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Abstract

Dye-sensitized solar cells (DSSCs) are a promising third-generation photovoltaic cell technology whose advantages are 

low-cost fabrication, reduced energy payback time, better performance under diffuse light conditions and flexibility. Typi-

cally DSSCs employ toxic dyes such as metal-based porphyrins requiring complex synthesis. In contrast, natural pigments 

are environmentally and economically superior to synthetic dyes. However, narrow absorption spectra of natural pigments 

result in low efficiencies of the solar cells. Hence, co-sensitizing pigments with complementary absorption spectra, which 

increases the absorption band, is an attractive pathway to enhance the efficiency. In this paper, we report the performance 

of betanin–chlorophyll co-sensitized solar cell using betanin (λmax = 535 nm) and chlorophyll-a (λmax = 435 nm, 668 nm), 

natural pigments having complementary absorption spectra. Density functional theory simulations were performed to verify 

that the lowest unoccupied molecular orbital and the highest occupied molecular orbital levels of the dye molecules, are 

aligned appropriately with that of  TiO2 and the redox electrolyte, respectively, which is necessary for optimal device per-

formance. Electrochemical impedance spectroscopic studies were performed to determine parameters corresponding to the 

charge transfer processes in the dye solar cells. Individual and co-sensitized solar cells were fabricated and the co-sensitized 

solar cell demonstrated a higher efficiency of 0.601% compared to efficiencies of 0.562% and 0.047% shown by betanin and 

chlorophyll solar cells, respectively.

Keywords Dye sensitized solar cells (DSSCs) · Natural pigment sensitizers · Chlorophyll · Betanin · Density functional 

theory (DFT) · Electrochemical impedance spectroscopy (EIS) · Current–voltage (I–V) characteristics

Introduction

Rapidly depleting fossil fuels and increasing greenhouse gas 

emissions leading to rising global temperatures and detri-

mental effects on our environment call for an imminent need 

for clean and renewable energy resources. Solar cells which 

effectively harness solar energy and convert it into electric-

ity are the most promising renewable energy technology. 

The first generation of solar cells use silicon materials to 

capture solar energy but are rigid and bulky [1]. Organic 

solar cells (OSCs) and dye-sensitized solar cells (DSSCs) 

are the third generation of solar cells, developed after the 

silicon-based first generation and thin-film-based second 

generation solar cells. They have been a subject of exten-

sive exploration over the last several decades, owing to their 

several advantages such as flexibility and low cost. OSCs 

typically use organic layers of electron donor and electron 

acceptor materials to form heterojunctions [2]. Simultane-

ously, there was also widespread research in photo-electro-

chemical cells—devices that convert light to electric power 

using semiconductor-electrolyte interfaces [3]. Typically 

high bandgap semiconductors (absorbing in the UV region) 

such as  TiO2 were used in these photo-electrochemical cells 

to obtain high photo-voltages [3].

To extend the absorption spectrum into the visible 

spectrum, the idea of sensitizing the semiconductor with 

a dye came into the picture, giving rise to the DSSCs. In 

1991, O’Regan and Grätzel realized the first dye-sensitized 

nanocrystalline  TiO2 solar cells with an efficiency of 7.1% 

[4]. At present, efficiencies of ~ 20% have been achieved by 
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DSSCs [5]. In terms of ease of fabrication, the dye-sensi-

tized solar cells are a promising alternative technology to the 

first and second generation solar cells and third generation 

organic solar cells. A DSSC is simple in construction and 

consists of a high bandgap semiconductor such as titanium 

dioxide  (TiO2) coated on an optically transparent conducting 

substrate—fluorine-doped tin oxide (FTO) glass electrode, 

sensitized by a dye and sandwiched by a platinum coated 

counter FTO glass electrode with an electrolyte redox couple 

in between. The high bandgap semiconductor  (TiO2) plays a 

dual role in DSSCs by acting as a scaffold for adsorption of 

the dye molecules, and as an electron acceptor and charge 

carrier [3, 6]. Titanium dioxide  (TiO2) in its anatase form 

is the most widely used semiconductor material in DSSCs 

owing to its properties [3]. The electrolyte plays a key role 

in the regeneration of the excited dye molecules and elec-

tron transfer from the counter electrode. Iodide/triiodide 

redox couple  (I−/I3
−) has been the most widely used elec-

trolyte due to its favorable kinetic rates. The reduction rate 

of the oxidized dye by the iodide ion is faster than the rate of 

recombination rate of the photoelectrons with the oxidized 

dye molecule by two orders of magnitude [3, 7], and hence 

the photogenerated carriers can effectively contribute to the 

photocurrent. DSSCs are potentially low cost due to their 

ease of fabrication and screen printing technologies that are 

available for mass production.

The sensitizer is the vital component of the cell, play-

ing the major role of absorbing light and generating exci-

tons. Pioneering studies of pigments for the Grätzel cells 

explored porphyrin derivatives synthesized from chlorophyll 

molecules [8] arriving at the cis-dithiocyanatobis(4,4′-
dicarboxylic acid-2,2′-bipyridine) ruthenium(II) dyes, the 

most widely used dye in this field [9]. However, dyes based 

on ruthenium complexes are expensive because ruthenium 

metal is scarce and their preparation involves elaborate pro-

cedures. This has been the motivation to explore organic 

metal-free dyes, such as cyanines and hemi-cyanines, used 

earlier in OSCs, for use in DSSCs [10, 11]. Simultaneously, 

extensive research has also been ongoing in synthesizing 

analogues and derivatives of natural pigments [12, 13]. 

