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A low molecular mass organogelator electrolyte
with TiO, nanoparticles for stable and efficient
quasi-solid-state dye sensitized solar cellst

Wubshet Mekonnen Girma,}? Chia-Hung Chen,}?* Cheng-Hsien Yang,? Po-I. Wang,?
Keng-Liang Ou,*““*" Der-Jang Liaw*? and Jia-Yaw Chang*®

We report stable and efficient quasi-solid-state dye-sensitized solar cells (QS-DSSCs) fabricated using
a combination of TiO, nanoparticles and a low-molecular-mass organogelator (LMOQG) as a nanoparticle—
gel composite electrolyte. Three types of electrolyte, namely liquid, LMOG-based gel, and nanoparticle—gel
composite, are used. The results of electrochemical impedance spectroscopy and intensity-modulated
photocurrent/photovoltage spectroscopy measurements suggest that the presence of TiO, nanoparticles in
the nanoparticle—gel composite electrolyte could afford faster electron transport and a longer electron
recombination time compared to the liquid and LMOG-based gel electrolytes. The QS-DSSC using the
nanoparticle—gel composite electrolyte with the optimal TiO, content exhibits a power conversion
efficiency of 7.79%, which is significantly higher than that of devices using the liquid (7.22%) and LMOG-
based gel (7.21%) electrolytes. Remarkably, the QS-DSSCs with the optimal nanoparticle-gel composite
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1. Introduction

Dye-sensitized solar cells (DSSCs) are considered to be one of
the best options for the conversion of sunlight to electricity
because they are made of nontoxic, inexpensive materials and
have a high conversion efficiency of 13%." Much research has
been done regarding the conversion efficiency of the dye in
DSSCs. Electrolytes play an important role in the inner charge
transport between the electrodes and continuously regenerate
the dye itself during DSSC operation, determining the efficiency
and long-term stability of the DSSC. Use of traditional organic
liquid electrolytes containing the I /I; redox couple in such
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electrolyte exhibit long-term stability over 10 days, unlike the liquid electrolyte-based cells.

cells have practical problems such as leakage and evaporation,
corrosion of the counter electrode, hermetic sealing of the cells,
and lack of long-term stability of the cells.>® To overcome these
problems, strong efforts have been made to replace the
conventional liquid electrolyte with solid-state electrolytes.
Room-temperature ionic liquids (ILs) are considered to be the
best solvent alternatives to conventional organic liquid elec-
trolytes in DSSCs owing to their physical properties such as
ionic conductivity, thermal stability, and relatively low vola-
tility.** The use of IL electrolytes in DSSCs solves the leakage
problem to a certain extent, but to further improve the
mechanical stability and fully exploit the advantages of DSSCs,
solid-state electrolytes have been regarded as a vital alterna-
tive.*” Various additives have been used in IL electrolytes to
enhance the photocurrent and photovoltage. Among them,
organic/inorganic semiconductors,*** polymer gel electro-
Iytes,™ nanoparticles," and low-molecular-mass organogelators
(LMOGSs)'*"” have been considered as good candidates.
LMOGs have the advantage of thermoreversibility; hot solu-
tions of a low-viscosity electrolyte can efficiently fill the nanopores
of a TiO, photoelectrode, and upon cooling, they re-form its
structure, yielding a mechanically stable quasi-solid electrolyte.
The molecules of LMOGs are able to self-assemble into finely
dispersed anisotropic aggregates within the organic solvent to
form a three-dimensional network through interactions between
LMOG molecules such as hydrogen bonding, hydrophobic inter-
actions, m-7 interactions, and electrostatic interactions.'® Many
groups have made great efforts along these lines; for example, Tao
et al.* reported that N,N-methylenebisdodecanamide could be
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used as an efficient LMOG to gelate 1-methyl-3-hexylimidazolium
iodide containing an IL electrolyte, and they also used
N,N'-1,5-pentanediylbis-dodecanamide to gelate 1,2-methyl-3-
propylimidazoliumiodide (DMPII) containing an IL electrolyte.2*>*

The incorporation of nanoparticles such as TiO,, SiO,, ZnO,
or Al,O; (ref. 22-24) into an IL electrolyte has been found to
improve the long-term stability of DSSCs and to enhance
the ionic conductivity, improving the charge transport
dynamics.”>*” However, the effect of nanoparticles in LMOG-
based gel electrolytes has received less attention.

