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This paper presents the results of a study on the modification of dye-sensitized solar cells
(DSSCs) using various phenothiazine derivatives, N719, and a mixture of these. The
influence of the solvent used to prepare the dye solution, as well as the use of a TiO2 blocking
layer, the addition of a co-adsorbent, or a mixture of dyes with N719 are presented.
Characterisation of photoanodes was carried out to determine the UV-Vis absorption
properties, morphology, and photovoltaic parameters of the fabricated solar cells. The use
of different solvents for the preparation of dye solutions resulted in DSSCs efficiencies in
the range of 1.55-7.26%. The most advantageous was using an ACN:t-BuOH mixture,
which provided the best efficiency. The application of further modifications in the form of
the addition of chenodeoxycholic acid (CDCA), a blocking layer, and the use of a co-

sensitization process resulted in an increase in the final efficiency to a value of 8.50%.

1. Introduction

Photovoltaics (PV) is one of the most promising
technologies for obtaining energy from renewable sources.
Solar cells are now being used on a large scale in the
industry by covering roofs and open spaces with PV panels,
thus reducing energy consumption generated from non-
renewable sources. They are also used in smaller forms,
such as household power plants, to generate electricity for
single households [1,2]. Among various development
paths in PV, the direction associated with dye-sensitized
solar cells (DSSCs) is noteworthy. Currently, record
efficiencies of DSSC devices exceed 14% [3, 4]. The main
advantages of DSSCs include their ability to operate at
wide incident angles and low irradiance, their capability to
change colour and transparency, and their relatively
uncomplicated fabrication methods [5—7]. To improve the
performance of DSSC devices, various methods are
employed, such as using blocking layers (BL)tab,
scattering layers (SL), and adding nanoparticles (e.g., TiO5)
[8-13]. BL are widely used and intensively researched.
Researchers primarily focus on selecting the appropriate
material, layer thickness, and preparation method, which
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ultimately determines the properties of the obtained layer.
These BL are most often made of oxide materials such as
TiO,, ZnO, Al,O3, Si0O2, SnO; or ZrO; [14—17]. Sometimes
using BL can increase the amount of adsorbed dye mole-
cules [18, 19]. Another modification is using a co-adsorbent
to prevent dye aggregation by anchoring to TiO» and
separating dye molecules from each other. Cholic acid
(CA), deoxycholic acid (DCA) and chenodeoxycholic
acid (CDCA) are the most commonly used co-adsorbents
[20-23]. New metal-free dyes are being sought to improve
the performance of the cells and reduce the cost of
preparing the device. Phenothiazine derivatives are particu-
larly noteworthy due to their non-planar conformation
which can significantly reduce dye aggregation during
anchoring to the oxide substrate and prevent excimer
formation. Additionally, they contain electron-rich sulphur
and nitrogen heteroatoms in their structure which enhances
their donor properties [24—26]. Having the dyes used in
DSSCs to achieve high PV performance, it is also worth
considering using them together with, for example, N719.
The concept of using a mixture (co-sensitization) of dyes
should also be noted. Firstly, this allows a significant
increase in the absorption range of incident light. Further-
more, if mixed with an N719 dye, half as much expensive
commercial dye is used compared to a solar cell containing
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only the N719 dye. In the vast majority of cases, using
a dye mixture leads to higher efficiency than with single
dyes [27-31]. In Ref. 27, single solar cells containing either
N719 or D-1 (bitiophene derivative) dye was described
which had efficiencies of 5.75% and 0.14%, respectively.
The cell containing a mixture of these two dyes had higher
efficiencies of up to 6.30%. Reference 28 describes the use
of co-sensitization of an N719 dye and a phenothiazine
derivative and the fabrication of a DSSC with such an
arrangement which had a power conversion efficiency of
8.12% while for single dyes, the cells showed efficiencies
of 6.97% and 5.81%, respectively. Wang et al. [29]
described the use of a mixture of two dyes, including N719
and diphenylpyranylidene dye and the effect of the addition
of CDCA as a co-adsorbent. Using co-sensitization
process, it was possible to improve device efficiency to
8.20% from 7.77% (N719) and 4.77% for a cell containing
a second dye. The addition of CDCA resulted in a further
increase in power conversion efficiency to 8.49% (10 mM
CDCA). In Ref. 30, a literature review was carried out to
show the essence of the application of the co-sensitization
process using up to three dyes with complementary
absorption spectra, dramatically increasing the photoanode
absorption range. Job et al. described [31] a study of the
stability of DSSCs containing a dye mixture over time at
different incident light intensities. For this purpose, a series
of solar cells containing anchored dye molecules N719 and
a TPA derivative were prepared. Very interesting results
were obtained, the highest efficiency was 6.44% at a
108 mW c¢m 2 illumination intensity after a time period of
100 h, and then a linear decrease started.

