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KEYWORDS Abstract Polymethylacrylate (PMA) nanofibers membranes are fabricated by electrospinning
DSSCs: technique and applied to the polymer matrix in quasi-solid-state electrolytes for dye sensitized solar
Quasi solid electrolyte; cells (DSSCs). There is no previous studies reporting the production of PMA nanofibers. The elec-
Electrospinning; trospinning parameters such as polymer concentration, applied voltage, feed rate, tip to collector
Nanofibers distance and solvent were optimized. Electrospun PMA fibrous membrane with average fiber

diameter of 350 nm was prepared from a 10 wt% solution of PMA in a mixture of acetone/N,N-
dimethylacetamide (6:4 v/v) at an applied voltage of 20 kV. It was then activated by immersing it
in 0.5M Lil, 0.05 M I,, and 0.5 M 4-tert-butylpyridine in 3-methoxyproponitrile to obtain the cor-
responding membrane electrolyte with an ionic conductivity of 2.4 x 107*Scem™" at 25 °C. Dye
sensitized solar cells (DSSCs) employing the quasi solid-state electrolyte have an open-circuit
voltage (Veoe) of 0.65V and a short circuit current (Jio) of 6.5 mA cm 2 and photoelectric energy
conversion efficiency (1) of 1.4% at an incident light intensity of 100 mW cm 2%

© 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. Thisis an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction who envision this technology to be a powerful and promising

way to generate electricity from the sun at low cost and with

Dye-sensitized solar cells (DSSCs) are currently attracting
extensive academic and industrial interest from researchers
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high efficiency [1].

Recently, power conversion efficiencies of DSSCs using
ruthenium complex dyes, liquid electrolytes, and platinum
(Pt) counter-electrode have reached 13% (100 mW cm 2,
AM1.5) by the Gratzel group [2]. Although DSSCs based on
liquid electrolytes (triiodide/iodide redox couple in organic sol-
vent) have already achieved high conversion efficiencies, the
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drawback of DSSCs using liquid electrolyte is the volatility of
the electrolyte organic solvent and leakage in case of breaking
of the glass substrates [1]. To solve these problems, gel polymer
electrolytes are being investigated to substitute the liquid elec-
trolytes [3], but they show a lower solar-to-electricity conver-
sion efficiency because of their lower electron injection
efficiency.

Gel polymer electrolytes such as poly(acrylonitrile) [4], poly
(ethylene glycol) [5], and polymethylmethacrylate (PMMA) [6],
have been used in quasi-solid-state DSSCs [7]. The polymer gel
electrolytes must have relatively high ionic conductivities at
room temperature, and stable in the presence of TiO, and Pt
nanoparticles [8]. In the late 1970s to early 1980s, many
research groups demonstrated that ionic conduction was con-
fined to the amorphous polymer electrolytes above their glass
transition temperature (7,) with the chain dynamics playing a
critical role in the conductivity mechanism. Many new poly-
mer electrolytes have been synthesized in an effort to minimize
the crystallinity and to achieve even lower T, values, thus
enhancing chain dynamics and hence increasing the level of
ionic conductivity [9].

Gritzel et al. [8] have pointed out that, the conductivity—t
emperature data of polymer-gelled electrolytes were better fit
by the Vogel-Tammann—Fulcher (VTF) Eq. (1) [10],

o(T) = AT — 1 /2exp|~B/(T - Ty) (1)

where ¢ is the ionic conductivity of the electrolyte including the
oxidized redox couples which is related to their diffusion coef-
ficients, 7 is the absolute temperature, 4 and B are constants
and Ty is the temperature at which the diffusion of ions ceases
to exist and may be considered as the glass transition temper-
ature of polymer-gelled system. So by using the polymer with
lower T, to gel the electrolyte system in order to decrease T,
the conductivity should be increased.

Polymethylacrylate (PMA) has an amorphous nature and
low glass transition temperature (7, = 6 °C, lower than poly-
methylmethacrylate (PMMA) T, = 105°C) [11], which
encouraged to use it as a polymer membrane in quasi-solid-
electrolyte DSSC.

