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Abstract: O'Regan and Gratzel firstly conceived dye-sensitized solar cell (DSSC) to operate as artificial photosynthetic system able to
convert solar light into electricity. Nevertheless, only very recently the scientific community is focusing on truly aqueous DSSCs, which use
water as electrolyte, thus avoiding any flammable and toxic organic solvents. The most critical aspect of these devices is the
photoanode/electrolyte interface. Indeed, it is necessary to select dyes capable of chemosorb onto the semiconductor layer concurrently
allowing the aqueous electrolyte to impregnate the whole mesostructure of the electrode; at the same time, it is necessary to avoid the
anchoring unit of the dye to be hydrolyzed by water, which causes the detachment of the sensitizer from the active material particles. This
requires a thorough analysis of the structure/property relationships, particularly evaluating the chemical formula of the dyes and their stability
and performances on the electrode surface in truly aqueous environment. Here we investigate nine different sensitizers, selected based on
their different properties in terms of light absorption, chemical structure, hydrophobic/hydrophilic nature. Wettability, resistance to dye
desorption and spectral variations of sensitized photoanodes, along with the photovoltaic performance of the resulting devices, are
systematically investigated in order to identify some useful guidelines to choose and design suitable dyes of different colors for truly aqueous
DSSCs.

Introduction

Dye-sensitized solar cells have recently exceeded 14% efficiencies, !t but one of their main drawbacks still remains the use of a liquid
electrolyte based on mixtures of highly volatile organic solvents.? High vapour pressure, severe environmental impact, toxicity and
flammability are serious limiting factors of organic solvents, which in turn greatly affect the widespread diffusion of third-generation
solar cells. Few interesting alternatives to organic solvents have been proposed, such as plastic crystalsP® and solid-state
conductors, which nevertheless are not at all cost-effective at present and demonstrate very limited long-term stability.’® Moreover,
an important aspect, often ignored, is still unsolved in standard aprotic DSSCs systems: the contamination by moisture/water. Such
an undesired phenomenon influences the cell performance as well as its long-term stability.®! Indeed, even if robust sealing systems
encompassing specifically conceived barrier materials are utilised, traces of water, which are eventually introduced during cell
assembly or upon standard operation under real ambient conditions, permeate/infiltrate the pores/voids of the semiconductor
electrode film and contaminate the electrolytic solution.

In the last two decades, water has been considered a poisoner for DSSCs,[”! nonetheless the scientific community has recently
focused great attention towards the study and development of water-based solar cells.® Indeed, aqueous DSSCs are non-flammable,
cost-effective and environmentally friendly, and clearly they would not suffer from water contamination issues, with the added value
that water may easily solvate many potential redox mediators.!®? Photoanode modifications,*® introduction of novel additives and
surfactants,*Y! preparation of suitable cathodes*? and stabilization of electrolytes*3 have progressively led to the fabrication of 100%
agueous DSSCs, and efficiencies close to 6% have recently been demonstrated at the laboratory scale.*4

The most critical aspect in the field of aqueous DSSCs is represented by the photoanode/electrolyte interface. To date, the literature
has proposed three different approaches to sensitize photoanodes and protect them in aqueous media. In the first one, traditional
ruthenium-based organometallic dyes are used, and the hydrolysis of the carboxylic bond with the TiO, (with consequent dye
detachment) is limited through the adoption of strongly acidic pH values for the aqueous electrolyte.*® However, this approach is not
successful for long periods; indeed, durability studies of these cells sealed with 100% aqueous electrolytes have never been reported.
Recently, enhanced Ru-based dye-attachment to TiO; surfaces has been realized by coating molecularly functionalized surfaces with
inorganic coatings by atomic layer deposition (ALD),[*® and the resulting devices demonstrated impressively enhanced stability.7]
However, ALD is rather expensive when compared to the low-cost techniques envisaged for aqueous DSSCs; moreover, to our
knowledge an aging study of these ALD-coated electrodes in 100% aqueous electrolytes-based DSSCs has never been presented.
The second approach aims at using hydrophobic organic dyes, which are hardly detachable from the semiconductor active material
particles. In some cases, this approach led to good results,®® but the high hydrophaobicity of the photoanode has most often
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prevented the penetration of the aqueous electrolyte in the cavities of the mesostructured photoelectrode, thus limiting the
photocurrent generated by the cell. Nowadays, several research groups are focused on the synthesis of dyes molecules specifically
designed (hydrophilic) to guarantee a good wettability of the photoelectrode, while concurrently bearing a water resistant
(hydrophobic) TiO,-binding group. Despite some of these dyes have been proposed in the last two years,!® their stability is still
insufficient and a proper trade-off between the hydrophilic and hydrophobic nature of the photoanode has not been identified so far.
Another controversial point in the literature regards the effective composition of the electrolyte, being very easy to get confused
between water-based and truly agueous DSSCs. Generally, water-based DSSCs are assembled with liquid electrolytes consisting of
water / organic solvents mixtures at different ratios;®! on the contrary, in a truly aqueous device water is the only solvent in the
electrolyte.®d As a result, it is rather difficult to compare properly the various devices presented in the literature in terms of
performance and operational stability while using the same dye sensitizer, but different electrolyte compositions. In such a scenario,
we firmly believe that, if the real aim is using water as the solvent for the redox mediator, it is necessary to move towards 100%
organic solvents-free aqueous devices.

