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lonic liquid 1-butyl-3-methylimidazolium tetrafluoroborate was solidified by silica nanopartiet@s (
wt %) even up to 85C. The mechanism of solid-state composites was inferred to self-assemble through
hydrogen bond networks between the anion,BEnd the hydroxyl group in the surface of silica
nanoparticles, which was characterized by differential scanning calorimetry measurement and Fourier
transition infrared spectra. The solid-state composite was introduced to form high-temperature solid-
state electrolytes for highly efficient dye-sensitized solar cells with an overall energy-conversion efficiency
of 4.7% at room temperature and 5.0% at°6Dunder AM 1.5 sunlight illumination (75 mW crd).

Introduction

Since the temperature of solar cells may reach@Onder

Dye-sensitized nanocrystalline solar cells (DSSCs) have full sunlight, itis necessary that DSSCs maintain high ovgrall
aroused considerable attention due to their high-energy©nergy conversion efficiency~@%) under natural condi-
conversion efficiency and especially low production cost as tons:' Up to now, the reported solid-state DSSCs with an

cheaper alternatives to silicon solar céil3.At present,

overall energy conversion efficiency beyond 4% exhibit the

practical problems such as leakage and evaporation ofhighest melting point of.only 52C 8¢ Therefore, it i_s still a
organic solvent become serious obstacles to the applicationchallenge to design a high-temperatur&0 °C) solid-state

of DSSC¢' Therefore, it is important to develop solid-state
electrolytes, especially for improving the stability of DSSCs.

DSSC with high efficiency ¥ 4%).
Because of the relatively high ionic conductivity and low

Several attempts have been made to substitute solid-stat&/iSCOsity:® room-temperature ionic liquid (RTIL) was widely

electrolytes (such as polymer electrolyte%plastic crystal
electrolytes, organic hole-transport materidfs!* and inor-
ganic semiconducto¥s'4) for liquid electrolytes.
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used in DSSCs as a solvent and an important source for
iodide-based redox couptéTo reduce the fluidity of RTIL-
based electrolytes, several strategies have been proposed by
incorporating small molecular organogéland SiQ nano-
particles!® Recently, Grtzel et al. have reported that ionic
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Figure 1. Photographs of the mixture of ionic liquid and Si@ano-
paricles: (a) BMil—SiO; (5 wt %), (b) BMI-I—=BMI -BF;4 (3:1, v/v)—SiO,
(5 wt %), () BMII— BMI+BF, (1:1, ViV)-SiO, (5 wt %), (d) BMII—
BMI-BF4 (1:3, viv)—SiO; (5 wt %), (e) BMIBF,—SiO; (5 wt %) at room
temperature.

liquid-based quasi-solid-state electrolytes were successfully

employed for DSSC with the highest efficiency of 7% at
AM 1.5 sunlight in combination with an amphiphilic
ruthenium polypyridyl photosensitiz&t However, this kind
of electrolyte can flow using low-viscosity ionic liquid such
as 1-butyl-3-methylimidazolium iodide (BM) and SiQ

Yang et al.

Figure 2. Photographs of BMBF;—SiO, system with different
contents of silica nanoparticles: 1 wt % (A), 2 wt % (B), 3 wt % (C), and
4 wt % (D).

with a potentiostat (Solartron Sl 1287). The ac voltage was fixed
at 0.005 V. The currentvoltage (—V) characteristics of the solar

cells were carried out using a Keithley 2400 Source Meter. An
AM 1.5 solar simulator (Oriel Instruments, 91193 with a 1000W
Xe lamp and an AM 1.5 filter) was employed as the light source.

nanoparticles with low specific surface area (such as Aesoil The incident light intensity was calibrated with a standard Si solar

