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A B S T R A C T   

For practical applications, flexible solid-state dye-sensitized solar cells (ss-DSSCs) with high photovoltaic per-
formance and stability are paramount. A novel iodine (I2)-free polysiloxane based highly conductive poly(ionic 
liquid), which acts as the lone charge transfer intermediate, is used for the first time as an electrolyte in flexible 
1D TiO2 nanotube photoanodes (TiO2 NT) based ss-DSSCs. The I2-free polymer electrolyte plasticized with 
ethylene carbonate (EC) leads to a higher power conversion efficiency in DSSCs involving TiO2 NTs than the I2- 
based polymer electrolyte, mainly due to improved Voc and Jsc. Apart from overcoming the visible light ab-
sorption loss, this I2-free polymer electrolyte also reduces the charge recombination and thus leads to higher 
electron lifetime in DSSCs. The I2-free DSSCs also displayed long-term stability measured under ambient and 
accelerated stability testing. The improvement is also due to the effective pore infiltration into the large pores of 
TiO2 NT structure in ss-DSSCs.   

1. Introduction 

Over the years, the photovoltaic technologies have emerged as an 
attractive alternative energy source to fossil fuels because of the con-
stant solar energy supply by the sun [1]. Since last two decades, 
dye-sensitized solar cells (DSSCs) have been given noteworthy attention 
due to their low manufacturing cost, easy fabrication, high power con-
version efficiency (PCE), aesthetics as well as for their environment 
friendly nature [2–6]. Usually, a DSSC consists of four major compo-
nents: photoanode, dye, redox electrolyte, and counter electrode. Opti-
mization of all components is equally essential for performance 
improvement of DSSCs. In particular, the electrolyte is a key component 
in DSSCs, as it has to be an effective redox mediator and show long-term 
stability. Kakiage et al. reported groundbreaking PCEs over 14% for 
DSSCs containing Co2+/Co3+ redox liquid electrolytes [7]. However, 
DSSCs consisted of liquid electrolyte possess stability related issues due 
to electrolyte leakage. To overcome the drawbacks related to stability, a 

large number of solid-state and quasi solid-state electrolytes, such as 
organic hole-transporting materials [8], conducting polymer [9], copper 
iodide or thiocyanate [10], ionic liquids (ILs) [11,12] as well as poly 
(ionic liquid)s (PILs) based electrolytes [13–18] have been studied as 
alternatives to the liquid electrolytes. An impressive PCEs of 11.7% was 
reported for ss-DSSCs with solid copper-based electrolyte [19]. How-
ever, polymer electrolytes based on PILs are preferred over inorganic 
solid electrolytes owing to their flexible nature and similar working 
mechanism as liquid electrolytes [20–23]. Pang et al. developed 
quasi-solid state electrolyte by soaking poly(vinylidene 
fluoride-co-hexafluoropropylene) (PVDF-HFP) based PILs into liquid 
electrolytes and the resulting DSSCs showed improved durability [21]. 
Recently, a novel multifunctional PIL, poly(oxyethylene)-imide-2,2,6, 
6-tetramethyl-1-piperidinyloxy was used as additive in liquid electro-
lyte and the resulting DSSCs maintained the long-term stability and PCE 
[24]. 

Polysiloxane-based electrolytes have been used in DSSCs due to their 
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excellent properties such as highly flexible and hydrophobic backbone, 
low Tg, and robust nature [25–27]. In our previous studies, we 
demonstrated the long-term stability for polysiloxane electrolytes based 
DSSCs [28–30]. However, all these polymer electrolytes still contained 
iodine (I2), which is known to cause the formation of extra I3− ions 
leading to photodegradation, corrosion of the counter electrode and 
desorption of the dye and thus limited stability. In 2011, Wang et al. 
reported the use of an I2-free PIL, poly(1-alkyl-3-(acryloyloxy) 
hexylimidazolium, as solid- state electrolyte in DSSC and achieved a 
PCE of 5.3%, retaining 85% of its original PCE after 1000 h at room 
temperature [31]. Yu et al. reported quasi-solid state DSSCs based on 
electrolytes gelled with 15 wt.% TiO2 and achieved a PCE of 8.0% [32]. 
Besides, some reports dealt with DSSCs with I2-free DSSC, showing 
reasonable performances, but only scarcely detailed their stability 
[33–36]. 

