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Liquid crystalline materials are interesting organic molecules possessing anisotropic behaviour. The
materials undergo self-assembly forming highly ordered structures, which from the opto-electronic
applications point of view, have a promising future. By controlling the functionality or the mesophase of
the liquid crystal materials, it is possible to develop specific device architectures. So far, controlling the
morphologies of organic materials for electronic applications has proven to be difficult. Here, we
prepared a liquid crystal-based polymer template using a polymer alignment layer and electric field. The
resultant morphology is closely related to the fabrication technique which can be further modified to suit
particular device applications. The mesophase characteristics and morphologies of these materials are
characterised using polarising optical microscopy, atomic force microscopy and scanning electron
microscopy. Next, we utilised these polymer electrolytes in dye-sensitised solar cells as a potential
application. Device performance such as open-circuit voltage, short-circuit current, fill-factor and power
conversion efficiencies also showed strong dependence on the structure of the polymer scaffold.
Hierarchical polymer electrolyte structures were prepared using a reactive mesogen assisted by Smectic
A liquid crystals. The morphology of these hierarchical structures was controlled by the use of alignment
layers on the substrate or by applying electric fields. The highest power conversion efficiency achieved
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sample. This can be attributed to the higher porosity in the case of the electric field aligned sample
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Introduction

The self-assembly of LC materials into ordered morphologies is
very promising for device applications." This is typically ach-
ieved through weak inter-molecular interactions between
molecules to create complex structures. The typical methods to
control these weak interactions are through the use of a variety
of different molecular compounds which are able to form
phase-segregated structures.> The self-assembly of LCs is ach-
ieved naturally either due to hydrogen bonding, dispersive
forces, and in some cases m-7 stacking of the molecules.**
These add functionality to the original material. In addition to
self-assembly, LC materials also respond to the application of
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external electric (E) or magnetic (H) fields due to the presence of
polar groups in the molecular structure.® Typically, the presence
of a periphery polar group to the core or the end chain of the
molecule causes polarisation of the overall molecule. This
polarisation allows alignment of the molecule in response to
the applied field as part of an energy minimisation process. In
addition to this, the morphology of the LC can also be
controlled by using a thin alignment layer on the substrate of
the LC device.® A thin layer of polymer which has been rubbed in
one direction is employed where the LC molecules align in the
grooves produced by the rubbing action.” By taking full advan-
tage of this effect, it is possible to control the structure of LCs to
suit particular applications. These characteristics allows
researchers to manipulate the LC mesophase for use in a wide
range of applications including displays, lasers, solar cells and
many more.**’

Smectic LCs are an interesting class of LC materials which
have higher order (positional as well as orientational) as
compared to the nematic LCs," in the sense that in additional
to orientational order characteristic of nematics, they also
possess positional order in terms of layering of the LC director.
In Smectic A LCs, the LC director is aligned perpendicular to the
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Smectic layers, whilst in Smectic C LCs, the director is oriented
at a tilted angle with respect to the Smectic layers. Typically, the
Smectic LC phase is obtained with molecules having non-polar
aromatic cores with two alkyl side chains or even with one alkyl
chain provided that the alkyl chain is long enough to provide
separation.” This separation allows the Smectic LC phase to
form a lamellar structure which is due to chemical compati-
bility. This segregation is driven by molecules showing amphi-
philic behaviour such as in the case of organosiloxane and
hydrocarbon.* This potential for segregation coupled with its
higher positional order enables the Smectic LC to act as a tem-
plating material. In this case, the Smectic LCs can exert higher
influence over the morphology of the materials to be syn-
thesised. The synthesised materials are expected to replicate the
structure of the Smectic LCs, which self-assemble into repeat
units of the dimensions of several nanometres.