However, synthetic dyes require complex chemical prepa-

ration routes that result only in small yields. Compared to 

synthetic dyes, natural dyes abundantly available in plants 

can be easily extracted by facile methods. Moreover, they 

are non-toxic, environmentally friendly and biodegradable; 

and hence are being explored as alternative photosensitizers 

for DSSCs [14, 15]. These pigments have naturally evolved 

over thousands of years to efficiently harness solar energy. 

Natural pigments such as betalains [14–17], chlorophylls 

[18, 19], anthocyanins [20, 21] and carotene [22] have been 

investigated as photo-sensitizers for solar cell applications. 

However, the main drawbacks of this type of solar cells are 

their low efficiencies and short lifespan. So far, maximum 

efficiencies of 1.5–2%, and average efficiencies of ~ 0.4% 

have been achieved by solar cells using natural photo-sensi-

tizers [14–22]. Achieving higher efficiencies and improving 

stability would make natural pigment-sensitized solar cells 

an attractive alternative technology for portable or dispos-

able electronic applications. One of the reasons for the low 

efficiency of natural dyes is low absorption coefficient and 

narrow absorption bands compared to typically used ruthe-

nium-based dyes and cyanine or hemi-cyanine dyes [23]. 

Each pigment absorbs in a specific region of the incident 

solar spectrum. Combining multiple material systems [24, 

25] has long been explored since the development of multi-

junction solar cells as a strategy to widen the absorption 

spectrum and augment the efficiencies of solar cells. Hence, 

co-sensitizing pigments with complementary absorption 

spectra, which increases the absorption band, is an attrac-

tive pathway to enhance the efficiency.

In this study, we investigate using a combination of two 

natural plant pigments: betanin, having absorption maxima 

at 535 nm [15], the green portion of the spectrum and chlo-

rophyll-a, having absorption maxima at 435 nm and 668 nm 

[26], the blue and red regions, respectively. This is aimed 

at widening the absorption spectrum to capture the visible 

spectrum effectively to increase the efficiency of the device. 

The use of natural photosensitizers significantly reduces cost 

further and simplifies device fabrication.

For ensuring optimal device performance, the band gap 

of the pigments and the alignment of energy levels were 

verified using density functional theory (DFT) simula-

tions using Gaussian09 [27]. DFT simulations of the pig-

ment molecules are performed to identify the location of 

the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) levels, band gap and 

to understand the electron densities across the donor-linker-

acceptor groups on the molecules. The dipole moment of 

the molecules and charge distribution could also be obtained 

from the DFT simulations which explain the reason for the 

strong binding of the pigment with the  TiO2.

For solar cell applications, the lifetime of the device is 

also important. One of the important factors contributing 

to the lifetime of DSSCs is the stability of the pigments. 

Earlier studies show that co-adsorbents such as decyl-phos-

phonic acid (DPA) and hexa-decyl-malonic acid (HDMA) 

have been successfully used along with the dye in DSSCs 

form a hydrophobic layer and prevent the interaction of the 

 TiO2 with the electrolyte [28]. Here, the long alkyl chains 

in these molecules self-assemble on the  TiO2 surface to 

form a hydrophobic monolayer. Hence, it can be hypoth-

esized that the chlorophyll that is being used in combina-

tion with betanin would not only increase the spectrum of 

absorption, the long hydrophobic alkyl chains of chloro-

phyll would also repel  I− ions from interacting with  TiO2 

and reduce the recombination rate. Further, it would also 
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prevent degradation of betanin, which is a more polar mol-

ecule and susceptible to degradation (electrolyte induced 

or light-induced) and help retain its efficiency for longer 

periods. Moreover, some studies in the field of textile dyeing 

indicate that chlorophyll used in combination with betanin as 

a mordant, helping in longer retention of the crimson color 

of betanin, protecting it from light-induced degradation [29].

Prior studies have been done where the performances of 

betanin and chlorophyll were compared which each other 

resulting in efficiencies of 0.04% and 0.02%, respectively, for 

each [30]. Co-sensitization of betanin and chlorophyll has 

previously been tested that resulted in a combined efficiency 

of 0.294% [31].

In this paper, we report the performance of betanin–chlo-

rophyll co-sensitized solar cell compared with the cells fab-

ricated using the two aforementioned pigments individu-

ally, resulting in an average combined efficiency of 0.601%, 

approximately twice of what has been previously achieved. 

Electrochemical impedance spectroscopy (EIS) studies have 

also been performed to assess the performance of the solar 

cells and co-relate it with their internal resistances and elec-

tron lifetimes. A brief study on the effect of light-induced 

degradation on these natural dye solar cells has also been 

elucidated.

Methods

Computational studies on the natural pigments 
using Gaussian09

Energy optimization of the dye molecules was done in 

Gaussian09 software using DFT hybrid functional Becke-

3-Lee-Yang-Parr (B3LYP) with 6-31G (d, p) basis set [27]. 

The locations of the HOMO and the LUMO of the dye mol-

ecules were obtained with respect to vacuum energy level, 

and the band gap was calculated from the difference between 

these two energy levels. The location of electron densities 

on the molecules corresponding to the LUMO and HOMO 

energy levels were identified. The dipole moment of the 

molecule and its charge distribution could also be obtained 

from the simulations which explain the dipole–dipole inter-

actions between the pigment molecule and  TiO2.

Preparation of the solar cell

Regular fluorine-doped tin oxide (FTO) substrates (Solaro-

nix) of dimensions, 15 mm × 15 mm × 1.1 mm; resistiv-

ity < 10 Ω/cm and transmittance > 83% were thoroughly 

cleaned by sequentially ultra-sonicating for 15 min each, 

in deionized water, and detergent solution followed by eth-

anol [32].  TiO2 screen printing paste was prepared accord-

ing to method optimized by Ito et al. [33]. The preparatory 

work was performed in ambient air at room temperature. 

