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ABSTRACT: Electrospun poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP) membrane was prepared from a solution of 16
wt % of PVAF-HFP containing acetone/N,N-dimethyl acetamide (7 : 3 wt %). The prepared electrospun PVAF-HFP membrane
(esPM) was then soaked in ionic liquid electrolyte containing 0.5M Lil, 0.05M I,, and 0.5M 4-tert butylpyridine, 0.5M 1-butyl-3-
methylimidazolium iodide (BMImI) in acetonitrile to get electrospun PVdF-HFP membrane electrolyte (esPME). The effect of various
concentrations of BMImI containing esPME on ionic conductivity was studied by AC-impedance measurements and the I~ /I diffu-
sion co-efficients was determined by linear sweep voltammetry. The photovoltaic performance of a DSSC fabricated using 0.5M
BMImI containing electrospun PVAF-HFP membrane electrolyte (0.5M BMImI-esPME) has power conversion efficiency (PCE) of
6.42%. But the stability of the DSSC fabricated using 0.5M BMImI-esPME was considerably superior to that fabricated using 0.5M

BMImI containing liquid electrolyte (0.5M BMImI-LE). © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42032.
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INTRODUCTION

Ionic liquid (IL) electrolytes are widely used in dye-sensitized
solar cells (DSSCs) in place of organic electrolytes as they are
nonvolatile and thermally stable."™ Nonetheless, DSSCs based
on ILs are prone to leakage, and in order to overcome this
problem, polymer gel electrolytes have been developed for
DSSCs.*™ Although polymer gel electrolyte-based DSSCs do not
suffer from electrolyte loss, they tend to have low power conver-
sion efficiencies attributed to the lower ionic mobility of I~ /I;
ions. To improve the photovoltaic efficiency of DSSCs, 1-butyl-
3-methylimidazolium iodide (BMImI) has been evaluated as
polymer electrolyte additive to enhance the physical diffusion of
I” and I; ions.”® Polymer electrolytes can be prepared by a
number of processing techniques including drawing, template
synthesis, casting, phase separation, and electrospinning.®™*
Among these, electrospinning is a simple and cost-effective
technique for producing electrospun polymer membranes that
affords an average fiber diameter in the submicron range with
high porosity, large surface area, and a fully interconnected pore
structure with good mechanical strength. In recent years, many
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efforts have been made to improve the photovoltaic perform-
ance of DSSCs by improving the ionic conductivity of polymer
membrane electrolytes. The effect of 1,2-dimethyl-3-propyl imi-
dazolium iodide (DMPImI) and 1-propyl-3-methyl imidazolium
iodide (PMImI) on electrospun poly(vinylidene fluoride-co-hex-
afluoropropylene) (PVAF-HFP) membrane electrolytes have
been studied in dye-sensitized solar cells (DSSCs).">™'” Recently,
BMImlI-based ionic liquid electrolytes have been used to evalu-
ate the performance of newer counter electrode materials for
DSSCs.'*2* The effect of 1,2-dimethyl-3-propyl imidazolium
iodide (DMPImI) and 1-propyl-3-methyl imidazolium iodide
(PMImI) containing electrospun poly(vinylidene fluoride-co-
hexafluoropropylene) (PVAF-HFP) membrane electrolytes on
photovoltaic performance of DSSCs have been reported so far.
But there is no report on the effect of 1-butyl-3-
methylimidazolium iodide (BMImI) containing -electrospun
PVDF-HFP membrane electrolyte on the photovoltaic perform-
ance of DSSCs. Hence, in the present investigation, the effect of
various concentrations of BMImI containing electrospun PVDEF-
HFP membrane electrolytes on the photovoltaic performance of
DSSC is studied in detail.
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EXPERIMENTAL

Materials

1-Butyl-3-methyl imidazolium iodide was prepared as per the
literature protocol.”> Acetone, N,N'-dimethylacetamide were
procured from Merck India Ltd. Lithium iodide, iodide, 4-tert-
butylpyridine, acetonitrile were procured from Sigma Aldrich
and PVAF-HFP from Arkema (Kynar flex 2801). All these chem-
icals are analytical grade and used as received without any fur-
ther purification.

