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Two carbazole-based donor-acceptor dyes, CBZ-Gly and CBZ-EG, featuring glycerol- and ethylene glycol-
like side chains, were designed and synthesized to achieve synergistic compatibility with DES-based
electrolytes, and systematically investigate their impact on DSSCs performance. These dyes were tested in
DSSCs employing two neat deep eutectic solvent (DES) electrolytes (choline chloride/ethylene glycol and
choline chloride/glycerol) under both simulated sunlight (AM 1.5G) and indoor lighting (1000 lux). By
combining molecular-level dye design with a tailored DES-based electrolyte, we achieved an improvement
in long-term device stability over several months and demonstrated a record indoor power conversion
efficiency of 9.4%, thereby establishing a new benchmark for fully sustainable, DES-based DSSCs under
low-light conditions.

Introduction

In the last decade, the increasing demand for energy with net-zero greenhouse gas emissions
has increased the focus on the full sustainability of renewable energy sources. To realize this
vision, the integration of organic molecules into sustainable devices and as part of an
experimental setup (i.e. photovoltaic (PV) devices,1¢ photocatalytic setup for hydrogen
production,’- electro- and photocatalytic setup for ammonia production!?® 11) is becoming a
popular approach to get entire device’s lifecycle greener.

Organic molecules can be synthesized from widely available and renewable resources, reducing
reliance on rare or toxic materials often used in traditional energetic devices or catalysts.
Additionally, molecular tunability and cost-effectiveness make organic molecules highly
attractive for advancing sustainable energy technologies. Among all technologies, Dye-
Sensitized Solar Cells (DSSCs), where the photoanode is typically a thin layer of TiO2 sensitized
by an organic dye, represent a promising green alternative to conventional solar energy
technologies.l? However, to reach good performances, the various components of a DSSC
require simultaneous optimization. In particular, the electrolyte (typically, a redox pair such as
[-/I3-, Co2*/Co3*, or Cu*/Cu?* dissolved in a liquid medium)13-1> presents significant challenges,
as itis most of the time composed of a volatile organic compound (VOC). VOCs represent a major
portion of industrial waste due to their toxicity, the high flammability, and the tendency to
accumulate in the atmosphere,16-18 thus, limiting the sustainability of the devices throughout
their lifecycle. To overcome such issues, many studies are being conducted on the development
of water-based electrolytes.19-21 However, DSSCs are poorly stable in aqueous environments, as
water hydrolyzes the ester-like bond between dye and semiconductor, causing fast dye
desorption and the consequent device failure.22 23 To date, only one study reports an efficient
stability up to 1 year of ambient light illumination of DSSC architecture using water-based
electrolytes, reaching 9.3% efficiency under 1000 lux light.2* Nevertheless, using water as
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electrolyte medium in DSSC architectures is not immune to other drawbacks such as high
energy consumption for purification, potential scarcity of water in some regions, and the limited
solubility of most redox mediators.2? Therefore, selecting green and biodegradable solvents that
can both minimize the above-mentioned drawbacks and enhance device performances is
essential for fostering a sustainable future.

In this context, Deep Eutectic Solvents (DESs), introduced in the early 2000s, have emerged as
a good compromise between water and VOCs, due to their low volatility, high thermal stability,
nonflammability, low cost, and customizable properties.25> Additionally, DES-based electrolytes
can help minimize the device’s environmental impact due to their biodegradability and
reusability. The first example of a DES-based DSSCs dates to 2009.26 Since then, several studies
from different groups, including our group, have been published investigating a significant
number of DESs as electrolytes for DSSCs with remarkable results.27-30 However, an interesting
point still uncovered among the use of DESs in a DSSC architecture, lies in the interfacial
interaction between the organic dye structure and the DES composition. The high compositional
flexibility of DESs can indeed allow the fine-tuning of their physicochemical properties to match
the dye structure and vice versa. To the best of our knowledge, only a few studies have
demonstrated that the presence of hydrophilic pendants in the dye structure enhances the
performance of DSSCs, likely due to improved interaction with the DES components.?”
Therefore, this topic remains largely unexplored and not fully rationalized. Moreover, to date,
most electrolyte-based DESs are blended with water (from 5% to 40%) to improve fluidity,
which compromises the long-term stability of DSSCs, making it another ongoing challenge.

The sustainable approach described above for the use and fabrication of DSSCs is also being
extended to meet the demand for external energy to power indoor devices, whose number has
dramatically increased with the growing reliance on technology, especially with the rise of the
Internet of Things (IoT).3! To mitigate such a trend, harvesting solar energy in indoor
environments with DSSCs, exploiting properly designed organic dyes, is becoming popular
offering a sustainable energy solution for everyday applications.1> 20, 32-35 DSSCs can indeed
operate efficiently under lower light conditions, where other solar technologies struggle, thanks
to their higher ability to diffused-light catching. Moreover, they offer design tunability, including
transparency and flexibility in structure, which enhances their integration into indoor
environments.12 36-38 Unlike traditional silicon-based cells, DSSCs can be tailored by selecting
specific organic dyes that match the emission spectrum of indoor light sources allowing them
to optimize their energy harvesting capabilities.3® This capability positions DSSCs ahead of
other technologies. Indeed, despite advancements in the tunability of perovskites (PSCs) and
organic solar cells (OSCs) which achieved efficiencies of up to 32.6%%0-43 and 33%%** under 1000
lux illumination, DSSCs still represent a valuable alternative for indoor energy harvesting
applications, offering additional advantages also in terms of material, production costs and
long-term stability.