In this work, we propose a systematic study of the photoanode/electrolyte interface of truly aqueous DSSCs. This fundamental study
compares nine different dye sensitizers, which reasonably represent the state of the art in the field of aqueous photovoltaics, viz. five
commercial hydrophobic organic dyes (D35, D131, D205, D149, MK2), two slightly hydrophobic squaraine dyes prepared in our labs
(VG10-C8, VG11-C2), two organometallic dyes with different hydrophilicity (N719, Z907). Wettability of the photoanodes, optical
properties, eventual dye desorption phenomena, photovoltaic parameters and their stability over time are investigated, with the aim of
identifying the most suitable dyes to be adopted by the scientific community in truly aqueous DSSCs.

Results and Discussion

1. Selection and chemisorption of dyes on TiO2 photoanodes

With the aim of investigating the water resistance of photoanodes sensitized with different dyes, in this work nine different molecules
(Scheme 1) have been selected and deeply studied. The selection criteria included the type of anchoring unit, the polarity of the
molecular skeleton, the absorption region within the visible spectrum and the presence of metal centers. One-half of the dyes under
study have recently been used in aqueous DSSCs, but quite often without any stability test (>500 h) to assure their effective
resistance. In detail, N719 and 2907 were included because they are organometallic dyes having carboxyl groups as anchoring unit
and a ruthenium-centered skeleton being polar (N719) or nonpolar (Z907). Three indolenine sensitizers (D131, D149 and D205) were
selected on the basis of their different structural/coloring properties: i) D131 (yellow colored) has a cyanoacrylic anchoring group ; ii)
D149 (purple) has a carboxyl anchoring group bound to a thiazolidine moiety; iii) D205 presents the same color and anchoring group
of D149, but a long alkyl chain is connected to the thiazolidine moiety. As representative triphenylamine and carbazole dyes, D35 and
MK2 were chosen. D35 is an orange dye bearing a triphenylamine skeleton with C4 chains and it is anchored to the TiO, electrode
through a cyanoacrylic unit. MK2 (purple) is a carbazole dye with four thiophen-5-yl units and an acrylic anchoring group. Finally, two
blue-greenish squaraine dyes (VG10-C8 and VG11-C2) have been selected for their symmetrical structure bearing two carboxyl
anchoring groups.*® VG10-C8 presents long alkyl chains (C8) on the indolenine nitrogen atoms, while VG11-C2 has two short (C2)
ones and a malononitrile-modified squaric ring to block dye molecule in cis-conformational form.

Spectra of dye solutions and sensitized photoanodes are shown in Figures S1-2 in the Supporting Information. Moreover, spectral
features for each of the dyes are discussed in Section S2 in the Supporting Information.

2. Resistance to dye desorption in aqueous environment

Dye desorption was periodically monitored during one week of immersion in water (10 mL) under dark condition to test the resistance
of the sensitized electrodes to the aqueous environment, as detailed in the Experimental Section. Obviously, this volume of water is
significantly larger than the amount of liquid electrolyte typically contained in a DSSC (=0.004 mL), thus our experiment constitutes a
sort of test of strength able to show how each dye can be considered as promising for being used in aqueous solar cells. For each
photoelectrode, the intensity variation of the main absorption maxima was measured via UV-VIS spectroscopy (see Figures S2-3 in
the Supporting Information).

In the case of photoelectrodes sensitized with D149 and D205, the main absorption signals were saturated and the higher energy
transition was considered as the reference for dye desorption estimation (Table S2 in the Supporting Information). Table S3
summarizes the averaged values of the main absorption maxima calculated for all the photoanodes sensitized with the same dye, at
different dipping times.
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Scheme 1. Structural formulae of the sensitizer molecules investigated in the present work, which are typically employed in aqueous DSSCs. Color code: yellow
for the main functional group, cyan for the anchoring unit, green for the lateral chains.

The main absorption maxima of N719, Z907 and VG11-C2 adsorbed on the photoanodes display a hypsochromic shift after dipping
in water (Table S3). In the case of N719, a blue shift (about 30 nm in 2 h) of the lower energy absorption maximum is observed,
together with the decrease of the signal intensity (—70% in 1 h) because of dye desorption. This result is consistent with literature
data from Hahlin et al.,?% who found that the blue shift is due to the displacement of the HOMO level towards higher binding energies.
The same authors found that rearrangements involving —NCS ligand occurred in the case of TiO, samples loaded in a water added
N719 bath. Furthermore, they found evidences of TBA* desorption from the surface of the titania active material particles. Agrell et al.
observed a decrease of -NCS absorption in the IR range, and a blue shift of the lower energy peak in the VIS region after having
dipped TiO, samples sensitized with N719 in an electrolyte solution added with 5% water.?!] These authors associated the blue shift
in the VIS region to -NCS exchange with water, and found that this condition negatively affected the performance of the solar cell.
Evidences of -NCS release as an effect of exchange with water or —OH groups was found by Lu et al. as well.[??