Preparation of Electrospun PVDF-HFP Membrane (esPM)
The esPM was prepared from a solution of 16 wt % of PVdF-
HFP in a mixture of acetone/N,N'-dimethyl acetamide (7 : 3 wt
%) as described previously. The resultant nanofibrous mat was
vacuum-dried at 80°C for 12 h to remove residual solvent. The
thickness of esPM was reduced from about 30 to 20 pm by hot
pressing.'?

Characterization of Electrospun PVdF-HFP Membrane

The surface morphology of esPM was examined using scanning
electron microscopy (Hitachi, Model S-4200) under vacuum.
The porosity (P) of esPM was determined by weighing the
membrane with and without 1-butanol and applying the follow-
ing equation:**

Ma/ Py
P=———— (1)
mu/pa+mp/pp

where m, is the weight of esPM after impregnation with 1-
butanol, m,, is the weight of esPM before impregnation with 1-
butanol, and p, and p, are density of 1-butanol and the dried
esPM, respectively. The density of pure PVAF-HFP is 1.77 g
cm .

To measure the electrolyte uptake of the esPM, the esPM was
soaked in the ionic liquid electrolyte containing 0.5M BMImlI,
0.5M Lil, 0.05M 1,, and 0.5M 4-tert-butylpyribine in acetonitrile
for 24 h. The resulting esPME was removed and excess electro-
lyte solution on the membrane was removed by wiping. Electro-
lyte uptake (U) was estimated using the formula:

U (%)=[(m—ms)/ms] X100 (2)
where m and m, are the mass of wet and dry esPM, respectively.

The leakage of the electrolyte was calculated using the
equation:*>*¢

Mpg
R=— "M%
MPE,Saturated

3)

where R is the relative absorption of the liquid electrolyte,
MpE saturatea 15 the mass of the polymer electrolyte when the
membrane is fully saturated with the liquid electrolyte, and Mpg
is the mass of the polymer electrolyte after a time interval,
when the saturated polymer membrane electrolyte is squeezed
by pressing it between two pieces of filter paper.

The effect of various concentrations of BMImI (0.1-0.7M) in the
liquid electrolyte on the diffusion coefficient of I~ /I;” was deter-
mined by linear sweep voltammetry in the potential range —0.8
to 0.8 V (vs. SCE) using a conventional three electrode system,
consisting of a standard calomel electrode as the reference
electrode, Pt foil as the counter electrode, and a Pt microelectrode
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as the working electrode at 5 mV s~ '. The diffusion coefficient
(D) of I" /I was calculated from the cathodic and anodic steady
state current (L) using the following equation:27’28

I=4nCrFD (4)

where 7 is the electron number per molecule, F is the Faraday
constant, C is the bulk concentration of electroactive species
and r is the radius of gold microelectrode, and D is the diffu-
sion coefficient.

The esPMs were soaked in the liquid electrolyte containing vari-
ous concentrations of BMImI to afford the corresponding
esPMEs."? The ionic conductivities (¢) of the resultant esPMEs
were measured by sandwiching each esPME between two stain-
less steel blocking electrodes and applying the AC-impedance
technique (Biologic Model: VSP) at 25°C. Analysis of these
spectra yields information about the properties of esPMEs such
as the membrane resistance (R). The membrane resistance asso-
ciated with the impedance plot with real axis was determined.
The ionic conductivity (g) of the esPMEs was calculated using
the equation:

o=0/RA (5)

where ¢ is the polymer membrane thickness, A is the area of
the esPME, and R is the resistance of the esPME. The frequency
limit was set between 1 mHz and 100 KHz with an AC ampli-
tude of 10 mV. The thickness (¢) of the esPME was determined
using a digital micrometer and was found to be 20 um. The
area (A) of the esPME was 1 cm? The Tafel polarization curves
of the fabricated symmetrical cells, i.e. ITO/Pt/BMImI-esPME/
Pt/ITO were measured using electrochemical work station (Bio-
logic, Model: VSP) to study the electrocatalytic activity of
esPMEs.

