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ABSTRACT. Here we present how the sunlight radiation incident on a dye-sensitized solar cell 15 

(DSSC) can be shifted of a few tens of nanometers by means of an economical, easy to prepare and 16 

multifunctional photocurable fluoropolymeric light-shifting (LS) coating, to achieve both improved 17 

efficiency and device stability. By the introduction of a very small amount of a luminescent agent in 18 

the LS coating, the down-shifting of near-UV photons to higher wavelengths easily harvestable by 19 

the organic dye of a DSSC is successfully demonstrated. This optical effect not only results in an 20 

over 60% improvement of the power conversion efficiency of DSSC devices, but the UV light 21 

filtering action promoted by the luminescent agent also provides protection to the photosensitive 22 

DSSC components. This aspect, combined with a potential thermal shielding effect and the easy-23 

cleaning behavior imparted to the coating by its fluorinated nature, leads to excellent device 24 

stability as evidenced from an aging test performed outdoors under real operating conditions for 25 

more than 2000 hours. Our study demonstrates that the use of light-cured multifunctional coatings 26 

with light management characteristics at the nanometer scale represents a new promising strategy to 27 

simultaneously increase the performance and durability of DSSC devices. 28 

 29 

KEYWORDS. Dye-sensitized solar cell, Luminescent down shifting, Coating, Fluoropolymer, UV 30 

protection, Easy-cleaning. 31 
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1. INTRODUCTION 34 

Dye-sensitized solar cells (DSSCs) have proven to be one of the most valuable third generation 35 

photovoltaic (PV) technology for the conversion of solar energy into electricity during the last 36 

twenty years [1]. The seminal work of O’Regan and Grätzel is the most cited article in the whole 37 

energy field [2], and more than 13,000 papers have been written to propose new materials, 38 

characterization techniques and large-scale implementation of DSSCs [3]. At present, efficiencies 39 

higher than 13% have been obtained on a laboratory scale [4], but also the manufacture of flexible 40 

devices [5], the design of unconventional electrodes [6], and the fabrication of hybrid cells [7] are 41 

research topics of great interest. 42 

However, a few important aspects still need to be addressed in order to make DSSCs even more 43 

attractive and reliable on the global energy market. First of all, investigations have been carried out 44 

mostly on organometallic dyes, but metal-free organic dyes are getting increasing attention in view 45 

of obtaining market-competitive devices [8]. Organic dyes do not contain any rare or noble metal, 46 

thus generating fewer concerns about resource limits, and have recently demonstrated to be able to 47 

produce a 12.5% efficiency [9]. The second topic concerns the outdoor use of DSSCs, and therefore 48 

their resistance to meteorological phenomena, pollution and undesired UV radiation. Quite 49 

surprisingly, coatings have been developed almost exclusively for antireflective purposes, 50 

especially for silicon- and CdTe-based solar cells [10,11]. During the last two years, multifunctional 51 

coatings have also been designed for combined antireflective and self-cleaning purposes, and have 52 

been applied onto silicon and polymeric solar cells [12,13]. Even if polymers have been chosen as 53 

basic matter for coating preparation, also inorganic matrices (pure or mixed metal oxides) have 54 

been investigated [14]. However, despite the great academic and industrial efforts spent on DSSCs 55 

components, the development of functional coatings for improving the outdoor stability and 56 

performance of this type of third generation devices has been surprisingly neglected. Most of the 57 

research groups overlook this aspect, and only a small fraction of them apply a commercial 58 

antireflective coating on the fabricated PV cells [15]. Very recently, a couple of interesting works 59 
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has been proposed on this matter. Park et al. prepared a superhydrophilic nanoparticle-based 60 

coating to be applied as anti-fogging layer [16], while Heo et al. fabricated a hydrophobic 61 

nanopatterned coating with antireflective and self-cleaning properties [17]. We think that the impact 62 

of these seminal works may trigger the interest of the scientific community on a very far ignored 63 

aspect of DSSC technology. In particular, the great potential of fluorinated polymer matrices has yet 64 

to be exploited in the DSSC field. Indeed, fluorinated polymers are a class of high-performance 65 

materials that rely on the superior strength (higher dissociation energy) of the carbon-fluorine bond 66 

compared to the carbon-hydrogen bond to achieve excellent durability, weatherability, chemical and 67 

photochemical resistance [18,19,20]. The use of fluorinated polymer coatings for outdoor 68 

applications represents a consolidated way to achieve high weathering resistance and long-term 69 

durability in a variety of technological fields (e.g., architectural, nautical), and only very recently 70 

their application to the field of energy storage and conversion has also been demonstrated 71 

[21,22,23]. 72 

Our recent experimental research activities have been separately focused on the preparation of 73 

light-managing coatings for PV applications [23,24] and on the development of new materials for 74 

different PV technologies [25,26,27]. A very ambitious goal would be that of combining the ability 75 

of a coating to be easily-cleanable with a light-shifting (LS) effect promoted by the addition of an 76 

appropriate luminophore to the coating system. Considering this latter point, a few recent articles 77 

reported on the use of rare earths as UV or visible light shifters [28,29,30,31,32]. However, such 78 

systems have two major flaws: 1) The luminophores (Y2WO6:Ln3+, NaYF4:Yb3+/Er3+, 79 

