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ABSTRACT :Dye-sensitized solar cells (DSSCs) have been intensively studied over the past decade and regarded as an
alternative to the conventional inorganic devices because of their relatively high efficiency and low cost. Natural dye
sensitized solar cells (NDSSCs) have been widely investigated as a next generation solar cell because of their easy
availability, simple preparation technique, environmental friendliness and low manufacturing cost. In the presentwork
betacyanin dye responsible for the red color of many fruitsand leaves having favorable absorption spectra with the
solarspectrum has been used in fabrication of NDSSCs. A nanocomposite polymer was prepared using poly(ethylene
oxide) (PEO) and poly(ethylene glycol) (PEG) as host polymers, ethylene carbonate (EC) as a plasticizerwith n-CuO as
filler. The nanocomposite polymer was complexed withpotassium iodide and then iodine crystals were added to the
polymer nanocompositeelectrolyte. The effect of CuO nanofiller on the morphology and ionic conductivity of
plasticized polymer electrolyte for the fabrication of NDSSCs was studied using FTIR, XRD, FESEM and EIS. The
NDSSCs were fabricated by sandwiching polymer electrolyte between the natural dye-sensitized nano TiO, (n-TiO,)
electrode and a carbon counter electrode with configuration of, FTO/n-TiO,/Natural Dye/Electrolyte/Carbon/FTO.The
fabricated solar cells were characterized by measuring |-V curves under illumination of sunlight.

KEYWORDS: Polymer nanocomposite electrolyte, Nanofiller, lonic conductivity, Betacyanin, Natural dye sensitized
solar cell.

I.LINTRODUCTION

Efforts in lowering energy consumption and protecting the environment have gradually motivated all the researchers in
the world to explore the alternative energy sources [1]. Renewable energy resources are generally defined as energy
that comes from resources which can be regenerated continuously such as sunlight, wind, hydro, rain and
waves.Renewable energy sources that gain their energy conversion from the sun, such as solar cells, are expected to be
capable of supplying the endless energy for mankind.

Dye-sensitized solar cells (DSCs) have been intensively studied over the past decade and regarded as an alternative to
the conventional inorganic device because of their relatively high efficiency and low costwhich was first reported by
Gratzel et al. [2]. At present, DSSCs utilizing liquid electrolytes with an iodide/triiodide (17/157) redox couple and
Ruthenium based dyes attracted more attention and such DSSCs have reached high overall efficiency [3]. However, the
use of liquid iodide electrolyte causes practical problems due to leakages, volatilization, desorption, corrosion of the
metal counter electrode and ineffective sealing of cells. To overcome these problems, more research on hanocomposite
gel polymer electrolytes have achieved considerable attention because of their excellent properties such as easy
fabrication, low cost and good stability.Addition of nanoscale ceramic fillers (i.e., TiO,, SiO,, Al,Os;, Zn0) [4,5],
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carbon nanotubes [6] and clays [7] into polymer electrolytes will form polymer nanocomposite electrolyte which not
only improved the ionic conductivity but also enhanced the mechanical strength and stability of the polymer
electrolyte. The enhancement in the conductivity is predominantly due to the increase of amorphous region in the
polymer as a consequence of the dispersal of the filler particles.

Several polymers used for gel polymer electrolytes (GPEs), such as poly(ethylene oxide) (PEO), poly(methyl
methacrylate) (PMMA), poly(vinyl pyrrollidone) (PVP), polyacrylonitrile (PAN), poly(vinyl chloride) (PVC),
poly(vinylidene fluoride) (PVDF), poly(ethylene glycol) (PEG) and poly(vinylidine fluoride-co-hexafluoro propylene)
(PVDF-co-HFP)[8,9] have been investigated for DSSCs. Among these polymers, PEO and PEG are chosen as host
polymers and they are filled with CuO nanofillers by solvent casting method.

The dye plays a key role in harvesting sunlight and converting solar energy into electric energy. Ruthenium complexes
are effective sensitizers that exhibit high energy conversion efficiencies in DSSCs [10]. However, these dyes contain
Ru metal complexes, which are expensive and produce environmental pollution. Therefore several natural dyes such as
betalains [11, 12], anthocyanins [13, 14], chlorophyll [15] and carotenes [16] have been used as sensitizers in DSSCs.
In this study, betalains have been chosen as they have favorable light absorbing and antioxidant properties, and exist in
nature, associated with various co-pigments that modify their light absorption properties and the requisite functional
groups (-COOH) for betterbindingof the metal oxide nanostructure [17]. They can be divided into betacyanins and
betaxanthins based upon their molecular structure. In this work, we developed an effective approach for extraction of
betacyanin dye from Beta vulgaris (common name: beetroot).

