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ABSTRACT: In recent years, dye-sensitized solar cells (DSCs)
have shown remarkable efficiency levels, particularly under low
light conditions, making them promising candidates for indoor ' ' - - -
applications. However, for these devices to be successfully Time (days)
commercialized, high power conversion efficiencies (PCEs) alone 18.3%
are not sufficient. Long-term stability is a critical aspect that needs
to be addressed. Most of the well performing DSCs reported so far e EPS solvent
have utilized conventional organic solvents, which have low boiling %6 Qﬁ
points and are highly volatile. While these solvents contribute to @EN\> \Eé\/@ 3.2%
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achieving high PCE values, they are prone to leakage and
evaporation, limiting the long-term stability of the devices. Herein,
we report on cosensitized DSC devices (A—E) with commercial
dyes (XY1b/MSS) and different additives. This was accomplished
by employing for the first time ethylisopropyl sulfone (EiPS) as a high boiling point solvent along with Cu® (dmby),-TFMSI and
Cu(dmby),CI-TEMSI as the redox mediators in DSCs. Remarkably, most of the tested DSC devices exhibited exceptional
performance, achieving high PCE values ranging from 19% to 23% under 1000 Ix irradiation and up to 0.82% under 1 sun simulated
solar light irradiation. Our analysis revealed that the N-methylbenzimidazole (NMBI) additive played a crucial role in ensuring both
good PCE% and long-lasting durability, particularly in device B. On the other hand, the use of additives such as 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (ImTFMSI) and/or LiTEMSI resulted in deterioration of the photovoltaic
parameters during the long-term stability tests in the EiPS-based electrolyte medium, observed in devices C—E. This knowledge
opens up possibilities for further optimization of ambient-light DSCs with improved stability and provides a viable solution for
indoor power generation applications.
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B INTRODUCTION

Over the past three decades, research groups around the world
have continuously developed and optimized dye-sensitized

has further sparked research interest in DSCs that operate
under low light conditions and in exploring ways to enhance
their performance and long-term stability.

solar cells (DSCs) due to their appealing properties, which
include easy fabrication, acceptable conversion efliciency, and
low cost." Significant progress has been made in the field of
DSC through the optimization of various components,
especially dyes,” counter electrodes,” and redox mediators.’
Recent research has found that DSCs operate eficiently under
ambient light conditions and exhibit outstanding power
conversion efficiency (PCE) values. This is due to the
narrower light spectrum of artificial light, which mainly
involves the visible region.7’8 In fact, Gratzel et al. have
recently demonstrated that DSCs operating under ambient
conditions outperform most of the well-known solar cell
devices. In their article, they reported an outstanding PCE
value of 34.5%, which surpasses the performance of other solar
cells such as metal halide perovskite (30.6%), organic polymers
(26.1%), GaAs (21%), and amorphous silicon (10.9%).” This
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Indeed, several studies have been conducted in this regard,
with the I"/I*~ redox mediator under ambient light achieving
PCEs higher than 28%.'>'" Additionally, DSCs that operate
using cobalt-based redox mediators have been reported with
PCEs ranging between 18% and 25% under 1000 Ix
illumination.'>"*> However, DSCs with copper-based electro-
lytes have demonstrated the highest PCE% values up to 38%

and V. values above 1.0 V under low light conditions.*™*¢
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As such, DSCs have shown exceptional performance under
low light conditions, especially with copper redox mediators.
However, for commercialization purposes, it is crucial to
evaluate their long-term durability. Unfortunately, there are
limited research publications available that investigate the
stability of DSCs that are designed for ambient light
applications, and most of these studies utilize acetonitrile
(ACN), a low-boiling point solvent, in their preparation
processes,”'»'"~** while to the best of our knowledge only
three reports”>~>° mention the use of 3-methoxypropionitrile
(MPN), a high boiling point solvent, as a substitute solvent
when testing under ambient light conditions to improve the
device’s durability. Thus, it is evident that high-efficiency DSCs
often rely on electrolytes based on volatile solvents, as these
typically produce exceptional efficiencies with most redox
mediators but lack the necessary long-term stability due to
evaporation over time.”° Hence, researchers have explored
various alternatives to tackle the stability issue in DSCs. One of
the initial choices was to investigate quasi-solid-based DSCs
(QS-DSCs) which have gained significant attention as a viable
alternative to liquid electrolytes for enhancing durability.”” "
These DSCs are known for their comparable PCE values to
those of liquid electrolytes, coupled with improved stability
achieved through the prevention of leakage and evaporation
issues. Many research groups have focused on QS-DSCs
utilizing 1"/ I redox mediators tested under 1 sun, benefiting
from the ne$ligible mass transport problem in such a redox
mediator.”””" However, recently, a few groups have ventured
into emgploying both copper and cobalt redox mediators in QS-
DSCs.***" These experiments have been conducted not only
under standard 1 sun conditions but also under indoor low
light conditions. This expanded exploration became possible
due to the negligible mass transport limitations when testing
QS-DSCs under ambient light conditions.

