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Preface

Solar cell technology is a potential alternative to overcome the issues related to 
energy demand and environmental pollution caused by fossil fuels. Dye‐sensitized 
solar cells, organic solar cells, polymer solar cells, perovskite solar cells, and 
quantum dot solar cells are promising next‐generation alternative renewable 
energy technology to substitute for fossil fuels and other energy sources due to 
their high performance, ease of fabrication, long‐term stability, and low manu-
facturing cost. This new book gathers and surveys a variety of novel ideas that 
have emerged in the fields of dye‐sensitized solar cells, organic solar cells, poly-
mer solar cells, perovskite solar cells, and quantum dot solar cells from over 
forty experts in the interdisciplinary areas of chemistry, physics, materials sci-
ence, and engineering and widely explores the materials development and 
device fabrication in the field of solar cells to achieve higher solar energy con-
version efficiency. This book presents a collection of twelve chapters written by 
researchers who are the leading experts in their fields of research and they 
explain the strategies needed to overcome the challenges in solar cell fabrica-
tion. The first chapter of this book is a succinct summary of the state of the art 
of the fabrication of plasmonic nanoparticles incorporated into photoanodes 
for dye‐sensitized solar cells. Chapters 2 and 3 focus more on the aspects of 
sensitization processes with cosensitizer and natural dyes, and their impact in 
dye‐sensitized solar cells. Chapters 4 and 5 explore the durability, stability, and 
performance enhancement strategies needed to adapt polymer and gel electro-
lytes for use in in dye‐sensitized solar cells. Chapters 6 and 7 discuss the details 
of replacing the expensive platinum counterelectrode with alternative electro-
catalysts to minimize the fabrication cost of dye‐sensitized solar cells. Chapters 
8–10 address the key challenges in the fabrication and possible strategies to 
improve the efficiency of the polymer solar cells with different approaches. 
Chapter  11 summarizes the possible methodologies to fabricate perovskite 
solar cells from laboratory scale to industrial scale. Chapter 12 presents the 
possible role of biomolecules and their charge transfer dynamics in quantum 
dot solar cells. Finally, we would like to express our sincere thanks to the all 



Prefacexx

contributing authors for sharing their knowledge on solar cells; this has made 
it possible to prepare this book for the benefit of those parties interested in 
light harvesting assemblies and applications.

Dr. Alagarsamy Pandikumar
Professor Ramasamy Ramaraj
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1

1.1  Introduction

Solar energy has always been an ideal renewable energy source that is clean, 
abundant, inexpensive, and widely distributed regionally in the world [1–3]. 
Understanding this, the emergence of dye‐sensitized solar cells (DSSCs) for 
converting solar energy to electricity has been very promising due to the 
ease of the manufacturing process, the low fabrication cost, the fact that it is 
nonpolluting, and the relatively high efficiency [1, 4–6]. It is known that a 
typical DSSC consists of various subsections, includinng a nanocrystalline 
semiconductor oxide photoanode, dye sensitizer, redox couple electrolyte, 
and counterelectrode [3, 4]. The main idea behind the operating principle of 
DSSCs is based on the optical excitation of a dye that results in the injection 
of an electron into the conduction band of a wide band gap semiconductor 
oxide. The oxidized dye molecule is regenerated afterwards when it is 
reduced to its ground state by gaining one electron from a redox couple that 
is found in the electrolyte around the sensitized semiconductor oxide nano-
structured film [3–5]. Since the first outstanding research work on DSSC 
was demonstrated by O’Regan and Gratzel in 1991 [5], each of its compo-
nents has been extensively investigated and optimized, with the aim to 
maximize the power conversion efficiency (PCE) of DSSCs [4, 7, 8]. Recently, 
a PCE of 12.3% has been achieved by using the cosensitization of two dyes 
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and a Co(II/III) tris(bipyridyl)‐based redox electrolyte [9]. Hence, study to 
find a suitable and high performance DSSC output has greatly increased 
over the years.

Amongst all the materials studied for use in DSSCs, nanocrystalline TiO2 
has been most commonly employed as the metal oxide semiconductor mate-
rial in high efficiency DSSCs [4–6]. Several methods were used for the prepa-
ration of the TiO2 nanoparticles in DSSCs, such as sol‐gel [10, 11], gas‐phase 
pyrolysis [12], or the commonly used hydrothermal synthesis method [13, 14]. 
However, hydrothermal methods are not ideal because both synthesis and 
purification processes take a prolonged time to achieve well‐formed and 
highly crystalline TiO2 particles [12]. To minimize the costs of metal oxide 
semiconductor materials for DSSCs, simple preparation methods are essential 
to control the formation of crystal structure, crystallization, and particle size 
[15]. Besides TiO2, there are reports of other alternative metal oxides, such as 
SnO2, Nb2O5, and ZnO, being used as porous semiconductor materials for 
DSSC photoelectrodes [16–20].

ZnO is an another attractive and alternative photoanode to replace TiO2 as 
an electron conductor owing to its higher bulk electron mobility and easily 
tunable morphology, which allows the rational design and development of 
hierarchical ZnO nanostructures able to simultaneously optimize charge car-
rier path and dye loading [19, 20]. Hence, ZnO is considered an excellent back-
bone to produce high‐efficiency DSSCs. The ZnO characteristic of higher 
electron mobility (∼205–1000 cm2 V−1 s−1) than TiO2 (∼0.1 − 4 cm2 V−1 s−1), 
enables the rapid diffusion transport of photoinjected electrons when it is 
employed as a photoanode material in DSSCs. In addition, ZnO is a suitable 
material for the fabrication of mesoporous photoanodes in DSSCs; it has a 
band gap of 3.2 eV and a conduction band edge position of −4.3 eV, both of 
which are similar to TiO2 [15–17]. Moreover, ZnO can be easily prepared into 
tunable nanostructures, such as nanoparticles, nanowires, nanotubes, 
nanorods, nanosheets, and tetrapods, providing numerous alternatives for 
optimizing photoanode morphology so as to improve the charge collection. 
However, the conversion efficiency of ZnO‐based DSSCs reported so far still 
remains lower than those fabricated from TiO2, leaving plenty of room to 
improve the efficiency through structural and morphology modifications of 
the ZnO nanostructures. Previous review articles [16, 17] have explored recent 
developments in ZnO nanostructures for application in DSSCs and suggest 
that the nanostructured ZnO can significantly enhance solar cell performance 
due to the large surface area for dye adsorption, direct transport pathways for 
photoexcited electrons, and efficient scattering centers for enhanced light‐har-
vesting efficiency. Furthermore, the limitations of ZnO‐based DSSCs are also 
discussed and a few suggestions are also given for the conversion efficiency 
improvement.
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1.2  Metal Dressed ZnO Nanostructures 
as Photoanodes

One of the major challenges in the development of high efficiency DSSCs is 
the competition between the generation and recombination of photoexcited 
carriers. The use of low‐dimensional nanostructures is able to support a 
direct pathway for the rapid collection of photogenerated electrons and, 
hence, reduce the charge recombination [21, 22]. Thus, the possible alterna-
tive way to improve the charge separation in DSSCs is to introduce a barrier 
layer at the semiconductor/electrolyte interface to block the back electron 
transfer from the semiconductor to the redox electrolyte. Doping of metals 
on ZnO nanostructures significantly reduces the charge recombination, 
which is another way to improve the charge separation in DSSCs. Rapid 
charge transfer and improved charge separation upon incorporation of 
metal nanoparticles on ZnO, leading to enhanced DSSC performance, have 
been demonstrated [23–33]. Moreover, the metal nanoparticles (namely 
silver and gold) that possess surface plasmon resonance can couple to visible 
light, which increases the optical absorption of the photoelectrode in the 
visible region.

Metal nanoparticles doped on ZnO exhibit unusual redox activity by readily 
accepting electrons either from a dye molecule or an electrode. Such metal 
nanoparticles, when in contact with a ZnO nanostructure, can equilibrate and 
undergo Fermi‐level equilibration, thus forming a Schottky barrier at the 
metal/ZnO nanocomposite interfaces (Figure 1.1) [22].

The charge equilibration between the metal and ZnO nanocomposite inter-
faces in contact drives the Fermi level close to the conduction band edge of the 
semiconductor and, thus, influences the photovoltaic performance of DSSCs. 
So far, ZnO‐based DSSC performance has been reviewed but there is no sum-
mary of the metal dressed ZnO based DSSC performance. In this review, the 
recent progress on metal dressed ZnO based DSSC and the role of metal nano-
particles on various ZnO nanostructures in DSSCs (Figure 1.2) in improving 
the device performance (through improved charge separation introduced by 
the Schottky barrier formed at the metal/ZnO nanocomposite interface) are 
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Figure 1.1  Schematic representation of 
photoinduced charge separation and charge 
distribution in ZnO/metal nanocomposites. EF 
and E′F represent Fermi levels attained before 
and after charge distribution. Source: Adapted 
from Subramanian 2003 [22]. Reprinted with 
permission of American Chemical Society.
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discussed. Furthermore, the influence of silver and gold nanoparticles leading 
to enhanced optical absorption on the performance of DSSCs is also 
discussed.

1.2.1  Metal Dressed ZnO Nanoparticles as Photoanodes

There are few related works reported involving metal dressed ZnO nanoparti-
cles as photoanodes in DSSC applications. Among them, Tripathi [23] and 
coworkers reported a bilayer TiO2:Ag/ZnO:Ag (TZO:Ag) oxide film using a 
sol‐gel process for DSSCs. They have investigated the effect of Eosin‐Y dye and 
a cocktail dye (C) (Rhodamine B, Rose Bengal, Fast Green, Acridine Orange, 
Fast Green) for DSSC application. In comparison to the undoped ZnO/C film, 
their TZO/Ag/C film exhibits higher Voc, Jsc, and PCE of 0.158%. This is due to 
the surface plasmon resonance effect of the silver nanoparticles in enhancing 
visible light absorption and also the Schottky barrier established at the semi-
conductor/metal interface. Sarkar et al. reported a nanocomposite consisting 
of gold and ZnO nanoparticles (NPs) for photocatalysis and DSSC applications 
[24]. Their ZnO–Au nanocomposite (NC) was synthesized based on the for-
mation of gold NPs on the surface of ZnO NPs, using chloroauric acid etha-
nolic solution added into readily prepared ZnO NP colloid solution. To obtain 
the gold NPs, they added sodium borohydride (through a chemical reduction 
method) in order for gold chloride to undergo reduction. Interestingly, the 
ZnO–Au NC morphology (Figure 1.3) reveals the uniform distribution of gold 
on spherical ZnO nanoparticles, with average diameters of 6 nm and 8 nm, 
respectively. In their DSSC application, the ZnO–Au NC depicts a higher over-
all PCE of 0.8% than the pure ZnO (PCE = 0.012%). Such major difference in 
the PCE reported was claimed to be attributed to role of gold in increasing the 
electron mobility in ZnO–Au NC in addition to its plasmon resonance.

ZnO
nanoparticles

ZnO
nanorods

ZnO
nanowires

Less common ZnO
nanostructures

ZnO
nanoflowers

Figure 1.2  Various types of metal dressed ZnO nanostructure used as photoanodes 
in DSSCs.
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Mikroyannidis and coworkers also reported gold‐coated ZnO photoanodes 
for DSSC application using their own synthesized perylene monoimide 
derivative, PCA, as the sensitizer (Figure 1.4) [25]. Initially, they synthesized 
pure ZnO NPs using a sol‐gel method and then immerse the preformed ZnO 
NPs in chloroauric acid to obtain ZnO NPs coated with gold nanoparticles. 
Later, the photoanodes were immersed in their own prepared PCA sensitizer, 
which is a metal‐free dye. By comparing their DSSC obtained PCE, it was 
found that the PCE of their ZnO NPs coated with gold NPs was enhanced 
from 1.34 to 1.91%, which contributed to the fast transport of electrons from 
the gold NPs to the ZnO NPS through the Fermi‐level equilibration and the 
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formation of a Schottky barrier at the ZnO/Au interface, which reduces the 
charge recombination rate, thus increasing the PCE as described earlier. The 
PCE was also improved by adding TiO2 nanofillers into the ZnO–Au DSSC, 
which again increased the PCE values to 2.44%. It was reported that the 
increasing PCE value in the presence of nanofillers (TiO2) is due to the 
enhancement of exchange charge density and diffusion coefficient of tri‐
iodide, which depress the concentration of I3

−, and the suppression of the 
dark reaction by the polymer gel electrolyte with TiO2. The improved PCE 
could be due to the incorporation ZnO into TiO2 DSSCs as a result of the 
inhibition of the injected electrons from the dye molecules in recombining 
back with the electrolyte species [34].

1.2.2  Metal Dressed ZnO Nanorods as Photoanodes

Recently, great interest was shown in a ZnO nanorod (NR) structure (compared 
to other ZnO morphologies) due to its high surface area and its capability of 
rapid charge collection that enhances the overall short circuit current [35, 36]. 
Yin and coworkers [26] have reported on their ZnO nanorods array deposited 
with silver nanoparticles (Ag NPs/ZnO NRs) for DSSC application. This com-
posite was synthesized through a combination of liquid phase epitaxial growth 
process and the reduction of silver on the surface of the ZnO NRs (Figure 1.5). 
According to this report, the role of silver NPs was seen to improve the DSSC 
efficiency (PCE = 0.81%) compared to the pure ZnO NRs; this can be related to 
the surface plasmon resonance of the silver NPs and the Schottky barrier at the 
Ag/ZnO interface.

Instead of using silver nanoparticles, a number of works related to dressing 
the ZnO nanorods with gold nanostructures have also appeared. Lou et al. 
reported the fabrication of gold NPs on hydrothermally prepared ZnO NR 
films using an ion sputtering technique [27]. Their work was mainly concerned 
with the effect of molecular modification on plasmon‐enchanced DSSCs using 
the dodecanethiol molecule to protect the gold NPs from the electrolyte. The 
ZnO/Au/N719/dodecanethiol device recorded the highest IPCE in the range 
of 440–470 nm, which can be attributed to the “shielding” effect of the dode-
canethiol molecules on the exposed gold nanoparticle sites that reduces the 
charge recombination rate. Similarly, Chen et al. reported the fabrication of a 
DSSC using vertically aligned ZnO nanorod arrays sensitized with gold nano-
particles [28]. Based on a low‐temperature chemical seeding method, their 
composite was examined and compared with pure ZnO nanorod arrays, and 
also with and without the presence of ruthenium dye N719. Obviously, the 
composite photoanode in the presence of ruthenium dye exhibits the highest 
power conversion efficiency of 1.2%. They have claimed that the back electron 
transfer was significantly reduced by the interfacial ZnO–Au Schottky barrier 
that results in the increased efficiency.
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Although the surface plasmon resonance effect is known to significantly 
enhance the DSSC efficiency, Peh and coworkers reported that the addition of 
gold nanoparticles on their ZnO nanorods has substantially reduced the over-
all conversion efficiency [29]. The decrease of conversion efficiency of the pure 
ZnO nanorod device from 5.2 to 2.5% for the Au–ZnO device is attributed to 
the aggregation of the gold nanoparticles that distorts the plasmonic effect, 
thus broadening the spectral enhancement of the device. In addition, this also 
decreases the surface area of ZnO nanorods adhering to the dye molecules, 
which dramatically reduces the sunlight conversion process. In terms of the 
effect of the DSSC’s active area, Bora et al. reported the presence of a highly 
efficient ZnO/Au Schottky barrier in their ZnO/Au nanocomposite DSSC 
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[30]. They studied the effects of various sizes of the active area in the DSSC, 
and also the amounts of gold nanoparticles incorporated in their ZnO nanorod 
photoelectrodes. Their results are in good agreement with the previous work 
as an approximately60% decrease in PCE was reported when the amount of 
gold nanoparticles increased by varying the dipping time of the ZnO nanorod 
photoelectrodes in HAuCl4 · H2O solution (0.01 mM). Furthermore, the impact 
of DSSC active area size was also reported, as increment in the size of the 
DSSC active area reveals higher sheet resistance of the used substrates. 
Therefore, the PCE values decrease as the active area of the DSSC increases. 
Through this reported work, the importance of optimizing the amount of 
metal nanoparticles to avoid excess aggregation occurring on the semiconduc-
tor layer, in order to fully harness the enhanced plasmonic effect of the DSSCs, 
is well understood, as is the size of the active area of DSSC to reduce the series 
resistance occurring on the substrates.

1.2.3  Metal Dressed ZnO Nanoflowers as Photoanodes

ZnO nanoflowers have been of considerable interest to some researchers due to 
their unique structure. Through the application of the ZnO nanoflowers, it is 
possible to benefit from the increased dye loading and light harvesting capability 
whilst still maintaining satisfactory electron conductivity in the DSSC [37, 38]. 
Although they are plenty of works involving ZnO nanoflowers for DSSCs, there 
is only one known work reporting on metal dressed ZnO nanoflowers used as a 
photoanode. This work, by Dhas and co‐workers [31] involves the loading of 
ZnO nanoflowers on gold nanoparticles through a simple hydrothermal route. 
Initially, this one‐step method involves the dissolution of zinc acetate, in which 
the morphology is controlled later by the addition of NaOH, and then loading of 
gold NPs using HAuCl4. The wurzite structures of ZnO rod‐like petal structures 
were embedded with gold NPs that are uniformly distributed with an average 
size of approximately 10 nm, as shown in Figure 1.6. In terms of their DSSC per-
formance, the role of gold nanoparticles on the ZnO nanoflowers was compared 
with the pure ZnO nanoflower device. As expected, their I–V curves reveal that 
the bifunctional gold NP‐loaded ZnO nanoflower shows enhanced properties 
(fill factor (FF) 0.33 and efficiency 2.5%) over the pure ZnO nanoflower device 
(FF 0.32 and efficiency 1.6%). Such an increase was attributed to the gold nano-
particles reducing the recombination spots due to the oxygen vacancies in ZnO 
in the surface layers and the surface plasmon resonance effect.

1.2.4  Metal Dressed ZnO Nanowires as Photoanodes

Similar to ZnO nanorods, one‐dimensional ZnO nanowires also exhibits good 
photoconversion enhancement, which benefits from direct conduction paths 
for electrons to transport from the point of injection to the collection 
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electrode, making them a much more preferable nanostructure in DSSC appli-
cation [39, 40.] So far, they have only been reported once, by Lu and coworkers, 
in literature on metal dressed ZnO nanowires used in DSSC applications [32]. 
In their project, the synthesis was reported of vertically grown gold NPs on 
ZnO nanowire arrays (Au NPs @ZnO nanowire) through a two‐step method. 
Their structure reveals that the size of the gold nanoparticles ranges from 5 to 
10 nm and the shell is around 15 nm. Under solar simulation, bare ZnO nanow-
ire arrays and the Au NPs @ZnO nanowires have been compared, with the 
latter displaying increased PCE values from 0.154 to 0.191% and from 0.269 to 
0.387% using different length ZnO nanowire arrays (3 and 7.5 µm, respectively). 
Through this research, they have concluded that a plasmonic‐enhanced DSSC 
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Rational Design of Solar Cells for Efficient Solar Energy Conversion10

requires a lower thickness (about 20–40%) to achieve the same efficiency as 
conventional DSSCs. However, more experimental investigation is still needed 
in order to verify their conclusion.

1.2.5  Less Common Metal Dressed ZnO Nanostructures 
as Photoanodes

Although the most commonly reported ZnO nanostructures, such as nanorods 
and nanoparticles, are widely used in plasmonic‐enhanced DSSCs, less com-
mon and unique ZnO nanostructures have also been reported during investi-
gations into the use of other alternative rare nanostructures for enhancing 
DSSC properties. A sheaf‐like‐ZnO@Ag nanocomposite (sheaf‐like‐(ZnO@
Ag)NCM) has been reported as the photoanode in a DSSC application [33]. The 
synthesis of sheaf‐like‐(ZnO@Ag)NCM was made through a two‐step method 
whereby ZnO NRs were synthesized using a microwave irradiation method at 
150 W. Following this, the preformed ZnO NRs were mixed with AgNO3 before 
undergoing a reduction process with NaOH to form the sheaf‐like‐(ZnO@
Ag)NCM, as shown in Figure  1.7a. The morphological structure obtained 
(Figure 1.7b) – the sheaf‐like‐(ZnO@Ag)NCM – was composed entirely of 1D 
closely‐packed nanorods with a typical diameter of about 150–200 nm. It was 
well understood that the unique sheaf‐like structure formation takes place dur-
ing the conversion of Ag+ to Ag NPs with NaOH as the reducing agent.

In terms of DSSC use, the sheaf‐like‐(ZnO@Ag)NCM was pasted on fluorine‐
doped tin oxide (ITO) through a doctor blade method and was dipped in two 
different sensitizers: eosin‐Y and N719 dye. The J–V graph (Figure 1.7c) shows 
various photoanodes used to compare the different sensitizers and sheaf‐like‐
(ZnO@Ag)NCM with pure ZnO photoanodes. Obviously, the ZnO NR–Ag pho-
toanodes outperformed the pure ZnO NR photoanodes; this was attributed to 
the effective charge separation and charge transfer and the formation of a 
Schottky barrier due to the introduction silver nanoparticles on ZnO. As for 
the different sensitizers, ZnO NR–Ag/N719 exhibits a better PCE value (1.80%) 
than ZnO NR–Ag/EY (1.39%). Based on this work, the N719 dye remains a 
more appropriate sensitizer than the eosin‐Y dye, as it has a broader absorp-
tion range in the entire visible region of the solar spectrum and the presence of 
silver NPs.

1.2.6  Comparison of the Performance of Metal Dressed ZnO 
Nanostructures in DSSCs

The performances of the various metal dressed ZnO nanostructures described 
in DSSCs are listed in Table 1.1. From this table, it can be seen that most of the 
ZnO nanostructure DSSCs incorporating plasmonic nanoparticles have yet to 
achieve a high benchmark in terms of PCE values. A wide range of study is still 
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needed to enhance DSSCs performance for it to compete against recently 
reported photovoltaic cells. Among the reported DSSCs, the DSSC with ZnO/
Au/N719/ dodecanethiol configuration showed an efficiency of 13.5 % due to 
the presence of gold nanoparticles, which enhanced the interfacial charge 
transfer process [27].

1.3  Conclusions and Outlook

This chapter has explained the use of plasmonic nanoparticle dressed ZnO 
nanostructures involving various structural designs (nanoparticles, nanorods, 
nanoflowers, nanowires, less common ZnO structures) used in DSSCs. As 
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  Table 1.1    Comparison of various metal nanoparticle dressed  ZnO  nanostructure  DSSCs . 

Photoanode
Fabrication 
method Sensitizer

Short‐circuit photocurrent 
density, J sc  (mA/cm 2 )

Open‐circuit 
voltage, V oc  (V)

Fill factor, 
FF

 Power conversion 
 Efficiency,  η  (%) Ref.    

TZO/Ag/C Sol‐gel Eosin‐Y, 
Cocktail Dye

0.621 0.477 53 0.158   [23]    

ZnO–Au NC Chemical 
reduction

N719 0.26187 0.605 53 0.8   [24]    

ZnO–Au + TiO 2  
nanofiller

Chemical 
reduction

PCA 6.35 0.70 55 2.44   [25]    

Ag NPs/ZnO NRs Chemical 
reduction

N719 — 0.44 — 0.81   [26]    

Zno/Au/N719/ 
dodecanethiol

Ion sputtering N719 — — — 13.5  *    [27]    

Au/ZnO NR Chemical 
reduction

N719 4.2 0.62 — 1.2   [28]    

Au–ZnO Mixing N719 1.8 0.55 63.4 2.5   [29]    
ZnO/Au nanocomposite  In situ  

precipitation
N719 14.89 0.67 65.06 6.49   [30]    

ZnO‐Au Hydrothermal N3 15.00 0.50 33 2.5   [31]    
Au NPs @ZnO nanowire — — — — — 0.191   [32]    
 sheaf‐like ‐(ZnO@Ag) NCM Chemical 

reduction
Eosin‐Y, N719 4.85 0.61 61 1.80   [33]  

   *  η  (%) based on IPCE measurements  
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reported, the role of the plasmonic nanoparticles was clearly observed enhanc-
ing the electrical properties of the photoanodes when attached to the ZnO 
nanostructures. Without a doubt, ZnO nanorods do possess a significant 
advantage over the other ZnO nanostructures when incorporated with plas-
monic nanoparticles, as the structure itself promotes a more direct pathway for 
electron movement. Nonetheless, it also necessary to take into account other 
parameters, such as the size of the active area of the photoanode, the amount 
of plasmonic nanoparticles injected, and the type of sensitizer used, which 
could ultimately affect the final results of the DSSCs’ efficiency.

Although some of the work has shown promising results for possible com-
mercialization and applicability, these photoanodes still yield low PCE values 
when compared to TiO2‐based photoanodes. In order to achieve higher PCE 
values, other alternative materials are still to be explored, such as the incorpo-
ration of plasmonic nanoparticles on a mixture of various ZnO nanostructures 
(nanopellets, nanosheets, nanotubes, nanofibres). Only a few works on DSSCs 
based on plasmonic nanoparticles on ZnO nanostrucutures have been 
reported. Much work is still needed to be done and investigated, especially 
with different parameters, in order for it to be on par with recent DSSCs that 
have reported high performance and good stability.
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2.1  Introduction

Increasing energy demand on a global stratum leads to extensive research 
focused on renewable energy sources. In addition, the depletion of fossil fuel‐
based energy sources and the undesirable environmental impacts of using 
them have created a greater need for renewable energy sources [1]. Photovoltaic 
cells are one of the renewable energy systems studied, as they convert the light 
energy into electrical energy. A photovoltaic cell or solar cell is a device based 
on the photovoltaic effect, discovered by French physicist Edmond Becquerel 
in 1839, and it has been the basis for different concepts of converting solar 
radiation into electricity [2].

Solar cell technologies are traditionally divided into three generation types 
[3, 4]. First generation solar cells are mainly based on crystalline silicon devices, 
whereas second generation solar cells based on the thin film solar cells consist 
of inorganic materials such as amorphous silicon (a‐Si), cadmium telluride 
(CdTe), copper indium gallium selenide (CIGS), and others [5, 6]. The first two 
generation solar cells have achieved an efficiency of >20%, although the materi-
als used are very expensive, which hampers large‐scale production of the cells. 
During the last two decades, new generation solar cells, such as organic solar 
cells (OSCs) and dye‐sensitized solar cells (DSSCs), known as third generation 
solar cells, have attracted much attention and have been regarded as a promis-
ing candidate for the utility of solar energy [7–13]. In the late 1960s, the dye‐
sensitization concept began when an organic dye, perylene, was used to 
generate electricity with an n‐type semiconductor zinc oxide (ZnO) electrode 
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in an electrochemical cell [14]. In 1972, chlorophyll dye sensitization with a 
ZnO electrode was studied but the efficiency of these devices was poor due to 
poor light absorption efficiency [15]. The concept of dye sensitization with a 
wide bandgap semiconductor, TiO2 (3.1 eV), is necessary for water splitting 
with a small bias voltage when exposed to light [16] was explored despite TiO2 
only in the ultraviolet region. The roughness factor of nanoporous TiO2 elec-
trodes – about 1000 – vividly augmented its light‐harvesting efficiency. DSSCs 
have been alternatives to the conventional silicon solar cells since the pioneer-
ing work reported by O’Regan and Grätzel in 1991. The first dye‐sensitized 
solar cells (DSSCs), fabricated using ruthenium‐based dye (cisdithiocyanato 
bis(2,2’‐bipyridine‐4,4’‐dicarboxylate)ruthenium‐(II) (N3)) as photosensitizer, 
iodine/iodide ( I I/ 3 ) in an organic solvent as redox electrolyte, and platinum 
as a counterelectrode, had a conversion efficiency of 7.1% [17]. DSSCs have 
gained worldwide interest due to the following advantages: (i) the production 
costs and energy payback time are significantly reduced compared to standard 
silicon solar cells or other thin film cells; (ii) the color of the device could be 
easily modulated by choosing different dyes; (iii) flexibility; and (iv) simple 
fabrication and high performance [10–13,18,19]. DSSCs are multicomponent 
devices for the conversion of light into electricity.

Typically, DSSCs contain five major components (Figure 2.1):

1)	 conductive and transparent glasses,
2)	 nanocrystalline semiconductor film,
3)	 dye sensitizer,
4)	 redox couple,
5)	 counterelectrode.

Their efficiency depends critically on the individual properties of each of the 
materials used; these play a specific role in the process involved in converting 
sunlight into electricity. In DSSCs, the incident light is absorbed by the 
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Figure 2.1  The composition of a dye‐sensitized solar cell.
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sensitizer, which injects electrons into the conduction band of TiO2 from the 
excited state of the dye and charge separation take place at the interface of 
sensitizer and TiO2. Further, the oxidized dye is regenerated by the electrolyte 
and the oxidation state of the electrolyte is regenerated at the counterelectrode 
by electrons through an external circuit.

The photosensitizer is one of the key components of a DSSC device, 
which is sensitive to the visible light region of the solar spectrum and 
attached to the semiconductor electrode by chemisorption. The perfor-
mance of a DSSC depends on the relative energy levels of the sensitizer and 
kinetics of the electron transfer processes at the interface. An ideal sensi-
tizer should meet the following requirements: (i) the absorption range of 
the dye should cover the whole UV–visible and near IR region with high 
molar extinction coefficient values; (ii) the lowest unoccupied molecular 
orbital (LUMO) of the dye should be above the conduction band edge of the 
semiconductor electrode and the highest occupied molecular orbital 
(HOMO) of the dye should be below the redox electrolyte for efficient elec-
tron injection and electron regeneration; (iii) a low tendency to aggregate 
on TiO2 film; and (iv) excellent chemical, thermal, and electrochemical 
stability. Many new materials/dyes have been developed to improve device 
efficiency. The extensively used ruthenium‐based sensitizers are di‐tetrabu-
tylammonium cis‐bis(isothiocyanato)bis(2,2′‐bipyridyl‐4,4′‐dicarboxylato) 
ruthenium(II) (N719) [20] and trithiocyanato (4,4′4′′‐tricarboxy‐2,2′:6′2′‐
terpyridine) ruthenium(II) (Black dye) [21], producing an efficiency (η) of 
>11%. However, Yella et al. obtained 12.3% efficiency by using zinc porphy-
rin (YD2‐o‐C8) dye as a sensitizer and Co(II/III)tris(bipyridyl) redox elec-
trolytes [22]. Later, Mathew et al. achieved 13% efficiency by using zinc 
porphyrin‐based SM315 dye [23] under AM 1.5G illumination. In the last 
two decades, a number of Ru(II) complexes have been developed with 
ancillary ligands; typically bipyridines or terpyridines can be tuned by 
different substituents (alkyl, aryl, heterocycle, etc.) to change the photo-
physical, electrochemical properties and, thus, improve the photovoltaic 
performance. In general, these dyes have shown good efficiency but there 
are certain limitations for DSSC [10]: (i) ruthenium metal shortage, (ii) high 
cost, (iii) low molar extinction coefficients, and (iv) difficulties in purifica-
tion upon bulk production. Compared with traditional ruthenium‐based 
dyes, metal‐free organic dyes have become more promising due to their 
high molar absorption coefficient, low cost, easy synthesis and purification, 
no concern about resources, and tunable absorption spectra and energy 
levels through tailoring of molecular structure [11].

The basic structure of a metal‐free organic dye is Donor‐π‐bridge‐Acceptor 
(D‐π‐A) and it is a rod‐like configuration. This architecture provides intra-
molecular charge transfer from donor to acceptor through a π‐bridge to the 
conduction band of TiO2. To further increase light harvesting ability, the 
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basic structure has been tuned by varying the donor, π‐bridge or acceptor 
and studing their optical and electrochemical properties [24, 25]. For DSSCs 
based on metal‐free organic dyes, the carboxy‐anchor organic dye of LEG4 as 
the collaborative sensitizer to the silyl‐anchor dye of ADEKA‐1 gave a PCE 
>14%, VOC above 1 V with the optimized Co(III/II) complex redox electrolyte 
solution [26]. The major drawback of pure organic dyes is a narrow region of 
absorption and failure to harness photons in the near infrared (NIR) region. 
Zhang et al. [2010] synthesized thieno[2, 3, 3–125]indole‐based dyes, which 
exhibit their major electronic absorption in the range 400–600 nm in the vis-
ible region [27]. Later, Shi et al. [2011] synthesized squaraine‐based sensi-
tizer YR6, showing an absorption maximum at 659 nm with a high molar 
absorptivity of 279 000 M−1 cm−1 [28]. Liang and Chen [2013] showed high 
efficiency for the dyes having low energy absorption peaks [19]. Yang et al. 
[2014] synthesized indole‐based dyes such as IQ4, YA421, and YA422, which 
showed the lowest energy absorption peak around 522 − 534 nm. The maxi-
mum efficiency (9.22%) was achieved for the dye YA422 in the presence of 
Co(II)/Co(III) redox electrolyte [29]. Using a single sensitizer, it may not be 
possible to cover a broad absorption spectrum from the UV–visible to NIR 
region. So, in order to achieve panchromatic sensitization, sensitized TiO2 
film is adsorbed by another dye with complementary spectral features to the 
cell sensitized by a primary dye. In both, metal complex and metal‐free 
organic dyes, highest efficiencies of 12.3 and 14.3%, were obtained under 
cosensitization. In this chapter, the discussion is focused on the relationship 
between a structural property of metal‐free organic dyes with metal com-
plexes and in between two metal‐free organic dyes under cosensitization. 
Further, the relationship between the molecular design and photovoltaic 
performances of DSSCs is discussed in order to develop new directions in 
achieving high efficiency for DSSCs.

2.2  Cosensitization

The major drawback of ruthenium‐based metal complexes and organic sensi-
tizers is their difficulty in achieving strong absorption in the red region of the 
visible spectrum. This problem can be rectified simply by cosensitization; this 
improves device performance by exhibiting complementary absorption in the 
visible and near‐IR regions. For effective cosensitization, cosensitizers should 
meet the following conditions: (i) one of the sensitizers should have strong 
absorption in the near‐IR region and the region about 400 nm to restore the dip 
in the incident photon‐to‐current conversion efficiency (IPCE) spectra induced 
by I3

−; (ii) it should avoid competitive adsorption on TiO2 film in mixed solu-
tion, which effectively avoids dye aggregation on TiO2 film; and (iii) the cosen-
sitizer should reduce the recombination of injected electrons with I3

− and other 
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acceptor molecules. Dye aggregation may be inhibited by the mixing of two 
dyes with different size and shapes to form a mono compact layer and cover a 
large area on the TiO2 film in order to enhance the light harvesting efficiency 
of the device. To avoid such unfavorable dye aggregation, the introduction of 
long alkyl chains or bulky substituted groups on sensitizer is used in the 
cosensitization application [30–34]. These alkyl chains reduce the charge 
recombination between the injected electrons in the TiO2 conduction band 
and the electrolyte. Cosensitization not only increases the JSC but also VOC.

The cosensitization strategy can be achieved in two ways: stepwise sensitiza-
tion and cocktail sensitization. The stepwise cosensitization involves sequen-
tial dipping of the TiO2 electrode firstly in primary dye solution then in 
secondary dye solution. In this sequential adsorption, the primary dye adsorp-
tion is optimized with different time intervals and concentration. Afterward, 
the secondary dye effectively fills the vacant spaces on the TiO2 film. By this 
method of cosensitization, there is no competitive adsorption between the 
sensitizers on the TiO2 surface. However, optimization conditions, such as 
relative dye concentration, dipping time, dipping order, and other conditions 
of each dye solution, play an important role in achieving high efficiency. For 
the cocktail cosensitization method, the TiO2 film is dipped into a solution 
containing a mixture of the dyes, hence there is the possibility of competitive 
adsorption between dyes on the TiO2 surface. In this method, only the dye 
mixing ratio needs to be considered in addition to the usual dye adsorption 
process. Both cosensitization approaches have merits and drawbacks.

Usually, organic dyes have high molar absorption extinction coefficients and 
dyes showing an absorption maximum around 500 nm are used in cosensitiza-
tion with ruthenium‐based metal complexes and/or porphyrin‐based metal 
complexes. Because ruthenium‐based metal complexes have a low molar 
extinction coefficient, a thick film is needed for absorbing all the incident red 
photons. Due to high molar extinction coefficient values of organic dyes in 
cosensitization, thinner layers could be used in DSSCs without significantly 
reducing light‐harvesting in any portion of the spectrum.

2.2.1  Cosensitization of Metal Complexes with Organic Dyes

2.2.1.1  Phthalocyanine‐based Metal Complexes
The light harvesting efficiency (LHE) of a sensitizer having intense absorption 
in the near‐IR region is an important factor. In this respect, phthalocyanine 
(Pc)‐based sensitizers are more suitable for dye cosensitization because the 
LHE of the phthalocyanines is in the far red region. In addition, they have high 
molar extinction coefficient. Therefore, phthalocyanines use the high energy 
absorbing sensitizers for cosensitization and they cover the whole absorption 
spectrum from UV–Vis to the near‐IR region. Further, the large number of 
photons absorbed by the cosensitized device enhances the device performance 
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better than the individually sensitized device. Based on this, Cid and coworkers 
[35] designed an efficient cosensitized DSSC system by using phthalocyanine 
(TT1) and efficient organic dye JK2. The photoresponse of the “molecular 
cocktail” extends up to 700 nm with photon‐to‐electron conversion efficiencies 
of 72% at 690 nm, which is higher than the individual dyes (Figure 2.2). The 
overall device efficiency was around 7.74%, with increased JSC and VOC values, 
which is the highest value reported for cosensitized DSSCs [35].

Clifford and coworkers reported that the cosensitized D2 + TT1 cells also 
show a better efficiency of 4.08% when compared to 3.43% for individual D2 
sensitized solar cells (Figure  2.3) (JSC = 6.3 mA cm−2; VOC = 780 mV; fill factor 
(FF) = 73.96%) and 2.37% for TT1 cells (Figure  2.3) (JSC = 6.3 mA cm−2; 
VOC = 588 mV; FF = 63.31%) [36]. Cosensitized D2 + TT1 cells show increased 
light harvesting and overall improvement in cell efficiency compared to refer-
ence cells made with either D2 or TT1 only. The VOC values of cosensitized 
D2 + TT1 cell are somewhat intermediate between D2 and TT1 cells and, in 
addition, these devices can be explained from both the charge extraction, tran-
sient photovoltage, and electron lifetimes data, which are of the order 
D2 > D2 + TT1 > TT1. The same trend was observed in the case of VOC for 
cosensitized system D102 + TT1 using visible absorbing organic sensitizer 
D102 and a near‐IR absorbing Zn–Pc complex (TT1) prepared by Brown and 
coworkers [37. Cosensitization improves the current density further to 
9.4 mA cm−2 while the overall power conversion efficiency increased to 4.7%; 
such increased photocurrent in the cosensitized devices is due to increased 
light harvesting ability by the Zn–Pc dye. The observed efficiency for the 
cosensitized system is higher than single dye D102 (Figure 2.3) or TT1 alone. 
Kimura and coworkers [38] reported a novel Zn–Pc dye PcS15 (Figure  2.3) 
having unsymmetrical and three‐dimensional (3D) structure that prevented 
the cofacial aggregation of Zn–Pc adsorbed onto the TiO2 surface. They applied 
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PcS15 cosensitization with red or orange organic dyes, D102 and D131. The 
DSSC performances of the cocktail‐type PcS15 + D102 (5.6%) and PcS15 + D131 
(6.2%) cells were significantly enhanced in comparison to that of the PcS15 cell 
(5.3%). Both JSC and VOC values increased upon cosensitization showing high 
IPCE values. Based on cosensitization, Robertson [39] stated that dyes should 
possess high molar extinction coefficients, allowing sufficient space on TiO2 
surface to attach other dyes with a complementary absorption spectrum [39]. 
Near‐IR absorbing porphyrin sensitizers are thus perfect candidates for cosen-
sitization to further improve the device performance.

2.2.1.2  Porphyrin‐based Metal Complexes
The first porphyrin‐based cosensitization was reported by Gratzel and cow-
orkers in 2010 [40]. YD‐2 [41 (Figure  2.4) cosensitization with D‐205 [42] 
(Figure 2.5) dye improved the photovoltaic performance relative to that of a 
solar cell containing a single dye. Lack of light harvesting in the range of 480–
630 nm by YD‐2 leads to a reduction of JSC and IPCE values were observed 
below 20% at 530 nm. Cosensitization with D‐205 dye has an absorption maxi-
mum at 532 nm that coincides with the minimized IPCE response of the YD‐2 
dye and it showed complementary absorption spectrum. The photoconversion 
efficiency (PCE) of cosensitized system YD‐2 + D‐205 was 6.9% for 2.4 µm thick 
transparent titania film, which is higher compared to TiO2 film sensitized by 
single dyes. Further, the best efficiency was reported by Yella and coworkers 
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[43] with a small variant of YD‐2, i.e., incorporation of two octyloxy groups 
in  the ortho‐positions of each meso‐phenyl ring, producing YD2‐o‐C8. The 
efficiency of YD2‐o‐C8 was 11.9%, which is higher than that of YD‐2 (8.4%). 
The cosensitization of YD2‐o‐C8 with organic dye Y123 (Figure 2.5) yielded an 
efficiency of 12.3% when used in conjunction with the Co(II/III)tris(bipyridyl)‐
based redox electrolyte. The YD2‐o‐C8/Y123 cosensitization increases the JSC 
and achieves incident photon‐to‐electron conversion efficiencies >90% in a 
large wavelength domain below 700 nm. Further, the VOC decreased by about 
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30 mV, which was consistent with electron lifetime compared to a film sensi-
tized by YD2‐o‐C8 alone. Wu and coworkers reported that molecular cosensi-
tization of TiO2 films in a cocktail solution containing YD2‐o‐C8, an organic 
dye (CD4) (Figure 2.5), and a porphyrin dimer (YDD6) yielded 10.4% efficiency, 
which is superior to that obtained from the individual single‐dye devices and 
the two‐dye cosensitized systems [44]. The IPCE action spectrum is extended 
to the near‐IR region.

The potential organic dye based on boron dipyrromethene (BET) (Figure 2.5) 
acted as a cosensitizer for DMPZn‐C2‐COOH, which had weak absorption 
between 450 and 550 nm; the IPCE spectrum of the cosensitized system 
revealed that photons between 450 and 550 nm are picked up by BET. A mar-
ginal improvement in energy conversion efficiency from 5.12 to 5.21% was 
achieved for the cosensitized system [45]. For the BET cosensitized with ortho‐
substituted porphyrin LD12 (Figure 2.4), both JSC (14.7 mA cm−2) and efficiency 
(7.5%) improved relative to the device made of LD12 (6.65%) dye alone [46]. 
The IPCE of the cosensitized LD12 + BET device was enhanced to ∼ 70% com-
pared to the individual BET and LD12 devices (at ∼ 500 nm ∼ 5% and ∼ 40%, 
respectively). Zinc porphyrin dye LD12 was cosensitized with hole conducting 
characteristic of a spirally configured organic dye CD5 by Lan and coworkers 
[47] (Figure  2.5). The cosensitized LD12 + CD5 device showed significantly 
enhanced VOC and JSC relative to its individual single‐dye sensitized devices. 
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A  cosensitized LD12 + CD5 device yielded JSC = 16.7 mA cm−2, VOC = 740 mV, 
FF = 73% and η = 9.0%; this performance is superior to that of devices made 
from LD12 (η = 7.5%) or CD5 (η = 5.7%) [47]. The gap of the IPCE response, 
about 500 nm for the LD12 device, was completely filled in the action spectrum 
of LD12 + BET or LD12 + CD5 devices with the contribution of BET or CD5 
that shows maximum photoresponse in that spectral region. For a LD12 + CD5 
device, the VOC was enhanced through retarded charge recombination over-
whelming the downward shift of the TiO2 potential.

The additional substitution at the meso‐position of porphyrin LD12 yields 
LD14 sensitizer (Figure 2.4). Wang and coworkers [48] reported that the cosen-
sitized system LD14/H2LD14/AN‐3 exhibited JSC = 18.76 mA cm−2, VOC = 716 mV, 
FF = 72%, and an overall device efficiency η = 9.72% which is superior to that 
obtained from the individual single‐dye devices and the two‐dye cosensitized 
system LD14/H2LD14 (8.31%). The VOC of the LD14/H2LD14/AN‐3 device is 
greater than that of the LD14/H2LD14 device (698 mV) due to the presence of 
additional AN‐3 dye. By attaching a 4‐dioctylaminophenyl‐ethynyl‐anthracenyl 
group via an acetylene bridge at the meso‐position of the porphyrin core LD14 
opposite to the anchoring group, the molecular design of LD31 was prepared 
(Figure 2.4). Further, LD31 was used for cosensitization with AN‐4 (Figure 2.5) 
and the cosensitized device LD31/AN‐4 shows the highest efficiency (10.26%) 
relative to that of individual dyes [49]. The JSC was enhanced with the IPCE 
response of LD31/AN‐4 cosensitized device. Jeong and coworkers reported that 
the spatially separated and mixed cosensitization of zinc porphyrin ZP or ZPS 
with highly efficient organic dye JK2 [50]. In spatially separated cosensitization, 
JK2bottom/ZPStop on 4.5 µm thick TiO2 film exhibited JSC = 13.67 mA cm−2, 
VOC = 670 mV, FF = 70%; the the overall device performance η = 6.41% is finer 
than JK2bottom/ZPtop, which exhibited an efficiency of 5.24%. In mixed cosensiti-
zation, JK2 + ZPS or JK2 + ZP exhibited efficiency 4.27 or 3.51%, respectively; 
these efficiency values are lesser than JK2 dye alone (η = 4.74%) but for spatially 
separated cosensitization the efficiency values are superior to the individual 
single dye alone.

Three Zn(II)‐porphyrin sensitizers, denoted as HP, EHOP and HOP 
(Figure  2.6), were based on additional hexyl (H), ethylhexyloxy (EHO,) and 
hexyloxy (HO) groups in the diphenylamine substituted Zn(II)‐porphyrin 
position opposite to the anchoring cyanoacrylic acid group in work reported 
by Kang and coworkers in 2013 [51]. PTZ1 (Figure 2.7) used as coadsorbant 
and developed through the modification of HCA1, was used to prevent π–π 
stacking of dyes. The highest efficiency among three dyes was observed for 
HOP (4.7%) and, furthermore, mixed with PTZ1 both JSC and VOC values were 
enhanced and overall device efficiency increased to 7.6% using the I−/I3

− redox 
couple. Chang and coworkers used cosensitization of ZnP (Figure  2.6) with 
phenothiazine molecule PT‐C6 (Figure 2.7), which has a strong light response 
in the visible range [52]. A stepwise cosensitization was performed for a 
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ZnP + PT‐C6 device; firstly, the TiO2 film was soaked in a ZnP solution for 10 h, 
followed by incubation in PT‐C6 solution for 1, 2, 3, 4 and 10 h, respectively. 
ZnP cosensitization with a 4 h or 10 h incubation in PT‐C6 exhibits the highest 
efficiency (10.10%), with increased JSC values that are finer than individual 
dyes. The metallated and free‐base porphyrin unit ZnP‐H2P (Figure 2.6) is an 
unsymmetrical porphyrin dyad used for cosensitization with a tertiary 
arylamine compound (DC); it was reported by Sharma and coworkers [53]. A 
ZnP‐H2P/DC cosensitized device showed JSC = 11.72 mA cm−2, VOC = 720 mV, 
FF = 73%, and the overall device performance η = 6.16%; it was further improved 
up to 7.68%, by using a formic acid treated TiO2 photoanode. Both JSC and VOC 
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values were enhanced and the VOC values are consistent with the electron life-
time. Carbazole donor based zinc porphyrin sensitizer XW4 cosensitized with 
C1 (Figure 2.7), whose absorption peak lies at approximately λ = 500 nm, affords 
the highest efficiency of 10.45%; it was reported by Wang and coworkers [54].

The cosensitization approach results in enhanced JSC, VOC, and efficiencies 
for solar cells fabricated using porphyrin dyes compared to standard ruthe-
nium dye N719 (9.63%). Further, Sun and coworkers used phenothiazine‐
based cosensitizer XS3 (Figure 2.7) for XW3 and XW4 dye. The cosensitized 
devices XS3 + XW3 and XS3 + XW4 exhibited efficiencies of 10.45 and 10.75%, 
respectively; these values well exceed that of 9.63% obtained for the ruthe-
nium dye N719 [55]. Further, Liu and coworkers reported XW4 dye cosen-
sitization with WS‐5 [56]; XW4 + WS‐5 showed JSC = 18.79 mA cm−2, 
VOC = 774 mV, FF = 72%, and an overall device efficiency of 10.41% [57]. Xie 
and coworkers synthesized cosensitizers to attain enhanced efficiency by 
introducing the phenothiazine moiety as the electron donor at the meso‐posi-
tion of the porphyrin core (opposite to the anchoring group) [58]. Compared 
with XW9, the additional ethynylene bridge and the auxiliary benzothiadia-
zole group in XW10 and XW11 red‐shifted the absorption onset wavelengths 
and exhibited efficiencies from 8.2 to 8.6 and 7.8%, respectively. Further, these 
sensitizers used for cosensitization with C1 and WS‐5 organic sensitizers and 
the cosensitized device XW11 + WS‐5 (η = 11.5% with JSC = 20.33 mA cm−2, 
VOC = 760 mV, FF = 74.4%) showed high efficiencies compared to XW11 + C1 
(η = 10.6% with JSC = 19.52 mA cm−2, VOC = 746 mV, FF = 74%), which are supe-
rior to the individual single dyes.
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Generally, VOC values of cosensitized solar cells are in between those obtained 
for the individual dyes. Improvement of VOC values for cosensitized devices 
was seen for XW11 + C1 and XW11 + WS‐5 due to the large VOC of C1 (780 mV) 
and WS‐5 (791 mV). The quasi‐solid‐state DSSCs cosensitized by FNE57 (or 
FNE59) with FNE46 on TiO2 films of thickness 15 µm were reported by Fan 
and coworkers [59]. The stepwise cosensitization was performed for devices, 
i.e. firstly immersed in the FNE57 (or FNE59) solution for six hours and then 
immersed in the FNE46 solution for 12 h [59]. Upon cosensitization, the quasi‐
solid‐state DSSCs based on a FNE59 + FNE46 device showed η = 8.14% with 
Jsc = 17.03 mA cm−2, VOC = 683 mV, and fill factor FF = 70%; it has good long‐
term stability during light soaking.

2.2.1.3  Ruthenium‐based Metal Complexes
The main drawback of ruthenium‐based sensitizers is the weak absorption in 
the red region of the visible spectrum; this limits their light harvesting capac-
ity. Greater than 11% efficiency was observed for ruthenium‐based N3, black 
dye, and N719 dyes. Further, device performance was improved simply by 
combination with another dye absorbing in the range from the red region of 
visible to near‐IR part of the spectrum. In 1999, Zhao and coworkers reported 
that squarylium cyanine dye Sq3 (Figure 2.8) doped with N3 dye improved the 
efficiency by 12% relative to that of single N3 dye by extending the visible 
region from 400 to 800 nm [60]. Ehret and coworkers used di‐carboxylated 
cyanine dyes and showed the photocurrent for a mixture of three dyes 
(B1G7R4) covering altogether most of the visible light region [61]. Further, 
cis‐configured squaraine dye HSQ1 (Figure 2.8) was used for cosensitization 
with N3 dye by Qin and coworkers [62]. It has high IPCE response in the 
near‐IR region and it is a suitable cosensitizer for DSSCs with high power 
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conversion efficiency. HSQ1 showed efficiency around 4.1% and it increased up 
to 8.14% for a N3 + HSQ1 cosensitized device that exhibited JSC = 15.76 mA cm−2, 
VOC = 680 mV, and FF = 76%, values that well exceed those of N3 and HSQ1 dyes. 
Both JSC and VOC values are increased upon cosensitization relative to that of 
individual sensitizers. The IPCE value for the cosensitized cell was 66% at 
700 nm, compared to 41% for a cell sensitized by N3 dye alone. Combinations of 
squaraine‐based dyes SPSQ1 or SPSQ2 (Figure 2.8) with N3 dye have been cho-
sen for cosensitization by Hanumantha Rao and coworkers [63]. Cosensitized 
devices based on SPSQ1 + N3 and SPSQ2 + N3 showed enhanced IPCE spectra 
covering the spectral region from 350 to 800 nm, which led to the highest JSC 
when compared to individual organic dyes (SPSQ1 and SPSQ2) [63]. The PCE 
of 7.20% for SPSQ1 + N3 and 8.20% for SPSQ2 + N3 are 42% and 48% incre-
ments on the isolated SPSQ1 and SPSQ2 dyes. The highest efficiency of 9.23% 
observed for ruthenium complex N3 dye was cosensitized with organic dye 
RK‐1 [64] (Figure  2.8). The PCE of the cosensitized device is significantly 
enhanced compared to that of individual dyes N3 (6.10%) or RK‐1 (5.82%) with 
both the JSC and VOC values improved.

Ruthenium‐based black dye (BD or N749) is one of the most efficient 
sensitizers and is used for cosensitization to further improve the efficiency. 
Layered cosensitization of black dye in dye‐bilayer (TiO2/BD/NK3075) [65] 
(Figure 2.9) or dye‐triple layer (TiO2/P5/N719/N749) [66] (Figure 2.10) was 
used to improve the device efficiency and these values well exceed that of a 
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solar cell sensitized by a monolayer dye; however, the PCE of these devices 
are less than 10%.

Furthermore, a successful cosensitization was reported by Ogura and cowork-
ers using different adsorption sites of BD and D131 dyes on a TiO2 surface [67]. 
There was no competition between the adsorption of dye molecules on the TiO2 
surface for mixed dye solution; as well D131 act as coadsorbant and improves the 
BD dispersion on TiO2. Both JSC and VOC values were increased for the multiple 
dye system and the overall device efficiency was 11%. Later, a significant improve-
ment was observed in the conversion efficiency of a cosensitized BD + D131 
device, from 11.08 to 11.33% and 11.57%, with the use of deoxycholic acid (DCA) 
as coadsorbant (Figure 2.11) and use of DCA with an antireflection film and a 
black mask, respectively [68]. The VOC value was enhanced for a device with 
DCA as coadsorbant due to decreased dye loading on the TiO2 surface, which 
suppresses black dye aggregation and prevenst the backward electron transfer 
from the conduction band of TiO2. A small coadsorbant Y1 (Figure 2.11) mole-
cule that has intense absorption maxima between 350 and 400 nm forms a com-
pact monolayer on the bare TiO2 surface with BD [69]. The combination of a 
BD + Y1 device exhibited efficiency around 11.28% with an increment of JSC and 
VOC values corresponding to the IPCE spectra and effectively suppress the 
recombination of electrons in the TiO2 film with I3

−. The highest certified 
conversion efficiency of 11.4% was obtained with the use of a black metal mask.

Akhtaruzzaman and coworkers reported that the simple indoline‐based 
organic dye (D‐1) cosensitized with the black dye (BD + D‐1) showed an effi-
ciency of about 9.80%, which is superior to that of a solar cell sensitized by a 
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single dye [70]. The addition of D‐1 sensitizer enhanced the IPCE in the wave-
length range 350–600 nm and enhanced the overall device performance. Other 
indoline‐based sensitizers AK01 and U01 (Figure 2.11) cosensitized with black 
dye enhanced the efficiency from 9.8 to 10.21% and 10.56%, respectively [71]. 
Both JSC and VOC values were enhanced for a BD + U01 device compared to 
those of BD + D‐1 device, which correspond to IPCE spectra and electron life-
time, respectively. The BD + HC5 cosensitized device system improves the 
efficiency from 11.2 to 11.6% using an antireflection film, as reported by Zhang 
and coworkers [72]. With respect to the cell using BD alone, JSC was improved 
to 8.5%, efficiency was improved to 12% in a BD + HC5 cosensitized device, and 
the VOC values are also slightly increased. The site‐selective adsorption behav-
ior of two different dyes on TiO2 film without competitive adsorption for the 
cosensitized system was reported by Shibayama and coworkers [73]. Stepwise 
cosensitization was performed for the DSSC to avoid a ligand substitution 
reaction between the NCS ligands of the adsorbed black dye and the pyridine‐
anchor units of NI5 (Figure 2.11). Cosensitization of BD with a pyridine anchor 
dye (NI5) enhanced the JSC values, with the improvement of 10% relative to that 
of black dye, and the overall device efficiency was 10% superior due to 
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cosensitization of the carboxyl anchor unit of NI1 (Figure  2.11) with BD 
(η = 8.8%). A quasi‐solid‐state cosensitized DSSC based on ruthenium complex 
BD and PT‐C6 organic dye was reported by Chang and coworkers [74]. The 
highest PCE of 8.0% for the cosensitized device was achieved by firstly dipping 
the electrode in BD solution for eight hours followed by immersing it in PT‐C6 
for three hours. Lee and coworkers [75] reported stepwise cosensitization of 
BD or N719 with organic dye FL for plastic DSSCs. The conversion efficiencies 
of cosensitized devices for plastic DSSCs with BD/FL and N719/FL are found 
to be 3.78 and 5.10%, respectively, which are higher than those of cell sensitized 
with a single dye.

The efficiency observed for ruthenium‐based N719 dye was 11.18%; to further 
improve the PCE, cosensitization was applied with different organic dyes to 
achieve panchromatic absorption spectrum. To the best of our knowledge, the 
first cosensitization of N719 with an organic dye carboxy‐fluorol (CF) (Figure 2.12) 
was reported by Siegers and coworkers in 2008. The cosensitized N719 + CF 
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device showed a similar JSC value and a slightly decreased VOC value, leading to a 
lower device efficiency compared to the solar cell sensitized by N719 single dye 
alone [76]. A similar observation for N719 cosensitization with SDA1570 was 
reported by Colonna and coworkers [77]. The cosensitized device was first satu-
rated with N719 and then dipped into SDA1570 solution for 15 minutes. It exhib-
ited 4.3% efficiency with decreased JSC and VOC values due to intermolecular 
interactions between SDA and N719; these values are lower than those of cell 
sensitized by the saturated N719 dye alone (η = 5.2%). A successful cosensitization 
was reported by Holliman and coworkers using a fast dyeing method [78]. The 
cosensitization of N719 with SQ1‐CDCA dye exhibited an efficiency of about 
7.9%, which exceeded that of cell sensitized by N719 (η = 6.4%) or SQ1‐CDCA 
(η = 2.9%) using “passive” dyeing techniques. The fast dyed cosensitization of 
N719 with triarylamine dye (6) (Figure 2.12) showed superior efficiency to a cell 
sensitized by a single dye, either by a passive or fast dyed method [79]. The tria-
zole isoquinoline‐based organic dye (4 L) (Figure 2.12) has absorption in the blue 
part of the visible region when it is cosensitized with N719; this results in an 
increased IPCE in the region between 350 and 500 nm. The overall device effi-
ciency of 8.83% was observed for a cosensitized device with the increment of JSC 
and VOC values [80].

Wu and coworkers reported that cosensitization with cyclic thiourea func-
tionalized organic dye AZ5 (Figure 2.12) resulted in an improved power con-
version efficiency (PCE) of 7.91% in comparison with that of N719 (PCE = 7.28%) 
sensitized alone [81]. Both JSC and VOC values increased upon cosensitization 
and intensive absorption in the ultraviolet region. AZ5 could compensate the 
loss of light harvest induced by triiodide, thereby improving the IPCE spec-
trum of cosensitized (N719 + AZ5) DSSC. Wei and coworkers studied different 
numbers and positions of methyl groups on their phenyl rings (M1o, M1p and 
M2) employed as cosensitizers for DSSC [82]. The more methyl groups in the 
cosensitizers (M0‐M2) improve the JSC value from 13.09 to 16.53 mA cm−2, 
with the position of the methyl group playing a decisive role in the power con-
version efficiency. The highest efficiency shown by methyl groups at the para‐
position of the imine group (M1P) (Figure  2.12) cosensitized with N719 
sensitizer yielded an overall efficiency of 7.32%, which is 35% higher than that 
of the device sensitized only by N719 (5.43%). Stepwise cosensitization of 
N719/TA‐St‐CA achieved 8.27% overall efficiency, which was higher com-
pared to those solar cells based on either TA‐St‐CA (4.45%) or N719 (5.78 %) 
sensitizer [83]. A different anchoring unit of the two dyes sensitized on the 
TiO2 surface results in the mono compact layer and large coverage of the TiO2 
surface, thereby enhancing JSC and reducing the back electron recombination 
with triiodide.

Furthermore, Luo and coworkers reported cosensitization of N719 with 
PTZ‐2 and PTZ‐3 by modifying the simple reference dye PTZ‐1 [84]. 
Cosensitized DSSC (PTZ–2 + N719) gave the highest efficiency of 8.12%, 
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exhibiting an improvement of 16.5% compared to the device sensitized with 
N719 alone (η = 6.97%), with increased JSC values [84]. However, the efficien-
cies based on ruthenium complex dye N719 involved in cosensitization with 
different organic dyes gave unsatisfactory results, i.e. efficiency was less than 
9%. Saritha and coworkers reported carbazole‐based sensitizers CCC and CTC 
upon cosensitization with N719 dye [85]. Upon cosensitization with N719 dye, 
a fabricated solar cell with CCC dye showed the highest short circuit current 
density of 19.33 mA cm−2, open circuit voltage of 0.745 V, and fill factor of 
0.473, resulting in the highest power conversion efficiency (PCE) of 8.01%, 
which is higher than DSSCs based on individual dyes, due to greater incident 
photon current conversion efficiency and broader visible light absorption. The 
reason for such higher VOC values is due to the better charge transport proper-
ties and the higher molar extinction coefficient values. The PCE of the N719 
cosensitized CCC device showed higher performance than a N719 cosensi-
tized CTC device, due to the occupation of planar CCC molecules in the voids 
between N719 molecules and reduced electron recombination compared to 
the nonplanar CTC molecule (Figure  2.13). The increased JSC values corre-
spond to enhanced IPCE spectrum for cosensitized devices, which showed 
higher efficiency than cell sensitized by individually sensitized dye as well as 
N719 dye alone.

Other ruthenium‐based metal complexes were developed to achieve high 
efficiency and these complexes were subjected to cosensitization with various 
organic sensitizers to further improve the PCE of the device. Nguyen and cow-
orkers reported a stepwise cosensitization of C106 metal complex (Figure 2.14) 
with organic dye D131 [86]. A cell sensitized by C106 dye has vacant spaces in 
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with permission of Elsevier.
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between the molecules; when filled by D131 dye molecules, this thereby effectively 
suppresses the charge recombination. Both JSC and VOC values were improved and, 
hence, the overall device efficiency was 11.1% for a C106 + D131 cosensitized 
device, which is higher compared to the fabricated solar cell sensitized with either 
C106 (9.5%) or D131 (5.6%) alone. A similar phenomenon was observed for a 
cosensitized SPS‐01 + JD1 device [87]. The cosensitized cell showed PCE of 8.30%, 
which is superior to that of the individual dyes (either SPS‐01 or JD1) sensitized on 
the TiO2 surface. Further, results are available regarding stepwise cosensitization of 
SPS‐01 and a diketopyrrolopyrrole (DPP)‐based TDPP (Figure  2.14) sensitizer 
[88]. The cosensitized device showed significant improvement in both JSC and VOC 
and the overall device efficiency was 6.9%, which was further improved up to 8.1% 
by the addition of DCA as a coadsorbent in the SPS‐01 + TDPP dye solution.

A cosensitized cell based on Z907 (Figure  2.14) and NK3705 showed a 
PCE of 7.1%, which is higher than a cell sensitized by the single dyes Z907 
(6.9%) and NK3705 (1.8%) [89]. The PCE of this cosensitized device is lower 
than a cosensitized cell based on black dye and NK3705 (Table 2.1, entry 25). 
Fan and coworkers reported cosensitization of ruthenium‐based metal com-
plex dye JK‐142 and organic dye JK‐62 [90]. The large size of the JK‐142 
sensitizer ineffectively penetrates into the inner surface of the TiO2 film, 
which results in a lower PCE for the cell sensitized by the single dye. PCE 
was increased, with the  improvement of JSC and VOC values, by sequential 
adsorption of JK‐142 followed by the small molecular of JK‐62. The cosensi-
tized device exhibited an efficiency of 10.2%, which is superior to that of 
individual dyes as well as standard N719 (8.82%) dye [90]. The higher PCE 
of the cyclometalated ruthenium complex (FT89) compared to black dye 
was found upon cosensitization with carbazole‐based sensitizers MK‐45 
and MK‐111, respectively. A PCE of 10.2% was marked for a FT89 + MK‐111 
cosensitized device with DCA coadsorbent, which was further improved to 
11.1% with an antireflection film and a mask without DCA coadsorbent 
[91]. MK‐111 was more effective than MK‐45 for cosensitization with FT89 
due to a structural difference in their anchoring groups. A combination of 
amphiphilic ruthenium (II) sensitizer dye and Y3 possessing three methoxy 
groups on the donor moiety improves JSC value and the PCE (6.29%) com-
pared to that of individual ruthenium dye (5.21%) and Y3 (3.30%) [92]. 
Cosensitization of metal complex K60 and Y1 organic dye showed an effi-
ciency of 8.19% with JSC = 18.26 mA cm−2 and VOC = 650 mV, which is higher 
than the solar cell sensitized with pristine K60 (6.26%) dye [93]. Dickson and 
coworkers reported cosensitization of ruthenium complex HD‐2 with 
indole‐based dye DBA‐2 slightly improves the JSC and VOC values and the 
device efficiency (8.06%); however, it is superior to a cell sensitized by N719 
dye under the same conditions [94]. A similar observation was made when 
using cosensitization of ruthenium complex NCSU‐10 with DBA‐4, which 
exhibited a PCE of 10.12% with CDCA coadsorbent [95].



  Table 2.1    Photovoltaic properties of metal complexes cosensitized with organic sensitizers. 

Entry Sensitizer
 J SC  
 (mAcm −2 ) 

 V OC  
 (mV) FF  η  (%) Reference efficiency ( η %) Electrolyte Ref.    

1 JK2/TT1 16.20 666 72 7.74  JK2, 7.08; 
 TT1, 3.52 

I 3  − /I −   35    

2 D2/TT1 8.6 643 72.4 4.08  D2, 3.43; 
 TT1, 2.37 

I 3  − /I −   36    

3 D102/TT1 9.4 800 60 4.7  D102, 3.9; 
 TT1, 1.1 

gel electrolyte   37    

4  PcS15/D131 
 PcS15/D102 

 15.3 
 13.9 

 630 
 625 

 64 
 64 

 6.2 
 5.6 

PcS15, 5.3 I 3  − /I −   38    

5 YD‐2/D‐205 12.6 742 73.2 6.9  D‐205, 5.7; 
 YD‐2, 5.6 

I 3  − /I −   40    

6 YD2‐o‐C8/ Y123 17.66 935 74 12.3 YD2‐o‐C8, 11.9; Co(II/III)   43    
7 YD2‐o‐C8/CD4/YDD6 19.28 753 71.9 10.4  YD2‐o‐C8, 8.8; 

 CD4, 5.8; 
 YDD6, 4.7; 
 CD4/YDD6, 8.2; 
 YD2‐oC8/YDD6, 9.6; 
 YD2‐oC8/CD4, 9.2 

I 3  − /I −   44    

8 DMPZn‐C2‐COOH/BET 9.40 753 73.6 5.21 DMPZn‐C2‐COOH, 5.12 I 3  − /I −   45    
9 LD12/BET 14.66 705 72.6 7.50  LD12, 6.6; 

 BET, 0.15 
I 3  − /I −   46    



(Continued )

Entry Sensitizer
 J SC  
 (mAcm −2 ) 

 V OC  
 (mV) FF  η  (%) Reference efficiency ( η %) Electrolyte Ref.    

10 LD12/CD5 16.74 736 73.1 9.0  LD12, 7.5; 
 CD5, 5.7 

I 3  − /I −   47    

11  LD14/H2LD14 
 LD14/H2LD14/AN‐3 

 16.71 
 18.76 

 698 
 716 

 71.2 
 72.2 

 8.31 
 9.72 

 LD14, 9.25; 
 H 2 LD14, 5.62; 
 AN − 3, 4.68 

I 3  − /I −   48    

12 LD31/AN − 4 20.27 704 71.8 10.26  LD31, 9.95; 
 AN‐4, 4.44 

I 3  − /I −   49    

13  JK2\ZPS (sep) 
 JK2\ZP (sep) 

 13.67 
 11.36 

 670 
 650 

 70 
 71 

 6.41 
 5.24 

 ZP, 2.49; 
 ZPS, 4.16; 
 JK2, 4.74 

—   50    

14 HOP/PTZ1 15.9 678 70.3 7.6 HOP, 4.7 I 3  − /I −   51    
15 ZnP/PT‐C6 19.36 735 71.0 10.1  ZnP, 7.4; 

 PT‐C6, 8.2 
I 3  − /I −   52    

16 ZnP‐H 2 P/DC 13.45 760 75.0 7.68  ZnP‐H 2 P, 4.56; 
 DC, 4.06 

I 3  − /I −   53    

17 XW4/C1 20.15 736 71.0 10.45  XW4, 7.94; 
 C1, 5.67 

Co(II/III)   54    

18  XS3/XW3 
 XS3/XW4 

 19.89 
 19.96 

 720 
 728 

 73.0 
 74.0 

 10.45 
 10.75 

XS3, 8.02; XW3, 7.32; XW4, 7.94 Co(II/III)   55    

19 XW4/WS‐5 18.79 774 72.0 10.41  XW4, 6.42; 
 WS‐5, 8.64 

I 3  − /I −   57    

20  XW11/C1 
 XW11/WS‐5 

 19.52 
 20.33 

 746 
 760 

 74.0 
 74.4 

 10.6 
 11.5 

XW11, 7.8 I 3  − /I −   58    

21 FNE59/FNE46 17.03 683 70.0 8.14  FNE59, 6.02; 
 FNE46, 6.8 

gel electrolyte   59    



Entry Sensitizer
 J SC  
 (mAcm −2 ) 

 V OC  
 (mV) FF  η  (%) Reference efficiency ( η %) Electrolyte Ref.    

22 N3/HSQ1 15.76 680 76.0 8.14  N3, 6.52; 
 HSQ1, 4.10 

I 3  − /I −   62    

23  N3/SPSQ1 
 N3/SPSQ2 

 15.60 
 17.10 

 635 
 656 

 73.0 
 73.0 

 7.20 
 8.20 

N3, 7.13 I 3  − /I −   63    

24 N3/RK‐1 18.10 888 57.4 9.23  N3, 6.10; 
 RK‐1, 5.82 

I 3  − /I −   64    

25 BD/NK3075 21.80 600 70.0 9.16  BD, 7.28; 
 NK3705, 1.85 

I 3  − /I −   65    

26 P5/N719/N749 10.6 618 72.5 4.8  P5,1.0; N719, 2.6; 
 N749, 3.6 

I 3  − /I −   66    

27 BD/D131 22.59 696 70.0 11.0  BD, 10.04; 
 D131, 5.06 

I 3  − /I −   67    

28  BD/D131/DCA 
 BD/D131/DCA (anti ref. film) 

 23.34 
 23.49 

 685 
 683 

 70.9 
 72.1 

 11.33 
 11.57 

 BD, 10.0; 
 D131, 4.73 

I 3  − /I −   68    

29 BD/Y1 20.88 743 72.7 11.28 BD, 10.70 I 3  − /I −   69    
30 BD/D‐1 19.54 703 71.4 9.80  BD, 9.18; 

 D‐1, 3.34 
I 3  − /I −   70    

31  BD/AK01 
 BD/U01 

 20.98 
 20.44 

 685 
 722 

 71.1 
 71.5 

 10.21 
 10.56 

BD, 9.18; AK01, 6.20; U01,6.01 I 3  − /I −   71    

32  BD/HC5 
 BD/HC5 (A.R.Film) 

 22.08 
 22.36 

 705 
 710 

 71.7 
 72.9 

 11.2 
 11.6 

 BD, 10.3; 
 HC5, 5.3 

I 3  − /I −   72    

Table 2.1 (Continued)



(Continued )

Entry Sensitizer
 J SC  
 (mAcm −2 ) 

 V OC  
 (mV) FF  η  (%) Reference efficiency ( η %) Electrolyte Ref.    

33  BD/NI5 
 BD/NI1 

 20.7 
 18.3 

 680 
 670 

 71.0 
 72.0 

 10.0 
 8.8 

BD, 9.5 I 3  − /I −   73    

34 BD/PT‐C6 17.59 645 70.0 8.0  BD, 6.3 
 PT‐C6, 6.5 

gel electrolyte   74    

35  BD/FL 
 N719/FL 

 9.77 
 11.42 

 650 
 715 

 59.5 
 62.5 

 3.78 
 5.10 

 BD, 2.66; FL, 2.67; 
 N719, 4.89 

I 3  − /I −   75    

36 N719/SQ1‐CDCA 15.0 820 63.0 7.9  N719,6.4; 
 SQ1‐CDCA, 2.9 

—   78    

37 N719/6 15.45 740 65.0 7.5  N719,5.6 (passive), 
 6.0 (fast); 6, 1.2 (passive), 2.6 (fast) 

I 3  − /I −   79    

38 N719/4 L 16.39 770 70.0 8.83  N719, 8.36; 
 4 L, 3.70 

I 3  − /I −   80    

39 N719/AZ5 17.9 698 63.3 7.91  N719, 7.28; 
 AZ5, 4.37 

I 3  − /I −   81    

40 M1P/N719 16.48 720 59.0 7.00 N719, 5.43 I 3  − /I −   82    
41 N719/TA‐St‐CA 16.22 680 75.0 8.27  TA‐St‐CA, 4.45; 

 N719, 5.78 
I 3  − /I −   83    

42 N719/PTZ‐2 16.37 670 74.0 8.12  PTZ‐2, 5.81; 
 N719, 6.97 

I 3  − /I −   84    

43  CCC/N719 
 CTC/N719 

 19.33 
 18.75 

 745 
 742 

 47.3 
 41.0 

 8.01 
 6.71 

CCC, 3.12; CTC, 2.63; N719, 6.6 I 3  − /I −   85    

44 C106/D131 20.6 766 70.0 11.1  C106, 9.5; 
 D131, 5.6 

—   86  ]  



Table 2.1 (Continued)

Entry Sensitizer
 J SC  
 (mAcm −2 ) 

 V OC  
 (mV) FF  η  (%) Reference efficiency ( η %) Electrolyte Ref.    

45 SPS‐01/JD1 15.28 720 76.0 8.30  SPS‐01, 5.98; 
 JD1, 4.76 

I 3  − /I −   87  ]  

46  SPS‐01/TDPP 
 SPS‐01/TDPP/ DCA 

 13.7 
 15.2 

 700 
 720 

 72.0 
 74.0 

 6.9 
 8.1 

 SPS‐01, 5.47 
 TDPP, 4.82 

I 3  − /I −   88    

47 Z907/NK3705 15.68 700 64.0 7.1  Z907, 6.9; 
 NK3705, 1.8 

I 3  − /I −   89    

48 JK‐142/JK‐62 18.61 740 74.0 10.20 N719, 8.82; JK‐142, 7.28; JK‐62, 5.36. I 3  − /I −   90    
49  FT89/MK‐111/DCA 

 FT89/ MK‐111 
 21.2 
 22.4 

 710 
 710 

 68.0 
 69.0 

 10.2 
 11.1 

 FT89, 9.1; 
 MK‐111, 3.4 

I 3  − /I −   91    

50 Ru dye/Y3 14.32 602 73.0 6.29  Ru dye, 5.21; 
 Y3, 3.30 

I 3  − /I −   92    

51 K60/Y1 18.26 650 69.0 8.19 K60, 6.26 I 3  − /I −   93    
52 HD‐2/DBA‐2 16.54 732 66.5 8.06  HD‐2, 7.61; 

 DBA‐2, 1.01 
I 3  − /I −   94    

53 NCSU‐10/DBA‐4/CDCA 22.69 715 62.4 10.12 NCSU‐10, 8.84 I 3  − /I −   95  
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2.2.2  Cosensitization of Organic–Organic Dyes

Organic sensitizers are promising potential candidates for DSSC applications 
due to high molar extinction coefficients, because they can be prepared and 
purified more easily, and they are cost effect compared to Ru(II) polypyridyl 
complexes. But, the major drawback of organic sensitizers is sharp and narrow 
absorption characteristics that limit the light harvesting capacity. Unfortunately, 
there is no single sensitizer with strong absorption covering a spectral region 
from visible to near‐IR; hence, the cosensitization strategy was applied by mix-
ing two or more dyes that have different absorption wavelengths to broaden 
the absorption spectrum (Table 2.2). Less of the dye is required to sensitize a 
TiO2 film due to the high molar extinction coefficient of organic sensitizers 
and, thereby, the combined dyes exhibit complementary absorption spectra. 
Several groups have been examined; a combination of blue and red absorbing 
sensitizers facilitates panchromatic sensitization of DSSCs. Sayama and cow-
orkers [96] reported sensitization of TiO2 film with cyanine and merocyanine 
organic dyes having short anchoring groups to show enhanced efficiency. Cells 
sensitized with such dyes were found to adsorb simultaneously and, in addi-
tion, attained improved JSC (11.5 mA cm−2) and efficiency (3.10%) compared to 
cells sensitized with single dye. Guo and coworkers reported that cell sensi-
tized with a mixture of pentamethylcyanine derivative (A) and trimethylcya-
nine derivative (B), with the volume ratio of 1:3 (A:B), generated the highest 
photoelectric conversion yield of 3.4% [97].

Chen and coworkers explored solar cells fabricated with three dyes Y, R, and 
B (Figure 2.15) with different absorbance maxima (380, 535, and 642 nm), lead-
ing to an efficient light harvesting over a wide spectrum covering the whole 
visible region and part of near‐IR. The highest efficiency observed was 6.5% for 
cell sensitized with three kind of dyes [98]. The cosensitization of dye absorbing 
light in the blue part of the visible spectrum (JK2) and red/near‐IR absorption 
of SQ1 (Figure 2.15) was reported by Yum and coworkers [99]. The cosensitized 
device showed a promising conversion efficiency of 7.43% for a mixed solution; 
this is higher than sequential adsorption of cosensitizers SQ1 and JK2 (7.38%) as 
well as cells sensitized by the individual dyes JK2 (7.00%) and SQ1 (4.23%). 
Complementary absorption of these two dyes results in a higher and broader 
IPCE spectrum for the cosensitized device, which, in turn, improved the JSC 
value and the overall device efficiency [99]. Clifford and coworkers reported the 
novel cosensitization strategy, i.e. cosensitization of primary and secondary dye 
was distinct by deposition of secondary metal oxide (Al2O3) whose cell architec-
ture was TiO2/Dye1/Al2O3/Dye2 [100]. This strategy was further used for cell 
sensitized with JK2 and SQ1 and the cell architecture TiO2/JK2/Al2O3/SQ1 was 
developed by Choi and coworkers [101]. The stepwise cosensitized JK2/Al2O3/
SQ1 device showed JSC and efficiency (η) of 17.6 mA cm−2 and 8.65%, respec-
tively, which is higher than the cell based on cocktail cosensitization of JK2 and 



  Table 2.2    Photovoltaic properties of organic–organic sensitizer cosensitization. 