In this work, we aimed to study the effect of CuO nanoparticles on the efficiency of natural dye-sensitized solar cells
(NDSSCs) using polymer gel electrolytes of PEO/PEG blends.We used betacyanin as natural dye for their simple
preparation technique, low cost, easy availability and environmental friendliness.Thus our natural DSSC is composed
of the natural dye adsorbed on a nano-crystalline porous wide band gap (TiO,) electrode, a nanocomposite polymer
electrolyte containing iodine ions and a carbon counter electrode.

1. EXPERIMENTAL PROCEDURES

11 (a) Materials

All chemicals used were of analytical grade and have been used without purification. Copper sulphate (CuSQO,.5H,0),
Citric acid, Sodium hydroxide (NaOH), lodine (I,),and Potassium iodide (KI) were purchased from Himedia.
Acetonitrile was purchased from Merck. PEO(Mw 500000), PEG (Mw 6000), TiO,, Triton X-100 and ethylene
carbonate(EC) were obtained from Aldrich.

11 (b) Preparation of CuO nanopatrticles

0.1M copper sulphate and citric acid was dissolved in 100 mL of double distilled water. 1 M NaOH was added drop by
drop under stirring. The precipitated CuO was stirred for 2 h. Then the precipitate was washed several times with de
ionized water and dried. The dried product was kept at 500°C for 3 hours in a muffle furnace to get the CuO nano
crystals [18].

11(c) Preparation of polymer blend nanocomposite electrolyte

The polymer blend nanocomposite electrolyte was prepared by solvent-casting method, described as follows. An
optimized composition of (40:60 wt%) of PEO and PEG were dissolved under continuous stirring in acetonitrile at
80°C. After about 2 h, EC was slowly introduced. Then this solution was stirred at 80°C for 2 h. Then 10 wt% Kl and 1
wt% |, were added to the above polymer solution to form polymer blend electrolyte (PE).After about 4 h, synthesized
CuO nanoparticles (1 wt%) was added and mixed with continuous stirring to form polymer blend nanocomposite
electrolyte (PNE). The polymer solution was stirred continuously for almost 24 h until a homogeneous viscous liquid
was formed. The solvent free polymer nanocomposite standing film was obtained by drying the resulting solution in an
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oven at 80°C for 24 h. The dried films were stored in dark desiccators to prevent them from any contamination from
moisture and/or light.

11 (d) Preparation of betacyanin dye

Betacyanin dye extracted from B. vulgaris (Common Beet) was obtained by immersing the B. vulgaris slice in HCI (0.1
N) solution (ethanol extract). The mixture was kept overnight, and the resulting extract was filtered to remove any solid
residue and was used for sensitization. All solutions were protected from direct light and stored in the refrigerator at
about +5°C; the dye solutions were stable for more than 12 months [17].

11 (e) Preparation of photoelectrode

Fluorine Tin Oxide (FTO) glass was used as the substrate for both working and counter electrodes in this study. To
prepare the working electrode or photoanode, an area of 1x1 cm? was identified on the FTO-glass substrate (sheet
resistance 15 (/square). Then theTiO, film was fabricated by tape casting method. A drop of TiO, paste [19] was
spread on the working area by doctor blade method. The film was then left to dry in air at room temperature for about
20 min, and then sintered at 450°C for about 30 min and cooled to 80°C in an oven. The resulting film thickness was
about 20 um. The dye-sensitized photoelectrode were prepared by immersing the films in ethanolic solution of natural
dye for 24 h at room temperature.

11 (f) Preparation of counter electrode

0.3 g of carbon nanopowder was mixed with 1 ml of carboxymethyl cellulose (CMC) in water and grinded in mortar
and pestle to obtain a well mixed paste. This paste was applied on FTO glass through doctor blade method and sintered
at 250°C for 1 h [20].

11 (g) Assembly of the NDSSCs

The solar cells were fabricated by sandwiching polymer nanocomposite electrolyte (PNE) between the natural dye-
sensitized TiO, film and a carbon counter electrode with configuration of, FTO/TiO,/Natural
Dye/Electrolyte/Carbon/FTO.

Il (h)Characterization

The first part of this study was focused on the preparation and characterization of the polymer nanocomposite
electrolyte for solar cell fabrication. To study the interaction within PEO-PEG-KI-EC, Fourier Transform Infrared
spectroscopy (FTIR) was carried out using the PerkinElmer IR spectrometer in the range of 4000 to 400 cm™*. A
Siemens D 500 X-ray diffractometer with CuKao filtered radiations was used to determine the structure and crystallinity
of the samples. The samples were scanned over the 26 range from 10° to 80°. The crystallite size (D) of the
nanoparticles was calculated from XRD using the Scherrer equation: D = 0.89A/p cosf. The structure and morphology
were studied using an S-4800- High Resolution Scanning Electron Microscope (HRSEM). The composition of the n-
CuOwas scrutinized by Energy Dispersive X-ray spectroscopy (EDS) spectrum. To determine the conductivity of
polymer electrolyte compositions, electrochemical impedance spectroscopy (EIS) technique was used. The impedance
of the samples was measured using the HIOKI 3532 LCR Hi-Tester interfaced to a computer in the frequency range 50
Hz to 5 MHz at room temperature. Each sample was sandwiched between two stainless steel electrodes of diameter 2.0
cm before performing the measurement. The conductivity was calculated using equation: o = t/AxR,. Here Ry is the

