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Abstract: Dye-sensitized solar cells (DSSCs) have emerged
to become one of the most promising alternatives to con-
ventional solar cells. However, long-term stability and
light-to-energy conversion efficiency of the electrolyte
in DSSCs are the main challenges in the commercial
use of DSSCs. Current liquid electrolytes in DSSCs allow
achieving high power conversion efficiency, but they still
suffer from many disadvantages such as solvent leak-
age, corrosion and high volatility. Quasi-solid state elec-
trolytes have therefore been developed in order to curb
these problems. A novel polymer electrolyte composed
of biobased polymer chitosan, poly(vinylidene fluoride-
hexafluoropropylene) (PVdF-HFP), 1-methyl-3-propylimi-
dazolium iodide ionic liquid and iodide/tri-iodide redox
salts in various compositions is proposed in this study
as a quasi-solid state electrolyte. Fourier transform
infrared microscopy (FTIR) studies on the polymer elec-
trolyte have shown interactions between the redox salt
and the polymer blend. The quasi-solid state electrolyte
tested in DSSCs with an optimised weight ratio of PVdF-
HFP:chitosan (6:1) with ionic liquid electrolyte PMII/KI/
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[, has shown the highest power conversion efficiencies of
1.23% with ionic conductivity of 5.367 x10™* S - cm™ dem-
onstrating the potential of using sustainable bio-based
chitosan polymers in DSSCs applications.
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1 Introduction

Since the first report by O’Regan et al. (1), dye-sensitized
solar cells (DSSCs) have received intense research and
investigation. Semiconductors in conventional photo-
voltaic cells which participate in photon absorption, as
photoreceptor and as charge carriers simultaneously,
have high purity demands on raw material and process-
ing (2, 3). Eventually, the separate functions of each
component in DSSCs have made such cells a promising
alternative to the classical silicon-based photovoltaic
cells (3) due to its lower price in fabrication, easier
preparation, better performance and being more envi-
ronmental friendly (1-4). Although DSSCs still exhibit
lower power conversion efficiency than previous gen-
erations of photovoltaic (PV) cells, there are still big
potentials for improvement. Many scientists are devot-
ing much effort to this around the world, where on
average more than five publications related to DSSCs
are published every day (2, 3).

The three important criteria that should be focused
on for DSSCs’ commercial application are light-to-electric
energy conversion efficiency, long-term stability and
reducing the cost of devices (2-4). DSSCs’ four important
components are dyes, photoanodes, counter electrodes
and electrolytes. The electrolyte is the crucial component
in the cell, where its two main functions are, as the inner
charge carrier transport and continuous dye regeneration.
Its role has great impact on the light-to-electric energy
conversion efficiency and determines the long-term
stability of DSSCs (3).
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Great developments have been achieved using liquid
electrolytes in DSSCs as charge carrier transports, with
efficiency of more than 12% (5). However, the use of liquid
electrolyte has posed several limitations such as leakage,
ineffective sealing, photo-degradation and solvent vola-
tilization, which has challenged the durability of DSSCs
(2, 6, 7). Therefore, attempts have been made to quasi-
solidify the liquid electrolyte by using gelling agents,
polymer matrix or conductive organic materials which
have demonstrated significant improvement in terms
of stability and sealing (3, 4, 8, 9). However, efficiencies
of quasi-solid electrolytes in DSSCs are often lower than
liquid electrolytes (3, 8, 9). Therefore, designing alterna-
tive electrolytes, to improve the charge carrier efficiency
and to increase long-term stability should be explored and
studied.

In this study, a combined system of poly(vinylidene
fluoride-hexafluoropropylene) (PVAF-HFP) and a biopoly-
mer, chitosan to quasi-solidify liquid electrolyte is pro-
posed. Blends of different polymers instead of developing
new polymer are one of the simplest and yet effective
means to achieve a variety of physical and chemical prop-
erties in the constituent (10). PVdF-HFP is chosen for its
high ionic conductivity, mechanical stability and wide
electrochemical stability (11). The study of chitosan as
an electrolyte is still limited and the blending of biopoly-
mer promotes a greener and more environmental friendly
method in polymer electrolyte preparation. Chitosan has
been the subject of interest due to its specific properties
such as biodegradability, biocompatibility, it is odorless,
has high mechanical strength (12, 13) yet it is non-toxic
and environmental friendly (14).

