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BRIEF. This study used natural dyes, titanium dioxide, and a carbon catalyst to optimize the performance of dye-sensitized solar cells.

ABSTRACT. Dye-sensitized solar cells are a promising new ap-
proach toward sustainable energy production, converting solar en-
ergy into electricity through an electrochemistry phenomenon.
They show potential as a cost-effective and environmentally
friendly alternative to conventional silicon-based photovoltaic
cells, as they can be produced from inexpensive, non-toxic mate-
rials like titanium dioxide and natural dyes. However, a major
challenge limiting their widespread use is their low efficiency, par-
ticularly when produced from natural dyes, as compared to tradi-
tional solar cells. The objective of this investigation was to opti-
mize each parameter during fabrication to enhance the power out-
put and efficiency of dye-sensitized solar cells. Titanium dioxide
nanoparticles were mixed with acid, annealed onto indium tin ox-
ide glass, and bonded with anthocyanin molecules from fruit dyes.
The highest recorded average efficiency was 0.0493%, achieved
using blackberry dye, 0.1 M hydrochloric acid, and a halogen lamp
at 40 V. The highest average power density was 2663 nW/cm?,
achieved by the same cells under the halogen lamp at 110 V. These
results highlight blackberry as a promising natural dye for increas-
ing efficiency, suggesting the need for further research into antho-
cyanin types in dye-sensitized solar cells. Additionally, 0.1 M hy-
drochloric acid was identified as the optimal treatment for titanium
dioxide, aligning with existing literature findings. The variations
in lighting conditions that produced the highest power density and
highest efficiency in cells suggest the presence of a rate-limiting
factor, such as electron diffusion through the titanium dioxide
layer.

INTRODUCTION.

The dye-sensitized solar cell (DSSC) is a thin-film solar cell that com-
bines solar power with an electrochemistry phenomenon to produce
electricity [1]. There is increasing interest in solar energy as an envi-
ronmentally friendly source of renewable energy [1, 2], but large-scale
use of standard silicon-based photovoltaic cells is limited, due to their
high cost of creation and maintenance [1]. Dye-sensitized solar cells
are a promising alternative, with a low-cost fabrication process and
materials [2]. Previous research includes investigations into redox me-
diators and device structures, development of synthetic sensitizers,
and acid pre-absorption onto the titanium dioxide film, to increase
DSSC efficiency [3]. The goal of this research was to use natural dyes
(from fruits such as blackberries, pomegranates, raspberries, and blue-
berries), a non-precious metal oxide, and a carbon catalyst to optimize
the performance of DSSCs.

A DSSC is composed of a working electrode (WE), an electrolyte act-
ing as redox mediator, and a counter electrode (CE) [4]. The WE is
composed of a conductive glass slide coated in a thin film of titanium
(V) dioxide (TiO2) and a dye sensitizer. The CE is composed of an-
other conductive glass slide coated with an electrocatalyst, such as
platinum or carbon [5]. The CE functions as an inert electrode, provid-
ing a solid substrate for catalyzing the electrolyte electron transfer.

Working Principles. Figure 1 depicts the working mechanisms of the
DSSC connected to a circuit. The DSSC uses an iodine solution con-
taining iodide and triiodide ions (I-and I3°) as redox mediator. As light
reaches the WE, the dye molecules absorb the photons and become
excited. Electrons of the dye become promoted from the ground state
to the excited state. They are transferred into the conduction band of
the nanoporous TiOz through electron injection [5]. TiO2’s conduction
band lies below the excited state of the dye in energy [6]. TiO2 has a
wide band gap of 3.2 eV [1] and is represented in grey in Figure 1,
with anthocyanin molecules attached. The electrons diffuse through
the TiOz nanoparticles. When they reach the conductive oxide glass,
they join the circuit and perform work on a load. At the same time, the
regeneration of the ground state of the dye occurs when the oxidized
dye receives an electron from the iodide ion, which is in turn oxidized
to triiodide [5]. The electrons flowing through the circuit arrive at the
CE. The triiodide ion receives these electrons and is reduced back to
iodide in a reaction catalyzed by the electrocatalyst.
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Figure 1. Diagram of a dye-sensitized solar cell, depicting the working prin-
ciples and the flow of electrons. E=hv is the energy of the photon absorbed.