In this work, we report the first attempt to add TiO, nano-
particles to a LMOG-based gel electrolyte to increase the
photovoltaic conversion efficiency (PCE) and long-term stability
of DSSCs. DMPII and N,N’-1,3-propanediylbis-dodecanamide
(denoted as an LMOG) were chosen as the liquid and gel elec-
trolytes, respectively. The effects of liquid, gel, and nano-
particle-gel composite electrolytes on the interfacial charge
transfer processes in DSSCs were investigated in detail using
impedance analysis. The cell using the TiO, nanoparticle-gel
composite electrolyte with the optimal TiO, concentration
exhibited a PCE of 7.79%; this value is significantly higher than
those of the cells using the liquid and gel electrolytes, which
were ca. 7.22% and 7.21%, respectively.

2. Experimental methods

2.1 Preparation of the low molecular mass organogelator
(LMOG)

N,N'-1,3-Propanediylbis-dodecanamide (an LMOG) was synthe-
sized by the following procedure.'® Lauroylchloride (46.7 mmol)
was added to NHCO; (43.3 mmol) in a mixture of water (50 mL)
and ether (50 mL) at 0 °C. Then 1,3-diaminopropane (14.7
mmol) was added dropwise to the above mixture over 20 min at
0 °C. The reaction was stirred for 8 hours at room temperature.
The resulting reaction product was isolated by suction filtration
and washed twice with ether and DI water. After recrystalliza-
tion with ethanol, a white powder (6.1248 g, 95.13%) polymer
was obtained. The polymer was characterized by proton nuclear
magnetic resonance spectroscopy (1H NMR; AVIII-500 MHz
FT-NMR, Bruker, USA; ESI, Fig. S17).

2.2 Synthesis of TiO, nanoparticles

A mixture of 28.6 mmol titanium tetraisopropoxide (97%,
Aldrich), 2.1 mL of isopropyl alcohol, and 50 mL of distilled
water was prepared. Subsequently, the pH value of the reaction
mixture was adjusted to 2.0 by dropwise addition of acetic acid.
Then the solution was transferred to a Teflon autoclave and
held at a reaction temperature of 230 °C for 12 h. After the
reaction was complete, the solution was cooled to room
temperature. A certain amount of ethanol was added to the
solution, and the mixture was centrifuged at 6000 rpm. The
precipitated TiO, nanoparticles were then dried and weighed.

2.3 Synthesis of different electrolytes

The liquid electrolyte consisted of 0.50 mmol I, (99.99%,
Across), 0.4 mmol LiI (99.99%, Aldrich), 4.50 mmol tert-butyl
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pyridine (96%, Aldrich), and 4.73 mmol DMPII in 4.33 mL of
acetonitrile (99.9%, J-T Baker).

The gel electrolyte was prepared by adding 3 wt% (see ESI,
Fig. S2 and Table S1t) of the LMOG to the liquid electrolyte and
heating the mixture under stirring until the gelator melted. The
mixture was then cooled to room temperature, and the gel
electrolyte was obtained.

To prepare the nanoparticle-gel composite electrolyte, the
liquid electrolyte, N,N'-1,3-propanediylbis-dodecanamide (3
wt%) and various quantities of TiO, nanoparticles (0.5-3.0 wt%)
were mixed and heated under stirring until the gelator melted.
Then the mixture was cooled to room temperature, and the
nanoparticle-gel composite electrolyte was obtained.

