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photoelectric performance of
dye-sensitised solar cells using ionic liquid-
modified TiO2 electrodes†

Tomohiko Inomata, *a Ayaka Matsunaga,a Guangzhu Jin,a Takuma Kitagawa,a

Mizuho Muramatsu,a Tomohiro Ozawaa and Hideki Masuda *ab

One of the major problems in dye-sensitised solar cells (DSSCs) is the aggregation of dyes on TiO2

electrodes, which leads to undesirable electron transfer. Various anti-aggregation agents, such as

deoxycholic acid, have been proposed and applied to prevent dye aggregation on the electrodes. In this

study, we designed and synthesised a phosphonium-type ionic liquid that can be modified on the TiO2

electrode surface and used as a new anti-aggregation agent. Although the modification of the ionic

liquid onto the electrode reduced the amount of dye adsorbed on the electrode, it showed a significant

anti-aggregation effect, thereby improving the photovoltaic performance of DSSCs with N3 and J13

dyes. This finding suggests that ionic liquids are effective as anti-aggregation agents for DSSCs.
Introduction

Dye-sensitised solar cells (DSSCs) are gaining attention as next-
generation low-cost and energy-saving solar cells. As the
manufacturing process of DSSCs does not require high vacuum
or temperature, it is expected to consume less energy than that
of conventional solar cells.1,2 In 1993, Grätzel et al. reported the
N3 dye, which is still widely used today because of its ability to
absorb visible light up to 800 nm.3 The N719 dye, in which two
protons on N3 are replaced by tetrabutylammonium ions
(TBA+), was reported in 1999;2 its photoelectric conversion effi-
ciency was as high as 11.2%.4,5 In addition, a conversion effi-
ciency of 12.3% was achieved in a system using a DSSC that
combined a zinc porphyrin complex (YD2-o-C8) with an organic
dye (Y123), and a Co2+/Co3+ redox couple, [Co(bpy)3]

2+/3+.6 The
Z907 dye, in which the carboxyl group of one 4,40-dicarboxy 2,20-
bipyridine (dcbpy) ligand on N3 is replaced with a C9H19–

group, has a photoelectric conversion efficiency of over 7%. It
has been widely studied and is now recognised as a thermally
stable dye.7–9

It is well known that one of the problems in DSSCs is the
aggregation of dyes. The aggregation of dyes on the TiO2 surface
prevents the efficient conversion of absorbed light into elec-
trical energy, and/or causes excited electrons to transfer to
nearby dye oxidants. This is attributed to the low photovoltaic
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performance of DSSCs. To improve the performance of DSSCs,
various molecules have been explored and added to the dye
solutions. For example, it was reported that the addition of
cholic acid (CA) improved both the short-circuit current density
(JSC) and open-circuit voltage (VOC) in a system containing
porphyrin derivatives.10 Studies have also been conducted using
hexadecylmalonic acid (HDMA),8 1-decylphosphonic acid
(DPA),7 3-phenylpropionic acid (PPA),9 deoxycholic acid (DCA),11

and chenodeoxycholic acid (CDCA).12–14 Among these, CDCA is
the most common anti-aggregation agent. When the surface of
TiO2 is bare, reverse electron transfer can occur between the
TiO2 electrode and the electrolyte. While CDCA has been found
to suppress reverse electron transfer, studies on the introduc-
tion of various blocking layers on the TiO2 surfaces have also
been conducted.15–17 In addition to the introduction of co-
adsorbed molecules, it was reported that the stacking of metal
oxides (such as SiO2, Al2O3, and ZrO2) on the TiO2 surface
suppressed electron recombination.18 It was also found that the
adsorption of imidazolium-based insulator on the electrode
surface prevented the aggregation of the dye and suppressed
reverse electron transfer.19 Studies involving the use of different-
sized siloxane molecules to cover the TiO2 electrode surface
have also been carried out.20