Entry Sensitizer
 J SC  
 (mAcm −2 ) 

 V OC  
 (mV} FF  η  (%) Reference efficiency ( η ) Electrolyte Ref    

1 Cy0/Cy1/SQ 11.5 470 57 3.1  Cy0, 0.8; 
 Cy1, 2.3; SQ, 2.4 

I 3  − /I −   96    

2 A1/B3 15.8 520 47 3.4 A, 1.3; B, 2.9 I 3  − /I −   97    
3 Y/R/B 15.8 525 63 6.5 Y, 2.8; R, 4.6; B, 3.9 I 3  − /I −   98    
4  JK2/SQ1 (seqential) 

 JK2/SQ1(mixed) 
 16.1 
 15.5 

 655 
 685 

 70 
 70 

 7.38 
 7.43 

JK2, 7.0; SQ1, 4.23 I 3  − /I −   99    

5  JK2/SQ1 
 JK2/Al 2 O 3 /SQ1 

 16.9 
 17.6 

 662 
 696 

 71 
 70 

 8.01 
 8.65 

JK2, 7.48; SQ1, 4.02 I 3  − /I −   101    

6 SQ1/JK2 13.62 665 70.8 6.41 JK2, 6.02; SQ1, 3.78 ionic liq. electrolyte   102    
7 A3/B1 15.18 444 45 3.0  A, 2.42; 

 B, 1.56 
I 3  − /I −   103    

8 NKX2677/HC‐Acid 18.01 663 76.16 9.09 NKX2677, 6.59; HC‐Acid, 1.21 I 3  − /I −   104    
9 BP‐2/SQ2 21.33 660 58 8.14  BP‐2, 5.95; 

 SQ2, 3.78 
I 3  − /I −   105    

10 CMR103/CM203/HY113 20.1 597 68.3 8.2 CMR103, 3.1; CM203, 5.0; HY113, 4.4 I 3  − /I −   106    
11 JD1/SQ2 15.13 640 66 6.36  JD1, 5.44; 

 SQ2, 4.11 
I 3  − /I −   107    

12 SQ2/5c 17.76 610 57 6.24 — I 3  − /I −   108    
13 JD10/D35 18.0 653 67 7.9 JD10, 7.30 I 3  − /I −   109    



Entry Sensitizer
 J SC  
 (mAcm −2 ) 

 V OC  
 (mV} FF  η  (%) Reference efficiency ( η ) Electrolyte Ref    

14 Y1/HSQ5 8.36 629 69.5 3.66  Y1, 2.16; 
 HSQ5, 2.30 

I 3  − /I −   110    

15  T4BTD‐A /HSQ3 
 T4BTD‐A /HSQ4 

 17.21 
 18.09 

 611 
 588 

 67 
 73 

 7.05 
 7.77 

T4BTD‐A, 6.38; HSQ3, 4.81; HSQ4, 
5.78

I 3  − /I −   111    

16 D131/SQ2(cocktail) D131/
SQ2 (layered)

 8.78 
 9.73 

 600 
 650 

 62 
 65 

 3.3 
 4.1 

 D131, 3.4; 
 SQ2, 2.7 

I 3  − /I −   112    

17 XS41/TC2 16.1 770 66 8.18  XS41, 6.73; 
 TC2, 5.19 

I 3  − /I −   113    

18 WS‐26/S1 18.25 731 71 9.72 WS‐26, 8.61 I 3  − /I −   114    
19 IQ21/S2 19.8 731 72 10.4 IQ21, 9.0 I 3  − /I −   115    
20  WS‐1/VG1‐C8 

 WS‐1/HSQ4 
 17.73 
 18.71 

 701 
 657 

 72 
 71 

 9.0 
 8.7 

 VG1‐C8, 3.5; 
 WS‐1, 6.3; 
 HSQ4, 5.0 

I 3  − /I −   116    

21 WS‐39/WS‐2 18.25 731 71 9.48  WS‐39, 8.67; 
 WS‐2, 8.48 

I 3  − /I −   117    

22  TA‐St‐CA/D 
 TA‐St‐CA/D/DCA 

 12.40 
 12.96 

 660 
 730 

 76 
 76 

 6.26 
 7.19 

TA‐St‐CA, 4.98, D, 4.22 I 3  − /I −   118    

23  C258/C239 
 C259/C239 

 18.28 
 17.85 

 856 
 891 

 71.5 
 72.2 

 11.2 
 11.5 

C258, 8.9 Co(bpy)   119    

24 FNE46/FNE53 18.12 634 70 8  FNE46, 7.03; 
 FNE53, 5.19 

I 3  − /I −   120    

25 WS64 /S2 14.9 738 72 7.9  WS64, 5.6; 
 S2, 6.3 

I 3  − /I −   121    

26 TP3/YR6 19.18 721 71.2 9.84  TP3, 8.0; 
 YR6, 2.16 

I 3  − /I −   122    

(Continued )



Entry Sensitizer
 J SC  
 (mAcm −2 ) 

 V OC  
 (mV} FF  η  (%) Reference efficiency ( η ) Electrolyte Ref    

27 LI‐102/SQ2 16.62 714 63 7.44  LI‐102, 5.98 
 SQ2, 4.28 

I 3  − /I −   123    

28 ADEKA‐1/SFD‐5. 16.0 >1000 — 12.8 ADEKA‐1, 12.5 Co(II/III)   124    
29  ADEKA‐1/ LEG4 

 ADEKA‐1/ LEG4 (GNP 
counter electrode) 

 17.77 
 18.27 

 1018 
 1014 

 76.6 
 77.1 

 13.8 
 14.3 

ADEKA‐1, 12.5 Co(II/III)   125  

Table 2.2 (Continued)
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SQ1 [101]. This improvement was observed due to retardation of the interfacial 
recombination dynamics. Kuang and coworkers also reported the cosensitiza-
tion of organic dyes JK2 and SQ1 for efficient ionic liquid electrolyte based 
DSSCs [102]. Cosensitization of TiO2 films was first carried by dipping for four 
hours in the SQ1 dye solution and then by dipping for two hours in the JK2 dye 
solution; this resulted in a PCE of 6.41%, which is superior to individually sensi-
tized JK2 (6.02%) and SQ1 (3.78%) dyes.

Wu and coworkers reported that the trimethine cyanine dye (A3) and a near‐
IR absorbing pentamethine cyanine dye (B1) (Figure 2.15) were employed to 
cosensitize a solar cell over the entire visible spectrum and the solar‐cell 
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performance was improved to 3.0% in the volume ratio 3:1 for A3:B1 when 
compared to individually sensitized dye on TiO2 film [103]. A successful PCE 
of 9.09% was achieved by NKX2677 organic dye coadsorbed by Y‐shaped triar-
ylamine HC‐Acid (JSC = 18.01 mA cm−2, VOC = 663 mV, and FF = 76.16%); these 
values well exceed that of individual NKX2677 and HC‐Acid dyes. The overall 
conversion efficiency (η) of 38% occurred in comparison to the NKX2677‐
based solar cell [104]. HC‐Acid caused the breakup of π‐stacked aggregates, 
which reduced the recombination process at the TiO2 surface and improved 
the JSC and VOC values. Lin and coworkers reported that the cosensitization of 
organic dye containing 9,10‐dihydrophenanthrene unit in the spacer (BP‐2) 
and SQ2 is 8:2 (v/v), yielding a high efficiency of 8.14% as compared to indi-
vidually sensitized cell [105]. Cheng and coworkers synthesized novel cyanine 
dyes CM201‐CM204, in which a tetrahydroquinoline derivative is used as an 
electron donor, and the CM203 was also applied to cosensitize with other two 
organic dyes, CMR103 and HY113. CMR103 and HY113 have strong absorp-
tion in the range 400–500 nm and intense absorption in the near‐IR region 
(600–700 nm), respectively, and the cell sensitized by three dyes showed broad 
absorption in the range of 400–700 nm. For such a cosensitized device, the 
TiO2 film was firstly dipped in the CMR103 dye solution (0.5 h), then dipped in 
the CM203 dye solution (0.5 h), followed by dipping in the HY113 dye solution 
(4 h), resulting in a PCE of 8.2% [106].

Furthermore, cosensitization of squaraine dye (SQ2) and a diarylaminoflu-
orene‐based organic dye (JD1); SQ2 dye has high molar extinction coefficient 
values and absorption maximum at 662 nm, which affords complementary 
spectral characteristics for JD1 dye [107] (Figure  2.16). A wide absorption 
wavelength (400–750 nm) for the cosensitized device JD1 + SQ2 at the molar 
ratio of 6:4 showed a PCE of 6.36%, which is much higher than those of the cells 
sensitized with individual dyes absorbing narrow wavelength of light, i.e. η of 
5.44% and 4.11% for the DSSC sensitized with JD1 and SQ2 dyes, respectively. 
Chang and coworkers used SQ2 cosensitization with pyrenoimidazole‐based 
dye (5C) (Figure 2.16), which has absorption maximum at 464 nm, thereby pro-
ducing panchromatic sensitization in the 400–750 nm region for the molar 
ratio of 4:6 (SQ2:5C) and the observed PCE was 6.24% [108]. Delcamp and 
coworkers utilized another squaraine‐based dye (JD10) for cosensitization 
with metal‐free organic dye D35 [109]. The PCE of 7.3% attained for JD10 dye 
alone sensitized on TiO2 film is further improved to 7.9% when cosensitized 
with D35 in a 1:1 molar ratio with improved JSC and VOC values. Zhang and 
coworkers reported that the cocktail cosensitization of Y1 and HSQ5 
(Figure 2.16) in 1:1 molar ratio showed two strong absorption peaks around 
400 and 700 nm; these are attributed to Y1 and HSQ5 dyes, respectively111. The 
IPCE of such a cocktail cell (Y1/HSQ5) covers a fairly broad absorption region 
up to 770 nm, which corresponds to the larger JSC of the cocktail cell 
(8.36 mA cm−2) compared to those of the Y1 (4.67 mA cm−2) and HSQ5 
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(5.47 mA cm−2) single‐dye cells. The overall Y1/HSQ5 device efficiency was 
3.66%, which is significantly higher than the efficiencies of Y1 (2.16%) and 
HSQ5 (2.30%) single‐dye cells. Other cis‐configured squaraine rings HSQ3 or 
HSQ4 organic dyes cosensitized by oligothienylene dye containing benzothia-
diazole (T4BTD‐A) dye (Figure 2.16) shows improved JSC and VOC values; these 
are attributed to complementary absorption spectra and suppression of charge 
recombination of the injected electrons, respectively. The improved PCE of 
7.0% for T4BTD‐A + HSQ3 and 7.7% for T4BTD‐A + HSQ4 are superior to 
DSSCs sensitized with the individual dyes [111].

Xue and coworkers [112] reported cosensitized plastic DSSCs using D131 
(Figure 2.17) and SQ2 dyes. D131 exhibits an absorption maximum at 430 nm 
while SQ2 has absorption maxima at 610 nm and 670 nm on TiO2 film. Both 
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cocktail cosensitization and layered cosensitization (using multiple electro-
phoretic deposition, EPD) were studied and a PCE of 4.1% achieved for layered 
cosensitization of D131 and SQ2, which is higher than that of cocktail cosensi-
tization as well as cell sensitized with individual dyes D131 and SQ2 [112]. Li 
and coworkers [113] used indoline‐based organic dyes XS41‐XS44, which can 
notably retard the charge recombination at the titania/electrolyte interface. 
These dyes were coadsorbed with TC1 and TC2 organic dyes and results of 
XS41, upon co‐adsorption with TC2, produce higher JSC (16.1 mA cm−2), VOC 
(770 mV), and fill factor (0.66), corresponding to a PCE of 8.18% [113]. Further, 
another indoline‐based dye WS‐26 (Figure 2.17), cosensitized with metal‐free 
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organic dye S1 by immersing a TiO2 film in the solution of WS‐26 for 12 h and 
then in S1 for one hour results better performance. That is, the cosensitized 
WS‐26/S1 improves the photovoltaic efficiency from 8.61 to 9.72%, with 
JSC = 19.84 mA cm−2, VOC = 694 mV, and FF = 0.706 [114]. Pei and coworkers 
reported that cosensitization of indoline‐based IQ21 dye with S2 dye (i.e. S2 
dye has an additional thiophene unit compared to the S1 dye) (Figure 2.17) 
exhibited a PCE of 10.41% (JSC = 19.8 mA cm−2, VOC = 731 mV, FF = 0.72), which 
is superior to a cell sensitized with single dye IQ21 (9.0%) with improved JSC 
value [115]. Zhang and coworkers used indoline dye WS‐1 cosensitized with 
squaraine dyes VG1‐C8 or HSQ4. For cosensitization, the TiO2 electrodes 
were first immersed in a dye bath of WS‐1 for two hours, followed by immer-
sion in dye solution containing VG1‐C8 (Figure 2.17) or HSQ4 (Figure 2.16) at 
different time intervals. Incorporating an electron‐withdrawing group in 
HSQ4 efficiently broadens the IPCE action spectra and increases the photo-
current compared to VG1‐C8 cosensitization with WS‐1 [116]. But the VOC 
value of the cosensitized device WS‐1 + HSQ4 was low compared to the cosen-
sitized device WS‐1 + VG1‐C8; the PCE of 8.7% for WS‐1 + HSQ4 and 9.0% for 
WS‐1 + VG1‐C8 are much higher than those for individually sensitized 
WS‐1(6.3%), HSQ4 (5.0%), and VG1‐C8 (3.5%) dyes. Further, the high JSC value 
of WS‐2 dye and high VOC value of WS‐39 dyes were involved in cosensitiza-
tion, as reported by Liu and coworkers [117]. For such a cosensitized device, 
the cell is sensitized first with high VOC value WS‐39 then WS‐2 improves the 
PCE of 9.48% [117].

Sharma and coworkers reported cosensitization of two metal‐free organic 
dyes, TA‐St‐CA (Figure 2.18) and D, which results in complementary absorp-
tion bands in the visible and near infrared regions, and, in addition, showed an 
improved PCE of 6.26% compared to DSSCs based on individual dyes TA‐St‐
CA (4.98%) or D (4.22%). Furthermore, the PCE was improved to 7.19% by using 
DCA coadsorbent [118]. Triphenylamine‐based organic dye C258 or C259 
cosensitized with metal‐free organic dye C239 (Figure 2.18) showed the highest 
PCE of 11.2 and 11.5%, respectively [119] under 100 mW cm−2 light illumination 
in the presence of (Co‐bpy) redox couple. The PCE of 8.9% for C258 individu-
ally sensitized dye was improved to 11.2% when cosensitized with C239 dye, 
with an 8% increment in JSC value. Lu and coworkers [120] reported near‐infra-
red organic sensitizers FNE53 and FNE46 used as cosensitizers for metal‐free 
cocktail‐type quasi‐solid‐state DSSCs. The sensitizer FNE53 not only extends 
the photoresponse range but also suppresses the intermolecular interactions 
and gives overall efficiency of 8.04% with photovoltaic parameters 
JSC = 18.12 mA cm−2, VOC = 634 mV, and FF = 0.70 for a quasi‐solid‐state DSSC 
cosensitized with FNE46 and FNE53. Triphenylamine‐based dyes S0‐S2 have 
different lengths of π‐bridge have been developed as cosensitizers for WS62 and 
WS64 dye, as investigated by Li and coworkers [121]. The promising efficiency 
of 7.9% by the cosensitization of WS64 and S2 shows JSC = 14.9 mA cm−2, 
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VOC = 738 mV, and FF = 0.72, which is 41% higher than the individually sensi-
tized WS64 dye. Phenothiazine‐cored 3D bulky organic sensitizer TP3 was 
cosensitized with a near‐infrared‐absorbing squaraine dye YR6 to suppress the 
dye aggregation and retarded the charge recombination in DSSCs. The highest 
PCE of 9.84% was achieved at the TP3/YR6 (Figure 2.18) molar ratio of 25:1, 
which exhibited remarkable efficiency enhancement of 33% compared with the 
device solely based on TP3 dye [122]. Fang and coworkers synthesized H‐type 
organic dyes LI‐101, LI‐102, and LI‐103 and used these for cosensitization with 
SQ2. Among the three dyes, meta‐linkage model LI‐102 cosensitized with SQ2 
showed the best photovoltaic performance of 7.44%, much higher than SQ2 
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itself (4.28%) and LI‐102 (5.98%) [123]. Kakiage and coworkers reported cosen-
sitization of organic silyl‐anchor dyes using carbazole (ADEKA‐1) and cou-
marin dyes (SFD‐5) (Figure  2.18) with organosilicon tethers [124]. The 
ADEKA‐1‐sensitized solar cell exhibited the highest η of 12.5%, which is further 
improved to 12.8% while cosensitize with SFD‐5 using cobalt (III/II) complex 
electrolyte [124]. Moreover, the same group reported that ADEKA‐1 
(Figure 2.18) cosensitized with LEG4 (Figure 2.18), gave a PCE of 13.5%, which 
is further improved to 14.3% with the optimized cobalt (III/II) complex redox 
electrolyte solution and the GNP (graphene nanoplatelets) counterelectrode 
[125]. This is highest efficiency among all cosensitized and individually sensi-
tized devices.

2.3  Conclusions

In conclusion, DSSCs are promising photovoltaic devices and a plausible 
alternative to conventional photovoltaic systems. The sensitizer is one of the 
key components in achieving high efficiency. Many type of metal complexes 
and metal‐free organic dyes can be used in DSSC fabrication. However, the 
major drawback of using a single sensitizer is failure to harness photons either 
from visible or near infrared (NIR) region. In this regard, cosensitization is 
found to be alternative method. Cosensitization is an effective method, form-
ing a mono compact layer on TiO2 film of two or more sensitizers with differ-
ent sizes and shapes. Cosensitized device efficiency was augmented with 
enhanced photovoltaic parameters. Cosensitized device efficiency was aug-
mented with enhanced photovoltaic parameters, which is clearly visible from 
the IPCE. Some classes of cosensitizers, particularly phthalocyanine, porphy-
rin, ruthenium‐based metal complexes, and metal free organic sensitizers 
have been discussed in this chapter. The highest efficiency of 12.3% was 
observed for metal complex YD2‐o‐C8 with organic dye Y123 using cobalt 
redox electrolyte. The metal‐free organic sensitizer ADEKA‐1 cosensitized 
with another organic dye LEG4 achieved 14.3% using cobalt redox electrolyte 
and the GNP (graphene nanoplatelets) counterelectrode. This is the highest 
efficiency among all cosensitized and individually sensitized devices. These 
cosensitized strategies are promising candidates to replace individually sensi-
tized devices.
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3

3.1  Introduction

Although the first and second generation solar cell technologies based on 
silicon and inorganic materials such as CdTe, GaAs have reached appreciable 
efficiencies, the current production and installation costs of these solar 
technologies hardly make it competitive on an energy market still dominated 
by cheap fossil fuels. In the last few decades, there has been a lot of research 
interest on various other materials and structures to produce low cost, flexible, 
and easily manufactured photovoltaics. Dye‐sensitized solar cells (DSSCs) 
have been the center of new research interests in the solar energy field ever 
since Graetzel and O’Regan reported that a thin film of titanium dioxide (TiO2) 
could work as an effective solar cell when it is dye‐sensitized. The principle of 
DSSC is artificial photosynthesis as in plants [1]. Plants follow a set of light‐
dependent reactions to prepare their own food in the form of energy. These 
reactions are called the Z‐scheme of photosynthesis. Studying nature helps in 
understanding the science. One such comparison of the Z‐scheme of photo-
synthesis in plants with dye‐sensitized solar cells helps in understanding the 
working mechanism of DSSCs.

Generally, DSSC are prepared using synthetic dyes. However, there are 
drawbacks with these dyes because of high cost, their toxic nature, and stability 
issues in longer runs. To commercialize DSSCs, these drawbacks have to be 
taken care of by using natural dyes, as they are cheap, eco‐friendly, and availa-
ble in abundance. But, the biggest challenge is that DSSCs fabricated using 
natural dyes have shown very low efficiency compared to synthetic dyes. 
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Tackling the efficiency issue of natural DSSCs will contribute immensely to the 
photovoltaics field. The natural pigments in plants play an imperative part in 
the photosynthesis process. They serve uniquely for the production of starch 
in various ways. In this work, the functions of the plant pigments are analyzed 
and effectively used in the fabrication of natural DSSCs. This helps in increas-
ing the efficiency of natural DSSCs enabling their commercialization to meet 
the future needs.

In this chapter the reasons for the low efficiency of natural DSSCs is listed 
and the solutions to overcome the drawbacks are explained in detail, referring 
to works by Prabavathy et al. [2–5]. Two dyes namely from Caesalpinnia.
Pulcherrima (C.Pulcherrima) and rose flower are used as natural dye for sensi-
tization of titania rod film prepared by the hydrothermal method for DSSC 
fabrication. This chapter extensively reports the enhancement in the natural 
DSSC, by adopting the strategies and measures reported by Prabavathy et al.

3.1.1  Mechanism of the Dye‐Sensitized Solar Cell Compared 
with the Z‐scheme of Photosynthesis

The Z‐scheme of photosynthesis has four important elements – chlorophyll 
dye, accessory pigments, water from external sources, and the nucleotide ade-
nine dihydrogen phosphate (NADP+) enzyme molecule [6]. The chlorophyll 
pigment absorbs sunlight at 680 and 720 nm and is excited to higher energy 
level. The excited dye molecule loses an electron and returns to the oxidized 
state. This free electron is then transferred by the accessory pigments and 
finally reaches the NADP+ molecule. The water from an external source is used 
by the plants, dissociating and giving electron to the oxidized dye, H+ ions to 
the NADP+ molecule. This liberates fresh O2 molecules to the environment. 
The H+ ions and the free electrons reacts with NADP+ molecule, being reduced 
and forming the NADPH molecule. This is used in the Calvin cycle for the 
preparation of starch in plants. Figure 3.1 shows a working sketch of the Z‐
scheme of photosynthesis and the dye‐sensitized solar cell.

The components of a DSSC function similarly to the above mentioned ele-
ments in the Z‐scheme of photosynthesis. Generally the DSSC has four main 
components namely: photoelectrode, dye or sensitizer, liquid electrolyte and 
counterelectrode [7]. The sensitizer or dye functions similarly to the chloro-
phyll pigments in plants. It absorbs sunlight in the visible region and is excited 
to higher energy level, where it injects electron to the photoelectrode and 
returns to the oxidized dye state. This free electron is transferred by the photo-
electrode and finally reaches the counterelectrode through the outer circuit. In 
the meantime, the redox electrolyte containing an iodine ion gives the electron 
to the oxidized dye and becomes triiodide molecule. The oxidized dye returns 
to its original state (dye regeneration). The triiodide molecule, being heavy, 
reaches the counterelectrode, from where it gains an electron and is converted 
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back to iodine ions (electrolyte regeneration). Since the flow of electrons is 
completed by employing a redox electrolyte in DSSC, current is generated as 
output. But there is a possibility that the oxidized dye molecule and the triio-
dide molecule may react with the free electron generated in the dye excitation 
process (electron recombination processes) [8]. This causes break down in the 
DSSC. Hence, tailoring each component to the DSSC requirements as 
described in later sections helps to increase the photovoltaic performance of 
the cell by decreasing the electron recombination in the DSSC.

3.2  Components of Dye‐sensitized Solar Cell

3.2.1  Photoelectrode

The function of the photoelectrode is to directly transfer the injected electron 
from the excited state dye molecule to the counterelectrode. Wide bandgap 
semiconductors such as TiO2, ZnO, and SnO2 were used as a direct electron 
transfer medium because of their less corrosive nature in the presence of liquid 
electrolyte for DSSCs. Among them, TiO2 is mostly preferred as photoelec-
trode because of its inertness, high refractive index, high porosity, and high 
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stability [9]. Bulk TiO2 shows least surface area, which made dye adsorption 
unfeasible. So, TiO2 nanoparticles were employed as photoelectrode for 
DSSCs. The TiO2 nanoparticle has high surface area and good porosity. This 
help in increasing the dye concentration in the TiO2 film. But due to more 
grain boundaries, the injected electron is trapped and it causes electron recom-
bination in DSSCs, which reduces the open circuit voltage in DSSCs. Hence, 
TiO2 with 1D morphology (TiO2 nanorod, TiO2 nanotube) was employed as 
photoelectrode. The TiO2 nanorods have a good roughness factor that improves 
dye absorption; their vertical alignment on the substrate increases the light 
scattering effect in the film, which enhances the photon absorbance in the film; 
they have high stability, as the morphology of rods is not affected at higher 
temperature, whereas the nanotube morphology perishes at high temperature; 
the high crystallinity and cylindrical solid structure help in creating radial elec-
tric field that separates the electron from recombination [10]. Due to these 
advantages, the TiO2 nanorod was preferred as photoelectrode for DSSC fabri-
cation in the research work by Prabavathy et al.

3.2.2  Dye

The dye functions as the sensitizer for a DSSC. It absorbs sunlight in the visible 
region and injects the electron to the photoelectrode. The main characteristics 
required for a dye in a DSSC are: high absorption coefficient, broad visible 
spectrum, appropriate functional groups to anchor with the OH groups of 
TiO2 molecules, high molar extinction coefficient, good stability, nonhazard-
ous nature, and low cost [11].

Generally ruthenium complexes (synthetic dyes) are used as dye for a DSSC. 
However, they are toxic, not available in abundance, are high cost, and have 
poor stability on longer runs [12]. Due to these reasons natural dyes are becom-
ing significant for DSSCs. The photovoltaic performance of a DSSC using 
natural dye is very low compared to DSSCs based on synthetic ruthenium dyes. 
But research work on natural dyes has shown fruitful results in enhancing the 
efficiency of the DSSC. Taking this factor into consideration, if the research 
study is directed towards identifying the possible reasons for their low perfor-
mance, this will help in increasing the DSSC performance. One such work is 
reported here with the possible strategies and measures taken to enhance the 
efficiency and stability of DSSC using natural dyes. Natural dyes extract from 
rose and C. Pulcherimma are used as anthocyanin dye in this work.

3.2.3  Liquid Electrolyte

A vital component in a DSSC is the electrolyte. They function similarly to the 
water in photosynthesis of plants. Additionally, due to their redox nature, they 
can be reduced and oxidized easily, which favors electrolyte regeneration that 
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produces current in the cell. The characteristics of liquid electrolyte for DSSCs 
are: high transparency, good conductivity, fast redox reaction, high stability, 
high diffusion coefficients, and high inertness [13]. A liquid electrolyte 
containing iodine ions is commonly used as electrolyte for DSSC in this chapter 
work by Prabavathy et al.

3.2.4  Counterelectrode

The counterelectrode works as a catalyst to reduce the redox species, the 
triiodide molecule, to iodine ions. The counterelectrode in a DSSC must have 
high conductivity, high electron mobility, chemical inertness, high tempera-
ture resistance, and high stability in liquid electrolyte [14]. The properties 
of  the counterelectrode are met by platinum, which is generally used as the 
counterelectrode for DSSCs.

3.3  Fabrication of Natural DSSCs

In the present work TiO2 nanorods prepared by a hydrothermal method are 
employed as photoelectrode; natural dye extracted from a known rose flower 
and a new dye from the C.Pulcherrima flower is used as anthocyanin dyes; 
iodine/iodide solution as redox liquid electrolyte and platinum film as coun-
terelectrode are considered for DSSC fabrication.

Titanium tetra isopropoxide (TTIP) and concentrated hydrochloric acid (36 
wt‐%) were purchased from Sigma Aldrich. Fluorine doped tin oxide (14 Ω 
sheet resistance), the platinum counterelectrode, and liquid redox electrolyte 
are purchased from Dye Sol.

3.3.1  Preparation of TiO2 Nanorods by the Hydrothermal Method

Equal portions of water and concentrated hydrochloric acid are stirred in a 
beaker for one hour. This adjusts the pH of the solution to 1. To the solution in 
the beaker, 0.5 ml of TTIP are added in drops and stirred for one hour. On 
adding TTIP to the acid solution, the TTIP is hydrolyzed to give titanium 
hydroxide and alcohol. After stirring, the solution is carefully transferred to 
a Teflon container in an autoclave. The fluorine‐doped tin oxide (FTO) sub-
strates are cleaned and introduced into the container such that the FTO coat-
ing side faces the wall of the Teflon container in the autoclave. Finally, the 
autoclave is heated in a muffle furnace at 180 °C for four hours. The titanium 
hydroxide thus formed condenses to form a complex titanium dioxide with 
water. The FTO atoms on the substrates act as nucleating sites for the TiO2 
molecules. The chloride ions present in the HCl influence the growth of film in 
the (011) direction on the FTO substrates and the lattice mismatch between 
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the FTO and TiO2 results in nanorod morphology in the film with rutile phase. 
The rods formed show a uniform distribution with good roughness and good 
porosity. The length of nanorod thus prepared varies from 2 to 3 µm.

3.3.2  Characterization of the Photoelectrode for DSSCs

X‐ray diffraction, field emission scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and UV‐Vis spectrum studies are widely 
analyzed for the characterization of the photoelectrode. Figures 3.2a, 3.2b, and 
3.2c show the morphology of TiO2 films at different temperatures: 160 °C, 
180 °C and 190 °C. Figure  3.2b shows the morphology and alignment of 
nanorods on the FTO substrates prepared at 180 °C. The surface roughness of 
the film can be noticed from the blisters at the tip of each nanorod. This 
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Figure 3.2  (a), (b), (c) SEM image of TiO2 film prepared at 160 °C, 180 °C, and 190 °C, 
respectively; (d) XRD spectra of TiO2 film (180 °C); (e) UV‐VIS spectra of TiO2 film (180 °C); (f ), 
(g), (h) TEM image of TiO2 nanorods
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decreases the photocatalytic activity (PCA) of the film and improves dye 
anchoring to the surface of TiO2. The length of nanorod can be measured from 
the cross‐sectional image of the SEM, which shows 2.5 µm. On lowering the 
operating temperature of furnace to 160 °C, the nucleating centers collide with 
each other and form TiO2 nanoparticles on the FTO substrates. At 190 °C, the 
TiO2 nanorods are overgrown on the nanorod film in a horizontal plane to 
the FTO substrates. This confirms that formation of nanorods takes place only 
at 180 °C. Figure 3.2d shows the X‐ray diffraction (XRD) spectra of TiO2 film 
prepared at 180 °C. The XRD peaks confirm good crystallinity in the film 
with pure rutile phase. Rutile phase is the stable phase among all other TiO2 
polymorphs [15]. The surface area of the film can be enhanced by increasing 
the length of the nanorods. The absorbance spectra show a maximum peak in 
the range 200–400 nm, i.e. the UV region, as shown in Figure  3.2e, which 
clearly states the characteristic of photoelectrode. Figures 3.2f, 3.2 g, and 3.2 h 
show the TEM image of TiO2 film prepared at 180 °C. The TEM image clearly 
shows that a single rod comprises small rods bundled together. The selected 
area electron diffraction (SAED) pattern confirms the presence of TiO2 
nanorods in the film surface.

3.3.3  Preparation of Natural Dye

Natural dye preparation requires adequate information about the type of pig-
ment present in it. The anthocyanins present in flowers can be dissolved in 
polar solvents such as methanol, ethanol, and acetone. To choose among the 
polar solvents a small quantity of the flower is soaked in different solvents for 
24 h and the maximum absorbance and color intensity is noted. The solvent 
that shows good absorbance and color intensity is used as the polar solvent to 
extract the natural dye.

The natural dye for DSSC is prepared by taking 20 g of anthocyanin‐rich 
flower fragments into an airtight opaque container with 20 ml of desired polar 
solvent. The petals are gently pressed for complete immersion of the petals. 
The container is left in dark for 48 h. The dye is filtered out and stored in a 
refrigerator in an air sealed glass bottle. On the day of sensitization with TiO2 
nanorods, one or two drops of HCl is added to make the dye stable; the dye is 
used without further purification. The root and stem part of plants cannot be 
extracted using polar solvents. Hence, a small amount of stem, root is immersed 
in warm distilled water for overnight. The next day it is heated to 70 °C for 
30 min. The solution is filtered out and boiled well until the solution becomes 
concentrated. One or two drops of lemon are squeezed into the solution. This 
is used as dye for the DSSC without further purification. The dye from fruits is 
easier to prepare. The juice from the fruits is extracted and is concentrated by 
adding a mordant such as common salt. This helps in increasing the concentra-
tion of the juice and this is used as dye for the DSSC.
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3.3.4  Sensitization

Prior to sensitization, the TiO2 film is heated for ten minutes to remove any air 
molecules that are trapped between the nanorods in the film. Sensitization of 
TiO2 film with the extracted natural dye can be carried out in one of several 
ways:

●● immersing the TiO2 film in dye for 24 h;
●● dipping the TiO2 film in the dye solution for two minutes and air drying for 

three minutes, then repeating this cycle a maximum of 40 times;
●● heating the TiO2 film at 50 °C on a hot plate and adding the dye solution in 

drops over the film, repeat this a maximum of 20 times;
●● placing the dye in a Teflon container along with the TiO2 film in an autoclave 

and heating in a muffle furnace to 70 °C for one hour; the pressure and 
temperature helps in the sensitization of dye molecules on the surface of the 
TiO2 film;

●● as the dye becomes older, the concentration of the solution increases, which 
helps in easier sensitization, so the film can be immersed in the dye solution 
for 15 days or more.

If all the above steps are not satisfactory, then change the solvent used for 
extraction of anthocyanin dye.

3.3.5  Arrangement of the DSSC

The TiO2 film is peeled out from the FTO substrates leaving an effective area 
for preparing the DSSC. Now the film is sensitized with the natural dye. After 
sensitization the film is heated at 40 °C for 10 min to stabilize the dye layer. A 
platinum electrode with hole for inserting the electrolyte is placed on the effec-
tive area of the TiO2 film such that the hole is placed on a corner of the TiO2 
layer. The films are then sealed by a surlyn (polymer film) gasket. Now the 
electrolyte is inserted in the hole in drops. The electrolyte is pushed inside by 
heating the film slightly. This evacuates air and creates space for electrolyte. 
The excess electrolyte is cleaned and the hole is close by a cover slip. Thus, the 
DSSC is fabricated.

3.4  Efficiency and Stability Enhancement in Natural 
Dye‐Sensitized Solar Cells

The efficiency and stability of natural dye DSSCs can be enhanced by listing the 
reasons for their low efficiency. The present work highlights the major points 
for the cause. Also, remedial measures are updated in the DSSC framework to 
produce a cot effective and eco‐friendly solar cell. The probable reasons for the 
low efficiency of DSSCs using natural dyes as sensitizer are:
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●● photoinstability of natural dyes due to the photocatalytic activity (PCA) of 
titanium dioxide, which is generally used as the photoelectrode in the DSSC;

●● the solvents used for the extraction of the natural dye from the plants;
●● inefficient anchoring between the dye molecules and the titanium dioxide 

molecules;
●● lower absorbance of sunlight in the visible region;
●● leakage and dissolution of liquid electrolyte in dye.

3.4.1  Effect of Photocatalytic Activity of TiO2 Molecules 
on the Photostability of Natural Dyes

The TiO2 molecules are a superior photocatalyst in the presence of sunlight. 
They absorb sunlight in the UV region, i.e. 200–400 nm, and this, in turn, 
excites an electron to the surface of the TiO2 film. The free electron being 
reactive, it reacts with the moisture in air and produces free radicals such as 
O2

∙ and H∙. These radicals are dangerous to the organic matter present nearby. 
Hence, it affects the natural dye sensitized on the TiO2 film very easily and 
degrades the pigments in seconds. This causes breakdown in a DSSC.

By reducing the photocatalytic activity (PCA) of TiO2 molecules, the photo-
stability of dyes can be enhanced. The function of TiO2 molecules in a DSSC is 
to directly transfer the injected electron to the FTO substrates, from where it 
finally reaches the counterelectrode. The electron injection kinetics in a DSSC 
is independent of the properties of TiO2 molecules. Hence, reducing the PCA 
of TiO2 molecules does not affect the mechanism of the DSSC [3]. Figure 3.3 

TiO2

Free radicals

Decompose Fresh

Avoiding free radicals

Figure 3.3  Graphical abstract on the effect of PCA in a DSSC [3].
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shows a graphical abstract on the effect of PCA in a photoelectrode that affects 
the dye molecules in a DSSC. The PCA of TiO2 molecules can be reduced by 
their synthesis, introducing a passivation layer and choosing the appropriate 
dye molecules for sensitization.

3.4.1.1  Important Points to be Considered for the Preparation 
of Photoelectrodes

●● The PCA of TiO2 can be reduced by decreasing the thickness and increasing 
the surface roughness of TiO2 film.

●● The concentration TiO2 should be below 0.1 mg for the PCA to be absent.
●● The antioxidant property present in the anthocyanins pigment can effectively 

improve the photostability of dye by fighting back with the free radicals.
●● The rutile phase of TiO2 molecules shows lower PCA compared to the 

anatase phase of TiO2 molecules.
●● The dye solution for sensitization must have higher intensity, so that the light 

can enter only at the surface of TiO2 and reduce the free electron excitation. 
Thus, the PCA of the film is reduced.

●● The PCA of TiO2 film reduces with an increase in the crystallinity of the film.

From the above, the following recommendation are to be considered for the 
fabrication of a DSSC: the titania nanorods (1D morphology) with good crys-
tallinity and roughness are prepared by hydrothermal method; anthocyanin‐
rich natural dyes – rose and C.Pulcherrima – are used as natural dye because 
of their high antioxidant activity.

3.4.2  Citric Acid – Best Solvent for Extracting Anthocyanins

The natural dye used as sensitizer for a DSSC is extracted from plant parts such 
as the root, stem, fruit, and flower. The plants have a wide variety of natural 
pigments that serve uniquely for their subsistence. The major pigments are 
chlorophylls, flavonoids, carotenoids and betalains.

The chlorophylls are the major pigments for the process of photosynthesis. 
They absorb light mostly in the blue and red wavelengths of the spectrum, 
hence they reflect back green color, which gives the greenish color appearance 
to the leaves in plants. Their major function is to absorb the sunlight and use it 
for the preparation of starch through Z‐scheme of photosynthesis and the 
Calvin cycle.

The next important pigments are the flavonoids. They constitute antho-
cyanins, which are responsible for coloration in the petals of flowers and 
skin of fruits. They are good antioxidants. In this respect they fight against 
the free radicals generated in the plants and make them fresh all the time. 
Due to the antioxidant property, the ability to absorb a wide range of light in 
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the visible region, and the presence of the carboxyl group (which anchors 
easily with the hydroxyl group of TiO2 molecules), they are widely used as 
sensitizers in DSSCs [16].

The carotenoids is a huge family. They constitute xanthophylls and caro-
tenes. Excess sunlight entering the plants may damage the tissues and cells of 
plants, so it is maintained and dissipated back by the carotenoid. They keep in 
check the excess energy and, in that case, use it in the xanthophylls cycle [17].

The other pigment group is betalains. They are present in plants where the 
anthocyanins are absent. They work with carotenoids to remove excess energy 
generated. Comprehending the function of the plant pigment helps in building 
an eco‐friendly solar cell.

The important part in the dye preparation lies in the extraction proce-
dure and the solvents used for extraction. Usually methanol, ethanol, and 
acetone are used as solvents. Chemically, the anthocyanins in in vitro con-
dition lose their stability. To maintain their stability the pH should be 
adjusted towards 1. This produces flavylium cations that make them highly 
stable in acidic conditions [18]. This can be done by adding one or two 
drops of HCl to the extracted dye. Unfortunately, the dye molecules 
become degraded in minutes due to the corrosive nature of HCl. Also, the 
addition of HCl in the dye extract promotes the production of the enzyme 
phenyl propoxidase (PPO), which causes faster biodegradation; addition-
ally, the carboxylate group (essential group for anchoring with TiO2 mol-
ecules) is hydrolyzed in the presence of HCl, which results in poor 
sensitization with TiO2 molecules in a DSSC. Hence, a new solvent, namely 
citric acid, was used effectively for extracting anthocyanins from the flow-
ers. The reason for choosing citric acid as solvent is because it is a safe 
solvent containing natural ingredients; it interacts well with the anthocya-
nins that help in stabilizing the dye and inhibit the production PPO [2]. 
Figure 3.4 shows the color of the extracted dye and the sensitized film from 
rose and C.Pulcherrima flowers

To understand the effect of the solvent in the extraction of anthocyanin, 
five different solvents were used, namely ethanol, ethanol and 1% HCl 
(Aci.ethanol), water, water and 1% HCl (Aci.water), and citric acid. Among 
them the solvent using citric acid showed the highest absorption spectra in 
the visible region, which allows more sunlight to pass through; a higher 
anthocyanin content contributes a higher antioxidant property, higher 
color intensity, and high quantum yield efficiency for maximum photon 
absorption. Figures 3.5a and 3.5b show the J‐V characteristics of a DSSC 
prepared using C. Pulcherimma and rose dye. The photovoltaic perfor-
mance of the natural dyes using different solvents is shown in Table 3.1. 
The solvent citric acid shows good photovoltaic performance compared to 
other solvents.
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3.4.3.  Algal Buffer Layer to Improve Stability of Anthocyanins 
in DSSCs

One major problem with natural DSSC is their dye anchoring ability. Due to 
the scarcity of functional groups, steric hindrance, and planar distribution of 
anthocyanin molecules, the anchoring of anthocyanins with the TiO2 mole-
cules is not efficient. The dye anchoring and the stability of anthocyanins can 
be enhanced by the introduction of algal buffer layers in the DSSC framework. 
The algal buffer layers are prepared from the byproducts of algae: sodium algi-
nate extracted from the cell walls of brown algae, spirulina extracted from 
green algae Spirulina.Platensis. There are several reasons for choosing the 
algal buffer layers [5]:

●● they are nontoxic and natural byproducts;
●● sodium alginate has rich functional groups and they are also used as a binder 

for fixing anthocyanins dye molecules to the surface of TiO2 nanorod films;
●● the spirulina has four different constituents, namely chlorophyll, xantho-

phyll, phycocyanin, and amino acid that serve uniquely for improving the 
stability of the DSSC.

Extract

Extract

Hydrothermal method

Sensitization

Sen
sit

iza
tio

n

Titania nanorods

Figure 3.4  Extraction of natural dye from the flowers rose (top) and C.Pulcherrima (bottom)
using citric acid as solvent and sensitizing the TiO2 film with the natural extract.
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3.4.3.1  Preparation of Buffer Layers – Sodium Alginate and Spirulina
Sodium alginate in powder form is made into a transparent paste by the appli-
cation of water. The paste is then applied to the surface of TiO2 film prepared 
by a hydrothermal method. The film is then UV treated. This causes the sodium 
alginate layer to disintegrate and produce polysaccharides. The polysaccharide 
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has more functional groups [19]. These groups, along with the hydroxyl groups 
of TiO2 molecules, help in the dye fixation on the film. The presence of func-
tional groups was confirmed by the FTIR studies. Also, the dye concentration 
in the anthocyanin sensitized film using sodium alginate showed a higher 
concentration compared to the film in the absence of sodium alginate.

After application of first buffer layer the film is sensitized with the spirulina 
extract. The spirulina extract is prepared by taking commercially available 
spirulina pills and dissolving with water (1 g spirulina /100 ml water). After 
sensitization the film is air dried for 48 h. The film is now prepared with the 
algal buffer layers for the sensitization of anthocynin dye. Figure 3.6 shows the 
fabrication of a rose sensitized DSSC with algal buffer layers.

The constituents of Spirulina serve uniquely for anthocyanin stability. 
The chlorophylls assist the anthocyanins by absorbing more photons [20]. This 
is confirmed by the maximum absorbance in the UV absorption spectra of 
spirulina‐sensitized TiO2 film compared to anthocyanin‐sensitized film. In 
addition, absorbing excess energy causes the breakdown in DSSCs; this is kept 
in check by the xanthophylls of the spirulina. The phycocyanin present in spir-
ulina is a natural blue‐greenish pigment that helps to increase the absorption 
of sunlight in the visible region [21]. Additionally, they have functional groups 
that assist the sodium alginate TiO2 film for the sensitization of anthocyanins. 
The amino acids (constituent of Spirulina) have amine groups that also take 
part in the sensitization of anthocyanins. Hence, the algal buffer layers help to 
increase the dye concentration and the stability of a DSSC. Figures 3.7a and 
3.7b show the J‐V characteristics of rose and C.Pulcherrima sensitized DSSCs 
with algal buffer layers and citric acid as solvent. The color change of the TiO2 
film after sensitization with rose dye along with the buffer layers is also shown 
in the figure. The photovoltaic performances of the natural dyes with algal 
buffer layers are shown in Table 3.2. The DSSCs with algal buffer layers show 
higher efficiency compared to the DSSC without buffer layers

Table 3.1  Photovoltaic parameters of natural DSSCs using solvents citric acid and acidified 
ethanol.

TiO2‐based solar cell Jsc (mA/cm2) Voc (V) FF η (%)

C. Pulcherrima (aci.ethanol) 5.5 0.64 0.30 0.71
C. Pulcherrima
(citric acid)

5.9 0.65 0.33 0.83

Rose dye
(aci.ethanol)

3.3 0.59 0.34 0.62

Rose dye
(citric acid)

5.0 0.57 0.35 0.99
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3.4.4  Sodium‐doped Nanorods for Enhancing the Natural DSSC 
Performance

The efficiency of DSSCS is enhanced by surface modification of the TiO2 
nanorod film. In this context the surface modification is personalized by dop-
ing. The selection of dopant is very crucial for increasing or decreasing the 
bandgap of the TiO2 film. In DSSCs the rutile TiO2 film prepared by the hydro-
thermal method has an energy bandgap of 3.2 eV, i.e. in the UV region. When 
this bandgap is reduced the TiO2 film can absorb light in the visible region. 
This helps in increasing the quantum efficiency of DSSCs. Consequently, a 
natural element, sodium, is chosen as dopant in DSSCs. Also, as the sodium 
ionic radius is comparable with the ionic radii of titanium atoms, Na+ ions can 
effectively replace the Ti4+ ions without creating much stress in the film. 
Another important reason for selecting sodium is that, in textile industries, a 
sodium salt is used as mordant for the fixation of dye molecules on the surface 
of the fiber. In this context the sodium atoms doped on TiO2 nanorods can act 
as mordant for the fixation of anthocyanin molecules in the film [4].

3.4.4.1  Preparing Sodium‐doped Nanorods as the Photoelectrode
Take concentrated HCl and distilled water in equal amounts in a beaker and 
stir for one hour. 0.5 ml of TTIP is added to the beaker in drops and stirred for 

Fluorine-doped tin oxide (FTO) glass
(front electrode)

Syringe with electrolyte
(inserted between the
air gap of electrodes)

Platinum coated on glass
(counter electrode)

Order of fabrication of natural DSSC
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Figure 3.6  Fabrication of natural DSSC with algal buffer layers [5].
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30 min. A varying percentage of NaCl is added to the initial solution: 2, 4, and 
6%. The solution is stirred for one hour. When a sufficient quantity of the 
dopant is added to the initial solution, the sodium forms complexes with 
hydroxyl ions. The initial solution is transferred to a Teflon container and place 
in an autoclave. The FTO substrates are kept inside the Teflon container such 
that they face the wall of the container. The autoclave is heated to 180 °C for 
four hours. On heating the TiO2 nanorods starts nucleating. On increasing the 
percentage of doping to 6%, the sodium complexes form nodes at certain places 
such that the rods start to grow from such places giving a 3D flower‐like 
appearance. These flower‐shaped rods act as scattering layers by absorbing 
more photons through multiple light scattering [22]. Also, he sodium‐doped 
nanorods have dots on their surface. These are sodium ions, and they act as 
mordants for enhanced sensitization of natural dye molecules. Figures  3.8a, 
3.8b, and 3.8c show the SEM images of nanorods prepared by the hydothermal 
method and and Figure 3.8d, 3.8e, and 3.8f shows the SEM image of sodium‐
doped nanorods (6% dopant concentration). The SEM image shows the 
appearance of nanoflowers on naorods that act as scattering layer in a DSSC. 
Also, the bandgap of sodium‐doped nanorods is reduced from 3.2 to 2.75 eV by 
increasing the dopant concentration from 2 to 6%. Figure 3.9 shows the J‐V 
characteristics of rose and C.Pulcherrima sensitized DSSCs prepared with 6% 
doped sodium nanorods as photoelectrode, algal buffer layers, and citric acid 
as solvent for the extraction of dyes. The photovoltaic performance of the 
natural dyes with 6% sodium doping is shown in Table 3.3. The DSSC fabri-
cated shows an enhanced efficiency by employing sodium‐doped nanorods as 
photoelectrode.

3.4.5  Absorber Material for Liquid Electrolytes to Avoid Leakage

The liquid redox electrolyte used in DSSCs is the best known electrolyte. But 
they face drawbacks such as leakage and dissolution in the natural dye [23]. So 
sealing the solar cell becomes a major concern. Many research advances have 
been progressed but the performance of the liquid electrolyte is not met by 

Table 3.2  Photovoltaic parameters of natural DSSCs with algal buffer layers using citric acid 
as solvent.

TiO2‐based solar cell Jsc (mA/cm2) Voc (V) FF η (%)

C. Pulcherrima 5.9 0.65 0.33 0.83
C. Pulcherrima with algal buffer layers 6.4 0.66 0.71 1.81
Rose 5.0 0.57 0.35 0.99
Rose with algal buffer layers 5.8 0.60 0.52 1.47



(a) (b) (c)

(d) (e) (f)

Figure 3.8  (a), (b), (c) FESEM image of TiO2 nanorods prepared by the hydrothermal method; (d), (e), (f ) FESEM images 
of sodium‐doped TiO2 nanorods prepared by the hydrothermal method (6% dopant concentration).
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them. Therefore, in this work we have introduced an absorber material made 
of cotton. The absorber material is like a thin sheet of cotton.It is cut into shape 
according to the effective area of solar cell and a drop of electrolytes is intro-
duced which is easily absorbed. This is used as the electrolyte layer between 
the front electrode and counterelectrode. This reduces the leakage of electro-
lyte and dissolution of the electrolyte to an extent. The sealing of DSSC 
becomes easier with this absorber.

3.5  Other Strategies and Measures taken in DSSCs 
Using Natural Dyes

Some of the various strategies and measures used to enhance the efficiency of 
natural DSSCs are shown in Table 3.4.
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Figure 3.9  J‐V characteristics of rose and C.Pulcherrima sensitized DSSCs with sodium‐
doped nanorods as photoelectrode (with algal buffer layers and citric acid as solvent).

Table 3.3  Photovoltaic parameters of natural DSSCs with sodium‐doped nanorods 
as photoelectrode (with algal buffer layers and citric acid as solvent).

TiO2‐based solar cell Jsc (mA/cm2) Voc (V) FF η (%)

Rose 6.1 0.63 0.57 1.97
C. Pulcherrima 6.7 0.60 0.60 2.15



  Table 3.4    Enhanced reported efficiencies of natural  DSSCs  with various strategies and measures. 

Photoelecrode Natural dye
Electrolyte, 
Counterelectrode

 Initial efficiency 
 (%) 

Measure taken to enhance DSSC 
efficiency

 Final 
efficiency 
 (%) References    

TiO 2  nanorods  Caesalpinnia 
Pulcherrima  
petals

Iodine redox 
electrolyte 
Platinum films

0.43 The solvent used for extraction of 
anthocyanins from the flowers is 
changed from water to citric acid.

0.83   [2]    

TiO 2  nanorods Petals of rose 
petals

Iodine/iodide redox 
electrolyte 
Platinum films

0.99 Introduction of algal buffer 
layers – sodium alginate, spirulina 
for enhancing the dye concentration, 
and anchoring ability of rose dye to 
the photoelectrode using citric acid 
as solvent

1.47   [5]    

TiO 2  nanorods 1)    Sesbania (S) 
Grandiflora  petals 
2)   Camelia 
Sinensis  leaves 
3)   Rubis (R) 
Tinctorum  roots  

Iodine/iodide redox 
electrolyte 
Platinum films

— The nanorods are prepared using 
surfactant that resulted in broccoli‐
shaped nanorods. Mordants such as 
potash alum are used as a dye 
fixative before sensitization. This 
helps in increasing the dye 
concentration in the photoelectrode.

 1.38 
 1.65 
 1.45 

  [24]    

TiO 2  nanorods 1)    Sesbania (S) 
Grandiflora  petals 
2)   Camelia 
Sinensis  leaves 
3)   Rubis (R) 
Tinctorum  roots  

Iodine/iodide redox 
electrolyte 
Platinum films

— Trirthoxy ethyl silane is used as a 
primer for the FTO substrates for 
the growth of nanorods. The silane 
acts a coupling agent to enhance the 
adhesion rods to the substrates.

 0.65 
 1.53 
 1.28 

  [25]    

1% Tin‐doped TiO 2  
nanorods

 Camelia Sinensis  
leaves

Iodine/iodide redox 
electrolyte 
Platinum films

1.68 Posttreatment of photoelectrode 
with Zr and HNO 3  to enhance dye 
adsorption.

2.09   [26]    



TiO 2  nanoparticles Pomegranate fruit 
pulp

Iodine/iodide redox 
electrolyte Graphite

— TiCl 4  treatment and the use of 
graphite as counterelectrode 
enhanced the efficiency of DSSC.

2.0   [27]    

TiO 2  nanoparticles Astaxanthin 
pigment algae 
 Haematococcus.
Pluvialis 

Iodine/iodide redox 
electrolyte 
Platinum films

— An algal pigment is used as a 
sensitizer for reducing electron 
recombination and dye aggregation.

0.1   [28]    

TiO 2  nanoparticles Monascus Yellow 
food dye

Iodine/iodide redox 
electrolyte 
Platinum films

— An acetic acid treatment is given to 
the dye for dye sensitization.

2   [29]    

TiO 2  nanoparticle Mangosteen 
pericarp peel

Iodine/iodide redox 
electrolyte 
Carbonized natural 
counterelectrode

1.755 using Pt 
electrode

The mangosteen peel has a high 
surface area with high roughness 
and honeycomb structure that 
increase the catalytic activity of the 
carbonized peel.

1.99   [30]  
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3.6  Conclusions

This chapter has focused on improving the efficiency and stability of DSSC 
using natural dyes. TiO2 nanorods prepared by the hydrothermal method, 
anthocyanins from C. Pulcherrima, rose dye extract, iodine/iodide redox elec-
trolyte and platinum films used as photoelectrode, natural dye, electrolyte and 
counterelectrode, respectively for DSSC fabrication. Photoinstability of dye 
due to the PCA of the photoelectrode, effect of solvent in the extraction of 
anthocyanins, inefficient dye anchoring, lower absorbance in the visible region, 
and electrolyte leakage are the major problems met in DSSCs using natural 
dyes. The photostability of the dye can be enhanced by reducing the PCA of 
the photoelectrode. The recommendations for preparing the photoelectrode 
with low PCA are detailed in this chapter. Citric acid is used as an alternative 
solvent to reduce the corrosive nature of the dye resulting from the use of 
hydrochloric acid. The introduction of algal buffer layers helps in improving 
the dye concentration in the film. Nanoflowers on the surface of TiO2 nanorods 
act as scattering layers for absorbing more photons by sodium doping. The 
leakage of electrolyte is controlled using a thin absorber material. These strate-
gies and measures helps in building an eco‐friendly solar cell with enhanced 
efficiencies from 0.43 and 0.31% to 2.15 and 1.97% for C.Pulcherrima and rose 
dye extract. Table 3.5 shows the enhanced efficiency of the flowers for the work 
carried out in this chapter.
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4.1  Why Solar Cells?

Solar cells convert sunlight into electricity. Currently, the world’s supply of 
electricity is derived from fossil fuels such as oil, coal, and natural gas. However, 
the reserves of these conventional energy sources are being depleted. Solar 
power generation is one of the fast expanding sources of renewable electricity. 
There are many benefits of solar power production. Solar power generation 
does not require fossil fuels. Compared to other methods of producing elec-
tricity, it does not pose serious environmental issues. Solar energy could ade-
quately complement electricity provision from an electricity transmission grid 
during peak hours. Solar technology applications are easily adaptable and 
installation at the customer site is also possible. The Malaysian government 
has placed emphasis on solar energy application since Rancangan Malaysia 
ke‐9 or the Ninth Malaysia Plan.

Solar cells have come a long way and dye‐sensitized solar cell (DSSC) is a 
third generation photovoltaic system. The first generation is the silicon solar 
cell and the second generation is the thin film technology. Although the price 
of the first generation solar cell has reduced, the emerging third generation 
technology promises to be less expensive. The advantage of the DSSC is that it 
is still functional in diffused light at intensities less than 1 Sun. Furthermore, 
silicon is not a good absorber of sunlight.

Advantages of Polymer Electrolytes 
for Dye‐Sensitized Solar Cells
L.P. Teo and A.K. Arof

Centre for Ionics University of Malaya, Physics Department, Faculty of Science, University of Malaya, 
50603 Kuala Lumpur, Malaysia
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4.2  Structure and Working Principle of DSSCs 
with Gel Polymer Electrolytes (GPEs)

A DSSC consists of an electrolyte sandwiched between a photoanode and a 
counter electrode, as shown in Figure 4.1.

The photoanode consists of a compact titanium dioxide (TiO2) layer on top 
of which is deposited mesoporous TiO2. The two layers are deposited on the 
same transparent conducting oxide (TCO) glass or plastic substrate. The sub-
strate is coated with either an indium‐doped tin oxide (ITO) or a fluorine‐
doped tin oxide (FTO) to make it conducting. The TiO2 particles making up 
both layers are of nanosize. The TiO2 nanocrystals for the compact layer are 
smaller in size (about 14 nm) than the nanocrystals of the mesoporous layer 
TiO2 (about 21 nm). The TCO/compact TiO2 layer/mesoporous TiO2 layer 
assembly is then soaked in a dye. The second layer is porous in order to enlarge 
the surface area for adsorbance of the dye molecules. Following the absorption 
of photons and the excitation of dye molecules from the highest occupied 
molecular orbital (HOMO) to the lowest unoccupied molecular orbital 
(LUMO) states is the release of electrons into the nano‐TiO2 layer. The nano‐
TiO2 is a wide bandgap semiconductor; on injection of the released electrons 
into its conduction band, a hole is left in the dye molecule and the dye molecule 
becomes oxidized. The electron exits the TiO2 nanoparticles (NP) and delivers 
electrical energy to a load.

Electrolytes used contain iodide/triiodide (I−/I3
−) redox ions to transfer 

electrons between the counter electrode (CE) (usually platinum (Pt)) and the 
photoanode. The I−/I3

− couple is a popular redox mediator because it has good 
solubility, does not absorb too much light, enables fast dye regeneration, has 
suitable redox potential, and the triiodide ion does not recombine easily with 
electrons that have been injected into TiO2 semiconductor [1]. Discussion on 
electrolytes in this chapter deals only with gel polymer electrolytes (GPEs). The 
GPEs should exhibit (i) good interfacial properties with the photoanode and 
CE or cathode, (ii) good interfacial, optical, thermal, chemical, and electro-
chemical stabilities to prevent dye degradation, (iii) compatibility with the dye 
sensitizer, (iv) high conductivity to ensure fast charge transfer, and (v) little 

Transparent conducting oxide (TCO) glass

Platinum

Gel polymer electrolyte 

Porous TiO2/Dye 

Transparent conducting oxide (TCO) glass 

Compact TiO2 layer 

Figure 4.1  Schematic diagram of the DSSC configuration.
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absorption in the visible region [2]. The CEs tested include platinum [3, 4], 
carbon [5], carbon nanotube [6], graphite [7], conducting polymers (e.g. 
polypyrrole (PPy), polyaniline (PANI), poly(3,4‐ethylenedioxythiophene) 
(PEDOT)) [8–10], metal sulfide such as MoS2 [11], NiS [12], and NiCo2S4 [13] 
to name a few. The regeneration of the oxidized photosensitizer occurs when 
the holes receive electrons from the iodide ions. The iodide ions become trii-
odide ions again. The triiodide ion then replaces the electron donated by the 
iodide ion with an electron that has reached the cathode and will be reduced to 
an iodide ion again. The function of the redox mediator is to complete the 
electron circuit.

Ni et al. [14] developed a Schottky barrier model based on the theory of 
thermionic emission and diffusion differential model. This model relates 
current density (J) and voltage (V) for a DSSC:
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Here ϕb is the Schottky barrier height; k is Boltzmann constant; T is tem-
perature in Kelvin; m is the nonideality factor; q is 1.60 × 10−19 C (electron 
charge), and A* is given by:
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with h as Planck’s constant and m* is equal to 5.6 times the free electron mass 
of TiO2 [14]. A* is the Richardson constant of TiO2; its value is equal to 
6.71 × 106 A m−2 K−2. D is the electron diffusion coefficient; n0 is the dark elec-
tron concentration (n0 = 1016 cm−3); L is the electron diffusion length given by 

D , where τ is the conduction band free electrons lifetime and d is thickness 
of the thin film. Jsc is the short circuit current density. As an example, ϕb may 
take values of magnitude a few tenths of an eV, τ = 10 ms and m = 2 [15]; 
D = 2.0 × 10−4 cm2 s−1 [16]. The model investigated the TiO2/transparent 
conducting oxide interfacial effects on the open circuit voltage (Voc) and J‐V 
characteristics.

4.3  Gel Polymer Electrolytes (GPEs)

A gel polymer electrolyte (GPE) basically contains liquid electrolyte, i.e. salt 
dissolved in solvent but entrapped in the polymer network. As mentioned 
earlier, redox couple should be included in the GPE for DSSC applications. 
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Other ingredients that can be incorporated into it are a secondary polymer 
host, plasticizers, additives, and fillers to name a few. These ingredients are 
able to improve the characteristics of the GPE. The condition where the liquid 
electrolyte is trapped in a polymer network in GPE can reduce the possibility 
of leakage compared to DSSCs made from liquid electrolytes, making it more 
stable for long term use [17, 18]. GPEs, also known as quasi‐solid state polymer 
electrolytes, have both the cohesive feature of solids and diffusive characteris-
tic of liquids. GPEs also have high ionic conductivity and good interfacial 
contact with electrodes as with liquid electrolytes. High ionic conductivity is 
known to have a constructive effect on DSSC performance [19].

There are two important characteristics that govern the selection of polymer 
host in an electrolyte system [20, 21]. These are (i) the ability of the polymer to 
solvate salts and (ii) glass transition temperature, Tg. To solvate salts, the 
polymer must contain polar groups to form dative bonds with cations of the 
dissociated salt. The low Tg eases segmental motion and, thereby, facilitates 
conduction. Although polymers of low glass transition temperature are advan-
tageous, there are reports on the use of polymers with high Tg in the literature 
[22, 23]. When choosing a salt, its low lattice energy and large anion radius 
should be taken into account. Low salt lattice energy will enable the salt to 
dissolve easily in the polymer matrix. On the other hand, the choice of the 
solvent is influenced by its properties, such as high boiling point, high dielec-
tric constant, low viscosity, and low melting temperature, to assist in dissociat-
ing the salt [24, 25]. Some of the polymers used in GPEs for DSSC application 
reported in the literature include poly(ethylene oxide) (PEO) [26], polyacry-
lonitrile (PAN) [19], poly(vinyl alcohol) (PVA) [27], poly(vinylidene fluoride‐
hexafluoropropylene) (PVdF‐HFP) [28], poly(methyl methacrylate) (PMMA) 
[29], hydroxypropyl cellulose (HPC) [30], poly(methyl methacrylate‐co‐ethyl 
acrylate) (PMMA‐EA) [31], PAN‐co‐vinyl acetate [4], and blends of PEO/
PVdF‐HFP [32]. In our work, the DSSCs fabricated used GPEs based on 
chitosan (Ch), phthaloylchitosan (PhCh), PAN, PVA, poly(vinylidene fluoride) 
(PVdF), and polymer blends. Each component with their properties and role in 
the electrolyte will be discussed in detail, as understanding of polymer electro-
lytes is essential in designing good GPEs for DSSCs. Although the main focus 
in this chapter is the gel polymer electrolytes for application in DSSCs, the 
choice and role of other constituents in DSSCs will also be elaborated.

4.3.1  Chitosan (Ch) and Blends

Chitosan (Ch) is a deacetylated byproduct of chitin, which is a plentiful 
polysaccharide or biopolymer found in nature. Chitin exists in arthropod 
exoskeletons, crustacean shells (e.g. in shrimps, lobsters, and crabs), insect 
cuticles (e.g. in ants, beetles, and butterflies), the cephalopod beaks (e.g. in 
squids and octopuses) and the cell walls of fungi. Ch is an inert, hydrophilic, 
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odorless, nontoxic, biodegradable, and biocompatible polymer that has high 
mechanical strength with a glass transition temperature of 480 K [33–35]. In 
the structure of Ch, there is amine group (NH2) that differentiates it from 
chitin. Due to the amine and hydroxyl groups (OH) on the Ch chain, it has 
been described as a suitable biopolymer for the formation of dative bonds with 
metal ions [36, 37]. The nitrogen and oxygen atoms in the amine and hydroxyl 
groups, respectively, each have a pair of unused electrons that can complex 
with cations of the doping salt. Hence, Ch can be considered as a good choice 
to serve as a polymer electrolyte to host ionic conduction, as it is a relatively 
inexpensive material that does not require complicated apparatus to manufac-
ture; it is environmental friendly, too. Moreover, using a waste material such 
as  chitosan will minimize environmental stress. Table  4.1 summarizes the 
Ch‐based polymer electrolytes and their performance in DSSCs under 1 Sun 
illumination unless stated otherwise. The photoanode used comprises two 

Table 4.1  Photovoltaic performance of DSSCs using chitosan‐based GPEs with their 
ambient conductivities.

GPE Dye
σ
(S cm−1)

Jsc

(mA cm−2) Voc (V) FF η (%) Ref.

27.5 wt‐% Ch
22.5 wt‐% NH4I(+I2)
50 wt‐% BMII

Anthocyanin
(black rice)

1.51 × 10−4 0.76 0.38 0.48 0.14 [38]

27.5 wt‐% Ch
22.5 wt‐% NH4I(+I2)
50 wt‐% BMII

Anthocyanin
(red cabbage)

1.51 × 10−4 1.43 0.31 0.45 0.20 [38]

11 wt‐% Ch
9 wt‐% NH4I(+I2)
80 wt‐% BMII

Anthocyanin
(black rice)

3.02 × 10−4 0.90 0.37 0.45 0.15 [38]

11 wt‐% Ch
9 wt‐% NH4I(+I2)
80 wt‐% BMII

Anthocyanin
(red cabbage)

3.02 × 10−4 2.09 0.61 0.30 0.38 [38]

3.3 wt‐% Ch
7.7 wt‐% PEO
9 wt‐% NH4I(+I2)
80 wt‐% BMII

Anthocyanin
(black rice)

5.52 × 10−4 1.21 0.40 0.47 0.23 [38]

3.3 wt‐% Ch
7.7 wt‐% PEO
9 wt‐% NH4I(+I2)
80 wt‐% BMII

Anthocyanin
(red cabbage)

5.52 × 10−4 2.52 0.40 0.39 0.39 [38]

I2 = iodine; BMII = 1‐butyl‐3‐methylimidazolium iodide
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TiO2 layers (compact and mesoporous) deposited on ITO glass substrate while 
the CE was platinum coated on ITO. Their conductivity (σ) values at room 
temperature have also been included in the table.

From Table  4.1, it may be inferred that the efficiency (η) of DSSCs is 
influenced by the type of dye and also by the source of dye. These are based 
on the results that cells using the same electrolyte composition but different 
anthocyanin sources gave different performance. A DSSC with anthocyanin 
extracted from red cabbage exhibited higher efficiency than that of 
anthocyanin from black rice due to the structural difference in which the 
cyanidin‐3‐(sinapoyl)diglucoside‐5‐glucoside in red cabbage has more sites 
to bind with TiO2 [38]. Ionic liquid (IL) addition, namely 1‐butyl‐3‐methyl-
imidazolium iodide (BMII), also affects the DSSC performance. As can be 
seen in Table 4.1, the conductivity of 27.5 wt‐% Ch/22.5 wt‐% NH4I(+I2)/50 
wt‐% BMII was doubled when more BMII (80 wt‐%) was added and subse-
quently increased the Jsc and η [38]. BMII is basically a molten salt at ambi-
ent temperature and is in the liquid state. IL, in general, does not evaporate 
easily, is nonflammable, has good chemical and thermal stabilities, high 
ionic conductivity, excellent solvating capability and wide potential windows 
[39]. Also, ionic liquids do not undergo crystallization due to their low melt-
ing point making them more attractive. They can offer extra charge carriers 
in the electrolytes and also serve as plasticizer. BMII was selected as it has 
higher conductivity at room temperature as compared to its counterpart, i.e. 
1‐propyl‐3‐methylimidazolium iodide (PMII) [40]. On the other hand, 
ammonium iodide (NH4I) salt has been chosen [38] due to its low lattice 
energy (605.3 kJ mol−1) [41] enabling the salt to dissolve easily in the polymer 
matrix and resulting in reasonably good conductivity. As a comparison, 
NH4I is known to exhibit higher conductivity than sodium iodide (NaI) and 
lithium iodide (LiI) [42]. Lee and coworkers [43] also reported a similar 
observation and tested phosphazene‐based liquid electrolyte containing the 
three salts in DSSCs. They found that the phosphazene‐based liquid electro-
lyte containing NH4I salt exhibited the highest Jsc and η of 1.28 mA cm−2 and 
0.45%, respectively, when compared with that employing NaI and LiI. The σ, 
Jsc, and η of the three salts follow the order NH4I > NaI > LiI.

Other than that, the efficiency is dependent on factors such as the type of 
polymer host and whether one or two polymers are being used in the GPE. It is 
well known that the ionic conductivity of polymer electrolytes can be enhanced 
by blending two polymers. It has been anticipated that better properties in 
terms of higher conductivity, improved flexibility and better mechanical 
strength will be obtained in blended polymer electrolytes when compared to 
electrolytes having single polymer matrix. As can be seen from Table 4.1, the 
conductivity has been increased to 5.52 × 10−4 S cm−1 from 3.02 × 10−4 S cm−1 
when Ch has been blended with PEO in the weight ratio of 30:70, as blend-
ing provides more donor sites for the ions to conduct [38]. As a result, 
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improvement in Jsc, fill factor (FF) and η can be observed for both black rice 
and red cabbage DSSCs with Ch–PEO blend GPE. PEO, the most commonly 
used polymer host, is a synthetic polymer that has the monomer unit –
CH2CH2O– in which the oxygen atom has lone pair electrons to interact with 
the salt to form polymer–salt complexes. PEO has the benefit of solvating a 
wide variety of salts in high concentration with its glass transition temperature 
around 209 K [44]. Nonetheless, PEO has the drawbacks of having high degree 
of crystallinity (70–85%) and poor ionic conductivity of about 10−8 S cm−1 at 
ambient temperature [45]. Hence, it is used as cohost in reference [38]. 
Furthermore, Ch and PEO are known to be miscible in one another and, thus, 
well‐suited for blending [46].

4.3.2  Phthaloylchitosan (PhCh) and Blends

The use of chitosan has been restricted because of its insolubility in almost all 
ordinary solvents, such as water, alkali and organic solvents, but it is soluble in 
dilute acetic and formic acids. The rigid crystalline structure that resulted 
through both intra‐ and intermolecular hydrogen bonding accounts for the 
insolubility of chitosan in some common organic solvents. Nevertheless, the 
presence of the amine groups in chitosan enables modification of the biopoly-
mer to impart the desired property of solubility. As mentioned earlier, apart 
from the amine groups, chitosan has two hydroxyl groups, which are also eligi-
ble to be modification sites to enhance solubility. In preparing the chitosan‐
based electrolytes shown in Table  4.1, the solvent used was 1% acetic acid 
solution. However, the presence of water in the solvent aided by oxygen will 
result in the formation of iodate (IO3

−) ions and lesser triiodide ions to mediate 
the transport of electrons from the CE to the photoanode; this is detrimental 
to DSSC performance. The process of IO3

− formation is [47]:

	 2 3 4 2 3 22 2 3D I O H O D IO H 	 (4.3)

To reduce the resistivity of the electrolytes derived from chitosan, increase 
the solubility of chitosan in aprotic solvents, and, consequently, the efficiency 
of the DSSC, modification of the chitosan is required. N‐phthaloylation is one 
of the chemical methods used to bestow hydrophobicity to the framework of 
chitosan. Phthaloylchitosan (PhCh) is an N‐phthaloyl derivative of chitosan. 
PhCh has shown boosted solubility in organic solvents, while the phthaloyl 
group could easily regenerate free amino groups. PhCh can dissolve in solvents 
such as dimethyl formamide (DMF), dimethylacetamide (DMAc), dimethyl 
sulfoxide (DMSO), and pyridine [48]. Film containing PhCh has been reported 
to exhibit the glass transition temperature of 260 K [49]. Table 4.2 lists the con-
ductivity and photovoltaic parameters of GPEs employing PhCh as polymer 
host. The DSSCs were illuminated at 1 Sun whereas the photoanode used 



Table 4.2  Photovoltaic performance of DSSCs using PhCh‐based GPEs with their ambient 
conductivities.

GPE Dye
σ
(S cm−1)

Jsc

(mA cm−2)
Voc

(V) FF
η
(%) Ref.

11 wt‐% PhCh
9 wt‐% NH4I(+I2)
80 wt‐% BMII

Anthocyanin
(red cabbage)

5.86 × 10−4 3.47 0.37 0.34 0.43 [38]

16.1 wt‐% PhCh
32.3 wt‐% EC
32.3 wt‐% PC
12.9 wt‐% TPAI
6.4 wt‐% LiI(+I2)

N719 4.14 × 10−3 7.25 0.77 0.67 3.71 [53]

18.18 wt‐% PhCh
27.27 wt‐% EC
36.37 wt‐% PC
18.18 wt‐% TBAI(+I2)

N3 4.45 × 10−3 5.58 0.65 0.63 2.29 [60]

16.1 wt‐% PhCh
32.3 wt‐% EC
32.3 wt‐% PC
19.3 wt‐% TPAI(+I2)

N719 5.27 × 10−3 7.38 0.72 0.66 3.50 [53]

12.2 wt‐% PhCh
36.6 wt‐% EC
36.6 wt‐% DMF
14.6 wt‐% TPAI(+I2)

N3 5.46 × 10−3 12.72 0.60 0.66 5.00 [54,55]

18.18 wt‐% PhCh
27.27 wt‐% EC
36.37 wt‐% PC
18.18 wt‐% TPAI(+I2)

N3 5.53 × 10−3 7.65 0.67 0.64 3.28 [60]

12.2 wt‐% PhCh
36.6 wt‐% EC
36.6 wt‐% DMF
7.3 wt‐% TPAI
7.3 wt‐% LiI(+I2)

N3 6.09 × 10−3 17.29 0.59 0.62 6.36 [55]

18.18 wt‐% PhCh
27.27 wt‐% EC
36.37 wt‐% PC
3.64 wt‐% KI
14.54 wt‐% TBAI(+I2)

N3 6.71 × 10−3 8.70 0.80 0.63 4.36 [60]

18.18 wt‐% PhCh
27.27 wt‐% EC
36.37 wt‐% PC
3.64 wt‐% KI
14.54 wt‐% TPAI(+I2)

N3 8.45 × 10−3 8.72 0.80 0.63 4.37 [60]



Table 4.2  (Continued)

GPE Dye
σ
(S cm−1)

Jsc

(mA cm−2)
Voc

(V) FF
η
(%) Ref.

18.18 wt‐% PhCh
27.27 wt‐% EC
36.37 wt‐% PC
18.18 wt‐% KI(+I2)

N3 1.37 × 10−2 7.71 0.67 0.63 3.23 [60]

3.3 wt‐% PhCh
7.7 wt‐% PEO
9 wt‐% NH4I(+I2)
80 wt‐% BMII

Anthocyanin
(red cabbage)

6.24 × 10−4 3.50 0.34 0.39 0.46 [38]

4.79 wt‐% PhCh
11.16 wt‐% PEO
70.97 wt‐% DMF
13.08 wt‐% TPAI(+I2)

Anthocyanin
(black rice)

7.36 × 10−3 2.24 0.41 0.58 0.53 [56]

4.79 wt‐% PhCh
11.16 wt‐% PEO
70.97 wt‐% DMF
13.08 wt‐% TPAI(+I2)

Anthocyanin
(black rice)

7.36 × 10−3 2.71 0.40 0.68 0.74 [56]

4.79 wt‐% PhCh
11.16 wt‐% PEO
70.97 wt‐% DMF
13.08 wt‐% TPAI(+I2)

N3 7.36 × 10−3 13.04 0.58 0.61 4.61 [56]

4.79 wt‐% PhCh
11.16 wt‐% PEO
70.97 wt‐% DMF
13.08 wt‐% TPAI(+I2)

N3 7.36 × 10−3 15.24 0.60 0.57 5.21 [56]

5.04 wt‐% PhCh
1.26 wt‐% PEO
31.5 wt‐% EC
37.8 wt‐% DMF
24.4 wt‐% TPAI(+I2)

Chlorophyll 
(screwpine 
leaves) + 
Anthocyanin 
(black rice)
(sequential 
deposition)

1.11 × 10−2 1.64 0.52 0.66 0.56 [57]

5.04 wt‐% PhCh
1.26 wt‐% PEO
31.5 wt‐% EC
37.8 wt‐% DMF
24.4 wt‐% TPAI(+I2)

Anthocyanin 
(black rice)

1.11 × 10−2 1.83 0.50 0.65 0.59 [57]

5.04 wt‐% PhCh
1.26 wt‐% PEO
31.5 wt‐% EC
37.8 wt‐% DMF
24.4 wt‐% TPAI(+I2)

Chlorophyll 
(screwpine 
leaves)

1.11 × 10−2 1.19 0.49 0.63 0.39 [57]

(Continued)
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Table 4.2  (Continued)

GPE Dye
σ
(S cm−1)

Jsc

(mA cm−2)
Voc

(V) FF
η
(%) Ref.

5.04 wt‐% PhCh
1.26 wt‐% PEO
31.5 wt‐% EC
37.8 wt‐% DMF
24.4 wt‐% TPAI(+I2)

Anthocyanin 
(black rice) + 
Chlorophyll 
(screwpine 
leaves)
(sequential 
deposition)

1.11 × 10−2 2.64 0.46 0.63 0.81 [57]

5.09 wt‐% PhCh
1.32 wt‐% PEO
38.45 wt‐% EC
32.05 wt‐% DMF
23.09 wt‐% TPAI(+I2)

N3 — 12.71 0.68 0.69 5.96 [59]

5.09 wt‐% PhCh
1.32 wt‐% PEO
38.45 wt‐% EC
32.05 wt‐% DMF
23.09 wt‐% TPAI(+I2)

N3 — 17.21 0.65 0.64 7.15 [59]

5.09 wt‐% PhCh
1.32 wt‐% PEO
38.45 wt‐% EC
32.05 wt‐% DMF
23.09 wt‐% TPAI(+I2)

N3 — 17.32 0.66 0.63 7.20 [59]

5.04 wt‐% PhCh
1.26 wt‐% PEO
31.5 wt‐% EC
37.8 wt‐% DMF
24.4 wt‐% TPAI(+I2)

N3 1.11 × 10−2 16.56 0.66 0.67 7.10 [58]

4.64 wt‐% PhCh
1.16 wt‐% PEO
29 wt‐% EC
34.8 wt‐% DMF
22.4 wt‐% TPAI(+I2)
8 wt‐% BMII

N3 1.35 × 10−2 19.68 0.71 0.69 9.61 [58]
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consists of two layers of TiO2 deposited on FTO glass and CE was platinum 
coated on FTO unless stated otherwise.

Whether it is ITO or FTO used in Table 4.2, the TCO glass substrate not only 
acts as a support for both electrodes but also as current collector [50]. In order 
to have a good performance, TCO substrates should exhibit high transparency, 
excellent transmittance, low sheet resistance, and good heat stability [51]. ITO 
can transmit 80% of light that falls on it while the transmittance percentage of 
FTO is 70%. Nevertheless, ITO is more expensive than FTO due to the scarce 
indium element and also the resistivity of ITO will be increased after thermal 
treatment of TiO2 deposited on it, which subsequently leads to decrement in 
performance [52]. ITO glass substrate has been used in reference [38] whereas 
the rest of the data in Table 4.2 were obtained using FTO glass [53–59]. Note 
also that diisopropxytitanium bis(acetylacetonate) was deposited on TCO 
glass before the mesoporous TiO2 coated on it in references [38, 60]. As stated 
earlier, this layer, which is known as compact or blocking layer, plays the role of 
preventing electron recombination. Also, with its presence, better TiO2 adhe-
sion on TCO and larger contact area between TiO2 and TCO can be achieved 
resulting in efficient electron transfer and improved performance [61]. The 
compact blocking layer can also be prepared from nanoporous P90 Degussa 
TiO2 [54–59]. In contrast, the photoanode used in reference [53] consists only 
one layer of TiO2, i.e. without the compact layer.