2.4 Fabrication of DSSCs

The DSSCs were fabricated as follows: TiO, paste was screen-
printed on fluorine-doped tin oxide glass (Hartford Glass, 8 Q
per square) to obtain a nanocrystalline electrode having
a transparent layer approximately 9.09 pm in thickness and
a scattering layer approximately 1.41 pm in thickness. After heat
treatment at 500 °C for 30 min, the nonporous TiO, photo-
electrode was immersed in 0.5 mM cis-dithiocyanate-N,N-bis-(4-
carboxylate-4 tetrabutylammoniumcarboxylate-2,2-bipyridine)
ruthenium(u) (N-719 dye, UR) in acetonitrile/¢-butanol (1 : 1, v/
v) at room temperature for 24 h. The platinized counter elec-
trode was obtained using DC sputtering equipment (Q150RS,
Quorum, USA) at 20 mA and 2 x 10> Torr for 240 s. The DSSCs
were assembled by sealing the dyed nanoporous TiO, photo-
electrode and counter electrode with thermal adhesive films
using a 60 pum-thick Surlyn® sheet (Aubonne, Switzerland) as
a spacer. The liquid electrolyte was injected through the holes
in the counter electrode, which were later sealed by a hot-melt
adhesive. The gel electrolyte was heated to 120 °C under stir-
ring until the gel became completely liquid. Then the hot
solution (electrolyte) was rapidly injected into the cell which
was sealed using a method similar to that used for the liquid
electrolyte. After the electrolyte cooled to room temperature,
a gel layer exhibiting uniform motion was formed within the
cell. Similarly, the nanoparticle-gel composite electrolyte was
heated to 120 °C under stirring until the composite gel became
liquid and the liquid gel was immediately injected through the
holes into the cell. Then the cell was sealed with a hot-melt
adhesive. After cooling, a uniform motionless gel was formed
in the cell.

2.5 Characterization

The morphologies of the gels and nanoparticles were obtained
by field emission scanning electron microscopy (SEM; JSM-
6500F, JEOL, Japan). A two-electrode system was used for
cyclic voltammetry (CV) which was recorded on an electro-
chemical workstation (Zennium, Germany) with a platinum
ultra-microelectrode as the working electrode and a platinum
disk electrode as the counter and reference electrodes. Elec-
trochemical impedance spectroscopy (EIS) was measured with
an electrochemical analyzer (Zennium, Germany). Z-View soft-
ware (Zennium, Germany) was used to fit the EIS spectra. The

This journal is © The Royal Society of Chemistry 2017
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intensity modulated photocurrent/photovoltage spectroscopy
(IMPS/IMVS) measurements were performed using an electro-
chemical workstation (Zennium, Germany) under a modulated
light emitting diode (A = 479 nm), as described elsewhere.?*°
The incident photon-to-current conversion efficiency (IPCE) was
recorded under the illumination of a 300 W xenon lamp (69911,
Newport, USA) and monochromator (74125, Oriel cornerstone
260, Newport, USA). The current-voltage curves of solar cells
with active areas of 0.16 cm” were measured using a Keithley
Model 2420 source meter and irradiation with a 450 W xenon
lamp solar simulator (Oriel, USA) at 100% sunlight (AM 1.5G,
100 mW cm ™ 2).

3. Results and discussion

3.1 Preparation and characterization of liquid, gel, and
nanoparticle-gel composite electrolytes

The liquid, gel, and nanoparticle-gel composite electrolytes
were used in DSSCs to investigate their photovoltaic perfor-
mances. A liquid electrolyte was synthesized as a control elec-
trolyte. The gel electrolyte was prepared by adding the LMOG to
the liquid electrolyte. TiO, nanoparticles (0.5-3.0 wt%) were
incorporated into the gel electrolyte to obtain the nanoparticle-
gel composite electrolyte. TiO, nanoparticles with an average
size of ~12.0 nm (Fig. 1a) were synthesized using a hydro-
thermal method. Fig. 1b displays the powder X-ray diffraction
(XRD) patterns of the TiO, nanoparticles. Three diffraction
peaks can clearly be assigned to the (101), (004), and (200) lattice
planes, in good agreement with the TiO, anatase structure
(JCPDS card no. 78-2486).

