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Abstract: An investigation on the photoelectrochemical and sensitizing properties of two different
hybrid organic dyes, anchored as sensitizers on mesoporous TiO,, in Grétzel solar cells, is presented.
Firstly, we studied the absorption properties of the C106 sensitizer, a Ru polypyridine complex, and
of the Y123, an organic push and pull dye. In this work, we characterized these two dyes, employing
two different electrolytes, with similar experimental condition and device parameters. From the
J-V curves and IPCE photo action spectra, we performed an inedited bifacial study based on the
comparison of their photovoltaic performances, exploiting several backgrounds (black or white).
Among the obtained results from this study, we found the best bifaciality factor of 93% for C106 and
the best power conversion efficiency of 12.8% for Y123. These results represent, concerning these two
dyes and to the best of our knowledge, some of the highest values in literature.

Keywords: dye-sensitized solar cells; solar energy conversion; hybrid organic photovoltaics; bifacial
solar devices

1. Introduction

Recent developments in the use of supramolecular self-assembly processes [1-4] have
taken advantage of the synergistic employment of approaches and techniques that simul-
taneously investigate the structural organization and dynamic behavior at the nanoscale,
thus offering a large variety of solutions in nanoscience, nano-engineering, and biotechnol-
ogy [5-7]. The construction of multicomponent materials with controllable nanostructure
and properties is fundamental to truly exploit the use of these functional materials in many
potential applications [1,8-14]. Among these applications, the use of anchoring dyes as
sensitizers for dye-sensitized solar cells (DSSCs) is based on the interaction and assembly of
compounds with nanoparticles. DSSCs are a valid alternative to the more conventional Si-
based PV technology concerning indoor application [8,15], owing to their potential low-cost
production [16], easy fabrication, color tunability [17,18], and compatibility with esthetic de-
sign. In a typical DSSC, a dye-sensitized nano-crystalline TiO, on a conductive transparent
glass absorbs the solar energy [19,20]. The photoexcitation of the dye molecules by photons
promotes electrons’ injection toward the conduction band (CB) of nano-crystalline TiO,.
The electrons are collected on the conductive glass of the working electrode (WE or anode)
and flow through the external circuit and the load, then the electrons are reintroduced
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into the cell by a counter electrode (CE) on the back, where they are transferred to an
electrolytic solution placed between WE and CE. The role of the electrolyte is to regenerate
the dye molecules in their ground state, ensuring the absorption of more photons [21].
In the past, many research efforts have been devoted to the mesoscopic DSSC since the
pioneer demonstration of its feasibility as a low-cost photovoltaic technology [22]. Based
on several material combinations, DSSC has achieved a respectable high efficiency [23] and
a remarkable stability under the prolonged accelerating testing conditions [24-26].

In this work, we focused on two high-molar extinction coefficient (¢) sensitizers, be-
longing to the two main classes of dyes employed for DSSCs: ruthenium complexes and or-
ganic donor—mi—acceptor (D-n—A) compounds. The first class is here represented by the C106
dye (cis-bis(isothiocyanato)(2,2"-bipyridyl-4,4’-dicarboxylato)(4,4’-bis(5-(hexylthio)thiophen-
2-y1)-2,2’-bipyridyl) ruthenium(Il)), whose structural formula is shown in Figure 1a. Itis a
ruthenium complex developed for high-efficiency DSSC [27], as a more efficient analogue
of the well-known Z907 and C101 dyes. By introducing a sulfur atom of the bipyridyl
(bpy) ligand inserted between hexyl and thiophene groups, it is possible to obtain a
dye with a red shifted metal-to-ligand charge transfer (MLCT) band ensuring a higher
molar extinction coefficient (¢). The second one to be investigated is the Y123 dye 3-{6-
{4-[bis(2’ 4'-dihexyloxybiphenyl-4-yl) amino-]phenyl}-4,4-dihexyl-cyclopenta-[2,1-b:3,4-b]
dithiphene-2-yl}-2-cyanoacrylic acid. This organic dye is metal-free with a high molar
extinction coefficient (¢) which makes it particularly interesting to use in thin films of
TiO;, [28]. It is characterized by a triarylamine donor framework which is able to efficiently
absorb light and transfer the excited electron in the cyanoacrylic acid acceptor’s orbitals,
thanks to the extended m-conjugation ensured by the cyclopentadithiophene (CPDT) n-
bridge. This organic dye belongs to the family of D35 dye [29]. The choice to compare in
this work the C106 and Y123 dyes is due to the fact that they are considered as the most
representative of the two categories, metal-Ru complexes and metal-free dye, respectively.
Indeed, C106 has reached one of the highest power conversion efficiencies of 11.3% [21,27]
and it demonstrated a robust stability when tested at 60 °C under light soaking. Y123, on
the other hand, belongs to a group of new organic dyes (together with C218 and JF419)
worthy of interest due to their large extinction coefficient with one -COOH group [30].