The absorption maxima in the spectra of electrodes sensitized with Z907 during this test display a blue shift as well (Table S3). As
the HOMO of this Ru-based dye is partly located on the thiocyanate ligands, the blue shift observed is likely due to —NCS exchange
with water, just as in the case of N719. Moreover, in the case of 2907, the peak intensity at higher energy has increased (+35%),
whereas the peak intensity at lower energy has decreased (-10%) over time (Figure S11F in the Supporting Information).
Conversely, Hahlin et al. found that the hydrophobic chains of Z907 could prevent water from causing structural changes in the dye
molecules loaded on TiO;, and could not find any remarkable difference between the absorption spectra of the sample loaded in a
water-added dye solution and the reference sample.?® This incongruity may be due to lower contact time with lower amounts of
water with respect to our experiment. Experimental data collected during our work show that N719 dye was completely desorbed
from TiO, after 4 h of dipping, while Z907 dye remained stable, even if its desorption percentage is hardly quantified. Indeed, as
stated above, the intensity of the two absorption peaks of Z907 shifted in opposite ways after permanence in water. Anyway, we did
not detect the presence of Z907 in water, therefore the dye-electrode interaction can be considered as water-resistant. This evidence
suggests that the long alkyl chains in Z907 are effective in preventing water from reaching the anchoring groups and desorbing the
dye molecules.



The shift displayed in the case of VG11-C2 could be ascribed to the interaction of water with malononitrile moiety owing to —CN group
polarity (Table S3). VG10-C8 squaraine does not display such behavior and, presumably, the long alkyl chains prevent such
interactions. Alternatively, they may occur without affecting the absorption wavelengths, even though intermolecular interactions with
water are reasonably expected to influence the dye vibrational motions and the previously discussed high-energy transitions in
squaraines spectra, consequently.

Both squaraines were desorbed from the TiO, layer after being exposed to water (Figure 1A-B). A linear fit of the first 4 h of

)
permanence in water allowed us to calculate the initial desorption rate (vd”), the values of which are shown in Figure 1A-B. Dye

detachment was observed to occur fast ("Efs = 0.05-0.20 h1) during the initial few contact hours and seemed to reach a plateau
within the first week. Longer immersion times (over one week) would be required to assess whether a plateau value is reached or the
dyes could be completely detached. According to the computational model by De Angelis et al.,"@ desorption of squaraine dyes
bound to anatase by bidentate linkages occurs after absorption of water on the semiconductor and starts by the detachment of one
oxygen atom. After the first link break, the proton from the —COOH group adsorbed on the surface after dye chemisorption is
extracted from the semiconductor surface and transferred to the carboxylate group. The dye is completely detached, thereafter.

The experimental data referred to samples loaded with the same squaraine show a large dispersion (Figure 1A-B). This fact was
unexpected; nonetheless, we confirmed the poor reproducibility for squaraine dyes by reproducing the experiments weekly for one
year. This particular feature is accompanied by the fact that in the literature about aqueous DSSCs no one presented green and blue
dyes (like squaraines); therefore, some particular factor that is currently beyond our consideration is likely involved in the observed
trend. Therefore, we have now started a more detailed study of green and blue dyes for aqueous DSSC in our laboratories trying to
solve this issue.

Overall, VG10-C8 sensitized photoanodes demonstrated to be the most resistant to desorption, reaching in two cases a maximum
detachment degree equal to 35%. On the other hand, short alkyl chains in VG11-C2 most likely play a key role in increasing the rate

Sl
of dye detachment (Udes =0.15 h™* for VG11-C2, 0.06 h™* for VG10-C8), allowing water molecules to reach the binding sites easily up
to 100% dye detachment. Moreover, the release of physisorbed dye molecules may have given a higher contribution with respect to
C8-substituted squaraines, as the formation of aggregates is more relevant in the case of sensitizers with short side chains.
Desorption of CDCA (used in high quantities in the case of squaraine dyes) from the semiconductor surface may also be involved, as
it would open channels towards the semiconductor surface.
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Figure 1. Desorption of squaraines (A-B) and hydrophobic organic dyes (C) versus immersion time in water. Error bars are referred to the propagated standard
deviation (see also Table S2 in the Supporting Information). Fitted initial desorption rate (in h™) for squaraine dyes are shown in panels A-B. Insets of plot C show
the vial used during dye desorption test (where samples were dipped in =10 mL of deionized water) and a zoomed view of the data.

