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ABSTRACT: Replacing liquid-state electrolytes with solid-
state electrolytes has been proven to be an effective way to
improve the durability of dye-sensitized solar cells (DSSCs).
We report herein the synthesis of amorphous ionic conductors
based on polyhedral oligomeric silsesquioxane (POSS) with
low glass transition temperatures for solid-state DSSCs. As the
ionic conductor is amorphous and in the elastomeric state at
the operating temperature of DSSCs, good pore filling in the
TiO, film and good interfacial contact between the solid-state
electrolyte and the TiO, film can be guaranteed. When the
POSS-based ionic conductor containing an allyl group is
doped with only iodine as the solid-state electrolyte without

any other additives, power conversion efficiency of 6.29% has been achieved with good long-term stability under one-sun soaking

for 1000 h.
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1. INTRODUCTION

Tremendous attention on dye-sensitized solar cells (DSSCs)
has led to huge developments in this field in the last two
decades, since B. O'Regan and M. Gritzel published a seminal
paper on DSSCs with fairly good photovoltaic performance.'
Potential low cost, high power conversion efliciency, easy
fabrication, and environmental friendliness are the main reasons
for continuous input on DSSCs. A typical DSSC consists of a
dye-sensitized nanocrystalline semiconductor electrode, a redox
electrolyte and a counter electrode. The commonly used
electrolyte for high-performance DSSCs is iodide/triiodide (I7/
I;7) dissolved in a volatile organic solvent, which has achieved a
power conversion efficiency of higher than 11%.”

However, the leakage or volatilization of the liquid solvent in
the electrolyte significantly deteriorates the long-term stability
of DSSCs.>* Considerable efforts have been made to replace
the volatile organic solvents with ionic quuids,s’6 but they are
still a type of liquid material and leakage during long-term
operation is difficult to avoid. Gel electrolytes” have also been
reported as the quasi-solid-state electrolyte in DSSCs, but the
volatilization of the solvent in the gel is inevitable. To make the
DSSC device more stable, solid-state DSSCs (ssDSSCs) are
desirable. P-type inorganic semiconductors (Cul, CsSnl, osFg 45,
etc.),®’ organic hole-transporting materials,""" and ionic
conductors based on imidazolium iodide'>"* have been used
to fabricate ssDSSCs. Among the solid-state electrolytes, ionic
conductors based on imidazolium iodides are promising
candidates for applications in ssDSSCs.'* However, the
problem of ionic conductors is the crystallization,"> which
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leads to poor filling of pores in the TiO, film and hence hinders
efficient dye regeneration.'® To solve such a problem, we added
crystal growth inhibitor to the electrolyte, which improved
efficiency significantly.'® To avoid crystallization of the ionic
conductor, we designed and synthesized an amorphous ionic
conductor'” by linking the ionic liquid unit to polyhedral
oligomeric silsesquioxane (POSS),"® which could achieve good
performance without addition of crystal growth inhibitor.
However, the POSS-based ionic conductor we reported
previously'” is in the glassy state under the operating
temperature of DSSCs due to its high glass transition
temperature (52 °C), which is not favorable for good interfacial
contact between the solid-state electrolyte and TiO, film. To
improve interfacial wetting of solid-state electrolyte on the
TiO, film, it is worth developing new ionic conductors with low
glass transition temperatures for use in ssDSSCs.

Because of its unique three-dimensional cage structure
composed of Si—O bonds, different functional groups can be
easily attached to POSS to expand its properties.'”’
Furthermore, the introduction of POSS that has a large free
volume to the imidazolium iodide can endow the ionic
conductor with the properties of polymers or oligomers. It is
thus anticipated that POSS-based ionic conductors with low
glass transition temperatures can be obtained by structural
modifications. In this work, we synthesized two ionic
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Scheme 1. Synthetic Route for Ionic Conductors POSS-1 and POSS-2

