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iency under indoor light of DSSCs
enabled by iodide-based DES-like solvent
electrolyte†

Chiara Liliana Boldrini, a Andrea Francesca Quivelli, a Filippo Maria Perna, b

Paolo Biagini,c Vito Capriati, b Alessandro Abbotto a and Norberto Manfredi *a

This work presents the next paradigm shift in solar energy technology in which a novel iodide-based DES-

like mixture has been first investigated as an active electrolyte solvent in dye-sensitized solar cells (DSSCs) in

the absence of any co-solvent and any external iodide source. The optimization of the cell design jointly

with a bespoke dye functionalized with a hydrophobic chain, properly positioned along the molecular

backbone, ensures (a) one of the highest power conversion efficiencies (PCEs) up to 4% for DSSCs based

on non-VOC solvents, and (b) a remarkable temporal stability of nearly 95% over a period longer than 2

months. Higher power conversion efficiency values (up to 8.0%) than those reported in the literature

with traditional sensitizers and environmentally friendly electrolytes (e.g., water-based electrolytes) have

been achieved under low-light illumination. These results are very promising for the realization of next-

generation nature-inspired low-cost and high-performing DSSC devices for indoor and outdoor

applications.
Introduction

In the present time of increasing demand for energy with net-
zero greenhouse gas emissions, growing attention has been
paid to the full sustainability of renewable energy sources. Solar
energy has experienced a tremendous increase in the energy
production share and demonstrated great appeal in the last
decades,1,2 with a variety of different last-generation technolo-
gies still increasing their harvesting efficiency.3 In particular,
dye-sensitized solar cells (DSSCs) have attracted much interest
since their rst appearance in 1991 by Grätzel and O'Regan
thanks to their ease of fabrication, their potential low cost, and
their versatility.4 DSSCs are constituted of different components
that need to be optimized simultaneously. Thus, much work
has been dedicated to the n-type semiconductor (SC), the redox
couple, the counter electrode, and the dye-sensitizer.5–8 DSSCs
exhibiting the highest power conversion efficiencies (PCEs)
contain a liquid electrolyte solution,9 typically constituted by
ar Energy Research Center MIB-SOLAR,
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the I−/I3
− redox pair. This represents a major drawback, since

the solvent typically is a volatile organic compound (VOC) that is
oen ammable and toxic. These characteristics greatly hamper
the full sustainability of such devices in any part of their life
cycle, from production to the working period and nal
dismissal. Thus, the replacement of VOCs with alternative eco-
friendly media for the electrolyte is highly sought-aer. In this
vein, different clean alternatives have been proposed
throughout the years,10,11 mostly based on water.12 This
approach leads to a safer electrolyte solution, even if the
performance of the cell is lower than that using standard VOCs.
Top-ranked water-based DSSCs offer a PCE of ca. 4%,10,13–15 with
a single record report of PCE = 7.0%.16 Most recently, much
interest has been focused by the scientic community on DSSCs
for application as efficient indoor photovoltaic (PV)
devices.9,10,17–22 Indeed, under low intensity and diffuse illumi-
nation, DSSCs have demonstrated a superior efficiency with
respect to other technologies, such as silicon-based and organic
devices and perovskite solar cells,23,24 thanks to the possibility of
tailoring the absorption properties of the cell using an appro-
priate dye, which is able to properly match the emission spec-
trum of the different indoor light sources. At the moment, the
current record efficiency reported for VOC-based DSSCs in
ambient light is at 38% at 1000 lux.22

In addition, safety requirements for a device to be used in an
indoor environment are even more pressing than those for
outdoor devices. The possibility to replace standard VOCs,
which represent a relevant safety risk in the presence of leak-
ages or accidental breakage, with more environmentally
This journal is © The Royal Society of Chemistry 2024
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friendly solvents would provide a clear advantage for indoor
applications.

At the beginning of the century, novel environmentally
responsible uids known as deep eutectic solvents (DESs) were
recognized as promising alternatives to traditional VOCs in
several elds of science, such as organic synthesis,25,26

catalysis,27–29 main group chemistry,30–32 materials chem-
istry,33,34 extraction and separation,35–37 crystallography,38 and
also solar technology to stabilize and improve the photovoltaic
performance of DSSCs,39–47 due to their low volatility, high
thermal stability, nonammability, ease of preparation, low
cost, and tunability of their physicochemical properties. Despite
these advantages, however, there are still concerns about their
toxicity. Thus, new guidelines have recently been released for
DES toxicity monitoring, wherever necessary.48 DESs are
generally obtained by mixing in a well-dened stoichiometric
proportion, and heating, two or three safe and inexpensive
components (e.g., Brønsted or Lewis acids and bases, anionic
and/or cationic species) that are able to form eutectic mixtures
with melting points much lower than those of ideal liquid
mixtures.49,50

As for solar technology, the use of these alternative green
solvents has relied so far on typical iodide sources for the
electrolyte redox pair, for instance, organic ionic liquids (e.g., 1-
methyl-3-propylimidazolium iodide, PMII), which are generally
expensive and toxic. An eco-friendlier iodide source would be
represented by inorganic iodide salts, such as KI. However,
these salts are only soluble in water-based media, and they do
not usually offer good performances.51 In this work, we present
a study on DES-like mixture based DSSCs where, for the rst
time, the electrolyte solvent itself is the sole iodide source, and
I2 is the only present component in addition to the solvent.
While this paper was in preparation, H. Cruz et al. demon-
strated that it is indeed possible to use alkali iodide-based DESs
as electrolytes for DSSCs, with the best cell showing a PCE of up
to 2.3%.52