In organic electronics, controlling the morphology and
structure of the organic compounds is essential in realising
high efficiency devices such as organic field effect transistors
and organic solar cells.** The objective of controlling the
morphology is to improve the interface characteristics between
the electron donor and acceptor for efficient exciton dissocia-
tions, as in the case of organic solar cells. Some of the methods
employed to control the morphology and molecular packing
include thermal annealing, solvent annealing, choice of
solvents and additives.®® Cho et al. showed the transition of
the morphology of the polyelectrolyte from nano-porous to
micro-porous after applying E.*

In addition to organic solar cells, dye sensitised solar cells
(DSSCs) are an organic inorganic hybrid that are promising
candidates for low-cost photovoltaic applications at relatively
high efficiencies.*® However, solvent evaporation and leakage of
liquid electrolyte-based DSSCs make the commercialisation of
DSSCs difficult.”* To address this issue, solid state and quasi-
solid state polymer electrolyte has been suggested as the alter-
native.”»* Despite showing a relative increase in device
stability, a lot of these approaches lead to device efficiencies
that are lower than that of liquid electrolyte-based DSSCs. This
is because the polymer network has been found to impede the
ionic conduction which leads to low ionic conductivity.>* Highly
ordered ionic conduction pathways have been proposed as
a possible method to mitigate conductivity problems and
researches are now looking to employ nanostructures in the
DSSCs.>>?¢

In this work, we prepared a mixture of an optimised
NLC : Smectic A (SmA) binary LC mixture, a reactive mesogen
and a photoinitiator based on previous literature.”” As an
extension of the idea of self-assembled LC-templated material,
we have used applied E and PI alignment layer to control the
structure of the LC mixture. It is demonstrated that the
morphology of these LC-templated materials are related to their
electrical and electrochemical properties. A potential applica-
tion of these templated materials is demonstrated through the
fabrication and characterisation of DSSCs. It is proposed that
this work will allow better understanding of the interaction
between LCs and external conditions.
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Experimental

Materials

E7 LC was received from Merck. Lithium iodide (LiI), iodine (I,)
and 4-tert-butylpyridine (TBP) were purchased from Sigma-
Aldrich. Ti-nanoxide D/SP paste, 1,2-dimethyl-3-
propylimidazolium iodide (DMPII) and meltonix 1170-25
(DuPont Surlyn®) were purchased from Solaronix. Di-
tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-
4,4'-dicarboxylato)ruthenium(u) (N719) dye was received from
Organica®. 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.>®

Methods

Liquid crystal binary mixture preparation

LC mixtures of SmA (8/2 organosiloxane) and NLC (E7) were
prepared with a 20 : 80 ratio by weight. The binary LC mixture
was then mixed with a reactive mesogen (RM257) and a photo-
initiator (IR819). 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 em™?) for 1 min. The structures of the materials are
shown in Fig. 1.

Substrates preparation

In order to fabricate the ordered Smectic template, a 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 rpm for 60 s and annealed at 450 °C for 30 min. 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
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Fig. 1 Chemical structure of (a) nematic E7, (b) Smectic 8/2 organo-

siloxane, (c) the reactive mesogen, RM257 and (d) the photoinitiator,
IR819.
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opened leaving the nanochannel template on the platinum side.
This substrate was then used to fabricate DSSC.

The alignment layer is prepared using a polyimide (AL-
16301) solution diluted in cyclopentanone. The alignment
layer solution was spin-coated on the pre-cleaned ITO substrate
at a spin speed of 3000 rpm for one minute, followed by baking
at 220 °C for 30 minutes to evaporate the solvent. After cooling
down the substrate to room temperature, the substrate is then
rubbed using a rubbing machine which has been built in-house.
The rubbing machine consisted of a rotating drum covered with
a nylon cloth.

Liquid crystals switching

Switching of the LC mixture is done in 25 um ITO-Pt-coated FTO
substrate. An applied voltage of 120 V peak-to-peak at
a frequency of 1 kHz was applied to the substrate using a func-
tion-generator (Thurlby Thandar Instruments TTi TG1304). The
function-generator output was amplified by a voltage amplifier.