Ri< Ro<
"si-0~gi >>si-0~gi"2
O/ p O \ - O \
H3CO, ; Rive”n2 0 0 i Ra< .90
i ! Si—-O7-Si-R, i Si-O7-Si-R.
2 -
HCOZSi ~_Cl — > 'R1‘Sli‘."0~sli 'R2~s/i<'—0~gi
HaCO o Sig Q2SI s
8 _t° s °
SiZo—si. SiZo—si
R1 o R4 RZ © Ry
1 2 Ry={CHy}ClI 3 Ry=~CH 3l
Ra< .. .R
o/s"’O\'Si ’
Ry ! Jo =\
U e Si-O7SiRyg POSS-1 Re={ CHz ;NS N—"
Josie0si
\ O o Rs I-/=\ —
Rg/Siio_\Si'\ - POSS-2 Raz{CHthE/Nf
3

conductors by linking POSS to propyl and allyl substituted
imidazolium iodides, and the glass transition temperatures are
successfully lowered to be S and 6 °C, respectively. When
binary solid-state electrolyte prepared by blending the ionic
conductor and appropriate amount of iodine without any other
additives is used to operate the ssDSSCs, good power
conversion efficiency has been achieved using an organic
dye®" (see Figure S1 in the Supporting Information) as the
sensitizer.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Iodine (I,), sodium iodide (Nal),
3-chloropropyltrimethoxysilane, tetrabutylammonium iodide and
iodopropane were purchased from Aladdin. Organic solvents used in
this work were purified using standard processes. Other chemical
reagents were used as received from commercial sources without
further purification. Transparent conductive glass (F-doped SnO,,
FTO, 14 Q, transmittance of 90%, Nippon Sheet Glass Co., Japan)
was used as the substrate for the fabrication of TiO, thin film
electrodes.

2.2. Synthesis of lonic Conductors. The synthetic route for
ionic conductors (POSS-1 and POSS-2) is shown in Scheme 1, and
the synthetic details are described below:

2.2.1. Synthesis of Compound 2. Compound 2 was synthesized
according to the method described by Dittmar et al** After mixing 3-
chloropropyltrimethoxysilane (3.975 g, 0.02 mol) and concentrated
hydrochloric acid (4.5 mL) in methanol (90 mL), the hydrolysis and
the rearrangement reactions were allowed to carry out for 3 days at 60
°C, and then colorless crystals were obtained after drying in vacuum
with a yield of 20%. 'H NMR (CDCl;, 400 MHz, § ppm): 3.54 (t,
16H); 1.87 (m, 16H); 0.80 (t, 16H). *C NMR (CDCl,, 100 MHz, §
ppm): 47.3, 26.5, 9.5.

2.2.2. Synthesis of compound 3. A mixture of 2 (2.0 g, 2 mmol),
sodium iodide (9.0 g, 60 mmol), tetrabutylammonium iodide (22.0 g,
60 mmol) and iodopropane (10.0 mL, 8 mmol) in 2-butanone (160
mL) was heated to reflux for 72 h.** After the reaction system was
cooled to RT, the solvent was evaporated and the residue was
dissolved in water (100 mL) and extracted with CH,Cl, (100 mL).
The organic phase was washed twice with water and once with brine
(100 mL each) followed by drying over Na,SO,. The solvent was
evaporated and the residue was rinsed with CH;OH and filtered. The
filter cake was washed several times with CH;OH and dried in a
vacuum to yield 2.96 g (86.5%) of 3 as a colorless solid. '"H NMR
(CDCly, 400 MHz, § ppm): 3.22 (t, 16H); 1.92 (m, 16H); 0.78 (t,
16H). 3C NMR (CDCl,, 100 MHz, § ppm): 27.6, 13.7, 10.4.

2.2.3. Synthesis of Compound POSS-1. 1.3 equiv. of 1-propyl-
imidazolium (1.43 g, 13 mmol) and 3 (221 g 1.25 mmol) were
dissolved in THF (20 mL) and the mixture was stirred at RT for 48 h.
Pale and viscous solid was obtained after pouring off the upper
solution. Washing the solid with THF followed by drying for three
cycles yields a pale solid (2.71 g) of POSS-1 in a yield of 82%. 'H
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NMR (DMSO-dg, 400 MHz, § ppm): 9.36 (d, 8H); 7.90 (d, 8H); 7.86
(s, 8H); 4.20 (t, 16H); 4.16 (t, 16H); 1.82 (m, 16H); 1.80 (m, 16H);
0.82 (t, 24H); 0.58 (t, 16H). 3C NMR (DMSO-d,, 100 MHz, 6
ppm): 1367, 122.9, 67.7, SL.5, 510, 25.8, 239, 11.2, 8.6. Si NMR
(DMSO-d,, 100 MHz, § ppm): —66.89.