By exploiting our expertise in DES-DSSCs,43–45 we investigated
an unprecedented DES-like mixture composed of ethylene
glycol (EG) and choline iodide (ChI), which was used in place of
the conventional choline chloride (ChCl). The combination of
a quaternary ammonium salt (generally choline) with
a hydrogen bond donor (HBD) (e.g., glycerol, urea, ethylene
glycol, and a carboxylic acid) is now categorized as a type III
eutectic solvent.53–55 Herein, we demonstrate that it is no longer
necessary to add an external iodide source (e.g., PMII) in order
to form the redox couple, thereby opening the route to a new
generation of DSSC devices. By properly designing the dye-
sensitizer and through modulating the nature (hydrophilic vs.
hydrophobic) of the sensitized surface of the SC, we have been
able to affect the interface interaction between the SC and the
electrolyte, which is particularly important in a context (such
the one depicted in this manuscript) where the redox compo-
nent and the solvent are the same molecule. In addition, we
have shown that DSSCs sensitized by a dye, with a hydrophobic
side-chain properly positioned along the molecular backbone,
are able to access very high efficiencies, not only amongst the
highest ever reported for DES-DSSCs, but also for water-based
This journal is © The Royal Society of Chemistry 2024
DSSCs. Potential indoor applications have been discussed as
well.

Experimental
General information

The following materials were purchased from commercial
suppliers: FTO-coated glass plates (2.2 mm thick; sheet resis-
tance ∼7 ohm per square; Solaronix); Dyesol 18NR-T trans-
parent TiO2 blend of active 20 nm anatase particles. UV–O3

treatment was performed using a Novascan PSD Pro Series –

digital UV–ozone system. The thickness of the layers was
measured by means of a VEECO Dektak 8 Stylus Proler. ATR
FT-IR spectra were recorded with a Thermo Scientic Nicolet
iS20 spectrometer.

DES-like mixture preparation

A deep eutectic solvent like mixture [choline iodide (ChI)/
ethylene glycol (EG) (1 : 2 mol mol−1) and choline chloride
(ChCl)/EG (1 : 2 mol mol−1)] were prepared by heating under
stirring the corresponding individual components at 60–80 °C
for 10–50 min until a clear solution was obtained.

DSSC fabrication procedure

DSSCs have been prepared by adapting a procedure reported in
the literature.56 In order to exclude metal contamination, all of
the containers were glass or Teon and were treated with EtOH
and 10% HCl prior to 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. Aer treatment in a UV–O3 system
for 18 min, the FTO plates were treated with a freshly prepared
40 mM aqueous solution of TiCl4 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 cm2 was screen-printed using
a 20 nm transparent TiO2 paste (Dyesol 18NR-T). The coated
transparent lm was dried at 125 °C for 5 min. The coated lms
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 TiCl4 (70 °C for 30 min), rinsed with EtOH and
heated at 500 °C for 30 min. Aer cooling down to 80 °C, the
TiO2 coated plate was immersed in a 0.2 mM solution of the dye
in the presence of the co-adsorbent (typically 1 : 10 chenodeox-
ycholic acid) for 20 h at room temperature in the dark.

Platinum-based counter electrodes were prepared according
to the following procedure: a 1 mm hole was made in a FTO
plate, using diamond drill bits. The electrodes were then
cleaned with a detergent solution for 15min using an ultrasonic
bath, 10% HCl, and nally acetone for 15 min using an ultra-
sonic bath. Then, 10 mL of a 5 × 10−3 M solution of H2PtCl6 in
EtOH was deposited on each electrode and the electrodes were
thermally treated at 500 °C for 30 min.

The dye-adsorbed TiO2 electrode and the counter electrode
were assembled into a sealed sandwich-type cell by heating with
Sustainable Energy Fuels, 2024, 8, 504–515 | 505
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hot-melt ionomer-class resin (Surlyn 30 mm thickness) as
a spacer between the electrodes. The same conguration was
used for symmetrical dummy cells consisting of two identical
dark counter electrodes working, respectively, as the anode and
cathode.

The electrolyte solution was prepared by mixing at room
temperature 20 mM I2 and 2 M PMII (solutions 1 and 3) or
20 mM I2 alone (solutions 2 and 4) in ChCl/EG or a ChI/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 backlling. Finally, the hole was
sealed with a sheet of Surlyn and a cover glass. A reective foil at
the backside of the counter electrode was taped to reect
unabsorbed light back to the photoanode.
DSSC measurements

PV measurements of DSSCs were carried out under a 550 W
xenon light source (ABET Technologies Sun 2000 class ABA
Solar Simulator). The power of the simulated light was cali-
brated to AM 1.5G (100 mW cm−2) using a reference Si cell
photodiode equipped with an IR-cutoff lter (KG-5, Schott) to
reduce the mismatch in the region of 350–750 nm between the
simulated light and the AM 1.5G spectrum. Indoor-light curves
were obtained using a cold light T5 uorescent lamp (Osram L 8
W/765) as the light source placed at a distance such as to illu-
minate the surface of interest with an illuminance equal to 1200
± 50 lux. Illuminance was measured by using a lux meter
(HoldPeak HP-881E, accuracy ±4%) for a fast check during
DSSC testing, and then carefully determined from the irradi-
ance spectrum. It is emphasized that the lux meter was only
used for a rough estimation of the illuminance level and not to
calculate accurate PCE, in contrast with many reports in the
literature. In this work PCE was correctly determined by illu-
minance levels from the irradiance spectra. The emission
spectrum of the light source 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 just
calibrated for the purpose (Si-photodiode S120VC, recalibrated
03/23 by ReRa Solutions). Fig. S1† shows the spectral distribu-
tion of the irradiance (power per unit illuminated area at the
distance of interest). The entire active photovoltaic area of the
devices was used during indoor characterization to mimic
diffuse light conditions.

