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A B S T R A C T

The demand for cheap and affordable cost of fabrication and increased power conversion energy of DSSC has

made most researchers sought for better ways to optimize individual parts of the cell to improve its efficiency.

Thus, this paper reviews different ways to synthesize and fabricate an improved DSSC for renewable energy

power generation. This article reviews the various fabrication techniques of FTO in DSSCs as well as in-

corporation of graphene for optimization of the DSSCs. Optimization of DSSC using FTO was reviewed with the

various method of fabrication (Hydrothermal methods, CVD, Sputtering and Spray pyrolysis) for an effective

light harvesting. Then, we discussed the application of graphene-based material into the various parts of the

photoanode (transparent conducting electrode, semiconductor layer and dye molecules) as well as the counter

electrode. Incorporating graphene into the photoanode as discussed can improve the efficiency of the cell due to

its unique properties leading to a better dye absorption, improved charged separation, and excellent electrical

conductivity thereby resulting in improved performance of the cell. Finally, an outlook for other trends in

optimizing DSSCs was provided.

1. Introduction

The rapid drain of gas and oil resources, quest for a more sustain-

able form of energy, and finding on solar energy has gained it much

relevance in the world today, making it a hot topic for today’s re-

searchers (International Energy Agency, 2012) (Mohammad Bagher,

2015) (Bhagwat et al., 2017). As a result of the continuous increase in

demands of energy from clean sources, solar cells and Photovoltaic

arrays manufacturers has grown drastically over the last two decades.

Photovotalics dates back from the theory explanation of the “photo-

voltaic effect” which was first explained by Albert Einstein in 1904

(Jayawardena et al., 2013). He pub 9lished a simple description of

“light quanta” (later called “photons”) which is the basis for all pho-

tovoltaic devices and in common semiconductors (John et al., 2009)

(Arons and Peppard, 1965), which gave him a Nobel Prize in 1921 for

this theoretical explanation. The Fig. 1 shown below shows four main

categories commonly referred to as generation and it represents the

different solar cells that have been developed and has evolved over the

years (Jayawardena et al., 2013):

1GEN: this is the first generation of solar cells which is based on

crystalline silicon technologies, both monocrystalline and polycrystal-

line, and on gallium arsenide (GaAs);

2GEN: this is the second-generation of solar cells which includes

amorphous silicon (a-Si) and microcrystalline silicon (_c-Si) thin films

solar cells, cadmium telluride/cadmium sulfide (CdTe/CdS) and copper

indium gallium selenide (CIGS) solar cells;

3GEN: this is the third generation of solar cells which involves

technologies based on newer compounds including nanocrystalline

films, active quantum dots, tandem or stacked multilayers of inorganics

based on III–V materials, such as GaAs/GaInP, organic (polymer)-based

solar cells, dyed-sensitized solar cells, etc.; and

4GEN: the is the fourth generation of solar cells which is also known

as “inorganics-in-organics”. This generation combines the low cost/

flexibility of polymer thin films with the stability of novel inorganic

nanostructures such as metal nanoparticles and metal oxides or organic-

based nanomaterials like carbon nanotubes, graphene and its deriva-

tives.

A new class of advanced photovoltaics is the Dye Sensitized solar

https://doi.org/10.1016/j.solener.2020.05.002

Received 3 March 2020; Received in revised form 27 April 2020; Accepted 1 May 2020

⁎ Corresponding author.

E-mail addresses: Jasper.ikpesu1@students.ac.za, jasper.ie70@gmail.com (J.E. Ikpesu), sunny.iyuke@wits.ac.za (S.E. Iyuke),

Michael.daramola@wits.ac.za (M. Daramola).

Solar Energy 206 (2020) 918–934

0038-092X/ © 2020 International Solar Energy Society. Published by Elsevier Ltd. All rights reserved.

T



cells (DSSC). Although this class is new but it came to limelight in the

third generation of photovoltaic which can be regarded as an artificial

photosynthesis because of the manner in which it mimic nature’s ab-

sorption of light energy from the sun and separate light absorption and

charge generations (Michael, 2005). It comprises of a molecular dye,

known as the sensitizer, absorbs photons and uses the energy of its own

excited electrons to excite electrons to the TiO2semiconductor. DSSC

invented by Prof. Michael Gräetzel and Dr. Brian O’Regan in 1991 of-

fers the prospect of very low fabrication cost compared to previous

generations which depends on silicon based p-n junction solar cells,

which require large wafers of high purity, high crystallinity silicon that

are both costly and energy intensive to produce (Green, 2001). The ease

of production through roll-to-roll processing and adapting of existing

printing techniques provides further possibilities to reduce costs in

manufacturing compared to silicon photovoltaics, which rely on batch

production methods (Shah et al., 1999). Other benefits of DSSCs include

their aesthetic appeal due to their partial transparency and colour, easy

integration into building architecture and short energy payback time,

which is the time required to generate such quantity of energy equal to

the energy embodied within the system during production (Wang and

Su, 2015). The efficiency of conversion of the cell is not up to the best

thin-film cells. However, theoretically, the price/performance ratio

should be such that it high and have capability to compete with other

forms of electrical energy generation by achieving grid parity.

The need for a simple manufactured low cost photovoltaics that is

efficient and fabricated with excess of non-toxic materials has led to

some modification of the original DSSC design of Dr Michael Gräetzel.

This has resulted to progress in the DSSC technology thus giving the

technology a commercial market advantage. For over twenty-five years

since the breakthrough discovery of DSSCs, numerous and positive ef-

forts have been made on how to improve the DSSCs performance.

Gräetzel (2003) reported that several different methods to how DSSCs

efficiency can be improved upon, such as the use of 1-D or 3-D na-

nostructures of TiO2, novel organic and natural sensitizers, alternative

flexible substrates, a quasi-solid state electrolyte, or an inexpensive

catalyst for the counter electrode. However, the effect of improving a

single part on a whole system must be put into consideration

(Khamwannah, 2015). For example, it has to be realized that the per-

formance of the photo-anode can only be improved when done in

parallel with a suitable redox couple and counter electrodes. Graphene

is the most promising candidate in carbon materials for the

improvement of DSSCs’ performance.

Graphene has been featured in all components of the device in-

cluding photoanode, dye sensitizer, transparent electrode, electrolyte

and counter electrode owing to its unique and excellent proprieties.

Graphene is a two-dimensional (2D) carbon element that exhibits some

special characteristics ranging from excellent transmittance, high car-

rier mobility, and large specific surface area. For example, monolayer

graphene has a high carrier mobility (greater than200 000 cm−2 V-1

s−1 at an electron density of 4×109 cm-2), high specific surface area

(2600m−2 g−1) and high optical transparency (97.7%) (Du et al.,

2008); (Nair et al., 2008) and (Du et al., 2010). Over the past few years,

different approaches have been explored to have incorporated graphene

derivatives into various structures of the photoanode which have de-

monstrated different efficiency enhancements (Batmunkh et al., 2016).

The efficiencies of the graphene-based DSSCs are reportedly influ-

enced by several factors with the most challenging task to directly in-

corporate graphene into structure of TiO2 (Rho et al., 2017). Moreover,

it remains an issue to industrially mass produce a graphene that is of

high-quality with low cost for DSSC as photoanodes (Bonaccorso et al.,

2012). When seeking for the improvement of the DSSCs, one should

understand the crucial phenomena in the cell. Hence, this study pre-

sents an outlook for the synthesis and fabrication of an improved DSSCs

with FTO, graphene-incorporated photoanodes and counter electrode in

DSSCs, design and method of incorporation, current issues, and the

research directions on the new design and innovations.

2. Structure and working principle of a DSSCs

2.1. The structural parts of DSSCs

DSSCs as illustrated in Fig. 2, comprises mainly of five parts which

include a substrate, photoelectrode, sensitizing dye, electrolyte and

counter electrode.

2.1.1. Substrates

The standard electrode used in DSSCs are made from conducting

oxides that are transparent (commonly referred to as transparent con-

ducting oxides (TCO)) that is coated with substrates of glass in which it

is assembled to. TCOs are mostly utilized in DSSCs due to low cost,

abundance, and good optical transparency within the solar spectrum

that is visible and the infrared region (Khamwannah, 2015). In other to

Fig. 1. The Four Generation Time line of photovoltaic associated with materials of each generation (4).
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make the TCO which is made from bare glass electrically conductive, a

metal oxide (commonly fluorine-doped tin oxide-FTO (SnO2F, FTO) and

indium tin oxide-ITO (In2O3: Sn, ITO)) is used to coat it by doping. At

higher temperature of about 450–500 °C during standard preparation

procedure of the nanostructure and in other for thermal stability to be

attained, the FTO is generally used instead of the ITO (Brian O’regan

and Michael Gratze., 1991).

2.1.2. Photoelctrode

The Photoelectrode (photoanode) are made from a thin layer of

sensitized wide-band gap nanostructured metal oxide semiconductor

(MOS) (typically TiO2, ZnO, SnO2 and Sb2O5) deposited onto t

he TCO substrate. In order to achieve high light-harvesting effi-

ciency (LHE), the nanostructured metal oxide semiconductor layer must

provide a large surface area (high roughness) to permit the adsorption

of a large amount of sensitizer molecules (Brian O’regan and Michael

Gratze., 1991) and (Nazeeruddin et al., 1993).

2.1.3. Dye molecules (photosensitizers)

The photosensitizer is of utmost importance in the functioning of a

DSSC as they play a vital role in sensitizing the wide-bandgap of a

nanostructured photo electrode and has, therefore, been a topic of in-

terest for researchers over the years with hundreds of different dyes

being tested. In a more ideal case, an effective sensitizer should provide

high light absorption in the whole visible region of the solar spectrum

and also into the Infrared region to maximize light harvesting. It should

feature a suitable anchoring group, such as a carboxylic acid, by which

it can be attached to the semiconducting oxide (Miles, 2015).