An ionic liquid (IL) is a molten salt that generally maintains
a liquid state below 100 �C. ILs have recently attracted attention
as an environmentally friendly solvent.21,22 ILs are non-volatile
and ame resistant. They have wide potential windows and
low viscosity despite their ionic nature. Because of the non-
volatility of IL, it can be recovered with almost high purity
aer being used in material production and can be reused.
Moreover, ILs have been extensively studied as a green solvent
owing to their excellent ame retardancy and stability. In the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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21st century, ionic conductivity and thermal stability have
attracted considerable attention. Therefore, ILs have been
actively studied as electrolytes and reaction solvents for fuel
cells,23 DSSCs,24,25 and lithium-ion secondary batteries.26

However, ILs are difficult to purify due to their low volatility,
and their preparation is expensive. Therefore, the large-scale
industrial application of ILs in batteries and cells is difficult.

Recently, our group reported a few studies on electrodes
modied with bulky phosphonium/ammonium-type ILs. These
include the capture of exogenous compounds,27 four-electron
reduction of molecular oxygen,28 NO sensing in water,29 and
electrocatalytic CO2 reduction.30 The electrodes modied with
bulky ILs provide a specic reaction eld on the electrode
surface that improves the stability and catalytic activity of the
encapsulated compounds.

From the above-mentioned studies on IL-modied elec-
trodes27–30 and the adsorption of the insulator which has the IL-
like structure on the TiO2 electrode,19 we decided to study the
application of ILs as an anti-aggregation agent for DSSCs. Fig. 1
shows the schematic structures of the ILs, dyes, and the
conventional anti-aggregation agent, CDCA. The IL units
modied on the electrode are expected to prevent dye aggre-
gation. Their cationic character may be advantageous for the
smooth transport of the anionic redox couple (I3

�/I�). In this
study, we prepared IL-modied TiO2 electrodes encapsulating
the sensitising dyes N3 and J13. N3 is a dye with high photo-
voltaic performance,3 and J13 31 is one of the ruthenium
complex-based dyes in the J series that was previously syn-
thesised by our group.32–34 We fabricated DSSCs using these
dyes with IL-modied TiO2 electrodes and evaluated their
photovoltaic performances. DSSCs using IL-modied TiO2

electrodes showed higher anti-aggregation effect than those
using the conventional anti-aggregation agent, CDCA.
Experimental
General
1H NMR spectra were recorded on a Varian Gemini-2000 XL-300
MHz FT NMR spectrometer with TMS as the internal standard.
Electronic absorption (UV/vis) spectra were recorded using
Fig. 1 Schematic views of (a) ionic liquids used for the surface modifica
chenodeoxycholic acid (CDCA).

© 2022 The Author(s). Published by the Royal Society of Chemistry
a JASCO V-570 UV/vis spectrophotometer. Infrared (IR) spectra
were recorded using a JASCO FT/IR-4200 spectrometer. Elec-
trospray ionisation mass spectra (ESI-MS) were obtained with
a Micromass LCT ESI-TOF MS. Wavelength-dispersive X-ray
spectroscopy (WDS) measurements were recorded using JEOL
electron probe microanalysers JXA-8230 and JXA-8530F.
Elemental analysis was performed using an Elemental Vario
El Cube CHNOS analyser.
Chemicals

All reagents and organic solvents were purchased from Kanto
Chemical, Kishida Chemical, Nacalai Tesque, Sigma-Aldrich,
TCI, Wako Pure Chemical Industries, and Yoneyama Yakuhin
Kogyo, and were used without further purication. Distilled
water was obtained from an EYELA SA-2100E automatic water
distillation apparatus. Thin-layer chromatography (TLC) was
performed using a Merck TLC Silica 60 F254. Column chro-
matography was carried out with Kanto Chemical spherical
silica gel 60 N (neutral, 63–210 mm).
Solar cell fabrication

