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Abstract

Dye-sensitized solar cells (DSSCs) are classed in the category of thin-film so-
lar cells, which have been under thorough investigation during the last thirty
years thanks to their low price, easy fabrication procedure, low toxicity and
ease of generation. Even now, there are great efforts to substitute the present
DSSC materials because of their elevated price, less abundance, and
long-term stability. The performance of present DSSCs attains 12%, employ-
ing Ru(II) dyes via regulating material and structural features, which remains
less than the performance given by first- and second-generation solar cells,
Le., other thin-film solar cells and Si-based solar cells which provide ~20% -
30% performance. This work focuses on the main findings of Sharma et al
[1] which presented an in-depth review on DSSC fabrication, running prin-
ciple, fundamental issues (low efficiency, low scalability, and low stability),
prospective efficient materials, and finally a brief insight to commercializa-
tion.
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Keywords
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1. Introduction

As a technically and economically possible option to the p-n junction photovol-
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taic systems, dye-sensitized solar cells (DSSCs) have emerged [1]. In the late
1960s, it was found that electricity can be produced via illuminated organic
dyes in electrochemical cells. At the University of California at Berkeley, chlo-
rophyll was extracted from spinach (photosynthesis). In 1972, earliest chloro-
phyll-sensitized zinc oxide (ZnO) electrode was synthesized. For the first time,
via electron injection of excited dye molecules into a large band gap of semi-
conductor, photons were transformed into electricity [1]. Great investigations
have been realized on ZnO-single crystals [2]; however, the performance of such
dye-sensitized solar cells was too low, since the monolayer of dye molecules was
capable to absorb incident light only up to 1%. Therefore, the performance was
ameliorated via regulating the porosity of the electrode constituted of fine oxide
powder; as a result, the absorption of dye over electrode can be improved and
then light harvesting efficiency (LHE) can as well be ameliorated. Thus, na-
no-porous titanium dioxide (TiO,) electrodes with a roughness factor of ca.1000
were presented; and in 1991, DSSCs with 7% performance were presented [3].
Such cells, as well famous as Gritzel cells, were firstly co-invented in 1988 by
Brian O’Regan and Michael Gritzel at UC Berkeley [3] and were more improved
by the aforesaid researchers at Ecole Polytechnique Fédérale de Lausanne
(EPFL) until 1991.

O’Regan and Gritzel manufactured an apparatus founded on a 10-pm-thick,
elevated surface area and optically transparent film of TiO, nanoparticles, coated
with a monolayer of a charge transfer dye with ideal spectral properties to sen-
sitize the film for light harvesting. The system collected an elevated portion of
the incident solar energy flux of 46% and offered unusually elevated perfor-
mances, even more than 80% performances for the transformation of incident
photons to electrical current. The overall incident photon to current conversion
efficiency (IPCE) yield was 7.1% - 7.9% in simulated solar light and 12% in dif-
fuse daylight. A big short circuit current density jc (greater than 12 mA/cm?)
and exceptional stability (sustaining at least five million turnovers without de-
composition) and low cost rendered the practical utilization possible [3]. In
1993, Gritzel and his colleagues mentioned 9.6% performance of cells; and four
years later, they attained 10% at the National Renewable Energy Laboratory
(NREL). The sensitizers are commonly designed to possess functional groups
like ~-COOH, -PO;H,, and -B(OH), for stable adsorption onto the semiconduc-
tor substrate [4] [5]. Two years ago 2018, a performance of 8.75% was noted for
hybrid dye-titania nanoparticle-based DSSC for superior low temperature [6]. In
a conventional solar cell, Si gives two roles: works as source of photoelectrons
and furnishes electric field to separate the charges and generate a current. How-
ever, in DSSCs, the bulk of semiconductor is exclusively employed as a charge
transporter and the photoelectrons are furnished by photosensitive dyes. The
theoretically anticipated power conversion efficiency (PCE) of DSSCs was
around 20% [7] [8]; therefore, considerable investigations have been dedicated

