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Abstract: Different alkali deep eutectic solvents (DES), such as Lil:nEG, Nal:nEG, and KI:nEG, have
been tested as electrolytes for dye sensitized solar cells (DSSCs). These DSSCs were prepared using
pure DES or, alternatively, DES combined with different amounts of iodine (I). The most important
parameters, such as open circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF), and
the overall conversion efficiency (1), were evaluated. Some DES seem to be promising candidates for
DSSC applications, since they present higher Voc (up to 140 mV), similar FF values but less current
density values, when compared with a reference electrolyte in the same experimental conditions.
Additionally, electrochemical impedance spectroscopy (EIS) has been performed to elucidate the
charge transfer and transport processes that occur in DSSCs. The values of different resistance (Q-cm?)
phenomena and recombination/relaxation time (s) for each process have been calculated. The best-
performance was obtained for DES-based electrolyte, KI:EG (containing 0.5 mol% I,) showing an
efficiency of 2.3%. The efficiency of this DES-based electrolyte is comparable to other literature
systems, but the device stability is higher (only after seven months the performance of the device
drop to 60%).

Keywords: deep eutectic solvents (DES); electrolytes; dye sensitized solar cells (DSSC)

1. Introduction

In the past few years, the design of alternative and renewable energy technologies has
been considered to be one of the current and most important challenges due to the growth
in the energy requirement by the world population demands. Ref. [1] In this context, one of
the most promising energy sources to efficiently generate energy is harvested from the sun,
which can be considered as an abundant, clean, safe resource, and with higher economic
value, particularly for remote areas. Ref. [2] Currently, solar energy and its conversion into
electricity received much attention and, consequently, its production is increasing over the
years. The conventional solar cell is the silicon-based cell with 15 to 25% of efficiency, but
possessing high costs and requiring a larger photoactive area. Ref. [3] Brian O'Regan and
Michael Grétzel [4] introduced Dye-Sensitized Solar Cells (DSSC) as photovoltaic devices
based on the sensitization of wide band-gap semiconductor electrodes with dyes absorbing
visible light. The production of electrical energy is achieved as electrons flow from the
photoexcited dye toward the semiconductor. Electrons are then transported through the
mesoporous TiO, electrode to the cathode through an external circuit, and, finally, used
for the reduction of the electrolyte used to re-establish the original state of the dye [5] (see
Scheme 1).

These devices received much attention, since they display a large flexibility in shape,
colour, and transparency, as well as compatibility with flexible substrates, which allows a
large variety of designs to facilitate market entry [4,6,7]. Different dyes have been applied in
DSSCs, such as ruthenium dyes [8,9] (possessing low availability and high cost associated
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to the ruthenium), porphyrins [10-12], anthocyanins [13-18], and, more recently, quantum
dots [19] and perovskites [20-22].
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Scheme 1. Illustration of a Dye Sensitized Solar Cell (DSSC) with the main components (Work-
ing Principles).

The development of new sensitizers for DSSCs is a hot topic of research in order to
improve the overall efficiency of the cell as well as to reduce the production costs. Further-
more, the photo-anode (PA) and cathode (counter electrode, CE), as well as the electrolyte,
are also important components in order to obtain higher overall DSSC performance. Indeed,
the electrolyte plays a relevant role in completing the circuit by assuring charge transport
between the PA and CE, thus allowing dye regeneration, but its selection is one of the
major drawbacks in DSSCs. As electrolytes, it is common to use organic volatile solvents
(e.g., acetonitrile). Moreover, mixtures of solvents are often included to decrease electrolyte
volatility, since, during the cell lifetime, electrolyte evaporation can occur and, thus, the
leakage of the cell, negatively affecting the overall performance of the device, mainly its
stability over time.

Different systems have been explored to overcome this drawback, such as water-
based [23], quasi-solid [24], or solid [25] electrolytes, but some limitations that are related to
lower power energy conversion have been reported [23-25]. In this context, Deep Eutectic
Solvents (DES), which can be comparable to room temperature ionic liquids (RTILs), be-
came a promising alternative electrolyte for electrochemical applications. Ref. [26] Usually,
DES are obtained by a suitable combination between hydrogen-bond acceptors (HBA)
and hydrogen-bond donors (HBD). Refs. [27,28] In general, DES exhibit much of the pecu-
liar properties of RTILs, but they are easier to prepare with high purity and while using
low-cost starting materials. Refs. [27,28] In the last years, DES are defined as green sol-
vents for a large range of potential applications: (i) electroplating and electrodeposition
processes [29,30]; (ii) electrocatalysis and for super-capacitators or batteries [31-35]; (iii)
alternative media to organic synthesis [36], including in preparation and stabilization
of Metal-Organic Frameworks (MOFs) [37,38]; and, (iv) low-cost and alternative elec-
trolytes for electrochromic devices [39-41], acting simultaneously as electrochromic and
electrolyte [42], among others.
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In last years, few examples of DES as electrolytes for solar cells have been reported:

the first one, comprises an aqueous electrolyte (15 wt%) based on choline iodide
and glycerol (Chl:Gly) as eutectic mixture (solid at room temperature) as part of
the electrolyte composition for DSSCs. Ref. [43] The reported electrolyte contains
0.2 M of iodine (I3), 0.5 M of N-methylbenzimidazole in a mixture of 1-propyl-3-
methylimidazolium iodide ([PMIM]I) and the prepared binary mixture (v/v, 13:7).
The selected sensitizer dye was the metal-free indoline dye D149, because it is more
suitably mixed with the highly viscous electrolyte. The reported DSSCs showed an open
circuit voltage (Voc) of 0.533 V, short circuit current density (Jsc) of 12.0 mA-cm 2, a fill
factor of 0.582 and 3.88% of energy conversion efficiency under AM 1.5, 100 mW /cm?
illuminations [43];

a similar approach using an aqueous electrolyte (40% w/w water content) that was
composed by choline chloride and glycerol eutectic mixtures (ChCl/Gly, 1:2 mol/mol)
as an effective electrolyte solvent for DSSCs have been reported. Ref. [44] The selected
sensitizer dye corresponds to the hydrophilic PTZ-TEG dye. The authors reported that
the best DSSCs performance was obtained using a 2 M of 1-propyl-3-methylimidazolium
iodide ((PMIM]I), 0.1 M of guanidinium thiocyanate (GuSCN) in a 40% aqueous solution
of ChCl:Gly. In this case, the DSSCs showed V¢ of 0.504 V, Jsc of 5.1 mA-cm 2, FF of
0.66, and an overall power conversion efficiency (PCE) of 1.7%;

later, the same authors reported a hydrophobic eutectic solvent composed by DL-menthol
and acetic acid as an eco-friendly passive electrolyte medium for DSSCs [45]; and,

more recently, natural deep eutectic solvents (NADES) as effective electrolyte solutions
for DSSCs have been also reported. Ref. [46] These aqueous (20-30 wt%) NADES
are composed by sugars (e.g., Glucose, Sorbitol, Fructose, and mannose) and choline
chloride (ChCl). The authors investigated the potential active involvement of DES
media with a selected phenothiazine-based sensitizer, which is composed by a glucose
functionality, and a glucose based-co-adsorbent (glucuronic acid) to improve the
photovoltaic performance. The reported electrolyte was composed by iodine (20 mM),
2 M [PMIM]I in different aqueous NADESs.

Herein, different Deep Eutectic Solvents that are composed by lithium, sodium, or

potassium iodide salts, as HBAs combined with glycerol (Gly), ethylene glycol (EG),

and poly(ethylene glycol) (Mw = 200, 400 g/mol) as HBDs have been developed (see
Figure 1). In this work, some representative eutectic systems based on alkali iodides were
incorporated in DSSCs to evaluate their overall energy efficiency and performance as
sustainable electrolytes.
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Figure 1. Chemical Structures of Hydrogen Bond Acceptors (HBA) and Donors (HBD) selected for

the preparation of alkali iodide Deep Eutectic Solvents.
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2. Results and Discussion

The reported eutectic mixtures are promising electrolytes for energy application due
to the higher iodide content in its composition. Thus, the DSSCs were fabricated using
the following configuration: an anode with a nanocrystalline TiO, film, a sensitizer dye
ruthenium tris(2,2'bypridine) derivative (N719), adsorbed to the TiO,, and, finally, a Pt
counter-electrode. The cell assembly is based on the sandwich type of architecture, and the
electrolyte is later injected through a hole that was previously made in the cathode.

Different parameters should be evaluated to evaluate the DES ability to act as intrinsi-
cally electrolytes for DSSCs: (i) open circuit voltage (Voc); (ii) short circuit current density
(Jsc); and, (iii) fill factor (FF) and the overall conversion efficiency (1) were measured under
AM 1.5 solar light (100 mW-cm™2). Firstly, Lil:3EG, Nal:3EG, KI:5EG, and Lil:10EG were
tested as electrolytes, confirming that, in the absence of I, the efficiency is close to zero.
Table 1 summarizes the results after the addition of iodine (I) to the eutectic mixtures and
Figure 2 shows the photocurrent-voltage (J-V) plot.