2.24. Synthesis of Compound POSS-2. 1.3 equiv. of l-allyl-
imidazolium (1.40 g 13 mmol) and 3 (221 g 1.25 mmol) were
dissolved in THF (20 mL) and the mixture was stirred at RT for 48 h.
Pale and viscous solid was obtained after pouring off the upper
solution. After washing the solid with THF followed by drying for
three cycles, a pale solid (2.63 g) of POSS-2 in a yield of 80% was
obtained. '"H NMR (DMSO-dg, 400 MHz, § ppm): 9.32 (d, 8H); 7.92
(d, 8H); 7.78 (s, 8H); 6.06 (m, 8H); 5.33 (m, 16H); 4.88 (m, 16H);
421 (t, 16H); 1.80 (t, 16H); 0.57 (t, 16H). *C NMR (DMSO-dj, 100
MHz, 6 ppm): 136.8, 132.3, 123.0, 121.1, 67.7, S1.6, 25.8, 24.0, 8.6.
»Si NMR (DMSO-dg, 100 MHz, § ppm): —66.88.

2.3. Fabrication of DSSCs. TiO, films (12 ym) composed of 6
um nanoparticle (20 nm) layer in direct contact with the FTO
substrate and 6 um light scattering particle (80% 20 nm TiO,+20%
100 nm TiO,) layer were fabricated with a screen printing method**
and used in this study. The films were sintered at 500 °C for 2 h to
achieve good necking of neighboring TiO, particles. The film thickness
was measured with a surface profiler (Veeco Dektak 150, USA). The
sintered films were then treated with 0.05 M TiCl, aqueous solution at
70 °C for 30 min followed by calcinations at 450 °C for 30 min. When
TiO, electrodes were cooled down to 120 °C, the electrodes were
dipped in dye solutions (see Figure SI in the Supporting Information,
0.3 mM in toluene) for 24 h at RT. The Pt-coated FTO as the counter
electrode and the dye-loaded film as the working electrode were
separated by a hot-melt Surlyn film (30 ym) and sealed together by
pressing them under heat. The methanol solution of the solid
electrolyte was injected repeatedly into the interspace between the
working and counter electrodes from the two holes predrilled on the
back of the counter electrode and dried on a hot plate with the
temperature of 50 °C until the TiO, porous film was filled with solid-
state electrolyte. The cell was further dried at 50 °C under vacuum for
1 h to remove methanol. Finally, the two holes were sealed with a
Surlyn film covered with a thin glass slide under heat.

2.4. Characterizations and Photovoltaic Measurements. 'H
NMR and "*C NMR spectra were recorded on a Varian 400 MHz
NMR spectrometer with tetramethylsilane (TMS) as an internal
standard. *?Si NMR spectra were recorded on a DMX-500 instrument
with tetramethylsilane (TMS) as an internal standard. High-resolution
mass spectroscopy (HRMS) was performed using a Waters LCT
Premier XE spectrometer. Fourier transform infrared (FT-IR)
measurements were performed on Shimadzu IRAffinity-1 FT-IR
spectrometer. Thermogravimetric (TG) analysis was performed on a
TG-DTA 20008S system (Mac Sciences Co. Ltd., Yokohama, Japan) at
a heating rate of 10 °C min™". Differential scanning calorimetry (DSC)
was studied on a Shimadzu DSC-60A at a heating rate of 5 °C min™".
X-ray diffraction (XRD) patterns for the ionic conductors were
measured on an X-ray powder diffractometer (D8 Advance, Bruker,
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Figure 1. (a) TG and (b) DSC curves of POSS-1 and POSS-2.
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Figure 2. (a, ¢, e) Top and (b, d, f) side view SEM images of (a, b) the bare TiO, film, (c, d) the TiO, film filled with POSS-1/1,, and (e, f) the TiO,
film filled with POSS-2/I, followed by drying.