Despite several authors reporting in literature that the speed of electronic injection
from the dye to the semiconductor is faster for ruthenium complexes such as C106 than
for organic dyes such as Y123, the majority of organic dyes used for the development of
high efficiencies DSSC belongs to the class of donor-m linker-acceptor dyes to which Y123
belongs. The difference in injection is probably due to the D—m—A structure of this organic
dye and its coupling with the TiO; film. In the Y123 dye, the electron donor moiety is
located in the triphenylamine unit, and the acceptor orbitals are on the cyanoacrylate group.
Cyclopentadithiophene (CPDT) works as a 7 bridge between the donor and the acceptor
for efficient electron conjugation. This bridge helps to increase the dipole moment and
the improvement of the molar extinction coefficient of the dye molecule. However, due to
the electron-rich nature of the triphenylamine donor moiety and the CPDT bridge, Y123
dye is also characterized by a charge injection voltage loss due to its high-lying LUMO
energy level [31]. The relaxation of the excited state in the Y123 dye molecule competes
with electronic injection in the TiO, conduction band. While for Ru-based dyes an ultrafast
electron injection in the femtosecond time scale has been reported, the electronic injection for
the Y123 dye is accurately monitored within 2 ps after excitation of the photoanode [20,21].
This also depends on the electrolyte: its role is to allow the closure of the circuit and thus
allow the regeneration of the dye, a fundamental process to guarantee the cell continuity in
operation. One of the most important parameters of this process is the speed, necessary
both to avoid the degradation of the dye, and to prevent the back-injection phenomena
and, in general, to maximize the delivered current.

Transparent or semitransparent electrodes of DSSC are a unique opportunity for
use in building-integrated photovoltaics (BIPV) to exploit the light from the interior of
the buildings as well as outside. The bifacial structure indeed uses the solar radiation
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absorption on the front and rear surfaces of the solar cells [32-34]. Many researchers
are active in this field with the aim to exploit this DSSC typical feature. Moreover, the
bifacial factor may be used in tandem devices. To take advantage of the bifacial feature, the
scattering layer must not be present in the DSSC cell. The scattering layer is an additional
thin film (5 pm) on the semiconductor with nanoparticles larger than 20 nm, with the rule
of scattering the light, thus boosting the optical absorption and ensuring adequate light
trapping in the device [35,36].

The purpose of this work is the comparison and the understanding of dynamics that
govern the photoelectrochemical properties of two different class of dyes: a ruthenium
complex, C106, and an organic donor—m—acceptor compound, Y123, at the same conditions.
We utilized two different electrolytes, the commercial (high-stability electrolyte) EI-HSE
and the homemade ]J8* [25], and we investigated the device’s behavior when measuring
from the front and from the rear side with the aim of confirming DSSC as valid candidate
for the bifacial application in BIPV. Moreover, we emphasized the DSSC raising PCE ability
when the albedo’s effect is exploited, reaching PCE values of 12.8% and 10.3% with Y123
and C106, respectively. To the best of our knowledge, in literature, a PCE as high as 12.8%
with Y123 dye has not been reported yet, since no one has studied the potential of Y123
under the albedo effect. Albedo is an expression of the ability of surfaces to reflect sunlight
(heat from the sun). Light-colored surfaces return a large part of the sunrays back to the
atmosphere (high albedo). Dark surfaces absorb the rays from the sun (low albedo). We
reached one of highest bifaciality factors (BFs) in the literature, of 93%, with C106 dye on a
white background, to the best of our knowledge. Concerning the PCE of the two dyes, we
find an interesting trend change linked to the TiO, thickness. This is related to the different
dyes’ molecular structures.

