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A B S T R A C T

Liquid junction dye-sensitised solar cells (DSSCs) suffer from solvent evaporation and leakage which limit
their large-scale production. Here, we have prepared DSSC using a simple and cheap fabrication process
with improved photovoltaic parameters and stability. A binary mixture of Smectic A (SmA) and Nematic
Liquid Crystal (NLC) was used to provide a self-assembled template for a polymerisable reactive mesogen
LC. The layered structure of SmA combined with a low viscosity NLC forms a polygonal structure that
provides an ordered and continuous template for reactive mesogens. Once the reactive mesogen is
polymerised under UV light, the SmA:NLC mixture is washed away, resulting in a polymer network
template containing nanochannels. We demonstrate the incorporation of these templates into DSSCs and
find that DSSCs containing these nanochannels show improved open-circuit voltage (VOC) (0.705 V) and
short-circuit current (JSC) (13.25 mA cm�2) compared to that of the liquid electrolyte (VOC = 0.694 V and
JSC = 10.46 mA cm�2). The highest obtained power conversion efficiency with Sm-PE was 5.94% which is
higher than that of the reference solar cell (5.51%). These can be attributed to the improved ionic
conductivity and ionic diffusion of Sm-PE where the presence of the nanochannels aided the ionic
conduction in the polymer electrolyte. In addition, it is hypothesized that the light scattering effect of the
polymerised reactive mesogen also contributed to the improved performance of the photovoltaic
devices. This finding is important because it is known fact that when a polymer is added to liquid
electrolyte, the ionic conductivity will decrease although the stability is improved.
ã 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Dye sensitised solar cells (DSSCs) were first demonstrated in
1991 by O’Reagan and Graetzel [1]. These hybrid organic-inorganic
solar cells have the advantage of being environmentally friendly
and also allow easy and low-cost fabrication without sacrificing
their relatively high efficiency compared to organic solar cells. One
of the major components of DSSCs is the electrolyte which is a
redox mediator responsible for the regeneration of the dye and the
electrolyte itself. The electrolyte in the DSSC device can be divided
into three different types: liquid electrolyte, gel polymer electro-
lyte and solid state electrolyte. The liquid electrolyte DSSC gives

the highest efficiency of up to 13% for Cobalt-based electrolyte [2].
However, this type of electrolyte suffers from evaporation of the
solvent which reduces its long term stability. To address this issue,
researchers have proposed the solid electrolyte which is more
stable but sacrifices in the efficiency of the device as the solid
electrolyte exhibits a low ionic conductivity. By employing various
additives and plasticisers, it was found out that gel polymer
electrolytes provide a compromise between solid and liquid
electrolytes making it possible to extend the lifetime of the device
without having to significantly sacrifice the efficiency [3–6]. On
example of such an additive the addition of liquid crystalline (LC)
materials to the electrolyte matrix [7,8].

LC materials exhibit physical properties that are intermediate
between those of solids and liquids under certain conditions, i.e.
temperature or solvent concentration. In addition, different
molecular composition leads to the formation of different phases,
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such as nematic, smectic and columnar [9]. These characteristics
come from intermolecular interactions as well as molecule
geometry (cylinder or disc-like) which tends to self assemble in
a given direction and sometimes in orientational order. Nematic
phase is the simplest type of LC phase. Nematic phase shows
thread-like discontinuities when observed under a crossed-
polarised microscope. The thread-like discontinuities form what
is called the Schlieren texture, where two or four dark brushes
meet. The molecules tend to assemble with the long axes pointing
toward a certain direction. Unlike nematic phase, smectic is much
more viscous due the structure is much more closer to a solid
where smectic phase not only has an orientational order but also a
positional order. The molecules also tend to align in layers.