As can be observed from Table 4.2, the 11 wt‐% PhCh / 9 wt‐% NH4I / 80 
wt‐% BMII GPE gave higher ambient conductivity (5.86 × 10−4 S cm−1) than the 
same composition GPE but with chitosan as polymer matrix instead (3.02 × 10−4 
S cm−1) (Table 4.1) [38]. Again, higher conductivity is accompanied by incre-
ment in Jsc, FF, and η [38]. The conductivity and efficiency can be further 
enhanced when PhCh has been blended with PEO in weight ratio of 30:70, thus 
delivering the conductivity of 6.24 × 10−4 S cm−1 and efficiency of 0.46% [38]. 
Yet, the efficiency is still low, which may be attributed to the use of natural 
resources as sensitizers. In fact, it is clear that all the DSSCs employing natural 
dyes listed in Table 4.2 yielded the efficiencies of not more than 1%. This may 
be due to the photoinstability issue of the natural dyes, which makes them 
easily degradable, as well as their weak binding interaction with the photoan-
ode. Nonetheless, natural dyes are easily accessible, environmental friendly, 
and inexpensive, which can help reduce the price of DSSCs. It is worth men-
tioning that the highest efficiency of 0.81% obtained for a natural DSSC using 
PhCh‐PEO GPE listed in Table 4.2 was using the combination of anthocyanin 
extracted from black rice and chlorophyll from screwpine leaves [57]. The two 
layers of TiO2 has been firstly sensitized in anthocyanin black rice solution for 
24 h followed by immersion in chlorophyll solution for another 24 h. 
Interestingly, when the sensitization procedure was reversed, a lower efficiency 
of 0.56% was obtained. This is attributable to anthocyanin having both carbonyl 
and hydroxyl functional groups that can bind more efficiently with the porous 
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TiO2 surface as compared to the chlorophyll molecule that has only the 
carbonyl group. It is to be noted that the PhCh‐PEO GPE that delivered 
efficiency of 0.81% used TPAI salt.

Organic salts, such as tetrapropylammonium iodide (TPAI or (C3H7)4NI), 
tetramethylammonium iodide (TMAI or (CH3)4NI), and tetrabutylammonium 
iodide (TBAI or (C4H9)4NI) to name a few, have been employed as they are 
nonvolatile and stable in atmospheric condition [62]. In contrast, inorganic 
salts (e.g. NH4I) have restricted solubility at ambient temperature [63]. The 
type of salt is also a factor in influencing DSSCs performance. It can also be 
observed in reference [60] that the ambient conductivity of PhCh‐based GPE 
containing potassium iodide (KI), TPAI, and TBAI salts increases in the order 
of TBAI (4.45 mS cm−1) < TPAI (5.53 mS cm−1) < KI (13.7 mS cm−1), which is 
attributed to the reduction in cationic radius in the same order. The ionic radii 
of K+, TPA+ (or C12H28N+), and TBA+ (or C16H36N+) are 138, 460, and 500 pm, 
respectively. Hence, TBAI has the lowest lattice energy, enabling the salt dis-
sociation to take place more easily compared to TPAI and KI. Among the three 
salts, the TBA+ cation is largest in size and, thus, it is expected to be less mobile 
and impedes the movement of ions, thereby decreasing the ionic mobility and 
conductivity. From Table 4.2, Jsc can be seen to increase in the same order as 
conductivity trend. However, the Jsc and efficiency do not follow the same trend 
but increase in the mode of Jsc/η (TPAI) > Jsc/η (KI) > Jsc/η (TBAI). Bandara and 
coworkers [64] have also reported that TPAI is the best performing salt in a 
PAN‐based GPE system among other quaternary ammonium iodide salts 
including NH4I, TBAI, tetraethylammonium iodide (TEAI or (C2H5)4NI), 
tetrapentylammonium iodide (TPentAI or (C5H11)4NI), and tetrahexylammo-
nium iodide (THAI or (C6H13)4NI). The efficiency follows the order of THAI 
(η = 3.16%) < TPentAI (η = 3.48%) < NH4I (η = 3.69%) < TEAI (η = 4.11%) < TBAI 
(η = 4.16%) < TPAI (η = 4.30%). Similar to this work [60], their efficiency 
variation also does not follow the conductivity trend. As for KI, efficiency 
approximately 3% was obtained in a PAN‐based GPE [65]. Note that Bandara 
et al. [64, 65] employed N719 sensitizer whereas in the PhCh‐based GPE 
DSSCs, N3 dye was used [60].

In DSSCs, both the cations and anions of the salt are equally important. For 
the case of iodide salts, more iodide ions are beneficial in enhancing the Jsc and, 
subsequently, efficiency. As for the cations, small cations are able to absorb 
better on TiO2 surface and improve electron injection rate while large cations, 
on the other hand, decrease the cationic conduction due to their bulkiness and, 
thereby, increase the iodide concentration. Both the improved electron injec-
tion rate and increase in iodide concentration will usually lead to enhancement 
in Jsc and efficiency. Voc can also be enhanced with a large cation that shifts the 
conduction band to more positive potentials and decreases the electron recom-
bination process. This means that with the right combination of salts, the small 
cation increases Jsc whereas, at the same time, the large cation is able to improve 
the Voc. Therefore, based on this mixed cation effect, the usage of double salts 
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with large and small cations can definitely yield better DSSC performance. 
In  the GPE systems containing both KI‐TPAI and KI‐TBAI binary salts, 
improvement in Jsc, Voc, and efficiency were observed compared to a GPE 
containing KI salt only [60]. Conversely, conductivity decreased as expected. 
Nevertheless, the DSSCs using the two binary salts electrolyte systems with N3 
dye gave almost identical efficiency of about 4.4% with both KI:TPAI/TBAI 
weight percentage ratio at 20:80 [60]. It is to be noted that part of the KI has 
been substituted with TPAI/TBAI so that the total weight of the salts in the 
electrolyte are maintained. Using N719 dye, the DSSC with gel electrolyte 
containing 16.1 wt‐% PhCh / 32.3 wt‐% EC / 32.3 wt‐% PC / 12.9 wt‐% TPAI / 
6.4 wt‐% LiI(+I2) exhibits lower ionic conductivity but higher efficiency com-
pared to the PhCh‐based electrolyte having single salt, i.e. TPAI only [53], as 
can be seen from Table 4.2. Interestingly, the Voc increased while Jsc decreased 
for the GPE containing TPAI‐LiI double salts when compared to single TPAI 
salt electrolyte. The smaller Li+ cation size enabled it to move through segmen-
tal motion of the polymer chain and decreased the flexibility of the polymer 
backbone, thereby increasing the viscosity and obstructing the mobility lead-
ing to conductivity decrement [53]. On the contrary, the small Li+ cation can 
adhere well onto the TiO2 surface and change the Fermi level of TiO2, thus 
improving the Voc leading to better efficiency.

Modification of the photoanode is another effective way to boost the 
efficiency besides tuning the components in the electrolyte. We have studied 
the plasmonic effect of silver (Ag) nanoparticles (10 nm in size) in both natural 
and synthetic DSSC with PhCh‐PEO‐DMF‐TPAI gel electrolyte [56]. Increments 
of 39.6% and 13% in efficiency were observed in the anthocyanin and N3 DSSCs, 
respectively. This can be ascribed to the localized surface plasmon resonance 
behavior of the metal nanoparticles to the photoanode, which enhances the 
light absorption, thereby improving the performance [66, 67]. On the other 
hand, it can be observed in Table 4.1 that NiS and Ni0.95Mo0.05S have also been 
tried as CE, as metal sulfides have attractive features, such as good electrocata-
lytic activity, decent conductivity, stability, nontoxicity, and abundance in 
nature [59]. Although platinum is commonly used as CE, it is very expensive 
due to its scarcity; it also suffers from dissolution due to I−/I3

− corrosion in the 
electrolyte [68]. Based on the performance listed in Table 4.1, it can be con-
cluded that Ni0.95Mo0.05S/FTO CE prepared via an electrochemical deposition 
technique displayed comparable efficiency with that of Pt/FTO, thus showing 
its potential as a low cost CE material.

It is worth highlighting that an N3 DSSC using GPE with the composition of 
4.64 wt‐% PhCh / 1.16 wt‐% PEO / 29 wt‐% EC / 34.8 wt‐% DMF / 22.4 wt‐% 
TPAI(+I2) / 8 wt‐% BMII having the high conductivity of 1.35 × 10−2 S cm−1 [58] 
is the best performing DSSC among the others. Here, ethylene carbonate (EC) 
and DMF play the role of both solvent and plasticizer. The dielectric constant, 
viscosity, boiling and melting temperatures of EC are 95.3 (at 25 °C), 2.56 cP, 
246 °C and 36 °C, respectively. DMF has a dielectric constant of 36.7, viscosity 
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of 0.802 cP (at 25 °C), boiling point of 153 °C, and melting point of −60.4 °C. 
These values indicate that DMF and EC meet the requirements of high dielec-
tric constant and high boiling point with low viscosity and low melting point to 
serve as solvent and plasticizer. To our knowledge, this efficiency is the highest 
efficiency ever recorded for DSSCs employing gel polymer electrolytes found 
in literature. Figure 4.2 shows the J‐V characteristics of best performing DSSC 
employing 4.64 wt‐% PhCh / 1.16 wt‐% PEO / 29 wt‐% EC / 34.8 wt‐% DMF / 
22.4 wt‐% TPAI(+I2) / 8 wt‐% BMII GPE. Fitted points (represented by unfilled 
circles) are based on Equation (4.1) with m value taken to be 2.35. The value of 
Schottky barrier used was 0.1 eV. The model shows small deviation in Voc by 
0.0247 V from the experimental data points (represented by line).

4.3.3  Poly(Vinyl Alcohol) (PVA)

As a synthetic polymer, PVA is semicrystalline with chemical formula of 
[CH2CH(OH)]n. PVA has hydroxyl and carbonyl functional groups that can 
interact with the dissociated salt. Similar to chitosan, PVA is nontoxic, hydro-
philic, biocompatible, inexpensive, biodegradable, and has good mechanical 
strength. It is also thermally and chemically stable, adhesive, and has good film 
forming ability [69]. PVA has the glass transition temperature of 355 K [35]. 
The GPEs using PVA as polymer host with their application in DSSCs under 1 
Sun illumination have been tabulated in Table 4.3. The photoanode used was 
double‐layered TiO2 deposited on FTO glass and CE was Pt/FTO unless stated 
otherwise. It is to be noted that DMSO was also used as solvent and plasticizer 
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Figure 4.2  J‐V characteristics of best performing N3 DSSC using PhCh‐PEO‐EC‐DMF‐
TPAI(+I2)‐BMII GPE.
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other than EC and propylene carbonate (PC) in the preparation of GPEs listed 
in the table. DMSO has high boiling point of 189 °C, high dielectric constant of 
47.24, low melting temperature of 18.45 °C and low viscosity of 1.987 cP at 
25 °C. PC, on the other hand, has dielectric constant of 64.4, boiling point of 
240 °C, melting point of −55 °C and viscosity of 2.53 cP at 25 °C.

Synthetic ruthenium‐based complexes are the most popular and successful 
sensitizers that are capable of absorbing light in the visible, ultraviolet and 
near‐infrared (NIR) regions. N719 (cis‐diisothiocyanato‐bis(2,2’‐bipyridyl‐4,4’‐
dicarboxylato)ruthenium(II)bis(tetrabutyl‐ammonium or simply ruthenizer 
535‐bis TBA) and N3 (cis‐diisothiocyanato‐bis(2,2’‐bipyridyl‐4,4’‐dicarboxylic 
acid)ruthenium(II) or simply ruthenizer 535) dyes are two examples of 
ruthenium‐based sensitizers. The chemical structure of N3 dye, also known as 
red dye, contains four carboxylic (−COOH) functional groups whereas the 
N719 or the blue dye has two carboxylic groups and two tetrabutylammonium 
(COO − TBA) groups. This means that N3 dye has four free carboxylic groups 
for anchoring while N719 has two. Nonetheless, it is known that N719 dye 
exhibits superior performance to N3 dye due to reduction in electrostatic repul-
sion owing to larger structure of the former, thus resulting in enhanced dye 
adsorption [81]. Moreover, the molar absorption coefficient of N719 is higher 
than that of N3. Gratzel’s group has also stated that N719 DSSC attained better 
photovoltaic performance than N3 and gave a higher Voc but comparable Jsc 
[82]. Based on Table  4.3, it is evident that the η of cell using N719 dye with 
electrolyte composition of 15.15 wt‐% PVA / 22.73 wt‐% EC / 30.3 wt‐% PC / 
31.82 wt‐% KI(+I2) is higher than the cell using the same electrolyte composi-
tion but with N3 dye [74, 79]. The usage of N719 has resulted in increment in 
Voc, FF, and η [79]. These findings seem to be contradicting those reported by 
Bandara et al. [81]. Although Bandara and coauthors have also observed 
improvement in efficiency when using N719 dye in DSSC with GPE containing 
PAN‐EC‐PC‐CsI‐TPAI(+I2)‐MPII‐TBP, it was Jsc and η that increased [81]. 
Nevertheless, N719 has one shortcoming – it cannot absorb in the red range of 
visible spectrum whereas N3 can [82].

The results obtained in references [71, 74, 75, 77] demonstrated the impor-
tance of a compact TiO2 layer in ensuring good performance by suppressing 
the electron recombination. Using the same electrolyte (15.15 wt‐% PVA / 
22.73 wt‐% EC / 30.3 wt‐% PC / 22.27 wt‐% KI / 9.55 wt‐% TPAI(+I2)) and N3 
dye, the cell with a compact TiO2 layer beneath the mesoporous TiO2 layer 
gave higher efficiency of 5.51% [71] compared to that without the compact 
layer (η = 3.12%) [77]. Similarly, for the case of a single salt KI electrolyte, the 
N3 DSSC with a double‐layered TiO2 exhibited better performance (η = 3.83%) 
[75] than the cell using a photoanode consisting of only one TiO2 mesoporous 
layer (η = 2.64%) [74]. Jsc and FF have increased along with η but Voc has decreased 
with the existence of compact blocking layer in the photoanode [75]. Note that 
the compact layer was also present in the work in references [70, 72, 73, 76, 78] 
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whereas in references [79, 80] the TiO2 photoanode is without the compact 
layer. Note also that ITO has been used as substrate in the work in reference 
[73]. The mixed cation effect has also been examined in the PVA‐EC‐PC based 
GPEs containing KI, TMAI, TPAI, and TBAI salts. It is found that both electro-
lytes containing the same ratio of 70% KI / 30% TPAI and 70% KI / 30% TMAI 
showed the best performance with the efficiencies of 3.12% and 3.45%, respec-
tively [74, 77]. Better performance of KI‐TMAI electrolyte may be due to the 
fact that it has higher ambient conductivity of 12.91 mS cm−1, thereby leading 
to higher Jsc (9.12 mA cm−2) and η [74]. In contrast, the best efficiency of 5.80% 
was achieved by the DSSC using 30% KI / 70% TBAI electrolyte [75]. When 
part of the KI salt has been substituted with TBAI, improvement in photovol-
taic parameters in terms of Jsc, Voc, FF, and η of the cell can be observed with 
expected decrement in conductivity. For single salt electrolyte systems, PVA‐
KI GPE exhibited higher conductivity but lower efficiency than PVA‐TBAI 
GPE [75]. Jsc and Voc followed the efficiency trend whereas FF followed the 
conductivity variation.

One viable way to boost the efficiency is to incorporate additives such as 
TBP, pyridine, and guadinium thiocyanate, to name a few. There are various 
means for the incorporation of additives; for instance, treating the TiO2 
photoanode with TBP and adding TBP into electrolyte system with the 
mutual aim to suppress dark current and hinder electron recombination 
from taking place at the electrode/electrolyte interface [73]. By just immers-
ing the TiO2 into TBP solution for a mere 15 s has resulted in a 28%, 83%, 
and 87% increase in Voc, FF, and η, respectively, compared to the cell without 
TBP treatment [73]. TBP can improve the Voc by shifting the TiO2 conduc-
tion band upon interacting its N atom at pyridine ring with Lewis acid sites 
of TiO2 surface [83]. In most cases, in the presence of TBP increase in Voc is 
detected with decrement in Jsc [84,85]. For DSSC using natural chlorophyll 
extracted from Hyophila involuta moss [72], Voc has been enhanced from 
0.58 to 0.64 V whereas Jsc decreased from 5.96 to 3.71 mA cm−2 when the 
photoanode was immersed in TBP solution for one hour. However, overall 
the efficiency did not increase but reduced to 1.69%. Nevertheless, when 
TBP was incorporated into the PVA‐EC‐PC‐KI‐TPAI electrolyte, the chlo-
rophyll cell showed increment in FF and η by 26 and 8.5%, respectively. The 
Voc, on the other hand, decreased slightly from 0.58 to 0.55 V along with the 
decrement in Jsc as expected. Hence, it can be said that adding TBP into a 
PVA‐based electrolyte system is a better way to enhance the efficiency 
rather than subjecting the photoanode to TBP treatment. In another unre-
lated case with a PVA‐EC‐PC‐KI‐TPAI electrolyte system, the opposite 
effect was observed with increment in Jsc of 0.14 mA cm−2 and decrement in 
Voc of 0.03 V upon the addition of TBP in the electrolyte [75]. The FF, how-
ever, remained the same but the efficiency was enhanced to 6.03% for the N3 
cell using TBP added electrolyte [75].
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To further enhance cell efficiency with PVA‐KI‐TPAI GPE, the addition of 
third salt can be an alternative. Upon incorporation of BMII as ternary salt, the 
efficiency has been further increased to 6.40% with an increment percentage of 
10.3% [75]. From Table 4.3, this can be seen to be accompanied by enhancement 
in Jsc of 26.4% whereas Voc can be seen to decrease while FF remains the same. 
Although its conductivity is unknown, it can be expected that the conductivity 
will be increased with the addition of BMII as BMII contributes to the number 
density of mobile ions, reduces the rigidity of polymer chains, thus improving 
its flexibility and mobility of ions. A usual method of increasing the conductiv-
ity, and hence efficiency, is the inclusion of plasticizers in GPEs. Diethyl carbonate 
(DEC) has been added into PVA‐based GPE with binary salts of KI and TPAI, as 
can be seen from Table 4.3 in reference [80]. DEC is in liquid form and has die-
lectric constant 3.1, boiling temperature 126 °C, melting temperature −43 °C, 
and viscosity of 0.749 cP at 25 °C. Notably, a 28.7% enhancement in conductivity 
was observed upon 5 wt‐% DEC presence in GPE. Plasticizer can assist in ion 
dissociation and promote ion transfer for conduction. However, there is no 
improvement in Jsc while FF decreased slightly. Nevertheless, Voc and efficiency 
showed increments of 11.1% and 4.2%, respectively [80].

Following the work [72], it is evident that that chenodeoxycholic acid 
(CDCA) has been added into the solution containing chlorophyll extracted 
from Hyophila involuta moss with the aim to improve the stability of the 
organic molecules. Additives such as CDCA assist in the binding of dye 
molecules to the TiO2 surface in order to facilitate better electron injection 
and, thereby, improving Jsc and efficiency [86]. Furthermore, CDCA can help to 
block self‐aggregation of the chlorophyll molecules,as dye aggregation is unfa-
vorable to DSSC performance due to inefficient electron injection [87]. The 
presence of CDCA also aided in suppressing electron recombination reaction [88]. 
As a result, it is obvious in Table 4.3 that Jsc and efficiency have been increased 
to 8.44 mA cm−2 and 2.62% from 5.96 mA cm−2 and 2%, respectively, when 
5 mM CDCA was incorporated into the chlorophyll solution [72]. Besides 
CDCA, ferulic acid (FA) has also been used in Hyophila involuta chlorophyll 
and demonstrated an improvement in the performance for cells having PVA‐
based single and double salt GPEs [70, 71]. For single salt KI PVA GPE, increase 
in Jsc, FF, and efficiency by 9.9, 86.7, and 67.5%, respectively, was observed 
whereas FF and efficiency were enhanced by 9.3 and 2.5% only in a cell with 
double salt KI‐TPAI GPE. Yet, at the same time, Jsc did not show any improve-
ment. It is to be noted that an excessive amount of FA added into the dye would 
lead to deterioration in DSSC performance [70]. It can be inferred that CDCA 
works better in improving the performance than FA in the chlorophyll sensi-
tized cell using PVA‐binary salt GPE.

As for PVA‐based GPE, highest efficiency obtained to date in our group is 7.49% 
using N3 dye with the electrolyte having a composition of 5.7 wt‐% PVA / 5.7 wt‐% 
PEO / 24.4 wt‐% EC / 24.4 wt‐% DMSO / 19.5 wt‐% TBAI(+I2) / 20.3 wt‐% BMII 
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Table 4.3  Photovoltaic performance of DSSCs using PVA‐based GPEs with their ambient 
conductivities.

GPE Dye
σ
(S cm−1)

Jsc

(mA cm−2)
Voc

(V) FF
η
(%) Ref.

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
31.82 wt‐% KI(+I2)

Chlorophyll 
(Hyophila 
involuta moss)

1.25× 10−3 4.53 0.61 0.30 0.83 [70]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
31.82 wt‐% KI(+I2)

Chlorophyll 
(Hyophila 
involuta 
moss) + 3 wt‐% 
FA

1.25× 10−3 4.98 0.50 0.56 1.39 [70,71]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
31.82 wt‐% KI(+I2)

Chlorophyll 
(Hyophila 
involuta moss)

1.25× 10−2 4.59 0.61 0.64 1.77 [72]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
22.27 wt‐% KI
9.55 wt‐% TPAI(+I2)

Chlorophyll 
(Hyophila 
involuta moss)

9.72 × 10−3 5.96 0.58 0.58 2.00 [72]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
22.27 wt‐% KI
9.55 wt‐% TPAI(+I2)

Chlorophyll 
(Hyophila 
involuta moss)

9.72 × 10−3 3.71 0.64 0.72 1.69 [72]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
22.27 wt‐% KI
9.55 wt‐% TPAI(+I2)

Chlorophyll 
(Hyophila 
involute 
moss) + 3 wt‐% 
FA

9.72 × 10−3 5.94 0.55 0.63 2.05 [71]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
22.27 wt‐% KI
9.55 wt‐% TPAI(+I2) 
+ 0.7 M TBP

Chlorophyll 
(Hyophila 
involuta moss)

— 5.37 0.55 0.73 2.17 [72]
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Table 4.3  (Continued)

GPE Dye
σ
(S cm−1)

Jsc

(mA cm−2)
Voc

(V) FF
η
(%) Ref.

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
22.27 wt‐% KI
9.55 wt‐% TPAI(+I2)

Chlorophyll 
(Hyophila 
involuta 
moss) + 5 mM 
CDCA

9.72 × 10−3 8.44 0.54 0.58 2.62 [72]

10.5 wt‐% PVA
42.4 wt‐% EC
42.4 wt‐% PC
4.7 wt‐% KI(+I2)

N3 1.83 × 10−3 2.31 0.56 0.36 0.47 [73]

10.5 wt‐% PVA‐
42.4 wt‐% EC
42.4 wt‐% PC
4.7 wt‐% KI(+I2)

N3 1.83 × 10−3 1.87 0.72 0.66 0.88 [73]

9.9 wt‐% PVA
39.6 wt‐% EC
39.6 wt‐% PC‐
6.5 wt‐% KI
4.4 wt‐% TPAI (+I2)

N3 2.18 × 10−3 9.66 0.77 0.44 3.27 [73]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
31.82 wt‐% 
TMAI(+I2)

N3 3.94 × 10−3 5.80 0.60 0.58 2.02 [74]

9.9 wt‐% PVA
39.6 wt‐% EC
39.6 wt‐% PC
10.9 wt‐% KI(+I2)

N3 4.08 × 10−3 6.27 0.72 0.44 1.97 [73]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
31.82 wt‐% 
TBAI(+I2)

N3 4.68 × 10−3 11.13 0.67 0.63 4.70 [75]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
9.55 wt‐% KI‐
22.27 wt‐% 
TBAI(+I2)

N3 5.25 × 10−3 12.56 0.65 0.71 5.80 [75]

(Continued)
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Table 4.3  (Continued)

GPE Dye
σ
(S cm−1)

Jsc

(mA cm−2)
Voc

(V) FF
η
(%) Ref.

7.14 wt‐% PVA
7.14 wt‐% PEO
30.61 wt‐% EC
30.61 wt‐% DMSO
24.5 wt‐% TBAI(+I2)

N3 5.50 × 10−3 12.31 0.66 0.66 5.36 [76]

15.2 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
31.82 wt‐% 
TPAI(+I2)

N3 6.24 × 10−3 6.80 0.71 0.57 2.75 [77]

5.7 wt‐% PVA
5.7 wt‐% PEO
24.4 wt‐% EC
24.4 wt‐% DMSO
19.5 wt‐% TBAI(+I2)
20.3 wt‐% BMII

N3 8.38 × 10−3 14.25 0.79 0.67 7.49 [78]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
22.27 wt‐% KI
9.55 wt‐% TPAI(+I2)

N3 9.72 × 10−3 8.01 0.63 0.62 3.12 [77]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
22.27 wt‐% KI
9.55 wt‐% TPAI(+I2)

N3 9.72 × 10−3 14.10 0.63 0.62 5.51 [71]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
31.82 wt‐% KI(+I2)

N3 1.25 × 10−2 11.03 0.51 0.68 3.83 [75]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
31.82 wt‐% KI(+I2)

N719 1.25 × 10−2 5.08 0.68 0.79 2.74 [79]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
31.82 wt‐% KI(+I2)

N3 1.25 × 10−2 6.60 0.63 0.64 2.64 [74]
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[78]. Also, it is to be noted that the DSSC using natural dye from Hyophila involuta 
moss chlorophyll with PVA‐EC‐PC‐KI‐TPAI(+I2) GPE exhibited remarkably high 
efficiency of 2.62% [72] compared to many other chlorophyll DSSCs employing 
liquid electrolytes [89–91].

4.3.4  Polyacrylonitrile (PAN)

PAN is a synthetic semicrystalline organic polymer with chemical formula 
(C3H3N)n, dielectric constant of 4.2 and glass transition temperature around 
104 °C [92]. It is understood that PAN as polymer matrix does not take part in 
ionic conduction but offers a host medium for structural stability [93]. Due to 
the polar feature, the nitrile groups in PAN can hold more free cations [94]. 

Table 4.3  (Continued)

GPE Dye
σ
(S cm−1)

Jsc

(mA cm−2)
Voc

(V) FF
η
(%) Ref.

14.39 wt‐% PVA
21.59 wt‐% EC
28.79 wt‐% PC
21.16 wt‐% KI
9.07 wt‐% TPAI(+I2)
5 wt‐% DEC

N3 1.26 × 10−2 8.00 0.70 0.58 3.25 [80]

15.15 wt‐% PVA
22.73 wt‐% EC
30.3 wt‐% PC
22.27 wt‐% KI
9.55 wt‐% TMAI(+I2)

N3 1.29 × 10−2 9.12 0.62 0.61 3.45 [74]

14.17 wt‐% PVA
21.26 wt‐% EC
28.34 wt‐% PC
8.93 wt‐% KI
20.83 wt‐% 
TBAI(+I2)
6.47 wt‐% TBP

N3 — 13.70 0.62 0.71 6.03 [75]

14.46 wt‐% PVA
21.69 wt‐% EC
28.92 wt‐% PC‐9.11 
wt‐% KI
21.26 wt‐% 
TBAI(+I2)
4.56 wt‐% BMII

N3 — 15.88 0.57 0.71 6.40 [75]

FA = ferulic acid; TBP = 4‐tert‐butylpyridine; CDCA = chenodeoxycholic acid; DEC = diethyl 
carbonate
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Moreover, PAN is suitable with polar substances such EC and PC and, thus, 
can dissolve easily [95]. Many researchers worldwide have employed PAN 
as  polymer host in GPE for application in DSSCs [64, 65, 81, 93, 96–99]. 
Wanninayake et al. [100] reported a DSSC with efficiency of 6.40% using GPE 
with composition 13.64 wt‐% PAN / 31.82 wt‐% EC / 45.45 wt‐% PC / 3.03 wt‐% 
TPAI / 6.06 wt‐% LiI(+I2). In the work of Bandara et al. [97], PAN‐based GPE 
containing double salts, i.e. THAI and magnesium iodide (MgI2), exhibited an 
efficiency of 3.50%. The GPE composition was 9.8 wt‐% PAN / 39.22 wt‐% EC 
/ 39.22 wt‐% PC / 1.96 wt‐% MgI2 / 9.8 wt‐% THAI(+I2). As mentioned earlier, 
TPAI is capable of accomplishing the best performance in terms of highest Jsc 
and highest η among other quaternary ammonium iodide salts [64] whereas, 
among the alkaline metal iodide salts, cesium iodide (CsI) has been reported to 
deliver optimal efficiency of 3.48% [65]. But the highest Jsc was obtained by 
rubidium iodide (RbI) salt with the value of 9.43 mA cm−2 [65]. Table 4.4 shows 
some works done by our group on PAN‐based GPEs in DSSCs. Similarly, the 
DSSCs having double‐layered TiO2/FTO photoanode and Pt/FTO CE were 
irradiated at 1 Sun unless stated otherwise.

Again, it can be inferred that with CDCA as coadsorbent in chlorophyll dye, 
better Jsc and efficiency can be obtained due to enhanced chlorophyll adsorp-
tion on TiO2 photoanode [101], as can be seen from Table 4.4. In reference 
[103], we have also attempted an unconventional way of preparing GPE, i.e. 
without the inclusion of iodine as redox mediator in PAN‐BMII‐LiBOB 
electrolyte. Lithium bis(oxalato)borate (LiBOB) is a unique salt that has been 
used for lithium‐ion batteries application rather than in DSSCs. It has good 
electrochemical and thermal stabilities with decomposition temperature of 
302 °C. The BOB− anion, which consists of four carbonyl oxygen and four ether 
oxygen atoms that are loosely bound to the B atom, has only one single nega-
tive charge, making it weakly coordinating; thus, it can dissociate easily. 
Consequently, LiBOB is expected to offer good ionic conductivity due to its 
high dissociation. LiBOB is also known to form good interfacial contact with 
graphite/anode in lithium‐ion batteries [106] and therefore, it is expected that 
it will do the same in DSSCs. The rationale behind the utilization of LiBOB in 
DSSCs is to study the effect of cations without I− ions interfering so that the 
effect is more pronounced. Hence, a larger number of smaller lithium cations 
will be provided with the use of LiBOB as it has low lattice energy with a large 
BOB anion. It was anticipated that the triiodide I3

− ions can still be produced 
from I− ions resulting from BMII dissociation. Although the efficiency obtained 
was low at only 0.41%, it shows that the PAN‐BMII‐LiBOB GPE is still useful 
and functional in DSSCs [103]. Nevertheless, the efficiency was enhanced to 
0.65% with the presence of iodine in the GPE. It is interesting to note that a 
noniodide salt, i.e. tetraethylammonium tetrafluoroborate (Et4NBF4), has been 
employed by Cui et al. [32] and used for the first time in a DSSC. The GPE 
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Table 4.4  Photovoltaic performance of DSSCs using PAN‐based GPEs with their ambient 
conductivities.

GPE Dye
σ
(S cm−1)

Jsc

(mA cm−2)
Voc

(V) FF
η
(%) Ref.

9.99 wt‐% PAN
41.46 wt‐% EC
38.46 wt‐% PC
4.41 wt‐% LiI
4.43 wt‐% TPAI(+I2

1.25 wt‐% BMII

Carotenoid 
(saffron)

3.91 × 10−3 0.61 0.54 0.74 0.24 [101]

9.99 wt‐% PAN
41.46 wt‐% EC
38.46 wt‐% PC
4.41 wt‐% LiI
4.43 wt‐% TPAI(+I2)
1.25 wt‐% BMII

Carotenoid 
(saffron) + 30 wt‐% 
CDCA

3.91 × 10−3 1.26 0.48 0.51 0.31 [101]

10 wt‐% PAN
40 wt‐% EC
40 wt‐% PC
10 wt‐% TPAI(+I2)

Chlorophyll 
(Hyophila involuta 
moss)

5.25 × 10−3 5.78 0.60 0.57 1.97 [102]

20 wt‐% PAN
30 wt‐% BMII‐1 M 
LiBOB‐DMSO

N3 3.50 × 10−3 5.04 0.28 0.29 0.41 [103]

20 wt‐% PAN
30 wt‐% BMII‐1 M 
LiBOB‐DMSO + I2

N3 — 2.65 0.51 0.48 0.65 [103]

10.45 wt‐% PAN
43.37 wt‐% EC
40.24 wt‐% PC
4.63 wt‐% TPAI(+I2)
1.31 wt‐% BMII

N3 2.32 × 10−3 10.10 0.65 0.58 3.80 [104]

10.45 wt‐% PAN
43.37 wt‐% EC
40.24 wt‐% PC
4.63 wt‐% TPAI(+I2)
1.31 wt‐% BMII

N3 2.32 × 10−3 12.72 0.61 0.54 4.16 [105]

(Continued)
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having configuration of (PEO/PVdF‐HFP)‐KI(+I2)‐Et4NBF4‐SiO2 exhibited 
better performance, with Jsc of 14.34 mA cm−2 and η of 6.24%, under illumina-
tion with intensity of 96.17 mW cm−2, than GPE without Et4NBF4 (Jsc of 
12.06 mA cm−2 and η of 4.51%) [32]. The authors attributed it to the increase in 
ionic conductivity and triiodide diffusion coefficient.

Based on the discussions in preceding sections, it can be concluded that the 
effect of mixed cations on improving the efficiency of DSSCs is similar/the 
same regardless of which polymer matrix being used in the electrolyte. In an 
attempt to test whether the mixed cation effect can also work in PAN‐based 
GPEs with three iodide‐based salts, GPE containing PAN polymer host and LiI, 
TPAI and BMII as ternary salts has been prepared and its performance 
compared with PAN‐TPAI‐BMII GPE [104]. Upon the addition of LiI as the 
third salt, the conductivity, as foreseen, has increased by 68.5% to 3.91 × 10−3 S cm−1 
along with increment in Jsc and efficiency by 108% and 42%, respectively. It is 
evident in Table 4.4 that DSSCs in references [104] and [105] have employed 
the identical composition of PAN‐based GPEs having double (TPAI‐BMII) and 
ternary (TPAI‐BMII‐LiI) salts and the effect of mixed cations is also dominant, 
where better performance was attained by PAN‐based GPE containing three 
salts with incremental percentages of 62% and 30% in Jsc and efficiency com-
pared to having two salts [105]. The difference between [104] and [105] is that 
double‐layered TiO2 photoanode was used in [104] while the TiO2 photoanode 
in [105] consists of only one layer, i.e. without the compact layer. Surprisingly, 
better efficiency is achieved for cells having a photoanode without the compact 
layer in both binary and tertiary salts GPEs [105]. This may be due to different 

Table 4.4  (Continued)

GPE Dye
σ
(S cm−1)

Jsc

(mA cm−2)
Voc

(V) FF
η
(%) Ref.

9.99 wt‐% PAN
41.46 wt‐% EC
38.46 wt‐% PC
4.41 wt‐% LiI
4.43 wt‐% TPAI(+I2)
1.25 wt‐% BMII

N3 3.91 × 10−3 21.00 0.48 0.53 5.40 [104]

9.99 wt‐% PAN
41.46 wt‐% EC
38.46 wt‐% PC
4.41 wt‐% LiI
4.43 wt‐% TPAI(+I2)
1.25 wt‐% BMII

N3 3.91 × 10−3 20.61 0.50 0.53 5.41 [105]
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procedure of TiO2 sensitization by N3 dye. The TiO2 photoanodes were soaked 
in solution containing 0.5 mM N3 dye and ethanol solvent at 60 °C and then 
kept under ambient temperature for 24 h [105]. Meanwhile, in the work [104], 
TiO2 sensitization was carried out by immersing the photoanode in 0.3 mM 
ethanol solution of N3 dye at room temperature for 24 h. Also to be taken into 
consideration is the active area of the cells for irradiation in [104] and [105], 
which is 0.20 cm2 and 0.12 cm2, respectively.

Nonetheless, based on the above results in [104] and [105], it implies that the 
mixed cation effect also works well in ternary iodide salts and has constructive 
effects on the DSSC performance. It is worthy to mention that using the same 
composition GPE having ternary iodide salts, a prototype solar panel compris-
ing a parallel pair of eight solar cells connected in series has been fabricated 
and its feasibility tested in operating small decorative ornaments as well as 
calculator. Under low light illumination of 8 W m−2 intensity, Voc of 5.4 V and 
short circuit current of 6.4 mA were produced by the solar panel. In other 
words, this means that a maximum output power of 17.1 mW with average 
power of conversion efficiency of 3.7% has been achieved [104].

4.3.5  Polyvinylidene Fluoride (PVdF)

PVdF has the chemical formula C2H2F in which the fluorine atom has lone 
electron pairs to interact with the cation of the salt. Having small ionic radius, 
the fluorine atom (–C–F) has very high electronegativity and, thus, can 
enhance the ion transport due to reduced recombination rate at the TiO2/poly-
mer electrolyte interface in DSSCs [107]. PVdF, which is semicrystalline in 
nature, has dielectric constant of 8.4 and glass transition temperature of 235 K 
[108]. It offers good flexibility and is resistant against corrosion, making it 
attractive for use in polymer electrolyte for application in devices [109]. 
Table  4.5 lists the preliminary work done by our group on DSSCs utilizing 
PVdF‐based GPEs with N719 sensitizer under irradiance of 1 Sun. Again, the 
CE is Pt deposited on FTO glass substrate whereas the photoanode consists of 
only one layered TiO2.

The mixed cation effect has again been verified in N719 DSSCs using PVdF‐
based GPE systems with double salts of KI and TPAI [110]. When part of the 
smaller KI salt has been replaced with the larger TPAI salt, Jsc and efficiency 
showed large incremental percentage of 98.6% and 65.4% with minimal decre-
ment in Voc. Conversely, its conductivity decreased. Although PVdF‐based 
GPE with single KI salt exhibited the highest conductivity, its efficiency is the 
lowest among PVdF‐TPAI and PVdF‐binary salt GPEs [110]. PVdF‐based GPE 
containing THAI has been reported to achieve ambient conductivity of 3.43 
mS cm−1 and efficiency of 2.08% [111]. Efficiencies of 6.74% [112] and 7.30% 
[28] have been obtained by PVdF counterparts, i.e. PVdF‐HFP based GPEs 
indicating reasonably good performance but it employed volatile solvents, 
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namely acetonitrile and acetone, which may pose flammability issues, thus 
making it less favorable. Comparatively, other polymers such as PhCh, PVA, 
and PAN are more attractive and advantageous for use as polymer host with-
out the need to use such solvents.

4.4  Summary and Outlook

As a summary, polymers, namely Ch, PhCh, PAN, PVA and PVdF, have poten-
tial for use as polymer matrix in GPEs and tested in DSSCs. Factors such as the 
type of polymer host, single or dual polymers, type of salt, single/binary/ternary 
salts etc. are the parameters influencing the conductivity and subsequently the 
efficiency of DSSCs. In particular, the effect of a cation mix using small and 
large cations is significant in enhancing the DSSC performance regardless of the 
type of polymer host. Other than that, the type of sensitizers, condition of 
photoanode, and type of counter electrodes are also influencing factors in 
determining the DSSC performance. It is hoped that the information gathered 
will be useful in the design of good GPEs and DSSCs. Although the perfor-
mance of DSSCs using GPEs looks promising, there is still room for improve-
ments. Nonetheless, we remain hopeful and optimistic that DSSC efficiency 
can be further enhanced and their stability improved for practical use.

Table 4.5  Photovoltaic parameters of DSSCs using PVdF‐based GPEs with their ambient 
conductivities.

GPE
σ
(S cm−1)

Jsc

(mA cm−2)
Voc

(V) FF
η
(%) Ref.

10 wt‐% PVdF
40 wt‐% EC
40 wt‐% PC
10 wt‐% KI(+I2)

1.07 × 10−2 4.61 0.75 0.69 2.37 [110]

10 wt‐% PVdF
40 wt‐% EC
40 wt‐% PC
10 wt‐% TPAI(+I2)

4.38 × 10−3 6.15 0.68 0.69 2.90 [110]

10 wt‐% PVdF
40 wt‐% EC
40 wt‐% PC
1.66 wt‐% KI
8.34 wt‐% TPAI(+I2)

5.53 × 10−3 9.16 0.67 0.63 3.92 [110]



Advantages of Polymer Electrolytes for Dye‐Sensitized Solar Cells 111

Acknowledgements

The authors thank the University of Malaya for UMRG grant awarded (Grant 
No. RP024C‐AFR).

References

	 1 	 G. Wolfbauer, A.M. Bond, J.C Eklund, and D.R. MacFarlane, A channel flow 
cell system specifically designed to test the efficiency of redox shuttles in 
dye sensitized solar cells, Solar Energy Material Solar Cells, 70, 2001, 
85–101.

	 2	 J. Wu, Z. Lan, S. Hao, et al., Progress on the electrolytes for dye‐sensitized 
solar cells, Pure and Applied Chemistry, 80, 2008, 2241–2258.

	 3	 F. Bella, G. Griffini, M. Gerosa, and S. Turri, Performance and stability 
improvements for dye‐sensitized solar cells in the presence of luminescent 
coatings, Journal of Power Sources, 283, 2015, 195–203.

	 4	 C.‐L. Chen, T.‐W. Chang, H. Teng, et al., Highly efficient gel‐state dye‐sensitized 
solar cells prepared using poly(acrylonitrile‐co‐vinyl acetate) based polymer 
electrolytes, Physical Chemistry Chemical Physics, 15, 2013, 3640–3645.

	 5	 G.P. Smestad, Education and solar conversion: Demonstrating electron 
transfer, Solar Energy Materials and Solar Cells, 55, 1998, 157–178.

	 6	 H. Zhu, H. Zeng, V. Subramanian, et al., Anthocyanin‐sensitized solar cells 
using carbon nanotube films as counter electrodes, Nanotechnology, 19, 2008, 
465204 (5pp).

	 7	 T. Denaro, V. Baglio, M. Girolamo, et al., Investigation of low cost 
carbonaceous materials for application as counter electrode in dye‐sensitized 
solar cells, Journal of Applied Electrochemistry, 39, 2009, 2173–2179.

	 8	 S.S. Jeon, C. Kim, J. Ko, and S.S. Im, Speherical polypyrrole nanoparticles as 
highly efficient counter electrode for dye‐sensitized solar cells, Journal of 
Materials Chemistry, 21, 2011, 8146 –8151.

	 9	 Q. Li, J. Wu, Q. Tang, et al., Application of microporous polyaniline counter 
electrode for dye‐sensitized solar cells, Electrochemistry Communications, 10, 
2008, 1299 –1302.

	10	 K.‐M. Lee, W.‐H. Chiu, H.‐Y. Wei, et al., Effects of mesoscopic poly(3,4‐
ethylenedioxythiophene) films as counter electrodes for dye‐sensitized solar 
cells, Thin Solid Films, 518, 2010, 1716–1721.

	11	 W. Wei, K. Sun, and Y.H. Hu, An efficient counter electrode material for 
dye‐sensitized solar cells‐flower‐structured 1 T metallic phase MoS2, Journal 
of Materials Chemistry A, 4, 2016, 12398–12401.

	12	 X. Wang, B. Batter,Y. Xie, et al., Highly crystalline, small sized, monodisperse 
α‐NiS nanocrystal ink as an efficient counter electrode for dye‐sensitized solar 
cells, Journal of Materials Chemistry A, 3, 2015, 15905–15912.



Rational Design of Solar Cells for Efficient Solar Energy Conversion112

	13	 J.‐Y. Lin, S.‐W. Chou, Highly transparent NiCo2S4 thin film as an effective 
catalyst toward triiodide reduction in dye‐sensitized solar cells, 
Electrochemistry Communications, 37, 2013, 11 –14.

	14	 M. Ni, M.K.H. Leung, Dennis Y.C. Leung, and K. Sumathy, Theoretical 
modeling of TiO2/TCO interfacial effect on dye‐sensitized solar cell 
performance, Solar Energy Materials & Solar Cells, 90, 2006, 2000–2009.

	15	 L. Dloczik, O. Ileperuma, I. Lauermann, et al., Dynamic response of dye‐
sensitized nanocrystalline solar cells: Characterization by intensity‐modulated 
photocurrent spectroscopy, Journal of Physical Chemistry B, 101, 1997, 
10281–10289.

	16	 K.D. Benkstein, N. Kopidakis, J. Van de Lagemaat, and A.J. Frank, Influence of 
the percolation network geometry on electron transport in dye‐sensitized 
titanium dioxide solar cells, Journal of Physical Chemistry B, 107, 2003, 
7759–7767.

	17	 J. Shi, S. Peng, J. Pei, et al., Quasi‐solid‐state dye‐sensitized solar cells with 
polymer gel electrolyte and triphyenylamine‐based organic dyes, ACS Applied 
Materials & Interfaces, 1, 2009, 944–950.

	18.	Z. Huo, S. Dai, and C. Zhang, Low molecular mass organogelator based gel 
electrolyte with effective charge transport property for long‐term stable 
quasi‐solid‐state dye‐sensitized solar cells, The Journal of Physical Chemistry 
B, 112, 2008, 12927–12933.

	19	 T.M.W.J. Bandara, T. Svensson, M.A.K.L. Dissanayake, et al., Conductivity 
behavior in novel quasi‐solid‐state electrolyte based on polyacrylonitrile and 
tetrahexylammonium iodide intended for dye sensitized solar cells, Journal of 
National Science Foundation Sri Lanka, 41, 2013, 175–184.

	20	 D. Golodnitsky, E. Strauss, E. Peled, and S. Greenbaum, Review – On order 
and disorder in polymer electrolytes, Journal of The Electrochemical Society, 
162, 2015, A2551–A2566

	21	 F.M. Gray, Solid Polymer Electrolytes, VCH, New York, 1991.
	22	 M. Forsyth, J. Sun, and D.R. MacFarlane, Novel high salt content polymer 

electrolytes based on high Tg polymers, Electrochimica Acta, 45, 2000, 
1249–1254.

	23	 X. Wei and D.F. Shriver, Highly conductive polymer electrolytes containing 
rigid polymers, Chemistry of Materials, 10, 1998, 2307–2308.

	24	 R. Kumar, B. Singh, and S.S. Sekhon, Effect of dielectric constant of solvent on 
the conductivity behavior of polymer gel electrolytes, Journal of Materials 
Science, 40, 2005, 1273–1275.

	25	 S. Sekhon, Conductivity behaviour of polymer gel electrolytes: Role of 
polymers, Bulletin of Materials Science, 26, 321–328.

	26	 X. Shen, W. Xu, G. Liang, et al., Quasi‐solid‐state dye‐sensitized solar cells 
based on gel electrolytes containing different alkali metal iodide salts, Solid 
State Ionics, 179, 2008, 2027–2030.



Advantages of Polymer Electrolytes for Dye‐Sensitized Solar Cells 113

	27	 J.H. Kwon and J.S. Kim, Wire‐shaped, dye‐sensitized solar cells with poly(vinyl 
alcohol) gel electrolyte and metal filaments, Journal of Applied Polymer 
Science, 133, 2016, 43439.

	28	 A.R.S. Priya, A. Subramania, Y.‐S. Jung, and K.‐J. Kim, High‐performance 
quasi‐solid‐state dye‐sensitized solar cell based on an electrospun PVdF‐HFP 
membrane electrolyte, Langmuir, 24, 2008, 9816–9819.

	29	 H. Yang, M. Huang, J. Wu, et al., The polymer gel electrolyte based on 
poly(methyl methacrylate) and its application in quasi‐solid‐state dye‐
sensitized solar cells, Materials Chemistry and Physics, 110, 2008, 38–42.

	30	 M.H. Khanmirzaei, S. Ramesh, and K. Ramesh, Hydroxypropyl cellulose based 
non‐volatile gel polymer electrolytes for dye‐sensitized solar cell applications 
using 1‐methyl‐3‐propylimidazolium iodide ionic liquid, Scientific Reports, 5, 
2015, 18056. doi: 10.1038/srep18056

	31	 Z. Seidalilir, R. Malekfar, H.‐P. Wu, et al., High‐performance and stable 
gel‐state dye‐sensitized solar cells using anodic TiO2 nanotube arrays and 
polymer‐based gel electrolytes, ACS Applied Materials & Interfaces, 7, 2015, 
12731–12739.

	32	 Y. Cui, X. Zhang, J. Feng, et al., Enhanced photovoltaic performance of 
quasi‐solid‐state dye‐sensitized solar cells by incorporating a quarternized 
ammonium salt into poly(ethylene oxide)/poly(vinylidene fluoride‐
hexafluoropropylene) composite polymer electrolyte, Electrochimica Acta, 
108, 2013, 757–762.

	33	 M. Jumaa and B.W. Muller, Physicochemical properties of chitosan‐lipid 
emulsions and their stability during the autoclaving process, International 
Journal of Pharmaceutics, 183, 1999, 175–184.

	34	 Z. Zong, Y. Kimura, M. Takahashi, and H. Yamane, Characterization of 
chemical and solid state state structures of acylated chitosans, Polymer, 41, 
2009, 899–906.

	35	 K. Lewandowska, Miscibility and thermal stability of poly(vinyl alcohol)/
chitosan mixtures, Thermochimica Acta, 493, 2009, 42–48.

	36	 M.Z.A. Yahya and A.K. Arof, Studies on lithium acetate doped chitosan 
conducting polymer system, European Polymer Journal, 38, 2002, 
1191–1197.

	37	 Z. Osman, Z.A. Ibrahim, and A.K. Arof, Conductivity enhancement due to ion 
dissociation in plasticized chitosan based polymer electrolytes, Carbohydrate 
Polymers, 44, 2001, 167–173.

	38	 M.H. Buraidah, L.P. Teo, S.N.F. Yusuf, et al., TiO2/chitosan‐NH4I(+I2)‐BMII‐
based dye‐sensitized solar cells with anthocyanin dyes extracted from black 
rice and red cabbage, International Journal of Photoenergy, 2011, 2011, Article 
ID 273683.

	39	 T. Ueki and M. Watanabe, Macromolecules in ionic liquids: Progress, 
challenges and opportunities, Macromolecules, 41, 2008, 3739–3749.



Rational Design of Solar Cells for Efficient Solar Energy Conversion114

	40	 Y. Bai, Y. Cao, J. Zhang, et al., High‐performance dye‐sensitized solar cells 
based on solvent‐free electrolytes produced from eutectic melts, Nature 
Materials, 7, 2008, 626–630.

	41	 M.H. Buraidah and A.K. Arof, Characterization of chitosan/PVA blended electrolyte 
doped with NH4I, Journal of Non‐Crystalline Solids, 357, 2011, 3261–3266.

	42	 M. Hema, S. Selvasekarapandian, D. Arunkumar, et al., FTIR, XRD and ac 
impedance spectroscopic study on PVA based polymer electrolyte doped with 
NH4X (X = Cl, Br, I), Journal of Non‐Crystalline Solids, 355, 2009, 84–90.

	43	 S.‐H.A. Lee, A.‐M.S. Jackson, A. Hess, et al., Influence of different iodide salts 
on the performance of dye‐sensitized solar cells containing phosphazene‐
based non‐volatile electrolytes, Journal of Physical Chemistry C, 114, 2010, 
15234–15242.

	44	 A.M. Stephan, Review on gel polymer electrolytes for lithium batteries, 
European Polymer Journal, 42, 2006, 21–42.

	45	 F.M. Gray, Polymer Electrolytes, Materials Monographs, The Royal Society of 
Chemistry, Cambridge, 1997.

	46	 N. Rakkapao, V. Vao‐soongnern, Y. Masubuchi, and H. Watanabe, Miscibility 
of chitosan/poly(ethylene oxide) blends and effect of doping alkali and alkali 
earth metal ions on chitosan/PEO interaction, Polymer, 52, 2011, 2618–2627.

	47	 H. Tributsch, Dye sensitization solar cells: a critical assessment of the learning 
curve, Coordination Chemistry Reviews, 248, 2004, 1511–1530.

	48	 R. Yoksan, M. Akashi, S. Biramontri, and S. Chirachanchai, Hydrophobic 
chain conjugation at hydroxyl group onto γ–ray irradiated chitosan, 
Biomacromolecules, 2, 2001, 1038–1044.

	49	 N.A. Aziz, S.R. Majid, and A.K. Arof, Synthesis and characterization of 
phthaloyl chitosan‐based polymer electrolytes, Journal of Non‐Crystalline 
Solids, 38, 2012, 1581–1590.

	50	 S. Ngamsinlapasathian, T. Sreethawong, Y. Suzuki, and S. Yoshikawa, Doubled 
layered ITO/SnO2 conducting glass for substrate of dye‐sensitized solar cells. 
Solar Energy Materials and Solar Cells, 90, 2006, 2129–2140.

	51	 K. Hara and H. Arakawa, Dye‐sensitized solar cells in A. Luque and 
S. Hegedus (eds), Handbook of Photovoltaic Science and Engineering, 
John Wiley & Sons Ltd, Chichester, 2003, pp. 663–700.

	52	 W.‐Y. Rho, H. Jeon, H.‐S. Kim, et al., Recent progress in dye‐sensitized solar 
cells for improving efficiency: TiO2 nanotube arrays in active layer, Journal of 
Nanomaterials, 2015, 2015, Article ID 247689.

	53	 S.N.F. Yusuf, M.F. Aziz, H.C. Hassan, et al., Phthaloylchitosan‐based gel 
polymer electrolytes for efficient dye‐sensitized solar cells, Journal of 
Chemistry, 2014, 2014, Article ID 783023.

	54	 S.N.F. Yusuf, A.D. Azzahari, R. Yahya, et al., From crab shell to solar cell: a gel 
polymer electrolyte based on N‐phthaloylchitosan and its application in 
dye‐sensitized solar cells, RSC Advances, 6, 2016, 27714–27724.



Advantages of Polymer Electrolytes for Dye‐Sensitized Solar Cells 115

	55	 S.N.F. Yusuf, A.D. Azzahari, V. Selvanathan, et al., Improvement of N‐
phthaloylchitosan based gel polymer electrolyte in dye‐sensitized solar cells 
using a binary salt system, Carbohydrate Polymers, 157, 2017, 938–944.

	56	 S. Shah, I.M. Noor, J. Pitawala, et al., Plasmonic effects of quantum size metal 
nanoparticles on dye‐sensitized solar cell, Optical Materials Express, 7, 2017, 
2069–2083.

	57	 S. Shah, M.H. Buraidah, L.P. Teo, et al., Dye‐sensitized solar cells with 
sequentially deposited anthocyanin and chlorophyll dye as sensitizers, Optical 
and Quantum Electronics, 48, 2016, 219 (8 pp).

	58	 M.H. Buraidah, S. Shah, L.P. Teo, et al., High efficient dye sensitized solar cells 
using phthaloylchitosan based gel polymer electrolytes, Electrochimica Acta, 
245, 2017, 846–853.

	59	 J. Theerthagiri, R.A. Senthil, M.H. Buraidah, et al., One‐step electrochemical 
deposition of Ni1‐xMoxS ternary sulfides as an efficient counter electrode for 
dye‐sensitized solar cells, Journal of Materials Chemistry A, 4, 2016, 
16119–16127.

	60	 M.H. Buraidah, S. Shah, L.P. Teo, et al., Dye‐sensitized solar cells utilizing 
phthaloylchitosan based gel polymer electrolytes containing binary salts, in 
A.K. Arof, M.A. Careem, and M.H. Buraidah (eds), Proceedings of the 2nd 
International Conference on Solar Energy Materials, Solar Cells and Solar 
Energy Applications, 22–24 August 2013, Centre for Ionics University of 
Malaya, ISBN 978‐967‐12067‐0‐6, pp. 217–222.

	61	 H. Yu, S. Zhang, H. Zhao, et al., An efficient and low‐cost TiO2 compact layer 
for performance improvement of dye‐sensitized solar cells, Electrochimica 
Acta, 54, 2009, 1319–1324.

	62	 X. Liu, D. Qin, Y. Fan, et al., An alternative electrolyte based on acetylacetone–
pyridine–iodine for dye‐sensitized solar cells, Electrochemistry 
Communications, 9, 2007, 1735–1738.

	63	 J. Theerthagiri, R.A. Senthil, M.H. Buraidah, et al., Effect of 
tetrabutylammonium iodide content on PVDF‐PMMA polymer blend 
electrolytes for dye‐sensitized solar cells, Ionics, 21, 2015, 2889–2896.

	64	 T.M.W.J. Bandara, W.J.M.J.S.R. Jayasundara, M.A.K.L. Dissanayake, et al., 
Effect of cation size on the performance of dye sensitized nanocrystalline TiO2 
solar cells based on quasi‐solid state PAN electrolytes containing quarternary 
ammonium iodides, Electrochimica Acta, 109, 2013, 609–616.

	65	 T.M.W.J. Bandara, H.D.N.S. Fernando, M. Furlani, et al., Effect of the alkaline 
cation size on the conductivity in gel polymer electrolytes and their influence 
on photo electrochemical solar cells, Physical Chemistry Physical Physics, 18, 
2016, 10873–10881.

	66	 S. Chang, Q. Li, X. Xiao, et al., Enhancement of low energy sunlight harvesting 
in dye‐sensitized solar cells using plasmonic gold nanorods, Energy& 
Environmental Science, 5, 2012, 9444–9448.



Rational Design of Solar Cells for Efficient Solar Energy Conversion116

	67	 S.K. Tripathi, M. Rani, and N. Singh, ZnO:Ag and TZO:Ag plasmonic 
nanocomposite for enhanced dye sensitized solar cell performance, 
Electrochimica Acta, 167, 2015, 179–186.

	68	 J. Theerthagiri, R.A. Senthil, M.H. Buraidah, et al., Synthesis and 
characterization of (Ni1‐xCox)Se2 based ternary selenides as electrocatalyst for 
triiodide reduction in dye‐sensitized solar cells, Journal of Solid State 
Chemistry, 238, 2016, 113–120.

	69	 C.‐C. Yang and G.M. Wu, Study of microporous PVA/PVC composite polymer 
membrane and its application to MnO2 capacitors, Materials Chemistry & 
Physics, 114, 2009, 948–955.

	70	 H.C. Hassan, Z.H.Z. Abidin, M.A. Careem, and A.K. Arof, Characterization of 
dye sensitized solar cell based on chlorophyll extracted from algae with 
C10H10O4 as an additive, in A.K. Arof, M.A. Careem, and M.H. Buraidah (eds), 
Proceedings of the 2nd International Conference on Solar Energy Materials, 
Solar Cells and Solar Energy Applications, 22–24 August 2013, Centre for 
Ionics University of Malaya, ISBN 978‐967‐12067‐0‐6, pp. 187–192.

	71	 M.A. Careem, M.H. Buraidah, M.F. Aziz, et al., Polyvinyl alcohol gel polymer 
electrolyte based dye sensitized solar cells, Proceedings of the 14th Asian 
Conference on Solid State Ionics, 2014, ISBN 978‐981‐09‐1137‐9, pp. 159–168.

	72	 H.C. Hassan, Z.H.Z. Abidin, F.I. Chowdhury, and A.K. Arof, A high efficiency 
chlorophyll sensitized solar cell with quasi solid PVA based electrolyte, 
International Journal of Photoenergy, 2016, 2016, Article ID 3685210.

	73	 A.K. Arof, M. Naeem, F. Hameed, et al., Quasi solid state dye‐sensitized solar 
cells based on polyvinyl alcohol (PVA) electrolytes containing I−/I3

− redox 
couple, Optical and Quantum Electronics, 46, 2014, 143–154.

	74	 M.F. Aziz, I.M. Noor, M.H. Buraidah, et al., PVA‐based gel polymer 
electrolytes doped with (CH3)4NI/KI for application in dye‐sensitized solar 
cells, 15th International Conference on Transparent Optical Networks, 2013, 
Article 6602906.

	75	 M.F. Aziz, M.H. Buraidah, M.A. Careem, and A.K. Arof, PVA based gel 
polymer electrolytes with mixed iodide salts (K+I− and Bu4N+I−) for dye‐
sensitized solar cell application, Electrochimica Acta, 182, 2015, 217–223.

	76	 T.S. Tiong, M.H. Buraidah, L.P. Teo, and A.K. Arof, Conductivity studies of 
poly(ethylene oxide)(PEO)/poly(vinyl alcohol) (PVA) blend gel polymer 
electrolytes for dye‐sensitized solar cells, Ionics, 22, 2016, 2133–2142.

	77	 M.F. Aziz, M.H. Buraidah, and A.K. Arof, Dye‐sensitized solar cells using 
binary iodide‐PVA gel electrolyte, 15th International Conference on 
Transparent Optical Networks, 2013, Article 6602808.

	78	 M.N.S.M. Sri, M.H. Buraidah, and L.P. Teo, Effect of 1‐butyl‐3‐
methylimidazolium iodide on the performance of dye‐sensitized solar cell 
having PEO‐PVA based gel polymer electrolyte, Materials Today: Proceedings, 
4, 2017, 5161–5168.



Advantages of Polymer Electrolytes for Dye‐Sensitized Solar Cells 117

	79	 M.F. Aziz, I.M. Noor, B. Sahraoui, and A.K. Arof, Dye‐sensitized solar cells 
with PVA‐KI‐EC‐PC gel electrolytes, Optical and Quantum Electronics, 46, 
2013, 133–141.

	80	 M.F. Aziz, M.H. Buraidah, M.A. Careem, and A.K. Arof, PVA‐based gel 
polymer electrolytes and their application in dye sensitized solar cells, in 
A.K. Arof, M.A. Careem, and M.H. Buraidah (eds), Proceedings of the 2nd 
International Conference on Solar Energy Materials, Solar Cells and Solar 
Energy Applications, 22–24 August 2013, Centre for Ionics University of 
Malaya, ISBN 978‐967‐12067‐0‐6, pp. 181–186.

	81	 T.M.W.J. Bandara, H.D.N.S. Fernando, E.J. Rupasinghe, et al., N719 and N3 
dyes for quasi‐solid state dye sensitized solar cells – A comparative study 
using polyacrylonitrile and CsI based electrolytes, Ceylon Journal of Science, 
45, 2016, 61–69.

	82	 J.‐H. Yum, E. Baranoff, S. Wenger, et al., Panchromatic engineering for 
dye‐sensitized solar cells, Energy & Environmental Science, 4, 2011, 842–857.

	83	 T. Stergiopoulos, E. Rozi, C.‐S. Karagianni, and P. Falaras, Influence of 
electrolyte co‐additives on the performance of dye‐sensitized solar cells, 
Nanoscale Research Letters, 6, 2011, 307.

	84	 S. Zhang, M. Yanagida, X. Yang, and L. Han, Effect of 4‐tert‐butylpyridine on 
the quasi‐Fermi level of dye sensitized TiO2 films, Applied Physics Express, 4, 
2011, 042301.

	85.	F. Bella, A. Sacco, D. Pugliese, et al., Additives and salts for dye‐sensitized 
solar cells electrolytes: What is the best choice?, Journal of Power Sources, 264, 
2014, 333–343.

	86	 G.D. Sharma, R. Kurchania, R.J. Ball, et al., Effect of deoxycholic acid on the 
performance of liquid electrolyte dye‐sensitized solar cells using a perylene 
monoimide derivative, International Journal of Photoenergy, 2012, 2012, 
Article ID 983081.

	87	 S. Tatay, S.A. Haque, B. O’Regan, et al., Kinetic competition in liquid 
electrolyte and solid‐state cyanine dye sensitized solar cells, Journal of 
Materials Chemistry, 17, 2007, 3037–3044.

	88.	Y.‐S. Yen, T.‐Y. Lin, and C.‐Y. Hsu, A remarkable enhancement of efficiency by 
co‐adsorption with CDCA on the bithiazole‐based dye‐sensitized solar cells, 
Organic Electronics: Physics, Materials, Applications, 14, 2013, 2546–2554.

	89	 G.R.A. Kumara, S. Kaneko, M. Okuya, et al., Shiso leaf pigments for dye‐
sensitized solid‐state solar cells, Solar Energy and Solar Cells, 90, 2006, 
1220–1226.

	90	 H. Chang and Y.‐J. Lo, Pomegranate leaves and mulberry fruit as natural 
sensitizers for dye‐sensitized solar cells, Solar Energy, 84, 2010, 1833–1837.

	91	 B.‐Q. Liu, X.‐P. Zhao, and W. Luo, The synergistic effect of two photosynthetic 
pigments in dye‐sensitized mesoporous TiO2 solar cells, Dye and Pigments, 
76, 2008, 327–331.



Rational Design of Solar Cells for Efficient Solar Energy Conversion118

	 92	 W.R. Krigbaum and N. Tokita, Melting point depression study of 
polyacrylonitrile, Journal of Polymer Science Part A: Polymer Chemistry, 43, 
1960, 467–488.

	 93	 O.A. Ilepruma, G.R.A. Kumara, H.‐S. Yang, K. Murakami, Quasi‐solid 
electrolyte based on polyacrylonitrile for dye‐sensitized solar cells, Journal of 
Photochemistry and Photobiology A: Chemistry, 217, 2011, 308–312.

	 94	 K. Sada, K. Kokado, Y. Furukawa, Polyacrylonitrile (PAN), in S. Kobayashi 
and K. Müllen (eds), Encyclopedia of Polymeric Nanomaterials, Springer, 
2014, pp. 1–7.

	 95	 P.A.R.D. Jayathilaka, M.A.K.L. Dissanayake, I. Albinsson, and B.‐E. 
Mellander, Dielectric relaxation, ionic conductivity and thermal studies of 
the gel polymer electrolyte system PAN/EC/PC/LiTFSI, Solid State Ionics, 
156, 2003, 179–195.

	 96	 M.A.K.L. Dissanayake, C.A. Thotawatthage, G.K.R. Senadeera, et al., 
Efficiency enhancement by mixed cation effect in dye‐sensitized solar cells 
with PAN based gel polymer electrolyte, Journal of Photochemistry and 
Photobiology A: Chemistry, 246, 2012, 29–35.

	 97	 T.M.W.J. Bandara, M.A.K.L. Dissanayake, W.J.M.J.S.R. Jayasundera, et al., 
Efficiency enhancement in dye‐sensitized solar cells using gel polymer 
electrolytes based on a tetrahecylammonium iodide and MgI2 binary iodide 
system, Physical Chemistry Chemical Physics, 14, 2012, 8620–8627.

	 98	 T.M.W.J. Bandara, H.D.N.S. Fernando, M. Furlani, et al., Dependence of solar 
cell performance on the nature of alkaline counterion in gel polymer 
electrolytes containing binary iodides, Journal of Solid State Electrochemistry, 
21, 2017, 1571–1578.

	 99	 T.M.W.J. Bandara, W.J.M.J.S.R. Jayasundera, H.D.N.S. Fernando, et al., 
Efficiency enhancement of dye‐sensitized solar cells with PAN:CsI:LiI 
quasi‐solid state (gel) electrolytes, Journal of Applied Electrochemistry, 44, 
2014, 917–926.

	100	 W.M.N.M.B. Wanninayake, K. Premaratne, G.R.A. Kumara, and R.M.G. 
Rajapakse, Use of lithium iodide and tetrapropylammonium iodide in gel 
electrolytes for improved performance of quasi‐solid‐state dye‐sensitized 
solar cells: Recording an efficiency of 6.40%, Electrochimica Acta, 191, 2016, 
1037–1043.

	101	 A.K. Arof, N.A. Mat Nor, N.R. Ramli, et al., Utilization of saffron (Crocus 
sativus L.) as sensitizer in dye‐sensitized solar cells (DSSCs), Optical and 
Quantum Electronics, 49, 2017, 37, (8 pp).

	102	 H.C. Hassan, Z.H.Z. Abidin, M.A. Careem, and A.K. Arof, Chlorophyll as 
sensitizer in I−/I3

−‐based solar cells with quasi‐solid‐state electrolytes, High 
Performance Polymers, 26(6), 2014, 647–652.

	103	 A.K. Arof, H.K. Jun, L.N. Sim, et al., Gel polymer electrolyte based on LiBOB 
and PAN for the application in dye‐sensitized solar cells, Optical Materials, 
36, 2014, 135–139.



Advantages of Polymer Electrolytes for Dye‐Sensitized Solar Cells 119

	104	 A.K.Arof, I.M.Noor, M.H.Buraidah, et al., Polyacrylonitrile gel polymer 
electrolyte based dye sensitized solar cells for a prototype solar panel, 
Electrochimica Acta, 251, 2017, 223–234.

	105	 T.M.W.J. Bandara, M.F. Aziz, H.D.N.S. Fernando, et al., Efficiency 
enhancement in dye‐sensitized solar cells with a novel PAN‐based gel 
polymer electrolyte with ternary iodides, Journal of Solid State 
Elecrochemistry, 19, 2015, 2353–2359.

	106	 L.Z. Fan, T.F. Xing, R. Awan, and W.H. Qiu, Studies on lithium bis(oxalato)‐
borate/propylene carbonate‐based electrolytes for Li‐ion batteries, Ionics, 17, 
2011, 491–494.

	107	 S. Ganesan, V. Mathew, B.J. Paul, et al., Influence of organic nitrogenous 
compounds phenothiazine and diphyenyl amine in poly(vinylidene fluoride) 
blended with poly(ethylene oxide) polymer electrolyte in dye‐sensitized solar 
cells, Electrochimica Acta, 102, 2013, 219–224.

	108	 M. Muthuvinayagam and C. Gopinathan, Characterization of proton 
conducting polymer blend electrolytes based on PVdF‐PVA, Polymer, 68, 
2015, 122–130.

	109	 S. Anandan, S. Pitchumani, B. Muthuraaman, and P. Maruthamuthu, 
Heteropolyacid‐impregnated PVDF as a solid polymer electrolyte for 
dye‐sensitized solar cells, Solar Energy Materials and Solar Cells, 90, 2006, 
1715–1720.

	110	 A.K. Arof, M.F. Aziz, M.M. Noor, et al., Efficiency enhancement by mixed 
cation effect in dye‐sensitized solar cells with a PVdF based gel polymer 
electrolyte, International Journal of Hydrogen Energy, 39, 2014, 2929–2935.

	111	 K.S. Perera and K.P. Vidanapathirana, Polyvinylidene fluoride based gel 
polymer electrolyte to be used in solar energy to electrical energy conversion, 
Sri Lankan Journal of Physics, 16, 2016, 29–39.

	112	 K.‐M. Lee, V. Suryanarayanan, and K.‐C. Ho, High efficiency quasi‐solid‐
state dye‐sensitized solar cell based on polyvinylidene fluoride‐co‐hexafluoro 
propylene containing propylene carbonate and acetonitrile as plasticizers, 
Journal of Photochemistry and Photobiology A: Chemistry, 207, 2009, 
224–230.



121

Rational Design of Solar Cells for Efficient Solar Energy Conversion, First Edition.  
Edited by Alagarsamy Pandikumar and Ramasamy Ramaraj. 
© 2018 John Wiley & Sons, Inc. Published 2018 by John Wiley & Sons, Inc.

5

5.1  Introduction

5.1.1  Energy Demand

Energy demand headed the list entitled “top ten Global Concerns” by Richard 
Errett Smalley, Nobel laureate in chemistry for the year of 1996, at the 2004 
Materials Research Society Fall Meeting in Boston [1]. The energy demand of 
our planet keeps on increasing due to improvements in technology and eco-
nomic status, and also increasing population. The worldwide energy consump-
tion is expected to be doubled in the next few decades and to be tripled by the 
end of this century [2]. Moreover, the energy economy is still highly dependent 
on three forms of fossil fuels – oil, natural gases, and coal – nearly 80% of the 
present energy needs are fulfilled by these nonrenewable energy sources [3]. 
Because of the nonrenewable nature of these conventional energy sources, 
researchers are urgently developing sustainable or renewable energy solutions 
to meet the current global energy demand [4]. At the present rate of consump-
tion, all the fossil fuel available will be consumed completely around 2090.

Apart from the energy demand, another important problem caused by the use 
of fossil fuel is the environmental consequence and subsequent climatic changes 
due to the burning of fossil fuel. This releases greenhouse gases like CO2, SO2, 
etc. into the atmosphere and results in the greenhouse effect, which leads to the 
global warming. Nuclear energy sources were one of the important energy 
sources not involving any release of toxic gases that has gained attention in 
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recent years but has the drawback of disposal of radioactive wastes and safety 
issues. Hence, researchers are focusing on nonpolluting renewable energy 
sources. The energy sources that are naturally replenished on a human time-
scale, such as sunlight, wind, rain, tides, waves, and geothermal, are referred as 
renewable energy sources and are usually much more environmentally friendly 
than fossil fuels [5]. The most commonly known renewable energy sources 
include the wind, wave, hydroelectric, biomass, and solar energy. Among vari-
ous available renewable energy sources, solar energy is the most promising 
renewable energy because the energy provided by the sun is enormous and is 
available year‐round. Energy released from the sun for an hour is greater than 
the global energy required for the year.

5.1.1.1  Generation of Solar Cells
A solar cell or photovoltaic cell is the device that converts solar energy into 
electrical energy and works on the principle of “photovoltaic effect”. 
Photovoltaic effect is the phenomenon of excitation of electrons from a metal 
surface by the photons of light and was first discovered by a French physicist, 
Edmund Becquerel in 1839 [6]. He observed an increase in electrical energy 
when the apparatus used for an electrochemical experiment involving two 
metal plates in acidic solution is exposed to sunlight. The photovoltaic cell 
provides the direct use of solar radiation to produce electricity and is close to 
an ideal way to use nature’s renewable energy flow. It has the advantages of 
avoiding transmission losses and costs, and the solar panels themselves operate 
without noise, toxic and greenhouse gas emissions, and require very little 
maintenance.

Photovoltaic cells are divided into three main categories and referred to as 
generations of photovoltaic cells (Figure 5.1a) [7]. The first generation of pho-
tovoltaic includes the monocrystalline silicon and multicrystalline silicon‐
based solar cells; these achieved efficiencies up to 25%. The first silicon‐based 
solar cells [8] were reported by Chapin et al. in 1954. The solar cell consisted of 
an arsenic‐doped silicon substrate with a boron‐doped layer, a p‐i‐n device. 
This solar cell had an efficiency of 6%, which was rapidly increased to 10%. For 
many years, the main application of the technology was in space vehicle power 
supplies but it did not gain any significant public attention due to the high cost. 
The poor availability of pure silicon and tedious fabrication process made it 
costlier. The second generation solar cells include amorphous silicon‐based 
thin film solar cells – cadmium telluride/cadmium sulfide (CdTe/CdS) solar 
cells and copper indium gallium selenide (CIGS) solar cells. Comparatively, 
these are cheaper to produce but their efficiencies are lower than that of first 
generation solar cells and they use hazardous materials like cadmium and rare 
elements such as telluride and indium. The implementation of a technology 
marketed as environmentally friendly that uses hazardous metals is quite 
controversial.
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Among the emerging technologies investigated for the fabrication of a solar 
cell, such as the quantum dot solar cell [9] and the hot carrier solar cell [10], 
only the multijunction III‐V concentrator cells have demonstrated solar power 
conversion efficiency over 40% since 2006, and represent the only third‐
generation photovoltaic technology to enter commercial power generation 
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markets so far [11]. These are called as double‐ or triple‐junction cells, i.e. 
these devices are fabricated by superimposing various cells based on materials 
with a different band gap that absorb in distinct wavelength regions [12]. It is 
worth noting that the light splitting process within the solar cell has been 
recently applied to the intermediate band solar cell concept. In this respect, the 
light absorption occurs in the same bulk material, compared to the multijunc-
tion solar cell, with a theoretical power conversion efficiency over 60% [13]. 
However, few studies have been reported in literature regarding the use of the 
defect engineering to create an intermediate band within the forbidden band, 
such as iron atom incorporation in the CuGaS2 bulk material [14]. It should be 
noted that another emerging technology, concentrator photovoltaics (CPV), 
uses high‐efficiency multijunction solar cells in combination with optical 
lenses and a tracking system with an efficiency from 40 to 50% in production 
cells [11, 15]. Hence, to make the solar cells more eco‐friendly and flexible, 
researchers are focused on the third generation solar cell, which includes 
nanocrystal‐based solar cells, bulk heterojunction (BHJ) solar cells, dye‐
sensitized solar cells (DSSCs), quantum dot‐sensitized solar cells (QDSSCs), 
and Perovskite‐sensitized solar cells (PSSCs). The basic structure of this type of 
solar cell includes two electrodes (a photoanode and cathode) separated by 
an electrolyte. Either a redox couple or a hole transport layer can act as the 
electrolyte.

5.1.2  Types of Electrolyte Used in Third Generation Solar Cells

In third generation solar cells, the electrolyte plays a vital role in deciding the 
power conversion efficiency as well as stability. The electrolyte is responsible 
for charge transport between the photoanode and the cathode and it completes 
the internal circuit by being oxidized and, subsequently, reduced. The basic 
requirements for the electrolyte include:

●● electrochemical potential should match with the quasi‐Fermi level of the 
semiconductor to maximize the photovoltage;

●● it should possess higher conductivity for fast diffusion of charge of ions or 
holes;

●● it should not absorb in the UV‐Vis and near‐IR range;
●● it should be chemically and thermally stable under light irradiation.

Various types of electrolytes used are illustrated in Figure 5.1b.

5.1.2.1  Liquid Electrolytes (LEs)
Liquid electrolytes are the conventional type of electrolyte and the most widely 
used transport medium. LEs have some important features, such as easy prep-
aration method, high conductivity due to low viscosity, and good interfacial 
contact with the electrodes, and, hence, give high conversion efficiencies to the 
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devices [16]. Generally, LEs consists of three components: organic solvent, 
redox couple, and additive. The organic solvent is the basic component in a LE; 
it is used for dissolution and diffusion of the redox couple. Low viscosity non-
protonic organic solvents such as acetonitrile, 3‐methoxy propionitrile, etc. are 
commonly used in LEs. Redox couple is shown based on the cell type, the 
energy levels of which should match with the sensitizer and the counterelec-
trode (CE) for better cell performance. Finally, additives such as 4‐tertbutyl 
pyridine (TBP) and guanidium thiocyanate (GuSCN) were introduced to 
improve the device performance by varying the energies in working electrode/
electrolyte interface.

DSSCs using porphyrin‐based dye as sensitizer and a liquid‐based electrolyte 
containing cobalt(II/III) redox shuttle have achieved an efficiency of 13% [17]. 
QDSSCs were fabricated with CuInS2/ZnS quantum dots and a liquid electro-
lyte containing polysulfide (aqueous solution of 2.0 M Na2S, 2.0 M sulfur, and 
0.2 M KCl) was reported to have an efficiency of 7.04% [18]. PSSCs containing 
liquid‐based iodide/iodine‐based redox electrolyte have achieved efficiencies 
up to 6.54% [19]. The use of liquid electrolytes has many drawbacks, including 
lower stability and inflammability of volatile organic solvents, corrosion of 
electrodes, leakage and sealing issues for large scale manufacturing and out-
door applications. Therefore, significant research is going on to replace the 
conventional liquid electrolyte by a more suitable electrolyte for practical 
applications [20].

