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INTRODUCTION

Nowadays, fossil fuels represent the primary 
source of global energy production, accounting 
for about 82% [1]. The significant development of 
industry and society, unsustainable energy usage, 
and thus the increase in energy demand, have led 
to concerns about the depletion of these natural 
resources [2]. It is possible that a shortage of the 
main fossil fuels, such as coal, natural gas, and 
petroleum, may occur in the near future. Natural 
gas and oil consumption is expected to remain at 
about the same level as today. However, the use 
of coal is projected to decline by 2050 [3]. 

There is a significant interdependence be-
tween global society and climate, with climate 
change adaptation and sustainable development 
demonstrating a close correlation. The use of re-
newable energy sources (RESs), which means 

energy-related greenhouse gasses (GHGs) emis-
sion reduction and energy transition, has become 
a matter of global concern. Net Zero Emissions by 
2050 is a global scenario that depicts the pathway 
to achieve net zero emissions of greenhouse gases 
by 2050. The main goal is to limit the temperature 
rise to 1.5 °C above pre-industrial levels, which is 
also consistent with the Paris Agreement [Annex 
to the Proposal for a Regulation of the European 
Parliament and of the Council amending Regu-
lation (EU) 2018/842 on binding annual green-
house gas emission reductions by Member States 
from 2021 to 2030 contributing to climate action 
to meet comitments under the Paris Agreement, 
2021]. Among all renewable energy sources, solar 
energy is highly promising. According to Energy 
Transition Outlook 2023 [5], it is predicted that 
solar capacity, including on-grid and off-grid pho-
tovoltaic (PV) systems, will rise from 1200 GW to 
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9100 GW in the next 10 years, and to 33000 GW 
in 2050. Photovoltaics is an attractive technology 
that directly converts sunlight into the most usable 
energy form – electricity via the photoelectric ef-
fect, which is the reason why there is a constant re-
search interest in this field. Photovoltaic technol-
ogy is categorized into three generations. The first 
one is dedicated to silicon-based solar cells, with 
an efficiency of 26.7% obtained for mono-crystal-
line lab cells [6, 7]. Various research studies are 
concerned with the performance of photovoltaic 
installations at different latitudes [8–11]. The sec-
ond generation of solar cells is based on thin-films 
technologies, such as copper-indium-gallium dis-
elenide (CIGS), copper-indium diselenide (CIS), 
cadmium telluride (CdTe) or  amorphous silicon 
(aSi). The CdTe laboratory module achieved an 
efficiency of 19.5%, while CIGS module - 19.2% 
[6]. Due to high efficiencies, the modules belong-
ing to the first and second generation are fully 
commercialized and have been used for years both 
in small on-grid or hybrid installations as well as 
in large-scale plants [12]. However, the perfor-
mance of traditional silicon and thin film technol-
ogies varies depending on location therefore the 
investigations carried out at various latitudes are 
of high importance [8, 11, 13, 14], especially in 
the context of increased interest in solar energy. 

The third generation of solar cells includes 
emerging photovoltaic technologies that can be 
considered as replacements for the 1st and 2nd 
generation. What is even more, they can reduce the 
cost of manufacturing solar cells by using inexpen-
sive and environmentally friendly production pro-
cesses [15]. The first representative of this genera-
tion was the dye-sensitized solar cells discovered 
by O’Regan and Grätzel in 1991 [16], which were 
an innovative approach to a photocatalytic solar 
cell. Others are perovskites [17] and organic solar 
cells [18] with the efficiency of modules equal to 
26.1% [19] and 14.5% [20], respectively. 