Table 1. Photovoltaic performance parameters of DSSCs based on dye N719 for the different alkali eutectic mixtures as
electrolyte, under 100 mW-cm 2 simulated AM 1.5 illumination. (The results presented are for the best performing cell).

Electrolyte Voc (mV) Jsc (mA/cm?) Vmax (mV) (mk/“z"mz) FF n (%)
(plusL ;Irililc/ L) 457 4.00 346 3.21 0.60 112
(pluljilri}ozlc‘;o L) 460 4.05 347 3.32 0.62 1.16
(pluslg.ll:Sr]rESl"/o L) 543 2.07 467 1.63 0.67 0.77
(plus 13155551/ L) 545 6.05 433 5.26 0.69 2.30
(plusKlI :fo?% L) 483 442 356 3.52 0.59 1.27
(plu512<.15:5r]r51§1°/o L) 493 3.86 367 3.06 0.59 1.14
(plujjgifj% L) 51 0.13 26 0.05 0.27 0.00
(plusL (1)1511(1]150(1;/ L) 572 450 446 3.57 0.62 1.61

LIL10EG 560 442 47 3.57 0.62 1.55

(plus 1 mol% I,)

The eutectic mixtures Lil:nEG, Nal:nEG, and KI:nEG (plus 1 mol% of I,) presented
open circuit voltage results (Voc) of 457 mV, 460 mV, and 483 mV, respectively. In general,
despite the lower concentration of I, compared to the reference electrolyte, in the same
experimental conditions, the obtained V¢ values are higher than the value that is obtained
for the reference, which is 431 mV. Furthermore, the increase of the cation size from Li*
to K* provoked an increase in the open circuit voltage results. Upon photoexcitation,
injected electrons accumulate in the semiconductor conduction band, and the cations in
the electrolyte intercalate in the mesoporous film for charge compensation. Refs. [47,48]
The small-sized Li" is easily adsorbed onto the film surface than the K*. The intercalation
of Li* suggested a positive movement of the TiO; flat band potential, thus decreasing
the Voc of the device when compared with the Voc that was obtained for the K*. A
consequent increase in the driving force for electron injection from the dye to TiO, is
expected, favouring Jsc over Voc, according to the positive shift in the TiO, Fermi level.
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In parallel, the increase in cation size provoked an increase in Jsc resulting in higher
efficiencies for the KI:EG-based electrolyte.

8
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Lil:EG (1% 1)
_____ MNal:EG (1% 1,)
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Figure 2. Photocurrent—voltage (J-V) curves of DSSCs based on dye N719 for the different alkali
eutectic mixtures as electrolyte under 100 mW-cm~2 simulated AM 1.5 illumination (for all prepared
alkali eutectic mixtures with different mol% of iodine).

Increasing the amount of I, is expected to reflect in a higher cell performance (for
example the commercial reference electrolyte contains 10 mol% I,). For the KI:5EG-based
electrolyte, different concentrations of I from 0.1 to 10 mol% were tested and the results
are presented in Table 1. From 0.1 to 0.5 mol% I, there is an overall increase in cell
efficiency from 0.77 to 2.30%, mainly due to an increase in the photocurrent produced
(~3-fold higher for the 0.5 mol% I,). However, increasing the amount of I, from 0.5 mol%
to1,2.5, and 10 mol% corresponds in a decrease in all cell parameters, resulting in lower
efficiencies (reaching 0% efficiency for KI:5EG + 10 mol% I,). These results can be related
to bigger electron recombination due to an increase in tri-iodide concentration near the
semiconductor. Furthermore, the colour of the electrolytes has a major effect in the obtained
results. In the case of the KI:5EG + 10 mol% I, the results can be justified by the dark-
brown coloration of the electrolyte. One of the drawbacks of electrolytes based on the
I~ /I3~ redox couple is that a significant portion of the visible light is screened from the
sensitized TiO, film due to the absorption of I3 . Ref. [48] This effect is so accentuated that
the electrolyte might be screening all of the irradiated light, therefore no photoexcitation of
the dye occurs; hence, no electron injection is verified, and no efficiency is obtained.