In both cases, I/V curves were obtained by applying an
external bias to the cell and measuring the generated photo-
current 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 S1 (see
the ESI).† 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. EIS spectra were obtained using
a Bio-logic SP-240 galvanostat potentiostat. The measurements
506 | Sustainable Energy Fuels, 2024, 8, 504–515
have been performed in the frequency range from 100 kHz to
0.1 Hz under AC stimulus with 10 mV amplitude, under dark
conditions or 0.23 sun solar irradiation at the open circuit
voltage.51,57 The obtained Nyquist plots have been tted via
a non-linear least-squares procedure using the equivalent
circuit model depicted in the inset of the plot itself.

Electrochemical properties of the electrolyte solutions were
investigated in thin layer (thickness of ca. 30 mm) dummy cells
with an active area of 0.5 cm2 by cyclic voltammetry (CV) at
10 mV s−1 and by electrochemical impedance spectroscopy
(EIS), using the same conditions used for DSSCs, at the equi-
librium potential (0 V).

Results and discussion

DSSCs based on a ChI/EG (1 : 2 mol mol−1) eutectic mixture
have been prepared and their photovoltaic properties were
characterized. The corresponding choline chloride-based
eutectic mixture presents a higher conductivity (7.63 vs. 0.98
mS cm−1) and a lower viscosity (48 vs. 281 cP) compared to
ChCl/glycerol (Gly) 1 : 2 (mol mol−1) that we tested in our
previous studies,40,42 so we moved to EG as the HBD.50 ChI/EG-
based DESs are already present in the literature for different
applications.58,59 The eco-friendly properties of these mixtures
mainly reside in their easy preparation, recyclability, low vola-
tility, and stability in handling and storage. Of course, a more
in-depth analysis on some aspects related, e.g., to toxicity,
biodegradability, renewable sourcing and production, should
always been conducted to assess the sustainability of (new)
DESs or DES-like mixtures, as has been recently pointed out in
a review by Nejrotti, Bonomo and co-workers.60

As the used molar ratios58,59 are different from the current
value employed in this work (1 : 2), we have decided to investi-
gate the newly formed 1 : 2 ChI/EG mixture using FT-IR and
NMR spectroscopy, two techniques commonly used to study the
possible intermolecular interactions taking place among
components of a mixture.61–64

FT-IR spectra of pure components and of the 1 : 2 ChI/EG
mixture are depicted in Fig. S2 (ESI).† Looking at the O–H
stretching vibration region (3700–3100 cm−1), the wavenumber
shi of the peak of the mixture to different (higher) energies
with respect to that of both the parent molecules is consistent
with a different strength of the intermolecular H-bond, as
a consequence of the DES formation in place of H-bond inter-
molecular interactions amongst the samemolecular species.61,63

Upon deconvoluting the large O–H peak of the mixture,
different types of O–H contributions could be identied (Fig. 1).
The deconvoluted peaks at 3545, 3423, and 3250 cm−1 were
assigned to the O–H stretching values of the free OH group
(3545)65 and the OH-bonded groups (3423 and 3250), respec-
tively. Based on the integration of these peaks, we can conclude
that themajority of the OH groups in themixture are involved in
intermolecular hydrogen bonding interactions.61

To further conrm the occurrence of these interactions
between the components of the 1 : 2 ChI/EG mixture, we ob-
tained additional 1H-NMR spectra, and the results are collected
in Fig. S3.† The most striking difference amongst the three
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 FT-IR O–H stretching vibration peak deconvolution for the
studied 1 : 2 ChI/EG mixture.

Fig. 2 Structure of the investigated dyes.

Table 1 DES-like-based electrolyte compositions

DES-like solution
External iodide
source I2 DES

1 2 M PMII 20 mM ChCl/EG (1 : 2)
2 — 20 mM ChCl/EG (1 : 2)
3 2 M PMII 20 mM ChI/EG (1 : 2)
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spectra was a signicant broadening of the two OH resonances
in the 1 : 2 ChI/EG mixture (C) in between the ranges of 5.24–
5.26 and 4.42–4.45 ppm related to the OH group resonances of
ChI and EG, respectively. Conversely, 1H NMR spectra of ChI (A)
and EG (B) present a well-resolved triplet (d 5.20–5.24 ppm) and
multiplet (4.43–4.46 ppm) for the OH signals, respectively. A
slightly detectable shi was also observed between the OH
signals of the 1 : 2 ChI/EG mixture (C) and ChI (A) and EG (B)
with a chemical shi variation (Dd) of 0.04 and −0.01 ppm,
respectively, in agreement with previously reported examples.61

Such evidence suggests that the OH resonances of both ChI and
EG are mutually inuenced by each other, upon developing
hydrogen bonding interactions between neighbouring mole-
cules.61,64 Although these results support the formation of
a hydrogen bonding network between the two components of
the used mixture, more targeted experiments would be neces-
sary to prove that this is a real eutectic mixture. As this is
outside the aim of this work, we will use, throughout the
manuscript, the expression “DES-like mixture”.