Dye-sensitized solar cells are photoelectro-
chemical devices consisting of a photoanode (PA), 
counter electrode (CE), electrolyte, and sensitizer. 
Both electrodes are covered with transparent con-
ductive oxides (TCO), mainly with indium tin 
oxide (ITO) and fluorine tin oxide (FTO) due to 
their electrical, chemical, and thermal properties. A 
mesoporous titanium dioxide (TiO2) layer is depos-
ited on the top PA, while a platinum catalyst layer 
is deposited on the CE. The device is filled with an 
electrolyte solution, which is typically a liquid but 
can also exist in a quasi-solid or solid state. The 

sensitizer, which is the key component, is absorbed 
onto the TiO2 surface for optimum light absorption 
and efficient charge transfer, Natural and organic 
sensitizers have the potential to be used in dye-
sensitized solar cells [21, 22]. However, they must 
meet certain requirements, such as absorption of 
the solar light in a wide range, suitable chemical 
structure with the anchoring group, or appropriate 
energy levels [23]. The selection of sensitizer plays 
a crucial role in cell stability, working parameters, 
and therefore overall cell efficiency. According 
to the findings of Roland et al. [24], the dyes can 
be categorized into two distinct groups: metal-
complex and metal-free organic dyes. However, it 
should be noted that among these photosensitizers 
are those that are either natural or synthetic-based 
[25]. The catechol dye belongs to a metal-free 
class of sensitizers, which is important consider-
ing the environmental impact of dye cell technol-
ogy and the life cycle assessment of prospective 
applications. The structure of the catechol unit is 
also present in numerous other dyes with complex 
molecules, metal-based compounds among them 
[26], where it serves as an anchoring group en-
suring a strong chelating bond with the surface of 
titanium dioxide nanoparticles. The advantages of 
catechol’s role in adsorption include high stability 
of the dye on the TiO2 surface [27] and enhance-
ment of electric charge transfer from the dye to a 
semiconductor, which is a critical step in the work 
cycle of DSSC [28]. 

The presented research on catechol as a sen-
sitizer in DSSC is based on previous experience 
with different practical factors influencing the 
performance of dye cells [29]. This investiga-
tion established the correlation between pho-
tovoltaic parameters of the photocells and the 
time, in which the photoanode covered with TiO2 
nanoparticles soaks the solution of the sensitizer 
as well as the concentration of the solution. More-
over, the effect of the reflection of light from the 
additional layer introduced in the structure of the 
tested cells was assessed quantitatively.

MATERIALS AND METHODS

The glass electrodes covered with a fluorine 
tin oxide (FTO) layer and counter electrodes with 
platinum black coverage were purchased from 
the Greatcell Solar company. The FTO substrates 
were characterized by a sheet resistance equal to 
7 Ω/sq and a transmittance of 82%. All chemicals 
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used in the experiments were commercially avail-
able and were utilized without additional purifi-
cation processes. After chemical and ultrasonic 
cleaning with the use of detergent, acetone, and 
absolute ethanol, the FTO electrodes were used 
as substrates for photoanodes. The titanium diox-
ide paste was prepared according to the procedure 
presented in [30] with the use of Degussa TiO2 
nanoparticles PN25. Then, the TiO2 paste was 
deposited uniformly onto FTO in a rectangular 
shape with an area of 0.8 cm2 by the use of the 
standard doctor-blade technique [31]. The depos-
ited layers were sintered at 450 °C in a Gestigkeit 
PZ 28-3T high-temperature hot plate with a lid, 
controlled by PR 5-3T PID Programme Regula-
tor. The layers cooled down naturally inside the 
hot plate. Afterward, the as-prepared electrodes 

with the mesoporous TiO2 layer were immersed 
in a solution of catechol (CAT) dye and absolute 
ethanol. The molecular structure of catechol dye 
is depicted in Figure 1a. The research was carried 
out with three dye concentrations (0.25 mM, 1.0 
mM, and 2.0 mM) and various immersion times. 
The immersion process was conducted without 
access to light. The photoanodes after sensiti-
zation are presented in Figure 1b. In order to 
achieve the greatest solubility, catechol solutions 
were ultrasonically mixed before use. After sensi-
tization, the electrodes were rinsed with absolute 
ethanol to eliminate nonadsorbed molecules of 
the dye. The Surlyn separator (DyeSol) was used 
to encapsulate the sandwich-structure DSSC de-
vice. The scheme of the dye-sensitized solar cell 
is presented in Figure 2. 

