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Abstract In the present work, the mechanism behind the

functioning of the eco-friendly dye-sensitized solar cell

was explored. Dye-sensitized solar cells were fabricated

using natural dyes extracted from common pear (Opuntia

dillenii) and red tamarind (Tamarindus indica), and 1:1

mixture. Betalain and anthocyanin were identified as the

main pigments that sensitize the semiconductor TiO2 film.

The best conversion efficiency of 0.47 % was achieved

from betalain dyes and 0.14 % from anthocyanin dye-

sensitized solar cell [under standard Air Mass 1.5 illumi-

nation (85 mW cm-2)]. The mixture of dye (1:1 mixture)

adsorbed onto TiO2 exhibited an efficiency of 0.20 %. The

light absorption behavior of extracted dyes was studied

using ultraviolet–visible analysis. The influence of the

binding nature of the dyes with TiO2 surface on the effi-

ciency of the solar cells was analyzed through Fourier

transform infra-red analysis. The electrochemical impe-

dance spectroscopy was used to find out the internal charge

transfer resistance of the cells. The device incident photon-

to-current efficiency was obtained from 5 to 25 % for

different natural dyes and found to coincide with the

photocurrent–voltage characteristics and electrochemical

impedance spectroscopy analysis.
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1 Introduction

The conversion of solar energy to electricity appears as one

of the technologies that can replace fossil fuels. Dye-sen-

sitized solar cell (DSSC) is one of the serious competitors

to solid state junction devices [1]. DSSC is composed of a
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dye-sensitized nanocrystalline porous wide band gap

semiconductor electrode, a counter electrode, and an

electrolyte containing redox ions. The performance of

DSSCs mainly depends on the dye used as the sensitizer

[2]. Intense light absorption in the visible region and

anchorage of the dye to the surface of a wide band gap

semiconductor (titanium dioxide) are the important fea-

tures that determine the efficiency of a cell [3]. The most

efficient dye-sensitized solar cell is based on ruthenium

metal complexes with a high solar harvesting efficiency of

*12 %. Intensive charge transfer in the whole visible

region, long-excited life time of charge carriers, and highly

efficient metal-to-ligand charge transfer kinetics have been

identified as the causes of high efficiency [4]. Since

ruthenium complexes are not eco-friendly, natural dyes that

are cheap and abundant are preferred as sensitizers [5, 6].

Improvement in solar energy to electrical energy conver-

sion efficiency using mixture of dye has been reported

[7, 8]. Dyes having functional groups of –COOH or –OH

that bind with TiO2 nanoparticles via metal complexation

provoke the electron transfer from the dye molecules to the

conduction band of TiO2 [9, 10].

Betalains are a class of red–violet (betacyanins) and

yellow (betaxanthins) pigments that are present in plants of

caryophyllales [11]. The most promising sources of beta-

lain are red beet root, amaranthus, and common pear—

Opuntia dillenii (O. dillenii), a member of the family

Cactacea [12, 13]. Anthocyanin pigments are responsible

for the coloration of flowers, fruits, stems, leaves, and roots

of plants that are present in blackberries, mango, and red

tamarind—Tamarindus indica (T. indica) [14, 15]. Both

betalain and anthocyanin dyes are known to absorb light in

the visible region [16].

Recently many have investigated the dye-sensitized

solar cells using betalain and anthocyanin dyes in different

perspective. Gokilamani et al. [17] suggested that betalain

dye extract from Basella alba rubra is an alternative source

to construct natural dye-sensitized solar cells. They con-

cluded that TiO2 film annealed at 500 �C offered better

conversion efficiency of 0.70 % due to better crystalline

nature of the thin film. Reeza Hemmatzadeh and Ahmad

Mohammadi used acidified ethanol and water mixture as a

solvent to extract betalain dye from Pastinaca Sativa and

Beta vulgaris and a fill factor of 0.95 was achieved. They

reported that the acidity of the extracting solvent influences

the extraction of various dyes which leads to better

adsorption of dye molecules [18]. The betalain dye extract

from Bougainvillea glabra by Kamin Uthman Isah showed

a better conversion efficiency of 0.90 % using the dye at a

pH of 3.0 which is due to recondensation of betalamic acid

with amine groups that absorbs light in the visible region

[19]. Sengupta et al. extracted betalain and chlorophyll

dyes by ethanol from beet roots and spinach leaves

respectively. The mixture of these two dyes showed an

efficiency of 0.29 %, whereas the individual dyes effi-

ciency is of 0.19 % (betalain) and 0.14 % (chlorophyll

dye). The better conversion was achieved due to the wider

light absorption of mixture dye than the individual dyes

[20]. Aparna et al. used betanin dye from beet roots to

study the effect of Au doping on ZnO, thus improved the

efficiency of the solar cell from 0.086 to 1.71 % [21].

Zularif zolkepli et al. employed the ethanol extraction of

anthocyanin dyes from Tradescantia Spathacea leaves and

Ixora Coccinea petals to construct natural-based dye-sen-

sitized solar cells. The mixture dye exhibited higher effi-

ciency (0.80 %) than individual dyes (0.21 % for T.