Despite their unique electro-optical properties that have
allowed them to be used almost universally in display applications,

LCs have had very limited use in photovoltaic applications. The
exceptions to this has been work performed on the development of
organic solar cells employing disc-like discotic liquid crystalline
(DLCs) materials that have been shown to support higher charge
carrier mobility than that of amorphous materials which is needed
for a good electronic device [10,11]. A recent paper by Sun et al.
shows that NLC could be use in organic solar cell with a high
efficiency of 9.3% which is exceptionally high for an organic
photovoltaic device [12]. LCs have also been shown to improve the
efficiency of DSSC where the light scattering effect and the
passivation of the TiO2 surface by the LC material have been cited
for this improvement [7,8].

Reactive mesogens (RMs) are a type of polymerisable LC
material with a reactive unit at one or both ends of the molecule,
with an acrylate being the most common end group. RMs undergo

Fig. 1. Chemical structure of a) nematic E7, b) smectic 8/2 organosiloxane, c) the reactive mesogen, RM257, d) the photoinitiator, IR819 and e) schematic illustration of
nanotemplate preparation.
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polymerisation in the presence of photoinitiator and UV light. Even
after polymerisation, RM still retain their anisotropic properties
which makes them interesting materials for a range of applications
such as displays and organic light emitting diodes (OLEDs) [13,14].

In DSSC research, the use of nanostructures has been employed
to further increase the efficiency by enhancing the semiconductor
material's charge transport properties. Most of these experiments
however, investigate the effect of nanostructured growth in the
transparent oxide semiconductor by using ZnO, and TiO2 etc.
[15,16]. Lim et al. have shown that the templating technique can be
used to prepare oxide semiconductors where block-graft copoly-
mers were employed to prepare a highly organised TiO2

mesoporous layer [17]. This approach has given the rise to the
concept of utilising nanostructures with the redox electrolyte to
improve the ionic conduction mechanism. This concept has been
explored by Horgberg et al. who used a binary LC mixture to form
nano-segregated structures for DSSCs, which are able to perform
well up to 120 �C [18].

In this study, we propose a new type of electrolyte, through the
use of highly ordered Smectic A (SmA)/NLC mixture which
provides a template for the assembly and alignment of RM
components. The RM is responsible for making a polymer network
when exposed under UV light. Templating techniques have been
successful in providing a highly ordered self-assembled structure
in the polymer electrolyte systems, which in turn, improved the
carrier mobility and conductivity of the templated material
[19–21]. To define the role of SmA and NLC in the formation of
the self-assembled nanotemplate interaction, a series of binary
mixtures with different SmA:NLC ratio were prepared and
characterised through polarising optical microscopy (POM). The
optimised binary LC mixture was used to fabricate DSSC and the
photovoltaic properties are characterised.

2. Experimental

2.1. Materials

E7 LC was received from Merck. Lithium iodide (LiI), Iodine (I2)
and 4-tert-butylpyridine (TBP) were purchased from Sigma-
Aldrich. Ti-Nanoxide D/SP Paste, 1,2-dimethyl-3-propylimidazo-
lium iodide (DMPII) and meltonix 1170-25 (DuPont Surlyn1) were
purchased from Solaronix. Di-tetrabutylammonium cis-bis(iso-
thiocyanato)bis(2,20-bipyridyl-4,40-dicarboxylato)ruthenium(II)
(N719) dye was received from Organica1. RM257 and IR819 were
obtained from Merck. All materials were used as received without
further purification. 8/2 organosiloxane has been synthesised in
house according to previous work [22].

2.2. Liquid crystal binary mixture preparation

LC mixtures of SmA (8/2 organosiloxane) and NLC (E7) were
prepared with respect to different ratios. The binary LC mixtures
were mixed together by placing them in an oven and bringing them
above their isotropic temperatures (80 �C) for 4 hours to obtain a
homogenous mixture. The resulting mixtures were used for further
characterisations. The structures of the materials are shown in
Fig. 1. Table 1 shows the different ratios of the LC components to
prepare the LC mixtures.