However, compared with outdoor applications, in indoor environments safety requirements
must be even more stringent regarding the use of VOCs, to reduce the risk in the case of leakages
or accidental breakage. So, despite the efficiency record of 38% obtained for VOC-based DSSC
under ambient light,*> the replacement of VOCs with safer, environmentally friendly solvents
cannot be postponed. So far, only one paper from our group explored the possibility of using a
DES-like mixture (choline iodide/ethylene glycol (ChI:EG) in a DSSC architecture under indoor
lighting conditions (1200 lux, OSRAM 765 fluorescent lamp) achieving 8% efficiency.46

To fill this knowledge gap, and overcome all the above-mentioned issues, we investigated two
DESs - choline chloride/ethylene glycol (ChCl:EG) and choline chloride/glycerol (ChCl:Gly),
both in a 1:2 molar ratio - as neat electrolytes, without the addition of water, in DSSCs.
Moreover, the DSSCs have been sensitized with two dyes, CBZ-EG and CBZ-Gly, properly
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designed and synthesized to introduce an ethylene glycol-like and a glycerol-like pendant,
respectively, to investigate the effect of matching the hydrophilic pendants of the dye with the
hydrophilic portion of the DES on the DSSCs performances (Figure 1). The main m-framework
of the dyes originates from our design of dibranched donor-m-acceptor dyes, which we
introduced a few years ago*” and which have since been adopted by many other researchers.*8
These dyes have been thoroughly investigated both in DSSC applications and in the
photogeneration of green hydrogen. The donor core is based on a carbazole moiety, which is
particularly suitable for terminal functionalization through its nitrogen atom. A thiophene unit
serves as the m-spacer, while the commonly used cyanoacrylic acid functions as the electron
acceptor and anchoring group for TiO,. To validate the dye-DES matching assumption, a
reference compound CBZ-Alk (bearing a simple alkyl chain as a pendant) has also been
synthesised (Figure 1). Through this study it has been possible to increase DSSCs stability and
devices performances both under AM 1.5G 1 sun-simulated light (outdoor conditions) and
under 1000 lux (indoor conditions) using two different lamps: OSRAM 930 (warm light T8
fluorescent lamp, OSRAM L 18 W/930) and OSRAM 765 (cold light T5 fluorescent lamp -
OSRAM L 8 W/765). The selected fluorescent light sources were chosen for their widespread
use in indoor environments, their large adoption in DSSC literature243439.4546 and their distinct
spectral profiles, which allow for meaningful comparison with dye absorption characteristics.3°

This work demonstrates that by carefully designing the dye-sensitizer adjusting its nature and
properly matching the electrolyte characteristics, it is possible to foster a synergistic
relationship between semiconductor and electrolyte, thereby improving the performance of the
devices.

Results and Discussion
Synthesis of CBZ-Based Organic Sensitizers

The reference compound CBZ-Alk was synthesized following a previously reported
procedure.*®> The dyes, CBZ-EG and CBZ-Gly, have been obtained through an accurate
optimization of experimental conditions. Both syntheses were carried out by synthesizing the
building blocks 1a,b5% 51 and 2a,b52 under the conditions reported in the literature. The two
products were then submitted to a nucleophilic substitution to afford N-alkylation of the
carbazole terminal unit to obtain the products 3a,b. Compound 3a has been then brominated
to obtain product 4b. To introduce the thiophene m-spacer into the structure, product 3a and
4b have been functionalized through a Suzuki-Miyaura cross-coupling with 5-formyl-2-
thiopheneboronic acid (5). The obtained dialdehydes (6a,b) were then converted into the
corresponding diacid 7a,b through the commonly adopted Knoevenagel condensation with
cyanoacetic acid, allowing isolation of the desired products in high yields. To obtain the final
product, CBZ-EG and CBZ-Gly, a deprotection in acidic conditions was carried out to give both
dyes in high yield. All the details about compound preparation and synthetic pathways are
shown in Scheme 1 and in the Supplementary Methods (pages 2-4). All the intermediates have
been investigated by 1H-NMR spectroscopy, while the two dyes CBZ-EG and CBZ-Gly have been
characterized in detail (Supplementary Methods pages 2-4 and Figure 1-4).