Tu et al. [12] compared between poly(methyl acrylate)
(PMA), poly(vinyl acetate) (PVAc) and poly(n-
isopropylacrylamide) (PNIPAAm) with their respective 7, of
6, 32, and 145 °C as gel polymer electrolyte for DSSC. The
light-to-electricity conversion efficiencies of DSSCs gelled by
PMA, PVAc, and PNIPAAm were 7.17%, 5.62%, and
3.17%, respectively, implying that utilizing the polymer of
lower T, to gel the electrolytes led to better performance of
the DSSCs. The results were consistent with the observation
that the molar conductivity of gelled electrolytes was higher
as the polymer of lower 7, was applied.

In this study, we report for the first time the preparation of
amorphous PMA nanofibers membrane by electrospinning
technique. Polymer solution properties and electrospinning
operating parameters were studied to obtain uniform PMA
nanofibers with small diameter and high ionic conductivity.
Quasi-solid-state DSSC using electrospun PMA membrane
based on 05M Lil, 005M I,, and 05M 4-tert-
butylpyridine in 3-methoxyproponitrile electrolyte was
fabricated.

2. Experimental work

2.1. Electrospinning of PM A membranes

In a three-neck flask, 9.5 g of methyl acrylate (99%, Alfa
Aesar) was added to 125 mL deionized water and 0.4 g potas-
sium persulfate (99%, Fluka). The solution was heated to
70 °C with stirring for 48 h. The resulting PMA was dried at
60 °C for one day. Eq. (2) shows the reaction procedure [12].

70 ° C,Stirrer for 48 h  Drying

C4HqO + K5S,05 + H,O

PMA (2)

The electrospun membranes were prepared from 5 to 15 wt%
PMA in acetone and a mixture of acetone (99.5%, Panreac
Quimica SAU)/Dimethylformamide (99.5%, Riedel-de Haen)
solutions. Table 1 illustrates the different parameters which
are used in the electrospinning of PMA. These polymer solu-
tions were supplied to the stainless steel needle using a syringe
pump and a high voltage of 10-28 kV was applied to the end of
the needle. The electrospun PMA membranes were deposited
using different feed rate of 0.5-2 mL/h onto a grounded, pol-
ished stainless steel plate, where the tip to collector distance
(TCD) is in the range of 7-25 cm (as shown in Table 1).

2.1.1. Characterization of PM A membrane

Fourier transform infrared spectroscopy (Shimadzu FTIR-
8400 S, Japan) was used to characterize the pure PMA. The
crystal structure of the pure PMA was investigated by X-ray
diffractometer (Shimadzu 7000, Japan). The polymer thermal
properties were determined using a differential scanning
calorimeter (DSC- 60 Shimadzu, Japan). The sample was
heated by rate of 10 °C/min from —20°C to 50 °C under
nitrogen.

The morphology of the electrospun fibers was observed
using scanning electron microscope (JEOL, JSM-6360 LA)
with an accelerating voltage of 20 kV and a magnification of
500-10,000. The electrospun PMA membranes are soaked in
0.5M Lil, 0.05M I,, and 0.5M 4-tert-butylpyridine in
3-methoxyproponitrile to measure the ionic conductivity of
membranes using the complex impedance technique at 25 °C.

Table 1 Different parameters used for the preparation of

PMA nanofibers membrane using electrospinning technique.

Sample  Polymer Applied  Feed TCD  Solvent

code solution voltage rate (cm) Ac:DMF
conc. (wt%) (kV) (mL/h) v/v)

S1 8 20 0.5 15 Ac

S2 10 20 0.5 15 Ac

S3 15 20 0.5 15 Ac

S4 10 15 0.5 15 Ac

S5 10 28 0.5 15 Ac

S6 10 20 1 15 Ac

S7 10 20 2 15 Ac

S8 10 20 0.5 7 Ac

S9 10 20 0.5 20 Ac

S10 10 20 0.5 15 7:3

S11 10 20 0.5 15 6:4

S12 10 20 0.5 15 4:6
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The electrolyte resistance R is measured using Gamry
Potentiostat/Galvanostat G750 over the frequency ranging
from 10 Hz to 100 kHz at AC amplitude of 5 mV. The ionic
conductivity (o) is calculated using the following Eq. (3) [13]:

¢ =d/RyS (3)

where Ry, is the bulk resistance (intercept with x-axis), d is the
thickness of the polymer membrane, and S is the area of the
symmetrical electrode.