Figure 1. (a) The molecular structure of catechol molecule. (b) The working electrodes were sensitized for: 
(from left) 10 min, 30 min, 1 h, 2 h, 4 h, and 24 h in catechol solution

Figure 2. Scheme of dye-sensitized solar cell
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After the encapsulation process, the electro-
lyte containing a redox (I-/I3

-) mediator (Greatcell 
Solar) was injected between the photoanode and 
cathode by the drilled hole in the counter elec-
trode. The working parameters of the prepared 
DSSC were measured by the use of a solar simu-
lator (Abet Technologies SUN 300, class AAA) 
in standard test conditions (STC), namely G = 
1000 W/m2, T = 25 °C, and AM = 1.5. The I-V 
curves were determined by the Keithley 2440 
source meter, which cooperates with the solar 
simulator. The efficiencies of the cells were cal-
culated by the use of Matlab software, according 
to Equation 1 [32].
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where:	 ISC is short circuit current [A], VOC is open-
circuit voltage [V], FF is fill factor [-], 
which can be determined by Equation 2, 
and Pin is incident light power [W] evalu-
ated by Equation 3.
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where:	PMAX is maximum output power [W], G 
is irradiation [W/m2], and A is the active 
area of the cell [m2].

The measurements were carried out with or 
without an additional, reflective layer made of 
barium sulfate (BaSO4). The implementation of 
BaSO4 is depicted in Figure 3. The absorbance 
spectra were performed by Thermo Scientific 
Evolution 220 UV-visible spectrophotometer. 
The measurements were carried out in the light 
wavelength range of 200–1100 nm, with an ac-
curacy of 1 nm, at room temperature (RT).

RESULTS AND DISCUSSION

Spectrophotometric characterization

The catechol solution exhibits absorbance 
in a narrow band in the ultraviolet region of the 
spectrum with a major peak around λ = 275 nm 
(Figure 4a). Similar values were reported in the 
work of Wang et al. [33]. Absorbance spectra of 
bare titanium oxide nanoparticles and CAT/TiO2 
complex photoanodes are presented in Figure 
4b. The TiO2 photoanode is characterized by the 
absorption of solar radiation in a narrow range 
of the spectrum, namely in the ultraviolet re-
gion. After a sensitization process by immersion 
in the dye solution, and thus the creation CAT/
TiO2 complex, the increase in the light absorp-
tion intensity and expansion of the range were 
observed. The broad absorption band can be seen 

Figure 3. Implementation of BaSO4 reflective layer 
in DSSC

Figure 4. (a) Absorbance spectra of the catechol dye solution in absolute ethanol, (b) absorbance spectra of the 
CAT/TiO2 complex for 1 min (blue line), 2 min (orange line), 3 min (violet line), and TiO2 photoanode
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in the range of 350 ÷ 550 nm, while the absorp-
tion peak was detected at 350÷390 nm. 

Three sets of solar cells, each with a different 
concentration of dye solution, were prepared ac-
cording to a described procedure in Section Ma-
terials and Methods. The immersion times were 
carefully selected during the research process, 
and accordingly, for the 0.25 mM catechol con-
centration were chosen: 10 minutes, 30 minutes, 
1 hour, 2 hours, 4 hours, and 24 hours. The I-V 
measurements were carried out for freshly made 
DSSCs with and without the reflective layer. 
Working parameters of DSSCs which were ob-
tained without a BaSO4 layer are depicted in Ta-
ble 1. The open-circuit voltage values were in the 
range of 45.06 mV (CAT-5)÷142.34 mV (CAT-3). 
The highest VOC value was obtained for an immer-
sion time of 1 h. The values of ISC were in the 
range of 0.006÷0.12 mA, and they were noticed 
for CAT-4, and for CAT-1, CAT-3, respectively. 
The highest FF was registered for solar cells im-
mersed in dye solution for 2 hours. 

