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In the past few years, dye-sensitized solar cells (DSSCs) have received considerable research attention, as
potential alternatives to the commonly used, but expensive, silicon-based solar cells owing to the low-cost,
facile fabrication procedures, less impact on the environment, capability of working even under low
incoming light levels, and flexibility of DSSCs. However, the relatively low power conversion efficiencies
(PCEs) and poor long-term operational stability of DSSCs still limit their large-scale and commercial
applications. As a consequence, this has prompted tremendous research effort towards the realization of
high performance and sustainable devices, through tailoring of the properties of the various DSSC
components, via approaches such as introducing novel materials and new synthesis techniques. Among
these, the application of novel materials, especially carbon-based materials, such as graphene and its
derivatives, is more appealing due to their excellent optoelectronic, mechanical, thermal and chemical
properties, which give them ample potential to replace or modify the traditional materials that are
commonly used in the fabrication of the various DSSC components. In addition, the low-cost, abundance,
non-toxicity, large specific surface area, flexibility and superior stability of graphene-based materials have
enabled their recent use as photoanodes, i.e., transparent conducting electrodes, semiconducting layers
and dye-sensitizers, electrolytes and counter electrodes in DSSCs. Recently, the introduction of graphene-
based materials into DSSCs resulted in a pronounced increase in PCE from ~0.13 to above 12.00%. Thus,
employing the recent breakthroughs can further improve the optoelectronic properties of the various

DSSC components and, hence, close the gap between DSSCs and their silicon-based counterparts that are
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of graphene-based materials as photoanodes, electrolytes and counter electrodes, for the possible

DOI: 10.1039/d0ra08851] fabrication of all-carbon-based DSSCs. The limitations, merits and future prospects of graphene-based

rsc.li/rsc-advances DSSCs are discussed, so as to improve their photovoltaic performance, sustainability and cost-effectiveness.
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1. Introduction

Renewable energy sources, such as wind, geothermal, biomass
and solar energy, have gained tremendous research interest in
recent years, to address up-coming global issues, particularly
the depletion of conventional energy resources, e.g., fossil fuels,
due to the ever-increasing energy demand, coupled with
greenhouse gas emissions that lead to global warming and
climate change."™ Among the renewable energy sources, solar
energy is more appealing owing to its natural abundance and
environmentally friendly benefit, since it entails the provision
of clean energy harvested from the Sun.’

In this regard, recent work has been focussing on the fabri-
cation of third generation photovoltaic devices, such as organic
solar cells (OSCs),*” dye-sensitized solar cells (DSSCs),*® and
perovskite solar cells,’ in an attempt to overcome the draw-
backs of the first and second generation solar cells. Among the
third generation devices, the efficient conversion of solar energy
into electricity can be achieved by using DSSCs due to their high
performance even under diffuse solar irradiance, ease of fabri-
cation, low manufacturing cost, flexibility and incorporation of
environmentally friendly materials.'»** However, the power
conversion efficiency (PCE) and long-term operational stability
of DSSCs are still unfavourable for practical applications, in
comparison with silicon-based solar cells that have already been
commercialized." Therefore, more research is still being done,
e.g., to enhance photon harvesting, charge carrier generation
and mobility, while suppressing carrier recombination, and
minimizing electrolyte evaporation and leakages, through
modifying or replacing the traditional materials that are
commonly used to fabricate the various DSSC components,
such as the photoanode, electrolyte and counter electrode. This
if done, is envisaged to improve device performance and
sustainability, which subsequently opens up avenues for the
large-scale fabrication and commercialization of DSSCs.
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As a consequence, the low-cost, abundance, non-toxicity,
high optical transparency, and competitive electrical conduc-
tivity of carbon-based materials, such as carbon nanorods,
carbon nanotubes (CNTs), carbon nanofibers, carbon nano-
ribbons and graphene,"** have made them to be widely studied
as potential replacements or additives to the traditional mate-
rials that are being used in the fabrication of the various DSSC
Among these, graphene, two-
dimensional single layer of graphite with a hexagonal lattice
structure, has merits in terms of its large specific surface area,
wide absorption spectral range, lightweight, flexibility, and high
mechanical, thermal and chemical stability,”** which are all
vital for DSSC fabrication.

