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Metal-free dye molecules for dye-sensitized solar cells application can avoid some of the typical drawbacks of common metal-
based sensitizers, that are high production costs, relatively low molar extinction coefficient in the visible region, limited availability
of precursors, and waste disposal issues. Recently we have proposed an innovative organic dye based on a simple hemi-squaraine
molecule (CT1). In the present work, the effect of the sensitization time of the TiO, photoelectrode in the dye solution is studied
with the aim of optimizing the performance of CTl-based DSCs. Moreover, the addition of the chenodeoxycholic acid (CDCA)
as coadsorbent in the dye solution at different concentrations is investigated. Both CT1-sensitized mesoporous TiO, photoanodes
and complete solar cells have been fully characterized in their electrical and absorption properties. We have found that the best
photoconversion performances are obtained with 1 hour of impregnation time and a 1mM CDCA concentration. The very fast
kinetics in dye adsorption, with optimal sensitization steps almost 15 times faster than conventional Ru-based sensitizers, confirms
the theoretical predictions and indicates a strong interaction of the semisquaric acid group with the anatase surface. This result

suggests that this small molecule can be a promising sensitizer even in a continuous industrial process.

1. Introduction

Dye-sensitized solar cells (DSCs) represent one of the most
promising alternatives to the standard silicon-based solar
cells, thanks to their low manufacturing costs, easy fabri-
cation process, and environmental sustainability. Since the
seminal paper of O’'Regan and Grétzel in 1991 [1], many efforts
have been made to increase and stabilize over time the pho-
toconversion efficiency (PCE) of these third generation solar
devices. DSCs are photoelectrochemical cells constituted by a
nanocrystalline wide-band gap semiconductor film as anode
(usually TiO,), a sensitizer, an electrolyte, a counterelectrode,
and a transparent conducting substrate. Under sunlight
irradiation, the dye molecules are photoexcited and ultrafast
inject electrons into the conduction band of the semicon-
ductor; the original state of the dye is subsequently restored
by electron donation from the electrolyte, usually a solution

of an organic solvent (or a ionic liquid) containing the
I;7/I" redox couple. The iodide is regenerated by reduction
of triiodide at the counterelectrode by means of a catalyst
(usually Pt), the circuit being completed through an external
load [2].

The sensitizer, with its key role played in collecting the
solar radiation and photogenerating the current, has attracted
a strong research effort in the DSC community, since the dye
properties strictly affect the light harvesting efficiency and
the overall photoconversion properties of the cell. Standard
sensitizers in DSCs can be divided into organometallic
(polypyridyl complexes of ruthenium and osmium, metal
porphyrin, and phthalocyanine), organic (cyanine dye, D-
n-A) and inorganic (quantum dots) dyes. Over the last
20 years, ruthenium polypyridyl complexes have achieved
power conversion efficiencies beyond 11% and have shown



good stability [3]. Even more recently an efficiency greater
than 12% has been reported in a cosensitized (Zn-porphyrin
plus organic dye) DSC [4]. Nevertheless, metal-based sen-
sitizers exhibit some important limits: expensive synthesis
process, relatively low molar extinction coeflicient in the
visible region, limited availability of precursors, and waste
disposal issues. In this context metal-free organic dyes could
present several advantages, being obtainable with simple,
fast, and cost-effective synthetic approach and characterized
by high molar extinction coefficients [5, 6]. In comparison
to the Ru-based sensitizers, however, organic dyes exhibit
lower conversion efficiencies, due to the formation of dye
aggregates on the semiconductor surface and to their narrow
light absorption bands in the visible region. Therefore, several
efforts have been made to study organic dye molecules with
broader spectral responses and with anchoring group that
strongly binds to the nanocrystalline TiO, surface, ensuring
electron coupling with the substrate [7-10].

In our previous paper [11], a simple hemi-squaraine dye
(CT1) was proposed as an effective sensitizer for TiO, thanks
to the quite fast attachment of squaric acid moiety anchoring
group to the semiconductor surface, with the formation of
a type II heterostructure [12], ensuring adiabatic electron
transfer from the molecule to the oxide.

