
a 1.0 × 1.5 cm2 active area on the conductive side of the ITO-coated glass, as shown in
Figure 2. The deposited photoanode material was then annealed for 1 h at 450 ◦C in the
ambient condition furnace.
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Figure 2. Photoanode semiconductor material deposition using the doctor blade method.

2.2. Preparation of Dye Sensitizers & Dye Coating Process

Due to the different environments and facilities of the laboratory where the DSSCs
were fabricated, the efficiency of conventional DSSCs obtained in this study may differ
from the literature. In order to determine the effect of photoanode and dye variations
on the theoretical support hypothesis, a baseline cell of TiO2 with Ruthenium (Ru N719)
dyes was constructed prior to the implementation of any improvements for comparison
and justification. Ru N719 dye was prepared as [20] for the baseline sample. Natural dye
extracts from blueberry, black grape, and pomegranate were then prepared by crushing
50 g of selected fruits using a mortar. The extracts were filtered and diluted in 20 mL of
ethanol and the solutions in Figure 3 were obtained. According to previous research [21],
the presence of ethanol in the dye solution can stabilize the acidity of the fruit dyes to
prevent the photoanode from dissolving, which could reduce the DSSC’s ability to convert
sunlight into energy.
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As shown in Figure 4, the prepared photoanodes were immersed in the dye solution
for two hours in a sealed petri dish.
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Figure 4. Photoanode dye coating process in dark ambient.

The longer time taken for this step may cause peel-off at the photoanode layer due to
the acidity factor in the dyes. The samples were placed in a dark, enclosed area in a sealed
petri dish covered in aluminum foil. Figure 5 shows the working electrode (photoanode)
before and after the dye soaking process.
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Figure 5. The working electrode (a) before the dye soaking process and (b) after 2 h of the dye
coating process.

2.3. Preparation of Counter Electrode

On the ITO-coated glass, two holes with diameters of 1 mm and 0.5 mm were drilled.
The 1-mm-size hole was created as the route for the electrolyte injection because the final
DSSC will be sealed at the edge to prevent air from reducing the efficiency of the cell.
The 0.5-mm hole served as a passageway for the trapped air in the DSSC structure to exit
so that the electrolyte solution could fill the space between the two electrodes. With the
candle soot 1.0 × 1.5 cm2 active area, the carbon layer was deposited on the ITO-coated
glass’s conductive side. Finally, the excess carbon layer was rubbed using a cotton bud.
Figure 6 shows the counter electrode’s final product.
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2.4. Dye-Sensitized Solar Cells (DSSC) Assembly

DSSC was constructed by sandwiching a photoanode that was soaked on the dye with
the counter electrode sealed with parafilm at the side (heated at 80 ◦C for 30 s with 500 g
force applied on it to ensure that the DSSC was completely sealed). A potassium iodide
(KI) solution that acts as an electrolyte was dropped into the sample through the hole at
the counter electrode. The hole was then sealed by using scotch tape. The sample was
then cooled at room temperature. This step is very important to prevent the electrolyte
from leaking.

The electrical properties and energy conversion efficiency of the constructed DSSC
were examined using a solar simulator (Keithley SMU 2450, Keithley, Tektronix, Beaverton,
OR, USA). The DSSC was subjected to 1000 W/m2 of light produced by a xenon lamp
power supply (XPS-1600, Solar Light Inc., Glenside, PA, USA), simulating actual solar
energy during the electrical testing. The current density–voltage (J–V) characteristics can
be used to determine energy conversion efficiency. The efficiency of a solar cell is calculated
from Equation (5) [22], where Pin is the input power from the sun at AM1.5G with a value
of 1000 W/m2. This mathematical relation shows that Jsc, Voc, and FF are the three most
important indicators that affect the output performance of a photovoltaic cell.

η =
Jsc ×Voc × FF

Pin
=

Jsc ×Voc × FF
Imax ×Vmax

(5)

where
η = efficiency
Jsc = short circuit current
Voc = open circuit voltage
FF = fill factor
Pin = input power
Imax = maximum current
Vmax = maximum voltage
The factors affecting the energy conversion efficiency of the DSSC were examined

through the crystallite size and structure of the photoanode, which were seen using an X-ray
diffraction instrument (D2 Phaser, Bruker Ltd., Billerica, MA, USA). A scanning electron
microscope (SEM, JOEL JSM-6010LV, JOEL Ltd., Tokyo, Japan) was also used to examine
the surface morphology of each synthesized photoanode. ImageJ was used to determine
the average particle size. The ability of the natural fruit dyes from blueberry, pomegranate,
and black grape to absorb light was investigated using UV-visible spectroscopy (Lambda
950, Perkin Elmer, Inc., Waltham, MA, USA).

3. Results and Discussions

Based on the electrical performance testing for the laboratory baseline cell, the TiO2-
based photoanode with inorganic Ru N719 dye recorded 1.31% compared to 2.22% for the
ZnO-based photoanode DSSC with the same dye, as stated in Table 1. Compared to our
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previous research in [20], 2 h of soaking time for the photoanode in the Ru N719 dye in
this work has improved the electrical performance of both the TiO2 and ZnO photoanode.
TiO2-based photoanode DSSC portrayed better Jsc and a slightly higher fill factor than ZnO-
based DSSC. However, in contrast, the ZnO photoanode shows a significant increment in
Voc, leading to better efficiency.

