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Abstract: The investigation of a dye-sensitized solar cell (DSSC) as,an alternative approach to the
conventional photovoltaic cell (silicon-based) is attracting remarkable attention recently. This stems
from the excellent optical properties of graphene,Such as.impressive transparency, conductance in
near-infrared and visible light spectrums, along with its thermochemical stability, as reported in the
literature. However, the main limitation of graphene production is the lack of suitable methods for its
industrial-scale synthesis. Consequently, the research on industrial applications of graphene devel-
opment and understanding of howsto‘pragmatize existing theoretical approaches are still ongoing in
the related research domain. This is exemplified in Single, few, and adhesive layer mechanical cleav-
age graphene methods, whichgsare not yet practicable, as these methods will restrict the chance for
scaling up. These limitations,and inadequate reviews on graphene development impelled the authors
to compile the advances.in graphene synthesis, properties, recent applications, and future directions.
The mechanical exfoliation synthesis technique delivers quality graphene films sized from 5 to 10
pm. Graphene-TiQ; hybridizatiofiwas also found to possess efficiency acclivity as high as 39%. This
review providessignificant implications for a better understanding of graphene performance indica-
tors and insight for future.fesearch in photovoltaic or optical modulation devices.
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1. INTRODUCTION tion while studying various atoms of graphene particles [4,
5]. Tt is important to know that graphene consists of a single
layer of carbon atoms forming the honeycomb structure;
bounded together in a channel of reoccurrence hexagons in
the plane of an atom; the bonds between the carbon atoms

are about 0.0142 nm [6-9].

New approaches to create, store, and efficiently make use
of solar energy have been studied for decades for producing
reliable solar energy. Sun is a‘safe, cheap, and clean source
of energy that can be directly converted to electricity without
causing environmental problems. The conversion of sunlight

to electricity through the photoelectric effect is achieved by
using photovoltaic materials and devices [1, 2]. Carbon is a
common material that has been ever found, whereas gra-
phene is an allotropy of carbon with a single layer of atoms
arranged in two-dimensional honeycomb lattices. Graphene
is a single-layer sheet of sp2 hybridized carbon atoms and
has drawn much attention and research motives because of
its modifiable properties [3]. In 1962, Hanns-Peter Boehm
was the first to describe graphene structure as an allotrope of
carbon; the matrix structure was examined by X-ray diffrac-
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Graphene is a nanoparticle material with a large specific
surface area of 263OM2g'], intrinsic mobility of 200,000

em® V'S [10], Young’s Modulus of =~1.0 TPa , the

thermal conductivity of =5000 wm 'K [11-13] and
optical transmittance of 97.7%. In addition to the highlight-
ed properties, graphene also exhibits a high electrical con-
ducting ability, as well as the ability to withstand a current
density of 108 A/ cm? [13, 14]. These properties are con-
tributory factors that make it suitable as a transparent con-
ductive electrode (TCEs), which is a very important compo-
nent in photovoltaic and display technology [15, 16]. It is
pertinent to note that graphene is closely transparent with the
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highest electrical conductivity and ambient temperature
among engineering materials ever discovered [6, 17-22].

Graphene is a prospective material that is very useful in
various fields of study because of the presence of high elec-
tron mobility, optical properties, thermal, chemical and ten-
dency of high mechanical stability [23]. The major purpose
of introducing graphene into the DSSC structure is to ame-
liorate electron conversion efficiency with better stability. It
also implies that graphene acts as an electron transport layer
in order to improve the transfer of electrons in the DSSC
[24]. The perpetrated measurement of DSSC indicated that
the addition of little graphene could increase the short circuit
current and power conversion efficiency [25].

To date, quite a number of studies have investigated the
application of graphene as transparent electrodes [26, 27]
and ultrahigh-speed transistors [28]. In 2008, Xu et al. [29]
also investigated soluble graphene-based electrocatalytic
layer capable of remodeling the fluorine-doped tin oxide
(FTO); the outcome of the work revealed graphene signifi-
cance in the performance enhancement of the electrodes.
Electrocatalytic activity of iodide graphene was also reported
two years after by Hasin et al. [1]. Similarly, Roy-Mayhew
et al. [10] explained that graphene sheets possess catalytic,
electrical properties, and flexibility to serve as alternative
electrodes. The result of the study revealed that the perfor-
mance of the investigated dye-sensitized solar cells (DSSCs)
was due to the C/O ratio of graphene and was reduced by a
thermal process. Kavan et al. [11] reported that the physical
and chemical properties of the graphene nano-platelets in-
volved in the reduction and oxidation reaction are related to
the concentration of defects and oxygen-containing groups.
As being deduced in the literature, a defect in graphene has a
substantive effect on the graphene performance as electrodes
because of the improved active sites andghydrophilicityof
the oxygen group. Nonetheless, the electrieal conductivity of
graphene may be reduced due to the ‘electronies structure
despite the high concentration of defects [30431]:

