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This paper reports on an apercu of materials that enhance the performance of dye-sensitized solar cells
(DSSCs). The review indicates progress in DSSCs and a large improvement in the materials used in
DSSCs in particular. DSSCs were assembled using different materials for the semiconductor oxide,
dye sensitizer and counter electrode. The performance of each material was evaluated based on
photoelectrochemical parameters, including the open circuit voltage (V.), short circuit current (ls), fill
factor (FF) and overall conversion efficiency () from the current-voltage curve. This review covers
several types of materials that have paved the way for better-performing solar cells and directly
influenced the stability and reliability of DSSCs. The new research trend as well as the previous
research has been highlighted to examine the key challenges faced in developing the ultimate DSSCs.
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1. INTRODUCTION

Among sustainable technologies, such as tidal power, solar thermal, hydropower and biomass
[1], photovoltaic technology is regarded as the most efficient. In 1954, the first practical photovoltaic
cell using diffused silicon p-n junctions was designed at Bell Laboratories, with an efficiency of 6%.
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The important means of producing high-efficiency solar cells are reducing reflectance, trapping light in
the cell and increasing light absorption [2]. Silicon solar cells have achieved electricity conversion
efficiencies ranging from 15% to 20% [3]. However, the high fabrication cost and the usage of toxic
chemicals in producing highly purified silicon during the manufacturing process has motivated the
search for an environmentally friendly, low-cost solar cell. Dye-sensitized solar cells (DSSCs) have
received considerable attention since O’Regan and Grétzel reported a remarkably high conversion
efficiency of nearly 10% [4] using nanocrystalline mesoporous TiO; film. However, these organic solar
cells are still limited to low power conversion efficiencies [5].

DSSCs are photonic devices that convert visible light into electricity and are based on a porous
thin film of a wide-bandgap semiconductor oxide modified by dye molecules. The manufacturing cost
of DSSCs, which are 3"-generation solar cells, is approximately 1/3 to 1/5 times that of silicon solar
cells [6]. This type of film enhances the light absorption due to its sponge-like characteristics and
increased surface area. The nanocrystalline material plays an essential role in electron injection and
transport, determining the performance of the DSSCs [7]. The overall conversion efficiency of DSSCs
was reported to be proportional to the injection of electrons in wide-bandgap nanostructured
semiconductors. To date, the certified efficiency record is approximately 11.1% for a small cell, and
large-scale tests have clarified the great need for the commercialization of DSSCs [8]. Thus, DSSCs
have numerous advantages over silicon solar cells.

A typical DSSC consists of a transparent conductive oxide (TCO), semiconductor oxide, dye
sensitizer, electrolyte and counter electrode. The working electrode is a nanoporous semiconductor
oxide that is placed on conducting glass and is separated from the counter electrode by only a thin
layer of electrolyte solution. The extension of the photoelectrode dye enables the collection of lower-
energy photons [9]. The dye is chemisorbed onto the semiconductor oxide surface. An ideal sensitizer
should adsorb a wide range of wavelengths and possess high thermal stability due to its strong binding
to the semiconductor oxide. The photoanode of DSSCs is typically constructed using a thick film (~10
um) of TiO; or, less often, ZnO or SnO, nanoparticles [10]. The TiO, film has a large inherent
absorptive surface area for light scattering. One challenge in the fabrication of DSSCs involves the
matching of the material band gaps and the structure design for each layer to give the maximum
photoelectrochemical output and thereby the maximum conversion efficiency.

2. DSSC STRUCTURE AND WORKING PRINCIPLE

A single layer of dye molecules acts as a light absorber and is interspersed between TiO,
particles. A drop of liquid electrolyte containing iodide is placed on the film to percolate into the pores
of the film to complete the device. Conductive glass that has been coated with a thin catalytic layer of
platinum or carbon as a counter electrode is placed on top of the cell, and light is illuminated from the
TiO, side, as illustrated in Figure 1. A thicker coating of organic dye for solar cells has been tested;
however, electric charges do not move easily within most organic materials, and it was reported that an
active charge for charge injection is only effective with extremely thin layers. Thus, thick organic films
do not transfer photoexcited charges as well as thin films, absorbing all of the light, and a solar cell
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made from an interconnected series of thin film layers would be more effective than a cell made from a
single thick layer of dye.
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Figure 1. Principle operation of dye-sensitized solar cells (DSSCs) [11] .