Optical and Electrochemical Investigation of Dyes

To validate the suitability of the dyes in a DSSC configuration, spectroscopic and
electrochemical characterization have been carried out. The UV-Vis spectra of all dyes
recorded in THF (Supplementary Figure 5a) present an intense intramolecular charge-transfer
(ICT) band in the 350 - 550 nm region and a molar extinction coefficient (€) in the range of
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30000 - 40000 (M1 cm 1) according to the literature data reported for the reference dye CBZ-
Alk (Supplementary Table 1).53 When adsorbed on transparent TiO:z films (P25, approximately
1-pum thick), compounds showed slightly blue-shifted absorption maxima compared to those
recorded in solution and a dramatic broadening of the absorption bands (Supplementary Figure
5b). This common behavior can be due both to deprotonation following adsorption on the
semiconductor surface and formation of blue-shifting H-aggregates.>* Although this absorption
range does not fully cover the emission spectrum of all indoor light sources (e.g., LEDs extending up
to ca. 700 nm), the dyes were purposely designed based on a robust donor—m—acceptor scaffold
optimized for DES-based DSSCs and for compatibility with the fluorescent lamps used in this work,
as well as with commonly adopted indoor fluorescent lighting. Optical bandgap has been evaluated
by means of Tauc plots.5> The Cyclic Voltammetry (CV) of the dyes, recorded in CH2Cl2 TBABF4
0.1 M solution, showed a non-reversible or a quasi-reversible behavior at oxidative potentials
(potential > 0V vs. Fc/Fc+) (Supplementary Figure 6a). Upon this behavior, since the E1/2
evaluation in case of not reversible peaks is not possible, Differential Pulse Voltammetry (DPV)
(Supplementary Figure 6b) was preferred to determine the oxidation (Eox) potentials and, thus,
to calculate the HOMO energy levels (Supplementary Table 1). The calculated LUMO level for all
dyes (estimated from the corresponding HOMO energy and the optical bandgap) appears
adequate for allowing efficient electron injection into the conduction band (CB) of the TiO2-
based catalyst (all calculated values are listed in Supplementary Table 1).>> Moreover, the ca.
2.2 eV bandgap ensures effective spectral matching with the OSRAM 765 and OSRAM 930 lamps
as well as with the LED B4 emission range (450—-630 nm), supporting their potential applicability
under standardized indoor LED conditions, although LED B4 was not directly employed in this study,
but it is widely used as a standard indoor light source in DSSC benchmarking.

Photovoltaic Properties under AM 1.5G irradiation

Upon complete characterization of the three dyes, DSSCs were fabricated using two different
DES-based electrolytes: ChCI:EG and ChCl:Gly, both in a 1:2 molar ratio. DES-based electrolytes
have been prepared mixing the DES in the presence of 1-methyl-3-propylimidazolium iodide
(PMII) as a conventional iodide source following the formulation reported in the literature.2”
J/V and IPCE curves of DSSCs functionalized with dyes CBZ-EG, CBZ-Gly and CBZ-Alk (recorded
at 1 sun, AM 1.5G), filled with either ChCI:EG or ChCIl:Gly based electrolytes, are depicted in
Figure 2 and 3. In Figure 2 a,b the //V curves of the DSSCs sensitized by CBZ-based dyes showed
a different trend depending on the used DES electrolyte. In the presence of ChCl:EG based
electrolyte (Figure 2a, blue panel), the best-performing device results to be the one sensitized
with CBZ-EG, reaching a PCE of 2.0%, while the one sensitized with CBZ-Gly exhibited lower
performance (PCE of 1.7%). An opposite behavior was observed when ChCl:Gly based
electrolyte is used (Figure 2b, green panel). Here, the DSSC sensitized with CBZ-Gly
outperformed the other devices, reaching a PCE of 3.0% vs. 1.55% of CBZ-EG sensitized cells. As
further evidence of the crucial role of the dye-DES interaction, when CBZ-Alk was used as a
sensitizer, a lower performance in both DES-based electrolytes has been observed (0.9% with
ChCLEG and 0.7%, with ChCl:Gly). In Figure 3ab the incident photon-to-current efficiency
(IPCE) curves of DSSCs with the two different DES-based electrolytes are shown. For all the
investigated devices, IPCE curves resemble the UV-vis absorption spectrum of the
corresponding sensitizer shifted towards lower energies. The shape of the curves is similar in
the different electrolyte solutions, with a wide absorption up to ca. 650 nm and a maximum at
ca. 490-510 nm. The trend of IPCE curves is consistent with the performance of the cells. In
particular, the highest IPCE value has been recorded for the cell sensitized by CBZ-Gly
containing ChCl:Gly-based electrolyte solution, with a peak of ca. 70%. Moreover, the integrated
photocurrent calculated from the IPCE spectra well matches the value recorded for the
corresponding cells measured under AM1.5G conditions with a black mask on top



194
195
196
197
198
199
200
201
202
203
204
205
206
207

208
209

210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234

235

236
237
238
239
240

(Supplementary Table 2). All photovoltaic characteristics are listed in Table 1. To further
understand the behavior of the dyes under standard conditions, a comparative study was
carried out wusing two conventional acetonitrile-based electrolytes (I7/I3” and
Cul/D(tmby),TFSI(1/2)) (Supplementary Figure 8 and Table 3). The photovoltaic performances
obtained with such electrolytes are consistent with literature values for similar systems,
confirming the reliability of the developed dyes.5¢>7 Interestingly, when using organic solvent-
based electrolytes, a different trend in performances is observed: in this case, CBZ-Alk exhibits
the highest efficiency, reaching a PCE of 3.2% with I" /I3~ and 2.9% with Cu(/D(tmby),TFSI(1/2).
This result supports our hypothesis regarding the critical role of dye-electrolyte compatibility.
The superior performance of CBZ-Alk in conventional electrolytes likely arises from its greater
molecular affinity with acetonitrile-based environments, whereas CBZ-Gly and CBZ-EG are
favored in DES-based devices. Overall, this comparative analysis provides an additional
validation of our design strategy, highlighting the importance of optimizing dye-electrolyte
composition for each specific medium.