Device fabrication

The photoanodes were prepared by spin-coating a thin layer
(100 nm) of compact TiO, onto FTO substrate and annealed at
450 °C for 30 min. 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 min. The
resulting thickness was approximately 8 um, that was verified
using a contact profilometer (DEKTAK). The substrates were
then immersed in 0.3 mM N719 dye solution for 24 hours.
Excess dye was removed by washing the substrate with aceto-
nitrile for several times. The photoanode and the photocathode
with nanochannel template were glued together using 25 pm
sealing film (Meltonix 1170-25). The electrolyte which consists
of 0.6 M MPII, 0.5 Lil, 0.05 I, 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 cm>.

Characterisation

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~" from 0 °C to 100 °C. An
Olympus polarising optical microscope (POM) (BX60) attached
to a programmable hot-stage was used to obtain the
morphology of the LC mixtures. The samples were brought into
the isotropic phase and slowly cooled down to their liquid
crystal phase. All images were taken at room temperature. The
heating or cooling temperature was controlled at 5 °C min~".
The ex situ characterisation of the polymer on silicon substrate
was carried out using scanning electron microscopy (SEM, Zeiss
SigmaVP, 2 kV) and tapping mode atomic force microscopy
(AFM, Agilent 5400 SPM). The conductivity measurement was
performed using a Keithley 4200-SCS parameter analyser. The
measurement was performed at room temperature in a ITO-ITO
cell with 25 pm thickness. J-V measurement of the solar devices
was performed using Keithley sourcemeter controlled by
a Labview automation program developed in-house. The
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measurement was performed from —1.0 to 1.0 V at 100 mW
ecm™? sunlight at AM 1.5G (1 sun). Electrochemical impedance
spectroscopy (EIS) and steady state voltammetry were per-
formed on a Solartron 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

—1.5Vto 1.5 Vatarate of 100 mV s .

Results and discussion
Preparation of LC binary mixture

Fig. 2 shows the morphology of the LC mixtures in their LC
phase. The SmA phase is characterised by the fan-shaped struc-
ture (Fig. 2a). On the other hand, E7 showed a schlieren texture
which is typical for nematic liquid crystal (Fig. 2b). The addition
of a nematic LC into SmA is necessary due to the difficulty in
switching the SmA LCs. By using the nematic LC with high
dielectric permittivity, it is possible to orientate the molecules by
applying E. Without the nematic LC, a higher E is needed to fully
switch the LC material. In the SmA : E7 20: 80 mixture, an
interesting texture could be seen (Fig. 2c). The structure showed
standing columns of an even diameter which means that the
focal conic structures were lying vertically, showing a polygonal
texture. Fig. 2d shows the schematic diagram of SmA LCs where
the molecules formed focal conic structures originating from
molecules from different layers of LC molecules.

Preparation of LC template

Next, to prepare the liquid crystal template, RM 257 and IR 819
were added to the liquid crystal mixture. A slight change could
be observed after the addition of the two components. Instead
of showing well-defined columns, the structure showed micron-

Fig.2 POM images of (a) pure E7, (b) pure SmA, (c) binary LC mixture
and (d) schematic diagram of the polygonal structure formed by the
binary LC mixture (side view). The scale bar is 50 pm using x60
magnification.
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Fig. 3 POM images of reactive mesogen mixtures before polymeri-
sation. The scale bar is 50 um using x60 magnification.

sized platelets. Fig. 3 shows the formation of the micron-sized
platelets of the LC template before polymerisation. This could
mean that the order that was obtained previously has been
disrupted by the extra components. A detailed discussion on the
formation of the self-assembled LC template has been dis-
cussed in our previous work.*”

Preparation of LC template using E

Fig. 4 shows the POM and SEM of the E aligned sample. The
binary LC mixture showed a marked difference after applying

Side view
(f)

