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ABSTRACT: Organic solvents used in electrolytes of dye-sensitized solar cells (DSCs)
are generally toxic and not environmentally safe, which renders their use, especially in
indoor solar modules, difficult. In this paper, an eco-friendly DSC is presented based on
an aqueous electrolyte system where the redox couple is composed of a water-soluble
polypyridyl copper complex, [Cu(I)(dc-dmbpy)2Cl/Cu

(II)(dc-dmbpy)2Cl2, dc-dmbpy =
6,6′-dimethyl-2,2′-bipyridine-4,4′-dicarboxylate]. Good photo-conversion efficiencies
(PCE % ∼ 7%) have been attained with this water-soluble redox couple under ambient
light conditions when coupled with a ruthenium-based dye, C106. This is the first time
such a copper complex is in an aqueous DSC and eventually lays a foundation for the
further development of eco-friendly water-based DSCs.
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■ INTRODUCTION

Since the introduction of the well-known dye-sensitized solar
cell (DSC) by O’Regan and Graẗzel in 1991,1 many research
groups around the world have been involved until this moment
in increasing the DSC efficiency by optimizing dyes’ structures,
electrolyte systems, counter electrodes, photo-anodes, and so
forth. A record power conversion efficiency (PCE %) between
13 and 15% for lab-sized cells has been attained under standard
AM1.5G (100 mW·cm−2) solar radiation.2−5

For a long time, the iodide/triiodide (I−/I3
−) redox couple

has been the conventional electrolyte system for use in DSCs,
due to the high efficiencies attained with different types of dye
sensitizers especially with the ruthenium-based ones. Despite
its remarkable performance in DSCs, scientists have been
searching for suitable alternatives due to several reasons. First,
the I−/I3

− redox couple absorbs light in the visible region,
specifically the blue part of the electromagnetic spectrum, and
thus lessens the light-harvesting efficiency of the dye-sensitized
photo-anode.6 Furthermore, the reduction of I3

− to I− at the
cathode is a two-electron process that causes large internal
losses in the cell and high over-potentials that result in lower
photo-voltages (VOC).

7 Another drawback of this redox
mediator is its corrosiveness when it comes in contact with
several metals (especially silver that is used as contact leads),
affecting its long-term durability.8 Two of the best one-electron
redox couples that have been demonstrated to outperform the
I−/I3

− redox couple, especially when coupled with organic-
based dyes, are based on cobalt and copper polypyridyl

complexes.9−12 The ease of ligand modification of these
complexes makes it possible to control their redox potentials,
electron transfer kinetics, and stability, in addition to the
tuning of their chemical and physical properties.13 Hanaya et
al. reported one of the highest PCE % (14.3%) that has been
obtained with a Co(II)/(III) electrolyte system and VOC values
around 1 V,2 while the highest VOC value of 1.24 V has been
attained with a Cu(I)/(II) electrolyte system in acetonitrile by
Graẗzel et al.5

Recently, research in the DSC field has been focused on its
indoor use under low-light conditions14−16 and taking
advantage of its aesthetic properties.17 A recent report by
Graẗzel et al. reported a record PCE % of 34.5% under ambient
light for a co-sensitized solar cell with a Cu(I)/(II) electrolyte
system, attaining a high photo-voltage of 0.98 V at 1000 lux
irradiation.5 Such findings render the use of DSCs to power
indoor and low-power electronics very attractive. However,
conventional DSCs contain organic solvent-based electrolytes,
which have low boiling points and harmful environmental
effects. This led our group and other researchers to investigate
water-based electrolyte systems in DSCs, which in turn
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minimizes cost, reduces volatility and flammability, and
improves their environmental compatibility.18−36 Indeed, the
most recent reports about this subject have been researching
efficiency enhancement and long-term stability of iodide-based
aqueous DSCs. DSCs with an aqueous iodide-based redox
mediator achieved efficiencies between η = 2.4 and 6.0%,37−39

while most recently, Bella et al. reported a 7% efficient iodide-
based aqueous DSC when using a cationic PEDOT counter
electrode.35 Moreover, reports describing the enhancement of
the long-term stability of such DSCs with the use of hydrogels
such as xanthan gum36,40 and lignin41 have also been shown. In
addition to the iodide-based aqueous electrolyte systems, other
aqueous redox systems have been investigated by different
groups such as the thiolate/disulfide redox mediator,18,25