CaZnOS:Eu2+, Y2O3:Er3+) are composed of rare and expensive inorganic elements; 2) Aging studies 80 

on devices including these LS systems are not presented, presumably because these inorganic 81 

materials are water soluble or suspendable, thus real outdoor applications are not conceivable. A 82 

first example of a stable luminescent system for DSSCs has been very recently proposed by our 83 

group, and consisted of a polymer coating containing an Europium complex as downshifter [33]. 84 
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However, the presence of rare and expensive element such as Europium does not make this 85 

technology suitable for a large-scale trade. 86 

In this work, we propose a multifunctional coating which can simultaneously be easy-cleaning 87 

and LS for application in organic DSSCs. In detail, the easy-cleaning ability is ascribed to the use of 88 

a fluoropolymeric matrix system that can be photocured in a few seconds, thus potentially enabling 89 

its use in large-scale production volumes. By the addition of a rare elements-free organic 90 

fluorophore, this coating is also able to serve as LS system by absorbing light in the UV portion of 91 

the solar spectrum and re-emitting it in the spectral region where the DSSC sensitizer shows a 92 

maximum absorption (Fig. 1). Since organic DSSC dyes often present a relatively narrow spectral 93 

breadth [34,35], our proof of concept shows the possibility to partly overcome this problem, by 94 

shifting otherwise-wasted and potentially harmful UV-photons to wavelengths suitable for 95 

absorption by the DSSC device. The optimization of the LS-DSSC system allowed us to improve 96 

by 62% the efficiency of a DSSC prepared with the organic dye D131. Moreover, thanks to the UV-97 

screening action of the rare elements-free fluorophore used in the LS-coating presented in this 98 

work, the often detected photo-oxidative degradation of the organic dye [36] could be prevented. 99 

Accordingly, an aging test conducted for more than 2000 h in real outdoor conditions revealed the 100 

excellent stability of the new LS-DSSC system presented in this work compared to control devices. 101 

 102 

Fig. 1 HERE 103 

 104 

2. EXPERIMENTAL 105 

2.1 Materials. The chloro-tri-fluoro-ethylene vinyl-ether (CTFE-VE) polymeric binder (Lumiflon 106 

LF-910LM) was obtained from Asahi Glass Company Ltd., while 2-isocyanatoethyl methacrylate 107 

(IEM) was obtained from Showa Denko K.K.. Both were used as received. The luminescent species 108 

employed in this work was Lumogen F Violet 570, purchased from BTC Europe.  109 
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As regards DSSC components, conducting glass plates (FTO glass, Fluorine doped Tin Oxide 110 

over-layer, sheet resistance 7 Ω sq-1, purchased from Solaronix) were cut into 2 cm × 2 cm sheets 111 

and used as substrates for both the deposition of a TiO2 porous film from a paste (DSL 18NR-AO, 112 

Dyesol) and the fabrication of platinized counter-electrodes. Sensitizing dye 2-[{4-[4-(2,2-113 

diphenylethenyl)phenyl]-1,2,3,3a,4,8b-hexahydrocyclopento[b]indole-7-yl}methylidene]-114 

cyanoacetic acid (D131) was purchased from Inabata Europe S.A.  115 

All other reagents were purchased from Sigma Aldrich, unless otherwise stated. 116 

2.2 Synthetic method. The CTFE-VE polymer was allowed to react with IEM to form the 117 

photocrosslinkable polyurethane precursor. In a typical synthesis, 40 g of CTFE-VE and 7.3 g of 118 

IEM were poured in stoichiometric ratio (OH/NCO = 1) into a three-necked round-bottomed flask 119 

equipped with a bubble condenser. Di-n-butyltin dilaurate (0.3 wt. %) was added successively to act 120 

as catalyst. The reaction was conducted in a nitrogen atmosphere and under vigorous magnetic 121 

stirring at 75 °C. The extent of reaction was controlled by monitoring the disappearance of the 122 

N=C=O stretching signal (2270 cm-1) by means of FTIR spectroscopy, and was found to be 123 

completed after about 6 h. The final product was diluted with chloroform (CHCl3) to the desired 124 

concentration. 125 

2.3 UV-curing process. In order to perform the UV-curing process, photopolymer precursor was 126 

exposed to UV-light (35 mW cm-2, as measured by means of a UV Power Puck® II radiometer, EIT) 127 

coming from a medium pressure mercury lamp equipped with an optical guide (LC8, Hamamatsu) 128 

for 60 s. The UV irradiation was carried out under nitrogen flux, to prevent quenching of free-129 

radicals by atmospheric oxygen. Darocur 1173 (Ciba Specialty Chemicals) was used as the 130 