This presently chosen approach by mixing PVdF-HFP
and chitosan is innovative in the study of the quasi-solid
state electrolyte for DSSCs. The challenge that may arise
when using a polymer blend is incompatibility of the
polymer matrix with the redox salt. Therefore, the effect
of different PVAF-HFP:chitosan weight ratios are being
studied and evaluated. To further enhance ionic conduc-
tivity of the system, 1-methyl-3-propylimidazolium iodide
(PMII) ionic liquids were incorporated as an addition to
the redox couple iodine (I,)/potassium iodide (KI) as dem-
onstrated in our previous report (15). Ionic liquids are often
used as organic salts in the quasi-solid state solid electro-
lytes or as a solvent in the electrolyte (16, 17) due to its high
ionic conductivity, and also extremely low vapor pressure
so it is more stable in high temperature conditions and
after prolonged irradiation exposure. The objective of this
study is to investigate the influence of a polymer matrix
encompassment into a liquid electrolyte and to study the
effect of different ratios of PVdF-HFP:chitosan polymer on
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the electrochemical properties and photovoltaic perfor-
mance in quasi-solid state electrolyte DSSCs.

2 Experimental

2.1 Materials

1-Methylimidazole, l-iodopropane, iodine (I,), potassium
iodide (KI), poly(vinylidene fluoride-hexafluoropropylene)
(PVAF-HFP, average M : 400,000) and chitosan (medium
molecular weight, 75%-80% deacetylated) were purchased
from Sigma-Aldrich (Bornem, Belgium). Ethyl acetate
(EtOAc), tetrahydrofuran (THF) and acetic acid (CH,CO,H,
100% glacial) were purchased from Merck Millipore
(Bornem, Belgium). Conducting glass plates [fluorine doped
tin Oxide (FTO)] and cis-diisothiocyanato-bis(2,2’-bipyridyl-
44/-dicarboxylato) ruthenium(Il) bis(tetrabutylammo-
nium) (N719, Ruthenizer 535-bisTBA) dye were purchased
from Solaronix (Aubonne, Switzerland). Titania paste
(18NR-T transparent) and platinum paste (PT1) were pur-
chased from Dyesol (Queanbeyan, Australia).

2.2 Synthesis of 1-methyl-3-
propylimidazolium iodide (PMII)

A mixture of 1-methylimidazole (20 ml, 205.07 mmol)
and iodopropane (23 ml, 288.55 mmol) was placed in a
sealed round bottom flask with a magnetic stirrer. The
flask was continuously stirred under the fume hood for
3 h at room temperature. It was then washed several
times by decantation with THF followed by ethyl acetate
to remove unreacted reactants. Lastly, the product was
dried under reduced pressure for 24 h to ensure all
traces of solvent are removed. A yellow viscous liquid
was obtained (55.8 g, yield: 88%). Characterization of
the product was performed by using 'H NMR spectro-
scopy (Bruker Ascend 500 MHz Spectrometer) to confirm
the chemical structure of PMII. The 'H NMR spectrum
(CD,CN, 298.6K) contains peak: 6 (ppm)=0.783 (3H, t,
CH3), 1.787 (2H, m, CHZ), 3.881 (3H, s, N—CHB), 4173 (2H,
t, N-CH,), 7.621 (1H, s), 7.698 (1H, s), 9.273 (1H, s); which
confirms the structure of PMII.

2.3 Gel-polymer electrolyte preparation

A homogeneous liquid electrolyte solution was prepared
by mixing L, KI, PMII with the weight ratio of 0.006:0.026:1,
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respectively. The quasi-solidification of the liquid electro-
lyte was performed by adding different weight ratios of
PVAF-HFP:chitosan (3:1, 4:1, 5:1 and 6:1) with a total mass
of both polymers are kept constant at 15 wt% and 85 wt%
of liquid electrolyte. Acetonitrile is used to dissolve PVAF-
HFP, while acetic acid is used as a solvent for chitosan.
The system is kept under constant stirring for 24 h at the
speed of 320 rpm (70°C) to form a homogeneous gel-like
electrolyte.

2.4 Fourier transform infrared (FTIR)
spectroscopy

The infrared spectrum is obtained with spectrum one
FTIR spectroscopy with the resolution of 0.01 cm™. Four
samples were studied to gain insight on the polymer
encompassment to the electrolyte: pure chitosan; PVdF-
HFP dissolved in acetonitrile; pure PMII and gel-polymer
electrolyte sample [PVdF-HFP:chitosan (3:1) in PMII, KI
and L].