during the least years on DSSCs to increase their performance.
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The ameliorations and augmenting dares in dye-sensitized solar cells until
2007 were discussed [9]. The major elements of this discussion were light har-
vesting inorganic dye molecules, p-CuO nanorod counter electrodes (CEs), and
self-organization of electroactive polymers; further, this work explained how
such materials perform in a rationally designed solar cell. Nevertheless, the
maximum IPCE of 7% was debated in the review paper for naphthyridine coor-
dinated Ru complex [10] which was good till 2007 but is almost half to the effi-
ciencies shown in later work. Bose et al. [11] focused on the current state and
enhancements in the domain of photoelectrode, photosensitizer, and electrolyte
for DSSCs up to 2015. They juxtaposed the efficiency of the DSSC module with
that of the Si-founded module by the graph illustrated in Figure 1 [12], and
concluded that the efficiency of the DSSC module is far better than that of the Si
module. Plus, the most important performance debated in this review paper was
11.2% for N719 dye-based DSSC.

Researchers [13] concentrated on sensitizers, comprising on ruthenium com-
plexes, metal-free organic dyes, quantum-dot sensitizer, perovskite-based sensi-
tizer, mordant dyes, and natural dyes. Further, they furnished a deep discussion
about the various sorts of sensitizers; however, there is no details concerning ad-
ditional crucial components of the DSSCs. In addition, apart from debating all
diverse components of DSSCs, scientists [14] focused on the CE side. They ana-
lyzed the investigation of various kinds of CEs founded on transparency and
flexibility, metals and alloys, carbon materials, conductive polymers, transition
metal compounds, and hybrids. A most elevated performance of 14.3% was ex-
amined for the DSSC fabricated with Au/GNP as a CE, Co**'** as a redox couple,
and LEG4 + ADEKA-1 as a sensitizer [15] and was shown in the review article.
Similarly, researchers [16] [17] evaluated the photoanode of DSSC. They have
categorized alteration of photoanode into three classes: interfacial change via the
introduction of blocking and scattering layer, compositing, doping with
non-metallic anions and metallic cations, interfacial engineering, and replacing
the conventional mesoporous semiconducting metal oxide films like with 1-D or

2-D nanostructures.

140

e Si Cell em= STi Titania Cell
130 /
120

o /

Percentage of Power at 25°C

100
20 \
80 v v - v - v )
25 30 35 40 45 50 55 60

Temperature

Figure 1. The performance of dye PV modules increases with temperature, contrary to
Si-based modules [11] [12].
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Consequently, via juxtaposing various reviews, it may be readily shown that
the review paper published by Sharma ef al [1] presented the insight investiga-
tion of diverse components and their utilization in DSSCs as well as fabrication

and working of these cells.

2. Fabrication and Working of DSSCs

The working electrode (WE), sensitizer (dye), redox-mediator (electrolyte), and
CE are four fundamental factors for a DSSC. DSSC is an assembly of WE soaked
with a sensitizer or a dye and sealed to the CE soaked with a thin layer of elec-
trolyte with the help of a hot melt tape to prevent the leakage of the electrolyte
(as illustrated in Figure 2). The components as well as the construction and

working of DSSCs are explained below [1].

2.1. Transparent and Conductive Substrate

DSSCs are usually fabricated with two sheets of conductive transparent mate-
rials, which assist a substrate for the deposition of the semiconductor and cata-
lyst, working as well like current collectors [18] [19]. There are two principal
properties of a substrate being employed in a DSSC: 1) more than 80% of trans-
parency is needed by the substrate to let the passage of optimum sunlight to the ef-
ficient area of the cell; 2) for the performant charge transfer and decreased energy
loss in DSSCs, it has to possess an elevated electrical conductivity. The fluo-
rine-doped tin oxide (FT'O, SnO,: F) and indium-doped tin oxide (ITO, In,Os: Sn)
are commonly implemented as a conductive substrate in DSSCs. Such substrates
are composed of soda lime glass coated with the layers of indium-doped tin
oxide and fluorine-doped tin oxide. The ITO films possess a transmittance >
80% and 18 Q/cm? of sheet resistance; however, FTO films depict a lower trans-

mittance of ~75% in the visible region and sheet resistance of 8.5 Q/cm? [18].
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Figure 2. Construction and working principle of the dye-sensitized nanocrystalline solar
cells [1].
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2.2. Working Electrode (WE)

