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Dye-sensitized solar cells (DSSCs) have gained increasing atten- Published online: September 29, 2014

tion in the past two decades as a next generation photovoltaic
(PV) technology alternative to conventional silicon (Si)-based
systems because of their potentially low fabrication costs, ease
of preparation and relatively high light-to-electricity energy con-
version efficiencies.?]
Highly performing DSSCs conven-tionally incorporate
sensitizers based on polypyridyl ruthenium (Ru) complexes
that can give power conversion efficien-cies in excess of 11%.
[3] Despite their great potential, Ru-based sensitizers suffer
from issues related to the high costs, toxicity and limited
availability of the starting mate-rial, thus making them not
suitable for a widespread application in cost-effective and
environmentally friendly DSSC sys-tems.!*! In the attempt to
overcome some of these limitations, several metal-free organic
dyes have been synthesized in the past few years,! >~ among
which indoline-based sensitizers have shown DSSC device effi
ciencies approaching those obtained with conventional Ru-
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to extend the short-wavelength limit of solar cells through the
absorption of incident UV-photons and their re-emission at
longer wavelengths, where the PV photoactive materials typi-
cally show optimal spectral response.l'l Conventional LDS sys-
tems involve the application of a luminescent coating on the
top of the complete PV device with no interference between
luminophore and solar cell active material, thus making this
approach extremely fl exible and easy to be implemented also
on an industrial scale.?” This technique has been success-
fully applied to different inorganic PV technologies,?!??l with
Si-based systems being the most widely investigated?®l due to
their poor external quantum effi ciency (EQE) at short wave-
lengths. As opposed to this, only a very few reports have been
presented on the potential application of LDS to DSSCs, the
vast majority of which involving the synthesis and characteri-
zation of nanocrystals (NCs) based on lanthanide (Ln) phos-
phors (LaVO4Dy**, Y,WOgLn*/Bi**, Gd,MoOLn**/Bi**,
YVO,:Bi**/Ln3*) as potential down-shifting materials.[#?° Even
less works!'72% have been reported to date on the actual use
of these materials as LDS coatings on functioning DSSC sys-
tems with related device performance evaluation. Despite their
interesting photophysical properties that can be useful when
coupled to DSSC photoactive materials, all these Ln-based
NCs require very high sintering temperatures (often in the
500-1000 °C range) for their formation, which inevitably limit
their widespread use in commercial DSSC applications.

In addition to maximizing device effi ciency, another major
and often overlooked aspect to be addressed before envisaging
commercial deployment of organic PV technologies such as
polymer solar cells and DSSCs is the need of long-term opera-
tional stability in outdoor conditions, which are characterized
by continuous exposure to the harmful UV portion of the solar
spectrum as well as to adverse weather conditions (e.g., rain,
snow).728] One of the most straightforward and technologi-
cally viable strategies to address this issue is the ex-post applica-
tion of multifunctional protective coatings on the as-fabricated
PV device. Although this technique is quite common and well
consolidated in several industrial fi elds (e.g., automotive, archi-
tectural, nautical), only very recently the use of multifunctional
protective coatings has been demonstrated in energy conver-
sion and storage systems.[?>3% Furthermore, only a surprisingly
small number of these works is focused on DSSC technology,
where the combination of self-cleaning and antireflective prop-
erties has been proposed as a promising strategy to improve
light-harvesting and device stability.®!! Following these very
recent examples of multifunctional systems, it would be highly
desirable to be able to combine LDS, UV-screening and easy-
cleaning properties within a single coating material, to allow
the fabrication of DSSCs with optimized spectral management
and enhanced device stability in an easily implemented and ver-
satile fashion.