To reveal the microstructures of the gel and nanoparticle-gel
composite electrolytes, a freeze-drying method was employed;
Fig. 2 shows SEM images of the freeze-dried samples. The gel
electrolyte shows a highly wrinkled and tightly stacked frame-
work due to the formation of hydrogen bonds between -NH and
C=0, as well as van der Waals forces among the long hydro-
carbon chains of the LMOG molecules (Fig. 2a). After 1.0 wt% of
TiO, was added to the gel electrolyte, the morphology of the
nanoparticle-gel composite exhibits a porous layer and voids
due to the insertion of TiO, nanoparticles inside the gel
framework, which facilitates the formation of a microporous
framework, as shown in Fig. 2b.

Scheme 1 illustrates the interactions in the gel and nano-
particle-gel composite electrolytes. In the gel electrolyte, self-
assembly of a stacked framework of LMOG chains is gener-
ated by hydrogen bonding. After TiO, nanoparticles are incor-
porated, the LMOG chains are separated by the nanoparticles,
yielding a free volume, which supports diffusion of the I" /I3~
redox couple in the electrolyte and enhances the ionic
conductivity. Moreover, the presence of TiO, nanoparticles in
the electrolyte enhances the cation exchange reaction. The
imidazolium (Im") cations in the electrolyte are effectively
adsorbed onto the TiO, nanoparticle surfaces, and I and I3~
accumulate around the Im" owing to coulombic attraction.
Consequently, the diffusion of the redox couple increases in the
nanoparticle-gel composite electrolyte (Scheme 2).

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) TEM image and (b) XRD pattern of TiO, nanoparticles. The
inset in panel (a) shows the size distribution of the TiO, nanoparticles.

3.2 Photovoltaic performance of DSSCs with different
electrolytes

Fig. 3a and b show the current-voltage (/-V) curves of DSSCs
with different electrolytes under AM 1.5G irradiation (100 mW
cm?). Table 1 lists the photocurrent-voltage parameters: the
short-circuit photocurrent density (Jsc), open-circuit potential
(Voc), fill factor (FF), and PCE. The best DSSC with the liquid
electrolyte exhibited an efficiency of 7.22% (average efficiency of
7.19 £ 0.03%), a Jsc value of 13.8 mA cm™?, a Voo value of
738 mV, and an FF of 71.1%. When the gel electrolyte was used
in the DSSC, the Jgc value, Vo value, and FF of the DSSC were
13.9 mA em ™2, 722 mV, and 71.6%, respectively, corresponding
to a PCE of 7.21% (average efficiency of 7.11 £ 0.10%). When 0.5
wt% of TiO, nanoparticles were added to the gel electrolyte, the
resulting solar cells showed an efficiency of 7.11%. The best
DSSC overall was that with 1.0 wt% of TiO, in the gel electrolyte;
it displayed an improved Jsc value and FF, realizing the highest
conversion efficiency (7.79%) among all the cells with different