The WEs are made via depositing a thin layer of oxide semiconducting materials
like TiO,, Nb,Os, ZnO, SnO, (n-type), and NiO (p-type) on a transparent con-
ducting glass plate made of FTO or ITO. Such oxides possess a large energy band
gap of 3 - 3.2 eV. Implementing an anatase allotropic form of TiO, is more
commendable in DSSCs as juxtaposed with a rutile form thanks to its higher
energy band gap of 3.2 eV whereas the rutile form has a band gap of about 3 eV
[20] [21], even if alternative large band gap oxides like ZnO and Nb,Os possess
as well given encouraging findings [22] [23]. Thanks to being non-toxic and less
expensive and its easy availability, TiO, is mostly utilized as a semiconducting
layer. Nevertheless, such semiconducting layers absorb only a small portion of
light in the UV region; consequently, such WEs are then immersed in a mixture
of a photosensitive molecular sensitizer and a solvent. After soaking the film
within the dye solution, the dye gets covalently bonded to the TiO, surface. Be-
cause of the highly porous structure and the huge surface area of the electrode, a
high number of dye molecules get fixed on the nanocrystalline TiO, surface, and

therefore, light absorption at the semiconductor surface augments [1].

2.3. Photosensitizer or Dye

Dye is the component of DSSC in charge of the maximum absorption of the in-
cident light. Any material being dye has to possess numerous photophysical and

electrochemical properties. Some of them are listed in Table 1 [1].

Table 1. Dye photophysical and electrochemical properties [1].

Property Description
Property #1 The dye has to be luminescent.
The absorption spectra of the dye has to include ultraviolet-visible
Property #2 K X K .
(UV-vis) and near-infrared region (NIR) regions.
The highest occupied molecular orbital (HOMO) has to be found far
from the surface of the conduction band of TiO; and the lowest
Property #3 unoccupied molecular orbital (LUMO) has to be located as near
to the surface of the TiO», and then has to be higher with
respect to the TiO. conduction band potential.
Property #4 HOMO should lie lower than that of redox electrolytes.

The periphery of the dye has to be hydrophobic to improve the

long-term stability of cells, since it conducts to reduced direct
Property #5 contact among electrolyte and anode; if not, water-induced distortion

of the dye from the TiO: surface may take place, which may

diminish the stability of cells.

To avert the accumulation of the dye over the TiO: surface,

co-absorbents such as chenodeoxycholic acid (CDCA) and anchoring

groups like alkoxy-silyl [24], phosphoric acid [25], and carboxylic acid
Property #6 group [26] [27] were integrated among the dye and TiO.. This leads

to the prohibition of dye gathering and therefore restricts the

recombination reaction [28] among redox electrolyte and electrons in the

TiO; nanolayer as well as conducts to the generation of stable linkage.
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2.4. Electrolyte

An electrolyte (like 17/1;, Br7/Br, [29], SCN7/SCN; [30], and Co(II)/Co(III)
[31]) possesses five major components, Ze., redox couple, solvent, additives, io-
nic liquids (ILs), and cations. An electrolyte has to possess the mentioned fea-
tures in Table 2 [1].