The studies focused on the use of dyes that are
phenothiazine derivatives. Additionally, experiments were
conducted using different solvents [(chloroform, N,N-di-
methylformamide (DMF) and a mixture of acetonitrile and
tert-butanol (1:1)] to fabricate the photoanode. The effects
of the dye structure and the type of solvent used on the
photoanode properties and PV performance of the fabri-
cated DSSCs were determined. The next stage of the work
carried out was to select the best dye from those tested and
modify the photoanode by applying a BL, a mixture of dye
with N719, and the addition of a co-adsorbent. This paper
presents a series of phenothiazine derivatives that have
been used in dye cells as light absorbers. In addition to
already published results, this time the solvent effect on the
cells PV performance was determined, which made it
possible to determine the trend of the described changes.
Huge changes in efficiency were observed for cells
containing the same dye with different solvents, reaching
up to more than four percentage points. In addition, a dye
was selected that ensured the highest PV performance of
the device and, in addition, the structure of the solar cell
was modified to further improve the performance, resulting
in a power conversion efficiency (PCE) of 8.50%

2. Materials and methods

2.1. Preparation of TiO: mesoporous layers on
FTO-coated glass substrates

Glass substrates covered with a layer of fluorine-doped
tin oxide (FTO, Sigma Aldrich) were washed. The thick-
ness of FTO was about 500 nm. First, the slides were

placed in a beaker with a 10% aqueous solution of
surfactant (Hellamanex) and placed in an ultrasonic bath
for 15 min at 40 °C. The substrates were then placed in a
beaker containing distilled water and again placed in an
ultrasonic bath for 15 min at 40 °C. This step was repeated
twice. After this time, the slides were placed in a beaker
containing isopropanol and again placed in an ultrasonic
bath for 5 min at 40 °C. After the removal from the
isopropyl alcohol (IPA), the substrates were allowed to air
dry. Layers of TiO,-containing paste (18NR-T, Greatcell
Solar Materials) were applied to dry FTO slides using a
screen printer. Three layers of paste were applied. Each
time after applying a layer, the substrate was annealed for
5min at 125 °C. After the last layer of TiO, paste was
applied and annealed, it was followed by firing in an oven
at 500 °C for 30 min. FTO substrates so prepared with an
applied TiO> layer were left to cool.

2.2. Preparation of the TiO: BL

The first step was to prepare a 2M solution of
titanium(I'V) tetrachloride from a commercial concentrated
aqueous solution of titanium(IV) tetrachloride. The cleaned
FTO substrates were then placed in a Petri dish in which
48.75 ml of deionized water was placed and 1.25 ml of
2 M solution of TiCls was added, obtaining a solution of
0.05 M. The substrates immersed in the solution were
heated at 70 °C for 30 min. After this time, the glass
substrates were removed from the solution gently rinsed
with distilled water, and placed in the oven for 30 min at
500 °C.

2.3. Preparation of the photoanodes

Previously prepared FTO glass substrates with a TiO,
layer were heated to 80 °C and immersed in a dye solution
of 3-10*M for 24 h. Dye N719 was purchased from
Greatcell Solar Materials, the synthesis of phenothiazine
derivatives was described in literature [10, 32-34]. After
this time, the photoanodes were removed from the solution,
and the excess dye was removed using ethanol. The
photoanodes were left in air to dry. Solvents such as
chloroform, DMF and a mixture of acetonitrile and tert-
butanol (1:1) (Sigma Aldrich) were used to prepare the dye
solution.