Spathace and 0.56 % for I. Coccinea) due to better

adsorption on TiO2 [22]. Adel et al. extracted three

anthocyanin dyes like cyaniding, aurantiidin, and rosidin

from blackberry, hibiscus, and rose, respectively, using

ethanol as a solvent. They employed plasticized polymer,

regular iodine, and liquid polymer electrolyte to study its

effect on conversion efficiency. Blackberry dye gave the

highest conversion efficiency of 0.76 % compared to

0.058 % for hibiscus and 0.04 % for rose in iodine-based

electrolyte. The same dye gave an efficiency of 0.24 and

0.14 % for liquid and thin film polymer electrolyte. The

higher conversion efficiency of liquid polymer electrolyte-

based DSSC is due to better ionic conductivity than thin

film polymer electrolyte [23]. Chien and Hsu studied

anthocyanin dye-sensitized solar cells based on solvent pH,

dye concentration, purification, and immersion time. The

anthocyanin dye from red cabbage achieved better con-

version efficiency of 1.5 % at pH 8 and the concentration

of 3 mM. The unpurified dye exhibited higher efficiency

than the purified dye based on wider light absorption.

When the immersion times were varied from 2 min to

2 days, the higher efficiency of 1.33 % was achieved for

the photo anode with 15 min of immersion time [24].

Anthocyanin dye was extracted from Ixora Coccinea using

6 different solvents like absolute ethanol, 70 % ethanol,

acetone, dimethylformamide, dimethyl sulfoxide, and

water. The dye extracted using 70 % ethanol helps the

device to achieve high electron density that leads to better

efficiency of 0.50 % [25]. The effect of co-pigments like

malic acid and ascorbic acid in anthocyanin dye from

Mangosteen pericarp was studied by Munawaroh et al. The

co-pigmentation helped to protect the color retention of

anthocyanin from degradation improving the efficiency

from 0.19 % for anthocyanin to 0.30 % for antho-

cyanin ? malic acid mixture. The anthocyanin ? ascorbic

acid exhibited an efficiency of 0.29 % [26]. The purified

and unpurified anthocyanin dye extracted from black rice

was used by Prima et al. The unpurified dye contain

chlorophyll b as a co-pigment, improved the efficiency of

DSSC from 1.31 to 2.17 %. The better light absorption of
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mixture dye and the intermediate energy level of chloro-

phyll b between anthocyanin and TiO2 are the reasons for

improved efficiency of the device. Moreover, the presence

of Mg? inside the chlorophyll b acted as metal center that

provided the transition character of metal-to-ligand charge

transfer [27]. The acidified ethanol extraction of antho-

cyanin dyes from Morus alba Lam and Striga hermonthica

were used by Reda et al. The higher anthocyanin content

fromM. alba gave a reasonable higher efficiency of 0.43 %

than 0.34 % from S. hermonthica [28].

The novelty of the present work is the construction of

dye-sensitized solar cells from the naturally occurring dyes

such as betalain and anthocyanin. The dyes are extracted

from O. dillenii and T. indica fruits in solvent and used for

the first time to fabricate the DSSCs at room temperature.

The primary pigments betalain and anthocyanin are mixed

together for the first time and studied the effect of co-

sensitization on TiO2 that influences on the conversion

efficiency. The optical behaviors of the dyes are charac-

terized by UV–visible and FT-IR spectral measurements.

The electrical (I–V characteristics) measurement is done

using solar simulator under standard Air Mass 1.5 illumi-

nation (85 mW cm-2). The electrochemical impedance and

incident photon current efficiency analysis are performed

to study the charge transport property and quantum con-

version efficiency of the solar cells.

2 Experimental section

2.1 Materials

Fluorine-doped tin oxide (FTO) conducting glass (resis-

tivity 7 X2, transmittance[80 %), TiO2 powder (anatase,

particle size *25 nm), Triton X-100, methanol, poly-

ethylene glycol (M.W 10,000), hydrochloric acid, nitric

acid (Sigma Aldrich), synthetic dye N719 (Ruthenizer 535

bis TBA), liquid electrolyte (Iodolyte AN-50), and plat-

inum catalyst paste (Platisol T/SP, Solaronix) were used in

the present work.

2.2 Preparation of TiO2 photo anode and platinum

counter electrode

FTO conductive glass sheets were cleaned in a detergent

solution using an ultrasonic bath for 15 min, further rinsed

with ethanol, distilled water, and finally air dried. The TiO2

photo anode was prepared by doctor blade method [29].

TiO2 powder (0.2 g), 0.1 M nitric acid solution (0.4 ml),

and polyethylene glycol (0.08 g) were ground until a

homogenous paste was formed. Non-ionic surfactant Triton

X-100 (0.05 ml) was added to the colloidal suspension,

ground for 30 min, and placed in an ultrasonic bath for an

hour. Adhesive tape was pasted on the conductive side of

FTO substrate to fix the active area as 16 mm2

(4 mm 9 4 mm). A few drops of TiO2 suspension were

applied to one edge of the substrate and a glass rod was

used to spread the paste uniformly on FTO. The coated

plate was air dried and sintered at 450 �C in an open air

furnace for 30 min. The thickness of the TiO2 film was

found to be *12 lm by stylus technique. The counter

electrode was prepared by coating the conductive side of

FTO glass with platinum precursor paste using doctor blade

method and sintered at 450 �C for 30 min. The prepared

electrodes were kept in a vacuum desiccator until further

use.