Further, I’/ I; has been established as a highly efficacious electrolyte [32];
however, there are some restrictions related to its usage in DSSCs [1]. In fact,
I~ / I; electrolyte corrodes glass/TiO,/Pt; it is greatly volatile and responsible for
photodegradation and dye desorption and possesses poor long-term stability
[33] [34]. Acetonitrile (ACN), N-methylpyrrolidine (NMP), and solvent mix-
tures, like ACN/valeronitrile, have been utilized as a solvent as possessing ele-
vated dielectric constants. 4-Tert-butylpyridine (TBP) is mainly employed as an
additive to shift the conduction band of TiO, upwards, which conducts to an
augmentation of the value of open circuit voltage ( Voc), decreased cell photo-
current (Jic), and less injection driving force. It is suggested that TBP on a TiO,
surface diminishes recombination via back transfer to an electrolyte [35]. Nev-
ertheless, the biggest disadvantage related to the IL is their leakage factor. Con-
sequently, solid-state electrolytes are expanded to avert the disadvantages linked
with IL electrolytes [36]. Further, to examine the failure of the redox electrolyte
or the sealing under long-term illumination, long-term light soaking experi-

ments on sealed cells have also progressed greatly during the decades [37].

2.5. Counter Electrode (CE)

In DSSCs, CEs are usually synthetized via employing platinum (Pt) or carbon
(C). Both functioning and CEs are sealed jointly, and subsequently, an electro-
lyte is filled with a help of a syringe. CE catalyzes the reduction of |~ / I; liquid
electrolyte and collects holes from the hole transport materials (HTMs). Pt is
employed frequently as a CE since it depicts more important performances [38];
however, substituting Pt was much requested thanks to its higher cost and less
abundance [1]. Then, numerous trials have realized to substitute Pt in DSSCs,
like carbon [39], carbonylsulfide (CoS) [40], Au/GNP [15], alloy CEs like FeSe
[41], and CoNiy,s [42], even if the various kinds of the CEs are also reviewed by
Jihuai Wu et al [14].

Table 2. Electrolyte main features [1].

Feature Description
Feature#1 Redox couple has to be capable to regenerate the oxidized dye efficaciously.
Feature#2 Has to possess long-term chemical, thermal, and electrochemical stability.
Feature#3 Should be non-corrosive with DSSC components.

Has to be apt to let quick transfer of charge carriers, improve conductivity,

Feature #4
and generate efficacious contact among the working and CEs.

Absorption spectra of an electrolyte have not to overlap with the

Feature #5 i
absorption spectra of a dye.
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3. Working Principle

The working principle of DSSC implies four fundamental stages: light absorp-
tion, electron injection, transportation of carrier, and collection of current. Ta-
ble 3 lists the main stages implicated in transforming photons into current (as
illustrated in Figure 2) [1].

4. Former and Additional Refinements in DSSCs

To enhance and investigate the efficiency of DSSCs, diverse electrolytes such as
gel electrolytes, quasi-solid-state electrolytes, IL electrolytes, etc., have been uti-
lized as mediators so far [1]. Nevertheless, a changing tendency to regulate the
efficiency of the DSSCs has been introduced via adding the energy relay dyes to
the electrolyte.

The cells performance via liquid electrolyte may be elevated through intro-
ducing iodide/triiodide redox couple and high dielectric constant organic sol-
vents such as ACN, 3-methoxypropionitrile (MePN), propylene carbonate (PC),
y-butyrolactone (GBL), N-methyl-2-pyrrolidone (NMP), ethylene carbonate
(EC), and counter ions of iodides, where solvents are the basic component of a
liquid electrolyte. Following their stability, organic solvents can be sequenced as
imidazolium < picolinium < alkylpyridinium. Between numerous features of

solvents such as donor number, dielectric constants, and viscosity, the donor

Table 3. Main stages implicated in transforming photons into current [1].

Stage Description

The incident light (photon) is absorbed via a photosensitizer, and therefore,

due to the photon absorption, electrons get promoted from the ground
Stage #1 state (S*/S) to the excited state (S*/S") of the dye, where the absorption

for most of the dye is in the domain of 700 nm which corresponds to the

photon energy almost about 1.72 eV.