Here, we present the first demonstration of a multifunc-
tional coating that incorporates LDS, UV-screening and easy-
cleaning abilities, and its application in Ru-free organic DSSC
devices. Such coating consists of a new photocrosslinkable
fl uorinated polymer embedding a newly synthesized photolu-
minescent europium (Eu) complex that acts as down-shifting
material converting harmful UV photons into valuable visible
light (Figurel a). By carefully optimizing the concentration of

the luminescent species in the fluoropolymeric coating applied
on organic DSSC devices, a 70% relative increase in power con-
version efficiency was obtained with respect to control uncoated
devices. This represents the highest efficiency enhance-
ment reported so far on organic DSSC systems by means of
a polymeric LDS layer. In addition, long-term weathering tests
revealed the excellent stabilizing effect of our new coating on
DSSC devices. For the first time, after more than 2000 h of
continuous exposure to real outdoor conditions, DSSCs incor-
porating the new coating system presented in this work were
found to fully preserve their initial power conversion efficiency,
as opposed to LDS-free control devices that showed a 30% effi-
ciency loss. This excellent outdoor stability was attributed to the
combined action of the luminescent material that acts as UV-
screen and the highly photostable, hydrophobic fluoropolymeric
carrier that further prevents photochemical and physical degra-
dation of the solar cell components. The results of the present
study clearly demonstrate that in the case of organic DSSCs sig-
nificant performance improvements can be achieved by using
the new LDS coating presented in this work, thus bridging the
gap with generally better performing (but potentially critical in
view of commercial application) Ru-based DSSCs. Nonetheless,
due to the high flexibility in the choice of photoactive materials
available for DSSC devices, our approach may be extended to a
large variety of sensitizer/luminophore combinations with suit-
able spectral match, thus enabling the fabrication of highly effi-
cient and exceptionally stable DSSC systems.

2. Results and Discussion

The multifunctional coating presented in this work was
obtained by ultraviolet (UV)-mediated photocrosslinking of
a newly synthesized fluoropolymeric precursor containing a
photosensitive methacrylic functionality appended to the main
polymeric chain. The preparation of such precursor involved
the reaction between a commercial chloro-trifluoro-ethylene
vinyl-ether (CTFEVE) polymeric binder and 2-isocyanatoe-
thyl methacrylate (IEM), according to the scheme presented
in Figure 1b. Such reaction leads to the formation of a fluori-
nated polymer bearing methacrylate functionalities as pendant
groups linked to the polymeric backbone via urethane bonds
resulting from the polyaddition of the —OH groups present
in the CTFEVE binder and the -N=C=O group of IEM. The
detailed description of the synthetic procedure is presented in
the Experimental Section.

The presence of the methacrylate moiety appended to the
main polymer chain allows the photocrosslinking reaction
under UV-light, leading to the formation of the polymeric solid
film. To probe the kinetics and the conversion of the photo-
crosslinking reaction, Fourier-transform infrared (FTIR) spectra
of the cast films were collected at increasing UV-light exposure
times and the intensity decrease of the FTIR signal centered at
1636 cm™! (methacrylate C=C stretching) was monitored, nor-
malized with respect to the carbonyl C=0 stretching signal at
1720 cm™! (Figure 1¢).2% The conversion (X) of the reactive
groups at time ¢ was evaluated by computing the ratio between
the intensity of the FTIR signal at 1636 cm™ at a given time ¢
and prior to irradiation. As shown in Figure 1d, a conversion
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Figure 1. a) Graphical representation of the working principle of the LDS system presented in this work; b) schematic representation of the mechanism
of formation of the photocrosslinkable fluoropolymer precursor; c) photocrosslinking conversion curve; and d) FTIR spectrum of the photocrosslinked
fluoropolymer at increasing UV-exposure time. The inset shows the region of the FTIR spectra where the C=C stretching signal is observed.

of over 80% is found for this system already after 60 s of UV-
light exposure, followed by a plateau which indicates that
photocrosslinking was achieved, as also evidenced by the resist-
ance of the UV-cured coatings to solvent rubbing (MEK double
rub test).1%] This behavior clearly indicates that an efficient and
rapid crosslinking process can be achieved with our new photo-
crosslinkable system, potentially leading to a straightforward
scalability to large production volumes, especially when com-
pared with conventional thermal crosslinking processes, where
long exposure times to high temperatures (in

the 150-200 °C range) are often needed to (a)
complete the curing.[3%

To serve as light-managing LDS layer for
DSSC devices, a luminescent species was
added to the new fluoropolymeric coating.
In this work, europium tetrakis dibenzo-
ylmethide triethylammonium (EuD,TEA)
was chosen as the luminescent material
(Figure 2a) because of its large Stokes shift
and good spectral breadth in the UV region
of the solar spectrum, being these character-
istics of great importance for DSSC applica-
tions. EuD,TEA was synthesized based on
previously published work*!l using a slightly N
modified procedure (see Experimental Sec-
tion for details on the synthetic protocol) and
was incorporated into the fluoropolymeric
precursor prior to photocrosslinking. The
optical properties of the LDS coating incorpo-
rating EuD,TEA were examined by means of