In the case of the two VG10-C8 sensitized samples, =65% of dye molecules could be retained on the semiconductor after one week
of immersion in water (Figure 1A). This result is encouraging considering that, during this test, the samples were exposed to a much
larger amount of water with respect to the real operational conditions of a DSSC, the photoanode of which usually faces a =50 pm-
thick electrolyte layer. Overall, the synthesis of squaraine dyes containing longer chains and hydrophobic moieties capable of
protecting the anchoring units from detachment will be necessary in order to apply this promising series NIR of dyes, with low-cost
and tunable synthesis and exploit their potential in aqueous DSSCs. In fact, at the moment, no NIR absorbing dyes have been used
in aqueous solar cells to the best of our knowledge. 219

3. Correlation between dye structure and photoanode wettability
Photoanode wettability represents a fundamental issue when the electrode/electrolyte interface is considered. In the present study,
the apparent contact angle values settled generally in the range between 50 and 70° after one week of exposure to water. More in
details, the apparent contact angles of the samples loaded with hydrophilic dyes were found to increase and reached a plateau within
the initial 24 h. In the case of hydrophobic dyes, the reverse trend was observed, as the contact angle decreased over contact time.
Noteworthy, samples sensitized with D35 still displayed a 70° (+ 9) apparent contact angle after one week of immersion in water,
which might be related to the absence of CDCA (that acts as a surfactant) in the immersion bath. In the case of D149, we observed a



peculiar behavior as well: the apparent contact angle dropped from 103° (+ 2) to 48° (+2) after one hour of immersion in water and
then slightly increased upon prolonged immersion times up to 68° (£5).
In the previous Section, we showed that photoanodes sensitized with hydrophobic organic dyes (D149, D205, D131, MK2, D35; see
Figure 1C) did not display any shift in the absorption maxima, neither desorption after one week of immersion in water. Poor
interaction with water provided by the hydrophobic organic dyes is consistent with the contact angle values measured just after dye
uptake. All the samples sensitized with these dyes displayed contact angles exceeding 90°, which is the conventionally fixed value
above which surfaces are considered unwettable by water.?® The hydrophobicity of the sensitized photoanodes was found to
increase in the following order (Figure 2 and Tables S2-3 in the Supporting Information):

N719 < VG11-C2 < VG10-C8 < D131 = D149 < MK2 < Z907 < D35 = D205
This trend is in line with the state of the art aqueous DSSCs, where the best long-term stability has been achieved while using MK2
and D-series dyes.[°2100]
On the other hand, N719 dye desorbed from the semiconductor layer in less than 2 h. This is quite reasonable considering its rather
hydrophilic nature. Nonetheless, several research groups used this specific dye sensitizer in their aqueous DSSC. For example,
Zhang et al. published a 3.96% efficiency for a 100% aqueous electrolyte cell, which was still operative (37% of the initial efficiency)
after 50 days of aging at ambient temperature under 1 sun irradiation.**! We find this result much unexpected and markedly different
from our present findings, where the N719 dye is completely desorbed after only few hours of immersion in water; moreover, Zhang
et al. introduced an ionic surfactant in their aqueous electrolyte in order to increase the wettability of the photoanode surface. In our
experiments, we clearly evidenced the water sensitivity of N719 dye, which may explain why several literature studies proposed this
dye for aqueous DSSCs with no evidence of its long-term stability.[*12.24]
In the case of the reference (not sensitized) photoelectrodes, the contact angle was found to increase after the immersion step
(Table S4 in the Supporting Information). Indeed, the contact angle of bare (dry) TiO, was =35° and increased up to 51° after 17 h of
dipping in EtOH (to mimic dye uptake conditions) and 24 h of immersion in water. This variation should be somewhat connected with
water permeation inside the mesopores of the semiconductor layer, but also with surface adsorbed water molecules, since their
adsorption onto the anatase surface is known to be energetically favored.[@
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Figure 2. Average apparent contact angle values of samples sensitized with hydrophilic (A) and hydrophobic (B) dyes versus immersion time in water. Error bars
refer to the standard deviations. The straight green line fixed at 51.4° corresponds to the apparent contact angle displayed by a sample of bare TiO: after 24 h of
immersion in water.

Overall, the changes suggest that, under these experimental conditions, even hydrophobic dye molecules could not prevent water
from infiltrating the semiconductor layer. Anyway, in the case of hydrophobic sensitizers, the local repulsive interactions at the
dye/water interface may have hindered water diffusion near the anchoring groups, thus avoiding desorption.

After one week of exposure to water, some electrodes were dried in a desiccator for few days at ambient temperature. The apparent
contact angles of the electrodes sensitized with hydrophobic dyes after dehydration showed a little increase (Table S4 in the
Supporting Information), but the results suggested that most part of the water adsorbed on TiO; or filling the pores could not be
completely removed under these mild conditions.
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Figure 3. Absorption spectra of the photoanodes sensitized with D131 (A) and MK2 (B) dyes under different conditions.

The UV-VIS spectra of the dried electrodes sensitized with D131 as well as MK2 dyes displayed a sizeable bathochromic shift (about
15 and 25 nm, respectively, as shown in Figure 3). After rehydration upon few seconds of re-immersion in water, the samples
displayed the same absorption wavelengths as in the spectra recorded right after dye loading. The observed solvatochromism is
likely ascribable to the rearrangement of surface aggregates and/or to intermolecular interactions between sensitizer and water. The
interaction between the surface adsorbed water and the anchoring group of D131 could likely result in such shift, as the cyanoacrylic
moiety of this dye gives a strong contribution to the LUMO level. In the case of MK2, the formation of J-aggregates in the presence of
water is consistent with recent literature reports. 2%