2.4. Preparation of DSSC devices

The DSSC was constructed by assembling a previously
prepared photoanode with a counter-electrode and the
space between them was filled with a commercial EL-HSE
liquid electrolyte containing I7/I5 ions.

2.5. Measurements

A Keithley 2400 SourceMeter source-measuring device
(Tektronix, Inc., Beaverton, OR) and software were used to
measure the current-voltage characteristics, along with a
PV Solutions sunlight simulator giving a standard light
output of 100 mWcm™2 under 1.5G AM conditions. BL
thicknesses and root mean square (RMS) were determined
using an atomic force microscope (AFM) TopoMetrix
Explorer operating in contact mode in an air atmosphere.
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UV-Vis spectra were recorded using a Jasco-V-570
UV-Vis-NIR spectrophotometer.

3. Results and discussions

In the first step of the ongoing research, eight pheno-
thiazine derivatives were considered. Each compound
contained one anchor group (a cyanoacrylic acid group) in
position 3 and an octyl chain in the 10H position. The
synthesis of the dyes and their potential application in
DSSC cells are described in the following papers — Refs. 10
and 32-34. The chemical structure of the phenothiazine
derivatives in question is shown in Fig. 1.

3.1. Optical properties.

Regarding potential application, firstly, the UV-Vis
absorption properties of dyes tested in solution were deter-
mined using different solvents [chloroform, N, N-dimethyl-
formamide and mixtures of acetonitrile and tert-butanol
(1:1)], as well as the prepared photoanodes after a 24 h
immersion in a solution of the dye in question. For com-
parative purposes, dye N719 was also tested (if its
solubility allowed). Absorption properties of the prepared
photoanodes were determined. For all phenothiazine deriva-
tives, only a DMF solution was prepared, as this was the
only solvent that provided very good solubility. For
selected dyes PTZ-1-PTZ-5 and PTZ-1-PTZ-6, the
absorption properties were determined in chloroform and
in an ACN:t-BuOH mixture, respectively. Figure 2 shows
the selected absorption spectra of photoanodes in the
UV-Vis range.

Due to the application, the main focus was on the
absorption properties of the photoanodes, first comparing
the effect of the solvent used to prepare the dye solution. It
was found that using an ACN:t-BuOH mixture resulted in
higher absorbance by the substrate with anchored dye
molecules. This could indicate the anchoring of different
numbers of dye molecules which definitely affects the final
PV performance of the solar cells. In general, shifts of
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lengths were observed for all dyes dissolved in ACN:t-
BuOH compared to DMF. However, in the case of
photoanodes prepared with chloroform, it was found that
for PTZ-1 and PTZ-2, the largest bathochromic shift Amax
was observed with respect to DMF and ACN:t-BuOH. The
absorption maximum of the photoanode with PTZ-3
(464 nm) underwent a bathochromic shift compared to the
electrode prepared with DMF (437 nm), but a hypochromic

1.75

(a)
1.50
1.25
=
S 100
Q
Q
g 075
<
o
2 050
2 0
0.25
000 T T T T T
400 450 500 550 600 650 700 750 800
Wavelength [nm]
1.50
(b) —N719
——PTZ-1
1254 —PTZ2
——PTZ3
——PTZ-4
—  1.004
=] —PTZ-5
K3 ——PTZ-6
8 0754 —PTZ-7
£ ——PTZ-8
<
2 050
£
<
0.25
0.00

T T T T
400 450 500 550 600 650 700 750 800
Wavelength [nm]

Fig. 2. UV-Vis absorption spectra of the studied TiO2-anchored
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Fig. 1. Chemical structures of phenothiazine derivatives and N719.
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shift compared to the photoanode prepared with
ACN:t-BuOH (469 nm). The hypsochromic shifts Amax
compared to the corresponding photoanodes were observed
for PTZ-4 and PTZ-5 (CHCIl;) anchored in TiO,. Similar
to the increase in absorbance, this may have had a definite
effect on the devices short-circuit current density (Jsc)
values. PTZ-3 and PTZ-5, containing dibenzothiophene
and dibutylfluorene substituents, respectively, were found
to have the highest absorbance. Furthermore, Amax showed
the greatest shift towards longer wavelengths, except for
the photoanode with PTZ-5 (CHCIs).