photoinitiator (3 wt. %). UV-exposed polymer films were immersed in CHCl3 for 5 min to 131 

preliminary evaluate the extent of UV-curing. The conversion of the UV-curing reaction was 132 

monitored by FTIR by depositing a film of polymer precursor onto a KBr disk via spin-coating and 133 

subsequently irradiating it with UV light for a given amount of time, followed by quenching in an 134 
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ice bath to stop the curing reaction. The FTIR spectrum of the film was then collected. This 135 

procedure was repeated on the same polymer film for increasing UV-light exposure times, for a 136 

maximum of 120 s. 137 

2.4 DSSC fabrication. Photoanodes preparation started with a cleaning process: FTO covered 138 

glasses were rinsed in acetone and ethanol in an ultrasonic bath for 10 min. Then, a TiO2 paste layer 139 

with a circular shape was deposited on FTO by screen printing technique (AT-25PA, Atma Champ 140 

Ent. Corp.) and dried at 100 °C for 10 min on a hot plate. A sintering process at 525 °C for 30 min 141 

led to a nanoporous TiO2 film with an average thickness of 8.5 µm, measured by profilometry (P.10 142 

KLA-Tencor Profiler). The photoelectrodes were then soaked into a 0.5 mM D131 dye solution in a 143 

tert-butanol:acetonitrile 1:1 mixture for 5 h at ambient temperature, and finally washed with acetone 144 

to remove the unadsorbed dye. 0.5 mM of chenodeoxycholic acid (CDCA) as coadsorbent in the 145 

dye solution was added.  146 

As regards the preparation of counter electrodes, 6 nm Pt thin films were deposited by 147 

sputtering (Q150T ES, Quorum Technologies Ltd) onto FTO glasses, previously cleaned with the 148 

same rinsing method described above. 149 

For DSSC device fabrication, photoanode and counter electrode were assembled into a sealed 150 

sandwich type cell with a gap of a hot-melt ionomer film, Surlyn (60 µm, Du-Pont). The cell 151 

internal space was filled with electrolyte via vacuum backfilling. The liquid electrolyte consisted of 152 

1-methyl-3-propylimidazolium iodide (MPII, 0.60 M), iodine (I2, 50 mM), lithium iodide (LiI 0.10 153 

M) and 4-tert-butylpyridine (TBP, 50 mM) in 3-methoxypropionitrile (MPN). The injection hole on 154 

the counter electrode was then sealed with a Surlyn sheet and a thin glass slice by heating.  155 

The UV-curable photopolymer precursor was diluted to a concentration of 30 wt. % in CHCl3. 156 

The amount of the luminescent species in the UV-curable fluoropolymer was varied between 0 wt. 157 

% and 10 wt. %.  Each sealed DSSC was fixed onto a SPIN150 spin processor (SPS-Europe), and a 158 

few drops of the UV-curable precursor were placed on the external side of the photoanode. Samples 159 
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were spin-coated at 1000 rpm for 45 s with an acceleration equal to 25 rpm s-1, and subsequently 160 

UV-cured as reported above. The final thickness of the coating was 35 µm, which preliminary tests 161 

proved to be the best value for our purposes. 162 

2.5 Characterization techniques. UV-vis and fluorescence spectroscopy were performed on UV-163 

cured LM-coatings deposited onto glass/quartz substrates by spin-coating (WS-400B-NPP Spin-164 

Processor, Laurell Technologies Corp.) at 1000 rpm for 40 s in air. UV–vis absorption spectra were 165 

recorded in air at room temperature in transmission mode by means of an Evolution 600 UV–vis 166 

spectrophotometer (Thermo Scientific). Fluorescence emission spectra were recorded in air at room 167 

temperature on a Jasco FP-6600 spectrofluorometer. The excitation wavelength was λexc = 340 nm.  168 

FTIR spectra were recorded in air at room temperature with a Nicolet 670-FTIR 169 

spectrophotometer.  170 

TGA was performed on solid state samples using a Q500 TGA system (TA Instruments) from 171 

ambient temperature to 600 °C at a scan rate of 10 °C/min in air.  172 

Static optical contact angle measurements on the LS coating were performed with an OCA 20 173 

(DataPhysics) equipped with a CCD photo-camera and with a 500-µL Hamilton syringe to dispense 174 

liquid droplets. Measurements were taken at room temperature via the sessile drop technique. At 175 

least 20 measurements were performed in different regions on the surface of each coating and 176 

results were averaged. Water and diiodomethane were used as probe liquids.  177 

PV measurements were performed on DSSC devices having active area of 0.78 cm2 using a 178 

0.16 cm2 rigid black mask. I-V electrical characterizations under AM1.5G illumination (100 mW 179 

cm-2, or 1 sun) were carried out using a class A solar simulator (91195A, Newport) and a Keithley 180 