Several synthesis techniques, including bottom-up
approaches, such as chemical vapour deposition (CVD) and
epitaxial growth, which involve the high-temperature synthesis
of graphene using carbon molecules as building blocks, and
top-down approaches, such as oxidation-reduction and
mechanical exfoliation, which involve the separation of stacked
layers of graphite,***® have been employed to prepare graphene
sheets. Among these, bottom-up approaches have drawbacks of
low yield, difficulty to scale-up, complex substrate transfer and
high cost. Hence, top-down approaches are gaining consider-

components.”** a novel

able research attention due to their simple fabrication proce-
dures, easy scalability, good reproducibility, and low cost.**>¢

Nonetheless, the chemical inertness of pristine graphene,”
renders it insoluble in organic solvents; hence, pure graphene is
incompatible with solution synthesis. As a result, the derivatives
of graphene, such as graphene oxide (GO), which is an oxygen
functionalized graphene sheet, and reduced graphene oxide
(rGO), have been widely explored owing to their high solubility
in organic solvents, which makes them compatible with the low-
cost, facile, and large-scale solution synthesis.*® Although GO
exhibits an insulating character, the chemical or thermal
reduction of GO to remove the oxygen functional groups helps
restore electron delocalization, enhancing carrier transport,
and thereby converting the electrically insulating GO into con-
ducting graphene sheets.”*** Among the graphene synthesis
routes, the reduction of GO and CVD, are the most commonly
used approaches due to their capability for large-scale
synthesis.

To the best of our knowledge, although the PCE of DSSCs is
still low for practical applications, modifying the various DSSC
components with novel materials, such as graphene-based
materials, has proven to be an attractive option. Over the last
three years (2018-2020), graphene-based DSSCs have exhibited
a rapid increase in PCE from ~0.13% ** to above 12.00%.%
Thus, employing the recent breakthroughs is envisaged to
significantly improve the optoelectronic properties of the DSSC
components to make DSSCs compete with the already
commercialized silicon-based solar cells currently displaying
record-high PCEs of above 26%.** Nonetheless, relatively few
studies have explored the latest research progress on applying
graphene-based materials in the fabrication of DSSC compo-
nents, which, if done, is expected to enable the fabrication of
low-cost and more stable all-carbon-based devices. Also, many
studies have concentrated on optimizing the PCE only, without

This journal is © The Royal Society of Chemistry 2020
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focussing on the long-term operational stability of DSSCs,
which is indispensable for commercial applications. Hence,
this review presents the current advances in graphene-based
materials, as photoanodes, electrolytes and counter electrodes
of DSSCs, coupled with the merits, limitations and new
perspectives for the future realization of low-cost, high perfor-
mance and sustainable devices for possible commercialization.

2. Basic working principle of a DSSC

A typical DSSC is made up of a photoanode, i.e., a dye-coated
semiconducting oxide layer on a transparent conducting elec-
trode, an electrolyte containing a redox couple (commonly,
iodide/triiodide (I7/1;7)), and a catalyst-coated counter elec-
trode (cathode), as shown in Fig. 1.

From Fig. 1, when light shines on a DSSC, the dye-molecule,
initially in its ground state (S), absorbs an incident photon of
energy, v, and it becomes excited to a higher energy state (S*),
as illustrated in eqn (1):*>

S+ hy — S* (1)

The excited dye molecule is oxidized without any time delay,
as illustrated in eqn (2), where S is the oxidized dye molecule.
Hence, an electron is injected into the conduction band of the
semiconducting oxide film, where it freely flows to the external
circuit via a transparent conducting electrode:**”

S* - S*+e” @)

On the other hand, the oxidized dye molecule is regenerated
back to its ground state by electron donation from the I" in the
redox couple, as illustrated in eqn (3):*7

S*+3 - S+l ®3)

Eventually, the circuit is completed through I" regeneration,
via the reduction of I3~ at the counter electrode, by electron
donation from the external circuit, as illustrated in eqn (4):*7
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Fig.1 A schematic diagram of the basic operation principle of a typical
DSSC.
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As a result, the continuous conversion of solar into electrical
energy is achieved by repeating these processes, without any
chemical transformation.***” Therefore, in a DSSC, charge
generation occurs at the semiconductor-dye interface, and
charge transport proceeds through the semiconducting oxide
layer and electrolyte, to and from the external circuit, via the
transparent conducting electrodes and counter electrodes,
respectively.