2.3 Preparation of dye sensitizer extracts

Methanol and HCl were mixed in the ratio of 99:1 and was

used as the extracting solvent. Betalain dyes were extracted

from cactus fruits (O. dillenii). The fruits were cut into

small pieces, crushed, and immersed in the solvent for a

few hours. A clear dye solution obtained by filtration was

stored in a dark place.

Anthocyanin dyes were isolated from red tamarind (T.

indica). 25 g of red tamarind pulp was blended with

100 ml of extracting solvent for 12 h. The dark-colored

extract was filtered and stored under darkness in a desic-

cator. O. dillenii and T. indica extracts were mixed to

obtain 1:1 mixture.

The N719 standard dye ((Bu4N)2[Ru(4-carboxy,4
0-car-

boxylato-2,20-bipyridine)2(NCS)2]) solution was obtained

by dissolving 10 mg of dye powder in 25 ml of anhydrous

ethanol.

2.4 Fabrication of dye-sensitized solar cell

TiO2 electrodes were preheated to 80 �C and immersed

into the prepared dye solutions. The DSSCs were assem-

bled by placing dye-stained TiO2 photo anode on platinum

counter electrode, facing each other, and clipped together

using the binder clips. A few drops of electrolyte solution

were placed on the edges of the plate and allowed to diffuse

between the plates by capillary action.

2.5 Measurements

The UV–visible absorption spectrum of the dyes and the

mixture were recorded using UV–visible spectrophotome-

ter (Perkin Elmer Lambda 35). The chemical characteri-

zation was done by FT-IR spectroscopy (Perkin Elmer

spectrum RX-1). The thickness of the TiO2 film was

determined using a stylus profilometer (Mitutoyo Surftest

SJ-401). The photovoltaic test measurement of DSSCs was

performed under 85 mW cm-2 light illumination using an
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Autolab PGSTAT potentiostat/galvanostat-84610. The

electrochemical impedance spectra were recorded under

the same illumination with a frequency range from 0.1 Hz

to 100 kHz, and the potential modulation was 10 mV. The

applied bias potential was set at open-circuit voltage of the

cell. Incident photon-to-current efficiency (IPCE) of the

cells was measured using Oriel instruments with a 300

Watt Xenon light source (Newport corporation) with

varying light wavelength of 300–700 nm at 5 nm interval.

3 Results and discussion

3.1 UV–visible absorption spectra

3.1.1 Solution spectra

The UV–visible absorption spectra of O. dillenii, T. indica

extract, and the mixture are as shown in Fig. 1. In the

spectrum of O. dillenii extract, the absorption maximum

observed at 517 nm indicates the presence of betalain dyes

[30]. The light absorption spectrum ranges from 450 to

675 nm with a small hump at 650 nm. The absorption

spectrum of T. indica extract shows a maximum at 525 nm

and ranges from 450 to 600 nm. At pH 1.0, anthocyanins

strongly absorb the visible light from 520 to 600 nm [31],

and there is a change in the absorption peak of T. indica

extract compared to black rice, blue pea flower, and

Calafate extract due to the addition of HCl acid during the

extraction process [32–34]. The light absorption intensity

of T. indica extract is higher than that of O. dillenii extract.

The UV–visible spectrum of the mixture exhibits a maxi-

mum absorption at 530 nm. It is observed that the light

absorption behavior of the mixture is not a linear super-

position of the individual dyes. The absorption spectrum of

the mixture nearly matches with T. indica extract with a

wider light absorption range and higher intensity and

indicates the dominant behavior of anthocyanin dyes. A

small hump at 675 nm indicates the presence of betalain

dyes in the mixture. The absorption peak for betalain dyes

may disappear due to low light absorption intensity than

the anthocyanin dyes. The mixture covers light absorption

from 425 to 700 nm. The wider and stronger light

absorption behavior of mixture is expected to give the

maximum photovoltaic conversion efficiency than the

individual dyes. The standard N719 dye in ethanol is

shown as an inset for comparison.

3.1.2 Film spectra

The UV–visible absorption spectra of all the dye-sensitized

TiO2 films are shown in Fig. 2. In the spectrum of O.

dillenii extract-sensitized TiO2 photo anode, the absorption

maximum is red shifted to 525 nm indicating the interac-

tion of betalain dye molecule with TiO2, which is evident

from the change in color from red to deep violet. The –

COOH ligands on betalain dye molecule combine with

hydroxyl group in TiO2 to produce an ester-type linkage

and boost electrons from the lowest unoccupied molecular

orbital (LUMO) of the dye to the conduction band of TiO2

to facilitate rapid electron transfer by coupling effect [35].