Equations (1) — (4) are the chemical equations for the reactions in the
DSSC that allow it to convert light energy into electrical energy [5, 6].
The dye molecules (denoted as S) act as photosensitizers. The electri-
cally excited dye is represented by S*, and by S* after its oxidization.
Iand I3 represent the iodide and triiodide ions respectively.
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Parameters. Parameters that may impact the efficiency of the DSSC
include anthocyanins in the juice, morphology and acid treatment of
the TiOz, and lighting.

Titanium Dioxide. The TiO2z nanoparticles used in DSSCs are meso-
porous. It is hypothesized that reducing the particle size of TiO2 could
enhance the cell's overall efficiency. Because numerous anthocyanin
dye molecules are bonded to each nanopatrticle, increasing the surface
area-to-volume ratio of TiO2, which is achieved by decreasing particle
size, would allow for more dye molecules to bond to the surface [7].
An increase in the surface area of TiO2 also results in an increased area
for incident photons, and therefore an increase in the incident photon
to current efficiency (IPCE).

Anthocyanins & Light. First, due to its wide band gap, TiO2 absorbs
very little visible light [2], resulting in the need for dyes for light ab-
sorption. Anthocyanin dyes chelate with TiO2 and facilitate the trans-
fer of injected electrons to its conduction band, allowing the cell to
function under visible light [1, 2]. Anthocyanin molecules require car-
bonyl (=O) or hydroxyl (-OH) groups that can coordinate the bond
with Ti*. Examples include cyanidin (Figure S1) and delphinidin.
Fruits rich in these anthocyanins, including pomegranate, blackberry,
blueberry, cranberry, and raspberry, can be successfully used in
DSSCs.

Second, it is hypothesized that increasing light intensity will improve
cell performance. Light intensity can be increased by increasing the
voltage of the variable transformer controlling the halogen lamp. As
the voltage increases, both the output power density and efficiency are
expected to rise, as more photons can be absorbed and excite electrons.

Acid Treatment. Acid type and concentration may affect structural
characteristics of the sintered TiOz, such as porosity and particle size
[8]. An increase in porosity will increase the IPCE, so different acid
types and concentrations should be tested to optimize acid treatment
and maximize DSSCs’ efficiency.

MATERIALS AND METHODS.

Cell Construction. Indium Tin Oxide (ITO) coated conductive glass
of 5 Q/sq, >77% transmittance, dimensions 2.5 x 2.5 cm was used for
the cells. TiO2 was mixed with acid ina 1 g to 2 mL ratio with a mortar
and pestle for 15 minutes, then doctor-bladed onto the glass with 1 mil
polyimide tape, for an active area of 1.5 x 1.5 cm. The coated glass
slide was annealed at 400 °C for 10 minutes, then dyed in fruit juice
for one hour to produce the WE. The CE was prepared by coating an-
other glass slide with carbon (soot). The final cell was assembled using
binder clips, and two drops of 0.05 M 12 and 0.5 M KI in propylene
glycol were added as redox electrolyte. The lighting setup consisted of
a halogen lamp connected to a variable transformer, illuminating a
wooden light box covered in aluminum tape, with the cell placed at
the center. A neutral-density (ND) filter was used for some trials. The
DSSC was connected to the circuit via alligator clips with aluminum
contacts.

Voltage and Current Measurement. Due to the small magnitude of the
current, it could not be measured with a handheld multimeter. Instead,
a custom circuit was created to amplify and digitize the voltage and
current signal. The schematic is shown in Figure S2. A 10 MQ poten-
tiometer was used as an adjustable load to probe the entire current-
voltage profile of the DSSC.

Autoclaving Titanium Dioxide. A modified procedure for reducing
TiO2 particle size by Panda et al. was used to maximize DSSC effi-
ciency [9]. Three grams of TiO2 powder were mixed with 10 M NaOH
(aqg) and treated in a hydrothermal autoclave placed in an oven at 150
°C for 24 hours, then washed with 0.1 M HCI (aq) to neutralize [9].
The mixture was then dried on a hotplate for one hour. The resulting
TiO2 chunks were grounded with a pestle and mortar for 30 minutes.

The HPC330X spectrometer by HOPOOCOLOUR was used to obtain
spectra of the various lighting used.

RESULTS.