Fe(CN)6
4−/3−,24 and cobalt(II)/(III) tris(2,2′-bipyridine)

redox couple.29,30 Boschloo and co-workers reported an
efficiency of 4.3% in LEG4-sensitized TiO2 and a water-
soluble TEMPO redox couple.31 Therefore, it becomes

intuitive to investigate new aqueous redox electrolytes and
their use in DSCs under ambient light conditions. Eventually,
such a research direction would result in commercializing non-
toxic and eco-friendly DSCs to power indoor devices such as
low-power IoTs.
Herein, we report for the first time on a water-soluble and

stable Cu(I)(dc-dmbpy)2Cl/Cu
(II)(dc-dmbpy)2Cl2 redox cou-

ple, where dc-dmbpy stands for the 6,6′-dimethyl-2,2′-
bipyridine-4,4′-dicarboxylate potassium salt and its use in a
100% lewis base-free aqueous DSC sensitized with a
ruthenium-based dye, C106,42 and three organic dyes
[LEG4,43,44 D35,44,45 and Dyenamo cloudberry orange (DN-
F13)],46 Scheme 1, that shows good performance especially
under low-light conditions.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. All chemicals were purchased

from Sigma-Aldrich (Germany) and used as supplied. The C106 dye
and titania pastes (18NR-T Transparent and WER2-O Reflector

Scheme 1. Molecular Structures of the Copper (I/II) Complex with 6,6′-Dimethyl-2,2′-bipyridine-4,4′-dicarboxylate and the
Four Used Dyes in This Study (DN-F13, D35, LEG4, and C106)
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titania pastes) were purchased from Dyesol (Australia). Fluorine-
doped tin oxide (FTO) transparent conducting glasses “Tec 8” and
“Tec 15” were purchased from Pilkington (USA). The copper I and II
complexes Cu(dc-dmbpy)2Cl and Cu(dc-dmbpy)2Cl2 were synthe-
sized using reported methods in the literature.47

All of the electrochemical measurements were performed with a
CH Instruments 760B potentiostat (USA). The electrochemical setup
consisted of a three-electrode cell, with either a gold or FTO working
electrode, a Pt wire of 1 mm diameter as the counter electrode, and an
Ag/AgCl reference electrode in 0.1 M KCl and K4Fe(CN)6/
K3Fe(CN)6 as an internal standard (0.57 vs NHE). Electrochemical
impedance spectroscopy (EIS) of the DSSCs was performed at VOC at
different light levels of illumination in the frequency range of 0.1−105
Hz with an oscillation potential amplitude of 10 mV at RT. The
obtained impedance spectra were fitted with Z-view software (v2.8b,
Scribner Associates Inc.).
Photocurrent versus photovoltage characteristics under 1 sun

illumination were measured with a Keithley 2400 source meter and a
solar simulator illuminated using a 300 W Xenon arc lamp (Oriel)
through an AM 1.5 simulation filter (ScienceTech). The irradiated
area of the cell was 0.5 × 0.5 cm2 with a 0.6 × 0.6 cm2 black mask. For
the low-light measurements, a white LED of 13 W (KONNICE,
BL13W) was used to irradiate a 1 × 6 cm2 cell. The average of the
photovoltaic parameters of at least three different DSCs is reported.
The spectrum and power of the white LED light were measured with
a StellarRad spectro-radiometer (Stellar Inc., USA).
The photo-induced absorption (PIA) spectra of the various cells

were recorded on a DN-AE02 setup (Dyenamo, Sweden) over a
wavelength range of 500−1000 nm after an (on/off) photo-
modulation 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. -DSCs were fabricated using standard