(a) (b)
Figure 1. Molecular structure of (a) C106 dye and of (b) Y123 dye.

2. Materials and Methods
2.1. Cell’s Fabrication Procedure

For the WE preparation, a conductive FTO (SnO;: F; 2.2 mm TCO22-15) glass was
firstly shaped as a square of 2.5 x 2.5 cm and cleaned with water, soap, acetone, and
ethanol in an ultrasonic bath, 10 min each wash. Initially, electrodes were immersed
for 30 min at 70 °C in a solution of TiCly (844 uL in 100 mL of distilled H,O; since the
reaction is exothermic, the solution is obtained in an immersed beaker in an ice bath). This
treatment mainly has two effects: increasing the resistance of the interaction between the
FTO substrate and the TiO, film and blocking the charge recombination process between
the electrons present on the semiconductor conduction band and the I, in the electrolyte.
The suspension of TiO, plays a central role in the construction of the solar cell. Factors
such as the size of the TiO, nanoparticles, the crystalline purity of the same, and the
subsequent sintering steps are extremely important for the efficiency of the cell. In order
to reduce the number of variables in the cell, we used a commercial TiO, suspension
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for all devices: the DYESOL DSL 18NR-T (particle size of about 10-15 nm). The screen-
printing technique was used in this study to deposit the TiO; paste [37]. This method
allows obtaining TiO, films with precisely defined areas and constant thickness: the screen
printing frame is made with a variable porosity polyester fabric, stretched on a frame of
aluminum or iron. After blocking the conductive glass plate (15 cm X 4 cm) below the
area of interest, several drops of TiO, paste are deposited on the frame and distributed
through a doctor blade, maintaining, during this operation, a steady pressure. Finally, we
proceed with a slow ramp sintering until 500 °C. The active area of the obtained photo
anodes is approximately 0.181 cm?. C106 (purity > 85%) and Y123 (purity 99%) dyes
were purchased from Dyesol and Dyenamo, respectively. WE were soaked in the dye
solution (5 mM in terbutanol/acetonitrile in a 1:1 ratio) and the dye sensitization was
carried out at room temperature for one night. Colored electrodes were washed with
distilled water, then ethanol, and then dried. The homemade electrolytic solution J8* was
prepared in acetonitrile (AN), a low-viscosity solvent (0.47 cp), and valeronitrile (whose
viscosity is 0.78 cp) in a volumetric ratio of 85:15 v/v. In this way, a less volatile solution was
obtained, resulting in a mixture with the following composition: Lil 0.1 M, I, 0.05 M, tert-
butyl pyridine (TBP) 0.5 M, and methyl-propyl imidazolium iodide (MPII) 0.6 M (J8*) [25].
High-stability electrolyte (EI-HSE) was purchased from Great Solar; its composition is not
quantitatively indicated, and it consists of a dissolved redox couple of triiodide/iodide in
3-methoxypropionitrile (3 MPN) solvent with inorganic iodide salt, organic iodide salt, and
imidazole compound as additives as reported from the seller. Similar to WE, a conductive
glass of FTO was cut, 2.5 x 2.5 cm, and cleaned to prepare the CE. The conductive surface
was covered with a thin layer of catalyst. The latter performs the task of lowering the
activation energy for the reduction of the I~ /1>~ torque. A few drops of hexachloroplatinic
acid (HpPtClg) solution were deposited on the substrates, arranged on a heating plate at
50 °C with the conductive surface facing upwards. The heat allows the evaporation of the
solvent. Subsequently, the glasses were heated at 400 °C for 15 min, to eliminate hydrogen
and chlorine, leaving only the metallic platinum. For sealing cells, a 25 um thick Surlyn
frame was placed on the conductive surface of the cathodes, previously drilled at an angle
with diamond tips of 1 mm in diameter, which acted as a gasket. The photo-anode was
placed on the cathode, making sure that the active area falls entirely within the edges of the
frame. To obtain complete adhesion of the two conducting glasses, the entire system was
placed inside a heated press at 120 °C for about 2 min. A small weight was then placed on
the cell to avoid the formation of Surlyn bubbles due to thermal shock. Subsequently, the
electrolyte solution was filled using a syringe that was introduced into the cathode hole,
creating a vacuum and allowing the electrolytic mediator to enter, which was thus trapped
inside the sandwich structure. The sealing procedure ended by applying a thin Surlyn film
on the cathode hole and coupling the latter with another slide, fixed by heat.