Notwithstanding these promising properties of graphene,
some graphene synthesis methods are et to be pragmatic.
The single, few, and adhesive layer mechanical cleavage
graphene methods are not yet pragmatic, as these methods
will restrict the chance for scaling up [32, 33] to synthesize a
large number of graphene films on different substrates with
methods agreeable with recent industrial technology; this
approach will be important for future applications. Most dis-
coveries in graphene technology are still under research; the
question is, will the graphene revolution be limited to theo-
retical findings? The industrial applications are still very
little, regardless of their attractive tensile strength and con-
ductivity [34-36].

Although there are a few reviews on graphene in the pub-
lic domain, the advances in graphene synthesis, properties,
recent applications, and future directions are required to
maximize the inherent potential of graphene among smart
materials in the fifth-generation manufacturing era. There-
fore, this review seeks to present the state of knowledge
based on graphene synthesis, properties, current applications
and future potentials. This compilation will inform relevant
industries on graphene's inherent potentials and the means of
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its optimization to fully compete with carbon nanotube and
counterpart.

2. STRUCTURE AND PROPERTIES OF GRAPHENE

Graphene layers contribute to their electrocatalytic prop-
erties. Fig.1 presents the fundamental element of graphene’s
structures to ameliorate the understanding of its properties.
For instance, the thermal conductive properties of pure gra-
phene are traceable to the embedded structural holes that
allow phonons transmittance when exposed to sunlight.
However, because of structural band modification in gra-
phene oxide and its hybrids, a better understanding of the
effect of the structural holes phenomenon of graphene oxides
with respect to their thermal properties has to be developed
[37-39].

Although graphene is fundamentally categorized in the
literature as metallic, metalloids, and non-metallic graphene
[40], there is still no universal consensus regarding the ele-
ments that are responsible.for graphene classification; some
researchers consider metallic graphene with very low band
gaps as a metalloid, which is backed up with some theories
[39]. Through the acclivity in graphene studies, regular fea-
tures of metallic, metalloids, and non-metallic materials have
been observed to be remarkable. The photo responsiveness
capability of graphene affirms its suitability for many latest
technologicals applications [39]. The electrically conductive
properti€s, of graphene are quite impressive, and this will be
cardinal“for future generation systems or process designs.
Alsoymassless relativistic behavior of some graphene due to
the absence of band gap engenders valency-conduction su-
perimposition [38, 41, 42].

The properties of graphene are reported in the literature
to be influenced by the number of layers, defects, and their
compositions. As it was opined that graphene possesses a
higher surface area than its counterparts, carbon black and
carbon-nano tube, which are about 2630, 850-900 mz/g, and

100-1000° / g, respectively [38, 42]. Few layered gra-

phene, graphene oxide, and other derivatives are found to
exhibit fewer surface areas than single-layer graphene [38,
42]. Fig. 2 indicates inter-atomic force, bandgap, and crystal
structure that exist in graphene structure. The atomic forces
in graphene structure are shown in Fig. 2a, which reveals a

relative height of 4 0 A (a single layer) for a folded segment.
Fig. 2b and 2c present a graphene sheet that relies on a mi-
crometer-sized metallic scaffold and a very large graphene
crystal, respectively. The blue and red lines in Fig. 2¢ show
that the crystal’s faces are zigzag and armchair edgeds, re-
spectively.

3. GRAPHENE SYNTHESIS

Graphene was first discovered by the most prominent
method of the micromechanical cleavage of graphite in order
to synthesize high-quality defect-free graphene, and this pro-
cess is also called “scotch tape”, a method of peel off [35].
Chemical vapour deposition (CVD) was used as a workable
alternative process after some time [43, 44]. More so, it was
realized that these procedures offer a low production yield,
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Fig. (1). (a-c) Graphene interatomic bonding structure and (d) Sin-
gle-layer graphene scanned electron microscope image. (4 higher
resolution / colour version of this figure is available in the electron-
ic copy of the article).