2440 source measure unit. All the measurements were carried out on at least three different fresh 181 

cells in order to verify the reproducibility of the obtained results, and the experimental results 182 

shown in the manuscript are the average of the three replicates. IPCE measurements were 183 

performed in DC mode using a 100-W QTH lamp (Newport) as light source and a 150-mm Czerny 184 
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Turner monochromator (Omni-λ 150, Lot-Oriel, Darmstadt, Germany). As regards devices aging, a 185 

standardized protocol for the evaluation of the stability of DSSCs is not present, thus a long-term 186 

weathering study was conducted under real outdoor conditions for about 3 months. 187 

 188 

3. RESULTS AND DISCUSSION 189 

In order to obtain the new functional coating system presented in this study, a new UV-curable 190 

polymeric precursor was developed, based on a chloro-trifluoro-ethylene vinyl-ether (CTFE-VE) 191 

fluoropolymer. In particular, the CTFE-VE polymer was reacted with 2-isocyanatoethyl 192 

methacrylate (IEM) to yield a fluoropolymeric precursor bearing photosensitive unsaturated 193 

moieties as pendant side groups attached to the main polymer chain. As schematically illustrated in 194 

Fig. 2A, this functionalization reaction leads to the formation of urethane bonds from the addition 195 

of the -N=C=O groups (IEM) to the -OH groups present in the fluoropolymer, the latter acting in 196 

this case as a fluorinated polyol. Upon exposure to UV-light, the methacrylic groups allow the 197 

photocrosslinking reaction to occur leading to the formation of the solid polymeric film. Fourier-198 

transform infrared (FTIR) spectroscopy was employed to monitor the extent of the 199 

photocrosslinking process by evaluating the variation of absorption intensity of the methacrylate 200 

C=C stretching signal in the FTIR spectrum (1636 cm-1) at increasing UV-light exposure time 201 

(normalized with respect to the carbonyl C=O stretching signal found at 1720 cm-1). As a result, a 202 

conversion curve of the photocrosslinking process was constructed by plotting the ratio between the 203 

intensity of the 1636 cm-1 FTIR signal at a given UV exposure time and prior to irradiation (Fig. 204 

2B). An over 80% conversion is achieved after 60 s of UV-light exposure, indicating a fast 205 

crosslinking process potentially suitable for large scale production. It is worth it to note that this 206 

conversion may be underestimated due to the difficulty of a correct quantitative evaluation of the 207 

low residual C=C stretching band. 208 

 209 

Fig. 2 HERE 210 
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To include a LS functionality to the UV-cured fluoropolymeric coating, a commercial 211 

fluorescent organic dye (Lumogen F Violet 570, BASF – from here on referred to as V570) was 212 

employed as luminescent doping species because of its high luminescence quantum yield (> 95%, 213 

[37]), high absorption coefficient (0.1125 mg kg-1 cm-1 at peak absorption in PMMA), and 214 

relatively easy processability with polymers [38]. In order to examine the optical properties of the 215 

dye-doped UV-cured LS-coating, UV-vis absorption and fluorescence spectra were collected. As 216 

shown in Fig. 3A, a broad absorption band is found in the LS-coating in the 325-400 nm range, with 217 

an absorption peak centered at 378 nm. The fluorescence spectrum is characterized by a sharp 218 

emission centered at 433 nm. These characteristics suggest that the interesting optical features of 219 

V570 fluorophore may be exploited to improve the spectral response of DSSC devices in the UV 220 

portion of the solar spectrum, where most DSSC dyes perform poorly. In view of this, the indoline-221 

based organic dye D131 (Fig. 3B) was selected as representative Ruthenium-free system to be used 222 

in organic DSSC devices in combination with the new V570-doped LS-coating presented in this 223 

work. As evident from Fig. 3A, the presence of V570 in the LS-coating allows for improved light 224 

harvesting in the 325-400 nm spectral range where D131 shows an absorption minimum, and 225 

promotes a 55-nm red-shifted emission in the spectral region where D131 shows an absorption 226 

maximum.  227 

 228 

Fig. 3 HERE. 229 

 230 

To evaluate the effect of this excellent spectral matching on PV performance, DSSC devices 231 

were fabricated by sandwiching a D131-sensitized TiO2 mesoporous anode, an iodide/triiodide 232 

liquid electrolyte and a Pt-sputtered counter electrode. The LS film was spin-coated on the external 233 

side of PV cell photoanode (Fig. 1A), and the effect of increasing amounts of V570 incorporated in 234 

the photopolymer on the performance of the DSSC devices was thoroughly investigated.  235 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

The PV response of the LS-DSSC system at increasing V570 concentration is reported in Fig. 236 

4, where the clearly positive effect of the LS-coating on DSSC performance can be noticed on all 237 

characteristic PV parameters. To begin with, a strong improvement of short circuit photocurrent 238 

density (Jsc, Fig. 4A) was achieved. In detail, a 15% Jsc enhancement was observed in the presence 239 

of 0.75 wt% V570 with respect to uncoated devices, rising up to 135% in the presence of 2 wt% 240 