Germany) with Cu Ka radiation (4 = 0.154 nm). The morphology of electrolytes, which were sandwiched in sealed dummy cells made up
the TiO, films before and after solid-state electrolyte addition was of two identical Pt electrodes separated with a Surlyn film (30 um),
examined with a field-emitting scanning electron microscope (FESEM, was determined with an ac impedance technique (frequency range: 10
S-4800, Hitachi, Japan). The ionic conductivity of the solid mHz to 100 kHz) using an electrochemical workstation (Zahner
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CIMPS-1, Germany). The applied bias and ac amplitude were set at 0
V and 10 mV, respectively. The working performance of the DSSC
was tested by recording the current density—voltage (J—V) curves with
a Keithley 2400 source meter (Oriel) under illumination of simulated
AML1.5G solar light coming from a solar simulator (Oriel-94043A
equipped with a Xe lamp and an AML1.5G filter). The light intensity
was calibrated using a standard Si solar cell (Newport 91150). Action
spectra of the incident monochromatic photon-to-electron conversion
efficiency (IPCE) for the solar cells were obtained with an Oriel-74125
system (Oriel Instruments). The intensity of monochromatic light was
measured with a Si detector (Oriel-71640). The electron lifetimes
were measured with controlled intensity modulated photovoltage
spectroscopy (IMVS). IMVS was carried out on an electrochemical
workstation (Zahner XPOT), which includes a green light-emitting
diode (LED, 532 nm) and the corresponding control system.

3. RESULTS AND DISCUSSION

3.1. Characterizations of POSS-1 and POSS-2. Figure S2
in the Supporting Information shows the FT-IR spectra for
POSS-1 and POSS-2. The IR band of Si—O in silsesquioxane
cage appears at 1118 cm™’, which is in consistence with the
reference.”® The bands at 1626 and 1561 cm™! are assigned to
the C=C and C=N stretching in the imidazolium ring,
respectively, while the bands at 3136 and 3078 cm™' are
attributed to C—H stretching in the imidazolium ring.*® The
main difference of IR spectra between POSS-1 and POSS-2 is
the band at 1644 cm™', which appears for POSS-2 because of
the presence of allyl group but is absent for POSS-1. Figure S3
in the Supporting Information shows HRMS for the two POSS-
based ionic conductors. The peak at m/z 1197.6 is attributed to
the cation (SigO,,C;, N gIsH ,4*") in POSS-1, while the peak at
m/z 1189.6 is attributed to the cation (SigO;,C;,N ¢IH,1,>)
in POSS-2.

Figure la shows the TG curves for POSS-1 and POSS-2.
The starting decomposition temperatures, at which the
decomposition begins, have been determined by TG analysis.
POSS-1 and POSS-2 start to decompose at 242 and 203 °C,
respectively. The ionic conductor containing the ally group
shows lower decomposition onset than its corresponding
propyl counterpart, likely due to the rigidity of the carbon—
carbon double bond. The TG results indicate that both ionic
conductors have very good thermal stability below 200 °C,
making them good candidates for outdoor applications of solar
cells. Figure 1b displays DSC curves of POSS-1 and POSS-2.
Typical glass transition process is observed for both ionic
conductors due to the presence of POSS unit. POSS-1 displays
a T, of § °C, whereas POSS-2 displays a T, of 6 °C. As propyl
is more flexible than allyl, it is reasonable that the T, for POSS-
1 is lower than that for POSS-2. When such ionic conductors
are used as solid-state electrolytes of ssDSSCs during device
operation in the temperature higher than the glass transition
temperature but lower than the decomposition temperature,
they are in the elastomeric state. As we know, molecules can
twist and stretch easily in elastomeric state,”” which is favorable
for efficient ssDSSCs.**