To prepare the photo-electrode, the conducting side of the 

FTO glass was identified and the homogeneous  TiO2 paste 

was coated onto the FTO substrate by the doctor-blading 

technique. The  TiO2 electrodes were annealed at 450 °C 

for 1 h to eliminate any organics present [32].  TiCl4 treat-

ment of the photoelectrode was done according to previ-

ously optimized methods [17, 33]. The  TiCl4 treatment is 

a necessary part of the photo-electrode preparation and is 

a key step that ensures better performance of the device. 

The mechanism of this enhancement can be described by 

the formation of  TiO2 nanoparticles due to the hydrolyza-

tion of the  TiCl4 solution. These crystallize upon anneal-

ing and enable better contact interface facilitating easier 

electron movement across the film. Due to this, the defect 

sites are reduced decreasing the recombination rate of the 

electrons, thereby enhancing their collection [34, 35]. The 

thickness of the  TiO2 coating was verified using Carl Zeiss 

SteREO Discovery V20 optical microscope. For taking the 

extended image, we used the Z-stack option which takes 

the top surface and the bottom surface and then scans the 

whole depth of the layer to get the image. The thickness 

of the  TiO2 layer was found to be approximately 22 µm.

Betanin and chlorophyll pigments were extracted and 

purified using methods described in the literature and used 

for the experiments [17, 31]. Betanin was extracted from 

Beta vulgaris slices (red beetroot) using acidified (0.1 N 

HCl) ethanol and chlorophyll-a was extracted from Spi-

nacia oleracea (spinach). The resulting extracts were fil-

tered to remove debris and stored under refrigerated dark 

conditions.

The photo-electrodes were immersed in each of the 

pigment extracts sequentially (betanin followed by chlo-

rophyll—this sequence was found to last comparatively 

longer) and left to stand for 24 h in the dark. It was then 

rinsed gently with ethanol to remove debris and mois-

ture and dried. Sensitization of the  TiO2 electrode was 

confirmed visually. Platinum coated FTO plates (Solaro-

nix) were used as the counter electrodes. The cell was 

assembled by sandwiching the  TiO2–FTO photo-anode 

and the Pt–FTO counter electrode and filling the elec-

trolyte in between the two electrodes. A gel electrolyte 

was used for the experiments and it was prepared using 

NMP (N-methyl-2-pyrrolidone) solvent containing 6% 

PVDF (polyvinylidene fluoride) polymer by weight. LiI/

I2 (1.0 M/0.1 M) was used as the iodine oxidation/reduc-

tion material in the gel electrolyte [36].

Solar cells of three configurations were fabricated: beta-

nin solar cell, chlorophyll solar cell, and betanin–chloro-

phyll solar cell. The back side of the counter electrode was 

covered by a piece of copper sheet to prevent transmission 

losses. An active area of 0.25 cm2 was defined for all the 

experiments. A mask was used to define the active area.
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Characterization and measurements

The absorption spectra of betanin, chlorophyll-a and beta-

nin–chlorophyll mixture, were characterized using Shimadzu 

UV-2400 PC Series spectrophotometer across a wavelength 

range of 200–800 nm with a sampling interval of 0.5 nm. 

The slit width of the instrument was set at 5 nm.

The EIS of the solar cells was measured over a frequency 

range of 100 kHz–10 mHz at ambient conditions by a Bio-

logic electrochemical workstation, with a constant DC volt-

age bias of 0.5 V (close to the open circuit voltage of the 

DSSC). Several research groups have already demonstrated a 

systematic approach to characterize EIS of DSSCs [37–40].

The EIS spectrum was then analyzed using ZSimpWin 

3.1 software [41], using a suitable equivalent circuit model 

to obtain the parameters—electron-recombination resist-

ance, electron-transport resistance and chemical capacitance 

in the solar cells.

The I–V characteristics of the solar cells were measured 

using the  Oriel® AAA class solar simulator that can repli-

cate the entire solar spectrum. The solar cells were tested 

under 1-sun illumination (AM1.5G standard test conditions 

at 100 mW/cm2). The performance characteristics of betanin 

solar cell, chlorophyll solar cell, and betanin–chlorophyll 

co-sensitized solar cells were measured. Samples of each 

configuration were prepared in triplicates and the measure-

ments were taken multiple times to check repeatability and 

the stability of the solar cells.

Results

Structure of the co-sensitized green solar cell

The schematic structure of the natural pigment co-sensitized 

solar cell is shown in Fig. 1. FTO conductive glass substrate 

is coated with a  TiO2 mesoporous film. The  TiO2 film is co-

sensitized with betanin and chlorophyll, natural pigments 

which were extracted from beetroot and spinach, respec-

tively. The pigment sensitized  TiO2 coated FTO glass plate 

works as the photoanode. Platinum coated FTO glass plate 

was used as the catalytic counter electrode i.e. the cathode. 

Iodide/triiodide redox electrolyte is filled between the two 

electrodes.

The chemical structures of betanin and chlorophyll-a are 

shown as an inset in Fig. 1. Betanin is a glycoside of beta-

cyanin, having an indole-2-carboxylic acid moiety (betaine), 

which is N-linked to a pyridine dicarboxylic acid group 

(betalamic acid) through an acetyl group. The conjugated 

bonds in these ring systems are responsible for absorbing 

visible light in the green region. As seen from its structure, 

betanin has several carboxylic acid groups, promising good 

dipole interactions with  TiO2 and strong anchoring, and 

hence is a good choice as a photo-sensitizer for solar cell 

applications.

Betanin binds to  TiO2 by bi-dentate chelation [42] via the 

carboxyl groups. Chlorophyll-a has a hydrophilic “head”—

the tetrapyrrole ring system which chelates a magnesium 

ion. A large cloud of electrons is present here due to alter-

nating single and double bonds, which are responsible for 

the absorption of visible light in the red and blue regions. 