In this work we present an optimization procedure of
the performance of CTl-based DSCs, fabricated using a
customized microfluidic architecture [13]. To this purpose, an
optical study (UV-Visible spectroscopy) of the CT1-sensitized
mesoporous TiO, photoanodes and a deep electrical analysis
(Current-Voltage, External Quantum Efficiency, and Elec-
trochemical Impedance Spectroscopy) of the complete solar
cells have been carried out. The dye loading mechanism
was first investigated by varying the dipping time of the
TiO, photoelectrode, showing a very fast sensitization kinet-
ics. Moreover, the addition of the chenodeoxycholic acid
(CDCA) as coadsorbent in the dye solution at different
concentrations was investigated, showing a more efficient
dye anchoring with the reduction of molecule aggregation.
Even if the obtained photoconversion efficiency values are
lower with respect to the traditionally employed Ru-based
N719/TiO, cells, the results, evidencing a fast attachment of
the dye to the TiO, surface, suggest that the use of CT1 can
lead to a significant time reduction in a continuous industrial
process.

2. Experimental Details

2.1. Materials and Fabrication. Fluorine-doped tin oxide
(FTO)-covered glasses (7 Q/sq, Solaronix) 2 cm x 2 cm were
cleaned in order to remove particulates on the surface, as well
as traces of organic, ionic, and metallic impurities. The clean-
ing procedure is divided into the following 4 steps: ultrasonic
bath in acetone for 10 minutes, soaking in 2-propanol for few
seconds, bath in piranha solution (H,SO,: H,0, 3:1) for 10
minutes, and finally rinsing in deionized water and drying
under nitrogen flow. Afterwards, in order to remove residual
moistures on the surface, the glasses were placed on a hot
plate for 2 minutes at 100°C. Subsequently, a circular-shaped
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TiO, layer (Ti-Nanoxide D37, Solaronix) was deposited onto
FTO-covered glasses with tape casting technique [14], dried
at room temperature for half an hour, and finally placed on
a hot plate at 50°C for 10 minutes. A sintering process in a
muffle furnace (Nabertherm series L/LT-B180) at 450°C for
30 minutes enabled the formation of a nanoporous TiO, film
with a mean thickness of (8.5 + 0.5) um, as measured by a
profilometer (P.10 KLA-Tencor Profiler). In order to obtain
an increase of the photovoltaic conversion efficiency, a second
set of samples with slightly higher TiO, film thickness (9.5 +
0.5 um) was fabricated and employed in the second part of
the work, the one in which CDCA was used as coadsorbent.
A TiCl, post-treatment was performed by dipping the freshly
sintered TiO, films into a 50 mM TiCl, solution at 70°C for
30 minutes, then rinsing in abundant deionized water and
drying under nitrogen flow. After the post-treatment, the
TiO, films were again sintered at 450°C for 30 minutes [15].

Photoanodes were then soaked into a 0.17mM hemi-
squaraine dye acetonitrile solution for different time intervals
(5 minutes, 30 minutes, 1 hour, 3 hours, and 5 hours) at
70°C and subsequently rinsed in pure acetonitrile solution to
remove unabsorbed dye molecules. CT1 hemi-squaraine dye
was synthesized following the procedure described by Cicero
et al. [11]. The dye impregnation process was performed with
particular care in order to avoid any sort of contamination
of the dye solution. The absorption spectrum was checked
before each loading step with the purpose of assessing the
reliability of the dye solution preparation and the stability of
the sensitizer powder; the solution was maintained at ambient
temperature (21°C), and glass containers covered by an Al foil
were used in order to avoid plastic contamination and to keep
dark conditions. Eight photoanodes were prepared for each
experiment, in order to ensure statistics for the results. Five
of them were used to assemble DSCs and the remaining three
for the optical characterization.

Moreover, chenodeoxycholic acid in different concen-
trations (1mM, 10 mM, 14 mM, and 18 mM) was employed
as coadsorbent in the dye solution in order to reduce the
sensitizer aggregation at the semiconductor surface [16].
Firstly, the sensitization time was fixed to 1 hour. Then, it
was extended to 3 hours for the three most promising CDCA
concentrations (0 mM, 1mM, and 10 mM) in order to verify
if a longer loading time could lead to an improvement of the
photoconversion efficiency of the solar cells.