The possible binding between betalain dye molecule and

TiO2 is illustrated in Fig. 3. The absorption spectrum of T.

indica dye-sensitized TiO2 film exhibits a blue shift at

512 nm indicating the binding between anthocyanin dye

molecules with TiO2. The blue shift phenomenon is due to

the dye aggregation in methanol the solvent used in dye

extraction process [32]. Both the carbonyl and hydroxyl

groups present in anthocyanin molecule bind to the surface

Fig. 1 UV–visible absorption spectra of O. dillenii, T. indica extract

and the mixture. Inset standard N719 dye in ethanol

Fig. 2 UV–visible absorption spectra of O. dillenii, T. indica extract

and the mixture-sensitized TiO2 films. Inset standard N719 dye-

sensitized TiO2 film
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of TiO2 leading to photo conversion effect [36]. The pos-

sible binding of anthocyanin dye molecule with TiO2 is

illustrated in Fig. 4. In the UV–visible spectrum of the

mixture-sensitized TiO2 film, the blue shift at 517 nm

indicates the binding between dyes and TiO2. Like antho-

cyanin dye-sensitized TiO2 film, the mixture also exhibits a

blue shift indicating the dominant behavior of anthocyanin

dye molecule in the mixture. The absorption curves are

smoother in the film spectra than the solution spectra,

indicating that the dyes play a major role in the expansion

of the light absorption behavior of TiO2 in the visible

region. It is expected from the expanded spectral region

and intense absorption of visible light, the mixture may

result in higher photo electric conversion efficiency com-

pared to individual dyes. The standard N719-sensitized

TiO2 film is shown as an inset for comparison.

3.2 Fourier transform infra-red analysis

3.2.1 Solution spectra

The FT-IR spectra of O. dillenii, T. indica extract, and the

mixture are shown in Fig. 5. From the spectrum of O.

dillenii extract, the functional groups such as OH, NH,

COOH, C=C, and phenyl ring vibrational modes are found.

The OH and secondary NH stretching vibrations appear as

sharp band at 3408 cm-1 indicating H bonding. The CH

stretching vibrations at 2922 and 2860 cm-1 are due to

aromatic and aliphatic CH groups, respectively. The C=N?

stretching vibrations occur at 2360 cm-1 as a very sharp

band. The CO group stretching vibrations occur at

1717 cm-1 while at 1616 cm-1, CO in COO- is found to

be merged along with C=N vibrations. At 1457 cm-1,

benzenoid ring stretching vibrations are seen. The sharp

peak at 1373 cm-1 is due to C–N–C bending and C=N

symmetric stretching vibrations. At 1219 cm-1, C=N

asymmetric stretching vibration occurs. The broad band at

1093 cm-1 arises due to C–O stretching vibration. The 1,2-

disubstituted benzenoid ring bending is deciphered by the

sharp peak at 771 cm-1. The C–H and C–C bending

vibrations occur as three sets at 666, 595, and 457 cm-1.

In the FT-IR spectrum of T. indica extract, a broad band

at 3410 cm-1 is due to the bonded OH groups. At

2956 cm-1, CH stretching mode occurs as merged peak on

the broad absorption spectrum and thus proves the presence

of only aromatic CH group. The presence of –C=O? group

is deciphered from the stretching vibrations at 2363 cm-1.

The broad absorption at 2078 cm-1 indicates further

electron delocalization into adjacent rings. The broadening

of bands at 1448 and 1283 cm-1 also represent several

delocalized C=C bonds. The mC–O vibration at 1023 cm-1

is found as a combination band. The 1,4-disubstituted

Fig. 3 Schematic representation of betalain dye molecule binding

with TiO2

Fig. 4 Schematic representation of anthocyanin dye molecule bind-

ing with TiO2 Fig. 5 FT-IR spectra of O. dillenii, T. indica extract and the mixture
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benzene ring bending vibration at 676 cm-1 has also been

broadened. The C=O group stretching vibrations occur at

1741 cm-1. Since this group can also conjugate with ring

double bonds, there is a strong stretching vibration at

1643 cm-1 due to C=C aromatic ring stretching vibrations.

In the FT-IR spectrum of the mixture of O. dillenii and

T. indica extract, broad bands at 3432, 2080, 1249, 1055,

and 678 cm-1 imply overlapping of stretching modes of

several functional groups. The 3432 cm-1 band comprises

NH and OH stretching vibration frequencies. The red shift

(24 cm-1) of NH bond indicates further H– bonding and

electron shift from NH group to produce –C=N?H struc-

ture in betalain. The OH group in anthocyanin at

3410 cm-1 has also red shifted to 3432 cm-1, confirming

H bonding at the site. There are almost similar shifts

(22 cm-1) for both NH of betalain and OH of anthocyanin

moiety indicating strong binding. The disappearance of

peak at 2360 cm-1 is due to the conjugation and resonance

of mixture after the interaction between betalain and

anthocyanin dye molecules. The band at 2080 cm-1 may

arise from C=O? of anthocyanin and C=N? of betalain dye

molecules. The 1249 cm-1 visible band is broadened by

C=C stretching vibration of anthocyanin and C=N sym-

metric stretching of betalain. At 1055 cm-1, all the C–O

stretching vibrations are merged. Similarly all bending

vibrations coalesce together at 678 cm-1. The band at

1732 cm-1 due to C=O group of anthocyanin and COOH

group of betalain occurs as shoulder on the 1639 cm-1

band (C=N) indicating the binding between these groups.