2.2. Instrumental Section

A Perkin Elmer L20 spectrophotometer UV-Vis (range 180 nm-1100 nm) was utilized
for absorption spectra. Current-voltage curves were obtained with a digital Keithley
236 multimeter connected to a PC and controlled by a homemade program. A LOT-Oriel
solar simulator (Model LS0100-1000, 300 W Xe-Arc lamp, powered by LSN251 power supply
equipped with AM 1.5 filter, 100 mWcem~2) provided simulated sunlight irradiation. A
Si-based pyranometer was used to calibrate incident irradiance. Incident photon-to-current
conversion efficiency (IPCE or 1) and relative photo-action spectra of sealed DSCs were
measured by an IPCE station consisting of a 150 xenon light source (model ASB-XE, Spectral
Products, Putnam, USA), a monochromator (model CM110, Spectral Products, Putnam,
CT, USA) equipped with a slit set, a Si-calibrated detector (model 818-UV, Newport, Irvine,
CA, USA), a picoammeter (model 6487, Keithley, Farnell®, Milan, Italy), and IPCE Solarena
Software. TiO; layers’ thickness were measured by using a DektakXT profilometer (Bruker,
Arcore, Italy) equipped with a diamond-tipped stylus (radius of 2 pm) and selecting a
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vertical scan range of 524 pm with 8.0 nm resolution, a programmed scan length of 6000 um,
and a stylus force of 1 mg.