procedures. Compact TiO2 blocking layers were deposited by spray
pyrolysis using a hand-held atomizer, following the method developed
by Kavan and Graẗzel.48 A solution of 0.2 M titanium di-isopropoxide
bis(acetylacetonate) in 2-propanol was sprayed in very short pulses of
1 s duration onto a clean fluorine-doped conductive glass Tec15
placed on a hotplate at 450 °C. This was followed by a pre-treatment
process with 40 mM TiCl4 aqueous solution at 70 °C for 1 h. A 6 μm
mesoporous layer of TiO2 was then printed on the glass by the
doctor-blading method from a titania paste (TiO2 Dyesol 30NR-D),
followed by a 6 μm Dyesol WER2-O TiO2 paste scattering layer. The
electrodes were then sintered at 500 °C for 60 min, followed by a
post-treatment process with 40 mM TiCl4 aqueous solution at 70 °C
for 30 min. Additional heating of the films was carried out at 500 °C
for 30 min, cooled to around 80 °C, and then immersed in the dye
solution (0.3 mM) in 1:1 t-butanol/acetonitrile for 18 h. The PEDOT
counter electrodes were prepared by electro-polymerization of the
EDOT (3,4-ethylenedioxythiophene) monomer by a periodic reversal
potential technique onto the clean conductive glass Tec8. The
electrodeposition bath contained an aqueous solution of 0.01 M
EDOT and 0.1 M LiClO4 with a 24 s pulse at a potential of 1.2 V
followed by a 12 s pulse at −0.6 V versus Ag/AgCl. Solar cell
assembly was done by sealing the counter electrode to the TiO2
working electrode using a 30 μm Surlyn (Dupont) spacer at ∼100 °C
for 3 min. For long-term stability experiments, cells with dimensions
of 1 × 1 cm2 were assembled while using a 60 μm Surlyn (Dupont)
spacer. The electrolyte composed of Cu(I)(dc-dmbpy)2Cl (0.1 M),
Cu(II)(dc-dmbpy)2Cl2 (0.05 M), 0.1 M KCl, 0.1 M LiClO4, and 0.5%
Triton X-100 [in addition to 1% PEG (6000) for large DSCs] in
water at pH = 5.6 to 5.8 was introduced through two small holes,
previously drilled through the counter electrode, which were then
sealed by epoxy glue. The same procedure was applied for the iodide/
triiodide electrolyte system that is composed of 2.5 M 1-methyl 3-
propyl imidazolium iodide (PMII), 0.05 M iodine, 0.1 M LiClO4, and
0.5% Triton X-100 in water but with a conventional Pt counter
electrode. All IV measurements were performed after 3 days from

assembling all the studied DSCs except for the long-term stability
tests that started on day 1.

■ RESULTS AND DISCUSSION
The copper(I/II) complexes of the 6,6′-dimethyl-2,2′-bipyr-
idine-4,4′-dicarboxylic acid were synthesized using the
reported procedure in the literature, where previously, the
protonated form as the hexafluoro phosphate salt (PF6

−) of the
Cu(I) complex was used as the first copper-based dye to be
incorporated in a DSC.47 Whereas, in the current study, we
took advantage of the water solubility of the same Cu (I) and
(II) complexes [∼0.15 M for Cu(I) and >0.2 M for Cu(II) as
chloride salts] at pHs above 5, and upon optimization, we
formulated an aqueous redox couple composed of 0.1 M
Cu(I)(dc-dmbpy)2Cl, 0.05 M Cu(II)(dc-dmbpy)2Cl2, 0.1 M
KCl, 0.1 M LiClO4, and 0.5% w/w Triton X-100 in water
adjusted to a pH between 5.6 and 5.8 with KOH/HCl. The
redox potential of the Cu(I)/Cu(II) redox couple in water was
determined to be E1/2 = 0.47 versus Ag/AgCl (E1/2 = 0.65 vs.
NHE) by cyclic voltammetry using a gold working electrode.
The obtained voltammogram showed a semi-reversible redox
reaction for the copper complex in water (ΔEpa/pc = 85 mV),
Figure 1.