Electrochemical Impedance Spectroscopy Analysis of Charge-Recombination Pathways

For a deeper analysis of the interfacial processes occurring at the electrode surface induced by
the dye-DES interaction, charge-recombination dynamics have been investigated by means of
Electrochemical Impedance Spectroscopy (EIS). EIS experiments, on the best-performing cells
under 0.23 sun AM1.5G illumination, were performed by applying a small sinusoidal voltage
stimulus to the solar cell at the Voc potential, while measuring the current response. By changing
the frequency over several orders of magnitude (from mHz to MHz) it is possible to study the
behavior of the device. EIS spectra are depicted as Nyquist plots, where the imaginary part of
the impedance is reported as a function of the real part (Figure 4). The Nyquist plot can be fitted
by a proper equivalent circuit, leading to important information like the recombination
resistance (Rrec) and the chemical capacitance (Cy), which allow the calculation of the electron
lifetime 7n as: Tn = Rrec x Cu.58-0 Nyquist plots of the investigated cells under light are depicted
in Figure 4 and the corresponding fitting parameters are listed in Table 2. The electron lifetimes
well match the trend in Vo of the investigated devices. In particular, the chemical capacitance of
cells filled with ChCL:EG solution is lower than with ChCl:Gly whichever the dye and is very
similar among the different devices. The biggest difference thus lies in the recombination
resistance, which indeed depends on the interactions at the interface between the sensitised
TiO2 and the electrolyte solution. The highest Rrec corresponds to the dye that better reflects the
DES composition, namely CBZ-EG in ChCl:EG cells and CBZ-Gly in ChCl:Gly filled cells. Due to the
higher chemical capacitance, devices filled with ChCl:Gly DES result in higher electron lifetimes,
well matching the higher Voc recorded with the same dye with this electrolyte. Such study also
justifies the relatively low fill factors obtained in some conditions that can be attributed to redox
mediator Kinetics, interfacial recombination, and charge transport limitations. All results
obtained confirm our assumption that increased affinity between the dye structure and the DES
composition ensures a synergistic effect, which influences the charge transfer dynamics with a
consequent higher power conversion efficiency.

Temporal Stability of CBZ-DSSCs with neat and aqueous DES electrolytes

A proper dye-DES matching could also help stabilize the dye in its adsorbed state on the
semiconductor surface, reducing desorption and improving long-term device stability. To
validate this hypothesis, the long-term stability of DSSCs with the best-performing DES
electrolyte — neat ChCl:Gly- was evaluated over a period of four months of DSSCs (Figure 5). In
Figure 5a-i,ii, it is possible to observe the variation in PCE and Jsc values of the three DSSCs
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sensitized by CBZ-based dyes over 120 days. Both devices sensitized with CBZ-EG and CBZ-Gly
showed excellent stability of PCE and Jsc values throughout the experiment. The PCE values in
both cases remained stable around 2.6% for CBZ-Gly and 1.5% for CBZ-EG. In contrast, the
device sensitized with CBZ-Alk showed a drop of PCE after 20 days (Figure 5a-ii), which
dramatically decreased to zero by the end of the experiment. Similarly, the Jsc dropped to less
than 1 mA after 30 days, decreasing to almost zero by the end of the experiment. This different
behavior is even more evident in Figure 5b, where the J/V curves of the dyes at day 1 and at day
120 are shown. In Figure 5b-i, ii DSSCs sensitized with CBZ-EG and CBZ-Gly maintained the
expected diode-like //V curve over all the monitored time. In contrast, CBZ-Alk-based DSSCs at
day 120 showed a quasi-resistive behavior with almost zero current, meaning the device was
no longer working (Figure 5b-iii). On the other hand, these results confirm the previous
assumption that a beneficial dye-DES matching can help stabilize the dye in its adsorbed state
on the semiconductor surface, improving long-term device stability. Variations of all parameters
are collected in the Supplementary Table 4 while the variation of FF and Voc over the time are
shown in the Supplementary Figure 8. Another key aspect of this work is the use of neat DES
electrolyte, in contrast to the more common water-diluted DES systems reported in the
literature. Typically, water is added - often up to 40% w/w?27.6162 - to reduce viscosity, and
facilitate the electrolyte intercalation into the semiconductor layer.1% 63 However, this common
practice compromises the long-term stability of the devices, often leading to dye desorption
from the semiconductor surface. For this reason, a comparative study was conducted in this
work between DSSCs sensitized with CBZ-based dyes using either a neat DES electrolyte or a
water-containing DES electrolyte (40% w/w), in order to evaluate the impact of water dilution
on device performance (Figure 6). In Figure 6a the //V curves of DSSCs sensitized by CBZ-based
dyes using the best performing DES electrolyte (ChCl:Gly) in the presence or absence of water
showed different results depending on the dye used. For DSSCs sensitized with CBZ-Gly, a
dramatic loss in PCE values has been observed when the water-based DES electrolyte was used,
with an efficiency drop from 3 to 1% (Figure 6a blue solid and dotted lines). Such PCE decrease
can be attributed to the loss of the optimal interaction between the hydrophilic components of
the dye and DES which led to an improved stability and reduced desorption when the DES was
pure. Conversely, when CBZ-EG was used as a sensitizer, PCE remained almost the same
exhibiting efficiency values of 1.6% with pure DES and 1.5% with aqueous DES (Figure 6a pink
solid and dotted lines). Finally, for the CBZ-Alk-based DSSC, a slight improvement was seen,
reaching 1.0% in aqueous DES compared to 0.7% in pure DES (Figure 6a green solid and dotted
lines). The slight improvement observed with the CBZ-Alk can be rationalized by the
hydrophobic chain protection of semiconductor reducing TiOz-electrolyte recombination.t*
Such behavior highlights a key point to support our thesis: when water is added to the DES, the
interfacial stability induced by the match between the hydrophilic nature of the dye and the DES
is lost. The stability of the DSSCs sensitized by CBZ-based dyes containing the aqueous DES
electrolyte was also tested over 30 days and the variation of PCE and Jsc values has been
monitored over the time (Figure 6b-i,ii). Such test showed a dramatic drop to zero in PCE (and
consequently in Jsc) for CBZ-EG and CBZ-Alk just after 20 days and a slightly slower decrease of
both parameters for CBZ-Gly. However, for all devices a decrease to almost zero of both
parameters has been observed by the end of the experiment (Figure 6b-i,ii). These results well
align with studies reported in the literature,®3 65 confirming the poor stability of DSSCs in the
presence of water, and highlights that the use of pure DES electrolyte, combined with the proper
functionalization of the dye, improves the long-term stability of the device. All photovoltaic data
are collected in Table 3 while the variation of all photovoltaic parameter over 30 days is listed
in Table S5. Variation of Voc and FF over the time are shown in Supplementary Figure 10.