On the basis of these works about I2-free DSSCs, we herein report for 
the first time the use of a I2-free poly(1-N-methylimidazolium- 
pentylpolydimethylsiloxane)iodide as PIL in DSSCs including photo-
anodes made of TiO2 nanotubes (TiO2 NTs) immobilized on flexible Ti- 
foil. Indeed, due to their polymeric nature, polysiloxane-based PILs are 
viscous and a poor infiltration into TiO2 mesoporous structures was 
noticed [29]. The one-dimensional (1D) structured TiO2 NTs improves 
the polymer electrolyte infiltration into the photoanode as well as the 
charge transport [37–42]. Seidalilir et al. [43] reported gel-state DSSCs 
based on TiO2 NTs photoanodes with a PCE of 7.1%, the improved PCE 
being attributed to the effective pore infiltration and continuous elec-
trons transfer. In this work, we combine a flexible 1D TiO2 NT photo-
anode and polysiloxane based I2-free PIL electrolyte, to develop efficient 
and stable DSSC devices. The device performances were investigated by 
measuring current density-voltage (J-V) curves, dark current, imped-
ance spectroscopy (EIS) and open-circuit voltage decay (OCVD). 

2. Experimental 

2.1. Preparation of 1D TiO2 nanotubes (TiO2 NTs) based photoanodes 

The TiO2 NTs were fabricated by the electrochemical anodization of 
the Ti foil. The cut Ti foil of 2 cm × 2 cm dimension was cleaned and 
sonicated in acetone, isopropanol and methanol sequentially for 10 min 
each and then dried in compressed air. Anodization of the cleaned Ti foil 
was performed in an electrolyte solution containing 0.3 M NH4F and 5% 
v/v water in ethylene glycol, by applying a constant voltage of 60 V 
between the Ti foil and a Pt foil counter electrode for 1 h using a 
generator (ISO-TECH IPS-603). The amorphous TiO2 NTs obtained after 
anodization were gently sonicated in deionized (DI) water to remove the 
nanograss (hydroxide) formation on the nanotubes. The amorphous 
sample was washed in DI water and dried with compressed air. To obtain 
the anatase phase, the amorphous TiO2 NTs were annealed in air at 
450 ◦C for 3 h. 

2.2. Preparation of the polymer electrolyte 

The PIL, poly(1-N-methylimidazolium-pentylpolydimethylsiloxane) 
iodide (referred to “ImI-PDMS” in this article) was synthesized as re-
ported in our previous work (see supporting information) [25]. Fig. S1 
show the chemical structures of ImI-PDMS and ethylene carbonate (EC). 
The polymer electrolytes composition used in this work is displayed in 
the Table S1. Appropriate amounts of the components were dissolved in 
a small amount of acetonitrile/valeronitrile (85/15, vol/vol) in a closed 
bottle and then continuously stirred at 50 ◦C for 5 mins. The experi-
mental procedure for fabricating DSSCs devices by using TiO2 NTs and 
electrolytes and the characterization techniques are detailed in the 
Supporting Information. 

3. Results and discussion 

3.1. Morphological and structural analysis of 1D TiO2 NTs 

Fig. 1a and b show the SEM images of the TiO2 NTs arrays, exhibiting 
an inner diameter ~ 130 nm and ~ 12 μm length. The unidirectional 
vertical arrangement of the nanotubes permits faster electron transfer in 
comparison to a dense nanoparticles network [43]. The structure of the 
grown TiO2 NTs was determined by XRD, as shown in Fig. 1c. All the 
TiO2 NTs layers present the anatase phase structure (JCPDS 89–4921) 
with main diffraction lines which can be indexed as the (101), (004), 

Fig. 1. SEM images displaying the top view (a), and side-view (b), of the TiO2 
NTs array grown by anodization of Ti foil. In (c), the XRD pattern of the 
calcined TiO2 NTs grown on Ti foil, while panel (d) shows the diffusive 
reflectance spectra of the TiO2 NTs. 

Fig. 2. The temperature dependence of the ionic conductivity of ImI-PDMS 
with and without EC. 