As for dye-sensitizers, we have rst selected the same di-
branched molecules previously used in our studies,40–42 so as
to better evaluate the effect of the new iodide-based DES-like
mixture. In particular, two different donor–acceptor dyes
based on a phenothiazine (PTZ) donor core were tested: one
hydrophilic carrying a tri-ethylene glycol terminal chain (PTZ-
Th-EG) and one hydrophobic with an n-C8 alkyl terminal chain
(PTZ-Th-C8) (Fig. 2). In these dyes, the terminal chain is posi-
tioned on the terminal phenothiazine nitrogen atom. In the
present study, we have introduced two further dyes, TPA-TTh66

and TPA-TTh-C6,67 that we have previously reported in conven-
tional VOC (acetonitrile/valeronitrile 85 : 15)-based DSSCs.
These two dyes present similar absorption spectra to PTZ-Th-EG
and PTZ-Th-C8, but are based on a different chemical structure.
The TPA-TTh and TPA-TTh-C6 dyes carry a commonly used tri-
phenylamine (TPA)7 donor core and thieno[3,2-b]thiophene
(TTh) as a spacer, previously reported in efficient DSSC sensi-
tizers.66 The two dyes TPA-TTh and TPA-TTh-C6 differ only in the
presence of an n-hexyl side-chain on the thienyl-based spacers.
This journal is © The Royal Society of Chemistry 2024
In contrast to the PTZ dyes, where the alkyl functionality is
positioned on the terminal donor moiety, in TPA-TTh-C6 the
alkyl groups are located on the central spacer moiety. In this
way, the absence of an alkyl chain on the donor moiety should
reduce the steric hindrance to dye regeneration, involving the
donor group where the HOMO is located, while maintaining
a side-chain barrier to minimize the detrimental charge
recombination from the SC to the electrolyte.68 All the four
investigated dyes comprised conventional cyanoacrylic acids as
double acceptor-anchoring points.

Four DES-like-based electrolyte compositions, listed in Table
1, have been investigated. The electrolytes differ in DES (ChCl/
EG vs. ChI/EG) and in the presence of the commonly used
PMII as a conventional iodide source. Solutions 2 and 4, based
on ChCl/EG and ChI/EG, respectively, contain only iodine as an
electrolyte component and not PMII. These two electrolytes are
therefore “iodide-free” as they lack an external iodide source, in
contrast to what is commonly reported for DSSC devices. It is
worth noting that the solubility of iodine in solutions 2 and 4
was remarkably different. Only a very small quantity of I2 could
be dissolved in solution 2, which thus appeared pale-yellow
coloured, whereas iodine is promptly dissolved in solution 4,
thanks to the presence of the DES component ChI. The colour of
solution 4 is orange-red, as expected for I−/I3

− mixtures. A
picture of DES-like mixture solutions is presented in Fig. S4.†

To compare the four electrolytes, we started investigating
their electrochemical behaviour inside dummy cells, using both
CV and EIS techniques. The CV curves show a clear difference in
terms of limiting current among the 4 solutions, as depicted in
Fig. 3. In particular, Sol. 2 has an almost-zero limiting current
together with a low slope of the curve near zero potential,
accounting for a high differential resistance. Sol. 1 has a higher
4 — 20 mM ChI/EG (1 : 2)

Sustainable Energy Fuels, 2024, 8, 504–515 | 507
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Fig. 3 CV curves of symmetrical dummy cells containing the four
DES-like-based electrolyte solutions. Scan rate: 10 mV s−1.

Table 2 Charge transfer resistance and diffusion resistance from
Nyquist plot fitting of the dummy cells

DES-like solution R2 (U) Rd (U)

1 1.38 � 0.19 19.9 � 1.4
3 0.64 � 0.44 9.45 � 0.82
4 1.02 � 0.40 10.1 � 0.83
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limiting current, while Sol. 3 and 4 are the best performing
solutions, achieving comparable current values.

EIS investigation of the 4 dummy cells conrmed the trend
obtained from CV measurements. As expected, Sol. 2 showed
a highly resistive behaviour, so its curve cannot be compared to
those of the other solutions (see Fig. S5†). Fig. 4 depicts Nyquist
plots of Sol. 1, 3 and 4, together with the equivalent circuit used
for tting the data. R1 accounts for the ohmic resistance of the
electrolyte and of the transparent conductive oxide while the
parallel resistance–capacitance (RC) circuit represents the
electrochemical interface having a charge-transfer resistance in
parallel with a capacitor (R2 and C2). The shortWarburg element
(Wd3) accounts for the diffusional impedance (Nernst imped-
ance) of the electrolyte in the dummy cell.69 In general, all the
dummy cells exhibited common impedance features charac-
terized by a major low-frequency loop which can be ascribed to
diffusional processes, while the high-frequency loop can be
ascribed to charge transfer processes, with resistance R2. The
resistance values obtained from tting the Nyquist curves are
reported in Table 2. While the charge transfer resistance is
similar for all the samples (around 1 U), there is a clear differ-
ence in the diffusion resistance between ChCl-based solution
(Sol. 1) and ChI-based solutions (Sol. 3 and 4), the rst having
Fig. 4 Nyquist plots of dummy cells containing Sol. 1, 3 and 4. Dotted
lines represent the result of the fitting with the equivalent circuit of the
dummy cell (inset).