RSC Adv., 2017, 7, 7671-7678 | 7673
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Fig. 2 SEM images of (a) gel and (b) NPgel electrolytes. The NPgel
electrolyte was prepared by mixing 3 wt% of the LMOG and 1 wt% of
TiO, nanoparticles with the liquid electrolyte.
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Scheme 1 Schematic representations of (a) the interaction of LMOG
chains in the gel electrolyte and (b) the interaction between the LMOG
chain and TiO, nanoparticles in the NPgel electrolyte.
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electrolyte types, with an average efficiency of 7.66 £ 0.13%.
This optimal nanoparticle-gel composite electrolyte is denoted
as the “NPgel electrolyte” for convenience. However, the
photovoltaic efficiency of the gel electrolyte with more TiO,
nanoparticles was degraded, as shown by the decreasing trend
of Jsc, Voc, and the PCE in Table 1. When the additive was
increased to 3 wt% of TiO, nanoparticles, the DSSC exhibited
lower Jsc and Voc values than the cells using the liquid elec-
trolyte, resulting in a drop in the average conversion efficiency
from 7.19 £+ 0.03% to 6.47 £ 0.44%. The results could be
attributed to the aggregation of TiO, nanoparticles and
hampered diffusion of I /I3~ ions, which increases the possi-
bility of electron-hole pair recombination within the electrolyte.
The effect of the TiO, nanoparticle size on the PCE of the DSSCs
was examined. As shown in Fig. S3, DSSCs using TiO, nano-
particles with average particle sizes of ~28.3 and 35.5 nm, ob-
tained using synthesis reaction times of 16 and 24 h,
respectively, show a decreased PCE (Fig. S4 and Table S21). As
the TiO, nanoparticle size increases, the adsorption of Im* on
the surface of the nanoparticles becomes ineffective, reducing
the coulombic attraction between the Im' and the redox
couples. This result reveals that with increasing synthesis
reaction time, the growth period of TiO, nanoparticle increases,
hindering the diffusion of the I"/I;~ redox couple.

In Fig. 3b, the maximum IPCE values are 59.1%, 58.8%, and
63.7% at 540 nm for the DSSCs containing the liquid, gel, and
NPgel electrolytes, respectively. The IPCE values are consistent
with the above Js¢ values and PCEs obtained from cells using
the three types of electrolyte.

3.3 Electrochemical impedance spectroscopy analyses

The interfacial charge transfer processes of DSSCs based on the
liquid, gel, and NPgel electrolytes were further studied by EIS
(Fig. 4a). The higher-frequency range in the small semicircle of
the Nyquist plots represents the electrolyte in the counter

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) J-V curves of DSSCs with liquid and gel electrolytes under AM 1.5G irradiation (100 mW cm™2). (b) J-V curves of DSSCs with different
wit% of TiO, nanoparticles and 3 wt% of gel electrolyte under AM 1.5G irradiation (100 mW cm™2). (c) IPCE spectra of DSSCs with liquid, gel, and
NPgel electrolytes. The NPgel electrolyte was prepared by adding 1 wt% of TiO, nanoparticles to the gel electrolyte.

electrode, and the larger semicircle in the low-frequency range
corresponds to electron transfer at the TiO,/dye/electrolyte
interface. In the equivalent circuit simulation, the sheet resis-
tance (R;) is related to the ohmic resistance of the substrate, R
is the charge recombination resistance at the counter electrode/
electrolyte interface, and R, is the charge recombination resis-
tance at the TiO,/dye/electrolyte interface (Fig. 4b). Compared
with those of the liquid (R, = 73.0 Q) and gel (R, = 73.7 Q)
electrolytes, the R., value of the NPgel electrolyte (135 Q) is
significantly higher, indicating that more interfacial charge
recombination occurs in the NPgel electrolyte than in the other

Table 1 Performance characteristics of the DSSCs using different electrolytes under AM 1.5G irradiation (100 mW cm™

electrolytes. By fitting the EIS curves, the electron lifetime (z,,),
which is determined by the transfer of electrons from the dye to
TiO,, could be determined using the equation 1, = R.p X Ca,
where C, is the corresponding chemical capacitance. As shown in
Table 2, the 1, values are 56.0 and 60.6 ms for the solar cells with
the liquid and gel electrolytes, respectively, and it increases to
83.2 ms when NPgel is used as the electrolyte. The results suggest
that the TiO, nanoparticles in the NPgel electrolyte decrease the
interfacial rate constant for electron capture by I3~ ions, which
favors electron transport over a longer distance, enabling better
photovoltaic performance.