5.1.2.2  Room Temperature Ionic Liquids (RTILs)
Ionic liquid or molten salt is a salt in a liquid state, in other words, ionic liquids 
are liquid electrolyte entirely composed of ions [21]. They have melting points 
around 100 °C or below and are relatively low‐viscosity, free‐flowing liquids at 
room temperature. Hence, they are commonly referred to as room tempera-
ture ionic liquids (RTILs). Generally, RTILs are composed of bulky cations like 
ammonium, phosphonium, and heteroaromatics with weak intermolecular 
interactions, lower symmetry and low charge density [16]. The anions in RTILs 
are crudely divided into two types: halide/pseudohalide anions and complex 
anions like borates and triflate derivatives. RTILs were used widely due to their 
unique features of good chemical and thermal stability, high ionic conductivity, 
nonflammability and negligible vapor pressure. In DSSCs, RTILs can act as 
both solvents as well as redox ion source.

The first long‐term stable DSSC using an ionic liquid in the electrolyte was 
reported by Papageorgiou et al. in 1996 [22]. This RTIL‐based electrolyte 
consisted of methylhexyl‐imidazolium iodide (MHImI) and 7 mM iodine has 
shown an excellent stability. About 83% initial photocurrent was retained; it 
was without a change in voltage after 80 days. A DSSC containing metal‐
free indoline dye D‐149 as the sensitizer and an electrolyte containing acetyl-
choline iodide (ACI)/ethylene glycol (EG) (ratio 1:9) based quaternary 
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ammonium salt, 0.8 M LiI, 0.1 M I2 and 0.05 M N‐methyl benzimidazole has 
shown a power conversion efficiency of 3.36%. This value is about 82% of the 
performance of a conventional acetonitrile‐based electrolyte under the same 
measurement conditions [23]. DSSCs with RTILs have achieved efficiencies 
up to 8.2% by using eutectic melt containing three imidazolium iodide salts 
with excellent stability of 93% conversion efficiency after 1000 hours light 
soaking [24]. A QDSSC, using CdSe quantum dots as sensitizer and pyrroli-
dinium ionic liquid has shown 1.86% efficiency and a good stability over 
240 h [25]. But, the main issue with their use has been the resultant low short 
circuit current of the devices due to the low ionic mobility of the iodide spe-
cies in high viscosity RTILs.

5.1.2.3  Solid State Hole Transport Materials (SS‐HTMs)
SS‐HTMs are semiconductors and the charge carrier transport is due to elec-
trons and holes. In the case of SS‐HTMs, along with the basic requirement of 
an electrolyte, pore filling ability and the deposition process of the SS‐HTM are 
also important. It should be a nondestructive one. Only, a few p‐type semicon-
ductors are available to meet these requirements. Further, SS‐HTMs are of two 
types: inorganic HTMs and organic HTMs.

Copper‐based inorganic HTMs meet all of the above requirements and have 
received significant interest in this field. The first SS‐DSSCwas reported in 
1995 [26], using CuI as HTM with an efficiency of 2.4%. The lower conversion 
efficiency is due to fast crystallization of CuI [27]. By using 1‐methyl‐3‐
ethylimidazolium thiocyanate (MEISCN) as crystallization inhibitors the con-
version efficiency is improved to 3.8% for SS‐DSSC with CuIHTM [28]. 
However, the stability of the cell is greatly reduced under extended illumina-
tion due to crystallite formation [29]. CuSCN, which has greater stability and 
excellent pore filling ability, is chosen as an alternative to CuI [30], even though 
the maximum efficiency achieved was quite low due to fast charge recombina-
tion [31]. In 2012, Kanatzidis et al. reported a SS‐DSSC employing caesium tin 
iodide (CsSnI3, a type of perovskite) as an inorganic p‐type semiconductor 
with the ruthenium dye (N719) and achieved an efficiency of 8.5% [32]. After 
this CsSnI3 has attracted attention due to its excellently high solubility and hole 
mobility of 585 cm2 V−1 s−1 [33] but has the drawback of high sensitivity towards 
moisture and oxygen.

Organic HTMs have many attractive features over inorganic HTMs, such as 
low cost and ease of film formation. Among various organic HTMs, spiro‐
OMeTAD (2,2′,7,7′‐tetrakis(N,N‐di‐p‐methoxy phenyl‐amine) 9,9′‐spirobiflu-
orene) is a system that has been thoroughly investigated [34]. The first report 
on SS‐DSSC sensitized with N719 based on spiro‐OMeTAD doping with 
N(PhBr)3SbCl6, and Li[(CF3SO2)2N] has shown an efficiency of 0.74% [35]. Tial 
et al. [36] reported a series of the triphenylamine‐based small molecule as 
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organic hole transport materials (HTMs) in SS‐DSSCs using the organic dye 
LEG4 as a photosensitizer. These compounds have low crystallinity and high 
hole mobility, and exhibited the desirable power conversion efficiencies up to 
5.8%. An important strategy to improve the cell performance of HTMs is 
chemical doping. An outstanding efficiency of 7.2% was achieved by doping 
with Co(III) complexes as a p‐type dopant in spiro‐MeOTAD based SS‐DSSCs 
[37]. SS‐DSSCs have good long‐term stability but the conversion efficiency is 
lower due to low conductivity, high probability of charge recombination from 
TiO2, poor interfacial contact, and pore penetration.

Apart from the electrolyte types already mentioned, the one which gained 
attention due to its low cost and environmental friendliness is polymer electro-
lytes, which is discussed in detail in the following sections.

5.2  Polymer Electrolytes

Polymer electrolytes are ionic conductors prepared by the dissolution of salts in 
a suitable polymer. They are a promising substituent because they are less expen-
sive; consume less energy in their production, and the stability of the electrolytes 
is excellent due to the trapping of ions in the polymer matrix. The investigation 
of polymer electrolytes started in 1973, after pioneering work by Wright and his 
group [38, 39]. They observed ionic conductivity in poly(ethylene) oxide (PEO) 
in complexes with sodium and potassium thiocyanates and sodium iodide. This 
work was followed by the demonstration of solid polymer electrolyte membrane 
containing PEO‐Li salt in an all‐solid‐state battery in1979 [40]. After these novel 
discoveries, the field of polymer electrolyte has attracted attention from research-
ers working on electrochemical applications [41, 42]. Consequently, a number of 
polymer electrolytes containing various polymers involving different ions, such 
as H+, Li+, Na+, K+, Ag+, Mg2+ etc., have been investigated.

Polymer electrolytes have shown its application in Li‐ion batteries, sensors, 
electrochromic devices, fuel cells, supercapacitors and solar cells due to their sta-
bility and nonhazardous nature [41, 43]. A review in 1998 summarized the appli-
cation of various polymer electrolytes for Li‐ion batteries [42]. More recently, in 
2014, a new highly ion‐conductive organic–inorganic hybrid electrolyte based on 
the reaction of triblock copolymer poly(propylene glycol)‐block‐poly(ethylene 
glycol)‐block‐poly(propylene glycol) bis(2‐ aminopropylether) with 3‐(glycidy-
loxypropyl)trimethoxysilane (GLYMO) was reported for application in elec-
trochromic devices [44]. In general, the linear polymers like poly(ethylene 
oxide) or poly(ethylene glycol) (PEO or PEG), poly(acrylonitrile) (PAN), 
poly(vinyl pyrrolidinone) (PVP), polystyrene (PS), poly(vinyl chloride) (PVC), 
poly(vinylidene ester) (PVE), poly(vinylidene fluoride) (PVDF), poly(methyl 
methacrylate) (PMMA), etc., are often used in PEs.
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5.2.1  Mechanism of Ion Transport in Polymer Electrolytes

In the case of PEs, the ionic mobility is due to the amorphous phase and the 
presence of crystalline nature restricts ionic motion [45]. Druger et al. devel-
oped a microscopic dynamic percolation model for the description of ion 
transport in PEs [46, 47]. In this model, the ionic motion is characterized as 
jumps between neighboring positions. For anions, which are weakly solvated 
by the polymer host, such a description is straightforward. For cations, the 
local coordination environment evolves slowly, as a single M+…..B (M+ = metal 
ion, B = Lewis base site on polymer) linkage is changed at a time. The mecha-
nism of ionic transport [48–50] in some polymer electrolytes is shown in 
Figure 5.2. Xue et al. proposed an ion transport mechanism in PEO matrix in 
which lithium ions were coordinated with the ether oxygen atoms on a seg-
mental PEO chain [51]. Li‐ion transport occurs by intrachain or interchain 
hopping due to simultaneous breaking and forming of lithium–oxygen (Li–O) 
bonds followed by the replacement of ligands and continuous segmental rear-
rangement resulting in a long‐range displacement of ions in PEs.

Conduction of both cations and anions take place simultaneously. But the 
mobility of the counterion is undesirable for device applications. For example, 
the mobility of the anion in the electrolytes interprets the performance of 
Li‐ion batteries [52]. There are several approaches adapted to immobilize 
the counterion by using mixed salts or forming a polyelectrolyte, where the 
counterion is chemically bonded to the polymer backbone, or by using larger 
counter ion. For solar cell applications, a redox couple, most commonly I−/I3

− 
or Co(II)/Co(III), was dissolved in the polymer matrix. Call et al. studied the 
impact of I2 additions on iodide ion transport and provided the evidence for 
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the enhancement of charge transfer due to reduced cation–anion pair forma-
tion by the addition of I2 with PEO/NaI [53].

5.2.2  Types of Polymer Electrolyte

Polymer electrolytes are further divided into the following categories based on 
preparation routes as well as their physical conditions [54]:

●● solid polymer electrolyte (SPE);
●● gel polymer electrolyte (GPE);
●● composite polymer electrolyte (CPE).

5.2.2.1  Solid Polymer Electrolytes
Solid polymer electrolytes (SPEs), are commonly prepared by dissolving ionic 
salts with polar polymer hosts such as poly(ethylene oxide) (PEO), poly(propylene 
oxide) (PPO), etc. [55]. PEO is the most studied polymer because of its ability to 
dissolve ions due to the presences of oxygen–ether linkage. In general, SPE films 
were prepared either by solution cast method or by the hot‐press method. SPEs 
have the advantages of high mechanical strength, stability, and inflammability 
over conventional liquid electrolytes; they are also nontoxic and noncorrosive 
[56]. Dey et al. reported an alkaline‐based polymer electrolyte containing poly-
ethylene oxide (PEO) complexed with potassium iodide (KI) and the effect of 
ceria (CeO2 10 nm) fillers on ionic conductivity [57]. The addition of ceria nano-
particles enhances the conductivity by two orders of magnitude and maximum 
conductivity of 2.15 × 10−3 Scm−1 was achieved for SPEs containing 20 wt‐% CeO2. 
However, the performances of devices containing a SPE are poor due to the low 
ionic conductivity of SPEs due to the restriction of ionic motion in the solid matrix 
and also to crystallization of the ionic salt in the absence of a solvent.

5.2.2.2  Gel Polymer Electrolytes
Gel or quasi‐solid state polymer electrolytes (GPEs) have been introduced to 
overcome the problems faced by SPEs without affecting mechanical strength 
and electrochemical stability [58]. GPEs are on the boundary between liquid 
and solid electrolytes and are prepared by trapping liquid electrolyte in the 
polymer. The polymer, which acts as a matrix or framework to gel, solidifies, 
absorbs, swells, holds, and interacts with liquid electrolyte. Polymers used in 
GPEs may vary from homopolymers, copolymers, polymer blends to modified 
polymers. A liquid electrolyte is prepared by dissolving suitable salts in high 
boiling organic solvents like low molecular weight polymers such as propylene 
carbonate (PC), ethylene carbonate (EC), di‐ethylene carbonate (DEC), etc. to 
assure the nonvolatile nature of the GPE. These high boiling organic solvents 
provide the room and surroundings for ionic salt migration; it reduces the 
crystallization and glass transition temperature of the electrolyte, because it 
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exists between the adjacent polymer chains, decreases the polymer‐polymer 
chain interaction, and increases the free volume and segmental mobility of the 
system. This gelation process between the polymer and liquid electrolyte 
includes weak interaction, like hydrogen bonds, van der Waals force, electro-
static interaction, etc., between the polymer matrixes (gelator) and the sol-
vents. GPEs have received great attention because of the high conductivity and 
energy density, better possibility of geometrical variation, and safety [59]. GPEs 
exhibit, simultaneously, the cohesive properties of solids and the diffusive 
transport properties, high ionic conductivities, and the degree of pore‐filling of 
liquids due to their unique hybrid network structure [60, 61].

5.2.2.3  Composite Polymer Electrolyte
Composite polymer electrolytes (CPEs) are very similar to GPEs in which a small 
fraction of additives, such as micro or nano‐sized inorganic filler or plasticizer, is 
dispersed [62]. The ionic conductivity, mechanical stability and interfacial activ-
ity of GPEs is enhanced by the addition of these materials. The improvement in 
electrical properties of PEs by these additives is associated with an increment in 
the amorphous phase and segmental motion of polymer and availability of new 
conduction paths for charge carriers. Commonly, the inorganic fillers added are 
oxide micro/nanoparticles such as TiO2, SiO2, Al2O3, etc. The addition of inor-
ganic fillers (i) increases amorphous phase of the polymer, (ii) provides a new 
path to charge carriers through polymer interaction and (iii) behaves as nuclea-
tion sites for small crystallites formation. In the case of inorganic fillers, size, 
surface area, and its fraction plays a significant role in improving the properties 
of CPEs [63].Recently, a gelatin‐based polymer filled with a carbonaceous filler 
has been used as solid electrolyte for energy storage application[64, 65].

By definition, a plasticizer is an additive that changes the glass transition tem-
perature and reduces the crystallinity degree of the polymer. Generally, plasti-
cizers will have low molar mass, high boiling points and are routinely added to 
highly crystalline polymer matrixes to increase the flexibility of the polymer 
chains. For polymer electrolytes, the presence of these additives contributes to 
an increase in the ionic conductivity by several orders of magnitude [66]. 
For  optimal properties the fraction of additive should be optimum, higher 
plasticizer content may lead to a loss of mechanical properties. Hence, in the 
following sections the application of various polymer electrolytes in the third 
generation thin film based solar cells such as dye‐sensitized solar cells, quantum 
dot sensitized solar cell, and perovskite solar cells is summarized.

5.3  Dye‐sensitized Solar Cells

The history of “dye sensitization” began in early days of photography. In 1883, 
Vogel discovered that silver halides could be sensitized by the use of dyes – 
this extended the photosensitization to longer wavelengths, thus enabling 
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“dye‐sensitized” photographs. On the other hand, photoelectrochemistry 
began with Becquerel’s observation of photoelectric effect. In 1887, the 
“sensitization” concept was borrowed from photography and extended to 
photoelectrochemistry, thus allowing much greater currents to be observed 
between the two electrodes. In 1950s after the creation of silicon‐based solar 
cells, the newly acquired knowledge from silicon solar cells inspired research-
ers, and soon enough dyes started appearing in solar cells. This began with 
the work of Gerischer and Tributsch in 1968; they found adsorption of dye 
molecules on the surface of a wide bandgap semiconductor extended the 
absorption range of the system into the visible region [67]. This was the 
first attempt to construct solar cells using semiconductors such as titania 
or zinc oxide with Rose Bengal and fluoroescein dyes and a ferric/ferrous 
redox shuttle as a hole transporter. At the time, the operating mechanism 
was not fully understood, the semiconductors used were single crystal and 
the dyes were free in solution with only a small fraction of these dyes actu-
ally bound to the surface. The photocurrent observed was due to dyes in 
close proximity to the semiconductor absorbing incoming light and trans-
ferring the excited electron to the semiconductor conduction band; thus, 
they remained extremely inefficient and resulted in light absorption of less 
than 1%. As this field progressed, slowly, clues began emerging about how 
to improve the efficiency of the cells. One successful approach was to physi-
cally anchor the dyes to the semiconductor surface [68]. Another strategy 
was to increase the surface area of the semiconductor by texturing them, 
resulting in a 1.5% monochromatic efficiency [69]. In 1985, Desilvestro et 
al. observed that a rough‐surfaced dye‐sensitized electrode produced an 
improved efficiency due to the increased amount of dye adsorbed on the 
increased surface area [70]. Finally, the real breakthrough in the field came 
in 1991, when Brian O’Regan and Michael Gratzel reported the first 
dye‐sensitized solar cells (DSSCs) with a conversion efficiency of 7.1% by 
using nanoparticles for the semiconductor phase as well as the use of previ-
ously reported optimized ruthenium dyes (cisdithiocyanatobis(2,2′‐
bipyridine‐4,4′‐ dicarboxylate)ruthenium‐(II) (N3)) as photosensitizer and 
iodine/iodide (I−/I3

−) in organic solvent as redox electrolyte. Platinum was 
used as a counterelectrode [71].

5.3.1  Components and Operational Principle

DSSCs consists of five major components: (i) conducting substrate, (ii) 
nanocrystalline semiconductor film, (iii) dye sensitizer, (iv) redox couple, and 
(v) counterelectrode (Figure 5.3a).

A schematic representation showing the working principle of the dye‐sensi-
tized solar cell (DSSCs) is given in Figure 5.3b. The conversion of light energy 
into electrical energy involves several steps.



Rational Design of Solar Cells for Efficient Solar Energy Conversion132

 i)	 Under light illumination, the ground state sensitizer molecule (S0) harvests 
photons and goes to excited state (S*) by the excitation of an electron from 
its highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO).

	 S h S0 *	 (5.1)

ii)	 These excited electrons from the sensitizer are injected into the conduc-
tion band of mesoporous TiO2 film to form the oxidized dye (S+). So, the 
charge separation is attained across the semiconductor interface where an 
electron is located in the TiO2 and a hole is located in the oxidized dye 
molecule. The electrons in the TiO2 film penetrate through the porous 
semiconductor network and, finally, reach the back contact of the working 
photoanode.

	 S S e TiO* 2 	 (5.2)
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Figure 5.3  (a) Components of dye‐sensitized solar cells; (b) operational principle of 
dye‐sensitized solar cells.
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iii)	 The oxidized dye (S+) receives the electron from the reduced component 
(Red) of the redox mediator to regenerate dye (S0) and to form oxidized 
form of redox couple (Ox).

	 S I S I3 0
3 	 (5.3)

iv)	 The extracted electron from the photoanode immigrates to the cathode. 
The reduced form of redox couple is regenerated at the cathode and the 
cycle is completed.

	 I e Pt I3 2 3 	 (5.4)

 v)	 Meanwhile, there are two competitive reactions in the process. One is the 
recombination of electrons in the TiO2 film by the oxidized dye (S+).

	 S e TiO S2
0	 (5.5)

vi)	 The other is the recombination of electrons in the TiO2 film by the oxidized 
form of redox couple (Ox).

	 I e TiO I3 22 3 	 (5.6)

Overall, the device generates electric power from light without from any 
permanent chemical transformation [72, 73].

5.3.1.1  Substrate
A substrate material for DSSC is used as the support structure, current collec-
tor as well as sealing layer. It should provide combined physical properties of 
high visible light transmittance for light harvesting and also electrical conduc-
tivity for collecting current. Fluorine‐doped tin oxide (FTO) coated glass is 
more commonly used in the fabrication of DSSCs [74]. In recent years, flexible 
transparent plastic substrates coated with conducting oxide layers have been 
introduced. Use of this flexible substrate makes the cells cheaper lighter, thin-
ner, and easier to handle and transport than that of cells sandwiched between 
glass substrates; this makes the cells more suitable for the continuous roll‐to‐
roll process for large scale production.

Vomiero et al. reported a flexible DSSC using poly(ethylene terephtha-
late) (PET) and Kapton HN substrate for the anode; a titanium film was 
deposited by means of DC magnetron sputtering at room temperature and 
platinum foil is used as counterelectrode [75]. The efficiency of 3.5% was 
obtained using N719 as a sensitizer. Kang et al. [76] reported a flexible 
DSSC using ITO‐ and SiOx‐sputtered stainless steel as supporting sub-
strate for TiO2 film and a transparent counterelectrode prepared by drop 
casting 10 mM hydrogen hexachloroplatinate(IV) hydrate in 2‐propanol to 
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ITO‐coated polyethersulfone plastic substrate; an overall solar conversion 
efficiency of 4.2% at 100 mW cm−2 was obtained. The flexible DSSC fab-
ricated using the working and the counterelectrodes prepared by trans-
ferring high‐temperature‐annealed TiO2 and platinum/carbon films, 
respectively, onto flexible PEN plastic substrates, has exhibited a 
remarkable efficiency of 7.27%. But these polymer substrates cannot 
withstand high‐temperature steps required for transparent conducting 
oxide (TCO) layer coating, sintering of the TiO2 film, and in the prepa-
ration of the platinum counterelectrode. It also has several other issues 
like permeability and low stability [77].

5.3.1.2  Photoelectrode
A nanocrystalline semiconductor film, supported on TCO where the light is 
illuminated and sensitized with dye molecules is referred to as a photoelec-
trode or working electrode.

5.3.1.2.1  Nanocrystalline Semiconductor Film
The performance of the DSSC depends significantly on the properties of 
the nanostructured semiconductor layer. There are several requirements for 
photoelectrode material: (i) it should be transparent to the visible spectrum, 
to maximize light harvesting; (ii) it should have high surface area for dye 
adsorption; (iii) the energy levels of the material should match with excited 
dye molecule to facilitate electron injection; (iv) it should have high charge 
carrier mobility to collect electrons efficiently; and (v) it should be easily 
available, stable, cheap, and environmentally friendly. More commonly, 
reported photoanode materials are TiO2, ZnO, SnO2, NiO, etc. [78–80]. 
Although numerous semiconductors were reported, TiO2 is still the material 
of choice for DSSCS because of its chemical stability and relative inertness 
under light irradiation and ideal electronic structure with a band gap of 3.2 eV 
for anatase and 3.0 eV for rutile phase. It is nontoxic and inexpensive as well. 
ZnO, which is quite efficient in certain cells, has the drawback of poor stabil-
ity [81] and use of SnO2 results in lower performance due to faster recombi-
nation, which is in the order of 2–3 times higher in magnitude compared to 
TiO2 [79]. Morphology of the TiO2 plays a significant role and the interde-
pendence of the properties of the TiO2 film and the cell performance is 
diverse. For example, the internal surface area of the film determines the 
amount of dye uptake; how the pore size distribution affects the ion diffu-
sion; how the particle size distribution determines the optical properties and 
the electron percolation depends on the interconnection of the TiO2 parti-
cles. When the nanoparticles are stacked in a continuous network in the 
electrode, these effects become related and optimization of the properties 
with respect to cell performance arises as a key issue [82]. To achieve higher 
performance, the TiO2 film should be efficiently attached to TCO layer and 
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also its surface area and interconnectivity between the particles should be 
high. Generally, the mesoporous TiO2 films were prepared by sintering pro-
cess or pressing semiconducting nanoparticles onto the TCO [83, 84].

5.3.1.3  Photosensitizer
Photosensitizer (dye) is regarded as the heart of the DSSC and acts as a 
molecular pump. It absorbs the photons of visible light and injects the elec-
trons into a semiconductor and accepts an electron from the redox couple in 
the solution and then repeats the cycle. The properties of the dye strictly 
affect the light‐harvesting efficiency and the overall photoelectric conversion 
efficiency of the solar cell. The dye molecules are coated onto the nanocrys-
talline semiconductor by immersing the porous film in a dye solution. There 
are certain requirements for a good sensitizer: (i) the absorption spectrum 
of the sensitizer should cover the whole visible and even part of the near‐
infrared (NIR) region; (ii) it should be strongly bonded with the semicon-
ductor for efficient injection of electrons, generally carboxylic acid or 
phosphonic acid groups are used for this purpose [85]; (iii) it should have 
suitable energy levels to ensure electron injection and regeneration for redox 
couple; and (iv) it should have long‐term stability [86]. For these reasons, an 
appropriate choice of the dye/semiconductor and dye/electrolyte pairs is of 
fundamental importance in order to have an efficient DSSC. Finally, another 
important requirement taken in account is dye aggregation on the oxide 
surface, particularly in the case of complex dye molecules, as this results in 
an increase in the decay from the excited state of the dye and, consequently, 
reduces the electron injection into the semiconductor conduction band (CB). 
Coadsorbent such as chenodeoxycholic acid (CDCA) [87] was used together 
with the sensitizer to decrease the dye aggregation. The dyes used in DSSCs 
are mainly classified into two categories: metal‐based complexes and metal‐
free organic dyes.

5.3.1.3.1  Metal Complexes
The metal complexes used in DSSCs consist of a central metal ion with ancillary 
ligands with at least one anchoring group. Ancillary ligands can be tuned by 
different substituent to vary the photophysical, electrochemical, and photovol-
taic properties. Anchoring groups are used to connect dye with the semicon-
ductor through chemisorption. Anchoring causes a large electronic interaction 
between the ligand and the conduction band of the semiconductor, resulting in 
effective electron injection from the dye into the conduction band of an oxide 
material. Polypyridines and porphyrins were the commonly used ligands and 
the carboxylic acid is the anchoring group. The absorption of light in the visible 
region is due to theh metal‐to‐ligand charge transfer (MLCT) process and, 
hence, the metal ions play a vital role. Ruthenium polypyridyl complexes were 
the most commonly encountered metal based sensitizers (Figure 5.4).
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After the discovery of N3 dye, Ru(L)2(SCN)2 (L = 2,2′‐bipyridyl‐4,4′‐dicarboxylic 
acid), the fabricated solar cells using such ruthenium‐based dye showed a conver-
sion efficiency of 7.1% under solar illumination [86] compared to other numerous 
metal complexes containing various metals such as ruthenium [88], zinc [89], 
osmium [90], rhenium [91,] and iron [92]. Among the various reported ruthe-
nium‐based dyes, such as trithiocyanato (4,4′4′′‐tricarboxy‐2,2′:6′2′‐terpyridine) 
ruthenium(II) (black dye) [93] and ditetrabutylammonium cis‐bis(isothiocyanato)
bis(2,2’‐bipyridyl‐4,4’‐dicarboxylato) ruthenium(II) [94], power conversion effi-
ciencies of 10–11% at 1.5 AM were achieved due to their broad absorption spec-
trum. N‐719 is prepared by replacing two protons with tetra‐n‐butylammonium 
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(TBA) cation in the N‐3 dye. Deprotonation changes the polarity at the TiO2/dye 
interface, hence shifting the conduction band and increasing the open‐circuit 
voltage (VOC). The energy levels of ruthenium‐based dyes are well matched with 
the conduction band of TiO2 and redox potential of I−/I3

− redox electrolyte. In 
2011, an efficiency of 12.3% was achieved using zinc porphyrin (YD2‐O‐C8) dye 
as  a sensitizer and Co(II/III)tris(bipyridyl) redox electrolytes [89]. Metal‐based 
sensitizers have some drawbacks, such as expensive synthesis, relatively lower 
molar extinction coefficients (ε < 20 000 lmol−1cm−1), and limited availability of 
precursors.

5.3.1.3.2  Metal‐free Organic Dyes
Metal‐free organic sensitizers have been used to replace expensive metal‐based 
sensitizers and to improve the electronic properties of DSSCs. Organic 
sensitizers have many advantages, which include (i) high molar extinction 
coefficients, (ii) easily tunable optoelectronic properties, (iii) enhanced envi-
ronmental compatibility and abundance of their constituents, and (iv) reduced 
production costs [95]. Generally, organic dyes consist of donor‐π‐bridge‐
acceptor (D‐π‐A) structures, as shown in Figure  5.5 [96]. The photoelectric 
properties of these dyes can be tuned by altering or matching different 
substituents within the D‐π‐A structure.

The electron‐rich aryl amines family, including phenylamine, aminocou-
marin, indoline, and (difluorenyl)triphenylamine, were selected as the donor 
group. The π‐conjugated connector is selected from compounds containing 
thiophene units, for example, oligothiophenes, thienylenevinylenes, or dith-
ienothiophene, due to their outstanding charge transfer characteristics. Acrylic 
acid group is considered the best acceptor moiety. Hara et al. [97,98] reported 
a series of organicdyes (MK dyes), using carbazole derivatives as electron 
donors and a cyanoacrylic acid moiety as electron acceptor and an anchoring 
group, connected with n‐hexyl‐substituted oligothiophenes, as a π‐conjugated 
system provides efficiency up to 8.3%. RK‐1 dye containing triphenyl amine as 
electron donor and a phenyl ring in between the acceptor benzothiadiazole 
(BTD) and the cyanoacrylic acid group will stabilize the dye radical cation and 
decrease the recombination rate. Such system has shown 10.2% efficiency 
under standard conditions (AM 1.5G, 1000 Wm2) using iodine/iodide as the 
electrolyte redox shuttle in the electrolyte [99]. However, the efficiency of 
DSSCs based on metal‐free organic sensitizers is still low for industrial applica-
tions, due to the formation of dye aggregates on the semiconductor surface and 
to their narrow light absorption bands in the visible region.

5.3.1.4  Redox Electrolyte
In DSSCs, redox electrolyte injected in between the photoanode and the cath-
ode plays one of the most crucial roles; it is responsible for charge transport 
between the electrodes. It completes the internal electrical circuit when it is 
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reduced to regenerate the oxidized dye and oxidized by receiving the electron 
from the counterelectrode. Hence, it has great influence in deciding the photo-
current conversion efficiency and stability of the devices. A review paper pub-
lished in 2015 [100] stated that about one‐third of DSSC research is based on 
redox electrolyte; this shows the importance of the electrolyte in a DSSC. 
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The  redox couple used in the electrolyte plays a key role during the 
photoelectrochemical cycle of the DSSCs, i.e. the reduced state of the redox 
couple (RE) regenerates the photooxidized dye (D+) and the oxidized state 
(OX) diffuse to the counterelectrode, where it is reduced. Hence, the reaction 
kinetics of the electron donation from RE to D+ and electron acceptance from 
counterelectrode should be fast for efficient dye generation and to complete 
electrochemical cycle, respectively [101]. Also, electron recombination by the 
acceptance of electrons from TiO2 film to OX should be slow [102]. The energy 
levels of redox electrolyte and dye should be close enough to increase the pho-
tovoltage of DSSCs but with sufficient driving force for dye regeneration. From 
the beginning of DSSCs, the iodide/triiodide couple has been the preferred 
redox couple due to its unique features, including suitable redox potential for 
rapid dye regeneration and slow electron recombination, good solubility, high 
conductivity, and favorable penetration ability into the mesoporous semicon-
ductor film, and being proven to have long‐term stability [103].

In recent years, new redox couples based on bromide/tribromide, interhalo-
gens, pseudohalogens, and cobalt‐based complexes have been reported. The 
bromide/tribromide couple has a more positive redox potential (about 1.1 V) in 
comparison to the iodide/ triiodide couple (about 0.35 V). Teng et al. [104] com-
pared the performance of DSSCs based on the bromide/tribromide couple with 
the iodide/ triiodide couple and obtained a VOC of 0.94 V and efficiency of 5.2% 
for Br−/Br3

−‐based electrolyte compared to VOC of 0.62 V and efficiency of 4.1% 
for I−/I3

−[104]. Interhalogen redox systems, such as I−/IBr2
− and I−/I2Br− were 

studied and obtained efficiencies up to 6.4% but complex equilibrium limits their 
full characterization [105]. Pseudo halogen redox couples, such as SCN−/(SCN)3

− 
and SeCN−/(SeCN)3

−, have been studied as redox mediators for DSSCs. Wang 
et al. [106] achieved an efficiency of 7.5% for a DSSC containing an N3 dye in 
combination with an ionic liquid containing SeCN−‐based redox couple [105]. 
Organic redox couples disulfide/thiolate, disulfide, polysulfides, thiourea, 
cysteine, etc. were also tested in DSSCs. Redox system based on cocomplexes as 
one‐electron redox couple and a power conversion efficiency of 2.2% were 
attained after Nusbaumer et al. [107] first report on charge‐transfer dynamics of 
Co(dbbip)2

2+/3+ in DSSCs. This one‐electron outer sphere transition metal com-
plex based redox couple has the advantages of being nonvolatile, noncorrosive, 
transparent, and having tunable potential (0.3–0.9 V) through modification of 
the ligands. However, due to the larger size of the complex and the higher viscos-
ity, these electrolytes have disadvantages like mass‐transport limitation and 
recombination loss. In order to overcome these disadvantages, research is going 
on and at present cocomplex based redox mediators are the most efficient redox 
couples for DSSCs. In 2011, Yella et al. [89] reported a DSSC using a cocomplex‐
based electrolyte in combination with Zn‐porphyrin‐based dye (YD2‐o‐C8) and 
achieved efficiency of 12.3%. Apart from cobalt‐based redox couples, other metal 
complexes and clusters containing Ni(III)/Ni(IV), Cu(I)/Cu(II), and ferrocene/
ferrocenium (Fc/Fc+), have also been investigated in DSSCs.



Rational Design of Solar Cells for Efficient Solar Energy Conversion140

Based on the physical state, the redox electrolytes were broadly classified 
into three categories: liquid electrolytes, solid‐state electrolytes, and quasi‐
solid electrolytes. It completes the internal electrical circuit by regenerating 
the oxidized dye and receiving the electron from the counterelectrode. Hence, 
it has great influence in deciding the photocurrent conversion efficiency and 
stability of the devices.

5.3.1.5  Counter Electrode
The role of the counterelectrode is to transfer the electrons from the external 
circuit to the redox electrolyte and to catalyze the reduction of the oxidized ion 
in the redox couple [108]. Generally, the counterelectrode is fabricated onto 
the TCO substrate material like working photoanode. A catalyst layer with 
high electrocatalytic activity is necessary to ensure fast regeneration of redox 
electrolyte [72]. Platinum nanoparticles coated on a FTO substrate is the com-
monly used counterelectrode. Platinum counterelectrodes can be prepared by 
sputtering, pyrolytically, spin coating, etc. [109, 110]. These platinum‐based 
CEs have the advantages of good electrocatalytic activity and low sheet resist-
ance [108]. The research focused on counterelectrode materials shows that by 
varying the morphology the electrocatalytic properties and DSSC performance 
can be enhanced. In 2012, Jeong et al. [111] reported periodically aligned plati-
num nanocups (NC) with a controlled diameter (300–600 nm) for the enhance-
ment of the surface area. These platinum NCs have a high surface area, greater 
catalytic activity towards the I−/I3

− redox species and, thus, lower impedance. 
DSSCs employing platinum NCs showed an efficiency of 9.75% whereas the 
planar platinum showed 7.87%. Platinum‐based CEs have the drawback of 
extremely high cost, which is a problem for large‐scale application. Carbon‐
based material, such as mesoporous carbon, graphene, carbon nanotubes, etc., 
polymer‐based CEs, and other economically available metal sulfides, nitrides, 
etc., have advantages such as cost effectiveness, environmental friendliness, 
easy availability, corrosion resistance, and excellent catalytic activity. Even 
though the performance of carbon is not good as platinum, it can be improved 
by employing a porous film with high surface area. In 1996, Gratzel’s group 
reported a DSSC by replacing the expensive platinum‐coated FTO substrate 
with a mixture of graphite and carbon black as a catalyst as well as a lateral 
current collector with the efficiency of 6.7% [112].

5.3.2  Application of Polymer Electrolytes in DSSCs

5.3.2.1  Solid‐state Dye-Sensitized Solar Cells (SS‐DSSCs)
De Paoli and coworkers reported the first solid‐state DSSC assembled with 
a SPE using a copolymer poly(epichlorohydrin‐co‐ethylene oxide) contain-
ing NaI/I2 redox as electrolyte and using poly(o‐methoxyaniline) doped with 
p‐toluenesulfonic (PoAni‐TSA) as sensitizer with short‐circuit current 
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(JSC) = 12.2 μA cm−2 and open‐circuit voltage (VOC) = 480 mV under 
illumination of 120 mW cm−2 [113]. One general approach for fabricating 
solid‐state DSSCs is to place the polymer electrolyte membrane on top of 
the photoanode. In 2009 Rhee et al. reported a poly(ethylene oxide) (PEO) 
based solid polymer electrolyte membranes incorporated with 1‐ethyl 3‐
methylimidazolium trifluoromethanesulfonate (EMImTFO−) as ionic liquid 
(IL) [114]. Due to reduced crystallinity and free charge carriers provided by 
IL, the electrolyte membrane has shown improved ionic conductivity and 
efficiency of 2.45%.

In 2010, Buraidah et al. reported that a chitosan‐based biopolymer elec-
trolyte membrane complexed with ammonium iodide (NH4I) and butyl‐
methyl‐imidazolium‐iodide (BMII) ionic liquid has shown conductivity of 
3.43 × 105 S cm−1 at room temperature and JSC of 0.07 mA cm−2 and VOC of 
230 mV for DSSCs fabricated using anthocyanin pigment extracted from 
black rice as sensitizer [115]. Imperiyka et al. studied the photoelectro-
chemical performance of poly(glycidyl methacrylate)‐based solid polymer 
membrane with 30 wt‐% LiClO4 and 80 wt‐% ethylene carbonate [116]. The 
assembled DSSC showed a conversion efficiency of 0.679% (Jsc = 3 mA cm−2, 
Voc = 0.48 V and FF = 0.47) under light intensity of 100 mW cm−2. Even though 
the ionic conductivity of these polymer electrolyte membranes has reached 
up to 10−4 S cm−1, the DSSC performance was very low due to the weak 
contact between the semiconductor–electrolytes interfaces [117].

Another approach is solution casting of polymer electrolyte solution onto 
the dye‐sensitized photoanode. A 1‐methyl 3‐propyl imidazolium iodide 
(PMII) ionic liquid doped solid polymer electrolyte film prepared by the solu-
tion casting method using acetonitrile as a solvent with PEO polymer has 
shown an efficiency of 0.81% [119]. Sivakumar et al. reported a hybrid polymer 
electrolyte based on benzidine impregnated polyepichlorohydrin has shown 
an efficiency of 0.80% and reached 3.43% by using TiO2 as nanofiller [120]. 
Also, a new inorganic–organic hybrid SPE consisting of hetero‐polytungsti-
cacid (HPA) impregnated polyepichlorohydrin and TiO2 nanofiller has shown 
an efficiency of 3.9% [121]. HPA impregnated in the PE uses the back trans-
ferred electrons to get itself reduced to form heteropoly blue (HPB, photore-
duced product) and again injects these electrons into the semiconductor, thus 
suppressing the back electron transfer as shown in Figure 5.6 [118]. Kim et al. 
reported a SPE consisting of poly(ethylene oxide dimethyl ether) (PEODME) 
with fumed SiO2, 1‐methyl‐3‐propylimidazolium iodide (MPII) and I2 with one 
of the highest DSSC performance of 4.5% for SPE at 100 mW cm−2 [122].

Nogueira et al. [123] observed an increase in ionic conductivity by the addi-
tion of the plasticizer poly(ethylene glycol)methyl ether to the polymer electro-
lyte based on poly(epichlorohydrin‐co‐ethylene oxide), NaI, and I2. A SS‐DSSC 
assembled with this plasticized polymer electrolyte shows Jsc = 0.6 mA cm−2, 
VOC = 0.64 V, and η% = 1.75%; the efficiency remained unchanged for 30 days. 
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Bhattacharya et al. [124] investigated the effect of various cations on DSSC 
performance. They prepared the SPEs by complexing PEO:PEG blends in the 
weight ratio 40:60 with LiI, NaI, KI, NH4I, 1‐ethyl‐3‐methylimidazolium iodide 
(EMII), and 1‐hexyl‐3‐methylimidazolium iodide (HMII). The SPE layer onto 
the photoanode was cast by a two‐step method and the fabricated DSSCs 
showed a strong dependence on the cation radii. The maximum efficiency was 
around 2% for an SPE containing LiI and decreases with the increase in ionic 
radii of the cation.

De Paoli’s group reported an 8 V solar module by connecting 13 DSSCs 
in  series. The DSSCs were fabricated using an SPE consisting of NaI 
andI2  in  poly(ethylene oxide‐co‐epichlorohydrin) with لا‐butyrolactone as a 
plasticizer [125]. The lower efficiencies of solid‐state DSSCs is due to the crys-
tallization of ionic salts and polymers because of the absence of solvent and 
lower ionic motion in a solid matrix.

5.3.2.2  Quasi‐solid‐state Dye-Sensitized Solar Cells (QS‐DSSC)
Gel or quasi‐solid‐state electrolytes (GPEs) are introduced in order to improve 
the performance of polymer electrolyte based DSSCs without affecting the 
stability. Application of gel or quasi‐solid‐state electrolytes in DSSCs started in 
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1995 by Cao et al.’s pioneer work [126]. A QS‐DSSC prepared by incorporating 
a liquid electrolyte containing ethylene carbonate, propylene carbonate, 
acetonitrile, NaI, and I2 in polyacrylonitrile (PAN) polymer, exhibited photo-
voltaic efficiencies of 3–5% and higher stability compared to liquid electrolyte 
cells. General preparation techniques for GPEs include (i) gelation of liquid 
electrolyte using a polymer or oligomer, (ii) by swelling technique, and (iii) 
in situ sol‐gel technique.

In gelation process, GPEs were prepared by dissolving a stoichiometric ratio 
of the polymer dissolved in conventional liquid electrolytes. Hence, stability is 
achieved trapping of liquid electrolyte in the polymer with good conductivity. 
Wang et al. reported a quasi‐solid‐state gel electrolyte in which 
poly(vinylidenefluoride‐co‐hexafluoropropylene) (PVDF–HFP), was used to 
solidify a 3‐methoxypropionitrile (MPN)‐based liquid electrolyte for a DSSC 
fabricated by using an amphiphilic ruthenium sensitizer [127]. The cell perfor-
mance reached was >6% under 100 mW cm−2 and 94% of its initial cell perfor-
mance cell was sustained for 1000 h at 80 °C. Also, an efficient GPE was 
prepared by using poly(acrylonitrile‐co‐vinyl acetate) (PAN–VA) as the gelator 
in 3‐methoxypropionitrile (MPN)‐based liquid electrolyte [128]. The presence 
of vinyl acetate segments accounts for the solubility of the polymer in electro-
lyte and formation of gel electrolytes and acrylonitrile segments account for 
the downward shift in the conduction band of TiO2 in the DSSC. Photocurrent 
conversion efficiency of 8.34%, comparable with liquid electrolyte 8.63%, was 
achieved. A water‐based thixotropic polymer gel electrolyte was prepared by 
mixing an aqueous solution of 3 wt‐% xanthan gum with liquid electrolyte of 
4 M propyl‐methyl‐imidazolium iodide (PMII), 0.3 M I2, 1.5 M TBP, and 0.2 M 
GuSCN in MPN in the weight ratio of 1:1 [129]. The DSSC fabricated using a 
hydrophobic dye, TG6 as a sensitizer to prevent the dye desorption from the 
TiO2 electrode has shown conversion efficiency of 4.78% under 100 mW cm−2 
and an enhanced long‐term stability compared to a water‐based liquid 
electrolyte.

In the swelling technique, self‐standing polymer films are swelled by a 
solution containing a redox couple that results in a stable gel. The polymeric 
network acts as a cage for liquid electrolytes and prevents its evaporation. A 
GPE prepared by soaking porous membrane containing acrylonitrile‐methyl 
methacrylate copolymer in an organic electrolyte solution containing the 
triiodide/iodide redox couple yielded a conversion efficiency of 2.4%. The 
polymer encapsulated in the electrolyte solution well and maintains good 
mechanical properties without solvent leakage [130]. In 2014, Bella et al. 
reported new methacrylic‐acrylic gel‐polymer electrolytes prepared by soak-
ing UV‐cured poly(ethylene glycol) methyl ether methacrylate‐polyethylene 
glycol diacrylate (PEGMA‐PEGDA) membranes in a liquid electrolyte 
composed of 0.5 M NaI and 0.05 M I2 in CH3CN for 5 min [131]. A maximum 
photovoltaic conversion efficiency of 4.41% was achieved and only 10% 
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reduction in efficiency was observed after 250 h, while the cell based on the 
liquid electrolyte lost 43% of its initial efficiency. A gel‐type electrolyte was 
prepared by soaking an electrospun poly(vinylidenefluoride‐co‐hexafluoropro-
pylene) (PVdF–HFP) membrane in 0.6 M 1‐hexyl‐2,3‐dimethylimidazolium 
iodide, 0.1 M LiI, 0.05 M I2, and 0.5 M 4‐tert‐butylpyridine in ethylene carbon-
ate/propylene carbonate (1:1 wt‐%) liquid electrolyte. A conversion efficiency of 
7.3% was obtained, which was slightly lower than the liquid‐based electrolyte 
(7.8%) under similar conditions [132].

In situ polymerization may be induced in several ways, for example chemi-
cal, thermal or photochemical processes. Preparation of GPEs by in situ 
polymerization may result in good pore filling and wetting ability of electro-
lytes and restrict the electron‐hole recombination and other parasitic cur-
rent losses, thus improving the efficiency of DSSCs [133]. Yang et al. reported 
in situ ultra‐thin porous membranes electrolytes prepared by a phase inver-
sion method using porous poly(vinylidene fluoride‐co‐hexafluoropropylene) 
P(VDF–HFP) on N‐719 sensitized TiO2 electrodes followed by soaking in 
the  organic liquid electrolyte [134]. Resulting DSSCs exhibited a η = 8.35% 
with  Jsc = 16.26 mA cm−2, VOC = 0.751 V, and fill factor (FF) = 0.684 under 
100 mW cm−2. In 2010, Chen et al. reported a gel electrolyte containing 
poly‐1,1′‐(methylenedi‐4,1‐phenylene)bismaleimide (PBMI) prepared by 
in situ polymerization of the monomer without an initiator at 30 °C showing 
an efficiency of 6.24%; addition of 0.3 wt‐% of the exfoliated alkyl modified-
nanomica (EAMNM) resulted in an improvement in JSC and efficiency to 
7.05% [135]. Hong et al. reported an in situ gelation of a block copolymer 
containing hydroxystyrene and poly(ethylene oxide‐co‐propylene oxide) 
blocks under UV radiation in the presence of a typical liquid electrolyte 
[136]. The resultant GPE exhibited PCE of 5% and better stabilities compared 
to LE. Lee studied the ionic conductivities and performances of DSSCs 
of  various GPEs prepared by in situ cross‐linking of poly(imidazole‐co‐
butylmethacrylate) with different cross‐linkers [137]. Among various GPEs 
with various cross‐linkers, 1,2,4,5‐tetrakis(bromomethyl)‐benzene (B4Br) 
showed higher cell performance of 3.61% because of microphase separation 
that resulted in an increase in ion transport paths in the GPE.

5.3.2.3  Types of Additives in GPEs
Apart from basic constituents such as polymer, solvent, and redox couple, 
some additives are also added to GPEs and such electrolytes led to further 
improvement in ionic conductivity and DSSC performance. Polymer electro-
lytes of this type of are referred as composite polymer electrolytes (CPEs). The 
role of additives in CPEs is to reduce the crystallinity of polymer by introducing 
a degree of disorder and segmental mobility, which, consequently, lowers the 
glass transition temperature [138]. In general, polymer electrolytes modi-
fied with additives will show better electrochemical properties and results in 
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DSSCs with higher conversion efficiency. There are several types of additives, 
including (i) plasticizers, (ii) nanofillers, (iii) inorganic proton donors, and (iv) 
ionic liquids.

5.3.2.3.1  Plasticizers
The plasticizer, usually a low molecular weight polyether or small organic mol-
ecules having hetero‐atoms, is incorporated in the polymer matrix by small 
amounts in order to decrease the glass transition temperature and crystallinity 
[139]. Plasticizer exists in between the adjacent polymer chains, decreases the 
polymer–polymer interaction, and increases the free volume and, conse-
quently, segmental mobility of the system. This results in the increment in 
ionic conductivity and cell performance. Commonly used plasticizers used in 
CPEs for the application of DSSCs are polyethylene glycol (PEG), polypropyl-
ene glycol (PPG), ethylene carbonate (EC), 1,2‐dimethoxyethane (DME), لا‐
butyrolactone (BL), and propylene carbonate (PC).

GPE containing 8 wt‐% poly(vinylenefluoride‐hexafluoropropylene) P(VdF–
HFP) as host polymer matrix and propylene carbonate (PC)–diethyl carbonate 
(DEC) as plasticizers in the ratio 1:1, with lithium iodide/iodine (LiI/I2) as 
redox couple and tert‐butylpyridine (TBP), has shown a maximum ionic con-
ductivity of 5.25 × 10−3 Scm−1 at room temperature and an efficiency of 4.41% 
was obtained under 100 mWcm−2 irradiation [60]. A DSSC constructed using 
GPE consisting of modified biopolymer N‐phthaloylchitosan with tetrapro-
pylammonium iodide, iodine, and ethylene carbonate as a plasticizer in 
dimethylformamide has shown an efficiency of 5.0%, with JSC of 12.72 mA cm−2, 
VOC of 0.60 V, and fill factor of 0.66 [140]. With a composite polymer electro-
lyte having poly(hydroxyethyl acrylate)/poly(ethylene glycol) imbibed with 
polypyrrole, the DSSC showed a higher light‐to‐electric conversion efficiency 
of 7.02% compared to pure poly(hydroxyethyl acrylate)/poly(ethylene glycol) 
with 5.76% [141]. In our research group, we have studied GPEs contain-
ing  acetamide and urea in various weight‐percentages as a plasticizer for 
poly(ethylene oxide), LiI, I2‐based electrolyte in PC. By the addition of these 
plasticizers, the crystallinity of GPEs reduced due to electrostatic interactions 
of amino groups with PEO ether groups, as shown in Figure 5.7. Thus enhanced 
the ionic mobility and consequently, photocurrent conversion efficiency of 
9.01 was achieved GPE with 5 wt‐% acetamide in combination with N3 dye 
[142] and 6.82% for GPE with 4 wt‐% urea in combination with N719 dye [143].

5.3.2.3.2  Nanofillers
Nanofillers (inert nano‐sized materials) used as additives prevent crystal 
formation and, consequently, enhance the electrical and mechanical properties 
of CPEs. In general, the addition of a nanofiller results in more amorphous 
CPEs, thus the conductivity is enhanced. For application in DSSCs, the more 
commonly used nanofillers are Al2O3, TiO2, ZrO2, and SiO2. Falaras et al. 
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studied the influence of metal cation and the TiO2 nanofiller on the perfor-
mance of DSSCs using PEO‐based gel polymer redox electrolyte containing 
propylene carbonate as plasticizer and iodide/triiodide [144]. The iodide anion 
is introduced in the form of various metal salts: CsI, RbI, and LiI. The maxi-
mum performance was attained for PEO‐TiO2‐PC (CsI/I3

−) electrolyte, with 
η = 2.87% under standard AM1.5 simulated solar irradiation and for all the 
metal salts the electrolyte with the TiO2 nanofiller has shown better 
performance.

Zebardastan et al. reported a GPE system PVdF‐HFP/PEO:EC:PC:NaI:I2 
containing various weight‐percentages of fumed silica (SiO2) nanoparticles 
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and the optimum electrolyte, containing 13% SiO2, has shown the highest ionic 
conductivity of 8.84 mS cm−1 and DSSC with the efficiency of 9.44%, compared 
to a GPE without SiO2 which shows ionic conductivity 6.38 mS cm−1 and effi-
ciency 5.67% [145]. A quasi‐solid‐state DSSC fabricated using poly(vinyl alco-
hol)/poly(ethylene glycol) gel electrolyte with 0.5% carboxy functionalized 
multiwalled carbon nanotubes (c‐MWCNTs) has shown JSC = 8.80 mA cm−2, 
VOC = 550 mV, and efficiency of 3.5% [146]. Huang et al. reported a PVDF–
HFP‐based GPE with different amounts of aluminum nitride (AlN) [147]. The 
addition of AlN increased the porosity and decreased the crystallinity of GPEs 
and the DSSC fabricated using 0.1 wt‐% AIN showed the maximum conversion 
efficiency of 5.27%. Also, the DSSC showed an excellent stability for a period of 
1000 h under both room temperatures as well at 40 °C.

5.3.2.3.3  Ionic Liquids
As mentioned earlier, ionic liquids are molten salts in liquid state and are 
replacements for volatile liquid electrolytes in several electrochemical applica-
tions. They have some drawbacks, such as leakage and sealing problems due to 
their liquid state at room temperature. But use of RTILs as an additive material 
in GPEs will result in better electrochemical and photoelectrochemical prop-
erties, and stability for DSSC applications. An ionic liquid based quasi‐solid 
state electrolyte was prepared by solidifying a binary mixture of 1‐hexyl‐3‐
methylidazolium iodide (HMImI) and 1‐ethyl‐3‐methylimidazolium tetra-
fluoroborate (EMImBF4) (weight ratio of 2:1) with 10 wt‐% of the polymer 
poly(1‐oligo(ethylene glycol)methacrylate‐3‐methylimidazolium chloride) 
(P(MOEMImCl)). The thermal stability of the electrolyte was examined by 
thermogravimetric analysis and has shown stability up to 200 °C, while the 
DSSC shows a conversion efficiency of 6.1% under the light intensity of 
100 mW cm−2 [148].

A biopolymer‐based quasi‐solid state polymer electrolyte using agar, I2, 50 
wt‐% of NaI and KI, 3.0 g of 1‐methyl‐3‐propylimidazolium iodide (MPII) ionic 
liquid has been developed. Complexation of agar polymer with iodide salt and 
MPII results in the higher ionic conductivity of 1.48 × 10−3 S cm−1 and an effi-
ciency of 2.16% was achieved [149]. GPEs consisting of poly[1‐vinylpyrro-
lidone‐co‐vinyl acetate] (P[VP‐co‐VAc]), potassium iodide (KI), iodine (I2), 
ethylene carbonate (EC), propylene carbonate (PC), and different weight‐per-
centages of 1‐methyl‐3‐propylimidazolium iodide (MPII) ionic liquid were 
prepared [150]. The resultant DSSC with GPE containing 15 wt‐% MPII 
showed power conversion efficiency of 4.67% with maximum short‐circuit 
current density (JSC) of 11.98 mA cm−2, open‐circuit voltage (VOC) of 0.59 V, 
and fill factor of 66%. Suryanarayanan et al. compared the DSSC performance 
of organic liquid electrolyte and PVDF‐Co‐HFP based GPE with different imi-
dazolinum ionic liquids of the type 1‐methyl‐3‐alkyl imidazolinium iodides 
(alkyl is CnH2n+1, where n = 3–10). In the case of GPEs containing various 
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1‐methyl‐3‐alkyl imidazolinium iodides as ionic liquids, when the carbon 
chain length increases from C3 to C10 the cell performance decreases linearly, 
which is attributed to the increase in viscosity of ILs for alkyl chain lengths of 
C3 to C10 [151].

5.3.2.3.4  Inorganic Proton Donors
The addition of proton donor would improve the mobility and ionic conductiv-
ity of CPEs. Also, the presence of proton in the electrolyte medium will increase 
the open‐circuit voltage (VOC) and short‐circuit current density (JSC) due to the 
changes in the conduction band of TiO2, and, consequently, the light harvest-
ing efficiency of DSSCs [152]. Hetero poly acids (HPAs) are one of the com-
monly encountered inorganic proton donors used as an additive in polymer 
electrolytes because of desirable features such as tunable structural properties, 
excellent redox properties, and stability [153]. HPAs become reduced by 
receiving the back transferred electrons and return them back to the TiO2 
layer. Thus, the presence of HPAs in the electrolyte medium reduce the charge 
recombination reaction taking place in the TiO2/dye/electrolyte interface and 
improve the cell performance of DSSCs.

Chen et al. reported a novel composite polymeric gel comprising 
RTILs(1‐butyl‐3‐methyl‐imidazolium‐hexafluorophosphate, BMImPF6) and 
hetero polyacid (phosphotungstic acid, PWA) in poly(2‐hydroxyethyl meth-
acrylate) matrix for quasi‐solid state DSSCs [154]. GPE with 3 wt‐% of PWA 
achieved the 1.68% under irradiation of 50 mW cm−2 light intensity; this is 
more than three times higher than a DSSC with the blank BMImPF6‐based 
polymer electrolyte without PWA (η = 0.52%). In our research group, we have 
reported silicotungustic acid (STA) modified gel polymer electrolytes (GPEs) 
with poly(ethylene oxide) as a polymer, PC as a plasticizer, and LiI/I2 as a redox 
couple. The structural studies revealed the increment in amorphous nature of 
GPE by the addition of STA. Thus, increases the ionic conductivity and tri‐
iodide diffusion coefficient were also improved. The highest efficiency of 6.26% 
was achieved for the GPE containing 3 wt‐% STA [155]. The improvement in 
efficiency of DSSC is due to suppression in charge recombination reaction in 
the TiO2/dye/electrolyte interface. Further, the introduction of a LiI blocking 
layer improves the cell performance of STA free electrolyte. In DSSCs, the 
presence of this blocking layer of iodide salt will efficiently transfer holes from 
dye to electrolyte [156] and decrease the recombination of electron and holes. 
But, for the STA‐modified GPE, the photovoltaic performance was decreased 
because of the two competing mechanisms.

5.3.3  Bifacial DSSCs

A new emerging technique developing in the recent years is bifacial DSSCs, 
which are capable of using the light from both sides to attain higher 
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efficiency in order to bring down the production cost [157]. This helps in 
the area of building integrated photovoltaic‐like power generating windows 
using transparent DSSCs. Ito et al. reported a semitransparent photoanode 
using TiO2 nanoparticles of diameter 42 nm and an SiO2 layer to prevent 
generation of unwanted back current sensitized with ruthenium dye 
(Z907Na) and RTILs as the electrolyte [158]. The bifacial DSSCs achieved 
an efficiency of about 6% for illumination under the front and rear surface. 
Transparent polyaniline (PANI) electrodes as counterelectrodes for DSSCs 
prepared by a facile in situ polymerization method have shown conversion 
efficiency of 6.54% under front illumination, comparable with a platinum 
counterelectrode (6.69%), and an efficiency of 4.26% for rear illumination, 
which is 65% of that of front illumination [159]. Tang and coworkers 
reported a series of transparent counterelectrodes based on binary‐alloy 
metal selenides consisting of Co, Ni, Cu, Fe, and Ru [160], among which 
FeSe yielded the highest front and rear efficiency of 9.22% and 5.90%, 
respectively.

Also reported is a bifacial quasi‐solid‐state DSSC containing a semitrans-
parent gel electrolyte and a titanium‐grid‐supported metal selenide (MSe, 
M = Co, Ni, Ru) counterelectrode (CE). The semitransparent gel electrolyte 
was prepared by immersing polyacrylate‐poly(ethylene glycol) in liquid 
electrolyte consists of 100 Mm tetramethylammonium iodide, 100 mM 
tetraethylammoniumiodide, 100 mM KI, 100 mM tetrabutylammonium 
iodide, 50 mM I2, 100 mMLiI, 100 mM NaI, and 500 mM 4‐tert‐butylpyri-
dine in 50 ml acetonitrile. The front and rear efficiencies of 6.51% and 1.84% 
were achieved for cost effective titanium‐grid‐supported RuSe counterelec-
trodes [161]. In the case of electrolytes containing conventional iodine‐
based redox couple, it is difficult to attain transparency due to the higher 
absorbance of iodine in the visible region. An iodine‐free quasi‐solid 
electrolyte containing poly(ethylene oxide) (PEO), NaI, and tertbutyl pyri-
dine in acetonitrile for DSSCs fabricated using TiO2 nanotube (NT) arrays 
grown on a flexible titanium foil as a working electrode and organichemi‐
squaraine‐based dye as sensitizer has reached an efficiency of 2% under 
back illumination [162].

Recently, in our research group, we have reported transparent iodide/iodine 
redox couple based GPEs by incorporating thiourea (TU) in poly(ethylene 
oxide) (PEO) polymer matrix containing propylene carbonate (PC) as plasti-
cizer as well as solvent. Highest efficiency of 7.17% was reached for the GPE 
modified with 1wt‐% thiourea. GPE modified with 3 wt‐% thiourea has shown 
rear illumination efficiency of 4.63%, which is about 90% as that of front illumi-
nation efficiency (5.17%). The improvement in DSSC performance in the pres-
ence of thiourea is attributed to a reduction in crystallinity and transparency is 
attained by the dimerization of thiourea and iodine in the electrolyte medium 
shown in Figure 5.8 [163].
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5.4  Quantum Dot Sensitized Solar Cells (QDSSC)

Quantum dots (QDs) are narrow bandgap semiconductor nanoparticles, the 
physical and chemical properties of which depend on their size. QDs possess 
some excellent characteristics, such as higher absorption coefficient than 
organic dyes, good photostability, a tunable bandgap and multiple excitation 
generations. In quantum dot‐sensitized solar cells (QDSSCs), QDs are used 
in the place of the sensitizer in the DSSC. Apart from this, the components and 
the working principle of the QDSSCs are very much similar to standard DSSCs. 
Another upcoming trend is “green” QDSSCs, in which QDs are prepared using 
less hazardous precursors [164]. The absorption range of QDs can be changed 
by varying the size [165]. Hence, by combining several types of QDs, it is pos-
sible to harvest the whole solar spectrum of infrared to ultraviolet [166]; QDs 
are capable of generating multiple electron‐hole pairs for single photon absorp-
tion. This leads to the maximum theoretical conversion efficiency of 44% [167]. 
Use of I−/I3

− is limited to DSSCs because its corrosive nature towards most of 
the QDs, leading to poor performance of QDSSCs [168]. In order to improve 
the stability and performance of QDSSCs, iodine‐free redox couples such as 
sulfide/polysulfide (S2–/Sn

2–) and Co2+/Co3+ were introduced.
A QDSSC containing a novel sequential inorganic ZnS/SiO2 double layer to 

reduce interfacial recombination and to increase charge collection efficiency 
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Figure 5.8  UV‐Visible spectrum of 0.3% solution of GPEs in acetonitrile. A represents 
thiourea‐free GPE. B, C, and D represent GPEs containing 1, 2, and 3 wt‐% of thiourea, 
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onto the CdSexTe1–xQD‐sensitized TiO2 photoanode and employing the S2–/
Sn

2– redox couple in aqueous solution exhibited the highest conversion 
efficiency of 8.21% [169]. In order to improve the stability of QDSSCs for out-
door applications, the volatile liquid electrolytes can be replaced more stable 
polymer‐based electrolytes. Yu et al. reported a quasi‐solid state polysulfide 
electrolyte containing chemically cross‐linked polyacrylamide as polymer 
matrix for CdS/CdSe cosensitized solar cells and achieved efficiency of 4% 
[170]. Yang et al. synthesized graphene implanted polyacrylamide (PAAm) 
conducting gel electrolyte by immersing the polymer films in a liquid electro-
lyte containing polysulfide redox couple [171]. Graphene is used with the aim 
of accelerating the reduction reaction of redox species in the DSSCs. The use 
of these electrolytes in quasi‐solid state QDSSCs containing CdS sensitizer 
resulting in power conversion efficiency of 2.34% for electrolyte containing 
7 wt‐% graphene compared to 1.36% for pure PAAm electrolytes.

In 2013, Chen et al. [172] reported a highly conductive hydrogel polysulfide 
quasi‐solid‐state using dextran as gelator used in quantum dot‐sensitized solar 
cells (QDSSCs). The electrolyte with 15 wt‐% gelator showed conductivity 
comparable with LE and QDSSC efficiency of 3.23% under one sun (AM 1.5, 
100 mW cm−2) illumination, which is slightly lower than that of QDSSCs based 
on LE (3.69%). Kim et al. reported a stable QDSSC using a ZnO photoanode, a 
carbon‐based counterelectrode with gel type polysulfide redox electrolyte 
[173]. The electrolyte consists of poly(ethylene glycol) dimethylether 
(PEGDME), 0.5 M Na2S, 2 M S, 0.2 M KCl, and fumed silica nanoparticles as 
filler in a 7:3 (v/v) mixture of methanol and distilled water. The optimized cell 
exhibited 5.45% photoelectric conversion efficiency, comparable with liquid 
electrolyte (5.69%) and long‐term stability of over 5000 seconds.

Feng et al. in 2016 constructed a quasi‐solid‐state QDSSC using gel electro-
lyte prepared by solidifying a polysulfide aqueous solution using sodium car-
boxymethylcellulose (CMC‐Na) with the impressive efficiency of 9.21% with 
CdSeTe as the photosensitizer and Cu2S as the counterelectrode [174]. The 
electrolyte provided satisfactory conductivity compared to liquid‐based poly-
sulfide electrolytes. Also, the gel electrolytes possesses good contact with the 
surfaces of mesoporous photoanodes due to the presence of strong coordina-
tion between carboxylate groups on CMC–Na polymer chains with the metal 
ions of the photoanode surface. More recently, in 2017 a gel electrolyte 
containing a natural polymer, agar, was developed for quasi‐solid state QDSSCs 
using CuInS2 or CdS as sensitizer and a various counter electrolytes, such as 
reduced graphene oxide (RGO)–Cu2S, RGO‐brass, and CuxS thin films. Among 
the fabricated cells the QDSSC containing CdS sensitizer, agar‐based gel elec-
trolyte, and (RGO)–Cu2S counterelectrode has shown a maximum efficiency 
of 2.21% [175].

It should be noted that the quantum dots have been used in different photo-
voltaic devices, such as by forming a Schottky junction cells with a metal or 
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with other semiconductor materials in the heterojunction structure  [176]. 
Recently, a certified solar cell power conversion efficiency of 10.6% has been 
obtained by using a dispersion of hydrophobic PbS quantum dots in the methyl 
ammonium iodide organic–inorganic hybrid material [177]. Additionally, the 
quantum dots show great promise for fabrication of hybrid bulk heterojunc-
tion solar cells with enhanced power conversion efficiency, yet controlling the 
morphology and interface structure on the nanometer length scale is challeng-
ing [178–180].

5.5  Perovskite‐Sensitized Solar Cells (PSSC)

Perovskites are a group of a compound having a specific crystal structure 
(Figure 5.9a) with the general formula ABX3 (X = oxygen, halogen). In the crys-
tal structure of perovskites the larger cation A occupies the cubooctahedral 
sites and smaller cation B occupies the octahedral sites. There are thousands of 
compounds that adapt the perovskite structure. Organometallic halide such as 
CH3NH3PbX3 (the A‐site cation is CH3NH3

+ and the B‐site cation is Pb2+, as 
shown in Figure 5.9b) with perovskite structure has attracted attention due to 
the changes in electrical properties and bandgap with increasing dimensional-
ity from 2D to 3D [181].

In literature, several authors have observed that an increase of the electron‐
hole diffusion length, a longer charge carrier lifetime, and smaller trap density 
are attributed to the growth of grain size of the perovskite material from poly-
crystalline to single crystal thin films [182, 183]. In addition, the perovskites 
exhibit radiation hardness and withstand proton doses that exceed the damage 
threshold of crystalline silicon by almost three orders of magnitude [184, 185]. 
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Figure 5.9  (a) ABX3 perovskite structure showing BX6 octahedral and larger A cation 
occupied in cubooctahedral site. (b) The unit cell of cubic CH3NH3PbI3 perovskite. Original 
figure in (b) was reprinted from Reference [187]. Reproduced with permission of American 
Chemical Society.
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To date, the power conversion efficiency of the perovskite‐based solar cell 
shows an increase in value from 3.8% to greater than 20%, reached in less than 
seven years [186].This made perovskite suitable for solar cell applications.

In 2009, Miyasaka et al. reported the application of 3D perovskite 
CH3NH3PbX3 (X = Br, I) as an inorganic sensitizer to replace dye in dye‐sensi-
tized solar cells [188]. The cells containing CH3NH3PbX3‐sensitized TiO2 
anode, platinum counterelectrode, and, respectively, lithium halide and halo-
gen as redox couple yielded an efficiency of 3.13% for CH3NH3PbBr3 and of 
3.81% for CH3NH3PbI3. Park et al. reported a perovskite (CH3NH3)PbI3 
nanocrystal sensitized solar cell with an efficiency of 6.5% under 1 sun irradia-
tion, much higher compared to N719 (η = 3.89%) [189]. The higher efficiency is 
due to the higher absorption coefficient of (CH3NH3)PbI3, which is 10 times 
higher than that of ruthenium‐based dyes.

As perovskite is ionic in nature, it will dissolve easily in a polar solvent. 
Thus, use of liquid electrolytes in PSSCs will affect the stability of the cells. 
These instability issues can be solved by substituting liquid electrolyte with 
polymer electrolytes or solid‐state hole transport material. In 2016, Ragul 
et  al. reported perovskite sensitized solar cells (PSSC) comprising methyl 
ammonium tri‐lead iodide (CH3NH3PbI3) and ethyl ammonium tri‐lead 
iodide (CH3CH2NH3PbI3) with solid polymer electrolyte consisting of PEO, 
KI, and I2 in methanol [190, 191]. The fabricated PSSC with CH3NH3PbI3 
has shown an efficiency of 0.53% whereas CH3CH2NH3PbI3 shows the 
efficiency of 0.75%.

5.6  Conclusion

Solar energy is one the promising renewable energy sources. Among various 
generations of solar cells, thin film based solar cells are more cost effective and 
environmentally friendly. In thin film based solar cells, electrolyte part plays 
a vital role in deciding the cell performance and stability of the cells. Using 
conventional liquid electrolytes, a conversion efficiency of 13% was achieved. 
But, the issues of liquid electrolytes, such as poor stability and corrosive nature, 
can be resolved by replacing the conventional liquid electrolyte with a more 
stable noncorrosive electrolyte, such as RTILs, HTMs, polymer electrolytes, 
etc. In the midst of other electrolytes, polymer electrolytes attained attention 
due to stability, low cost, and nontoxic nature. Gel polymer electrolyte contain-
ing additives has attained efficiency up to 10% in the case of dye‐sensitized 
solar cells and up to 6% in the case of quantum dot sensitized solar cell. Further, 
studies on understanding the interactions of polymer electrolytes with elec-
trodes and sensitizer to enhance charge transfer efficiency and to decrease 
recombination losses will improve the cell performance and stability of DSSCs, 
QDSSCs, and PSSCs.
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	43	 Opekar F, Štulıḱ K. Electrochemical sensors with solid polymer electrolytes. 
Anal Chim Acta, 1999; 385: 151–162. doi:10.1016/S0003‐2670(98)00583‐2



Advantages of Polymer Electrolytes Towards Dye‐sensitized Solar Cells 157

	44	 Saikia D, Pan Y‐C, Wu C‐G, et al. Synthesis and characterization of a highly 
conductive organic–inorganic hybrid polymer electrolyte based on amine 
terminated triblock polyethers and its application in electrochromic devices. 
J Mater Chem C, 2014; 2: 331–343. doi:10.1039/C3TC31555J

	45	 Ratner MA, Shriver DF. Ion transport in solvent‐free polymers. Chem Rev, 
1988; 88: 109–124. doi:10.1021/cr00083a006

	46	 Druger S, Ratner M, Nitzan A. Polymeric solid electrolytes: Dynamic bond 
percolation and free volume models for diffusion. Solid State Ionics, 1983; 
9–10: 1115–1120. doi:10.1016/0167‐2738(83)90139‐X

	47	 Druger SD, Nitzan A, Ratner MA. Dynamic bond percolation theory: A 
microscopic model for diffusion in dynamically disordered systems. I. 
Definition and one‐dimensional case. J Chem Phys, 1983; 79: 3133–142. 
doi:10.1063/1.446144

	48	 Dzulkurnain N, Ahmad A, Mohamed N. P(MMA‐EMA) random copolymer 
electrolytes incorporating sodium iodide for potential application in a 
dye‐sensitized solar cell. Polymers (Basel), 2015; 7: 266–280. doi:10.3390/
polym7020266

	49	 Singh VK, Bhattacharya B, Shukla S, Singh PK. New solid‐polymer‐electrolyte 
material for dye‐sensitized solar cells. Mater Tehnol, 2015; 49: 123–127.

	50	 Manuel Stephan A. Review on gel polymer electrolytes for lithium batteries. 
Eur Polym J, 2006; 42: 21–42. doi:10.1016/j.eurpolymj.2005.09.017

	51	 Xue Z, He D, Xie X. Poly(ethylene oxide)‐based electrolytes for lithium‐ion 
batteries. J Mater Chem A, 2015; 3: 19218–19253. doi:10.1039/C5TA03471J

	52	 Bhattacharya B, Nagarale RK, Singh PK. Effect of sodium‐mixed anion doping 
in PEO‐based polymer electrolytes. High Perform Polym, 2010; 22: 498–512. 
doi:10.1177/0954008309104931

	53	 Call F, Stolwijk NA. Impact of I2 additions on iodide transport in polymer 
electrolytes for dye‐sensitized solar cells: Reduced pair formation versus a 
Grotthuss‐like mechanism. J Phys Chem Lett, 2010; 1: 2088–2093. doi:10.1021/
jz100644z

	54	 Srivastava N, Tiwari T. New trends in polymer electrolytes: a review.  
E‐Polymers, 2009; 9: 1738–1754.

	55	 Armand M. Polymers with ionic conductivity. Adv Mater, 1990; 2: 278–286. 
doi:10.1002/adma.19900020603

	56	 Golodnitsky D, Strauss E, Peled E, Greenbaum S. Review – On order and 
disorder in polymer electrolytes. J Electrochem Soc, 2015; 162: A2551–2566. 
doi:10.1149/2.0161514jes

	57	 Dey A, Karan S, Dey A, De SK. Structure, morphology and ionic conductivity 
of solid polymer electrolyte. Mater Res Bull, 2011; 46: 2009–2015. 
doi:10.1016/j.materresbull.2011.07.008

	58	 Xia J, Li F, Huang C, et al. Improved stability quasi‐solid‐state dye‐sensitized 
solar cell based on polyether framework gel electrolytes. Sol Energy Mater Sol 
Cells, 2006; 90: 944–952. doi:10.1016/j.solmat.2005.05.021



Rational Design of Solar Cells for Efficient Solar Energy Conversion158

	59	 Zhou DY, Wang GZ, Li WS, et al. Preparation and performances of porous 
polyacrylonitrile–methyl methacrylate membrane for lithium‐ion batteries. 
J Power Sources, 2008; 184: 477–480. doi:10.1016/j.jpowsour.2008.05.027

	60	 Saikia D, Han CC, Chen‐Yang YW. Influence of polymer concentration and 
dyes on photovoltaic performance of dye‐sensitized solar cell with P(VdF‐
HFP)‐based gel polymer electrolyte. J Power Sources, 2008; 185: 570–576. 
doi:10.1016/j.jpowsour.2008.06.063

	61	 Vincent CA. Polymer electrolytes. Prog Solid State Chem, 1987; 17: 145–261. 
doi:10.1016/0079‐6786(87)90003‐3

	62	 Dey A. Thermal and electric properties of CeO2 nanoparticles dispersed in 
polyethylene oxide:NH4ClO4 complex. Solid State Ionics, 2008; 178: 1963–
1968. doi:10.1016/j.ssi.2007.12.063

	63	 Scrosati B, Croce F, Appetecchi GB, Persi L. Nanocomposite polymer 
electrolytes for lithium batteries. Nature, 1998; 394: 456–458. 
doi:10.1038/28818

	64	 Landi G, Sorrentino A, Fedi F, et al. Cycle stability and dielectric properties of 
a new biodegradable energy storage material. Nano Energy, 2015; 17: 348–355. 
doi:10.1016/j.nanoen.2015.09.006

	65	 Landi G, Sorrentino A, Iannace S, Neitzert HC. Differences between graphene 
and graphene oxide in gelatin based systems for transient biodegradable 
energy storage applications. Nanotechnol, 2017; 28: 54005. doi:10.1088/1361‐65
28/28/5/054005

	66	 Gray F. M. Polymer Electrolyte Reviews. Elsevier Applied Science; 1987, 
p. 139.

	67	 Gerischer H, Michel‐Beyerle ME, Rebentrost F, Tributsch H. Sensitization of 
charge injection into semiconductors with large band gap. Electrochim Acta, 
1968; 13: 1509–1515. doi:10.1016/0013‐4686(68)80076‐3

	68	 Tsubomura H, Matsumura M, Nomura Y, Amamiya T. Dye sensitised zinc 
oxide: aqueous electrolyte: platinum photocell. Nature, 1976; 261: 402–403. 
doi:10.1038/261402a0

	69	 Matsumura M, Matsudaira S, Tsubomura H, et al. Dye sensitization and 
surface structures of semiconductor electrodes. Ind Eng Chem Prod Res Dev, 
1980; 19: 415–421. doi:10.1021/i360075a025

	70	 Desilvestro J, Graetzel M, Kavan L, et al. Highly efficient sensitization of 
titanium dioxide. J Am Chem Soc, 1985; 107: 2988–2990. doi:10.1021/
ja00296a035

	71	 O’Regan B, Grätzel M. A low‐cost, high‐efficiency solar cell based on dye‐
sensitized colloidal TiO2 films. Nature, 1991; 353: 737–740. 
doi:10.1038/353737a0

	72	 Hagfeldt A, Boschloo G, Sun L, et al. Dye‐sensitized solar cells. Chem Rev, 
2010; 110: 6595–6663. doi:10.1021/cr900356p

	73	 Wu J, Lan Z, Hao S, et al. Progress on the electrolytes for dye‐sensitized solar 
cells. Pure Appl Chem, 2008; 80: 2241–2258.



Advantages of Polymer Electrolytes Towards Dye‐sensitized Solar Cells 159

	74	 Sima C, Grigoriu C, Antohe S. Comparison of the dye‐sensitized solar cells 
performances based on transparent conductive ITO and FTO. Thin Solid 
Films, 2010; 519: 595–597. doi:10.1016/j.tsf.2010.07.002

	75	 Vomiero A, Galstyan V, Braga A, et al. Flexible dye sensitized solar cells using 
TiO2 nanotubes. Energy Environ Sci, 2011; 4: 3408. doi:10.1039/c0ee00485e

	76	 Kang MG, Park N‐G, Ryu KS, et al. A 4.2% efficient flexible dye‐sensitized 
TiO2 solar cells using stainless steel substrate. Sol Energy Mater Sol Cells, 
2006; 90: 574–581. doi:10.1016/j.solmat.2005.04.025.

	77	 Sommeling PM, Späth M, Kroon J, et al. Flexible dye‐sensitized 
nanocrystalline TiO2 solar cells. Proceedings of 16th Eur. Photovolt. Sol. Energy 
Conf., 2000, pp. 1–5.