Fig. 3. J-V curves of the device using ImI-PDMS/I2.  
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(200) and (105) crystal planes, while the extra peaks come from the 
metallic Ti foil. Also, the sharp diffraction peaks in Fig. 1c. reveal that 
the TiO2 NT is characterized by a high crystallinity, which is related to 
the high-temperature post-deposition treatment at 450 ◦C under air. It 
has been reported that light scattering of TiO2 photoanode in DSSCs is 
useful in improving light harvesting properties [44–47]. Fig. 1d repre-
sents the diffuse reflectance spectra indicating that the TiO2 NTs also 
have the capacity to improve light harvesting in DSSCs. Fig. S2 illus-
trates digital photographs of the unfolded Ti foil with dye-absorbed TiO2 
NTs and the same bended sample confirming the flexible nature of the 
photoanode. 

3.2. Properties of the polymer electrolyte 

ImI-PDMS is a PIL composed of imidazolium cations fixed on a pol-
ysiloxane backbone using a pentyl spacer. The ionic conductivity of ImI- 
PDMS electrolyte is found to be 1.6 × 10− 5 S cm− 1 at room temperature. 
Upon plasticizing with 33 wt.% of EC, the conductivity is enhanced to 
1.1 × 10− 3 S cm− 1. The large increment in conductivity is attributed to 
the lower viscosity and a surge in ion dissociation because of the huge 
dielectric constant of EC. As shown in Fig. 2, the ionic conductivity in-
creases with temperature increase. 

3.3. Photovoltaic performance of the polymer electrolyte 

Fig. 3 shows the J-V curves of the DSSCs based of flexible Ti-foil- 
based TiO2 NTs and the pure ImI-PDMS/I2 electrolyte measured under 
~ 0.6 sun illumination, while the Table 1 lists the photovoltaic perfor-
mance parameters. The device composed of ImI-PDMS/I2 as electrolyte 
and TiO2 NTs photoanode, yielded higher Jsc (2.9 mA cm− 2) and PCE 
(1.7%) than the one reported in our previous study using TiO2 dyesol as 
photoanode with a similar thickness [29]. Despite having significantly 
lower dye loading, the enhanced performance is coming from the 

improved pore infiltration of the ImI-PDMS/I2 electrolyte inside the 
TiO2 NT pores as shown in Fig. 4. After polymer infiltration, the indi-
visual TiO2 NTs cannot be differentiated as polymer has infiltrated 
throughout the entire film. Furthermore, EDX elemental analysis 
confirmed the presence of Si, C and I atoms across the 12 μm thick TiO2 
NP film (Fig. 4b). Additionally, higher scattering properties of TiO2 NT 
compromise the loss occurred due to lower dye loading (Fig. 1d). 

Fig. 5a and Table 2 show the photovoltaic parameters of the DSSCs 
comprised of reference (liquid electrolyte) and polymer electrolytes 
under ~ 0.6 sun illumination. The device based on the liquid electrolyte 
showed the highest PCE of 4.15% as compared to the one with polymer 
electrolytes, which is mainly due to higher ionic conductivity and 
diffusion coefficient of I3− ions in the liquid electrolyte [28–30]. It is 
worth noting that the addition of 33 wt.% EC into the ImI-PDMS/EC/I2 
polymer electrolytes results in an improvement of both Voc and Jsc, 
resulting in a PCE of 2.3% (Tables 1 and 2). Interestingly, the PCE 
reached 3.55%, when I2 was omitted from the polymer electrolyte 
exhibiting a maximum IPCE value of 38.5% at 530 nm (Fig. S3). The 
omission of I2 improved the Jsc and Voc, with a negligible impact on FF. 
The FF is the ratio of maximum attainable power to the product of Jsc 
and Voc. Therefore, its reduction is probably due to enhanced charge 
transport resistance resulting from a lower I3− concentration generated 
in-situ in I2-free electrolyte [48]. The improved Voc and Jsc can be 
correlated to the reduced dark current as shown in Fig 5b. 

Our study shows that it is not necessary to add I2 in polysiloxane 
based PIL and is even detrimental (Table 2 and Fig 5). The addition of 
extra I2 engenders the in-situ generation of excess I3− which could further 
develop into polyiodides such as I5− and I7− [49]. The visible light ab-
sorption spectra of ImI-PDMS/EC/I2 and ImI-PDMS/EC (both 10x 
diluted with acetonitrile/valeronitrile) indicated that the I2-free elec-
trolyte absorbs less visible light compared to the one with I2 (Fig. 6a). 
Furthermore, removal of I2 from the polymer electrolytes makes the 
electrolyte lighter in color and improves the light-harvesting of the dye 
molecules (insert of Fig. 6a). Raman spectroscopy was performed on 
I2-free and I2-based polymer electrolytes (Fig. 6b). The peak at 112 cm− 1 

for I2-based polymer electrolyte, confirms the complete conversion of I−

to I3− (symmetric stretching vibration) with the addition of I2 [50]. 
Whereas, the weaker band between 135 and 155 cm− 1 can be assigned 
to the asymmetric stretching mode of I3− and presence of polyiodides 
[50,51]. Generation of polyiodides in I2-based electrolytes caused the 
recombination of holes and electrons as also confirmed by increased 
dark current in I2 based DSSC shown in Fig. 5b. 