Experimental Graphs. Spectral density-wavelength graphs of various
lighting sources used for DSSCs are presented in Figure S3. These
lighting sources provided the input power for the DSSCs. Figure S3A
shows the graphs created by the halogen lamp at different voltages or
with an ND-filter, compared to the spectral-density wavelength graph
of daylight at mid-day. Figure S3B shows the graphs created by the
green and red lasers, whose spectral densities were significantly higher
than those from the halogen lamp. The areas under these spectral den-
sity-wavelength graphs were used to determine input power density
for efficiency calculations.

Current density-voltage curves (I-V curves) for each DSSC were ob-
tained, with two identical cells created for each set of parameters, la-
belled as S1 and S2 in the figures. The control parameters included
blackberry juice, regular TiO2, 0.1 M HCI (aq), and the halogen lamp
at 110 V. Each parameter was varied independently, with the other
parameters kept at control.

Autoclaved TiO2. The I-V curves of cells fabricated with hydrother-
mally autoclaved TiO2 were compared to cells made with regular TiO2
in Figure S4. The average power densities and percentage efficiencies
are presented in Table 1. Cells containing autoclaved TiO2 exhibited
significantly lower efficiencies than those with normal TiOz.

Table 1. Average power density produced and average efficiency of DSSCs
created from normal TiO, compared to those created from hydrothermally
autoclaved TiO,.

Average Power Density
(nW/cm?)

Normal TiO, 2663 0.008184

Autoclaved TiO,|977.7 0.003005

2Calculated from the average power density of the cell (output) divided by the
power density of the lighting (input), multiplied by 100%.

Average % Efficiency?

Acid Treatment. Figure S5 shows the 1-V curves of cells fabricated
with hydrochloric and acetic acid, at 0.1 M and 1.0 M concentrations.
Table 2 provides their power density and efficiency. Cells made with
0.1 M HCI (aq) achieved the highest efficiency and power density,
followed by those made with 1.0 M acetic acid, 0.1 M acetic acid, and
1.0 M HCI.

Table 2. Average power density and percent efficiency of cells with TiO,
treated with 0.1 M or 1.0 M hydrochloric or acetic acid.

Acid type and con- Average Power Density Average % Ef-
centration (nW/cm?) ficiency

0.1 M HCI 2663 0.008184

1.0 M HCI 108.8 0.0003340

0.1 M Acetic Acid 208.2 0.0006400

1.0 M Acetic Acid 1274 0.003915

Fruit Dye. Figure S6 presents the I-V curves of cells created from four
different fruit juices as dye sensitizers. Table 3 lists their average
power densities and efficiencies. Cells dyed with blackberry exhibited
the highest efficiency, followed by pomegranate. Raspberry and blue-
berry cells demonstrated similarly low efficiencies.

Table 3. Average power density and percent efficiency of DSSCs made
with blackberry, pomegranate, blueberry, or raspberry fruit dyes.

Fruit Dye Average Power Density Average % Effi-
(nW/cm?) ciency
Blackberry 2663 0.008184
Pomegranate | 2375 0.007300
Blueberry 749.5 0.002304
Raspberry 757.0 0.002327




Lighting Intensity. Figure S7 depicts the I-V curves of cells under the
halogen lamp at various voltages from the variable transformer. Table
4 depicts the average power density and efficiency for each lighting
intensity. The highest average power density was observed at 110 V,
followed by 70 V and 40 V. The average percent efficiency exhibited
an inverse relationship with voltage; 40 V resulted in the highest effi-
ciency, followed by 70 V, while 110 V exhibited the lowest efficiency.

Table 4. Average power density and percent efficiency of DSSCs under the
halogen lamp at various voltages.

Halogen Lamp Volt- | Average Power Density | Average %
age (nW/cm?) Efficiency
110V 2663 0.008184

0V 1854 0.02353

40V 465.0 0.04934

Lighting Types. I-V curves of DSSCs under different types of lighting
including lasers and an ND filter are shown in Figure S8. Their corre-
sponding average power density and percent efficiency are shown in
Table 5. For cells with the ND filter, they were positioned under the
filter, within the halogen lamp box at 110 V. The cells illuminated with
lasers had the laser directly aimed at them. The highest power density
and efficiency were produced by cells under the halogen lamp at 110
V without the filter, followed by cells under the ND filter at maximum
transmittance. The next highest average power density was produced
by the green laser’s cell, followed by those of the red laser and the ND
filter at minimum transmittance. Cells under the filter at minimum
transmittance demonstrated the third highest efficiency, followed by
the red and green laser-illuminated cells.