3. Characterization of DSSCs'
performance

The photovoltaic performance of a DSSC is mainly character-
ized by measuring the current density-voltage (J-V) character-
istics, shown in Fig. 2, under a solar simulator operating at air-
mass 1.5 global (AM 1.5G) illumination with an incident power
intensity of 100 mW cm ™. This allows the determination of the
PCE, which is largely dependent on the number of photons
absorbed by the dye and charge carriers collected at the elec-
trodes. Therefore, the PCE is given by the ratio of the power
output (Poy) to the power input (Py,), i.e., it is measured by the
quantity of incoming light that can be converted into electrical
energy per unit time.*** The PCE is determined by investigating
the photovoltaic parameters, such as open-circuit voltage (Vo.),
short-circuit current density (Js.) and fill factor (FF) according to
eqn (5):38—40
Pou  JioVooFF

PCE = iy (5)

where P;, is the incident solar power. V,. is the maximum
potential difference measured across a solar cell when no current
flows.**** .. is the maximum current that flows through the cell
when the potential difference across it is zero, i.e., when the
electrodes are short-circuited.**! Hence, the current through an
external load is always less than J,.. FF is a measure of the solar
cell's quality as a power source, given by the ratio of the
maximum power delivered by the cell to a load, i.e., maximum
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Fig. 2 A typical J-V curve for an illuminated DSSC.
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power output of the cell to its theoretical power output, ie., its
potential power output, and is determined by eqn (6):***°

FF — Jmax Vmax (6)
JSC VOC

where Viax and Jmax are the actual maximum voltage and
current density, respectively, determined from the maximum
power point on the J-V characteristics curve, as illustrated in
Fig. 2. FF is used to determine the closeness of the cell's J-V
characteristics to ideality, i.e., it is a measure of the squareness
of J-V curves. The optimal theoretical FF value is 1; however, in
practice, it is less than 1, and values above 0.75 are deemed very
good.4l,42

4. Graphene-based photoanode

The photoanode usually consists of a layer of a dye-sensitized
wide band gap nanocrystalline semiconductor metal oxide, on
a transparent conducting electrode, as discussed in the
following sub-sections.

4.1 Transparent conducting electrode

The conducting electrode is usually transparent, to allow the
passage of light to the sensitizer, and is commonly made by
depositing indium tin oxide (ITO) onto a glass substrate, due to
the high optical transmittance in the visible range and high
electrical conductivity of ITO. Nonetheless, ITO has shortcom-
ings due to the scarcity, toxicity and high cost of indium (In),
which is the main constituent element of ITO.****¢ In addition,
ITO is brittle and rigid, which limits its use on flexible
substrates, and also good quality ITO requires expensive
vacuum equipment and complex experimental procedures.

Although fluorine-doped tin oxide (FTO) has been used as
a relatively low-cost alternative to ITO, the structural defects of
FTO due to its rough surface often result in short circuits and
leakage current,*** which impair device performance, and
hence limit its choice. Being motivated by the need to overcome
these drawbacks, recent advanced materials, such as metal
nanowires,***° conductive polymers,*** transparent conducting
oxides,**** CNTs,*>*¢ and graphene,*”*® have been proposed as
potential replacements or additives to the conventional ITO and
FTO electrodes. Among these, graphene-based materials are
more appealing due to their high optical transmittance in the
visible region, high electrical conductivity, excellent stability,
easy availability, low-cost and non-toxicity.****

In this respect, Dong et al.>® employed metal grids covered by
graphene, as shown in Fig. 3, as transparent conducting elec-
trodes in DSSCs. The graphene/platinum (Pt) and graphene/
nickel (Ni) grid-based devices exhibited PCEs of 0.40 and
0.25%, respectively, in comparison with 0.17% for the reference
devices with Pt grids only. This was attributed to the high
electrical conductivity of graphene, which supplemented the
collection of electrons from the semiconducting layer. In addi-
tion to their relatively higher PCEs, the graphene-based devices
displayed excellent long-term stability and superior mechanical
flexibility, which demonstrates the suitability of this novel
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graphene-on metal grid transparent electrode, as a viable
replacement for commonly used FTO and ITO electrodes.