2.5 Electrochemical impedance
spectroscopy (EIS)

Ionic conductivity measurements of the gel-polymer
electrolyte were carried out using EIS (4, 7, 16, 17). The
cells were made of the gel-polymer electrolyte for each
weight ratios sandwiched in between two platinum
counter electrodes. The measurements were then per-
formed by using a GAMRY Instruments 400s electro-
chemical workstation in the frequency range between
0.001 Hz and 1x10° Hz by applying bias of the open
circuit voltage, V_, under the conditions of no electric
current (zero bias voltage). The peak frequency of the
low frequency arc (w__ ) is obtained from the EIS spectra
which is also equivalent to the values of the the effec-
tive rate constant for recombination (k) (18). Diffusion
coefficient of triiodide, D, in the electrolyte is then cal-
culated using the relation in (1) which is described by
the finite Warburg impedance (18), where D, is the dif-
fusion coefficient of tri-iodide in the electrolyte (cm? s™)
and 0 is the thickness of electrolyte film (30 pm). Ionic
conductivity is also calculated from the resistance of
impedance of diffusion of tri-iodide (R,) found in the
complex impedance diagram, according to the equa-
tion (1) where ¢ is the ionic conductivity (S cm™), L is the
distance between electrodes (30 um), A is the surface
area of the electrolyte (1 cm?) and R, is the resistance of
impedance of diffusion of tri-iodide (S).

W.Z.N. Yahya et al.: Bio-based chitosan/PVdF-HFP polymer-blend for quasi-solid state electrolyte =——— 357

1 L
b :(%Jézw“‘“ T AxR [
. D

2.6 DSSCs fabrication and assembly

The preparation of the photoanode was done by using a
fluorine doped tin oxide (FTO) covered glass which was
rinsed with acetone and ethanol for 10 min in an ultrasonic
bath. It was then followed by a flash evaporation at 500°C
on a hotplate to ensure all traces of solvents were removed
from the FTO glass surface. The titania paste was then
screen printed on the FTO glass using a doctor-blade tech-
nique. The screen printing is done twice to get the required
thickness of 12 um. The coated FTO glasses are first dried
at room temperature to avoid irregularities, which are then
sintered in a Hengli HGL 3005-4A Belt Furnace gradually
at 180°C, 270°C, 300°C, 350°C and 500°C for 30 min at the
speed of 121 mm/min. The photoanodes are then sensitized
by soaking in 0.3 mM solution of N719 dye in ethanol over-
night at room temperature. For the preparation of plati-
num counter electrode, similarly, FTO glasses are washed
with acetone and ethanol then heated to remove all traces
of solvent or any contaminants by flash evaporation. Next,
platinum paste is screen printed on the glass and followed
by a sintering process at 400°C (30 min). The different
ratios of quasi-solid state PVAF-HFP/chitosan gel electro-
lytes are then spread on the photoanode surface. Next,
the photoanode and the counter electrode are clamped
together with a layer of inert tape which is used to keep
the distance between photoanode and cathode of 30 pm.
To facilitate the homogeneous wetting of electrolyte on the
surface, a slight pressure is applied (4).

2.7 Photovoltaic performance
characterization

Photovoltaic electrical characterizations are performed
under a standard Air-Mass 1.5 Global (AM1.5G) illumination
with an irradiance of 100 mW - cm™ using a Dyesol Light
source and a Keithley 2420 source measure unit. The active
area of the cell is 1 cm?”. Three parameters J , V., and FF can
be extracted from the J-V curves to determine the photovol-
taic performances using the following equations [2]:

Fill factor, FF = M

V x]J

oc sC

. . V_xJ XxFF
Efficiency, n% = % %100 2]

in



358 =—— W.Z.N. Yahya et al.: Bio-based chitosan/PVdF-HFP polymer-blend for quasi-solid state electrolyte

where V__is the maximum potential in the J-V curves
("), ], (mA - cm?) is the maximum current density in the
J-V curves (mA-cm?), V. _(V) is the open-circuit voltage,
J. (mA-cm?) is the short-circuit current density and P,

(mA - cm™) is the incident light power density.

3 Results and discussion

3.1 Fourier transform infrared spectroscopy
characterization

FTIR spectrum provides information through band prop-
erties and intensities which is useful to predict the chemi-
cal processes in the area of the band. Functional group
analysis is done and interactions of the constituents were
studied from the FTIR spectra as shown in Figure 1.
Figure 1 shows the FTIR spectra of pure chitosan,
PVAF-HFP dissolved in acetonitrile, PMII dissolved with
KI and I, pure PMII and gel polymer electrolyte chitosan/
PVDF-HFP/PMII/KI/L, in the range of 400-4000 cm™. For
chitosan polymer, characteristic peaks can be seen in
the region of 3500 cm™ corresponding to the O-H band
at 1650 cm™ for the carbonyl band, with a small shoul-
der at around 1569 cm™ corresponding to the NH, band as
recorded by Osman et al. (19). For PVdF-HFP strong C-F
stretch at 1405 cm™ can be seen and vibrational bands
peaks at 1072.61 cm, 762 cm™, 879 cm™ are also recorded
by other reports (20, 21). For PMII the peaks at 3500 cm™