The electrons lost by the dye due to the light absorption are quickly replaced by iodide (@ ) in
the electrolyte solution, which acts as a mediator. The g or triiodide (r;I;) results from the oxidized

mediator, producing an electron catalyst-coated counter electrode after the electron flows through the
load [12]. To achieve a reset system capable of repeating the process, energy propagates from the
photon to the excited dye photon and then to the TiO, layer, conductive glass, load counter electrode,
r.% , @, and finally to the original TiO, location [12]. Hence, the electric power generated in a DSSC

causes no permanent chemical transformations and is theoretically stable [5].

3. DSSC COMPONENTS

3.1. Transparent Conductive Oxide (TCO)

TCO substrates must be highly transparent (transparency > 80%) to allow the maximum
passage of sunlight to the active area [13]. Typically, DSSCs are constructed with two sheets of TCO
material as current collectors for the deposition of the semiconductor and catalyst. The TCO material
characteristics determine the efficiency of DSSCs [1] due to the efficient charge transfer of electrical
conductivity to minimize energy losses. Fluorine tin oxide (FTO, SnO,:F) and indium tin oxide (ITO,
In,03:Sn) are typical conductive oxide substrates consisting of soda lime glass coated with fluorine tin
oxide or indium tin oxide, respectively. The transmittance of ITO films are over 80% in the visible
region, with a sheet resistance of approximately 18 Q/cm?, whereas FTO films exhibit a transmittance
of approximately 75% with a sheet resistance of 8.5 Q/cm? [13]. Sima et al. conducted a study based
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on FTO and ITO glass substrates sintered at 450 °C [14]. They found that upon sintering, the sheet
resistance of ITO increased from 18 Q/cm? to 52 Q/cm?, while the sheet resistance of FTO remained
constant. The overall conversion efficiencies (7) of DSSCs based on FTO and ITO are approximately
9.4% and 2.4%, respectively. Thus, FTO is strongly recommended for use in DSSC fabrication due to
its conduction properties and stable sheet resistance temperature.

Murakami et al. used a polyethylene terephthalate (PET) polymer substrate coated with ITO
and obtained a conversion efficiency of approximately 3.8% [15]. Meanwhile, Ito et al. reported an
efficiency of 7.8% using polyethylene naphthalate (PEN) [16]. Polymer substrates are attractive
alternatives due to their flexibility and low cost. Nevertheless, the use of polymers substrates in DSSCs
limits the range of usability due to the requirement of a relatively low fabrication temperature. Another
alternative is the use of metals, such as stainless steel, tungsten and titanium, as conducting layer
substrates. Jun et al. reported an efficiency of 6.1% [17] using a stainless steel substrate. However, the
high cost and corrosion caused by the electrolyte restrict the use of metals as substrates. Creating a
new research trend, Braga et al. demonstrated the reliable front contact of cadmium stannate (CTO)
and titanium dioxide (TiO;) deposited entirely by magnetron sputtering. The CTO contact results in a
high optical transmittance of approximately 90% along with a sheet resistance of 15 Q/cm? [18].

3.2. Semiconductor Oxide Material

The central part of a DSSC device consists of a thick nanoparticle film that provides a large
surface area for light-harvesting absorption molecules to accept electrons from the excited dye [19],
such as TiO,, ZnO [20], SnO; [21], Nb,Os, WO3, Ta,0s5, CdSe, CdTe, and CdS. These molecules are
interconnected to allow electronic conduction [8]. The efficiency of DSSCs depends on the electron
transfer rates, which in turn depend on the crystallinity, morphology and surface area of the
semiconductor. However, previous research has shown that DSSCs based on ZnO and SnO, possess
lower efficiency than those based on nanocrystalline TiO, [21]-[23] due to the latter’s superior
morphological and photovoltaic properties [24]. TiO, is considered by some to be the most efficient
and environmentally benign photocatalyst [25]. Bulk TiO; is dominated by three main phases of rutile,
anatase and brookite [26]. Anatase TiO, is preferred due to its high conduction band edge energy (3.2
eV), which provides chemical stability. In comparison, the conduction band edge energy of rutile is
approximately 3 eV. In rutile TiO,, electron transport is hindered by the high packing density, and for
the same film thickness, anatase-based DSSCs produce a 30% [14] higher short circuit current than
rutile-based DSSCs.