Photovoltaic Properties Under Indoor Lighting (1000 lux)



291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

After these encouraging results obtained under conventional AM 1.5G sun-simulated light, the
three DSSCs sensitized by CBZ-based dyes were tested under low light conditions (1000
lux). Two commonly used indoor light sources have been adopted: a warm light T8 fluorescent
lamp (OSRAM 930) and a cold fluorescent lamp (OSRAM 765).12 34,39 The choice of the two
lamps was based on common representative indoor lighting sources usually found in indoor
settings and frequently reported in the literature. Moreover, the chosen lamps exhibit different
emission profiles allowing an investigation about the relationship between CBZ-dye absorption
and the lamp’s emission profile and its effect on DSSC performances.

As demonstrated in one of our recent works, the overlap between the dye absorption profile
and the lamp emission profile allows the calculation of a parameter, called “f” factor, which
estimates the goodness of the dye-lamp matching.3° As shown in Supplementary Figure 11, the
absorption spectra of all dyes cover a better portion of the OSRAM 765 lamp emission profile
than those of OSRAM 930. The qualitative spectra analysis has been then confirmed by the
calculated ffactors which result to be 20 - 30 times higher than those obtained with the OSRAM
930 lamp (Supplementary Figure 12 and Supplementary Table 6) in agreement with the
literature.3® This better coverage of the lamp emission spectrum is confirmed by DSSC
performances: indeed, PCE values with both electrolytes were significantly higher when OSRAM
765 was used (Table 3).

As expected, a behavior similar to that showed under 1 sun illumination was also observed
under indoor lighting conditions. The proper combination of the dye hydrophilic pendant and
the hydrophilic component of the DES also in this case induces an increase in DSSC performance
also in indoor settings. When ChCl:EG was used as the electrolyte (Supplementary Figure 13a,
blue panel), the DSSC sensitized with CBZ-EG was the best-performing device, reaching a PCE
value of 6% (see Table 3).

Even more remarkably, when ChCl:Gly was used as an electrolyte (Supplementary Figure 13b,
green panel), the devices sensitized with CBZ-Gly achieved a new efficiency record of 9.4%,
reaching the highest performance ever among DES-based DSSCs under indoor conditions (Table
3). The same trend was observed when OSRAM 930 was used, although the differences were
less pronounced compared to the results obtained with OSRAM 765 (Supplementary Figure
14). This can be easily explained by the previously mentioned weaker overlap between the
lamp's emission profile and the dyes absorption spectra (Supplementary Figure 11), which led
to a decrease in DSSC performances in agreement with the literature.3 All photovoltaic data
obtained under OSRAM 765 illumination and under OSRAM 930 are summarized in
Supplementary Table 7 and 8, respectively. To complement the indoor performance analysis under
DES-based electrolytes, J/V curves were recorded for the same CBZ-sensitized DSSCs using
conventional acetonitrile-based electrolytes (I/I;~ and Cu'""tmby),TFSI(12) under the best-
performing indoor illumination conditions (OSRAM 765, 1000 lux), as shown in Supplementary
Figure 15 and Supplementary Table 9. Similarly, to what observed under AM 1.5G conditions, the
previously observed PCE trend was not preserved. CBZ-Alk exhibited slightly superior efficiencies
reaching a PCE of 8.2% with both I/I;- and Cu"Y(tmby)TFSI(12). The relatively improved behavior
of CBZ-Alk in conventional electrolytes can be attributed to its higher compatibility with acetonitrile-
based media, consistent with the trends observed under 1 sun illumination. This recurring behavior
across both standard and indoor conditions provides additional validation of our hypothesis on the
importance of dye—electrolyte matching as a guiding principle in the design of efficient and tunable
DSSC systems for different operating environments.

All these findings highlight the strong potential of DES-based DSSCs as a competitive and
sustainable solution for indoor photovoltaics. While their absolute efficiencies remain lower
than those of organic solvent-based DSSCs and other photovoltaic technologies (e.g., PSCs or
0SCs), the combination of high chemical stability, low toxicity, absence of volatile solvents, and
extended device lifetime under real-world conditions positions them as a highly promising
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technology for safe, cost-effective, and environmentally conscious energy harvesting. In
particular, the excellent operational stability observed in our devices further reinforces the
suitability of DES electrolytes for long-term indoor applications, where durability and reliability
are crucial performance metrics.