A Pilkington uorine doped tin oxide (FTO) glass plate (Tec15,
ohm per sq) was cut into a 2 � 2 cm piece and washed in MeCN
for 30 min using an ultrasonic cleaning machine. The TiO2

paste (PST-18NR) was deposited on the FTO glass plate (as an
adsorption layer for the dye chromophore) and heated at 100 �C
for 10 min. The electrode was coated with TiO2 paste (PST-400C)
as a light-scattering layer, and sintered at 530 �C for 1 h. Aer
cooling, the TiO2/FTO electrode was immersed in a tert-butyl
alcohol/MeCN (1 : 1, v/v) solution containing 0.3 mM of sensi-
tised dye (N3 or J13) and various concentrations of ionic liquid
(IL6664 or IL66611) for half a day. Aer washing with the tert-butyl
alcohol/MeCN solution, the resultant dye/IL-modied TiO2/FTO
electrode was used as the electrode of the DSSC. Reference cells
were prepared by immersing the plate in a 0.3 mM tert-butyl
alcohol/MeCN (1 : 1, v/v) solution containing N3 or J13 for half
a day. To prepare the platinum electrode, an FTO plate was
dipped into a 30 mM solution of 2-propanol and H2PtCl6$6H2O,
then burnt at 385 �C for 30 min. The Pt electrode and TiO2/FTO
tion of electrodes (IL6664 and IL66611), (b) N3 dye, (c) J13 dye, and (d)

RSC Adv., 2022, 12, 19624–19631 | 19625
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electrodes covered with dye or dye/IL were pasted using epoxy-
based adhesive or UV-cured resin. An electrolyte comprising
LiI (0.1 M), I2 (0.05 M), 1,2-dimethyl-3-propylimidazolium
iodide (0.6 M), and 4-tert-butylpyridine (0.5 M) in MeCN
(HPLC grade) was used.
Estimation of surface coverage of adsorbed dyes and ILs on
TiO2 electrodes

The amounts ofN3 and J13 adsorbed were estimated using UV/vis
spectroscopy aer base treatment. A 0.1MNaOH solution (forN3)
and a 0.1 M NaOH solution in H2O/MeOH (1 : 1) (for J13) were
used for the base treatments. WDS measurements were recorded
to determine the surface ratios of the dyes and ILs. The surface
coverages of the ILs were estimated from the ratio of P atoms
(originating from ILs) to Ru atoms (originating from the dyes).
Photovoltaic measurements

The photovoltaic performance of the DSSCs was measured with
an Asahi Spectra IVP-0605 current–voltage (I–V) curve
measurement recorder. An Asahi Spectra HAL-302 solar simu-
lator was used to simulate the intensity of 1 sun (100 mW cm�2,
AM 1.5) at the surface of the DSSC samples. To ensure that the
irradiation area is identical across all samples, each DSSC was
covered with a black tape containing a hole (size: 0.07 cm2)
during the measurements to minimise the inuence of stray
light. Incident photo-to-current conversion efficiency (IPCE)
spectra for DSSCs based on N3/TiO2 and N3 + IL66611/TiO2 were
recorded with a Newport benchtop optical power meter model
1936-R using an Asahi Spectra PVL-4000 EX3 wavelength-
tunable light source.
EIS spectra measurements

The EIS spectra of N3/TiO2 and N3 + IL66611/TiO2 were carried
out using an ALS/CH Instruments electrochemical analyzer
model 660EKA. EIS measurements were performed at several
potentials of the substrates with a frequency range from 10�2 to
106 Hz at an amplitude of 5 mV.
Preparation of ILs and Ru complex dyes

The ILs (IL6664 and IL66611) were prepared according to Scheme
S1† and the procedures are described below. The 1H NMR, FT-
IR, and ESI-TOF MS spectra of the ILs are shown in Fig. S1–S6.†
The Ru complex dyes, N3 and J13, were prepared according to
previous methods.3,31 The ESI-TOF MS and 1H NMR spectra of
the N3 and J13 are shown in Fig. S7–S9.†

Synthesis of 4-(carboxypropyl)trihexylphosphonium
bromide. 4-Bromobutyric acid (36.5 mmol) was dissolved in
toluene (60 mL) under Ar in a 300 mL eggplant ask. A solution
containing toluene (120 mL) and trihexylphosphine (36.5
mmol) was then added dropwise to the ask over 6 h. The
resultant solution was stirred for one week under Ar atmo-
sphere at room temperature. The solution was then evaporated
using a vacuum line, giving a viscous liquid. Aer washing with
hexane, the liquid was puried using column chromatography
19626 | RSC Adv., 2022, 12, 19624–19631
(CHCl3/MeOH, 11 : 1), giving a colourless viscous liquid. Yield:
2.50 g (15%).