2.1.4. Redox electrolyte

The electrolytes widely used in typical DSSCs are formed of a redox

couple (I −/I3− ) dissolved in a suitable solvent typically acetonitrile

(ACN) and, typically, some additives to boost the cell performance

(Gratzel, 2003) and (Miles, 2015). In DSSC, the electrolyte is needed for

dye regeneration and to complete the electron transportation in be-

tween the photo electrode and counter electrode. The choice of solvent

used in the electrolyte is impactful and there are several research car-

ried out on different type of solvents for the electrolyte, such as

alcohols, propylene carbonate, γ-butyrolactone, tetrahydrofuran, N, N-

dimethylformamide (Hara et al., 2001); (Naohiko et al., 2009) and

(ChunHung et al., 2010), as well as different types of nitrile solvent (Ze

et al., 2011).

2.1.5. Counter electrode

The Counter electrode (CE) is a very vital part in the DSSC and its

role is to reduce the materials involve in redox reaction, which are the

mediators for regenerating the sensitizer (dye) after electron injection

(Gratzel, 2003). When the dye molecules are regenerated, it produces

triiodine which will be reduced to iodide ion at counter electrode.

Generally, a DSSC counter electrode is prepared from a small amount of

platinum (Pt) catalyst deposited onto a TCO glass. Platinum is a widely

used CE material as result of its high catalytic activity and stability

toward the iodide electrolyte (Papageorgiou et al., 1997); (Xiaoming

et al., 2004) and (Seok-Soon et al., 2006). Despite the wide usage of Pt

as counter electrode, (Bhagwat et al., 2017) found out that the stability

of FTO-based Pt varied with method of preparation as a result of gen-

eration of PtI4 due to corrosion by triiodide solutions. This and its

limited availability made several researchers seek an alternative with

nickel.

2.2. Working principle of a DSSCs

DSSC operates with the principle of absorption, separation and

collection (Muhammad, 2017) with the absorption of light and the

transportation of charges constituting the two major ways in which the

DSSCs differ from all other solar cells (Eran et al., 2011). The dye

molecule which is an important part of the cell that coats the semi-

conductor support, absorbs light and excites the electron from the

highest occupied molecular orbital (HOMO) to the lowest unoccupied

molecular orbital (LUMO) thereby producing a combination of an ex-

cited electron and an electron hole which is known as an exciton. The

HOMO is the part of the cell that has the lowest energy level of the cell

while the LUMO has the highest energy level of the cell as shown in

Fig. 2.

The absorption of light is then followed with separation which it

involves the injection of exciton into the conduction band of metal

Fig. 2. Schematic Description of DSSC (Khamwannah, 2015).
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oxide semiconductors (MOS) and the dye molecule being oxidized. In

order for current to be produced, the two opposite charges must be

separated at the interface of MOS and the dye thereby preventing them

from recombining. When these charges are produced, the excited

electron is transported through a semiconductor support medium to the

anode while the excited holes are transported through the electrolyte

on the opposite side of the dye to the cathode (Miles, 2015). After this is

done, the circuit is completed and the electrons are made to pass

around the circuit by the light absorbing dye molecules (Archer and

Nozik, 2008).

In all solar cell designs, it is important that one of the electrodes in

use must be made from a conducting material that is transparent

commonly known as TCM, such as FTO, in order to permit the trans-

mission of light to the dye molecules (Miles, 2015) while the materials

to be used for the other electrode can vary depending on the cell design

and can be chosen to either transmit light or reflect light back towards

the sensitizer to increase light absorption. In the commonly used cell

design, developed by Grätzel in 1991, a sensitizer is adsorbed onto a

high surface area semiconductor consisting of a mesoporous film of

titania nanoparticles. The liquid electrolyte contains a redox mediator,

typically the I-/I3- redox couple, which is regenerated at the platinum

coated counter electrode.

All of the components within the cell need to be carefully selected in

order to correctly

align their respective energy levels as shown in Fig. 3. The max-

imum output voltage (Voc) of the cell is ultimately resolved by the

difference in potentials between the conduction band edge of the

semiconductor support and the redox potential of the electrolyte. These

potentials therefore need to be matched as closely as possible to the

LUMO and HOMO levels of the dye in order to minimize energy losses

(Archer and Nozik, 2008) (see Fig. 4).

2.3. Chemical reaction in a DSSC

The chemical reaction involves in a DSSC working principles are

categorized into six major reactions which includes absorption reaction,

electron injection, electron transport, triiodide reduction, regeneration

of dye and the recombination process as shown in Fig. 3. The re-

combination processes decrease the efficiency of the DSSC and result to

energy losses.

The first reaction that takes place in the DSSC when struck by light

and photons is absorption of dye molecules because of an excitation

that exists between their electronic states. The excitation is naturally a

metal-to-ligand charge transfer (MLCT) (Anwar, 2013) and it tends to

cause electrons to move from the HOMO level to the LUMO level of the

molecular ground state (van de Lagemaat and Frank, 2000). The ab-

sorption state is also known as the excitation state as shown in equation

(1) below

+ → ∗S photon S (1)

After Absorption of light occurs and excitation has taken place,

electron in injected metal oxide semiconductor conducting band is

made up of TiO2 as shown in equation (2).

∗ + → − + +S TiO e TiO S( )2 2 (2)

The movement of the electrons happens as a result of diffusion that

occurs from the electronic concentration gradient in nanoporous TiO2

(Soedergren et al., 1994) and (van de Lagemaat and Frank, 2000) while

other studies also showed that these movement is due to the incident

light intensity (Sulaeman and Abdullah, 2017). The coefficient of dif-

fusion of the electrons is dependent on the quasi-Fermi level under il-

lumination of the electron (Soedergren et al., 1994) and these reports

were explained using a multiple trapping (MT) model (Fisher et al.,

2000); (Bisquert et al., 2004) and (Bisquert and Vikhrenko, 2004). The

collection of charges in DSSCs, is due to the kinetic competition in

between the movement of the injected electrons in the nanoporous

semiconductor layer and the recombination reaction of these electrons

with the redox species in electrolyte or with the oxidized dye molecules

(Anwar, 2013). For the charges to be collected efficiently, the move-

ment of electron must be much faster than recombination and this must

be done within order of milliseconds (Peter and Wijayantha, 2000) and

(Frank et al., 2004).

+ → + +− −e TiO CE TiO e CE electricity energy( )2 2 (3)

The triiodide reduction to iodide in DSSCs happens at the counter

electrode and it is the fourth stage in the cycle of DSSCs reaction. In

order to increase the performance of DSSCs, the catalytic activity of the

counter electrode must be high for this reaction in order to reduce the

energy loss. The most commonly used catalyst in the counter electrode

is the Platinum (Pt) because of its high catalytic activity for triiodide

reduction (Anwar, 2013) as shown in the equation (4) below.

+ → +− − −I e CE I CE2 ( ) 33 (4)

This is the fifth energy reaction in the DSSC and it involves the

regeneration of dye. The electrolyte used in DSSCs is usually gotten

from an organic solvent having the I-/I3- redox couple that plays an

important role in the fourth and fifth reaction.

+ → ++ − −S I S I3 2 3 (5)

Fig. 3. The Working Principle of a Schematic of DSSCs (Mohammad Bagher,

2015).

Fig. 4. Schematic structure of DSSC (Ahmad et al., 2017b).
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The recombination process involves a series of energy reactions

divided into three step reaction process. There is a possibility that

electrons in the TiO2nanoporous film can recombine with either oxi-

dized dye molecules or triiodide in the electrolyte as these electrons are

always within a few nanometers distance of the semiconductor/elec-

trolyte interface.

The first stage of this recombination process is a very slow reaction

as compared to electron injection in TiO2 as shown in equation (6). The

next reaction is a recombination of injected electrons in the TiO2 with

the triiodide ion at the interface, also known as dark current, is one of

the undesirable processes in the DSSC as shown in equation (7). This

process is much more probable than the initial process reaction (Gratzel

et al., 2008). The final reaction of recombination could also occur on

the transparent conducting oxide (TCO) as the TiO2 film may not fully

cover the TCO as shown in equation (8). However, researches have

shown that this effect is small and negligible as platinum-free TCO has

very poor electrocatalytic activity towards the iodine/triiodide redox

system (Cahen et al., 2000). The first stage of the recombination reac-

tion process must proceed slowly as compared to the electron injection

and regeneration of dyes in order to have significant charge separation

hence the kinetics of this reaction follows a multi-exponential time law,

taking place on a microsecond to millisecond time scale as compared to

ultrafast electron injection (Haque et al., 2000) and (Kuciauskas et al.,

2000). It depends on the density of electrons in the semiconductor and

the intensity of light (Anwar, 2013).

+ →− +e TiO S S( )2
0 (6)

+ →−e TiO2 ( ) Γ 3Γ2 3 (7)

+ →−e TCO2 ( ) Γ 3Γ3 (8)

2.4. Effectiveness of an optimized DSSC

Several studies have been carried out on how to effectively optimize

the DSSC for optimum performance. They are basically focused on

modifying the structures and major parts of the (Eran et al., 2011), in

his research state that there is a significant difference between the size

of solar cells studied in a research laboratory and those that are actually

applicable on a large scale. Meanwhile in 2007, Lenzmann and Kroon

studied the effect of DSSC size without considering stability, and found

that efficiency decreased with DSSC size (Lenzmann and Kroon, 2007).

The glass used for DSSCs is made to be conductive in order to fa-

cilitate the collection of free electrons produced and help transfer the

current out of the cell. Since the glass plates are the outer boundaries of

the cell, any incoming light must travel through the glass. Thus, the

optical properties of the glass are critical to the cells functioning (Eran

et al., 2011). The glass must be highly transparent in the absorbing

region of the sensitizers in order to excite electrons within the DSSC.