Fig. 4 POM images of reactive mesogen mixtures after applying an
out-of-plane electric field, £, (a) before polymerisation, (b) after
polymerisation and (c) after removal of LC components with acetone.
(d) SEM image and (e) AFM image of the template. (f) Schematic
diagram of the mixture after applying E. The scale bar is 50 pm using
x60 magnification.
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the electric field which indicates that the LC materials have
been switched. For typical nematic LCs, the realignment of the
directors of the LC molecules changed the optical transmission
of the sample, which is characterised by an opaque texture. The
molecules are thought to be aligned parallel to the applied E
and thus allowing light to pass through. However, this is not the
case here. Applying E induces an overall planar alignment of the
LC molecules which is clearly evident from the POM images.
Initially, before applying E, an intermediate alignment of the LC
molecules that consist of both planar and homeotropic
components can be seen with the formation of polygonal
structures interspersed with fan-shape structures. After
applying E, the morphology changed drastically showing a dark
image which means that the molecules have realigned into
a planar orientation with respect to the plane of the substrates
(Fig. 4a). This can be attributed to the more stable SmA LC 8/2
organosiloxane which could not be switched by the applied E
but only the more fluid-like nematic 5CB molecules are aligned
by the applied E. Once the sample is switched, the structure
remains in that state indefinitely after the removal of the field.
The sample was subsequently polymerised under UV light. The
resulting texture was the same as before polymerisation
(Fig. 4b). Immersing the polymerised sample in acetone
removes the LC components resulted in the formation of
nanopores (Fig. 4c). Fig. 4d shows the SEM image of the LC
template after the removal of the LC content. Fig. 4e corre-
sponds to the AFM image of the sample. The side view sche-
matic diagram of the template upon applying E field is given in
Fig. 4f. It is thought that the focal conic structures formed layers
with the reactive mesogens situated in between these layers.

Preparation of LC template using PI alignment layer

Next, an alignment layer was used on one side of the cell. The
alignment layer was prepared by spin-coating a polyimide layer
and rubbed using a rubbing machine. This process lead to the
formation of micro-grooves where the LC will align according to
the direction of the grooves. After filling with the binary
mixture, a different morphology could be observed where the
polygonal structures arranged themselves in the direction of the
PI alignment layers, instead of randomly as in the case of the
self-assembled sample (Fig. 5a). The size of these polygonal
structures are also found to be similar. This can be explained
through the micro-grooves prepared from the rubbing machine
which is thought to have same width. Even after UV polymeri-
sation of the sample, no visual change was observed (Fig. 5b).
After the removal of the LC components, the morphology of the
sample changed significantly where the polygonal structures
could no longer be observed (Fig. 5¢). However, the alignment of
the polymer materials can still be observed. Unlike the self-
assembled sample, there pores are extremely small which
means that the polymer are closely packed and dense. Similar
morphology is observed under SEM where the polymers are
lying parallel to the substrate and are aligned in one direction
(Fig. 5d). The inset picture shows the fibrous aggregates.
(Fig. 5e) shows the AFM image of the template after the removal
of the LC components. (Fig. 5f) shows the top view schematic

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 POM images of reactive mesogen mixtures with Pl alignment
layer (a) before polymerisation, (b) after polymerisation and (c) after
removal of LC components with acetone. (d) SEM image and (e) AFM
image of the template. (f) Schematic diagram of the mixture using PI
alignment layer from top view where the polygonal structures are
separated by the reactive mesogens. The scale bar is 50 um using x60
magnification. The black arrow shows the rubbing direction.

diagram of the mixture when aligned using PI alignment layer.
In this case, it is hypothesised that the polygonal structures of
SmA LCs arranged themselves in the rubbing direction with the
reactive mesogens align in between the polygonal structures
and parallel to the rubbing direction.

Cur rent—voltage measurement

The effect on ionic conductivity of the different structure was
studied using current-voltage measurement where the
measurements were performed at room temperature. The
conductivity of the LC-polymer electrolyte composite was ob-
tained using the following equation, ¢ = I/RpA, where [ is the
thickness of the cell, R, is the resistance and A is the overlap
area of the cell. From the I-V measurement, it was found out
that the ionic conductivity is higher in the case of E aligned
sample (1.78 x 107> S m~ ") compared to the PI aligned sample
(1.49 x 107* S m™'). The highly ordered sample induced
a better ionic conduction within the nano-pores by having
a greater number of ionic channels. The ionic diffusion of the
sample was also investigated using the steady state voltamme-
try. The ionic diffusion constant was obtained from the limiting
current density using the linear sweep voltammogram. The
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diffusion coefficient can be calculated using the following eqn
1)