	78	 Keis K, Magnusson E, Lindström H, et al. A 5% efficient photoelectrochemical 
solar cell based on nanostructured ZnO electrodes. Sol Energy Mater Sol Cells, 
2002; 73: 51–58. doi:10.1016/S0927‐0248(01)00110‐6

	79	 Green ANM, Palomares E, Haque SA, et al. Charge Transport versus 
Recombination in Dye‐Sensitized Solar Cells Employing Nanocrystalline TiO2 
and SnO2 Films. J Phys Chem B, 2005; 109: 12525–12533. doi:10.1021/
jp050145y

	80	 Qin P, Zhu H, Edvinsson T, et al. Design of an organic chromophore for p‐type 
dye‐sensitized solar cells. J Am Chem Soc, 2008; 130: 8570–8571. doi:10.1021/
ja8001474

	81	 Ke L, Dolmanan S Bin, Shen L, et al. Degradation mechanism of ZnO‐based 
dye‐sensitized solar cells. Sol Energy Mater Sol Cells, 2010; 94: 323–326. 
doi:10.1016/j.solmat.2009.10.007

	82	 Barbé CJ, Arendse F, Comte P, et al. Nanocrystalline titanium oxide electrodes 
for photovoltaic applications. J Am Ceram Soc, 2005; 80: 3157–3171. 
doi:10.1111/j.1151‐2916.1997.tb03245.x

	83	 Lindström H, Holmberg A, Magnusson E, et al. A new method for 
manufacturing nanostructured electrodes on plastic substrates. Nano Lett, 
2001; 1: 97–100. doi:10.1021/nl0055254

	84	 Lindström H, Holmberg A, Magnusson E, et al. A new method to make 
dye‐sensitized nanocrystalline solar cells at room temperature. 
J Photochem Photobiol A Chem, 2001; 145: 107–112. doi:10.1016/
S1010‐6030(01)00564‐0

	85	 Galoppini E. Linkers for anchoring sensitizers to semiconductor 
nanoparticles. Coord Chem Rev, 2004; 248: 1283–1297. doi:10.1016/j.
ccr.2004.03.016

	86	 Grätzel M. Photovoltaic performance and long‐term stability of dye‐sensitized 
meosocopic solar cells. Comptes Rendus Chim, 2006; 9: 578–583. doi:10.1016/j.
crci.2005.06.037

	87	 Mishra A, Fischer MKR, Bäuerle P. Metal‐free organic dyes for dye‐sensitized 
solar cells: from structure: Property relationships to design rules. Angew 
Chemie Int Ed, 2009; 48: 2474–2499. doi:10.1002/anie.200804709



Rational Design of Solar Cells for Efficient Solar Energy Conversion160

	88	 Martineau D, Beley M, Gros PC, et al. Tuning of ruthenium complex 
properties using pyrrole‐ and pyrrolidine‐containing polypyridine ligands. 
Inorg Chem, 2007; 46: 2272–2277. doi:10.1021/ic062042f

	89	 Yella A, Lee H‐W, Tsao HN, et al. Porphyrin‐sensitized solar cells with cobalt 
(II/III)‐based redox electrolyte exceed 12 percent efficiency. Science, 
2011; 334: 629–634. doi:10.1126/science.1209688

	90	 Kuciauskas D, Monat JE, Villahermosa R, et al. Transient absorption 
spectroscopy of ruthenium and osmium polypyridyl complexes adsorbed 
onto nanocrystalline TiO2 photoelectrodes. J Phys Chem B, 2002; 106: 
9347–5938. doi:10.1021/jp014589f

	91	 Hasselmann GM, Meyer GJ. Diffusion‐limited interfacial electron transfer 
with large apparent driving forces. J Phys Chem B, 1999; 103: 7671–7675. 
doi:10.1021/jp992086s

	92	 Ferrere S. New photosensitizers based upon Fe(L)2(CN)2. and Fe(L)3. 
(L = substituted 2,2′‐bipyridine): Yields for the photosensitization of TiO2 and 
effects on the band selectivity. Chem Mater, 2000; 12: 1083–1089. 
doi:10.1021/cm990713k

	93	 Nazeeruddin MK, Péchy P, Renouard T, et al. Engineering of efficient 
panchromatic sensitizers for nanocrystalline TiO2‐based solar cells. J Am 
Chem Soc, 2001; 123: 1613–1624. doi:10.1021/ja003299u

	94	 Nazeeruddin MK, De Angelis F, Fantacci S, et al. Combined experimental 
and DFT‐TDDFT computational study of photoelectrochemical cell 
ruthenium sensitizers. J Am Chem Soc, 2005; 127: 16835–16847. doi:10.1021/
ja052467l

	95	 Selopal GS, Wu H‐P, Lu J, et al. Metal‐free organic dyes for TiO2 and ZnO 
dye‐sensitized solar cells. Sci Rep, 2016; 6: 18756. doi:10.1038/srep18756

	96	 Mehmood U, Rahman S, Harrabi K, et al. Recent advances in dye sensitized 
solar cells. Adv Mater Sci Eng, 2014; 2014: 1–12. doi:10.1155/2014/974782

	97	 Wang Z‐S, Koumura N, Cui Y, et al. Hexylthiophene‐functionalized 
carbazole dyes for efficient molecular photovoltaics: Tuning of solar‐cell 
performance by structural modification. Chem Mater, 2008; 20: 3993–4003. 
doi:10.1021/cm8003276

	98	 Koumura N, Wang Z‐S, Miyashita M, et al. Substituted carbazole dyes for 
efficient molecular photovoltaics: long electron lifetime and high open circuit 
voltage performance. J Mater Chem, 2009; 19: 4829. doi:10.1039/b905831a

	99	 Joly D, Pellejà L, Narbey S, et al. A robust organic dye for dye sensitized solar 
cells based on iodine/iodide electrolytes combining high efficiency and 
outstanding stability. Sci Rep, 2015; 4: 4033. doi:10.1038/srep04033

	100	 Wu J, Lan Z, Lin J, Huang M, Huang Y, Fan L, et al. Electrolytes in dye‐
sensitized solar cells. Chem Rev, 2015; 115: 2136–2173. doi:10.1021/cr400675m

	101	 Wang M, Grätzel C, Zakeeruddin SM, Grätzel M. Recent developments in 
redox electrolytes for dye‐sensitized solar cells. Energy Environ Sci, 
2012; 5: 9394. doi:10.1039/c2ee23081j



Advantages of Polymer Electrolytes Towards Dye‐sensitized Solar Cells 161

	102	 Hamann TW, Ondersma JW. Dye‐sensitized solar cellredox shuttles. Energy 
Environ Sci, 2011; 4: 370–381. doi:10.1039/C0EE00251H

	103	 Boschloo G, Hagfeldt A. Characteristics of the iodide/triiodide redox 
mediator in dye‐sensitized solar cells. Acc Chem Res, 2009; 42: 1819–1826. 
doi:10.1021/ar900138m

	104	 Teng C, Yang X, Yuan C, et al. Two novel carbazole dyes for dye‐sensitized 
solar cells with open‐circuit voltages up to 1 V based on Br−/Br3

− electrolytes. 
Org Lett, 2009; 11: 5542–5545. doi:10.1021/ol9022936

	105	 Gorlov M, Pettersson H, Hagfeldt A, Kloo L. Electrolytes for dye‐sensitized 
solar cells based on interhalogen ionic salts and liquids. Inorg Chem, 
2007; 46: 3566–3575. doi:10.1021/ic062244b

	106	 Wang P, Zakeeruddin SM, Moser J‐E, et al. A solvent‐free, SeCN−/(SeCN)3
− 

based ionic liquid electrolyte for high‐efficiency dye‐sensitized 
nanocrystalline solar cells. J Am Chem Soc, 2004; 126: 7164–7165. 
doi:10.1021/ja048472r

	107	 Nusbaumer H, Moser J‐E, Zakeeruddin SM, et al. Co II (dbbip)2
2+ complex 

rivals tri‐iodide/iodide redox mediator in dye‐sensitized photovoltaic cells. 
J Phys Chem B, 2001; 105: 10461–10464. doi:10.1021/jp012075a

	108	 Papageorgiou N. An iodine/triiodide reduction electrocatalyst for aqueous 
and organic media. J Electrochem Soc, 1997; 144: 876. doi:10.1149/1.1837502

	109	 Nazeeruddin MK, Kay A, Rodicio I, et al. Conversion of light to electricity by 
cis‐X2bis(2,2′‐bipyridyl‐4,4′‐dicarboxylate)ruthenium(II) charge‐transfer 
sensitizers (X = Cl−, Br−, I−, CN−, and SCN−) on nanocrystalline titanium dioxide 
electrodes. J Am Chem Soc, 1993; 115: 6382–6390. doi:10.1021/ja00067a063

	110	 Lee S, Jun Y, Kim K‐J, Kim D. Modification of electrodes in nanocrystalline 
dye‐sensitized TiO2 solar cells. Sol Energy Mater Sol Cells, 2001; 65: 193–200. 
doi:10.1016/S0927‐0248(00)00095‐7

	111	 Jeong H, Pak Y, Hwang Y, et al. Enhancing the charge transfer of the counter 
electrode in dye‐sensitized solar cells using periodically aligned platinum 
nanocups. Small, 2012; 8: 3757–3561. doi:10.1002/smll.201201214

	112	 Kay A, Grätzel M. Low cost photovoltaic modules based on dye sensitized 
nanocrystalline titanium dioxide and carbon powder. Sol Energy Mater Sol 
Cells, 1996; 44: 99–117. doi:10.1016/0927‐0248(96)00063‐3

	113	 Nogueira AF, Alonso‐Vante N, De Paoli M‐A. Solid‐state photoelectrochemical 
device using poly(o‐methoxy aniline) as sensitizer and an ionic conductive 
elastomer as electrolyte. Synth Met, 1999; 105: 23–27. doi:10.1016/S0379‐ 
6779(99)00078‐8

	114	 Singh PK, Kim K‐W, Rhee H‐W. Development and characterization of ionic 
liquid doped solid polymer electrolyte membranes for better efficiency. Synth 
Met, 2009; 159: 1538–1541. doi:10.1016/j.synthmet.2009.04.012

	115	 Buraidah MH, Teo LP, Majid SR, et al. Characterizations of chitosan‐based 
polymer electrolyte photovoltaic cells. Int J Photoenergy, 2010; 2010: 1–7. 
doi:10.1155/2010/805836



Rational Design of Solar Cells for Efficient Solar Energy Conversion162

	116	 Imperiyka M, Ahmad A, Hanifah SA, Bella F. A UV‐prepared linear polymer 
electrolyte membrane for dye‐sensitized solar cells. Phys B Condens Matter, 
2014; 450: 151–154. doi:10.1016/j.physb.2014.05.053

	117	 Su’ait MS, Ahmad A, Badri KH, et al. The potential of polyurethane bio‐based 
solid polymer electrolyte for photoelectrochemical cell application. Int J 
Hydrogen Energy, 2014; 39: 3005–3017. doi:10.1016/j.ijhydene.2013.08.117

	118	 Anandan S, Sivakumar R. Effect of loaded TiO2 nanofiller on heteropolyacid‐
impregnated PVDF polymer electrolyte for the performance of dye‐sensitized 
solar cells. Phys Status Solidi, 2009; 206: 343–350. doi:10.1002/pssa.200824276

	119	 Singh PK, Kim K‐W, Park N‐G, Rhee H‐W. Mesoporous nanocrystalline 
TiO2 electrode with ionic liquid‐based solid polymer electrolyte for dye‐
sensitized solar cell application. Synth Met, 2008; 158: 590–593. doi:10.1016/j.
synthmet.2008.04.003

	120	 Anandan S, Sivakumar R, Tharani P. Solid‐state dye‐sensitized solar cells 
constructed with an electrochrome impregnated elastomeric electrolyte. 
Synth Met, 2008; 158: 1067–1071. doi:10.1016/j.synthmet.2008.04.030

	121	 Sivakumar R, Akila K, Anandan S. New type of inorganic–organic hybrid 
(heteropolytungsticacid–polyepichlorohydrin) polymer electrolyte with TiO2 
nanofiller for solid state dye sensitized solar cells. Curr Appl Phys, 
2010; 10: 1255–1260. doi:10.1016/j.cap.2010.03.003

	122	 Kim JH, Kang M‐S, Kim YJ, et al. Dye‐sensitized nanocrystalline solar cells 
based on composite polymer electrolytes containing fumed silica 
nanoparticles. Chem Commun, 2004: 1662. doi:10.1039/b405215c

	123	 Nogueira VC, Longo C, Nogueira AF, et al. Solid‐state dye‐sensitized solar 
cell: Improved performance and stability using a plasticized polymer 
electrolyte. J Photochem Photobiol A Chem, 2006; 181: 226–232. doi:10.1016/j.
jphotochem.2005.11.028

	124	 Bhattacharya B, Lee JY, Geng J, et al. Effect of cation size on solid polymer 
electrolyte based dye‐sensitized solar cells. Langmuir, 2009; 25: 3276–3281. 
doi:10.1021/la8029177

	125	 Nei de Freitas J, Longo C, Nogueira AF, De Paoli M‐A. Solar module using 
dye‐sensitized solar cells with a polymer electrolyte. Sol Energy Mater Sol 
Cells, 2008; 92: 1110–1114. doi:10.1016/j.solmat.2008.03.022

	126	 Cao F, Oskam G, Searson PC. A solid state, dye sensitized photoelectrochemical 
cell. J Phys Chem, 1995; 99: 17071–17073. doi:10.1021/j100047a003

	127	 Wang P, Zakeeruddin SM, Moser JE, et al. A stable quasi‐solid‐state dye‐
sensitized solar cell with an amphiphilic ruthenium sensitizer and polymer 
gel electrolyte. Nat Mater, 2003; 2: 402–407. doi:10.1038/nmat904

	128	 Chen C‐L, Teng H, Lee Y‐L. Preparation of highly efficient gel‐state dye‐
sensitized solar cells using polymer gel electrolytes based on 
poly(acrylonitrile‐co‐vinyl acetate). J Mater Chem, 2011; 21: 628–632. 
doi:10.1039/C0JM03597A



Advantages of Polymer Electrolytes Towards Dye‐sensitized Solar Cells 163

	129	 Park SJ, Yoo K, Kim J‐Y, et al. Water‐based thixotropic polymer gel 
electrolyte for dye‐sensitized solar cells. ACS Nano, 2013; 7: 4050–4056. 
doi:10.1021/nn4001269

	130	 Kim D‐W, Jeong Y‐B, Kim S‐H, et al. Photovoltaic performance of dye‐
sensitized solar cell assembled with gel polymer electrolyte. J Power Sources, 
2005; 149: 112–116. doi:10.1016/j.jpowsour.2005.01.058

	131	 Bella F, Ozzello ED, Sacco A, et al. Polymer electrolytes for dye‐sensitized 
solar cells prepared by photopolymerization of PEG‐based oligomers. Int J 
Hydrogen Energy, 2014; 39: 3036–3045.

	132	 Priya ARS, Subramania A, Jung Y‐S, Kim K‐J. High‐performance quasi‐solid‐
state dye‐sensitized solar cell based on an electrospun PVdF−HFP membrane 
electrolyte. Langmuir, 2008; 24: 9816–9819. doi:10.1021/la801375s

	133	 Wang L, Fang S, Lin Y, et al. A 7.72% efficient dye sensitized solar cell based 
on novel necklace‐like polymer gel electrolyte containing latent chemically 
cross‐linked gel electrolyte precursors. Chem Commun, 2005: 5687. 
doi:10.1039/b510335e

	134	 Yang H, Ileperuma OA, Shimomura M, Murakami K. Effect of ultra‐thin 
polymer membrane electrolytes on dye‐sensitized solar cells. Sol Energy 
Mater Sol Cells, 2009; 93: 1083–1086. doi:10.1016/j.solmat.2008.12.019

	135	 Chen J‐G, Chen C‐Y, Wu C‐G, Ho K‐C. In situ low temperature 
polymerization of bismaleimide for gel‐type electrolyte for dye‐sensitized 
solar cells. J Phys Chem C, 2010; 114: 13832–13837. doi:10.1021/jp101859r

	136	 Hong SC, Nguyen‐Thai NU, Hong SB, Kang P‐H. UV‐cross‐linked block 
copolymers for initiator‐free, controlled in situ gelation of electrolytes in dye‐
sensitized solar cells. J Mater Chem, 2012;22:18854. doi:10.1039/c2jm32526h

	137	 Lee K‐M, Hsu C‐Y, Chiu W‐H, et al. Dye‐sensitized solar cells with a 
micro‐porous TiO2 electrode and gel polymer electrolytes prepared by in situ 
cross‐link reaction. Sol Energy Mater Sol Cells, 2009; 93: 2003–2007. 
doi:10.1016/j.solmat.2009.07.017

	138	 Kumar M, Sekhon S. Role of plasticizer’s dielectric constant on conductivity 
modification of PEO–NH4F polymer electrolytes. Eur Polym J, 
2002; 38: 1297–1304. doi:10.1016/S0014‐3057(01)00310‐X

	139	 Nogueira AF, Longo C, De Paoli M‐A. Polymers in dye sensitized solar cells: 
overview and perspectives. Coord Chem Rev, 2004; 248: 1455–1468. 
doi:10.1016/j.ccr.2004.05.018

	140	 Yusuf SNF, Azzahari AD, Yahya R, et al. From crab shell to solar cell: a gel 
polymer electrolyte based on N‐phthaloylchitosan and its application in 
dye‐sensitized solar cells. RSC Adv, 2016; 6: 27714–27724. doi:10.1039/
C6RA04188D

	141	 Li Q, Chen X, Tang Q, et al. Enhanced photovoltaic performances of quasi‐
solid‐state dye‐sensitized solar cells using a novel conducting gel electrolyte. 
J Power Sources, 2014; 248: 923–930. doi:10.1016/j.jpowsour.2013.10.025



Rational Design of Solar Cells for Efficient Solar Energy Conversion164

	142	 Pavithra N, Asiri AM, Anandan S. Fabrication of dye sensitized solar cell 
using gel polymer electrolytes consisting poly(ethylene oxide)‐acetamide 
composite. J Power Sources, 2015; 286: 346–353. doi:10.1016/j.
jpowsour.2015.03.160

	143	 Pavithra N, Velayutham D, Sorrentino A, Anandan S. Poly(ethylene oxide) 
polymer matrix coupled with urea as gel electrolyte for dye sensitized solar 
cell applications. Synth Met, 2017; 226: 62–70. doi:10.1016/j.
synthmet.2017.01.014

	144	 Chatzivasiloglou E, Stergiopoulos T, Kontos AG, et al. The influence of the 
metal cation and the filler on the performance of dye‐sensitized solar cells 
using polymer‐gel redox electrolytes. J Photochem Photobiol A Chem, 
2007; 192: 49–55. doi:10.1016/j.jphotochem.2007.05.003

	145	 Zebardastan N, Khanmirzaei MH, Ramesh S, Ramesh K. Novel 
poly(vinylidene fluoride‐co‐hexafluoro propylene)/polyethylene oxide based 
gel polymer electrolyte containing fumed silica (SiO2) nanofiller for high 
performance dye‐sensitized solar cell. Electrochim Acta, 2016; 220: 573–580. 
doi:10.1016/j.electacta.2016.10.135

	146	 Khannam M, Nath BC, Mohan KJ, Dolui SK. Development of quasi‐solid‐
state dye‐sensitized solar cells based on a poly(vinyl alcohol)/poly(ethylene 
glycol)/functionalized multi‐walled carbon nanotubes gel electrolyte. 
ChemistrySelect, 2017; 2: 673–679. doi:10.1002/slct.201601766

	147	 Huang K‐C, Chen P‐Y, Vittal R, Ho K‐C. Enhanced performance of a 
quasi‐solid‐state dye‐sensitized solar cell with aluminum nitride in its gel 
polymer electrolyte. Sol Energy Mater Sol Cells, 2011; 95: 1990–1995. 
doi:10.1016/j.solmat.2010.02.047

	148	 Wang M, Yin X, Xiao XR, et al. A new ionic liquid based quasi‐solid state 
electrolyte for dye‐sensitized solar cells. J Photochem Photobiol A Chem, 
2008; 194: 20–26. doi:10.1016/j.jphotochem.2007.07.009

	149	 Nadia SR, Khanmirzaei MH, Ramesh S, Ramesh K. Quasi‐solid‐state 
agar‐based polymer electrolytes for dye‐sensitized solar cell applications 
using imidazolium‐based ionic liquid. Ionics (Kiel), 2017; 23: 1585–1590. 
doi:10.1007/s11581‐016‐1946‐0

	150	 Ng HM, Ramesh S, Ramesh K. Efficiency improvement by incorporating 
1‐methyl‐3‐propylimidazolium iodide ionic liquid in gel polymer electrolytes 
for dye‐sensitized solar cells. Electrochim Acta, 2015; 175: 169–175. 
doi:10.1016/j.electacta.2015.01.076

	151	 Suryanarayanan V, Lee K‐M, Ho W‐H, et al. A comparative study of gel 
polymer electrolytes based on PVDF‐HFP and liquid electrolytes, containing 
imidazolinium ionic liquids of different carbon chain lengths in DSSCs. Sol 
Energy Mater Sol Cells, 2007; 91: 1467–1471. doi:10.1016/j.solmat.2007.03.008

	152	 Ye T, Wang J, Dong G, et al. Recent progress in the application of 
polyoxometalates for dye‐sensitized/organic solar cells. Chinese J Chem, 
2016; 34: 747–756. doi:10.1002/cjoc.201600231



Advantages of Polymer Electrolytes Towards Dye‐sensitized Solar Cells 165

	153	 Hatakeyama K, Sakaguchi H, Ogawa K, et al. Solid‐state metal‐hydride 
batteries using heteropolyacid hydrate as an electrolyte. J Power Sources, 
2003; 124: 559–563. doi:10.1016/S0378‐7753(03)00741‐9

	154	 Chen D, Zhang Q, Wang G, et al. A novel composite polymer electrolyte 
containing room‐temperature ionic liquids and heteropolyacids for dye‐
sensitized solar cells. Electrochem Commun, 2007; 9: 2755–2759. 
doi:10.1016/j.elecom.2007.09.013

	155	 Nagaraj P, Sambandam A. Silicotungustic acid incorporated gel polymer 
electrolyte as efficient redox mediator for dye sensitized solar cells. Synth 
Met, 2016; 219: 93–100. doi:10.1016/j.synthmet.2016.05.014

	156	 Ikeda N, Miyasaka T. A solid‐state dye‐sensitized photovoltaic cell with a 
poly(N‐vinyl‐carbazole) hole transporter mediated by an alkali iodide. Chem 
Commun, 2005:1886. doi:10.1039/b416461j

	157	 Bisquert J. Photovoltaics: The two sides of solar energy. Nat Photonics, 
2008; 2: 648–649. doi:10.1038/nphoton.2008.212

	158	 Ito S, Zakeeruddin SM, Comte P, et al. Bifacial dye‐sensitized solar cells 
based on an ionic liquid electrolyte. Nat Photonics, 2008; 2: 693–698. 
doi:10.1038/nphoton.2008.224

	159	 Tai Q, Chen B, Guo F, et al. In situ prepared transparent polyaniline 
electrode and its application in bifacial dye‐sensitized solar cells. ACS Nano, 
2011; 5: 3795–3799. doi:10.1021/nn200133g

	160	 Duan Y, Tang Q, Liu J, et al. Transparent metal selenide alloy counter 
electrodes for high‐efficiency bifacial dye‐sensitized solar cells. Angew 
Chemie Int Ed, 2014; 53: 14569–14574. doi:10.1002/anie.201409422

	161	 Yang P, Tang Q. Bifacial quasi‐solid‐state dye‐sensitized solar cells with metal 
selenide counter electrodes. Electrochim Acta, 2016; 188: 560–565. 
doi:10.1016/j.electacta.2015.12.066

	162	 Pugliese D, Lamberti A, Bella F, et al. TiO2 nanotubes as flexible photoanode 
for back‐illuminated dye‐sensitized solar cells with hemi‐squaraine organic 
dye and iodine‐free transparent electrolyte. Org Electron, 2014; 15: 3715–22. 
doi:10.1016/j.orgel.2014.10.018

	163	 Pavithra N, Velayutham D, Sorrentino A, Anandan S. Thiourea incorporated 
poly(ethylene oxide) as transparent gel polymer electrolyte for dye sensitized 
solar cell applications. J Power Sources, 2017; 353: 245–253. doi:10.1016/j.
jpowsour.2017.04.011

	164	 Chang J‐Y, Su L‐F, Li C‐H, et al. Efficient “green” quantum dot‐sensitized 
solar cells based on Cu2S–CuInS2–ZnSe architecture. Chem Commun, 
2012; 48: 4848. doi:10.1039/c2cc31229h

	165	 Chen C‐L, Teng H, Lee Y‐L. In situ gelation of electrolytes for highly efficient 
gel‐state dye‐sensitized solar cells. Adv Mater, 2011; 23: 4199–4204. 
doi:10.1002/adma.201101448

	166	 Sargent EH. Infrared photovoltaics made by solution processing. Nat 
Photonics, 2009; 3: 325–331. doi:10.1038/nphoton.2009.89



Rational Design of Solar Cells for Efficient Solar Energy Conversion166

	167	 Hanna MC, Nozik AJ. Solar conversion efficiency of photovoltaic and 
photoelectrolysis cells with carrier multiplication absorbers. J Appl Phys, 
2006; 100: 74510. doi:10.1063/1.2356795

	168	 Ogermann D, Wilke T, Kleinermanns K. CdSxSey/TiO2 Solar cell prepared 
with sintered mixture deposition. Open J Phys Chem, 2012; 2: 47–57. 
doi:10.4236/ojpc.2012.21007

	169	 Zhao K, Pan Z, Mora‐Seró I, et al. Boosting power conversion efficiencies 
of quantum‐dot‐sensitized solar cells beyond 8% by recombination control. 
J Am Chem Soc, 2015; 137: 5602–5609. doi:10.1021/jacs.5b01946

	170	 Yu Z, Zhang Q, Qin D, et al. Highly efficient quasi‐solid‐state quantum‐dot‐
sensitized solar cell based on hydrogel electrolytes. Electrochem Commun, 
2010; 12: 1776–1779. doi:10.1016/j.elecom.2010.10.022

	171	 Duan J, Tang Q, Li R, et al. Multifunctional graphene incorporated 
polyacrylamide conducting gel electrolytes for efficient quasi‐solid‐state 
quantum dot‐sensitized solar cells. J Power Sources, 2015; 284: 369–376. 
doi:10.1016/j.jpowsour.2015.03.060

	172	 Chen H‐Y, Lin L, Yu X‐Y, et al. Dextran based highly conductive hydrogel 
polysulfide electrolyte for efficient quasi‐solid‐state quantum dot‐sensitized 
solar cells. Electrochim Acta, 2013; 92: 117–123. doi:10.1016/j.
electacta.2013.01.025

	173	 Kim H, Hwang I, Yong K. Highly durable and efficient quantum dot‐
sensitized solar cells based on oligomer gel electrolytes. ACS Appl Mater 
Interfaces, 2014; 6: 11245–11253. doi:10.1021/am501407m

	174	 Feng W, Zhao L, Du J, et al. Quasi‐solid‐state quantum dot sensitized solar 
cells with power conversion efficiency over 9% and high stability. J Mater 
Chem A, 2016; 4: 14849–14856. doi:10.1039/C6TA05894A

	175	 Raphael E, Jara DH, Schiavon MA. Optimizing photovoltaic performance in 
CuInS2 and CdS quantum dot‐sensitized solar cells by using an agar‐based 
gel polymer electrolyte. RSC Adv, 2017; 7: 6492–6500. doi:10.1039/
C6RA27635K

	176	 Carey GH, Abdelhady AL, Ning Z, et al. Colloidal quantum dot solar cells. 
Chem Rev, 2015; 115: 12732–12763. doi:10.1021/acs.chemrev.5b00063

	177	 Lan X, Voznyy O, García de Arquer FP, et al. 10.6% Certified colloidal 
quantum dot solar cells via solvent‐polarity‐engineered halide passivation. 
Nano Lett, 2016; 16: 4630–4634. doi:10.1021/acs.nanolett.6b01957

	178	 Ren S, Chang L‐Y, Lim S‐K, et al. Inorganic–organic hybrid solar cell: 
Bridging quantum dots to conjugated polymer nanowires. Nano Lett, 
2011; 11: 3998–4002. doi:10.1021/nl202435t

	179	 Landi G, Henninger M, De Girolamo del Mauro A, et al. Investigation of the 
optical characteristics of a combination of InP/ZnS‐quantum dots with 
MWCNTs in a PMMA matrix. Opt Mater (Amst), 2013; 35: 2490–2495. 
doi:10.1016/j.optmat.2013.07.007



Advantages of Polymer Electrolytes Towards Dye‐sensitized Solar Cells 167

	180	 Shauddin SM. Comparison among various emerging PV cells with history, 
current status and future challenges. Energy Power, 2013; 3: 91–105.

	181	 Mitzi DB, Feild CA, Harrison WTA, Guloy AM. Conducting tin halides with 
a layered organic‐based perovskite structure. Nature, 1994; 369: 467–469. 
doi:10.1038/369467a0

	182	 Barone C, Lang F, Mauro C, et al. Unravelling the low‐temperature 
metastable state in perovskite solar cells by noise spectroscopy. Sci Rep, 
2016; 6: 34675. doi:10.1038/srep34675

	183	 Stranks SD, Eperon GE, Grancini G, et al. Electron‐hole diffusion lengths 
exceeding 1 micrometer in an organometal trihalide perovskite absorber. 
Science, 2013; 342: 341–344. doi:10.1126/science.1243982

	184	 Lang F, Nickel NH, Bundesmann J, et al. Radiation hardness and self‐healing 
of perovskite solar cells. Adv Mater, 2016; 28: 8726–8731. doi:10.1002/
adma.201603326

	185	 Brus VV., Lang F, Bundesmann J, et al. Defect dynamics in proton irradiated 
CH3NH3PbI3 perovskite solar cells. Adv Electron Mater, 2017:1600438. 
doi:10.1002/aelm.201600438

	186	 Zuo C, Bolink HJ, Han H, et al. Advances in perovskite solar cells. Adv Sci, 
2016; 3: 1500324. doi:10.1002/advs.201500324

	187	 Giorgi G, Fujisawa J‐I, Segawa H, Yamashita K. Small photocarrier 
effective masses featuring ambipolar transport in methylammonium lead 
iodide perovskite: A density functional analysis. J Phys Chem Lett, 2013; 4: 
4213–4216. doi:10.1021/jz4023865

	188	 Kojima A, Teshima K, Shirai Y, Miyasaka T. Organometal halide perovskites 
as visible‐light sensitizers for photovoltaic cells. J Am Chem Soc, 
2009; 131: 6050–6051. doi:10.1021/ja809598r

	189	 Im J‐H, Lee C‐R, Lee J‐W, et al. 6.5% efficient perovskite quantum‐dot‐
sensitized solar cell. Nanoscale, 2011; 3: 4088. doi:10.1039/c1nr10867k

	190	 Rahul, Bhattacharya B, Singh PK. Stable perovskite sensitized solar cell using 
PEO‐based polymer electrolyte in ambient environment condition. Curr 
Nanomater, 2017; 1: 171–175. doi:10.2174/2405461502666161209162815

	191	 Rahul, Bhattacharya B, Singh PK, et al Perovskite sensitized solar cell using 
solid polymer electrolyte. Int J Hydrogen Energy, 2016; 41: 2847–2852. 
doi:10.1016/j.ijhydene.2015.12.093



Rational Design of Solar Cells for Efficient Solar Energy Conversion, First Edition.
Edited by Alagarsamy Pandikumar and Ramasamy Ramaraj.
© 2018 John Wiley & Sons, Inc. Published 2018 by John Wiley & Sons, Inc.

169

6

6.1  Introduction

One of the most essential issues for human society in this century is the increas-
ing demand for low cost, clean, and abundant sources of energy with nominal 
impact to the environment. In fact, solar energy with its limitless quantity is 
projected to offer a source of cleaner and low cost renewable energy. The solar 
power reaching the earth’s surface is equivalent to that provided by 130 million 
power plants of 500 MW [1–6]. However, the use of solar energy in the future 
as a main source depends on the success of vital factors of fundamental and 
technological concern. The devices used for solar energy conversion and for 
storage and distribution of solar energy must be friendly to the environment. 
Devices with lower production cost and great efficiency are, therefore, a 
requirement for light capture and solar energy conversion. The solar cell is an 
auspicious renewable energy storage device that converts solar energy into 
electrical energy; it is a major prospect to provide a solution to the upcoming 
energy related issues that humanity faces [7–9]. Currently, solar energy based 
technology is attaining great acceptance due to its several benefits, which com-
prise its proficiency to function with noiselessly and without toxicity or green-
house gas release. Among available solar cells, dye‐sensitized solar cells 
(DSSCs) exhibit numerous benefits, due to their greater efficiency, relatively 
low cost, convenient manufacturing procedures, eco‐friendliness, flexibility, 
transparency, and good plasticity. The DSSC, invented by Professor M. Gratzel 
in 1991, is a most favorable route to harvest solar energy [10]. Nevertheless, 
DSSCs work well in research laboratory circumstances compared to other 
available solar cells; parameters such as power conversion efficiency (PCE), 
lifetime, and production cost control their commercial usage.
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Over the last few decades, alterations to DSSCs are continuing to enhance 
their photovoltaic activities. Nanocomposite materials play a vital part in the 
advancement of DSSCs [11, 12]. Overall, a DSSC comprises a nanocrystalline 
oxide semiconductor such as TiO2 (photoanode), a dye sensitizer, an electro-
lyte containing a redox couple (e.g. I3

−/I−), and a platinum‐coated transparent 
fluorine‐doped tin oxide (FTO) substrate as counterelectrode (CE) [13]. 
Moreover, the light absorption of dye and semiconductor charge collection 
process imitate the harvesting of natural light in photosynthesis [14, 15]. Of 
the available numerous kinds of solar cells, quantum dotsensitized solar cells 
(QDSSCs) have specific unique benefits, such as a great absorption extinction 
coefficient, great intrinsic dipole moments, the production of multiple exci-
tons, bandgap tunability by quantum dots (QDs), and simple synthetic pro-
cesses [16–18]. By considering these distinctive benefits, QDSSCs have been 
recognized to be an auspicious type of next generation solar cells. Principally, 
a QDSSC is an altered version of a DSSC. Mostly, QDSSCs have assemblies 
and working phenomenon that are identically parallel to those of DSSCs; the 
QDs substitute the organic dyes. The photovoltaic behavior of DSSCs is 
assessed in terms of the PCE, which is really the ratio between the power 
output (Pout) and power input (Pin) (Equation 6.1). However, this factor is reli-
ant on the short‐circuit photocurrent density (Jsc), the open‐circuit photo-
voltage (Voc), and the fill factor (FF) (Equation 6.1). Power input is reliant on 
the incident light flux (Io). The JSC is illustrated as the ratio of ISC versus the 
area of device.

	 PCE P /P J V FF/Iout in SC OC o100 100	 (6.1)

As a crucial material of DSSCs, the major part of the CE is to catalyze the 
reduction of I3

− to I−. A platinum‐based electrocatalyst serves as a CE in 
DSSCs mostly for two aims: (i) it acts as an electrocatalyst that aids in the 
restoration of I− from I3

−, and (ii) the collection of electrons from the outer 
load to the redox electrolyte. Though platinum is one of the most suitable 
candidates for catalytic reduction due to its larger electrocatalytic behavior, 
stability, and conductivity, as a scarce noble metal its higher production cost 
limits the scale up for use in DSSCs. Therefore, it is necessary to focus on the 
nonplatinized CE that is able to substitute for platinum as catalyst. The PCE 
of DSSCs does not increase in percentage with an increase in the thickness 
of  the platinum film, and it is possible to attain a higher PCE with a thin 
platinum film 2 nm in thickness. These effects indicate that the construction 
costs of CE materials can be slightly reduced by decreasing the quantity of 
platinum used.

Nevertheless, a new viable approach to decrease the production cost of 
DSSCs is to discover other kinds of CE that have good catalytic performances 
but are based on low‐cost materials [19]. The common necessity of a CE 



Efficient Solar Energy Conversion 171

materials is that it must have good optical behavior to capture the solar light 
energy in the visible light area with a great electrocatalytic ability. However, the 
electrocatalytic behavior of the CE materials can be enhanced by improving 
the specific surface area, thus the CE materials must be fabricated with 
nanoscale dimensions. Moreover, these nanosized CE materials display differ-
ent physical and chemical activities related to their corresponding bulk materi-
als [20]. To overcome this problem, many research works are focusing on CE 
electrocatalytic materials, comprising carbonaceous materials, metallic com-
pounds (nitrides, carbides, and sulfides), polymers, and metal oxides [21–24], 
with a superior electronic conductivity, large specific surface area, and a good 
electrocatalytic ability [25, 26]. For instance, carbon‐based materials are attain-
ing extensive consideration owing to their amazing multifunctional properties 
[27–29]. Dissimilar carbonaceous structures such as activated charcoal (AC) 
[30, 31], carbon black (Cb) [32, 33], graphite [34, 35], grapheme [36, 37], and 
carbon nanotubes (CNT) [38] have been fabricated and have revealed amazing 
performance abilities as CE material in solar energy conversion.

In this chapter, recent advancement in screening strategies in the selecting 
the CE materials in an efficient solar energy conversion system are examined. 
Moreover, the electrocatalytic activity of efficient nonplatinum CE materials 
for solar cell applications is discussed. This CE material contains carbon‐based 
materials, polymers, metal sulfides, metal nitrides and carbides, and compos-
ites materials. Furthermore, various efficient CE materials established via this 
procedure are discussed. In addition, the role of these nanocomposite materi-
als for DSSCs, QDSSCs, and PSCs is discussed.

6.2  Principles of Next Generation Solar Cells

“Next generation” solar cells, such as solid state DSSCs, QDSSCs, and PSCs, 
have developed as the most auspicious technologies for low cost substitutes to 
replace silicon‐based solar cells in the last decades. The principles of next gen-
eration solar cells need to be discussed.

6.2.1  Dye‐sensitized Solar Cells

A DSSC includes a set of various layers of components arranged in serial, com-
prising transparent conducting substrate, TiO2 nanoparticles, dyes, redox elec-
trolyte, and CE enclosed with sealing gasket. The representative arrangement 
is presented in Figure 6.1.

The working principle of DSSCs varies considerably from that of the first and 
second generation solar cells and is carefully associated with natural photosyn-
thetic process, whereas the light absorption and charge carrier migration are 
supported by other constituents. Briefly, the essential constituents and basic 



Rational Design of Solar Cells for Efficient Solar Energy Conversion172

working procedures of DSSCs are systematically demonstrated in Figure 6.2.
The basic working procedures include [39–42]:

i)	 upon illumination of the cell, photoexcitation of sensitizer to generate 
excited dye;

ii)	 electron addition into the conduction band (CB) of TiO2, ensuing in the 
creation of oxidized dye;

iii)	 electron migration to the photoanode and flow to the CE via outer 
circuit;

iv)	 oxidized dye restoration by collecting electron carrier from the reduced 
redox couple;

v)	 oxidized redox couple restoration at the photocathode by collecting 
electrons;

vi)	 electron recombination by providing electron carriers to oxidized dye;
vii)	 electron recombination by giving electron carriers to the oxidized redox 

couple;
viii)	 relaxation of the excited dye to its ground state.

In this chapter, low‐cost CE materials for DSSCs applications are discussed 
in detail. Exhaustive review articles on the specific constituents of DSSCs and 
an indication of the energetics of the electron transfer mechanism involved in 
DSSCs have previously been discussed [43–49].

Counter-
electrode
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Electrolyte
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TiO2
nanoparticle

Transparent
conducting glass

Figure 6.1  Representative arrangement of a DSSC.
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6.2.2  Principles of Quantum Dot Sensitized Solar Cells

QDSSCs have been recognized to be an auspicious type of next generation 
solar cell. Principally, a QDSSC is an altered type of DSSCs. Mostly in QDSSCs, 
constructions and working procedures are identical behavior to DSSCs, and 
the QDs substitute the organic dyes. The basic principles and working pro-
cesses of a QDSSC have been described in detail elsewhere [50–54]. Figure 6.3 
demonstrates the working processes of functioning QDSSCs under irradiation 
of the cell. If the cell is open to visible light, QD sensitizers capture light energy 
in a definite range of wavelengths depending on its bandgap energy. The 
absorbed sunlight stimulates electrons in the valence band (VB) of the QDs to 
the CB. The excited electron carriers in the CB of the QDs migrate to the con-
duction band (CB), which contains conducting oxide as anodes (typically TiO2 
or ZnO), and this gives them with superior electroconductivity. The photoan-
ode is linked to the CEs with outer circuit so that the electrons produced can 
move along the outer circuit to the CEs materials. Moreover, simulated charges 
are created by opposed effects instigated by electron carrier excitation, and 
holes are created in the VB of the QDs and migrate to the redox electrolyte via 
oxidizing the redox electrolyte. Moreover, the oxidized redox electrolyte 
is diminished at the CEs via the outer circuit. At this level, the entire cell is 
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provided without any change in the internal condition. These make it more 
likely for the electron carrier to flow inside the cell for several periods or infi-
nitely. The main motivating force of the electron movement is credited to the 
energy‐level arising among the altered Fermi levels at the QDs/conducting 
metal oxides and the redox applied bias of the electrolyte solution.

6.2.3  Principles of Perovskite Solar Cells

In recent years, organo‐metal perovskite solar cells (PSCs) have garnered 
excessive consideration among the researchers. Most recently, much research 
efforts has been dedicated to examining various kinds of PSCs and advancing 
the performance of the cell [55–57]. In comparison with conventional solar 
cells, the PSC has the potential to attain higher efficiency with an economical 
and convenient fabrication process. Particularly for the hole‐conductor‐free 
PSCs, the use of costly organic/polymeric hole‐transporting candidates are not 
necessary, which can reduce materials costs significantly [58, 59]. CE materials 
play a major part in PSCs [60, 61]. For most PSC described so far, gold is the 
most effective and extensively used CE candidate. Conversely, gold is costly 
and increases the overall production cost of the PSC. Inexpensive metal CEs 
like silver works well in a PSC with HTM layer, but it remains unstable in a 
HTM‐free PSC [62]. In view of the aggressive rivalry in the world photovoltaic 
technology, to assemble this type of solar cell economically as a marketable 
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product, low‐cost CEs with satisfactorily efficient cells need to be established. 
The basic components of a PSC are displayed in Figure 6.4. It illustrates that 
the absorption of photons in perovskite materials within PSCs does not lead to 
the creation of a long lifetime exciton. The most commonly used candidates for 
the active layer in PSCs is the methylammonium lead iodide perovskite, 
(MAPbI3), which is located amid an electron transporting layer (ETL), usually 
mesoporous but also planar TiO2, and a hole transporting layer (HTL).

6.3  Platinum‐free Counterelectrode Materials

6.3.1  Carbon‐based Materials for Solar Energy Conversion

Carbonaceous materials have been verified to be an appropriate material to 
replace the platinum CE in solar cells; this is credited to their superior elec-
tronic conductivity, large specific surface area, good corrosion resistance 
towards electrolyte, high thermal stability, and low cost. These materials 
include activated carbon (Ca), carbon black (Cb), conductive carbon (Cc), car-
bonfiber (Cf), mesoporous carbon (Cm), CNTs, fullerene, and graphene have 
been effectively engaged as CEs [63–66].

For DSSCs, Kay and Gratzel first discovered a graphite and Cb as a CE mate-
rials and attained a PCE of 6.7% [67]. Since then, exhaustive investigation 
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works have been focused on carbonaceous materials. Similar to Ca, Cb, Cf, Cm, 
CNTs, and graphene‐based CE materials have been used in DSSCs and shown 
promising activity [68–73]. The PCE and the fill factor of DSSCs are mostly 
reliant on the carbon layer thickness. It is well known that the fill factor 
increases as the thickness of the carbon layer increases up to 10 mm [74]. 
Glassy carbon with a lower crystalline nature displays superior catalytic per-
formance for the regeneration of I− from I3

− in the redox system. The photovol-
taic results show enhanced electrocatalytic performances can be credited to an 
upsurge in graphene stacks and active reaction sites in glassy carbon [75]. Ma 
and coworkers carried out detailed research works on various kinds of carbon‐
based materials of Ca, Cb, Cc, Cd, Cf, CNTs, ordered Cm, discarded toner (Cp), 
andC60. The photovoltaic investigation illustrated that ordered Cm and carbon 
dye displayed the superior electrocatalytic performance and the DSSCs pro-
vided a high PCE of 7.5%. Conventional carbonaceous candidates (Ca, Cb, Cc, 
CNTs, and Cf) exhibited decent electrocatalytic performances, and the PCE of 
the DSSCs varied from 6.3 to 7.0% [76]. Lee et al. reported DSSCs with nano-
sized carbon materials as a CE and photovoltaic studies illustrated a PCE of 
7.56%. Moreover, electrocatalytic activity suggested that, after keeping the 
fabricated solar devices in the dark for 60 days, the carbon CE attained 84% of 
its initial efficiency [77]. Quite recently, Fang and coworkers fabricated porous‐
based carbon NPs on the titanium film substrate as CEs, and the DSSCs dis-
played a PCE of 6.6% [78].

Among the available various kinds of carbon‐based materials; CNTs and 
graphene have tremendous potential in comparison with the carbonaceous 
materials and are widely considered to be hotter research topics among the 
researchers. Peng and coworkers prepared DSSCs using CNT fibers with 
numerous diameters (25–100 µm). The photovoltaic results indicated that the 
CNT fiber (diameter = 60 µm) had the greatest catalytic performances and 
achieved a maximum PCE of 7.33% [79]. Lin et al. fabricated vertically arranged 
single walled CNTs onto FTO substrate via contact transfer process which was 
employed as CE catalyst in DSSCs [80]. Veerapan and coworkers have engaged 
colloidal graphite as an CE [81] and spray‐coated carbon CE for regeneration 
of I− from I3

− in DSSCs. The photovoltaic performance of spray‐coated carbon 
CE materials attained a superior PCE of 6.2% [82]. Chen et al. have developed 
a Cb‐coated graphite CE (thickness = 0.2 mm) by a spin‐coating method; it dis-
plays a maximal PCE of 6.46%, which is superior than the efficiency (6.37%) of 
a thermally deposited Pt/FTO CE [83]. Kilic and coworkers fabricated a 
MWCNT/mesoporous TiO2 network and demonstrated it as a substitute to 
conventional FTO/TiO2 mesoporous based DSSCs. The MWCNT/mesoporous 
TiO2 photoanodes with iron pyrite (FeS2) achieved a PCE of 7.27% [84].

Graphene CEs were anticipated to be a gifted candidate for DSSCs due to 
their exceptional electronic conductivity, which can reduce charge transfer 
resistance (Rct). Kaniyoor and coworkers described that the Rct of thermally 
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exfoliated graphene films is 11.7 Ωcm2, which is closer to that of a platinum CE 
(6.5 Ωcm2) [85]. Graphene films for DSSCs CE have been designed by various 
methods, thermal exfoliation from graphite oxide [83], the oxidative exfolia-
tion of graphite followed by chemical reduction [86], the chemical reduction of 
graphene oxide [87], and electrophoretic deposition followed by a thermal 
process [88]. Znai et al. developed a two‐stage process of microwave‐exfoliated 
graphite flakes via a thermal treatment process. Consequently, the graphene/
C3N4 hybrid CE materials were thermally annealed at 900 °C, resulting in the 
creation of crumbled N‐doped graphene. The usage of the hybrid nanostruc-
tures as CE in DSSCs attained a promising PCE of 7.2% [89]. Pang et al. have 
effectively engaged a network structure of graphene as an efficient CE for 
DSSCs. The charge transfer resistance and DSSC performances illustrates that 
FTO‐free solar cells may be established using graphene; this is schematically 
presented in Figure 6.5. The economical FTO‐free graphene‐based CE opti-
mized showed a PCE of 9.33% [90].

For QDSSCs, carbon‐based materials must be astonishing applicants for CE 
materials in that they are available at economical prices and display good elec-
trocatalytic behaviors relative to other kinds of CEs. Various research efforts 
have been carried out on different types of carbon CEs to progress the optimal 
CE [91, 92]. To obtain the greater PCE with carbon‐based CEs in QDSSCs, the 
CEs must satisfy two vital necessities: firstly, large specific surface area to reim-
burse the sluggish intrinsic reaction kinetics; secondly, adequate infiltration of 
the electrolyte into the carbon layer of the CEs. Seol and coworkers concen-
trated on these factors and developed an ordered mesocellular carbon foam as 
the CE materials [93]. Du et al. reported the mesoporous carbon supported on 
titanium mesh CEs that delivers an efficient three‐dimensional electrical 
tunnel with improved electroconductivity than state‐of‐art Cu2S/FTO CEs. 
The photovoltaic results indicate that the PCE of MC/Ti CEs show a PCE of 
11.6% [94].
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For perovskite solar cells (PSCs), carbon‐based materials are successfully 
employed as CEs similar to DSSC and QDSSCs. The approximate 5.0 eV work 
function creates carbon materials that are suitable CE candidates for PSCs [95]. 
Quite recently, several carbon‐based materials have been successfully employed 
in PSCs, indicating that the carbon materials are potential materials for hole‐
conductor‐free PSCs [95–97]. Yang et al. employed various kinds of carbon‐based 
materials for hole‐conductor‐free PSCs by a convenient low‐temperature process 
(Figure  6.6). The photovoltaic results suggest that a PCE of 10.2% has been 
attained by a hole‐conductor‐free mesoscopic CH3NH3PbI3/TiO2 heterojunction 
PSC with the CE comprising the composition of graphite and Cb [98].

6.3.2  Metal Nitride and Carbide Materials

Transition metal nitrides and carbides, termed interstitial compounds, have a 
tendency to imitate platinum‐like catalytic behavior as earlier studies verified 
[99, 100]. The potential use of these materials has been generally recognized in 
materials chemistry owing to their exceptional physical and chemical proper-
ties, that is their superior electrochemical stability, electroconductivity, and 
magnetic properties. As substitutes to the noble metal‐based CE metals, metal 
nitride and carbide materials have been commonly engaged in ammonia 
synthesis, dehydrosulfurization, hydrogenation and dehydrogenation, the 
methanol oxidation reaction, supercapacitors, and they display respectable 
photocatalytic performance [101–103]. Since 2009, these materials have been 
employed in DSSCs as CE candidates as substitutes for platinum CEs. Wu et al. 
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Figure 6.6  Graphic diagram of the fabrication steps of all‐carbon flexible CE based 
HTM‐free PSCs [98]. Reproduced with permission of Royal Society of Chemistry.
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have investigated various metallic compounds in DSSCs as CE electrocatalysts 
[14]. Systematic comparative studies of the PCE of DSSCs and the J‐V curve of 
metal carbide and nitride based catalysts have been carried out. Moreover, 
transition metal carbides, such as molybdenum carbides (Mo2C) and tungsten 
carbides (WC), are also a probable alternative for platinum CEs in DSSCs. 
Moreover, there is evidence that the electrocatalytic behavior can be improved 
by the loading of P25 into Mo2C and WC particles [104]. Similarly, highly 
active Mo2N and W2N have been fabricated and engaged as CEs in DSSCs 
systems for the regeneration of iodide. Mo2N and W2N CEs can attain PCEs of 
6.38 and 5.81%, respectively; these efficiencies are comparatively similar to the 
photovoltaic activities of DSSCs synthesized by using a platinum CE [105].

For QDSSCs, Seol et al. effectively unified the advantages of both molybde-
num compounds and carbon‐based materials by fabricating molybdenum‐
based compound/CNT‐RGO heterostructures and engaged them as CE 
materials [106]. The photovoltaic performance of these heterostructures 
attained a PCE of greater than 5%.The molybdenum‐based compound/CNT‐
RGO composites were fabricated via a convenient modified urea‐glass route 
[107]. Mo2N and Mo2C attached onto the CNT/RGO morphological structure 
might be fabricated from the reaction by adjusting the ratio of the urea to 
molybdenum precursor. These types of heterostructures are loaded on FTO 
substrates and engaged as CEs for QDSSCs comprising CdS/CdSe‐sensitized 
ZnO photoanodes and polysulfide electrolyte. The electrostability of the 
Mo2N and Mo2C CE materials is credited to be mainly due to their noble‐
metal‐like nature, as earlier described [108, 109]. Furthermore, other specific 
materials, such as NiN, TiN, and TiC, have also been researched as CEs in 
DSSCs [110–113]. In particular, TiN and TiC NPs were engaged as CEs in CdS 
QDSSCs, and then TiC NPs displayed the maximal efficiency (2.11%) in com-
parison with TiN NPs (1.97%) [111].

6.3.3  Metal Sulfide Materials

The creation of an effective photocathode is very vital for all kinds of electro-
chemical reactions. Metal sulfides are recognized to be appropriate candidates, 
as these electrocatalyst are loaded on conductive FTO substrates and are gen-
erally investigated in energy conversion applications. In recent years, transition 
metal sulfides like molybdenum disulfide (MoS2) have gradually attracted 
much consideration for a wide range of uses like supercapacitors, batteries, 
hydrogen evolution reaction, DSSCs, and so on [114, 115]. For DSSCs, cobalt 
sulfide (CoS) loaded FTO substrate tends to have better electrocatalytic per-
formance than the bulk platinum electrode for the regeneration of I− from I3

−. 
CoS and copper sulfide (CuS) have been employed as CE in DSSCs. A maximal 
PCE of 2.7% is attained with a CuS CE, while the platinum CE displays an effi-
ciency of only 0.51% in polysulfide electrolytes [116]. Wang et al. have revealed 
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that CoS is highly efficient in regeneration of I− from I3
− in DSSCs; moreover, it 

retains significant electrochemical stability and thermal stress, which create an 
exceptionally remarkable material as a substitute for platinum in DSSCs [117]. 
Wu et al. have employed MoS2 and WS2 in DSSC cell systems as CE electro-
catalysts these sulfides shown exceptional catalytic for the creation of the clas-
sical I−/I3

− redox couple. These CEs attain a high PCE of 7.59 and 7.73%, 
respectively, which are near to the photovoltaic behavior of DSSCs with a plati-
num CE [118]. MoS2 has an equivalent structural morphology to graphene, 
which has received considerable interest as a candidate substitute to platinum‐
free CE materials. Moreover, the electrocatalytic behavior and the electronic 
conductivity of the CE materials have a great influence in the photovoltaic 
behavior of DSSCs. Conversely, a pure inorganic‐based CE candidate will hin-
der the commercial use due to sluggish charge carrier transport efficiency 
among the metal nanoparticles and the conducting substrate, resulting in 
nanoparticles aggregation [119]. Thereafter, many research works have been 
devoted to enhancing an electrical conductivity and also catalytic regeneration 
of I− by combining carbonaceous CE materials and metallic compounds. The 
pure MoS2 with well dispersed carbon‐based materials can probably deliver a 
combined effect regarding the electrocatalytic reduction of triiodide [120, 121]. 
Recently, various kinds of carbon materials incorporating flower‐like MoS2 
microspheres were fabricated via a simple single‐step hydrothermal method; 
a  schematic representation of DSSCs is displayed in Figure  6.7. The DSSCs 
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fabricated with MoS2/CNF CEs and phthaloylchitosan polymer based electro-
lyte displayed a PCE of 3.17%, whereas unmodified MoS2CE displayed only 
1.04% [122]. The photovoltage and PCE curve for DSSCs fabricated with vari-
ous kinds of carbon incorporated flower‐like MoS2 are displayed in Figure 6.8. 
These works validate the use of carbon incorporated MoS2 as a probable CE 
candidate in DSSCs.
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For QDSSCs, pure platinum is not an appropriate applicant as a CE candi-
date due to its corrosion nature in the presence of the polysulfide electrolyte. 
For to this reason, sulfide materials might be a potential substitute to platinum 
CEs due to their electrochemical stability towards the polysulfide electrolyte. 
The various QDs, such as CdSe, CdTe, CuS, CdS, PbS, and InAs, have been 
engaged as sensitizers of crystalline TiO2 [123, 124]. Different kinds of sulfide‐
based materials, including CoS [125, 126, CuS [127, 128], Cu2S [129, 130], PbS 
[131, 132], NiS [133, 134], and copper zinc tin sulfide [135], have been stated as 
potential applicants for the CE materials. Unlike metal‐based CEs, sulfide CE 
materials work in a dissimilar way, as they have their specific bandgap energies. 
Among these, CuS CE tends to have improved redox behavior concerning the 
reduction of the polysulfide electrolyte couple, and the enhanced Jsc, FF, 
and PCE as well [136, 137]. Savariraj et al. fabricated CuS nanoflakes and nano-
platelets via facile chemical bath deposition and employed them as CE materi-
als in QDSSCs. The photovoltaic performance of QDSSCs with a CuS CE 
showed a PCE of 4.02% [138].These covalently bonded CE materials with 
sulfur enhancement have been stated to have improved electrocatalytic perfor-
mance due to poorer interlayer van der Waals forces, displaying graphite‐like 
structures [139].

6.3.4  Composite Materials

Composite materials usually comprising two or more component, which com-
bine the benefits of each constituent into one, have been extensively recog-
nized as effective CEs in DSSCs. In recent years, some platinum‐based 
composite materials such as platinum/CNT, platinum/graphene, and plati-
num/polymer have been employed as CE electrocatalysts in DSSCs; these 
composites display greater electrocatalytic behavior than the conventional 
platinum CE [140, 141]. The transition metal based materials TiC, WO2, and 
VN have been combined with platinum and engaged as CE electrocatalysts for 
DSSCs. The photovoltaic performance of these materials is almost 20% supe-
rior to that of the individual materials [142]. Conversely, to fabricate economi-
cal DSSCs requires searching new kinds of cheaper CE materials with superior 
electrocatalytic activity to substitute for platinum and platinum‐based com-
posite catalysts. Joshi and coworkers have employed an efficient DSSCs by 
using economical carbon/TiO2 composite as an substitute to the platinum CE 
electrode for regeneration of iodide [143]. Since 2006, graphene‐based com-
posite materials have been considered as CE in DSSCs, when the primary 
research works on graphene materials with CP was described by Stankovichet al. 
[144]. Generally, in graphene–polymer composite CEs, the polymer per-
forms  as conducting support and the graphene is accountable for the high 
electrocatalytic performance for the regeneration of I− from I3

−. Moreover, 
graphene sheets can be engaged as a polymeric support and it can be achieved 
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by diffusing the polymer materials over the graphene. Wang et al. fabricated a 
composite CE material with polyaniline (PANI)–graphene sheets via an in situ 
polymerization method, with PANI well dispersed on the graphene sheets. The 
photovoltaic performances of DSSCs with graphene–PANI composites mate-
rials provide a PCE of nearly 6.09%, which is very closer to bulk platinum CEs 
[145]. Likewise, the CE fabricated by Lee et al., comprising a poly(3,4‐ethylen-
edioxythiophene)–graphene nanocomposite CE material, gave a PCE of 6.26%, 
mostly credited to the higher amount of loading graphene into the poly(3,4‐
ethylenedioxythiophene) (PEDOT), superior electronic charge transfer and 
electrochemical performance [146]. Moreover, nickel (Ni) and cobalt (Co) 
metals can be united with graphene to create a nanocomposite CE materials. 
Dou and coworkers fabricated Ni12P5–graphene composites as CE materials 
for DSSCs via a hydrothermal process. This composite material displays a rea-
sonable electrocatalytic performance concerning the regeneration of I− from 
I3

−, providing a PCE of 5.7% [147]. The major benefit of engaging a metal–gra-
phene based nanocomposite as a CE is to enhance the electron transfer rate at 
the CE, which behaves as a reactive site for the electrocatalytic reaction and 
also behaves as a spacer amid the graphene sheets. Moreover, the use of gra-
phene delivers a fast diffusion pathway for the electrolyte by generating an 
excellent electrode–electrolyte contact, which increases the electron transfer 
rate at the electrolyte–CE interface [148].

For QDSSCs, various kinds of the above mentioned CE materials have been 
employed and all of these CE materials tends to have their individual ups and 
downs, which makes it hard to regulate which materials would be the appropri-
ate selection for their application in CEs. In this feature, some heterostructures 
comprising of more than two dissimilar types of CEs have been receiving atten-
tion as novel candidates for efficient CEs in QDSSCs. As a consequence, 
numerous research works have been described on heterostructured CEs, such 
as Cu2S/Pt [149], Cu2S/RGO [150], CoS/graphene [151], PbS/graphene [152], 
gold/reduced graphene [153], CuInS2/carbon composite [154], and MoX/CNT 
CEs [106].

6.3.5  Metal Oxide Materials

For DSSCs, metal oxides are also recognized to be suitable candidates to sub-
stitute for the platinum CE; this is credited to their cheaper cost, good thermal 
properties, and superior catalytic performances. Unlike metallic compounds 
(carbides, nitrides, sulfides), transition metal oxides are infrequently used as 
electrocatalysts to substitute for platinum. Moreover, the metal oxide and its 
hydroxide‐based materials tend to possess good electrochemical properties for 
energy related application [155–161]. In particular; few semiconductor oxides 
have a tendency to enhance the catalytic performance for the regeneration of 
I− from I3

−. Wang et al. have investigated the catalytic performance of zinc 
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oxide (ZnO) with a CP that displays exceptional photovoltaic activity with 
a  supreme PCE of 8.17% [162]. Tantalum oxide (TaO) displays remarkable 
platinum‐like electrocatalytic performance for iodide regeneration in DSSCs. 
The photovoltaic behavior displayed a high PCE of about 6.48%, which is supe-
rior to the PCE of the platinum CE [163]. Ma et al. fabricated WO2 nanorods, 
which provide exceptional catalytic performance, and the iodide electrolyte 
based DSSCs using WO2 CE displayed a high PCE of 7.25%, near to the PCE of 
platinum CE based DSSCs (7.57%) [164]. DSSCs fabricated using V2O3,Nb2O5 
and TaOx displayed reasonable PCE values of 5.40, 4.84, and 6.79% [165]. 
However, metal oxides such asTiO2, ZrO2, Cr2O3, and MoO2 gave poor electro-
catalytic performances. DSSCs fabricated using niobium oxide CEs displayed 
PCE values of 5.68 (hexagonal Nb2O5), 4.55 (orthorombic Nb2O5), and 5.82% 
(monoclinic Nb2O5). Furthermore, another niobium oxide, NbO2, was fabri-
cated which displayed the superior catalytic performances, attaining a PCE of 
7.88%, exceeding the DSSCs using a platinum CE (7.65%) [166]. Wang et al. 
fabricated RuO2 nanocrystals through hydrothermal treatment and sintering 
processes, and successfully employed them as CE catalyst in DSSCs [167]. The 
photovoltaic investigation shown PCE of 7.22% was attained, more than the 
platinum‐based DSSCs (7.17%).

6.3.6  Polymer Counterelectrodes

Apart from the well‐investigated CE materials, such as the metal oxides, car-
bon‐based materials, metallic compounds, and composite materials debated 
above, there could be other viable candidates for CE materials. Over the last 
decades, research works have been focused on CP credited to their probable 
benefits as conducting glass substrates, hole conductors, and CE candidates for 
DSSCs. For DSSCs, to highlight the advantages of transparency and flexibility, 
it is vital to fabricate transparent and flexible CEs. Till now, there are various 
types of CPs that can be engaged as CEs in DSSCs; PEDOT/PSS, polythio-
phene (PT), polypyrrole (PPy), PANI can be potential candidate due to their 
higher conductivities, which are created by the existence of sp2 orbital bonds. 
CPs have the benefits of easy, convenient preparation procedure and flexibility. 
As early as 2003, Hayase and coworkers employed PEDOT/PSS CEs for quasi‐
solid DSSCs, with the verdict that these CEs exhibited superior qualities to 
platinum for an ionic liquid electrolyte (ILE) [168]. Yanagida et al. specified 
that the greater viscosity and sluggish conductivity of ILE demanded high I2 
concentration; hence, the porous PEDOT/PSS CEs were more appropriate 
than platinum for an ILE [169]. Li and coworkers described that the enhance-
ment in the specific surface area of the PANI photoelectrode enhanced its 
electrocatalytic performance. Moreover, a PANI electrode tends to have slug-
gish Rct and a superior electrocatalytic performance for the I−/I3

− redox reac-
tion than the platinum CE and the PCE of DSSCs is 7.15%, which is superior to 
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the platinum CE (6.90%) [170]. Xiao et al. have employed PANI nanofibers as a 
substitute for the platinum CE in DSSCs; they display brilliant electrocatalytic 
behavior for the redox reaction of the electrolyte. A PCE of 6.21% can be 
attained by employing the PANI nanofiber CE; it is near to the PCE of a plati-
num CE (6.39%) [171]. Li et al. have explored the influence of doping various 
kinds anions, such as SO4

2−, ClO4
−, BF4

−,Cl−, and TsO− (Ts = tosyl) into the 
PANI film. Between them, the SO4

2−‐doped PANI film displays a superior 
reduction current for the electrocatalytic reduction and a lesser Rct than the 
platinum CE. The PANI–SO4 CE in DSSCs shows a PCE of 5.6% [172]. The 
sodium dodecyl sulfate (SDS)‐doped PANI film reveals the maximum conduc-
tivity, and this leads to a superior electrocatalytic regeneration of I−. DSSCs 
fabricated with PANI‐SDS as a CE display a PCE of 7.0%,which is close to clas-
sical platinum CE (7.4%) [173]. Wu et al. have fabricated PPy/FTO nanoparti-
cles to assemble a PPy CE for DSSCs and obtain a PCE for DSSCs of 7.66%, 
which is superior to that of the platinum CE (6.90%) [174]. Pringle et al. fabri-
cated PEDOT film on an ITO/PEN flexible substrate via an electrodeposition 
method through various deposition intervals (5–45 s). The results indicated 
that the small deposition duration of 5 s, was sufficient to attain an extremely 
efficient and transparent PEDOT film. The DSSCs consuming this CE material 
and an organic liquid electrolyte attained a maximal PCE of about 8.0% [175].

For QDSSCs, little investigation has been carried out on the use of these CPs 
in CEs for QDSSCs to date [176–178]. Yeh and coworkers used PEDOT, PT, 
and PPy as CE candidates and testifed the photovoltaic activities and features 
of these CEs in QDSSCs [179]. A CdS‐sensitized mesoporous TiO2 was 
employed as the photoanode, while an aqueous polysulfide was used as the 
electrolyte solution in the QDSSCs. The conducting polymer films were fabri-
cated via electrochemical polymerization. The photovoltaic performance 
investigation reveals the better electrochemical behavior of PEDOT; the 
QDSSCs comprising the PEDOT CE created the maximal PCE of 1.16%. 
Though the PCE of the QDSSC comprising the PEDOT CE was not sufficient 
enough, the other CP‐based CEs revealed even more unsatisfactory results. 
However, this research work proposed the promising use of CP as CE materials 
in QDSSC and further detailed investigation able to submit new visions for 
innovative and efficient CEs.

6.4  Summary and Outlook

Over the last decades, DSSCs are gaining more consideration due to their 
capacity to transform sunlight into electricity in an economical manner. A 
DSSCs is comprised of an electrode (photoanode, usually a TiO2‐coated FTO 
plate engaged as the photoanode and photocathode), a dye as the sensitizer, 
and I3

−/I−redox electrolytes. The PCE of DSSCs is reaching the efficiency level 
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required for commercialization. This chapter reviewed the recent develop-
ments in the mechanistic investigation of the interfacial electrocatalytic reac-
tion on CE candidates, as well as the creation of a rational screening criteria 
for efficient CEs in DSSCs, QDSSCs, and PSCs. Moreover, various efficient 
CE materials developed via this procedure have been discussed. An excep-
tional CE candidate must possess (i) impeccable stability and (ii) high electro-
catalytic activity; platinum satisfies these two requirements has the title of the 
best CE material. Currently, the major target for DSSCs is to reduce the pro-
duction cost of the materials and enhance the photo‐to‐current conversion 
efficiency. In terms of production cost, the dye and CE are the main attention. 
Advancement of nonplatinum‐based CE electrocatalysts can make DSSCs 
more modest among numerous photovoltaic devices. A nonplatinum‐based 
CE electrocatalyst not only reduces the cost of the materials but is more 
appropriate for the regeneration of I− from I3

−, which, in turn, is valuable for 
attaining maximum efficiency. In recent years, the nonplatinum‐based CE 
catalysts have been established rapidly, and the wide range of the electrocata-
lysts widened from the costly platinum to lower cost electrocatalysts, such as 
carbon‐based materials, polymers, metallic compounds, metal oxides, metal 
sulfides, and composite materials. Similarly, various CEs for QDSSCs and 
PSCs have been introduced. There are various kinds evolving and directions 
for selecting CE catalysts: (i) employing a commercially available substrate to 
produce CEs; (ii) create multiple nanocomposite materials based on multiple 
compounds; (iii)explore convenient processing methods to synthesize flexible 
CEs; (iv) apply nonplatinum‐based electrocatalysts in commercial modules; 
(v) perform an electrochemical stability test in harsh conditions.
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7

7.1  Photovoltaic Solar Cells – An Overview

Photovoltaic (PV) is the collective name for devices that directly convert sun-
light into electricity. Among all the sustainable energy technologies, such as 
wind, tide, hydro, geothermal, and biomass, PV technology is the most elegant 
method of producing electricity without pollution, sound or moving parts 
[1–5]. The history of PV dates back to the first discovery of the “photovoltaic 
effect” by French physicist Edmond Becquerel in 1839. He noticed the genera-
tion of an electric current while experimenting with a silver‐coated platinum 
electrode placed in an electrolyte [6, 7]. This preliminary result opened the 
way for developing a variety of concepts and devices to convert sunlight into 
electricity in order to explore clean and renewable energy.

The spectral distribution of the solar spectrum was first described by Max 
Planck in 1901 through his Planck’s law [8]. In 1905, Albert Einstein described 
how “light quanta” absorption causes the photoelectric effect and, hence, was 
awarded the Nobel Prize in 1921. This is the theoretical basis for all PV devices. 
Modern application of PV devices was initiated in 1954. A research team at Bell 
Labs, USA, discovered that a voltage was produced by the p‐n junction diodes 
under room light. In the same year, it announced the production of silicon (p‐n 
junction) solar cells with over 6% efficiency [3], which is considered as a milestone 
in the development of a PV device. Soon after, solar energy conversion was applied 
to power space satellites and smaller items like calculators, watches, etc. Nowadays, 
solar cells have occupied markets in a variety of applications. For example, people 
power their homes and businesses with individual solar photovoltaic systems.
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The strong advances in PV technology in the past decade mean it is recog-
nized as an important contributor in future energy generation applications. 
Photovoltaics are usually divided into different categories called generations. 
The generation of PV devices turned out to be advantageous in production 
cost with respect to silicon devices. Today we have crossed almost four gen-
erations of solar cells, because of which we can now use different types of 
solar cells according to our needs and preferences. Some famous types are 
described here.

7.1.1  First Generation Solar Cells

The first generation solar cells are also known as silicon wafer‐based solar cells. 
These cells are typically made with crystalline silicon wafer and had large areas. 
This generation of silicon solar cell is still ruling the commercial market 
because of its dominant quality of high efficiency. However, very pure silicon is 
needed to achieve high efficiency and its price is high when compared to the 
power output due to the energy required manufacturing process.

7.1.2  Second Generation Solar Cells

The second generation of PV materials is based on the use of thin film deposits 
of semiconductors. In this generation, four types of solar cell were established. 
These include amorphous silicon cells, in which hydrogen is introduced to the 
silicon to make it possible to dope the silicon with boron and phosphorus. The 
cells are built up in this sequence from bottom to top. Polycrystalline silicon, 
which is made of pure silicon grains, work better than the previous designs 
because of their mobility feature. This can be achieved by using a material with 
a textured surface on both the front and back of the cell, rather than a flat sur-
face. Examples include copper indium gallium selenide (CIGS) alloy cells, 
deposited on glass or stainless steel, and are complex in design. Cadmium tel-
luride (CdTe) cells are formed with cadmium and tellurium mixed with a zinc 
cubic crystal structure. The second generation of thin film technology allows 
fewer materials to be used, so that the manufacturing cost is significantly 
reduced. But the efficiencies of thin‐film solar cells are comparatively low com-
pared to the previous generation solar cells.

7.1.3  Third Generation Solar Cells

Third generation solar cells are very different from the previous generations 
because of the use of innovative semiconductors. This generation of solar cells 
does not rely on traditional p‐n junction to separate photogenerated charge 
carriers. There are several technologies in this generation, which includes 
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photoelectrochemical cells, nanocrystal solar cells, and dye‐sensitized solar 
cells (DSSCs). Nanocrystal solar cells are based on a silicon substrate with a 
coating of nano crystals. Among all the technologies of this generation, DSSCs 
are the promising area for academic research. DSSCs have received consider-
able interest as a potential alternative to the conventional p‐n junction silicon 
solar cells in recent years.

7.1.4  Fourth Generation Solar Cells

Fourth generation solar cells use composite PV technology, in which polymers 
with nano particles are mixed together to make a single multispectrum layer 
that can help electrons and protons to move, so producing better voltage and 
good quality of direct current.

The detailed elucidation of solar cells showed the first generation of silicon 
wafer‐based solar cells having high efficiency, but relatively expensive to pro-
duce, whereas the second generation thin film deposits of semiconductors 
have lower efficiency, but are much cheaper to produce, so that the cost per 
watt is lower than in first generation cells. However, the third generation of 
photoelectrochemical cells are very efficient, with a special mention of 
DSSCs, the most successful type of solar cell in this generation. Among vari-
ous solar cells, DSSCs demonstrate specific advantages over other PV devices 
because of their high efficiency, low cost, simple fabrication procedures, 
environmental friendliness, transparency, and good plasticity. There are lot 
of research findings reported in this field. Their goal is to make DSSCs with 
inexpensive production costs, high power conversion efficiency, and high 
stability. This chapter gives a detailed illustration on DSSCs and their 
applications.

7.2  Dye‐sensitized Solar Cells

DSSCs are the most prominent third generation solar cell, exhibiting several 
features that are not available in any other types of solar cell. Also, it is a 
potential candidate for the traditional silicon‐based solar cells in different 
aspects, such as simple fabrication procedure, low cost, high flexibility, 
good plasticity, ease of building combination, environmental friendliness, etc. 
[9–13]. Since the outstanding report of O’Regan and M. Gratzel in 1991 [14], 
DSSCs have become a turning point in the area of research and have been 
given much attention by the international research community. The history of 
DSSCs begins in the early 1870s with the discovery of panchromatic film, 
which was a building stone in the field of photography and photoelectrochem-
istry. They used dyes with silver halide in a gelatine medium, which showed a 
good sensitivity to UV light for which the panchromatic film was able to 



Rational Design of Solar Cells for Efficient Solar Energy Conversion196

render an image; this was followed by James Moser in 1887, who discovered 
the first “sensitization photoelectrode”. In 1991, O’Regan and M. Gratzel 
described a low cost, high‐efficiency solar cell based on dye‐sensitized colloi-
dal TiO2 films. The device was fabricated using 10 µm thick, optically trans-
parent film of nanometer‐sized TiO2 particles coated with a monolayer of 
charge‐transfer dye (ruthenium dye) to sensitize the film for light harvesting. 
This was the first report on the efficient solar cell with an overall light‐to‐elec-
tric conversion efficiency value of 7.1–7.9% in simulated solar light conditions 
[14]. Henceforth, the typical DSSC is commonly referred to as the Gratzel cell 
by researchers. Since the exploration of DSSCs, great efforts have been 
devoted towards the modification of DSSCs in order to make these devices 
more efficient and stable.

7.2.1  Major Components of DSSCs

It is very important to identify the components of DSSCs to know its working 
mechanism. A typical conventional DSSC comprises four major parts: 
nanocrystalline semiconductor oxide (photoanode), dye as sensitizer, redox 
electrolyte, and counterelectrode (CE). The schematic structure of a typical 
DSSC is shown in Figure 7.1 [15]. A clear understanding of each component in 
a DSSC is essential to achieve high power conversion efficiency and stability.
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7.2.1.1  Transparent Conducting Glass Substrate
The photoelectrode and CE of standard DSSCs are prepared on a transparent 
conducting glass substrate. Transparent conducting glass substrate is used not 
only in PV devices but also in other optoelectronic devices. The conducting 
glass substrate must be highly transparent to allow the maximum passage of 
solar light to the active area and should have high electrical conductivity. 
Mostly, fluorine‐doped tin oxide (FTO) or indium‐doped tin oxide (ITO) glass 
substrate is commonly used in DSSCs. Even though ITO exhibits better optical 
transparency and electrical conductivity, FTO is the most preferred because of 
its stability. The stability of ITO diminishes at a temperature above 300 °C and 
the production of conventional DSSCs requires a firing temperature above 
450 °C in order to form a nanoporous structure of the TiO2. Further, the limited 
supply of indium, its high cost, and the weak flexibility of the ITO layer also 
hinder the application of ITO in DSSCs.

7.2.1.2  Photoelectrode
The photoelectrode (photoanode) is a key component in the DSSC; it consists 
of a nanoporous layer of a semiconductor metal oxide attached to a transparent 
conducting FTO glass substrate. The main function of a photoanode is to opti-
mize light harvesting by providing high internal surface area in which dyes are 
adsorbed. The oxide film holds the dye molecules and collects the photogen-
erated electron from the LUMO level of the dye molecules, providing a path for 
the transport of the electrons to the conducting glass substrate. The photoan-
ode material must satisfy several requirements regarding morphology, chemi-
cal and electronic structure [16].

●● The photoanode material should have high surface area, porosity to load a 
large amount of dye molecules.

●● It must be transparent to visible light, possess high density of states to quickly 
accept electrons from the photoexcited dye, and should have suitable con-
duction band position.

●● It should have a large bandgap (3 eV) of the semiconductor oxide materials that 
make them suitable for absorption of large portion of the solar spectrum.

●● The conduction band edge of the photoanode material should lie slightly 
below the excited state energy level of dye (sensitizer), which is an important 
condition for the efficient electron injection.

●● The photoelectrode must allow transport of injected electrons to the FTO 
glass substrate faster than they can recombine with either oxidized dye mol-
ecules or the oxidized redox species.

●● It must also be chemically and mechanically stable to achieve long lifetimes.
●● It should possess high electron mobility.

With all these qualities, TiO2, which has a large bandgap, is highly preferred 
for use as photoanode material in DSSCs. TiO2 is a stable, nontoxic oxide that 
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has a bandgap of 3.2 eV and does not absorb high solar light. Three crystal 
forms of TiO2 occur naturally: rutile, anatase, and brookite. Rutile is thermody-
namically more stable and has a bandgap of 3.0 eV with an absorption edge of 
413 nm. Anatase is the preferred structure in DSSCs, because it has a larger 
bandgap, 3.2 eV, with an absorption edge of 388 nm. It has a conduction band 
position below the LUMO level of many dyes. The empty d‐orbital has a high 
density of states to accept electrons from the dye on the picosecond time scale. 
In addition to TiO2, other semiconductors have also been used as photoelec-
trode materials in DSSCs; these include ZnO, WO3, SnO2, CeO2, ZrO2, Nb2O5, 
and Ta2O5. However, TiO2 and ZnO are still the best semiconductors for the 
photoelectrode in DSSCs.

7.2.1.3  Dye Sensitizer
The dye sensitizer can be regarded as one of the crucial parts in DSSCs. The 
sensitizer role in DSSCs is to absorb the solar light and to generate electrons 
that are subsequently injected into the conduction band of the semiconductor 
electrode on which the dye is anchored. Some essential characteristics of the 
sensitizer are [17, 18]:

●● The absorption spectrum of the dye should cover the whole visible region 
and near‐infrared portion of the solar spectrum.

●● The excited state level of the dye should be higher in energy than the conduc-
tion band edge of n‐type semiconductor, so that an efficient electron transfer 
process between the excited dye and conduction band of the semiconductor 
take place.

●● Dye should be very stable when exposed to constant light irradiation.
●● The dye must bind strongly to the semiconductor oxide material and should 

have good solubility.
●● For the strong binding of dye on the surface of semiconductor oxide, it 

should have anchoring groups, namely –COOH, –H2PO3, –SO3H.
●● The dye should not aggregate on the surface to avoid nonradiative decay of 

the excited state to the ground state.

Generally, metal–organic and organic dyes are used in DSSCs, although 
metal‐free organic dyes could present several advantages, such as easy availa-
bility, cost effectiveness, synthetic approach, and high molar extinction coeffi-
cient [19, 20]. Despite certain limitations of metal‐based organic dyes, such as 
expensive synthesis process and low molar extinction coefficient in the visible 
region, they exhibit higher power conversion efficiency than the organic dyes, 
because the organic dyes tend to aggregate on the surface of semiconductor 
and have narrow light absorption bands in the visible region. The most com-
mon high performing dyes reported so far are the ruthenium centered 
polypyridyl complexes such as N3, N719, and N749 (black dye). The chemical 
structures of N3, N719, and N749 dyes are shown in Figure 7.2.
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7.2.1.4  Redox Electrolytes
The function of the redox electrolyte in DSSCs is to regenerate the oxidized 
dye sensitizer, transport in DSSCs, and completion of the external electrical 
circuit. The stability of DSSCs is highly dependent on the redox electrolytes. In 
order to regenerate the oxidized dye sensitizer, the redox potential of the elec-
trolyte should be positioned slightly more negative than the HOMO level of 
the dye. A variety of redox couples are employed in the electrolytes, such as I−/
I3

−, Co(II)/Co(III), SCN−/SCN3
− and Br−/Br3

−. Among these redox couples, I−/
I3

− is the most widely used in electrolytes for DSSCs, not only because it exhib-
its a suitable electrochemical redox potential to reduce several oxidized dyes 
but also along with its best kinetic properties. Kinetics of two charge transfer 
steps are reported to be important for device performance [16]:

1)	 The oxidized dye molecule must be regenerated by the redox species much 
faster than the dye recombines with an electron in the oxide.