The counterelectrodes were fabricated as previously
reported [13]. Briefly, two small pinholes were drilled into
FTO/glass substrates using powder blasting technology. Then
the substrates were cleaned with the 4 steps described above
and coated with a thin layer (about 5nm) of Pt deposited by
thermal evaporation.

DSCs were fabricated employing our customized
microfluidic architecture [13], consisting of a polydim-
ethylsiloxane (PDMS) thin membrane able to properly
confine the electrolyte and reversibly seal the two electrodes.
Copper foils (50 ym-thick, 1.5 cm?* area) were used as electric
contacts with FTO, dielectrically insulated by the PDMS
membrane. The active area of the cells was 0.78 cm* and
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measurements were performed with a 0.22 cm? black rigid
mask.

2.2. Characterization. UV-Visible spectroscopy characteriza-
tion was carried out using a spectrophotometer (Agilent, Var-
ian Cary 5000) equipped with an integrating sphere to eval-
uate Kubelka-Munk function F(R). I-V characteristics were
measured under the AM15G illumination at 100 mW/cm?
(1 sun) using a class A solar simulator (91195A, Newport)
calibrated with a pyranometer (CMPI11, Kipp&Zonen), and
a Keithley 2440 source measure unit. Incident photon-to-
electron conversion efficiency (IPCE) spectra were acquired
in DC mode employing a 100 W QTH lamp (Newport) as
light source and a 150 mm Czerny Turner monochromator
(Omni-A 150, Lot-Oriel) without superimposed bias light.
Finally Electrochemical Impedance Spectra (EIS) were col-
lected in dark conditions using an electrochemical worksta-
tion (760D, CH Instruments) in the frequency range 0.1 Hz—-
30 kHz at different applied voltages, with superimposed AC
signal of 10mV amplitude. Experimental data of EIS were
fitted using an equivalent modeling circuit [17] in order to
obtain information about transport and recombination of
charges.

3. Results and Discussion

Figure 1 shows the structure of the CT1 hemi-squaraine dye
molecule. Panel (a) of Figure 2 compares the absorption
spectrum of the CT1 in acetonitrile (ACN) solution with
the spectra of CT1-sensitized TiO, photoanodes at different
dipping time intervals. Panel (b) shows the typical IPCE
action spectra of CT1-based DSCs for the same sensitization
times. Absorbance peaks of CTl-sensitized TiO, photoan-
odes show a monotonous heightening while increasing the
sensitization times that can be ascribed to the enhancement
of the number of adsorbed dye molecules on the TiO, film
(Figure 2(a)). On the contrary the maximum IPCE value
(55% at 460nm) has been obtained for a short loading
time of only 30 minutes (Figure 2(b)). This result shows
that for impregnation times longer than 30 minutes not
all the hemi-squaraine molecules attached on TiO, surface
effectively inject electrons in the TiO, conduction band. This
fact can be ascribed to their spontaneous aggregation or to
an ineffective anchorage of the dye on TiO, surface. Since, as
previously reported [11], the anchoring of the hemi-squaraine
molecule to the (101) anatase surface through the squarate
moiety is based on a strong chemical bonding, it is most
likely that the ineffective charge transfer for long incubation
times is related to the formation of molecular aggregates. The
photoanode absorption and the IPCE spectra are broadened
and red-shifted with respect to the absorption spectrum
of hemi-squaraine in acetonitrile, extending approximately
from 375 nm up to 600 nm (Figure 2(a)). The red-shift, which
has been also confirmed by DFT ab initio calculations, is
beneficial for photovoltaic applications [11, 18]. The absorp-
tion spectra of CT1-sensitized TiO, photoanodes exhibit two
well distinguishable peaks: the first one at 414 nm, whose
intensity strongly increases until 5 hours of impregnation and

N

N

FIGURE 1: Structure of the CT1 hemi-squaraine dye molecule.

the second one at 480 nm, which shows very small variation
in intensity with increasing sensitization time. IPCE spectra,
instead, show a blue shift, with a lowering and broadening
of the peak at 460 nm for loading times longer than 1 hour.
The peak at 414 nm is not mirrored in the IPCE spectra,
suggesting that its origin is related to H aggregates formation
[18], which are unable to inject photogenerated electrons to
be collected at the photoanode.