508 | Sustainable Energy Fuels, 2024, 8, 504–515
a doubled resistance with respect to that of the other solutions.
ChI-based solutions were thus very promising both from CV and
EIS investigation results. The PV properties of the three
remaining electrolytes were then assessed by preparing a rst
set of DSSCs based on 2.5 mm-thick-transparent TiO2

photoanodes.
By exploiting our previous experience in DES-like-based

DSSCs, an optimization of the experimental parameters has
been carried out starting with a hydrophilic setup, using a pol-
yglycolic functionalized sensitizer PTZ-Th-EG and the corre-
sponding co-adsorbent, glucuronic acid (GlcA).40 The
preliminary screening results are collected as shown in Table S2
and depicted in Fig. S6.† With this rst set of experiments, we
have thus demonstrated that, using a ChI DES-like mixture as
a supporting electrolyte, an external iodide source is no longer
necessary because all the devices performed properly with
comparable parameters. Further optimization of the parame-
ters has been carried out by varying the co-adsorbent and then
the sensitizer moving from hydrophilic GlcA to conventional
hydrophobic chenodeoxycholic acid (CDCA) as a co-adsorbent
(Table S2 and Fig. S7†) and then replacing the PTZ-Th-EG dye
with the analogous alkyl functionalized PTZ-Th-C8 (Table S3
and Fig. S8†) sensitizer. What we noticed is that a hydrophobic
functionalization allowed us to improve PCE up to 3.1% in the
case of the best-performing cell with DES-like-based electrolyte
3.

This result is remarkable since it represents, to the best of
our knowledge,47 the highest PCE value ever reported for a DSSC
lled with a VOC-free DES-like-based electrolyte, for which the
previous record PCE value was 2.5%.40–42,44 From the compar-
ison of solutions 1 and 3, it can be inferred that the novel ChI/
EG eutectic mixture (solution 3) provides a cooperative
enhancement in combination with PMII thanks to the presence
of an iodide source in the mixture, as suggested by the higher
photocurrent, while retaining similar PV characteristics.
Finally, the cell without an external iodide component (solution
4) also showed a steep increase in the performance, with a PCE
twice that of the previous set equipped with the hydrophilic dye
(see the ESI†). In order to check if the highest performance of
solution 3 cells could arise from a higher iodide concentration,
we have investigated a control set of DSSCs based on the
conventional ChCl/EG 1 : 2 (mol mol−1) DES as a solvent with
different PMII concentrations. The results are reported in Table
S4† and the J/V curves are depicted in Fig. S9.†We conclude that
the different performances of the cells shown in Table S4† were
not simply related to the different iodide concentrations in the
electrolyte solutions. Thus, the use of the unconventional ChI/
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 J/V curves of DSSCs with ChCl vs. ChI DESs with TPA-TTh-C6

as the sensitizer with 1 : 10 CDCA as a co-adsorbent under AM1.5G, 1
sun conditions.
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EG mixture clearly provides a boosting effect on the overall
performance of the cells.

The results pertaining to the devices containing the iodide-
based DES-like mixture are highly encouraging, in particular
when using a hydrophobic dye as a sensitizer. It is reasonable to
think that the choice of a more appropriately designed hydro-
phobic dye could result in even higher performances. We have
thus added to the study the two TPA dyes TPA-TTh and TPA-
TTh-C6 previously introduced (Fig. 2). Since these dyes present
optical properties similar to those of PTZ-Th-C8 (Fig. S10†),
a comparison of the cells sensitized by TPA-TTh-C6 and PTZ-Th-
C8 could allow us to evaluate the effect of inserting alkyl side
chains on different parts of the sensitizer structure, namely, the
spacer vs. donor group, respectively. In the case of TPA-TTh-C6,
the additional presence of side alkyl chains on the p-spacer
should ensure a lipophilic barrier to charge recombination,
while keeping the donor core of the sensitizer free from
hindrance so as to optimize the dye regeneration from the
electrolyte. The cells sensitized by TPA-TTh and TPA-TTh-C6

were thus prepared and lled with solutions 1, 3 and 4, and the
corresponding results are summarized in Table S1† for TPA-TTh
and Table 3 for TPA-TTh-C6. The corresponding J/V curves are
depicted in Fig. S11† and 5, respectively.

The two dyes presented similar efficiencies when tested in
solution 1 and 3 cells. In contrast, for solution 4, that is in the
absence of PMII as an external iodide source, TPA-TTh-C6

afforded a remarkably strong efficiency, with a PCE value of
nearly 4%, which is much higher than that recorded with the
dye without the hexyl side chains. Such a very high efficiency,
which outperforms even the record value presented in Table
S3,† originates from an increase in the photovoltage (up to ca.
0.7 V), much higher than that of any other device here investi-
gated. This result suggests that C6-alkyl chains effectively
protect the TiO2 surface from charge recombination in the
presence of ChI as the only iodide source, while being less
effective in the presence of PMII. A possible rationale could be
that PMII acts as a kind of surfactant, at least partially bypassing
the hydrophobic barrier provided by the dye, while letting the
charged species reach the SC, thereby allowing the charge
recombination. Overall, the very high efficiency recorded for the
ChI-based DES-like mixture, in the absence of any external
iodide source, is not only the highest observed in our work, but
is even amongst the highest ever reported for VOC-free DSSCs in
the presence of DES47 or water as an unconventional green
electrolyte medium and I−/I3