Synthesis of 4-(carboxypropyl)trihexylphosphonium
triuoro-methanesulfonate (IL6664). 4-(Carboxypropyl)trihexyl-
phosphonium bromide (7.67 mmol) was dissolved in THF (10
mL) in a 100 mL eggplant ask. A solution containing THF (5
mL) and triuoromethanesulfonate (11.35 mmol) was added to
the ask, and the mixture was stirred for 1 h at room temper-
ature. The solution was ltered using Celite, and the ltrate was
evaporated using a vacuum line. The residue was dissolved in
CH2Cl2 (50 mL) and washed thrice with Milli-Q water (50 mL).
Residual Cl� ions were removed by adding aqueous AgNO3 into
the aqueous layer. The organic layer was dried using anhydrous
Na2SO4. Aer evaporation in vacuo, a yellow viscous liquid was
obtained. The liquid was puried using column chromatog-
raphy (CHCl3/MeOH, 11 : 1). Yield: 1.56 g (39%). 1H NMR
(CD3OD, 300 MHz) d ppm: 0.95 (t, 9H, –CH3), 1.31–1.63 (m, 24H,
–CH2–), 1.88 (m, 2H, –CH2–), 2.23–2.35 (m, 8H, P+CH2–), 2.55 (t,
2H, –CH2COOH). FT-IR (DR, cm�1): 2934 (nC–H), 1732 (nC]O),
1256 (nSO3

�), 1222 (nC–F), 1156(nC–F), 1031 (nSO3
�). ESI TOF-MS

(positive mode) m/z ¼ 373.42 ([M]+).
Synthesis of 11-(carboxypropyl)trihexylphosphonium

bromide. 11-(Carboxypropyl)trihexylphosphonium bromide
was synthesised in the same manner as 4-(carboxypropyl)-
trihexyl-phosphonium bromide. 11-Bromoundecanoic acid
was used instead of 4-bromobutyric acid. Yield: 1.00 g (10%).

Synthesis of 11-(carboxypropyl)trihexylphosphonium tri-
uoromethanesulfonate (IL66611). IL66611 was synthesised in
the same manner as IL6664. 11-(Carboxypropyl)trihex-
ylphosphonium bromide (1.52 mmol) was used instead of 4-
(carboxypropyl)-trihexylphosphonium bromide. Yield: 113.3 mg
(49%). 1H NMR (CDCl3, 300 MHz) d ppm: 0.94 (t, 9H, –CH3),
1.27–1.58 (m, 40H, –CH2–), 2.16–2.30 (m, 10H, P+CH2–, –CH2-
COOH). FT-IR (DR, cm�1): 2933 (nC–H), 1732 (nC]O), 1257 (nSO3

�),
1223 (nC–F), 1157 (nC–F), 1030 (nSO3

�). ESI TOF-MS (positive mode)
m/z ¼ 471.43 ([M]+).

Results and discussion
Preparation of ILs and sensitised Ru complex dyes

For the modication of ILs on the TiO2 electrode surface,
tertiary phosphonium-type ILs with terminal carboxylic acids
were synthesised. The terminal carboxylic acid is well known as
the anchor group for the modication of the TiO2 electrode
surface.20 The carboxylic acid and –OH groups on the TiO2

surface are condensed via dehydrogenation. As a result, mole-
cules containing carboxyl groups are strongly bonded to the
TiO2 surface. ILs with different alkyl chain lengths (Fig. 1a) were
designed and synthesised to evaluate the effects of ILs on the
photovoltaic performance of DSSCs. The numerical abbrevia-
tions of the ILs (IL6664 and IL66611) refer to the number of C
atoms in each alkyl moiety (the linker moiety contains the C
atom of the carboxyl group). The ILswere prepared based on our
previous reports on ILs with disulde groups for Au surface
modication.27 All ILs were synthesised by reacting trihex-
ylphosphine with carboxylic acids containing a terminal
bromide group. IL6664 was obtained as a solid, likely because of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption amounts of N3 and ILs (IL6664 and IL66611) under various immersion conditions