V570 luminophore in the crosslinked polymeric film. These data confirmed that the adopted 241 

luminescent material is effectively able to convert at the nanoscale the region of the solar spectrum 242 

peaked at 378 nm into lower-energy photons of wavelengths well matching the absorption spectrum 243 

of D131 (Fig. 3A). The latter phenomenon is easily noticeable by observing the incident photon-to-244 

current efficiency (IPCE) curves reported in Fig. 5A. Here, the increased amount of photons 245 

harvested by the D131 dye due to the presence of the LS-coating led to increased IPCE values in the 246 

spectral region where the absorption of the luminophore V570 is centered (378 nm). The optical 247 

effect resulting from the incorporation of a LS agent in the new polymeric matrix presented in this 248 

work can also be clearly appreciated in Fig. 1B. The integration of the product of the AM1.5G 249 

photon flux with the IPCE spectrum yielded predicted Jsc values equal to 6.87, 8.04 and 9.25 mA 250 

cm-2 for the LS-free and LS-coated (0.75 and 2.0 wt%) DSSCs, respectively, which are in excellent 251 

agreement with the measured values reported in the photocurrent-photovoltage (J-V) curves in Fig. 252 

5B.  253 

Data reported in Fig. 4A show that a plateau Jsc value is reached for V570 concentrations in the 254 

1.5-2 wt% range. With the aim of further investigating the effect of fluorophore concentration and 255 

thus extending the experimental domain we also produced DSSC devices incorporating a 5 wt% 256 

V570-doped LS coating. However, a decrease of Jsc from 9.31 mA cm-2 (2 wt% V570) to 8.48 mA 257 

cm-2 (5 wt% V570) was observed. This behavior may be explained by considering two concurrent 258 

effects taking place at increasing fluorophore concentrations. A higher concentration of fluorescent 259 

species may increase the probability for an emitted photon to be re-absorbed by another adjacent 260 

fluorophore molecule in the LS film, due to the partial overlap between absorption and emission 261 
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spectra of V570 dye (Fig. 3A) and because of the decreasing fluorophore-to-fluorophore 262 

intermolecular distance with increasing V570 concentration. Additionally, an increased 263 

concentration of fluorescent species in the LS coating may result in the formation of molecular 264 

aggregates (dimers and excimers), that were shown on similar systems to promote fluorescence 265 

quenching [39,40]. These two parallel phenomena may be responsible for a lower amount of 266 

fluorescence photons emitted by the LS coating to reach the underlying DSSC photoactive layer for 267 

PV conversion, thus leading to a performance (Jsc) decrease at higher V570 concentrations. Finally, 268 

the progressively higher optical density of the LS coating at increasing V570 concentration may 269 

also cause a reduction of the amount of long-wavelength photons reaching the DSSC device due to 270 

decreased coating transmittance, ultimately leading to an overall decrease in PV performance. This 271 

effect is clearly visible at fluorophore concentrations higher than 2 wt% (see Figure A.1 in the 272 

Appendix A). 273 

While the increase of photocurrent density could be reasonably expected in the presence of a 274 

LS coating, it was quite surprising to note that also the open-circuit voltage (Voc) was slightly 275 

improved with increasing V570 concentration (see Fig. 4B). There is a general agreement within the 276 

DSSC scientific community about the dependence of Voc on the electrolyte composition and on the 277 

modification of electrodes/electrolyte interfaces [41,42]. However, the same components were used 278 

for the fabrication of all the DSSC devices presented in this work, while the only variable was the 279 

concentration of the luminescent agent. We speculate that the trend observed on Voc may be due to a 280 

thermal effect induced by the presence of the LS coating. Indeed, a decrease of Voc is usually caused 281 

by the increase of the dark current attributed to the triiodide reduction by conduction band electrons 282 

at the semiconductor-electrolyte junction [43]. Such a process is enhanced when temperature rises. 283 

Indeed, in this system the recombination resistance (Rrec) follows the relation 284 

 285 

���� = �� ∙ �	
 �− 
 ∙ �
�� ∙ � ∙ ��� (Eq. 1) 

 286 
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where β is a coefficient associated with the non-linearity of the charge transfer process and 287 

equivalent to the non-ideality factor (m = β‒1) of the diode equation used for standard 288 

semiconductor solar cells, q is the electron charge, kB the Boltzmann constant, T the absolute 289 

temperature, Vf  the potential drop in the TiO2 film, and R0 the pre-exponential parameter which 290 

results from the relation 291 

 292 

�� = �� ∙ �� ∙ � ∙ �� ∙ �
�� ∙ � ∙ �� ∙ ��� ∙ �� ∙ � ∙ �	
 �

�� − ��� ��
�� ∙ �� + �

4�� ∙ �� 
(Eq. 2) 

 293 

where λ is the reorganization energy, L the film thickness, k0 a time constant for tunneling (rate 294 

constant), cox the concentration of acceptor species in the electrolyte, Ns the density of states near 295 

the TiO2 surface, Ec the conduction band position of TiO2, and T0 a parameter with temperature 296 

units determining the depth of the trap distribution tail under the conduction band [44,45]. This 297 

model agrees well with a recombination process occurring through extended surface states in an 298 

energy tail distributed below the conduction band, which follows the Marcus probabilistic model 299 