Additionally, there is use of solvents with high boiling points,
such as sulfones. Sulfones have emerged as an attractive
solution for enhancing stability in DSCs, owing to their
desirable properties, such as their high boiling point, excellent
electrochemical stability, and not generating gases upon
decomposition (with a dielectric constant k = 5$ and viscosity
n = 5.6 mPas at 25°C).”” Several research groups have
explored the use of sulfone-based I"/I>~ electrolyte systems in
DSCs under 1 sun illumination conditions but there has been
limited exploration of copper- or cobalt-based redox systems in
this context.”>~* The latter can be attributed to potential mass
transfer problems associated with such bulkier complexes
compared to I7/I’7, especially when tested under high light
intensities of 1 sun (100 mW-cm™ or ~100 000 Ix). These
challenges arise due to the higher viscosities of sulfones as
compared to ACN, with sulfones typically exhibiting viscosities
exceeding S mPa.s at RT. However, such limitations may not
be as significant when DSCs are irradiated with low light
levels.*® Hence, it is crucial to focus not only on developing a
highly efficient DSC but also on ensuring its long-term
stability. In this study, we delved into sulfone-based electrolyte
systems, incorporating high-performing polypyridyl copper
redox couples and various additives in DSCs. These devices
were meticulously tested under low-light conditions, and their
long-term stability was thoroughly evaluated.

25

B EXPERIMENTAL SECTION

Materials and Instrumentation. All chemicals used in the
synthesis of the copper complexes, Cu'(dmby), TFMSI and

Cu"(dmby),CI-TFMSI using reported methods in the literature,”’
were purchased from Sigma-Aldrich (Germany) and used as supplied.
The titania pastes (30NR-D Transparent and WER2-O Reflector
titania pastes) and EiSP were purchased from Dyesol (Australia). The
dyes XY1 and MSS were purchased from Dyenamo (Sweden).
Fluorine-doped tin oxide (FTO) transparent conducting glasses “Tec
8” and “Tec 15” were purchased from Pilkington (USA).

All of the electrochemical measurements were performed with a
CH Instruments 760E bipotentiostat (USA). Electrochemical
impedance spectra (EIS) of the DSCs were performed at Vg
under different light levels illumination for the DSCs and at 0 V for
the dummy cells in the frequency range 0.1—10° Hz with oscillation
potential amplitude of 10 mV at RT. The obtained impedance spectra
were fitted with the Z-view software (v2.8b, Scribner Associates Inc.).
The Mott—Schottky experiments of undyed DSCs with the various
electrolytes were performed at a frequency of 1 kHz and an oscillation
potential amplitude of 10 mV at RT.

Photocurrent vs photovoltage characteristics of the DSCs under
low light conditions were measured with a Keithley 2400 source
meter and light power of 1000 Ix from an 18 W Osram T8/930
fluorescent tube. The spectrum and power of the warm white light
were measured with a StellarRad spectroradiometer (Stellar Inc.,
USA), and the illumination power was cross-checked with TES 1334A
and Extech LT4S light meters. The average of the photovoltaic
parameters of at least three different DSCs are reported after a
minimum period of 24 h from the time of cell assembly except when
the time is specified in the text.

The photoinduced absorption (PIA) spectra were recorded on a
DN-AE02 setup (Dyenamo, Sweden) over a wavelength range of
500—1000 nm after an on/off photomodulation using a 9 Hz blue
LED excitation. White probe light from a tungsten-halogen lamp (20
W) was used as an illumination source. The light was focused onto
the sample and then to an automated monochromator (Newport,
USA) and detected using a silicon photodiode detector.