Overall, general guidelines may be obtained from the experiments of water resistance, UV-VIS spectroscopy and surface wettability.
As regards the tested anchoring units, a preferable group seems not to exist, since both carboxylic and cianoacrylic moieties proved
to be stable in water. Therefore, it can be stated that the discriminating factor for the stability in water of a sensitizer is given by the
size of the hydrophobic molecular skeleton rather than by the anchoring group. Dyes stable in water must contain a bulky moieties
possibly near the anchoring group of alkyl chains (> C4) to avoid desorption from the semiconductor surface; therefore, as in the case
of N719 and VG11-C2, water easily detaches dye molecules from TiO,. Contact angle measurements also demonstrated that polar
molecules-sensitized electrodes tended to increase their contact angle upon time up to =51° (value for pristine wetted TiO,); on the
contrary, apolar dyed photoanodes increased their wettability reaching a plateau value of contact angle slightly higher than 51° (i.e.,
in the range of 55-75°), that was not sufficient for detaching.
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Figure 4. J-V curves (3" run at 1 sun) of the cells sensitized with VG10-C8 (A) and MK2 (B). The electrolytes consist of Nal 0.50 M + |2 25 mM in Hz20.

4.

Photovoltaic performance of aqueous DSSCs

In the previous sections, good stability in aqueous environment was demonstrated for all of the chemisorbed dyes showed, with the
exception of N719 and VG11-C2 that rapidly desorbed, and Z907 that remained bonded to TiO, but showed significant spectral
variations. The photovoltaic performance of all the remaining dyes was tested in terms of photocurrent-photovoltage curves under

100 mW cm2 illumination intensity.

Table 1. Photovoltaic parameters referred to J-V curves shown in Figure 4.

Cell Voc Jsc FF PCE
(mV) (MA cm™2) (%)
VG10-C8 214 0.14 0.29 0.009
Cell #1
VG10-C8 252 0.13 0.34 0.011
Cell #2
MK2 445 0.03 0.31 0.004
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Figure 5. Photovoltaic parameters versus time for DSSCs (¥ cell #1, e cell #2) filled with Nal 0.50 M + 12 25 mM in H20 and sensitized with different dyes. All
data are referred to the last of three consecutive measurements at 1 sun.

In all the cases, poor photocurrent generation was obtained (see Table S6 in the Supporting Information). The cells sensitized with
VG10-C8 showed a low photocurrent signal (Jsc = 0.14 mA cm™) right after cell assembly (Figure 4A and Table 1). It is worth noting
that these cells display a very low FF, resulting in a nearly linear photocurrent drop upon photovoltage increase. This evidence,
together with the observed low V.. values, suggests that both high recombination phenomena and high series resistance affect the
photovoltaic performance of these cells. Low regeneration efficiency at the maximum power point might also account for such low
FF.2°l Remarkably unstable systems were obtained in the case of MK2 dye under these experimental conditions. The J-V curves in
Figure 4B were recorded few days after cell assembly. Efficiency data referred to previous and successive measurements are not
shown here because of irregular shaped curves determining unreliable FF parameters. Very low photocurrent could be generated by
the cells sensitized with MK2, and their V. decreased over time. In this case, dipping conditions were selected based on the article
by Spiccia and co-workers,?” which describes solar cells operating with a cobalt-based redox shuttle in aqueous medium. The
authors reported relatively high Jsc values exceeding 8 mA cm2, even for devices where the amount of added poly(ethylene glycol)
(PEG, as additive) was shown to hinder mass transport through the electrolyte solution. Moreover, they reported V.. higher than 600
mV. Such improved values were attributed to lower recombination at the TiO,/electrolyte interface and more efficient regeneration
when compared to iodide/iodine-based systems. It is worth noting that these authors added 0.7 M N-methylbenzimidazole (NMBI) in
the electrolyte solution. This benzimidazole compound is often used to improve V. as it interacts with the semiconductor, thus
reducing dark current generation.”®! In our laboratories, several attempts were made to dissolve organic NMBI in iodide/iodine
aqueous solutions; unfortunately, it was found to cause iodine precipitation, even at high Nal concentrations and in the presence of
PEG-300, Tween-20 detergent or CDCA and alkylimidazolium iodide salts.

In Figure 5 (see also Table S6 in the Supporting Information) it is clear that the trends in PCE and Jsc are similar in the case of solar
cells sensitized with D131, D205, D149 and D35. It is worth noting that, in most cases, Js values higher than 0.1 mA cm=2 were
reached after several days. V. values =600 mV were achieved with these four dyes (Figure 5). It is worth stating that the two cells
assembled with each sensitizer displayed V.. values differing by 100 mV or more. The other photovoltaic parameters were probably
too low to reflect such variability. Moreover, V.. values varied over time. As the flat band potential (En) is pH sensitive in aqueous
medium, the release of surface adsorbed protons might give a contribution to the increase of Vo, as it would result in the shift of Eg,
towards more cathodic potential values.