Fabrication of DSSCs

The DSSCs were fabricated following a literature procedure;"
FTO glass plates were cleaned with acetone, ethanol, and then
deionized water in an ultrasonic water bath and dried in air.
Scotch tape was employed as a spacer to control the film thick-
ness and to provide uncoated areas for electrical contact. Titania
paste (Dyesol Ltd.) was spread over the spacer between the
scotch tape on the conducting glass substrate using the doctor
blade technique. The TiO, coating was then dried in air at 30°C
for 10 min and sintered at 450°C in air at the rate of 5°C
min~' for 30 min to remove any organic matter. The thickness
of the photoanode film was about 10 to 12 um and its area was
0.20 cm®. After cooling to 80°C the TiO, electrodes were
immersed into purified 0.3 mM ditetrabutylammoniumecis-bis
(isothiocyanato) bis (2,2'-bipyridyl-4,4’-bicarboxylato)rutheniu-
m(II) (N719 dye, Sigma Aldrich) solution for 12 h at 30°C.%
After the dye adsorption the films were cleaned with pure etha-
nol to remove the excess dye and dried with hot air. For the
counter electrode, small holes were drilled on the FTO plates
using a micro driller and washed with 0.1M HCI solution in
ethanol and then cleaned in an ultrasonic bath with detergent
solution, ethanol and acetone for 20 min. A Pt counter elec-
trode was prepared by spreading platinum paste (Dyesol Ltd.)
in the space between the scotch tape on the conducting glass
substrate using the doctor blade technique, followed by drying
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and then sintered at 450°C for 30 min at the heating rate of
5°C min~'. The thickness of the counter electrode was about 8
to 10 um. The DSSC was fabricated using 0.5M BMImI-esPME
by sandwiching a slice of it in between a dye-sensitized TiO,
photoanode and Pt counter electrode. The dye adsorbed titania
photoanode and Pt counter electrode were assembled using 60
um hot melt thermoplastic sealer (Surlyn). Similarly, a DSSC
based on 0.5M BMImI-LE was also fabricated for comparison.

Photovoltaic Performance of the DSSCs

The performance of the DSSCs was determined using a cali-
brated AM 1.5 solar simulator (Newport, Oriel instruments,
Model: 67005) with a light intensity of 100 mW cm * and a
computer controlled digital source meter (Keithley, Model:
2420). The -V measurements were carried out on the DSSCs
after an aging period of 24 h. Thermally sealed cells were stored
in a desiccator and applied to electrochemical measurements
every 48 h in order to study their long term stability. The pho-
toelectrochemical parameters, i.e., the fill factor (FF) and light-
to-electricity conversion efficiency (1), were calculated with the
following equations:*°

Vmax ]max

<100 = VocJsc FF

%)= = X100 (6)
n (%) b b,

140+ —=—=0.0 M BMImI-LE
{ =—0.1 M BMImI-LE
1204 ——0.3 M BMImI-LE
1 ——0.5 M BMimI-LE
1004 o7 M BMImI-LE

Current (mA)

.0.8 -0.6 -0.4 -02 0.0 0.2 0.4 0.6 0.8 1.0
Potential (V)

Figure 2. Linear sweep voltammograms for various concentrations of
BMImI containing LEs. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FF Vol (7)
where Ji. is the short-circuit current density (mA cm ), V. is
the open-circuit voltage (V), P, is the incident light power
(mW cm ™ ?), and Jo. and V.. are the current density (mA
cm %) and voltage (V) in the J-V curves, respectively, at the
point of maximum power output. All the fabrication steps and
characterization measurements were carried out in an ambient
environment without a protective atmosphere. The photovoltaic
parameter values were made by taking average values of three
DSSCs for each system.