Kay and Gratzel (Kay and Gratzel, 1996) described the photoelec-

trode of the DSSC as a conductive glass plate “coated with a porous

layer of a wide band gap semiconductor, usually TiO2, which is sensi-

tized for visible light by an absorbed sensitizer (Kay and Gratzel, 1996).

They applied colloid TiO2 by the doctor-blading method (using a rod

pressed against the surface to spread across the surface) to the con-

ductive side of glass with SnO2 film. Then, the glass coated in TiO2 was

heated to 450 °C (Kay and Gratzel, 1996). Next, the glass coated in TiO2

was soaked in sensitizing dye to complete the photoelectrode. This

process is standard to most DSSCs. As revealed by an extensive litera-

ture review, there have been very few changes to the semiconductor in

the last fifteen years. Most experiments affecting the photoelectrode

have dealt with changing the sensitizer of the electrode: the dye (Eran

et al., 2011). Otherwise, the main developments in the photoelectrode

have only involved the use of different types of TiO2.

TiO2 has been used as the semiconductor in DSSCs since their in-

ception because of its low cost, excellent semiconducting properties,

and already widespread use as a white colorant in toothpastes and

paints (Kay and Gratzel, 1996). Different types of TiO2 can affect the

abilities of a cell. Kang et al., (Kang et al., 2008) recommended using

TiO2nanorods instead of TiO2 nanoparticles. Nanorods result in im-

proved charge transport, and induce a longer lifetime for the electron in

the photoelectrode due to necking of the rods in a unique 3D network

(Kang et al., 2008). As a result of the increment of the area of the

surface of nanorods over nanoparticles, the initial conversion efficiency

of nanorod based DSSCs is 3.32% compared to that of nanoparticle-

based DSSCs at 1.97%. Nanorod-based DSSCs also have higher overall

conversion efficiency in an environment of increasing salt concentra-

tion. The conversion efficiency of nanorod based DSSCs remained

constant while the conversion efficiency of nanoparticle-based DSSCs

decreased with increasing salt concentrations. These results led to the

conclusion that nanorod-based DSSCs performed better in extreme en-

vironments and overall than nanoparticle-based DSSCs.

Over the years, the study of graphene has brought so much interest

to researchers due to carbons unique characteristics of bonding with

other element easily. In a study conducted out by Long et al., (Long

et al., 2012) on the composites of graphene/TiO2, they found out that

graphene has an outstanding potential for photovoltaic uses, which

provided an efficient photo induced charge separation at the interface

(Long et al., 2012). Jang et al., (Jang et al., 2015) incorporated gra-

phene into a TiO2 using the modified Hummer’s method and the result

showed that the PCE was improved by 47% when compared to a pure

TiO2 (Jang et al., 2015).

The redox couple is the key component to the effectiveness of DSSCs

(Boschloo and Hagfeldt, 2009) where iodide (I-) reduces the dye mo-

lecules that has been oxidized by the incoming photon and becomes

triiodide (I3-) and the triiodide moves to the counter electrode and is

reduced back into iodide. The iodide can then reduce the dye that has

been newly oxidized by the second incoming photon. This cycle keeps

occurring, depending on the redox reactions occurring with the redox

couple mediator (I-/I3-) (Eran et al., 2011). According to Boschloo and

Hagfeldt (Boschloo and Hagfeldt, 2009) in their review of the iodide/

triiodide redox mediator, “the photovoltage of the device depends on

the redox couple because it sets the electrochemical potential at the

counter electrode.” Kinetically, this is because the “driving force for dye

regeneration reaction is given by the difference between” the energy

states of the standard dye with the oxidized dye and iodide with diio-

dide (I2-) (Boschloo and Hagfeldt, 2009).

3. Optimization of DSSC using FTO

Transparent conductive materials (TCMs) are generally from a ca-

tegory of materials that tends to have both electrical conductivity and

optical transmission simultaneously. Generally, they are thin films in

form which range from metal films, wide-band-gap semiconductors,

metal nitrides or doped organic polymers (Zhang et al., 2014) and are

predominantly in use when considering solar cells (Granqvist, 2007)

and (Ginley et al., 2010). The fluorine-doped tin or tin-doped indium

oxide (FTO or ITO) are most commonly used TCO because it can make

the glass plates serve as electrodes helping them to collect electric

charge produced within the cell. Their coatings of both the FTO and ITO

are very transparent throughout the visible spectrum and they are more

absorbent in ranges closer to UV radiation, making them well suited for

the main part of the Sun’s output (Longo and Paoli, 2003). Both FTO

and ITO coatings share a typical resistivity of between 10 and 20Ω/

cm2. However, the resistivity of glass-ITO electrodes increases sig-

nificantly as temperature rises and this effect is not observed in FTO

covered glass (Longo and Paoli, 2003).

FTO can be mechanically, chemically and electrochemically stable

utilizing numerous technologies other than solar cells. There are several

methods used in fabricating the FTO nanocomposites which includes

the hydrothermal method, chemical vapour deposition (CVD), RF

sputtering and spray pyrolysis method.
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3.1. Hydrothermal method

This method is often one of the very best when considering cost and

prospect as it is capable of preparing a thin film of FTO that is homo-

geneous. This is a process that involves deposition of liquid as it has to

do with bottom-up approach (which is also called soft chemistry) thus

resulting to a thin film which is homogeneous also having stable pres-

sure and temperature (Ahmad et al., 2017a). Water is referred to as a

universal solvent due to its nature, high importance and outstanding

characteristics (Muhammad, 2017) and this method utilizes this as a

reaction medium. It is a medium for reaction which happens in totally

different hydrothermal conditions when compared to standard condi-

tions. The most important advantage of using are basically the benefits

it has environmentally (i.e. water being the most effective solvent when

it comes to cost and acting as a catalyst for the formation of desired

materials). It has no toxic effect, does not cause fire or explosion,

noncarcinogenic, nonmutagenic and thermodynamically stable

(Muhammad, 2017). Water has high volatility thus making it very easy

to taken out of any process.

Relatively, the nanostructure of FTO are affected by the method

itself and also by the parameters of the experiment (Sasha et al., 2015).

In other researches, the method that is solution-based method was seen

to give low cost of production with a high growth rate of seed layer that

is simple on the nanostructured FTO when compared to the amorphous

method (Sasha et al., 2015). For example, the hydrothermal process of

growing ZnO nanostructures has gathered immense popularity as a

result of the simplicity and conditions of growth tolerable (Suhaimi,

2015). In 2009, Liu and Aydil discovered a hydrothermal method that

was simple. The method was used for growing oriented single crystal-

line rutile TiO2 nanorods on FTO substrates (Liu and Aydil, 2009).

When these methods were compared to other methods, hydrothermal

method gained prospect for the fabrication of nanostructured FTO thin

film. Over the last 20 years, different nanostructure of FTOs had been

reported such as nanobows, nanocages, nanorods and nanobelts which

showed different characteristics (Sasha et al., 2015).

In a study conducted by Sasha et al., (Sasha et al., 2015) on the

preparation of a nanostructured FTO using the hydrothermal process,

nanostructure was directly synthesized on FTO glass substrate by using

pentahydrate stannic chloride (SnCl4·5H2O) and ammonium fluoride

(NH4F) as precursors (Sasha et al., 2015). During the synthesizing

process, different application of variation of time was applied and the

characteristics of nanostructured FTO were investigated via field

emission scanning electron microscopy (FESEM). The FESEM images

revealed the growth of nano-sized particles layer on the FTO substrate.

The electrical properties studied have shown a degeneration of con-

ductivity as the thickness of nanostructured layer increased. UV–Vis

results showed the decrement of transmittance as the time duration

increased. It was revealed through FESEM characterization that the

nanostructured FTO can be improved by using dibutyltindiacetate

(DBTA) as a precursor (Sasha et al., 2015).

3.2. Chemical vapor deposition (CVD)

The preparation of FTO by CVD has different variations which in-

cludes low pressure CVD plasma enhanced CVD (Jubault et al., 2007)

and the atmospheric pressure CVD which is very productive and eco-

nomic (Yang et al., 2010) and (Wang et al., 2015).

Najafi and Rozati (Najafi and Rozati, 2017) used the atmospheric

pressure CVD method to prepare FTO by depositing it onto a glass

substrate at different substrate temperature and were later kept con-

stant at 500 °C using air as both the career gas and the oxidizing agent

(Najafi and Rozati, 2017). Investigating the electrical properties of the

prepared thin film showed that its properties tends to vary with the

varying substrate temperatures ranging from an insulator thin film to a

highly conductive thin film (Najafi and Rozati, 2017). Under X-ray

diffraction, the structural property was seen to be poly-crystalline at

higher temperatures and amorphous at lower temperature.

3.3. Sputtering

In order to deposit the thin film effectively, some techniques used in

preparing FTO require high substance substrate temperature and also

post-treatment such as annealing leading to the formation of inter-

mediate semiconductor oxide layers at the film boundary and addi-

tional operational cost respectively (Banyamin et al., 2014). Over the

years few attempts has been made to use sputtering to prepare FTO

compared to other methods. This method poses to be environmentally

friendly and the use of loosely packed blended powder targets gives an

efficient means of screening candidate compositions, which also pro-

vides low cost of operation (Banyamin et al., 2014). This methods dates

back to 1955 when it was used to produce a small grain size of In2O3:Sn

(Muhammad, 2017). The magnetron sputtering is the only technique

suitable for high quality for large scale deposition, well adhered and

large sized films at relatively low substrate temperatures (Zhu et al.,

2017). There are different sputtering method which includes the direct

current (DC) reactive sputtering method (Liao et al., 2011); (Liao et al.,

2014) and (Jager et al., 2014) and the radio frequency (RF) sputtering

(Maruyama and Akagi, 1996); (de Moure-Flores et al., 2013) and (Zhu

et al., 2017).