3.2. Electrochemical properties

In addition to the optical properties, the position of the
HOMO and LUMO levels (Fig. 3) of the dyes is very
important. In the case of the dye PTZ-6, the LUMO level
was determined using the optical energy gap (1240/)). The
studied compounds showed both quasi-reversible (PTZ-1,
PTZ-4, and PTZ-5), as well as irreversible (PTZ-2, PTZ-
3, PTZ-6, PTZ-7, and PTZ-8) oxidation processes. In the
case of reduction, most of the dyes were characterised by
an irreversible process, and in the case of PTZ-6, no irre-
versible process was observed during the measurements.

Analysing the data shown in Fig. 3, it was found that
each of the dyes investigated fulfilled the conditions of
matching the energy levels of HOMO and LUMO to the
conduction band of TiO, and the redox potential of the
electrolyte. The LUMO orbitals were determined in the
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Fig. 3. Energy diagram of phenothiazine derivatives with TiO2
conductivity band and electrolyte redox potential [37].

.500 nm
1250 nm
+0nm

0 um

0 pm

(@)

(b)

range from —3.88 eV to —2.94 eV. The position of the
LUMO levels for the phenothiazine derivatives in question
mainly depends on the chemical structure of the substituent
at position 3. Considering the most favourable alignment of
LUMO levels concerning the TiO» conduction band,
phenothiazine derivatives containing dibenzothiophene
(PTZ-3), bitiophene (PTZ-4), and dibutylfluorene (PTZ-5)
substituents stood out. These substituents resulted in
alower LUMO than the other studied phenothiazine
derivatives. In addition, the use of a dibutylfluorene
substituent (PTZ-5) resulted in the lowest energy gap, with
a value of 1.69 eV, while the presence of a bis(trifluoro-
methylphenyl) group (PTZ-1) increased the E, value to
2.54 eV. The localisation of the LUMO orbitals of the
PTZ-3, PTZ-4, and PTZ-5 dyes was more favourable and
could ensure efficient electron injection into TiO, and
reduce competing processes. Comparing the HOMO level
alignment of the phenothiazine derivatives, no significant
differences were observed (from —5.49 eV to —5.40 eV),
and all of the determined values were lower than the redox
potential of the electrolyte iodide (—4.8 eV). In Refs. 35
and 306, the relationship between the energy gap value and
the performance of the DSSC cell was observed. It was
found that as the E, value decreased, the PCE value of the
devices increased. Based on the cited works, it could be
concluded that the use of PTZ-3, PTZ-4, and PTZ-5 dyes
should determine high energy conversion efficiencies.
However, it should be borne in mind that the efficiency of
the cell is also affected by other properties of the dye.

3.3. Photoanodes morphology

The next step of the ongoing research was to determine
the morphology of photoanodes with anchored pheno-
thiazine derivative molecules. The RMS value was
determined from AFM measurements and compared with
an anode containing anchored N719 molecules and with
TiO, on FTO without dye. The photoanodes with adsorbed
dye molecules showed RMS values in the 18—27 nm range.
No significant differences due to the chemical structure of
the dye were observed, however, it was noted that all
phenothiazine derivatives tested filled the pores of TiO,
very well, as indicated by a significant reduction in RMS
from around 75 nm (TiO, without dye). A slight effect of
the solvent used on the surface roughness was observed, as
the differences were in the 1-5 nm range when DMF and
chloroform were used for ACN:t-BuOH. Figure 4 shows
example AFM images of the fabricated anodes.
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Fig. 4. AFM images of (a) TiO2 substrate without adsorbed dyes molecules, (b) TiO2@N719, and (¢) TiO.@PTZ-3.
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3.4. Photovoltaic performance.