This was improved by Song et al.>” who deposited graphene-
like carbon (GLC) thin films on FTO glass substrates, and used
the composite films as transparent conducting electrodes in
DSSCs. The addition of GLC thin films onto FTO led to
a significant increase in the V., Js. and FF, which was attributed
to the suppression of carrier recombination and improvement
of the contacts at the semiconducting layer-transparent con-
ducting electrode interface. As a result, the PCE increased from
5.90% for the bare FTO substrate, to 6.92% for the GLC/FTO-
based devices.

Also, since the work function of graphene (—4.4 eV) is more
negative than the conduction band of titatium dioxide (TiO,)
(—4.2 eV), the incorporation of graphene between TiO, and
FTO, permits electron transport from TiO, to graphene, while
blocking electron transport in the reverse direction.®® In addi-
tion, the work function of graphene is almost similar to that of
FTO, hence, the surface modification of FTO by graphene acts
as an additional electron collecting electrode, which signifi-
cantly enhances the charge transport rate in the transparent
conducting electrode,* thereby, improving device performance.
On the other hand, the porous TiO, layer often leaves some
uncovered gaps on the bare FTO conducting surface, which
allows the redox electrolyte solution to penetrate, reaching the
bare FTO substrate, resulting in direct carrier recombination,
and hence reduces the device performance.® Therefore, surface
modification of the FTO substrate is vital for the fabrication of
high performance DSSCs.

In this regard, Roh et al.®* employed rGO-modified FTO
substrates as transparent conducting electrodes in DSSCs. The
rGO sheets had very few defects and were firmly attached to the
FTO surface, which helped to minimize the charge transfer
resistance and electron-hole recombination at the TiO,-FTO
interface, resulting in a high charge transfer rate, and subse-
quently high PCEs of 8.44%. Interestingly, the devices with rGO-
modified transparent conducting electrodes outperformed
those with bare FTO substrates, and those subjected to the
conventional surface modification by hydrolyzing a titanium
tetrachloride (TiCl,) aqueous solution, demonstrating the
potential of graphene-functionalized FTO substrates to improve
device performance.

In another study, Selopal et al.®® prepared few-layers of large-
area continuous graphene films via the CVD technique, as
illustrated in Fig. 4 (a), and used them as transparent con-
ducting electrodes in DSSCs, which displayed a best PCE of 2%.
This was associated with the homogeneous, continuous and
highly crystalline nature of the prepared films, which facilitates
ballistic charge transport through the whole graphene sheet,
thereby, increasing the electrical conductivity, and hence
improving the device performance.

Recently, Shahid et al.°* modified the surface of FTO glass
substrates with graphene nanoplatelets (GNPLs), which
provided additional conducting bridges for the photo-injected
electrons, and increased the J. as illustrated in Fig. 4 (b). As
aresult, the DSSCs with the GNPLs/FTO transparent conducting
electrodes exhibited a PCE of 2.32%, which was higher than

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) The hybrid graphene/metal grid transparent conducting electrode, and (b) the optical transmittance spectrum of the graphene/Ni

electrode.®®
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Fig. 4 (a) A schematic illustration of electron injection from a dye-
coated TiO, nanoparticle and transport in a continuous graphene
film,®* and (b) the J-V characteristics of DSSCs based on GNPLs/FTO
and pristine FTO electrodes.*

1.86% for the pristine FTO-based DSSCs. This revealed the
significance of using graphene-based materials to modify the
conventional FTO substrate. Also, Al-Rawashdeh et al®*
employed rGO/ZnO composite electrodes in DSSCs, which
inhibited carrier recombination, and enhanced J;, resulting in
devices with a PCE of 0.45%, which outperformed the devices
without GO. Therefore, the preparation of graphene-based
nanocomposite electrode materials, with complementary opto-
electronic properties, could enable the use of graphene and its
derivatives, as replacements for the commonly used metal oxide
front electrodes.