TiO2 electrode
Immersion condition
(N3 dye : IL)

Ratio of N3
dye : IL on TiO2

Amount of N3 dye
adsorbed on TiO2 (mol cm�2)

N3 dye
decrease rate (%)

Amount of IL
adsorbed on TiO2 (mol cm�2)

N3/TiO2 — — 8.73 � 10�8 — —
N3 + IL6664/TiO2 1 : 5 1 : 0.68 6.42 � 10�8 23 4.37 � 10�8

1 : 10 1 : 0.85 5.95 � 10�8 32 5.06 � 10�8

1 : 15 1 : 0.87 5.64 � 10�8 35 4.91 � 10�8

N3 + IL66611/TiO2 1 : 1 1 : 0.18 7.95 � 10�8 8.9 1.43 � 10�8

1 : 10 1 : 0.47 8.12 � 10�8 7.0 3.83 � 10�8

1 : 20 1 : 0.59 8.18 � 10�8 6.3 4.83 � 10�8

1 : 50 1 : 0.78 8.03 � 10�8 8.0 6.26 � 10�8

1 : 100 1 : 1.00 8.32 � 10�8 4.7 8.32 � 10�8
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its short alkyl chains. IL66611 was obtained as a viscous liquid
owing to its long alkyl chains. The ILs were characterised by 1H
NMR, FT-IR, and ESI-MS spectroscopy.

N3 and J13 were chosen as the sensitising dyes in this study.
The structures of the dyes are shown in Fig. 1b. N719 is oen
used as the standard dye in studies involving DSSCs. However,
N719 contains two tetrabutylammonium ion (TBA+) units,
which are introduced through a cation exchange reaction of N3.
In this study, we used quaternary phosphonium-type ILs, which
are very similar to quaternary ammonium cations, such as the
TBA+ units in N719. Therefore, when N719 will be used in this
study, an unfavourable cation exchange reaction will occur
between TBA+ and the ILs. To exclude the cation exchange effect
and evaluate the net effect of ILs, we decided to use the N3 dye
in this study. The J13 dye, which we previously developed, has
a relatively high conversion efficiency.31 In this study, N3 and
J13 were used to study the effects for dye materials with
different structures. Furthermore, the I�/I3

� redox couple was
used for all DSSCs fabricated in this study. Our previous studies
using ILs-modied substrates indicate that the relatively large-
sized molecules are blocked their transportation between the
modied ILs layer on the electrode and the electrolyte solution
interface.27–29 Thus, we chose the I�/I3

� redox couple as the
small and typical one for the DSSCs in this study. The dyes were
synthesised according to a previously reported method and
were characterised by 1H NMR, ESI-MS, FT-IR, UV/vis spec-
troscopy, and elemental analysis.

Preparation of IL- and N3-modied TiO2 electrodes

The modication of ILs and N3 onto the TiO2 surfaces was
carried out by immersing the TiO2 electrodes in a solution of tert-
butyl alcohol/acetonitrile (1 : 1) containing the ILs and N3. Table
1 lists the adsorption values of the ILs and N3. Solutions con-
taining N3 and ILs of different alkyl chain lengths (IL6664 and
IL66611) at various concentrations were prepared and the TiO2