2)	 Recombination between the oxidized redox species and an electron in the 
oxide must be slow compared to electron transport to the substrate.

The electrolytes used in DSSCs are classified based on their viscosity, such as 
liquid electrolyte, quasi‐solid electrolyte or solid polymer electrolyte. The liquid 
electrolyte is being used nowadays to achieve high power conversion efficiency; 
it usually constitutes a redox couple dissolved in a high dielectric constant 
organic solvent. In order to increase the device performance, some additives can 
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also be added. Although DSSCs achieve high power conversion efficiency while 
employing liquid electrolytes (I−/I3

− redox couple), they do have certain disad-
vantages, such as poor long‐term stability due to the leakage and evaporation of 
liquids, corrosion of electrode, sealing problem, etc. All these factors affect the 
stability of DSSCs. In order to overcome these disadvantages, researchers focused 
on alternatives like gelation of solvent or polymer incorporating I−/I3

− redox cou-
ple [13, 21–23]. The important criteria considered for a polymer selection are 
that it should possess good conductivity and stability. The conductivity of an 
electrolyte mainly depends upon the concentration of salt containing the mobile 
species as well as the extent to which the salt is dissociated, thus making all dis-
sociated ions available for conduction. But the dissociation of salts depends on 
parameters such as dissociation constant of the salt, donor number of the solvent, 
dielectric constant of the solvent, and nature of the salt. However, in polymer 
electrolytes, the conductivity arises from the rapid segmental motion and the 
interaction between the cation and the donor atom of the main structure.

7.2.1.5  Counterelectrode
The CE is one of the most important components in the DSSC; it consists of an 
electrocatalytic material coated on the conducting side of the transparent FTO 
glass substrate. The main function of the CE is that it acts as an electrocatalyst 
by reducing the redox species, which are the mediators for recombination of 
the dye sensitizer after the electron injection, and for collecting the hole from 
the hole‐transporting materials in a solid state DSSC [24]. A CE with high elec-
trocatalytic activity for triiodide reduction has low internal resistance, which 
results in a high fill factor. The CE material in DSSCs should possess high elec-
trocatalytic activity towards the reduction of I3

− into I− ions and good stability 
towards the electrolyte used in the device, low charge resistance, and low cost. 
Generally, a platinum (Pt) deposited FTO or ITO glass substrate is the most 
commonly used CE in DSSCs due to its superior electrocatalytic activity and 
stability. However, platinum as a noble metal is easily corroded by I−/I3

− elec-
trolyte and the cost of platinum CE is over 40% of the whole device fabrication 
cost. These factors strongly hinder the large scale production and commercial 
application of the DSSCs. This promoted numerous studies to develop an 
alternative material to the platinum CE to reduce the cost and simultaneously 
keep the effectiveness of the DSSCs. The alternative CE materials includes car-
bon materials, conducting polymers, metal oxides, sulfide materials, transition 
metal nitrides, carbides, and composite materials.

7.2.2  Working Mechanism of DSSCs

DSSCs typically comprise electrodes (anode and cathode), dye as sensitizer, 
and an I−/I3

− redox couple containing the electrolytes (Figure 7.1). When the 
cell is illuminated, an electron generated by the sensitizer is transferred to the 
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conduction band of the semiconductor oxide wherein the sensitizer is 
anchored. Then, the sensitizer is regenerated by the iodide ions from the 
electrolyte (I−/I3

− redox couple dissolved in an organic solvent) and I3
− in the 

electrolyte is reduced by the electron reaching the CE through back contact. 
The cycle is completed by the electron migration between the TiO2 semicon-
ductor and the CE [25, 26].
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of  the catalyst in the CE and the diffusion constant of triiodide are very 
important.

7.3  Carbon‐based Nanostructured CE Materials 
for DSSCs

Carbon‐based nanostructures are quite striking to replace platinum CE in 
DSSCs due to their large surface area, high conductivity, high reactivity for the 
reduction of triiodide, corrosion resistance towards iodine, and low cost. 
Numerous carbon materials such as graphene, carbon nanotubes, carbon 
nanofibers, activated carbon, graphite, and carbon black have been effectively 
used as a CE [27–30]. As a first report, Kay and Gratzel investigated a gra-
phitic‐carbon black mixture as a CE electrocatalyst for DSSCs and obtained a 
power conversion efficiency of 6.7% [31]. Subsequently, exhaustive research 
efforts have been expended on carbon‐based materials as a CE in DSSCs. The 
photovoltaic parameters (power conversion efficiency and fill factor) of DSSCs 
are powerfully dependent on the thickness of the carbon layer [32].

Wu et al. prepared carbon black thin films using a doctor blade process and 
employed them as CEs of DSSCs [33]. These carbon black films, when heat 
treated at 350 °C, showed a low electrocatalytic activity, high charge transfer 
resistance, and poor performance. These results are attributed to the presence 
of residual PVDF. By elevating the treating temperature to 450 °C, PVDF was 
completely removed and the electrochemical properties of the resultant car-
bon black films resemble closely those of platinum film. The DSSCs using these 
carbon black CEs achieved significant power conversion efficiencies of 8.27–
8.35%, which could be comparable to the DSSC fabricated with conventional 
platinum CE (8.29%). Zhu et al. prepared platinum/carbon sphere (Pt/CS) 
composites as electrocatalyst for the reduction of triiodide in Co3+/Co2+ redox 
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electrolytes [34]. The excellent electrocatalytic performance of Pt/CS can fun-
damentally be attributed to the low apparent activation energy (Ea) of the 
redox reaction between Co3+ and Co2+. Using the Pt/CS CE a high power con-
version efficiency of 9.02% under 100 mWcm−2 of simulated sunlight illumina-
tion was achieved. Nagaraju et al. synthesized honeycomb‐like activated 
porous carbon (HPC) powder with meso/macropore structures via chemical 
activation and pyrolysis processes under inert gas atmosphere [35]. The mor-
phology of the synthesized HPC is shown in Figure 7.3. The synthesized HPC 
was successfully employed as a cost‐effective CE in DSSC. The fabricated 
DSSCs with HPC‐based CE exhibited an excellent power conversion efficiency 
of 4.98%, which was attributed to the high specific surface area and hierarchi-
cal porous property of the HPC sample.

Susmitha et al. developed single wall carbon nanohorns (SWCNH) and gra-
phene nanoplatelets (GNP) decorated CEs for DSSC application [36]. SWCNH‐
loaded DSSC showed higher photovoltaic conversion efficiency (4.09%) than the 
GNP (3.13%), which can be attributed to higher average surface roughness area, 
lower series, charge transfer resistance and electrolyte diffusion. In addition, the 
power conversion efficiencies increase with higher load of SWCNH up to 
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Figure 7.3  (a–c) FE‐SEM images and (d) TEM images of the carbonized HPC sample under 
inert gas atmosphere [35]. Reproduced with permission of Elsevier.
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3.0 mg. Therefore, their reports have proved that the SWCNH material has got 
great potential to function as low‐cost CE material for reduction of iodide/trii-
odide redox couple in DSSCs. Wang et al. prepared g‐C3N4/MWCNTs compos-
ite by a two‐step method of refluxing and heating polymerization processes [37]. 
The prepared g‐C3N4/MWCNTs composite was applied as CE in DSSCs. Under 
illumination of 100 mWcm−2, the fabricated DSSC using g‐C3N4/MWCNTs 
composite CE has achieved a power conversion efficiency of 6.34%. The reason 
for the enhanced power conversion efficiency might be due to the enhanced 
electrocatalytic activity of the triiodide reduction. The observed charge‐transfer 
resistance of g‐C3N4/MWCNTs composite electrode is 2.1 Ω cm2, which was 
much lower than the individual g‐C3N4 and MWCNT electrodes

Hou et al. developed polypyrrole/MWCNT CEs by electropolymerization of 
the polypyrrole (PPy) on the MWCNT‐coated FTO glass using a cyclic vol-
tammetry technique [38]. The DSSC based on the PPy/MWCNT composite 
CE showed an excellent photoelectric conversion efficiency of 7.15% under full 
sunlight illumination (100 mW cm−2, AM 1.5 G), which was much higher than 
that of the MWCNT (1.72%) and PPy (5.72%) based DSSCs, and that of the 
platinum‐based DSSC (7.76%). The corresponding J‐V curves are shown in 
Figure 7.4. The higher performances of composite CEs was achieved due to the 
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synergistic effect of MWCNT and PPy, which led to more advantages like high 
surface area, good conductivity of the MWCNT, and good catalytic activity of 
the PPy towards the reduction of triiodide to iodide, providing fast electron 
transport and diffusion channels and ample availability of interfacial catalytic 
active sites. Wu et al. prepared nitrogen‐doped carbon materials by direct 
pyrolysis of nanostructured Prussian blue analogue (metal hexacyanoferrates) 
without any other additional carbon sources and metal catalysts [39]. The as 
prepared N‐CNTs were employed as CE for DSSCs. The fabricated DSSC 
using N‐CNTs CE was shown to achieve a power conversion efficiency of 
7.48%, which was higher than a platinum CE (7.12%). The enhanced power 
conversion efficiency of DSSC employing a metal‐free NCNT counterelec-
trode was primarily attributed to the significantly reduced diffusion and charge 
transfer resistances in the porous NCNT catalyst layer. Thuy et al. developed 
graphene coated alumina‐modified polypyrrole (PPy/GCA) composite as CE 
for DSSCs; the assembled device was reported to exhibit an efficiency of 7.33% 
and was comparable to that of using a conventional platinum CE (7.57%) [40].

Guo et al. synthesized nickel sulfide/conductive carbon composite by a sim-
ple hydrothermal process and employed it as CE in DSSCs [41]. This synthe-
sized electrocatalyst illustrated excellent electrocatalytic performances 
towards the triiodide reduction and exhibited a high power conversion effi-
ciency of 8.15%, which was comparable with that of a platinum CE (8.29%). He 
et al. fabricated porous graphene‐doped copper indium disulfide/carbon 
(p‐GN@CuInS2/C) composite nanofibers via electrospinning, in situ synthesis, 
and a carbonization process [42]. A schematic illustration of the formation 
mechanism for p‐GN@CuInS2/C composite nanofibers is shown in Figure 7.5. 
The fabricated DSSC using the p‐GN@CuInS2/C nanofibers as a CE was shown 
to achieve a power conversion efficiency of 7.23%, which was higher than the 
efficiencies of DSSCs assembled using the samples without graphene (6.48%), 
with the CuInS2/C nanofibers (5.45%), and the conventional platinum CE 
(6.34%). The excellent photovoltaic performance of the p‐GN@CuInS2/C CE 
was attributed to its special hierarchical porous structure, which provided 
additional active catalytic sites for the reduction of triiodide. The doping of the 
reduced graphene oxide (RGO) resulted in a well‐dispersed growth of CuInS2 
nanocrystals in the carbon nanofibers, which, in turn, increased the number of 
active catalytic sites and promoted active electron and ion transfer. Wu et al. 
fabricated various transition metal ion doped MWCNT‐PANI composites as 
CEs in DSSCs [43]. The nickel and cobalt doped MWCNT‐PANI composite 
showed an excellent electrocatalytic activity towards the triiodide reduction 
and the fabricated DSSCs achieved a power conversion efficiency of 6.0 and 
5.75%, respectively. Bagavathi et al. prepared Fe3O4–carbon black nanocom-
posite by a simple solution mixing process and applied as CE in DSSCs [44]. 
The J‐V characteristics of the DSSCs fabricated with a Fe3O4–carbon black CE 
was measured at a light intensity of 80 mWcm−2. The DSSC assembled with 
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this nanocomposite exhibited an excellent power conversion efficiency of 6.1%, 
which was superior to that of a conventional platinum CE (4.1%).

Sun et al. developed a Sb2S3@carbon nanoparticle hybrid electrocatalyst by 
introducing a mesoporous carbon nanoparticle film (CNP) for in situ growth 
of Sb2S3 to construct a Sb2S3@CNP hybrid electrocatalyst [45]. A CNP matrix 
was developed to support Sb2S3. The Sb2S3@CNP electrocatalyst demonstrated 
a lower charge transfer resistance at the electrode/electrolyte interface and 
higher electrocatalytic activity towards the reduction of triiodide. The fabri-
cated DSSC with Sb2S3@CNP CE generated a fill factor of 67.6%, which was 
significantly higher than that of using pristine Sb2S3 (52.8%). The power con-
version efficiency of the fabricated DSSC with Sb2S3@CNP CE was calculated 
as 6.69%, which was quite comparable with a platinum CE (6.74%). Li et al. 
synthesized cobaltosic sulfide/electrospun carbon nanofibers (Co3S4/ECs) by 
combining the versatility of the electrospinning process following a hydrother-
mal method [46]. The synthesized Co3S4/ECs was used as CE in fabricated 
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DSSCs that showed a high power conversion efficiency of 9.23%, and was 
increased by 10.1% compared to the DSSCs based on a platinum CE (8.38%).

Xiao et al. synthesized Pt3Ni alloy supported by carbon nanofiber (CN) com-
posites (Pt3Ni/CNs) by a simple solvothermal method and employed in DSSCs 
as CE [47]. The fabricated DSSCs based on Pt3Ni/CNs CE achieved a power 
conversion efficiency of 8.34%. Further, to increase the electrocatalytic activity 
of Pt3Ni/CNs composites, transition metal chrome (Cr) was doped in Pt3Ni/
CNs to fabricate the composites of Cr‐Pt3Ni/CNs using the same method. The 
electrocatalytic performances towards triiodide reduction of the fabricated 
CEs in I−/I3

− redox couple is shown in Figure  7.6. The results revealed that 
Cr‐Pt3Ni/CNs CE exhibited a higher current density and lower peak‐to‐peak 
separation (Epp), which confirmed the high catalytic performances of  
Cr‐Pt3Ni/CNs CE than the other electrodes. Due to the high electrocatalytic 
activity and rapid charge transfer ability, the power conversion efficiency of the 
DSSC employing Cr‐Pt3Ni/CNs as CE was increased to 8.76%, which was 
much higher than that of the platinum CE (7.04%) employed under the same 
condition. Lu et al. prepared reduced graphene oxide (rGO) nanoflakes in a 
nickel cobalt sulfide (NCS) to form NCS/rGO hybrids and introduced them 
into DSSCs as CE [48]. It was found that the rGO acted bifunctionally includ-
ing a cocatalyst in accelerating the triiodide reduction for the main NCS 
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catalysts, conductivity promotor to decrease the series resistance of the CE. 
Addition of carbonaceous materials into the transition metal sulfide CE of a 
DSSC is a common method to improve the performance of the CE and conse-
quent photovoltaic performance. Based on this concept, Zhang et al. devel-
oped 3D nitrogen‐doped graphene/reduced hydroxylated carbon nanotube 
composite aerogel (NG/CNT‐OH) with unique hierarchical porosity using a 
two‐step hydrothermal process [49]. NG/CNT‐OH exhibited great electro-
catalytic performances towards triiodide reduction, high ionic conductivity, 
and good flexibility, thus generating high‐performance flexible CE for DSSCs. 
This flexible NG/CNT‐OH CE showed good stability in the fabricated DSSCs 
achieving a power conversion efficiency of 6.36%, which was higher than that 
of using a platinum CE (5.74%). Increasing the ratio of CNT‐OH to the GO in 
the reactant has led to lower content of doped N but better diffusion of electro-
lyte in the CEs because of more complete GO etching reaction.

Lee et al. synthesized graphene‐modified vanadium pentoxide nanobelts 
(GVNBs) using a facile one‐step hydrothermal process and used as CE in DSSC 
applications [50]. The GVNBs were found to show an excellent electrocatalytic 
activity towards the reduction of triiodide to iodide due to the synergetic effect 
between the one‐dimensional shape of vanadium pentoxide nanobelts and the 
reduced graphene oxide. The DSSCs based on the GVNBs CEs have reached a 
high power conversion efficiency of 6.17%, which was comparable to that of 
the conventional platinum‐based CEs (7.98%). Chen et al. prepared nitrogen 
and phosphorus codoped carbon nanosheets by a simply direct pyrolysis 
method using amino tris(methylene phosphonic acid) as carbon source and 
introduced them into DSSCs as CE [51]. As a consequence, the DSSC based on 
NPC‐800 (NPC carbonized at 800 °C) CE achieved a power conversion effi-
ciency of 6.74%, which was higher than that of the cell with a platinum CE 
(5.76%). The exhibited higher power conversion efficiency of DSSC with 
NPC‐800, might be due to rapid electrolyte diffusion. Yu et al. synthesized 3D 
N/S codoped graphene (NS‐GN) networks through a simple one‐step hydro-
thermal route and used them as CE for the reduction of triiodide into iodide in 
the DSSCs [52]. The schematic representation of the synthesis of the NS‐GN is 
shown in the Figure  7.7. The nitrogen and sulfur codoping strategy signifi-
cantly enhances the electrocatalytic activity towards triiodide reduction. The 
fabricated DSSC with N/S codoped graphene CE was found to exhibit an effi-
ciency of 9.40%. This superior electrochemical performance can be attributed 
to the synergistic effect of sulfur and nitrogen atoms in graphene, the conduc-
tive 3D graphene networks with a large surface area, and an interconnected 
porous structure. Chiu et al. synthesized CoSe2/carbon composite film as CE 
for DSSCs using a two‐step process via pulse‐potential electrodeposition fol-
lowed by an annealing process [53]. The assembled DSSC with this CoSe2/C 
composite CE achieved a high power conversion efficiency of 8.92%, which 
was found to be higher than that of using a conventional platinum CE (8.25%). 
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Zhou et al. developed a hierarchical graphene‐beaded carbon nanofiber with 
incorporated nickel nanoparticles (G/CNFs–Ni) as used as a low‐cost CE for 
DSSCs [54]. The introduction of graphene nanosheets and nickel nanoparti-
cles in CNF networks was found to significantly increase the cell stability and 
decrease the charge‐transfer resistance at the interface between CE/electro-
lyte, which led to high electrocatalytic performances towards triiodide 
reduction. The fabricated DSSC using G/CNFs–Ni CE was reported to exhibit 
a high power conversion efficiency of 7.14%, which was quite comparable to 
that of a platinum CE (7.59%).

Zhu et al. fabricated N‐doped carbon microspheres using a microwave‐
assisted method followed by thermal treatment under an ammonia atmosphere 
and used them as CEs for DSSCs [55]. The assembled DSSC with N–C micro-
spheres exhibited a maximum power conversion efficiency of 6.28%, which 
was higher than that of pristine carbon microspheres CE (5.52%) and compa-
rable to that the DSSC assembled with a conventional platinumCE (6.95%). 
Leu et al. fabricated boron‐doped MWCNT (BCNT) film as a low‐cost plati-
num‐free CE for DSSCs and employed it towards the reduction of triiodide to 
iodide ions [56]. The fabricated DSSC based on a BCNT CE has showed an 
excellent energy conversion efficiency of 7.91%, which was higher than that of 
the DSSC assembled with pristine MWCNT CE (6.02%) and was quite close to 
that of a platinum CE (8.03%). Chen et al. synthesized Co‐imbedded ordered 
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Figure 7.7  The schematic representation of the synthesis of the NS‐GN [52]. Reproduced 
with permission of Elsevier.
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mesoporous carbon (Co‐OMC) materials by a facile low‐temperature hydro-
thermal process of phenolic resin‐F127 composites with various amounts of 
cobalt nitrate, and followed it by carbonization [57]. The Co‐OMCs are used as 
CEs in DSSCs towards the electrocatalytic reduction of triiodide. The enhanced 
electrocatalytic activity and electrical conductivity was exhibited due to the 
synergistic effect between OMC and the appropriate amount of cobalt nano-
particles. The DSSCs based on Co‐OMC CEs exhibited a power conversion 
efficiency of 7.02%, which was higher than that of the pristine OMC CE (6.18%), 
and comparable to that of the conventional platinum CE (7.10%).

Mahalingam et al. fabricated Pt/rGO using a chemical bath deposition 
method and employed it as a CE for In2O3‐based DSSC [58]. The fabricated 
DSSC with Pt/rGO CE exhibited a good photovoltaic performance with high 
photocurrent density of 8.1 mA cm−2 and power conversion efficiency of 1.68%. 
Sigdel et al. prepared an electrospun carbon nanofiber (ECN)/TiO2 composite 
CE for DSSCs by spray‐coating an ECN/TiO2 (1:1 by weight) mixture on a FTO 
glass substrate [59]. DSSCs fabricated with ECN/TiO2 CEs were found to show 
a power conversion efficiency of 7.25%, which was comparable to that of DSSC 
based on a thermally deposited platinum CE (7.57%). Xu et al. synthesized a 
nitrogen‐doped carbon and Fe3C CE for DSSCs using a simple carbothermal 
reduction of iron(II) oxalate (FeC2O4) nanowires in the presence of cyanamide 
(NH2CN) at 600 °C [60]. The fabricated DSSC using an Fe3C@N‐C CE showed 
an energy conversion efficiency of 7.36%, which was found to be higher than 
that of the DSSC with a platinum CE (7.15%). This increase in electrocatalytic 
activity was attributed to the synergistic effect of N–C and Fe3C along with the 
one‐dimensional configuration, which endowed the nanocomposites with 
more interfacial active sites and improved electron transfer efficiency for the 
triiodide reduction.

Choi et al. prepared graphene‐based multiwalled carbon nanotubes 
(GMWNTs) and employed them as CE instead of a platinum to fabricate 
DSSCs [61]. The detailed schematic illustration for the fabrication of a DSSC 
based on GMWNTs is presented in the Figure 7.8. The fabricated DSSC was 
found to show a power conversion efficiency of 3.0%. Ahmad et al. prepared 
different kind of CEs by dispersing the various combinations of MWCNTs and 
GNPs into PEDOT:PSS aqueous solution for DSSCs applications [62]. They 
have observed that the addition of GNPs into a MWCNTs composite resulted 
in an increase in the electrical conductivity and a reduction in the Rct value of 
the CE in DSSCs. Among various combinations, the 44 wt‐% of WCNTs and 
22 wt‐% of GNPs mixed PEDOT:PSS film CE based DSSC has exhibited the 
best power conversion efficiency of 4.10%, which was higher than that of a stand-
ard platinum‐based CE based (3.90%). Kumar et al. achieved carbide synthesis 
by carbonization at high temperature in flowing argon [63]. The synthesized 
carbon material had a surface area of 5 m2/g with the particle size of 816 nm. 
Furthermore, they have also reported on the graphitic nature of these carbon 
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material exhibiting good electrocatalytic property with a power conversion 
efficiency of 6.72%, which was comparable with the conventional platinum CE 
(8.19%) under the same experimental conditions. Yue et al. synthesized a highly 
porous MoS2–C hybrid film via an in situ hydrothermal route [64]. This syn-
thesized MoS2‐C hybrid film was used as a low‐cost CE in DSSCs. The DSSC 
fabricated with this novel MoS2‐C CE showed a high power conversion effi-
ciency of 7.69%, which was higher than that of a platinum CE (6.74%). This may 
be due to its low charge transfer resistance on the electrolyte/electrode inter-
face, high electrocatalytic activity, and fast reaction kinetics towards the reduc-
tion of triiodide to iodide.

Wang et al. synthesized 3D honeycomb‐like structured graphene sheets 
(HSG) by reaction between Li2O and CO; these were used as a CE instead of 
platinum to fabricate DSSCs [65]. This HSG CE based DSSC was found to 
exhibit a power conversion efficiency of 7.8%, which was quite comparable to 
that of DSSCs with an expensive platinum CE. Gong et al. prepared activated 
graphene nanoplatelets (aGNPs) by a hydrothermal method using KOH as 
activating agent [66]. Further, this aGNPs was used as a CE to fabricate DSSCs. 
The fabricated DSSC was shown to achieve a power conversion efficiency of 
7.7%, which was comparable with the conventional platinum CE based 
DSSC (8.0%). This may be to its excellent electrocatalytic activity for triiodide 
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reduction at the interface between the electrolytes and the CE. Kim et al. fab-
ricated DSSCs using three different carbon‐based CEs such as graphene, 
SWNTs, and graphene‐SWNT composites via an electrophoretic deposition 
method [67]. The results of the DSSC assembled with the graphene‐deposited 
CE showed a highest power conversion efficiency of 5.87% under AM 1.5 and 
1 sun conditions. Hence, it was reported and used for a low cost, high‐through-
put process for DSSCs. This work clearly states that the graphene is a most 
suitable CE material for DSSC applications. In a similar study, Barberio et al. 
fabricated the DSSCs with four different carbon‐based CEs like graphene, mul-
tiwalled carbon nanotubes, and nanocomposites of MWCNTS and metal 
nanoparticles [68]. They have also compared the photovoltaic performance of 
these CEs with those of classical electrodes (amorphous carbon and platinum). 
Among these four different CEs, the graphene and Ag/CNT electrode based 
DSSCs were found to show the best power conversion efficiency of 5.4 and 
5.9%, respectively. The efficiency values obtained were reported to be 50% 
higher than that of a graphite CE and 25% higher than that of a platinum CE.

In another study, Erten‐Ela et al. prepared poly(3,4‐ethylenedioxxythio-
phene) (PEDOT), polyaniline (PANI), and polythiophene (PTh) based 
MWCNT composites by a RF‐rotating plasma grafting method [69]. The 
prepared MWCNT composites were used as CE materials instead of plati-
num in DSSCs. Among these composites, PANI/MWCNT composites were 
reported to have higher electrocatalytic activity than others. Furthermore, a 
power conversion efficiency value of 2.07% was also reported in the study. 
Guo et al. synthesized a CoCr2O4/carbon nanotubes (CoCr2O4/CNTs) nano-
composite via a facile solution route and used it as the CE in DSSCs [70]. The 
DSSC fabricated with this CoCr2O4/CNTs nanocomposite‐based CE was 
found to exhibit a power conversion efficiency of 8.40%, which was almost 
close to platinum‐based DSSCs (8.68%). The observed results have proved 
that the CoCr2O4/CNTs composites can be used as an efficient electrocata-
lytic material for DSSC applications. A research team of Joshi et al. developed 
a low cost carbon/TiO2 composite and used it as a CE in DSSCs [71]. The 
surface morphology of the fabricated carbon/TiO2 composite on FTO glass 
substrate is shown in the Figure 7.9. The DSSC fabricated with this nanoscale 
carbon/TiO2 composite CE has been shown to achieve a power conversion 
efficiency of 5.5%, which is comparable to that of a platinum CE based DSSC 
(6.4%) under similar conditions. Hence, the carbon/TiO2 composite was 
reported as a good low cost alternative CE material for the platinum elec-
trode in DSSCs. In an another study, Kouhnavard et al. prepared a new type 
of CE by mixing of hydrophilic carbon (HC) particles and TiO2 colloid (HC/
TiO2) deposited on a fluorine‐doped tin oxide substrate using a doctor blade 
technique [72]. The DSSC fabricated with a HC/TiO2 CE showed a power 
conversion efficiency of 1.9%; this compares to a platinum electrode (3.6%) 
under same experimental conditions. This may be due to the high surface 
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roughness of the HC/TiO2 that has increased the electrocatalytic activity 
facilitating the diffusion of triiodide ions.

Leu et al. synthesized a boron‐doped multiwalled carbon nanotube (BCNT) 
using a simple two‐step post‐growth substitution reaction route under atmos-
pheric pressure [73]. The synthesized BCNT was found to exhibit a good elec-
trical conductivity and catalytic ability on comparison with pure CNT. The 
DSSC assembled with a BCNT CE has also showen a higher power conversion 
efficiency (7.91%) than that of pure a CNT CE (6.02%) and was quite close to 
that of a platinum CE (8.03%). In another report, Li et al. fabricated a DSSC 

(a)

(b)

(c)

1 μm

1 μm

11.2 μm

20.0 μm5.00 kV 18.7 mm × 2.50 k SE 3/20/2008 00:36

Figure 7.9  Top view SEM images of (a) a 11.2 µm thick carbon/TiO2 composite layer and 
(b) a pure TiO2 nanoparticle layer on a FTO substrate. (c) Cross‐section SEM image of a 
carbon/TiO2 composite layer [71]. Reproduced with permission of the Royal Society of 
Chemistry.
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using mesoporous carbon (MC)‐imbedded tungsten carbide (W2C) composite 
used as a flexible CE and an iodide electrolyte [74]. It showed a power conver-
sion efficiency of 7.61%. In addition, the W2C/MC composite was found to be 
a suitable CE for an organic sulfide redox couple electrolyte based DSSC and 
exhibited a higher power conversion efficiency (5.96%) than that of pure W2C 
(5.08%) and MC (4.38%). Another research team, Murakami et al. fabricated a 
DSSC using carbon black as a CE for triiodide reduction [75]. This fabricated 
DSSC showed an enhanced power conversion efficiency of 9.1%. In a similar 
study, Du et al. synthesized two‐dimensional porous Co3O4 nanoflakes 
anchored on reduced graphene oxide nanosheets by a hydrothermal reduction 
process and used them as CE in DSSCs [76]. They observed an enhanced pho-
tovoltaic performance in DSSCs after the addition of RGO into the 2D porous 
Co3O4 nanoflakes. The DSSCs assembled with a Co3O4@RGO CE showed a 
power conversion efficiency of 5.79%, which was much higher than that of a 
pure Co3O4 CE (1.2%) and a pure RGO CE (2.2%). Apart from that, the observed 
efficiency value was quite comparable with the conventional platinum CE 
(6.16%). Additionally, the Co3O4@RGO nanohybrids also exhibited a good 
electrochemical stability.

Pan et al. assembled the DSSCs using CNT fiber, core‐sheath CNT/reduced 
graphene oxide nanoribbon (RGONR), CNT/RGO composite fiber, and RGO 
fiber based CE for DSSC applications [77]. They have also compared the pho-
tovoltaic performances of the fabricated DSSCs using two different electrolytes 
of I−/I3

− and T−/T2
−. Among these different CEs, core‐sheath CNT/RGONR 

fiber CE has achieved the highest power conversion efficiency of 5.64% in the 
I−/I3

− electrolyte, whereas the bare CNT fiber CE showed the highest power 
efficiency of 4.78% in the T−/T2

− electrolyte. Roy‐Mayhew et al. fabricated a 
DSSC with functionalized graphene sheets (FGS) as CE and achieved a power 
conversion efficiency of 4.99%, which was comparable to that of a platinum CE 
(5.48 %) [78]. The FGS CE was found to exhibit low RCT value of 0.64 Ωcm2 
when compared with the platinum CE (0.79 Ωcm2). This lower charge‐transfer 
resistance was reported to be useful in achieving the best photovoltaic perfor-
mance of DSSCs. In a similar study, Yang et al. synthesized the Pt–MWCNT 
composite and used it as a CE material to fabricate highly efficient DSSCs [79]. 
These fabricated DSSCs have shown a power conversion efficiency of 8.62%, 
which was much higher than that of a conventional platinum CE (7.56%). This 
increased trend was the significant due to increase in the cell fill factor from 
0.57 to 0.65 after addition of MWCNT to the platinum. Hence, the Pt–
MWCNT composite was established as a useful CE material to enhance the 
photovoltaic performance of the DSSCs.

Joshi et al. assembled a DSSC using a nickel incorporated carbon nanotube/
nanofiber composite (Ni‐CNT‐CNF) as a low cost platinum‐free CE to reduced 
the cost of the DSSC [80]. The DSSC based on the Ni‐CNT‐CNF composite 
CE showed a power conversion efficiency of 7.96%, which was comparable 
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with the platinum CE (8.32%). Wu et al. introduce nine kinds of carbon mate-
rial, such as well‐ordered mesoporous carbon (Com), activated carbon (Ca), 
carbon black (Cb), conductive carbon (Cc), carbon dye (Cd), carbon fiber (Cf), 
carbon nanotube (Cn), discarded toner of a printer (Cp), and fullerene (C60), as 
CE materials towards triiodide reduction in the DSSCs system [81]. The SEM 
images of all the nine kinds of carbon materials are shown in the Figure 7.10. 
They have compared the electrochemical catalytic activity of these carbon 
materials with a standard platinum CE in their study. All these carbon materi-
als were found to possess electrochemical catalytic activity for triiodide reduc-
tion. However, Com was found to exhibit an outstanding electrochemical 
catalytic activity when compared with other CEs and the platinum CE. Also, 
the Cd and Com CE based DSSCs recorded the highest power conversion 
efficiency of 7.5%, which was equal to a platinum CE based DSSC (7.5%). 
Therefore, the results obtained supported that the carbon materials will, hope-
fully, be the substitutes for the expensive platinum for DSSC applications.

The large scale commercial applications of DSSCs will require a lot of plati-
num, which is highly expensive and, moreover, not abundantly available. In 
this regard, carbon materials could be seen as a promising option to replace 
platinum CEs in DSSCs. However, the fundamental disadvantage of pristine 

Figure 7.10  SEM morphological images of various carbon materials such as Ca – activated 
carbon, Cb – carbon black, Cc – conductive carbon, Cd – carbon dye, Cf – carbon fiber, 
Cn – carbon nanotube, Com – mesoporous carbon, Cp – discarded toner of a printer, 
C60 – fullerene [81] Reproduced with permission of the Royal Society of Chemistry.
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Table 7.1  Photovoltaic characteristics of DSSCs using different carbon‐based 
nanostructured CEs.

Sample Voc (V)
Jsc

(mA cm−2) FF H (%) References

SWCNH 0.68 14.48 0.42 4.09 [36]
g‐C3N4/MWCNT 0.72 14.200 0.62 6.34 [37]
PPy/MWCNT 0.74 17.56 0.55 7.15 [38]
NCNT 0.72 14.35 0.71 7.48 [39]
PPy/GCA 0.71 16.54 0.61 7.33 [40]
NiS/Cc 0.76 18.18 0.59 8.15 [41]
P‐GN@CuInS2/C 0.69 17.53 0.59 7.23 [42]
MWCNT‐PANI‐Ni2+ 0.70 14.25 0.60 6.0 [43]
MWCNT‐PANI‐Co2+ 0.69 13.75 0.60 5.75 [43]
Fe2O3/CB 0.66 14.00 0.51 6.10 [44]
Sb3S3@CNP 0.68 14.6 0.67 6.69 [45]
Co3S4/ECs 0.77 16.57 0.72 9.23 [46]
Pt3Ni/CNS 0.76 15.19 0.71 8.34 [47]
Cr‐Pt3Ni/CNS 0.77 15.80 0.72 8.76 [47]
Graphene‐V2O5‐nanobelts 0.79 14.20 0.55 6.17 [50]
N/P‐carbon nanosheet 0.74 14.50 0.63 6.74 [51]
N/S‐graphene 0.74 16.86 0.74 9.40 [52]
CoSe2/C 0.73 18.03 0.67 8.92 [53]
G/CNFs‐Ni 0.84 14.31 0.6 7.14 [54]
N‐C microsphere 0.71 14.40 0.60 6.28 [55]
B‐MWCNT 0.72 17.30 0.63 7.91 [56]
Co‐OMC 0.70 17.98 0.55 7.02 [57]
ECN/TiO2 0.84 13.69 0.63 7.25 [59]
Fe3C@N‐C 0.74 14.97 0.66 7.36 [60]
GMWNT 0.76   5.60 0.70 3.0 [61]
WCNT‐GNP/PEDOT:PSS 0.70 11.35 0.51 4.10 [62]
MoS2–C hybrid 0.75 15.07 0.68 7.69 [64]
HSG 0.77 27.2 0.371 7.80 [65]
aGNPs 0.73 22.54 0.47 7.7 [66]
Graphene 0.7 13.10 0.636 5.87 [67]
Ag/CNT 0.58 26.24 0.382 5.9 [68]

(Continued)
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carbon nanostructures based CEs is that these materials require a large dosage 
to accomplish focused synergistic action. A poor association between the car-
bon film and the substrate largely limits the long‐term utilization of carbon‐
based nanostructures as CEs. In order to overcome these drawbacks, 
composites of carbon‐based nanostructures are advisable, as highlighted in 
this chapter. The carbon composites are made of combining two or more 
materials that could be used as an efficient CE for DSSCs. These carbon‐based 
composite materials were found to show excellent performances compared to 
the conventional platinum CE, as reported in various studies discussed so far. 
The photovoltaic characteristics of DSSCs using various carbon‐based nano-
structured CEs are shown in Table 7.1.

7.4  Conclusions

DSSCs have gained recent research attention because of their capacity to con-
vert sunlight into electricity at a low cost. Platinum is a common CE used in 
most of the DSSC studies, despite issues of costliness and low abundancy 
restricting it to large scale application. This chapter has exclusively discussed 
the use of alternatives to the expensive platinum‐based CE in DSSCs. Also high-
lighted have been the applications of various composites of carbon‐based nano-
structures, such as graphene, carbon nanotubes, carbon nanofibers, activated 
carbon, graphite, and carbon black, for use as platinum‐free CEs towards 
enhanced power conversion efficiency and to meet the cost effectiveness options 

Table 7.1  (Continued)

Sample Voc (V)
Jsc

(mA cm−2) FF H (%) References

PANI/MWCNT 0.55 11.19 0.33 2.07 [69]
CoCr2O4/CNTs 0.75 18.98 0.59 8.40 [70]
Carbon/TiO2 0.70 12.53 0.57 5.5 [71]
HC/TiO2 0.71 4.00 0.622 1.9 [72]
BCNT 0.72 17.3 0.63 7.91 [73]
W2C/MC 0.62 14.19 0.671 5.96 [74]
Carbon black 0.79 16.8 0.685 9.1 [75]
Co3O4@RGO 0.79 11.91 0.615 5.79 [76]
CNT/RGONR fiber 0.713 11.30 0.70 5.64 [77]
Pt–MWCNT 0.750 17.7 0.65 8.62 [79]
Ni‐CNT‐CNF 0.80 15.83 0.63 7.96 [80]
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of the device. While designing a new electrocatalytic material a researcher 
should always remember in choosing materials low cost, eco‐friendliness and 
that it should cover a wide range of applications,. Further, a detailed investiga-
tion should be undertaken to develop novel CEs for DSSCs, as many new 
concepts and design strategies are required in this field.
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8.1  Introduction

Organic solar cells (OSC) based on solution‐processed semiconducting 
polymers have been a hot topic of research since the 1980s [1, 2]. The evolution 
of the OSC devices started from single organic layer [1, 3], bilayer planar 
heterojunction [4] to bulk heterojunction (BHJ) [5, 6] designs. BHJ structure 
has been widely adopted to produce more efficient devices with a record 
efficiency of 10.8% using thieno[3,4‐b]thiophene/benzodithiophene (PTB7), 
[6, 6]‐phenyl C71 butyric acid  methyl ester (PC71BM), and an IR‐absorbing 
diketopyrrolopyrrole based porphyrin small molecule (DPPEZnP‐TEH) [7].

Organic solar cells present several advantages over conventional inorganic 
counterparts: lightweight, flexibility, semi‐transparent, easy color‐tuning, 
positive temperature coefficient, low energy intensive fabrication protocols, 
and sensitivity to low‐light condition [8]. As a result, they can be used in sev-
eral niche applications where it is not possible to use conventional silicon solar 
cells. For instance, their flexible, lightweight, and semi‐transparent nature ena-
bles them to be integrated easily onto a variety of surfaces, such as fabrics, 
mobile electronics, and windows in buildings. Apart from that, organic semi-
conductors, which have variety of colors, are also suitable for aesthetically 
significant applications like building‐integrated photovoltaics (BIPV). 
Furthermore, due to the nature of charge hopping transport in organic semi-
conductors, it has a positive temperature coefficient, i.e. device efficiency 
increases as the surrounding temperature gets higher. Most importantly, they 
also have a superior performance in low‐light (diffused‐light) conditions [9, 10], 
which makes them suitable for indoor power generation. Therefore, without 
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directly competing with conventional silicon solar cells, OSCs can potentially 
fill in the areas where silicon solar cells cannot be used.

Even though OSCs have several advantages over silicon solar cells, they fall 
short on two important factors: the device efficiency and the device lifetime. 
The commercialization of organic solar cells is still largely hampered because 
of these factors. To ensure the feasibility of OSC modules, the costs involving 
manufacture, packaging, installation, and maintenance have to be covered by 
the revenue proportional to its power output. Thus, it is vital for the cell effi-
ciency to exceed 10% before it can be considered commercially viable [11]. 
Tandem architecture could push the potential over 10%, giving an efficiency of 
10.6% using a low bandgap polymer [12]. However, to fully achieve a cost‐
effective OSC, a high‐efficiency single junction device is desired. In 2016, the 
National Renewable Energy Laboratory (NREL) updated the solar cell effi-
ciency chart with a breakthrough efficiency exceeding 11% for organic solar 
cells with morphologically optimized PffBT4T‐C9C13:PC71BM [13–16]. These 
recent improvements in the efficiency value suggest good prospects for OSCs. 
From the industry aspect, a breakthrough in device efficiency of 13.2% was 
announced by Heliatek GmbH in 2016 on multijunction vacuum‐processed 
small molecules based OSCs [17]. Some of the market players who are 
involved  in the production of organic photovoltaics are Heliatek, Sono‐tek, 
and Solarmer [8, 18, 19].

8.2  Research Areas in Organic Solar Cells

The research into OSCs can be classified into three main overlapping areas: (i) 
efficiency; (ii) stability and; (iii) scalability, as shown in Figure 8.1. Each area 
triggers a series of research directions.

Firstly, boosting the efficiency of OSCs towards and surpassing 10% is an 
always‐prevalent challenge. According to the NREL, the efficiency of OSCs has 
grown since 1980s from 0.8 to 11.5% in 2015 [14]. The enhancement of device 
efficiency is achieved primarily by developing novel photoactive layers. A con-
tinuous development of low bandgap conjugated semiconductor materials, 
tailoring of donor‐acceptor morphology, and adopting new device architecture 
are a few of the directions taken by the research community. Achieving the goal 
may also require an alternative design on the device architecture. Tandem 
architecture was adopted to harvest a broader spectrum of sunlight with an 
effectively thicker device and a larger open‐circuit voltage [20]. However, this 
design is limited by the effective short‐circuit current, which is limited by the 
absorber layer with the lower current. Various device optimization and mate-
rial selection options are needed in order for the device to deliver its highest 
capability.
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Secondly, the scalability of the device is important to eventually fabricate 
organic solar cells or solar modules in a large‐scale, roll‐to‐roll, and solution‐
processed way. To do so, the conventional spin coating and thermal evapora-
tion methods on a rigid substrate have to be abandoned, as they give low 
throughput and are incompatible to large area, flexible devices [11, 21]. A con-
tinuous roll‐to‐roll processing method has to be devised for a high throughput 
and large area compatible capability on flexible substrates. However, the imple-
mentation of this method often requires a lot of optimization steps, which 
generally account for the observed lower efficiency [22]. The realization of 
the processability of OSCs is vital to take them one step closer on the road of 
product manufacturing.

Lastly, apart from achieving high efficiency and roll‐to‐roll processability in 
OSCs, device stability must not be overlooked. Søndergaard et al. have pro-
posed a goal of 10‐10 (10% efficiency and 10 years of stability) as the point 
when OSCs transcend from laboratory scale research to industrial scale pro-
duction [21]. This goal is, in the authors’ opinion, extremely important for the 
device practicality because the inherent poor stability of the device severely 
hampers their practical value. The degradation of organic semiconductors in 
oxygen and moisture remains a key point to be addressed by the research com-
munity [23]. These materials degrade rapidly in the presence of oxygen and 
moisture, hindering the energy harvesting capability of the device. Poly(3,4‐
ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) on top of the 
indium‐doped tin oxide (ITO) is highly sensitive to moisture, only capable of 
functioning for one hour without proper encapsulation [24]. Due to the acidity 
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Fully solution-processed
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Stability
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High quality encapsulation
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Figure 8.1  Research areas for organic solar cells.
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of PEDOT:PSS, it will often etch into ITO substrate when wet, causing degraded 
contact [25]. Furthermore, the presence of low work function metals such as 
aluminum, which oxidizes easily in air, as cathode will also cause reduced lon-
gevity of the device lifetime [26]. Thus, to safeguard the stability of the device, 
high‐cost encapsulation techniques are mandatory. Though glass–glass type 
encapsulation results in the best device lifetime, it eliminates the flexible char-
acteristics of an OSC. Research efforts on developing proper device encapsula-
tions have been carried out [27]. However, tackling the problem from the root, 
i.e. ITO etching by PEDOT:PSS and low‐work function aluminum, is a better 
strategy.

To this end, an inverted organic solar cell (IOSC), which “inverts” the 
sequencing of layers, was adopted to address these root causes. The adoption 
of such architecture could effectively contribute to a significant improvement 
in device lifetime [28]. In this chapter, the focus is mainly on the stability aspect 
of the organic solar cells.

Firstly, the fundamentals, advantages, and properties of IOSCs are pre-
sented. A summary of recent developments using various charge transport 
layers will also be outlined. Secondly, two unique inherent issues of IOSC, i.e. 
wettability and light‐soaking issues, are discussed. Thirdly, strategies to over-
come such issues by adopting electron and hole transport layer modifications 
to produce a solution‐processed, light‐soaking free IOSC are illustrated 
by using specific examples. The versatility of such solution‐processed, light‐
soaking free devices using a different photoactive layer, such as low bandgap 
polymer and small molecule based photoactive layers, is presented as well. 
Lastly, the chapter concludes with a brief conclusion and outlook to the future 
of IOSCs.

8.3  An Overview of Inverted Organic Solar Cells

IOSCs are gaining attention from the research community due to their supe-
rior device stability. Since 2006, device efficiency of at least 3% was successfully 
achieved using P3HT:PC61BM [29, 30]. A stable, solution‐processable IOSC on 
a flexible substrate with an efficiency of 3.3% was also achieved [28]. In fact, the 
record high OSC efficiency of 10.8% using PffBT4T‐2OD:TC71BM as photoac-
tive layer has been realized with the inverted architecture [13]. Table 8.1 shows 
a summary of development of inverted organic solar cells with various other 
photoactive layers.

Many results have indeed proven that IOSCs have longer device stability 
than conventional devices [28, 31–35]. Yang et al. reported an inverted bulk 
heterojunction (BHJ) device based on PBDTTT‐C‐T/PC71BM blend with gold 
nanoparticles and nanograting design with an efficiency of 8.8% [36]. Hau et al. 
demonstrated an inverted flexible OSC device using ZnO as an interfacial 



  Table 8.1    Summary of recent development in device efficiency for inverted organic solar cells using various photoactive layer materials. 

ETL Donor   a   Acceptor   a   HTL Metal
 V oc  
 (mV) 

 j sc  
 (mA cm −2 ) 

 FF 
 (%) 

  η  
 (%) Year Ref.    

PFN PTB‐7 PC 71 BM MoO 3 Ag 740 17.2 72 9.2 2012   [40]    
ZnO PTB‐7 PC 71 BM  MoO 3  

 WO 3  
Al  710 

 720 
 13.5 
 14.3 

 67 
 64 

 6.5 
 6.7 

2013   [41]    

Zn‐C 60 PTB7‐Th PC 71 BM MoO 3 Ag 800 15.7 74 9.4 2013   [42]    
ZnO‐CsSt PTB‐7 PC 71 BM MoO 3 Al  730 

 740 
 15.9 
 17.1 

 62 
 69 

 7.0 
 8.7 

2014   [43]    

ZnO PNTz4T  PC 61 BM 
 PC 71 BM 

MoO x Ag  729 
 708 

 18.2 
 19.4 

 74 
 73 

 9.6 
 9.8 

2015   [44]    

ZnO PffBT4T‐2OD TC 71 BM MoO x Al 770 18.8 75 10.8 2015   [13]    
ZnO‐HBPA PffBT4T‐2OD PC 71 BM MoO x Ag 700 15.2 68 7.6 2016   [45]    
ZnO FBT PC 71 BM MoO x Ag 720 19.0   [40]  66 8.9 2017   [46]  

   a  For full chemical names of the photoactive layer materials and solvents, please refer to the respective journals.  
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layer that could retain 80% of the initial device performance after 40 days of 
exposure in air [28]. McGehee et al. reported a PCDTBT polymer based OSC 
with an inverted architecture that shows a shelf life of seven years under encap-
sulation in ambient conditions [37]. Park et al. developed a dynamic annealed 
ZnO electron transport layer with 94% of device efficiency retained after expo-
sure in air for 50 days [38]. Lima et al. have also conducted an outdoor stability 
study of an IOSC with V2O5 as a hole transport layer that is able to retain 80% 
of its initial device efficiency for 900 hours [35]. In fact, preliminary testing of 
a conventional and inverted architecture based on P3HT:PC61BM in air with-
out encapsulation in our laboratory also shows similar enhancements in device 
lifetime (Figure 8.2).

There are two major modifications in the device structure of inverted OSCs: 
(i) “inversion” of the transport layers and (ii) the change of metal with higher 
work function. Firstly, the PEDOT:PSS hole transport layer (HTL) is shifted 
upwards between the photoactive layer and the metal contact. It is found that 
the acidity of PEDOT:PSS upon contact with moisture and oxygen could be the 
major cause for the instability of the cell as it etches the ITO [24, 39]. Thus, 
shifting the PEDOT:PSS layer to the top of the photoactive layer prevents the 
etching of ITO. Instead of low work function metal, an air‐stable high work 
function metal such as silver or gold is used as the metal electrode. As a result, 
the direction of carrier extraction is “inverted” with respect to the conventional 
architecture. The electrons are now extracted at ITO while holes are extracted 
at the metal electrode (Figure 8.3).
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Figure 8.2  Comparison of the lifetime of conventional and inverted P3HT:PC61BM OSC 
under exposure to ambient condition without encapsulation.
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8.3.1  Transport Layers in Inverted Organic Solar Cells

Similar to its noninverted counterpart, IOSCs require electron transport layers 
(ETLs) and hole transport layers (HTLs) for an effective charge extraction. 
Efficient charge extraction would lead to a minimal recombination loss and 
low leakage current. Several n‐type metal oxides, such as TiOx [32, 47], ZnO 
[45, 48] and Cs2CO3 [48, 50], were generally used as ETLs. Materials such as 
poly(3,4‐ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) [31, 
51, 52], p‐type metal oxides [35, 41, 53], and nanoparticles [54] were normally 
used as HTLs. Charge transport layers play an extremely vital role in IOSC 
devices, as they affect the energy alignment between the transport layer 
and photoactive layer interface, tailoring the built‐in field, improving charge 
selectivity, and improving device stability.

8.3.2  PEDOT:PSS Hole Transport Layer

Among the wide range of materials available for the HTL in IOSC, PEDOT:PSS 
is often preferred due to its ease of solution‐processing. This is because a metal 
oxide based HTL is generally deposited by means of thermal evaporation; 
while PEDOT:PSS can be easily deposited by printing or coating methods 
(Table 8.2). As a result, PEDOT:PSS is the main material for the HTL in IOSCs 
used in this work. PEDOT is a conductive polymer that adopts 3,4‐dialkoxy-
thiophene structures. Its conductive nature originates from the polymerization 
of the bicyclic 3,4‐ethylenedioxythiophene (EDOT) and its derivatives. From 
the structure of the polymer, the presence of oxygen atoms adjacent to the 
thiophene ring stabilizes the positively charged EDOT during polymerization. 
As a result, a conductive PEDOT polymer is formed [55]. Due to the inherent 
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Figure 8.3  Schematic representation for (a) conventional OSC cell structure and (b) an inverted 
OSC. Note the direction of charge collections between the two types of devices.



  Table 8.2     IOSC  device performance with various hole transport layer materials and deposition methods. 

Photoactive 
material

 HTL 
 (formulation) 

Additives (for 
PEDOT:PSS only)

HTL deposition 
method

 Film thickness 
 (nm) 

  η  
 (%) Year Ref.    

P3HT:PC 61 BM  PEDOT:PSS 
 (CPP 105 D) 

Dynol Spin coat 250 1.4 2005   [56]    

P3HT:PC 61 BM  PEDOT:PSS 
 (unspecified) 

Triton X‐100 Spin coat  40 4.0 2010   [57]    

P3HT:PC 61 BM PEDOT:PSS 
(Clevios PH)

Isopropanol Doctor blade 120 2.4 2011   [58]    

P3HT:PC 61 BM  PEDOT:PSS 
 (PVP AI 4083) 

Unspecified 
surfactant

Spin coat  50 3.0 2011   [59]    

P3HT:PC 61 BM PEDOT:PSS 
(PVP AI 4083)

Not reported Spin coat  30 3.6 2011   [60]    

P3HT:PC 61 BM VO x n/a Spin coat  25 3.9 2011   [60]    
P3HT:PC 71 BM MoO x n/a Thermal 

evaporation
 2 4.0 2011   [50]    

P3HT:PC 61 BM PEDOT:PSS 
(PVP AI 4083)

Capstone FS‐31 Spin coat  80 3.1 2012   [30]    

P3HT:PC 61 BM PEDOT:PSS Surfynol 104 PA Spin coat  40 4.0 2013   [61]    
PTB7:PC 71 BM MoO x n/a Thermal 

evaporation
 10 6.5 2013   [41]    

PTB7:PC 71 BM WO x n/a Thermal 
evaporation

 5 6.7 2013   [41]    

P3HT:PC 61 BM CoO x n/a Thermal 
evaporation

 10 2.7 2015   [62]    

P3HT:PC 61 BM ITO 
nanoparticle

n/a Spin coat  16 3.0 2016   [54]  
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chemical structure and the hydrophilicity of the material, PEDOT:PSS is 
intrinsically an acidic and hygroscopic compound. Typical conductivity of 
PEDOT is in the range of 500 S cm−1. However, such high conductivity is not 
suitable for hole transport action because large lateral conductivity will occur, 
leading to unwanted device interconnections. When coupled with PSS at vari-
ous ratios, its conductivity can be tuned to as low as 10−3 S cm−1 [55]. 
PEDOT:PSS with a lower conductivity (Clevios™ P VP AI 4083) is normally 
used as the hole transport layer for organic solar cells.

8.3.3  Titanium Oxide Electron Transport Layer

In IOSCs, the electron transport layer (ETL) aids the device in transporting the 
dissociated electrons to the electron‐collecting contacts, i.e. ITO. Table  8.3 
shows a summary the efficiencies of IOSC devices fabricated with various elec-
tron transport layer materials. P3HT:PC61BMIOSC based on ZnO as electron 
transport layer could achieve a device efficiency of 3.6% with proper annealing 
control [63] and even 4.2% using atomic layer deposition (ALD) [64]. In fact, 
SnO2 and Nb2O5 were also reported to be a decent electron transport layer in 
IOSCs [65, 66]. Devices based on solution‐processed TiOx as electron trans-
port layer could also achieve an efficiency of 3.7% by using sol‐gel spin coating 
and chemical bath deposition [67, 68]. In this work, TiOx is used as the ETL in 
IOSC devices because of its transparent, high mobility, and stable properties. 
Apart from these attributes, a thickness of ~100 nm can also serve as a UV 
protective layer for the device to improve the device lifetime [51].

There are various methods in which these metal oxide ETLs can be depos-
ited onto transparent conducting substrates (TCOs) for IOSC applications, a 
few of which are spin coating, chemical vapor deposition (CVD), atomic layer 
deposition (ALD), doctor blading (DB), spray pyrolysis, and chemical bath 
deposition (CBD) (Table 8.3). ALD and CVD techniques require vacuum con-
ditions and high temperature environments that could deteriorate the quality 
of the substrates and also incur high manufacturing cost. Spin coating and 
spray pyrolysis are difficult to manufacture when the OSC expands into a larger 
area. CBD seems to be the most suitable coating method among all because it 
is a facile, scalable, low temperature, solution processed, and low‐cost aqueous 
deposition method. A comprehensive overview on the theory and develop-
ment of chemical bath deposition has been reported by Lokhande [69]. This 
method has been used to deposit thin film metal oxides on various conducting 
or nonconducting substrates (Table 8.4).

Oxide thin films can be deposited by immersing a substrate into a chemical 
bath at ambient conditions, without being subjected to a harsh deposition 
environment [69]. A straightforward thickness control in the range of 20 nm to 
several microns under a low temperature, solution processed, and facile set‐up 
can be relatively easily realized by this method [68, 70, 71]. Chemical bath 



  Table 8.3     IOSC  device performance with various metal oxides and coating methods. 

ETL Precursor solutions
Coating 
technique

Heat 
treatment 
(°C)

 Thickness 
 (nm) 

  η  
 (%) Photoactive layer Year Ref.    

ZnO Diethyl zinc ALD   *   45 36 3.8 P3HT:PC 61 BM 2010   [64]    
TiO 2 Titanium oxysulfate 

(TiOSO 4 )
CBD   *    In situ 20 3.8 P3HT:bis‐PC 61 BM 2010   [68]    

 ZnO 
 (AZO) 

 Zinc acetate 
 Aluminium hydroxide 
acetate 

Doctor blade 260 100 2.4 P3HT:PC 61 BM 2011   [58]    

TiO x TiCl 4 Doctor blade — 38 2.6 P3HT:PC 61 BM 2011   [80]    
Nb 2 O 5 Niobium ethoxide Spin coat 450 10 2.7 P3HT:PC 61 BM 2011   [66]    
Cs 2 CO 3 Commercial powder Spin coat 150 n/a 4.0 P3HT:PC 61 BM 2011   [50]    
TiO x Titanium (IV) 

isopropoxide (TTIP)
Spin coat 180 130 2.9 P3HT:PC 61 BM 2012   [30]    

ZnO Zinc acetate Spray 
Pyrolysis

n/a 350 3.2 P3HT:PC 61 BM 2013   [81]    

ZnO (Zn(OH) 2 (NH 3 ) x ) Spin coat 150 10 3.6 P3HT:PC 61 BM 2013   [63]    
TiO 2  Titanium (IV) 

isopropoxide (TTIP) 
 Ti metal foil 

 Spin coat 
 Sputtering 

 460 
 200 

 50 
 40 

 3.7 
 2.9 

P3HT:PC 61 BM 2013   [67]    

TiO 2 ‐
Au NPs

TiO 2  nanoparticles Spin coat 150 20 8.7 PTB7:PC 71 BM 2013   [82]    

TiO x /
PEI

Ti metal plate Magnetron 
Sputtering

No 
anneal

82 8.7 PTB7:PC 71 BM 2014   [83]    



ETL Precursor solutions
Coating 
technique

Heat 
treatment 
(°C)

 Thickness 
 (nm) 

  η  
 (%) Photoactive layer Year Ref.    

SnO x Tetrakis(dimethylamino)
tin(IV) (TDMASn)

ALD 80 60 5.7 PCDTBT:PC 61 BM 2015   [84]    

F‐TiO x  Ammonium 
hexafluorotitanate 
 Boric acid 

CBD 180 80 7 PTB7:PC 71 BM 2015   [33]    

ZnO‐
HBPA

 Zinc acetate 
 Hyperbranched 
poly(amino acid) 

Spin coat 100 50 7.6 PffBT4T–
2OD:PC 71 BM

2016   [45]    

Al‐
ZnO

ZnO nanoparticles Spin coat 70 10 7.9 PTB7:PC 71 BM 2016   [85]    

TiO 2 ‐
TOPD

TiO2/TIPD dispersion Spin coat 155 20 10.2 PTB7‐Th:PC 71 BM 2017   [86]    

F‐TiO x  Ammonium 
hexafluorotitanate 
 Boric acid 

CBD 180 80 3.0 SMDPPEH:PC 61 BM 2016   [34]  

   *  CBD: Chemical Bath Deposition; ALD: Atomic Layer Deposition  
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deposited titanium oxide (CBD‐TiOx) thin films on transparent conducting 
oxide (TCO) substrates have been widely studied [70–72]. In solar cell applica-
tions, the CBD technique has been used to fabricate well‐controlled TiOx layers 
[68, 73].

8.4  Issues in Inverted Organic Solar Cells 
and Respective Solutions

Although an IOSC provides an excellent way to tackle the poor device stability 
in organic solar cells, it is not yet completely feasible to be used in large‐scale 
manufacturing and practical energy harvesting applications. The main source 
of the problem stems from the charge transport layers in the device. The con-
figuration and material used for the charge transport layers give rise to two 
serious issues: (i) the wettability issue of the PEDOT:PSS hole transport layer 
on photoactive layers and (ii) the light‐soaking issue due to the use of metal 

Table 8.4  List of chemical bath deposited oxide films on various substrates.

Precursor(s)
Deposition 
rate (nm/h) Substrate

Bath 
temperature 
(°C) Year Ref.

SnO2 SnCl2 · 5H2O
HCl

9 SiO2 80 2000 [74]

SnO2 SnCl2 · 2H2O
KNO3

4 Glass 60 2002 [75]

ZnO Zn(NO3)2 
(CH3)2NH · BH3

800 SiO2 60 2006 [76]

TiO2 (NH4)2TiF6

H3BO3

100 FTO 50 2008 [70]

TiOx TiCl3 470 FTO 80 2008 [71]
ZnO Zn(NO3)2

Na3C6H5O7

1200 Glass 50 2008 [77]

TiOx TiOSO4

H2O2

200 FTO 80 2010 [68]

F‐TiOx (NH4)2TiF6

H3BO3

43 ITO 40 2011 [78]

SnOx SnCl2 · 5H2O 300 Glass 55 2012 [79]
F‐TiOx (NH4)2TiF6

H3BO3

50 ITO 40 2014 [32]
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oxide electron transport layer. In this section, these issues are discussed fur-
ther, with the proposal for modifications of these transport layers to overcome 
the inherent difficulties associated with them.

8.4.1  Wettability Issue of PEDOT:PSS in Inverted Organic Solar Cells

Coating of the PEDOT:PSS onto the photoactive layer remains to a serious 
technical challenge in in the fabrication of these devices. The hydrophobic 
nature of the underlying photoactive layer (such as P3HT:PC61BM) produces 
high surface tension upon contact with hydrophilic PEDOT:PSS, causing a 
serious wettability issue. Without the aid of additives, PEDOT:PSS can hardly 
be coated onto the photoactive layer. Upon contact, PEDOT:PSS solution 
would form a high surface angle on the photoactive layer surface (Figure 8.4, 
left). Consequently, this will lead to poor film morphology and inferior device 
performance. Removal of PEDOT:PSS as a hole transport layer (HTL) is 
not an option to resolve this issue, as this will render the photoactive layer 
susceptible to oxygen and moisture, causing detrimental effects to the device 
performance. Furthermore, the absence of HTL will also result in poor device 
performance.[87] Replacement of PEDOT:PSS with other p‐type oxides is 
undesired because that would make the device incompatible for solution‐
processing (Table 1.2). Therefore, use of additives is necessary to circumvent 
this wettability issue.

To lower the surface energy of PEDOT:PSS, a nonionic additive should be 
used. On one hand, anionic additives such as sodium dodecyl sulfate (SDS) 
could significantly enhance the conductivity by substituting PSS anion by the 
anions [88]. High conductivity PEDOT:PSS is not a suitable HTL, as it will 
cause undesired lateral device connections. On the other hand, cationic addi-
tives would neutralize the PSS anion by forming a stable complex that could 
affect the morphology of the PEDOT:PSS film. The addition of nonionic 
surfactant neither alters its conductivity significantly, nor affects its morphol-
ogy to an undesired state. As a result, nonionic additives are generally used to 
modify the wettability of PEDOT:PSS [56, 57, 89].

In Table  8.2, an overview of the additives that are commonly added into 
PEDOT:PSS before coating onto the photoactive layer is presented. Isopropyl 
alcohol (IPA) is the most commonly used additive for PEDOT:PSS to reduce 

PEDOT:PSS

P3HT:PCBM P3HT:PCBM P3HT:PCBM

Hydrophilic

Hydrophobic

UV ozone treatment
PEDOT:PSS+Surfactant

Figure 8.4  Schematic showing the necessity of UV ozone treatment on photoactive layers 
prior to coating PEDOT:PSS with conventional surfactant modification.



Rational Design of Solar Cells for Efficient Solar Energy Conversion234

the surface energy [58]. Other alternatives such as Dynol [56], Triton X‐100 
[57], and Zonyl FS‐300 [89] were also used previously. The use of fluorosur-
factants such as Zonyl FS‐300 is more beneficial than the use of hydrocarbon‐
based surfactants (Triton X‐100) in reducing the surface tension between the 
two organic layers. This is attributed to the lipophobic nature of the C–F tail, 
which tends to concentrate at the liquid–air interface, contrary to the lipo-
philic C–H tail that concentrates in condensed phase interfaces [90]. In the 
fabrication of inverted OSCs, Zonyl FS‐300 is often used together with IPA 
because Zonyl FS‐300 or IPA alone is insufficient for PEDOT:PSS to lie within 
the wetting envelope of P3HT:PC61BM [22]. An undesirable and detrimental 
UV ozone surface treatment of the photoactive layer prior to PEDOT:PSS coat-
ing is often required to increase its surface energy (Figure  8.4).Therefore, a 
study to investigate an alternative additive to PEDOT:PSS to resolve the wet-
tability issue for inverted organic solar cells would be a valuable contribution.

8.4.2  Light‐soaking Issue of TiOx‐based Inverted Organic Solar Cells

Apart from the wettability issue, there is another inherent issue in IOSCs, i.e. the 
necessity of a mandatory “light‐soaking” treatment. Generally, an IOSC device 
requires continuous exposure to light in order to active its full potential [91]. 
This phenomenon is observed especially in IOSCs with n‐type metal oxides 
(TiOx, ZnO) as the ETL. The as‐prepared IOSC would show S‐shaped J‐V char-
acteristics with a low short circuit current and a low fill factor during the initial 
illumination [91–95]. After prolonged illumination, the device efficiency gradu-
ally improves and saturates at its highest value. A typical device with TiOx as an 
electron transport layer requires approximately 10 minutes under AM 1.5G 
illumination to reach its maximum efficiency [32] A light‐soaking time of 
10  minutes was needed when Al‐doped ZnO (AZO) is used as the electron 
transport layer [95]. The light‐soaking behavior in an IOSC seems to originate 
from the filling of the oxygen and moisture induced trap sites in the metal oxide 
by photoelectrons generated by the UV component (λ ≤ 400 nm) under AM 
1.5G illumination (1000 W m−2) [91, 96]. Such trap‐filling action consequently 
lowers the work function of the ETL and improves its electron selectivity [97].

The severity of the light‐soaking effect lies in its reversible property [98–
100]. As a result, the device must be newly activated at each light–dark cycle 
(every morning when used for outdoor applications) before it can function at 
full capacity. To roughly estimate the light‐soaking time required to fully acti-
vate an IOSC device in outdoor applications, the following assumptions were 
made: (i) the device was illuminated under a sunny day in Singapore; (ii) 100% 
conversion of photons to electrons in solar cells; (iii) irradiance intensity is 
proportional to the photon density, and proportional to the light‐soaking time, 
i.e. intensity ∝ photon density ∝ electron density ∝ light‐soaking time; (iv) 
identical irradiance wavelength spectrum between indoor and outdoor light 
sources; (v) devices with the same device area were used. If a typical IOSC 
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device requires 10 minutes to complete its light‐soaking treatment under a 
solar simulator (AM 1.5G, 1000 W m−2), a light‐soaking of at least an hour is 
required under the sun every morning (Figure 8.5). This requirement greatly 
hinders the practicality of the device, especially in outdoor applications. 
Therefore, it is mandatory to address this issue by significantly reducing the 
light‐soaking time in inverted organic solar cells.

8.5  Overcoming the Wettability Issue and Light‐soaking 
Issue in Inverted Organic Solar Cells

8.5.1  Fluorosurfactant‐modified PEDOT:PSS as Hole Transport Layer

Lim et al. have adopted a type of nonionic fluorosurfactant: Capstone® Dupont™ 
FS‐31 (herein referred to as CFS‐31) as a substitute to common additives such 
as Zonyl FS‐300 in the fabrication of IOSC. CFS‐31 is capable of providing 

1000

(c)

(a)

(b)
Outdoor light soaking (in the morning)

Solar irradiance in singapore during a sunny day

Indoor light soaking (AM1.5G)

Light soaking completes
in 10 minutes

= 1000 ×

= 166.7 (W  h m–2)

10

60

Intensity = 200t

Intensity = 200t

Area = 166.7Intensity × t = Area

t2= 1.67

t = 1.3 (h)

(200t 2) = 166.7
1

2

800

600

400

200

0
00 2 4 6 8 10

0
0

250

500

750

1000

2 4 6 8 10 12

Time (hours in a day)

In
te

ns
ity

 (
W

 m
–2

)

14 16 18 20 22 24

Time (hours)Time (mins)

In
te

ns
ity

 (
W

 m
–2

)

1000

1200

800

600

400

200

0

In
te

ns
ity

 (
W

 m
–2

)

t
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remarkably low surface tension (~15 mN/m) compared to Zonyl FS‐300 
(~23 mN/m) in aqueous or solvent‐based products (ideal for PEDOT:PSS) that 
could enable better wetting. The use of this fluorosurfactant is capable of 
resolving the wettability issue while retaining the device efficiency [30]. 
Through the improvement of surface wettability, this work aims to highlight 
that the presence of CFS‐31 (i) improves the device performance of solution‐
processed IOSCs; (ii) enables proper PEDOT:PSS coating onto P3HT:PC61BM 
without additional surface treatments; (iii) provides invariant optimal device 
parameters, such as thickness of TiOx ETL; and (iv) forms better energy align-
ment that results in an stable device performance for at least 1000 hours when 
exposed to the ambient atmosphere.

The unique feature of CFS‐31 is that it provides an optimal region between 
4–8 v/v% (CFS‐31 to PEDOT:PSS ratio), as shown in Figure 8.6, which greatly 
simplifies the fabrication process. Studies have shown that when the surfactant 
is at its optimal concentration region (4–8 v/v%), the device has its most opti-
mal PEDOT conduction pathway, resulting in a device with low defects, high 
uniformity (shown in high fill factor near predicted theoretical maximum of 
P3HT:PCBM devices [101]), better charge carrier transport with minimal 
bimolecular and interfacial recombination (shown by high jsc), and good ohmic 
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contact (shown by a Voc value close to the LUMO offset of P3HT [102]). When 
such an HTL is used in P3HT:PC61BM‐based IOSC at the optimal range, the 
device could achieve 3.1%, significantly better compared to other conventional 
surfactants (Table 8.5).

As shown in Figure 8.7, there is a strong correlation between the surfactant 
concentration and the electrical properties of the device. In the absence of sur-
factant, almost no PEDOT:PSS was coated on P3HT:PC61BM and, as a conse-
quence, a high barrier between the HOMO of P3HT and silver is formed. This 
results in a large leakage current (RshA = 0.15 kΩ⋅cm2) and large series resist-
ance (rsA = 42.8 Ω⋅cm2) (the device active area is 0.09 cm2). A thick and nonu-
niform PEDOT:PSS layer was formed in a low surfactant concentration regime 
(0.5–1 v/v%); this has direct influence on the series resistance of the device. As 
evidenced in Figure  8.7b, there is an increase in the series resistance of the 
device in this regime and also a large leakage current (low shunt resistance, 
RshA = 0.11 kΩ⋅cm2). This high leakage current is due to the huge number of 
defects present in the film. Furthermore, the inferior PEDOT:PSS film forma-
tion on P3HT:PC61BM caused by poor adhesion is an issue for lateral conduc-
tion (rsA = 54.5 Ω⋅cm2). When the surfactant concentration increases beyond 
1.0 v/v%, a sharp increase in the shunt resistance and a decrease in series resist-
ance were observed. The PEDOT:PSS film slowly becomes more uniform and 
less defective as the surfactant concentration increases, giving rise to high 
shunt resistance, which stabilizes at around 1–1.4 kΩ⋅cm2. Correspondingly, 
the series resistance also decreases from 69.8 to 12.6 Ω⋅cm2. The series resist-
ance indeed increases slowly when the concentration of the surfactant increases 
beyond 5.5 v/v% and this leads to a decrease in the Jsc and fill factor of the 
device. This phenomenon can be explained with occurrence of more phase 
segregation at PEDOT:PSS due to blockage of conduction pathways by the sur-
factant molecules (Figure 8.7viii). The blocking effect is especially evident in a 
device with 15 v/v% surfactant concentration by the formation of maze‐like 
networks that are formed on the PEDOT:PSS film; the cause for the reduced 
device performance is still attributed predominantly to the reduction in Jsc.

Table 8.5  Device performance of inverted organic solar cells with device architecture ITO/ 
TiOx/P3HT:PC61BM/(PEDOT:PSS + additives)/Ag using various types of additives at TiOx 
thickness of about 100 nm.

PEDOT:PSS
formulation

Voc

(mV)
jsc

(mA cm−2)
FF
(%)

η
(%) Reference

PEDOT:PSS + IPA 580 6.3 55 2.1 [50]
PEDOT:PSS + Zonyl 
FS300

560 7.9 48 2.2 [22]

PEDOT:PSS + CFS‐31 610 7.8 65 3.1 [30]
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The addition of the new surfactant into PEDOT:PSS shows no detrimental 
effects on the stability of the inverted device (Figure 8.8). The device has supe-
rior stability over nonencapsulated noninverted devices, which degraded to 
50% of their initial value less than three hours after exposure to air (Figure 8.8, 
inset). The device was able to retain almost 75% of its initial device perfor-
mance even after 400 hours when exposed to ambient air without encapsula-
tion. This reveals that the Capstone® FS‐31 has no detrimental effect to the 
photoactive layer. The observed degradation of the device efficiency is caused 
mainly by the continual decrease in Jsc. This is attributed to the change in both 
chemical and physical morphology of the active layer components of the 
device [103].

A new type of fluorosurfactant for PEDOT:PSS, Capstone® Dupont™ FS‐31 
(CFS‐31), was used as an alternative for conventional additives in IOSCs to 
overcome the fabrication issue. Smooth and uniform films that lie within the 
wetting envelope of P3HT:PC61BM were achieved by CFS‐31 alone without the 
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need of detrimental UV ozone treatment on P3HT:PC61BM prior to coating. 
Furthermore, addition of CFS‐31 to PEDOT:PSS exhibits no detrimental effect 
on the device hole transport behavior. This work has demonstrated that solu-
tion‐processed IOSCs using a CFS‐31 modified PEDOT:PSS hole transport 
layer exhibit an efficiency up to 3.1%, higher than that of the existing additives 
reported previously. At least 75% of the initial performance was preserved after 
a 400‐hour exposure in air without encapsulation. All these attributes of 
CFS‐31 highlight its advantages over many other additives. In conclusion, the 
Capstone® Dupont™ FS‐31 seems to be a good candidate for overcoming the 
wettability issues encountered in the fabrication of solution‐processed inverted 
organic photovoltaic devices.

8.5.2  Fluorinated Titanium Oxide as Electron Transport Layer

Impurity‐modified metal oxides have been adopted by various groups to address 
the light‐soaking issue. Strontium and barium doped ZnO and aluminum 
doped ZnO onto TiOx (AZO‐TiOx) were already used as ETLs to address this 
issue in IOSCs [93, 97]. Kim et al. have also reported a nitrogen‐doped TiOx 
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Rational Design of Solar Cells for Efficient Solar Energy Conversion240

electron transport layer to reduce the light‐soaking time in a PTB7‐th:PC70BM 
IOSC [104]. Therefore, in this work, fluorinated titanium oxide (F‐TiOx), depos-
ited by solution‐processed chemical bath deposition (CBD), was proposed as a 
functionalized ETL in IOSCs to address this issue. This material has been 
applied extensively in various applications, such as electrochromic [78], anti-
corrosion of metal [105], photocatalytic applications [106], and solar cells [107].
The presence of fluorine in TiOx could significantly reduce its dangling bonds 
by passivation [78]. In CdS and CdSe quantum dot solar cells (QDSCs), F‐TiOx 
was used to enhance the cell efficiency [108]. Based on the passivation property 
of fluorine in TiOx, it can be used to reduce the trap states to accelerate the 
trap‐filling action during the light‐soaking. As discussed in Section 8.3.3, chem-
ical bath deposition (CBD) is a routinely employed coating technique to fabri-
cate metal oxide thin films [79, 108]. Most importantly, fluorine in TiOx can be 
incorporated intrinsically by CBD onto TCO substrates [78, 105]. In this section, 
a brief overview of a specific example adopting a F‐TiOx electron transport layer 
in an inverted organic solar cell is discussed.

Thin (80 nm) F‐TiOxETL, deposited on tin‐doped indium oxide (ITO) via 
chemical bath deposition using the hydrolysis reaction of ammonium hex-
afluorotitanate and boric acid, was shown to significantly reduce the device 
light‐soaking time almost tenfold compared to a conventional sol‐gel coated 
TiOx ETL, without affecting the device efficiency of 3% in P3HT:PC61BM 
device [32]. However, a significant difference in the light‐soaking behavior was 
observed between these two devices, as shown in Figure 8.9. Figures 8.9a and 
8.9b show the J‐V characteristics for sol‐gel TiOx and F‐TiOx based IOSC 
devices, respectively, under AM 1.5G conditions (light‐soaking treatments). 
S‐shape characteristics, a typical phenomenon that occurs due to suppression 
of electron transport in TiOx [109], were observed at the initial stage of illumi-
nation. However, the F‐TiOx device reaches its saturated efficiency (50 s) much 
faster compared than the sol‐gel TiOx device (350 s).

Furthermore, F‐TiOx was reported to be sufficiently versatile to be inte-
grated into various photoactive layer material combinations, including 
polymers, low bandgap polymers, and small molecules. Figures 8.9c and 8.9d 
show the time evolution of the device efficiencies using P3HT:PC61BM, 
PTB‐7:PC71BM and SMDPPEH:PC61BM under AM 1.5G illumination in a N2 
atmosphere. Sol‐gel TiOx based devices require approximately 5–8 minutes 
for the efficiency to saturate. For F‐TiOx, the efficiency saturates after approx-
imately 30–60 seconds of illumination (Table 8.6). It is noteworthy that such 
light‐soaking duration under indoor laboratory conditions would mean at 
least one hour of light‐soaking at outdoor conditions every morning (see 
Section  8.4.2), a reduction from eight minutes to 30 seconds means saving 
75% of activation time in actual outdoor operation. Thus, F‐TiOx ETL IOSCs 
allow a more light‐soaking free device to be potentially implemented on a 
commercial scale.
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The symbols represent experimental data while the solid lines are fitted data. The figures 
were extracted from [32] and [34].

Table 8.6  Summary of light‐soaking time (τsoak) of P3HT:PC61BM, PTB‐7:PC71BM 
and SMDPPEH:PC61BM IOSC using (a) sol‐gel TiOx and (b) F‐TiOx as electron 
transport layer.

Photoactive layer

τsoak
(a) (s)

Referencesol‐gel TiOx F‐TiOx

P3HT:PC61BM 434 34 [32]
PTB‐7:PC71BM 326 56 [33]
SMDPPEH:PC61BM 491 57 [34]

a)  Light‐soaking time: time required to reach 95% of maximum efficiency.
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Several reports have suggested that the light‐soaking behavior of an IOSC 
device with metal oxide ETL originates from at least two different perspec-
tives. Firstly, the light‐soaking originates from the filling of trap states, which 
decreases the work function of the ETL and enables electron extraction 
through the ITO/metal oxide interface [91]. Secondly, the induced interface 
dipole between the metal oxide/organic interface may also determine the for-
mation of an extraction barrier for the dissociated excitons in the device [97]. 
Thus, a light‐soaking experiment with various ETL configurations of sol‐gel, 
TiOx (80 nm), F‐TiOx(80 nm), bilayer sol‐gel TiOx (40 nm)/F‐TiOx (40 nm), and 
F‐TiOx (40 nm)/sol‐gel TiOx (40 nm), was conducted to investigate which 
interface contributes to the light‐soaking behavior. The device architectures 
are depicted in Figure 8.10. The results in Figure 8.11 show that the F‐TiOx 
based device has the shortest light‐soaking time (about 30 s), followed by 
the sol‐gel TiOx/F‐TiOx (about 150 s), F‐TiOx/sol‐gelTiOx (about 170 s), and 
sol‐gel TiOx (about 450 s). This observation suggests that both ITO/TiOx and 
TiOx/organic interfaces contribute to the light‐soaking behavior, as seen from 
the intermediate timings compared to pure sol‐gel TiOx. In this chapter, the 
focus is on the effect of trap‐filling at the ITO/metal oxide interface on the 
light‐soaking behavior.