The long phytyl tail of chlorophyll-a is hydrophobic and 

as a result, the molecule has an amphipathic nature. It is 

hypothesized that, in addition to complementing the absorp-

tion spectrum with betanin, the hydrophobic nature of the 

phytyl tail of chlorophyll-a would also act as a protective 

layer preventing electrolyte induced degradation of the more 

polar betanin. The betanin and chlorophyll dyes used in this 

study were extracted from beetroot and spinach, respectively. 

No further modifications were carried out on the extracted 

dyes. For efficient conversion of sunlight to electricity, the 

combination of pigments used should have an absorption 

spectrum that closely matches the incident solar spectrum 

(300–1000 nm range) [43]. This was verified by UV–Vis 

absorption studies, described in the next section.

Absorption studies of the pigments

UV–Vis absorption studies were performed using Shi-

madzu UV-2400 PC Series spectrophotometer across a 

wavelength range of 200–800 nm with a sampling interval 

of 0.5 nm. The slit width of the instrument was set at 5 nm. 

Fig. 1  Schematic representation of the device showing the comple-

mentary absorption by the co-sensitized pigments betanin and chlo-

rophyll
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Chlorophyll-a was extracted from spinach using ethanol. 

To characterize the pigment extract, its absorption spec-

trum was measured (ethanol was used as the reference).

Peak absorbance was obtained at 435 nm and 668 nm 

(Fig. 2a), characteristic of chlorophyll-a, confirmed by 

values found in the literature [19]. The energy require-

ments of plants are satisfied by absorbing light only from 

the blue and red parts of the spectrum and chlorophyll 

absorbs very less between 500 and 600 nm, where a sig-

nificant fraction of the incident solar radiation falls. To 

maximize the efficiency of the solar cell, it is essential 

to broaden the absorption spectrum of the pigment used. 

Hence, to capture most of the incident solar radiation, a 

pigment absorbing in the green wavelength range is to 

be used which can effectively complement the absorp-

tion spectrum of chlorophyll. Betalains and anthocyanins 

are the two main classes of natural pigments absorbing 

strongly in the green region of the incident solar spectrum. 

However, by studying the structures of these pigments, it 

was concluded that anthocyanins were less stable and more 

prone to oxidation as compared to betanins and, moreover, 

betanin has stronger anchoring groups to  TiO2, and hence 

was chosen as the complementary pigment to chlorophyll. 

Betanin was extracted from beetroot and characterized by 

measuring the absorption spectrum (ethanol was used as 

reference). Peak absorbance of the extract was observed 

at 535 nm, which is the characteristic of betanin [15] 

(Fig. 2b). Next, both the pigments were mixed in a 1:1 

ratio and the absorption spectrum of the mixture of beta-

nin and chlorophyll was also characterized. As expected, 

the peaks around 430 nm and 670 nm match with those of 

chlorophyll and the peak at 535 nm matches with that of 

betanin (Fig. 2c).

Comparison of the spectra shows that the combined 

absorption spectrum overlaps better with the spectrum of 

the incident solar radiation (300–1000 nm range) [43]. 

Absorption of light by the pigments leads to the generation 

of photo-carriers, however, for effective charge transfer, 

it necessary to verify that the LUMO and HOMO energy 

levels of the pigment molecules align appropriately with 

those of  TiO2 and the electrolyte, respectively.

Density functional theory (DFT) studies of betanin 
and chlorophyll-a

A good overlap of the energy levels between the LUMO of 

the dye molecule and the conduction band of titanium diox-

ide is necessary for fast electron transfer into the conduction 

band of the  TiO2 [42]. DFT simulations using Gaussian09 

were performed to verify the band gap of betanin and the 

alignment of its HOMO and LUMO energy levels.

Energy optimization of the betanin molecule was done 

using B3LYP, 6-31G (d, p) basis set. The convergence cri-

terion was set to  10−6 Hartrees. Energy optimization helped 

in the optimization of the betanin molecule into an energy-

favorable conformation. DFT simulations yielded key results 

such as the energy levels of molecular orbitals (with respect 

to vacuum), electron density distribution of the molecular 

orbitals, charge distribution on the molecule and its dipole 

moment. The HOMO and LUMO energy levels were identi-

fied and the band gap was calculated based on the difference 

between the values of these two levels. Bandgap calculated 

from the predicted HOMO and LUMO levels was found to 

be 2.1 eV. This value is close to 2.31 eV, calculated from 

the absorption peak of betanin at 535 nm, reported in the 

literature [15]. UV–Vis absorption maxima of the extracted 

betanin was also experimentally verified to be at 535 nm 

(Fig. 2a). On photo-excitation, electron density shifts from 

HOMO level to the LUMO level of betanin. Molecular 

Orbital (MO) analysis revealed that the electron density 

corresponding to the HOMO levels is located around the 

betaine moiety of betanin (Fig. 3a).

The N-atom of betaine has a pair of non-bonding elec-

trons, which are involved in delocalization with the π elec-

trons of the ring systems. These form the lower energy state 

or the HOMO energy level. The anti-bonding π* orbitals 

correspond to the higher energy state or the LUMO level of 

betanin. Excitation of the non-bonding electrons to the anti-

bonding π* orbital correspond to the n → π* transitions. The 

n → π* transitions are low-energy transitions that occur by 

absorption of a photon in the green wavelength range, thus 

responsible for the reddish colour of betanin. The energy 

required for this transition is the band gap of the pigment. 

Fig. 2  Absorption spectrum of a chlorophyll-a, b betanin and c betanin–chlorophyll 1:1 mixture
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The DFT simulations results show that the electron den-

sity corresponding to the LUMO energy level of betanin is 

located around the betalamic acid group of betanin (Fig. 3b). 