The performance of the above-formulated redox couple was
assessed by fabricating 100% aqueous-based small (0.5 × 0.5
cm2) DSCs with a ruthenium-based dye (C106) and three
organic dyes {LEG4, D35, and DN-F13}, (molecular
structures of the dyes are shown in Scheme 1). The
aforementioned dyes were selected due to their high
hydrophobicity, that renders their desorption upon introducing
the water-based electrolyte system difficult, and their reported
good performance with organic solvent-based electrolyte
systems.42,49,50 The corresponding photo-current versus
photo-voltage curves (I−V curves) measured under standard
AM 1.5 G conditions are shown in Figure 2 in addition to a
C106-sensitized DSC incorporating an aqueous iodide/tri-
iodide electrolyte system as a reference, and the photovoltaic
parameters are summarized in Table 1. Of the three organic
dyes, DN-F13 showed the best performance with a JSC = 1.6
mA·cm−2, VOC = 604 mV, FF = 0.40, and PCE = 0.39% with
the copper-based electrolyte system, while LEG4 and D35
resulted in an overall efficiency PCE = 0.21 and 0.17% (JSC =

Figure 1. Cyclic voltammogram in water (0.1 M KCl) for the Cu(I)/
Cu(II) redox couple at a scan rate = 100 mV·s−1 with a gold working
electrode.
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0.8 and 0.5 mA·cm−2, VOC = 568 and 604 mV, and FF = 0.46
and 0.56), respectively. Surprisingly, the ruthenium-based dye
C106 showed the best performance, giving a JSC = 2.6 mA·
cm−2, VOC = 559 mV, and FF = 0.43, with an overall efficiency
PCE = 0.63% under the same measurement conditions.
Another unexpected result was the DSC device that was not
sensitized with any dye, where a small current of JSC = 0.4 mA·
cm−2 and VOC = 493 mV (PCE = 0.07%) was seen. We
speculate that any Cu(I)(dc-dmbpy)2 from the electrolyte that
is adsorbed and/or is weakly bound to TiO2 can act as a
sensitizer and inject electrons upon light irradiation and even
get regenerated by the same Cu(I) complex in the electrolyte.
The latter observation (copper complexes may act as both dyes
and mediators) has been demonstrated recently by Roberto et
al.51 The iodide/tri-iodide C106-based reference DSC showed
the highest photovoltaic parameters, giving a JSC = 5.2 mA·
cm−2, a VOC = 650 mV, a FF = 0.72, and efficiency PCE =
2.44%.
The incident photon-to-current conversion efficiency (IPCE

%) spectra for the sensitized and non-sensitized DSCs are
shown in Figure 3. The DN-F13 dye showed a maximum IPCE
% value of around 31 to 32% at 430 nm, whereas the onset
wavelength of the IPCE % spectrum was 610 nm which is

consistent with DN-F13’s absorption spectrum. However, D35
and LEG4 demonstrated low IPCE % performance with
anomalous behavior at 580 and 607 nm, respectively.
Unfortunately, we were not able to assign the exact origin of
these two IPCE bands around 600 nm. We hypothesize that
this finding might be due to an electron injection from an
aggregated form of the dye or an impurity that resembles
structurally the parent dye, especially that the band of the
LEG4 dye is at a lower energy when compared to that of the
D35 one, which is consistent with their band gap energies.2,44

In addition, this anomaly is not related to the copper
electrolyte system, since the IPCE % spectrum of the non-
sensitized titania film in the presence of the copper electrolyte
does not show such behavior, but rather a small IPCE %
response (1.7% at 480 nm) consistent with TiO2 sensitization
of Cu(I)(dc-dmbpy)2.

52 Moreover, the IPCE % spectra of
LEG4 and D35 suggest very inefficient electron injection from
their excited states to the titania conduction band (CB) upon
light irradiation, where the latter could be estimated to be
around −0.5 V versus NHE at pH = 6.0.53 At the first site, this
value suggests that there should be favoured electron injection
reactions from the excited states of D35 and LEG4 since their
calculated LUMO (Eox*) are at −0.93 and −0.84 V versus
NHE, respectively.2 However, these Eox* values were
calculated from Eox and E0−0 measurements performed in
organic solvents and not in water, and therefore, we expect that
these values will not hold in our case. However, for the DN-
F13 and C106 cases, these are suggested to have a more
negative Eox* (estimated to be more negative than −1.1 V vs
NHE in organic solvents) than D35 and LEG4,2,44,54,55 and
thus show decent electron injection upon photo-excitation.
Nevertheless, it was obvious that LEG4 and D35 do not
perform well with our aqueous Cu(I)/Cu(II) electrolyte system,
and C106 was selected for further investigation for assessing its
regeneration efficiency by the copper electrolyte upon light-
induced electron injection.
For this purpose, PIA spectroscopy56 experiments were

performed on C106 DSCs with and without the electrolyte.
Figure 4 shows the PIA spectra of nanostructured TiO2 films
sensitized with C106 in the presence and absence of the
copper electrolyte, in addition to a reference spectrum of a
non-sensitized TiO2 film in the presence of the copper
electrolyte. For the C106-sensitized titania film without the