RESULTS AND DISCUSSION

Morphology, Porosity, and Electrolyte Uptake

The morphology of the prepared esPM and esPME was charac-
terized by SEM (Figure 1). The esPM has a three-dimensional
network structure with a high porosity and fully interconnected
pores capable of incorporating large amounts of ionic liquid
electrolyte that should improve the electrocatalytic activity of
iodide and triodide redox reaction. The membrane presumably
has good mechanical strength due to the three dimensional net-
work structure and cross linking points. The esPM (average
diameter of the fibers is 350-400 nm) has maximum porosity
of 89% with an electrolyte uptake of 340% and a very low solu-
tion leakage of 0.3%.

Diffusion Coefficient Studies
The cathodic and anodic steady state currents (I) for triiodide
and iodide were determined for liquid electrolytes containing

Table I. Diffusion Coefficient of Triiodide and Iodide as a Function of
Various Concentrations of BMImI in the Liquid Electrolyte

Diffusion Diffusion
coefficient of coefficient of
triiodide iodide

Electrolyte (x107% cm? 7% (x107%cm? S™%)

0.0M BMImI-LE 0.13 0.25

0.1M BMImI-LE 4.78 5.95

0.3M BMImI-LE 7.50 6.26

0.5M BMImI-LE 9.05 6.53

0.7M BMImI-LE 8.55 3.10
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Figure 3. Nyquist plots for various concentrations of BMImI embedded
esPMEs. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

various concentrations (0, 0.1, 0.3, 0.5, and 0.7M) of BMImlI
(Figure 2). It was observed that the diffusion coefficient of triio-
dide increases as the concentration of BMImI increases up to a
maximum of 0.5M. Beyond this concentration, the diffusion
coefficient of I3 /I decreases (Table I). This is due to mass
transfer limitations imposed by viscosity of ionic liquid. At
0.5M BMImlI, the formation of I;~ is favored which leads to
higher cathodic limiting current than at other concentrations.
Significantly, the cathodic limiting current for the redox couple
increases linearly with respect to the concentration of BMImlI,
suggesting that physical diffusion may play major contributions
in attaining high diffusion coefficient values. Increasing the con-
centration of BMImI beyond 0.5M decreases the diffusion coef-
ficient of redox couple due to the higher viscosity of ionic
liquid electrolyte which retards the ionic diffusion and also the
formation of blocking layer at the TiO,/electrolyte interface due
to increased m-7 stacking interactions.”!

Ionic Conductivity Studies

The power conversion efficiency (PCE) of DSSCs depend on the
ionic conductivity of the polymer matrix, which in turn
depends on the charge carrier transfer and diffusion efficiency
of the redox couple that are affected by the concentration of the
ionic liquid, porosity of the esPM, electrolyte uptake, etc. In the
case of imidazolium-based ionic liquids, as the length of the
alkyl group increases, the ionic conductivity decreases®” and the

Table II. Influence of the Various Concentrations of BMImI in the Elec-
trospun PVAF-HFP Membrane Electrolyte on Ionic Conductivity?

lonic conductivity

WILEYONLINELIBRARY.COM/APP

Electrolyte (x10"3Scm™)
esPME 1.103
0.1M BMIml-esPME 2.249
0.3M BMIml-esPME 5.180
0.5M BMIml-esPME 5.830
0.7M BMIml-esPME 2.270
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Figure 4. Tafel polarization curves for symmetrical cells fabricated with
various concentrations of BMImI embedded esPMEs. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