The results obtained for samples with reflec-
tive layers are depicted in Table 2. Application of 
the BaSO4 reflective layers led to achieving bet-
ter working parameters. For the DSSC immersed 
for 30 minutes, the 13% increase in VOC and ISC 
values can be observed, however, the maximum 
power point value increased by 41%, as did the 
efficiency. The best working parameters were 

recorded for the CAT-3, which was immersed 
in catechol solution for 1 hour. The sample is 
characterized by an open circuit voltage of 
142.34 mV, a short circuit current of 0.012 mA, 
a fill factor of 23.35% and an efficiency equals 
0.0005%. Immersion times for the dye solutions 
of 1.0 mM and 2.0 mM were established as fol-
lows: 1h, 2h, 4h, and 24 hours. The results for 
dye-sensitized solar cells without the reflective 
layer, obtained by immersion in 1.0  mM cate-
chol solution, are depicted in Table 3. At the out-
set, the cells were characterized by the following 
parameters: ISC in the range of 0.003 mA (CAT-
7)÷0.014 mA (CAT-9) and VOC ranging between 
62.08 mV (CAT-10) and 93.63 mV (CAT-9). The 
maximum power point values of DSSCs with-
out reflective layer equaled to 32.77 mV (CAT-
10)÷56.29 mV (CAT-9). The current values at 
the maximum power point for most of the fab-
ricated cells (CAT-7, CAT-8, and CAT-10) were 
0.002 mA, while for the CAT-9 cell – 0.004 mA. 
These cells also showed an increase in working 
parameters after the application of the BaSO4 
layer (Table 4) with up to 15% increase for ISC 
values, 50% for IMPP, 6% for VOC, and 70% for 
VMPP. The range for short circuit current values 
was 0.004 mA (CAT-7) to 0.016 mA (CAT-9), 
while open circuit values ranged from 65.09 mV 
(CAT-10) to 99.82 mV (CAT-7). The highest val-
ue of FF was obtained for both cases, with and 

Table 1. Working parameters of DSSCs immersed in 0.25 mM catechol solution; without a BaSO4 reflective layer

ID Time
ISC VOC IMPP VMPP PMPP FF η

[mA] [mV] [mA] [mV] [mW] [%] [%]

CAT-1 10 min 0.012 136.17 0.005 75.02 0.0004 22.83 ± 0.83 (4.80 ± 0.11)·10-4

CAT-2 30 min 0.009 53.14 0.003 28.17 0.0001 17.63 ± 1.19 (1.02 ± 0.03)·10-4

CAT-3 1 h 0.012 142.34 0.005 84.48 0.0004 23.35 ± 1.03 (5.06 ± 0.12)·10-4

CAT-4 2 h 0.006 138.45 0.003 79.71 0.0002 31.14 ± 0.60 (2.99 ± 0.08)·10-4

CAT-5 4 h 0.009 45.06 0.003 23.47 0.0001 18.02 ± 1.09 (9.53 ± 0.30)·10-5

CAT-6 24 h 0.007 100.54 0.004 51.64 0.0002 31.01 ± 0.83 (2.82 ± 0.07)·10-4

Table 2. Working parameters of DSSCs immersed in 0.25 mM catechol solution; with a BaSO4 reflective layer

ID Time
ISC VOC IMPP VMPP PMPP FF η

[mA] [mV] [mA] [mV] [mW] [%] [%]

CAT-1 10 min 0.013 140.18 0.009 51.58 0.0005 26.90 ± 0.34 (6.06 ± 0.14)·10-4

CAT-2 30 min 0.010 59.89 0.004 28.17 0.0001 19.64 ± 1.05 (1.44 ± 0.04)·10-4

CAT-3 1 h 0.012 148.51 0.010 51.63 0.0005 28.29 ± 0.43 (6.43 ± 0.15)·10-4

CAT-4 2 h 0.006 146.87 0.003 84.38 0.0003 31.23 ± 0.62 (3.68 ± 0.09)·10-4

CAT-5 4 h 0.011 46.72 0.004 23.47 0.0001 18.90 ± 0.96 (1.19 ± 0.04)·10-4

CAT-6 24 h 0.011 109.59 0.004 58.79 0.0003 21.22 ± 0.83 (3.27 ± 0.08)·10-4
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without a reflective layer, for samples immersed 
for 1 hour. However, the highest efficiency was 
noticed for CAT-9 with an immersion time of 4 
hours, which was found to be the best for this 
dye concentration. 