EuD,TEA

(b)

UV-Vis and fluorescence spectroscopy. As shown in Figure 2c,
a broad absorption band is found in the LDS coating covering
the 300-400 nm spectral range, with an absorption peak cen-
tered at 350 nm. The photoluminescence spectrum shows the
characteristic narrow emission bands of Eu(III) corresponding
to the Dy—"F,_, transitions. In particular, a sharp emission is
found at 613 nm resulting from the *Dy—’F, electronic tran-
sition, while the lower intensity emission peaks at 579 nm,
594 nm, 653 nm and 703 nm are associated with the >Dy—"F,

—a— LDS absorption
—e— LDS emission
—4— D205 absorption

D205
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Figure 2. a) Molecular structure of EuD,TEA; b) molecular structure of D205; and c) normal-
ized UV-Vis and photoluminescence emission spectra of EuD,TEA-doped LDS coatings and
absorption spectrum of D205 deposited on TiO,.
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Figure 3. Variation of PV parameters of LDS-coated DSSC devices at increasing concentration of EuD,TEA luminescent species: a) short-circuit current
density J, and open-circuit voltage V,. (inset), and b) device efficiency 1 and fill factor FF (inset).

>Dy—’F,, °Dy—’F; and >Dy—’F, transitions, respectively.}4
Based on these observations, it is clear that EuD,TEA represents
a very promising candidate as down-shifting material in LDS
polymeric coatings for DSSC applications. In order to optimally
exploit the interesting optical properties of EuD,TEA-doped
LDS coatings, an appropriate DSSC dye needs to be selected.
For this purpose, after a thorough screening we decided to
couple the EuD,TEA-based LDS coating with the Ru-free indo-
line-based organic dye D205 (Figure 2b),*3" which was recently
emphasized for its good PV performance also in the presence
of flexible electrodes and alternative redox couples.*> As clearly
evident in Figure 2c, a good match between the emission spec-
trum of the luminescent material and the absorption spectrum
of the dye is present. Furthermore, EuD,TEA absorbs photons
in an area where D205 is not active, thus no competitive optical
phenomena are expected to occur.

In order to assess the actual performance of the proposed
system, DSSCs were assembled with a D205-sensitized TiO,
electrode, a iodide/triiodide liquid electrolyte and a Pt-sput-
tered counter electrode. LDS coatings were deposited on the
external side of the photoanode, and the effect of EuD,TEA
concentration in the photopolymer on the performance of the
DSSC device was investigated. Figure 3 shows the strikingly
positive effect of the LDS layer on PV cell performance. A
remarkable 37% improvement of short circuit current density
(Jsc, Figure 3a) is already achieved when a 1 wt% EuD,TEA is
introduced in the crosslinked coating. This confirms that the
luminescent material can effectively convert the spectral region
peaked at 350 nm into lower-energy photons of wavelengths
well matching the absorption spectrum of D205. As a result,
the increased amount of photons reaching the DSSC dye due
to the photoluminescence process occurring in the LDS coating
is responsible for the observed improvement in J,. Further evi-
dence of the proper functioning of the proposed LDS system
was given by incident photon-to-current efficiency (IPCE) meas-
urements. Indeed, from Figure 4 it is clear how the lumines-
cent material leads to increased IPCE values in the spectral
region where the absorption of EuD,TEA is centered (350 nm).
In particular, progressively higher IPCE values are observed at
increasing EuD,TEA concentration in the 330-370 nm spec-
tral region, where incoming photons are shifted to the absorp-
tion peak of the DSSC sensitizer, thus generating enhanced

photocurrent (see Figure S1 in the Supporting Information
for the corresponding J-V curves). Integrating the product of
the AM1.5G photon flux with the IPCE spectrum yields pre-
dicted J,. values equal to 9.79 mA cm and 13.08 mA cm?,
for the LDS-free and LDS-coated DSSCs, respectively, which
are in excellent agreement with the measured values reported
in Table 1. The luminescence of the UV-cured coatings can be
appreciated in the inset of Figure 4.