The photovoltaic parameters of DSSCs employing graphene-
based materials as transparent conducting electrodes (dis-
cussed in this review) are summarized in Table 1. Among these,
devices with rGO/FTO composite transparent electrodes
exhibited the best PCE of 8.44%,* which outperformed the
devices based on conventional FTO and ITO transparent elec-
trodes. Therefore, further work on optimizing the optoelec-
tronic properties of hybrid rGO/FTO transparent conducting
glass substrates is envisaged to yield favourable device perfor-
mance, as a link bridge towards commercialization.

4.2 Semiconducting layer

In a DSSC, the mesoporous semiconducting layer plays
a significant role in the photon to electricity conversion
process.®®* Hence, the semiconducting layer should have a large
surface area for maximum sensitizer loading, a high electrical

This journal is © The Royal Society of Chemistry 2020

conductivity for effective collection and transportation of elec-
trons to the transparent electrode, and a porous membrane for
efficient diffusion of the redox couple.®®®” The semiconducting
layer materials used in DSSCs include TiO,, ZnO, SnO,, Nb,Os
and Fe;0,.°** Among these, nanocrystalline anatase TiO, is
commonly used due to its low-cost, abundance, non-toxicity
and high photochemical stability.”*”* However, TiO, has
shortcomings in terms of its relatively low optical transparency
and inefficient light scattering ability, which result in poor light
harvesting, and hence lowers the device performance.” Also,
TiO, is negatively affected by its relatively low number of
carriers in the conduction band, poor electron transport, and
high charge carrier recombination,”*”® which in turn reduce the
PCE.

As a result, the incorporation of graphene-based materials
into the semiconducting metal oxide layer has received signif-
icant research attention, due to the large specific surface area of
graphene of ~2.63 x 10> m> g~ ',” high optical transmittance of
97.7% in the visible region,”® and faster electron mobility of
15 000 cm® V' s, when compared to 0.1-0.4 cm” V' s~ for
TiO, and 200-1000 cm?® V™' s™* for ZnO.” Furthermore, the
energy level of graphene lies between the conduction band of
TiO, and FTO, which facilitates the efficient transportation of
electrons from TiO, to FTO, and hence suppresses back charge
transfer losses, thereby, enhancing the performance of
graphene-based DSSCs.*

In this regard, Ramli et al,*® Chong et al.,** Manikandan
et al,®* and Yau et al,® incorporated GO into TiO,, and
employed the resulting nanocomposites as semiconducting

Table 1 Photovoltaic parameters of DSSCs employing graphene-
based transparent conducting electrodes

Transparent electrode Ve (V) Joe (MAcm™?) FF  PCE (%) Ref.
Graphene/Pt grids 0.43 2.87 0.32 0.40 59
Graphene/Ni grids 0.33 1.33 0.57 0.25 59
GLC/FTO 0.71 15.60 0.63 6.92 57
rGO/FTO 0.68 18.95 0.65 8.44 62
Graphene 0.63 7.80 0.40 2.00 63
GNPLs/FTO 0.69 7.41 0.45 2.32 61
rGO/ZnO 0.39 2.59 0.45 0.45 64
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layers in DSSCs. This enhanced dye loading owing to the large
surface area and mesoporous structures of GO/TiO,, which in
turn improved photon harvesting and reduced the charge
transfer resistance at the dye-TiO, and TiO,-FTO interfaces.
This resulted in GO/TiO,-based devices with PCEs of 3.70, 6.86,
8.62 and 6.25%, respectively, which generally outperformed the
DSSCs based on pristine TiO,. Therefore, the integration of GO
with TiO, improves the photocatalytic activity and electron
injection rate from the excited dye to the conduction band of the
GO/TiO, film, and eventually to the FTO substrate. This in turn,
suppresses charge carrier recombination, which increases the
electron lifetime, and hence improves the device performance.