3. Results and Discussion
3.1. Dyes’ Optical Properties

The solutions of the two dyes are easily distinguished: one is red-orange (C106),
while the other is yellow (Y123). One of the main requirements for a dye to be used
as a sensitizer in DSSCs is to absorb light radiation in the visible region of the solar
spectrum. Ethanol was chosen as solvent for both dyes since it is biodegradable and a
natural product. The polar nature of ethanol ensures a suitable interaction with carboxyl
polar functional groups and, on the other hand, its short alkyl chain favorably interacts also
with the peripheral hydrocarbon chains in both compounds, C106 and Y123. In Figure 2a,
the absorption spectra of C106 and Y123 dyes in ethanol are shown. Concerning the
C106 spectrum, it exhibits in the UV region an intense sharp peak at 311 nm centered on
ligand (m—7*), one large band (shoulder) from 349 to 398 nm, and another absorption
maximum at 538 nm. The latest absorption bands can be assigned to singlet and triplet
MLCT (metal to ligand charge transfer) transitions typical of the electronic charge transfer
from the d metal orbitals to the 7* orbitals of the organic binders present in the C106.
The organic dye Y123 (Figure 2a) is characterized by different optical properties due to
its D—-m—A structure: two main absorption peaks are found at 474 and 326 nm, with a
hump at 260 nm, corresponding to the internal charge transfer (ICT) between the donor
and the acceptor moieties and the m—m* transition, respectively [38]. Moreover, it has
been demonstrated that the flatness of the m-conjugated system, due to the presence of a
melted cyclopentadithiophene structure, greatly increases the molar extinction coefficient at
532 nm (53 x 10° M~ !em~1), which is even greater than that reported in literature for C106
(18.7 x 103 M~ 'em~! at 550 nm) [26]. The absorbance values reported in the spectra are in
arbitrary units (a.u.) and cannot be quantitatively compared. The inset of Figure 2b shows
two sensitized TiO, photoanodes (semiconductive layer thickness: 6-7 um) with the C106
and Y123 dyes. The two photoanodes are visibly and uniformly colored, which indicates
the dye has been efficiently adsorbed on the TiO; layer. From a visual observation, C106
photoanode appears darker than the sensitized one with Y123, even though the immersion
time, the TiO, layer thickness, and the dyes solution concentrations were the same for
the two different sensitizers. Figure 2b shows the absorption spectra of the sensitized
photoanodes with C106 and Y123. In the C106 case, the first absorption bands, whose
maximum were at 311 and 349 nm in solution, are hidden by the absorption spectrum of
the TiO,, which absorbs the light at higher energies (3.2 eV). On the other hand, the maxima
of the third absorption band undergoes a slight bathochromic shift, from 398 to 401 nm
and from 538 nm to 541 nm, respectively. This is probably a consequence of the interaction,
between the carboxylic groups of the dye-anchoring moiety and the TiO,, which stabilizes
the dye in both the ground and the excited states. The TiOp-anchoring group interaction
also generates a red-shift of the ICT absorption band for Y123 from 474 nm to 485 nm when
the dye is adsorbed on the semiconducting layer. Despite the highest molar extinction
coefficient reported in literature for Y123, the Y123-sensitized photoanode exhibits lower
intensity values than those of the corresponding C106 one. The most plausible explanation
is that, given the same thickness and area, the density of absorbed C106 molecules on the
photoanode is greater than those of Y123. This depends on the fact that the dye C106, which
binds vertically to the TiO,, with the 2,2"-bipyridyl (bpy) lying almost perpendicular to the
TiO, surface, is less sterically hindered, while the Y123 structure, more rigid and planar,
binds vertically with a greater steric hindrance due to the presence of the lateral-OCgHj3
chains on the triphenylamine substituent. Moreover, since Y123 is prone to aggregation by
m—7t stacking due to its planar geometry, it is always used in association with disaggregating
agents such as chenodeoxycholic acid (CDA): it has been demonstrated that CDA acts
as a co-adsorbent on the TiO, surface, breaking of the 7—m stacking thus avoiding the
self-quenching of the dye molecules. Chandiran et al. demonstrated also that CDA as



Appl. Sci. 2022,12, 3159 60of 13

a co-adsorbent with ruthenium C106 dye is not the best co-adsorber [39]. Moreover, by
comparing the absorption spectra of two photoanodes with equal thickness, the organic dye
A max lies (485 nm) in the depression region between the two maxima of the Ru-based one
(Figure 2b). The two spectra can be considered complementary, since the two compounds
absorb throughout the region between 360 and 700 nm, thus suggesting their possible
application in a “molecular cocktail” for more efficient panchromatic DSSCs.
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Figure 2. (a) Absorption spectra of dyes (C106, Y123) solution. (b) Absorption spectra of sensitized
photoanodes with C106 and Y123 dyes (inset: photoanodes” image).

3.2. Bifacial Study on Two Different Electrolytes and Dyes

In this section, we investigate the two dyes’ behavior with two different electrolytes,
J8* and HSE, and, furthermore, we examine a bifacial DSSC application by irradiating the
cell from the front side (glass—TiO,—dye—electrolyte—platinum—-glass) and from the rear
side (glass—platinum-—electrolyte-dye-TiO,-glass) (Figure 3). In Table 1, we summarize PV
parameters of Y123 and C106 cells with two electrolytes application (HSE and homemade
J8%), on black and white background (B and W), and from the front and rear side.
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Figure 3. Graphic scheme of the front and rear lighting through the cell’s layers.
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3.2.1. The Electrolyte

All devices show better performances with electrolyte J8* than electrolyte HSE. ]J8*'s
solvent is indeed composed by 85% (v:v) of acetonitrile, while HSE’s solvent is methoxy
propionitrile (3 MPN), as explained in Section 2. Acetonitrile is less viscous and more
volatile than 3 MPN and this leads to a faster dye regeneration with the beneficial effect
of Jsc increment in a device with J8* electrolyte. Moreover, ]J8* electrolyte also increases
results due to less charge recombination: a faster dye regeneration due to a faster electrolyte
diffusion means that the probability of dye’s recombination for a back-electron-transfer
phenomenon [40] is lower.