200). Herein, we modified the experiments by introducing
the anion tetrafluoroborate (BP. Interestingly, the flow
mixture of BMI-l and SiQ was solidified successfully by
incorporating BE~ (Figure 1). We deduced that the BF

anion played an important role in the process of solidification
and promoted readily this solid-state mixture. Furthermore,

cell. Fourier transition infrared (FT-IR) measurements were per-
formed on American Nicolet Company, Nexus 470 FT-IR spec-
trometer. Differential scanning calorimetry (DSC) was studied on
a Shimazu DSC-60A. The 10 mg samples were taken at a heating
rate of 10°C min~! in a temperature range of 2250 °C.
Preparation of Electrolytes. Herein, the liquid electrolyte was
composed of 0.18 M) 1.3 M BMI:I, 0.5 M Lil, and 1 M 4-ert-

such a solid was employed as an additive to fabricate a novelbutylpyridine in BMIBF,. An amount (6 wt %) of silica

high temperatureX85°C) solid-state nanocomposite (SNC) nanoparicles was added to the liquid electrolyte to form nanocom-
electrolyte for dye-sensitized solar cells. Importantly, the posite (NC) electrolytes. In the process of preparing, no evaporable
solid-state DSSC based on the SNC electrolyte exhibits aorganic solvent was introduced. To improve homogeneity, the

high overall energy conversion efficiency of 5.0% at°@d

Experimental Section

Materials and Instruments. Titanium(lV) tetraisopropoxide and
4-tert-butylpyridine were purchased from Acros. Fumed silica

mixture was sonicated and then stirred vigorously for 12 h.
Preparation of Solar Cells.DSSCs with an active area of 0.188
cm~2 were fabricated according to the following procedure. The
colloidal solution was spread uniformly on the conducting CTO
glass and then sintered at 48D in airflow for 30 min. The resultant
TiO, films were immersed in 0.5 mM absolute ethanol solution of

(Aesoil 200, 12 nm) was received as a gift from Degussa Company. N3 for 1 day. The nanocomposite (NC) electrolyte with 5 wt %

1-Butyl-3-methylimidazolium tetrafluoroborate (BMBF,;) and

SiO, nanoparticles was spin-coated onto the N3-absorbed TiO

other chemicals (Sinopharm Chemical Reagent Co., Ltd, Shanghai,electrode and kept in the vacuum oven for 2 h. The counter electrode

China) were used without further purification. 1-Butyl-3-meth-
ylimidazolium iodide (BMH) was synthesized according to the
literature?® cis-DithiocyanatoN,N-bis(2,2-bipyridyl-4,4-dicarboxy-
lic acid)ruthenium(ll) (N3) was purchased from Solaronix, Swit-
zerland. The 120 g t* TiO; colloidal was prepared according to
the literature??

The ionic conductivity of the electrolytes was determined by an

ac impedance technique (frequency range: 1 Hz to 1 MHz) using

was sputtered by 200 nm thick Pt on the CTO glass. Subsequently,
the cells were sealed with thermal adhesive films (Surlyn 1702).

Results and Discussion

Figure 2 shows the photographs of the ionic liquid BMI
BF, blended with different contents of Sihanoparticles
with low specific surface area (Aesoil 200). It can be found

an impedance/gain-phase analyzer (Solartron SI 1255B) connectedfOm Figure 2 that BMiBF, could be solidified by Si@
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nanopatrticles. Especially, the solid-state composite was com-
pletely formed by adding greater than 2 wt % of gi@no-
particles. However, no obvious solidification was observed
for the mixture of BMH and silica nanoparicles (Aesoil 200)
even if the weight of silica nanoparticles reached 6 wt %.
To understand the mechanism of the solidification, we
compared the mixture of BMBF, and SiQ nanoparticles
(5 wt %) (BMI-BF;—SiO,) with the mixture of BMH and
SiO, nanoparticles (5 wt %) (BMI—SiO;) by differential
scanning calorimetry (DSC) measurement and FT-IR spectra.
The DSC thermogram of BMBF,—SiO, shows an endot-
hermic peak centered around 17TQ (Figure 3.). This
endothermic peak reveals that crystalline regions are formed
in the composite, which melt at the temperature of 171.7
°C. Below this temperature the composite remains solid. The
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Figure 3. DSC thermograms of BMBF4 (A), BMI-I—-SiO, (B), and BMI
BF4—SiO; (C).
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Figure 5. lonic conductivity as a function of temperature for the liquid

electrolyte @) and composite electrolytes upon the addition of 1 wt %

(@), 2 Wt % (a), 3 Wt % (1), 4 wt % @), 5wt % ©), and 6 wt % §)

silica nanoparicles.

