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In the present work, polydisperse zinc oxide composed of nano and submicron size

particles is used to prepare photo-anode for dye sensitized solar cell. The particles

are synthesized through auto-combustion route and characterized in terms of their

phase formation behavior as well as morphological properties. UV-vis diffused

reflectance spectra of the prepared photo-anode show its promising dye uptake and

incident light scattering behavior. The prepared cells reveal �3.2% solar to electric

conversion efficiency. The fairly acceptable efficiencies of the cells are attributed

due to the efficient scattering of incident light and reasonable dye uptake within

polydisperse particulate photo-anode. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4904435]

I. INTRODUCTION

Dye sensitized solar cells (DSSCs) are attractive as simple and low-cost renewable energy

source. A typical DSSC is usually composed of photo-anode, counter electrode, electrolyte, and

photo-sensitized dye. The operating principle of the DSSC has been discussed well in various

literatures.1,2 Briefly, under the exposure of sunlight, the dye molecules become photo excited

and inject electrons into the photo-anode. The original configuration of the dye is then subse-

quently regenerated by electron donation from the electrolyte. The quick regeneration of the

dye by the electrolyte intercepts recombination of the electrons injected into the photo-anode.

The electrolyte is regenerated at the counter electrode when the circuit is completed by an

external load. Among the components, photo-anode significantly contributes in collection and

transportation of photo-excited electron from dye to external electric circuit. Usually, wide

band gap semiconducting metal oxides (e.g., ZnO, TiO2, etc.) are deposited over transparent

conducting substrate to prepare the photo-anodes.

After the discovery of DSSC by Professor Gratzel in 1991, the traditional titania based

photo-anodes have been studied extensively by the researchers.2–8 In contrast, zinc oxide (ZnO)

received less attention in spite of having comparable band gap and chemical properties like tita-

nia.9,10 Among all the wide band gap semiconducting metal oxides explored for DSSC applica-

tion, ZnO presents superior bulk electron mobility (more than 1 order of magnitude higher than

anatase TiO2) which enable it for faster transport of photo injected electrons.11,12 Additionally,

ZnO can be tailored into various morphologies from nano to micron scale using simple and

cost effective wet chemical route.13,14 The irreversible electron injection from dye molecules to

the conduction band of ZnO has also been verified experimentally.12 Such combined distinctive

a)Author to whom correspondence should be addressed. Electronic mail: kalisadhanm@yahoo.com. Telephone: 91-

9775552143.
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Visible light absorption and photo-sensitizing properties of spinach
leaves and beetroot extracted natural dyes

D. Sengupta a,b, B. Mondal a, K. Mukherjee a,⇑
a Centre for Advanced Materials Processing, CSIR-Central Mechanical Engineering Research Institute, Durgapur 713209, W.B., India
b Academy of Scientific and Innovative Research, CSIR-Central Mechanical Engineering Research Institute, Durgapur 713209, W.B., India

h i g h l i g h t s

� Chlorophyll and betalain dyes are
extracted from spinach leaves and
beet roots.
� Temperature and pH dependent UV

characteristics of these dyes are
investigated.
� Zinc oxide (ZnO) particles are

synthesized and characterized using
XRD, FTIR, SEM.
� Dye sensitized solar cells are

fabricated using extracted dyes and
ZnO particles.
� Mixture of aforesaid dyes shows

better efficiency than individual dyes.
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a b s t r a c t

Herein, chlorophyll and betalain dyes are extracted from fresh spinach leaves and beetroots. Fourier
transform infrared spectra are used to identify the characteristic peaks of the extracted dyes. UV–vis light
absorption characteristics of the dyes and their mixed counterpart are investigated by varying their pH
and temperature. These dyes are used as photo sensitizer for fabrication of zinc oxide photo-anode based
dye sensitized solar cells (DSSCs). The photo-voltaic characteristics of the developed DSSCs are measured
under simulated solar light (power of incident light 100 mW cm�2 from Air Mass 1.5G). The solar to elec-
tric conversion efficiencies for the chlorophyll, betalain and mixed dye based solar cells are estimated as
0.148%, 0.197% and 0.294% respectively. The highest conversion efficiency for mixed dye based solar cell
is attributed due to the absorption of wider range of solar spectrum.