The final step in this part of the study was the prepa-
ration of DSSCs with a glass/FTO/TiO.@dye/EL-HSE/
Pt/FTO/glass structure. The dye concentration in each case
was 3-10*M. Based on the recorded current-voltage
curves (Fig. 5), photovoltaic parameters such as open circuit
voltage (V,c), short circuit current density (Js), fill factor
(FF) and PCE were determined (Table 1).

Three solvents were used: DMF because all the
phenothiazine derivatives tested dissolved well in it,
ACN:t-BuOH mixture because it provided higher energy
conversion efficiencies in the case of N719, and chloroform
since there is little information in the literature regarding
the use of this solvent for the preparation of photoanodes.
In the case of compounds PTZ-7 and PTZ-8, the PV
parameters of the devices were not determined, except for
the cells with the photoanode prepared in DMF, as these
compounds showed too poor solubility in other solvents.
After analysis of the results obtained, a definite effect of
the solvent used on the PV performance of the fabricated
cells was found. The same situation was for PTZ-6 in
chloroform. Using a mixture of ACN:t-BuOH in place of
DMF, it was observed that there was an increase in both V.
and Ji. each time. The changes in V. were in the range of
59-93 mV. The largest increase in V,. with solvent change
was recorded for PTZ-4 (with a bitiophene substituent)
The largest differences were observed for Js. which reached
as high as 12.49 mA c¢cm? for the phenothiazine derivative
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0 100 200 300 400 500 600 700 800
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(b)

Photocurrent density [mA cm’z]

T T T T T T
0 100 200 300 400 500 600 700 800
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Fig. 5. Current-voltage  curves of devices containing
phenothiazine derivatives (a) photoanodes prepared in
DMF and (b) in a mixture of ACN:t-BuOH.

Table 1.
Photovoltaic parameters of DSSCs sensitized
with phenothiazine derivatives.