− as the redox couple.10,13,15 It is
noteworthy that the highest photocurrent obtained is almost
30% larger than the limiting current measured in the dummy
Table 3 Photovoltaic characteristics of a DSSC using TPA-TTh-C6 as th

DES-like solution Jsc (mA cm−2) Voc (mV) FF

1 6.6 (5.6) 566 (499) 65 (67)
3 7.1 (5.8) 652 (627) 71 (71)
4 8.2 (6.3) 661 (624) 71 (66)

a I2 concentration: 0.02 M; transparent TiO2 thickness: 2.5 mm. Values ob

This journal is © The Royal Society of Chemistry 2024
cells reported in Fig. 3. Nonetheless, the solar cells were
measured on the temperature-controlled test stage of the solar
simulator (ABET technologies) at a constant temperature of 25.0
± 0.1 °C while diffusion-limited current in the symmetric
dummy cells was recorded at room temperature (ca. 19 ± 1 °C).
To clarify the role of the temperature, the diffusion-limited
current of solution 4 was measured at different temperatures
from 20 to 40 °C on the temperature-controlled test stage of the
solar simulator and the results are depicted in Fig. S12.† The
resulting diffusion-limited current at 25 °C is now within 15%
compared to that obtained in the solar cell. A similar
phenomenon has been previously observed by Bonomo and co-
workers,70 and the only possible explanation could be related to
the different thicknesses of the electrolyte chamber and so
a reduced diffusion pathway (see below). For comparison, we
also prepared a cell using a standard VOC as the solvent, namely
acetonitrile, with the same components of Sol. 1 and 3 (PMII
2 M, I2 20 mM), resulting in a lower efficiency (2.8%) (see
Fig. S13†). The same dye was also tested in an optimized cell for
VOC-based electrolyte solutions (10 mm + 5 mm transparent +
scattering TiO2 layer, Z960 electrolyte solution71), yielding a 6%
efficiency.

In order to better elucidate charge-recombination
phenomena occurring in TPA-TTh-C6 sensitized cells, EIS
measurements were performed both in the dark and under mild
illumination (0.23 sun AM1.5G). In this experiment, a small
sinusoidal voltage stimulus of a xed frequency is applied to the
e sensitizer and CDCA (10 CDCA : 1 dye) as a co-adsorbenta

PCE (%) Integrated Jsc (mA cm−2) AVT (%) LUE (%)

2.4 (1.9) 5.3 47.7 1.2 (0.9)
3.3 (2.6) 5.6 44.4 1.5 (1.2)
3.8 (2.6) 6.0 50.7 1.9 (1.3)

tained with a 0.28 cm2 black mask on top are in brackets.
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Fig. 6 EIS data plots of DSSCs under illumination (0.23 sun) as
described in Table 4. Lines represent the result of the fitting with the
equivalent circuit in the inset.

Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
24

 8
:1

7:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
device at the Voc potential, simultaneously measuring the
current response. The behaviour of the electrochemical system
can be studied by varying the frequency over several orders of
magnitude (generally from a few mHz to several MHz). The
analysis of the impedance spectra can be performed in terms of
Nyquist plots, where the imaginary part of the impedance is
plotted as a function of the real part of the range of frequencies.
Under dark conditions, at open-circuit voltage potential, the
properties of the sensitized TiO2/electrolyte interface can be
derived by tting the Nyquist plot with an appropriate equiva-
lent circuit, obtaining the values of recombination resistance
(Rrec) and chemical capacitance (Cm). It is then possible to
calculate the electron lifetime sn as sn = Rrec × Cm.66,72 When
operating under illumination it is possible to also estimate
other parameters, such as the resistance associated with the
diffusion in the electrolyte that could help to explain the
behaviour of the cells. The parameters resulting from tting the
data obtained in the dark are listed in Table S6† and the cor-
responding Nyquist plot is shown in Fig. S14.† Relevant data
obtained by tting the curve under illumination are reported in
Table 4 and the Nyquist plots are depicted in Fig. 6, whereas the
other tting parameters (both in the dark and under illumina-
tion) are reported in Table S7.†

Considering the data obtained by the t of the dark EIS, it is
possible to notice that the trend in Voc moves the same way as
the recombination resistance and the lifetime. Nonetheless,
when under illumination, the cells showed very similar behav-
iours in terms of Rrec, but a large difference is evidenced in the
diffusion resistance, and thus in the transport losses, which
could be the explanation for the very different performances of
the cells.52 In particular, these results match the Rd trend
measured in dummy cells pretty well, with Sol. 4 showing half
the resistance of Sol. 1, while Sol. 3 seems to have a higher
diffusion resistance in the full cell than in the dummy cell,
which is however lower than that of Sol. 1.

Finally, we also evaluated the incident photon-to-current
efficiency (IPCE) of DSSCs sensitized with TPA-TTh-C6, and
the curves are shown in Fig. 7. For all the investigated devices,
IPCE curves resemble the UV-vis absorption spectrum of TPA-
TTh-C6 shied towards lower energies (Fig. 7 and S10,† green
line). The shape of the curves is similar in the three different
electrolyte solutions, with a wide absorption up to ca. 600 nm
and a maximum at ca. 490 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 lled with
solution 4, with a remarkable peak of ca. 86%. Moreover, the
Table 4 Recombination and diffusion resistance obtained from
Nyquist plot data fitting of a DSSC using TPA-TTh-C6 as the sensitizer
and CDCA (10 CDCA : 1 dye) as a co-adsorbent under 0.23 sun
irradiation

DES solution Rrec (U cm2) Rdiff (U cm2)

1 23.44 � 0.14 14.39 � 0.16
3 21.66 � 0.20 10.08 � 0.20
4 23.91 � 0.24 7.39 � 0.31

510 | Sustainable Energy Fuels, 2024, 8, 504–515
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
reported in Table 3.