While the increase of photocurrent could be reason-
ably expected in the presence of a LDS system, the insets of
Figure 3 show that also V, and FF were slightly improved with
increasing EuD,TEA concentration. It is well known that these
two parameters are usually affected by changes of the electro-
lyte composition or by modification of the electrodes/electrolyte
interfaces.[® However, the same components were used in our
work to fabricate the DSSC devices at varying EuD,TEA concen-
tration. The only factor that may affect these PV parameters in
this case is the operating temperature. Indeed, it has been pre-
viously demonstrated that the increase of DSSC device temper-
ature causes a decrease of V. and FF (due to accelerated recom-
bination reactions) accompanied by a slight increase in J, that
results in an overall decrease of the PV cell output power and
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Figure 4. IPCE curves of LDS-coated DSSCs at increasing concentration

of the EuD,TEA luminescent species. The insets show photographs of
EuD,TEA-free (A) and 1 wt% EuD,TEA-laden (B) DSSCs under UV-light.



Table 1. PV parameters (short-circuit current density Ji, open-circuit
voltage V., fill factor FF and power conversion efficiency 1) of LDS-
coated (1 wt% EuD,TEA) and uncoated (0 wt% EuD,TEA) DSSC devices.
The performance decrease after 2140 h of outdoor operation (1;oss) is
also reported.

EuD,TEA Jse Voc FF n Mioss
[wt%e] [mA cm™] \d] -] [%] [%]
0 9.72 0.54 0.51 2.68 28
1 13.29 0.58 0.59 4.50 2

in a lower conversion efficiency.’”] Based on these observations,
a possible explanation for the trends observed in this work may
be given by considering the ability of the fluoropolymeric LDS
coating deposited on the light-exposed face of the photoanode
to absorb hot IR photons incident on the DSSC, thus reducing
device operating temperature. Indeed, fluoropolymers are char-
acterized by a strong and wide absorption band in the IR region
of the electromagnetic spectrum originating from the C-F bond
stretching vibration.®8] This characteristics may help limit
the thermally activated recombination phenomena that are
responsible for decreased performance in DSSC devices with
temperature.

The overall trends observed on the PV parameters pre-
sented above show that cell efficiency (n, Figure 3b) increases
with EuD,TEA concentration in the LDS coating, leading to
a remarkable maximum 7n enhancement of 70% with respect
to the uncoated device (from 2.68% to 4.50%) for EuD,TEA
concentration in the 1-2 wt% range. To the best of our knowl-
edge, this value represents the highest efficiency enhance-
ment reported so far on organic DSSC systems by means of a
polymeric LDS layer. This behavior demonstrates the positive
effect of our functional coating on device performance, which
appears even more interesting considering the economical,
rapid and easily up-scalable processes of deposition and light-
curing that were employed for its fabrication. Some attempts
to further increase the concentration of EuD,TEA introduced
in the LDS coating were also carried out. However, as shown
in Figure 3, a plateau 7 is reached for EuD,TEA concentra-
tions in the 1-2 wt% range, followed by a 1 decrease for higher
EuD,TEA loading. This latter effect may be due to the pro-
gressively lower solubility of EuD,TEA in the fluoropolymeric
system at increasing concentrations that leads to the formation
of aggregates and precipitates (see Figure S2 in the Supporting
Information) contributing to the reduction of transmittance
of the LDS coating and thus to an overall DSSC device perfor-
mance decrease.