Solar Cell Fabrication. Dye sensitized solar cells were fabricated
using standard procedures. A compact TiO, blocking layer was
deposited using a pretreatment process with 40 mM TiCl, aqueous
solution at 70 °C for 1 h followed by sintering at 500 °C for 30 min. A
6 pm mesoporous layer of TiO, was then printed on the glass by the
doctor-blade method from a titania paste (TiO, Dyesol 30NR-D) and
sintered on a hot plate with ramped temperatures at 125, 250, 325,
450, and 500 °C for S, S, S, 15, and 30 min, respectively. This was
followed by depositing a 6 gzm Dyesol WER2-O TiO, paste scattering
layer and sintering at 500 °C for 30 min. Finally, a post-treatment
process with a 40 mM TiCl, aqueous solution at 70 °C for 30 min was
performed, followed by a sintering process at 500 °C for 30 min and
cooling to around 80 °C before immersion into the dye solution. The
dye solution was 0.05 mM MSS5, 0.1 mM XYIb, and 0.5 mM
chenodeoxycholic acid in 1:9 chloroform:ethanol. The PEDOT
counter electrodes were prepared by electropolymerization of the
EDOT (3,4-ethylenedioxythiophene) monomer (0.01 M EDOT and
0.1 M LiClO,) onto clean Tec 8 electrodes by a constant applied
potential technique at 1.03 V versus Ag/AgCl for 20 to 30 s. Solar cell
assembly was done by sealing the counter electrode to the TiO,
working electrode using a 25 ym Surlyn (Dupont) spacer at ~100 °C
for 90 s, followed by introducing the electrolyte, composed of an
optimized amount of Cu(I)(dmby)2~TFMSI (0.1 M) and
Cu(H)(dmby)zCl-TFMSI (0.05 M) in ethylisopropyl sulfone (EiPS),
through predrilled holes and finally sealed with a 2-part epoxy glue.
The optimized concentrations of the other additives such as N-
methylbenzimidazole (NMBI), the ionic liquid 1-butyl-3-methylimi-
dazolium bis(triftuoromethylsulfonyl)imide (ImTFMSI), and LiTFM-
SI were used with concentrations of 0.6 M, 0.34 M (10% v/v), and 0.1
M when needed, respectively. Dyes’ loadings measurements were
performed by desorbing a cosensitized 1 X 1 cm? titania film with
XY1b and MSS in 10 mL of 0.1 M NaOH solution in 1:9
water:tetrahydrofuran (H,O:THF) solution and measuring the
absorption spectrum of the solution. The individual dye’s loading
amounts were extracted from the fit of the absorption spectrum using
the measured extinction coefficients of both dyes in THF (for XY1b &
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=36500 M~'-cm™ at 534 nm, and € = 12 600 M~ '-cm™" at 452 nm
for MSS5).

B RESULTS AND DISCUSSION

In this study, we selected the chemically inert ethylisopropyl
sulfone (EiPS) as the DSC’s electrolyte polar-solvent due to its
high boiling and low vapor pressure (bp 265 °C) that could
result in long-term stable and durable DSCs.”® EiPS has been
extensively used as the solvent of choice in electric double layer
capacitors (EDLCs)’® and in iodide/triiodide based
DSCs;>** however and to the best of our knowledge, sulfones
have never been investigated in copper-based DSCs. The
organic dyes XY1b and MSS were utilized to prepare
cosensitized DSCs (Scheme S1) due to their superb perform-
ance when used with copper-based electrolyte system in
acetonitrile, especially under ambient light conditions.” The
copper(I/I1) complexes of 6,6'-dimethyl-2,2'-bipyridine,
Cu "(dmby),-(x) TEMSI, were selected as the electrolyte
components based mainly on the idea of attaining a high
photovoltage (Vo) of the DSC, due to its high redox potential
that was determined to be E,/, = 0.94 V vs NHE (E,, =0.32V
and Fc/Fc' = 0.625 V vs Ag/Ag" in acetonitrile) by cyclic
voltammetry (CV) (Figure S1 in the Supporting Information).
The XY1b and MSS redox potentials in acetonitrile, when
anchored on TiO,, are reported to be E;/, = 1.08 and 1.18 V vs
NHE, respectively.” As such, the calculated driving force for
regenerating the dyes’ radical cations after light-induced
electron injection with Cu'(dmby)," TEMSI is on the low
side (AGreg = 0.14 and 0.24 eV for XY1lb and MSS,
respectively). However, many reports on copper polypyridyl
complexes state that sufficient regeneration of the oxidized dye
molecules, with close to unity yield at driving force potentials
as low as 0.1 V, can be attained.>”*’