� 2015 Elsevier B.V. All rights reserved.

Introduction

The most abundant source of renewable energy on earth is sun
light. The proper use of solar energy in a well organized, economi-
cal manner is a challenging research issue. Various kinds of solar
cells (e.g., inorganic, polymer based p–n junction photovoltaic
cells, quantum dot and dye sensitized solar cell, etc.) are developed
till date for harvesting of solar light into electrical energy [1–4]. In

this regard, dye sensitized solar cells (DSSCs) have attracted signifi-
cant academic and technological attention due to their simple and
cost-effective fabrication [5]. A typical DSSC is usually composed of
photo-anode (semiconducting metal oxides coated on transparent
conducting glass substrate), photo-sensitizer (dye), counter elec-
trode and electrolyte [6]. The operating principle of DSSC is
described well in various literatures [7]. As reviewed, for DSSCs,
dye and metal oxide play significant role in the generation, injec-
tion and transportation of photo-excited electrons. The choice of
photo-sensitizers in solar cells is directed mostly based on their
visible light absorption characteristics, stability and cost. Several

http://dx.doi.org/10.1016/j.saa.2015.03.120
1386-1425/� 2015 Elsevier B.V. All rights reserved.

⇑ Corresponding author. Tel.: +91 9775552143.
E-mail address: kalisadhanm@yahoo.com (K. Mukherjee).
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a b s t r a c t

Dye sensitized solar cells are attractive as simple and low cost renewable energy source. In dye sensitized
solar cells, photo-anode plays significant role for collection and transportation of photo-excited electrons
from dye to external electric circuit. Usually, wide band gap semiconducting metal oxides like titania,
zinc oxide etc are deposited over transparent conducting substrate to prepare the photo-anodes. The
performances of the photo-anodes depend on the band gap, morphology, composition of metal oxides
and thickness of metal oxide layers. Enormous research efforts have been accomplished for studying the
photo-voltaic characteristics of the dye sensitized solar cells by varying the aforementioned influencing
parameters. However, the research activities executed towards the modification of photo-anode for dye
sensitized solar cell application are quite scattered. It seems therefore important to summarize the
research efforts executed towards the development of photo-anode for dye sensitized solar cell. In the
present review, the effect of influencing parameters on the photo-voltaic characteristics of photo-anode
for dye sensitized solar cell application is discussed. The descriptions have been made by summarizing
the relevant literature reports.

& 2016 Elsevier Ltd. All rights reserved.
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Abstract In dye-sensitized solar cell (DSSC) applica-
tion, the particulate morphologies of photo-anode facil-
itate efficient dye loading and thus lead to better photo-
conversion efficiency than their thin film counterpart.
However, till date, the electronic and optical properties
as well as the DSSC application of Al-doped ZnO
(AZO) particles as photo-anode material is studied less
than thin films. Herein, phase formation behavior, mor-
phology evolution, optical properties, and dye-
sensitized solar cell performance of wet chemically
prepared ZnO and AZO (dopant level: 1–4 mol%) par-
ticles are studied. It is found that Al doping modulates
significantly the ZnO morphology which in turn results
the maximum dye adsorption as well as best photo-
conversion efficiency at optimum dopant concentration.
Specifically, the nanoparticle of ZnO turns predomi-
nantly to flake-like morphology with a higher surface
area when 2 mol% Al is doped. Such morphology
modulation is expected, since the crystallinity, lattice
parameters, and lattice strain of ZnO changes apprecia-
bly with Al doping. The variations of optical properties
(absorbance, diffused reflectance, and band gap) of

AZO materials as compared to primitive ZnO are also
identified through UV-vis studies. An attempt is made
here to correlate the structural features with the photo-
voltaic performances of ZnO and AZO.