Generally, glass transition process can be the proof that the
obtained ionic conductors are amorphous. To further character-
ize the amorphous feature, powder X-ray diffraction is
performed. Figure S4 in the Supporting Information shows
XRD patterns of POSS-1 and POSS-2. Only one broad peak is
observed for both ionic conductors, indicating that POSS-1 and
POSS-2 are amorphous. This is advantageous to pore filling of
TiO, as compared with some easy-crystallized ionic conductors
to be used as solid-state electrolytes."> Figure 2 displays top and

side views of SEM images of TiO, films before and after filling
of solid POSS-1/I, and POSS-2/1, electrolytes, respectively.
Pores among TiO, particles were clearly observed from both
top and side SEM views for the bare TiO, film. However, when
either POSS-1/1, or POSS-2/1, was added into the TiO, film,
the TiO, surface became smooth and the pores were invisible,
indicating that both POSS-1/1, and POSS-2/1, filled the TiO,
pores sufficiently. By contrast, the crystallized ionic conductors
tended to form large crystals during electrolyte injection and
could not fill the pores well as we reported previously."

3.2. lonic Conductivity. The ionic conductivity was
measured with the electrochemical impedance on dummy
cells constructed with two identical platinized FTO glass
substrates and filled with the solid electrolyte. The as-
synthesized POSS-1 exhibits higher conductivity (0.042 mS
cm™) than the as-synthesized POSS-2 (0.022 mS cm™). For
the as-synthesized ionic conductors, the ionic conductivity
depends on the physical diffusion"? of ions. As propyl is more
flexible than allyl, it is reasonable that the ionic diffusion in
POSS-1 is faster than that in POSS-2, and therefore the former
shows higher conductivity than the latter.

When appropriate amount of iodine is added to the ionic
conductor (molar ratio of POSS:I, = 1.5/1, the same below),
the conductivity is significantly improved to 0.46 and 1.16 mS
cm™' for POSS-1/I, and POSS-2/L,, respectively. The
significant increase in conductivity is attributed to efficient
Grotthus charge exchange.” As reported by Thorsmelle et
al,*° the Grotthus mechanism can contribute to ionic charge
transport in 1-methyl-3-propylimidazolium iodide at high
iodine concentration. The main reason is that high iodine/
iodide packing density can reduce the distance between iodide/
polyiodide species, which enhances Grotthus bond exchange
(I" + I = I;” + I") and thus leads to extraordinarily efficient
charge transport.’® Therefore, for the ionic conductor mixed
with iodine, the ionic conductivity depends on Grotthus charge
exchange.’’ Although the as-synthesized POSS-1 exhibits
higher conductivity than the as-synthesized POSS-2, the latter
shows higher conductivity when iodine is mixed with the ionic
conductor. This indicates that the Grotthus charge exchange
rate in the POSS-2/1, mixture is faster than that in the POSS-
1/1, mixture, which dominates the ionic conductivity upon
iodine doping. The Grotthus charge exchange rate is affected by
intermolecular 7—7z interactions when the added amount of
iodine is controlled the same. Owing to the presence of allyl
groups, the 7— interactions for POSS-2 are stronger than that
for POSS-1, which is favorable for efficient Grotthus charge
exchange and hence higher conductivity.*>

The temperature dependence of conductivity for the ionic
conductors mixed with iodine is shown in Figure 3. It can be
seen from Figure 3 that conductivity increases with temperature
and can be fitted well by the Arrhenius equation™

o = oexp(—E,/kT) (1)

where o0, is a constant, E, is the activation energy, k is
Boltzmann’s constant, and T is the absolute temperature. The
linear dependence of Ino on 1/T indicates that the conductivity
of the solid electrolyte is attributed to ionic conduction, which
originates from the charge transfer along the polyiodide chain
according to the relay-type Grotthus mechanism. Charge
transfer along the polyiodide chain just looks like movements
of iodide and triiodide in opposite directions.

3.3. Photovoltaic Performance. The current—voltage
characteristics of DSSCs were tested under simulated
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Figure 3. Temperature dependence of ionic conductivity for POSS-1/
I, and POSS-2/1, (molar ratio 1.5/1).