The necessity of light‐soaking seems to originate from the active unfilled 
electron traps caused by dangling bonds [84, 91, 93, 97]. These dangling bonds 
are susceptible to the adsorption of oxygen in air and form active trap sites, 
which could be removed by UV photons [96]. Ultraviolet photoelectron 
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Figure 8.10  Schematic showing various combinations of TiOx used for studying the 
contribution of different interfaces to the light‐soaking effect.
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spectroscopy (UPS) and UV photoconductivity measurements show that F‐
TiOx has a lower work function compared to sol‐gel TiOx, primarily due to 
lower trap state density caused by passivation of fluorine onto TiOx dangling 
bonds (Figures 8.12a and 8.12b). As a result, it accelerates the trap filling action 
to desorb the oxygen atoms on the F‐TiOx surface (Figure 8.12c) [32, 96].

Combining the findings of the UPS spectra and the UV photoconductivity 
response, an explanation for the improvement in the light‐soaking charac-
teristics of the device with F‐TiOx electron transport layer from the perspec-
tive of ITO/TiOx interface is suggested. Figure  8.12d shows the resulting 
energy level diagrams of the interface for sol‐gel TiOx and F‐TiOx before 
light‐soaking. In sol‐gel TiOx, due to the lower ΔEvac (0.4 eV) and higher 
work function (4.5 eV), the Fermi level (EF) is further away from the conduc-
tion band. Since there are more trap states existing in sol‐gel TiOx, the shift 
of EF suggests the material has a lower overall carrier concentration due to 
these unfilled trap states. This phenomenon would influence its barrier 
width at ITO/TiOx interface, causing a longer Debye length (LD), thus form-
ing a larger barrier width between ITO and sol‐gel TiOx (Figure 8.12d). In 
F‐TiOx, due to the higher ΔEvac (0.5 eV) and the lower work function (4.4 eV), 
EF now shifts closer to the conduction band compared to sol‐gel TiOx. Since 
the trap state density of F‐TiOx is lower than sol‐gel TiOx, the shift of EF sug-
gests an increase in overall carrier concentration, due to partial filling of the 
electron trap sites by fluorine atoms in the TiOx. The increased carrier 

1.0

35s 153s 169s 450s

0.8

0.6

0.4

0.2

0.0
0 200 400 600

ITO/Tiox

ITO/F-Tiox

ITO/Tiox/F-Tiox

ITO/F-Tiox/Tiox

N
or

m
al

ai
ze

d 
η

800 1000

Exposure time (s)

Figure 8.11  Light‐soaking control experiment of fresh inverted organic solar cells with 
sol‐gel TiOx (80 nm), F‐TiOx (80 nm), sol‐gel TiOx (40 nm)/F‐TiOx(40 nm), and F‐TiOx(40 nm)/
sol‐gel TiOx (40 nm) as electron transport layers upon AM 1.5G illumination. The symbols 
represent experimental data while the solid lines are fitted data by logistic function. The 
indicated time represents the corresponding light‐soaking time (τsoak) for each sample as 
defined in the main text.



Rational Design of Solar Cells for Efficient Solar Energy Conversion244

3.0 3.5

0.1

0.4

0.45

0.12

(a)

(c)

(d) Before light-soaking

0.4

4.9

Trap
sites Trap sites

partially
filled by F

4.5

ITO ITO ITOsol-gel TiOx sol-gel TiOx
OR

F-TiOx

F-TiOx

3.4 3.4 3.4

4.3

0.6

4.9 4.9

0.5

4.4

After light-soaking

(b)

ITO

ITO

sol-gel TiOx

O2
•– O2

•– O2
•–

O2
•– O2

•–
O2

•–
e–

e– e– e– e– e–

hν hν

e– e– e– e– e– e– e– e– e–

e– e– e– e– e– e–OH OH F F F F F F F F

F-TiOx

sol-gel TiOx

Sol-gel TiOx Sol-gel TiOxF-TiOx F-TiOx

ITO ITO ITO ITO

F-TiOx

4.0 4.5

KE (eV)

In
te

ns
ity

 (
a.

u.
)

J p
ho

to
 n

or
m

.

BE (eV) Time (min)

5.0 5.5 5 4 3 2 1 0 0
0.0

0.2

0.4
UV on

UV off

0.6

0.8

1.0
sol gel TiOx
F-TiOx

1 2 3 4 5 6

τrise= 1 min τrise= 2 mins

Figure 8.12  (a) Ultraviolet photoelectron spectroscopy (UPS) secondary cut‐off spectra of 
ITO, ITO/sol‐gel TiOx, and ITO/F‐TiOx before light‐soaking. (b) Normalized photocurrent of 
sol‐gel TiOx (O at%) /Ag (∎) and F‐TiOx(1.3 F at%)/Ag (•) under UV illumination; the step 
(—) indicates UV light ON/OFF state. (c) A proposed model for trap‐filling phenomenon of 
sol‐gel TiOx and F‐TiOx before and after light‐soaking treatment. (d) Resulting energy band 
diagrams at ITO/TiOx interface before light‐soaking treatment. All values were obtained 
from UPS measurements, the bandgaps were estimated by their respective absorption 
spectra and the arrows at the ITO/TiOx interface represent the resulting barrier width due to 
the Fermi level realignment. The evolution behavior of light‐soaking effect was adopted 
from [91]. The figures were adapted from [32]. Reproduced with permission of Royal Society 
of Chemistry.



Highly Stable Inverted Organic Solar Cells Based on Novel Interfacial Layers 245

concentration will decrease the LD and narrows the barrier width between 
ITO and F‐TiOx (Figure 8.12d). This result also corroborate with a previous 
study that shows a significant increase in carrier concentration of TiO2 after 
doping with fluorine [110]. All these phenomena are observed in the ITO/
TiOx interface before light‐soaking treatment. When the device is illumi-
nated, the ΔEvac of both TiOx and F‐TiOx samples would increase and could 
converge towards a common value after light‐soaking. Given the initial ΔEvac 
value of F‐TiOx (0.5 eV) is nearer to the light‐soaked condition (0.6 eV as 
observed by Kim et al. [91]), the time taken to fully fill the trap sites in F‐TiOx 
is significantly shortened compared to sol‐gel TiOx, as illustrated in 
Figure  8.12d. Hence, such findings provide a possible explanation to the 
significant reduction in the light‐soaking time in F‐TiOx inverted organic 
solar cells.

In summary, the F‐TiOx electron transport layer can be used to fabricate a 
light‐soaking free IOSC without affecting the device efficiency. As illustrated 
in this chapter, it is also versatile enough to be integrated with a wide range of 
photoactive materials, including conjugated polymer (P3HT), low bandgap 
(PTB‐7) polymer, and small molecule systems (SMDPPEH).

8.6  Conclusions and Outlook

In the development of a more stable organic solar cell, inverted organic solar 
cells (IOSCs) are normally adopted. However, two serious issues are often 
encountered while fabricating inverted organic solar cells: the wettability issue 
and the light‐soaking issue. These issues arise from the respective transport 
layers. The hydrophilic PEDOT:PSS hole transport layer cannot be directly 
coated onto the hydrophobic P3HT:PC61BM photoactive layer. The conven-
tional n‐type metal oxide (TiOx) electron transport layer, filled with defective 
trap states, is the cause of the light‐soaking issue in the device. Therefore, the 
strategy of transport layer modification was adopted using unique examples of 
fluorosurfactant‐modified PEDOT:PSS and fluorinated titanium oxide.

In Section  8.5.1, a new type of nonionic fluorosurfactant  –  Capstone® 
Dupont™ FS‐31 – was proposed as an additive for the PEDOT:PSS hole trans-
port layer for IOSC fabrication. This study was conducted with P3HT:PC61BM 
in IOSCs with a CFS‐31 modified PEDOT:PSS hole transport layer. The modi-
fied PEDOT:PSS provided the following attributes: (i) improved device effi-
ciency from 2.1 to 3.1% compared to conventional additives; (ii) uniform 
coating of PEDOT:PSS onto P3HT:PC61BM without additional additives and 
surface treatments; (iii) invariant optimal thickness of TiOx electron transport 
layers; and (iv) a stable device lifetime that could maintain 80% of its initial 
efficiency for 400 hours in ambient atmosphere without encapsulation.
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In Section 8.5.2, a chemical bath deposited fluorinated titanium oxide (F‐TiOx) 
electron transport layer was used to address the light‐soaking issue in IOSCs for 
the first time. This study was conducted by comparing the light‐soaking charac-
teristics of P3HT:PC61BM based IOSCs using conventional sol‐gel TiOx and F‐
TiOx as electron transport layer. Studies on the chemical composition, 
morphology, and band structures have shown that the presence of fluorine in 
TiOx seems to reduce the trap state density in the ETL by partially filling the 
states prior to light‐soaking. The resultant effect greatly shortens the time 
required for trap filling when the device is illuminated. Without affecting the 
device efficiency, the light‐soaking time was reduced significantly compared to 
conventional sol‐gel coated TiOx as electron transport layer. Such an electron 
transport layer has also shown consistent characteristics in a wide range of pho-
toactive layer materials, including low bandgap polymers and small molecules 
(P3HT, PTB‐7, and SMDPPEH). This new device design has the potential to be 
incorporated into both polymer and small molecule systems, which makes it eas-
ily adopted in future high‐efficiency materials. This new device design is believed 
to open up a door of possibility in the development of organic solar cells.

In conclusion, charge transport layer modification is one effective strategy to 
further pave the way to the realization of air‐stable, efficient, and solution‐
processable organic solar cells. In future new material design and modification, 
it is important for researchers to gauge potential through the aspects of effi-
ciency, solution‐processability, and versatility.
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9.1  Introduction

Increasing global warming and extreme weather changes with respect to 
excessive use of fossil fuels and carbon dioxide (CO2) emissions tend to 
concentrate research efforts on renewable energy sources. Numerous impressive 
renewable energy sources are exist, such as wind energy, hydropower, solar 
cells, solar thermal, wave, and tidal power. Among these energy sources, solar 
energy based photovoltaic (PV) technologies are subject to extensive attention 
to fulfill the future energy needs [1–4]. The sun is the main source of energy for 
our planet, providing total radiation of approximately 3 × 1024 J/year. Whereas, 
1.7 × 105 TW energy reaches the earth’s surface, about 600 TW is available for 
practical application and 60 TW could be produced via solar granges, which 
have an efficiency of 10% [5]. These records tend to clear the possibility of 
using PV technology as a solution for the global energy demand [2]. The 
production of electricity from renewable energy sources could be increased 
due to the improvement of renewable energy installed capacity, as shown in 
Figure  9.1. Moreover, India alone set the goal up to 2022 to produce solar 
power. In this respect, India will add 15 and 16 GW of solar power capacity in 
the years 2018 and 2019, respectively (Figure 9.2).

Generally, PV cells are classified into three types: first, second, and third 
generation devices, with respect to their technology. First generation devices 
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are single‐ or multicrystalline silicon‐based solar cells (p‐n junction) for har-
vesting energy and represent about 85% of total market share in PV technology. 
Silicon‐based PV devices achieve around 20% efficiency [6]. However, these 
devices have some drawbacks, such as high fabrication temperatures, high 
cost, they occupy a large space, high purity requirements for silicon crystals, 
and the negative environmental impact of the processing technologies, which 
need be resolved for the large scale commercial production of low cost PV 
devices [7]. Inorganic thin film based solar cells are second generation PV 
devices (roughly 15% market share). Cadmium telluride (CdTe) and copper 
indium (gallium) diselenide (CI(G)S) are mostly used in inorganic thin film 
solar cells. Thin film cell structures mainly include single, double, or multiple 
junctions, i.e. the difference between p‐i‐n junction layers in the device struc-
tures. To improve cell efficiencies, several fabrication processes would be 
involved to achieve uniform thin layers with different bandgaps, which lead to 
increased fabrication cost. Compared with first generation PV devices, second 
generation PV devices are less efficient (about 14%). Numerous experts have 
an eye on the development of thin film devices with improved efficiency and 
reduced fabrication costs [8].

In order to develop low cost PV devices there has been in‐depth research 
over the last few decades. The next (third‐) generation PV devices are receiv-
ing considerably more attention than first and second generation PV devices 
due to their cost‐effective fabrication process, flexibility, and easy‐to‐
optimize device efficiency. Third generation PV devices, such as dye‐
sensitized solar cells (DSSCs), polymer or organic solar cells (OSCs), quantum 
dot solar cells, and hetero junction cells, have not been commercialized so far 
[9, 10]. In this regards, organic solar cells or organic photovoltaic cells (OPV) 
are considered of unique interest for efficient conversion of visible light into 
electricity.

9.2  Organic Photovoltaic Cells

Organic photovoltaic cells deal with conductive organic polymers or small 
organic molecules. They have an ability to convert low energy infrared (IR) or 
high energy ultraviolet (UV) into electricity with respect to the bandgap of the 
light absorbing material (active layer). OPVs have several advantages, such as 
light weight, low cost, flexibility, semitransparency, solution‐processability, 
and they are feasible for large area production at low temperature. In general, 
OPVs materials have a conjugated π bond (alternating single and double bond 
structure), which is formed via sp2‐hybridized carbon atoms. The energy band-
gap for π–π* transitions provides two energy states, the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) for π and π* orbitals, respectively. This energy separation plays a vital 
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role in determining the energy bandgap of corresponding materials (typically, 
organic materials have an energy bandgap of 1–4 eV). Figure  9.3 illustrated 
several organic conducting materials (donor and acceptor) for OPVs.

9.3  Working Principle

The working principle of OPVs is mainly consists of five consecutive steps: (i) 
an electron‐hole pair (exciton) is created by absorption of light radiation; (ii) 
diffusion of the exciton into active interfaces within its lifetime; (iii) separation 
of free charge carriers from the electron‐hole pair; (iv) charge carrier transport 
into the electrodes interface; and (v) charge collections at the respective elec-
trodes, which are illustrated in Figure 9.4.

The absorption of light can stimulate an electron from the HOMO to the 
LUMO level. In organic materials, it is not so easy to produce free charge car-
riers. Therefore, organic semiconducting materials first generate an exciton 
(bound electron‐hole pair), which leads to further diffusion into donor–
acceptor interfaces within its lifetime (in nanoseconds) [11, 12]. Excitons 
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travel for a certain distance before they are recombined through conjugated 
chain segments. This diffusion length is determined by the exciton migration 
as given by:

	 LD D 	 (9.1)

where D is the exciton diffusivity and τ is the natural lifetime of the exciton. 
The exciton diffusion length (LD) is usually much lower than the optical absorp-
tion length of organic materials 1/α [13]. To improve the exciton diffusion 
efficiency, bulk heterojunctions (with a large interfacial area) are generally 
used to shorten the exciton travel distance [14]. Moreover, the low dielectric 
constant of organic material needs excess energy to overcome the coulombic 
attraction for the separation of the exciton (strong binding energy) into free 
charge carriers. This can be overcome using heterojunction materials because 
its potential drop compensates exciton binding energy, allowing for exciton 
separation [15, 16]. Further, the charge carriers (electrons and holes) tend to 
reach the device external contacts via conducing materials. The charge trans-
port efficiency is measured by the material mobility (μ) (defined as the velocity 
of average particle with respect to an electric force per unit electric field (E) 
[17]). In OPVs, a continuous pathway is essential in each conducting material 
to transport the charge carriers to the external contacts. The relationship 
between electric field, mobility, and the charge carrier transport length (Le,h) is 
defined as:

	 L Ee h e h e h, , , 	 (9.2)

where τe,h is the charge carrier lifetime and μe,h is the mobility of charge 
lifetime.
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9.4  Device Architecture

OPV performance not only depends on the electrical properties of the organic 
conducting materials but also on device architecture and the surface morphol-
ogy of the active layer [18]. In general, normal OPV devices are of the sandwich 
type  –  an active layer (conducting polymers) interfaced between two metal 
electrodes; they are classified into four major types: monolayer, planar hetero-
junction, bulk heterojunction, and order bulk heterojunction devices.

9.4.1  Single Layer or Monolayer Device

Monolayer OPVs are made up of single organic conducting polymer (active 
layer) sandwiched between two asymmetric metal electrodes with different 
work functions (Figure 9.5a). The formation of an exciton (absorption of light 
by active layer) tends to split into charge carriers due to the influence of poten-
tial generated by the asymmetric electrodes work function. This further drives 
the electrons and holes into the respective electrodes. Monolayer OPVs 
commonly frail performance is due to poor exciton dissociation.
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Figure 9.5  OPV device architectures: (a) single layer, (b) planar heterojunction, (c) bulk 
heterojunction, and (d) ordered bulk heterojunction.



Solution‐based Printing Technique for Efficient Inverted Organic Solar Cells 261

9.4.2  Planar Heterojunction Device

This type of device uses two different organic conducting materials stacked 
in layers between two different metal electrodes (Figure  9.5b). These two 
organic layers (different electron affinity and ionization energy) significantly 
increase the exciton splitting efficiency compared to that of a single layer 
device. The diffusion length of the exciton is in the order of 10 nm. In the 
OPV device, the organic conducting polymer film thickness required for 
adequate light absorption is several tens of nanometers; this significantly 
diminishes the excitons (electrons and hole) reaching the hetrojunction 
interface before electron‐hole recombination, which severely reduces device 
efficiency.

9.4.3  Bulk Heterojunction Device

This type of device is prepared by blending of donor and acceptor materials in 
a layer of several tens of nanometer uniformly distributed between two differ-
ent electrodes (Figure 9.5c). This allow excitons to readily reach an active layer 
interface within short period of time, resulting in an enhanced power conver-
sion efficiency, over 5% more than the previous type devices. However, inher-
ently random interpenetrating network morphology and the isolation of the 
donor and acceptor type phases lead to poor charge carrier transport and weak 
charge collection efficiency of the respective electrodes due to noncontinuous 
pathways in the bulk heterojunction device.

9.4.4  Ordered Bulk Heterojunction Device

In this device, conducting donor and acceptor materials are interlocked like the 
fingers of two clasped hands on a nanometer scale, while directly contacting 
their corresponding electrodes (Figure 9.5d). This type of architecture severely 
improves the exciton splitting rate because of the massive interfaces within 
close proximity to the diffusion length. Further, it affords a suitable conducting 
pathway for the charge carriers to travel towards the respective electrodes. 
This also has some limitations, such as weak hole mobility, allowing recombi-
nation of electrons because exciton diffusion length in organic conducting 
materials is <20 nm. Therefore, space between the nanostructures should be 
reduced to promote charge separation and also buffer layers (hole or electron 
selecting layer) introduced in between active layers and current collector for 
further enhancement of carrier separation and fast charge transfer to the 
respective electrodes. In this respect, a typical OPV device consists of the fol-
lowing layers: transparent conductive electrode, hole selecting layer, active 
layer, and top contact electrode. The normal architecture of an OPV device is 
shown in Figure 9.6a.
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9.4.5  Inverted Organic Solar Cells

A typical OPV device uses poly(3,4‐ethylenedioxythiophene):poly(styrenesulf
onate) (PEDOT:PSS) as the anodic buffer layer and indium tin oxide (ITO) as 
an anode. The acidic nature of PEDOT:PSS may destroy the bottom ITO layer 
[19, 20]. In addition, the deposition of metal top contact aluminum may pene-
trate into the active layer, resulting in alteration of the physicochemical proper-
ties of the active layers; also, the top contact readily undergoes oxidation in the 
presence of atmospheric air [21, 22]. All these phenomena seriously affect the 
device stability and lifetime. To avoid these issues, buffer layers may be used on 
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Figure 9.6  Schematic illustration of an OPV device: (a) conventional structure and 
(b) inverted structure.
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both sides of the active layers but in reverse manner; this is known as an 
inverted type organic device, as shown in Figure 9.6b.

Inverted organic solar cells significantly improve the device stability and life-
time due to the influence of less air sensitive metals (silver or gold) used as a 
hole collecting electrode and ITO as an electron collecting electrode. In addi-
tion, the metal oxide layers, such as zinc oxide (ZnO), titanium oxide (TiO2,) 
and organic conducting polymer of PEDOT:PSS, introduced act as buffer lay-
ers between the electrodes and active layers. These layers play a vital role in 
reducing or controlling oxygen and metal diffusion into the active layer and 
also prevent the corrosion of the ITO electrode [23–25].

9.5  Fabrication Process

Numerous research groups have reported the solution‐based spin coating, dip 
coating, and nonvacuum printing techniques of screen printing, doctor blad-
ing, ink jet printing, and spray coating for the deposition of the active layer and 
buffer layer in OPV device fabrication [26–29]. These efforts are significantly 
focused on the large‐scale production of organic (active) layers, except for the 
top electrode. The vacuum‐based thermal evaporation method has been 
extensively used for the deposition of metal top electrode [26, 30, 31]. These 
methods face some severe limitations, such as use of complex processes, 
expensive vacuum system, and well‐ordered atmosphere, and may cause ther-
mal destruction to predeposited organic layers [32, 33]. These issues can be 
overcome by introducing solution‐based techniques for top electrode prepara-
tion in an inverted OPV device. But the solution‐based deposition of metal 
nanoparticles is not so easy because of solvent influence on the predeposited 
organic layer [34]. This limitation can be controlled using the advanced print-
ing technique of hybrid electrohydrodynamic atomization (Hybrid‐EHDA).

9.5.1  Hybrid‐EHDA Technique

The Hybrid‐EHDA method is the most auspicious technique for printing (pat-
terns and thin film) of functional materials [35–37]. It affords low cost, high 
processing speed, less material wastage, and printing of a wide area in a very 
short period [36, 38]. The basic principle of this technique is the atomization 
of starting precursors under pneumatic pressure and electric potential, which 
overcome the liquid surface tension and produce surface charged droplets with 
a diameter range from submicron to nanoscale. A random distribution of small 
droplets is deposited on the respective substrate. The main advantage of this 
method is the ability to cover a broad area with the rapid drying of fine droplets 
(in the order of microseconds), resulting in the control of the solvent effect on 
the underlying organic layers. Additionally, printed layers required a very low 



Rational Design of Solar Cells for Efficient Solar Energy Conversion264

temperature for annealing compared with other solution‐based process 
[34,  36]. A schematic illustration of Hybrid‐EHDA technique is shown in 
Figure 9.7. A plastic syringe is filled with precursor solution or ink and the ink 
flow is controlled by a piston pump. The syringe is directly connected to a 
capillary nozzle holder.

A metallic nozzle is fixed at the bottom of nozzle holder for the purpose of 
spraying or atomization. The electric potential is applied between the metallic 
nozzle and the substrate via a high voltage power supply (0–21 kV). The sub-
strate holder is grounded. The applied potential is used to control the spray 
process, with the further influence of the pneumatic pressure (pump pressure 
range 0–5 bar). The substrate and nozzle holder movements are controlled in 
the x‐, y‐ and z‐axes (interfaced with computer software). The overall spray 
process is observed via CCD camera, which is interfaced with PC. In the 
Hybrid‐EHDA technique, the homogeneous spray can be achieved by optimiz-
ing the following parameters [39–42]:

Light source

Metallic nozzle

S
tand of distance

ND: 150 μm (internal dia)

Nozzle moving stage in x–, y–

axis

Power supply (kV)

Pump rate

CCD camera

Pneumatic
P(bar):0~5

Substrate

Stage

Ground

Figure 9.7  Schematic illustration of the Hybrid‐EHDA set‐up.
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1)	 Flow rate.
2)	 Applied potential.
3)	 Pneumatic pressure.
4)	 Stand‐off distance.
5)	 Nozzle diameter.
6)	 Precursor solution or ink properties

9.5.1.1  Flow Rate
Flow rate has an important role in achieving the desired charged droplets of 
ink or precursor solution with constant physicochemical properties. When the 
flow rate increases, the applied potential and pneumatic pressure on the liquid 
need to be increased to achieve an homogeneous spray. At high flow rate, the 
ejection of charged droplets with a larger diameter occurs due to the larger 
droplet diameter and the increase in the kinetic energy of the charged droplets; 
these severely affect the film uniformity. The formation of an homogeneous 
spray with appropriate charged droplets is difficult to achieve at minimum flow 
rate. Therefore, it is very important to use the optimum ink flow rate to achieve 
atomized droplets (charged small size droplets) under controlled applied 
potential and pneumatic pressure in the deposition of functional thin films 
using the Hybrid‐EHDA technique.

9.5.1.2  Applied Potential
The applied potential (electric field) is an essential parameter in the spray 
process. The homogeneous spray is obtained through the influence of applied 
potential at constant flow rate and ink properties. However, the applied poten-
tial has less effect on the spray than the flow rate. The applied potential is 
varied with respect to the flow rate to achieve an homogeneous spray.

9.5.1.3  Pneumatic Pressure
Pneumatic pressure is also an important parameters in the spray process. 
Generally, with water‐based precursor solution or inks it is not easy to achieve 
uniform spray by controlling the flow rate and applied potential due to the 
influence of high surface tension. In this case, an additional, force, pneumatic 
pressure, is employed to achieve an homogeneous spray. Therefore, both 
applied potential and pneumatic pressure play a vital role for homogeneous 
spray in thin film deposition.

9.5.1.4  Stand‐off Distance
The distance between the nozzle tip and the substrate is called the stand‐off 
distance. The flying time of monodispersed droplets and the rate of solvent 
evaporation are periodically controlled by stand‐off distance. The solvent 
evaporation rate is very important in achieving homogeneous thin films. Low 
boiling point solvents, such as methanol, ethanol, and isopropanol, are very 
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easy to evaporate at a minimum stand‐off distance. However, high boiling 
point solvents, such as dichlorobenzene, dimethyl sulfoxide, and N‐methyl‐2‐
pyrrolidone, are very difficult to evaporate at minimum stand‐off distance. So, 
the stand‐off distance should be increased. Therefore, the stand‐off distance 
mainly depends on the nature of the ink.

9.5.1.5  Nozzle Diameter
Nozzle diameter has a role in determining the shape and diameter of the spray, 
together with flow rate, applied potential, and pneumatic pressure. A nozzle 
with a small diameter ejects smaller droplets during the spray process and also 
limits flow rate. Achieving a homogeneous spray with a smaller diameter 
nozzle is very easy compared with larger diameter at minimum applied poten-
tial and pneumatic pressure. The nozzle diameters are varied according to the 
spray area or patterns for diverse thin films and device applications.

9.5.1.6  Ink Properties
Apart from the above parameters, the physicochemical properties of the ink 
also play a role in achieving uniform thin film deposition. Moreover, the 
process parameters are mostly dependent on the ink’s electrical conductivity, 
viscosity, and surface tension.

9.5.1.6.1  Electrical Conductivity
The electrical conductivity is an important parameter during the atomization 
process. It can affect both the liquid shape and spray homogeneity because of 
the charge density on liquid surface. It is easy to achieve a spray with liquid that 
has high electrical conductivity. However, when using liquid with very low 
conductivity it is not as easy to achieve a spray by applying an electric field. 
Thus, low conductivity liquid tends to be sprayed with the help of pneumatic 
pressure. The choice is simply based on the nature of the precursor or inks 
[40–44].

9.5.1.6.2  Viscosity
The viscosity of the precursor solution or inks has a little influence on the 
atomization process. The jet length increases with an increase in the viscosity. 
However, the formation of monodispersed droplets is slow with respect to ink 
viscosity. The high viscosity based cone‐jet is more suitable for patterns due to 
longer jet [45, 46] but, in the case of the spray process, low viscosity of inks are 
more suitable for thin film deposition due to jet breakup at smaller distance.

9.5.1.6.3  Surface Tension
The atomization process occurs when the electrical forces overcome the sur-
face tension on the apex of the meniscus with the additional help of pneumatic 
pressure. The required applied voltage and pneumatic pressure will be 
increased as the surface tension of the ink increases.
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The above mentioned properties of the precursor solution or ink are periodi-
cally influenced by the chemical structure of desired materials and solvents. 
The chemical structures, such as molecular geometry, electronic structure, 
crystal structure of molecules, and solvents nature (polar, semipolar, and non-
polar), are directly influence the ink properties.

9.5.2  Mode of Atomization

The atomization mode is determined by the need to achieve an homogeneous 
thin film; there are three types of mode: dripping mode, stable spray mode, and 
unstable spray mode.

9.5.2.1  Dripping Mode
The first step appearing in the Hybrid‐EHDA technique is a dripping mode. 
The dripping mode is observed only at given flow rate without electric poten-
tial and pneumatic pressure on the liquid. The size of the droplets is almost the 
same or larger than that of the nozzle tip. The drops are observed as regular 
spheres detaching from the nozzle capillary as the weight of the drop over-
comes the capillary forces.

9.5.2.2  Unstable Spray Mode
An unstable spray mode is exhibited when the applied potential and pneumatic 
pressure are not enough to permanently overcome the liquid surface tension. If 
the spray is unstable due to insufficient applied potential and pneumatic pres-
sure, the droplets are not monodispersed in nature and this severely affects the 
homogeneity of the thin film. Moreover, if the applied potential and pneumatic 
pressure are increased beyond certain limits (above the stable spray), spray 
instability is again observed. The values of these parameters are mainly based 
on the nature of the inks.

9.5.2.3  Stable Spray Mode
This is the most important atomization mode in the Hybrid‐EHDA process. 
Stable spray can be achieved by adjusting the applied potential and pneumatic 
pressure values to overcome the unstable spray mode. This is further disinte-
grated into monodispersed charged droplets to achieve an homogeneous thin 
film. The stable spray mode is shown in Figure 9.8(f2) (highlighted by the yel-
low circle – highly uniform stable mode).

9.6  Fabrication of Inverted Organic Solar Cells

The organic device is fabricated by two methods: spin coating and the electro-
spray technique. We have fabricated organic solar cells with following architec-
ture: ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag. A patterned ITO was used as 
conductive substrate (MerckDisplayTechnologies, 15 Ω/sq,).
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9.6.1  Deposition of Zinc Oxide (ZnO) on ITO Substrate

Zinc oxide (ZnO) nanoparticles are synthesized via a simple sol‐gel tech-
nique. Zinc acetate dihydrate (Zn(CH3COO)2.H2O), 2‐methoxy ethanol 
(C3H8O2), and monoethanolamine (C2H7NO) as a starting precursor, sol-
vent, and stabilizing agent. These are stirred for one hour at 60 °C. 0.05 M 
concentration zinc acetate dihydrate is homogeneously dissolved in 2‐meth-
oxy ethanol. Then, a few drops of stabilizing agent are added into the solu-
tion and followed by stirring. The stirring is continued for two hours at 
60 °C. Finally, the precipitate is washed and centrifuged and dried at 90 °C 
for one day. The obtained sample is calcinated at 450 °C for three hours in an 
electric furnace.

As prepared zinc oxide nanoparticles are uniformly dispersed in 2‐methoxy 
ethanol under continues stirring. A few drops of N‐methyl ethanol amine are 
added into the above solution as a stabilizing agent to achieve a homogeneous 
dispersion of ZnO solution [47, 48]. Freshly prepared ZnO is deposited on 
ITO‐coated substrate via spin coating [49]. Before the deposition process, the 
substrates are cleaned using acetone, isopropanol, and deionized water, then 
further dried under UV chamber for10 minutes. The deposited ZnO thin film 
is achieved at a rotational speed of 1500 rpm for 20 seconds under ambient 
conditions and it is annealed at150°C for two hours [42]. The deposited ZnO 
acts as a buffer layer.

9.6.2  Deposition of P3HT:PCBM

Poly(3‐hexylthiophene):poly(6,6‐phenyl C61‐butyric acid methyl ester) 
P3HT:PCBM solution (ink) is prepared by dissolving P3HT and PCBM in a 
molar ratio of 1:1 in dichlorobenzene as a solvent. In order to achieve an homo-
geneous solution, the entire solution is continuously stirred for 24 hours at 
60 °C [50,51].

As prepared P3HT:PCBM ink is uniformly coated on ZnO/ITO substrate via 
spin coating. The homogeneous thin film is achieved at a rotational speed of 
1000 rpm for 30 seconds, which is annealed at 120 °C for 30 minutes under a 
nitrogen atmosphere.

9.6.3  Deposition of PEDOT:PSS

PEDOT:PSS ink is prepared by diluting (2.3 wt‐%) PEDOT:PSS paste with 
isopropanol (2:1 weight ratio) under constant stirring for 20 minutes at 
1500 rpm. Further, 2 ml of deionized water is added drop by drop and stirring 
is continued for two hours under ambient conditions. The obtained solution is 
filtered through the polymeric filter (PTFE – 0.45 µm) to achieve homogeneous 
dispersion of PEDOT:PSS ink.
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As prepared PEDOT:PSS aqueous solution is used as a buffer layer in organic 
solar cells. Before the deposition, the hydrophobic nature (occurred from pre-
deposited P3HT:PCBM) is reduced by oxygen (O2) plasma treatment, which 
leads to enhanced hydrophilic surface property [28, 34]. Then, PEDOT:PSS 
film is deposited on a P3HT:PCBM layer via spin coating. The PEDOT:PSS 
thin film is achieved at 300 rpm for 30 seconds and then annealed at 140 °C for 
10 minutes.

9.6.4  Deposition of Silver as a Top Electrode

A nanostructured silver top electrode on predeposited PEDOT:PSS/
P3HT:PCBM/ZnO/ITO substrate is deposited through the Hybrid‐EHDA 
technique [42]. The deposition of nanostructured silver thin films is addressed 
by the influence of applied voltage and pneumatic pressure at constant flow 
rate (10 ml/h) and stand‐off distance (100 mm). These two parameters signifi-
cantly control the atomization process. A uniform atomization of silver ink 
with respect to applied voltage and pneumatic pressure is shown in 
Figures 9.8a–9.8d. Initially, dripping mode is observed at 0 kV without applying 
pressure, which is maintained until 9 kV. At 9 kV, the dripping mode deforms 
into unstable spray mode, which is observed to be maintained until stable spray 
or atomization mode. The stable mode is observed at 18 kV with 0.0 bar but the 
spray is not in homogeneity (Figure 9.8a). The pneumatic pressure is increased 
up to 0.3 bar and is maintained throughout the experiment by changing the 
applied voltage, as shown in Figure 9.8b.

At 0.0 kV with constant pressure (0.3 bar), the unstable spray is observed and 
is maintained until 15 kV. At 15 kV, the stable spray is ejected, which is the most 
important spray process for achieving uniform thin films. Beyond this voltage, 
the stability of spray is disturbed due to the influence of higher charge density. 
Figure 9.8c shows the atomization of silver ink at 0.5 bar of pneumatic pressure 
with respect to applied voltage. At 0.0 kV, the dripping mode deforms into 
unstable spray mode and is further influenced by increasing applied potential. 
The stable spray is ejected at 15 kV. The droplet density is much high in the 
center of the spray, as shown in the brighter region in Figure 9.8(c6). While 
increasing the applied voltage, the spray mode tends to disintegrate at the noz-
zle tip, which directly affects the spray homogeneity. The spray homogeneity 
and atomization process of silver ink examined further at a constant pneumatic 
pressure of 0.7 bar with different applied potential are shown in Figure 9.8d. 
The vigorous spray is observed until 6 kV, which is significantly controlled by 
increasing the applied potential; a stable spray mode is achieved at 15 kV. The 
stability is maintained until 18 kV. At 18 kV, the spray area is reduced by the 
influence of higher potential.

Figure 9.8e represents the spray process that occurs at one bar pneumatic 
pressure with different applied potential. At 0.0 kV, unstable spray is observed 
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and is maintained until stable spray is ejected from the metallic nozzle tip. At 
15 kV, the stable spray is observed but the spray area is smaller compared with 
0.3 bar due to the influence of pneumatic pressure (1 bar). The overall spray 
deposition with respect to the pneumatic pressure and applied voltage tends to 
attain the uniform and large area spray at 0.3 bar of pneumatic pressure and 
15 kV of applied potential, which leads to an homogeneous thin film. Further, 
the atomization process is stabilized by varying pneumatic pressure at constant 
applied potential of 15 kV (confirmed from the previous discussion) as shown 
in Figure 9.8f. Initially, nonuniform spray is observed at 0 bar pressure. With 
the pneumatic pressure increased at a constant applied potential, the shape of 
the spray is reformed, resulting in a stable or homogeneous spray mode at 
0.3 bar (Figure  9.8(f2)). If the pressure is increased above 0.3 bar, the spray 
stability is severely disturbed to form unstable spray. Therefore, this result 
clearly confirmed that the homogeneous deposition of the silver top electrode 
is achieved at constant pneumatic pressure (0.3 bar) and applied potential 
(15 kV). In addition, there are four different spray times (2, 4, 6, and 8 min) used 
to achieve the silver top electrode with different film thickness, which are 
annealed at 160 °C for 20 min.
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Figure 9.8(e–f)  (e) Influence of applied potential on spray or atomization mode of silver ink 
at constant pneumatic pressure of 1 bar and (f ) influence of pneumatic pressure on spray at 
constant applied potential (15 kV)
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9.7  Device Morphology

The device architecture is clearly investigated via focused ion beam (FIB). The 
cross‐sectional image of the device (top electrode obtained at spray time of 
8 min) revealed a layer sequence of silver (top electrode)/PEDOT:PSS/
P3HT:PCBM/ZnO/ITO (bottom electrode) (Figure 9.9). The silver top elec-
trode consistently spread over the PEDOT:PSS layer with uniform film thick-
ness, which enhances the charge transport into the outer circuit. The film 
thickness of buffer layer (in‐between the active layer and top electrode) was 
found to be about 520 nm. It prevents silver diffusion into the active layer. The 
silver nanoparticle grain growth and pore formation at the bottom side of silver 
film are reduced (near PEDOT:PSS layer) compared with the top side silver 
film. A series of microstructural (particle necking, grain growth, and pore for-
mation) developments during thermal sintering are clearly shown in the FIB 
image. The buffer layer (ZnO) and active layer (P3HT:PCBM) are revealed to 
have a film thickness of about 69 and about 207 nm, respectively. Top electrode 
thickness based electrical conductivity and device performance is explained in 
the next sections.
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Figure 9.9  The cross‐sectional view of the organic device.
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9.8  Device Performance

The film thickness and sheet resistance of top electrode play an important 
role in fabricating the solar cell device. Therefore, the physicochemical 
properties of top electrode, especially film thickness and sheet resistance, 
must be examined before superior performance organic solar cells can be 
fabricated. The film thickness varies significantly with respect to spray time, 
stand‐off distance, flow rate, and material concentration [28, 42]. The thick-
ness of thin films (top electrode) varies with respect to spray times (2, 4, 6, 
and 8 min), resulting in changes in the sheet resistances, as shown in 
Figures 9.10a and 9.10b.

The average film thickness of the deposited layers is taken into account, cor-
responds to the average values measured at similar spray times. The sheet 
resistance of silver film decreased (from 9.13 Ω/sq to 0.07 Ω/sq) with increas-
ing film thickness (from 0.8 µm to 2.6 µm). The result confirmed that the low-
est sheet resistance of 0.07 Ω/sq is achieved at a spray time of eight minutes.

The device performances are investigated by measuring device efficiency 
with respect to different thickness of silver top electrode. The photovoltaic 
(PV) characterization of the devices is measured under 100 mW cm−2 AM 1.5 
global solar illumination in a nitrogen atmosphere [52]. In the device (ITO/
ZnO/P3HT:PCBM/PEDOT:PSS/Ag) structure, the active layer of P3HT:PCBM 
is sandwiched between two buffer layers (PEDOT:PSS and ZnO films). The 
PEDOT:PSS acts as an effective hole transport layer; ZnO acts as a hole block-
ing layer and also as a good electron transport layer. The charge transport 
mechanisms of the inverted organic solar cells are illustrated in Figure 9.11.

The current density vs voltage (J–V) measurement of the devices is dis-
played in Figure 9.12. The device short circuit current density (Jsc), open‐
circuit voltage (Voc), fill factor (FF), and power conversion efficiency (PCE) 
are given in Table 9.1.

The results confirmed the maximum fill factor (FF) and superior power con-
version efficiency at a spray time of eight minutes (for silver deposition time). 
This is because of the lower sheet resistance with prominent charge transport 
compared to the minimum spray time (2 min). In general, increasing power 
conversion efficiency is dependent upon the active layer, buffer layer, and top 
and bottom electrodes, but here we have an eye on the increasing power con-
version efficiency through the influence of the silver top electrode (other mate-
rials parameters remains constant). The deposited silver top electrode has 
ohmic behavior with the PEDOT:PSS thin film [28], which acts as a hole select-
ing interlayer as well as providing smoother surface for silver top electrode 
[24, 28, 53–55]. Furthermore, the device stability is improved by the reverse 
nature of charge collection (using a less air sensitive, high work function based 
metal (Ag) as the back electrode) as well as by the deposited ZnO also provid-
ing the electron selective contact at the ITO interface [56–59].
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Girotto et al. and Junwoo et al. stated that the voids at the interface 
between the PEDOT:PSS and the silver causes a reduction in electrical con-
tact between the two successive layers. In addition, few metal particles are 
found in the PEDOT:PSS buffer layer, confirming that the buffer layer tends 
to prevent silver diffusion into the active layer, where it act as a quenching 
center for charge carriers and excitons [34, 42]. Anderasen et al. and Hau 
et al. stated that PEDOT:PSS works as a barrier to prevent oxygen diffusion 
into the organic layers [24, 25]. Norrman et al. and Chen et al. stated that 
employing interfacial layers (buffer layers) between the active layer and 
metal electrode are found to enhance the charge collection efficiency, which 
is due to control in the electron‐hole recombination at the active layer/top 
electrode interface [58, 60].

The power conversion efficiencies and fill factors of organic devices are illus-
trated in Table 9.1. The lowest fill factor is observed at a spray time of two 
minutes because of the high sheet resistance. While increasing the spray time, 
the device fill factor is increased by decreasing sheet resistance. The maximum 
fill factor is attained at a spray time of eight minutes. On the other hand, the 
power conversion efficiency is significantly influenced by the top electrode 
properties, especially sheet resistance. Device efficiencies are increased by 
reducing the top electrode sheet resistance due to the increase in film thick-
ness. The power conversion efficiency of the fabricated organic device through 
solution‐processed nanostructured silver is closer to other organic devices 
[24, 34, 61]. The maximum power conversion efficiency of the inverted organic 
solar cell is found to be 2.44 % at a spray time of eight minutes. The Hybrid‐
EHDA process offers the ability to deposit a relatively large area through solu-
tion‐based atomization and reduces the solvent influence on underlying 
organic layers. Therefore, this technique has great potential for use in fabrica-
tion of large area electronic devices.

The future research trends will focus on the fabrication of large scale printed 
inverted organic photovoltaic devices with prominent device efficiency and 
good life time.

Table 9.1  Photovoltaic parameters of inverted organic solar cells with respect to the spray 
time of silver top electrode.

Spray time of the nanostructured 
silver top electrode (min)

Sheet resistance 
(Ω/sq)

Voc

(V)
Jsc

(mA cm−2)
FF
(%)

PCE
(%)

2 9.13 0.59 9.03 37.38 2.00
4 0.46 0.58 9.28 39.69 2.16
6 0.16 0.59 9.08 45.0 2.42
8 0.07 0.59 8.85 46.60 2.44
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9.9  Conclusion

In OPV devices, the solution‐based nanostructured silver top electrode is 
deposited via the Hybrid‐EHDA technique. The homogeneous spray mode is 
achieved with respect to applied potential and pneumatic pressure and the 
silver top electrode achieved with four different spray times. The homogene-
ous deposition of a thin film is achieved with porous free morphology. The 
sheet resistance of silver film is significantly reduced by increasing film thick-
ness. The observed power conversion efficiency of the invert OPVs device is 
found to be 2.44% at a spray time of eight minutes (top electrode deposition 
with sheet resistance of 0.07 Ω/sq). The Hybrid‐EHDA technique provides the 
ability to deposit a large area relatively quickly via solution‐based atomization 
under controlled solvent influence on the underlying organic layers. Therefore, 
this technique has a great potential in the field of printed electronic devices.
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10.1  Introduction

Today solar cell research is enriched with novel materials, methods, and design 
concepts with the major goal of producing high efficiency devices. The discovery 
of the photovoltaic effect by Edmund Becquerel in 1839 led to serious research 
by scientists all over the world that blossomed into so‐called photovoltaic tech-
nology [1, 2]. Commercial silicon solar cells were developed in the 1950s and 
commercialized in the 1960s for use in the space industry. Even though the inor-
ganic solar cells entered the market, the high cost and the related environmental 
issues necessitated that alternatives were explored to help supply worldwide 
energy need. After the fundamental studies on the optical and electronic proper-
ties of pentacene in the 1960s, Tang successfully fabricated the first organic pho-
tovoltaic device where the concept of the generation of excitons at donors and 
their separation at a donor–acceptor interface was introduced [3]. It was a major 
breakthrough in organic photovoltaic devices.

Later, the photo‐induced charge transfer from the conjugated polymer 
poly[2‐methoxy‐5‐(2‐ethylhexyloxy)]‐1,4‐phenylenevinylene (MEH‐PPV) to 
fullerene was first observed by Sariciftci et al., which suggested that the conju-
gated polymer could be used as the electron donor and fullerene could be used 
as the electron acceptor in polymer solar cells (PSCs) [4]. The well‐known 
polymer–fullerene bulk‐heterojunction (BHJ) concept was introduced by Yu 
and Heeger in 1995 to avoid certain limitations of the donor–acceptor bilayer 
device [5].

In order to increase the efficiency, research was focused on materials design. 
One of the achievements in material design is the covalent grafting of fullerene 
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moieties onto the donor‐polymer backbone, the so‐called double‐cable poly-
mers, which can be regarded as a molecular heterojunction (MHJ). This means 
that a single molecule can act as a p‐n type material, being capable of trans-
porting both electrons and holes. After photoinduced electron transfer, the 
double‐cable polymer creates two ideal channels for both hole transporting 
along the polymer chain and electron hopping between the pendant acceptor 
units [6–8]. The MHJ ensures a large interfacial area between donor and accep-
tor and also a promising strategy to prevent donor/acceptor phase separation.

In addition to the materials development, parallel evolution of novel device 
architectures to combat the problems of light absorption, charge separation, 
and device stability through the concepts of inverted and tandem structures 
made this field not only very promising for photovoltaic energy conversion 
but also competitive to the thin film inorganic solar cells. Even though the 
polymers have low bandgap for absorbing more visible light, experimental 
parameters such as concentration of the active materials, thickness of the 
active layer, annealing temperature, and processing additives also influence 
the device performance. This chapter updates the progress made in materials 
and novel design in the device structure for the improved photovoltaic 
performance of PSCs.

10.2  Materials Developments for Bulk 
Heterojunction Solar Cells

10.2.1  Conjugated Polymer–Fullerene Solar Cells

Polymers had been considered to be insulating materials before the discovery 
of high conductivity in doped polyacetylene in 1977 by Shirakawa et al. [9]. 
After Shirakawa, many research groups started to work on conducting 
polymers due to their interesting electrical, electrochemical, and optical 
properties. Then the conjugated polymers became a prime constituent in 
organic electronics.

The general principle of a PSC can be described as follows. Upon illumina-
tion by light, the donor forms bound electron‐hole pairs, namely excitons, 
which arise from the excitation of an electron from the highest occupied 
molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO). 
In the absence of any interface to dissociate the excitons into free charge carri-
ers, the excitons will undergo decay to the ground state by either radiative or 
nonradiative deacy. The interface between the two layers, the donor/acceptor 
heterojunction, is responsible for efficient exciton dissociation. The electrons 
and holes created at the interface can be transported through the acceptor and 
donor layers, respectively, and collected at two electrodes, thereby contribut-
ing to an electrical current in an external circuit. The difference between the 
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ionization potential of the donor and the electron affinity of the acceptor 
determines the maximum open circuit voltage (Voc) under illumination 
(Figure 10.1).

Since conjugated polymers are solution‐processable, they can be coated by spin 
coating, inkjet printing, roller casting, etc. [10]. They are also lightweight and the 
bandgap can be tuned by simple functionalization with electron releasing and 
electron withdrawing groups. There are several conjugated polymers that have 
been used extensively for polymer–fullerene BHJ solar cells. However, the basic 
skeleton will mainly rely on polythiophene, polyfluorene, polycarbazole, 
poly(phenylene vinylene), etc. In almost all cases the fullerene derivative [6,6]‐
phenyl‐C61‐butyric acid methyl ester (PC61BM) has been used as the premier 
electron acceptor (Figure 10.2). The power conversion efficiency reached between 
4 and 5% with poly(3‐hexylthiophene) (P3HT)/PCBM in the last decade [11].

In order to commercialize PSCs, a reasonable efficiency (10%) is required. So 
numerous efforts have been made to understand the concept more clearly and 
to improve the performance with various type of conjugated polymers. 
Interestingly, the bandgap tuning was handled by the researchers to enhance 
the absorption, so that it can produce more excitons. The position of the 
HOMO and LUMO has an impact on the open‐circuit voltage, i.e. the energy 
difference between the HOMO of the electron donor polymer and the LUMO 
of the electron acceptor fullerene derivative is found to be associated with the 
open‐circuit voltage. The next main factor governing the efficiency is mor-
phology. Even though the donor and acceptors have ideal energy positions the 
physical interaction is very important. A primary condition for a polymer–
fullerene BHJ solar cell is an interface between donor and acceptor, which 
forms a bicontinuous network for the hole and electron transport [12, 13].
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Figure 10.1  General operating principle of a polymer solar cell.
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Poly(3‐hexylthiophene) was one of the most studied conducting polymer until 
some of new interesting polymers, such as poly[N‐9′‐heptadecanyl‐2,7‐carba-
zole‐alt‐5,5‐(4′,7′‐di‐2‐thienyl‐2′,1′,3′‐benzothiadiazole)] (PCDTBT), PTB7, 
and PCDTTBD, arrived [14]. A broad‐bandgap conjugated polymer PBDTTTZ, 
a copolymer of 2‐alkylthiophene‐substituted BDT and 2,5‐bis(thiophen‐2‐yl)
thiazolo[5,4‐d]thiazole, connected with PC71BM in a PSC configuration showed 
5.22% efficiency [15]. A new copolymer based on alternating spirobifluorene, 
thiophene, and benzothiadiazole units (PSFDTBT) has been synthesized and a 
PSC demonstrated an efficiency of 4.6% and a high Voc of 0.94 V with the ideal 
electron acceptor PC71BM [16]. Heeger et al. reported that PCDTBT with a 
PC71BM‐based BHJ solar cell displayed an efficiency of 7.5% [17]. A conjugated 
polymer (FBT‐DThDT‐TT‐H), using 5,6‐difluoro‐2,1,3‐thiadiazole (FBT) as the 
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electron‐accepting unit and terthiophene or 2,5‐di(thiophen‐2‐yl)thieno[3,2‐b]
thiophene as the electron‐donating unit, was synthesized by Cai et al. They cast 
the active layer using the polymer FBT‐DThDT‐TT‐H with PC71BM in a hot 
(80 °C) solution containing o‐dichlorobenzene solvent and chloronaphthalene as 
additive and achieved a power conversion efficiency of 7.78% [18]. Some of the 
conjugated polymers showing high performance are given in Figure 10.3.

Instead of sulfur as the heteroatom in the main backbone of the polymer 
there are also some other atoms, such as silicon and germanium based 
polymers, have been studied for their photovoltaic property (Figure 10.4). 
For example, a silicon containing polymer, poly(4‐(5‐(9,9‐dioctyl‐9H‐diben-
zosi lole‐2‐yl)thiophen‐2‐yl)‐5,6‐bis(octyloxy)‐7‐(thiophen‐2‐yl)
benzo[c][1, 2, 5]thiadiazole) with PC71BM produced a 6.02% efficient device. 
Here, TiOx was used as the hole‐blocking layer while 1,8‐diiodooctane 
was used as additive in the active layer [19]. Selenium‐containing donor–
acceptor low‐bandgap polymer (P3SDTQ) combined with PCBM showed a 
reasonable photovoltaic response [20]. In addition to that, a low‐bandgap 
alternating copolymer containing dithienosilole and thienopyrrolodione 
(PDTSTPD) has been used as donor with PC71BM as acceptor to show an 
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efficiency of 7.5% [21]. Silaindacenodithiophene (SiIDT) copolymerized 
with 5,6‐difluorobenzo[c][1, 2, 5]thiadiazole (2FBT) and 5,6‐difluoro‐4,7‐
di(thiophen‐2‐yl) benzo[c][1, 2, 5]thiadiazole (2FDTBT) were studied for 
their photovoltaic performance and also displayed 4.5% efficiency [22]. Z. 
Fei et al. reported that germaindacenodithiophene and benzodithiazole 
coupled conjugated polymer (PGeTPTBT) blended with PC71BM in 
dichorobenzene and fabricated with the usual device structure of ITO/
PEDOT:PSS/PGeTPTBT:PC71BM/Ca/Al exhibited 5.02% power conversion 
efficiency [23].

The side chain of the polymer backbone has also played an important role in 
solubility and good interaction between the donor and acceptor, etc.. A pro-
nounced orientation of side chains leads to highly ordered crystallites and 
gives rise to higher molecular weight of the polymer and, hence, high mobility 
[24]. Also, longer and less bulky side chains make the planarization better and 
give a closely packed polymer backbone, which leads to absorption of the pho-
tons to a lower energy [25]. Not only that, even the space between the main 
backbone and the side chain has shown an impact on the device performance. 
For example, semiconducting polymers containing benzodithiophene with 
decylphenylethynyl substituents and spacing alkyl groups have been synthe-
sized. The spacing between the benzodithiophene and decylphenylethynyl has 
a strong impact on the photovoltaic performance. An increase in space between 
the side chains means an increase the polymer to fullerene ratio is needed to 
achieve the same power conversion efficiency [26].
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The conjugated polymer showing the highest photovoltaic performance 
among all those reported here is poly[(5,6‐difluoro‐2,1,3‐benzothiadia-
zol‐4,7‐diyl)‐alt‐(3,3‴‐di(2‐nonyltridecyl)‐2,2′;5′,2′;5″,2‴‐quaterthio-
phen‐5,5‴‐diyl)] (PffBT4T‐C9C13). The usual solvent and additives in PSCs 
were o‐dichlorobenzene and 1,8‐diiodooctane. But here 1,2,4‐trimethylben-
zene is used as solvent while 1‐phenylnaphthalene is used as additive. The 
solvent enables highly oriented polymer–fullerene interfaces while the addi-
tive changes the polymer backbone orientation relative to the substrate from 
edge‐on to face‐on, reduces the domain size, and increases the domain purity 
of the BHJ films. Finally, the device with the configuration ITO/ZnO/
PffBT4T‐C9C13:PC71BM/V2O5/Al shows the best proven efficiency of 11.7% 
with Voc of 784 V, Jsc of 19.8 mA cm−2, and relatively good fill factor of about 
73% for single polymer‐fullerene BHJ solar cell [27]. Researchers are still try-
ing to understand the relationship between the structure of various func-
tional groups and core repeating unit present in the polymers to provide 
useful information for the development of PSCs.

10.2.2  Non‐Fullerene Polymer Solar Cells

Even though fullerene derivatives based acceptor materials are dominant in 
BHJ PSCs, they also have some disadvantages. They do not absorb light as do 
polymers, in addition to which their production and purification costs are 
high. To address these limitations, researchers introduced non‐fullerine accep-
tor materials. Organic materials are very cheap compared to fullerene and they 
can be chemically modified simply, so the tuning of absorption in both direc-
tions, namely blue shift and red shift, is possible. Until 2010 there was not 
much progress on these issues. In 2011, notably, Blocking et al. reported an 
efficiency of 2.5% with a naphthalimide‐vinyl‐benzothiadiazole based small 
molecule acceptor blended with poly(3‐hexylthiophene) (P3HT) [28]. 
Perylenediimide (PDI) based acceptor materials were extensively used for 
fullerene‐free PSCs (Figure 10.5). They are sufficiently stable to light, heat, and 
chemicals. Also, they have both n‐type semiconducting and light absorbing 
behaviors. These properties made them leading electron acceptors in 
fullerene‐free PSCs [29]. An alternative copolymer (PBDD4T‐2F) based on 
1,3‐bis(4‐(2‐ethylhexyl)‐thiophen‐2‐yl)‐5,7‐bis(2‐ethylhexyl)benzo[1,2‐c:4,5‐c′]‐
dithiophene‐4,8‐dione (BDD) and 3,3′‐difluoro‐2,2′‐bithiophene (T‐T‐2F) 
mixed with non‐fullerene derivative ITIC shows an 8.13% efficiency [30].

Poly[(2,6‐(4,8‐bis(5‐(2‐ethylhexyl)thiophen‐2‐yl)‐benzo[1,2‐b:4,5‐b’]
di thiophene))‐alt‐(5 ,5‐(1 ’,3 ’ ‐di‐2‐thienyl‐5 ’,7 ’ ‐bis(2‐ethylhexyl)
benzo[1’,2’‐c:4’,5’‐c’]dithiophene‐4,8‐dione))]) as the donor and 3,9‐bis 
(2‐methylene‐(3‐(1,1‐dicyanomethylene)‐indanone))‐5,5,11,11‐tetrakis 
(4‐hexylphenyl)‐dithieno[2,3‐d:2’,3’‐d’]‐s‐indaceno[1,2‐b:5,6‐b’]dithiophene) 
(ITIC) as the acceptor in an inverted PSC configuration shows an efficiency of 
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11.21% with good fill factor of 74% [31]. More recently, the non‐fullerene 
acceptor perylene monoimide (PMI‐F‐PMI) with bithienyl‐benzodithiophene‐
based wide‐bandgap copolymer (PTZ1) as donor produced a high open‐circuit 
voltage of 1.3 V and a power conversion efficiency of 6% [32].

10.2.3  All‐Polymer Solar Cells

All‐polymer solar cells also have same the device configurations as conven-
tional PSCs. However, they have the special property that both donor and 
acceptor materials absorb light and transport the charge carriers in their semi-
conducting structure (Figure  10.6), so they become a potential and cost‐
effective alternate to the fullerene‐based BHJ solar cells. Kim et al. fabricated 
all‐polymer solar cells using poly[4,8‐bis(5‐(2‐ethylhexyl)thiophen‐2‐yl)
benzo[1,2‐b:4,5‐b′]dithiophene‐alt‐1,3‐bis(thiophen‐2‐yl)‐5‐(2‐hexyldecyl)‐
4H‐thieno[3,4‐c]pyrrole‐4,6(5H)‐dione] (PBDTTTPD) as the electron donor 
and poly[[N,N′‐bis(2‐hexyldecyl)‐naphthalene‐1,4,5,8‐bis(dicarboximide)‐2,6‐
diyl]‐alt‐5,5′‐thiophene] (P(NDI2HD‐T)) as the electron acceptor; the device 
exhibited 6.64% efficiency [33].
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Figure 10.5  Chemical structures of non‐fullerene electron acceptors ITIC and PMI‐F‐PMI.
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A very high‐mobility crystalline naphthalene diimide (NDI)–selenophene 
copolymer acceptor (PNDISHD) and a small band gap benzodithiophene (BDT)‐
thieno[3,4‐b]thiophene (TT) copolymer donor (PBDTT‐FTTE) were used to 
fabricate PSCs at room temperature and thermally annealed at 170 °C. The pho-
tovoltaic device fabricated at room temperature showed an impressive efficiency 
of 7.7% with a current density of 18.80 mA cm−2, which was a twofold improve-
ment compared with that annealed at high temperature [34]. Sun et al. synthe-
sized benzodithiophene‐quinoxaline‐thiophene based polymers with various 
side chains and fluorine substitutions; they were fabricated with a general struc-
ture of ITO/PEDOT‐PSS (45 nm)/polymer: poly{[N, N′‐bis(2‐octyldodecyl)‐
naphthalene‐ 1,4,5,8‐bis(dicarboximide)‐2,6‐diyl]‐ alt ‐5,5′ ‐(2,2′‐bithiophene)}
(P(NDI2OD‐T2)/Al. Finally the difluoro‐substituted polymer (P2F‐DO) exhib-
ited an efficiency of 5.35% with the relatively high fill factor of 0.67 [35].

10.3  Materials Developments for Molecular 
Heterojunction Solar Cells

10.3.1  Double‐cable Polymers

Devices made of materials having both donor (p‐type) and acceptor (n‐type) 
represent the most efficient configuration to realize organic photovoltaic cells 
with high power conversion efficiency. Currently research focus is on the syn-
thesis of active electronic materials that combine the p‐type semiconducting 
properties of conjugated polymers with the n‐type fullerenes. Even though BHJ 
solar cells have many advantages, the control of phase separation is very 
difficult. One way of controlling a bicontinuous phase separation to ensure a 
large interfacial area between donor and acceptor is to covalently graft fuller-
ene moieties onto the donor‐polymer backbone, the so‐called charm‐bracelet 
type double‐cable polymers, which can be regarded as a MHJ. The covalent 
fixation of fullerene units onto the conjugated backbone is a promising strategy 
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to prevent donor/acceptor phase separation and to maximize the interfacial 
area. After photoinduced electron transfer, the double‐cable polymer creates 
two ideal channels for both hole transport along the polymer chain and elec-
tron hopping between the pendant acceptor units [6–8].

The double‐cable polymers have been synthesized by two different 
approaches. One is the direct reaction of C60 with specifically functionalized 
soluble conjugated polymers [36–38]. Alternatively, they can be produced 
through the copolymerization of two monomers, one carrying the fullerene 
moiety and another one designed to improve the solubility [39–41]. The pres-
ence of an alkyl spacer between the polymer and the fullerene gives a better 
solubility and prevents the ground state interaction between the donor and 
acceptor.

There are many reports based on the synthesis and characterization of 
double‐cable polymers for photovoltaic applications. In all the examples the 
basic polymer backbone has been made mainly with thiophene [42–45] or 
carbazole [46–48] because of their favorable photophysical properties 
towards photovoltaic applications. Sometimes the double‐cable polymer 
has been synthesized with a combination of both thiophene and carbazole 
as the polymer chain [49]. Research on the design for new materials is 
underway to achieve a high efficiency. In order to achieve a high efficiency 
the following requirements should be fulfilled: the materials should be 
designed in such a way that they have a controlled nanoscale morphology 
for optimizing the charge generation and transport; a good synthetic effort 
is required to prepare materials with high purity, adequate content of fuller-
ene, solubility, light‐harvesting ability, and so on [7]. The realization of 
effective double‐cable polymers will bring the donor–acceptor heterojunc-
tion at a molecular level.

The first conjugated polymeric material bearing fullerene side groups was 
described in 1996 by Benincori et al. [50]. The direct grafting of C60 at the 
bridging carbon of cyclopentadithiophene led to a compound suitable for 
electropolymerization. Yassar et al. reported the synthesis of a double‐cable 
polymer with a repeat unit consisting of bithiophene carrying a fullerene group 
through a flexible alkyl chain spacer [51].

Ramos et al. used double‐cable polymers for photovoltaic application for the 
first time in 2001 [52]. They synthesized a conjugated backbone, a hybrid of 
poly(p‐phenylene vinylene) and poly(p‐phenylene ethynylene), with pending 
methanofullerene moieties (PPV‐C60). They fabricated the molecular hetero-
junction solar cell using the synthesized double‐cable polymer and observed a 
photocurrent of 0.42 mA cm−2 under AM 1.5 conditions. Later, Otero et al. 
reported a polythiophene based double‐cable polymer with an alkyl spacer to 
improve the solubility of the polymer [53]. The double‐cable polymer with 14% 
of fullerene showed a power conversion efficiency of 0.6% under irradiation of 
monochromatic light at 505 nm.
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Thereafter, during 2007, Tan et al. reported an efficiency of 0.52% with a 
soluble polythiophene based double‐cable polymer [40]. The efficiency was 
five times higher than the same polymer blended with the usual electron accep-
tor, PC61BM. The photoluminescence quenching of polythiophene in the dou-
ble‐cable polymer was more effective than the polythiophene blended with 
PC61BM. These results ensured the effective charge transfer in the double‐cable 
structure of polymer. The well‐known P3HT bearing pendant fullerene showed 
a low efficiency, in the order of 10−2–10−5% [38]. The reason for the very low 
efficiency is cited to be the inefficient electron hopping from one fullerene to 
another fullerene. A MHJ solar cell based on poly{3‐hexylthiophene‐co‐3‐
[6‐(1‐oxy‐4‐N‐methylfulleropyrrolidinephenyl)hexyl]thiophene} double‐cable 
polymer showed an efficiency of 1.55% [41]. Good control of the nanophase 
separation ensured it achieved a higher efficiency than the blended one. 
A MHJ solar cell based on a fullerene attached diblock copolymer P3HT‐b‐
(P3HT‐co‐(P3HT‐graft‐phenyl C61butyric propargyl ester)) (D3) has been 
reported to show a power conversion efficiency of 2.46% [54]. Recently 
a  polythiophene–fullerene double‐cable polymer, poly[3‐hexylthiophene‐
co‐3‐(6‐fullerenylhexyl)thiophene] (COP2) has been synthesized; its photovol-
taic behavior under optimal condition was 4.19 ± 0.18%, which is the highest 
value reported so far among the double‐cable polymer based PSCs. The fuller-
ene loading was 46 wt‐% in the double‐cable polymer and dissolved in o‐
dichlorobenzene with a concentration of 13 mg/ml; the thickness of the active 
layer was 150 nm [55]. Chemical structures of some of the selected donor‐
acceptor double‐cable polymers are given in Figure 10.7.

10.4  Developments in Device Structures

The device architecture of the photoactive layer has a strong impact on charge 
carrier separation and transport, and, therefore, plays a major role in improv-
ing the efficiency. In a way, the rapid developments in this field can be attrib-
uted to the advancements made in the design of the cells with multilayer 
configurations that occurred parallel to the realization of new conjugated mol-
ecules/polymers and composites. Single layer solar cells, one of the device 
structures first introduced, were a metal‐insulator‐metal model with a single 
organic material sandwiched between a low‐work‐function metal (Al) and a 
high‐work‐function metal (Au) [56]. Here the photoexcitons generated are 
close to the depletion region of the Schottky contact, which leads to the separa-
tion of charge carriers as a result of the limited exciton diffusion length. 
Therefore, only a small region – denoted the active zone – contributes to pho-
tocurrent generation. Bilayer devices, introduced by Tang in 1986, led the 
organic solar cells in a particular direction, which is based on the donor–acceptor 
concept [3]. Here the exciton is dissociated at the donor–acceptor interface, 
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leading to the separation of holes on the donor side and electrons on the accep-
tor side. Thus, the charge carriers may travel independently within separate 
materials and bimolecular recombination is largely suppressed.

To overcome the limitations of bilayer devices and increase the interfa-
cial  area, the BHJ concept was introduced where the donor and acceptor 
materials are intimately mixed throughout the bulk. The first polymer/
C60  BHJ  device was introduced by Sariciftci et al. in 1993; poly 
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[2‐methoxy‐5‐(2‐ethylhexyloxy)‐1,4‐phenylenevinylene] (MEH‐PPV), a con-
jugated polymer, blended with C60 was used as the active layer [57]. The exci-
ton diffusion length was 10–20 nm. Here the excitons need not travel long 
distances, as in the case of the bilayer structure, to reach the donor/acceptor 
interface and charge separation can take place everywhere in the photoactive 
layer [58]. Further developments have been made to improve the performance 
of BHJ solar cells. One of the methods involves coating a conducting 
PEDOT:PSS layer, which enables efficient charge transport, acts as electron‐
blocking layer,  and also smoothens the rough ITO surface [59]. In 2011, a 
report showed an efficiency of 8.37% for a device with an active layer consisting 
of thieno[3,4‐b]‐thiophene/benzodithiophene:[6,6]‐phenyl C71‐butyric acid 
methyl ester (PC71BM) and poly [(9,9‐bis(3′‐(N,N‐dimethylamino)propyl)‐2,7‐
fluorene)‐alt‐2,7‐(9,9‐dioctylfluorene)] as cathode interlayer. Here the cathode 
interlayer simultaneously enhanced the open‐circuit voltage, short circuit cur-
rent density, fill factor, and efficiency [60]. Further developments in the device 
structure are described detail in the following section.

10.4.1  Tandem Solar Cells

Tandem structure in PSCs has been introduced to increase light absorption. 
Hadipour et al. fabricated a polymer‐based tandem solar cell by stacking two 
single cells in series using an all‐solution‐processed technique [61]. In general, 
the subcells have completely different absorption spectra: high energy photons 
are absorbed in the bottom cell and low energy photons are absorbed in the top 
cell; the whole visible part of the solar spectrum can be covered. A composite 
middle electrode is applied that serves both as a charge recombination center 
and as a protecting layer for the first cell during spin coating of the second cell. In 
2007, Kim et al. reported an efficiency of 6.5% using a tandem configuration in 
which P3HT:PC71BM and poly[2,6‐(4,4‐bis‐(2‐ethylhexyl)‐4H‐cyclopenta[2,1‐
b;3,4‐b’]dithiophene)‐alt‐4,7‐(2,1,3‐benzothiadiazole)]:PC61BM coated with 
TiO2 acted as the electron transport layer [62].

An efficiency of 8.9% has been reported for a triple‐junction tandem cell 
based on PCDTBT:PC71BM and PMDPP3T:PC61BM, where PCDTBT is 
poly[[9‐(1‐octylnonyl)‐9H‐carbazole‐2,7‐diyl]‐2,5‐thiophenediyl‐2,1,3‐benzo-
thiadiazole‐4,7‐diyl‐2,5‐thiophenediyl] and PMDPP3T is poly[[2,5‐bis(2‐hexyldecyl‐ 
2,3,5,6‐tetrahydro‐3,6‐dioxopyrrolo[3,4‐c]pyrrole‐1,4‐diyl]‐alt‐[3,3‐dime-
thyl‐2,2:5,2‐terthiophene]‐5,5‐diyl] [63]. The addition of another photoactive 
layer (PMDPP3T:PC61BM) in the above tandem structure has been effected 
and the triple junction device has shown an improved efficiency of 9.6%. There 
is one other triple‐junction tandem solar cell showing very high efficiency 
greater than 11%; the device structure is ITO/ZnO/P3HT:ICBA/PEDOT:PSS/
ZnO/PTB:PC71BM/WO3/PEDOT:PSS/ZnO/LBG:PC71BM/WO3/Al [64]. The 
tandem structure of the PSC is shown in Figure 10.8.
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A high power conversion efficiency of 11.3% with a Voc of 1.54 V has been 
achieved by Heeger’s research group using a homo‐Tandem structure i.e. 
The  device structure is ITO/PEDOT:PSS/PTB7‐Th:PC71BM/ZnO/CPE‐K 
or  CPEPh‐Na/PTB7‐Th:PC71BM/Al. They stacked the two identical 
cells  with  same donor material poly[4,8‐bis(5‐(2‐ethylhexyl)thiophen‐2‐yl)
benzo[1,  2‐b:4, 5‐b’]dithiophene‐co‐3‐fluorothieno[3,4‐b]thiophene‐2‐car-
boxylate] (PTB7‐Th) and the acceptor material [6, 6]‐phenyl C71‐butyric acid 
methyl ester (PC71BM) [65]. Recently, in 2016 Zhang et al., published an article 
in which PBDD4T‐2F:PC61BM have been used as the front cell while the 
PDPP4T:PC71BM blend have been used as rear cell. The tandem cell showed an 
efficiency of 10.12% with a Voc of 1.53 V while the front and rear cells showed 
7.80% and 6.57% respectively [30].
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All‐polymer tandem solar cells have been reported by Yuan et al. [66]. 
They  claim that benzodithiophene‐quinoxaline‐thiophene based polymer 
P2F‐DO as donor and poly{[N, N’‐bis(2‐octyldodecyl)‐naphthalene‐ 1,4,5,8‐
bis(dicarboximide)‐2,6‐diyl]‐ alt ‐5,5’ ‐(2,2’‐bithiophene)}(P(NDI2OD‐T2) as 
acceptor gives 6.70% efficiency in a tandem structure while that of the same in 
single junction solar cells gave 4.68% efficiency, which is 43% less than the tan-
dem one. It is noteworthy to mention that the open‐circuit voltage of single cell 
is about 0.80 V while that of the tandem cell is 1.58 V. At the same time, the 
current density of the tandem cell is 7.31 mA cm−2 whereas the single cell has a 
high value of 10.08 mA cm−2.

10.4.2  Inverted Polymer Solar Cells

The concept of an inverted configuration was first reported by Rostalski and 
Meissner [67] for a bilayer p‐n type organic solar cells. They inverted the posi-
tion of the cathode and anode materials, i.e. air‐stable high‐work‐function 
metals, typically, silver or gold, were used as the anode and ITO was used as the 
cathode. Later the concept was developed by Xahin et al. for PSCs [68]. In the 
inverted PSCs, the anode, such as silver (or gold), can be formed using coating 
or printing technology from silver (or gold) pastes to simplify and lower the 
cost of manufacturing. The inverted structure show better long‐time stability 
compared to the normal structure. In the inverted PSCs, n‐type metal oxides, 
such as TiO2, ZnO, and Cs2CO3, have been used to modify the cathode, leading 
to power conversion efficiencies ranging from 3 to 7% [69]. The metal oxides 
serve as electron transport layers. The performance of inverted PSCs is pre-
dominantly influenced by the optical transparency and electrical conductivity 
of these electron transport layers; it is also influenced by the interfacial contact 
between the electron transport layer and the BHJ active layer [70]. There are 
some ladder‐type multifused polymers with thienyl‐phenylene‐thienylene‐
phenylene‐thienyl (TPTPT) as the core unit that show 4.3% efficiency in a 
normal PSC configuration while in the inverted structure they exhibit a higher 
5.1% efficiency [71].

In 2012, Yang et al. obtained an efficiency value of 8.4% for the inverted 
configuration structure ITO/ZnO/PFN‐Br/PBDT‐DTNT:PC71BM/MoO3/Ag. 
Here PBDT‐DTNT is the donor while PFN‐Br is the conjugated polyelectro-
lyte [72]. A power conversion efficiency of 9.21% under AM 1.5G illumination 
has been achieved for the inverted PSCs with a device configuration ITO/
PFN/poly[(9,9‐bis(3′‐(N,N‐dimethylamino)propyl)‐2,7‐fluorene)‐alt‐2,7‐(9,9‐
dioctylfluorene)]/thieno[3,4‐b]‐thiophene/benzodithiophene:PC71BM/
MoO3/Ag [73]. The architecture of the latest inverted PSC is shown in the 
Figure 10.9.

A novel dipole layer has been introduced by Nam et al. to improve the effi-
ciency. They did this by introducing a neutral polymer, poly(2‐ethyl‐2‐oxazoline) 
(PEOz) between the electron collecting buffer layer (ZnO) and the BHJ 
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photoactive layer. The photoactive layer consists of poly[4,8‐bis(5‐(2‐ethylhexyl)
thiophen‐2‐yl)benzo[1,2‐b:4,5‐b’]dithiophene‐alt‐3‐fluorothieno[3,4‐b]thio-
phene‐2‐carboxylate] as donor and [6,6]‐phenyl‐C71‐butyric acid methyl ester 
as acceptor. The dipole layer greatly improved the photovoltaic efficiency of the 
inverted type PSC to 10.74%, a high record value [74].
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Figure 10.9  (a) Solar cell device stack and chemical structures for PTB7‐Th, PC71BM, and 
PEOz. (b) Flat energy band diagram for PTB7‐Th:PC71BM BHJ solar cells with ZnO/PEOz 
ECBL/interlayer. The blue arrow denotes the shift in ZnO work function caused by the PEOz. 
(c) Absorption coefficient (α) spectra for pristine films of PTB7‐Th and PC71BM, and for a BHJ 
PTB7‐Th:PC71BM blend film. Reproduced with permission of Nature Publishing Group [74].



  Table 10.1    The maximum efficiency attained for each type of polymer solar cell. 

Development Type of polymer solar cell Type of configuration Efficiency (%) Ref    

Material Polymer–fullerene BHJ ITO/ZnO/PffBT4T‐C 9 C 13 :PC 71 BM/V 2 O 5 /Al 11.70   27    
Non‐fullerene or fullerene‐free BHJ ITO/ZnO/PEI/PNDIS‐HD:PBDTT‐FTTE/MoO 3 /Ag 11.21   31    
All polymer BHJ ITO/ZnO/PEI/PNDIS‐HD:PBDTT‐FTTE/MoO 3 /Ag 7.73   34    
Double‐cable polymer MHJ ITO/PEDOT:PSS/COP2/Al 4.19   55    

Device Tandem (Homo) ITO/PEDOT:PSS/PTB7‐Th:PC 71 BM/ZnO/CPEPh‐Na/
PTB7‐Th:PC 71 BM/Al

11.30   65    

Tandem (Hetero) ITO/PFN/PBDD4T‐2 F:PC 61 BM/MoO 3 /Ag/PFN/
PDPP4T:PC 71 BM/MoO 3 /Al

10.12   30    

Tandem (Triple junction) ITO/ZnO/P3HT:ICBA/PEDOT:PSS/ZnO/PTB:PC 71 BM/
WO 3 /PEDOT:PSS/ZnO/LBG:PC 71 BM/WO 3 /Al

11.55   64    

Tandem (All polymer) ITO/ZnO/P2F‐DO:N2200/M‐PEDOT:PSS/ZnO/
P2F‐DO:N2200/MoO 3 /Al

6.70   66    

Inverted ITO/ZnO/ PEOz/PTBT‐Th:PC 71 BM/MoO 3 /Ag 10.74   74  
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More recently a binary acceptor system based on a small molecule and 
fullerene derivative has been introduced in inverted PSCs. The small mole-
cule, RTCN in the device structure ITO/ZnO/PTB7‐Th:PC71BM:RTCN/
MoO3/Ag, not only enhanced the dye adsorption but also provide additional 
exciton dissociation at the PTB7–Th:RTCN interface. This binary system has 
enriched the performance of single acceptor system from 8.50 to 9.55% [75]. 
Studies of other materials for the development of device configuration are 
continuing.

The literature updates for the maximum efficiency achieved for all types of 
PSCs are given in Table 10.1 [76–78]. The table clearly exposes the changes in 
material or device that resulted in different power conversion efficiency. In 
addition, the nature of materials, such as polymer–fullerene, non‐fullerene or 
fullerene free, all polymer, and double‐cable polymer, reflected a variable effi-
ciency. The device configuration itself produced a dramatic change. Even a 
small introduction to the modification layer would give rise to noticeable 
change in their solar energy conversion.

10.5  Conclusions

In this chapter a brief history of polymer solar cells has been given as an intro-
duction. An overview of the materials developed for polymer‐fullerene, non‐
fullerene, all polymer, and double‐cable polymer solar cells has been provided 
along with their power conversion efficiencies. Also, the progress made in 
device configuration to improve photovoltaic performance from the prelimi-
nary stage has been described. The advantage of the polymer solar cells is that 
solution‐processable coating techniques can be used to manufacture the solar 
cells in a roll‐to‐roll fashion. They are economically cheap, lightweight, and 
portable. As they are solid state cells, no electrolyte or water is needed to main-
tain its life. New materials with different functionalities and device structures 
are being developed by various researchers worldwide to improve the efficiency 
and stability of polymer solar cells. It is believed that the information provided 
here will help researchers attain molecular, material, and device level control 
for complete optimization of solar energy conversion technology. Polymer 
solar cells will soon enter the market for solving our energy problems. Everyone 
can have printed solar cells on bags, umbrella, and cars as portable and roll‐
able format.
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11

11.1  Introduction

The earth receives almost 2.9 × 1015 kW of energy every day in the form of 
electromagnetic radiation from the sun, which is about one hundred times the 
total energy consumption of the globe in a year [1]. The conversion of solar 
energy into electrical energy is called photovoltaic technology or solar 
technology. Solar technology is not new, its history spans from the seventh 
century B.C, when we started out of using solar radiation with glass and mirrors 
to light fires. At present, we have everything from solar‐powered bags to solar‐ 
powered buildings [2]. In 1954, Bell telephone research laboratories reported 
4% efficiency using silicon solar cells, which later improved to attain 11% 
efficiency. During this era the cost of generation of one watt was about $77/
watt. However, to date the efficiency of silicon‐based solar cells has not crossed 
18–20% and the costs of production are about $5–6/watt.