In Capasso et al. [41], a C106-based device with an iodine-iodide commercial elec-
trolyte, high-performance electrolyte (HPE), similar to HSE, was developed. The main
difference between HPE and HSE is the solvent: HPE employs acetonitrile, while HSE
contains MPN. Despite the use of a more performant electrolyte, for reasons discussed
above, the Pt-based /C106 device in Capasso et al. shows similar PCE (4.9%) to our work
(4.8%) in similar condition (black background and thickness around 7-8 um). This is due
to the fact that Capasso et al. fabricated the DSSC device without the use of a blocking
layer, as we made in this work. Considering our Pt-based C106 device, with J8* electrolyte,
therefore, a similar solvent to HPE, we obtained 5.6% of PCE, a higher result due to the use
of blocking layer in our device as discussed before. Concerning the Y123 dye, in Capasso
et al. a similar procedure to ours was used to fabricate the cells. Indeed, the Y123-based
device results in better performances: PCE in Capasso et al. is 9% while in this work is
4.92% in similar conditions (black background and thickness). In this case, the difference
lies in the use of a cobalt-based electrolyte, more performant than an iodide/triiodide one.
In a recent work that employs Y123 as a dye [30], with similar material and conditions to
the ones of this work, a PCE of 5.3% was obtained. The slight difference between 4.92%
(this work) and 5.3% [30] on a black background concerns the use of a scattering layer in
the last work. Indeed, when our cell is measured in a white background (albedo effect) that
works as a scattering layer, our result (5.6%) is in accordance with that in literature.

3.2.2. The Bifacial Factor

In the case of front-side irradiation, the electron path in the TiO, conduction band
is shorter, and the hole path in the electrolyte, which span from the reduced dye to the
platinum counter electrode, is longer in comparison to those for the case of rear-side
irradiation. This effect can reduce the difference between the conversion efficiencies for
front- and rear-side irradiation, resulting in high performance and enabling cost-effective
application in large-scale solar power generation systems [42]. On the other hand, in the
case of rear-side irradiation, the incident light is filtered by the iodide electrolyte [43],
resulting in blocking the blue-light region and passing the red-light region. All rear-side
measured devices show an increment in FF. From the rear side, fewer photons can reach
the sensitized TiO,, due to the platinum/electrolyte as middle layers that can absorb part
of the photons. A minor number of photons reaching the sensitized TiO, leads to a more
efficient electron injection and less charge recombination, which results in a FF increment.

All measured cell on a white background show better results in comparison to the
respective measurement on a dark one. Indeed, the white background works as a scattering
layer that can amplify the light effect, thus more photons can reach the device. Consequently,
a current increment is observed on measured devices on white background. In the column
“bifaciality factor” in Table 1, the ratio of each measured cell from the rear to the front side
is reported for each dye, electrolyte, and background. With a black background, the BF is
lower than the respective cell in the white one. A maximum BF of 93% has been obtained
with C106 dye, J8* electrolyte, and a white background.

Considering the results in Table 1, it is possible to notice that BF is influenced by the
electrolyte and by the dye. J8-electrolyte-based devices have a BF higher than HSE-based
ones, and this depends on the different viscosity of the employed solvents. As discussed
previously, ]8 solvent allows a faster regeneration of the redox couple, and this brings
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better performances in the rear side also. Analyzing BF differences for both electrolytes, we
notice that the most influenced parameter is the current density; indeed, considering HSE-
C106 device from rear to front, the current doubles (from 6.42 to 11.99 mA /cm?), different
to the case of J8-C106, where Jsc increment is less evident (from 9.62 to 13.94 mA /cm?).
A BF of 93% was achieved due to the exploitation of the albedo effect with C106 on a
white background: more scattered photons and less differences between Jsc from rear to
front (from 19.34 to 21.07 mA/cm?). It is worth highlighting that exploiting the albedo
effect, a standard DSSC cell reached the bifaciality factor of 93%, and this is mandatory to
understand the great potential of this technology when used as BIPV in windows or indoor
environment, even with different angle inclinations.