bonded chains of silanols suggested a weak interaction
between BMil and SiQ. In contrast, the vibration bands at
3648 and 3572 cmi were observed for BMBF,—SiO,,
indicating the anion BF had the stronger interaction with
the hydroxyl group of silanols. This fact indicated that the
different nature of anions may be responsible for the observed
phenomena. Because of the strong electronegativity of the
F atom, BMFBF, may disturb hydrogen-bonded pairs or

-1
Mw%ﬁ%m,%dm

chains of silanols significantly; hence, the vibration band of

M - MW
M W(S)DU%:%%MMM 3478 cm! disappeared. The temperature dependencies of
-30mi the FT-IR spectra of these two systems were also investigated
(Figures 4b and 4c). The vibration bands at 3648 and 3572
c 1500C-60min cm! became weaker with increasing of the treatment

temperature and completely disappear when the temperature
100°C-30min was above 150C. In contrast, no obvious change in FT-IR
w spectra of the BMI—SiO, system was observed even at
RT elevating treatment temperature, which indicated the interac-
tion between T and silanol was very weak. The above
observations may also suggest that the strong interaction
mainly occurs between silica nanoparticles and the anion
BF,~, not between silica nanoparticles and the imidazium
cation. Therefore, the solidification most likely originates
from the self-assembly of hydrogen bonds between the OH
group of silica nanoparicles and the F atom of,BRlue to
the strong electronegativity of the F atom.

M

e ——
3500 3000 2500 2000 1500 1000
Wavenumber / cm™

Figure 4. FT-IR spectra of BMil, SiO,, BMI-BF4, BMI-I—=SiO, (5 wt
%) and BMFBF4—SiO; (5 wt %) at room temperature (a); BM+SIiO;, (5
wt %) at different temperature (b); BMBF,—SIiO, (5 wt %) at different
temperature (c).

change in enthalpyXH) was—17.2 J g*. However, no peak
was observed pelow 25_‘(1: for both BMI-BF4_and BM Generally, the overall energy conversion efficiency of
1=SI0,. Accordingly, t_h's pea_k may be at'Fr_lbuted to the DSSC is heavily dependent upon the mobility of the redox
breakage of the strong interaction betwe.e.n silica nanoparlcle:scouple (F15-) and consequently on the ionic conductivity
a_rid tetrafluorqbor?te, not phase transition of BBH, or of the electrolyte?? In this regard, the solid-state nanocom-
silica nanoparicles: posite (SNC) electrolyte was fabricated using the mixture
Figure 4 shows the FT-IR spectra of BM8F,—SiO;and  of BMI-BF, and SiQ nanoparticles as the additive, and the
BMI-1-Si0; at different temperatures. For comparison, the jonic conductivity was studied. To optimize the added
FT-IR spectra of Si@ BMI-I, and BMI-BF, are also shown  quantity of silica nanoparicles, the ionic conductivity of the
in Figure 4a, and no vibration bands beyond 3500'cwere  composite electrolytes with various Si®eight percent (+6
observed for BMil and BMI-BF,. The FT-IR spectrum of  \t 05) was investigated as a function of temperature (Figure
the silica nanoparicles showed a broad peak at 3478,cm  5) The jonic conductivity shows a linear dependence on the
which was attributed to the hydrogen'bonded chains of temperature’ indicating typical Arrenius beha\ﬁi%Com_
silanols?? When the silica nanoparticles mixed with BMI  pared to the liquid electrolyte, the composite electrolytes
the broad vibration band peaked at3500 cn* was  show no obvious decrease of the ionic conductivity within
observed. Such a little shift (20 c) of the hydrogen-  the measured temperature range<280 °C). According
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York, 2000.
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different temperatures; (W), FF ), Jsc (4), and Vo (2). and achieves a maximum value when the operation temper-
ature reaches 61C in accordance with the conductivity data.