Fig. (2). (a) Atomic force microscope,image of graphene, (b) A
graphene sheet relies on a micrometer-size metallic scaffold. (c)
Scanning electron microscope of very large graphene crystal edges.
(4 higher resolution / colour version of this figure is available in
the electronic copy of the article).

and particularly in the case of micromechanical cleavage, it
is this time-consuming implication that delays effective and
full exploitation of the method [45]. A synonymous means to
the micromechanical cleavage is exfoliation of graphite,
which is mainly graphite oxide, that makes high production
yield achievable, making the process cost-effective and scal-
able [46]. Exfoliation procedures have been rated high by the
confirmation of its production and now industries are able to
sell graphene in very large quantities [47-51].

There have been different methods for graphene synthe-
sis since 2004 [52-54]. Chemical vapor deposition (CVD)
and other surface precipitation methods have been used in
recent times [55, 56]. The merit of these methods is that a
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high quantity of graphene domains can be easily acquired.
These methods use the ability of the transition metals to be
etched by acids and the possibility of ease of transferring
graphene to other substrates. However, there are still inade-
quate studies on the advancement of graphene in a CVD pro-
cess. Various methods have been developed for the conver-
sion of graphite into graphene. These can be classified into
two main categories: (i) the top-down approach and (ii) the
bottom-up approach, as can be seen in Fig. 3.

In the top-down approach, graphite exfoliating is re-
quired by overcoming van der Waals forces to expose gra-
phene horizon layers [48, 49, 57]. It is based on disrupting
graphene precursor (graphite) into atomic layers. As a result
of the associated constraints of this method, surface defects
and subsequent re-clustering of the separated sheets, the top-
down approach yields are low, and the procedure is very
tedious [58]. Meanwhile, the bottom-up approach employs
carbon molecules as its building blocks, which permits the
production of high-quality graphene nanoribbons and gra-
phene nano-flakes. The reported limitation of this method is
its unsuitability for the manufacturing of large surface area
graphene sheets [59]¢

Fig. (3). Top-down and bottom-up graphene synthesis schematics.
(4 higher resolution / colour version of this figure is available in
the electronic copy of the article).

3.1. The Top-down Approach

Graphene development has been a crux in the history of
mechanical or micromechanical exfoliation methods. Studies
have considered mechanical exfoliation as the main synthe-
sis technique for the commercial production of high-quality
graphene. To be precise, it delivers quality graphene films
sized from about 5 to 10 y, as given by Transmission elec-
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tron microscope (TEM) and atomic force microscope (AFM)
analysis (Fig. 1). Novoselov et al. [6, 48] used the same test
approaches to obtain stand-alone atomic planes of mica, bo-
ron nitride, complex oxides, and dichalcogenides, but these
materials in no way have attracted the attention of the re-
search communities as graphene. The alternative method to
mechanical exfoliation was proposed by Jayasena et al. [48,
60] by separating graphene from graphite source (so-called
HOPG) using ultrasonic oscillation aided diamond wedge.

3.1.1. Bottom-up Approach

This is a growth from metal-carbon melts approach using
graphite powder (carbon) in contact with an original metal at
an elevated temperature capable of melting the metal. The
temperature can decrease once the carbon is dissolved, re-
sulting in excessive precipitation of the carbon. Consequent-
ly, various forms of carbon, such as single-layer graphene
(SLG), few layers graphene (FLG), and thick graphite,
would be exposed after the removal of the precipitate.
Amongst proven metals suitable for this method are nickel
and copper [61] and ruthenium and iridium. Nonetheless, the
quality of graphene obtained from the latter is not as good as
the graphene achievable by nickel and copper [41, 62]. In
this process, a nickel film is heated around 900 to 1000°C in
an inert chamber of argon (Fig. 4); the introduction of me-
thane into the chamber allows carbon molecules absorption
into the nickel film. Even though there are various tech-
niques reported in the literature [48, 61], graphene synthesis
on nickel films by using CVD witnessed the greatest atten-
tion.

Fig. (4). Graphene (top) and related structures, fullerene (bottom
left), carbon nanotubes (bottom center), and graphite (bottom right)
[32]. (4 higher resolution / colour version of this figure is available
in the electronic copy of the article).