bulk resistance (Qor S-') of the sample taken at the intersection of the Nyquist plot with the real impedance axis, t is
the sample thickness (cm) and A is the surface area of the electrode/electrolyte contact (cm?).
The second part of the study was concentrated on the fabrication and characterization of the DSSCs. The absorption
spectra of n-CuO and betacyanin dye were taken with a Shimadzu UV-1650PC UV-Vis spectrophotometer. The
photocurrent-voltage (I1-V) characteristics of the DSSCs were measured by using digital multimeter under illumination
of sunlight[21].
Based on I-V curve, the fill factor (FF) is calculated using the equation:

FF = (Imax XVmax)/(Isc X Vioc) 1)
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where Inand Vmdenote the maximum output value of current and voltage respectively, and Is. and V,denote the
short circuit current and open-circuit voltage respectively. The overall energy conversionefficiency (1) is defined as,

7 = (1sXVoc X FF)/Pin(2)
where, Piyis the power of incident light.

111.RESULTS AND DISCUSSION

111(a) UV-Vis absorption spectra
The UV-Vis absorption measurement was carried out for B. vulgaris extract in ethanol and n-CuO (Fig.1a and b).
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Fig. 1 UV-Vis absorption spectra of (a) Beta vulgaris extract in ethanol and (b) n-CuO

The betalain pigments are characterized by a maximum absorbance at about 535 nm (Ama) for the red-purple
betacyanins (Fig.1a). The spectrum of sol-gel derived CuO nanoparticles (Fig. 1b) show a broad absorption band
located at Amax of 270 nm in the UV range. The absorption peak is significantly blue-shifted (lower wavelength or
higher energy) compared to the bulk CuO (310 nm), due to decrease in particle size.

I11(b) Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectra of materials vary according to their compositions and show the occurrence of the complexation and
interaction between the various constituents. FTIR spectra recorded for n-CuO is presented in Fig. 2. FTIR spectra
recorded for PE and PNE are presented in Fig. 3.
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Fig. 2 FTIR spectra of CuO nanopatrticles
The FTIR spectrum of n-CuO shows bands at around 608 and 501 cm™ which can be assigned to the vibrations of

Cu(l)-O bonds. There is sharp peak observed at 501 cm™ in the spectrum CuO nanoparticles which is the
characteristics of Cu-O bond formation.
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Fig.3 FTIR spectra of PE and PNE
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The IR spectra of PE and PNE are also shown in Fig. 3. The peak at 1664 cm™ is due to carbonyl stretching, 2883
cm™ is attributed to CH, stretching, 1103 cm™ is assigned to C-O-C stretching, 3460 cm™corresponds to O-H stretching
and 523 cm™ corresponds to presence of metal oxide in nanocomposite. The observed shifts and variation in intensities
of the FTIR spectrum of the blend suggest that the complete complexation of salt with polymer blends. The shift in the
vibrational frequency for n-CuO and other groups in PNE confirm the formation of polymer nanocomposite electrolyte.

111(c) X-Ray Diffraction Analysis
In order to investigate the effect of blending, XRD analysis was performed. The diffraction patterns of the n-CuO are
shown in Fig. 4.
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Fig. 4 X-ray diffraction patterns of n-CuO

The particles are nanocrystalline in nature and the crystallite size of n-CuO was obtained using Scherrer formula and
was found to be around 55 nm. The existence of strong and sharp diffraction peaks located at the 26 value of 35.1° and
38.7° corresponding to (0 2 2) and (1 1 1) planes respectively indicated the formation of CuO. The diffraction peaks of
CuO can be matched with standard JCPDS data [JCPDS file: 41-0254] [18].
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Fig. 5 X-ray diffraction patterns of PE and PNE
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The diffraction patterns of PE and PNE are shown in Fig. 5. The PE shows diffraction peak around 26 = 19 and 22°,

which confirms the crystalline nature of the polymer film. The peaks of PE are significantly reduced in PNE and
slightly shifted towards higher angle side and broadening with decreased intensity and also with some new peaks in
PNE. In the case of PNE the added CuO nanoparticles disturb the crystalline part and increase the amorphous phase of
PEO-PEG blend than pure blend [22]. The more amorphous nature of blend nanocomposite electrolytes may lead to
higher ionic conductivity which is generally observed in amorphous polymer electrolytes with flexible backbone [15].