%T

0
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may correspond to O-H band from traces of water or an N-H
bond from traces of 1-methylimidazole in the ionic liquid.
PMII ionic liquid exhibits the characteristic C-H stretch of
the aromatic ring at 3100 cm™, a peak near 2000 cm™ cor-
responding to the C=N stretching, in the plane ring mode at
1520 cm™, C-H bendings at 1405 cm™ and 1167 cm™, as well
as the out of plane bendings of C-H band at 752 cm™ and
620 cm™ in the fingerprint region. The peaks exhibiting in
PMII are noticeably present in the gel polymer electrolyte
compared to others which may indicate that the PMII is not
chemically reacting with PVDF-HFP and chitosan. Further-
more, when comparing the FTIR spectra of PMII and PMII/
KI/1, few changes are observed in terms of the appearance
of a sharp peak at 880 cm™, which is also present in the gel
polymer electrolyte. In general, there are observed changes
of peaks as compared to the original component and the
gel polymer electrolyte. Therefore, the FTIR spectra reveal
the complexations between all components in the electro-
lyte, due to the mutual interactions between the compo-
nents that induce changes in the vibrational mode of the
atom or molecules, thus cause changes to the physical and
chemical properties of the complex constituent.

3.2 Electrochemical impedance
spectroscopy characterization

EIS measurement is important to calculate the conduc-
tivity of the gel-polymer electrolyte which strongly influ-
ences the photovoltaic performance. The Nyquist plots

3000 2000 1500

4000

1000 500 400

Figure 1: (A) Pure chitosan; (B) PVdF-HFP dissolved in acetonitrile; (C) PMII dissolved with Kl and 1_; (D) pure PMII; (E) gel polymer electrolyte

chitosan/PVDF-HFP/PMII/KI/L,.
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Figure 2: Nyquist plots of electrochemical cell of the gel polymer
electrolytes with different PVdF-HFP:chitosan ratios.

are shown in Figure 2 and the peak frequency of the semi
circle arc w___is obtained from Bode plot. The main elec-
tron transport properties such as the effective rate constant
for recombination (k_), triiodide diffusion coefficient (D)),
resistance of impedance of diffusion of triiodide (R,) and
ionic conductivity (0), are tabulated in Table 1.

The results clearly demonstrate interdependence
between ion diffusion and conductivity whereby as the
diffusion coefficient of triiodide (DI) increases, the resist-
ance of impedance (R,) decreases hence increasing the
conductivity. Due to the increasing of the diffusion coef-
ficient, the supply of I, ions to the Pt counter electrode
is increasing, causing a rise of I,” ions at its surface (4).
In addition, the effective rate constant for recombina-
tion (k) increases after the addition of higher PVDF-
HFP content (more than 4:1) which might be due to the
increased availability of fluoride ions in the electrolyte
that reduces the recombination rate for the strong elec-
tronegativity of the fluoride ions. The highest conductiv-
ity recorded is 7.67 107 S - cm™ with the polymer ratio of
3:1. The conductivity declines as the ratio increases to 4:1.
However, further increases of PVAF-HFP/chitosan ratios to
6:1, the conductivity of the composite polymer electrolyte
grows back from 3.62x10*S-cm™ to 5.36 x10*S-cm™. A
plausible explanation of the increase of conductivity is
due to the increase of ion mobility (22) due to the increase

Table 1: Electrochemical impedance spectroscopy parameters
measured for each sample.

PVDF- a)m/keff D,(cm*s™) R, (Q) o(S-cm™)
HFP:chitosan st Hz

(Wt%:wt%)

3:1 6.811x1073 2.45x107® 3.91 7.67x10™*
4:1 4.029x1073 1.45x10°8 8.28 3.62x10™*
5:1 5.098x1073 1.84x1078 7.61 3.94%x10™*
6:1 6.688x1073 2.41x108 5.59 5.36x10™*
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of fluoride ions as well as the physical aspect of the gel
where the polymer gel with the ratio of 6:1 appeared to be
less gelatinous than the gel polymers of 4:1 and 5:1 ratios.

3.3 Photovoltaic performance

The polymer gel electrolytes with various ratios of PVdF-
HFP:chitosan are assembled in DSSCs to evaluate their J-V
photovoltaic characterization under AM1.5G illumination
(100 mW - cm™) at room temperature. The photocurrent
densities versus photo-voltage (J-V) curves are shown in
Figure 3 and the dependence of each parameter on differ-
ent polymer weight ratios is shown in Figure 4.