Recent trends in research have involved the fabrication of anatase TiO, as nanoparticles,
nanofibers [27], nanowires [28], hollow spheres [29], hollow hemispheres [30], nanotubes [31], and
hierarchical spheres [32] and ellipsoid spheres [33] via solvothermal reactions of titanium n-butoxide
and acetic acid. The one-dimensional (1D) nanostructure of TiO, nanowires has also attracted
considerable attention in terms of its application to DSSCs. A novel method has been reported for the
synthesis of a TiO, nanowire array on FTO glass substrates involving hydrothermal growth [34]. The
TiO, nanowire with a standard DSSC configuration exhibited a conversion efficiency of approximately
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5%, which is considerably higher than the value of 1.2-1.5% attained by ZnO nanowires with lengths
of up to ~40 um [34]. Anatase TiO, spheres have an overall 7 of 3.5% with a current density I, of
17.94%, open circuit voltage V,. of 803 mV and FF of 0.65%. This value of # is much lower than
those of DSSCs based on nanoparticles (7.37%), nanofibers (8.15%), and ellipsoid TiO, spheres
(7.93%) [35]. The improvement of 7 and ls; by using hierarchical sphere based DSSCs is a result of
higher dye loading, improved light scattering ability, faster charge transfer and longer electron lifetime
[36] [37]. To produce higher 7 and I, several strategies are used to minimize the recombination.
These approaches include the deposition of an insulating layer on the semiconductor electrode. ZnO
[38], niobium pentoxide (Nb,Os) [39], Al,O3 [40], and SiO, [41] have been used as an energy barrier
to slow the charge recombination due to their insulating character, which reduces the interaction
between the electrons injected to the semiconductor and the electrolyte solution [42]. The surface
treatment of TiO, with TiCl, also reduces the charge recombination due to the increasing interfacial
charge transfer resistance of TCO/electrolyte interface [43],[44], as demonstrated by Melhem et al. I
was up to 10% higher when using DSSCs based on an N-doped electrode compared to the pure anatase
configuration [45]. This improvement is associated with the electronic and optical properties of the
starting nanopowder.

ZnO is an alternative semiconductor oxide material due to its wide band gap, similar to TiOg,
and its ability to be synthesized simply with different nanostructures. Recently, Keis et al. achieved a
conversion efficiency of ~5% under illumination (10 mW/cm?) with a porous ZnO electrode prepared
using the high-pressure compression method and Ru complexes with a carboxylate polypyridine ligand
[46]. The advantages of ZnO over TiO; include the following [8]: (i) a direct band gap of
approximately 3.37 eV, (ii) a higher excitation binding energy (60 meV) compared with TiOz (4 meV)
and (iii) higher electron mobility (200 cm®Vv's™) compared with TiO; (30 cm*®V's™). The grain size of
ZnO is overly large, and its effective surface area is insufficient; hence, the efficiency of ZnO is low.
Therefore, the key to improving the performance of ZnO-based DSSCs is the preparation of a
nanoporous ZnO film. Law et al. first reported the use of ZnO nanowire arrays in DSSCs with the aim
of replacing the traditional nanoparticle film to increase the electron diffusion length [47]. ZnO
nanowire-based DSSCs have been reported to achieve a conversion efficiency of 0.5% and an internal
quantum efficiency of 70% due to their high surface area and good connectivity to the electrode.
Compared with TiO,, the similar electron mobility and conduction band energies of ZnO, in
combination with its high excited binding energy, make it a promising candidate for lasing devices and
stable room-temperature luminescence [48]. Thus, ZnO nanowire is an alternative candidate for high-
efficiency DSSCs.