Graphene can serve as a building material when traced
back to several forms of carbon (Geim, & Novoselov) [34,
63]. A covalent bond bonded the carbon atoms within the
plane; this formed o-bonds with three (3) bordering carbon
atoms and one out-of-plane -bond; this network of sp’ car-
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bon atoms provides a unique property to graphene. The
strength of the carbon atom exceeded that of the diamond
because of the presence of strong covalent in-plane bonding
of the carbon atoms, whereby its high carrier mobility, room
temperature ballistic conduction, and high optical transpar-
ency are characterized by its offbeat electronic structure [35].
All these promising attributes of graphene make it capable
for a diversity of applications, such as devices, energy con-
version and storage, field-effect transistors (FETSs), tissue
engineering, sensing, and membranes [64].

Graphene discovery has created an academic interest, and
it has became a prospective material for today’s technologi-
cal needs. Its’ properties have revealed some of the areas of
application, for example, in graphene films, it is used as an
excellent conductor, it shows good transparency in both the
visible and near-infrared regions, and it has ultra-smooth
surface with tunable wet ability, high chemical and thermal
stabilities and flexibility for transfer between alternative sub-
strates. Graphene can be used not only in solar cells as elec-
trodes but also in many.Other optoelectronic devices [65].
Graphene film, which is prepared by a spin coating graphite
oxide on quartz slicejican also be used as window electrodes
for the fabrication ofierganic solar cells [66].

3.3aSolar Cells, Using Graphene

In 2015, a2 hybrid of carbon nano tube and graphene
(CeG-Si)swas investigated by Enzheng et al. The study re-
ported,about 15.2% higher energy conversion efficiency than
whatis obtainable with a cell using only graphene. Fill Fac-
tor (FF) was also recommended as one of the main influen-
tial parameters of the system performance. FF has a propen-
sity to further improve energy performance by about 25%
and is highly stable in air when used as a photovoltaic cell
[63]. The Chemical engineering department at Tezpur Uni-
versity also manufactured a highly efficient platinum-free
electrode for dye-sensitized solar cells, which comprises
graphene composite (polythiophene) [67]. Haoran et al. pro-
posed a study by using multistage structure dye-sensitized
solar cell (DSSC) having simple spin-coating steps, which
consists of “Ag” nano-wires (AgNWs), “TiO,” nano-
particles and graphene wrapped TiO, meso-porous micro-
spheres (GTMs), as shown in Fig. 5. The graphene presence
in GTMs was found to modify the bandgap of GTMs and
also allows the light absorption of GTMs in the visible light
region while at the same time improves the power conver-
sion efficiency (PCE) of DSSCs. The outcome of the study
revealed that a PCE of 7.42% was achieved for the DSSC
co-modified by GTMs and AgNWs, which was about twice
as much as that for the DSSCs only with a TiO, nano-
particle layer (with a PCE of 3.53%). Parameters such as V
- (open circuit voltage), J . (short circuit current), FF (fill
factor) and PCE (power conversion efficiency) demonstrate
good long-term stability [64, 65].

3.3.2. Graphene Photoelectrodes

The photoelectrodes used in a dye-sensitized solar cell
are usually obtained from TiO, coated transparent conductive
glass or plastic substrate. Graphene has very good properties
that make it unique from other nanoparticles; it has a very
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Fig. (5). Procedure for spin-coating DSSC photoanodes [68]. (4
higher resolution / colour version of this figure is available in the
electronic copy of the article).

good thermal stability, transparency, high electron mobility
with low impedance level, which has been enticing so many
researchers in smart materials design and development [40].

3.3.3. Transparent Electrode

The Indium tin oxide (ITO) nanomaterials are commonly
used as transparent electrodes because of the presence of
very high transmittance and conductivity properties in the
visible spectrum. Despite these properties, ITO instability at
high temperature and brittleness are its associatedwlimita-
tions. Graphene discovery may supply manufacturing indus-
tries with a better alternative to overcome the limitations of
ITO. It is suitable not only because of.its favorable proper-
ties but also its’ cost-effectiveness [69]. In 2008, Weng'et al.
[70] tested graphene electrodes in DSSC configuration. In
Fig. 6, a solid-state dye-sensitized solat cell” of spiro-
OMeTAD and porous TiO is presented to illustrate the fabri-
cation of transparent electrodes from graphene films by the
exfoliation of graphite oxide for thenmal management of the
resultant platelets. In the studys arlow work function was
derived for the transparent electrode (0.26% efficiency) us-
ing graphene film of 1.8 kQ/sq Rs and transmittance effi-
ciency of 72% (550 nm) anode electrode. The authors
claimed that the low efficiency is a result of the low quality
of the graphene film utilized in the analysis [70]. Similarly,
Huang et al. [71] reported the energy conversion efficiency
of their system to be about 4.25%, which is just within the
energy conversion range of the FTO electrode.