AML.5G illumination (100 mW cm™2). Figure 4a illustrates the
J—V curves of cells with the solid-state electrolytes of POSS-1/
I, (molar ratio of 1.5/1) and POSS-2/1, (molar ratio of 1.5/1),
respectively. The POSS-1/1, based ssDSSC produced a short-
circuit photocurrent (J,.) of 10.93 mA cm™, an open-circuit
photovoltage (V,.) of 0.71 V, and a fill factor (FF) of 0.68,
corresponding to a power conversion efficiency (77) of 5.28%.
Under the same condition, the ssDSSC-based on POSS-2/1,
generated a J,. of 12.15 mA cm ™2, a V. of 0.74 V, and an FF of
0.70, corresponding to a # of 6.29%. The higher J;. and FF for
the ssDSSC with POSS-2/1, is mainly attributed to its higher
conductivity, as compared to the ssDSSC with POSS-1/1L,. To
highlight the advantage of low glass-transition temperature, we
did a control experiment using the previously reported POSS-
based ionic conductor'” with a higher T, (52 °C). The ssDSSC
with the previously reported POSS-based ionic conductor'’
produced efficiency of 4.40% (J,. = 9.96 mA cm™2, V,. = 0.64 V,
FF = 0.69) under the same conditions and the same iodine
amount, which was much lower than the efficiency obtained
from the ionic conductor with lower T,. As lower T, can make
the solid electrolyte in the elastomeric state under the device
operating temperature, which is favorable for good interfacial
contact between electrolyte and the dye-loaded TiO, film and
hence efficient dye regeneration, it is reasonable that the ionic
conductor with a lower T, can regenerate dye cation efficiently
and thus achieve higher current and better photovoltaic
performance.

The photovoltaic performance can be enhanced by using a
better dye having broad absorption and high extinction
coefficient. In addition, the performance is also influenced by

the structure of photoanode. Recently, Kuang et al. reported
interesting hyperbranched anatase titania architectures,**
branched nanowire-coated macroporous metal oxide electro-
des,*® and ultralong anatase titania nanowire arrays with
multilayered configuration.>® These novel structures are
suitable for solid-state DSSCs considering the favorable
attributes, such as high surface area, strong light scattering
and fast electron transport properties. It is expected to achieve
higher efliciency when our electrolytes are combined with these
interesting photoanodes.

Figure 4b shows the IPCE spectra for the two ssDSSCs. The
IPCE values for POSS-2/1, are higher than those for POSS-1/
L, in the spectral range of 350—650 nm, accounting for the J,.
difference. The difference of IPCE for the two ionic conductors
is also attributed to the different ionic conductivity.

Figure Sa shows the dependence of J,. on light intensity. For
POSS-1/1,-based device, J,. increased linearly with light
intensity in the range of 10—80 mW cm > and then increased
more slowly with further increasing light intensity up to 100
mW cm™ This means that the ionic conductivity of POSS-1/1,
is high enough for photocurrent generation at light intensity
below 80 mW cm™ but not sufficiently high for photocurrent
generation at full-sun irradiation. However, J,. increased linearly
with light intensity in the range of 10—100 mW cm™* for
POSS-2/1,-based device, indicating that the ionic movements
in POSS-2/1, caused by the Grotthus charge exchange did not
limit the photocurrent generation up to 100 mW cm™ As
compared to POSS-1/1, based cell, the POSS-2/1,-based cell
showed a linear dependence of . on light intensity in a wider
range because of its higher conductivity.

The dependence of V. on light intensity is shown in Figure
Sb. For POSS-1/1,-based device, V, increased linearly with the
logarithm of light intensity in the range of 10—80 mW cm™>
and then increased more slowly with further increasing light
intensity up to 100 mW cm ™2 For POSS-2/1, based device, V.
increased linearly with the logarithm of light intensity in the
range of 10—100 mW cm ™ V. is defined as the difference
between the quasi-Fermi level of dye-loaded TiO, under light
and the redox potential of the redox electrolyte. V. is mainly
due to the light-induced change of electron density in the
conduction band of TiO, and usually increases linearly with the
logarithm of J,..>” Therefore, it is reasonable to observe a linear
dependence of V. on the logarithm of light intensity in the
range where J;. increases linearly with light intensity.