2.2. Fabrication of quasi-solid-state DSSC

Nanoporous anatase TiO; layer was deposited on cleaned ITO
glass substrate (85% transmittance, and R, of 15 Q/[J) using a
doctor blade technique and then annealed at 450 °C for 30 min
[14-15]. TiO, thin films were immersed into an ethanolic solu-
tion of 50 mM N3 dye (Solaronix SA) for 24 h. Light reflected
platinum (Pt) counter electrode with a thickness of 200 nm had
been deposited on ITO glass substrate by RF sputtering
System Model Hummer 8.1.

A quasi-solid-state DSSC was fabricated based on the elec-
trospun membrane electrolyte by sandwiching a slice of the
electrospun PMA membrane between a dye-sensitized TiO,
electrode and a Pt counter electrode. A drop of the electrolyte
solution of 0.5M Lil, 0.05M I,, and 0.5M 4-tert-
butylpyridine in 3-methoxyproponitrile introduced into the
clamg)ed electrodes was added. The active area of DSSC is
I cm”.

2.2.1. Measurement

The photocurrent density—voltage (J-V) curve of the
assembled DSSCs is measured with Solar Simulator (PET
Photo Emission Tech., Inc. USA). The fill factor (FF) and
light-to-electricity conversion efficiency (5), are calculated by
the following Egs. (4) and (5) [16]:

Vmameax
FF — —mam (4)
Voc : Jsc
V max/max Vocd s FF

where J is the short-circuit current density (mA cmfz), Voe 1S
the open-circuit voltage (V), Py, is the incident light power
(MW cm2), and Jy. (MA cm~2) and Vi, (V) are the current
density and voltage in the J-V curves, respectively, at the point
of maximum power output.

3. Results and discussion

3.1. Structural analysis of PMA

Fig. 1 shows the FTIR spectrum of PMA. Two absorption
bands are observed at 1625 cm™' and 1269 cm™', correspond-
ing to the carbonyl (C=0) group [17]. The peaks in the region
~2800 to 3000cm~' are associated with the methylene
(—CH,—) and (—C—H) group[18]. The C—O absorption
bands in the ester group of PMA are centered at 1398 and
1034 cm ™' [19].

The DSC measurement is carried out on the raw PMA
material and is shown in Fig. 2 and T is estimated from the
step change of the curve. It is found that, PMA has a low glass
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Figure 1  FTIR spectrum of the prepared PMA.
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Figure 3 XRD of the PMA.

transition temperature (T,) of 9 °C (estimated from the step
change of the curve) [12].

The XRD pattern of PMA is shown in Fig. 3. The PMA
has only one broad peak at 20 of about 21.14°, and is associ-
ated with a fully amorphous structure. The amorphous struc-
ture and low T, are expected to improve the ionic
conductivity of the electrolyte according to Eq. (1) [10, 20-23].

3.2. Optimization of electrospinning process parameters

Fig. 4 shows the SEM images of all PMA samples explained in
Table 1 and prepared with different electrospinning parame-
ters. The effect of these parameters on the morphology of
the membranes is explained below.
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Figure 4 SEM images of PMA nanofibers membranes prepared with different electrospinning parameters.

3.2.1. Polymer solution concentration

In electrospinning process, a balance among the electrostatic
repulsion, surface tension, and viscoelastic force is reported
to be important for controlling the fibers formation [24].
Fig. 4 shows the SEM images of the electrospun PMA mem-
brane samples (S1-S3) using different wt% of polymer dis-
solved in acetone.

The instability of the jet at the spinning tip will result in sig-
nificant droplets formation (8 wt%, sample S1). With an
increase of the polymer concentration to 10 wt% (sample S2)
in the solution, the surface tension is suppressed by the other
two forces leading to uniform PMA nanofibers with average
fiber diameter (AFD) of 535 nm. By increasing the polymer
solution concentration to 15 wt% (sample S3), thick nanofi-
bers with AFD of 1.2 um are obtained. This may be due to
the high resistance of the more viscous solution being stretched
by the electric charges [25].