%)

Electrolyte Jsc (mA em™2) Voc (mV) FF (%) PCE” (%) PCE” (%)

Liquid 13.8 738 71.1 7.22 7.19 + 0.03
Gel 13.9 722 71.6 7.21 7.11 + 0.10
Gel + TiO, (0.5 wt%) 13.8 728 70.9 7.11 7.07 £ 0.04
Gel + TiO, (1.0 wt%) 14.3 736 74.2 7.79 7.66 + 0.13
Gel + TiO, (1.5 wt%) 13.6 732 72.6 7.23 7.20 + 0.03
Gel + TiO, (2.0 wt%) 13.5 712 72.5 6.96 6.85 & 0.11
Gel + TiO, (3.0 wt%) 13.1 710 74.6 6.91 6.47 + 0.44

“ The performance of the champion cell. ? Average efficiency and standard deviations from five independent cells.

This journal is © The Royal Society of Chemistry 2017
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(a) Electrochemical impedance spectra (Nyquist plots) of DSSCs based on liquid, gel, and NPgel electrolytes. Spectra were recorded at

adirect current bias of =700 mV and a perturbation amplitude of 10 mV within the frequency range from 100 mHz to 1000 kHz in the dark. Open
symbols are experimental data, and solid lines represent simulated values. (b) Equivalent circuit employed to fit the impedance spectra. Incident-
light-intensity-dependent (c) electron transport time and (d) recombination lifetime for DSSCs based on liquid, gel, and NPgel electrolytes

recorded at frequency range of 100 Hz to 100 mHz.

Table 2 Relevant parameters extracted from EIS of DSSCs based on
liquid, gel, and NPgel electrolytes

Electrolytes R (@) Ren (@) Ci(RF) Re (Q) Gy (WF) 74 (ms)
Liquid 20.1 28.4 24.2 73.0 767 56.0
Gel 19.4 26.9 25.4 73.7 823 60.6
NPgel 18.6 26.7 25.3 135 616 83.2

To understand the electron transport and recombination at
the TiO,/dye/electrolyte interface, IMPS/IMVS measurements
were conducted to obtain the electron kinetics plots. The elec-
tron transport time (t;) and recombination lifetime (t,) were
estimated using the equations 7. = 1/(27tfimps) and 1, = 1/
(27tfimvs), where fivips and fivyvs are the characteristic frequen-
cies of the lowest imaginary components obtained by IMPS and
IMVS, respectively. The logarithms of the electron transport
time and recombination lifetime both decreased with
increasing light density (Fig. 4c and d). At the same light
density, IMPS shows that the 7, value of the cell with the NPgel
electrolyte is larger than those of the cells with the liquid and
gel electrolytes, whereas IMVS shows that the cell with the
NPgel electrolyte has a smaller 7, value than those of the other
cells. The results suggest that the NPgel electrolyte offers the
possibility for faster electron transport and a longer electron
recombination time, which would result in a higher

7676 | RSC Adv., 2017, 7, 7671-7678

photocurrent compared to those of the cells containing the
liquid and gel electrolytes.

3.4 Diffusion coefficient of I /I3~ ions in different
electrolytes

Typically, diffusion of the I /I;~ redox couple in electrolytes is
the rate-determining step in the performance of DSSCs. Faster
transport of the I/I;~ redox couple improves the cell

0.08

~-2e” o3

0.04 1

Current (A/cm?2)

-0.4 0 0.4
Potential (V)

T T
-1.2 -0.8

Fig. 5 Linear sweep voltammograms of symmetric cells with different
electrolytes. The scan rate was 10 mV s %,

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27203g

Open Access Article. Published on 23 January 2017. Downloaded on 12/4/2025 2:52:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Table 3 Limiting current densities and apparent diffusion coefficients of the |7 /Is~ redox couple in different electrolytes

Electrolytes J137) (1072 Acm™?) J(I) (102 Acm?) D(I;7) (10 ® em?s™) D(I7) (10 ° em?s™ 1)
Liquid 5.11 5.05 7.94 9.81

Gel 4.96 4.89 7.72 9.50

NPgel 5.24 5.61 8.15 10.9

performance. Linear sweep voltammetry was conducted to
measure the diffusion coefficient of the I /I;~ redox couple
using symmetric cells (Fig. 5). The apparent diffusion coeffi-
cient (D) of the redox couple was calculated using the following
equation:*

_ 2neDceNp

Jr 17

where J; is the limiting current density, n is the number of
electrons transferred in the reaction (here n = 2), ¢ is the molar
concentration of the investigated species (I” or I3;7), N, is the
Avogadro constant, and L is the electrode distance.