charge transport properties of imidazolium cation with a short
alkyl chain of <C, should facilitate the diffusion of I;” in the
electrolyte.”® Indeed, BMImI has high short circuit current (J.)
and increasing the chain length from C4 to C8 drastically
decreases efficiency by decreasing the fill factor and short circuit
photocurrent.”* Nyquist plots of various concentrations of pure
and BMIml-containing esPMEs are shown in Figure 3. The
ionic conductivity of pure esPME is 1.103 X 107> S cm .
With the addition of BMImI in the esPME the ionic conductiv-
ity linearly increases to 5.830 X 107> S cm™ ' for the system
containing 0.5M BMImI (Figure 3 and Table II) and then
decreases to 2.27 X 10> S cm™ ' at 0.7M BMImI. The obtained
ionic conductivity value for 0.5M BMImI containing esPME is
higher than the values reported for other ionic liquid-
containing esPMEs.">™"” The incorporation of BMImI reduces
the crystallinity of the esPME which increase the ionic conduc-
tivity up to 0.5M BMImI containing esPME. Beyond this con-
centration (>0.5M BMImI) the ionic conductivity decreases for

16
] a

o~ 14 @
£
S 124 (b)
< 4
< 104
% gl
3 4
z 6+
E 4
=
g
2 2==0.5 MBMImL-LE (a)
= 0' s (0,5 M BMImI-esPME (b)

00 01 02 03 04 05 06 07 08
Voltage (V)

Figure 5. Photocurrent density—voltage (J-V) curves for the DSSC con-

taining a) 0.5M BMImI-LE, b) 0.5M BMImI-esPME. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42032


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Table IIL. Photovoltaic Performance of the DSSCs Based on 0.5M BMImI-
LE and 0.5M BMImI-esPME

Cell
Jee Voe efficiency
Electrolyte (mAcm™3) (V) FF (%)
0.5M BMImI-LE 13.49 0.73 71 6.99
0.5M BMIml-esPME 13.10 0.71 69 6.42

0.7M BMImI-esPME. This is due to the accumulation of more
cations that results in increasing the crystallinity and an increase
in viscosity that retards the ionic diffusion.®® The porous struc-
ture of the esPMEs appears to improve ionic conductivity partly
due to improved contact properties between the electrodes.”*™®

Tafel Polarization Studies

Tafel-polarization curves were used to determine the electrocata-
lytic activity of the various concentrations of BMImI-esPMEs
using dummy cells composed of FTO/Pt/BMImI-esPME/Pt/FTO
(Figure 4). From the Tafel and the diffusion zones information
was obtained on the exchange current density (J,) and limiting
diffusion current density (Ji;m), which are closer to the catalytic
activity of the electrode and electrolyte interface. The values of
J, can be obtained from the intersection of linear cathodic and
anodic region and the values of J;,, can be obtained from the
intersection of log I axis. A larger slope in the anodic and
cathodic curves indicates a higher exchange current density (J,)
and better electrocatalytic activity towards the redox couple in
the polymer membrane electrolyte. The enhancement in the J,
value for the 0.5M BMImlI-containing esPME is in good agree-
ment with the ionic conductivity values (Table II). The higher
J, and Ji, of the 0.5M BMImI-esPME is due to a larger diffu-
sion coefficient value which offers faster reduction of I~ on the
surface of catalyst expediting the diffusion of I;~ ions. This
consequently increased the Jsc value and the cell performance.

Photovoltaic Performance Studies

DSSCs were assembled using the 0.5M BMImI-esPME and the
0.5M BMImI-LE as a control to establish the role of the poly-
mer electrolyte with respect to photovoltaic performance. Pho-
tocurrent density—voltage (J-V) curves obtained at a light
intensity of 100 mW cm ™ ? under standard global AM 1.5 irra-
diation are shown in Figure 5 and in Table III. The DSSC fabri-
cated using BMImI containing esPME shows the higher PCE
than the other reported ionic liquids such as DMPImI and