Conclusions

In this study, two dyes bearing hydrophilic side chains (CBZ-EG and CBZ-Gly) were successfully
synthesized to investigate their synergistic interplay with the hydrophilic nature of two selected
DES-based electrolytes within a DSSC architecture.

DSSCs sensitized by CBZ-Gly and filled with a neat ChCl:Gly-based electrolyte achieved a PCE of
3.0% under standard 1 sun conditions. Beyond performance enhancement, long-term stability
tests demonstrated that the combination of neat DES electrolytes with well-matched
hydrophilic dyes plays a crucial role in preserving device durability over a four-month period.
Additionally, this study explored DSSC performance under indoor lighting conditions, where the
interplay between dye absorption and lamp emission spectra was investigated. Our findings
validated the dye-lamp matching hypothesis, showing that the overlap between the dye
absorption profile and the light source spectrum significantly influences device efficiency.
Under OSRAM 765 illumination, DSSCs sensitized by CBZ-Gly, and employing a neat ChCl:Gly
electrolyte, achieved a record indoor PCE of 9.4% among DSSC devices based on eco-friendly
components, such as DESs. Given its outstanding efficiency and proven long-term stability, the
CBZ-Gly-sensitized DSSC represents, to the best of our knowledge, the most efficient DES-based
DSSC reported to date for indoor applications. Overall, this work underscores the importance
of rational dye design and electrolyte selection in significantly enhancing DSSC performance.

Methods

General information. The starting reagents, obtained from commercial suppliers at the
highest purity grade, were used without further purification. Anhydrous solvents and all
commercial compounds have been sourced from Sigma-Aldrich and were used as received.
Extracts were dried with Na,S0,, filtered, and the solvent was removed by evaporation. FTO-
coated glass plates and Dyesol 18NR-T titania pastes were purchased from commercial
suppliers. UV-03 treatment was conducted using a Novascan PSD Pro Series-Digital UV Ozone
System. Layer thickness was measured with a VEECO Dektak 8 Stylus Profiler. UV-vis spectra
were acquired using a Jasco V-570 spectrophotometer, while NMR spectra were recorded on a
Bruker Advance-Neo spectrometer operating at 400 MHz. Electrochemical measurements were
performed using a Bio-logic SP-240.

DES preparation. Deep eutectic solvents such as ChCl:Gly and ChCl:EG (both in a 1: 2 mol/mol
ratio) were prepared by gently heating the respective components at 60-80 °C under
continuous stirring for 10-50 min, until a homogeneous and transparent solution was
obtained.

DES-electrolyte solution. The electrolyte solution was prepared at room temperature by
mixing 1 mL of the eutectic mixture ChCl:EG or ChCl:Gly (1:2 mol/mol) with iodine (20 mM)
and PMII (2 M). The resulting mixture was sonicated for 10 min, kept in the dark under ambient
air, and used within one week of preparation.

VOCs-electrolyte solution. The I"/I3™ electrolyte solution was prepared at room temperature
by mixing in acetonitrile 0.1 M Lil, 0.6 M TBAI, 0.05 M Izand 0.5 M 4TBP. The resulting mixture
was sonicated for 10 min, kept in the dark under ambient air, and used within one week of
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preparation. The Cull/D(tmby),TFSI¢1/2) electrolyte solution was prepared at room
temperature by mixing in acetonitrile 0.1M LiTFSI and 0.6 M of 4TBP and 0.2 M
Cu®(tmby),TFSIand 0.04 Cu()(tmby),TFSI2. The resulting mixture was sonicated for 10 min,
and kept in the dark.

DSSC fabrication procedure. DSSCs have been prepared by adapting a procedure reported in
the literature.®® To exclude metal contamination, all the containers were glass or Teflon and
were treated with EtOH and 10% HCI before use. Plastic spatulas and tweezers have been used
throughout the procedure. FTO glass plates were cleaned in a detergent solution for 15 min
using an ultrasonic bath, rinsed with pure water and cleaned again for 15 min in an ultrasonic
bath with EtOH. After treatment in a UV-03 system for 18 min, the FTO plates were treated with
a freshly prepared 40 mM aqueous solution of TiCls for 30 min at 70 °C, rinsed with water and
EtOH and heated at 500 °C for 30 min. A transparent layer of 0.20 cm? was screen-printed using
a 20 nm transparent TiO2z paste (Dyesol 18NR-T). The coated films were thermally treated at
125 °C for 5 min, 325 °C for 10 min, 450 °C for 15 min, and 500 °C for 15 min. The heating ramp
rate was 5-10 °C min-1. The sintered layer was treated again with 40 mM aqueous TiCls (70 °C
for 30 min), rinsed with EtOH and heated at 500 °C for 30 min. After cooling down to 80 °C, the
TiO2 coated plate was immersed in a 0.2 mM solution of the dye for 18 h at room temperature
in the dark. PEDOT counter electrodes were prepared according to the following procedure®7:
a1 mm hole was made in a FTO plate using diamond drill bits. Then the electrodes were cleaned
with a detergent solution for 15 minutes using an ultrasonic bath, 10% HCI, and finally acetone
for 15 min using an ultrasonic bath. Then the electrodes were manufactured via electro-
polymerization of 3,4-ethylenedioxythiophene from 0.01 mM aqueous solution with 0.1 M
sodium dodecyl sulphate, as reported in the literature. The dye-adsorbed TiO2 electrode and the
counter electrode were assembled into a sealed sandwich-type cell by heating with hot-melt
ionomer-class resin (Surlyn 30 um thickness) as a spacer between the electrodes. The same
configuration was used for symmetrical dummy cells consisting of two identical PEDOT counter
electrodes working, respectively, as the anode and cathode. The electrolyte solution was
prepared by mixing at room temperature 20 mM Iz and 2 M PMII in ChCLl:EG or a ChCL:EG 1: 2
DES-like mixture and kept in the dark in air. A drop of the electrolyte solution was placed over
the hole and introduced inside the cell by vacuum backfilling. Finally, the hole was sealed with
a sheet of Surlyn and a cover glass.