3.3. Dye Sensitizer

An efficient solar cell sensitizer should adsorb strongly to the surface of the semiconductor
oxide via anchoring groups, exhibit intense absorption in the visible part of the spectrum, and possess
an appropriate energy level alignment of the dye excited state and the conduction band edge of the
semiconductor. The performance of DSSCs mainly depends on the molecular structure of the
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photosensitization. Sensitization of the semiconductor in DSSCs has been achieved using numerous
chemical compounds, such as phthalocyanines [49]-[51], coumarin 343 [32],[52], carboxylated
derivatives of anthracene [53],[54], and porphyrins [55]-[57]. However, the best photosensitization has
been attained using metal transition materials [58]. Three classes of dye sensitizers are used in DSSCs:
metal complex sensitizers, metal-free organic sensitizers and natural sensitizers.

Ru (1) is the most efficient dye due to its numerous advantageous features, such as good
absorption, long excited-state lifetime, and highly efficient metal-to-ligand charge transfer. Ru
bipyridyl complexes are excellent photosensitizers due to the stability of the complexes’ excited states
and the long-term chemical stability of oxidized Ru (Il1) [59]. The standard dye used in traditional
DSSCs is tris(2,2’-bipyridyl-4,4’-carboxylate) ruthenium (I1) (N3 dye) [60]. N3 and N719 dyes contain
four and two photons, respectively, and were reported to successfully absorb solar light and undergo
charge transfer. Another promising candidate is tri(cyanato-2,2°2,2°’-terpyridyl-4,4’,4°’-tricarboxylate)
Ru (1) (black dye), whose response extends approximately 100 nm further into the infrared (IR) region
than the response of the N3 dye [60]. Therefore, many researchers have studied Ru bipyridyl
complexes as photosensitizers for the reactions of homogeneous photocatalytic and dye-sensitization
systems. However, these complexes also have disadvantages, including high cost and the need for
sophisticated preparation techniques.

Coumarin is a synthetic organic dye sensitizer obtained from a natural compound found in
many plants. Coumarin 343 (C343) is an excellent organic-dye photosensitizer for efficient electron
injection into the conduction band of semiconductors. However, the efficiency 7 for nanocrystalline
DSSCs based on the C343 dye is lower than the efficiencies of DSSCs based on Ru-complex
photosensitizers because of a lack of absorption in the visible region [52].

Table 1. Various types of plant pigmentation [64].

Betalains Betacyanins Caryophyllales and betaxanthins
Betaxanthins some fungi
Carotenoids  Carotenes Photosynthetic plants and bacteria
Xanthophylls Retained from the diet by some
birds, fish and crustaceans
Chlorophyll ~ Chlorophyll All photosynthetic plants
Flavonoids Anthocyanin
Aurones Widespread and common in plants
Chalcones including angiosperms,
Flavonols gymnosperms, ferns and
Proanthocyanidins  Pryophytes

Natural dyes are a viable alternative to expensive organic-based DSSCs. The overall solar
energy conversion efficiency of natural dye extracted from pigments containing anthocyanins and
carotenoids has been demonstrated to be below 1% [9]. Different parts of the plant, including the
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flower petals, fruits, leaves, stems, and roots, typically have different pigments. The advantages of
natural dyes are their low cost, easy extraction, non-toxicity and environmentally benign nature [61].
The orange-red Lawsone, red-purple anthocyanin (sensitization of wide bandgap semiconductors) [62]
and yellow curcumin are the main components in the natural dyes obtained from these natural products
[63]. Plant pigmentation occurs due to the electronic structure of the pigments, and exposure to
illuminated light modifies the wavelengths that are either transmitted or reflected by the plant tissue.
Table 1 describes the plant pigmentation groups based on a common structure and biosynthesis basis.