C106 has a higher BF than Y123 (and therefore less differences between front- and
rear-side measurements) and it is possible to find the explanation when observing their
absorbance spectra (Figure 2b). A sensitized C106 dye in a TiO, surface shows two maxi-
mum peaks at 401 and 541 nm. Iodine/iodide electrolyte absorbs from 300 to 400 nm [44];
therefore, in the rear side, when the electrolyte first filters the light, this cannot block the
C106 excitation in the second band at 540 nm. On the other hand, Y123 has one absorption
band from 400 to 500 nm, partially influenced by the filtered light from the electrolyte; from
the rear side, this probably leads to higher PCE differences from front to rear for Y123 dye
than for C106 dye.

3.2.3. The Incident Photon to Current Efficiency

In Figure 4, the IPCE graph of C106 (Figure 4a) and of Y123 (Figure 4b) dyes with
J8* and HSE electrolytes, rear and front side, respectively, are shown. As previously
mentioned, the platinum/electrolyte influence in rear-side measurement is noticeable with
both dyes and both electrolytes (Figure 4a,b). Indeed, rear-side measurements show a
less photons absorbance from 450 to 550 nm in comparison to the front side (for C106,
Y123, HSE, and J8* electrolytes) where photons directly reach the sensitized TiO, without
crossing the electrolyte solution first. The C106-based device obtained higher PCE than
Y123-based ones, consistently with absorption spectra of Figure 2b, where C106 absorbance
is greater than Y123, although the latter has an higher molar extinction coefficient. C106
absorption spectra show a superior photon capture, as confirmed from electrical parameters
that demonstrate C106’s better performances, in terms of PCE, compared to Y123 for all
measurement situations (Table 1).

Table 1. PV parameters.

Electrolyte Sample * PCE (%) ';‘f“‘ality Jsc (mA/ecm?)  Voc (Volt) FF (%) IPCE (%)
actor (%)

B_C106_Front 5.61 s 13.94 0.66 61 100
B_C106_Rear 419 9.62 0.66 66 75
W_C106_Front 8.11 21.07 0.7 55 /

. W_C106_Rear 7.58 %3 19.34 0.7 56 /
B_Y123_Front 492 9.78 0.7 72 85
B_Y123_Rear 2.07 4 3.93 0.7 75 40
W_Y123_Front 6.48 13.24 0.71 69 /
W_Y123_Rear 467 72 9.15 0.71 72 /
B_C106_Front 483 11.99 0.66 61 84
B_C106_Rear 295 61 6.42 0.66 69 53
W_C106_Front 6.74 o 16.8 0.68 59 /
W_C106_Rear 5.63 13.76 0.66 62 /

HSE B_Y123_Front 377 8.52 0.66 67 75
B_Y123_Rear 217 58 463 0.67 70 34
W_Y123_Front 526 12.28 0.68 63 /
W_Y123_Rear 434 82 9.64 0.68 66 /

* B: black background; W: white background. A mask was applied on the device as a frame for the active area.

TiO, film thickness is 7 pm.
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Figure 4. IPCE spectra of C106 and Y123 device. Cell were measured in a black background: (a) C106
device with J8* and HSE electrolytes, front and rear side; (b) Y123 device with J8* and HSE electrolytes,
front and rear side.