The average photovoltaic parameters (mean values of
five cells) obtained from the I-V measurements varying the
sensitization time are summarized in Table 1. For comparison,
the data obtained with a reference N719-based cell are
also reported in the last row. It has to be noted that the
same assembly and characterization procedures have been
employed, but the N719 dye concentration in the ethanolic
solution and the impregnation time had to be fixed to
0.35 mM and to 18 hours, respectively, in order to achieve the
optimal conversion efficiency of 4.83%.

Figure 3 presents a typical photocurrent density-voltage
curve of the microfluidic DSCs using the TiO,/CT1electrodes
dipped in the dye solution for each sensitization time. The
photoconversion efficiency reached the maximum value of
1.75% when the loading time was only 30 minutes long.
Increasing the sensitization time to 1, 3, and 5 hours, the
conversion efficiencies decreased to 1.66, 1.65, and 1.53%,
respectively. The worsening in DSC performance with longer
impregnation times is related to the decrement of the short-
circuit current density, while open-circuit voltage and fill
factor can be considered constant (see Table 1). This behavior,
in agreement with the trend evidenced in IPCE action
spectra, can be ascribed to a spontaneous aggregation of
hemi-squaraine molecules (not effective at 30 minutes). It is
particularly interesting to note that, even for a sensitization
time as short as 5 minutes, a consistent number of molecules
are already attached to the titania surface and are respon-
sible for photocurrent generation. This observation further
demonstrates the very efficient and fast linking obtained
through the squarate moiety.

Panel (a) of Figure 4 shows a typical Bode representation
of impedance phase of the cells by increasing the sensitization
time acquired at open circuit voltage condition. Analyzing
the Bode plot of EIS (Figure 4(a)), it is possible to notice
that the peak related to the electron recombination at the
TiO,/dye/electrolyte interface shifts to a lower frequency
when the sensitization time increases from 5 to 30 minutes
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FIGURE 2: (a) UV-Visible absorbance spectra of hemi-squaraine dye in acetonitrile solution and of TiO, photoanodes sensitized in CT1 dye
for different time intervals. The values for the CT1 in acetonitrile solution refer to the right-hand axis, whereas the other curves refer to the
left-hand axis. (b) IPCE action spectra of CT1-based DSCs for the same sensitization times.

TABLE 1: Average cell parameters (mean values of five cells) evaluated from I-V characterization. Last row reports the data obtained with a

reference N719-based DSC.

Dye Sensitization time J.. (mA/cm?) V. (V) FF PCE (%)
CT1 5min 1.78 0.49 0.61 0.58
CT1 30 min 4.76 0.55 0.67 1.75
CT1 1h 4.61 0.54 0.67 1.66
CT1 3h 4.54 0.54 0.68 1.65
CT1 5h 4.27 0.54 0.66 1.53
N719 18h 11.56 0.63 0.66 4.83

6 and then it shifts back again to a higher frequency when

the loading time further increases from 30 minutes up to

5 hours. These characteristic frequency peaks in Bode plot

JE‘ are inversely proportional to the electron lifetime into the

S TiO, film [19-21]. Accordingly, the shift to higher (lower)

E frequency of the peak in Bode phase plot reveals an increase

5 (decrease) of the recombination rate constant or equally a

£ decrease (increase) of the electron lifetime 7. The recombi-

'FE’ nation properties were evaluated by fitting EIS experimental

= data using an equivalent circuit, as described elsewhere [22].

S In this modeling circuit the resistance R, represents the con-

tact series resistance, the electrolyte-photoanode interface is

modeled by a parallel R,//Q);, the parallel R,//Q, stands for

0 T - L — the electrolyte-counterelectrode interface, and the Warburg

0.0 0.1 0.2 0.3 04 0.5 0.6 element W models the diffusion into the electrolyte [23].

Voltage (V) Q, and Q, are constant phase elements (CPEs) that are a

—— 5h —+— 30min generalization of common capacitances introduced to better

—— 3h —e- Smin describe the interfaces involving a high-porosity medium.

—— 1h

FIGURE 3: Photocurrent density-voltage curves of hemi-squaraine-
based DSCs for different sensitization times.