2.3. Liquid crystal nanostructure-template preparation

The optimised binary LC mixture was then mixed with a
reactive mesogen (RM257) and a photoinitiator (IR819). The RM
molecule has two acrylate functional groups which can undergo
polymerisation under the presence of UV light. The mixture was
heated in an oven above the isotropic temperature for 4 hours.
After that, the mixture was filled into a cell with a thickness of 15
um and cured using a UV light (1 mW/cm2) for 1 min. The cell was
fabricated with platinum-coated fluorine-doped tin oxide (FTO)
substrate on one side and polyvinyl alcohol (PVA)-coated glass
substrate on the other side. The FTO substrates were spin-coated
with platinum paste (Dyesol’s PT1 Platinum Paste) at 2000 r.p.m
for 60 s and annealed at 450 �C for 30 mins. The PVA layer on the
other substrate acts as a sacrificial layer so that it is easy to crack
open the cell afterwards. Once the mixture has been polymerised,
the LC component was removed by immersing the cell in acetone
for 24 hours. The cell was then cracked open leaving the nano-
channel template on the platinum side. The substrate was then
used to fabricate DSSC. Fig. 1 shows the chemical structures of the
materials used and the schematic diagram of preparing nano-
template polymer.

2.4. Device fabrication

The photoanodes were prepared by spin-coating a thin layer
(100 nm) of compact TiO2 onto FTO substrate and annealed at
450 �C for 30 mins. The spin-coated substrates were then bar-
coated with titania paste (Dyesol’s 18NR-T Transparent Titania
Paste) and then annealed at 500 �C for 30 mins. The resulting
thickness was approximately 8 mm. The substrates were then
immersed in 0.3 mM N719 dye solution for 24 hours. Excess dye
was removed by washing the substrate with acetonitrile for several
times. The photoanode and the photocathode with nanochannel
template were glued together using 25 mm sealing film (Meltonix
1170-25). The electrolyte which consists of 0.6 M MPII, 0.5 LiI, 0.05
I2 and 0.5 M TBP in acetonitrile were capillary filled into the cell.
The active area of the cell is controlled to be 0.283 cm2.

2.5. Characterisations

The Differential scanning calorimetry (DSC) was employed to
determine the transition temperature of the LC. The measure-
ment was performed using a Mettler Toledo DSC 823e at a heating
and cooling rate of 5� C min�1 from 0� C to 100� C. An Olympus
polarising optical microscope (BX60) attached to a programmable
hot-stage was used to obtain the morphology of the LC mixtures.
The samples were brought to isotropic and slowly cooled down to
their liquid crystal phase. All images were taken at their
respective liquid crystal temperature. The heating or cooling
temperature was controlled at 5� C min�1. In the case of the
templated polymer, POM images were taken at room tempera-
ture. The Fourier transformed infra-red (FTIR) spectroscopy was
performed on silicon substrate in transmission mode from 4000
to 1400 cm�1 using PerkinElmer. The ex situ characterisation of
the polymer on silicon substrate was carried out using scanning
electron microscopy (SEM, Zeiss SigmaVP, 2 kV). The conductivity
measurement was performed using a Keithley 4200-SCS param-
eter analyzer. The measurement was performed at room
temperature in a ITO-ITO cell with 25 mm thickness. The light
scattering effect of the sample was investigated using a red LED
diode laser (650 nm) with an elliptical beam. The sample was
placed 10 cm from the laser and a beam stop was used to remove
the zero-order of the output light so that the scattered light can be
observed more clearly. J-V measurement of the solar devices was
performed using Keithley sourcemeter connected to the Labview

Table 1
Summary of the SmA:E7 binary LC mixtures.

Mixture 1 2 3 4 5

SmA 0 20 40 60 100
E7 100 80 60 40 0
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program developed in-house. The measurement was performed
from �1.0 to 1.0 V at 100 mW/cm2 sunlight at AM 1.5G (1 sun).
Electrochemical Impedance spectroscopy (EIS) and steady state
voltammogram were performed on a Solatron 1260 Impedance
Analyzer. For the EIS, the measurements were carried out in the
frequency range of 10 mHz to 1 MHz with a 10 mV step under dark.
For the steady-state voltammogram, the measurement was carried
out from �1.5 V to 1.5 V at a rate of 10 mV s�1.