[46]. As a consequence, the decrease usually observed in Rrec with increasing temperature is 300 

associated with a decrease in R0 and is responsible for the onset of current loss that occurs at lower 301 

potentials [47]. Therefore, the increased Voc values observed for the coated DSSCs may be the result 302 

of two different phenomena. First, the fluoropolymeric coating deposited on the light-exposed face 303 

of the DSSC device is able to absorb hot IR photons of the solar spectrum, thus reducing device 304 

operating temperature. Indeed, fluoropolymers are characterized by a strong and wide absorption 305 

band in the IR region of the electromagnetic spectrum, which results from the C-F bond stretching 306 

vibration [48]. This characteristic behavior may lead to increased R0 and Rrec and in turn to 307 

enhanced Voc. As a second effect, the presence of increasing amount of fluorophore in the LS 308 

coating partially shields the DSSC device from harmful near UV photons, which are known to 309 

cause photo-oxidation of some DSSC components and lead to the formation of radical species or 310 

organic by-products that could act as electron acceptors at the electrolyte/photoanode interface [49]. 311 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

The UV-shielding effect imparted by the LS coating may limit the formation of such electron 312 

acceptor species in the electrolyte (cox), thus resulting in increased R0, Rrec and Voc. Moreover, such 313 

a reduction of the recombination phenomena also resulted in a slight improvement of fill factor 314 

(FF) values (Fig. 4C), as already reported by previous studies about thermal effects on the PV 315 

performance [50]. 316 

The effect of the LS coating on the PV parameters as described above led to a maximum 317 

overall sunlight to electricity conversion efficiency (η) improvement of 62% with respect to 318 

uncoated DSSC devices. As reported in Fig. 4D, device performance increased from 2.10% to 319 

3.41% when a 2 wt% V570-laden LS coating was used. To the best of our knowledge, this value 320 

represents the highest efficiency enhancement reported so far for organic DSSC systems by means 321 

of a polymeric LS layer doped with an organic fluorophore. This very positive result appears even 322 

more remarkable when considering that the LS coating has been applied through a cheap, 323 

straightforward and easily up-scalable process of light-induced polymerization, carried out at room 324 

temperature and without the use of catalysts or separation/purification steps. Moreover, a slight 325 

anti-reflective behavior was conferred to the photoanode (see Fig. A.2 in the Appendix A). 326 

For particular purposes, such as flexible PV cells [51], aerospace applications [52] and power 327 

stations [53], device transparency is not required. Thus, the use of back-reflective surfaces (BRSs) 328 

on the rear of the PV cells may represent an interesting option to increase the photon flux available 329 

for the PV device. In fact, if the DSSC components (coating, conductive glass, photoanode, 330 

electrolyte and cathode) are sufficiently transparent, the photons unabsorbed by the sensitizer are 331 

reflected by the BRS and sent back to the sensitizer. In this work, we also assembled the 2 wt% 332 

V570-laden LS-DSSC (η = 3.41%) with a BRS positioned on the counter electrode side. An 333 

efficiency as high as 5.02% (Jsc = 13.62 mA cm-2, Voc = 0.55 V, FF = 0.67) was obtained, thereby 334 

confirming the excellent transparency of the LS coating (and also of the other components used for 335 

fabricating the DSSC devices) and its suitability to be used in applications in which a BRS is 336 

involved [54]. 337 
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Fig. 4 HERE 338 

 339 

Fig. 5 HERE 340 

 341 

In addition to providing excellent transparency and relatively good solubility of the fluorescent 342 

species, the choice of the new fluoropolymeric coating proposed in this work was also driven by the 343 

need of ensuring long-term durability of the operating device. In fact, a decrease in device 344 

efficiency is usually observed during the first weeks of DSSC device lifetime, and this issue 345 

represents a serious drawback for the widespread application of this technology [55]. In recent 346 

years, this aspect has forced the scientific community to propose new materials to reduce the 347 

volatility of the liquid electrolyte [56,57] and to protect cell components from the action of UV 348 

light, heat and meteorological phenomena [58]. In this context, the use of fluoropolymeric coatings 349 

for outdoor applications may represent an interesting approach to ensure high weathering resistance 350 

and long-term durability of DSSC devices, due to the excellent weatherability characteristics given 351 

to fluorinated polymers by the higher strength of the carbon-fluorine bond compared to the carbon-352 

hydrogen bond [23,33]. 353 

With the aim of verifying under real operative conditions the performance of the 354 

fluoropolymeric coating presented in this work, an intensive device aging study was carried out. A 355 

long-term weathering study on control bare DSSCs and LS-DSSCs was conducted in real outdoor 356 

conditions for three months (2140 h), during which the PV cells were exposed (day and night) in the 357 

garden of the IIT building in Turin (45°03'42.0"N, 7°39'48.1"E), located in northern Italy in a 358 