Table IV. Comparison Between Different Ionic Liquids Containing esPMEs on
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PMImI embedded esPMEs (Table IV). This can be explained by
considering the charge transport and charge recombination
effects of DSSC. On increasing the alkyl chain length from C4
to C8 of imidazolium cation decreases the PCE is due to the
less diffusion coefficient of I3 resulting from its high viscosity.
On the other hand, decreasing the alkyl chain length below C4
of imidazolium cation, increases the diffusion coefficient of I3~
but decreases the electron recombination time which decreases
Joc and V. values. Hence, the chosen ionic liquid, BMImI ful-
filling the requirements of high diffusion coefficient and
increased electron recombination time to show higher PCE of
the DSSC. Furthermore, both J,. and FF were influenced by the
ionic conductivity of the BMImlI-containing esPME with the
higher conductivity resulting an increase in charge transport
and a decrease in charge transfer resistance.’>”* The DSSC
assembled with the 0.5M BMImlI-esPME provides an energy
conversion efficiency of 6.42%, which is close in value to that of
the DSSC with the 0.5M BMImI-LE (6.99%). The relatively
higher PCE for 0.5M BMImI-esPME is due to its high diffusion
co-efficient of I; /I and also high ionic conductivity of
BMImlI containing esPME.

Stability Studies

The J-V curves of the DSSCs employing the 0.5M BMImI-
esPME and the 0.5 BMImI-LE were recorded over a period of
30 days. The variations in light to electricity conversion effi-
ciency for the two DSSCs are shown in Figure 6. The cell effi-
ciency was measured every 48 h after storage in the dark at
30°C. The normalized efficiency of the DSSC containing the
0.5M BMImI-LE decreased gradually and retained ~95% of its
initial value after 30 days, whereas the DSSC based on the 0.5M
BMImI-esPME retains ~99% of its initial value. It is interesting
to note that no decay was observed in the overall power conver-
sion efficiency of DSSC with the 0.5M BMImI-esPME even after
30 days. The esCPME offers the advantages of cohesive proper-
ties of the gel polymer electrolyte along with the diffusive
nature of the liquid electrolyte due to its interconnected pores
that can easily entrap a large quantity of liquid electrolyte which
improves an excellent contacting and filling properties between
the dye-adsorbed TiO, electrode and Pt counter electrode. This
interconnected pore structure ensures the retention of the elec-
trolyte and also prevent the leakage/evaporation of the electro-
Iyte in esPME. Thus, the durability of the DSSC is increased
tremendously than other conventional membrane electrolytes.”
However, the BMImI-LE failed this because of its less retain
capacity or gradual leakage/evaporation.

Tonic Conductivity and Photovoltaic Performance

lonic conductivity Jse Cell
Electrolyte (Scm™ (mA cm™%) efficiency (%) Reference
DMPIml—esPVdF-HFP 0.0013 x 103 6.028 3.3 15
PMIml—esPVdF-HFP 453 x10°3 12.30 521 16
PMIml—esPVdF-HFP/PS 189 x 102 11.60 8.7 17
0.5M BMIml-esPME 5.83 x 1072 13.10 6.42 Present study
0.5M BMImI-LE 7.69 x 1073 13.49 6.99 Present study
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Figure 6. Normalized light-to electricity conversion efficiency of the DSSC 16,
containing a) 0.5M BMImI-LE, b) 0.5M BMImI-esPME. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary. 803.
com.] 17
CONCLUSIONS 18.
An esPM incorporated with 0.5M BMImI containing liquid
electrolyte was prepared and found to have a maximum diffu- 19,
sion co-efficient of 9.05 X 10~* ¢cm? S™' The 0.5M BMImI-
esPME was used in the assemble of a DSSC giving an energy 5
conversion efficiency of 6.42%, which is nearly the same as a
DSSC assembled with a 0.5M BMImI-LE (6.99%) at an illumi- 1
nation intensity of 100 mW cm 2. The stability of the DSSC )
assembled with the BMImI-esPME was considerably superior to
that assembled with the 0.5M BMImI-LE. 22.
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