Carotenoid pigments are obtained from fruits and plants with distinctive red, orange, and
yellow colors and carotenoid-derived aromas. The skeleton of carotenoids may be linear or may
contain cyclic end groups, and the major two classes consist of carotenes and their oxygen-generated
derivatives, xanthophylls [65]. In addition, carotenoids also provide protection from excess light
through the dissipation of energy and free radical detoxification, limiting the damage to the membrane.
Flavonoids and their conjugates form a large group of natural products. These components have been
observed in many plant tissues, where they can be found inside the cells or on the surfaces of different
types of plant organs. The three major classes of flavonoid compounds are anthocyanins,
proanthocyanidins, and flavonols. Anthocyanins do not display vivid colors until they are grouped
together in acidic vacuoles. Some of the flavonols have protective roles as UV-B filters and function as
co-pigments for anthocyanin, especially for special tissues.

The achievement of wide-bandgap semiconductor sensitization using natural pigments is
typically attributed to anthocyanin. Anthocyanins compose a major flavonoid group that is responsible
for cyanic colors ranging from salmon pink to red and dark violet to dark blue in most flowers, fruits,
and leaves of angiosperms [65]. The anthocyanin molecule possesses carboxyl and hydroxyl groups,
and it occurs in fruit, leaves, and flowers, where it is responsible for colors ranging from visible red to
blue [66]. The bonding causes the electron to move from the anthocyanin molecule to the conduction
band of TiO,. Anthocyanins are often used in organic solar cells due to their ability to absorb light and
convert it into electrons. Table 2 describes the performance of various types of natural dyes used as
photosensitizers in DSSCs.

Table 2. Photoelectrochemical parameters of DSSCs sensitized by various natural dyes [9],[67]
[12],[68]

Wormwood 0.196 0.585 0.47 0.538%
Purple Cabbage 0.208 0.660 0.53 0.75%
Turmeric 0.288 0.529 0.48 0.03%
Lemon Leaves 0.272 0.537 0.05 0.05%
Morinda Lucida 0.256 0.440 0.47 0.53%
\Ff\égf' Silican Prickly 7.320 0.400 041  1.21%
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Red Turnip 9.500 0.450 0.37 1.70%
Bougainvillea 2.100 0.300 5.7 0.36%

3.4. Electrolyte

Electrolytes are used to regenerate the dye after electron injection into the conduction band of
the semiconductor and also act as a charge transport medium for the transfer of positive charge toward
the counter electrodes [13]. The liquid electrolyte is based on an organic solvent with a high ionic
conductivity and distinctive interfacial contact properties; nevertheless, the leakage and volatility of
the solvent affect the long-term performance of DSSCs [65]. Therefore, the electrolyte must have the
following characteristics [69]-[70]: (i) high electrical conductivity and low viscosity for faster electron
diffusion; (ii) good interfacial contact with the nanocrystalline semiconductor and counter electrode;
(ii1) no tendency to induce the desorption of the dye from the oxidized surface or the degradation of the
dye; and (iv) no absorption of light in the visible region.

A liquid electrolyte consists of a solvent, a redox couple (the most important component), and
one or more additives. Other redox couples used include @ /r?L[; , Bri/Bry [71], (SCN)./SCN),

(SeCN),/SeCN" [72]-[73], and bipyridyl cobalt (I11/I1) complexes [74], which have also been
investigated for use in DSSCs [75]. Generally, the liquid electrolyte used in DSSCs contains f# ,
il /r;[;, and r;B redox ions as a mediator between the TiO, photoelectrode and counter electrode.

Compared with @ /rgﬁ', the other redox couples exhibit lower DSSC light-to-electricity conversion

efficiencies because the energy cannot be matched with the sensitized dye or as a result of their
intrinsically low diffusion coefficients in the electrolyte [75].

There are two types of solid-state DSSCs: one using a hole transport material (HTM) as a
medium and one using a solid-state electrolyte containing an @ /r?LB_ redox couple as the medium. A

solid-state device has recently been described in which the liquid electrolyte based on a porous
nanocrystalline oxide film is replaced by a wide-bandgap p-type semiconductor acting as a medium for
hole transport [65]. The solid-state device containing a p-type semiconductor has advantages over all
solid-state cells due to its easy preparation and higher stability, whereas solar cells occupied with
polymer electrolytes exhibit a higher efficiency and have additional future practical applications with
proper encapsulation [65]. Organic and inorganic electron HTMs cannot be used as a transport material
in DSSCs for practical applications due to their low power conversion efficiencies [75].