3.2.2. Applied voltage

S2, S4, and S5 samples, which presented the effect of different
applied voltage on the electrospun nanofibers morphology, are
shown in Fig. 4. At low applied voltage value (15 kV, sample
S4), the fibers are connected with each other and form a net-
work structure due to the elastic nature of the polymer

[26,27]. A higher voltage is reported to induce more charges
on the solution surface and fully stretch the solution jet, which
yield more uniform and smooth fibers [24], so when the applied
voltage increased to 20 kV (sample S2), nanofibers could be
observed with AFD of 535 nm. Increasing the applied voltage
to 28 kV (sample S5), results in the formation of large fibers
with AFD of 820 nm. Generally, increasing the applied voltage
leads to eject more fluid in the jet and thereby leads to a larger
fibers diameter [26,28]. Therefore, uniform fibers with small
average diameter can only be produced within a certain electric
voltage range [29].

3.2.3. Feed rate

S2, S6, and S7 samples are prepared using different feed rates
of 0.5, 1, and 2 mL/h, respectively and are shown in Fig. 4. The
fibers morphology improved as feed rate decreases. It is attrib-
uted to low feed rate that allowed the solvent to have more
time to evaporate, and the fibers have more time to stretch,
which favored the formation of more uniform nanofibers with
lower diameter [24].

3.2.4. Tip-collector distance (TCD)

In this work, the effect of TCD on the membrane morphology
is studied. Different samples S8, S2, and S7 are prepared using
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TCD values of 7, 15 and 20 cm, respectively and are shown in
Fig. 4. For short traveling distance (S8), jet is traveled to the
ground collector fast due to charge attraction which leads to
increase the instability of the jet yielding wet fibers. This prob-
lem is resolved by reducing the charge interaction by increasing
the traveling distance to 15 cm (S2) [19]. Increasing the TCD to
20 cm (S9), the fibers are connected with each other and form a
network structure as the result of reducing the charge interac-
tion between positive charge and ground collector which
reduces the elongation force [19,30].

3.2.5. Solvent

The change in the solvent from acetone to acetone: DMF with
different volume ratios of 7:3, 6:4, and 4:6 (Fig. 4, S2, S10, S11,
and S12, respectively) has great effect on the membrane mor-
phology compared with other parameters. For PMA dissolved
in acetone, large fibers diameters are formed with some small
beads (S2). By adding an amount of DMF to Ac solution
(S10), more uniform fibers and free beads membrane are
formed.

AFD of the electrospun fiber is significantly decreased from
535 to 350 nm as the amount of DMF increased (S12, Ac:
DMF is 6:4 (v/v)) due to increase of the solvent electrical
conductivity (electrical conductivities for Ac and DMF are
0.02 and 1.09 mS/m respectively [31]). Also, the bending insta-
bility of the electrospinning jet increases for higher dielectric
constant. This may also facilitate the reduction of the fiber
diameter due to the increased jet path [32]. This is likely a
result of the increased dielectric constant (¢) of the solvent
due to addition of DMF (epmp = 36.7 and () eac = 20.7)
[31,32]. Increasing the percentage of DMF to 6 v% in the solu-
tion, wet fibers are formed and fuse together to form a melded
mat because DMF is less volatile solvent [33].

3.3. AC impedance and ionic conductivity

The Nyquist curve of the PMA membrane of S11 sample pre-
pared with optimum conditions (10 wt% polymer dissolved in
Ac:DMF (6:4 v/v) solution, an applied voltage of 20 kV, a feed
rate of 0.5 mL/h and TCD of 15 cm) is shown in Fig. 5. In the

45

35 P
30 4 24

25 *

20 of

YAN(®)

1s

10

5000 10000 15000
- @

0 S 10 15 20 25 30 35 40 45 50 S5 60 65
2°()

Figure 5 AC impedance spectrum of S11 PMA membrane
sample.