The last phase of the conducted research con-
cerned a catechol dye solution of 2.0 mM concen-
tration, the results of which are shown in Table 5 
and Table 6. The dye-sensitized solar cells with-
out a reflective layer were characterized with VOC 
in the range of 67.02 mV (CAT-14) ÷ 94.73 mV 
(CAT-13), the values of ISC between 0.003  mA 
(CAT-11) and 0.015 mA (CAT-14). After the 
application of the reflective layer, a positive 
change can be observed in some of the working 

parameters, such as ISC, IMPP, VOC, and VMPP, to 
name but a few. The value of the short-circuit 
current and open circuit voltage of the cell CAT-
11 increased by 18% and 6%, respectively. The 
FF values for the examined dye cells fell within 
the ranges 19.81÷27.56% (without BaSO4), and 
21.31÷31.78% (with BaSO4). The further increase 
in immersion time does not lead to enhancements 
in working parameters. 

Taking into consideration three sets of pre-
pared dye-sensitized solar cells, the best work-
ing parameters were obtained for CAT-3 samples 
which are characterized by a 1-hour immersion 
time and a 0.25 mM concentration of dye solution.  
The boxplot of the examined efficiency values for 

Table 3. Working parameters of DSSCs immersed in 1.0 mM catechol solution; without a BaSO4 reflective layer

ID Time
ISC VOC IMPP VMPP PMPP FF η

[mA] [mV] [mA] [mV] [mW] [%] [%]

CAT-7 1 h 0.003 93.63 0.002 51.53 0.0001 27.91 ± 0.87 (1.11 ± 0.04)·10-4

CAT-8 2 h 0.005 78.68 0.002 42.25 0.0001 25.44 ± 0.64 (1.22 ± 0.04)·10-4

CAT-9 4 h 0.014 87.89 0.004 56.29 0.0002 20.55 ± 0.83 (3.09 ± 0.08)·10-4

CAT-10 24 h 0.004 62.08 0.002 32.77 0.0001 24.57 ± 0.91 (8.20 ± 0.30)·10-5

Table 4. Working parameters of DSSCs immersed in 1.0 mM catechol solution; with a BaSO4 reflective layer

ID Time
ISC VOC IMPP VMPP PMPP FF η

[mA] [mV] [mA] [mV] [mW] [%] [%]

CAT-7 1 h 0.004 99.82 0.002 56.23 0.0001 27.97 ± 0.71 (1.41 ± 0.04)·10-4

CAT-8 2 h 0.006 80.10 0.003 42.29 0.0001 25.30 ± 0.60 (1.49 ± 0.04)·10-4

CAT-9 4 h 0.016 81.68 0.008 32.89 0.0003 19.67 ± 0.69 (3.18 ± 0.09)·10-4

CAT -10 24 h 0.005 65.09 0.003 32.79 0.0001 24.85 ± 0.74 (1.03 ± 0.03)·10-4

Table 5. Working parameters of DSSCs immersed in 1.0 mM catechol solution; without a BaSO4 reflective layer

ID Time
ISC VOC IMPP VMPP PMPP FF η

[mA] [mV] [mA] [mV] [mW] [%] [%]

CAT-11 1 h 0.003 69.14 0.001 37.43 0.00005 25.88 ± 1.03 (5.83 ± 0.23)·10-5

CAT-12 2 h 0.007 68.00 0.003 37.65 0.0001 27.56 ± 1.08 (1.54 ± 0.05)·10-4

CAT-13 4 h 0.014 94.73 0.006 46.90 0.0003 19.81 ± 0.34 (4.35 ± 0.13)·10-4

CAT -14 24 h 0.015 67.02 0.008 28.13 0.0002 22.20 ± 1.08 (2.84 ± 0.08)·10-4

Table 6. Working parameters of DSSCs immersed in 1.0 mM catechol solution; with a BaSO4 reflective layer