Ascertained the significantly positive effect of our functional
coating on the DSSCs PV performance, a study on device aging
was also conducted. As well known in the scientific community,
there is no standardized protocol for the evaluation of the sta-
bility of DSSCs, and in most cases a study of 500/1000 h in the
dark at high temperature or at room temperature under simu-
lated solar irradiation is performed.? In the present work, a
long-term weathering study was conducted for the first time
under real outdoor conditions for about 3 months (2140 h). The
DSSC devices were exposed (day and night) in the garden of the
IIT building in Turin (45°03'42.0”N, 7°39’48.1”E), located in
northern Italy in a humid subtropical climate zone. The highly
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Figure 5. Stability test carried out on LDS-free (0 wt% EuD,TEA) and
LDS-coated (1 wt% EuD,TEA) DSSCs in real outdoor conditions. The
lower part of the graph shows the outdoor temperatures (minimum and
maximum) registered during the testing period, while the inset shows the
accumulated rainfall.

variable climatic conditions are particularly useful to carry out
a realistic study of device aging. As shown in Figure 5, outdoor
temperatures ranged from -2 to 32 °C during the first quarter
of 2014 (between February and April), and about 350 mm of
accumulated rain were recorded by the local environmental
protection agency.*” In the considered period, the control
DSSC device (0 wt% EuD,TEA) lost about 30% of its initial
efficiency, while the LDS-coated system (1 wt% EuD,TEA) fully
preserved the starting performance, with a minor 2% efficiency
loss (Table 1). This remarkable result makes the proposed lumi-
nescent fluoropolymeric coating not only useful to produce a
great improvement of PV performance, but also to impart high
long-term durability in real operating conditions, which is of
paramount importance for a practical exploitation of the DSSC
technology.

In order to better clarify the striking behavior observed on
the stability of LDS-coated systems, further characterizations
of the luminescent films were carried out. As regards the
thermal properties, differential scanning calorimetry (DSC)
was used to evaluate the glass transition temperature (Ty) of the
photocrosslinked coating. For outdoor application, the T, of the
fluropolymeric coating should be higher than room temperature
so that potential degradation effects due to prolonged outdoor
exposure to high temperatures can be prevented. As presented
in Figure 6a, the EuD,TEA-free photocrosslinked fluoropolymer
shows a T, value well above room temperature (49 °C), that is
further increased upon the addition of the luminescent species
(Ty = 59 °C for the LDS coating), indicating a good miscibility
between the photopolymer and the luminescent species. These
values clearly confirm the suitability of our new LDS coating for
outdoor use.

The thermo-oxidative stability of the LDS photocrosslinked
coating was investigated by means of thermo-gravimetric anal-
ysis (TGA) in air (Figure 6b). A three-stage thermal degradation
behavior can be clearly observed, with a first weight loss of about
10-15% occurring in the 150-250 °C, which may be ascribed
to cleavage of the urethane bonds.!! The second major weight
loss (60%) is found in the 250-450 °C temperature range that
may be due to the decomposition of ether and ester linkages(*?!
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Figure 6. a) DSC curve of undoped and doped photocrosslinked coating

and to chain scission reactions,*}! which are known to occur in

acrylate polymers via a free-radical mechanism upon heating in
air. Finally, the third weight-loss peak observed above 450 °C
indicates the complete de-crosslinking and thermal degrada-
tion of the polymer. The fluoropolymeric LDS coating presents
5% and 50% weight-loss temperatures of 219 °C and 377 °C,
respectively, indicating that the presence of fluorinated units
in the polymer backbone imparts excellent thermal stability
to the coating for the target application.*l A similar behavior
was found in the EuD,TEA-free photocrosslinked coating (see
Figure S3 in the Supporting Information).

For the purpose of ensuring long-term DSSC lifetime in
real outdoor environment, the detrimental action of adverse
weather conditions such as rain and snow on device operation
needs to be prevented. Therefore, the application of a hydro-
phobic, low surface-energy polymeric layer on the DSSC device
to serve as easy-cleaning protective coating is highly desirable.
To investigate the wettability behavior of the new LDS coating,
static contact angle measurements were performed using
water and diiodomethane as probe liquids, and the surface
tension y of the coating including its dispersive and polar com-
ponents (2 and P, respectively) was calculated using the Wu
method.! As shown in Table 2, the moderately hydrophobic
character of the fluorinated LDS coating is evidenced by the
evaluation of water contact angle (6,0 = 94.4°) and surface ten-
sion (Y= 36.7 mN/m). These properties lead to a considerable
change in the wettability of the external side of the photoanode
upon deposition of the LDS layer, providing an additional easy-
cleaning functionality to the LDS coating that may enhance
DSSC device lifetime during long-term outdoor operation, as
evidenced in Figure 5. In addition to keeping the photoanode
clean, thus avoiding the decrease in J . caused by the formation
of physical barriers preventing solar photons from reaching the
photoactive components of the device, the chemical nature of
the hydrophobic fluorinated LDS coating is expected to prevent