Table 2 Effects of different electrospun parameters on the
ionic conductivity of PMA membrane.

Sample code Tonic conductivity (S cm ™)

S1 3.5%x 107*
S2 1.3 x 1073
S3 7.8 x 107*
S4 49 x 107
S5 8.6 x 10°*
S6 9.5x 107*
S7 8.9 x 107*
S8 8.2 x 1074
S9 1.1 x 1073
S10 1.6 x 1073
S11 24 %1073
S12 21x107*

The bold value is the maximum ionic conductivity.

Nyquist curve, the left intercept on z’ axis of the semi-circle
represents the bulk resistance (Ry). Thus, the ionic conductiv-
ity of the polymer electrolyte can be calculated according to
Eq. (3). S11 sample has the highest ionic conductivity value
of 2.4 x 107> S cm™!, where this sample has the smallest and
uniform fibers.

Table 2 shows the effect of using different preparation con-
ditions on the ionic conductivity values of PMA membrane. It
is concluded that, the highest value of ionic conductivity
(2.4 x 1073 S cm™!) is obtained for sample S11 whose electro-
spun process is done with the optimum conditions (10 wt%
polymer dissolved in Ac:DMF (6:4 v/v) solution, an applied
voltage of 20kV, a feed rate of 0.5mL/h and TCD of
15 cm). It may be resulted from the high porosity of the elec-
trospun membrane and fully interconnectivity of macropores,
which make the ions migrate easily and lead to increasing the
membrane ionic conductivity [34].

3.4. Photovoltaic performance

The J-V curve of the fabricated quasi-solid-state DSSC based
on the electrospun PMA membrane (S11 sample) (light inten-
sity of 100 mW cm™2) is presented in Fig. 6. The PMA mem-
brane of S11 sample is used because this membrane has
smaller AFD of 350 nm and higher ionic conductivity of
24 x10*Scem™! than another membranes. The results of
Voeo Jseo FF, and n of the DSSC device are 0.65V,
6.5mA cm 2, 0.32, and 1.4% under AM1.5, respectively. This
cell exhibited long-term durability because of the prevention of
electrolyte solution leakage.

It was expected that, all photoelectrochemical parameters
are enhanced by using amorphous PMA electrospun mem-
brane which has low T, and high ionic conductivity as mem-
brane for quasi-solid-state electrolyte DSSC [12], but low Jg,
FF and n values are measured compared with the values
obtained by using other polymers. It is observed that, the
PMA nanofibers membrane is shrinking and in contact with
each other with time which leads to change the morphology
and its ionic conductivity and thus impede the movement of
electrolyte ions [22]. This is the possible explanation for the
reduction of the cell output parameters relative to that
observed in the case of the liquid electrolyte in our previous
work [15].
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Figure 6 Photocurrent voltage curve for DSSC with electrospun
PMA membrane electrolyte (sample 11 in Table 2). (Light
intensity: 100 mW cm™2.)

4. Conclusion

PMA membranes have been prepared by electrospinning of the
polymer solution in a mixed solvent of acetone and DMF. The
effect of electrospinning parameters such as polymer concentra-
tion, applied voltage, feed rate, tip-collector distance and
solvent on AFD and morphology of the membrane has been
studied. A fibrous membrane with uniform morphology and
an AFD of 350 nm has been prepared under the optimized
electrospinning parameters of 10 wt% solution of PMA in a
mixture of acetone/N,N-DMF (6:4 v/v), applied voltage
of 20 kV, feed rate of 0.5 mL/h, and tip-collector distance of
15cm. For this membrane, high ionic conductivity of
2.4 x 107> S ecm™" is exhibited at room temperature due to the
easy passage of the liquid electrolyte through the fully intercon-
nected pore structure of the membrane. The electrospun PMA
membrane is employed for the first time to form quasi-solid
state DSSCs. The solar to electricity conversion efficiency of
quasi-solid state solar cells with the electrospun PMA elec-
trolyte is 1.4% at an illumination intensity of 100 mW cm ™2,
The electrospun PMA membrane encapsulated the electrolyte
solution well without leakage and displayed better long-term
stability than that with conventional liquid electrolyte.
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