Another important parameter that could be considered when
dealing with transparent devices that could be integrated into
buildings, automotives or other see-through applications is the
impact of the colour of the nal device on the visual perception
of human eyes. It is possible to also evaluate the efficiency of the
cells with respect to this parameter. To estimate the impact of
the device transparency, the average visible transmittance (AVT)
could be calculated considering the transmittance spectrum,
the photopic response of human eyes and the photon ux of the
solar spectrum under AM1.5G conditions.73 Fig. 8 depicts the
total transmission spectra of the complete devices sensitized
with TPA-TTh-C6 using the three different electrolytes investi-
gated in this work. It can be noted that the absorption of the
sensitizer is mainly located in the high energy region of the
visible spectrum (below 550 nm, see Fig. S10†) poorly inu-
encing the perception of the colour by the human eyes. A small
difference could be seen in the device using Sol. 3 where the
content of iodide is larger and a lower transmittance in the
corresponding region is observed. The calculated AVT value
ranges from about 44 to 51% for the best cell which is
a remarkable value considering that these are non-wavelength-
selective devices. Considering the device efficiency, starting
Fig. 7 IPCE curves of TPA-Th-C6 sensitized cells. Dashed: integrated
photocurrent from IPCE spectra ofthe solar cell.

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Comparison of the cell transmittance with different electrolyte
solutions. The human eye photopic response is included for
comparison with the eye's sensitivity.
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from the AVT, it is possible to calculate the light utilization
efficiency (LUE) as the product of cell efficiency and AVT.73,74

This parameter could provide a reasonable parameter to
compare the performances of different transparent devices.
Values of AVT and LUE of the investigated devices are reported
in Table 3.
Fig. 9 PCE of PTZ-Th-C8 (top) and TPA-TTh-C6 (bottom) sensitized
DSSCs in combination with CDCA as a co-adsorbent, filled with
solutions 1, 3 and 4 (recordings up to 70 days from the initial cell
assembly) recorded under AM1.5G irradiation.
Stability testing

Short- andmid-term temporal stability of PV parameters of DES-
like based DSSCs was tested over a period of 1, 3, 7, 45, and 70
days. During this time the cells were stored in the dark. In
particular, we have compared stability data of cells sensitized by
the two representative dyes of this work, PTZ-Th-C8 and TPA-
TTh-C6, both in ChCl and ChI-based electrolyte solvents. The
results are depicted in Fig. 9.

It shows that TPA-TTh-C6 devices were in general muchmore
stable than PTZ-Th-C8 cells and, at the same time, the presence
of the ChI/EG DES-like mixture improved the temporal stability
compared to the conventional ChCl/EG counterpart. In partic-
ular, PTZ-Th-C8 sensitized cells lled with solution 1 lost almost
70% of the initial efficiency aer 10 days. PTZ-Th-C8 sensitized
devices lled with ChI/EG still retained more than 60% of the
starting value even aer 70 days (cells with solutions 3 and 4
were less efficient by 40 and 32%, respectively). Temporal
stabilities were signicantly improved when using TPA-TTh-C6

as a sensitizer. Cells lled with solution 1 (ChCl/EG) still
retained 60% of the starting efficiency at the end of the 70-day
testing period. The corresponding devices lled with solutions 3
and 4, based on the ChI/EG DES-like mixture, retained 88 and
93% of the initial efficiency, respectively.

It is also interesting to note that the efficiency of cells
sensitized by TPA-TTh-C6 showed a slight increase in PCE in the
rst few days, in particular when lled with the ChI/EG DES-like
mixture, reaching a maximum of 3.86% with solution 4 on day
4. This behaviour could be ascribed to a slow permeation of the
electrolyte solution into the sensitized layer, which may require
This journal is © The Royal Society of Chemistry 2024
some time to pass through the hydrophobic barrier exerted by
the dye.

On the whole, the stability results are remarkable since they
clearly show that an appropriate combination of a specically
designed dye (TPA-based with an alkyl chain on the spacer unit)
and DES-like mixture as the active electrolyte solvent (ChI/EG)
affords devices with basically full stability (7% decrease) over
a period of more than 2 months. This result is even more
attractive if compared to previously reported stability data in the
literature on DES-DSSCs. Cruz and co-workers recently reported
that an N719-sensitized DSSC lled with alkali-iodide-based
DESs presented a 50% loss of efficiency aer 1 month.52 It is
worth noting that also, in their case, the stability of DES-like
based cells was higher than the stability of those lled with
VOC-based solvents.