Increasing EG concentration is expected to decrease the electrolyte viscosity [39,40],
thus increasing device performance due to facilitated mass and electron transport. We
also studied the influence of a 3.3-fold increase in EG concentration for the Li-based DES
(Table 1; Li:3EG + 1 mol% I, and Li:10EG + 1 mol% I). In the case of Li:10EG + 1 mol% I,
it is important to note that the significant increase in Voc (100 mV) is in agreement with
higher EG concentration showing an overall efficiency of 1.55%.

In general, the prepared DSSCs using the alkali DES as electrolyte revealed that the
lower conversion efficiency mainly arises from the lower photocurrent. This result can be
explained by a slower charge and mass transport through the electrolyte, leading to lower
currents. The fill factor parameter presents a similar behaviour in all tested electrolytes.

The best results were obtained for 0.5 mol% of I, added to the electrolyte. Further
optimization of eutectic mixture composition should be performed in order to increase its
potential as a non-volatile and non-flammable, with reduced amounts of additional I, to
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increase the overall performance of DSSCs. A very promising property of the use of DESs
is the performance lifetime of the DSSCs.

From Figure 3, it is possible to observe that the DSSC based on the alkali DES KI:5EG
+ 0.5 mol% I as electrolyte still works after one-month of operation, a decrease of around
50% of its efficiency is observed. After seven months, it is still working, but with a further
decrease in performance by over 60%. These results were obtained with the same cell, with
no addition of fresh electrolyte or dye. This represents an improvement when comparing
to reference cells, where after one month, does not work due to electrolyte evaporation.

7
——KIEG 0.5% |,
6 - (13/11/2019)
7 month
—_— S - later
e ——KIEG 0.5% |
g 4 - z
< (09/05/2019)
E 3. 1 month
u J later
—
2 KIEG 0.5% I,
1 -
0 . !
0 0.2 04 06

Voltage (V)

Figure 3. J-V curves of DSSCs based on dye N719 for the alkali DES KL:EG as electrolyte, under
100 mW-cm~2 simulated AM 1.5 illumination: describing the decrease of the performance of the cell
over time.

Additionally, electrochemical impedance spectroscopy was performed to elucidate
about the charge transfer (electronic process) and transport (ionic) processes in the prepared
DSSCs [9].

The signal inputted is a small sinusoidal voltage stimulus of a fixed frequency that is
applied to an electrochemical cell and its current response is measured [9]. The behaviour
of an electrochemical system, in this first case, the electrolyte iodide based-DES, can be
investigated by sweeping the frequency over several orders of magnitude [9].

The response obtained from EIS can be represented as Nyquist plots, where the
imaginary part of the impedance is plotted vs. the real part over the range of frequencies
(0.01 Hz-10° Hz).

Firstly, the cells were studied at different potentials in a determined range of frequen-
cies and, then, adequate equivalent circuits have been investigated (ESI). The resistance and
relaxation time (1) obtained from the EIS data for the different eutectic mixtures (Lil:10EG,
Nal:3EG, and KI:5EG) without I,. The EIS was performed in a two-electrode symmetrical
configuration cell at room temperature and applying a large variety of potentials (from 0 V
or Voc to £2.2 V).

The electrochemical process that is associated to the EIS results for the symmetrical
two-electrode device could be explained by the resistance to start of the electrochemical
process. Subsequently, the electrochemical charge transport or kinetics of the electron
transfer, followed by the mass charge transport of the electrolyte itself, and finally followed,
in some cases, by other electron transfer in the counter electrode. Taking, for example,
Lil:10EG, R1 values are almost the same for all potentials applied. This can be justify by
the intrinsic resistance of the experimental apparatus. In the case of R2 values, it decreases
with the increase of the potential applied. The same behaviour is observed for R3 values, a
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decrease in the resistance with the increase of the potential. The same behaviour could be
described for the others DES Nal:3EG and KI:5EG.

In order to identify the charge transfer phenomena, each different feature that is
presented in the Nyquist plots could be related to the charge transfer at the counter-
electrode R2 (above 1 KHz); the electron transfer process of transport in the TiO, layer and
the recombination R3 (1 Hz to 1 KHz), and the diffusion into the electrolyte R4 (<1 Hz)
(Scheme 2). In the present work, the first resistance R1 can be attributed to the material
(FTO glass substrate, electrical contacts connecting to the cell, and overall apparatus).