The introduction of hydrogen into sputtering atmosphere has shown

theoretically in calculations that hydrogen can act as a source of n-type

conductions in ZnO materials (Cox et al., 2001); (Lavrov et al., 2005) ;

(Janotti and Van de Walle, 2007) and (Van de Walle, 2012) (xxxx).

However little research has been carried out to justify the claim that

hydrogen can be introduced to the sputtering atmosphere of SnO2 since

it is most widely used. Liao et al., (Liao et al., 2011) attempted to in-

troduce H2 into the sputtering atmosphere in order to improve the

conductive property of the film (Jager et al., 2014). While in 2013, de

Moure-Flores et al., also tried to optimized a SnO2-based film by in-

troducing the same hydrogen into the sputtering atmosphere (Zhu

et al., 2017). In the research, FTO films was deposited by the RF

sputtering method with SnO2- SnF2 target as fixed H2/Ar concentration

ratio of (3/97) and effect of H2 concentration in the sputtering atmo-

sphere was investigated and more research are still been done.

In 2017, Zhu et al., prepared a thin film of FTO using the sputtering

SnO2- SnF2 target introduced by de Moure-Flores et al., in 2013 in a

similar H2/Ar atmosphere in order to investigate the H2/Ar flow ratio

on the properties of the film at two different substrate temperature (Zhu

et al., 2017) and (de Moure-Flores et al., 2013). Zhu et al., (Zhu et al.,

2017) found out that introducing H2 can lead to formation of FTO thin

film with a (1 0 1) Ar flow ratios in the film and that resistivity of film

tends to decrease at first and later increases above a certain value (Zhu

et al., 2017). The increase of H2/Ar flow rate result to a decrease in the

conductivity, transmittance and the band gap (Zhu et al., 2017).

In a research carried out by Zaid et al., (2014), FTO were produced

from blended SnO2 and SnF2 powder after which the fluorine doping

level was investigate (Banyamin et al., 2014). During the investigation

at different doping level, different film thickness was obtained with

their subsequent electrical and optical properties. The result depicted

that the optimized conditions of a thin film of an average visible

transmittance of 83% and optical band-gap of 3.80 eV, resistivity of

6.71x10-3 cm−3 and a mobility of 15 cm2/Vs.

3.4. Spray pyrolysis

The use of spray pyrolysis to make TCO dates back to 1947 when

Mochel (Mochel, 1947) incorporated Sb to SnO2 and McMaster

(Mcmaster, 1947) incorporated Cl to SnO2. Over the years it has been

deployed to various TCO which includes doping tin oxide with fluorine

(FTO) (Mochel, 1947) and (Mcmaster, 1947). Spray pyrolysis is a

widely used method because of its simplicity, low cost of experimental

apparatus, ready incomparability of various dopants, high growth rate
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and high mass production compatibility for large area coating (Aouaj

M. A.; Diaz R.; Belayachi A.; Rueda F.; Abd-Lefdil M. (2009). Com-

parative Study of ITO and FTO Thin Films Grown by Spray Pyrolysis.

Mater. Res. Bull, 44(7), 1458–1461. Bagher A. M., Mirzaei M. A.,

Mohsen M, 2015). This is a process in which a thin film of required

material is deposited on to a hot surface by spraying a precursor solu-

tion on to it. Several tin compounds have been used as a tin element in

the precursor solution for preparing FTO films. Their preferred crystal

growth orientation and crystal size differs with the nature of the com-

pound used which in turn affects the optical and electrical properties as

well as the conductivity (Napi Mohd et al., 2016).

In a research conducted by Murakami (2007), he observed an initial

growth of the SnO2 on the glass substrate. He found out that each

isolated grain had grown almost at similar rate in which its density had

increased with the surface area roughness during the initial stage. He

observed that an increase in roughness would lead to a relative spread

of the grain (Murakami et al., 2007). However, in 2013, Liyanage et al.

was able to improve the spray pyrolysis to get nanorods films made of

FTO that has a low resistance sheet property (Liyanage, 2013). In the

improved spray pyrolysis, a horizontal method of spray was used to

keep the pressure low during deposition process and maintaining a

good percentage of transmittance of FTO films.

The size of grain of FTO films was found to be dependent on the

temperature in which deposition occurs; the time at which reaction

happen; the type of precursor and solvent that were used (Muhammad,

2017). Mohalkar et al., (2008) also investigated the effect of various

solvents used for FTO films fabrication and he found out that various

type of solvents used in the fabrication of FTO films would be able to

get a new morphology of FTO films without affecting the lattice para-

meter values (Moholkar et al., 2008). However, in 1998, Smith et al.,

proposed different type of FTO film morphologies which were depen-

dent on the precursor and solvents pairs (Smith, 1995). From the

pairing of solvent and precursor, the obtained films layers have been

classified into three categories which were smooth, slightly faceted and

faceted surfaces (Muhammad, 2017).

In a quest to optimize the performance the FTO, Hassanien et al.,

(2015) prepared thin films of undoped SnO2 and fluorine doped tin

oxide (FTO) using the spray pyrolysis on glass substrates while a sys-

tematic optimization of the solvent and precursor was investigated

(Hussein et al., 2016). Hassanien et al., (2015) found out that when the

spray time, the temperature of the substrate and solution concentra-

tions were increased, it resulted in subsequent increase in film thickness

and a decrease in sheet resistance (Hussein et al., 2016). This invariably

means that as thickness of film is achieved, growth rate of SnO2 is

optimized. The electrical and optical properties of FTO are essential

both for effective light harvesting and sheet resistance. Hassanien et al.,

(2015) observed that the electrical resistance of the film is thickness

dependent and as such, the increased thickness as a result of the in-

crease in spray time, substrate temperature and solution concentration

led to a decrease in the sheet resistance thereby enhancing the con-

ductivity (Hussein et al., 2016).

In 2016, Napi et al. prepared FTO using Ammonium Fluoride and

DBTDA by mixing the two solutions and then spray pyrolysis method

was adopted to produce the FTO substrate (Napi Mohd et al., 2016).

The research focused on varying the anneal temperature of the sample.

Napi et al., (2016) observed that by adjusting the anneal temperature,

the best film was obtained at a temperature of about 150 °C thereby

producing a sheet resistance of 5.11x108Ω/sq with a highest percentage

of transmittance (Napi Mohd et al., 2016). Also, it was observed that an

increase in the anneal temperature resulted to an increase in the growth

of the thin film because an increase in anneal temperature will result to

increase in supply energy.

4. Graphene

4.1. Fundamental and characteristic properties of graphene

Fascination with graphene has been growing very rapidly in recent

years and the science of graphene is now becoming one of the most

interesting and fast-moving topics in material science (Aoki et al.,

2014). The horizon of graphene is ever becoming wider, where physical

concepts go hand in hand with advances in experimental techniques.

On the other hand, graphene attributed properties such as high surface

area, excellent transparency, light absorption, and charge transport

properties have significantly aroused interest from different research

fields concerned with energy conversion and environmental pollution

remediation (Tahir et al., 2016).

Graphene is the first truly 2D crystal ever observed in nature and

this is remarkable because the existence of 2D crystals has often been

doubted in the past mainly due to Mermin-Wagner theorem stating that

a 2D crystal loses its long-range order, and thus melts, at any small but

non-zero temperature as a result of thermal fluctuations. According to

Zhen and Zhu (Zhen et al., 2018), graphene is an allotrope of carbon in

the form of a 2D, atomic-scale, hexagonal lattices in which one atom

forms each vertex with sp2 hybridization as shown in Fig. 5.

The unit structure of graphene is a hexagonal carbon ring with an

area of 0.052 nm2, carbon–carbon bond length is about 0.142 nm and a

stable hexagonal structure is formed through strong connections by

three σ bonds in each lattice (Zhen et al., 2018). In graphene, each

carbon atom uses 3 of its 4 outer orbital electrons to form 3 sigma bonds

1200 apart with 3 adjacent carbon atoms in the same plane, leaving the

4th electron free to move, therefore, electrons in graphene behave just

like massless relativistic particles without crystal lattices restrictions

(Wei et al., 2018) and (Li et al., 2015). As such, graphene possesses

excellent electrical conductivities in two dimensions at room tempera-

ture (more than 200,000 cm2 V−1 s−1) (Si and Samulski, 2008).

As a 2D material, graphene has zero band gap with a single mole-

cular layered structure (Wei et al., 2018); the electrical conductivity of

graphene is mostly attributed to the π bond located vertically to the

lattice plane (Zhen et al., 2018). Graphene’s stability is ascribed to its

tightly packed carbon atoms and a sp2 orbital hybridization—a com-

bination of orbitals s, px, and py that constitute the σ-bond. The final pz
electron makes up the π-bond. The π-bonds hybridize together to form

the π-band and π*-bands. These bands are responsible for most of

graphene’s notable electronic properties, via the half-filled band that

permits free-moving electrons (Zhen et al., 2018). Moreover, graphene

is known for its tranparancy in the visible region which is attributed to

its extreme thinness, this is found useful in DSSC’s conductive substrate

(Chae et al., 2017) and (Britnell et al., 2013).

4.2. Synthesis of graphene

The elusive two-dimensional form of carbon is probably the best-

studied carbon allotrope theoretically. Graphene is the starting point

for all calculations on graphite, carbon nanotubes, and fullerenes; at the

same time, numerous attempts to synthesise these two-dimensional

atomic crystals had usually failed, ending up with nanometre-size

crystallites (Oshima and Nagashima, 1997). These difficulties are not

surprising in light of the common belief that truly two-dimensional

crystals cannot exist (in contrast to the numerous, known quasi-two-

dimensional systems). Moreover, during synthesis, any graphene nu-

cleation sites will have very large perimeter-to-surface ratios, thus

promoting collapse into other carbon allotropes. Experimental efforts to

obtain graphene could be traced to Boehm et al., (Boehm et al., 1962)

early work of transmission electron microscopy who found single- and

few-layer graphite structures in solution, as a product of graphene oxide

(GO) reduction (Boehm et al., 1962). There were renewed efforts in the

1990 s which lead to the deposition growth of graphene on metal sur-

faces but little success was recorded until Novoselov et al. (Novoselov
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et al., 2004) carried out a pioneer work to isolate graphene monolayer

from highly-oriented pyrolytic graphite (HOPG) through mechanical

exfoliation in 2004 using their skillful scotch-tape technique

(Novoselov et al., 2004).