Keywords Zinc oxide . Doping . X-ray diffraction .
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Introduction

Zinc oxide (ZnO) is an important n type II-VI semicon-
ducting material which has widespread applications in
piezoelectric transducers, optical waveguides, surface
acoustic wave filters, chemical/gas sensors, catalysts,
light-emitting diodes, and solar cells (Punnoose et al.
2014; Aeugle et al. 1991; Manekkathodi et al. 2013;
Kadota and Kando 2003; Zhao et al. 2015b; Das et al.
2016b; Tian et al. 2012; Lim et al. 2006; Kathalingam
et al. 2014). In traditional Si-based p-n junction solar
cells, the use of ZnO is not studied very frequent.
However, in sensitizer-based solar cells (e.g., dye-
sensitized solar cells (DSSCs)) ZnO has been paid con-
siderable attention as photo-anode material (Anta et al.
2012; Lin et al. 2011; Tan et al. 2013; Martinson et al.
2007). Photo-anode, an essential component of a DSSC,
is composed of a wide-band gap semiconducting mate-
rial having fast electron transport ability. In this context,
ZnO, a wide-band-gap (~3.2 eV) semiconductor with
reasonably high electron mobility (205 cm2 V−1 s−1 at
room temperature) has become an attractive choice to
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Abstract In dye-sensitized solar cell (DSSC) application, the
particulate morphologies of photo-anode facilitate efficient
dye loading and thus lead to better photo-conversion efficien-
cy than their thin film counterpart. However, till date, the
electronic and optical properties as well as the DSSC applica-
tion of F doped ZnO (FZO) particles as photo-anode material
is hardly found in the open literature. Herein, crystalline na-
ture, morphology evolution, optical properties and dye-
sensitized solar cell performance of wet chemically prepared
ZnO and FZO (dopant level 1–4 mol%) particles are studied.
It is found that F doping modulates significantly the ZnO
morphology which in turn results the maximum dye adsorp-
tion as well as best photo-conversion efficiency at optimum
dopant concentration. In particular, when 3 mol% F is doped
in ZnO, the photo-conversion efficiency for DSSC application
reaches maximum. An attempt is made here to correlate the
structural features with the photo-voltaic performances of
ZnO and FZO.
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Introduction

Zinc oxide (ZnO), an important Bn^-type semiconducting ma-
terial has wide range of applications which include but not
limited to photocatalysts, varistors, optical waveguides, sur-
face acoustic wave filters, chemical/ gas sensors, catalysts,
light-emitting diodes, solar cells, etc. [1–9]. To improve fur-
ther the performance of ZnO in aforementioned applications,
various dopants are introduced into the ZnO lattice. Cation
(e.g., Al3+, Mg2+) doping in ZnO is very much popular and
substantial research activities are reported in the related area
[10–14]. On contrary to cation doping, the doping of anions in
ZnO lattice is studied less. However, similar to the cations,
anionic dopants may also change the structural and morpho-
logical features as well as optical and electrical properties of
ZnO [15–17]. Fluoride (F) as anionic dopant can be promising
for replacing oxygen ion of ZnO since its ionic radius (F−,
1.17 Å) is in close proximity with oxygen (O2−, 1.24 Å)
[18]. Additionally, the substitution of oxygen by fluorine in-
troduces excess charge within the ZnO lattice resulting higher
electron density [19]. In the present work, structural features
(crystallinity, morphology), optical properties and dye-
sensitized solar cell (DSSC) performance of pure and fluoride
(F) doped ZnO particles are studied. Similar studies are not
frequent in literature, and the existing reports deal mostly with
the fluorine doped ZnO thin film. As photo-anode material,
ZnO mainly anchors the dye molecules on its surface, collects
the photo-excited electrons, and ultimately transports the
charge to the external circuitry of the cell. The anchoring of
the dye molecules on thin film surface is not effective, and
thus, particulate morphology (instead of thin film) of the
photo-anode materials is advantageous for DSSC application.
Herein, ZnO particles and the F doped counterparts (with F
doping concentration in the range of 1–4 mol%) are prepared
through co-precipitation technique. The effect of F doping in
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