R
Ra
Substrate
R, contact

Resistance, resistance Rz
electrical at the Charge transfer
contacts interface at the counter
and wiring  surface electrode
of the cell  TiO, film Pt/electrolyte

A A

0X

Scheme 2. Illustration of a Dye Sensitized Solar Cell (DSSC) with the main components (Working
Principles) and the kind and causes of resistances that can occur in the DSSCs.

The properties of alkali iodide based-DES plus 0.5 mol% I, as electrolytes have been
compared with DSSCs featuring the same components (semiconducting layer, sensitizers,
and electrolyte composition) and containing the reference acetonitrile/valeronitrile mixture
(85:15) as an electrolyte (Table 2). Additional studies were made under illumination, in the
dark and at open circuit voltage conditions (Table 2), and the properties of the sensitized
TiO, /electrolyte interface can be obtained from the Nyquist plot. The recombination
processes are obtained by fitting the data with adequate equivalent circuit reported on the
inset of the corresponding Figure 4.

Table 2. Resistance values obtained by fitting the electrochemical impedance spectroscopy data in a determined frequency

range for the different prepared eutectic mixtures at selected potential for the prepared DSSCs using eutectic mixtures plus

I, as electrolyte.

Resistance (Q)-cm?)

Electrolyte Potential [(V)]
R1 R4 R3 R2
SUN 3.31 1.55 2.04 -
DARK
Reference (—425 mV) 3.35 5.85 0.587 -
DARK (425 mV) 3.32 1.79 8.95 -
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Table 2. Cont.

Resistance (Q)-cm?)

Electrolyte Potential [(V)]
R1 R4 R3 R2
SUN 3.14 1.00 2.94 1.52
KL5EG
+ (_];(%RII:V) 2.70 16.26 123.34 69.93
0.5 mol% I,
DARK (500 mV) 3.27 1.49 4.12 2.87
SUN 3.36 2.20 1.68 2.20
Lil:10EG + DARK
3.38 5.13 2.14 2.78
0.5 mol% 12 (—500 mV)
DARK (500 mV) 3.37 2.08 2.65 5.40
:""'I""[""I""|""I"""""I""|""I""}:
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Figure 4. Nyquist plots of Reference (top) Lil:10EG + 0.5 mol% I, (middle) and KI:5EG + 0.5 mol% I, (bottom) accompanied

with the respective fitting and equivalent circuit under illumination.

From Figure 4, it can be observed that, for the iodide based-eutectic solvents plus
0.5 mol% of I, electrolyte under illumination at 1 SUN, and the results can be described,

as follows:

(1) Inthe case of R1, the resistance that can be attributed to the materials used, including
cables, is almost the same for all electrolytes studied, i.e., the electrolyte does not
influence this parameter.
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R2, (above 1 KHz) is related with the resistance to the charge transfer at counter
electrode (Pt/electrolyte) interface and redox couple regeneration at the counter-
electrode. This phenomenon can be observed in Figure 4, and the following trend for
the electrolytes studied was verified: KI:5EG + 0.5 mol% I, < Reference < Lil:10EG +
0.5 mol% I,. This could be related to the bulkier K* cation. The cation bulkier radius
allows lower resistance to the regeneration of the redox couple. While Li*, a smaller
cation, can be more easily found in the vicinity of the electrode and the redox pair
stabilizing them, thus increasing the resistance to the regeneration process. This is
even more significant in the presence of the EG.