Figure 2. Photocurrent−photovoltage response (IV curves) of DSCs
sensitized with C106 (violet), DN-F13 (yellow), D35 (orange), LEG4
(red), and non-sensitized TiO2 film (black) with the Cu(I)/Cu(II)

electrolyte system and C106 (dashed-green) with an aqueous iodine/
tri-iodide redox system measured under 100 mW·cm−2.

Table 1. Photovoltaic Parameters of the Different DSCs
with the Cu(I)/Cu(II) Electrolyte System and a C106
Reference DSC with an Iodide/Tri-Iodide Aqueous
Electrolyte System

dye Jsc (mA·cm−2) Voc (mV) FF PCE (%)a

C106b 2.6 559 0.43 0.63
LEG4b 0.8 568 0.46 0.21
D35b 0.5 604 0.56 0.17
DN-F13b 1.6 604 0.40 0.39
TiO2

b 0.4 493 0.35 0.07
C106 with I−/I3

−c 5.2 650 0.72 2.44
aMeasured under a 100 mW·cm−2 simulated AM 1.5 G spectrum with
an active area of 0.5 × 0.5 cm2 and a black mask (0.6 × 0.6 cm2).
bElectrolyte: Cu(I)(dc-dmbpy)2Cl (0.1 M), Cu(II)(dc-dmbpy)2Cl2
(0.05 M), KCl (0.1 M), LiClO4 (0.1 M), and 0.5% Triton X-100 in
water at pH = 5.6 to 5.8. cElectrolyte: PMII (2.5 M), I2 (0.05 M),
LiClO4 (0.1 M), and 0.5% Triton X-100 in water.

Figure 3. IPCE % spectra of DSCs sensitized with the C106 (violet),
LEG4 (red), D35 (orange), DN-F13 (yellow) dyes and a non-
sensitized titania film (black).
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electrolyte, the spectral characteristics are similar to those
found by McGehee et al. for the inert film,57 where the change
in absorption of the oxidized C106 dye species bleaches at 550
nm and has enhanced absorption at 800 nm. However, upon
the introduction of the copper electrolyte, there is not a
complete disappearance of the positive (>600 nm) and the
bleach (<600 nm) signals, which suggests inefficient
regeneration of the oxidized C106 dye.
In general, one of the main problems of using 100%

aqueous-based electrolyte with hydrophobic dyes, such as the
case of C106, is the incomplete wetting of the photoanode by
the electrolyte, due to phase segregation, even in the presence
of specific surfactants.19 O’Regan et al. discussed thoroughly in
their seminal paper the effect of water on DSCs, where they
proved that by reducing the irradiation intensity, the
performance mismatch between aqueous and non-aqueous
electrolytes decreases. This phenomenon directly arises from
the effect of phase segregation of the electrolyte within the
titania pores, where empty pores in the photo-anode would
result in reduced diffusion of the redox couple within the film,
and ultimately affects drastically and negatively the photo-
current.19 The latter causes a depression in the dye
regeneration kinetics at high light intensities, thus suppressing
the electron flow in the device and diminishing the short-
circuit photocurrent. Figure 5 shows the photocurrent attained
by a C106 DSC at different light levels, where again a
saturation of the photocurrent is attained at light levels above
≈0.4 to 0.5 sun, similar to what was seen by O’Regan et al.
with a similar hydrophobic dye, TG6,19,58,59 to the C106 dye in
our study. The aforementioned can explain the low JSC = 2.6
mA·cm−2 of C106 at 1 sun irradiation when compared with
values usually attained with organic-based electrolyte systems
(JSC > 14 mA·cm−2).42