Table 2. Static contact angles (6420, OcHai), total surface tension (y)
and its dispersive (1) and polar (}?) components for bare glass and
glass coated with LDS photocrosslinked film.

Oh20 Ocrai2 Y e »
[] [°] [MNm™] [mNm™]  [mNm7]
Bare glass 12.7£23 58.6+0.7 71.7+£0.7 273+0.8 444+05
LDS-coated glass 94.4+1.1 494+1.1 36.7+05 331103 3.6+03

Temperature [°C]

and b) TGA thermogram of the LDS coating.

one of the main degradative phenomena observed in DSSC
from occurring, namely water permeation. Indeed, the intro-
duction of water in DSSC devices is known to cause desorption
of the sensitizer,*®! phase separations between polar and apolar
electrolyte components*’l and formation of iodate (I057) from
I;~ ions.*8! In light of this, the use of a hydrophobic coating
ensures an efficient protective barrier against atmospheric
water. Visual inspection of LDS-coated and control devices
after prolonged outdoor exposure further highlighted the
easy-cleaning ability and physical barrier properties of the LDS
coating that prevents dust particles, dirt and water to deposit on
the outer surface of the DSSC device (see Figure S4 in the Sup-
porting Information).

Finally, the luminescent species EuD,TEA in the multifunc-
tional LDS coating acts as a UV filter, due to its absorption in
the 300-400 nm range and its re-emission in the visible light
spectrum. This umpteenth positive aspect further explains the
exceptional stability observed on LDS-coated devices upon out-
door exposure and makes the here proposed system very effi-
cient in preventing DSSC aging, in particular by reducing the
photo-oxidative degradation of the organic sensitizer.[*’]

3. Conclusion

In summary, a multifunctional coating system was developed in
this work incorporating LDS, UV-screening and easy-cleaning
functionalities, for use in Ru-free organic DSSC devices. The
new coating consists of a UV-curable fluoropolymer containing
a luminescent Eu complex that acts as down-shifting material
to convert UV photons into valuable visible light. After careful
optimization of the concentration of the luminescent species
in the fluoropolymer, DSSC devices incorporating the new
coating system were found to show a 70% relative increase in
power conversion efficiency as compared with control uncoated
devices. To the best of our knowledge, this represents the
highest efficiency enhancement reported to date on organic
DSSC devices by means of a polymeric LDS layer. In addition,
a long-term three months weathering study was performed on
operating DSSC devices under real outdoor conditions. DSSCs
incorporating the new coating developed in this work were
found to fully preserve their initial power conversion efficiency,
as opposed to control devices that showed a =30% relative effi-
ciency loss. The remarkable outdoor stability found in coated
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Scheme 1. Synthesis of europium tetrakis dibenzoylmethide triethylammonium (EuD,TEA).

DSSCs was attributed to the combined action of the lumines-
cent material that acts as UV-screen and the intrinsically photo-
stable, hydrophobic fluoropolymer used as carrier material that
further prevents photochemical and physical degradation of
the solar cell components. The general approach presented in
this study to simultaneously improve performance and weath-
erability of organic DSSC devices may be readily extended to
a large variety of sensitizer/luminophore combinations with
appropriate spectral match, thus enabling the fabrication of
highly efficient and extremely stable DSSC systems in an easy
and versatile fashion.