J]im _ 2I’ZFD13*C]37 (1)

/

where 7 is the electron number per molecule, F is the Faraday
constant, D;- is the diffusion coefficient of the limiting
compound, ¢; - is the concentration of the limiting compound, /
is the thickness if the cell.” The ionic diffusion experiments
also corroborate the ionic conductivity data where E aligned
sample (3.54 x 107 cm” s~ ') has a higher ionic diffusion in
contrast to PI aligned sample (3.23 x 1077 cm?® s~ '). Similar
result has also been observed by Golodnitsky et al. where their
findings showed that an improvement in the ionic conductivity
was obtained when the magnetic field was applied to poly-
ethylene oxide polymer electrolyte.®* The result is also
strengthened with the ionic diffusion data. Table 1 summarises
the ionic diffusion and conductivity for the two different
electrolytes.

Fig. 6 shows the linear sweep voltammetry for electric field, E
aligned and PI aligned samples. The ionic diffusion coefficient
of the samples was calculated to be 3.54 x 107 em? s~ * for E
aligned sample and 3.23 x 107 cm?® s~ * for PI aligned sample.
The ionic diffusion coefficient for E aligned sample is slightly
higher than the PI aligned sample. It is proposed that this is due
to the higher porosity of the E aligned sample, hence the ionic
transport is better than the PI aligned sample.

Photovoltaic properties

Subsequently, DSSCs were fabricated using the three different
types of LC-directed self-assembled polymer templates. The j-V
curves of the two different devices is shown in Fig. 7 and the
measured photovoltaic parameters of the two devices are sum-
marised in Table 2. The electric field, E aligned sample showed
aJsc = 16.93 mA cm ™2, Voc = 0.68 V and FF of 43.73%, corre-
sponding to an efficiency of 5.02%. On the other hand, the
performance obtained with the cell prepared using PI align-
ment layer was Jsc = 16.03 mA em™2, Voc = 0.65 V and a fill
factor of 43.73%, corresponding to an efficiency of 4.57%.

As can be seen from Table 2, apart from the Jg¢, all other
parameters are almost similar across the two devices. This is to
be expected since the materials used to fabricate the sample are
the same and only the morphology is different. The Js¢ is highly
dependent on the ionic conductivity of the sample.** The
conductivity shows how good a material is to conduct current
and since the same dye is used, the number of electrons excited
by the dye is the same but the flow of the current is limited by
the conductivity of the electrolyte. It has been shown that the

Table 1 lonic diffusion and conductivity data of E aligned sample and
Pl aligned sample

Ionic diffusion Ionic conductivity

Sample (em®s™) (Sm™
E aligned 3.54 x 1077 1.78 x 103
PI aligned 3.23 x 1077 1.49 x 103

RSC Adv., 2017, 7, 31989-31996 | 31993
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Fig. 6 Linear sweep voltammetry curve of E aligned sample and Pl
aligned sample.
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Fig. 7 (a) Light and (b) dark J-V of the best performing solar devices
for E aligned sample and Pl aligned sample. Plotted based on the best
performing device for each type.

Table 2 Photovoltaic properties of DSSC devices prepared using E
aligned and PI aligned sample. The value is the average of 4 different
samples and the value for the best performing is given in the bracket

Sample Jsc (MAcem™2)  Voc (V) FF (%) 7 (%)
Ealigned  13.61 (16.93)  0.69 (0.68) 47.10 (43.73)  4.35 (5.02)
Plaligned 13.29 (16.03)  0.68 (0.65) 48.41 (43.73)  4.23 (4.57)

ionic conductivity for the E aligned sample is higher than the PI
aligned due to the polymer structure of the sample.