R3 (1 Hz to 1 KHz), associated to the electron transfer process (transport) in the TiO,
layer, the recombination and dye regeneration, Lil: 10EG + 0.5 mol% I, < Reference
< KI.5EG + 0.5 mol% I,. In this case, the DES Lil:10EG + 0.5 mol% I, allows a
faster regeneration of the dye, probably due to the amount of Li* cation that can
intercalate with the dye/TiO; nanomaterial, even when comparing with Reference
(lower amounts of Li*). Moreover, in the presence of high concentrations of EG, a
strong interaction between Li":EG might be occurring, leaving the redox pair more
available for dye regeneration. The bulkier K* cation could act as an umbrella,
lowering the intercalation process and, consequently, the number of photo-injected
electrons on the TiO, nanomaterial when compared with the Li* cation, as expected.
R4 (<1 Hz), is related to the diffusion of the species into the electrolyte. This particular
process and, as expected for a well-studied Reference electrolyte, is so fast that it is
not observed in terms of resistance to the process, as in Table 2. This electrolyte allows
for a fast diffusion of the species, as can be seen from Figure 4. In the case of the DES
based electrolyte KI:5EG + 0.5 mol% I, < Lil:10EG + 0.5 mol% I, some unexpected
results were obtained. The bulkier K* cation allows for a better diffusion process then
the Li*, a smaller cation in the presence of EG, although being the same cation used
in the reference (which presents no resistance to the diffusion process). Additionally,
increasing the amount of EG from K* to Li* should lower the viscosity, thus increasing
the diffusion process, which is the opposite of what was experimentally observed. This
could be related with the formation of Lil:10EG + 0.5 mol% I, by the self-complexation
(Hydrogen bonds (HB) between the iodide and the alcohol of the Ethylene Glycol)
leaving the Li* relatively free. R4 (<1 Hz) is related to the diffusion of the species into
the electrolyte. This particular process and, as expected for a well-studied Reference
electrolyte, is so fast that it is not observed in terms of resistance to the process, as
shown in Table 2. This electrolyte allows for a fast diffusion of the species, as can be
seen from Figure 4. In the case of the DES based electrolyte KI:5EG + 0.5 mol% I, <
Lil:10EG + 0.5 mol% I, some unexpected results were obtained. The bulkier K* cation
allows a better diffusion process then when the Li*, a smaller cation in the presence of
EG, despite being the same cation used in the reference (which presents no resistance
to the diffusion process). Additionally, increasing the amount of EG from K* to Li*
should lower the viscosity thus increasing the diffusion process, which is the opposite
of what was experimentally observed. This could be related with the formation of
Lil:10EG + 0.5 mol% I, by the self-complexation (Hydrogen bonds [HB] between the
iodide and the alcohol of the Ethylene Glycol) leaving the Li* relatively free.

R4 is the regeneration of the redox pair I~ /I3~ and R3 is associated to the electron

transfer process, a hypothetical explanation for these resistive processes is the possibility
that the K* moves faster than the Li* in an ocean of I~ /I3~ anions. Despite being a bulkier
cation, K* stays further from the I” /I3~ free and self-complexed by HB with the alcohol
of the Ethylene Glycol. Because Li* interacts strongly (highest charge density) with the
I~ /I3~ free and self-complexed by HB with the alcohol of the Ethylene Glycol, it remains
less available to move freely and intercalate with the dye/TiO, nanomaterial.

Finally, for the case of DSSCs studies subjected to illumination, lower values of the

resistance to the transfer process. The best performance of the cell is expected. In this study:
for the interface redox/counter electrode, the best result is obtained for KI:5EG + 0.5 mol%
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I, for the dye regeneration is the Lil:10EG+ 0.5 mol% I,, and for the diffusion process is
the reference. However, overall, the reference is the best performing electrolyte followed
by the KI:5EG+ 0.5 mol% I, and, finally, Lil:10EG+ 0.5 mol% I,

In the dark, under forward bias, a smaller resistance indicates a faster charge recombi-
nation, therefore a larger dark current and a lower device voltage. This parameter is key
for the maximum performance that is attainable by the cell, because the recombination
resistance controls in what way the generated charge might be lost [49]. The interface
phenomena seen in the DES-based DSSCs and reference devices could be extensively
distinctive, as can be seen in Table 2.

In Figure 5, for a better comparison between the results obtained for the reference
DSSC and the DES + 0.5 mol% I,: (a) applying potentials of 0.43 or 0.5 V in the dark,
where the regeneration of the redox couple is studied; from our viewpoint, the lowest the
resistance values leads to a better regeneration of the redox couple and some trends can be
observed: R1 is fairly the same in all cases; R4 is lower in the case of KI:5EG + 0.5 mol% I,
followed by the Reference, and the highest is the Lil:10EG + 0.5 mol% I,; R3 is highest for
the Reference, followed by KI:5EG + 0.5 mol% I, and finally Lil:10EG + 0.5 mol% I,; and,
for R2, no result was obtained for the Reference, the process is too fast, and it is higher for
Lil:10EG + 0.5 mol% I, than for KI:5EG + 0.5 mol% I,; (b) in the dark applying —0.43 or
—0.5 V, where the dye regeneration/TiO; is studied; the higher the resistance to the process
the better, since there is less probability of recombination taking place, hence reflecting
longer recombination times. A similar behaviour could be described: R1 is fairly the same
in all cases; R4 is lower in the case of Lil:10EG + 0.5 mol% I, followed by the Reference and
the highest is KI:5EG + 0.5 mol% I, that is 3x higher; R3 is highest for KI:5EG + 0.5 mol% I,
almost 25x higher than Lil:10EG + 0.5 mol% I, and 200x higher than the Reference; and, R2
for KI:5EG + 0.5 mol% I, is almost 25x higher than for Lil:10EG + 0.5 mol% I, no resistance
is observed for the Reference.