humid subtropical climate zone. Thanks to this choice, all the DSSC devices were subjected to 359 

highly variable climatic conditions, which are particularly useful for our purpose, i.e. to carry out a 360 

realistic long-term study of DSSC aging. During the first quarter of 2014 (February-April), outdoor 361 

temperatures ranged from -2 to 32 °C and about 350 mm of accumulated rain were measured by the 362 

local environmental protection agency (Arpa Piemonte) [59]. The comparison between the aging 363 

test on coated (2 wt% V570) and control devices is reported in Fig. 6A. Together with the data 364 
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plotted in Fig. 4, it is clear how the proposed luminescent coating not only produced a great 365 

improvement of DSSCs performance, but also imparted an excellent long-term stability to the 366 

DSSC device under real outdoor conditions, the latter representing an aspect of paramount 367 

importance for the practical exploitation of this kind of third generation PV technology. In detail, 368 

while the control device (V570 0 wt%) lost about 30% of its initial efficiency, the LS-DSSC system 369 

(V570 2.0 wt%) preserved 93% of its starting performance.  370 

The strong improvement of long-term stability under real outdoor conditions observed when 371 

the LS coating was applied to the DSSC device may be ascribed to the action of three combined 372 

factors. Firstly, the coating showed easy-cleaning properties due to its fluorinated nature. Static 373 

contact angle measurements performed on the LS coating to investigate its wettability behavior 374 

revealed the fairly hydrophobic character of the new fluoropolymeric coating. As can be 375 

appreciated in Fig. 6B, a remarkable increase of water contact angle θH2O and a decrease of surface 376 

tension γ were observed when the outer DSSC glass was coated with the new fluoropolymeric LS 377 

system. Such behavior allows to keep the external side of the photoanode clean, thus avoiding the 378 

decrease of device photocurrent likely caused by the formation of physical barriers (dust, dirt, water 379 

residues) that may prevent incident solar photons from reaching the D131-sensitized electrode for 380 

PV conversion. Secondly, the hydrophobic nature of the coating applied on the device may 381 

contribute to hinder a very important and widespread degradation phenomenon observed in DSSC 382 

systems, i.e. the permeation of water into the device that is often found to alter the composition and 383 

the correct functionality of photoanode and electrolyte [60]. Finally, we previously showed that the 384 

luminescent species present in the LS coating can act as a light-shifter, thus also serving the 385 

function of a UV filter. As a consequence, the remarkable aging resistance shown by the LS-DSSC 386 

systems is also attributable to the reduction of the light-induced degradation phenomena normally 387 

occurring during outdoor exposure to the photosensitive components of DSSC devices, especially to 388 

dye, redox couple and electrolyte additives [61]. The excellent thermal stability of the 389 

fluoropolymeric system used as carrier matrix (see Fig. A.3 Appendix A for the thermogravimetric 390 
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analysis of the coating) combined with its intrinsic photooxidative stability further contribute to 391 

enhance the lifetime of LS-DSSC systems.  392 

All the present findings clearly highlight the multifunctional nature of the here-proposed LS 393 

coating, whose excellent barrier properties to the meteorological phenomena (occurred during the 394 

aging test) are also evident from a visual inspection of control and LS-DSSC devices after long-395 

term outdoor exposure (see Fig. A.4 in the Appendix A).  396 

 397 

Fig. 6 HERE 398 

 399 

 400 

4. CONCLUSIONS 401 

In conclusion, for the first time a fluoropolymeric and rare elements-free LS coating system 402 

was designed, synthesized and characterized for use in organic DSSC devices. By the introduction 403 

of a fluorescent species in a newly proposed fluoropolymeric matrix, down-shifting of UV photons 404 

into valuable visible light has been achieved. As a consequence, DSSCs incorporating the coating 405 

system showed an over 60% relative increase in photovoltaic efficiency, mainly caused by the 406 

increased photon flux harvested by the organic dye resulting from the nanometric light shifting 407 

effect promoted by the luminescent agent. Furthermore, a long-term weathering study was 408 

performed under real outdoor conditions, and DSSCs incorporating the LS coating were found to 409 

nearly fully preserve their initial power conversion efficiency, as opposed to control devices that 410 

showed a 26% relative efficiency loss. Such a remarkable outdoor stability observed for LS-DSSCs 411 

was attributed to the multipurpose behavior of the LS layer. Indeed, such new coating system was 412 

able to act both as a UV-screening agent (thus preserving the photosensitive PV cell components) 413 

and as an easy-cleaning layer (by keeping the PV cell clean and preventing water permeation). This 414 

study clearly demonstrates that it is possible to simultaneously improve performance and 415 

weatherability of organic DSSC devices, and may be readily extended to a large variety of 416 
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sensitizer/luminophore combinations as well as to the nascent world of perovskite solar cells, whose 417 

instability to humidity and near-UV radiation represents one of the major problems currently under 418 

intense investigation [62]. 419 

 420 

5. APPENDIX A 421 

Solubility of luminescent species; Anti-reflective properties; Thermal stability of LS coating; DSSC 422 

fabrication and visual aspect after aging test. 423 

  424 
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Fig. 1 A) Graphical representation of the working principle of the LS system presented in this work 
when applied on a DSSC device; B) Comparison between a coating-free and a V570-doped LS-
DSSC when irradiated with UV light.  
 