electrodes were immersed in them. The concentration of N3 was
xed at 0.3 mM, and the concentration of ILs was varied in the
range of 1–100 equivalents toN3. The amount ofN3 adsorbed on
the surface was estimated using the UV/vis spectra recorded aer
desorption from the TiO2 surface by treatment with a base. The
ratio of N3 to ILs adsorbed was estimated using the WDS
measurements of Ru atoms from N3 and P atoms from the ILs.
© 2022 The Author(s). Published by the Royal Society of Chemistry
As the ratio of IL6664 to N3 on the TiO2 electrode increased,
the amount ofN3 adsorbed decreased signicantly, whereas the
amount of IL6664 adsorbed did not change signicantly (only N3
adsorption decreased by 35% at IL6664 : N3 ¼ 1 : 0.87). There
was no signicant difference in the adsorption rate of N3 to
IL6664 on the TiO2 surface. Therefore, we postulated that the
adsorption of N3 was hindered to some extent when IL6664 was
adsorbed on the surface. In our previous study, we reported that
bulky ILsmodied with thiol groups on Au electrodes can create
adequate space between ILs for relatively large molecules to be
introduced into them.27–29 As seen in Fig. 1a, the –CH2– linker
chain in IL6664 is very short. When IL6664 is modied, there is
not enough space between the modied ILs on TiO2 to adsorb
the N3 dye; thus, the surface coverage of N3 decreases.

In contrast, for IL66611, which has a long –CH2– linker chain,
there was no signicant decrease in the amount ofN3 adsorbed,
even when the ratio of IL in the soaking solution increased (the
maximum decrease in the amount of N3 adsorbed was less than
10%). The amount of IL66611 adsorbed increased as the ratio of
IL in the soaking solution increased. This indicates that N3 is
rst adsorbed on TiO2, followed by IL66611, which is adsorbed in
the gaps between the adsorbed N3 particles. Due to the long
–CH2– chain in IL66611 (Fig. 1a), the adsorption of IL66611 was
not inhibited by the adsorption of N3 on the exposed TiO2

surface. Because all the ILs had the same headgroup (trihexyl-
phosphonium moiety), it was suggested that the size of the
space created on TiO2 depends on the length of the –CH2–

linker chain, which had a signicant effect on the adsorption
surface area of N3.

Photovoltaic performance of DSSCs with IL-modied TiO2

electrodes

Based on the surface coverages of N3 and ILs on TiO2, IL66611
was found to be a suitable candidate as an anti-aggregation
agent. Thus, we evaluated the photovoltaic performance of
DSSCs using IL66611. Fig. 2 shows the I–V characteristics of the
DSSCs with N3/TiO2 and N3 + IL66611/TiO2 electrodes. The
photovoltaic parameters are listed in Table 2. The open-circuit
voltage (VOC), short-circuit current density (JSC), ll factor (FF),
and conversion efficiency (h) of the N3-based DSSC are 0.590 V,
13.9 mA cm�2, 0.673, and 5.54%, respectively. The introduction
of IL66611 improved all the photovoltaic parameters of the DSSCs
RSC Adv., 2022, 12, 19624–19631 | 19627
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with N3 + IL66611/TiO2 electrodes. In particular, the greatest
improvement in efficiency was observed for the electrode
modied with N3 and IL66611 in the ratio of 1 : 1. The VOC, JSC,
FF, and h of the DSSC are 0.641 V, 15.9 mA cm�2, 0.705, and
7.20%, respectively. This shows a 30% increase in efficiency
compared to that of N3 only. Although the surface coverage of
N3 adsorbed on TiO2 was slightly decreased by IL modication,
all the photovoltaic parameters of the DSSCs improved. This
suggests that the modication with ILs achieved an anti-
aggregation effect and suppressed reverse electron transfer.
The reduction of dark current (Fig. 2b) suggests that ILs
suppress the direct electron transfer between the TiO2 electrode
and the I�/I3

� redox couple. Fig. S10† shows the IPCE spectra of
the DSSCs based on N3/TiO2 and N3 + IL66611/TiO2 (1 : 0.78 and
1 : 1.00). The IPCE values of two DSSCs based on N3 + IL66611/
TiO2 were improved than that of N3/TiO2 in all measurement
regions. This phenomenon also indicates that the IL66612 units
modied on the TiO2 electrode surface work as a good anti-
aggregation regent.