The excited electrons with a lifetime of nanosecond span are injected into the
conduction band of nanoporous TiO: electrode which lies below the excited
state of the dye, where the TiO: absorbs a small fraction of the solar

Stage #2 photons from the UV region [43]. Consequently, the dye gets oxidized.

S'/S+hy—>S'/S 1
S /S S IS+e (TiO,) 1))

Such injected electrons are transported among TiO. nanoparticles and
Stage #3 diffuse towards the back contact (transparent conducting oxide [TCO]).
Via the external circuit, electrons attain the CE.

The electrons at the CE reduce |, to I'; therefore, dye regeneration

or the regeneration of the ground state of the dye occurs thanks to the
Stage #4 acceptance of electrons from I” ion redox mediator, and I" gets

oxidized to 1, (oxidized state).
S'/S'+e —»S'/S (3)
Plus, the oxidized mediator ( I, ) diffuses towards the CE and reduces to I ion.

Stage #5
I;+2e” -3 (4)
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number depicts obvious impact on the Voc and jc of DSSCs. Injecting the small
quantity of electric additives such as N-methylbenzimidazole (NMBI), guanidi-
nium thiocyanate (GuSCN), and TBP greatly ameliorates the cell efficiency. Just
like solvents, a co-absorbent as well possesses a fundamental contribution in the
running and efficiency of an electrolyte. Introducing co-absorbents in an elec-
trolyte trims down the charge recombination of photoelectrons in the semicon-
ductor with the redox shuttle of the electrolyte. Secondly, a co-absorbent may
modify the band edge position of the TiO,-conduction band, therefore leading to
an elevation in the value of Voc of the cell. This avoids the dye gathering over the
TiO, surface and conducts to long-term stability of the cell as well as augmenta-

tion in Voc.

5. Conclusions

From this work, the following conclusions can be drawn:

1) The principal objective of this work was to present a summary of the perti-
nent discussion presented by Sharma et al [1] on fresh materials for photoa-
nodes, CEs, electrolytes, and sensitizers as to present low-cost, flexible, envi-
ronmentally sustainable, and easy ways to fabricate DSSCs. Nevertheless, a brief
explanation has been provided to greater comprehend the running components
of DSSCs [11]. Further, this work focused on a link among the photosensitizer
composition, the interfacial charge transfer reactions, and the setup efficiency
which are crucial to understand as to expand novel metal and metal-free organic
dyes. In matter of low stability given by DSSCs, two main difficulties, Ze., low
intrinsic stability and the sealing of the electrolytes (extrinsic stability), have
been undertaken in this discussion. To fulfill great request of electricity and
power, there are two best possible solutions: this demand has to be compensated
either by the nuclear fission or by the sun. Even so, the nuclear fission predicted
to be the best alternative has considerable ecological problems as well as issues
related to its waste disposal. As a result, the second option remains better to
consider. DSSCs are developed as a cheap alternative; however, the perfor-
mance given by DSSCs in the domain stays not enough. Therefore, a large
study on all likely features of DSSCs has to be explored. Sharma et al [1] sug-
gested to develop DSCCs founded on diverse electrodes viz. graphene, nano-
wires, nanotubes, and quantum dots; novel photosensitizers founded on metal
complexes of Ru or Os/organic metal-free complexes/natural dyes; and fresh
electrolytes founded on imidazolium salts/pyridinium salts/conjugated poly-
mers, gel electrolytes, polymer electrolytes, and water-based electrolytes. So far,
large researches have been performed treating individual dares related to work-
ing electrode, dye, and electrolytes separately; therefore, a global manner re-
quires to be employed where all these difficulties have to be handled jointly via
selecting suitable circumstances of electrolyte (both in choice of material and
structure), optimum dye, and the most stable electrolyte which gives better elec-

tron transportation capability [1].
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