Fig. 2 A) Schematic representation of the reaction between the fluorinated polyol (CTFE-VE) and 
the functional isocyanate (IEM) used for the preparation of the UV-curable fluorinated precursor; 
B) Conversion curve for the photocuring process of the LS-coating. The inset shows the FTIR 
spectra of the photocurable precursor at increasing UV-exposure times in the 1800-1600 cm-1 
region, indicating the FTIR peaks associated with C=C (1636 cm-1) and C=O (1720 cm-1) stretching 
vibrations. 
 
Fig. 3 A) Normalized absorption and emission spectra of the LS-coating presented in this work. The 
absorption of the organic dye D131 and the AM 1.5G solar emission spectrum are also shown; B) 
Chemical structure of the organic sensitizer D131 used in this work for the fabrication of DSSC 
devices. 
 
Fig. 4 Variation of PV parameters of LS-DSSC devices at increasing concentration of V570 
luminescent species: A) Short circuit current density (Jsc); B) Open circuit voltage (Voc); C) Fill 
factor (FF); D) Efficiency (η). 
 

Fig. 5 A) IPCE curves of LS-DSSCs at increasing concentration of V570 luminescent species; B) J-
V curves of LS-DSSCs at increasing concentration of V570 luminescent species. Reported Jsc and 
Voc values are expressed in mA cm-2 and V, respectively.  
 
Fig. 6 A) Stability test carried out on LS-free and LS-coated (2 wt% V570) 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 violet curve shows the accumulated rainfall; B) Static 
contact angles (θH2O) and total surface tension values (γ) for bare glass and glass coated with the LS 
film. 
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• A multifunctional photocurable fluoropolymeric light-shifting coating is proposed 
• A luminescent agent in the coating shifts near-UV photons to VIS wavelengths 
• A 60% improvement of the DSSC efficiency was measured 
• An aging test was carried out outdoor for more than 2000 hours 
• Light-shifting coating allows both efficiency and stability improvements 
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A.1 Solubility of luminescence species 

 

Fig. A.1 Photographs showing the decreased transmittance of the photopolymer precursor mixture 
when the concentration of the luminescent species (V570) is increased from 2 wt% (left) to 5 wt% 
(center) and 10 wt% (right). 
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A.2 Anti-reflective properties 

In order to evaluate the anti-reflective properties of the luminescent systems proposed in this work, 

diffuse reflectance measurements were performed on the coating and the results are presented in 

Fig. A.2. As shown in the spectrum, the addition of the fluoropolymeric coating reduced the diffuse 

reflectance of the system by approximately 4% as compared with bare uncoated glass. This 

indicated that the proposed system could also partially act as antireflective coating, as expected 

from the lower refractive index of the fluoropolymer employed in this work compared with glass 

(n=1.438 and n=1.523 for the fluoropolymer and for glass, respectively). However, it is worth to 

note that such improvement in the antireflective properties cannot be fully responsible for the 

improvement in the photovoltaic performance of the DSSC device. Indeed, as clearly demonstrated 

by IPCE measurements of coated DSSC devices (see Figure 5A in the Manuscript), an increased 

amount of UV photons is made available to the D131 dye due to the down-shifting effect resulting 

from the presence of the LS-coating, leading to increased IPCE values in the spectral region where 

the absorption of the luminophore V570 is centered (378 nm). 

 

 

Fig. A.2 Diffuse reflectance spectrum of the coated glass (uncoated glass is used as a reference). 
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A.3 Thermal stability 

The thermo-oxidative stability of the UV-cured LS coating was investigated by means of thermo-

gravimetric analysis (TGA) in air (Fig. A.3). A three-stage thermal degradation behavior was 

observed, with a first weight loss of about 10% occurring in the 100-200 °C temperature range, 

which was ascribed to cleavage of the urethane bonds.1 A second major weight loss (70%) was 

found in the 250-450 °C region, and was attributed to the decomposition of ether and ester linkages 

and to chain scission reactions,2,3 which are known to occur in acrylate polymers via a free-radical 

mechanism upon heating in air. Finally, the third weight-loss peak was observed above 470 °C, and 

indicated the complete decrosslinking and thermal degradation of the polymer.   

 

 

Fig. A.3 TGA thermogram of the LS coating containing 1 wt% V570. 
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A.4 Visual aspect of DSSC devices after aging test 

 

Fig. A.4 Photograph of control (uncoated) and LS-coated DSSC devices after 2140 h of exposure to 
real outdoor conditions. The control device shows the presence of dirty areas and water residues on 
the top surface, which are not detected on the LS-coated device. 
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