3.3.3.1. ZnO as Photoanode

Photoanode material plays a crucial role in sunlight har-
nessing (solar energy conversion) and ZnO was found to
possess a similar bandgap as TiO and higher electron mobili-
ty, which makes it embolden for electrons transportation
[72]. In addition to this, investigating different nanostruc-
tures and geometries (nanorods, nanosheets, nanobelt, nano-
tube, nanoflower, nanotetrapods and nanoparticle) contribu-
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Fig. (6). PTh/GR composite DSSCs [67]. (4 higher resolution /
colour version of this figure(is available in the electronic copy of
the article).

tion{ to"ZnO photoanode performance can enhance electro
mobility optimization [73]. However, TiO, based solar cells
canrstill have better efficiency than ZnO solar cells due to
instability and acidity during high-charge recombination [73,
74]14When electron transfer is high, literature reported about

0.8%.changeover efficiency, 3.47 mA/ cm’ current density (
]SC) and 51.7 % of FF [75]. In recent years, the hydro-

thermal method was used to make flowered shape ZnO nano
when fluorine-doped tin oxide substrate is subjected to
DSSC fabrication. The result shows that ZnO of large grain

size exhibits a very high open-circuit voltage (V' oc ) and fill

factor (FF) with a high recombination rate. However, the
fabricated dye-sensitized solar cell has about 4.2 mA/em’ L.
0.62v Voc, 54% of FF, and converted efficiency reaching up
to 1.4% [76]. The efficiency of a fabricated dye-sensitized
solar cell was also reported as ~1.1% coupled with 3.532
mA/em’ L. 0.611v, and Voc, 51% [77]

Despite good optical characteristics of the Ilow-
temperature hydrothermal process of ZnO synthesis, the
light-harvesting efficiency possesses a coherent absorption
of a high dye by the photoanode. Kumara et al. [78, 79] pro-
posed a spray pyrolysis method for the fabrication of dye-
sensitized solar cells with dense ZnO and mesoporous layers.
The result showed that, for a dense layer fabricated DSSC,
an efficiency of 5.02 % was obtained and 4.2% for mesopo-
rous layer fabricated DSSC under the same condition. It im-
plies that the surface area for the absorption is very high for
DSSC with dense ZnO than that of the mesoporous layer.
Other related associated parameters with dense ZnO layer
are Isc = 13.68mA/cm2, 0.565v Voc and 66.3% FF, while
those connected to the mesoporous layer were found to have
12.06 mA/em’ Isc, 0,565v Voc, and 62.4% of FF [66].
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3.4. Semiconducting Layer

Graphene may be added to a semiconductor for DSSC
performance enhancement by improving charges collection.
[80, 81]. Its” work function of -4.4ev is between the conduc-
tion spectrum of TiO, and ITO [82]. Based on the theoretical
studies, the irradiation of visible light can activate the va-

lence electrons from graphene into the TiO , at the conduc-

tive band of graphene and TiO , interface [83, 84], which in
turn separate electron-hole pairs. In addition, the conductive
released threshold of the graphene/TiO , is only at 1% vol-

ume of the graphene loading [85]. The graphene content in-
crement in the transparent electrode is found to reduce its
transmittance when it gets beyond certain thresholds. Hence,
performance optimization is possible by regulating the
amount of the graphene substrates [86]. The large surface
area with a perfect conductivity of graphene enhances the
loading and dispersion of the dye molecules. The processes

of graphene have a theoretical surface area of 2630 m*/ g,

it implies that it has a very high potential of conceptual sup-
port material with an improvement in interfacial contact,
even in small amounts [87]. It was reported that the graphene
surface can also bind with dye molecules, such as porphyrin.
Consequently, there will be a generation of photocurrent
when photoirradiation experiences energy transfer [88]. Fur-
thermore, the photoanode scattering of light can also be im-

proved by the formation of graphene/TiO, compound po-

rous network. Then, by using graphene/ TiO, as/the pho-
toanode, there was an increase in efficiency by:39%, which
is higher than commercial P25 TiO, , whigh'is'4-7% [85].