3. Results and discussion

Binary mixtures of 8/2 organosiloxane and E7 were prepared
with varying weight percent (wt.%). Fig. 2a shows the DSC curves of
binary LC mixtures of a nematic (N) E7 and a 8/2 organosiloxane LC.
The transition temperature for pure E7 from N to isotropic (I) is
58.3 �C. The 8/2 organosiloxane showed a SmA phase within the
temperature range of 43.6 �C to 62.9 �C, and is crystalline at room

Fig. 2. a) DSC curves under heating at 5 �C/min and b) phase diagram of pure LC materials and binary liquid crystal mixtures at different 8/2:E7 ratio. POM micrographs of LC
mixture at different 8/2:E7 ratio under crossed polarisers. All pictures are taken at their LC phase after cooling down from isotropic at a rate of 5 �C/min. c) 100:0, d) 80:20, e)
60:40, f) 40:60, g) 20: 80 and h) 0:100. The scale bar is 50 mm.
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temperature in its native form. The addition of 20 wt.% of 8/2
organosiloxane to E7 increased the SmA to I transition temperature
up to 64.3 �C which is the highest obtained transition temperature
for pure materials and binary mixtures. A further increase in the E7,
however resulted in a lower transition temperature. The lowest
transition temperature was displayed by the 8/2:E7 20:80 mixture
at 50.6 �C. From the DSC study, it is evident that the mixtures are
homogenous, as the transition temperature of the pure materials
were not observed within the DSC plots of the mixtures.

In order to get a clearer picture of the LC phases as a function of
the composition of the binary LC mixtures, its phase diagram is
plotted (Fig. 2b). The measurement of the transition temperature is
limited by the DSC equipment and the measurement below 0 �C
could not be obtained. The addition of 8/2 organosiloxane to E7
drastically changed the mesophase where only the smectic phase

could be obtained. The mesophase is thought to be dependent on
the larger size of the LC component and in this case, the phase of
the binary mixture is induced by the 8/2 organosiloxane where the
size of the molecule is a few times larger than E7. The effect of the
LC length on the mesophase of a binary LC mixture has been
studied previously [23]. For 8/2:E7 20:80 mixture, not only the
transition temperature is the highest, but it also has a wider SmA
temperature range compared to the pure 8/2 organosiloxane and
other binary mixtures.

Fig. 2 also shows the morphology of the LC mixtures in their LC
phase as observed using the POM. SmA phase is characterised by
the fan-shaped structure which are made up of focal conics
(Fig. 2c). This is formed from lamellae structure where the smectic
layers are parallel to the substrate’s plane. On the other hand, E7
showed a Schlieren texture which is typical for NLC (Fig. 2h). In the

Fig. 3. POM micrographs of SmA:E7 mixture with RM 257 and IR819 under crossed polarizers observed at room temperature. The cell is filled in the isotropic state and is
allowed to cool down naturally before characterisation. a) Before polymerisation, b) after polymerisation, c) after removal of LC, d) after infiltration with liquid electrolyte, and
e) pure RM257. The scale bar is 50 mm.
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8/2:E7 20:80 mixture, a polygonal structure could be seen (Fig. 2g).
This is a result of disclination of the lamellae perpendicular to the
plane of the glass substrates which induces the focal ellipses lying
in the plane. The tip of the focal section affixed to the opposite
substrates. This type of texture can only be seen in 8/2:E7 20:80
mixture. Beyond 20 wt.% concentration of 8/2 organosiloxane, all of
the mixtures showed the typical SmA texture as can be seen from
Fig. 2d–f. It is found out that the optimum ratio of 8/2 organo-
siloxane to E7 is 20:80 as this mixture gives a structure that is
standing up instead of lying on the plane of the substrate and thus a
higher degree of order. This result is also supported by the DSC
thermogram where 8/2:E7 20:80 showed the highest transition
temperature among other mixtures. Hence this mixture is chosen
to be used as the template for the electrolyte to be used in DSSC
fabrication.