The Ji(I;7) and Ji(I") values were determined by the lower
plateau and upper plateau steady-state currents of linear sweep
voltammograms, respectively. As shown in Table 3 the calcu-
lated D values of I and I~ in the liquid electrolyte are esti-
mated to be 9.81 x 107% and 7.94 x 10~% cm?® s~ ', respectively,
which are higher than those in the gel electrolyte (9.50 x 10~°
and 7.72 x 10 ®em® s~ ' for I and I, respectively) because of
the lower viscosity. The D values of I and I;~ ions in the NPgel
electrolyte were determined to be approximately 10.9 x 107°
and 8.15 x 10~® ecm® s7', revealing that it has the largest elec-
trolyte diffusion coefficient for the redox process among these
electrolytes. The improved diffusion of I;” and I" ions in the
NPgel electrolyte could be attributed to the more porous
network resulting from the incorporation of TiO, nanoparticles
into the gel electrolyte, which provides a free volume for
transport of I and I, as discussed in detail in connection with
Scheme 1 and Fig. 2.

nm, (%)

254

0 T T T T T T T T T
0o 1 2 3 4 5 6 7 8 9 10
Day

Fig. 6 Variation in the normalized efficiency of the DSSCs based on
the liquid, gel, and NPgel electrolytes measured for 10 days.

This journal is © The Royal Society of Chemistry 2017

3.5 Durability tests of DSSCs with different electrolytes

The efficiencies of cells with different electrolytes were
measured for 10 days and normalized to the values measured
on the first day. As shown in Fig. 6, the efficiency of the DSSC
with the liquid electrolyte decreased by 12% compared to its
initial value after 5 days, whereas the PCEs of the DSSCs with
the gel and NPgel electrolytes had maintained their initial
values. After 10 days, the PCE of the DSSC using the liquid
electrolyte had decreased to 50% of its initial value, possibly
because of electrolyte leakage, whereas the efficiencies of the
cells using the gel and NPgel electrolytes were maintained at
more than 95% of the initial values. Although the cells using the
gel and NPgel electrolytes exhibited the same stability, the cell
containing the NPgel electrolyte exhibited a higher initial effi-
ciency than the cell containing the gel electrolyte, as displayed
in Fig. 3. The combined results suggest that the addition of TiO,
nanoparticles to the gel electrolyte improves its photovoltaic
behavior, and the addition of the LMOG to the gel electrolyte
provides long-term stability.

4. Conclusions

In conclusion, TiO, nanoparticle-gel composite electrolytes
were prepared for use in efficient and stable quasi-solid-state
DSSCs. To the best of our knowledge, this work is the first
attempt to investigate the effect of inorganic nanoparticles in
LMOG-based gel electrolytes. The DSSC with the NPgel elec-
trolyte, which contained 1.0 wt% of TiO, and 3 wt% of LMOG,
exhibited the highest PCE, 7.79%, which is significantly higher
than those of the devices using a liquid (7.22%) or an LMOG-
based gel (7.21%) as electrolytes. Additionally, the DSSC with
the NPgel electrolyte showed favorable stability with nearly
constant efficiency, whereas the PCE of the DSSC using the
liquid electrolyte decreased to 50% of its initial value after 10
days. Compared to the liquid and gel electrolytes, the NPgel
electrolyte afforded more rapid diffusion of the I"/I;~ redox
couple, suppressing electron recombination and resulting in
a higher photocurrent. Additionally, the electrochemical prop-
erties of the DSSCs with the liquid, gel, and NPgel electrolytes
were investigated thoroughly by impedance spectroscopy and
IMPS/IMVS.
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