The journey of perovskite structured materials started in the nineteenth 
century, when there were research studies of inorganic lead halides [3]; 
organic–inorganic halides were studied in the early twentieth century [4]. The 
first reports of perovskite‐structured hybrid halide compounds  –  methyl 
ammonium lead [(CH3NH3Pb) X3] (X = Cl, I, Br) and methyl ammonium tin 
bromine iodide [CH3NH3SnBr1‐xIx] alloy – were by Weber in 1978 [5, 6]. In 
subsequent decades researchers started to study its context of unusual physics 
and chemistry in earnest [7–9]. After lead halide compounds were first sug-
gested for photovoltaic applications in the 1980s [10, 11], one had to wait until 
2009 for Kojima et al. to report first on perovskite for solar cells [12]; the rapid 
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improvement in performance has made it the rising star of the photovoltaic 
world within a short span of years.

11.2  Perovskite

The word “perovskite” refers to any kind of material with same type of crystal 
structure as calcium titanium oxide (CaTiO3). The mineral was discovered in the 
Ural mountains of Russia by Gustav Rose in 1839 and is named after Russian 
mineralogist Lev Perovski [13]. It adopts a three‐dimensional crystal structure 
consisting of a corner‐sharing TiO6 octahedral, with Ca occupying the cubo‐
octahedral cavity in each unit cell. The same crystal structure is also found for 
broad range of materials with ABX3 stoichiometry, in which A and B are cations, 
where A is a large cation compared to B; X is an anion, which could be oxygen, 
nitrogen, carbon, or a halogen (chlorine, bromine, or iodine). The schematic 
representation of the ABX3 crystal structure is represented in Figure 11.1 [14]. 
Perovskite materials are archetypal system for phase transitions with accessible 
cubic, orthorhombic, tetragonal, trigonal, and monoclinic polymorphs depend-
ing on the tilting and rotation of the BX3 polyhedral in the lattice [15]. Reversible 
phase changes can be induced by a range of external stimuli, including tempera-
ture, pressure, and magnetic or electric fields. To keep the perovskite crystal 
structure stable, the size of the three ions is strictly confined by the tolerance 
factor [16]:
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Figure 11.1  ABX3 crystal 
structure [14]. Source: Zhao.  
http://www.mdpi.
com/2304‐6732/2/4/1139/htm. 
Licensed under CC BY 4.0.
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where RA, RB and RX are ionic radii of A, B and X site elements, respectively. 
The tolerance factor is applicable at room temperature to the empirical ionic 
radii. For an ideal cubic structure the t‐value appears to be within the limit of 
0.75 to 1 (i.e. 0.75 > t > 1) due to different distortions; in some cases it is found 
to be very close to unity. These distortions play a crucial role in perovskite, 
particularly in the electronic, magnetic, and dielectric properties, which are 
most significant in the case of diverse applications.

11.3  Perovskite Solar Cells

Until 1980 there were no reports relating halide perovskite materials as a solar 
absorber; Salau reported a new perovskite alloy having a direct bandgap 
(between 1.4 and 2.2 eV). Organometal halide perovskite as a light absorber in 
solar cells has amazed everyone by its performance. It receives a special atten-
tion in the scientific community and industry because of its low cost, ease of 
fabrication, and high photoconversion efficiency (PCE). Some perovskites, like 
CH3NH3PbI3, CH3NH3PbIxCl3‐x, and formamidinium lead iodide [FAPbI3], 
have broad absorption spectra with a bandgap of about 1.5–1.6 eV and are used 
as light absorbers in perovskite solar cells (PSCs). In addition to its absorption 
properties, a perovskite should have appropriate dielectric constant (ε), Bohr 
radius, exciton binding energy (Eb), and diffusion length of charge carriers. 
These factors are strongly correlated with the photophysical, photoelectrical 
properties and solar cell device performance. The electron hole pairs generated 
by photons in the organic–inorganic perovskites can exist as free charge carri-
ers or excitons, with Eb based on the excitons, and can be classified as Frenkel‐
type or Wannier‐type. Many researchers have reported an Eb of 29–50 meV for 
CH3NH3PbI3 [17–20] and 35–98 meV for CH3NH3PbCl3‐xIx [21, 22]. Recently, 
there was a report with an Eb of 2 meV for CH3NH3PbI3 perovskite; this is very 
low compared to inorganic semiconductors like Si (15.0 meV), GaAs (4.2 meV), 
and CdTe (10.5 meV) [23]. Based on these excellent capabilities of light absorp-
tion and photophysical/photoelectrical properties, perovskites are considered 
as promising materials for solar cell devices.

In early 2009, organometal halide perovskites were first employed as visible‐
light “sensitizers” in photoelectrochemical cells [24]. In this work, performed 
by Miyasaka et al., the solar cells were based on mesoporous TiO2 photoanodes 
that were sensitized with CH3NH3PbX3. However, the resulting PCE was not 
up to the levels obtained for triiodide (about 3.81%) and for tribromide (about 
3.13%) and the cell stabilities were poor in a liquid electrolyte. Park et al. in 
2011 fabricated dye‐sensitized solar cells (DSSCs) using CH3NH3PbI3 (MAPbI3) 
nanocrystals with a thickness of 2–3 nm, which increased the PCE to 6.54% at 
one sun condition by means of nanocrystals with iodide redox shuttle [25]. In 
both cases the perovskite materials were applied in quantum dots (QDs) 
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deposited on TiO2, but these sensitizers decomposed or dissolved in liquid 
electrolyte and the cells became rapidly degraded within few minutes.

The breakthrough in PSCs came in 2012, when Professor Gratzel and his 
coworkers collaborated with Park et al. They used MAPbI3 as a light harvester 
in combination with conducting polymer as hole conductor, 2,20,7,7,0‐tet-
rakis‐(N,N‐dimethoxyphenyl‐amine)‐9,90‐spirobi‐fluorene (spiro‐MeOTAD) 
on mesoporous TiO2 producing the PCE of 9.7% [26]. During the same period, 
Snaith, in collaboration with Miyasaka, reported solar cells based on a “meso‐
superstructured” scaffold, which revealed that an inert scaffold such as Al2O3 
can replace the n‐type semiconducting materials in the device fabrication. By 
employing this superstructure technique, device performance was boosted to 
10.9 %. This result also established that perovskite materials can behave as  
n‐type semiconductors [27]. Later on it was reported that perovskite has an 
ambipolar property and can transport both electrons and holes, and that a 
solid perovskite film few hundred nanometers thick can sustain charge genera-
tion and transport [28]. The evolution of PSCs and the various types based on 
their configuration are shown in Figure  11.2 [29]. The outstanding achieve-
ments in device performance from both materials science and device engineer-
ing promise further breakthroughs in this field of study. However, the 
perception of the mechanisms underlying such exceptional performance has 
not grown at the same pace [30–34].

11.3.1  Architecture

The first perovskite‐based photovoltaic system was, in fact, a mimic of DSSCs, 
in which dye molecules had been replaced by perovskite nanoparticles and the 
liquid electrolyte had been replaced with a solid‐state hole transporting layer 
[35]. The architecture of perovskite solar cells evolved from mesoscopic sensi-
tized configuration, super‐mesostructured scaffold, to thin film planar con-
figuration. The structure of organo‐lead halides based hybrid solar cells 
basically categorized into mesoscopic architecture (Figures 11.3a and 11.3c) or 
planar architecture (Figures 11.3b and 11.3d). For either mesoscopic or planar, 
the devices can be constructed with n‐i‐p (Figures 11.3a and 11.3b) or p‐i‐n 
heterojunctions (Figure 11.3c and 11.3d), depending on which polarity of con-
tact is applied as substrate layer. These four structures of PSCs are schemati-
cally shown in Figure 11.3 [36].

11.3.1.1  Mesoporous PSCs
In this type of architecture, mesoscopic semiconducting materials have been 
used as an electron transporting layer (ETL) (typically TiO2) and the perovs-
kite materials serve as a light harvester. Upon absorption of photons by per-
ovskite materials, the bands are excited and the electrons are transferred into 
the neighboring ETL while the holes move towards the adjacent hole 
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transporting layer (HTL). A compact film of TiO2 (C‐TiO2) is deposited 
beneath the scaffold as a hole‐blocking layer [37, 38]. The active and buffer 
layers are sandwiched between the transparent conducting substrate and the 
metal contact electrode [37]. To enhance the performance of the device, this 
type of configuration was first urbanized by coating the facet of the scaffold 
by perovskite precursor solutions invading the scaffold pores [39]. The pitfall 
in this kind of configuration is that deposition of the mesoporous layer 
implies high temperature processing and thus makes it an extortionate pro-
cess. Also, the mesoporous layer may not be structurally homogeneous, 
causing fragmented padding of perovskite materials in the pores, which 
results in suppression of the of the device’s performance [27, 40, 41]. Due to 
this issue, the pilot scaling of devices may not be possible when employing 
this kind of configuration.

(a) n-i-p mesoscopic PSC

(c) p-i-m mesoscopic PSC
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Figure 11.3  A schematic representation of (a) and (b) n‐i‐p mesoporous and planar, (c) and 
(d) p‐i‐n n‐i‐p mesoporous and planar structures [36]. Reproduced with permission of Royal 
Society of Chemistry.
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11.3.1.2  Planar PSCs
To overcome this issue novel device architecture, called planar configuration, 
has been developed that can be fabricated at low temperature. This kind of 
architecture does not make use of mesoporous architecture and high tempera-
ture processes, which is a practical option for scaling‐up the devices. Based on 
its layer stacking sequences it is subdivided into two: (i) the conventional n‐i‐p 
structure, in which ETL is deposited over the bottom cathode, HTL is depos-
ited beneath the top anode layer, and the perovskite light harvester has been 
sandwiched between the ETL and HTL; and (ii) the p‐i‐n structure, which is 
the inverse of the n‐i‐p [42]. The n‐i‐p configuration was first introduced in 
2003 with a modification of meso‐superstructured PSCs by incorporating 
Al2O3 as a scaffold on the c‐TiO2 layer [43]. This kind of architecture has the 
advantage that the perovskite materials can fulfil both the roles of light absorp-
tion and efficient charge transport with the minimal recombination [44–47]. 
Similarly, the planar configuration with the p‐i‐n type was first developed in 
2013 by Guo et al. following the work reported by Etgar et al., who reported 
that perovskite materials can act as both absorber and hole conductor [48, 49]. 
In this first kind of p‐i‐n architecture, poly(3, 4‐ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) was employed as a HTL, a fullerene‐based 
molecule as an acceptor, and perovskite materials as a donor. Recently, there 
have been several kinds of inorganic p‐type layer, such as nickel oxide (NiOx), 
grapheme‐based materials, CuSCN, etc., that have been used effectively in the 
fabrication of perovskite solar cells [50–53]. The p‐i‐n planar architecture finds 
a path in transferring smaller scale devices into larger scale devices towards 
commercialization owing to its ease of fabrication and relatively small hyster-
esis [54–56].

11.4  Device Processing

It is not an easy task to transfer a process from the research scale to a com-
mercial scale. It must pass through many stages that tackle each step to trans-
form the device into a commercial one. Considering these aspects for device 
processing is a significant tool that plays a role in pilot‐scaling of devices. There 
are several strategies involving in up‐ scaling the devices starting from synthe-
sizing of materials to fabrication of devices. Some of the important aspects for 
transferring technology towards commercialization are discussed here.

11.4.1  Solvent Engineering

Solvent engineering technology has proven to be an efficient way for produc-
ing dense perovskite layers by controlling the grain size. To improve the quality 
of the perovskite films both polar and nonpolar solvents have been used in 
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solvent engineering process [57]. A few steps need to be considered for an 
effective solvent engineering process: (i) the ratio of solvent and the precursor 
solution taken because the stretching of perovskite crystal depends on the sol-
vent concentration; (ii) how the solvent forms the complexes with the perovs-
kite precursor solution; (iii) what intermediate phase is formed during the 
solvent treatment plays a critical role in drastically reducing the energy barrier 
in perovskite formation; and (iv) how to remove the remnant solvent [58]. By 
considering all these facts an effective PSC can be fabricated with solvent engi-
neering technology. Seok et al. demonstrated a cosolvent method by mixing 
DMSO in gamma–butyrolactone for a one‐step spin coating process, which 
enabled the dissolubility of the precursor to be enhanced and dense perovskite 
films formed [59]. Park et al. demonstrated the solvent engineering technique 
using diethyl ether as a superfluous solvent and concluded the device fabri-
cated using diethyl ether possesses good thermal stability with better PCE [60]. 
Even though solvent engineering technology is a very constructive experimen-
tal methodology, two major challenges remain. Firstly, the mechanism of the 
nonpolar solvent on the precursor adducts, which further governs the perovs-
kite formation, has not been systematically studied yet. Secondly, the reason 
why the CH3NH3‐PbI2‐DMSO adduct plays a more important role in the crys-
tallization process than CH3NH3‐PbI2‐dimethylformamide (DMF) is unclear.

11.4.2  Compositional Engineering

Compositional engineering plays a vital role in the formation of high quality 
perovskite films for device fabrication. The design of high performance PSCs 
using mixed perovskite (MAPbI3) and (MAPbBr3) was first reported as mate-
rial engineering [61]. From this successful formation the bandgap energy and 
lattice parameters of the phase structure were determined. The Goldschmidt 
tolerance factor with the value of unity can be achieved by tuning the composi-
tion of cations and anions in the PSCs, which favors stability of perovskite 
halides and reduces charge trap density [62, 63]. Researchers developed vari-
ous compositions for fabricating the PSCs starting from the ETL to HTL to 
improve the stability and the performance of the device. The highest PCE of 
PSCs to date was mostly achieved using compositional engineering [64]. 
Recently, Shi Tang et al. employed cesium and bromine ions in the perovskite 
solution and fabricated the devices and achieved a stabilized photoconversion 
efficiency of about 19.3% [65].

11.4.3  Interfacial Engineering

The self‐assembly crystallization performance of organic–inorganic hybrid 
perovskite materials is more beneficial in fabrication of perovskite crystals 
by solution processing at low temperature, but it also possess some 
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drawbacks in the controlled formation of compact and flat thin film. In the 
case of high performance PSCs with a thin‐film type architecture, it is very 
crucial to achieve the self‐assembly crystallization. Despite the recent 
unprecedented achievement in reaching a PCE of 22.1% using mesoscopic 
PSCs [60, 66–68], this is still far from the predicted efficiency limit (about 
31%) [69]. Notably, losses occurring due to interfacial recombination were a 
negative influence in the charge injection at the perovskite/transport layer 
interface [70]. Similarly, deprived charge transport of electrons and holes in 
ETL and HTL severely limits charge collection at the electrodes [71–73], 
which leads to a reduction of both Jsc and FF, thus reducing the PCE [74]. 
Hence, a fine‐tuning of interface and interlayer properties is obligatory to 
enhance the charge transport and extraction at the perovskite/transport 
layer interface. Moreover, the prospect to tune the perovskite/transport 
layer interface to allow reduction in JV hysteresis sweep, meanwhile helps in 
improving the charge collection [75, 76]. The first solvent engineering pro-
cess was reported by Seok et al. with DMSO as mediator, which acts as both 
solvent and reactant for PbI2 [59]. The schematic representation is shown in 
Figure  11.4a. By employing DMSO as intermediate in the PSCs, the sub-
strate results in the formation of flat crystalline and more compact film. The 
film formation will be:

	 MAI PbI DMSO2  MAPbI DMSO3

The intermediate phase film will be successfully converted into crystal-
line perovskite film by subject it to annealing treatment. By removing the 
intermediate DMSO in the film, the compact and flat morphology formed 
will remain the same. This successful approach opens a path for controlling 
the rapid crystallization kinetics of perovskite films. Following this research 
there is a tremendous interest in applying interfacial engineering in the 
fabrication of PSCs. Recently Lee et al. developed a large area substrate of 
over 18.4 cm2 by introducing an amphiphilic conjugated polymer electro-
lyte as an interfacial compatibilizer and achieved a PCE of 17 % [77]. 
Similarly, 2D materials like graphene find application in interfacial engi-
neering in PSCs. di Carlo et al. demonstrated the fabrication of PSCs using 
graphene as an interfacial layer to develop an active area of over 50 cm2 and 
achieved a PCE of 12.6 % [78]. Recently, Nazeeruddin et al. demonstrated 
10 × 10 cm2 PSCs delivering about 11% with zero losses for one year stability 
using 2D/3D interfacial engineering [79]. In this article the first principle 
calculation on interface engineering has been done and reported. The 
density of states (DOS) function for the interface structure with its 2D 
interface has been reported, as shown in Figure  11.4b. Thus, it opens a 
gateway for scaling‐up and stabilizing the device and transferring 
technology towards commercialization.
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11.5  Enhancing the Stability of Devices

The stability of the device is a main concern when considering commercializa-
tion. As discussed previously, the performance of the device has increased 
drastically in terms of efficiency. But the stability of the device still lagging 
behind, even in the smaller area devices. Long‐term stability is mainly affected 
by the inherent vulnerability of the light absorbers (i.e. perovskite materials) to 
heat and moisture. Degradation of perovskite materials due to moisture and 
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heat can be traced in several ways. A few of the best observable examples are 
the change in color from dark brown to yellow, decreased intensity in light 
absorption, and changes in the XRD peaks [80–82]. Stability can be improved 
by encapsulating the whole device, preventing exposure of the perovskite film 
to moisture. The encapsulation should be done in a careful manner so that it 
does not allow/include any trace of moisture present in atmosphere [83]. 
Besides encapsulation, material engineering has to be considered to prevent 
the perovskite film from decomposition. Tai et al. demonstrated the fabrica-
tion of PSCs with long‐term stability by careful design of materials engineer-
ing. The authors used lead (II) thiocyanate as precursor for preparing the 
perovskite film with a relative humidity of 70% and achieved a maximum PCE 
of about 15% [84].

11.5.1  Deposition Techniques

The morphology and crystallinity of the perovskite materials play an impor-
tant role in the device performance. In smaller scale devices, the crystallinity of 
the perovskite materials can be attained easily by controlling the parameters. 
In the case of large area device fabrication it is difficult to control the crystal-
linity and the morphology of the materials used. Crystallization of the materials 
is strictly related to the deposition technique and the substrate surface used. 
Similarly, the roughness of the layer is strongly impacted by the manufacturing 
process and each technique has need of its own frame for film optimization to 
avoid in homogeneity and the presence of pin‐holes. Some of the techniques 
used for small area devices are not appropriate for pilot scaling the devices, 
because of their complexity or large amount of materials waste, etc. Some of 
the materials used in the device fabrication are toxic, so manufacturing must 
take account of process safety. This section gives a brief discussion on some of 
the pilot scaling‐up processing techniques employed for developing effective 
module manufacturing.

11.5.1.1  Spin Coating
A main objective for pilot scaling‐up of the devices is to ensure highly uniform 
deposition of the various layers. The most widely used technique at the labora-
tory scale for device fabrication is spin coating. It delivers good uniformity and 
thickness with reproducibility of the film. The quality of the film can be con-
trolled by controlling parameters such as deposition time and the ink formula-
tion with the rotational speed. Laboratory‐scale devices (typically with the 
dimension of about 0.1 cm2) have obtained a recorded efficiency of about 22.1% 
by using this technique [71, 85]. However, when the device is scaled up from 
0.1 cm2 to 1 cm2 there will be drop in PCE of about 10–15% in comparative 
terms [86, 87]. Cheng et al. reported on planar device architecture comprising 
glass/FTO/NiMgLiO/CH3NH3PbI3/PCBM/Ti(Nb)Ox/Ag deposited using 
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spin coating. In this work a PCE of 16.2% for the active area of about 1.02 cm2 
was reported. The certified efficiency of perovskite solar cells over an 
area > 1 cm2 was held by the National Institute of Materials Science (NIMS), 
Japan, up to 2015; it fabricated perovskite solar cells with an area of 1.02 cm2 
with a recorded efficiency of 15.6% [88]. In 2016, Li et al. employed a vacuum‐
flash solution technique for developing perovskite solar cells. In this method 
spin coated film was placed in a vacuum chamber for few seconds to amplify 
solvent removal and improve rapid crystallization before an annealing treat-
ment. By employing this method Li and the research group fabricated a device 
with an active area of 1.44 cm2 and achieved a PCE of 20.5% and a certified PCE 
of 19.6% [89].

Even if active areas of about 1 cm2 are larger than most laboratory scale 
reported devices, the areas to be considered for pilot scaling‐up of devices 
needs to be at least an order of magnitude larger. Matteocci et al. reported 
perovskite solar cell modules comprising five subcells connected in series, as 
shown in Figure 11.5a, with a PCE of 5.1%; the authors also described how the 
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efficiency varied with dimension [90]. Qiu et al., in 2016, developed a module 
with four series‐connected cells over an aperture area of 4 cm2, as shown in 
Figure  11.5b. With this series connected module, the Qi research group 
achieved PCE of 13.6% [91]. Matteocci et al., following their own previous 
research work, fabricated modules over the larger dimension of 10 cm2 and 
achieved a PCE of 9.1% on the aperture area and 13% on the active area [92]. So 
far by employing this method, Heo et al. have fabricated a perovskite solar 
module with the larger area of 40 cm2 with an inverted planar structure and a 
PCE of 12.9% [93]. Even though the efficiencies of the modules developed 
using the spin coating technique achieved high leves, in actual fact it does not 
represent an effective method for up‐lifting perovskite solar cell manufactur-
ing, because this method of deposition involves huge volume of waste in 
solution during fabrication, which increases manufacturing cost and exposure 
to potentially harmful chemicals. To address this drawback, an alternative 
technique called “blade coating” has been developed.

11.5.1.2  Blade Coating
Blade coating is one of the printing techniques that offers an option for devel-
oping solar modules for processing on a larger scale in a cost effective and 
simple manner [39]. In general, blade coating has a simple fabrication setup 
with a micrometer screw, which, in turn, makes it possible to adjust the height 
of the substrate surface by adjusting the screw. Furthermore, it enables the user 
to adopt a divergent approach to control the thickness and morphology. The 
crystallization of perovskite greatly depends on the deposition time and tem-
perature; hence, it is mandatory to control the solvent evaporation rate to 
achieve a good quality of film. The evaporation rate of the deposited solvent 
can be controlled by a handful of methods, such as raising the temperature of 
substrates up to the boiling point of the solvent used or by dribbling air over 
the surfaces during the coating.

In 2016, Mallajosyula et al. reported large area hysteresis‐free perovskite 
solar cells with an active area of 1 cm2 using the doctor blade technique as 
shown in Figure 11.6a. The authors reported the effect of controlling the sub-
strate temperature, volume of the solution, and the acceleration speed of the 
blade. By controlling all these parameters the authors achieved a PCE of 7.32% 
[94]. In 2015, Razza et al. demonstrated fabricating series‐connected modules 
in several dimensions over the larger area of 100 cm2, in which the patterning 
of the perovskite was achieved by laser ablation of PbI2. The larger area module 
is show in Figure 11.6b. By pattering and controlled deposition of perovskite 
and HTL, an efficiency of 10.4 % was recorded for an active area of 10 cm2 and 
4.3% for 100 cm2 active areas [95]. The same research group has achieved a 
PCE of 9% over 100 cm2 active areas by optimizing the deposition rate of Spiro‐
meOTAD by blade coating [96. Yang et al. demonstrated fully printable perovs-
kite devices using a blade coating applicator on both glass and flexible 
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substrates, concluding that this is one of the promising scalable techniques of 
the simplest manner [97]. Yet to increase the reproducibility, an automatic 
deposition technique called “slot die” coating was developed; it is based on a 
similar principle to the blade coating technique.

11.5.1.3  Slot Die Coating
Slot die coating is one of the significant printing methods used to deposit the 
solvent in a large scale manner by controlling the amount of solvent used in a 
precise manner and of acquiring patterned layout. It works on the same prin-
ciple employed in the blade coating method. As with the blade coating tech-
nique, this method also requires controlled evaporation of solvent to yield a 
film with a better crystallinity and morphology. Vak et al. demonstrated 
the fabrication of perovskite devices fully using slot die coating. The authors 
used a 3D printer for deposition in which acceleration and speed can be con-
trolled in all three dimensions of x, y, z. Since the device fabrication is fully 
controlled by the system no hardware is required. The research group reported 
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Hot plate

Perovskite film

(a)

(b)

Substrate

100 μm550 μm

455μm
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Fuse plate and
speed control
unit

Figure 11.6  (a) Pictorial representation of doctor blade instrument with its growth of grain 
size [94]. (b) Image of large area module of 100 cm2 fabricated using doctor blade method 
[95]. Reproduced with permission of Elsevier Publishing.
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deposition of 10 cm2 with series interconnection of five cells with an active area 
of 0.1 cm2 [98].

Jung et al. demonstrated fabrication of reliable perovskite films using a print-
ing process through synergetic effects of binary processing additives,  
N‐cyclohexyl‐2‐pyrrolidone (CHP), and dimethyl sulfoxide (DMSO). Notably, 
these perovskite films are deposited by facile one‐step processing under a room 
temperature and ambient atmosphere, as shown in Figure 11.6c [99]. Hwang et al., 
who employed the same 3D printer setup and reported in more detail about 
the influence of gas quenching, the device configuration, and the film, quenched 
using gas. The authors reported the possibility of controlling the crystallization 
temperature aid in terms of reproducibility and morphology control. By vary-
ing the temperatures, the PCE of the cells differs; a maximum PCE of 11.96% 
has been recorded for 70 °C, representing a hopeful result for cells composed of 
all printed layers except for the electrodes [100]. Similarly, Ming He et al. 
reported the solution printing method and studies of its crystallization kinet-
ics, which is represented in Figure 11.6d [101]. Solliance et al. demonstrated a 
perovskite module with the aperture area of 168 cm2 using slot die coating with 
laser pattering that achieved a PCE of 10%. Hence, to improve the perovskite 
solar cells in the pilot scale, slot die coating is one of the most significant methods, 
and can be keener in roll‐to‐roll manufacturing.

11.5.1.4  Screen Printing
Screen printing is one of the artistic techniques that espouse a mesh made of 
steel or a screen made of synthetic fibers that is used to transfer the ink or 
emulsion onto a substrate. A desired design called a pattern is made on the 
mesh and by means of moving a blade or squeegee across the screen it is pos-
sible to transfer the emulsion to the substrate through the pattern. The screen 
printing technique is mainly acquired from the field of DSSCs, in which it is 
being used for depositing the nanocrystalline materials uniformly on the sub-
strates and modules. The schematic representation of the screen printing tech-
nique is shown in Figure 11.7a. Similarly in the case of PSCs, it is used to print 
the nanocrystalline scaffold in the mesoporous structure for both the cells and 
module fabrication [102]. Mei et al., in 2014 reported fully screen printed PSCs 
without employing a hole conducting layer. The research group fabricated 
PSCs using two mesoporous layers, TiO2 and ZrO2, as scaffold into which the 
perovskite solution had been been infiltrated. The fabricated cells achieved a 
PCE of 12.8% and were stable for a period of over 1000 hours in ambient full 
sunlight conditions [56]. More recently, in 2016, Solaronix developed PSCs 
with a 500 cm2 large solar module by employing this technique in a quadruple 
stacked manner. This work transposed laboratory scale cells about 1 cm2 to a 
more significant area, a hundred times larger, without a drop in the perfor-
mance of the devices. The company achieved a PCE of 12%; the cells operated 
for more than 5000 hours with a thermal stress ideally in the range 50–70 °C. 
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Figure 11.7  (a) Schematic representation of the screen printing method. (b) Pictorial 
representation of the spray coating method for PSCs. Figure adapted from [105]. Source: 
Habibi. http://www.mdpi.com/2079‐6412/7/3/42/htm. Licensed under CC BY 4.0.
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Thus, this technique is one of the most significant tools for pilot scaling‐up 
device technology.

11.5.1.5  Spray Coating
Spray coating is an alternative deposition technique widely used in industrial 
production and it is the best method for polymer solution coating. As early as 
2007, the spray painting method was surveyed as a cost‐effective technique for 
fabricating large area OPVs. Seven years later, Barrows et al. employed a simi-
lar method for depositing PSCs and achieved a PCE of 11% by controlling 
parameters such as substrate temperatures, annealing treatments, gas carrier, 
etc. [103]. Kai et al. demonstrated flexible PSCs using an ultrasonic spray coat-
ing method. In this method, photonic curing technology was used for anneal-
ing treatments and achieved a PCE of 13% [104]. Even though the work 
demonstrated flexible PSCs with a high PCE and its mechanical stress, the 
results were not obtained for large area devices. The roughness of the film 
plays a key role along with the number of pin‐holes; both these factors should 
be low to obtain high‐efficiency PSCs. After optimization and research 
Morteza et al. reported large area (about 25 cm2) defect‐free PSCs using this 
deposition technique. The research group demonstrated scalable spray deposi-
tion using automated spray coating and by controlling the film roughness and 
thickness, solution concentration, and annealing treatments, as shown in 
Figure 11.7b. They also reported the surface tension, contact angle, and viscosity 
of the solution [105].

11.5.1.6  Laser Patterning
Some of the deposition techniques, such as blade coating or screen coating, are 
not self‐patterned. To create the required layout it is necessary to use masks 
and/or etching but quite often it results in excluding uniform deposition of 
materials. Moreover, the masks used are thermoplastic and not suitable for high 
temperatures and use of strong solvents, while the use of metallic masks is not 
easy [92]. Pattern formation is used not only to improve the performance of the 
devices but also to help in transferring/scaling‐up the device for manufacturing 
purposes. In general, PSCs are designed by stacking multiple layers with a thick-
ness in the order of a few hundred nanometers. Laser processing is focused on 
preventing damage to each underlying layer or the substrate used during patter-
ing. It is also used to remove the previously deposited layers for contact (i.e. 
interconnection), which is more helpful in fabricating large area modules. 
Removal of several materials, layer by layer or all at once, is made possible by 
choosing different wavelengths of the laser used. The use of different laser 
wavelength is highly associated with the different deposition techniques used 
[95]. Patterning and framing using lasers have several benefits, such as a high 
precision, intense selectivity and automation, processing speed, resolution, and 
cost‐effective approach. It also helps in reducing the dead areas and making use 
of those areas as contacts in large area perovskite modules [106].
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In general, laser patterning consists of three sequential laser processes, 
namely P1, P2, and P3 [107, 108]. In the sequential laser process, the P1 process 
mainly focuses on the insulation of photoanodes, such that they can be easily 
connected to neighboring cells in modules by means of series connection. 
Typically, the P2 process involves removing the entire stack – ETL/perovskite/
HTL – in order to connect the two adjacent cells in series and by removing the 
entire stack contact resistance will be reduced [92]. The final P3 process relates 
to the insulation of the counterelectrode; it also involves reducing the parallel 
resistance by removing the ETL/perovskite/HTL stack [109]. As discussed ear-
lier, Mettocci et al. used laser pattering to remove excess perovskite and HTL 
to achieve interconnection of devices. They used two different kind of lasers, 
CO2 and Nd:YVO4, to remove perovskite and HTL. By employing this kind of 
technique, a PCE of about 13% was obtained for an active are of about 10 cm2 
[92]. Similarly, many researchers have used laser for patterning along with their 
different deposition techniques. Palma et al. demonstrated a fully laser pro-
cessed perovskite solar cell module over a larger area of 14.5 cm2. The authors 
used the entire three lasers patterning process (P1‐P2‐P3) for device fabrica-
tion and focused mainly on improving the aperture ratio of the device [110].

11.5.1.7  Roll‐to‐Roll Deposition
The roll‐to‐roll (R‐R) deposition technique has the potential of pilot‐scaling the 
technology by means of manufacturing in a large scale manner with high 
throughput, flexible, and reproducibility [100, 111–113]. It also overcomes some 
of the limitations, such as continuous deposition over larger area for a long dura-
tion irrespective of substrate materials and size used. This is one of the successful 
methods in manufacturing solar cells, especially in the field of DSSCs and organic 
solar cells [114–117]. Furthermore, it is also more compatible with other print-
ing techniques on glass, such as inkjet, bade coating, and slot die. The deposition 
parameters optimized for glass are not suitable for flexible substrates; hence, a 
new optimization has to be developed for depositing on flexible substrates. 
Hwang et al. demonstrated fabrication of perovskite solar cells on PET/ITO sub-
strates using a printing technique through the slot die method. They reported 
the optimized ETL, perovskite, and HTL deposition on flexible substrates and 
the back electrode was deposited using vacuum evaporation [100]. Kerbs et al. 
reported a fully fabricated perovskite solar cells using R‐R along with slot die 
coating on PET/ITO substrates. The authors demonstrated two kinds of geom-
etry, (i) one‐step normal and (ii) two‐step inverted geometry [118].

Lyn Zee et al. reported a facile roll‐printing method with a geometrically 
confined lateral crystal growth for the fabrication of large‐scale single‐crystal 
perovskite thin films. The research group fabricated single‐crystal perovskite 
in the form of a patterned thin film in a three inch wafer with a high carrier 
mobility of 45.64 cm2 V−1 s−1 [119]. The schematic representation of lateral 
crystal growth and the large fabrication of R‐R printing is shown in 
Figure 11.7c [119, 120]
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11.5.1.8  Other Large Area Deposition Techniques
Several other methods are available for fabrication of PSCs in a large scale 
manner in addition to those techniques just mentioned. Some of the tech-
niques include chemical vapour deposition (CVD), flexographic, gravure 
printing, airbrush painting, inkjet printing, and so on. The excellent results 
obtained with small scale devices using these techniques can be considered 
promising for fabricating modules on the large scale. Tavakoli et al. reported 
fabrication of small scale PSCs using CVD for depositing perovskite materials; 
its schematic representation is shown in Figure 11.8a [121]. Leyden et al. dem-
onstrated fabrication of perovskite using the CVD method with the series 
interconnection of five cells and six cells with active areas of 8.8, 12, and 
15.4 cm2, as shown in Figure 11.8b [122].

Inkjet printing is a flexible method for fabricating several layers from col-
loidal ink solutions. It is operated on the principle of the ejection of a fixed 
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Figure 11.7  (c) Schematic representation of lateral crystal growth fabricated using R‐R. 
Figure adapted from [119]. Source: Lee. https://www.nature.com/articles/ncomms15882. 
Licensed under CC BY 4.0.
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amount of solution through a nozzle in the form of droplets. The main advan-
tage of using this technique is that there will not be any critical spacing 
between the nozzle and the substrate, resulting in reducing the losses [123]. 
Ramesh et al. reported an air brush technique for the deposition of perovskite 
materials in PSCs for active areas of 1, 6, and 34.2 cm2 with PCEs of 9.70, 6.88, 
and 4.66% [124].

In addition to existing deposition techniques a new deposition technique 
called soft‐cover deposition (SCD) was developed by Ye et al. By employing 
this method the surface wettability, thermal crystallization, and solution 
viscosity are controlled to grow large grain sized perovskite crystal without 
any pin‐holes. A large area of over 51 cm2 has been fabricated by their 
research group with rough‐border‐free films, as shown in Figure 11.8c [125]. 
The same research group followed its earlier work to develop a low tempera-
ture SCD and fabricated a device with active areas of 5 and 12 cm2 with a 
PCE of 15.3% [126].
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11.6  Summary

In summary, this chapter has reviewed the field of organic–inorganic halide 
perovskites from its evolution to technological applications. It is keenly focused 
on rational strategies involved in transferring small scale devices into large area 
devices. The properties and structural analysis of pervoskite‐based materials 
have been discussed in briefly. The role of pervoskite in solar cells, its configu-
ration, and various strategies involved in the processing of device fabrication 
(PSCs) are stated. Moreover, it gives a deep insight into the different fabrica-
tion techniques available for fabricating the perovskite solar cells in a labora-
tory as well as transferring of technology into commercial use by achieving 
large area fabrication of devices.
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12.1  Introduction

Solar cells are devices that convert solar light into electrical energy via a pho-
tovoltaic effect. The development of novel solar cells is being promoted by the 
increasing awareness that available energy reserves are running out. A major 
energy shortage is expected in the near future unless renewable energy can 
cover the deficit. On the other hand, the supply of energy from the sun is 
3 × 1024 joules per year, about 10 000 times more than current annual con-
sumption. In other words, covering 0.1% of the earth’s surface with solar cells 
with an efficiency of 10% would satisfy our present needs. Crystal silicon based 
solar cells are the mainstream of the current photovoltaic industry. But the 
relatively thick layer of silicon required for reasonable photon capture rates 
and the high expense of crystal silicon fabrication is a heavy burden. Other 
approaches including changes in the material side (amorphous silicon) and the 
device side (thin film, multiple junctions) still cannot satisfy the requirement of 
high efficiency and low cost simultaneously. In one word, solar cells cannot be 
employed as the main power source for human beings until a significant break-
through happens.

A number of novel solar cells have been investigated, including photoelec-
trochemical cells, polymer solar cells, and nanocrystal cells. They have been 
named the third generation of solar cells to differentiate them from previous 
ones (first generation crystal silicon cells and second generation thin film cells). 
In the last few decades, various plastic solar cells, which are based on 
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interpenetrating polymer works [1], polymer/fullerene blends [2], and halo-
gen‐doped organic crystals [3], have also been developed. Compared to sili-
con‐based devices, plastic solar cells are light in weight, disposable, inexpensive 
to fabricate, flexible, and designable on the molecular level. Plastic solar cells 
with different device architectures have been developed, e.g. single layer diode 
[4–6] bilayer acceptor/donor heterojunctions [1, 7–9] bulk heterojunction [2, 
10, 11], and tandem organic photovoltaic cells [12–14].

One drawback of solar cells based on small organic molecules is the inability 
to fabricate them in large areas or on flexible substrates due to the evaporation 
technique limit. Polymer solar cells based on spin casting techniques, on the 
other hand, are no longer restricted by such problems. One important limita-
tion of organic semiconductors is the extremely low electron mobility. This can 
be solved by either introducing electron transporting fullerene or combining 
polymer with semiconductor nanocrystal quantum dots in nanoscales. The 
latter approach is named hybrid polymer/nanocrystal or quantum dot solar 
cells. Due to their similarity to the conjugated polymer/fullerene solar cell, they 
are sometimes considered as a subcategory of organic photovoltaic devices. 
Quantum dots (QDs) have superior properties for solar cell applications, 
including the multiple exciton production from one photon and an extended 
absorption into infrared.

In silicon, one photon of light frees one electron from its atomic orbit. In the 
late 1990s, Arthur Nozik, a senior research fellow at the National Renewable 
Energy Laboratory in Golden, postulated that quantum dots of certain semi-
conductor materials could release two or more electrons when struck by high‐
energy photons, such as those found toward the blue and ultraviolet end of the 
spectrum [15]. In 2004, Victor Klimov of Los Alamos National Laboratory in 
New Mexico provided the first experimental proof for Nozik’s postulation: he 
showed quantum dots of PbSe could produce up to seven electrons per photon 
when exposed to high‐energy ultraviolet light [16]. Nozik’s team soon demon-
strated the effect in dots made of other semiconductors, such as PbS [17] and 
PbTe [18]. The fact that quantum dots can produce multiple excitons upon 
receiving a single photon favors today’s photovoltaic cells, which can only 
manage one exciton per high‐energy photon, with high kinetic energy carriers 
losing their energy as heat. This would not result in a sevenfold increase in final 
output, however, but could significantly boost the maximum theoretical effi-
ciency. Besides that, quantum dot photovoltaics would theoretically be cheaper 
to manufacture, as they can be made using simple chemical reactions like col-
loidal synthesis.

The effective use of the solar spectrum is another important benefit of QD 
over organic semiconductors. All the previuosly mentioned solar cells could 
only absorb the visible part of the solar spectrum, leaving the infrared part 
unused. A QD‐based photovoltaic device with the ability of absorbing infrared 
light would be expected to significantly improve the power conversion 
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efficiency, thus bring significant progress in solar cell research. And this is just 
the driving force of our research. Still the QD‐based solar are cells have only 7% 
efficiency, because of faster recombination and energy loss as heat. Shen et al. 
[19] have investigated the effect of a ZnS coating on the photovoltaic proper-
ties of CdSe quantum dot‐sensitized solar cells. CdSe quantum dots were 
adsorbed onto nanostructured TiO2 films for different times by using a chemi-
cal bath deposition method to produce QD‐sensitized solar cells. The device 
performance was analyzed under a solar illumination of 100 mW cm−2; the 
maximum efficiency of the sample was increased from 1.16% to as high as 
2.02% when the electrodes were coated with ZnS.

By reducing the energy loss and increasing the excited state electrons life-
time, the efficiency can be increased. Some research groups are working to 
reduce the energy loss from QDs through the hot electron concept with suita-
ble capping molecules. Gao et al. [20] have prepared PbSe quantum dot solids 
with high charge carrier mobilities using layer‐by‐layer dip‐coating with 1, 2‐
ethanediamine as substitute capping ligands. Using a time and energy resolved 
transient absorption spectroscopy, they observed that in QD solids hot carrier 
cooling becomes faster with increased electronic coupling and was signifi-
cantly enhanced compared to the cooling rate for QDs in dispersion. This sug-
gested that strong electronic coupling was an issue of concern for hot carrier 
QD solar cells. So if one wants to use hot electrons to improve solar cell perfor-
mance then the first and far most important step is to find a solution to reduce 
the ultrafast cooling rate of higher energy state (hot electron) carriers. The sec-
ond important requirement is extraction of hot carrier for their effective usage. 
However, realization of both of the requirements is challenging to the scientific 
community. Only recently, Pandey et al. [21] observed hot electrons in core/
shell CdSe/ZnSe colloidal quantum dots. The hot electrons, in the first excited 
conduction state 1Pe of the CdSe core, were efficiently extracted by tunneling 
through the ZnSe shell. Electron extraction times are temperature‐independ-
ent and the range from about 100 ps for approximately 3 nm ZnSe shell thick-
ness. The hot electron extraction leads to quenching of the visible 
photoluminescence. This was the first step toward infrared detection, as well 
using the intraband transitions of colloidal quantum dots.

12.2  Classifications of Solar Cells

In general, the solar cell types are categorized as first, second, third, and fourth 
generation. First generation cells consists of a large area, single layer p‐n junc-
tion diode, which is capable of generating usable electrical energy from light 
sources with the wavelengths of sunlight. These cells are typically made using a 
silicon wafer. Second generation cells are based on the use of thin‐film deposits 
of semiconductors. These devices were initially designed to be high‐efficiency, 
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multiple junction photovoltaic cells. Third generation cells are very different 
from the previous semiconductor devices, as they do not rely on a traditional 
p‐n junction to separate photogenerated charge carriers. These new devices 
include photoelectrochemical cells, polymer solar cells, and nanocrystal solar 
cells. Dye‐sensitized solar cells and quantum dot sensitized solar cells are now 
in production. Examples include amorphous silicon, polycrystalline silicon, 
microcrystalline silicon, cadmium telluride, copper indium selenide/sulfide. 
Fourth generation is a composite photovoltaic technology with the use of poly-
mers and nano particles mixed together to make a single multispectral layer.

Depending on the materials used for fabrication, solar cells are further 
classified into three types: firstly, nonorganic or inorganic based solar cells; 
secondly, organic based solar cells; and, finally, hybrid solar cells, which are 
made by the mixture of organic and inorganic materials. The classification of 
solar cells is given in Figure 12.1.

12.2.1  Inorganic Solar Cells

Solar cells based on silicon are most important because of their higher 
efficiency and portability [22]. For the manufacturing of silicon‐based solar 
cells pure silicon crystals, either single or multicrystals, are used. 
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Figure 12.1  Classification of solar cells.
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Though theoretical efficiency of single crystalline solar cells is a little higher 
than that of multicrystalline cells, in practice the performances of both are 
same. They are used in the street lamps, satellites, space shuttles, defense, and 
various industrial applications [23]. As to second generation solar cells, first 
generation solar cells are considered to have higher lifetime [24]. Nonorganic 
solar cells are classified into two types:

i)	 Single crystal Si solar cells. The first generation of solar cells are single 
crystal Si solar cells and they have a vital role in practical application since 
they possess higher power conversion efficiency (PCE) than other types. 
Although single crystal solar cells have advantages they have some draw-
backs, which pull down their markets; some of the drawbacks are manufac-
turing cost and the high energy needed for production of good quality 
single crystals without any imperfections [25].

ii)	 Thin film solar cells. Second generation solar cells are based on thin films; 
they have the major advantages of light weight and affordabilit, but the 
performances of these devices are comparatively very low compared to 
crystalline solar cells because of their imperfections [26]. This type of cell 
is prepared by coating transparent and conducting, supporting material, 
such as steel, glass, plastic, etc., with thin film layers of silicon. The major 
practical application of this type of solar cell is in the field of scientific cal-
culators and street lamps. Compared with individual solar cells, the effi-
ciency of amorphous solar panels is low. Cadmium telluride (CdTe), copper 
indium gallium diselenide (CIGS), amorphous thin‐film silicon, etc., are 
commercially available thin film solar cells [27]. To overcome the above 
shortcomings the main focus of research is focused on the improvement of 
efficiency; as a result, experimental efficiency for CdTe and CIGS is 
approaching 21%, overtaking m‐Si solar cells, the dominant material cur-
rently used in most solar PV panels [28].

12.2.2  Organic Solar Cells (OSCs)

The latest emerging field of third generation photovoltaic cells is made up of 
organic electronics. The materials used in fabrication of this type of solar cells 
are solution‐processable at high throughput and are low cost, resulting in cost‐
effective material. Third generation cells are classified into several types such 
as, dye‐sensitized solar cells (DSSCs), plastic or polymer based organic solar 
cells.

i)	 Dye sensitized solar cells (DSSCs). Third generation type solar cells are 
dye‐sensitized solar cells (DSSCs), which are hybrid organic–inorganic 
solar cells. The most dominant characteristic feature of the device is a 
mesoporous film of titanium dioxide (TiO2) in the nanometer range. This 
is deposited with a single layer of dye that is sensitive to the radiation in the 
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range of visible region. The mechanism of the dye involved here is similar 
to the mechanism of chlorophyll in plants; it harvests solar light and trans-
fers the energy via electron transfer to a suitable material (here ZnO) to 
produce electricity as opposed to chemical energy in plants. Since DSSCs 
are manufactured from abundant and cost‐effective materials by inexpen-
sive processes (e.g. doctor blade), they are expected to be a major contribu-
tor to the future commercial PV technology [29].

ii)	 Polymer or plastic solar cells (PSC). Based on conjugated polymers and 
molecules there emerged a new photovoltaic technology called plastic 
solar cell technology. In this type of cell, higher efficiencies are achieved by 
mixing electron ± donor‐type polymers with suitable electron acceptors. 
On the basis of device fabrication methods, plastic or polymer based OSCs 
are classified into the following types:

●● monolayer solar cells;
●● bilayer solar cells;
●● bulk heterojunction BHJ solar cells;
●● inverted solar cells;
●● tandem solar cells.

12.2.3  Hybrid Solar Cells

An alternative to silicon solar cells is third generation excitonic photovoltaic 
devices. Hybrid solar cells are a combination of a polymer and nano organic or 
inorganic semiconductor materials. They combines the excellent electronic 
properties of inorganic molecules with flexibility of amorphous substrates with 
affordable price [30].

i)	 Perovskite solar cells are an (organic–inorganic) type of solar cell that has 
gained much attention within five years, due to steady improvement of 
power conversion ability and low processing costs. Significant aspects of 
perovskite are its synthetic feasibility, strong optical absorption, charge 
recombination rate, and ease of fabrication. Moreover, hybrid perovskites 
can be fabricated by simple synthetic methods and are easy to capitalize 
when compared to the existing excitonic photovoltaic technologies such as 
dye‐sensitized solar cells (DSSC) and organic solar cells (OSC). Another 
important aspect is high charge‐carrier mobility, which is highly desirable 
for developing high‐performance solar cell devices [31].

12.3  Main Losses in Solar Cells

The energy conversion loss is the main factor to affect the efficiency of the 
solar cell. The two most important power loss mechanisms in single‐band gap 
photovoltaic cells are (i) the inability to absorb photons with energy less than 
the band gap and (ii) thermalization loss of photon energy exceeding the gap 
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(Figure 12.2). Longer wavelengths are not absorbed by the solar cell material. 
Shorter wavelength generates an electron‐hole pair greater than the band gap 
of the p‐n junction material. The excess energy is lost as heat because the elec-
tron (hole) relaxes to the conduction (valence) band edges. The amounts of the 
losses, due to these two reasons, are around 23 and 33% of the incoming solar 
energy, respectively [32].

12.3.1  Recombination Loss

Recombination loss most commonly occurs at impurities or defects of the crys-
tal structure, but it occurs also at the surface of the semiconductor. In the latter 
case, energy levels may be introduced inside the energy gap, which encourages 
the electrons to fall back into the valence band and recombine with holes. In the 
recombination process energy is released in one of the following ways:

●● Nonradiative recombination – phonons, lattice vibrations.
●● Radiative recombination – photons, light or EM‐waves.
●● Auger recombination  –  which is releasing kinetic energy to another free 

carrier.

12.3.2  Contact Losses

In a solar cell, the electrons have to flow from one side of the cell to the other 
through an external circuit. The bottom can be covered with a metal, allowing 
for good conduction, but if the top is completely covered, then photons cannot 
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Figure 12.2  Energy conversion loss process in standard solar cells.
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get through the opaque conductor and all of the current is lost (in some cells, 
transparent conductors are used on the top surface, but not in all). If contacts 
are put only at the sides of the cell, then the electrons have to travel an extremely 
long distance to reach them. Remember, silicon or CdTe or CdSe are semicon-
ductors, they are not nearly as good as a metal for transporting current. Its 
internal resistance (series resistance) is fairly high, which means higher con-
duction losses. To minimize these losses, cells are typically covered by a metal-
lic contact grid that shortens the distance that electrons have to travel while 
covering only a small part of the cell surface.

12.4  Hot Electron Concept in Materials

Higher energy conduction band (CB) electrons are known as “hot electrons”. 
Hot electrons usually relax to the bottom of the conduction band and lose their 
excess energy as heat (Figure 12.3a); because of this, the higher energy state 
excited electron lifetime is very short in bulk material. In QD, the energy levels 
are discrete in nature (absence of phonon bottleneck effect, Figure 12.3b), so 
the excess energy loss is expected to be minimized. When the hot carriers 
spend a relatively long time in the higher energy state, then their extraction 
towards the acceptor is maximized.

However, in contrast to this expectation, the hot electron cooling process in 
QDs is still occurs in ultrafast time and this means that their extraction before 
cooling is a challenging process [20, 21, 33]. In the absence of a phonon bot-
tleneck effect in QDs [34], an “Auger like” [35, 36] process and ‘trap states’ [37] 
are the pathways of cooling and, in fact, dominate at higher excitation energies, 
as reported elsewhere.

Recently, Anshu Pandey and Philippe Guyot‐Sionnest [21] have extracted hot 
electrons from CdSe/ZnSe core shell QDs by simply exciting the sample with two 
different energy sources. A resonant 4 µm intraband pulse was irradiated, subse-
quent to an interband excitation pulse, so that the valence band edge electrons 
were promoted to above the CB edge state (1pe) of CdSe QDs and from there they 
were tunneled out through the ZnSe outer layer as hot electrons. A similar extrac-
tion process was also made possible from PbSe QDs. The team, led by Aydil, 
prepared PbSe QDs with a range of diameter (3.3–6.7 nm) and deposited a layer 
of it on to a TiO2 precoated surface to demonstrate hot electron extraction. Hot 
electron extraction was possible because of the nature of the interface between 
PbSe QDs and TiO2. The interface was such that only the higher energy state CB 
electrons from PbSe QDs can be transfer into the CB levels of TiO2.

In our case, CdSe–β‐carotene hybrids, the photoexcited higher energy state 
electrons (of CdSe QDs) do not relax down to the CB edge state of the QDs. 
Instead they are extracted out of quantum dot into the carotene’s LUMO level 
as hot electrons; this observation was very clear in our excitation energy 
dependent PL studies.
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12.5  Methodology

QDs are produced from variety of physical and chemical methods such as 
lithographic patterning, molecular beam epitaxial, and colloidal synthesis. 
Among them, colloidal synthesis is one of the leading techniques for synthesiz-
ing high quality QDs. The main limitations of physical methods are the cost of 
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Figure 12.3  (a) The bulk band structure of a semiconductor. Here the photoexcited higher 
energy state of electrons relaxes through the continuous states of CB and reaches CB edge 
state. (b) Energy band structure of QD. Here the photoexcited electrons relax through the 
defect levels (hence in both the systems, slowing down of cooling process is challenging one).
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fabrication and the difficulty in controlling the position of individual dots. 
Foremost advantages of chemical synthesis are: (i) size‐tunable QDs are 
achieved by controlling the reaction conditions and precursor ratios; and (ii) 
by manipulating surface chemistry it is easy to passive the surface atoms to 
obtain high quality QDs with high quantum yield. Here, the focus is on the 
colloidal based hot injection method for QD preparation.

12.5.1  Hot Injection Method

The hot injection or organometallic synthesis method is one of the most versa-
tile methods for the synthesis of QDs. At first Murray et al. [38] used the hot 
injection method to synthesize nanocrystals of cadmium chalcogenides with 
nonionic (organometallic) cadmium and selenium (or sulfur or tellurium) 
precursors in a high boiling polar coordinating solvents, namely, trioctylphos-
phine oxide (TOPO), trioctylphosphine (TOP), and oleic acid (OA). This 
method affords luminescent nanocrystals with tunable size and shape, and 
stepping‐down of defects can be achieved by proper selection of capping 
ligands and controlling the other experimental parameters.

In this method, a group of CdSe nanocrystals is grown by injecting appropri-
ate high boiling solvents like TOPO, TOP, and OA (OA coordinates with the 
Cd2+, OA forming an OA‐Se complex). One room temperature precursor (OA‐
Se) solution was injected into another hot precursor, which allowed the reac-
tions to continue at high temperature (about 200 °C). The fast injection of the 
precursor induces a high degree of super saturation, resulting in a short burst 
of nucleation. During the nucleation process the precursor concentration in 
the solution decreases abruptly. The drop in temperature, due to the injection 
of the “cold” reactants and the low concentration of unreacted precursors, pre-
vents any further nucleation events. In the next step, the temperature is care-
fully increased to a value that allows the slow growth of the nuclei to larger 
nanoparticles while suppressing further nucleation. The separation of nuclea-
tion and growth is a prerequisite to synthesize monodispersed nanoparticles, 
and therefore the hot injection method generally leads to nanoparticles with a 
narrow size distribution of about 5%. The final size of the QDs is determined 
by the growth temperature, atmospheric conditions, and concentration of the 
capping molecules. QDs are sanitarily stabilized by the long alkyl chain of the 
capping molecules, which slow down the growth of nanocrystals at higher 
temperature and produce well passivated (defect free) nanocrystals.

After preparation, nanocrystals can easily be separated from the growth 
solution by adding an appropriate solvent and redissolving them in a suitable 
organic solvent to form stable colloidal suspensions. The TOPO molecules 
remain attached to the surface of the cadmium atoms and the suspensions are 
sanitarily stabilized. In our experimental setup, we are using a conical flask, 
heating mantel, and nitrogen cylinder to synthesize the high quality QDs. 
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The experimental setup for the hot injection method is shown in Figure 12.4. 
The entire reaction was done under a nitrogen atmosphere to dehydrate and 
remove of air [39]. Monodispersed CdTe, CdSe/ZnS, CdTe/ZnS QDs are also 
prepared by adopting the same procedure. For hybrid material preparation the 
respective QD samples are physically mixed with the biomolecule.

12.5.1.1  Nucleation and Growth Stages
In this synthesis method, the size dispersion of the CdSe nanocrystals is 
remarkably small and later adaptations have led to even smaller size disper-
sions. One of the reasons for this might be that nucleation and further growth 
of the nanocrystals occur in separate timeframes. Hot injection leads to instan-
taneous nucleation, quenched by fast cooling of the reaction mixture and 
because supersaturation is relieved by the nucleation burst. Further growth of 
the nuclei into mature nanocrystals occurs at a relatively lower temperature, 
such that new nucleation events do not occur. The classic nucleation and 
growth model is applied to quantum dot synthesis. Formation of nanocrystals 
is divided into three different stages. Firstly, the precursors decompose and 
form the monomers. The concentration of the monomer increases until super-
saturation (which produces the energetic nucleation) occurs. Due to the nucle-
ation burst, the monomer concentration decreases the supersaturation.

A higher concentration of precursors ensures the nanocrystal growth is onto 
the existing nuclei. Over the first few minutes of the reaction, the average size 
of the QD increases rapidly and the size distribution decreases, this is called 
“focusing of size distribution”. When the monomer concentration is extremely 
low, the growth of nanocrystal become slower; the smaller nanocrystals are 
dissolved and are redeposited on the larger nanocrystals, thus the overall aver-
age size of the QDs increases and the size distribution broadens, this is called 

Nucleation Growth

Figure 12.4  Hot injection method experimental setup and QD nucleation. Reproduced 
with permission of Royal Society of Chemistry.
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“defocusing” or “Ostwald ripening process”. In order to attain monodispersed 
samples, QD growth is sterically controlled in a focusing region and can be 
achieved by controlling the precursor, growth time, and multiple injections to 
keep the concentration of monomer high.

12.5.1.2  Merits of this Method

●● High boiling point and organometallic coordinating precursors facilitate 
nanocrystal growth to some extent slowly at high temperature, which results 
in well passivated nanocrystals.

●● QD size mainly depends on the reaction mixture heating time, so pulling 
successive aliquots out of the reaction vessel easily produces the ranges of 
QD size.

●● The final product obtained from the synthesis reaction is in a liquid form, 
the QDs are in a colloidal suspension rather than a solution; it looks like the 
protein and fat molecules in a glass of milk. In a structure the outermost 
atoms of the nanocrystal are coordinated to organic ligand molecules; these 
ligands facilitate the interaction of the QDs with the solvent without 
precipitating.

●● This colloidal growth allows the direction of the QDs into optically clear 
solutions or polymer films, as well as the possible attachment to a metal sur-
face or various template structures [40, 41].

●● The nature of precursor, mineralizer, and the reaction conditions like aging tem-
perature and time required for the controlled synthesis of size controlled QDs.

12.6  Material Synthesis

A composite of CdSe intercalated β‐carotene (βC) hybrid material is synthe-
sized via two successive steps.

12.6.1  CdSe QD Preparation

CdSe QDs were prepared by a well‐known method, as reported elsewhere [42]. 
Firstly, 0.2 mmole of selenium stock solution was prepared by dissolving sele-
nium powder in 5 ml octadecene and keeping the solution at 180 °C for one hour. 
Then cadmium solution was prepared by taking CdO powder as precursor in a 
mixture solution of 1 ml oleic acid and 9 ml of octadecene, which was then heated 
to 180 °C for one hour until a clear solution was formed. The temperature of CdO 
containing solution was increased to 220 °C, 5 ml selenium stock solution was 
added, and the reaction was allowed 15 minutes to obtain large‐size CdSe QDs. 
The as‐prepared colloidal QD solution, after repeated washing with ethanol, was 
subjected to structural and optical characterization.
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12.6.2  QD–βC Hybrid Formation

To prepare the CdSe QD–βC hybrid, a known amount of hexane solutions of 
CdSe QD and β‐carotene were prepared separately and then mixed together in 
a vial to prepare the hybrid sample.

12.7  Identification of Hot Electrons

Identification of hot electrons can be identified by:

●● photoluminescence (PL) spectrum;
●● TCSPC;
●● transient absorption (TC).

12.7.1  Photoluminescence (PL) Spectrum

The PL spectrum was recorded from the CdSe QD after the addition of the 
βC solution with different concentration (0.01 mmol solution of βC, prepared 
with hexane, was added to bare QD solution, in steps of 1 ml). Because of the 
addition of βC, the emission intensity from the CdSe QD was increased. 
Furthermore, a gradual shift in the emission peak maximum towards the 
higher energy side, as shown in Figure  12.5, has also been noticed. The PL 
intensity was increased much better and reached a maximum value with a βC 
concentration of 5 ml. The increased quantum yield corresponding to this 
emission maximum is about 47.12%, which is about 2.39 times higher than that 
of the bare CdSe QD system. The molecule is believed to be surface passivating 
the defect states of CdSe QDs and, therefore, an emission enhancement was 
noticed. Because of surface passivation, nonradiative relaxation pathways are 
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arrested (Figure 12.6) and, therefore, naturally, the 
radiative emission yield from QDs is increased with 
a blue shift.

Excitation energy dependent emission measure-
ment on bare CdSe QD has resulted in a constant 
yield of 5%, as shown in Figure 12.7. Here the PL 
emission intensity was “gradually” decreased with 
the increase of excitation energy; the reason for 
this is reported elsewhere [43]. Unpassivated 
surface states associated with the surface atoms of 
colloidal QDs provide a nonradiative relaxation 
pathway or channel to the highly excited charge 
carriers and, therefore, the higher energy excited 
charge carriers are either inhibited or deviated 
from reaching the band edge states (from where 
radiative recombination is resulted); consequently, 
a reduced PL intensity results [44].

A careful investigation of the PL emission behavior of a hybrid sample con-
ducted at different excitation energies, in steps of 1 nm from 545 down to 
500 nm, has shown that the quantum yield was almost quenched completely 
down to 0.25 % at 500 nm (Figure 12.8). In this hybrid sample the maximum 
yield point is at (or up to) 545 nm, which means that the excited state of CdSe 
QD at 585 nm is confined well by the carotene. When the hybrid sample was 
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excited at higher excitation energies, for example well above the second absorp-
tion maximum at 545 nm, then CdSe QD’s emission yield was started decreas-
ing, “suddenly”; this can be noticed visibly, as shown in Figure 12.9 (curve b). 
This sudden decrease in the PL must be due to the transfer of hot electrons 
from the QD to βC, which has been proved by laser flash photolysis experi-
ments (to be discussed later).

In most of the reported hybrid systems either conduction band edge electron 
transfer (Scheme I in Figure 12.10) or hole transfer (Scheme II in Figure 12.10) 
assisted charge carrier separation becomes responsible for the observed fluo-
rescence quenching. But, in our case, the higher energy state CB electron or 
hot electron transfer becomes responsible for the fluorescence quenching 
(Scheme III in Figure 12.10), and excitation energy dependent PL investigation 
has shown this clearly. Both the CB edge excited electrons and valence band 
(VB) edge created holes are not transferred to the molecular energy levels, 
which means that the nature of interface between the CdSe QD (of size about 
4 nm) and carotene molecule is type I in nature, as shown in Scheme III of 
Figure 12.10. Our hybrid structure is, thus, different from other hybrids such as 
CdSe‐Rhodamine B [45], CdSe‐methylene blue [46], and CdSe‐methyl violo-
gen [47], where the molecule’s LUMO level was just below the CB edge level of 
the CdSe QD. Type I band alignment between the QD and molecule (with 
respect to vacuum level) with an experimental CBoffset value of 0.30 eV. 
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The experimental CBoffset is nothing but the difference in energy between the 
PL quenching point (at approximately 540 nm) and the CB edge state of CdSe 
QD (optical absorption maximum at 620 nm or energy gap of CdSe QD (EgQD)). 
Using this experimental CBoffset value in Equation 12.1, obtained from the 
interfacial energy diagram,
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CB EA EAoffset QD C 	 (12.1)

where EAQD and EAβC, respectively, correspond to the electron affinity values 
of CdSe QD and βC, we have calculated EAQD. Before that the EAβC was 
obtained from Equation 12.2. For this, the experimental energy band gap (Egβ) 
of βC (which is 2.74 eV) and the reported ionization potential (IP) energy 
(−5.84 eV) [33] values of βC were used.

	
EA I EC p g 	 (12.2)

The obtained electron affinity value of CdSe QD is −3.40 eV, which closely 
matches the reported experimental and theoretical EA value of a CdSe QD of 
similar size [48]. Matching of the as obtained EA value of CdSe QDs with that 
of reported values has indirectly confirmed the experimental conduction band 
offset value between these two hybridizing systems.

12.7.2  Time‐correlated Single Photon Counting (TCSPC)

To validate the experimental observations such as “luminescence enhance-
ment” and “luminescence quenching”, which are due, respectively, to the sur-
face passivation effect and

	 y a e a e a e
t t t

1 2 3
1 2 3 	 (12.3)

electron transfer to the βC, lifetime measurements were conducted at the CB 
edge and higher energy CB state. Figure 12.11 compares the time resolved PL 
decay behavior at 500 nm and 620 nm, which were recorded from both bare 
and hybrid samples, after exciting the samples at 400 nm. The emission decay 
curves of the bare and hybrid samples have been analyzed using the triexpo-
nential decay fit [49] shown in Equation 12.3 and fitting parameters such as “a” 
and “τ” were obtained. By substituting the values of a1, a2, a3 and τ1, τ2, τ3 into 
Equation 12.4, the average lifetime values of electrons in that energy level were 
then calculated.
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Table 12.1 summarizes all of the fitting parameters and calculated average 
lifetime values. The calculated the average lifetime, at the CB edge state of 
CdSe QDs (620 nm), when it is hybridized with βC is 13.76 ns, which is high in 
magnitude when compared to the value of 7.58 ns measured from the CB edge 
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state of bare CdSe QDs. The reason for the longer lifetime value may be due to 
the surface passivation effect of βC on CdSe QDs. A similar increase in < τ > was 
also noticed from the type I CdSe/ZnS core shell QD system, which was attrib-
uted to the surface passivation effect [50]. The < τ > at 500 nm of the hybrid 
sample is much shorter (4.92 ns) and this is because of the transfer of electrons 
to the LUMO level of the molecule. The average lifetime value of the bare and 
hybrid systems at 520 nm were used to calculate the charge transfer rate (Ket) 
using Equation 12.5. The calculated electron transfer rate is 5.35 × 107 s−1, 
which is similar to the reported transfer rate between CdSe and TiO2 [51]. 
However, because of the experimental limitation in measuring the shortest 
lifetime components at the higher energy level, the calculated rate constant is 
an approximate value only.

Table 12.1  Fitting parameters for the fluorescent decay of pure and βC capped CdSe QDs.

Sample
Decay spectrum 
at (nm)

Lifetime 
value τ1

(ns)

Lifetime 
value τ2

(ns)

Lifetime value 
τ3

(ns)

Average 
lifetime τ
(ns)

Pure QDs

QDs with Bio

500
620
500
620

0.2 (8%)
0.26 (8%)
0.47 (20%)
0.27 (3%)

2.5 (45%)
2.5 (37%)
1.5 (33%)
2.2 (11%)

8 (47%)
8.6 (55%)
5.8 (47%)
14 (86%)

6.67
7.58
4.92

13.76
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Figure 12.11  PL decay curves for bare and CdSe QD‐βC hybrid samples recorded at 620 nm 
and 500 nm.
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12.7.3  Transient Absorption

Finally, to confirm the charge separated state, with electrons in the LUMO 
level of the βC and holes in the valence band edge state of the CdSe QD, nano-
second transient absorption (TA) spectra were recorded. The wavelength of 
the laser source was 355 nm. Figure 12.12 shows the TA spectra of hybrid sam-
ple with two negative bleach minima at 450 and 620 nm. As these bleach posi-
tions are matching with the absorption edge values of βC and CdSe QD at 450 
and 620 nm, respectively, their origin is expected to come from these two 
respective systems.

Remember, this could not be due to the direct excitation of either βC or 
CdSe QDs because their respective individual bleach profiles recover at much 
faster rates. For example, in the case of pure βC the excited state electrons in 
the S2 state undergo a fast internal conversion down to the S1 state within 
200 fs. Again, from there the electrons undergo a downward transition to the 
S0 state in a few tens of picoseconds [52–54]. In the case of CdSe QDs, the 
band edge bleach profile recovers within a few nanoseconds, as reported else-
where [55]. Therefore, the slow recovering negative bleach at 450 nm must be 
due to the transferred electrons from the CdSe QD to the LUMO level of the 
βC. As the excitation energy used in this TA experiment is well above 550 nm, 
photoexcited CdSe QD’s VB electrons are transferred to the LUMO level of 
the βC molecule (Figure  12.13). Transferred electrons exist there as hot 
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Figure 12.12  Transient absorption spectra recorded from a βC‐CdSe QD hybrid sample.
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electrons for a few tens of nanoseconds; there-
fore, any further transition to this molecular 
level (followed by the excitation of molecule 
(HOMO to LUMO)) is blocked and, as a conse-
quence, negative bleach is obtained at 450 nm. 
To make sure that this 450 nm negative bleach is 
from teh βC, the difference between two peak 
positions at A1 and A2 has been measured; it is 
45 nm, agreeing with the vibrational level sepa-
ration of the βC. The other slow recovering 
negative bleach spectra at 620 nm is due to 
“holes” in the VB edge state of the CdSe QD. 
This 620 nm bleach appears until the holes in the 
VB edge state of the CdSe QD are depleted by 
the back transferred electrons from the LUMO 
level of the βC (Figure 12.14).

Hot electrons in the molecular LUMO level 
back transfer to the CB edge state of the CdSe 
QD, from where they recombine with the holes 
in the VB level of the CdSe QD, and by this pro-
cess (cooling process) both the molecule and QD 
are brought back to their respective neutral state. 
Figure 12.15 shows the time dependent absorp-
tion profiles measured at 450 and 620 nm peak 
positions of the bleach spectra. To know the 
average lifetime values, respectively, associated 
with this back transferring process and cooling of 
charge carriers, we have fitted the absorption 
curve measured at 450 and 620 nm. A value of 
about 24.44 ns was obtained from the absorption 
curve at 450 nm and this could correspond to the 
average lifetime value for the back transferring of 
hot electrons into the CB edge state of the CdSe 

QD. A similar average lifetime value measured from the absorption curve at 
620 nm has resulted in a value of about 30.05 ns, which is nothing but the time 
taken by the back transferred electrons to recombine with the holes in the 
valence band of CdSe QDs (cooling process). The average lifetime value meas-
ured at 620 nm is higher in magnitude than that of the value measured at 
450 nm because the recombination process is possible after the arrival of back 
transferred electrons to the CB edge state of CdSe QDs. This difference in the 
average lifetime value has, thus, suggested a fact that the back transferring 
mechanism or pathway of electrons is via the CB edge state of CdSe QDs. 

CB

VB

QD

Electrons transfer

βC

Figure 12.13  Schematic 
representation of the electron 
transfer process.

CB

VB

Back transfer

βC

QD

Figure 12.14  Schematic 
representation of the back 
transfer process.
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The slow recovering negative bleaches at 450 and 620 nm are direct evidence to 
the existence of hot electrons.

Type I core shell structures, like CdSe/ZnS, are well known for enhanced 
emission yield [56], and when their outer surface is attached to electron accept-
ing molecules like benzoquinone or surrounded by metal oxide nanocrystals 
(TiO2), then the photoexcited charge carriers are separated out of the CdSe QD 
and the emission yield from the core QD is quenched down [57]. In this type I 
core shell QDs, the photoexcited electrons are thermalized to the CB edge state 
of CdSe QD and, from there, they tunnel out to the electron accepting system 
(molecule or metal oxide). It is because of this thermalization process that the 
excess energy possessed by the electrons is lost in the core QD itself (when it is 
excited with higher excitation energy). Interestingly, our hybrid system, which 
is also type I in nature, has behaved differently. It has exhibited both fluores-
cence enhancement and quenching, and one can tune the sample between 
these two states by just varying the excitation energy. At lower excitation ener-
gies, because of the confinement effect, PL yield was enhanced similar to that 
of a CdSe/ZnS core shell structure. But once the excitation energy was used 
above a threshold value of 550 nm then the electrons were transferred to the 
LUMO level of the molecule, leading to the PL quenching. We believe that the 
electron wave function overlapping at the molecular level is high for the higher 
energy state CB electrons and, therefore, they are extracted out of CdSe QDs in 
the presence of the βC.
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Figure 12.15  Time dependent absorption profiles of CdSe QDs at 620 nm (a) and beta‐
carotene at 450 nm (b).
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12.8  Quantum Dot Sensitized Solar Cells

In 1991, O’Regan and Grȁtzel [58] first reported a new architecture for the 
dye‐sensitized solar cell (DSSC). It has attracted much attention throughout 
the world from both academic and industrial fields as a promising alternative 
to silicon‐based solar cells [59]. Currently, 11% is the highest efficiency 
recorded by DSSCs and their long‐term stability has improved by using 
hydrophobic dyes and robust electrolytes [60, 61]. For further improvement of 
the overall efficiency in DSSCs, various dye molecules have been designed 
and prepared as a key material for absorbing incident solar radiation, transfer-
ring charges over porous metal oxide layers with high surface areas [62]. 
Inorganic semiconducting materials can be well suited for solar cell sensitiza-
tion [63, 64] because they are robust, band gaps can be effectively tuned, and 
they are easy to process. Hence, they are ideal candidates for the optimization 
of a solar cell to achieve a maximum efficiency. Recently, sensitization of 
mesoporous metal oxide layers with various quantum dots (CdSe [65], CdTe 
[66], etc.) has been proposed, and their photovoltaic properties have been 
tested. However, QD‐sensitized solar cells (QDSSCs) have shown compara-
tively lower efficiencies than the values expected. QD‐sensitized cells have 
been attracting much attention especially because of the recent popularity in 
the preparation of well‐defined colloidal QDs by wet chemical synthesis [67] 
and the demonstration of multiple exciton generation from single‐photon 
absorption in colloidal QDs through impact ionization (an inverse Auger 
process) [16]. Therefore, progress in this field requires a breakthrough to 
understand the working mechanism of QDSSCs and the realization of multi-
ple exciton‐extracted devices.

12.8.1  Working Principle

The basic structure of the QDSSC is shown in Figure 12.16. It mainly consists 
of three parts: working electrode, electrolyte, and counterelectrode [68]. The 
working electrode, that is a photoelectrode or photoanode, is generally fabri-
cated through deposition of a layer of mesoporous nanocrystalline semicon-
ductor (TiO2 or ZnO) on a conductive substrate (e.g. FTO and ITO glass), and 
then the absorption of QDs onto the mesoporous semiconductor. The electro-
lyte is normally a liquid, containing a redox couple (S2−/Sx

2−), filling in between 
the working electrode and the counterelectrode to transport carriers. The 
counterelectrode, also named a cathode, is a passive electrode, normally a con-
ductive glass coated with a layer of catalyst (platinum, gold), for charge 
exchange between the counterelectrode and electrolyte. From Figure 12.16, it 
is seen that the QDs generate excitons under illumination with sunlight and 
then the excited electrons are injected from the CB of the QDs into the CB of 
TiO2. At the same time, the photogenerated holes are donated to the 
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electrolyte and, thus, the QDs are restored. The oxidation species of electrolyte 
diffuses to the counterelectrode and is reduced by the migrating electrons from 
the external circuit. The above process can be expressed as [65, 69, 70]:

	 QDs h QDs e h 	

	
QDs e TiO QDs TiO e2 2 	

	
QDs h S e QDs S

	

12.8.2  Device Preparation

12.8.2.1  Preparation of TiO2 Nanoparticle Electrode
A semitransparent TiO2 (20 nm in size) nanoparticulate layer 8 µm in thickness 
was prepared by screen printing a paste of TiO2 nanoparticles (Ti‐Nanoxide 
HT/SP from Solaronix) onto the ultrasonically cleaned fluorine doped tin 
oxide (FTO, 8 Ω/sq) glass substrates. The thickness of coating was controlled 

Redox
electrolyte

hv

Sx
2–h+

QD

S2–

e–

e–e–

e–

PtQDsTiO2 or ZnO
Glass

F doped SnO2 (FTO)

Figure 12.16  General schematic structure of the QD sensitized solar cell showing all the 
components and a process of excited electron transfer under illumination.
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by repeating the screen printing. Before depositing the next layer, each layer 
was dried at 120 °C for 10 minutes, and then finally sintered at 500 °C for 30 
minutes.

12.8.2.2  QDs Deposition on TiO2 Nanoparticle
A colloidal solution of QDs/β‐carotene was prepared by mixing an equal 
weight (0.01 g) of QDs and β‐carotene in a common solvent (2 ml of chloro-
form). As prepared hybrid solution was then drop cast onto a TiO2 precoated 
FTO substrate that acted as photoelectrode.

12.8.2.3  Counterelectrode and Assembly of QDSSC
A counterelectrode was prepared by depositing gold on an FTO substrate. The 
as prepared photo and counterelectrodes were joined together with a spacer 
(SX‐1170‐60, Solaronix SA) of thickness 120 µm between them and a poly-
sulfide electrolyte composed of 0.5 M Na2S, 2 M S, 0.2 M KCl in methanol/
water (7:3 by volume) was injected through the hole on the counterelectrode to 
complete the cell structure. A black mask (8 × 8 mm) was used in the subse-
quent photovoltaic studies.

12.8.3  Performance

The QD sensitized solar cell device structure is schematically represented in 
Figure 12.17. The magnitude of the photocurrent from the hybrid coated solar 
cell device is high when compared with that of the bare CdSe QD coated device; 
the reason for this could be due to the transfer of photo generated electrons 
from the CdSe QD into the CB of TiO2 through β‐carotene energy levels. The 
electrons in the LUMO level of the β‐carotene are relatively free from the influ-
ence of CdSe QDs (exciton binding force) and, therefore, can move towards the 

FTO CE

RED

OX

S2–/Sn
2–

e

e

TiO2 βC QD
Figure 12.17  Schematic representation of a QD 
sensitized solar cell device structure.
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TiO2 coated electrode as hot electrons. However, because there is no anchoring 
group with β‐carotene, the molecule is not well connected with the TiO2 sur-
face, thus providing an interfacial resistance to the flow of electrons into the 
oxide material. But because of the existing driving force in the device, electrons 
are able to move into the TiO2 conduction band energy levels and constitute a 
photocurrent across the external circuit. While crossing the interface, hot elec-
trons may lose their energy. Even after moved into the conduction band levels 
of TiO2, because of the continuum nature of band states. the electrons relax 
down to the band edge state, losing their extra energy.

As a consequence it becomes difficult to see the real “hot electron effect” in 
this device. But still β‐carotene has helped to increase the magnitude of the 
photocurrent by extracting electrons away from CdSe QDs. Here we have to 
point out that the possibilities for the transfer of photo‐generated electrons 
from β‐carotene into the CB of TiO2 cannot be ruled out, because the molecule 
has shown weak absorption at around 350 nm (450 nm absorption level is 
reduced by the supply of electrons from CdSe QDs), but its magnitude will be 
very low. In general, though this molecule has strong absorption in the visible 
region, the magnitude of the photocurrent generated by this molecule is very 
low. Lack of surface anchoring groups in this molecule and its preference to 
make energy transfer induced type interactions are the reasons for the poor 
photocurrent efficiency.

12.9  Conclusion

A QDSSC device has been fabricated, using CdSe, QDs, and their hybrids with 
beta carotene as an active material. The performance of the device can be 
improved further by covalently attaching β‐carotene with the TiO2 surface and, 
by doing so, the resistance for the flow of electrons into the metal oxide can be 
reduced. Also, by using oleic acid free CdSe QDs, it is possible to reduce the 
resistance for the flow of electrons between QD layers, which, in turn, could 
help to harvest more photogenerated electrons across the metal oxide. Even by 
using a still wider bandgap metal oxide in the place of TiO2, if it is possible to 
directly inject hot electrons into electrode material, then an enhanced open 
circuit voltage is possible.
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