DSSC measurements (1.5 AG, simulated sunlight). PV measurements of DSSCs were carried
out under a 550 W xenon light source (ABET Technologies Sun 2000 class ABA Solar Simulator)
with a thermostatic stage at 36 °C. The power of the simulated light was calibrated to AM 1.5G
(100 mW cm~2) using a reference Si cell photodiode equipped with an IR-cutoff filter (KG-5,
Schott) to reduce the mismatch in the region of 350-750 nm between the simulated light and
the AM 1.5G spectrum.

DSSC measurements (1000 lux, low light condition). Indoor-light curves were obtained
using two different light sources: a cold light T5 fluorescent lamp (OSRAM L 8W/765,
abbreviated as OSRAM 765) and a warm white, fluorescent tube (OSRAM 930 18 W, abbreviated
as OSRAM 930). The light source was placed at a distance such as to illuminate the surface of
interest with an illuminance equal to 1000 + 50 lux. [lluminance was determined from the
irradiance spectra of the lamps. The emission spectrum of the light sources in the wavelength
range from 300 to 1000 nm was measured by using a Hamamatsu C10082CAH
spectrophotometer and a power meter (Thorlabs PM100USB power and energy meter)
equipped with a photodiode calibrated for the purpose (Si-photodiode S120VC, recalibrated in
March 2023 by ReRa Solutions). Figure 2c and 2d show the spectral distribution of the
irradiance (power per unit illuminated area at the distance of interest). The photodiode was



437
438
439
440
441
442
443
444
445
446
447

448
449
450
451
452
453

454
455
456
457
458
459
460
461
462
463

464
465

466

467

468
469

470

471

472
473
474
475
476
477
478
479
480
481
482
483

used to continuously check the power of the lamp before measuring the //V curve of each cell.
The entire active photovoltaic area of the devices was used during indoor characterization to
mimic diffuse light conditions. The measurements were performed at room temperature (24 +
1 °C). In both cases, J/V curves were obtained by applying an external bias to the cell and
measuring the generated photocurrent with a Keithley model 2440 digital source meter. For
each combination of dye/electrolyte, multiple cells have been prepared and tested for average
values of 3 independent cells. Values, including standard errors, are presented in Table S6,
S7.Incident photon-to-current conversion efficiencies (IPCEs) were recorded as a function of
excitation wavelength by using a monochromator (Omni 300 LOT ORIEL) with a single grating
in Czerny-Turner optical design, in AC mode with a chopping frequency of 1 Hz, applying a 0.3
sun halogen lamp bias, at room temperature (24 * 1 °C).

Electrochemical Impedance spectroscopy (EIS). EIS spectra were obtained using a Bio-logic
SP-240 galvanostat potentiostat. The measurements have been performed in the frequency
range from 100 kHz to 20 mHz under AC stimulus with 10 mV amplitude, under 0.23 sun solar
irradiation at the open circuit voltage at 36 °C.68%° The obtained Nyquist plots have been
fitted via a non-linear least-squares procedure using the equivalent circuit model depicted in
the inset of the plot itself.

Electrochemical characterization. Cyclic Voltammetry (CV) was carried out at a scan rate of
100 mV s-1, using a Bio-logic SP-240 potentiostat in a three-electrode electrochemical cell under
nitrogen. The working, counter, and the pseudo reference electrodes were an FTO working
electrode (surface area = 1 cm?), an Ag/Ag* TBAP in CH3CN (0.1 M tetrabutylammonium
perchlorate and 0.01 M AgNOs in acetonitrile) and a Pt wire in a 0.1 M TBABF4 solution in
CH2Cl2. The same setup was used for Differential Pulsed Voltammetry (DPV), recorded at a scan
speed of 12.5 mV s'1 and a pulse height of 50 mV. The Pt wire was sonicated for 15 min in
deionized water, washed with 2-propanol, and cycled for 50 times in 0.5 M H2S04 before use.
The Ag/Ag* pseudo-reference electrode was calibrated by adding ferrocene (10-3 M, Fc) to the
test solution after each measurement.

Synthetic procedures. The synthetic procedures for the preparation of the CBZ-dyes are
presented in Supplementary Methods pages 2-4.

Data availability

The authors declare that all data supporting the findings of this study are available within the
paper and its supplementary information files
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Scheme 1. Synthetic route for the synthesis of dyes CBZ-EG and CBZ-Gly

Figure 1. Structures of the CBZ-dyes. Two original dyes investigated in this work, CBZ-EG and
CBZ-Gly, and the reference dye CBZ-Alk.

Figure 2. J/V curves (1 sun, AM 1.5G) of CBZ-EG, CBZ-Gly, and CBZ-AIK sensitized DSSCs.
a) J/V curves using ChCl:EG as a DES electrolyte (blue panel); b) J/V curves using ChCl:Gly as a
DES electrolyte (green panel).