(A) DARK pos

Li:10EG (0.5 V)
KI:5EG (0.5 V)

Reference (0.425 V)

QO = N W A U O N 0 W

R1 (Wem2) R4 (Wem2) R3 (Wem2) R2 (Wem2)

Figure 5. Cont.
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Figure 5. Resistance values obtained for the different alkali iodides based-DES plus 0.5 mol % I,
incorporated as electrolyte for DSSCs. Legend: (A) DARK pos; (B) DARK neg; and, (C) SUN.

Finally, since, under illumination, the lower overall resistance the better, it can be
observed that the reference presents the lower overall resistance to all of the processes
involved in the DSSC, allowing it to have the highest efficiency and highest current density.
The best performing DES-based electrolyte was KI:5EG + 0.5 mol% I, presenting a relatively
good efficiency, half the value obtained for the reference, which is due to increased dye
recombination and diffusion processes in the electrolyte (R3 and R2, respectively). Despite
having the same cation as the Reference electrolyte, Lil:10EG + 0.5 mol% I, was the worst
performing electrolyte in the EIS studies.

3. Experimental
3.1. Chemicals

All of the commercially available reactants were of high purity and they were used with-
out further purification and stored under inert conditions. Glycerol (Gly) and Poly(ethylene
glycol) derivatives (PEG 200, 400) were purchased from Sigma- Aldrich (Munich, Germany)
(Reagent Plus, 99% GC), Ethylene Glycol (EG) from Alfa Aesar (Heysham, UK) (99%). The
HBD chemical reagents Lil, Lil-xHO from Sigma-Aldrich (crystalline powder 99.9% trace
metal basis and purum > 98%, respectively) KI from Merck (Kenilworth, NJ, USA) and Nal
from Alfa Aeser 99+% dry wt water.

3.2. Synthesis of DES

The ESs were prepared using iodide derivatives as HBA, such as Lil, Lil-xH,O,
Nal-xH,O, KI-xH,0O, and as HBD Ethylene Glycol (EG), Glycerol (Gly), and poly(ethylene
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glycol) 200 and 400 (PEG 200 and PEG 400) in adequate proportion, temperature between
50-80 °C, with stirring until a homogenous liquid was obtained [3-5].

3.3. Electrochemical Measurements
3-electrode Configuration Cyclic Voltammetry

The group already published the CV experiments elsewhere [50].

3.4. Electrochemical Impedance Spectroscopy (EIS)

In the two-electrode configuration cell (area of electroactive surface is 2 x 1 cm?),
the conductive layers were rinsed with ethanol. EIS applying a controlled potential from
0V to 2.2 V vs. Open circuit potential (OCP) with a step potential of 0.1 V in an Autolab
PGSTAT 12 potentiostat/galvanostat, controlled with GPES/FRA?2 software version 4.9
(Eco-Chemie, B.V. Software, Utrecht in the Netherlands) allowing for the characterization
of the DES material.

3.5. DSSCs Fabrication and Photovoltaic Characterization

The procedure was followed, as described elsewhere. Ref. [51] The conductive FTO-
glass (TEC7, Greatcell Solar, Queanbeyan, Australia) used for the preparation of the trans-
parent electrodes was first cleaned with detergent and then washed with water and ethanol.
To prepare the anodes, the conductive glass plates (area: 15 cm x 4 cm) were immersed
in a TiCly /water solution (40 mM) at 70 °C for 30 min., washed with water and ethanol,
and then sintered at 500 °C for 30 min. This procedure is essential in order to improve the
adherence of the following deposited nanocrystalline layers to the glass plates, as well as
to behave as a ‘blocking-layer’, helping to block charge recombination between electrons in
the FTO with holes in the I~ /I3~ redox couple. Afterwards, the TiO, nanocrystalline layers
were deposited on these pre-treated FTO plates by screen-printing the transparent titania
paste (18NR-T, Greatcell Solar) using a frame with polyester fibres having 43.80 mesh per
cm?. This procedure, involving two steps (coating and drying at 125 °C), was repeated
two times. The TiO, coated plates were gradually heated up to 325 °C, the temperature
was increased to 375 °C in 5 min, and then afterwards to 500 °C. The plates were sintered
at this temperature for 30 min., and finally cooled down to room temperature. A second
treatment with the same TiCly/water solution (40 mM) was performed, following the
previously described procedure. This second TiCly treatment is also an optimization step.
It will enhance the surface roughness for dye adsorption, thus positively affecting the
photocurrent produced by the cell under illumination. Finally, a coating of reflector titania
paste (WER2-O, Greatcell Solar) was deposited by screen-printing and sintered at 500 °C.
This layer of 150-200 nm sized anatase particles is used to function as a ‘photon-trapping’
layer, also to improve photocurrent. Each anode was cut into rectangular pieces (area:
2 cm x 1.5 cm), having a spot area of 0.196 cm? with a thickness of 15 um. The prepared
anodes were soaked for 2 h in a 0.5 mM N719 ethanol solution, at room temperature in the
dark. The excess dye was removed by rinsing the photoanodes with ethanol.