It is observed that the J , V_, fill factor and conver-
sion efficiency does not change according to the trend of
increasing weight ratios. From Figure 3A, it can be observed
that as the weight ratios increases, the J _values declines
and it eventually grows back after the addition of higher
weight ratios (PVAF-HFP:chitosan=6:1), the increase is
most probably due to the enhanced ionic conductivity and
tri-iodide diffusion coefficient of the gel polymer electro-
lyte, as proven by the EIS characterization. Besides, at the
higher amount of PVAF-HFP:chitosan ratios (more than
4:1), V_values increase accordingly (as seen in Figure 4B).
V. _values are strongly affected by the recombination rate,
in which the increasing trend is most probably due to
the increased availability of fluoride ion which reduces
the recombination rate at the photoanode for its strong
electronegativity, as discussed earlier. However, the final
hypothesis can be derived only after intense research work
in this direction is done. The trend of the fill factor is an
overlay between the photocurrent density and the short-
circuit voltage as seen in Figure 4C. To obtain high values
of the fill factor, the suppression of charge recombination

j _ PVdF-HFP:chitosan
] —— 31

61 —— 41

5 - 5:1

—a— 6:1

J, current density (mA cm™2)
N

0 0.2 0.4 0.6
Voltage (V)

Figure 3: /-V curves for each cells with different PVdF-HFP:chitosan
weight ratios.
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Figure 4: Dependence of photovoltaic parameters: (A) short-circuit photocurrent density, Jsc; (B) open-circuit voltage, Voc; (C) fill factor and

(D) conversion efficiency on different polymer weight ratios.

at high voltages is important (4). In our case, the obtained
results for EIS measurements are closely co-related with
the photovoltaic performance results, which confirm that
the data presented are accepted and valid.

From the results obtained, the crucial role of each
quantity of component incorporated to the electrolyte is
demonstrated as affecting the photovoltaic performance.
The photovoltaic performance parameters are presented
in Table 2. The polymer ratio of 5:1 recorded the lowest
cell efficiency of only 0.46%, while the polymer ratio of
3:1 and 6:1 provides among the highest efficiency of all
cells which is 1.21% and 1.23% as seen in Figure 4D. The
lower power conversion efficiency of the gel polymer of
ratios 4:1 and 5:1 can be explained by the physical aspect
of the gel where they formed a harder gel compared to
the other 3:1 and 6:1 ratios. As a comparison with our
study reported on usage of PMII ionic liquid (15), we have
obtained a comparable power conversion efficiency of

Table 2: Photovoltaic performance parameters.

PVDF- . v V) Fill Efficiency
HFP:chitosan (mAcm™) factor (%)
(Wt%:wt%)

3:1 5.50 0.49 0.45 1.21
4:1 5.01 0.35 0.320 0.57
5:1 3.88 0.38 0.310 0.46
6:1 6.59 0.53 0.35 1.23

1.19% with PMII/KI/I, electrolyte. This has shown that
the effect of quasi-solidifying of the liquid electrolyte by
polymer as gelling agent is effective without hampering
the solar cells’ efficiency.

4 Conclusions

Novel quasi-solid state electrolytes with PVdF-
HFP:chitosan as the gelling agent of PMII/KI/I, ionic
liquid electrolyte solution are being pursued in view of
their possible implementation of a sustainable polymer
composite, yet they exhibit several advantages such as
high conductivity and good conversion efficiency. The gel
polymer electrolytes are successfully prepared and char-
acterized through FTIR and EIS, which are then assembled
to DSSCs to characterize their photovoltaic performance.
FTIR studies have been confirmed on the interaction
between the redox salt and the polymer blend. Reliable
parameters relating to photovoltaic performance and
EIS measurements are obtained. DSSCs assembled with
PVAF-HFP:chitosan/PMII/KI/I, electrolyte with the weight
ratio of 6:1 achieved the highest efficiency of 1.23% under
100 mW - cm light illumination where the ratio of 3:1 has
the highest conductivity of 7.67x10* S - cm™. Future rec-
ommendations should be focused on the development of
biopolymer as the host for gel-polymer electrolyte due to
their interesting properties. Besides, optimization of the
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gel-polymer composition can be done through the design
of experiment to determine the best ratios of PVdF-HFP
and chitosan which will maximize the efficiency of the
assembled cell and also other parameters.

Nomenclature

DSSCs  Dye sensitized solar cells

v, Open circuit voltage

L. Short circuit current

FF Fill factor

K Effective rate constant for recombination

D, Triiodide diffusion coefficient

R, Resistance of impedance of diffusion of tri-iodide
o Conductivity
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