ID Time
ISC VOC IMPP VMPP PMPP FF η

[mA] [mV] [mA] [mV] [mW] [%] [%]

CAT-11 1 h 0.003 73.63 0.002 37.43 0.0001 25.75 ± 0.88 (7.31 ± 0.27)·10-5

CAT-12 2 h 0.007 70.58 0.004 42.33 0.0001 31.78 ± 1.32 (1.86 ± 0.05)·10-4

CAT-13 4 h 0.013 87.24 0.005 46.91 0.0002 21.31 ± 1.06 (4.11 ± 0.12)·10-4

CAT -14 24 h 0.016 61.86 0.008 28.12 0.0002 23.22 ± 1.11 (2.82 ± 0.08)·10-4
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the samples prepared without and with a reflective 
layer is presented in Figure 5a and Figure 5b. The 
interquartile ranges are slightly higher for the sam-
ples with BaSO4 layer which is correlated with the 
high reflectance of BaSO4 layer, and thus higher 
working parameters of the cells. The median values 
of efficiency for the solar cells without the reflec-
tive layers were 0.00029%, 0.0001%, and 0.0002% 
for dye solution of 0.25 mM, 1.0 mM, and 2.0 mM, 
respectively. Application of the reflective layer led 
to median values equal to 0.00035% (0.25 mM), 
0.0001% (1.0 mM), and 0.0002% (2.0 mM). 

Figure 6a depicts the I-V characteristics of a 
representative dye-sensitized solar cell obtained 
by immersion for 2 hours in 0.25 mM dye solution 
obtained without reflective layer, while Figure 6b 

presents the curve with BaSO4 layer. Due to the 
occurrence of a local maximum in the measured 
data at the beginning of the current-voltage char-
acteristic curve (at V = 0), in order to determine 
the most accurate value of the short-circuit cur-
rent ISC, the least squares method was used which 
is depicted as the purple line in Figure 6. The oc-
curring maximum is related to the four-quadrant 
meter switching between quadrants II and I dur-
ing the measurements.

In the literature, the VOC values obtained for 
pyranoflavylium dyes possessing a catechol 
linkage unit in their structure are in the range of 
252–338 mV [34] and 119–430.8  mV for other 
metal-free organic dyes with catechol ring in the 
molecular structure [35].

Figure 5. The efficiency of prepared cells in accordance with various dye solution concentrations (0.25 mM, 1.0 
mM, and 2.0 mM) obtained: (a) without BaSO4 layer, (b) with BaSO4 layer

Figure 6. The I-V characterization of catechol dye-sensitized solar cells (2 h, 0.25 mM) obtained (a) without 
BaSO4 layer, (b) with BaSO4 layer
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The observed improvement of photovoltaic 
parameters in the catechol-sensitized photocells 
with a reflective layer confirms that the introduc-
tion of this layer is justified and necessary to en-
hance the absorption of light. The achieved 41% 
increase of efficiency for 30  min dipping time 
and 0.25 mM concentration of catechol solution 
corresponds to the values of 27% improvement 
obtained for dye cells sensitized with phenyl fluo-
rone [35].

CONCLUSIONS

Adsorption of catechol on the surface of TiO2 
electron transport layer results in the shift of light 
absorption edge to longer wavelengths compared 
to pristine TiO2, thereby increasing light harvest-
ing. Optimization of the time of immersion of the 
photoanode in the catechol solution and the con-
centration of this solution allows for improving the 
performance of the investigated photocells. The 
following experimentally determined combination 
of these two parameters enhances the photovoltaic 
parameters: 1 hour of dipping time and 0.25 mM 
dye concentration. An important beneficial factor 
is the modification of the DSSC structure by in-
troducing a reflective layer consisting of BaSO4, 
which provides an additional chance for light 
absorption. A comparison of the photovoltaic pa-
rameters characteristic of the catechol-sensitized 
cells indicates that the strategy based on adding the 
reflective layer leads to improved overall perfor-
mance and can be used in future applications.
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