The electron lifetime values calculated using the formula

T = (R,Q,)"", where B, is the exponent of the CPE Q,,
(reported in Figure 4(b) for different applied bias voltages)
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FIGURE 4: (a) Bode plots of hemi-squaraine-based solar cells for different sensitization times measured at open circuit voltage (the symbols
represent the experimental data, while the continuous lines correspond to the fitting curves). (b) Electron lifetime evaluated by fitting EIS

data.
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FIGURE 5: (a) UV-Visible absorbance spectra of TiO, photoanodes sensitized in CT1 dye for 1 hour at different CDCA concentrations. (b)
IPCE action spectra of CT1-based DSCs for the same sensitization time and CDCA concentrations.

are in agreement with this theoretical prediction for all the
sensitization times investigated. In particular, the electron
lifetime experiences a monotonous drop while increasing the
sensitization time (see panel (b) of Figure 4). This behavior
can be ascribed to a spontaneous aggregation of hemi-
squaraine dye molecules, phenomenon which leaves a high
number of TiO, trap sites not occupied by dye molecules, and
so free for electron-hole recombination.

The effect of chenodeoxycholic acid in different con-
centrations was studied in order to reduce the sensitizer
aggregation at the semiconductor surface. The positive effect
of the coadsorbent is expected to be more evident for
longer sensitization times: for this reason, 1 hour and 3
hours were chosen as dye loading times. Panels (a) and
(b) of Figure 5 compare the absorption spectra of TiO,
photoanodes sensitized in hemi-squaraine (CT1) dye for 1



hour at different CDCA concentrations and a typical IPCE
action spectra of CT1-based DSCs for the same sensitization
time and CDCA concentrations, respectively. In Figure 5(a),
a lower dye loading induced by CDCA presence is evident;
in particular the Kubelka-Munk function of CT1-sensitized
TiO, photoanodes experiences a monotonous decrease while
enhancing the coadsorbent concentration in the dye solution.
This trend is also valid for 3 hours sensitization time (results
not reported). It has to be noted that the addition of CDCA
in the hemi-squaraine acetonitrile solution is responsible for
the disappearance of the shoulder at 414 nm (Figure 5(a)):
this confirms the attribution of this absorption peak to dye
molecule aggregates on the semiconductor surface. CDCA
molecules act as spacers among the CT1 molecules, avoiding
dye aggregation and thus facilitating electron injection into
the TiO, conduction band. In the IPCE action spectra of
Figure 5(b), the beneficial effect of the coadsorbent leads to a
rise, narrowing, and slight red-shift of the peak passing from
0mM to 1mM of CDCA. Subsequently, further increasing
the CDCA concentration, the peak width remains nearly
constant, a slight red-shift is still present, but a height
reduction occurs. Maximum IPCE (71% at 460 nm) has
been obtained for a loading time of 1 hour and a CDCA
concentration of 1 mM (Figure 5(b)).

The average photovoltaic parameters (mean values of
the five cells) obtained from the I-V measurements varying
the CDCA concentration are summarized in Table 2. The
physical quantities in the columns are equal to those reported
in Table 1. It has to be pointed out that the differences in
the photoconversion efficiency values obtained in the present
work (see Tables 1 and 2) and the ones reported by Cicero
et al. [11] are first of all due to the different dye and CDCA
concentrations and also to the different calibration of the
solar simulator. In fact, as recently discussed in the literature
[24], the measured DSCs performances are influenced by
the employed measurement conditions such as the usage
of reference cells. Figure 6 presents a typical photocurrent
density-voltage curve of hemi-squaraine-based solar cells for
different CDCA concentrations. Maximum photoconversion
efficiency of 2.50% was obtained when adding 1mM CDCA.
Further increasing the coadsorbent concentration up to
18 mM, the conversion efficiencies decreased to 1.65%. It is
important to highlight that the photoconversion efficiency at
1 hour without CDCA (1.88%) is higher than the one reported
in Table 1 (1.66%) since a thicker TiO, layer was deposited
onto FTO/glasses. The improvement in DSC performance
with a CDCA concentration of 1mM is related to the
enhancement of both the short-circuit photocurrent density
(J5.) and the open-circuit voltage (V, ), while the reduction of
the efficiency with higher coadsorbent concentrations (10, 14,
and 18 mM) is due to a net decrease of the ] originated from
a lower dye loading not compensated by an equal increase of
the V. (see Table 2).