The performances of the solar cells with the J13 dye are
shown in Fig. 3 and Table 3. The VOC, JSC, FF, and h of the DSSC
with only J13 are 0.574 V, 10.2 mA cm�2, 0.612, and 3.58%,
respectively. Similarly, as in the case of N3, the introduction of
ILs greatly improved the photovoltaic parameters. The most
signicant improvement was observed for the electrode modi-
ed by J13 and IL66611 at a 1 : 0.29 ratio, where VOC, JSC, FF, and
h are 0.641 V, 11.6 mA cm�2, 0.648, and 4.80%, respectively. In
this case, the conversion efficiency of the DSSC fabricated with
J13 + IL66611/TiO2 was 34% higher than that of the DSSC fabri-
cated with J13 only. The same effect was observed for different
dyes, suggesting that the modication with ILs is very effective
in inhibiting dye aggregation and reverse electron transfer. As
in the case of N3, the dark current of J13 was also reduced upon
modication with ILs (Fig. 2b). For bothN3 and J13, the effect of
IL66611 modication was signicant. However, despite similar
immersion conditions, the amount of IL66611 adsorbed on the
TiO2 electrode with J13 was lower than that with N3 (Tables 2
and 3). This could be due to differences in the adsorption
structures of the dyes on the TiO2 surface. The N3 dye had four
carboxyl groups, whereas the J13 dye had only two carboxyl
Fig. 2 Current–voltage characteristics of DSSCs with N3 and N3 + IL66

19628 | RSC Adv., 2022, 12, 19624–19631
groups, as well as a terminal C4H9O– group. Thus, the orien-
tation of J13 on the TiO2 surface is more suppressed than that of
N3. These structural characteristics probably caused steric
hindrance with the ILs. As a result, the unmodied area of the
TiO2 surface of the DSSC with J13 + IL66611 appeared to be larger
than that of the DSSC with N3 + IL66611.
Performance of ILs as anti-aggregation agents

The performance of IL66611 as an anti-aggregation agent was
compared to that of solar cells fabricated using and cheno-
deoxycholic acid (CDCA), a conventional anti-aggregation agent.
The results are summarised in Table 4. The performance of the
solar cells with N3 decreased with the introduction of CDCA,
which could be due to the decrease in the surface coverage ofN3
(the surface coverage of N3 decreased to approximately 30%
upon modication with CDCA). In contrast, the performance of
the solar cells with IL66611 improved signicantly. When IL66611
was used, the decrease in surface coverage of N3 was consid-
erably lower (the N3 coverage only decreased to approximately
95%). This could be because IL66611 was able to enter the
interstitial space of the N3 dye, preventing aggregation without
reducing the amount of N3 adsorbed. When the same experi-
ment was carried out with J13, the results were very similar to
those of N3. This is because IL66611 can be adsorbed onto the
surface without reducing the amount of dye adsorbed, as
explained above. In other words, IL66611 can act as an anti-
aggregation agent for various sensitising dyes. In addition,
unlike CDCA, IL66611 has a positive charge, which may improve
the conversion efficiency. To clarify the role of the ILs modied
on the TiO2 surface, we measured the EIS spectra of N3/TiO2

and IL66611/TiO2 in the electrolyte solution. EIS spectra are oen
used to analyse the various interfaces on the electrodes.35,36 The
results of the measurements of the EIS spectra at different
potentials are shown in Fig. S11 and S12.† The several param-
eters related to the surface resistances and capacitances
summarized in the gures were obtained by the curve-tting of
the Nyquist plots of N3/TiO2 and N3 + IL66611/TiO2 using the
equivalent circuit shown in Fig. S13.† The surface-modied ILs
did not affect the Rct1 values which are the resistances between
611 (a) under irradiation and (b) in the dark.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photovoltaic performance of DSSCs with N3 and N3 + IL66611

DSSC
Immersion condition
(N3 dye : IL)

Ratio of N3
dye : IL on TiO2 VOC (V) JSC (mA cm�2) FF h (%)

Increase rate of
h (%)

N3 — — 0.590 13.9 0.673 5.54 —
N3 + IL66611/TiO2 1 : 20 1 : 0.59 0.593 15.2 0.682 6.47 17

1 : 50 1 : 0.78 0.663 14.7 0.715 6.95 25
1 : 100 1 : 1.00 0.641 15.9 0.705 7.20 30

Fig. 3 Current–voltage characteristics of DSSCs with J13 and J13 + IL66611 (a) under irradiation and (b) in the dark.