The carboxylic acid groups present in this moiety is respon-

sible for anchoring to  TiO2.

The electron density map (Fig. 3e) shows the charge 

distribution in the betanin molecule, where green indicates 

electro-positivity and red indicates electro-negativity. Highly 

electropositive carbonyl carbons of carboxylic acid groups 

(as seen in Fig. 3e) show strong electron withdrawing nature. 

Oxygen is an electronegative atom and when bound to this 

electropositive carbonyl carbon and hydrogen, a strong 

permanent dipole is created. Gaussian09 simulation of the 

charge distribution on betanin shows a net dipole moment 

of 8.69 Debye from the betalamic acid moiety to the betaine 

moiety. The strong dipole–dipole interaction between the 

pigment and  TiO2 enables good anchoring required for bet-

ter electron injection into the conduction band. The highly 

Fig. 3  Electron density corresponding to the a HOMO energy level of 

betanin b and the LUMO energy level of betanin. c The charge distri-

bution on the betanin molecule. Electron density corresponding to the 

d HOMO energy level of chlorophyll e and the LUMO energy level 

of chlorophyll. f The charge distribution on the chlorophyll molecule. 

g Band diagram showing the alignment of energy levels (with respect 

to vacuum) of betanin and chlorophyll relative to the other compo-

nents of the solar cell
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electropositive carbonyl carbon of carboxylic acid groups 

of betalamic acid draws electrons from the pyridine ring 

of betalamic acid which is subsequently injected into the 

conduction band of  TiO2.

The basis sets available in Gaussian09 are unable to 

accurately calculate the energy levels of the chlorophyll 

molecule, however, this molecule has been widely studied 

in the literature [44, 45]. A study by Gonzalez et al. [44], 

indicates that only M06L density functional are able to pro-

duce sufficiently accurate results for the chlorophyll-a mol-

ecule. Studies indicate that the HOMO–LUMO transitions 

occur in the hydrophilic Mg co-ordinated tetrapyrrole ring 

of chlorophyll, which is the region that binds to  TiO2 [44]. 

The first set of HOMO and LUMO orbitals gave a band gap 

of 1.69 eV, corresponding to absorption at a wavelength of 

668 nm. The second set of HOMO and LUMO orbitals gave 

a band gap of 2.75 eV (only this set of HOMO and LUMO 

levels of chlorophyll, could be obtained by Gaussian09 and 

are shown in Fig. 3d, e), corresponding to the absorption at 

a wavelength of 435 nm [44]. The charge distribution on the 

chlorophyll molecule is shown in Fig. 3f. Magnesium ion 

at the center of the porphyrin ring is highly electropositive. 

The electronegative nitrogens of the tetra-pyrrole ring lose a 

hydrogen and co-ordinate with the magnesium ion. Chloro-

phyll-a has a dipole moment between 5.57 and 7.58 Debye.

The difference between reduction and oxidation potentials 

of each material, with respect to normal hydrogen electrode 

(NHE) reference, is the band gap of the material. Using this, 

the energy levels of all the materials in the solar cell can be 

calculated with respect to vacuum [46]. With the HOMO 

and LUMO levels identified and the band gap values veri-

fied through Gaussian09 simulations, the alignment of the 

energy levels with respect to the other components of the 

DSSC can be predicted. For optimum performance of the 

solar cell, the LUMO level of the dyes must be above the 

conduction band of  TiO2 and the HOMO level of the dyes 

must be below the redox potential of the electrolyte. The 

band diagram (Fig. 3g) shows that the energy levels of beta-

nin are aligned appropriately. Of the two sets of HOMO and 

LUMO levels of chlorophyll, only one set of energy levels 

are aligned appropriately while the other set is not (Fig. 3g). 

This can result in recombination and negatively affect the 

performance of chlorophyll in the solar cell.

Electrochemical impedance spectroscopic (EIS) 
studies of DSSCs

Electrical impedance spectroscopy is a diagnostic tool used 

for understanding the physical processes in DSSCs. Nyquist 

plots of DSSCs typically have two semicircles. The semi-

circle with the smaller real part corresponds to the electron 

transfer processes at the Pt counter electrode/electrolyte 

interface and in the  TiO2 film. The semicircle with the larger 

real part corresponds to the electron recombination in the 

 TiO2 film. Determination of physical parameters from EIS 

spectra of DSSCs is done by fitting the spectra to an equiva-

lent circuit model that simulates the physical processes in the 

device. The modeling of the DSSC into an equivalent circuit 

model is shown in Fig. 4a [39].

The impedance Z(f) of this model is given by Eq. (1):

where Rs is the series resistance in the transparent conduct-

ing glass (FTO) and the transport loss in the electrolyte 

layer, RPt is the resistance to the charge transfer between 

electrons at the Pt electrode and  I3
− ions of the electrolyte, 

QPt is the capacitance at the Pt electrode/electrolyte inter-

face, R
TiO

2
 is the impedance to recombination at the  TiO2/

electrolyte interface and Q
TiO

2
 is the chemical capacitance of 

the  TiO2 film permeated with electrolyte [37, 47].

(1)

Z(f ) = Rs +
RPt

RPtQPt(j2�f )�1 + 1
+

RTiO2

RTiO2
QTiO2

(j2�f )�2 + 1
,

Fig. 4  a Equivalent circuit 

model used for fitting Nyquist 

plots. Nyquist plots generated 

from equivalent circuit model 

fit with measured data for b 

chlorophyll, c betanin and d 

betanin–chlorophyll solar cells
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Constant phase element (CPE), represented as Q describes 

imperfect capacitive processes which occur when the CPE 

index α departs from 1. Pure capacitance with α = 1 is very 

rare in DSSCs, and the observed value is often lesser than 1. 