To further evaluate the negative effect of diminished
diffusion of the electrolyte species in the film on the C106
DSC performance, EIS measurements were performed at VOC
under different light intensities.60−63 Figure 6 shows the
Nyquist plots of the C106 DSC incorporating the copper
electrolyte system at different applied potentials under light (at
Voc). As can be seen, the semi-circle representing the Warburg
diffusion becomes more profound at higher light levels
compared to the charge transfer resistance at the titania/

electrolyte interface. As such, the diffusion impedance would
become the limiting factor, thus causing diminished perform-
ance at higher light levels. The electron lifetime (τn) values
derived from the EIS experiments (from EIS τn = RctCμ) versus
the applied voltage are shown in Figure 7 (Rct and Cμ vs
voltage are shown in Supporting Information, Figure S1).
Typical τn values of C106 DSCs with the organic iodide-based
electrolyte system prepared in our and other research groups64

are around 0.1 s at an applied voltage of 0.65 V. However,
much lower τn ∼ 3.5 ms can be extrapolated from our data at
0.65 V. Again, we speculate that this is due to incomplete
regeneration of the oxidized C106 dye by our aqueous
electrolyte system and high electron recombination processes
between the injected electrons in the titania film and the
oxidized form of the C106 dye. Therefore, the insufficient
wetting of the TiO2/C106 interface and diminished pore filling
by the aqueous electrolyte would lead to the inefficient
regeneration of the oxidized dye molecules by the redox
species, as suggested also by the PIA spectra (Figure 4).
Following the light intensity dependence results, it becomes

intuitive to study the performance of the aqueous-based DSCs
under low indoor light intensities, especially since one of the
main purposes of using aqueous-based DSCs is the eco-
friendliness of such devices. For this purpose, larger (6 × 1

Figure 4. PIA spectra of C106-sensitized TiO2 films with (red-open
triangles) and without (black-solid triangles) the CuI/II(dc-dmbpy)2
electrolyte, in addition to a non-sensitized TiO2 film with the
electrolyte (green-open squares).

Figure 5. Photocurrent (Jsc) versus bias light intensity (using a neutral
density filter) for a C106 DSC (blue-solid triangles) with the
CuI/II(dc-dmbpy)2 electrolyte.

Figure 6. Nyquist plots obtained from EIS for the C106 assembled
cell with the CuI/II(dc-dmbpy)2 electrolyte at different applied
potentials under light (at Voc).
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cm2) C106 and DN-F13 DSCs were assembled with the
Cu(dc-dmbpy)2

2+/1+ redox couple and the performance was
studied under light intensities between 100 and 2000 lux using
a white LED light source (the LED spectrum is found in
Supporting Information, Figure S2). Upon assembling the
large (6 × 1 cm2) DSCs, we encountered an incomplete
wetting of the photo-anode by the aqueous electrolyte, leaving
behind some small areas of the electrode not in contact with
the electrolyte. However, this hurdle was circumvented by the
addition of 1% w/w of poly-ethylene glycol (PEG, 6000) to
the electrolyte system, which led to an immediate and
complete visual wetting of the electrode.26 Interestingly, the
1% PEG additive did not alter the photovoltaic performance of
the small-sized DSCs, and accordingly, it was only used for the
larger ones. The obtained I−V curves are shown in Figure 8

and the photovoltaic parameters are summarized in Table 2. At
100 lux, a JSC = 6 μA·cm−2, VOC = 433 mV, FF = 0.69, and an
overall efficiency PCE = 7.5% were attained for C106, whereas
DN-F13 generated much lower efficiencies at 2000 and 500
lux, PCE = 2.5 and 2.4%, respectively. It is worth mentioning
here that D35 and LEG4 again showed very low PCEs at the
low light levels used, similar to the 1 sun measurements when
compared to C106 and DN-F13. As can be seen, the overall

PCE % of C106 (∼7%) did not change much at different light
levels between 100 and 2000 lux, and hence, these results
demonstrate the applicability of using aqueous electrolyte
systems in DSCs for indoor operation even at very low light
levels, as illustrated by the good PCE % values at 100 lux
(∼0.001 sun).
In order to test the long-term stability of our aqueous