Table 1. Electrical performance for the TiO2 and ZnO Baseline Cell with Ru N719 dye.

Dye Photoanode Jsc (mA/cm2) Voc (V) Fill Factor (FF) η (%)

Ru N719
TiO2 7.47 0.36 0.59 1.31
ZnO 5.18 0.79 0.54 2.22

The average crystallite size for TiO2 and ZnO calculated using the Scherrer equation
based on XRD evaluation were 18.76 nm and 19.30 nm, respectively. These findings
validated that the ZnO photoanode measured energy conversion efficiency, which was
69.5% better than the TiO2 photoanode containing Ru N719 dye.

The ZnO photoanode’s magnificent improvement can be attributed to the morpho-
logical features in the photoanode layer, according to the results of the XRD analysis and
SEM surface morphology identification in our earlier work. The ZnO photoanode layer’s
rectangular nanostructures, as seen in Figure 7, have a lot of surface area for the dye to
adhere to, enabling the DSSC to absorb more energy [23].
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Furthermore, the larger ZnO photoanode structure, which consists of rectangular-
shaped nanostructures, eventually creates a light-scattering layer and aids in enhancing the
DSSC’s capacity to harvest energy by reflecting light that passes through the photoanode
layer so that the dye molecules can reabsorb it, as demonstrated by the analogy in Figure 8.
This finding is well-concordant with earlier research [24].

The higher energy conversion efficiency of the ZnO photoanode is also supported by the
material’s chemical characteristics, which include high electron mobility (200 cm2V−1s−1) and
large free excitation binding energy (60 meV) [25]. Thus, it was proved that ZnO has a higher
energy conversion efficiency for a semiconductor photoanode than a TiO2 photoanode.
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The electrical performance of DSSCs using various natural fruit dyes containing
anthocyanin pigments is summarized in Table 2. The highest energy conversion efficiency
for natural dye-based DSSC is found in the ZnO photoanode-based device with black grape
dye (3.63%). We can observe that for all organic dyes, most ZnO-based DSSC was reported
to give higher Voc than TiO2-based DSSC. These findings are consistent with the hypothesis
that materials with higher bandgap values have higher Voc values, as in Equation (6) [26],
which may be associated with slower recombination and better electron collection. This
argument is backed by the characteristics of ZnO material, which is known to have better
electron mobility than TiO2 material, which further enhances electron transport and makes
charge carrier separation easier. Different organic dyes used do not seem to affect Voc
significantly, but different photoanodes do.

qVOC =

(
1− T

Tsun

)
− kT

[
ln
(

Ωemit
Ωsun

)
+ ln

(
4n2

I

)
− ln(QE)

]
(6)

Table 2. Electrical performance of the constructed DSSC using various photoanodes and dye types.

Dye Photoanode Jsc (mA/cm2) Voc (V) FF η (%)

Blueberry TiO2 0.82 1.18 0.40 0.39
ZnO 7.12 0.79 0.50 2.81

Pomegranate TiO2 5.86 0.35 0.45 0.93
ZnO 7.12 0.71 0.60 3.03

Black grape TiO2 6.69 0.52 0.30 1.05
ZnO 9.72 0.73 0.51 3.63

In order to study the separation efficiency of photogenerated electrons and holes, a
room temperature photoluminescence (PL) spectroscopy evaluation of the photoanodes
(and dyes) is needed, which was not covered in this work. However, it is reported that the
decrease in PL intensity indicates efficient electron-hole separation and long-lived carriers,
which may effectively reduce the recombination of electrons and holes.

The highlight of this study is the utilization of ZnO-based photoanode soaked with
different organic dye materials to see the effect and impact of the interaction between the an-
thocyanin level of the dyes (compared to the commercial Ru N719 dye) with ZnO semicon-
ductor material photoanode to the performance of DSSC. The unique, organic dye materials
selected were specifically from blueberry, pomegranate, and black grape, which—reflecting
different anthocyanin levels (with different carboxylic group content)—produced a direct
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proportional relationship between the anthocyanin content level and the electrical perfor-
mance of the DSSC. With regards to our previous review on the natural pigment absorber
material for photon absorption and efficient electrical conversion in [19], it can be seen
that the results obtained from this study are better, as Jsc = 9.72 mA/cm−2, Voc = 0.73 V,
FF = 0.51, and efficiency = 3.63%. This result is not solely contributed by the absorber
material used; the photoanode semiconductor material used as the electron transporter
also significantly contributes to this result.