In order to form stabilised nano-templates, a polymerisation
step is required. This was achieved through the addition of LC
monomer RM257 to the original binary mixtures. The binary LC
mixture acts as a template upon which RM257 will assume the
morphology or texture induced by the binary mixture. No change
in the texture of the mixture was observed after the addition of
RM257 and IR819 showing the stability of the polygonal structure.
The morphology of the mixture before (Fig. 3a) and after
polymerisation (Fig. 3b) were the same showing that the
polymerisation did not change the morphology of the optimised
mixture. The RM257 has been successfully templated using the
binary mixture as seen from Fig. 3a and b instead of showing the
spherulite structure of RM257 (Fig. 3e). The LC component was
then removed using acetone to leave polymerised nano-channels
(Fig. 3c). After removal of the LC constituents, the textures showed
hollow inter-connected channels. This shows that the RM has been
templated using the binary LC mixture where the RM filled the
space between the micro-platelets of the polygonal structure. It is
postulated that the iodide based liquid electrolyte ions travel
through these nano-channels. Filling the cell with the liquid
electrolyte (Fig. 3d) preserves the same structure which means
that the template is stable with regards to acetonitrile. The image
of the electrolyte within the smectic-templated polymer electro-
lyte (Sm-PE) is indicated in yellow due to the presence of the iodine
in the electrolyte.

FTIR spectroscopy was performed for different materials to
study the interaction between different molecules and the changes
after UV polymerisation. The absorption corresponding to the
nitrile group is around 2200 cm�1 which is present in E7, 8/2
organosiloxane and the binary LC mixtures. Fig. 4 shows the FTIR

curves for the different pure materials and mixtures. After the
removal of the LC components, it can be clearly seen that this peak
has disappeared, showing that acetone has removed the LC and
leaving only polymerised RM257. The peak at 1700 cm�1 originates
shows the C¼O stretching coming from RM257. This peak still
exists even after immersing the sample in acetone which proves
that acetone only removed the LC components. Fig. 4 shows the
FTIR spectra for the LC material, the mixture before and after UV
polymerisation and also after immersion in acetone.

Fig. 4. FTIR spectra of the different components of the pure E7, 8/
2 organosiloxane, RM257, the binary mixtures before and after UV
curing and after the removal of the LC components.

SEM micrograph allows for a more precise view of the
polymerised mixture after removal of LC components (Fig. 5a).
As can be seen from the micrograph, nano-sized pores formation
could be observed throughout the sample. These hollow structures
are postulated to be provide ordered pathways for mobile ions to
move, and at the same time have the ability to trap liquid
electrolyte and thus extend the lifetime of the polymer electrolyte
by suppressing the evaporation of the solvent. The width of the
polymer fibre is estimated to be around 50 nm. The polymer has a
thread-like structure where two or more polymer fibres inter-
twine. It is also found that the surface roughness is considerably
high. This is to be expected as the UV polymerisation of the sample
was performed in a cell. The process of removing the top and
bottom substrates might have led to the uneven surface despite the
use of PVA as the sacrificial layer. Another thing to note is the
formation of bigger thread-like structure formed by different
single polymer fibres. These intertwined thread-like structures
form boundaries resulting in the configuration of the micron-sized
pores as seen in the POM micrographs. AFM studies have also been
performed on the same sample. The AFM micrograph (Fig. 5b)
corresponds well with the SEM image where the formation of
helical structures could be seen. The width of the polymer is also
estimated to be around 50 nm which is in good agreement with the
SEM image. In addition it can be seen that the surface of the
template is not smooth, but in fact displays surface variations of
about 1 mm.

Fig. 5 (a) SEM image of LC-templated polymer with a thin layer
of chromium/gold sputtered onto the sample to reduce the charge
build-up during characterisation. (b) AFM image of the LC-
templated polymer prepared on silicon substrate.