In another study, Nien et al.** co-incorporated GO and silver
(Ag) into TiO, nanofiber semiconducting layers, as shown in
Fig. 5 (a), which provided a large surface area and more active
sites for dye adsorption, and hence facilitated more light
absorption for effective photoelectron generation, and created
numerous pathways for electron transport to the FTO electrode.
This suppressed charge carrier recombination, and resulted in
devices with a relatively higher PCE of 5.33%, as compared to
4.46 and 3.79% for the TiO,/GO and pristine TiO,-based
devices, respectively, demonstrating the significance of doping
towards improving device performance.

Wang et al.** also employed GO and zinc aluminium mixed
metal oxide (ZnAl-MMO) as a composite semiconducting layer
in DSSCs that exhibited a PCE of 0.55%, which was higher than
0.41% for the ZnAl-MMO-based devices, without GO. The
improvement in device performance was attributed to the larger
specific surface area of GO, which increased the dye loading
ability, and hence improved the photon harvesting and photo-
current generation, resulting in an enhanced J., as shown in
Fig. 5 (b), and hence improved device performance.

Unlike GO which is an insulator, rGO is conductive, thus, it
can be used to provide more efficient charge transport pathways
between the dye and TiO,, which suppress electron-hole
recombination, and hence improve device performance.*® In
this respect, GO has been employed to modify the TiO, semi-
conducting layer, resulting in DSSCs with PCEs, such as 7.20,%”
7.48,%® 7.68,* 8.51,°° 4.43 7 and 6.90%,°* which generally out-
performed their pristine TiO,, rGO and GO/TiO, counterparts.
In addition, rGO-based ternary nanocomposites, such as TiO,/
cadmium sulfide (CdS)/rGO,** rGO/graphene/TiO,,"® and Ag/
rGO/Ti0,,*>** have also been used as semiconducting layers in

@ Glass
FTO
Electrolyte
Pt
FTO
Glass 0 . . . . " —
0.0 01 02 03 04
v
Fig.5 (a) A schematic diagram of the GO/TiO,/Ag-based DSSC,** and

(b) the J-V characteristics of DSSCs based on: (1) ZnAl-MMO 8 : 1, (2)
ZnAl-10 ml GO, (3) ZnAl-20 ml GO, (4) ZnAl-30 ml GO, and (5) ZnAl—
40 ml GO, semiconducting layers.®®
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DSSCs, which helped to increase the electron transfer rate and
mobility. This resulted in devices with PCEs of 6.50, 11.80, 6.87
and 9.15%, respectively, which outperformed the correspond-
ing TiO, reference device, thereby, revealing the importance of
employing graphene-based nanocomposites in future research
to enhance device performance. Recently, Le et al.®® replaced
TiO, with a ZnO/rGO composite semiconducting layer in DSSCs,
which displayed a PCE of 1.55%. Although the PCE was low, this
outperformed the ZnO reference device, which had a PCE of
1.08%, thereby, demonstrating the significance of using
graphene-based composites in improving device performance.
Graphene/TiO, composite films have also been employed as
semiconducting layers in DSSCs, which enhanced dye loading
for effective light harvesting, and provided efficient electron
transport pathways, which increased the electron lifetime and
reduced carrier recombination. This resulted in DSSCs with
optimum PCEs of 1.32 °® and 1.47%,°” which outperformed 1.18
and 0.66%, respectively, for the devices based on pure TiO,,
demonstrating the significance of graphene/TiO,
composites in improving device performance.
Although, SnO, has been used as a potential alternative to the
conventional TiO, semiconducting layer, it has shortcomings of
poor dye adsorption and slow electron transfer rate, both of which

nano-

impair device performance.”® Interestingly, these drawbacks can
be addressed by using a hybrid semiconducting layer, such as
TiO,/Sn0O,/graphene, proposed by Basu et al.,”” which increases
dye loading and electron transfer rate, as illustrated in Fig. 6, and
hence in their case, resulted in a ~16% increment in PCE to
3.37%, i.e., from 2.91% for the TiO,/SnO, control device, assem-
bled without graphene. In addition, the TiO,/SnO,/graphene-
based devices displayed superior stability, as revealed by their
ability to retain 92% of their initial PCE after 200 h of illumina-
tion, as compared to the TiO,/SnO, control devices, which
retained 70% of the original PCE under the same conditions.