To start, a XY1b and MSS cosensitized 1 X 1 cm? DSC was
assembled with 0.1 M Cu' and 0.05 M Cu" as the redox
mediator in EiPS (device A) and tested under 1000 Ix
irradiation from an Osram T8/930 fluorescent tube (light and
photon flux spectra can be found in the Supporting
Information, Figure S2). To our surprise, device A, which
lacks any additives especially a Lewis base, did not show any
significant photocurrent or a photovoltage when it was freshly
prepared; however, after 24 h of storage in the dark a better
photovoltaic performance (PCE = 3.2%) was measured at
1000 Ix, as evident from the corresponding IV curve shown in
Figure 1 and the presented data in Table 1. Upon the addition
of the N-methybenzimidazole (NMBI) Lewis base to the
electrolyte system, a profound and instant enhancement of the
photovoltaic parameters was seen for device B, where PCE =
19.3% was attained with an optimized concentration of 0.6 M
of NMBJ, Figure 1 and Table 1. Device C, which constitutes in
addition to the NMBI Lewis base in the Cu'/Cu" electrolyte
and a 10% of the ionic liquid 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (ImTFMSI), did not show
significant enhancements in the DSC’s photovoltaic parame-
ters (PCE = 19.5%). However, upon the addition of 0.1 M
LiTFMSI instead of INTEMSI (as in device D) or in addition
to the latter (as in device E), enhancements in the short-circuit
currents of both devices were seen (J,. = 103 and 107 yA-cm™,
respectively), and consequently an increase in the DSCs’
efficiencies (PCE of 22.2% and 23.3% for devices D and E,
respectively). The corresponding IPCE% spectra of the five
devices A—E in the range 350—750 nm and the corresponding
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Figure 1. Photocurrent—photovoltage response (IV curves) of XY1b
and MS5 cosensitized 1 X 1 cm® DSCs (devices A—E) with different
additives to the Cu’/Cu™ electrolyte system in EiPS under 1000 Ix
fluorescent light irradiation.

integrated spectra using the photon flux of the fluorescent lamp
are shown in Figure S3.

Comparing devices B and C, one can deduce that the
addition of InNTEMSI to the electrolyte, which might increase
both the ionic and electric conductivity, does not have a
significant effect on the DSC’s performance. However, the
addition of LiTFMSI in devices D and E resulted in an
increase in J. when compared to devices B and C. Lithium
ions are well-known to lead to deeper surface states below the
conduction band edge of titania (E.) and lowering of the
electron quasi-Fermi energy level in the TiO, film (,Eg) at a
given electron injection rate, in addition to lowering of the
former.*"~*" Therefore, the decrease of the Ve by ~20 mV
when comparing the two pairs of devices (device B with D and
device C with E) is probably due to the narrower energy
difference (,Ep — Egreqox) between the titania ,Ep and the
electrolyte Fermi level (Eg 4o,), While the enhancement of J
values suggests better electron injection and/or collection
upon lowering the E in devices D and E when compared to B
and C, respectively.

In order to investigate further the above-mentioned results
(lowering of ,Ep by Li*), we performed electrochemical
impedance spectroscopy (EIS) measurements on the five
different devices at Ve under different light intensities
(Nyquist and Bode plots are shown in Figures S5—S9). It is
worth mentioning here that the EIS parameters for device A
were roughly estimated due to the high resistance values
measured in this device as seen in Figure S9. Figure 2 shows
plots of the chemical capacitance (Cu) values at the TiO,/
electrolyte interface for devices A—E. As can be seen, devices
D and E, both of which contain lithium ions, show a shift
A(,Er — Egredoy) of ~20—40 mV lower than devices A, B, and
C that lack any Li" at a certain Cy value under low light
intensities (below 2000 Ix). A shift in the (,Ez — Ep edor)
toward higher or lower values is usually attributed to an
upward or downward shift in ,E with respect to the electrolyte
Eg redow Tespectively. In this context, the addition of cation
additives leads to a downward shift in the ,Ep and hence to an
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Table 1. Photovoltaic Parameters of the Different 1 X 1 cm* DSC Devices under 1000 Ix (311 gW-cm™2) Light Irradiation

device electrolyte
A 0.1 M Cu' and 0.05 M Cu"
B 0.1 M Cu, 0.05 M Cu", and 0.6 M NMBI

ct 0.1 M Cu, 0.05 M Cu', 0.6 M NMBI, and 10% IL
D 0.1 M Cu, 0.05 M Cu", 0.6 M NMBI, and 0.1 M LiTEMSI
E’ 0.1 M Cu, 0.05 M Cu", 0.6 M NMBL 0.1 M LiTEMSI, and 10% IL

Joe (uA-cm™2) V,. (mV) FF power out (yW-cm™>) PCE (%)d
23+ 5 (29)° 724 0.59 9.9 32
91 + 3 (89)° 874 0.75 60.1 19.3
90 + 3 (90)° 882 0.77 60.8 19.5
103 + 2 (97)° 852 0.79 68.9 222
107 + 2 (102)° 866 0.78 72.5 23.3

“The presented data were measured after 24 h of storage in the dark. “The 10% ionic liquid (IL), 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, used corresponds to ~0.34 M at 20 °C. “Integrated photocurrent (at 1000 Ix). “Dyes’ loadings were measured
to be ~9.0 and 3.0 X 10™® mol-cm™ for XY1b and MSS in all of the devices, respectively.