(CPE elements are used to represent the capacitive processes 

in such systems to accurately fit the data [47]).

The measured Nyquist plots of each configuration of the 

solar cell were fit into the equivalent circuit model (Fig. 4a) 

using ZSimpWin 3.1 software [41], and the relevant param-

eters are summarized in Table 1.

χ2 (Chi Square) value is minimized to determine the good-

ness-of-fit of the model. Values of orders less than ~ 10−4 are 

considered as a good fit error of less than 1%. Figure 4b–d 

show the measured Nyquist plots fitted with the Nyquist plot 

generated by the above equivalent circuit model, having a good 

match with the observations.

In this study, the photo-anode (i.e. the electrode with the 

 TiO2–dye) is of primary interest. The internal resistance of the 

DSSCs and the mechanism of electron transport were inves-

tigated by the EIS to assess the performance of DSSCs and 

relate it to their internal resistances and electron lifetimes.

For a good solar cell, the impedance to recombination 

processes must be high. The charge transfer resistance at the 

photoanode–electrolyte interface is proportional to the life-

time of electrons (τ) at the photoanode. High charge transfer 

resistance and capacitance mean a longer electron lifetime and 

lesser probability of recombination at the electrode–electrolyte 

interface [48]. The recombination of electrons from the  TiO2 

conduction band to the redox electrolyte reduces the efficiency 

of the cell. Hence, a higher value of τ is favorable. Electron 

lifetimes of the three solar cell configurations were calculated 

using Eq. (2) [49] and are listed in Table 1:

Higher value of R
TiO

2
 of the betanin–chlorophyll solar 

cell (59.26 Ω), compared to that of betanin solar cell (29.68 

(2)� = (Q ∗ R)1∕∝.

Ω) and chlorophyll solar cell (25.56 Ω), and higher value of 

Q
TiO

2
 of the betanin–chlorophyll solar cell at 0.009 F sα−1 

compared to that of betanin solar cell (0.004 F sα−1) and 

chlorophyll solar cell (0.002 F sα−1), can be attributed to the 

less charge recombination from dye–TiO2 photo-anode to 

the triiodide ions in the electrolyte in betanin–chlorophyll 

solar cell.

The calculated electron lifetime in the co-sensitized solar 

cell is higher (284.45 ms) compared to 47.63 ms in the beta-

nin solar cell and 25.29 ms in the chlorophyll solar cell. The 

higher lifetime implies lower recombination rate of electrons 

which will result in better short-circuit current. This should 

reflect in the higher power conversion efficiency of the solar 

cell.

Power conversion e�ciency of the natural 
pigment-sensitized solar cells

Solar cells of three configurations were fabricated: betanin 

solar cell, chlorophyll-a solar cell, and betanin–chlorophyll 

solar cell. The J–V characteristics of the three configurations 

were studied using  Oriel® AAA class solar simulator under 

a standard AM1.5G illumination condition of 100 mW/cm2. 

The active area of the cells is 0.25 cm2. Power conversion 

efficiencies of the solar cells were measured in the pres-

ence of a mask defining the active area of 0.25 cm2. The 

average values of open-circuit voltage (Voc), short-circuit 

current density (Jsc), fill factor (FF), and power conversion 

efficiency (η) derived from the J–V curves of three samples 

of each configuration, are listed in Table 2.

Figure 5a shows the J–V curves of the chlorophyll solar 

cell under AM 1.5 G illumination conditions. The different 

lines in each of the graphs indicate separate cells tested in 

each configuration. The highlighted lines are the J–V curves 

of the solar cells giving average efficiency in the three differ-

ent configurations. With only chlorophyll as the sensitizer, 

Table 1  Parameters determined 

from EIS spectra of the DSSCs

Electron lifetime (τ) is calculated using Eq. (2) by plugging in R
TiO

2
 , Q

TiO
2
 and α values, all of which are 

denoted in bold in the Table

Cell Parameters

Rs (Ω) R
TiO

2
 (Ω) Q

TiO
2
 (F sα−1) α % error χ2 τ (ms)

Bet. 15.23 29.68 0.004 0.7 < 0.54 2.94e−5 47.63

Chl. 24.92 26.39 0.002 0.8 < 0.61 3.82e−5 25.29

Bet.–chl. 12.18 59.26 0.009 0.5 < 0.58 3.36e−5 284.45

Table 2  Average performance 

characteristics of the three solar 

cells being studied

Cell Performance characteristics

Voc (V) Jsc (mA/cm2) Vmax (V) Jmax (mA/cm2) Fill factor 

(FF) (%)

Efficiency (η) (%)

Bet. 0.53 1.00 0.44 0.93 64.57 0.562 ± 0.0202

Chl. 0.53 0.11 0.43 0.09 72.18 0.0472 ± 0.0007

Bet.–chl. 0.53 1.25 0.42 1.07 68.01 0.601 ± 0.0080
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the solar cells show low performance, giving a maximum 

efficiency of 0.0483% with a Voc of 0.53 V, Jsc of 0.12 mA/

cm2 and a fill factor of 72.18% (Fig. 5a). The chlorophyll 

cells had an average efficiency of 0.0472 ± 0.0007%. The 

betanin solar cells performed better than the chlorophyll 

solar cells with an average efficiency of 0.562 ± 0.02%. The 

betanin solar cell gave a maximum efficiency of 0.592% 

with a Voc of 0.54 V, Jsc of 1.08 mA/cm2 and a fill factor 

of 64.57% (Fig. 5b). The better performance of betanin is 

due to better matching of the absorption peak of betanin 

with the incident solar spectrum. Betanin also has lesser 

steric hindrance while binding to  TiO2 compared to chlo-

rophyll, which is a bulkier molecule. Moreover, betanin has 

carboxylic acid groups that enable stronger binding with 

 TiO2 enabling effective charge transfer. In addition, from 

the DFT studies (Fig. 3g), it was observed that the energy 

levels of betanin were more optimally aligned with respect 

the conduction band of  TiO2 and the redox potential of the 

electrolyte. Whereas in the case of the chlorophyll molecule, 

only one set of energy levels were properly aligned, while 

the other set was not. This implies that the probability of 

recombination in chlorophyll sensitized solar cells is high. 