PV measurements under low light illumination (indoor light
environment)

Lastly, we have tested the DES-like based DSSCs investigated in
this work under low light illumination, that is under simulated
indoor light conditions. To the best of our knowledge, previous
Sustainable Energy Fuels, 2024, 8, 504–515 | 511
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Table 5 Photovoltaic characteristics of DSSCs using PTZ-Th-C8 or TPA-TTh-C6 as sensitizers andCDCA (10 : 1) under 1200 lux light illumination

Dye DES-like solutiona Jsc (mA cm−2) Voc (mV) FF PCE (%) Max power (mW cm−2)

PTZ-Th-C8 1 72 412 52 4.2 15.6
3 103 434 67 8.0 29.8
4 50 364 64 2.1 8.0

TPA-TTh-C6 1 97 346 65 5.8 21.6
3 89 384 71 6.5 24.3
4 79 523 72 8.0 29.5

a I2 concentration: 0.02 M; transparent TiO2 thickness: 2.5 mm.
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literature reports only one example of a VOC-free environmen-
tally friendly water-based DSSC for indoor applications, with the
best cell showing a PCE value of 7.2% at 1000 lux.75 Cells
sensitized by PTZ-Th-C8 and TPA-TTh-C6 dyes were tested, in the
presence of ChCl/EG and ChI/EG DES-based electrolytes, under
a 1200-lux 6400 K T5 uorescent tube (measured emission
power of 3.71 W m−2). This illumination is the one typically
observed in common indoor environments, such as supermar-
kets, offices, or hotel lounges.

We have taken particular care in measuring the power of the
light source since, with the increasing interest in indoor PV
applications, many questions related to the reliability of the
published efficiencies have been raised.76–78 In fact, common
commercially available lux meters are somewhat inaccurate for
measuring the illuminance of LEDs or uorescent lamps and
cannot be used to calculate the irradiance. In contrast, knowing
the real irradiance spectrum of the lamp makes it possible to
precisely calculate the lux emitted by the light source.76,78 For
this reason, we developed an easy way to reliably quantify the
correct irradiance of the lamp using just a calibrated Si-
photodiode and the emission spectrum of the light source
recorded by using a spectrometer, from which we then calcu-
lated the lux (see the ESI† for all the details). As a comparison,
the value of 1200 lux measured by this rigorous method is
equivalent to ca. 1000 lux measured with common commer-
cially available lux meters. In this manner, and we believe, in
many reports in the literature, the measured PCE would have
been overestimated.

The resulting PV parameters are collected and shown in
Table 5 and the corresponding J/V curves are depicted in
Fig. S15 and S16.†

Generated photocurrent densities are much lower than those
under 1 sun illumination, as expected from the low incident
photon ux. Cells based on the ChI/EG DES-like mixture
showed higher FF values than cells containing ChCl/EG. In
particular, PTZ-Th-C8 sensitized cells lled with solution 3 and
PTZ-TTh-C6 sensitized cells lled with solution 4 offered the
best performance, with PCE reaching the remarkable value of
8%. These results are just slightly lower than that of VOC-based
cells with similar characteristics (similar power input, no co-
sensitization, and I−/I3

− based electrolyte),79 and outmatch
the only example reported in the literature for VOC-free water-
based DSSCs under ambient light.75 Once again, the ChI/EG
electrolyte showed superior performances compared to the
512 | Sustainable Energy Fuels, 2024, 8, 504–515
ChCl/EG counterpart. Interestingly, cells sensitized with PTZ-
Th-C8 also recorded a very poor efficiency in solution 4, whereas
devices in the presence of TPA-TTh-C6 showed a PCE equal to or
higher than 5.8% in any DES solution, thus offering a higher
degree of reliability and constancy of results.

Since there is no standardized equipment for low light
measurements yet, in Table 5 we have listed the maximum
generated power, which is independent of light source cali-
bration in contrast to PCE values. In addition, power values are
more important for practical applications, as recently stressed
by the representative literature.80 Our best devices, that is, PTZ-
Th-C8 sensitized cells lled with solution 3 and TPA-TTh-C6

sensitized cells lled with solution 4, presented power values of
ca. 30 mW cm−2, which compare well with literature values.75,79,81

Such power quantities well match the power required by small
electronic appliances,23,82 such as TV remote controls, for a 4
cm2 device area, and small wireless sensors.
Conclusions

In conclusion, we have herein presented an extensive study
aimed at exploring the possibility of using iodide-based
unconventional DES-like mixtures as active electrolyte
solvents, with no external iodide sources. Such a device struc-
ture is totally novel compared to typical DSSCs so far set-up,
where VOCs and external iodide sources such as PMII are
routinely used.

In combination with an appropriate cell optimization (i.e.,
choice of the co-adsorbent and SC layer thickness) and, in
particular, of tailored dye design (a TPA dye with a hydrophobic
chain on the median spacer unit), we have been able to achieve
top-ranked PCEs for DSSCs based on a non-VOC solvent. The
obtained PCE of nearly 4% is amongst the best ever reported
values even for water-based DSSCs, and represents a record
value for DSSCs based on DESs as the electrolyte media in the
complete absence of VOCs as co-solvents. The best combination
of TPA-TTh-C6 dye and ChI/EG as a DES-like mixture is also able
to provide a remarkable temporal stability of nearly 95% over
a period longer than 2 months. As transparent devices, the thus
obtained cells showed good transparency and values of AVT
comparable with those of common non-wavelength-selective
devices (around 50% AVT) thus offering the possibility for
different see-through applications. Lastly, we have also shown
that the novel DES-like-DSSCs offer top-ranked PCEs under low
This journal is © The Royal Society of Chemistry 2024
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light illumination, exceeding, to the best of our knowledge,
literature values based on traditional Ru-based sensitizers and
environmentally friendly solvents such as water. We believe that
these ndings could pave the way towards a new generation of
simpler, low-cost, and high performing DSSC devices, with great
potential, in particular, for indoor practical applications.
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