Ever since the first graphene isolation, several efforts have been

employed to synthesise graphene. The syntheis methods are classified

into two categories namely ‘top-down’ and ‘bottom-up’. An overview of

different synthesis techniques (flow chart) is presented in Fig. 6.

Development of effective approaches for graphene synthesis is of

crucial importance, this depends on the purpose of application raging

from the desired size, orientation, thickness, morphology, purity and

efflorescence of the specific product. In top-down process, graphene or

modified graphene sheets are produced by separation/exfoliation of

graphite or graphite derivatives (such as graphite oxide (GO) and gra-

phite fluoride (Bhuyan et al., 2016); (Li et al., 2014) and (Zhang et al.,

2015). The most popular top-down method is via the exfoliation of

graphite. One of the key challenges in this approach is aggregation

while processing bulk-quantity graphene sheets which tends to form

irreversible agglomerates or even restack to form graphite through Van

der Waals interactions unless well separated from each other (Zhang

et al., 2018).

On the other hand, the bottom-up approach starts the production of

graphene from small organic molecules. This approach is notable for its

precise control over the morphology and structure of graphene (Bhuyan

et al., 2016). The most popular bottom-up approach seems to be

chemical vapour deposition (CVD) method. Different reports have

shown that graphene have been synthesised by decomposition of hy-

drocarbons (such as methane) into graphene which was catalysed by

metal surfaces through CVD (Huilei et al., 2012). The deposition of

high-quality graphene from CVD process is usually done onto various

transition-metal substrates like as Ni, Pd, Ru, Ir, and Cu (Bhuyan et al.,

2016). Another important method of bottom-up approach is Epitaxial

thermal growth or thermal decomposition method, this method allows

the growth of graphene on a single crystalline silicon carbide (SiC)

surface (Zhang et al., 2014). Besides, graphene oxide reduction is

known to be another way of getting graphene through Brodie method,

Staudenmaier method, Hummers method (Kaiser et al., 2007) and

(Nurhafizaha et al., 2017).

4.3. Multidimensional forms of graphene

Research in the field of graphene has continued to be application

driven. Owing to the increasing and expanding applications of gra-

phene in different areas, 2D graphene sheets has been tailored to obtain

other dimensional forms namely one (1D) and three (3D) dimensional

forms. 1D and 3D graphene-based derivatives exhibit many amazing

properties, as well inherit intrinsic properties of 2D graphene and could

be applied in multiple areas (Zhang et al., 2015); (Zhang et al., 2014)

and (Xu et al., 2015). The synthesis of 1D graphene fibres and nanor-

ibons has in the recent years triggered numerous research. Graphene

Fig. 5. Energy level diagram of DSSCs (Mahmoud et al., 2016).

Fig. 6. (a) Two-dimensional (2D) graphene (b) Hexagonal lattice of graphene (Zhen et al., 2018).
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nanoribons (GNRs) are formed by constraining large-area graphene in

one dimension purposely for tuning the electronic properties of gra-

phene for different applications and bandgap engineering, and whose

properties highly depend on their size and edge shape. 1D graphene

(fibers) can be prepared from graphene oxide suspensions by wet-

spinning of carbon nanotubes (CNTs) (Seok-Soon et al., 2006); (Xu

et al., 2013) ; (Xiang et al., 2013) and (Zhang et al., 2018), other

methods include dimensionally-confined hydrothermal strategy (Luo

et al., 2012) and chemical reduction (Li et al., 2014). It can also be

prepared from graphene films such as chemical vapor deposition grown

graphene film (Li et al., 2011) and graphene oxide film (Zou and Kim,

2012). Graphene nanoribbon can be obtained from the longitudinal

unzipping of CNTs (Li et al., 2015). 1D graphene has been applied in

DSSCs, used GNRs at the counter-electrode and I-/I3
--based electrolyte

and recently incorporated GNR into TiO2-photoanode and it was ob-

served that the GNRs significantly improved the photoconversion effi-

ciency (PCE) of the dye-sensitized solar cells (DSSCs) (Zou and Kim,

2012).

Part of the efforts made to diversify the graphene-based applications

is the development of a graphene with band gap. What differentiates

graphene quantum structures from graphene is the modification of

electron behavior (i.e. graphene’s physical properties) due to quantum

confinement. When graphene is reduced to a size comparable to the

exciton Bhor radius, quantum confinement effects become observable,

the electrical and optical properties of graphene quantum structure is

affected by the particular size, shape and edge structure (Li et al.,

2015); (Li et al., 2014) and (Li et al., 2017). Soon Kim et al., (Kim et al.,

2006) predicted an existence of bandgaps in graphene nanoribbons

(GNRs). It was claimed that based on a first principles approach, a band

gap exists in zigzag GNRs due to a staggered sublattice potential, while

a bandgap in armchair graphene exists due to quantum confinement

and edge effects (Kim et al., 2006); such predictions were then con-

firmed by pioneering experimental work from Chen et al., (Chen et al.,

2007) and Li and Kaner, (Li and Kaner, 2008) (Chen et al., 2007) and

(Li and Kaner, 2008). In 2008, Ponomarenko et al., (Ponomarenko

et al., 2008) fabricated graphene dot structures with different sizes by

electron beam lithography and observed quantum-induced bandgap in

more strictly defined graphene quantum dot structure (Ponomarenko

et al., 2008). Comparing the Coulomb blockade peaks of different

structures, they observed non-periodic Coulomb blockage peaks for

graphene quantum dot (GQD) sizes smaller than 100 nm, a strong in-

dication of quantum confinement induced bandgap effects in graphene

quantum dots. GQDs have been reportedly playing a role in improving

existing solar cell systems, such as dye sensitized solar cells (DSSCs) and

perovskite solar cells (Zhang and Shi, 2011).

In addition, three-dimensional (3D) interconnected graphene net-

work such as aerogels, hydrogels and foams has also attracted a tre-

mendous research attention in the recent years (Zhang et al., 2018).

Different approached have been employed to assemble 2D graphene

into their 3D forms, Geletion is one of the reported effective approaches

for assembling graphene oxide (GO) sheets into 3D graphene hydrogels

and with subsequent freeze-drying process could transform hydrogel

into 3D graphene aerogel (Zhang et al., 2018). Several reduction

methods have been explored to synthesise 3D porous graphene mac-

rostructures, such as hydrothermal method (Zhang and Shi, 2011),

solvothermal approach (Liu et al., 2014), chemical reduction (Sui et al.,

2011) and electrochemical reduction (Chen et al., 2012) and (Chen

et al., 2012).

Template (hard or sorft) directed methods to prepare 3D graphene

have received most attention because it can be used for large-scale 3D

graphene frameworks. Hard template directing such CVD method has

been widely used to fabricate large-scale 3D graphene frameworks by

using 3D nickel foams as templates (Zhang et al., 2018). The me-

chanism is the same as the CVD fabrication of large-scale graphene

films, including the pyrolysis of the carbon source, the dissolving of

carbon atoms in Ni, and the formation of graphene on Ni surface during

the cooling down process (Zhang et al., 2018) and (Yu et al., 2008).

Another hard template directing is ice-templating which is simple and

environmentally friendly, without the need for the complicated tem-

plate etching step using strong solvents and acids (Zhang et al., 2018).

Besides the hard template directing method, soft templates, such as

micelles, emulsions, and bubbles have explored to prepare graphene-

based 3D macroscopic structures. 3D graphene-based materials have

found its way into energy conversion fields, such as dye-sensitized solar

cells (DSSC). 3D nanofoam of graphene has been employed as an al-

ternative to a platinum counter-electrode for DSSC (Tang et al., 2013)

which will be discussed in section 6.

5. Application of graphene based photoanode of DSSC

The graphene and graphene derivatives have mostly functioned as a

supporting role in the structure of DSSC’s photoanode. This section

focuses on the use of graphene materials as transparent conductors, in

the semiconducting layer, and as the sensitizer (dye).

5.1. Transparent conductive electrodes

Graphene is ramarkable for its several appealling properties in

terms of optical transparency, electric conductivity, mechanical

strength, and thermal conductivity. Graphene is a super light material

with a planar density of 0.77mg/m2; the graphene’s one atomic layer of

carbon atoms is the reason for its advantages of being super thin and

ultralight (Zhen et al., 2018). One of the benefits from one atomic

thickness is the high transparency of 97.7% in the visible region (Nair

et al., 2008). As suggested by both theoretical and experimental results,

optical property of graphene can be manipulated by its thickness (Zhen

et al., 2018) and (Ni et al., 2007). Considering the high optical trans-

mittance and electrical conductivity of graphene, thin film electrodes

made from graphene has become a very competitive transparent con-

ductive material which have been considered a potential candidate to

replace many traditional transparent conductive electrode (TCE) such

as indium tin oxide (ITO), and fluorine doped tin oxide (FTO) (Zhen

et al., 2018) and (Zheng and Kim, 2015). The use of graphene in this

area could solve the problem of fragility, environmental pollution, and

limited indium resources. Many recents research works have recorded

successes using transparent and conductive graphene electrodes to re-

place the conventioal transparent conducting oxides (TCOs) in dye-

sensitized solar cells (Zhang et al., 2015) and (Wang et al., 2008).