A Device A
O Device B
1 A Device C
9 + Device D
8+ ® DeviceE ° CK)
N7 A+
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I T
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Figure 2. Chemical capacitance (Cp) values at the TiO,/electrolyte
interface for devices A—E.

increase in J, and a decrease in Voc."** In addition, we
performed Mott—Schottky experiments on five undyed devices
using the same electrolyte compositions as those in the DSCs
of A— E, Figure S4. The Mott—Schottky plots of the undyed
devices resonate with the EIS experiments performed on the
dye-sensitized devices A—E, where a downward shift in the
titania flat-band potential is seen upon the addition of Li* in
the electrolyte composition (as in the electrolytes of devices D
and E). Therefore, the lower Vi values observed in devices D
and E, as compared to the others, could be attributed to the
titania ,Er downward shift resulting from the addition of Li*.

Interestingly, devices A, B, and C have very similar Cu
values at the same V¢ values, suggesting that InTFMSI, and
unlike Li*, has no profound effects on the titania/electrolyte
interface most probably due to the inability of the larger Im* to
intercalate into the titania film. An additional insight derived
from Figure 2 is the negligible influence of NMBI in our EiPS-
based medium on the titania ,Er, while conventionally the base
is known to cause an upward shift in the ,E; (devices B and C
vs A).

A similar finding that alizgns with our observation was
reported by Yamamoto et al.’” in the iodine/iodide electrolyte
system in EiPS and was attributed to the fact that EiPS has a
high donor number (DN ~ 16.1) that trounces the effect of
NMBI in a DSC. This indicates that in our EiPS-based
medium, NMBI has minimal impact on the ,E; However, the
absence of NMBI appears to have a profound positive effect on
the Rerp values at the TiO,/electrolyte interface. In particular,

11927

Figure 3 depicts that device A (aged for 24 h) showed a
significantly higher Rcr, approximately 10 times greater than
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Figure 3. Charge transfer resistance (Rcp) values at the TiO,/
electrolyte interface for devices A—E.

the other devices, suggesting a slower charge recombination.
This latter finding is consistent with the dark currents
measured for devices A when compared to device B, where
the former shows lower dark currents than that of the latter at
the same voltage values, Figure 4. Additionally, a recent study
by Bach et al. showed the importance of coordination of strong
Lewis bases such as 4-tert-butylpyridine (TBP) and NMBI
with Cu phenanthroline complexes for better performance
of such copper electrolytes in DSCs.*> It was shown that the
coordination of the Lewis base to the Cu(II) center efficiently
slows down recombination; however, this is not the case in our
system. Based on these findings, we can infer from the EIS
experiments and the dark current IV curves that the
introduction of NMBI not only improves the performance of
the DSC but also accelerates its electron recombination
processes, as observed in devices B—E. As such, while the EIS
experiments provided valuable insights about the differences in
performance of the different devices, they failed to offer a
satisfactory explanation for the poor photovoltaics parameters
measured for device A (fresh or aged) when compared to the
four devices. Therefore, we decided to explore alternative
characterization techniques to gain a deeper understanding of
the mechanisms at play in our system.

In order to make sure that the low performance of device A
(fresh or aged for 24 h) is not due to poor dye regeneration
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Figure 4. Dark currents measured for devices A and B.

efficiency by the electrolyte system that lacks NMBI,
photoinduced absorption spectroscopy (PIA)* experiments
were performed on cosensitized XY1b/MSS titania films with
and without either NMBI and Cu"”" or both in EiPS, Figure S
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Figure S. PIA spectra of cosensitized XY1b/MSS titania films with
and without either NMBI and Cu”" or both in EiPS.

(PIA spectra of individually sensitized DSCs data can be found
in Figure S10). Figure S clearly demonstrates that in the
absence of the copper electrolyte, the PIA spectrum of the
cosensitized TiO, film (denoted as inert) exhibits a bleach at
approximately 600 nm. This latter is attributed to the ground-
state bleach of the dyes upon their oxidation and to the Stark
shift effect.””** One can also observe a wide absorption peak
between 670 and 1000 nm corresponding to the oxidized dyes
(dye®*). However, the latter absorption feature disappears in
the presence of the copper electrolyte, irrespective of the
presence or absence of NMBI (when freshly prepared or when
aged), suggesting an efficient regeneration of the oxidized dyes
by the different electrolyte compositions. The same finding was
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also evident in the individually sensitized XY1b and MSS
titania in the presence of the copper electrolyte, Figure S10.
Therefore, the low performance of device A (fresh or aged)
does not seem to be due to inefficient regeneration of the dye**
with the Cu' complex. In addition, the fact that we did not see
higher recombination processes in device A when compared to
device B in the previously mentioned EIS data (such as
between the injected electrons in titania to the dye®" in the
case of inefficient dye regeneration) supports the PIA findings.