Figure 3. IPCE curves of CBZ-dyes sensitized DSSCs. a) IPCE curves of CBZ-EG, CBZ-Gly, and
CBZ-Alk sensitized DSSCs using ChCL:EG as a DES electrolyte (blue panel); b) IPCE curves of
CBZ-EG, CBZ-Gly, and CBZ-Alk sensitized DSSCs using ChCl:Gly as a DES electrolyte (green
panel).

Figure 4. Nyquist plots from EIS measurements under 0.23 sun illumination (AM1.5G). a)
CBZ-EG, CBZ-Gly, and CBZ-Alk sensitized DSSCs using ChCI:EG as a DES electrolyte (blue
panel); b) CBZ-EG, CBZ-Gly, and CBZ-Alk sensitized DSSCs using ChCl:Gly as a DES electrolyte.
Lines represent the fitting according to the equivalent circuit in the inset.

Figure 5. Stability test of DSSCs sensitized by CBZ-based dyes in a ChCl:Gly DES electrolyte.
a) PCE (i) and Jsc (ii) variation over 120 days; b) J/V curves of DSSCs (1 sun, AM 1.5G) of the three
dyes at day 1 and at day 120.

Figure 6. J/V curves and stability test of DSSCs sensitized by CBZ-based dyes (1 sun, AM
1.5G) using neat and aqueous DES electrolytes. a) //V curves obtained using neat ChCl:Gly
as the DES electrolyte (dotted lines) compared with those recorded using ChCl:Gly diluted with
40% H20 as the electrolyte (solid lines); b) Stability test of DSSCs main PV characteristics, PCE
(i) and Jsc (ii) over 30 days.

Table 1. //V characteristics of DSSCs sensitized by dyes CBZ-EG CBZ-Gly, and CBZ-Alk in two
DES electrolytes (ChCl:EG and ChCl:Gly) under AM 1.5G sun-simulated light.

DES Dye Jsc (mA cm-2) Voc (mV) FF PCE (%)

CBZ-EG 8.0 466 0.56 2.0

(77+0.9)  (460+20)  (0.57 +0.04) (1.9 +0.1)
chclge  CBZGly 5.7 452 0.64 1.7

' (5.7+0.5)  (430+40)  (0.54%0.09)  (1.3+0.3)
CBZ-Alk 5.2 371 0.48 0.9

(43+09)  (400:60)  (0.50+0.03) (0.8+0.1)
CBZ-EG 6.3 487 0.50 1.6

_ (55+07)  (490+10)  (0.49 £0.02) (1.3£0.2)
ChCLGly gy iy 9.6 533 0.59 3.0

(93+0.4) (500+30)  (0.56 0.25) (2.6 +0.3)



CBZ-Alk 3.5 398 0.51 0.7
(3.1+0.4)  (400+10)  (0.53 +0.03) (0.6 +0.1)

Average values over 3 devices in parentheses.

Table 3. J/V characteristics under AM 1.5G sun-simulated light of DSSCs sensitized by dyes
CBZ-EG, CBZ-Gly, and CBZ-Alk in ChCl:Gly diluted in 40% H:20.

DES Dye Jsc(mA cm2)  Voc(mV) FF PCE (%)
CBZ-EG 5.1 457 0.59 1.5

(5.0£02) (450+10) (0.49%0.09)  (1.1%0.3)
ChCl:Gly  CBZ-Gly 4.0 415 0.55 0.9

40% H20 (4.2+04) (410£10) (0.53+0.03)  (0.9%0.1)
CBZ-Alk 4.3 478 0.53 1.0

(5.2+0.8) (430+40) (0.45+0.07)  (1.0%0.1)

Average values over 3 devices in parentheses.

Table 4. PCE values of CBZ-DSSCs under OSRAM 765 and OSRAM 930 illumination (1000
lux) filled with the two DES electrolytes investigated (ChCl:EG and ChCl:Gly).

DES Dye PCE (%)
OSRAM 765 OSRAM 930
CBZ-EG 6.1 4.8
(6.0 0.1) (4.5 + 0.4)
ChCLEG CBZ-Gly 3.6 3.3
(3.5 +0.1) (2.5 + 0.6)
CBZ-Alk 4.0 3.9
(3.2+0.7) (23 +1.1)
CBZ-EG 8.4 5.8
(8.0 + 0.4) (5.4 +0.3)
CBZ-Gly 9.4 6.5
ChCL:Gly (8.7 0.9) (6.4 +0.1)
CBZ-Alk 4.6 5.3
(4.5 +0.1) (5.2 +0.1)

Average values over 3 devices in parentheses

Table 2. Recombination resistance (Rrec), chemical capacitance (Cy) and electron lifetimes
(7n) obtained from Nyquist plot data fitting of the investigated DSSC.

DES Dye Rrec (Q2) Cu (1F) Tn (MS)
CBZ-EG 119.3+1.6 41.3+25 49 +0.4

ChCLEG CBZ-Gly 1134 +1.2 41.7£1.0 4.7 +0.2
CBZ-Alk 85.9+0.8 42.8+1.3 3.7+0.1
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CBZ-EG 111.5+0.9 76.1+1.4
ChCl:Gly CBZ-Gly 1712+ 2.1 66.3 + 3.8
CBZ-Alk 101.1+ 0.4 75.0x 1.0

8.5+0.2
114 +0.8
7.6+0.1

Values obtained under AM1.5G 0.23 sun irradiation.
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