It was reported by Bonaccorso et al., (Bonaccorso et al., 2010) that

each layer of graphene absorbs about 2.3% of light thereby resulting to

90% transmittance in which light can pass through a maximum of

∼5sheets (Bonaccorso et al., 2010). Meanwhile Punkt et al., (2013)

showed that for a single-sheet measurement, the thermally reduced

graphene oxide (TRGO) sheet with atomic carbon to oxygen ratio

higher 300 have RSh of∼7.7 kΩ/sq (Fig. 7B) (Punkct et al., 2010), while

that for pristine graphene is∼6.45 kΩ/sq, (Novoselov et al., 2004).

Joseph and Askay (2014) further suggested that this as a result of the

layers of the material only been to achieve RSh around 1 kΩ/sq and

transmittance of 90%, even before accounting for contact resistances

between individual sheets (Roy-Mattew and Aksay, 2014).

Studies showed that the fabrication of graphene in DSSCs using it as

a transparent electrode was first carried out by Wang et al., (Wang

et al., 2008) of which graphene films were produced by exfoliating the

graphene oxide and then thermally reducing the platelets, thereby

forming the TRGO films: The films were formed by sequential dip

coating of graphene oxide onto silica glass and then annealing the films

at 1100 °C (Wang et al., 2008). High-temperature processing was re-

quired in order to reduce the material sufficiently, increasing the size of

sp2-hybridized aromatic networks and increasing conductivity. Those

characterized for use as DSSC window electrodes were about 10 nm

thick and had RSh of 1.8 kΩ/sq and a transmittance or about 62% at

550 nm (see Fig. 8).
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The films produced as window electrode consists of a wavelength

ranging from 1000 nm to 3000 nm and conductivity of 500 Scm−1 and

a transparency greater than 70% which was however low in perfor-

mance compared to FTO. However the success recorded by Wang et al.,

(Wang et al., 2008) became an eye opener to researchers to further

advance in the use of graphene as transparent conducting materials

(Wang et al., 2008). In a recent research conducted by Zhao et al.,

(Zhao et al., 2015), it was found that high porosity and large specific

surface area was attained by using graphene and titanium film elec-

trodes to promote adsorption rate of sensitizing dye and the PCE was

found to be 7.2% (Zhao et al., 2015). In 2013, Lee et al., (Lee et al.,

2013) used graphene having monolayer with TiO2 as photoanode and it

resulted to increased PCE by 31% over that of a TiO2 anode (Lee et al.,

2013). Meanwhile in 2012, the values obtained from the results of

Huang et al., (Huang et al., 2012) after preparing graphene films on

SiO2 substrates reached a photovoltaic efficiency of over 4.25% and can

be compared to FTO used as electrodes (Lee et al., 2014).

In a bid to standardize the comparism of various techniques, De and

Coleman (De and Coleman, 2010) analyzed over 20 studies of graphene

material-based transparent electrodes. They related the conductivity

and transmittance of the material through the ratio of the dc con-

ductivity (σDC) to the optical conductivity (σOp) and then related it to

the electrode properties (Huang et al., 2012).

Their analysis indicated that the reduced graphene oxide are se-

verely limited by contact resistance between sheets (σDC/σOp limit of

0.7), with larger sheets (such as achieved by the Zheng et al. approach

or by CVD methods) achieving higher conductivity due to fewer contact

regions. They stated that in order to achieve a 100Ω/sq film at a

transmittance of 90%, σDC /σOp must be 35 or greater. Through their

calculations, CVD-derived graphene is more suitable than a mosaic of

sheets (σDC/σOp limit of 2.6), but it is still far from meeting commercial

needs (Roy-Mattew and Aksay, 2014). However, De and Coleman

(2011) noted that, the conductivity limit can be increased greatly by

increasing the carrier concentration through substrate interactions or

electronic doping (Huang et al., 2012). Electronic doping can occur

through incorporation of electron-donating or accepting species into

the graphene lattice or more commonly through adsorption of these

species on sheets. Both HNO3 and SOCl2 are common examples of

chemicals used for the latter electronic doping method. By electronic

doping, Zheng et al., (2011) decreased RSh in their TRGO films almost

25% to 459Ω/sq at a transmittance of 90% and these brought about a

significant improvement but still over an order of magnitude more re-

sistive than ITO films (De and Coleman, 2010). Researchers have em-

barked on alternate approaches in other to achieve high performance of

which the formation of hybrid materials is one of them (Tang et al.,

2013); (Zhang et al., 2011) , {1 3 9} and (Kavan et al., 2011). The use of

CVD derived graphene and chemically reduced graphene oxide (CRGO-

CNT) hybrid films have been produced, as CRGO-(silver nanoparticle)

hybrid films. Joseph and Askay (2014) identified grapheme based TCFs

produced with CVD as the best having a good performance through its

metal nanowire films (Roy-Mattew and Aksay, 2014). Zhu et al., (Zhu

et al., 2011) created metal nano-grids (Au, Cu, and Al) with grid lines

100 nm thick and 5–10 μm wide, spaced 100–200 μm apart. CVD de-

rived graphene was then used to coat the grid and form a continuous

conductive network (Kavan et al., 2011). Despite the success recorded

so far, the scalability of the technology and cost reductions still remain

a major issue which calls for serious research attention.

However, recent researches have shown that the graphene based

photoanode of DSSC are made from Graphene Oxide (GO) and Reduced

Graphene Oxide (rGO). In order to achieve these in graphene-based

Fig. 7. A process flow chart of Graphene synthesis (Bhuyan et al., 2016).

Fig. 8. Relations of structural and electrical properties of RGO (Punkct et al., 2010).
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electrode, the layer of the thickness can be varied thereby affecting its

quality as a result of the GO and rGO. As discussed earlier thermal

reduction and the chemical vapor deposition are the two common

method of preparation of DSSC meanwhile rGO was prepared with

Langmuir–Blodgett method and modified the FTO films in order to

cause a reduction in the charge recombination at the interface of TiO2

and FTO (Zheng and Kim, 2015), although considering a large scale

preparation, the CVD approach have gained wider attention. The need

for a high-quality preparation of graphene can never be overlooked as

more studies are ongoing owing to cracking caused by reduced me-

chanical strength and poor transfer process resulting from defects. Also,

catalytic reactivity often leads to high ratio of wastage of electrons

especially when the graphene surface is without proper coverage is

exposed to the electrolyte, which is undesirable for a graphene elec-

trode solely serving as a current collector (Seok-Soon et al., 2006)

5.2. Nanostructured semiconductor

In another development, graphene has the potential to form a good

contact with nanostructured or mesoporous semiconductors such as

nanocrystalline TiO2 which may benefit the charge separation and

conduction. In DSSCs, photo excited electrons are normally injected

from the sensitizer to the semiconductor where it will diffuse into the

current collector. Numerous reasons can lead to losses of which the fall

in voltage occurring in the dye LUMO level and the Fermi level of the

semiconductor, from the ohmic resistance in the semiconducting layer,

and from recombination of injected electrons with the dye or with

oxidized species of the redox couple. More also, the semiconductor or

current collector electron (i.e., FTO) can combine again with the elec-

trolyte (Roy-Mattew and Aksay, 2014). Since triiodide tends to combine

with FTO, Graphene has been used as the layer that blocks and prevent

recombination and also in the TiO2 scaffolding, this is done so that the

photocurrent density can be improved so as to find out the rationales

provided (e.g., of light scattering, absorption of dye and the

improvement of transported electron) for the observed improved per-

formance (Zhang et al., 2015).

Kim et al. were the first to report the use of a graphene material in

DSSC as a semiconductor layer which was done photo catalytically by

reducing the graphene oxide− TiO2 nanoparticle composite (TiO2

particle diameter < 10 nm) as a barrier primarily because the flat

sheets could be deposited at temperatures that are low without the use

of hazardous chemicals, unlike the common TiCl4 treatment, to provide

a blockage in between FTO and triiodide. There was about 7.6% im-

proved performance relatively in the efficiency over a cell without a

blocking layer in their result obtained. Meanwhile the result showed

that significant absorption of the light from the film had dropped from

85% to 78% in transmittance, which indicated that the approach does

not appear better than the normal TiO2 blocking layers. Though, nu-

merous researches have recorded success in this area using similar

approaches and saw improvements (Chen et al., 2012) and (Tang et al.,

2013). For instance, Chen et al.(2012) tried using thermally reduced

oxides of graphene as a blocking layer which resulted to about 8.1%

efficient cell and it was more effective than that without a blocking

layer (η=7.2%) and better than one with their TiCl4 pre-treatment

blocking layer (η=7.5%) (Chen et al., 2012) and this improved per-

formance was as a result of an increment of the photocurrent. It has

been noted that oxides of graphene will cause a blockage for the re-

combining of electron with the FTO also providing a non-conducting

blockage, hence only layers that a very thin that allowed tunneling will

be efficient. Therefore, only materials of graphene can will perform

optimally as a blocking layer though they should be less active for the

redox mediator than FTO (Roy-Mattew and Aksay, 2014).

A more established use of graphene materials has been their in-

corporation into the semiconducting layer itself purposely to optimize

the performance of the device by ensuring that the charge collection

efficiency, (i.e., photocurrent, in the photoanode) in increased (Zhang

et al., 2015) and (Roy-Mattew and Aksay, 2014). Incorporating gra-

phene into TiO2 can cause dye to be absorbed better and improvement

Fig. 9. (a) Upconverted PL spectra of

the GQDs at different excitation wa-

velengths. (b) Fluorescence spectra of

GQDs as a function of the amount of

dye molecules from 62 to 286 μM. (c)

Stern–Volmer plots of the fluorescence

quenching of GQDs with the N719 dye.