The influence of temperature on solar cell performance was
also investigated in the temperature range of 25—80 °C, and the
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Figure 4. (2) J—V curves and (b) IPCE spectra for ssDSSCs based on POSS-1/1, and POSS-2/1,, respectively. Four parallel DSSCs for each sample
were measured with standard deviation errors of less than 0.2% and 2% in absolute power conversion efficiency and IPCE, respectively.
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photovoltaic data are summarized in Table 1. For both
electrolytes, ], increased gradually with temperature because

Table 1. Influence of Temperature on Solar Cell
Performance

T (°C) Jo/mA cm™> V,./mV FF n (%)

POSS-1 25 10.70 713 0.68 5.19
40 11.60 709 0.67 5.51

60 12.39 699 0.67 5.80

80 13.46 684 0.65 5.98

POSS-2 25 11.58 743 0.71 6.11
40 12.57 732 0.69 6.35

60 12.91 724 0.68 6.36

80 13.37 703 0.68 6.39

of the increased conductivity (Figure 3), whereas V. decreased
gradually because of the possible positive shift of conduction
band edge of TiO, with temperature.*® J,_ was similar at 80 °C
for both electrolytes due to their similar conductivity at high
temperature (Figure 3). The power conversion efficiency
increased gradually with temperature for POSS-1 while it
increased from 25 to 40 °C for POSS-2 followed by a negligible
change with further increasing temperature. The difference of
power conversion efficiency between the two electrolytes
became smaller with temperature because of the reduced
difference of conductivity with temperature (Figure 3).

The increase in V. by 0.03 V from POSS-1/1, to POSS-2/1,
can be explained by the different charge recombination rate.
Figure 6 shows the electron lifetime against charge density for

= POSS-1
e POSS-2

L

- 'Y °
" .
- . L
-
0.014
T T T T
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Figure 6. Electron lifetime against charge density for POSS-1/1,- and
POSS-2/1,-based ssDSSCs. Four parallel DSSCs for each sample were
measured with relative standard deviation errors of less than 10% in
electron lifetime.

10719

POSS-1/1, and POSS-2/1, based ssDSSCs. At the same charge
density, the electron lifetime of POSS-2/I, based ssDSSC is
about 2.5 times that of POSS-1/1, based ssDSSC. This suggests
that charge recombination between electrons in TiO, film and
I;~ for POSS-2/1, is significantly retarded by the stronger 7—x
stacking interactions between the allyl groups and imidazolium
rings, as compared with POSS-1/1,, which is responsible for the
higher V..

Long-term stability is one of the critical parameters for
practical applications. The performance of the ssDSSC was
recorded over a period of 1000 h under one-sun soaking at RT
using an unoptimizable cell with POSS-2/1, (Figure 7). The
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Figure 7. Performance evolution of the ssDSSC based on POSS-2/1,
under one-sun soaking for 1000 h.

initial # was 5.77% (J,. = 11.46 mA cm™2, V,. = 719 mV, FF =
0.70). At the beginning stage up to 100 h, J,. increased while
V,. and FF decreased, respectively. Afterward, all the
photovoltaic parameters hardly changed up to 1000 h of light
soaking likely due to the aging of the device. Compared to the
initial performance, J,. increased by 4%, V. decreased by 2%,
FF decreased by 6%, and 5 decreased by 4%. These data
suggest that the ssDSSC with this solid-state electrolyte is long-
term stable. The amorphous feature of the POSS-based solid
electrolyte with low glass transition temperature is advanta-
geous to forming good interfacial contacts between solid
electrolyte and electrodes. This is the main reason that the solid
device remains stable during light soaking.

4. CONCLUSIONS

In summary, novel amorphous ionic conductors with low glass
transition temperatures have been designed and synthesized for
use in ssDSSCs. As a result, good interfacial contact between

dx.doi.org/10.1021/am502556y | ACS Appl. Mater. Interfaces 2014, 6, 10714—10721
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solid electrolytes and TiO, particles has been achieved due to
the amorphous feature and low glass transition temperature. As
compared to POSS-1, stronger intermolecular 7—n stacking
interactions between the allyl groups and imidazolium rings can
result in higher conductivity of POSS-2/I, and slower charge
recombination. As a consequence, the ssDSSC based on POSS-
2/1, exhibits better photovoltaic performance than that based
on POSS-1/1,. These findings favor the design of new ionic
conductors for efficient ssDSSCs.
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