This trend is confirmed by using an impregnation time of
3 hours. In fact, starting from a photoconversion efficiency of
1.67% without CDCA, it subsequently increases up to a value
of 2.16% with a CDCA concentration of I mM and it finally
experiences a decrease down to 1.89% further increasing the
CDCA concentration up to 10 mM. The worsening in DSC
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FIGURE 6: Photocurrent density-voltage curves of hemi-squaraine-
based DSCs for different CDCA concentrations at an impregnation
time of 1 hour.

performance with a longer impregnation time of 3 hours with
respect to 1 hour is due to the decrement of the short-circuit
current density, while open-circuit voltage can be considered
constant (see Table 2).

Increasing the impregnation time, therefore, once the
disaggregation has been completed, the acid becomes respon-
sible for a “conflicting mechanism” that prevents the effective
attachment of the sensitizer onto the semiconductor surface.

The short-circuit current density increase when using
the coadsorbent acid for both the loading time of 1 hour
and 3 hours can be attributed to the improved electron
injection efficiency [25, 26] following dye disaggregation.
The enhancement of the open-circuit voltage, instead, can
be explained by analyzing either the 7 values plotted in
panel (b) of Figure 7 and the Bode diagram shown in panel
(a) of the same figure. The CDCA molecules dissolved in
the dye solution cause an increase of the electron lifetime
(Figure 7(b)), a corresponding shift (and an increase) of
the middle-frequency peak of the Bode plot toward lower
frequency values (Figure 7(a)). The enhancement of the open-
circuit voltage, which corresponds to the difference between
the free energy of the TiO, electrons and the redox potential
of the electrolyte [27], can be therefore linked to a decrease of
back electron transfer recombination due to the occupation
of TiO, trap sites by the acid molecules.

4. Conclusions

The hemi-squaraine anchoring to the TiO, surface has been
optimized and characterized by means of an electrical and
optical study. The dye sensitization time and the CDCA
coadsorbent concentration in the dye solution have been
successfully monitored. A maximum photoconversion effi-
ciency of 1.75% for a sensitization time of only 30 minutes
without coadsorbent has been obtained, and this value has
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TABLE 2: Average cell parameters (mean values of five cells) evaluated from I-V characterization.
Sensitization time CDCA (mM) Je (mA/cm?) V.. (V) FF PCE (%)
1h 0 5.33 0.54 0.65 1.88
1h 1 5.90 0.61 0.70 2.50
1h 10 4.58 0.65 0.69 2.10
1h 14 3.98 0.65 0.68 1.76
1h 18 3.76 0.64 0.69 1.65
3h 0 4.57 0.55 0.66 1.67
3h 4.79 0.60 0.75 2.16
3h 10 3.96 0.65 0.74 1.89
15
0.1 \\\\
~ 3
g z
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(=]
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FIGURE 7: (a) Bode plot of CT1-based solar cells for different CDCA concentrations at an impregnation time of 1 hour measured at open
circuit voltage (the symbols represent the experimental data, while the continuous lines correspond to the fitting curves). (b) Electron lifetime

evaluated by fitting EIS data.

been enhanced up to 2.50% when adding CDCA at ImM
in the dye solution and fixing the loading time to 1 hour.
The optimal DSC performance has been related to the
enhancement of both the short-circuit photocurrent density
(J.) and the open-circuit voltage (V,.). The ] increase has
been attributed to the improved electron injection efficiency
due to the coadsorbent presence, while the V_ rise has
been linked to a decrease of back electron transfer due to
the occupation of TiO, trap sites by the acid molecules, as
confirmed by the increment of the electron lifetime.

The quite fast linkage of squaric acid moiety anchoring
group to the semiconductor surface implies that hemi-
squaraine dye can lead to technologically easier DSC fabri-
cation, even if the photoconversion efficiency values remain
lower with respect to the ones obtained with N719/TiO,-
based cells. Finally, the small hemi-squaraine dye molecule
proposed in this work can be considered as a prototype, and
the future employment of new classes of dyes, exhibiting the

same anchoring group and showing an absorption spectrum
extended in the entire visible region, turns out to be really
promising.
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