In addition, the synergistic effect between N-TiO, and gra-
phene,'® MoS, and graphene,’* and NiS, and graphene,*
facilitates the formation of composite semiconducting layers
with large surface areas, porous structures and continuous
interpenetrating networks for efficient photon harvesting,
photocurrent generation and electron transport, resulting in
DSSCs with PCEs of 5.01, 8.92 and 12.56%, respectively. TiO,/
GQDs have also been used as semiconductor layers, which
increased dye adsorption and reduced charge carrier recombi-
nation, resulting in DSSCs with PCEs of 4.40 *** and 5.01%.'*

The photovoltaic parameters of DSSCs with graphene-based
semiconducting layers (discussed in this review) are

FTO-coated glass substrate

Graphene

Fig. 6 Aniillustration of electron transport (a) in the TiO,/SnO,, and (b)
TiO,/SnO,/graphene photoanodes.*®

This journal is © The Royal Society of Chemistry 2020
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summarized in Table 2. Among these, devices with a graphene/
NiS, composite semiconducting layer exhibited the best PCE of
12.56%.* This suggests that with the future development of novel
graphene-based composites consisting of large surface areas and
excellent distribution of pores for more dye loading, enhanced
photon harvesting, effective carrier generation, and efficient
carrier transport can be achieved, resulting in superior device
performance.

4.3 Photosensitizer

The dye or photosensitizer plays a prominent role in harvesting
the incoming light, and injecting the photoexcited electrons
into the conduction band of the semiconducting material, i.e., it
is responsible for absorbing the incident solar energy, and
converting it into electrical energy.'**'* Therefore, an effective
photosensitizer should have a broad and intense absorption
spectrum that covers the entire visible region, high adsorption
affinity to the surface of the semiconducting layer, excellent
stability in its oxidized form, low-cost and low threat to the
environment.'” Furthermore, its lowest unoccupied molecular
orbital (LUMO) level, i.e., excited state level, must be higher in
energy than the conduction band edge of the semiconductor,
for efficient electron injection into the conduction band of the
semiconductor.’'”” Also, its highest occupied molecular
orbital (HOMO) level, i.e., oxidized state level, must be lower in
energy than the redox potential of the electrolyte, to promote
dye regeneration.'***”

The most commonly used photosensitizers are ruthenium-
based complexes owing to their wide absorption range, ie.,

Table 2 Photovoltaic parameters of DSSCs employing graphene-
based semiconducting layers

Semiconducting layer Vi (V) Jec (MAcm ™) FF  PCE (%) Ref.
GO/TiO, 0.72 9.80 0.53 3.70 80
GO/TiO, 0.73 16.21 0.58 6.86 81
GO/TiO, 0.79 20.60 0.53 8.62 82
GO/TiO, 0.66 14.78 0.64 6.25 83
GO/TiO, 0.71 8.98 0.70 4.46 84
GO/TiO,/Ag 0.78 9.79 0.70 5.33 84
GO/ZnAI-MMO 0.37 4.46 0.34 0.55 85
rGO/TiO, 0.54 28.36 0.47 7.20 87
rGO/TiO, 0.74 15.29 0.66 7.48 88
rGO/TiO, 0.78 14.68 0.67 7.68 89
rGO/TiO, 0.63 25.02 0.54 8.51 90
rGO/TiO, 0.65 10.92 0.62 4.43 76
rGO/TiO, 0.59 16.27 0.72 6.90 91
TiO,/CdS/rGO 0.66 13.27 0.75 6.50 92
rGO/graphene/TiO, 0.71 26.00 0.64 11.80 18
Ag/rGO/TiO, 0.73 14.08 0.66 6.87 93
Ag/rGO/TiO, 0.78 14.30 0.82 9.15 94
ZnO/rGO 0.64 3.02 0.60 1.55 95
Graphene/TiO, 0.76 2.26 0.65 1.32 96
Graphene/TiO, 0.66 5.15 0.44 147 97
TiO,/SnO,/graphene  0.65 9.03 0.58  3.37 99
N-TiO,/graphene 0.71 15.38 0.46  5.01 100
Graphene/MoS, 0.82 15.82 0.71 8.92 101
Graphene/NiS, 0.89 23.13 0.85 12.56 33
TiO,/GQDs 0.73 11.54 0.53 4.40 102
TiO,/GQDs 0.69 14.22 0.51 5.01 103