VOC JSC PCE
Dye Solvent mV] [mA em™| FF (%]
DMF 664 13.73 0.56 5.35

ACN:
N719 -BuOH 723 20.19 0.42 6.29
CHCl3 - - - -
DMF 667 2.95 0.60 1.55

ACN:
PTZ-1 -BuOH 720 15.44 0.54 6.16
CHCI3 730 15.38 0.45 5.03
DMF 700 6.34 0.59 2.63

ACN:
PTZ-2 -BuOH 757 14.76 0.57 6.40
CHCI3 759 16.74 0.49 6.21
DMF 691 7.54 0.57 2.94

ACN:
PTZ-3 -BuOH 778 17.87 0.51 7.26
CHCI3 700 17.96 0.48 6.22
DMF 652 6.89 0.59 2.71

ACN:
PTZ-4 -BuOH 745 14.87 0.50 6.14
CHCl3 631 11.87 0.54 422
DMF 724 8.78 0.65 4.19

ACN:
PTZ-5 -BuOH 792 17.85 0.49 7.09
CHCI3 703 12.08 0.56 4.80
DMF 647 6.60 0.64 2.87

ACN:
PTZ-6 -BuOH 715 11.58 0.62 5.23
CHCI3 - - - -
DMF 692 6.81 0.61 2.96

ACN:
PIZ-7 BuoH - B B -
CHCI3 - - - -
DMF 699 9.22 0.63 4.19

ACN:
PTZ-8  BuoH - B B -
CHCl3 - - - -

with a bis(trifluoromethylphenyl) substituent (PTZ-1). A
decrease in FF values in the range of 0.02-0.16 was
observed in each case when changing the solvent from
DMF to ACN:t-BuOH. Using chloroform, devices
containing the dyes PTZ-1, PTZ-2, and PTZ-3 showed the
lowest FF compared to other solvents used. The determined
PV parameters of the prepared devices allowed the
calculation of the light-to-electricity conversion efficiency.
The first thing highlighted was significant efficiency
differences depending on the solvent used. This effect was
clearly observed for PTZ-1 and PTZ-3 for which the PCE
values increased by nearly 300% and 150%, respectively,
when using an ACN:t-BuOH mixture instead of DMF. This
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is most likely related to the number of dye molecules
anchored to TiO». These studies were carried out using the
dye N719 for different solvents and confirmed that,
depending on the solvent used to prepare the dye solution,
a different number of molecules of the compound anchor to
TiO>. The number of anchored dye molecules directly
influences the absorption properties of the photoanode and,
in the long term, the photocurrent density generated. Based
on Ref. 27, it was found that the use of the ACN:t-BuOH
mixture resulted in the highest number of dye molecules
being anchored to TiO», and thus the highest Jic values were
obtained, which was also confirmed in the studies
described in this work. Based on the data in Table 1, the
highest energy conversion efficiency was provided by
using the dibenzothiophene-substituted phenothiazine
derivative (PTZ-3) which was 7.26%.

Since the use of the PTZ-3 dye allowed the
device to achieve the highest efficiency, attempts were
made to modify the cell by using a TiO, BL and
a co-adsorbent which was CDCA added at a concentration
of 10 mM to the dye solution. Solar cells with a
glass/FTO/BL/TiO>@dye/s:CDCA/EL-HSE/Pt/FTO/glass
structure were prepared. The PV parameters of DSSCs
sensitized with PTZ-3 with a modified structure
determined from the obtained current-voltage curves
(Fig. 6) are summarized in Table 2.

{| ——FTO/BL/TiO,@N719
{| ——FTO/BL/TiO,@PTZ-3

—— FTO/BL/TiO,@PTZ-3:N719
——FTO/BL/TiO,@PTZ-3N719:CDCA

Photocurrent density [mA cm'z]

T T T T T T T
0 100 200 300 400 500 600 700 800

Voltage [mV]
Fig. 6. Photocurrent-voltage curves of modified DSSCs
sensitized with PTZ-3.
Table 2.

Photovoltaic performance of the modified DSSCs
sensitized with PTZ-3 and N719.

Structure of photoanode Voe Jse FF PCE

[mV] [mA cm??] [%]
FTO/BL/TiO2@N719 762 21.08 0.47 7.49
FTO/BL/TiO>@PTZ-3 792 19.02 0.50 7.62
f’ﬁ/— ];’ :I;\gil(;z@ 740 2145 051  8.04
FTO/BL/TiO:@

PTZ-3:N719:CDCA 768 24.05 0.46 8.50

Analysing the effect of BL application on the PV
parameters of cells containing N719 and PTZ-3 dyes, an
increase in Vo and Jic was found in both cases. The effect
of obtaining higher values for these parameters was to

improve the PCE of the cells by nearly 20% and 5% for
N719 and PTZ-3, respectively. The use of the dye mixture
resulted in an increase in Jsc which was most likely due to
the expansion of the absorption range of the photoanode
and thus the conversion of more photons to electrons. With
a higher Jy, an efficiency of 8.04% was achieved. A further
modification with CDCA added resulted in a cell efficiency
of 8.50%. This was made possible by an increase in V. of
28 mV and 2.60 mA cm2, however, there was also a
decrease of 0.05 in FF at the same time.

4. Conclusions

The study showed a significant effect of the solvent
used to prepare the dye solutions to produce the
photoanode. The most beneficial was found to be the use of
an ACN:t-BuOH mixture (1:1), which translated into the
highest yields (7.26% for PTZ-3). Further modifications,
i.e., the use of a TiO, BL, a CDCA additive, and a dye
mixture (PTZ-3:N719), allowed the device performance to
be improved by more than 35% relative to N719, thus
achieving a PCE of 8.50%. The use of the dye mixture is
important in terms of reducing the amount of commercial
compound N719 used which reduces the cost of preparing
the solar cell, and thus the ratio of the cost of the device to
the amount of electricity it generates becomes more
favourable.
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