Nevertheless, the above findings do not negate the
assumption that the dyes’ regeneration kinetics might be faster
in device B when compared to A. This is supported by the
observation that the addition of NMBI results in a shift in the
E,, to lower values; thus higher AG,,, has been found in our
system. These findings are consistent with the results seen by
Bach et al. with a similar Cu" complex of 2,9-dimethyl-1,10-
phenanthroline.”> Figure 6 shows the cyclic voltammograms
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Figure 6. Cyclic voltammograms of the Cu" complex in the presence
and absence of NMBI measured in acetonitrile at a scan rate of 100
mV-.s~! with a platinum working electrode. The irreversible oxidation
peak of NMBI is denoted by an asterisk.

(CV) of the Cu" complex, where a shift of around 90 mV to a
lower potential is seen in the oxidation peak of the complex
upon the addition of NMBI in acetonitrile. The shift in the E,
of the Cu"" complex in the presence of NMBI is most probably
due to the well-known coordination of Lewis bases to the Cu'!
but not Cu' metal centers.”>*’

At this stage, it appears that the major influence of the
NMBI in the redox electrolyte system on the performance of
the DSCs is not primarily occurring at the titania-dye/
electrolyte interface. Thus, in order to complete the picture,
dummy cells incorporating the Cu' and Cu" complexes in the
presence and absence of NMBI (CE/electrolyte/CE) were
assembled using PEDOT CEs. Tafel plots and EIS experiments
were performed in order to assess the regeneration of the Cu"
species in the DSCs at the counter electrode (CE). Figure 7
presents the Tafel plots of two dummy cells A" (with fresh
electrolyte and after aging for 24 h) and B’. The dummy cell
A’ containing a freshly prepared electrolyte (lacking NMBI)
shows two Tafel regions that we speculate is due to the
presence of two different Cu" species, each displaying very
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Figure 7. Tafel plots for the fresh and aged dummy cells A’ and
dummy cell B'.

different electroactivity at the CE. Interestingly, after 1 day, as
can be seen for the aged dummy cell A’, the Tafel polarization
spectrum shows one dominant Tafel region. As for the dummy
cell B, it gave rise to one Tafel region in the Tafel polarization
spectrum, which stabilizes within 1 h and remains unchanged
for up to 4 days. The exchange current densities values (J,) of
the fresh and aged dummy cell A" and that of B’ were
evaluated to be J, = 0.09 and ~0.3 (fresh dummy cell A"), 0.32
(aged dummy cell A’), and 2.08 mA-cm ™ (dummy cell B'). In
fact, to evaluate the quality of DSCs, the ], values can be used
to approximate the short-circuit photocurrent (J.) densities
observed under high light illumination (such as 1 sun). Figure
SI1 and Table S1 depict the IV curves and photovoltaic
parameters, respectively, for devices A—E measured under
simulated AM 1.5G solar light irradiation (100 mW-cm™2).
Indeed the above-mentioned correlation was present in our
case, as the J; values for dummy cells A’ (aged) and B’ were
comparable to the J . densities of devices A and B—E under 1
sun irradiation (J. ~ 0.5 and 1.5 mA.cm 2 respectively),
Figure S11 and Table S1. Additionally, the value of J, is a
kinetic component directly correlated with the electrochemical
reaction that is inversely proportional to Rcr, as described in
eq 1.

RT
J =
nER o1 (1)

where R is the gas constant, T is the absolute temperature, n is
the number of electrons associated with reaction, and F is the
Faraday constant. Applying eq 1, the calculated Ry for the
fresh and aged dummy cell A’ and that of B’ are Rop (from
Tafel) = 288 and ~80 (fresh dummy cell A’), 81 (aged dummy
cell A’), and 12 Q-cm® (dummy cell B'). It is important to
mention here that the two observed ], values and the two Ry
values for the fresh dummy cell A" correspond to the presence
of two supposedly distinct Tafel regions, indicating the
existence of two different Cu species. Further investigation
will be conducted to provide evidence supporting this claim.
In addition, the diffusion coefficients of the Cu' species
present in the EiPS based dummy cells A" (aged) and B’ were

calculated to be Dy = 1.2 X 107 and 7.8 X 1077 cm®s7},
respectively, using eq 2.