Table 3 Photovoltaic performance of DSSCs with J13 and J13 + IL66611

DSSC
Immersion condition
(J13 dye : IL)

Ratio of J13
dye : IL on TiO2 VOC (V) JSC (mA cm�2) FF h (%)

Increase rate of
h (%)

J13 — — 0.574 10.2 0.612 3.58 —
J13 + IL66611/TiO2 1 : 20 1 : 0.29 0.641 11.6 0.648 4.80 34

1 : 50 1 : 0.45 0.614 10.2 0.671 4.22 18
1 : 100 1 : 1.44 0.617 12.0 0.622 4.62 29

Table 4 Comparison of CDCA and IL66611 as the anti-aggregation agent for DSSCs

DSSC VOC (V) JSC (mA cm�2) FF h (%)
Increase rate
of h (%)

N3 0.590 13.9 0.673 5.54 —
N3 + CDCA/TiO2 0.633 10.0 0.679 4.30 �22
N3 + IL66611/TiO2 0.641 15.9 0.705 7.20 +30
J13 0.574 10.2 0.612 3.58 —
J13 + CDCA/TiO2 0.578 8.78 0.627 3.18 �11
J13 + IL66611/TiO2 0.641 11.6 0.648 4.62 +34
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the FTO and the TiO2 electrodes. On the other hand, the Rct2

values which are the resistances between the TiO2 surface and
the electrolyte solution were lowered by the ILs on the TiO2

surfaces. These phenomena indicate that the positively-charged
ILs on the TiO2 surface contribute to the decline of the interface
resistance between the TiO2 surface and the electrolyte solution.

Furthermore, it is known that the introduction of a cation
(such as TBA+) into some of the carboxylic acid moieties of N3
improves solar cell performance. From the DFT calculations, it
© 2022 The Author(s). Published by the Royal Society of Chemistry
was found that this was due to the increase in the energy level of
N719 when the carboxylic acid moiety was replaced with TBA+.5

In this study, one of the possible reasons for the improved solar
cell performance is also that the positive charge of the ILs has
the same effect as TBA+ and interacted with the carboxylic acid
moieties that were not adsorbed.

From our previous studies, the IL-modied substrates have
enhanced the stability and durability of the entrapped
compounds.28,29 The IL-modied TiO2 electrodes are expected to
RSC Adv., 2022, 12, 19624–19631 | 19629
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have a similar effect on the surface-modied dyes. However, due
to factors such as the durability of the fabricated DSSC (e.g.,
electrolyte leakage) for long-time measurements, it is currently
not achieved to evaluate the effect of the IL units modied on
the TiO2 electrode. Now, we are attempting to rigorously eval-
uate the contribution of the IL-modied electrodes to the
durability of DSSCs.
Conclusions

Ionic liquid-modied TiO2 electrodes were used to prevent the
aggregation of dyes on the electrodes and improve the photo-
voltaic performance of DSSCs. The structures of the dyes and
ILs had a signicant effect on the surface coverage of the dyes
adsorbed on the TiO2 surface. Using IL66611 with a long –CH2–

linker chain, we succeeded in reducing the decrease in the
amount of dye adsorbed. ILs were also found to outperform the
conventional anti-aggregation agent, CDCA. It was shown that
the use of positively-charged ILs as anti-aggregation agents
enhanced the performance of solar cells without reducing the
amount of dye adsorbed. The advantage of the ILs used in this
study is that various structures can be synthetically designed,
and we believe that they can be used as new anti-aggregation
agents in the future.
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