To complete the counter-electrode andsphoto-anode,d-and I-
3 ion transfer electrons to the oxidized dye molecules, as
shown in Fig. 7 and Fig. 8.

Transparent
graphene electrode
'

player
P

Intrinsic layer

e

n layer

~_Back reflector
electrode

Fig. (7). Graphene-based inorganic solar cells [69]. (4 higher reso-
lution / colour version of this figure is available in the electronic
copy of the article).

3.4.1. Graphene for Lithium-sulfur (Li-S) Battery

While the advent of Li-S cells in 1940 was a remarkable
leap for energy-saving industries [89], there are still draw-
backs associated with it. It has a short life span, high cost of
production, and non-biocompatible lithium-sulphide produc-

Surajudeen et al.

Transparent
T graphene
2, electrode

bridge
structure

Graphene counter-electrode

Fig. (8). Graphene dye-sensitized solar cells [69]. (4 higher resolu-
tion / colour version of this figure is available in the electronic copy
of the article).

tion during charge and\discharge cycles [89, 90]. Graphene-
enhancéd, electrodes in Li-S batteries provide remedies for
these drawbacks [91]. As a result of the adaptability behav-
iof, graphene is'ecommonly used in lithium-ion batteries, Li-S
batteries, supercapacitors, and other energy equipment com-
ponentss

4. RECENT AND FUTURE APPLICATIONS OF GRA-
PHENE

The discovery and application of graphene have revolu-
tionized smart material research premises. Yet, there are still
unresolved phenomena that still need further investigations
[92-95]. This section discusses the key proven areas of gra-
phene application.

4.1. Electronic Devices

4.1.1. Transistors Designed with Flexible Graphene

The nanoscale graphene-based transistor consists of a
single passage electron-interchange [96]. This type of tran-
sistor has implored extensive attention since it’s incipient,
and it is commercially available for various applications. The
graphene-based transistor was found to utilize low voltage
and be very sensitive regardless of the working temperatures
[92]. These qualities position the graphene-based transistor a
step ahead of the silicon-based transistor, which in turn pos-
sesses a good prospect for microchip technology. Further-
more, the intrinsic properties of graphene make it extremely
flexible and foldable, among other materials. The electron
mobility through graphene is substantively faster, i.e., 1000
to 10,000 times more than what is obtainable in silicon-based
transistor. Although, graphene is very good in terms of elec-
tron mobility than that of silicon however, the use of pristine
graphene is still limited due to electron band gap challenge.

4.1.2. Graphene Sensors

A sensor is a device that responses to some type of input
signals from the physical quantities like moisture, pressure,
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heat, light, motion, etc., and returns with a corresponding
output, usually in the form of an electrical signal, mechanical
displacement, and optical display, etc. The commonly used
thermometer typifies a simple sensor for daily application.
Graphene is said to be a natural sensor considering its’ in-
herent response to optical signals and properties, having a
large surface-to-volume ratio, good electrical conductivity,
high carrier mobility, and high thermal conductivity [97].
Static charge phenomenon and materials strength-to-
lightness ratio are basic concerns in various polymer applica-
tions in aerospace industries [98, 99]. In the very near future,
graphene-enhanced materials can overcome present chal-
lenges and even provide better solar power harnessing cells
for space shuttles and rovers.