to the Arrenius equation, the activation energy data of thesewe also observe that a maximum value of the overall energy

composite electrolytes (14:47.7 kJ mot?) is slightly lower  conversion efficiencysf) appears around 58C, resulting

than that of the liquid electrolyte (18.1 kJ mé)l. Moreover, from the relation with short-circuit current density and open-
all composite electrolytes exhibit high ionic conductivity of  circuit voltage. These facts indicate that the cell can work
~4.0x 104 Scnrttat 19°C and>103S cnrt at 60°C. well under elevated temperature. The high ionic conductivity

These results suggest that the above composite electrolytesf the SNC electrolyte and good interfacial contact can
should be good candidates as high-temperature electrolytesmprove the efficiency of DSSC. The optimum results at
in DSSCs. It is noteworthy that the nanocomposite electro- room temperature for the cell using SNC electrolyte are 8.0
lytes are solid state when the concentration of silica nano- mA cm2 of Js,, 655 mV ofV,, 67% of FF, and 4.7% of
paricles added to the liquid electrolyte is greater than 2 wt (see Figure 8), which is a very encouraging value for a solid-
%. Considering the solidification effect and optimum ionic state DSSC®° More importantly, at the relatively high
conductivity, we selected the nanocomposite electrolyte with temperature of 60°C, the solar cell based on the SNC
5 wt % silica nanoparicles to fabricate a solid-state DSSC. exhibits 5.0% of overall energy conversion efficiency, which
As shown in Figure 6, this nanocomposite electrolyte (0.18 is one of the highest values in all reported solid-state DSSCs
M 12, 1.3 M BMI-l, 0.5 M Lil, 1 M 4-tert-butylpyridine in worked at 60°C up to now?®
BMI-BF4 and 5 wt % silica nanoparicles) can still maintain 1 investigate the long-time practical stability of these
solid state at a high temperature 5 °C). Herein, this  ggjig-state DSSCs, herein, the aging test on the cells sealed
composite electrolyte was denoted as the SNC electrolyte. yith thermal adhesive films (Surlyn 1702) according to the
Since the working temperature of DSSC is expected to literaturé® was carried out. The cells were stored at°6D
be considerably greater than room temperature, the temperfor 1000 h, and their photoconversion efficiency was
ature dependence of the cell performances was investigatedneasured twice a week. As expected, no decrease of the
to check the possibility of DSSC working at higher temper-
ature. Figure 7 shows the parameters for the cell made with 24) kron, G.; Egerter, T.: Nellesb, G.; Yasudab, A.; Werner, J. H.; Rau,

the SNC electrolyte in the temperature range of86 °C. 25) l(J')TshiE SindMFian‘SZOLOZZ4(|)(3—40§a_2428. -Gl M. Aopl. Ph
i : ; : a) Schmidt-Mende, L.; Zakeeruddin, S. M.;"@e&d, M. Appl. Phys.
Open-circuit voltage \(oc) decreases almost linearly with Lett. 2005 86, 013504. (c) Kim, J. H.; Kang, M. S.. Kim, Y. J.. Won,

increasing temperature. A drop W, is considered to be J.; Park, N. G.; Kang, Y. SChem. Commur2004 1662.
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efficiency was observed for the solid-state DSSCs at all, By introduction of the self-assembly of hydrogen bonds
while the efficiency of the liquid DSSCs maintained only networks formed with the anion BF and silica nanopar-
30% of their initial efficiency after 1000 h (Figure 9). A ticles, the solid nanocomposite electrolyte was fabricated and
possible reason for the higher stability of the solid-state solar exhibited good ionic conductivity. As a result, the solid-state
cells is the exclusion of water from the SNC electrolyte in cell based on the SNC electrolyte exhibited an encouraging
the presence of interaction between the hydroxyl group of overall efficiency of 4.7% (75 mW cn?) at room temper-
silanols and the anion BF with relatively hydrophilic ature. Importantly, the nanocomposite electrolyte maintained
property?® It is possible that the high-temperature stability solid state even up to 88 and showed long-time stability

of SNC electrolytes composed of RTIL and silica hanopar- with a high overall efficiency of 5.0% at 60C. The result
ticles provide the practical efficiency and stability of the provides a useful design strategy for high-temperature solid-
DSSCs. state electrolytes for further application.
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