Impedance spectroscopy (EIS) was used to examine the charge 
transfer process of DSSCs in dark under open circuit voltage conditions 
[29]. The Nyquist and Bode phase plots of the DSSCs comprising the 
liquid and polymer electrolytes are shown in Fig. 7a and b, respectively. 
Three signatures can be identified in the EIS spectrum in the studied 
frequency range (0.1 Hz to 300 kHz). The first (high frequency) and 
second (middle frequency) semicircles correspond to the charge-transfer 
resistances at the counter electrode (R1) and electrolyte–TiO2 interfaces 
(R2), while the third one (R3) in the lower frequency range corresponds 
to the diffusion resistance of the electrolyte [52]. The circuit used to fit 
the data is presented in the insert of Fig. 7a and the corresponding values 
are briefed in Table 3. The sheet resistance (Rs) comprises of the con-
tacts/wires and electrolyte resistance. The higher Rs value of I2-free 
ImI-PDMS/EC-based device can be explained for the low FF [32,53]. The 
lower value of R1 and R2 for the ImI-PDMS/EC-based device confirms 
the superior catalytic activity of I2-free electrolyte at the counter elec-
trode and lower recombination leading to enhanced Voc, respectively. 

Table 1 
Photovoltaic parameters of DSSCs based on Dyesol TiO2 or TiO2 NTs photoanodes in contact with ImI-PDMS/I2 electrolyte.  

Photoanodes Thickness (μm) Illumination Dye loading (mol mm− 2) Sun (mW cm− 1) Jsc (mA cm− 2) Voc (V) FF PCE (%) Ref 

Dyesol TiO2 11 Front 1.98 × 10¡9 0.7 5.9 0.11 0.25 0.2 [29] 
TiO2 NTs 12 Back 7.0 × 10− 12 0.6 2.9 0.63 0.55 1.7 present work  

Fig. 4. SEM cross-section images of the TiO2 NTs filled with ImI-PDMS/I2 (a) 
and (c) EDX elemental mapping for the rectangular area indicated in (b). 
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However, the extremely large R3 value of the I2-free 
ImI-PDMS/EC-based device shows the highly insufficient amount of I3−

ions as the EIS measurements were done in dark conditions. 
Then again, the effective lifetime of electrons (τe) can be estimated 

from the maximum frequency (fmax) in the middle frequency range 
related to the charge transfer reaction at the TiO2 NT/electrolyte 
interface by the following Eq. (1) [54]. 

τe =
1

2JI fmax
(1) 

As shown in Table 4, I2-free ImI-PDMS/EC-based device shows the 
highest electron lifetime (67.8 ms) followed by the liquid electrolyte 
(45.4 ms) and ImI-PDMS/EC/I2 (42.9 ms) based devices. 

The open-circuit voltage decay (OCVD) measurement was performed 
by illuminating the device in open circuit condition and then observing 
the voltage decay as carriers recombine when the illumination is turned 
off [55,56]. The devices were illuminated by driving the white LED with 
square wave pulses. The LED input and solar cell output were syn-
chronized and recorded by the oscilloscope. Fig. 8a-b represent the 
OCVD experimental setup and schematic representation measured for 
the I2-free and I2-based polymer electrolytes based devices, respectively. 
Upon turning off the illumination, the charge recombination at the 
interface results in a decrease of Voc. The longer the Voc decay time the 
slower is the charge recombination[35]. From Fig. 8c, it is found that the 
decay time for I2-free devices was longer than that of the I2-based and 

Fig. 5. J-V curves of devices using polymer and liquid-state electrolytes; (a) ~ 0.6 sun illumination, and (b) in dark conditions.  

Table 2 
Photovoltaic parameters of DSSCs based on TiO2 NTs and various electrolytes.  