Table 5. Average power density and percent efficiency of DSSCs under
various types of lighting.

Lighting Type Average Power Den- Average
sity (nW/cm?) % Effi-
ciency
Green laser® 1338 0.001380
Red laser 353.3 0.001487
Maximum transmittance 110 V | 1396 0.003825
Minimum transmittance 110 V| 45.50 0.001658
No ND filter 110 V 2663 0.008184

2 Green laser was the lighting source for only one cell, so the values in the
average power density and average efficiency column are S1’s power den-
sity produced and its efficiency.

DISCUSSION.

Effect of Autoclaving TiO2. The DSSCs created from TiO2 powder that
underwent the autoclaving procedure showed significantly poorer per-
formance compared to those made from untreated TiO2. However, this
does not disprove the hypothesis that reducing TiO2 particle size to
increase surface area could improve cell efficiency. After autoclaving,
the TiO2 particles appeared larger and less powdery than the normal
particles, and after acid treatment, the TiO2 film appeared significantly
grainier. These observations suggest that the TiO2 participles may
have clumped together, reducing their surface area, and resulting in
lower power and efficiency for the autoclaved TiO: cells than the non-
autoclaved ones. For future experiments, it is recommended that the
TiO2 be dried at 80°C for a full 24 hours and heated at 500°C to follow
the full procedure in [9]. Further research to decrease TiO2 particle
size and measure effects on efficiency merit exploration.

Acid Treatment Optimization. DSSCs treated with 0.1 M hydrochloric
acid significantly exceeded those treated with acetic acid and other
concentrations in efficiency. This aligns with literature findings,
where Hao et al., also reported that hydrochloric acid produced higher
efficiency cells than sulphuric, nitric, or phosphoric acid [8]. Hao et
al. found 0.1 M to be the optimal concentration for hydrochloric acid
and suggested HCI to be superior to other acids due to its properties as
a strong and non-oxidizing acid. Unlike nitric acid, a strong oxidizing

acid, HCI does not destroy the surface structure of TiOz, or introduce
impurities to it [8]. Additionally, cells treated with 1.0 M HCI demon-
strated lower efficiency than those treated with 0.1 M, likely due to
increased aggregation of TiO2 particles and larger particle sizes when
the concentration of HCl is increased beyond 0.1 M, resulting in a de-
cline in the absorption of dye molecules [8].

Although sulphuric and phosphoric acid are both non-oxidizing, the
sulfate (SO4%) and phosphate (PO4*) ions can bond with the oxygen
ion (O") at the surface of TiOz, blocking the absorption of dye mole-
cules [8]. This is due to the bond between the oxygen ion and the sul-
phate or phosphate ion being stronger than the bond between the oxy-
gen ion and the carboxyl (-COOH) [8]. However, this issue is less
likely to be present with acetic acid (CHsCOOH (aq)), which also con-
tains the carboxyl group. Acetic acid also cannot be easily oxidized,
but is a weak acid, unlike HCI (aqg) and H2SO4 (aq). Therefore, recom-
mendations for future research include further comparisons of acetic
acid with various other acids to optimize DSSC efficiency. Bang et al.
investigated volumes of acetic acid (1-30 mL) for DSSCs and found
that generally higher volumes resulted in slightly improved efficien-
cies [10]. This is consistent with the results of this research, as 1.0 M
acetic acid yielded significantly better performance than 0.1 M. It is
suggested that this may be because an increase in acetic acid in the
TiO2 paste increases the porosity of the layers of TiOz, resulting in
greater surface area for dye absorption [10].

Fruit Dye Optimization. This research’s results on efficiency align
with findings from literature. Ghann et al. reported that cells dyed with
pomegranate achieved the highest efficiency cell at 2.0%, followed by
blackberry at 1.4%, cranberry at 1.2%, and blueberry at 0.2% [2]. Con-
sistent with their findings, this study found that blueberry yielded the
lowest efficiency. Furthermore, blackberry and pomegranate were
found to be the two most effective fruits for optimizing efficiency, alt-
hough the precise ranking differed. While Ghann et al. noted that pom-
egranate dye maximized efficiency, followed by blackberry, results
from this study indicated that blackberry outperformed pomegranate.
This slight discrepancy may stem from differences in the specific va-
rieties of pomegranates used. Pomegranates vary considerably in their
juice colour, and the pomegranate juice used for DSSCs in this re-
search appeared to be on the lighter end of the spectrum. This obser-
vation suggests a potentially lower quantity of anthocyanins, contrib-
uting to a lower efficiency. In contrast, the pomegranates used by
Ghann et al. may be darker in colour and contain higher amounts or
different types of anthocyanins, with greater capacities for light ab-
sorption or bonding with TiOz, thereby resulting in higher efficiencies
that surpassed those achieved with blackberry.