Ionic diffusion constant of the mobile ions in the template
electrolyte was measured using a standard current density limited
method using the steady-state voltammogram. The diffusion
coefficient can be calculated using the following equation (Eq. (1))

Jlim ¼ 2nFDI�3 cI�3
l

ð1Þ

where n is the electron number per molecule, F is the Faraday
constant, DI�3 is the diffusion coefficient of the limiting compound,
andcI�3 is the initial concentration of the limiting compound [24].
From the measurement, it was calculated that the DI�3 of liquid
electrolyte is 2.59 � 10�6 cm s�1 and the Sm-PE showed DI�3 of
4.53 � 10�6 cm s�1. The increased of DI�3 in the case of Sm-PE can be
related to the improved motion of the ions in the highly ordered
nanostructure which provided a more efficient pathway for the
movement of the mobile ions instead of moving randomly. The
presence of polymer network can also be thought of as a barrier for
the mobile ions to recombine with each other to form a tightly
bound compound which effectively reduce the ion diffusion. Fig. 6
shows the steady-state voltammetry measurement for different
electrolytes.

Current-voltage measurement was performed to measure the
ionic conductivity were performed at room temperature. The ionic

Fig. 4. FTIR spectra of the different components of the pure E7, 8/2 organosiloxane,
RM257, the binary mixtures before and after UV curing and after the removal of the
LC components.
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conductivity of the templated Sm-PE is significantly higher than
that of the reference electrolyte by almost 2-fold, from 7.70 � 10�4

S m�1 for the reference electrolyte and 1.47 � 10�3 S m�1 for the
Sm-PE. It has been shown that the ionic conduction mechanism in
polyethylene oxide is through the coordination process of lithium
ions induced by the segmental motion of the polymer backbone.
The ions either as singular or clusters move along the same chain or
different chain through hopping mechanism due to the formation
and breaking of the Li-O bonds present in the polymer [25]. This
clearly strengthens the assumption that the channels help to
increase the ionic conduction through a more ordered ionic
hopping process as the polymer itself is an insulator and does not
contribute to electronic conduction. Similar observations were also
noted by Majewski et al. who measured higher ionic conductivity
in the case of liquid crystalline polymer electrolyte structure
prepared perpendicular to the two electrodes [26]. Since the ion
transport mechanism in the polymer electrolyte involves the
percolation of the mobile ions between boundary zones, a
mesoporous insulating network will force the particles to touch
or come close to each other so as their space-charge zones overlap
[27]. This enhances the space-charge effect and hence the ionic

conductivity. Table 2 summarises the ionic conductivity and ionic
diffusion for different electrolytes.

The function of the reactive mesogen here is to act as the
polymer matrix and this is the first report that showed the use of
RM257 in DSSC application. RM257 is a known insulator and thus
has an extremely low conductivity compared to the liquid
electrolyte. The application of RM257has long been limited to
display technology. In this case, RM257 was used to prepare the
polymer matrix and the binary LC mixture acts as the template for
the polymerisation process. The function of this polymer matrix is
to contain and aid the conduction of the liquid electrolyte. The
polymer itself is not involved in the electrochemical reaction of the
liquid electrolyte. It is reasonable to assume that the ionic
conduction occurring in the Sm-PE is the same as any other
polymer electrolyte in which the segmental motion of the polymer
backbones together with inter- and intra-chain ionic hopping. The
redox reaction in this case remains the same as that of a standard
electrolyte used:

1
2
I�3 þ e Ptð Þ ! 3

2
I�

I�3 þ 2e Ptð Þ ! 3I�

Light propagation in a solar cell is an important factor that can
affect the efficiency of solar devices [28], and increasing the
effective propagation length of light in a solar cell serves to
increase device efficiency by enhancing optical absorption by the
active medium. A light scattering experiment was performed on
the two samples to investigate how light scattering varies with and
without the Sm template. Fig. 7 shows a schematic of the light
scattering setup utilised to compare the two samples. A 650 nm
laser diode with an elliptically-shaped output beam was incident
onto the sample and the scattering profile was observed in the
farfield (Fig. 7a). As can be seen from the pictures, the light profile
for the cell before (Fig. 7b) and after filling (Fig. 7c) with liquid
electrolyte is similar, implying that there no significant increase in
light scattering on filling optically isotropic liquid electrolyte.
However, a significant increase in scattering could be seen for the
un-filled cell employing the Smectic-templated polymer (Fig. 7d)
due to the incorporation of a birefringent porous medium inside
the beam path. On filling a liquid electrolyte into the templated
polymer the beam spread/scattering is reduced (Fig. 7e). This is
due to better refractive index matching between the liquid
electrolyte and the polymer template [29]. Increasing the light
scattering within the solar cell effectively increases the probability
of the light of exciting the dye molecules and hence increase the JSC
[30,31].