Electrochemical impedance spectroscopy

EIS provides useful information on the charge transport resis-
tances at the interface between different components in the
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DSSCs.*** A typical Nyquist plot for the DSSC comprises of
three semicircles each describing different charge transfer
resistances. The first semicircle in the high frequency region
can be ascribed to the charge transfer resistance at the Pt
counter electrode where the intersection on the x-axis is the
sheet resistance and the contact resistance, Rs of the counter
electrode. The second semicircle in the medium frequency
region is attributed to the Rcr, charge transfer resistance at the
TiO,/electrolyte interface. Lastly, the third semicircle in the low
frequency region relates to the mass transport resistance in the
electrolyte. Fig. 8 shows the Nyquist and Bode plot of the devices
measured under dark at an applied bias of —0.7 V. The equiv-
alent circuit for the EIS measurement is given by Fig. 8c as has
been used in previous literature.*>*® The R, for both devices are
almost similar. This is as expected since they are fabricated
using the same material. However, the Rp and Rcr for both
DSSCs show significant difference. In the case of the PI aligned
device, since the width between the neighbouring polymer
fibres is very small, the charge transfer from the electrode to the
electrolyte is limited thus the higher Rp.. This also explains why
the Jsc is lower in the case of PI aligned sample since the
catalytic surface area is small compared to that of E aligned
sample. In the case of the PI aligned device, since the width
between each layer is very small, the charge transfer is limited
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Fig. 8 (a) Nyquist plot and (b) Bode plot used to determine the charge
transfer characteristics and electron lifetime in the two devices. (c)
Equivalent circuit for the EIS measurement.
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Table 3 Summary of EIS parameters for E aligned and PI aligned
polymer electrolyte DSSCs

Device R, (Q) Rp (Q) Rer (Q) 7 (ms)
E aligned 16.19 45.00 86.78 21.9
PI aligned 13.82 64.47 113.09 18.3

thus the higher Rp.. This also contributed to the higher Rcr
meaning that the electron recombination at the TiO,/electrolyte
interface is greatly suppressed. Since the E aligned sample is
more porous compared to the PI aligned device, the ionic
transport is expected to be more efficient thus the lower Rp.
which agrees with the result obtained from the linear sweep
voltammetry and I-V measurements. Table 3 gives the summary
of the resistances and the electron lifetime.

The electron lifetime can be calculated from the Bode plot
using the following eqn (2)

Te = 11270 imax (2)

where fihax is the frequency of the peak in the middle frequency
region.*” The electron lifetime shows the lifetime of the electron
in the TiO, semiconductor before recombining with the I3~ in
the electrolyte. In an ideal DSSC, a longer 7. is favourable. It is
calculated that the lifetime, 7. for electric field, E aligned device
(21.9 ms) is longer than that of the PI aligned device (18.3 ms).
This shows that the suppression of the back recombination
reaction is better in the case of the E aligned device. The result
obtained in this experiment agrees well with the result observed
in the dark J-V.

Conclusions

New methods of preparing highly ordered LC-directed
polymer-templated electrolytes have been proposed either by
manipulating the self-assembly nature of LC or by applying
electric fields. However, despite the more ordered structure in
the case of PI aligned sample, E aligned sample showed higher
ionic conductivity and thus better solar cell performance. The
efficiency for the E aligned DSSC is 5.02% versus 4.57% for the
PI aligned device. This can be attributed to the morphology of
the polymer network where the porosity is higher in the case
of E aligned sample. In the PI aligned sample, polymer fibres
are relatively densely-packed with shorter inter-fibre
distances, leading to lower porosity for the infiltrated liquid
electrolyte. Further improvement could be attained by using
NLC with higher dielectric permittivity which can allow for
lower switching voltage. Additionally, the patterning of the
polymer alignment layer will allow the control of the
morphology of the LC template even further. The demon-
stration of controlling the morphology of polymer electrolyte
either by using polymer alignment layer or electric fields can
be applied not only in DSSCs but also in other energy storage/
conversion applications including Li-ion batteries, fuel cells
and capacitors.

This journal is © The Royal Society of Chemistry 2017
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