Twin bands appear at 1446 and 1406 cm-1. The

1446 cm-1 band is due to C=C of aromatic rings in both

anthocyanin (1447 cm-1) and betalain (1457 cm-1). The

band at 1457 cm-1 of betalain has disappeared in the

mixture and is replaced by a new band at 1406 cm-1. In

this region, electron delocalization in C=C groups can be

deciphered. Since there is a new peak at 1406 cm-1, equal

in intensity to the 1446 cm-1 band, strong electron dis-

placement between betalain and anthocyanin can be

inferred.

3.2.2 Sensitized TiO2 film spectra

In the FT-IR spectrum of the film sensitized with betalain

dyes, the presence of free OH groups is evident from the

broad band at 3600–3766 cm-1 (Fig. 6). The secondary

NH vibration at 3310 cm-1 has blue shifted by 98 cm-1

compared to the solution spectrum. The CH stretching

vibrations are found at 3100–3018 and 2865 cm-1. Various

C=N? stretching vibrations in the film appear as multiple

bands compared to the solution spectrum in the region

2606, 2471, 2295, 2195 cm-1, and a sharp band at

2022 cm-1 implies the electron shifts from secondary NH

to the C=N?. In the C=O vibrational stretching region,

besides the 1716 cm-1 band, a new band appears at

1864 cm-1 which may be due to bonding of COOH to

TiO2 surface. The C=C stretching of aromatic ring has blue

shifted from 1616 to 1564 cm-1. The peak at 1457 cm-1

found in solution has disappeared in the film spectrum.

There is a blue shift of 1373 cm-1 vibration to 1343 cm-1

in the film which is the band for C–N–C bending vibration.

The C–O vibration at 1219 and 1092 cm-1 has shifted to

1193 and 944 cm-1, respectively, in the film. Several

bending vibrations are found in the region of

773–486 cm-1.

The adsorption of anthocyanin onto TiO2 film in the

quinoid form depends on the existence of two –OH groups

ortho to one another on the aromatic ring, a motif that in

general leads to strong electronic coupling and rapid for-

ward and reverse electron transfer due to the conjugated

structure. These characteristics are observed in the FT-IR

spectrum of anthocyanin-adsorbed TiO2 film as shown in

Fig. 6. OH groups in anthocyanin-adsorbed TiO2 film are

distinct at 3369, 3203, and 3116 cm-1. All these are blue

shifted compared to solution indicating electron delocal-

ization in the free OH groups in the film. C–H stretching

vibrations are red shifted by 25 cm-1 and found to be at

2981 and 2841 cm-1. C=O? stretching modes are distinct

and several bands are observed at 2640, 2541, 2435, 2292,

and 2175 cm-1, all these are coalesced in liquid sample as

a broad band at 2363 and 2078 cm-1. C=O stretching

vibration observed at 1741 cm-1 in the liquid sample is red

shifted to 1862 cm-1 while no shift is found for 1643 cm-1

band. C=C stretching is red shifted in film from 1447 to

1497 cm-1. C–O vibration at 1023 cm-1 in solution is also

red shifted to 1105 and 1194 cm-1. Bending vibrations

occur distinctly at 956, 841, 774, 684, 595, and 489 cm-1

in the film. Binding of C=O and OH groups to TiO2 is

Fig. 6 FT-IR spectra of O. dillenii, T. indica extract and the mixture-

sensitized TiO2 films
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indicated by red shifts of C=O stretching vibration and blue

shift of OH stretching mode. The schematic representation

of electron delocalization in anthocyanin dye molecule is

shown in Fig. 7a–c.

In the FT-IR spectrum of the film prepared from the

mixture, O–H and NH bands of the mixture, several

stretching vibrational bands are observed at 3662, 3442,

and 3133 cm-1. The NH band at 3432 cm-1 has red shifted

to 3442 cm-1 (Dm = 10 cm-1). The C–H vibrations are

distinct at 2973 and 2860 cm-1. In the C=N? region,

several separate bands are found at 2580, 2443, 2289, and

2023 cm-1. The broad band at 2080 cm-1 has red shifted

at 2289 and blue shifted at 2023 cm-1 (Dm = 109 and

57 cm-1). The C=O group appears at 1718 cm-1 which is

blue shifted by Dm of 15 cm-1. The CO of COO- group

has blue shifted from 1639 to 1625 cm-1 (Dm = 14 cm-1).

The C=C vibrations are found at 1508 cm-1. The bands

observed at 1449 and 1406 cm-1 in the solution spectra are

absent. The C–N–C bending vibration is found in the film

at 1308 cm-1. The C–O stretching vibration at 1055 cm-1

has blue shifted to 977 cm-1. The broad band at 678 cm-1

due to bending vibrations appears separately in the film at

765, 691 and 586 cm-1.