_ d]hm
2nFC ()

where d = 25 um is the spacer thickness between the two
electrodes, Ji, is the cathodic limiting current, n = 1 is the
number of electrons involved in the reduction process at the
electrode, F is Faraday’s constant, and C = 0.05 mM is the
molar concentration of the limiting species Cu" in the
electrolyte. As pointed out before, the higher viscosity of
EiPS compared to acetonitrile (ACN) is not a detriment in our
case due to the low light irradiation levels used in this study
rather than the standard 1 sun irradiation. Therefore, when
comparing our obtained D¢,y values in EiPS (Dgyy = 1.2 X
107 and 7.8 X 1077 cm*s™' in aged dummy cell A’ and
dummy cell B’, respectively) to the values reported in the
literature for the same complex, Cu"(dmby)TEMSI/CI in
acetonitrile (ACN) (D¢ = 3.3 X 1075 cm?®s™1),* it is evident
that our values are smaller than those in ACN. Interestingly,
this difference did not negatively affect the photovoltaic
parameters of the five devices (A—E) when measured at 1000
Ix. However, it is important to note that the situation changes
when we work under 1 sun irradiation conditions, where the
considerably low D¢,y values mentioned above have a more
pronounced effect in our system. In other words, as shown in
Figure S11, the obtained J,. values for devices A and B in EiPS
are approximately 0.5 and 1.5 mA-cm™?, respectively, under 1
sun irradiation, while in ACN based DSCs J,. values are
typically hi§her (between 12 and 16 mA-cm™) under similar
conditions.”*”*” This can be attributed to the higher viscosity
of the EiPS solvent compared to that of ACN that leads to
more profound mass transfer issues at high light intensities.
Based on these results and comparisons, we can generalize that
despite the low D¢,y values in our EiPS electrolyte medium,
which are often associated with low efficiency DSCs, this is not
detrimental under low light conditions.

Additionally, Rcr values can be obtained from the EIS
Nyquist plots performed on the dummy cells, along with the
Cu values, as shown in Figure 8. These plots were recorded at
0 V for the fresh and aged dummy cells A’, as well as for
dummy cell B’. However, we encountered difficulties in
accurately fitting the EIS data of the fresh dummy cells A" most
probably due to the presence of two electroactive Cu'" species
with different electroactivities at the CE. On the other hand,
for the aged dummy cell A’ and dummy cell B’, we successfully
extracted the Ror—Cp values at the CE/electrolyte interface
from the fitted data using the equivalent circuit shown in the
inset of Figure 8. These values were Rcp(from EIS) = 75.5 and
8.9 Q-cm” and Cu = 0.66 and 1.20 mF-cm™ for the aged
dummy cell A" and dummy cell B’, respectively. Hence, the
smaller Rep of the dummy cell B’ compared to that of A’
(measured by EIS and/or derived from the Tafel plots to be
8.9—12 vs ~75.5—81 Q-cm? respectively) suggests a higher
electrocatalytic activity of the PEDOT-CE on the Cu" species
within the dummy cell B’.

Based on the results obtained from the Tafel and EIS
experiments, we propose that in our medium, the Cu" species
in the presence of NMBI (such as in devices B—E and dummy
cell B') most likely exists as a highly coordinated complex with
a § or 6 coordinated metal center. The suggested complex has
the form Cu"(dmby),(NMBI),,*?, where NMBI acts as a
coordinating ligand. This highly coordinated complex exhibits
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Figure 8. Nyquist plots recorded at 0 V for the aged dummy cell A’
and dummy cell B'.

a high electrocatalytic activity at the PEDOT-CE, as indicated
by the lower Ry values from the Tafel and EIS experiments
for dummy cell B'. This electrocatalytic activity might be one
of the reasons behind the improved performance of the devices
containing NMBI (devices B—E). However, when NMBI is
absent, as in device A and aged dummy cell A’, the medium
only contains our copper redox mediators in our EiPS solvent.
In this case, the Cu" complex is most likely in the form
Cu"(dmby),S,/,", where S represents the solvent EiPS. This
complex exhibits higher Rcyp values in aged dummy cell A’
compared to dummy cell B’, indicating a lower electrocatalytic
activity at the PEDOT-CE. This explains the poor performance
of device A. Furthermore, in the case of the fresh dummy cell
A, the Cu" center may be in the form Cu"(dmby),X, ,"* and
Cu"(dmby),S, ,"* where X~ represents a chloride and/or
TFMSI™ anion that could be labile in coordinating solvents
such as EiPS. This suggests the possibility of having two
different species in the fresh dummy cell A’. Upon aging, EiPS
fully coordinates instead of X~, resulting in a single species,
most likely Cu"(dmby),S,,** observed in aged dummy cell
A

To further support our suggested theory, we conducted
UV—vis experiments to investigate the effect of adding NMBI
and EiPS to our Cu" complex. Our aim was to confirm
whether these species would coordinate as ligands and form
new complexes. In order to ensure accuracy, the experiment
was performed in a noncoordinating solvent, dichloromethane.
Figure 9 illustrates the spectra recorded for the Cu" complexes
in the absence and presence of either NMBI or EiPS in
dichloromethane. As depicted in Figure 9, an instant change of
the Cu" spectrum resulted upon the addition of 30 equiv of
NMBI with a ~58 nm blue-shift of the 730 nm band and a
concurrent enhanced absorption of the 453 nm, whereas upon
the addition of 5% in volume of EiPS to the Cu" a very slow
change in the spectrum was observed, where a constant
enhanced absorption at 453 nm was seen over the course of a
couple of days with a concurrent small decrease in the 730 nm
band. No change in the Cu' complex spectrum was seen upon
the addition of NMBI nor EiSP, Figure S12.