4. Experimental Section

Photocrosslinkable  Fluorinated Precursor: A commercial chloro-tri-
fluoro-ethylene vinyl-ether (CTFEVE) polymeric binder (Lumiflon
LF-910LM, Asahi Glass Company Ltd.) was used as the polyol (see
Figure S5 in the Supporting Information for the chemical formula) for
the reaction with 2-isocyanatoethyl methacrylate (IEM, Showa Denko
K.K.), to form the photocrosslinkable polyurethane precursor. CTFEVE
(40 g) and IEM (7.3 g) were successively poured in stoichiometric ratio
(OH/NCO =1) into a three-necked round-bottomed flask equipped with
a bubble condenser, followed by the addition of di-n-butyltin dilaurate
(0.3 wt% on IEM). The reaction was conducted at 75 °C under vigorous
magnetic stirring and nitrogen atmosphere. The reaction was monitored
by means of FTIR spectroscopy by evaluating the disappearance of
the N=C=0 stretching signal (2270 cm™) in the FTIR spectrum of the
reaction mixture. Complete disappearance of the 2270 cm™' FTIR signal
was observed after about 6 h, indicating that the reaction between
the OH groups in CTFEVE and NCO groups in IEM was completed.
The final product was diluted with chloroform (CHCls) to the desired
concentration.

Europium Tetrakis Dibenzoylmethide Triethylammonium (EuD,TEA):
All materials were provided by Sigma-Aldrich, unless otherwise stated.
The synthesis was performed based on a previous work by Fontenot
et al.P4 with slight modifications, as shown in Scheme 1. Europium
nitrate pentahydrate (330 mg, 0.77 mmol) and triethylamine (1 mL,
7.21 mmol) were added to a hot solution of dibenzoylmethane (700 mg,
3.125 mmol) in absolute ethanol (15 mL). The solution was heated until
the mixture was clear (ca. 1 h), and then kept aside to cool down slowly
overnight. The crystals that formed upon cooling were collected under
suction and washed with 5 mL of ethanol. The crystalline product was
then air dried, to give the product as a pale yellow solid (758 mg; yield
85%). Characterization of the compound was in agreement with data
reported in the literature.

Photocrosslinking  Process: Photocrosslinking was carried out by
irradiating the photocrosslinkable precursor with a medium pressure
mercury lamp equipped with an optical guide (LC8, Hamamatsu) for
60 s under an irradiation intensity of 35 mW cm™ (measured with a
UV Power Puck Il radiometer, EIT). The UV treatment was performed
in a custom-built chamber under nitrogen flux, to prevent quenching

of free-radicals by atmospheric oxygen. Darocur 1173 (Ciba Specialty
Chemicals) was used as the photoinitiator (3 wt%). As a preliminary
test to evaluate the extent of photocrosslinking, the UV-exposed polymer
films were immersed into CHCl; for 5 min and then dried under a
stream of nitrogen to check their resistance to solvent washing.P% In
order to monitor the conversion of the photocrosslinking reaction upon
UV-light exposure, a film of polymer precursor was deposited onto a KBr
disk via spin-coating and subsequently irradiated with the UV lamp for
a given amount of time, immediately followed by quenching in an ice
bath to stop the crosslinking reaction. The FTIR spectrum of the film
was then collected. This procedure was repeated on the same polymer
film for increasing UV-light exposure times, for a maximum of 120 s.

Fabrication of DSSC Device: Conducting glass plates (FTO glass,
fluorine-doped tin oxide over-layer, sheet resistance 7 Q sq”', purchased
from Solaronix) were cut into 2 cm X 2 cm sheets and used as substrates
for both the deposition of a TiO, porous film from a paste (DSL 18NR-AO,
Dyesol) and the fabrication of platinized counter-electrodes. Sensitizing dye
5-[[4-[4-(2,2-diphenylethenyl) phenyl]-1,2,3,3a,4,8b-hexahydrocyclopent[b]
indol-7-ylJmethylene]-2- (3-octyl-4-oxo-2-thioxo-5-thiazolidinylidene)-4-oxo-
3-thiazolidineacetic acid (D205) was purchased from Inabata Europe S.A.
All of the other materials were provided by Sigma-Aldrich.