3.3. TiOy Thickness Effect

Figure 5 shows the ]-V curves of C106 and Y123 devices with an increased TiO; film
thickness (12 um) in comparison to devices reported in Table 1 (7 um). The ]J8* electrolyte
has been used as it is more performant than HSE. With a thicker TiO, layer (12 pm), the PCE
of C106 and Y123 devices have similar results, unlike a thinner layer (7 um), as reported in
Table 1, where C106 is significantly more performant. As discussed previously, C106 has a
greater absorbance in comparison to Y123 (Figure 2b) and saturates the light absorption at
7 um thickness, as observed in IPCE spectra (Figure 4a). Comparing data of Table 1 (7 pum)
and Table 2 (12 um), considering the same measurement condition (black background) and
electrolyte, J8*, C106 dye shows an almost unchanged PCE (5.6% with 7 um and 5.9% with
12 pm). Indeed, Y123, at the same precedent condition, shows a PCE boost, respectively, to
the TiO, increment from 4.9% to 6.3%, mainly due to the Jsc (from 9.8 to 12.5 mA/cm?).
This phenomenon is due to the C106 self-absorption processes which occur with increasing
thickness [45]. Differently, Y123 has a lower absorbance, and it is not influenced by this
effect at 12 pm. Figure 5 shows the J-V curves relative to the measurements made on the
same cells subjected to irradiation without a mask and with a white background, which
represent the working conditions in an outdoor environment where one obviously tries
to maximize the collection of sunlight. One of the main advantages of the Grétzel cells
(DSSCs), compared to the traditional silicon-based solar cells, is found in their ability to
be passed through by parts of solar radiation, therefore it is possible to use the “albedo
effect”: the diffused and reflected light by the ground they are laying. This is obviously
not possible for silicon solar cells or, in general, for opaque ones. While C106 and Y123
devices measured with a mask in a black background obtained similar results in terms of
PCE (5.9 for Y123 and 6.34 for C106), the same devices measured without a mask and on a
white background show significant differences in terms of PCE (12.78 for Y123 and 10.28
for C106), mainly due to the density current (26.68 mA /cm? for Y123 and 22.60 mA /cm?
for C106) (Table 2 and Figure 5). Since the Y123 dye absorbs less radiation than C106 (see
Figure 2b, more residual light is impinging on the white background and can be reflected
to re-cross the solar cell: a greater albedo effect can explain both the higher photocurrent
and efficiency found for the Y123 DSSC compared to the C106 one.
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Table 2. Electrical parameters of ]-V curves of C106 and Y123 devices (TiO; film thickness of 11.6 pm)
on white and black background.

Sample PCE (%) Jsc (mA/cm?) Voc (Volt) FF (%)
B_C106 5.90 12.20 0.72 61
W_C106 10.28 22.69 0.71 63
B_Y123 6.34 12.50 0.70 70
W_Y123 12.78 26.68 0.77 62

4. Conclusions

In this work, we first investigated the differences between the optical properties of two
dyes: a ruthenium complex, C106, and an organic donor—m—acceptor compound, Y123. The
analysis of the absorption spectra shows that the Y123 photo-anode exhibits an absorption
maximum peak at 485 nm, which, despite the highest molar extinction coefficient of this
dye, has lower intensity values than those of the C106 photo-anode (401 and 541 nm). This
evidence finds an explanation in the fact that C106 binds vertically to the TiO,, with the
bpy lying almost perpendicular to the TiO; surface, resulting as less sterically hindered,
while the Y123 structure, more rigid and planar, binds vertically with a greater steric hin-
drance due to the presence of the lateral-OCgH;3 chains on the triphenylamine substituent.
Moreover, we studied dyes’” behavior when they were employed as sensitizers in a DSSC,
focusing on several operating conditions, such as electrolyte composition, thickness of
anode, and illumination environment. For this purpose, we performed measurements
illuminating the cells both from the front and rear sides, discussing from a scientific point
of view the change in electrical parameters. We achieved one of the highest bifaciality
factors (BF) in the literature, of 93%, with C106 dye on a white background, to the best
of our knowledge. This is important to highlight the great potential of a standard DSSC
device when exploited in BIPV or in an indoor environment when the albedo effect can be
present. We noticed an interesting effect concerning the devices’ performances related to the
TiO, thickness. C106 dye has a great absorption capacity, as seen from absorbance spectra,
and its PCE trend is not significantly influenced by TiO, thickness. On the other hand,
the organic dye, Y123, with a lower absorbance, is positively affected by TiO; thickness,
increasing the PCE. Furthermore, when the albedo’s effect was exploited, Y123 and C106
achieved PCE values of 12.8% and 10.3%, respectively.
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