4.2. Mechanism of DSSCs

Dye sensitizes solar cells belonging to the family of thin-
film solar cells [101]. It relies on a semiconductor formed
between a photo-sensitized and an electrolyte and photoelec-
trochemical system [100, 101]. The new fashion can also
refer to as the Gratzel cell, which was co-invented in 1988
by Brian O’Regan and MichaelGratzel at UC Berkeley (Aro-
ra et al., 2016). DSSC possess different characteristics, that
can be easily adopted using convectional roll-printing tech-
niques, and is semi-flexible and semi-transparent, as many
applications have been propounded that are not applicable to
the glass-based system. Although the material used is easily
affordable, a great challenge in excluding the number of ex-
pensive materials, especially platinum and ruthenium with a
different kind of liquid electrolyte, contribute as a serious
problem to make the cell useful for different kinds of‘weath-
er conditions [102]. The mechanism of DSSC.dnvelves four
major steps, absorption of light, electron injection; carrier ‘of
transportation and current collector. The stéps-are required
for the conversion of photons into curgent [103]. The'photon
is absorbed by a photosensitizer, which allows the free
movement of an electron from the ground to the excited state
of the dye, whereby the absorption for most.of the dye is in
the range of 700 nm, which is equivalent to 172 ev of pho-
ton energy. The excited electron with an infinitesimal life-
time is then injected into a conduction band of nanoporous
electrode beneath the excited state‘of the dye in order to al-
low the solar photon from the UV region (Kusama et al.,
2009). The injected electrons are conveyed between nano-
particles and diffused along the direction of back contact
(transparent conducting oxide) by the means of external cir-
cuit, to allow the electron to reach the counter electrode
[104].

4.3. The Effect of Graphene on the Photoelectric Proper-
ty of DSSCs

Amongst carbonaceous materials, graphene application is
growing dramatically because of its exceptional thermal,
mechanical, electrical, and optical properties [105]. As 2D
materials (single layer materials), it has zero bandgap energy
with a single molecular layered structure. In graphene, each
carbon atom uses 3 of its 4 outer orbital electrons to form 3
sigma bonds. Hence, based on the distinctive properties of
graphene with its interaction with TiO,, graphene/TiO, com-
posite layer, which can be applied in DSSCs, is a dynamic
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way to accelerate electron transfer, impeding charge recom-
bination and enhancing light-harvesting efficiency in the cell
[106-108]. Graphene displays an impact on photoelectric
properties, including a large surface area, charge carrier mo-
bility, high conductance with a rapid transfer of an electron,
which satisfy the condition for absorbing a large number of
dyes in a single layer. One of the major effects of graphene
of photoelectric property on DSSCs is the recombination of
photo injected electrons, as well as oxidation of dyes and
electrons acceptor, which reduce the efficiency of DSSCs.
This problem can be solved by designing sa photoanode with
a remarkable impediment effect on the recombination of
charge from the photo injected charge carriers to the oxi-
dized dye and electron acceptor (Zhu et al., 2002).

4.4. Graphene Applications in Electrochemical Separa-
tions

Although there are quite a number of breakthroughs in
electrochemical separations and power generations, such as
fuel cells, electrodialysisgbio-chemical extraction and sepa-
ration [109], yet unresolved limitations in this area of re-
search (over limiting‘currents, electro-osmosis, cell materials
havingdow conductivities specifically for membranes and
electrodes) may be addressed via explorative investigation of
graphene promising properties [110-113]. Solar power utili-
zation for electrochemical cells has also been recommended
in the literature. Therefore, incorporating graphene into the
electrochemical cell will invariably ameliorate solar and
electrolytic cells' performance optimization. Oil recovery is
another attractive area of interest for researchers and gra-
phene has been reported to be a potential material for elec-
tromagnetic field-assisted oil recovery technique, Enhanced
Oil Recovery (EOR) applications [114-117].

CONCLUSION

In this review, graphene synthesis, drawbacks, and poten-
tial directions in promoting graphene practical configuration
are succinctly discussed. The following conclusions are de-
rived:

(1) Mechanical exfoliation synthesis technique reported
delivering quality graphene films sized from about 5 to 10
Mm; graphene-TiO, hybridization was found to possess
efficiency acclivity as high as 39%.

(2) Graphene layers number, defects, and bandgap struc-
ture are the fundamental performance influential parameters
within the graphene inter-lattice structure. This is due to
graphene surface area, which can reach up to about 2630-900
m?*/g, while carbon-black and carbon-nano-tube surface area
capability is around 1000-100 m%g. Also, the Fill Factor
(FF) is recommended as one of the main influential parame-
ters of the system performance.

(3) Reported techniques of synthesizing ZnO, transparent
electrodes are found to have changed over the efficiency of
about 0.8, 1.1, and about 4.2-5.2% for CBC, DSSC, and
mesoporous layer DSSC, respectively.

Finally, graphene's relevance to the ongoing industrial
revolutions can never be overlooked, and the authors of this
work want to believe that in not too distant future, graphene
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materials’ understanding would further enhance their real-
time application to meet a broad industrial range of needs.
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