111 (d) Scanning Electron Microscopy (SEM)
The morphology and size of the n-CuO were described by FESEM image shown in Fig. 6.
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Fig. 6 FESEM image of CuO nanoparticles

From the SEM image, it was found that all the CuO particles are spherical in shape. The size of the particles of n-CuO
are in the range of 40-85 nm which are in close agreement with the size calculated by Scherrer formula based on the
XRD pattern.

The composition of the n-CuO was scrutinized by EDS spectrum and is represented in Fig. 7.
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Fig. 7 EDS of CuO nanoparticles
EDS spectrum of the energy versus relative counts of the detected X-rays is obtained and evaluated for qualitative and
quantitative determinations of the elements as shown in Fig. 7. EDS reveals that the presence of Cu and O elements in
CuO. It is confirmed from the EDS analysis that the grown nanoparticles are composed of Copper and Oxygen only.
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No other peak for any other element can be found in the spectrum, which confirms that the grown nanoparticles are
pure CuO. Additionally, the atomic percentage of Copper and Oxygen was found to be 49.44 % and 50.56 %,

respectively.
The SEM images of PEO-PEG blend and its nanocomposite electrolyte are depicted in Fig. 8(a and b).

Fig. 8 SEM images of (a) PE and (b) PNE

Fig. 8(a and b) shows scanning electron microscopy of PE and PNE. The PE (Fig. 8a) displays a surface with rough
texture owing to the crystallization of the polymer matrix. However, as the 1 wt% n-CuO is added (Fig. 8b), the surface
shows a uniformly distributed area and some amorphous regions are observed, showing a reduction of the
crystallization. It is observed that adding nanofiller improves the amorphous nature of the polymer which is in good
agreement with XRD results. More homogeneous distribution of the nanofiller in the polymer matrix is observed with
an expected increase in conductivity and stability.

111 (e)Conductivity study of PE and PNE electrolyte
The ionic conductivity of PE and PNE was calculated using impedance plots obtained from electrochemical impedance

spectroscopy. The intercept of the Nyquist plot (Z’ vs. Z”) with the real axis at higher frequency region is taken as a
bulk resistance (Ry) of polymer electrolyte membranes.
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Fig. 9 Nyquist plots of PE and PNE
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Fig.9 shows the variation of ionic conductivity of polymer electrolyte without and with nanofiller. The ionic
conductivities of polymer electrolyte and polymer nanocomposite electrolyte were found to be 3.76 x 10° S cm™ and
2.08 x 10" S cm™ respectively. The ionic transport mainly occurs through amorphous domains but not through crystals
of PEO. Upon incorporation of CuO nanoparticles, the PEO chains rearrange in a three-dimensional and mechanically
stable network, resulting in an increased amorphous region and thus improving ionic transport [23].

111 (f) Characterization of NDSSC

The photocurrent density/voltage characteristics of NDSSC using PE and PNE were measured under the illumination of
natural sunlight, and the results are presented in Fig. 10. Table 1 summarizes the values of open-circuit voltage (Voc),
short-circuit current density (Isc), fill factor (FF), and conversion efficiency (n) obtained from the I-V curves for
NDSSC assembled with PE and PNE. A significant increase in performance is observed for the NDSSC assembled
with the PNE.
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Fig. 10 The photovoltaic performance of NDSSCs withPE and PNE
Table 1 Summary of the photovoltaic performance of NDSSCs with PE and PNE
Electrolyte Isc (MA cm™) Voc (Volts) FF Efficiency(n) %
PE 1.3 0.62 0.576 0.449
PNE 1.04 0.74 0.584 0.523

The open circuit voltage (Voc) and short circuit current density (Isc) of betacyanin dye coated TiO, based photoanode
with PNE are 0.74 V and 1.04 mA cm respectively. The conversion efficiency and fill factor of NDSSC with PNE are
found to be 0.523%, 0.584 respectively.

IV. CONCLUSION

DSSCs have been fabricated using the highest conductingplasticized PEO polymer electrolyte containing
iodine/triiodide redox couple with betacyanin (from Common beet extraction)dyes as sensitizer. The NDSSC using

betacyanin dye and PNE exhibits the best performance with a short-circuit currentdensity of 1.04mA cm-2, open-circuit
voltage of 0.74 V, fillfactor of 0.584 and the highest photoconversion efficiencyof 0.523% under the illumination of

natural sunlight. The addition of nanofiller to PEO-PEG polymer-blend electrolyte shows conductivity of the order of

10-*Scm-* higher than that of un-added one. The increased ionic conductivity was assumed to be due to an increase in

free ion concentration and enhanced cross-linking networkchannels by adding additives. Therefore, betacyanin dye
sensitized solar cell opens up a perspective of commercial feasibility for designable, inexpensive and environmental
friendly dye cells.
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