For future DSSC production, it is recommended that anthocyanins be
extracted from the fruits and separated by type to investigate the ef-
fectiveness of each type of anthocyanin. This approach would also by-
pass issues related to variations in anthocyanin concentrations and
types within the same fruit variety.

Lighting Sources. First, the results confirm the prediction that increas-
ing lighting intensity enhances the power output of DSSCs. Cells ex-
posed to higher voltages of the halogen lamp (40 V, 70 V, and 110 V
in increasing order of power density) produced greater power, as ex-
pected, due to the increased photon flux hitting the active area. How-
ever, the cells’ efficiency followed the reverse trend, with the highest
light intensity (110 V) resulting in the lowest efficiency. This discrep-
ancy occurred because efficiency accounts for input power, which in-
creases as light intensity increases. Although higher voltage lighting
produces greater power density, there is a trade-off such that the sub-
stantial increase in input power reduces overall efficiency. These re-
sults suggest the presence of one or more rate-limiting components in
the cells, such as the redox reaction, or electron diffusion through the
TiO2 layer.



Second, cells exposed to the green laser lighting generated signifi-
cantly more power than those under the red laser, seeming to indicate
better absorption of green wavelengths than red for DSSCs. However,
cells under the red laser exhibited slightly higher efficiency than those
under the green laser. This discrepancy is due to the green laser’s much
higher intensity, as seen in the spectral density graph (Figure S3B),
which results in a much greater input power, while the power output
by the cell under the green laser is not as much greater than under the
red laser. To certify that DSSCs perform better under green light due
to better absorption, future experiments should use different light
sources with similar intensity, to have similar input power, perhaps
through the use of white lighting and filters.

Lastly, Table 5 further compares the performance of cells under an ND
filter at maximum and minimum transmittance. It shows that while the
average power density at maximum transmittance is approximately 30
times greater than at minimum transmittance, the efficiency is only
about twice as high. This is due to the input power being much greater
at minimum transmittance, once again pointing to the possible pres-
ence of a rate-limiting component in the cells.

CONCLUSION.

Dye-sensitized solar cells generate electricity using solar power and
an electrochemistry phenomenon. To make them in this study, tita-
nium dioxide nanoparticles were mixed with acid, annealed onto ITO
glass, and bonded with anthocyanin molecules from fruit dyes. This
research found specific optimization of parameters to maximize DSSC
efficiency. The acids tested were hydrochloric acid and acetic acid of
1.0 M and 0.1 M. The fruit dyes were blackberry, pomegranate, rasp-
berry, and blueberry. The lighting sources were a halogen lamp at 110
V, 70 V, and 40 V, an ND filter, and red and green lasers. The highest
average efficiency achieved was 0.0493%, using blackberry dye, 0.1
M hydrochloric acid, and the halogen lamp at 40 V. The highest aver-
age power density was 2663 nW/cm?, obtained from the same cells
under 110 V lighting. The results of this study align with certain pre-
vious findings in literature. Further studies on specific anthocyanin
types and potential rate-limiting factors affecting DSSC performance
are recommended. The findings contribute to the body of research on
DSSCs by highlighting specific parameters that improve the overall
power density and efficiency of DSSCs. Through selecting suitable
fruit dyes and optimizing acid concentrations, this study further helps
guide research in low-cost, natural, and environmentally friendly al-
ternatives to both traditional silicon-based solar cells and synthetic
dyes in DSSC fabrication.
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SUPPORTING INFORMATION.

The following figures can be found in the Supporting Information doc-
ument:

- Cyanidin-3-glucoside molecule

- Diagram of the circuit used for current and voltage measure-
ments

- Spectral density spectra of the different lightings used

- 1-V of cells with varying parameters
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