The photovoltaic parameters resulting from the best performing cell are shown in Table 2. The highest efficiency value achieved
during this experiment was 0.2%, with a Jsc = 0.64 mA cm using D131 dye. This result is rather surprising, especially if one
considers that D131 shows the narrowest VIS absorption (see Figure S11B in the Supporting Information); indeed, it is well known
from the literature that red dyes (D149 and D205) show higher photocurrent (and efficiencies) if compared to yellow ones (D131). In
the present case, the obtained outcome may be related with the fact that D131 sensitized photoanodes displayed the lowest contact
angles together with D149. The shape of the J-V curves (Figure 6) corresponding to the best performances suggests an ongoing
degradation, and for D131-sensitized cells this occurred in one week (Figure 5). The slope close to Jsc seems to point at current
leakages. This might be ascribed to low DC resistance to charge transfer at the TCO/electrolyte interface at the bottom of the
semiconductor layer (rs.) or poor regeneration efficiency (@rg). To this purpose, Law et al. observed that a sizeable improvement of
the photocurrent generated by water-based solar cells loaded with D149 dye resulted from adding large amounts of iodide salts to the
electrolyte.[*'d The authors suggested that poor regeneration efficiency may have played a specific role in determining the value of
the photocurrent at low iodide concentration. On the other hand, Leandri et al. found that oxidized D35 sensitized photoanodes could
not be fully reduced by 2 M Kl or 8 M guanidinium iodide (Gul) aqueous solutions by photo-induced absorption spectroscopy
measurements, even though CDCA was co-adsorbed on the semiconductor.?

Table 2. Best photovoltaic performances (3™ run under 1 sun irradiation) of
DSSCs assembled with aqueous electrolytes containing Nal 0.50 M + |2 25

mM.
Cell Day Voc Jsc FF PCE
(mv) (mA cm™) (%)
D131 1 552 0.64 0.56 0.20
D205 14 649 0.32 0.50 0.10
D149 6 699 0.46 0.43 0.14
D35 6 604 0.34 0.58 0.12

From a thermodynamic point of view, dye regeneration is more favored in acetonitrile. The redox potential of the electrolyte solution
used during this experiment, calculated according to the Nernst equation, is about 150 mV higher in water than in ACN (i.e., 0.52 V
vs. NHE in H,O and 0.34 vs. NHE in ACN). Comparing the literature data reporting the redox potentials of the dyes under study on
nanostructured TiO; layers (Figure 7 and Table 3), the driving force for the dye cation reduction by I~ species follows the order:



D131 < D205 = D149 ~ D35 < MK2
This is consistent with the maximum Js. data displayed by the cells experimented in this work. Anyway, it should be stressed that
literature data refer to cyclic voltammetry (CV) experiments made using ACN-based supporting electrolytes; the redox potentials may
differ from those in aqueous medium because of the different environment due to the presence of another solvent, which may
influence dielectric constant, second order interact-
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Figure 6. Panel A shows J-V curves (3'¥ measurement at 1 sun) of solar cells sensitized with D35, D149, D205 and D131 recorded just after cell assembly. The
best J-V curves for each cell (filled with Nal 0.50 M + I2 25 mM in H20) within the first 15 days of aging test are shown in panel B.

_e -
ons, etc. According to detailed analysis of the regeneration mechanism,?¥ the redox potential of the couple IZ l should be taken
into account to evaluate the driving force for dye cation reduction. The standard potential of this redox couple in aqueous medium is
1.04 V vs. NHE, suggesting that, in the case of solar cells loaded with dye MK2, regeneration may not be energetically favored when

compared to ACN-based electrolytes, where E°(12*/17) = 0.79 V. The indication that can be drawn from these experiments is that
D131 dye is highly promising for aqueous DSSCs bearing the iodide/triiodide redox mediator, while MK2 dye becomes interesting in
systems with cobalt-based electrolytes. While the latter has been recently proposed,*°®271 it is rather surprising that no one has used
D131 sensitizer in aqueous cells so far. Beside this, it must also be stated that the aqueous electrolyte used in this work has not been
optimized, and its composition was selected after a preliminary screening with the only aim of evaluating the performance of cells
sealed with different dyes, and not to obtain an efficiency and stability record (indeed, opaque electrodes and back-reflectors were
not used). The investigation of the effect of the redox mediator (concentration and presence of additives) on cells efficiency and
stability, along with electrolyte gelation into a quasi-solid matrix, represents the subject of a forthcoming article.
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Table 3. List of the redox potentials of the hydrophobic dyes in ACN solution
and on TiO2 as resulting from the overall literature reports.

Eox HOMO Erea LUMO

0
(Vvs.NHE) | (Vvs. NHE) E®y2 (V vs. NHE)

Dye

Solution Solution Solution® On TiO2
D131 1.1 -1.310 1.21 1.3711
MK2 0.96! -1.110 1.04 0.931
D35 1.04M -1.37M 1.21 1.119
D149 1.03M -1.078 1.05 1.13M
D205 0.98 -1.10 1.04 1.16(1