In the FT-IR spectra of all films, a sharp stretching

absorption is found at 2020 cm-1. When betalain dye

molecules are bound to TiO2 surface, a sharp vibration

occurs at 2022 cm-1. When anthocyanin dye molecules are

bound to TiO2, the vibration of TiO2 occurs at 2024 cm-1

and for the mixture, TiO2 stretch occurs at 2023 cm-1. The

intensity of the peak in T. indica extract is 0.6051

(%T = 24.82), for O. dillenii extract is 0.3459

(%T = 45.09) and for the mixture it is found to be 0.6206

(%T = 23.95). The increased intensity of the mixture in

the film implies efficient interaction with TiO2 surface. The

strong interaction of the mixture to TiO2 surface may be

the cause of high solar power conversion efficiency

expected in DSSCs. The purpose of investigating the FT-IR

spectrum of the mixture is to ascertain the structure of the

mixture solution responsible for harvesting the solar energy

on the site of TiO2. The various FT-IR spectral features are

expressed in Fig. 6, and the electron shift in the mixture is

shown in Fig. 8.

Fig. 7 Structure of the key

component in T. indica extract

(anthocyanin) in different

resonating form
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3.3 Photoelectrochemical behavior of DSSCs

3.3.1 Current–voltage characteristics

The photoelectrochemical behavior of the DSSCs using

betalain, anthocyanin, and the mixture as a sensitizer is

expressed in terms of open-circuit voltage (Voc), short-

circuit current (Isc), maximum voltage (Vmax), maximum

current (Imax), fill factor (FF), and efficiency (g) is pre-

sented in Table 1. DSSC prepared using betalain dyes is

found to exhibit a maximum efficiency followed by the

mixture and anthocyanin dye-sensitized solar cells. Beta-

lain dye-sensitized solar cells have shown an efficiency of

0.47 %. Oprea et al. [37] have shown that the acidified

methanol extraction of betalain dyes from beet root extract

shows an efficiency of 0.04 %, after the removal of

betaxanthin and other impurities. The extract of betalain

dyes from bougainvillea and beet root has been used by

Narayan and Sandquist to construct DSSCs. The device

exhibited an efficiency of 0.38 and 2.7 % for bougainvillea

and beet root extract, respectively [38, 39].

In the present work, the DSSC fabricated using antho-

cyanin dyes from T. indica as sensitizer shows an effi-

ciency of 0.14 %. DSSC efficiency of 0.56 and 0.17 %

from black berry and red cabbage, respectively, is shown

by Hao et al. [32] and Cherephy et al. [40]. Hemalatha

et al. [41] has shown an efficiency of 0.29 % on DSSCs

using raw ethanol extraction of anthocyanin dyes from

Rosa chinensis. Calogero et al. using concentrated red

Sicilian orange juice have observed an improved efficiency

of 1.01 % than the acidified extracts (pH\ 2.0) which may

be due to high the quantity of anthocyanin. Generally

anthocyanin-based DSSCs show the efficiency ranging

from 0.1 to 1.0 % [42].

The fabrication of DSSC from the mixture shows a

moderate efficiency (0.20 %) between the pure compo-

nents and has no synergetic effect on it. The extraction of

anthocyanin dyes from rosella and blue pea flower by

Wongcharee et al. [33] gives a higher efficiency of 0.37 %

from rosella extract than the mixture dye solution

(g = 0.15 %). A mixture dye of chlorophyll and antho-

cyanin from pomegranate leaf and mulberry extract shows

a higher efficiency of about 0.72 % than the individual dye

[43]. Chang et al. have used chlorophyll extracts from

ipomoea leaves and spinach and the mixture to study the

sensitizing efficiency in DSSCs. The dye from ipomoea

leaves shows an efficiency of 0.31 % under extraction

temperature of 50 �C and pH value of 1.0 which is reported

to be higher than spinach extract and the mixture [44].

Furukawa et al. have extracted dyes from red cabbage and

curcumin and an efficiency of 0.61 % has been achieved

for mixture dye [45]. Several reports on DSSCs show that

the mixture performed well over the individual dyes, and

vice versa for a few extracts. The efficiency of the DSSCs

depends on the kind of dyes, difference in extraction

temperature, pH, and the methods involved in anode

preparation.

In the UV–visible spectra of betalain and anthocyanin

dyes, it is observed that both the dyes have absorption peak

at*525 nm. The betalain dye-sensitized solar cell exhibits

the maximum efficiency over anthocyanin dye-sensitized

solar cells. It is due to the presence of carboxylic functional

group (–COOH) in the betalain which is a good sensitizer

than –OH group in anthocyanin. Further the oxidation

potential of betalain dyes has been found to be similar to

Fig. 8 Schematic representation of the mixture binding to TiO2

surface

Table 1 Photocurrent–voltage

parameters of DSSCs fabricated

with O. dillenii, T. indica

extract and the mixture

Extract sources Isc (mA cm-2) Voc (V) FF g (%)

O. dillenii 1.09 0.521 0.69 0.47

T. indica 0.35 0.532 0.67 0.14

Mixture dye 0.51 0.529 0.64 0.20

Layer by layer co-sensitization 0.24 0.507 0.71 0.09

N719 17.34 0.674 0.51 7.08
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that of ruthenium polypyridyl complexes. The strong

binding nature of betalain dyes with TiO2 surface and an

efficient dye regeneration by iodine/iodide redox couple

have been reported by earlier works [37, 46]. Anthocyanin

molecules containing glucose units may affect the effective

bond formation on TiO2 surface leading to slow electron

transfer to the conduction band of TiO2.