(d) Absorption spectra of GQDs as a

function of the amount of dye mole-

cules from 62 to 286 μM (Lee et al.,

2013).
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in the separation of charges, alongside with an accelerated photo-

generated electron transport hence minimizing the rate at which

charges recombine (Zhu et al., 2011) and (Low and Lai, 2018). Yang

et al., (Yang et al., 2010) discovered that graphene could combine with

TiO2 nanoparticles to produce bridges of graphene thereby enhancing

the rate at which charges are transported and this will not allow the

recombination of charges and light collection increase of the device

(Yang et al., 2010). Normally, DSSCs have about 10–20 μm layer of

TiO2 that is thick. Therefore, electrons that are photogenerated in the

back side have to spread out to the front to be received, a length of

which the order is about 100 μm assuming a random walk. The effi-

ciency at which it is received is a function of electron diffusion length

and the thickness of the film can be approximated by observing the

transported electron and the time scale at which the electrons re-

combine (Roy-Mattew and Aksay, 2014). A way to ensure that the ef-

ficiency of collection efficiency increases is to make sure that the

transported electrons in the TiO2 (i.e., increase the length at which the

diffusion occur) is improved and this should occur with the sintering

process. Another way to this is to reduce the distance of the electron

path, and this can happen when finger electrodes is created into the

layer of TiO2 (Chen et al., 2013) and (Joanni et al., 2007). These ap-

proaches suffered a significant drawback by the primary particle size of

ITO or tin oxide used in the electrode materials as well as by the need to

coat the conducting fingers with a blocking layer of TiO2 (at least 6 nm)

to prevent recombination in the device (Zhu et al., 2011). Overcoming

this, materials of graphene materials has a specific advantage because

of their atomic thinness and high aspect ratio that provides a very low

Table 1

Comparing DSSC Performance Parameters between Devices Using Graphene Material Containing Hybrids as the Catalyst and Platinum for Control Cells.

Cathode Electrolyte Jsc (ma/

cm3)

Voc (V) FF η (%) % change

from Pt

Ref

Iodolyte AN-50, CAN solvent 7.9 0.73 0.72 4.16 (Kou et al., 2011)

Vor-ink TRGO-based films 7.8 0.71 0.70 3.83 −8

Pt 0.6M DMPIL, 0.1 MLiI, 0.05M I, 0.3 M

TBP in 80% CAN/20% THF

13.1 0.72 0.68 6.30 (Roy-Mayhew et al., 2010)

Nanoparticles 1 wt% pyrenebutyrate-functionalized

graphene, PSS/PEDOT

13.0 0.72 0.48 4.50 −29

Pt 0.6M BMII, 0.03M I2, 0.5M TBP,

0.1M GSCN in 85% ACN/15% VN

9.4 0.77 0.70 5.03 (Hong et al., 2010)

N-doped CRGO, 10 wt% PVDF, 5 wt% CaB 10.6 0.82 0.55 4.75 −6

Pt 0.5M LiI, 0.05M I2, 0 5M TBP in85%

ACN/15% VN

9.1 0.67 0.55 3.37 (Kaniyor and Ramaprabhu,

2011)TRGO with nation binder 7.7 0.68 0.54 2.82 −16

Pt 0.3M MPII, 0.3M LiI, 0.05M I2, 0.3 M

TBP in MPN

14.2 0.70 0.70 6.88 (Roy-Mayhew et al., 2012)

TRGO, polyanaline 13.3 0.69 0.67 6.09 −11

Pt nanoparticles 0.6M DMPII, 0.1M LiI, 0.05M I2,

0.5M TBP in CAN

16.0 0.72 0.72 8.34 (Lee et al., 2012)

CRGO, polypyrrole 0.6M DMPII, 0.1M LiI, 0.05M I2,

0.5M TBP in ACN

15.8 0.73 0.71 8.14 −2 (Gong et al., 2013)

Pt nanoparticles 9.4 0.74 0.66 4.5

TRGO, PDDA 9.1 0.71 0.47 3.10 −31

TRGO 8.9 0.70 0.40 2.50 −44

TRGO, PSS 8.7 0.69 0.35 2.10 −53

Pt 0.6M MHII, 0.1 M LiI, 0.05M I2, 0.5 M

TBP in MPN

14.6 0.69 0.73 7.29 (Li et al., 2011)s

TRGO (no substrate) 13.9 0.60 0.18 1.50 −79

0.6M MPII, 0 5M LiI, 0.05M I2, 0.5 M

TBP in ACN

5.1 0.68 0.59 2.00 (Kaniyor and Ramaprabhu,

2012)

TRGO, Ni nanoparticles 5.2 0.70 0.60 2.19 10

Pt-nanaoparticles 0.6M DMPII, 0.1M LiI, 0.05M I2,

0.5M TBP in ACN

13.1 0.74 0.62 6.08 (Bajpai et al., 2012)

CRGO, Ni12Ps nanoparticles with carboxymethyl

cellulose binder

12.9 0.73 0.61 5.70 −6

Pt (PLD) 0.6M MPII, 0.5M LiI, 0.05 I2,

0.5MTBP in CAN

5.8 0.69 0.53 2.11 (Kaniyor and Ramaprabhu,

2012)

TRGO, R(PLD) 6.7 0.74 0.59 2.91 38

Sputtered Pt 0.6M DMPII, 0.1M LiI, 0.05M I2,

0.5M TBP in ACN

15.3 0.71 0.75 8.16 (Dou et al., 2012)

T-CRGO, Pt nanoparticles (layer by layer EPD) 15.2 0.71 0.71 7.66 −6

E008: 0.1M I2, 1M MPII, 0.5M NMB,

0.1M LiTFSI in MPN

13.1 0.72 0.67 6.29 (Gong et al., 2011)

Coreduced GO, Pt nanoparticles 14.1 0.72 0.67 6.77 8

Evaporated Pt 0.6M BMII, 0.03M I2, 0.5M TBP,

0.1M GSCN in 85% ACN/15% VN

10.6 0.73 0.68 5.27 (Tjoa et al., 2012)

Coreduced GO, Pt nanoparticles 12.1 0.79 0.67 6.35 20

Sputtered Pt 1M DMII, 0.15M I2, 0.5 M TBP, 0.1 M

GSCN in MPN

13.4 0.72 0.66 6.38 (Yen et al., 2011)

TRGO, MoS2nanoparticles with 10 wt% PVDF, 10 wt

% CaB

12.5 0.73 0.66 6.04 −5

Fig. 10. Comparison of reported efficiencies for DSSCs with and without gra-

phene materials as the cathode catalyst (Roy-Mattew and Aksay, 2014).
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percolation threshold and can serve as a collector of current with a little

variation of the TiO2 film morphology (Roy-Mattew and Aksay, 2014).

Sun et al., (Sun et al., 2018) explained that such hybrid nanos-

tructures establish physical adsorption (physisorption), electrostatic

binding, and charge transfer interaction between graphene and TiO2

nanoparticles leading to a reduction of TiO2-TiO2 contact resistance

(Chappel et al., 2005). Owing to graphene’s perfect conduction of

electricity, the bridged graphene acts as a channel in which electrons

can be transferred to improve the transportation of electrons from the

conduction band (CB) of TiO2 at the anchor position quickly, thus re-

ducing recombination. When graphene is introduced, it causes more

holes inside the photoanode which would be helpful to enhance the

absoption of light and the effciency of collection, thereby, resulting to

improved performance of DSSCs (Chappel et al., 2005) and (Sun et al.,

2018).

Several studies have incorporated graphene materials into semi-

conductor films in a various ways, some of the research claimed that

when TiO2 conductivity is increased, there is improvement and that is

the main reason for it (Yang et al., 2010). While others believed

otherwise and that improvement is caused by increased dye loading and

light scattering in the electrode which unforeseen side effects (Zhang

et al., 2015). The reports connotes that at the states in wich the pho-

togenerated electrons are excited, they are injected into the CB of TiO2

and thereby optimizing the PCE of the DSSCs. That is to say that, when

the graphene materials is in excess, there would be a reduction of PCE

of DSSCs due to the decrement of the absorption of light of the dye as

TiO2 was covered by the graphene. Nevertheless, excessive graphene

content will also increase the electron-hole pairs’ recombination rather

than generate electrons pathway in DSSCs.

5.3. Dye molecule (Sensitizer)

Generally, the sensitizing dye carries out two functions which are

light absorption and transfer of electrons to the conduction band of the

semiconductor. A sensitizing dye that is efficient should possess ab-

sorption that is intense in the visible region thereby possessing high

extinction coefficient which has strong adsorption affinity to the surface

of the semiconductor, and stability in its oxidized form (Roy-Mattew

and Aksay, 2014). More also, it is able to exhibit more negative lowest

unoccupied molecular orbital (LUMO) energy than the conduction band

(CB) of the semiconductor (usually TiO2) and more positive highest

occupied molecular orbital (HOMO) energy than the redox potential of

the electrolyte (Zhang et al., 2015) as shown in Fig. 2. The expensive

price of Ru-based dyes for DSSCs has necessitated consideration for

cheaper alternative materials. As a result, the use of graphene has been

a research focus for this purpose and since the band gap of graphene is

tunable, it is considered for dye co-sensitisation in a DSSC structure. In

addition to suitable band gap, graphene possesses excellent ability of

injecting electrons into TiO2. Recent studies have shown that graphene

materials (usually Graphene Quantum Dots (GQDs)) can act as light

absorbers in DSSCs (Long et al., 2012); (Yang, 2017) and (Zheng et al.,

2012) (Yum et al., 2011). Yan et al., (Yan et al., 2010) used sixty

benzene rings and an absorption band at 900 nm, covering all visible

lights to synthesize a graphene quantum dot; this material was used as

light absorber in DSSC (Zheng et al., 2012). It was found that the de-

vices efficiency was poor, this was attributed to poor contact between

graphene and TiO2. Nevertheless, there is a recent promise in hot in-

jection and multiple carrier generation, providing a means to surpass

the Shockley−Quiessar efficiency limit inherent to current device

structures (Roy-Mattew and Aksay, 2014).