[a] Midpoint redox potential calculated from data listed in the first two columns. [b] CV with 0.10 M TBABFs in ACN as supporting electrolyte.??? [c] Calculated from
data referred to CV measurements with 0.10 M LiClIO4 in ACN as supporting electrolyte.*¥ [d] CV at 10 mV s with 0.10 M LiCIO4 in MPN as supporting
electrolyte.B! [e] CV at 100 mV s of a dye solution in ACN + 1.0 mM Fc + 0.10 M TBAP, tabulated assuming Fc*/Fc = 0.63 V vs. NHE.F¥? [f] CV with 0.10 M
NBusPFs in ACN as supporting electrolyte, tabulated assuming Ag/AgCl (KCI 3.0 M) = 0.210 V vs. NHE .3 [g] CV at 100 mV s of a dye solution in DMF + 1.0
mM Fc + 0.10 M TBAP, tabulated assuming Fc*/Fc = 0.63 V vs. NHE." [h] CV at 100 mV s~ of a dye solution in DMF + 50 mM TBAPF.[%

Conclusions

In this work, spectral variations, resistance to dye desorption and wettability of TiO, photoanodes, loaded with nine different state of
the art sensitizers and exposed to water, were systematically investigated by VIS adsorption analysis and contact angle
measurements. These analysis allow to identify the relationship between the molecular structure and the stability in water of the
sensitizer, besides some useful guidelines to select and design suitable dyes for truly aqueous DSSCs.

Contact angle measurements suggested a wettability variation of photoanode surface, but in different manner as function of the
hydrophilicity/hydrophobicity ratio of the sensitizer molecules. Owing to immersion of sensitized photoanodes in aqueous electrolyte
solution, water permeation inside the layer pores and surface adsorption occurred.

All the sensitizers showed moderate aggregation phenomena on the semiconductor film. J-, H-aggregates and n-= interactions led to
bathochromic or hypsochromic shifts and peak broadening, which were correlated to the different molecular structures, according to
the literature. Also the co-adsorption with CDCA could not completely suppress the aggregates formation for metal-free dyes.

Overall, the hydrophilic squaraine (VG11-C2) showed marked desorption phenomena in aqueous environment, while VG10-C8 dye
was able to maintain =70% of the absorption signal after one week of immersion in water, probably thanks to the longer alkyl chains.
Conversely, hydrophobic metal-free dyes (i.e., D35, D131, D149, D205 and MK2) did not desorb upon the experimental conditions
adopted, even though contact angle measurements suggested that water could infiltrate the semiconductor mesopores over
prolonged contact period. Concerning tested Ru-based sensitizers, opposite behaviors were observed: N719 dye desorbed very fast,
while Z907 dye proved to be quite stable. Also in this case, such an effect is ascribable to the presence of long alkyl chains.

The repulsive interaction at the dye/water interface seems to be effective in preventing water from contacting the anchoring groups,
anyway. On the other hand, if this hypothesis is correct, regeneration process might be negatively affected.

The photovoltaic performances of truly water-based lab-scale solar cells loaded with the more effective desorption-resistant dyes in
aqueous solution and filled with a basic electrolyte containing Nal 0.50 M and I, 25 mM were monitored over time. Overall, the
photovoltaic performances of fresh cells were affected by low photocurrents, which — in a few cases — increased upon time reaching



the highest values after several days. All of the D-series dyes demonstrated to be promising for agueous DSSCs and the fine-tuning
of the redox mediator concentration along with the introduction of additives and jellifying agents will surely improve their efficiency
and stability upon time. We can state that D131 is the highest performing dye, which also allows better photoanode wettability when
compared to the other hydrophobic dyes. Moreover, from a thermodynamic viewpoint, regeneration of D131 molecules should be
more favored if compared to the other dyes. In case of appropriate stabilization upon prolonged operation in real cell configuration,
our opinion is that such a dye represents a strong candidate for future aqueous DSSCs, also due to its relatively narrow absorption in
the visible spectrum that suggests its suitability for transparent building-integrated photovoltaics.

Experimental Section

1. Materials
Sodium iodide (Nal), iodine (I2), chenodeoxycholic acid (CDCA), ethanol (EtOH), acetone (dimethyl ketone, DMK), tert-butanol (t-BuOH), toluene (Tol)
and acetonitrile (ACN) were purchased from Sigma-Aldrich.
Sensitizers N719 (Ruthenizer 535 bis-TBA) and 2907 (Ruthenizer 520-DN) were purchased from Solaronix. MK2 dye was obtained from Sigma-Aldrich.
D131, D205 and D149 sensitizers were purchased from Inabata Europe S.A. D35 (DN-F04) was obtained from Dyenamo AB. VG10-C8 and VG11-C2
dyes were synthesized in our laboratories accordingly to the synthetic procedure reported in ref. [36]. Chemical structures of all of these dyes are
shown in Scheme 1, while their nomenclature and proton nuclear magnetic resonance (*H-NMR, recorded on a Bruker Avance 200 NMR) are given in
Section S1 and Figures S1-9 in the Supporting Information.
FTO-glass plates (sheet resistance 7 Q sq1, purchased from Solaronix) were cut into 2 cm x 1.5 cm sheets and used as substrates for the fabrication
of photoanodes and counter electrodes.