Each counter-electrode consisted of an FTO-glass plate (area: 2 cm X 2 cm), on
which a hole (1.5 mm diameter) was drilled. The perforated substrates were washed and
cleaned with water and ethanol in order to remove any residual glass powder and organic
contaminants. The Pt transparent catalyst (PT1, Greatcell Solar) was deposited on the
conductive face of the FTO-glass by doctor blade: one edge of the glass plate was covered
with a stripe of an adhesive tape (3 M Magic) to both control the thickness of the film and
mask an electric contact strip. The Pt paste was spread uniformly on the substrate by sliding
a glass rod along the tape spacer. The adhesive tape stripe was removed, and the glasses
heated at 550 °C for 30 min. The photoanode and the Pt counter-electrode were assembled
into a sandwich type arrangement and sealed (using a thermopress) with a hot melt gasket
that was made of Surlyn ionomer (Meltonix 1170-25, Solaronix SA, Aubonne, Switzerland).

The ‘Reference’ electrolyte was prepared by dissolving the redox couple, I~ /I, (0.8 M
Lil and 0.05 M 1), in acetonitrile/valeronitrile (85:15, % v/v) mixture. All of the studied
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electrolytes were introduced into the cell via backfilling under vacuum through the drilled
hole in the back of the cathode. Finally, the hole was sealed with adhesive tape.

3.6. Photoelectrochemical Measurements

Current—Voltage curves were recorded by a digital Keithley SourceMeter multimeter
(PVIV-1A) that was connected to a PC. Simulated sunlight irradiation was provided by an
Oriel solar simulator (Model LCS-100 Small Area Sol1A, 300 W Xe Arc lamp equipped with
AM 1.5 filter, 100 mW/cm?). The thickness of the oxide film deposited on the photoanodes
was measured using an Alpha-Step D600 Stylus Profiler (KLA-Tencor, Milpitas, CA, USA).

4. Conclusions

Different alkali iodide based deep eutectic solvents (DES) that were composed by
Lil:nEG, Nal:nEG, and KI:nEG as electrolytes for dye sensitized solar cells (DSSCs) have
been explored. Different amounts of iodine (I,) were added to original DES electrolyte in
order to improve their electrolyte performance. The cation effect on DSSC performance
was studied for electrolytes-based on DES-alkali metal (Lil, Nal, KI). As expected, the
open-circuit voltage (Voc) increased with the increase in cation radius from Li* to K™ when
illuminated. However, the expected trade-off phenomenon between Voc and Jsc was
not verified. The cation effect strongly depends on the cation density in the electrolyte
and the adsorption ability on the TiO,. Li* is known to intercalate into the TiO, lattice,
and its effect on the short-circuit current and open circuit voltage is described to be more
remarkable when present in high concentration in the electrolyte. DES can be promising,
since they present higher Voc (up to 140 mV), similar FF values, but less current density
values, when compared with a reference electrolyte in the same experimental conditions.
Electrochemical impedance spectroscopy (EIS) studies revealed a correlation between the
resistive processes taking place in the devices and the lower performances verified for the
DES-based cells. The DSSC using the electrolyte KI:5EG + 0.5 mol% of I, presents a Jsc
of 6.05 mA/cm? and Vo of 0.545 V. Furthermore, its efficiency decreased by only 60%
after seven months of operation. With no further addition of fresh electrolyte or dye, a
performance of Jsc 2 mA/cm? and Voc 0.4 V was obtained. After optimization of the
DES electrolytes, they could present a good alternative to the volatile organic compounds
(VOC)-based electrolytes used in these DSSCs.
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