Figure 9 shows the trends in the short circuit current density-open circuit voltage (Jsc-Voc)
characteristics for each tested sample. Overall, it can be concluded that all ZnO-based
photoanode cells are performing better than TiO2-based cells regardless of organic dyes
tested with more convincing J–V curve shape patterns. These results support ZnO’s role
as a photoanode with higher electron mobility properties as a better solution for electron
transport to the front contact of the device than TiO2. The shorter time for the electron
to be transported to the electrode minimizes the recombination process, thus enhancing
efficiency. Black grape recorded the highest efficiency with the best Jsc among all cells
tested compared to the other natural dyes used. As the dye is important to function as
the photon absorber and electron generator for the DSSC cell, black grape proves that a
high anthocyanin content in a material is very important for the role. The advantage of
using ZnO as a photoanode compared to TiO2 in terms of output performance also has
been proved in our previous research [20] utilizing Ru N719 dye as the sensitizer.
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According to the trend in Figure 9, even though all DSSCs tested show a valid J–V
curve for a practical photovoltaic (PV) device compared to the best DSSC cell reported
by NREL, it has a lower fill factor, which can be seen at the area under the graph. The
efficiency loss is partly due to the increased series resistance [27]. Series resistance can be
caused by the unideal series connection of the electrodes, interfacial resistance between
electrode and TCO, and electrolyte [28]. Series resistance also can be obtained from the
following formula [29];

Rs = RTCO + RCT + Rdi f f
(

I−3
)

(7)
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where;
RTCO = substrate resistance
Rdi f f

(
I−3

)
= diffusion impedance of I−3 ions in the electrolyte

RCT = charge transfer resistance
Further work is needed to understand the detailed causes of loss due to series re-

sistance to improve future device stability. A good solar cell must have near-zero series
resistance and extremely high shunt resistance [30]. The absorption spectra of the dye
extracts made from blueberry, black grape, and pomegranate are represented in Figure 10.
The maximum absorption peaks (max) for blueberry, pomegranate, and black grape were
seen at 568 nm, 539 nm, and 537 nm, respectively, corresponding to the anthocyanin pig-
ments, which also matched the other study [31]. All anthocyanin dyes absorbed photons in
UV (~350 nm) and visible light wavelengths.
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Figure 10. The absorption spectrum of anthocyanin fruit dyes.

The observed absorption peaks are congruent with the anthocyanin content. Black
grape dye, having the highest anthocyanin content (450.3 mg/L) [32], shows high ab-
sorption and an intense peak compared to pomegranate (409.4 mg/L) [33] and blueberry
dye (386.6 mg/L) [34]. Clearly, the trend of the TiO2 blueberry curve differs from that
of the other curves in Figures 9 and 10. This is because the blueberry dye contains less
anthocyanin than other organic dyes, which produces fewer electrons during the photon-
to-electrical conversion when the cell is illuminated by sunlight. Therefore, based on the
pattern curve, this cell has very high series resistance and very low shunt resistance. This
research showed how fruit dyes contribute to a better DSSC’s energy conversion efficiency
due to anthocyanin contents in the dye. The anthocyanin dye pigments are attached to
semiconductor photoanode structures thanks to the presence of carbonyl and hydroxyl
(COOH) group chains that serve as anchorage agents. The number of dye pigments at-
tached to the semiconductor structure will determine how much sunlight can be absorbed
by the DSSC.

The energy bandgap of the three anthocyanin fruit dyes was calculated by using
equation E = hc/λ; where h = Planck’s constant (h = 6.63 × 10−34), c = speed of light
(c = 3 × 108 ms−1), and λmax = wavelength of the maximum peak of UV–visible absorption
spectrum [35]. Table 3 summarizes the energy bandgap of the anthocyanin fruit dyes:
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blueberry (2.18 eV), pomegranate (2.30 eV), and black grape (2.32 eV). It can be observed
that λmax is inversely proportional to the energy bandgap of the anthocyanin dye. This
is because a lower Eg material encounters a thermalization issue where the excess energy
absorbed may turn into heat, leading to efficiency loss [36]. This justification supports our
observation that the electrical performance of black grape dye with Eg 2.32 eV gives an
energy conversion efficiency of 3.63% higher than blueberry and pomegranate dye.

Table 3. Energy bandgap values of blueberry, pomegranate, and black grape dye.

Dye λmax (nm) The Energy Band Gap (eV)

Blueberry 568 2.18
Pomegranate 539 2.30
Black grape 537 2.32

4. Conclusions

In this work, the performance of DSSC with organic and inorganic dyes has been
examined in relation to the use of ZnO and TiO2 as photoanodes. The ZnO photoanode
has shown excellent performance due to having a bigger average crystallite and particle
size in a rectangular shape compared to TiO2 material, which helps to provide the light
scattering layer and improves the light-harvesting ability of the DSSC. In addition, ZnO,
with the advantage of high electron mobility (200 cm2V−1s−1) and large free excitation
binding energy (60 meV), reduces the recombination loss in the cell. Based on three organic
dyes selected for this research, black grapefruit (anthocyanin content 450.3 mg/L) obtained
the highest efficiency compared to blueberry and pomegranate. Furthermore, this work
proved that power conversion efficiency is directly proportional to the anthocyanin content
level in dye material for organic dyes.

5. Patents

The following code, PI2021004374, which corresponds to Malaysia, the country of
origin of the invention, has been registered for patents resulting from the work described
in this manuscript.
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