2. Fabrication of photoanodes and dipping conditions

The front electrodes were prepared by depositing a single layer of porous TiO2 on the top of conductive substrates (previously cleaned with acetone
and ethanol) using a screen printer equipment with a 43T mesh frame.[®"] After deposition of the paste (18NR-T, Dyesol) and 20 min rest to allow an
optimum relaxation, the TiOz layer was dried at 80 °C for 20 min and sintered by increasing the temperature up to 480 °C in 45 min. The fabricated
transparent photoanodes (with a thickness of =6 ym and a covered area of 0.25 cm?) were finally thermally activated at 450 °C for 20 min and,
subsequently, soaked into a dye solution at 70 °C following the experimental conditions listed in Table 4. Dipping in the dye solutions was carried out at
22 °C under dark conditions and continuous shaking in a Buchi Syncore platform provided with a cooling plate. After dye loading, the photoanodes
were rinsed in proper solvents to remove the residual dye not specifically adsorbed on the TiO:2 layer.

Table 4. Dye solutions and dipping conditions adopted for the
investigation of the interfacial characteristics between photoanodes and
aqueous electrolyte.

[Dye] [CDCA] Dipping  Rinsing

Dye (mM) Solvent (mM) time (h) solvent
N719 03 EtOH 0 17 EtOH
2907 0.2 EtOH 0 17 EtOH
D131 05 +BUOH:ACN 0.9 5 DMK
(1:1)

D205 05 +BUOH:ACN 0.9 5 DMK
1)

D149 05 +BUOH:ACN 0.9 5 DMK
(1:1)

D35 05 EtOH 0 17 EtOH

t-BUOH:ACN:Tol

MK2 03 () 0 6 EtOH

VG10-C8  0.01 EtOH 1.0 18 EtOH
VG11-C2 001 EtOH 1.0 15 EtOH

3. Investigation of the water effect on photoanodes

The evaluation of the water tolerance of photoanodes sensitized with different dyes was conducted via UV-VIS spectroscopy and contact angle
measurements. The samples were dipped in =10 mL of deionized water MilliQ grade (y = 72 mN m™) for periods ranging from 1 h to one week, under
dark condition. The UV-VIS spectra and the contact angle measurements on the sensitized photoanodes were recorded after 0, 1, 2, 4, 24 and 168 h of
dipping in deionized water. After being removed from water, the electrodes were dried by gently sandwiching them between two absorptive
polypropylene sheets. The UV-VIS spectra were always recorded before the contact angle measurement.

For each photoanode, UV-VIS absorption spectra were recorded in the range between 350 and 700 nm on a CaryBio 300 spectrometer (Varian) and
using a transparent electrode without sensitizer as the reference sample. In the case of dye desorption as an effect of dipping in water, the
measurements were replicated by re-positioning the electrode two to three times, because surface inhomogeneity was found to determine sizeable
variability connected to the sample placement. All the baselines were corrected subtracting the absorbance value at the highest wavelength (where

absorbance should equal zero) to calculate desorption. Dye desorption was calculated by the following equation:

- _ _ Absyp
Des,, = 1 Abser (Eq. 1)




where Desxh is the average value of dye desorption from the TiOz layer after x hours of immersion in water, Abeh is the average value of absorbance

after x hours of immersion in water, AbSop, is the average value of absorbance after rinsing. The propagated standard deviation (sddes xn) associated

with PeSxh was calculated by this equation:

e , 0s
Sdgesxh = [[ s ] (Sdm)z + (—F;h) (sdm)z} (Eq. 2)

2
(Abs oh )

which follows from:

sd= % (29 sal  Ea3)

where Sdm is the standard deviation associated with Absgp, and Sdﬁbsxh is the standard deviation associated with Absyy, .

The wettability of the sensitized photoanodes and its variation during the above said test was investigated by optical contact angle measurements on a
DSA100 instrument (KRUSS GmbH), equipped with a charge-coupled device camera and an automatic dosing system for the liquid. Deionized water
MilliQ grade was used as the liquid for the analysis (droplet volume equal to 3 pL) using the sessile droplet method in static mode and under ambient
conditions. Every drop was dispensed on a different area of the specimen, and each result was averaged on several measured drops, thus assuring a
robust statistics. Images of the drops were elaborated by the DSA100 software using the Laplace-Young approximation, even though for such little
volumes of liquid the effect of gravity could be safely neglected. Three photoanodes without sensitizer were dipped in absolute ethanol at 22 °C under
dark conditions and used as the reference samples for contact angle measurements.

4. Fabrication and characterization of devices
The counter electrodes were cleaned in ethanol under stirring for 20 min and dried in air before cell assembly. They consisted in FTO conductive
glasses platinized by spreading an Hz2PtCls solution on the plate surface followed by heating up to 400 °C for 30 min.
Photoanodes, after dipping and rinsing as reported in Table 4, were faced to the counter electrodes using 60 pm thick Surlyn thermoplastic frames
(internal area 0.6 cm x 0.6 cm) as spacers.[38 All of these components were assembled by hot pressing at 110 °C for 20 s. The sandwich-type cell was
subsequently filled with liquid electrolyte in a vacuum chamber. The electrolyte solution consisted of Nal 0.50 M and |2 25 mM dissolved in ultrapure
water (Milli-Q grade).
Current-potential (I-V) curves were measured using a Keithley 2440 Source-Measure Unit under AM 1.5G illumination (100 mW cm™2) provided from a
Newport 91195A class A solar simulator (calibrated through a Newport 91150V silicon reference solar cell).[39
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