1.5 -+ —cu" complex
FR TR cu' complex and 30 eq. NMBI
- CuI| complex and 5% EiPS after 5 min
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Figure 9. UV—vis experiments for the Cu' complex in the presence of
either NMBI or EiPS in dichloromethane.

To conclude, the obtained results clearly demonstrate that
EiPS acts as a weak coordinating ligand, where its coordination
reaction with Cu"(dmby),X;,,""* is comparatively slow. This
phenomenon provides an explanation for the presence of two
distinct Tafel regions in the Tafel plots of the fresh dummy cell
A’, which eventually gives rise to a single region as it ages. In
addition, this slow ligand substitution reaction explains why
device A shows better photovoltaic performance after 24 h of
its assembly with a freshly prepared electrolyte. In contrast,
NMBI coordinates more rapidly to the Cu" species upon
introduction into the electrolyte. This explains why the Tafel
polarization spectrum of dummy cell B’ stabilizes almost
within an hour and remains unchanged afterward. The
proposed ligand substitution reactions are shown in Scheme 1.

To assess the long-term stability of the EiPS based DSCs,
devices B—E were subjected to light soaking of 10 kix
irradiation from a white LED for 1270 h. Currently, there are
no established standards for conducting long-term stability
testing of indoor DSCs. However, in our study, we opted for a
higher illumination intensity than the reported range in the
literature, which falls between 200 and 6000 Ix.">'"~** Figure
10 shows the evolution of the average photovoltaic parameters
measured at 1000 Ix of the four different devices. As can be
seen, the photovoltaic parameters of device B stayed somehow
constant over the course of the long-term testing retaining 97%
of the initial PCE% after 53 days of constant 10 klx irradiation
(initial and final PCE% = 19.3 and 18.7%, respectively), while
devices C—E started to fail around 38, 25 and less than 18
days, respectively. Closely inspecting the sealed devices C—E at
the point when they started to fail, precipitates of the copper
complexes were observed in the electrolyte (Figure S13),
unlike device B which did not show such a phenomenon. We
speculate that the presence of either LiTFMSI, the IL
ImTEMS], or both in the electrolytes of devices C, D, and
E, respectively, causes precipitation of the Cu" electrolyte
component after prolonged time most probably due to a
salting out effect. Additionally, we investigated the desorption
of the dyes from a 1 X 1 cm® XY1b/MSS$ cosensitized titania
film versus time in 10 mL EiPS, Figure S14. As can be seen, a
substantial desorption (~70%) of the dyes was measured over
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Scheme 1. Proposed Ligand Substitution Reactions, Where S Represents the Solvent EiSP and X~ Either TFMSI™ or CI™
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Figure 10. Performance of devices B—E at 1000 Ix after 10 kix light
soaking for 53 days.

the course of 1 week; however, this was not detected by the
naked eye in our devices during the long-term stability
experiments. We attribute the latter finding to the fact that the
used electrolyte volume in any of the assembled DSCs is
approximately 3—5 uL, which is too small, when compared to a
volume of 10 mL, to cause profound desorption of the dyes.
However, this does not negate the fact that some dye(s)
desorption might take place over time.

B CONCLUSION

In summary, we have successfully fabricated a long-term stable
DSC using the high boiling point, low vapor pressure solvent,
EiPS, that incorporates a copper-based redox mediator in
conjunction with the XY1b and MSS dyes. It was
demonstrated that to achieve both optimal performance and
stability of the DSC in the newly tested electrolyte medium,
specific electrolyte compositions should be employed. In other
words, device B, which solely contained NMBI, demonstrated
the most favorable long-term stability among the tested
devices, a PCE of 19.3%. This outcome was attributed to the
essential role of the NMBI Lewis base, which rapidly
coordinates as a fifth/sixth ligand and hence improves the
device’s Rcr at the electrolyte/CE interface, leading to this
high PCE. However, devices C—E that contained Li* and/or
IL exhibited the highest PCEs among all the tested devices.
Unfortunately, they displayed inadequate long-term stability
and began to deteriorate at around days 38, 25, and less than
18, respectively. This deterioration is likely caused by the
precipitation of Cu' complex(es) in the electrolyte, which were
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observed visually. Therefore, device B exhibited the best
compromise between a high efficiency and durable stability.
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