Subsequently, DSSCs were fabricated using the stabilised
nanochannel-templated electrolyte, and tested under AM 1.5

Fig. 5. a) SEM image of LC-templated polymer with a thin layer of chromium/gold sputtered onto the sample to reduce the charge build-up during characterisation. b) AFM
image of the LC-templated polymer prepared on silicon substrate.

Fig. 6. Steady-state voltammetry curve of the reference electrolyte and Sm-PE
performed at room temperature in a 25 mm cell.

Table 2
Ionic conductivity data for reference liquid electrolyte and electrolyte prepared by
UV-polymerisation of the LC mixture.

Sample Ionic diffusion
(cm s�1)

Ionic conductivity
(S m�1)

Liquid electrolyte 2.59 � 10�6 7.70 � 10�4

Sm-PE 4.53 �10�6 1.47 � 10�3
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conditions. The J-V curves and a summary of the efficiencies of the
solar cells are shown in Fig. 8 and Table 3 respectively. For
comparison, a DSSC employing standard liquid electrolyte was
measured in addition to the Sm-PE sample. The liquid electrolyte
shows a VOC = 0.694 V, a JSC = 10.46 mA cm�2 and a FF = 68%,
corresponding to an efficiency, h of 5.51%. The device which has
been polymerised on the counter electrode side exhibits a
VOC = 0.705 V, a JSC = 13.25 mA cm�2 and a FF = 63%, corresponding
to h of 5.94%.

In particular, the improvement in JSC of 11% was achieved for the
Sm-PE which can be attributed to a more ordered ionic conduction
pathways which enhance the ionic transport within the polymer.
This is evident from the ionic conductivity data where the Sm-PE
showed higher ionic conductivity. This might seem initially
counterintuitive as the nonconductive polymer covering much
of the surface of the platinum and thus reduces the area of catalytic
reaction of platinum and triiodide and yet still gives a higher
photocurrent. In the other case of polymer electrolyte, the JSC is
lowered due to the movement of mobile ions hindered by the
polymer network but this is not the case in polymer template
electrolyte [32]. This supports our hyphothesis that the ionic

conduction is aided by these nanopores in the case of the LC-
templated electrolyte. The DSSC fabricated with Sm-PE also
showed an increase in the VOC. This reduction in the FF is
attributed to the increase in the series resistance within the device.

Fig. 8 shows the J-V characteristics of the two different types of
solar devices under (a) light (b) dark conditions. The dark current
gives the information on the kinetics of the reaction of the
electrons from mesoporous TiO2 with triiodide in the electrolyte.
The liquid electrolyte showed an onset of dark current which is a
few mV lower than that of Sm-PE. This shows that the liquid
electrolyte has larger recombination than Sm-PE. The curve also
showed an increase in the photocurrent with the increase in the
voltage, suggesting the suppression of the recombination reaction
with the use of the Sm-PE.

EIS measurement was performed to investigate the charge
transport mechanism in the devices [33–35]. Fig. 8(c) shows the
Nyquist and (d) bode plot of the devices measured under dark at an
applied bias of �0.7 V. The equivalent circuit for the EIS
measurement given by Fig. 8e as has been used in previous
literatures [36,37]. The resistances and the electron lifetime are
summarised in Table 4. The series resistance is a major parasitic