3.5. Counter Electrode

Counter electrodes are mainly used to regenerate the electrolyte, with the oxidized electrolyte
diffusing towards the counter electrode [13]. The counter electrode transports the electron that arrives
from the external circuit back to the redox electrolyte system. Hence, for efficient charge transfer, the
counter electrode should exhibit a high catalytic activity and high electrical conductivity [76]. Thus,
the catalyst must accelerate the reduction reaction. Based on this consideration, platinum (Pt) is
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considered a preferred catalyst. Pt is a superior catalyst for use as a counter electrode for r% reduction

because of its high exchange current density, good catalytic activity and transparency. The
performance of the counter electrode depends on the method of Pt deposition on TCO substrates, such
as the thermal decomposition of hexachloroplatinic in isopropanol [77], electrodeposition [78],
sputtering [79], vapor deposition [80], and screen printing.

However, Pt is a rare and expensive metal, and some researchers report that Pt erodes via
reaction with r% in the electrolyte to form Ptl, [81]. The Pt catalytic activity was reported to decrease

upon exposure to the dye solution and in the presence of iodide/tri-iodide redox couples [82], likely
because its surface is blocked by the adsorbed dye. The major causes of the deactivation of a Pt
counter electrode are the alteration of its electrocatalytic properties and the removal of Pt from
substrates [77], as demonstrated experimentally. Therefore, carbon, graphene and conductive polymers
have also been used as an alternative material for counter electrodes [83].

Carbon is an interesting low-cost alternative because it offers sufficient conductivity and heat
resistance in addition to corrosion resistance and electrocatalytic activity for r—% reduction [84].

Carbonaceous materials exhibit numerous advantageous features, such as high electronic conductivity,
corrosion resistance toward r;B reduction, and low cost as substitutes for Pt. In 1996, Kay et al.

reported the use of carbon black as a counter electrode, resulting in a conversion efficiency of
approximately 6.7% [81]. Josef et al. demonstrated the substitution of a Pt catalyst with a
nanocomposite of dry spun carbon multi-walled nanotube (MWNT) sheets with graphene flakes (Gr-F)
in a DSSC, reporting an improvement in the catalytic behavior and power conversion efficiency
(7.55%) relative to MWNT alone (6.62%) or graphene alone (4.65%) [85]. The latest research by
Arman et al. used a Pt-MWCNT counter electrode to obtain a current density Js; of 17.2 mAcm?, open
circuit voltage Vo of 0.690 V and efficiency # of 8.6%, which is the highest photovoltaic performance
to date [86]. Table 3 shows the performance of the various counter electrodes.

Table 3. Photoelectrochemical parameters of DSSCs with different counter electrodes [86].

Pt 15.3 0.670 0.70 7.2
Pt-MWCNT 17.2 0.690 0.71 8.6
MWCNT 15.1 0.655 0.68 6.7

4. RECOMMENDATIONS

The major challenge in the fabrication and commercialization of DSSCs is the low conversion
efficiency and stability of the cell. The degradation of the cell based on dye sensitization, undesirable
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electrolyte properties and poor contact with the electrodes are the main causes of the poor performance
of DSSCs. To enhance the performance of the DSSCs, several research directions are suggested: (i)
improving the dye stability by finding the optimum parameters to slow the dye degradation; (ii)
improving the dye structure to absorb more light at longer wavelengths, 780-2500 nm (the near-
infrared region, NIR); (ii) improving the morphology of semiconductors to attaining the best electronic
conduction to reduce the dark current; (iv) using dye and electrolyte additives to enhance the cell
performance; and (v) improving the mechanical contact between the two electrode. Thus, the choice of
materials is very important in the fabrication and deployment of DSSCs because the conversion
efficiency and stability of the cell do not depend on a single factor alone.
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