In spite of the reported graphene poor performance in this role,

there had been renewed efforts to co-sensitise dyes in a DSSC to im-

prove the device efficiency since it was observed that the use of GQDs

only cannot produce the required efficiency. Fang et al., (2014) ob-

served that the power conversion efficiency (PCE) moved from 5.1% to

6.1%, by putting GQDs into the dye molecules. Similarly, (Mihalache

et al., 2015) a DSSC with a co-sensitised dye molecules with GQDs was

made and the PCE of the device was improved from 1.92% to 2.12%

which was ascribed to co-sensitisation effect of GQDs (Yan et al., 2010)

and (Fang et al., 2012). Meanwhile the result obtained by Lee et al.,

(Lee et al., 2013) and Zhu et al., (2015) showed that by using the GQDs

as a co-sensitiser simply by oxidizing the herringbone-type carbon na-

nofibers mixed with a varying ratio of N719 dye molecules showed a

photoluminescence behavior of the GQDs. The result from both studies

implied that the GQDs has an up-conversion photoluminescence char-

acteristics with emission band of about 525 nm and a wavelength rising

from 600 to 750 nm as shown in Fig. 9a (Lee et al., 2013). Thus, the dye

performance was improved by the GQDs at different concentration of

the dye and light wavelength, which shows that the up-conversion

ability transfers a longer wavelength of photon energy to the area of

highest efficiency of the dye molecule Fig. 9(b-d)., thereby improving

the efficiency from 7.28 to 7.95% as shown in Fig. 9a.

The use of GQDs as a co-sensitizer is still attracting attention as

authors are still exploring better ways of combining it with other ma-

terials as well as varying the ratio that would improve the efficiency of

the cell. The use of polymer, N3 or N719 dyes as well as even varying

size of the GQD have shown considerable improved PCE. Although to

overcome intrinsic limitations to conventional devices, researchers

need to take advantage of these quantum effects of graphene alongside

an ultrafast process of injection.

6. Application of graphene based counter electrode in DSSC

In order for the redox mediators in the DSSCs for charge transport to

function efficiently, the following conditions must be met; (i) the redox

species must be able to readily diffuse between the anode and the

cathode, (ii) the rate of dye regeneration from the reduced species must

be faster than from the semi conducting scaffold, and (iii) the rate of

reduction of the redox species must be slow at the anode and fast at the

cathode.

The use of platinum as counter electrodes in DSSCs has gained

widespread usage by depositing it on the FTO of the cell as a result of

their high activeness and non-complex mode of fabrication, most

especially when using the iodide/triiodide as a mediator (Mihalache

et al., 2015). However, there has been some controversies in regards to

platinum been stable when used in DSSCs as a result on the decrease in

performance of over 11 000 h testing period (Murakami and Gratzel,

2008). Meanwhile as a result of the cost implication involved in the

fabrication of Platinum in low cost DSSCs at high temperatures (Roy-

Mattew and Aksay, 2014), alternative means have been sought to use

carbon black and graphite as its counter electrode. The use of materials

made from graphene was introduced in 2008 and this have given rise to

countless numbers of research depicting the efficiency diverse graphene

materials as a substitute for effective performance and counter elec-

trode optimization of a DSSCs (Desilvestro et al., 2010). Table 1 is

shown below to compare platinum based counter electrode and their

respective graphene material.

Countless numbers of research have been published ever since 2008

in other to analyze how the catalytic performance is affected by the

degree of reduction. (Chen et al., 2012); (Hong et al., 2008) ; (Choi

et al., 2011) and (Hsieh et al., 2012) these studies found out that the

activity decreased when temperature of thermal annealing activity of

porous CRGO films was raised to 400 °C in air. The result obtained from

the RCT for the T-CRGO film at 400 °C when compared to that heated to

about 250 °C showed that the latter was about 280 times higher while

Choi et al., (Choi et al., 2011) reported the lowest and was similar to the

treatment reported above (Hong et al., 2008). Another research carried

out by Choi et al., (Choi et al., 2011) depicted that there was a decrease

monotonically in RCT for CRGO which were thermally treated at very

high temperatures of about 600 °C progressively, of which was the

highest used during their research (Hong et al., 2008). Meanwhile an-

other study conducted by Hsieh et al., (Hsieh et al., 2012) showed also a
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similar increase in the performance but this was obtained from reducing

the temperature of the oxides of graphene, with films (20 μm thick with

5% polyvinylidene fluorine, PVDF) annealed at 700 °C exhibiting an

RCT of 22Ωcm2 (Choi et al., 2011).

Relatively inert materials have limitations and in order to overcome

it, improving morphology, generally by ensuring that the size of the

pores and the area of its was increased, chemically modifying the in-

trinsic activity of the material which will in turn increase it must be

carried out (Roy-Mattew and Aksay, 2014). In other to improve the

morphology, material used must be increased and the film to be used

must be thickened. In a study earlier carried out by Wu and Zheng

(2013) using electrophoretic deposition and spin coating methods, a

vertically oriented CRGO and a horizontally oriented CRGO respec-

tively was created by them (Jang et al., 2012). The work depicted that

the activity of the vertically oriented CRGO was greater, proposing that

the mobility of the ion and accessible area of its surface was high in the

system. Meanwhile, the procedure for deposition uses NiCl2, therefore

the fact that the improved performance resulting from the 1 wt% of Ni

which was deposited in the course of the reaction can’t be overlooked

(Roy-Mattew and Aksay, 2014). An earlier research conducted by

Zheng et al., (Zheng et al., 2012) indicated that when CRGO in poly

(ethylene glycol) is grinded and the polymer which lead to the films of

which its pore spaces are larger (by ∼1 nm) is thermalized and DSSCs

with higher efficiencies (η=7.2%) than those created from ultra-so-

nicating CRGO in the polymer (η=5.2%) (Yang, 2017).Even so, these

devices still did not match the performance of those using platinized

FTO (η=7.8%) (Roy-Mattew and Aksay, 2014). In other to increase the

area of the surface of the electrodes, Lee et al., (Lee et al., 2012) was the

first to create a NiCl2− poly (vinyl alcohol) film after which pyrolysis

was done on it to produce a substrate of nickel which is porous. This

was possible with the use of CVD and the etching of the metal scaffold

was done subsequently to give a pore diameter of about 40–50 nm

which are porous hence graphene structures that are derived from CVD

method. Gong et al., (Gong et al., 2012) undertook a different method

which was to separate the RGO sheets thereby making them apart thus

increasing the area of the surface. The spacers that was used in in-

creasing the CRGO film from a specified area of 8.6 to 383.4m2/g was a

12 nm size particle of SiO2 (Shixin et al., 2013). Despite the success

attained so far, platinized FTO had a better performance of about 6%

compared to the thin film that was produced with spacers. On the other

hand the performance of the FTO that was platinized was matched in

2012 by Roy et al., (2012) with an efficiency of 6.8% for both. This was

done by using ethyl cellulose binder to doctor blade a TRGO film and

the binder was partially thermalized, thereby disrupting the restacking

of the TRGO films as a result of the insoluble residue that was left be-

hind (Gong et al., 2012).

The process of hybridizing graphene materials and polymers is an-

other way of improving its characteristics of which it has been ex-

tensively researched on. These characteristics comprises of adhesion,

durability, conductivity, and catalytic activity. A typical application is

the use of Nafion and polyvinylpyrrolidone binders in TRGO films,

however some catalytic limitations were encountered resulting to its

porosity been very low. Another one was done with the use of HNO3-

doped CVD derived graphene which has four layers were used as a

conductive substrate for about110 nm poly(3,4-ethylenediox-

ythiophene) (PEDOT) films (Roy-Mattew and Aksay, 2014). RGO has

also been used as a scaffold for polymer nucleation for polyanaline and

for polypyrrole (Shixin et al., 2013) and (Roy-Mayhew et al., 2012).

Only a few studies have succeeded in matching the performance of

platinum as a catalyst using graphene materials amongst many others

as shown in Fig. 10. The formation of TRGO at a very high temperature

performs better than pristine graphene or CRGO; although, the avail-

ability of iodide/triiodide redox couple has resulted to large area net-

works of graphene materials been required (Roy-Mattew and Aksay,

2014). Moreover, this role can still make use of thick layered materials,

while the electrodes can become limited as a result of diffusion through

a network that is porous which will result to films that are opaque.

Different kind of graphene can be suitable when sulfur and cobalt based

mediators are utilized however, the TRGO material will require few

materials and the presence of defect site and edges enables catalyst to

be introduced into it. As a result of the nanoparticles at the defect sites

and edges, the TRGO becomes the most promising (Wang, 2012).

7. Conclusion and outlook

Solar energy has gained much relevance today because of the quest

for sustainable form of energy and the use of photovoltaic has resulted

to its wide application due to its ability to convert the energy from the

sun directly to electricity. The DSSC which is the most recent advanced

technology of solar cells can only be efficient when its various struc-

tures are optimized. The various fabrication techniques of FTO in DSSCs

has shown improved optimization, however the incorporation of gra-

phene into the photoanode of DSSCs will enhance its efficiency due to

its unique properties. In order to achieve high efficiency, the method of

synthesizing graphene into the cell will go a long way to determine the

output performance of the cell. Most studies have used the CVD method

amongst many others to incorporate graphene into the photoanode

were hydrocarbons such as methane is decomposed into graphene using

metal surfaces as catalyst. Graphene incorporated DSSCs will lead to

better dye absorption, improved charged separation, excellent electrical

conductivity thereby resulting in improved performance of the cell.

However, further researches are being carried out to find out the ef-

fectiveness of FTO in DSSCs incorporating graphene material to the

photoanode as well the counter electrode.
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