As regards the photoanodes preparation, FTO covered glasses were
rinsed in acetone and ethanol in an ultrasonic bath for 10 min. A TiO,
paste layer with a circular shape was deposited on FTO by screen printing
technique (AT-25PA, Atma Champ Ent. Corp.) and dried at 100 °C for
10 min on a hot plate. A sintering process at 525 °C for 30 min led to a
nanoporous TiO, film with an average thickness of 9 ym, measured by
profilometry (P.10 KLA-Tencor Profiler). The photoelectrodes were then
soaked into a 0.5 mM D205 dye solution in a tert-butanol:acetonitrile
1:1 mixture for 5 h at ambient temperature, and finally washed with
acetone to remove the unadsorbed dye. 0.5 mM of chenodeoxycholic
acid (CDCA) as coadsorbent in the dye solution was added. As for the
counter electrodes, 5 nm Pt thin films were deposited by sputtering
(Q150T ES, Quorum Technologies Ltd) onto FTO glasses, previously
cleaned with the same rinsing method described above.

Photoanode and counter electrode were assembled into a sealed
sandwich type cell with a gap of a hot-melt ionomer film, Surlyn (60 pm,
Du-Pont). The cell internal space was filled with electrolyte via vacuum
backfilling. The electrolyte consisted of 1-methyl-3-propylimidazolium
iodide (MPII, 0.60 M), iodine (I, 50 mM), lithium iodide (Lil 0.10 M)
and 4-tert-butylpyridine (TBP, 50 mM) in 3-methoxypropionitrile (MPN).
The injection hole on the counter electrode was finally sealed with a
Surlyn sheet and thin glass by heating.

UV-curable reactive mixtures were prepared at a concentration
of 30 wt% in CHCl; following the procedure outlined above.
The concentration of the luminescent species in the UV-curable
fluoropolymer was varied between 0 wt% and 10 wt%. Each sealed DSSC
was fixed onto a SPIN150 spin processor (SPS-Europe), and a few drops
of the UV-curable reactive mixture were placed on the external side of
the photoanode. Samples were spin-coated at 1000 rpm for 40 s with
an acceleration equal to 25 rpm s7', and subsequently UV-cured with
the above described procedure. The final thickness of the coating was
30 pm, which preliminary tests proved to be the best value for these
purposes (see Table S1 in the Supporting Information).



Characterization Techniques: UV-vis and fluorescence spectroscopy
were performed on photocrosslinked LDS films deposited onto glass/
quartz substrates by spin-coating (WS-400B-NPP Spin-Processor, Laurell
Technologies Corp.) at 1000 rpm for 40 s in air. UV-vis absorption
spectra were recorded in air at room temperature in transmission
mode by means of an Evolution 600 UV-vis Spectrophotometer
(Thermo Scientific). Fluorescence emission spectra were recorded in
air at room temperature on a Jasco FP-6600 spectrofluorometer. The
excitation wavelength was A, = 340 nm. FTIR spectroscopy was used
to monitor the reaction for the synthesis of the photocrosslinkable
precursor. FTIR spectra were recorded in air at room temperature with a
Nicolet 670-FTIR spectrophotometer. DSC was performed on solid state
samples using a Mettler-Toledo DSC/823¢ instrument at a scan rate
of 20 °C min~' in nitrogen environment. TGA was performed on solid
state samples using a Q500 TGA system (TA Instruments) from ambient
temperature to 600 °C at a scan rate of 10 °C min~" in air. Static optical
contact angle measurements on the LDS coating were performed with
an OCA 20 (DataPhysics) equipped with a CCD photo-camera and with
a 500-pL Hamilton syringe to dispense liquid droplets. Measurements
were taken at room temperature via the sessile drop technique. At least
20 measurements were performed in different regions on the surface
of each coating and results were averaged. Water and diiodomethane
were used as probe liquids. PV measurements were performed on
DSSC devices having active area of 0.78 cm? using a 0.16 cm? rigid
black mask. /-V electrical characterizations under AM1.5G illumination
(100 mW cm™, or 1 sun) were carried out using a class A solar
simulator (91195A, Newport) and a Keithley 2440 source measure unit.
All the measurements were carried out on at least three different fresh
cells in order to verify the reproducibility of the obtained results, and
the experimental results shown in the manuscript are the average of the
three replicates. IPCE measurements were performed in DC mode using
a 100-W QTH lamp (Newport) as light source and a 150-mm Czerny
Turner monochromator (Omni-A 150, Lot-Oriel, Darmstadt, Germany).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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