copper-based DSCs, we fabricated two sets of four individual
C106 DSCs. The first set was subjected for 30 days to 1 sun
light soaking at an open circuit, while the second set was left
under ambient light for the same time period. Figure 9 shows
the evolution of the average photovoltaic parameters at 2000
lux of both sets versus time. As can be seen, the photovoltaic
parameters of both sets show a constant decrease till day 20,
after which they stabilize till the end of the long-term stability
experiment. Nevertheless, the ambient light and 1 sun soaked
DSCs retain more than 60 and 40%, respectively, of the initial
PCE % after 30 days, where the latter decrease is majorly due
to more profound reduction for the first 20 days in JSC and FF
versus time. A similar decrease in performance of C106-based
DSCs has been seen in our laboratory with water-based
electrolytes, especially when it comes to the decrease of VOC
and FF with time.18 We attributed this decrease to leaching of
the C106 dye into water during the long-term stability test,
which we expect to have a similar scenario in this study, but
unfortunately, it would be hard to detect any leached C106 by
absorption spectroscopy into our highly colored copper-based
electrolyte system, as in the previous study.18 It is worth
mentioning here that we also performed a long-term stability
test on C106 sensitized cells (four individual cells)
incorporating the aqueous iodide/tri-iodide electrolyte system
described before under 1 sun illumination for 30 days (see
Supporting Information, Figure S3). As can be seen from
Figure S3, the PCE % maximizes around 15% at days 5 and 10
from an initial value of PCE % = 11.3% at day 1, while all
photovoltaic parameters start decreasing steeply after that,
reaching null values by day 30. Upon closely inspecting these
cells after day 20, it was obvious that there was profound
bleaching of iodine, where by day 30, the electrolyte looked
transparent and clear to the naked eye. Therefore, despite the
initial good performance of the aqueous iodide/tri-iodide-
based electrolyte system with C106, it failed to show long-term
stability, which renders its usage in aqueous-based DSCs
impractical.

■ CONCLUSIONS
In summary, we were successful in formulating a water-soluble
and stable redox electrolyte system based on a Cu(I)(dc-
dmbpy)2Cl/Cu

(II)(dc-dmbpy)2Cl2 couple (dc-dmbpy = 6,6′-
dimethyl-2,2′-bipyridine-4,4′-dicarboxylate). Even though, and
generally speaking, copper-based redox couples in organic
solvents perform very well when coupled with organic dyes and
not metal-based ones, this was not the case in this study. For
small cells under 1 sun irradiation, higher efficiencies of DSCs
incorporating a ruthenium-based dye, C106, were attained
when compared with the DN-F13 organic dye-based ones
(PCE = 0.63 and 0.39%, respectively). Interestingly, the most
used organic dyes, D35 and LEG4, with copper redox systems
in organic media showed very poor performance with
photocurrents similar to a non-sensitized DSC. We speculate
that the latter two dyes fail to inject electrons upon light
irradiation, unlike DN-F13 in an aqueous-based medium, and
this is mainly due to the position of the respective dyes’

Figure 7. Electron lifetimes obtained from EIS of the C106 (blue-
solid triangles) assembled cell with the CuI/II(dc-dmbpy)2 electrolyte.

Figure 8. I−V curves of DSCs sensitized with C106 (black) and DN-
F13 (red) with the Cu(I)/Cu(II) electrolyte system measured under
100 (dashed), 500 (dashed-doted), 1000 (dotted), and 2000 (solid)
lux white LED light.
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LUMOs and the titania CB. As for the C106-based DSC, light-
intensity dependence of photo-currents was seen, where the
latter deviates from linearity above 0.4 sun irradiation, which is
mainly due to electrolyte diffusion limitation in the pores of
the semiconductor upon the phase segregation usually seen in
aqueous-based DSCs. Cells sensitized with the C106 dye were
successfully tested under low ambient light between 100 and
2000 lux, where the above diffusion limitation is minimized,
giving remarkable PCE % values of more than 7%. Finally, our
copper-based electrolyte system was tested for its long-term
stability when incorporated with the C106 DSCs under 1 sun
and ambient light soaking. Under the former conditions, the
DSCs retained more than 40% of their initial PCE % at day 30,
while the aqueous iodide/tri-iodide analogues deteriorated
completely due to iodine bleaching. However, the C106 DSCs
retained more than 60% of their initial PCE % values at day 30
when subjected to ambient light. Currently, we are working on
an aqueous and quasi-solid version of our copper electrolyte
system to further enhance its long-term stability.
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