When TiO2 photo anode is sensitized with the mixture,

both betalain and anthocyanin molecules are adsorbed onto

TiO2 surface. From the UV–visible spectrum, the major

constituent of mixture dye is anthocyanin. When the mix-

ture is used to sensitize TiO2, the blue shift phenomenon is

observed similar to the anthocyanin dye-sensitized TiO2

film indicating the dye aggregation. This is due to the

attachment of OH functional group in anthocyanin with

betalain dye molecule resulting in intermolecular interac-

tions forming dye aggregation that is conformed through

FT-IR analysis. The dye aggregation restricts the utilization

of original properties of individual dye for efficient photo

energy conversion. In aggregated or mixed state, a con-

siderable amount of absorbed energy is utilized in thermal

process than efficient charge separation [47]. This may lead

to the lower efficiency of DSSC. At the same time, the

addition of betalain dyes with anthocyanin dyes improves

the efficiency of bare anthocyanin dye-based DSSC from

0.14 to 0.20 %. Thus in the present work, the attempt to use

the mixture to fabricate DSSC shows Isc of 0.51 mA cm-2,

Voc of 0.529 V, and FF of 0.648. A slight increase in

efficiency observed in the work may be due to the higher Isc
than anthocyanin-based DSSC.

Kumara et al. have shown that double layer co-sensiti-

zation of natural pigments can improve an overall effi-

ciency of the DSSCs [41]. We have studied DSSCs using

double layer co-sensitization of betalain and anthocyanin

dyes. In this method, the TiO2 photo anode is first sensi-

tized with anthocyanin dyes followed by betalain for 7 h.

The conversion efficiency g of 0.09 % with Isc of

0.24 mA cm-2, Voc of 0.507 V, FF of 0.717, is, however,

lower than all the other devices. This may be due to the fact

that the initial adsorption of anthocyanin molecules on

TiO2 surface during the sensitizing process restricts the

further adsorption of the betalain dyes. Hence optimizing

the sensitizing time is necessary to improve the efficiency

of DSSC based on layer by layer co-adsorption of two

different dyes. The photovoltage–photocurrent density

curves of the DSSCs are shown in Fig. 9. In order to

compare the overall performance of natural DSSCs, N719

dye is used as reference dye and photovoltage–photocur-

rent density curve is shown as an inset. N719 dye shows an

efficiency of 7.08 % with Isc of 17.34 mA cm-2, Voc of

0.674 V, and FF of 0.51. The maximum overall perfor-

mance of N719 dye may be due to the good electron

injection property, longer electron life time, and wider light

absorbing behavior [3].

3.3.2 Electrochemical impedance spectroscopy (EIS)

analysis

The EIS is a powerful, informative, and nondestructive

method to study the properties of interface and electron

kinetics in DSSC. Generally EIS of a DSSC consists of three

characteristic semicircles in the frequency range between

105 and 0.1 Hz. Three semicircles from Nyquist plot rep-

resents the impedance of the charge transfer resistance (Rct1)

on the Pt counter electrode at high-frequency region, the

charge transport resistance (Rct2) on the interface of the

TiO2/dye/electrolyte at mid-frequency region, and diffusion

in electrolyte (ZN) at low-frequency region, respectively.

The high-frequency interception on the real axis can be

attributed to the sheet resistance (RS) of TCO. So the total

series resistance of a DSSC should be comprised four

resistance values [48]. Since same Pt electrodes are used in

all our experiments, the focus is on the resistance at the

TiO2/dye/electrolyte interface. As shown in Fig. 10, the EIS

spectra of all the devices exhibited only two semicircles and

the semicircle of ZN is not obvious and overlapped by Rct2.

The diameter of the semicircles in the plot is reduced which

indicates a decrease in the interface layer resistance and an

effective separation of photo generated electron hole pairs

and fast interfacial charge transfer between TiO2 matrix to

TCO anode [49]. Among the four natural DSSCs the

O. dillenii dye-sensitized solar cell exhibits lower Rct2

value followed by mixture dye and T. indica dye. The

co-sensitization process affects the effective electron hole

separation in the device and exhibits higher Rct2 value

which is consistent with I–V characteristics. The difference

Fig. 9 Photocurrent–voltage curves for natural dye-sensitized solar

cells fabricated using a O. dillenii extract, b T. indica, c the mixture,

and d layer by layer co-sensitization. The I–V curve of standard N719

dye shown as an inset for comparison
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in Rct2 can be associated with the binding between the dye

molecules and TiO2. This may be due to the dye aggre-

gation during the sensitizing process which leads to

weaker binding and higher resistance which in turn gives

lower Isc to the device. This explains why the DSSC with

co-sensitization leads to lower efficiency among all the

devices. The inset shows the Nyquist plot of N719 dye-

sensitized solar cell and the Rct2 value which is very much

lower than the natural dye-based devices. The total inter-

nal resistance is inversely proportional to the photovoltaic

performance of DSSCs, and this gives the reason for

higher efficiency in commercial dyes. The Rs values of all

the devices are alike and proved that all the devices were

fabricated under similar conditions. The value of Rct2

depends on the dye used as the sensitizer and is summa-

rized in Table 2.