This was also observed in the EIS studies and is the reason 

for the lower efficiencies observed in chlorophyll solar cells.

When co-sensitized, the performance of the solar cell 

is better due to an increased current density which can be 

attributed to its increased absorption spectrum by the com-

plementary absorbing regions of the two pigments. The co-

sensitized solar cell, had Voc of 0.54 V and Jsc of 1.33 mA/

cm2 with a fill factor of 71.42% and a maximum efficiency 

of 0.608% as seen in Fig. 5c. An average efficiency of 

0.6 ± 0.007% was achieved by the betanin–chlorophyll 

co-sensitized solar cell. An average increase in efficiency 

by ~ 7% was observed, compared to a betanin solar cell. Fig-

ure 5d clearly shows the betanin–chlorophyll co-sensitized 

solar cells has an increased power density compared to those 

fabricated using the pigments individually.

E�ect of photocatalytic activity of  TiO2 
on the lifetime of the solar cells

A brief study on the lifetime of the DSSCs was performed 

to assess the effect of the photocatalytic activity (PCA) of 

 TiO2 on the natural dyes sensitized onto it. On absorption 

of the high energy UV light in the solar spectrum, electrons 

in the valence band of  TiO2 get excited to the conduction 

band. These high energy excited electrons on interaction 

with moisture, generate free radical ions (mainly reactive 

OH radicals) which are responsible for the photocatalytic 

activity of  TiO2 and are capable of disintegrating organic 

matter in the vicinity [50]. This means that in the case of 

natural dye solar cells, which are not sealed by heat-based 

sealing techniques, moisture and oxygen can penetrate the 

device through the sides (between the photoanode and the 

counter electrode), rendering the natural pigments sensitized 

onto  TiO2 prone to photocatalytic degradation.

Absorption studies were performed to study the degrada-

tion of the pigments betanin and chlorophyll due to the PCA 

of  TiO2.  TiO2 coated plates were immersed in betanin and 

chlorophyll pigments of the initial concentration of 5 mg/l and 

Fig. 5  J–V characteristics of a 

chlorophyll solar cell, b betanin 

solar cell, c betanin–chlorophyll 

solar cell and the d P–V charac-

teristics of the three configura-

tions
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placed under the solar simulator (described previously) at a 

full light intensity (1 sun) and subjected to 5 h of constant light 

exposure. The absorption spectra of the pigments were studied 

at intervals of 1 h to observe the change in spectra due to the 

photocatalytic activity of  TiO2 (seen in Fig. 6a, b).

Betanin and chlorophyll are compounds with a high pres-

ence of conjugated double bonds. In such molecules, the 

energy gap between the HOMO and LUMO is less which 

means that less energy is required for the electronic tran-

sitions. Therefore, these compounds absorb visible light 

(λmax > 400 nm) and appear colored. As these molecules are 

degraded, the degree of delocalization decreases. As the delo-

calization decreases, the energy of absorption required for 

electron transitions increases and, therefore, λmax decreases 

[51]. This can be seen by the shift of the peaks towards the 

shorter wavelength region in both betanin and chlorophyll 

(blue-shift) in Fig. 6a, b. A decrease in the intensity of absorb-

ance can be observed which implies a degradation of the dye 

molecules due to the PCA of  TiO2. The dye color degradation 

can also be observed visually (as shown in Fig. 6c).

Pigment degradation has been found to follow first order 

kinetics [52]. The equation for first-order kinetics can be writ-

ten as:

Here, Ct is the concentration of the dye at time “t”, C0 is 

the initial concentration, t is the irradiation time and k is the 

(3)log
C

t

C0

= −kt

rate constant [52]. The photocatalytic degradation kinetics 

of betanin and chlorophyll due to the PCA of  TiO2 are shown 

in Fig. 6d. The adjusted R2 value of the linear fit is found 

to be 0.9578 and the “k” values of betanin and chlorophyll 

are 0.003 and 0.002, respectively. About 90% degradation 

of betanin is observed within 4 h, whereas in the case of 

chlorophyll, it takes 5 h for 90% degradation. From these 

studies, it can be inferred that degradation of chlorophyll 

is slower than betanin. The degradation of chlorophyll is 

slowed down by the presence of its bulky phytyl C20 chain 

whereas the much smaller and more polar betanin molecule 

is more prone to degradation by the free radicals.

Lifetime and stability of the solar cells

The three solar cell configurations fabricated were also sub-

jected to constant light exposure under the solar simulator 

(described previously), at an intensity of 1 sun for 5 h. The 

efficiencies of the solar cells were measured at intervals of 

30 min to observe the change in efficiency.

Figure 7a shows that the efficiency of the three configura-

tions of solar cells decreases gradually with time. Although 

this decrease in efficiency can be attributed to PCA of  TiO2 

or degradation by the electrolyte, instability due to photo-

catalytic degradation seems to be one of the main reasons, 

as observed from the absorption spectra. As seen from the 

normalized plot (Fig. 7b), the decrease in efficiency of chlo-

rophyll solar cells is 58.3% (0.048% decreases to 0.02% in 

5 h) and is slightly less compared to the 64.9% decrease 

Fig. 6  Photocatalytic activity of 

 TiO2 resulting in a decrease in 

the intensity of absorbance by 

a betanin, b chlorophyll. c The 

degradation of dye color on the 

photoanodes over 5 h. d Pho-

tocatalytic degradation follows 

first order kinetics
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in efficiency of the betanin solar cells (0.57% decreases to 

0.2% in 5 h). The co-sensitized solar cell has a comparatively 

better stability, with a 42.6% decrease in efficiency (0.61% 

decreases to 0.35% in 5 h).