DSSC Voc (V) Jsc (mA cm− 2) FF PCE (%) 

Reference 0.66 6.33 0.60 4.15 
ImI-PDMS/EC/I2 0.64 3.63 0.58 2.30 
ImI-PDMS/EC 0.69 5.48 0.56 3.55  

Fig. 6. a) UV–visible absorption and b) Raman spectra of the different electrolytes investigated.  

Fig. 7. (a) Nyquist plots and (b) Bode phase plots measured in dark conditions at an Voc bias for DSSCs using the different electrolytes. Insert in Fig. 7a shows the 
corresponding equivalent circuit. 
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found to be in good agreement with the device performances and 
impedance spectroscopy results. The electron lifetime could be corre-
lated with the Voc decay rate through the following equation 2: 

τe = −
kB T

q

/(
dVoc

dt

)

(2) 

Where kB is the Boltzmann constant, T is the room temperature in 
kelvin, q is the elementary charge and t is the time. As shown in Fig. 8d, 
the I2-free devices have a longer electron lifetime than that of I2-based 
ones, clearly showing the advantages of omitting I2 from the polymer for 
reducing the charge recombination. 

3.4. Long term stability 

Fig. 9a shows the accelerated ageing test of the devices with the 
polymer (ImI-PDMS/EC and ImI-PDMS/EC/I2) electrolytes versus the 
liquid electrolyte. The solar cell efficiency was measured at different 
time after keeping the devices under 1 sun conditions at 50 ◦C. It was 
noted that the DSSCs including ImI-PDMS/EC and ImI-PDMS/EC/I2 
exhibit excellent durability over 500 h, retaining up to 87% and 80% 
respectively of their initial efficiency, as opposed to the liquid-state 
DSSC which only retains 38%. The DSSCs with polymer electrolytes 
show a slight efficiency improvement initially, presumably due to the 
temperature increase which improved the conductivity (Fig. 2b). The I2- 
free DSSC displayed prolonged at-rest stability due to the reduction of 
the I3− -related corrosion and electrolyte leakage. Fig. 9b shows the at-rest 
stability of the replica ss-DSSCs with and without I2 measured for several 
days under ambient conditions. It is noted that the DSSCs with no I2 
display superior stability measured over 150 days as compared to the 
DSSCs that contained I2. 

Table 3 
Values of the circuit elements obtained by the EIS data fitting.  

Sample code Rs (Ω) R1(Ω) R2 (Ω) R3 (Ω) fmax (Hz) τe (ms) 

Reference 16.5 4.5 14.7 2.3 3.51 45.4 
ImI-PDMS/EC/I2 16.3 11.3 25.3 2.0 3.71 42.9 
ImI-PDMS/EC 17.6 8.9 24.0 30.5 2.35 67.8  

Fig. 8. (a) Experimental set-up and (b) schematic representations of the open-circuit voltage-decay (OCVD) measurement; (c) Voc decay for ss-DSSCs based on ImI- 
PDMS/EC and ImI-PDMS/EC/I2 electrolytes; (d) the electron lifetime derived from equation 2. 

Fig. 9. Evolution of the normalized efficiency for the DSSCs using different electrolytes during accelerated aging tests at (a) under 1 sun and 50 ◦C and (b) under 
ambient conditions. 
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4. Conclusion 

An I2-free polysiloxane based polymer electrolyte was employed for 
the first time in combination with flexible 1D TiO2 NT photoanodes in 
DSSC devices. Without the addition of I2, the fabricated ss-DSSC with 
polymer electrolyte achieved a PCE of 3.55%, about 1.5 times higher 
compared to the device with I2-based polymer electrolyte. Both Voc and 
Jsc were notably improved when using the I2-free polymer electrolytes as 
a result of the reduced charge recombination. The EIS and OCVD mea-
surements further confirm that the I2-free DSSCs have lower recombi-
nation losses and higher electron lifetime. Additionally, I2-free DSSCs 
showed an improved stability compared to I2-based DSSCs under 
accelerated and ambient conditions. Furthermore, the present I2-free 
polymer electrolytes coupled with the TiO2 NT photoanodes increase the 
visible light absorption and demonstrate effective pore infiltration 
paving the way towards the fabrication of flexible DSSCs. Further 
optimization of the DSSCs with various photoanodes and I2-free polymer 
electrolytes is actually in progress. 
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