Figure 11 illustrates the Bode plot of DSSCs sensitized

with four natural dyes. It consists of two peaks: one peak at

a mid-frequency and the other at high-frequency region

which corresponds to the effective lifetime of electrons on

the TiO2/dye/electrolyte interface and the effective lifetime

of electron on the Pt counter electrode, respectively. The

peak frequencies are inversely proportional to electron life

time [25]. Since the frequency at the high-frequency region

is related to the charge transfer at the interface of elec-

trolyte/Pt, the focus is on the characteristic peak at mid-

frequency region and the values are 194.8, 229.5, 218.1,

and 236.4 Hz for O. dillenii, T. indica, mixture dye, and

layer by layer co-sensitization solar cells, respectively.

From this O. dillenii extract, DSSC has higher electron

lifetime than all other devices which is consistent with I–

V and EIS studies. The electron lifetime for all the devices

is listed in Table 2. The mixture dye has higher electron

lifetime than T. indica extract and as expected the layer by

layer co-sensitization effect suppresses the effective elec-

tron hole pair generation in DSSC and gives lower electron

lifetime. The electron lifetime in device fabricated using

N719 dye exhibits higher value than the natural dye-based

DSSCs and increases by ten folds. This is the reason why it

produces higher Voc and Isc value than natural-based

devices and produces higher efficiency.

Fig. 10 Nyquist plots measured from EIS data for a O. dillenii, b T.

indica, c the mixture-sensitized solar cells and d layer by layer co-

sensitization process under irradiation of 85 mW cm-2 AM 1.5 at

open-circuit voltage. Inset shows the Nyquist plot of N719 dye-

sensitized solar cell under the same condition

Table 2 Photo electrochemical impedance parameters of various DSSCs estimated from EIS studies

Extract sources Sheet resistance-Rs (X) Rct2 (X) Peak frequency-xmax (Hz) Electron lifetime-s (s)

O. dillenii 18.36 238.48 194.8 8.1 9 10-4

T. indica 21.18 668.47 229.5 6.9 9 10-4

Mixture dye 21.81 357.91 218.1 7.3 9 10-4

Layer by layer co-sensitization 20.17 805.65 236.4 6.7 9 10-4

N719 24.47 54.54 15.3 10.6 9 10-3

Fig. 11 Bode phase plots of DSSCs fabricated using a O. dillenii,

b T. indica, c the mixture, d co-sensitization process, and e N719 dye
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3.3.3 Incident photon-to-current efficiency studies

For further evaluation of the effectiveness of natural dyes

in DSSC performance, the incident photon-to-current-effi-

ciency for the solar cells is plotted in Fig. 12. IPCE is

defined as the number of generated electrons divided by the

number of incident photons, and it is known that it is

dependent on the light harvesting efficiency and electron

transfer yield which consists of the quantum charge

injection and electron collection efficiency in the external

circuit [50, 51]. At the frequency region between 400 and

475 nm and from 475 to 575 nm region, the O. dillenii

extract shows the higher IPCE value of 25 and 15 %,

respectively. T. indica extract shows higher IPCE value of

around 12.5 % between 475 and 575 nm regions. The

interesting fact about mixture dye is the continuous con-

version of around 15 % between 450 and 550 nm region,

and the spectral response is the combination of betalain and

anthocyanin dyes. This result is consistent with UV–visi-

ble, I–V, and EIS results which showed that mixture dye

has higher conversion efficiency than T. indica extract.

Even though the spectral response of co-sensitization is the

same as that of mixture dye, the IPCE value falls below

5 % which indicates that the suppression of photon gen-

erated electrons from the excited state of dye to the con-

duction band of current collecting electrode which

attributes to lower IPCE value than all other natural dye-

based DSSCs. For comparison, the DSSC was fabricated

using N719 dye and the inset of Fig. 12. shows the IPCE

spectrum which possesses around 80 % conversion effi-

ciency between 475 and 575 nm regions. Therefore, the

commercial dye-based DSSCs have been given higher

conversion efficiency than the natural dye-sensitized solar

cells.

4 Conclusion

Successful conversion of solar radiation into electrical

energy is achieved by betalain and anthocyanin dyes as a

sensitizer in dye-sensitized solar cells. O. dillenii extract

shows the maximum light conversion efficiency of 0.47 %

than T. indica extract (g = 0.14 %) due to its better charge

transfer between betalain dye molecule and TiO2 surface.

The sensitization of the mixture shows a moderate effi-

ciency of 0.20 % which is 0.06 % higher than the antho-

cyanin dye-sensitized solar cell. Layer by layer co-

sensitization results in lower efficiency compared to all

other devices. Optimization of sensitizing time for indi-

vidual dye is required to improve an overall conversion

efficiency. Obviously, natural dyes exhibit lower photo-

electrochemical activity than synthetic commercial dye.

Nevertheless, natural dyes can be a green alternative, an

eco-friendly, and a renewable energy source for the fabri-

cation of dye-sensitized solar cells.
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