Though the contribution of chlorophyll towards the 

combined efficiency was quite low compared to betanin, 

the presence of the hydrophobic phytl chains of chlorophyll 

act as a protective layer for betanin against degradation and 

aids in the better performance of the co-sensitized solar 

cell, enabling the enhancement of efficiency of the device 

by 0.1%. The PCA studies showed that betanin is more prone 

to degradation than chlorophyll due to its small size and 

more polar nature compared to the chlorophyll with a bulky 

phytyl  C20 chain. As mentioned earlier, some studies have 

indicated that chlorophyll when used with betanin, protects 

the latter from light-induced degradation [29]. Thus, co-

sensitization is able to take the advantage of better stability 

due to chlorophyll as well as better efficiency due to betanin. 

The presence of chlorophyll enables betanin to perform its 

best, while also contributing to increased light absorption.

In the natural pigment solar cells, the degradation of the 

pigment could also occur due to the contact with the electro-

lyte. Though chlorophyll solar cells show low efficiencies, it 

was noted that they did not decolorize as fast or as much as 

betanin solar cell did, possibly due to the lesser interaction of 

the pigment coated  TiO2 with the iodide/triiodide electrolyte 

due to the hydrophobic nature of the tails. Betanin, being 

more polar in nature is more prone to degradation by inter-

action with the electrolyte. In the case of the co-sensitized 

solar cell, it was observed that both pigments lasted much 

longer due to a protecting hydrophobic nature of the phytyl 

tails of chlorophyll. It was also observed that the binding of 

betanin to  TiO2 is enhanced in the presence of chlorophyll. 

Although the contribution of chlorophyll towards the effi-

ciency of the betanin–chlorophyll co-sensitized solar cell is 

less, it appears that in the co-sensitized solar cell, the better 

performance of betanin as a sensitizer is complemented and 

stabilized by the presence of chlorophyll.

The stability and lifetimes of natural dye-based solar cells 

are generally low and require improvement. These studies 

indicate that the stability of natural dye-based DSSC is a 

major concern which requires careful engineering. The 

presence of oxygen, moisture, UV light and the presently 

used electrolytes affect the stability of the natural dyes. The 

photo-degradation of these natural dyes can be inhibited 

by the incorporation of compatible stabilizers and proper 

encapsulation methods. Techniques employed in conven-

tional DSSCs can be readily adopted to improve the stability 

and lifetime of natural DSSCs.

Overall, the performances of the natural pigment based 

solar cells are still less compared to conventional ruthe-

nium-based DSSC and further optimization is necessary to 

improve the performance of these solar cells. The present 

DSSC components are optimized for synthetic dyes. These 

components (such as the electrolyte and the photocatalytic 

 TiO2) need to be replaced with materials that are more 

compatible with natural dyes to improve their stability. In 

summary, although natural dye-sensitized solar cells offer a 

low-cost option for entry into the commercial market of solar 

cells, there still remains large scope for further development 

of this technology to ensure their repeatability and reliability 

for the purpose of commercialization.

Although the efficiencies of natural dye solar cells are 

still quite far from the requirements for practical applica-

tions, the results are encouraging enough to orient future 

research towards the development of stacked configurations 

of multiple natural pigments in combination with nanopar-

ticle additives to increase the efficiencies further.

Conclusion

In this work, we have reported an investigation on a combi-

nation of natural photosensitizers. The performances of the 

solar cells sensitized with individual pigments have been 

described and compared with respect to one another and also 

their co-sensitized performance. The broad absorption spec-

trum attributed to co-sensitization of betanin with chloro-

phyll resulted in higher efficiencies of the co-sensitized solar 

cells than using the pigments individually, due to increased 

Fig. 7  Change in the efficiency 

of the three configurations of 

solar cells under 5 h of constant 

illumination: a absolute effi-

ciency decrease. b Normalized 

efficiency decrease
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current density. The co-sensitized solar cell showed a higher 

efficiency of 0.601% compared to efficiencies of 0.562% and 

0.047% obtained for betanin and chlorophyll solar cells, 

respectively. As confirmed by EIS, the better performance 

is due to the longer electron lifetime in the co-sensitized 

solar cell. The electron lifetime in the co-sensitized solar 

cell is much longer (284.45 ms) compared to 25.29 ms in 

the chlorophyll solar cell and 47.63 ms in the betanin solar 

cell. The co-sensitization seems to improve the stability of 

the solar cell against light-induced degradation. Though 

the contribution of chlorophyll towards the combined effi-

ciency was quite low compared to betanin, the presence of 

the hydrophobic phytl chains of chlorophyll acts as a pro-

tective layer for betanin against degradation and aids in the 

better performance of the co-sensitized solar cell, enabling 

the enhancement of efficiency of the device by 0.1%.

Overall, the performances of the natural pigment based 

solar cells are still less compared to conventional ruthe-

nium-based DSSC and further optimization is necessary to 

improve the performance of these solar cells. A lifetime of 

these cells can be enhanced/improved using stabilizers, seal-

ing techniques, etc. as reported in the literature. Although 

the efficiencies of natural dye solar cells are still quite far 

from the requirements for practical applications, the results 

are encouraging enough to orient future research towards the 

development of stacked configurations of multiple natural 

pigments absorbing different wavelengths including near-

infrared wavelengths, development of green solar-battery 

hybrids and further optimization of the dye solar cell com-

ponents compatible with such natural dyes.
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