Fig. 7. a) Schematic diagram for the light scattering experimental setup and the output profile of b) empty cell, c) cell filled with liquid electrolyte, d) empty cell containing
Smectic-templated polymer and e) cell containing Sm-PE. The ITO-ITO cell were fabricated using 25 mm spacer film.
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resistance that significantly affects the performance of a solar cell.
The series resistance originated from the different charge transfer
process at the Pt electrode, charge carrier transport in the
electrolyte and the sheet resistance of the FTO substrate. From
the Nyquist plot above, the sheet resistance, Rs of the platinum
electrode can be extracted. The Rs is smaller in the case of Sm-PE,
largely due to improved charge carrier transport which has been
explained previously. The charge transfer resistance at the TiO2/
dye/electrolyte interface is given by the Rct which can be
determined from the diameter of the second semicircle. The Rct
is lower in the case of reference DSSC compared to Sm-PE which
means that the excited electrons are easily injected into the TiO2.
The formation of nanostructures in the case of Sm-PE impede the
movement of the electron within the device and thus lowers the
charge transfer rate. This observation agrees with the finding
obtained in the ionic diffusion experiment.

Fig. 8. J-V curves of DSSC with reference liquid electrolyte and Sm-PE electrolyte under a) dark and b) light. c) Nyquist and d) bode plot of DSSCs under dark condition at �0.7 V
applied bias. e) The equivalent circuit used to determine resistances in the solar device. The measurements were performed at room temperature.

Table 3
Photovoltaic performance of DSSCs based on reference liquid electrolyte and
Smectic-templated polymer electrolyte. The value in the bracket shows the value
for the champion cell.

Device JSC
(mA cm�2)

VOC

(V)
FF
(%)

h
(%)

Reference 10.69 (10.46) 0.696 (0.694) 64 (68) 4.81 (4.97)
Sm-PE 11.92 (13.25) 0.699 (0.705) 64 (63) 5.29 (5.94)

Table 4
Summary of EIS parameters for liquid electrolyte and Sm-PE DSSCs.

Device Rs (V) Rct (V) tn (ms)

Reference 18.53 42.74 11.43
Sm-PE 15.07 63.63 14.33
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The electron lifetime can be calculated from the Bode plot using
the following equation

tn ¼ 1
2pf max

where f max is the frequency of the peak in the medium frequency
[38]. The electron lifetime is related to the back reaction between
the injected electron from the dye and the recombination reaction
with the electrolyte instead of being transported into the system. It
has been shown that the use of a thin TiO2 compact layer can help
to reduce this back recombination reaction and improve the
electron lifetime [39]. In this experiment, the Sm-PE showed an
improved electron lifetime compared to the reference liquid
electrolyte DSSC which suggest that the back reaction has been
impeded by the insulating polymer template. The channels can be
thought of as a barrier which prevent the injected electrons in the
TiO2 from being intercepted by the mobile ions in the redox
electrolyte.

4. Conclusions

Binary mixtures of varying compositions of the SmA and N are
prepared and characterised, and the mixture showing the most
ordered textures under crossed polarisers is identified. It is shown
that the structure of the phases depends strongly on the SmA
component because the molecule is larger compared to E7. The
function of this binary LC mixture is to provide a template for the
RM LC which will be added later. The RM is then added to the
optimised binary LC mixture and UV-polymerised to form highly
ordered, self-assembled RM polymer network. As a potential
application of the LC polymer templates, we prepare DSSC devices.
DSSCs fabricated using these nanostructures show promising
properties such as an increase in the VOC, JSC and h. The increase in
the photovoltaic parameters is thought to be due to the formation
of channels that aided the ionic conduction and the increased in
the electron lifetime which has been supported by the EIS
measurement. Further to this, the light scattering by the Sm-PE
also plays a role in increasing the efficiency as it increases the
probability of the dye being excited by the incoming light. Further
improvement could be attained by using different reactive
mesogen which can respond well with the ionic liquid component
which has been used in this study. Further development of these
templated electrolytes has the potential of enhancing the PCE even
further. The self assembly of nanochannels for containment of
electrolyte to form polymer electrolyte can be exploited in a
number of energy storage/conversion applications. These results
demonstrate a new pathway on the possibility of incorporating LCs
to provide an ordered template into DSSC research and widen the
possibility and application of these self-assembled nanostructure
in the field of photovoltaic research and could include applications
in Li-ion batteries, fuel cells, capacitors and solar cells.
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