This journal is © The Royal Society of Chemistry 2020
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from the visible to the near-infrared (NIR) region, which renders
them with superior photon harvesting properties,'*® and excel-
lent metal-to-ligand charge transfer.'” However, these
complexes require multi-step synthesis reactions, and they
contain a heavy metal, which is expensive, scarce and toxic."*® As
a result, metal-free dyes, such as natural dyes, e.g., from fruits,
flowers, leaves and algae, coupled with their organic derivatives
have attracted considerable research interest, owing to their
low-cost, simple synthesis procedure, abundance in nature,
non-toxicity, and high molar absorption coefficient.*>***'*?
Nonetheless, on their own, natural dyes, are the least efficient,
and often result in DSSCs with very low performance due to
their relatively narrow and less intense absorption spectrum in
the visible region, and poor carrier dissociation and injection
capability at the TiO,-dye interface.'*

In this regard, the wide and intense absorption spectrum of
graphene, which enables each single layer to absorb 2.3% of the
incoming light,”® renders graphene-based materials with
a promising potential as alternative photosensitizers for the
fabrication of less expensive and greener DSSCs. Furthermore,
the work function of graphene, which lies between the
conduction bands of FTO (or ITO) and TiO,, promotes the
effective transfer of the photogenerated electrons from TiO, to
FTO (or ITO), with minimum recombination, thereby,
improving device performance.

As a consequence, Ismail et al.’*® incorporated GO into the
mangosteen natural dye, which led to a decrease in the charge
transfer resistance in the TiO, layer, thereby, inhibiting carrier
recombination, and increasing the electron lifetime, due to the
additional electron conduction pathways provided by graphene.
This improved the PCE from 0.31% for the DSSCs with the
mangosteen dye only, to 0.40% for the GO/mangosteen-based
devices. Therefore, with the current drive towards low-cost
and environmentally friendly devices, the use of natural dyes
modified by graphene-based materials, as sensitizers, could
become an attractive avenue for future research.

Metal organic frameworks (MOFs) have also been proposed
as potential photosensitizer materials owing to their low-cost,
excellent stability, ease of processing, hierarchically ordered
structure, biocompatibility, and superior light harvesting
properties.'**"*® Hence, their synergy with graphene to form
a hybrid photosensitizer material could result in favourable
properties, as demonstrated by Kaur et al.''® who employed
graphene/MOF composite photosensitizers in DSSCs. The
graphene/MOF-based devices displayed a higher PCE of 2.2%,
when compared to 0.27 and 0.46%, for MOF'"” and MOF/CNT-
based devices,"*® respectively. This was attributed to the low
charge transfer resistance due to the efficient collection of
electrons by the resulting graphene/MOF/TiO,/FTO photo-
anode, demonstrating the potential of graphene/MOF
composite photosensitizers for the future development of
novel photoanodes in DSSCs.

In another study, Gatti et al.'™ fabricated greener DSSCs by
using rGO and a metal-free donor-m—acceptor (D-wt-A) dye, i.e.,
triphenylamino (D)-thiophene (7t)-cyanoacrylic acid (A) (TPA-
Th-H) dye, as a composite sensitizer. Although this resulted in
devices with a lower J, as illustrated in Fig. 7, and a lower PCE
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of 0.8% due to lower dye loading, in comparison with 3.5% for
the cell with the TPA-Th-H reference dye, the rGO/TPA-Th-H
composite sensitizer was strongly anchored to the surface of the
semiconducting layer, demonstrating its enhanced chemical
stability, vital for the future development of sustainable devices.
Wahab et al.**® also incorporated rGO into ruthenium-based
dyes, and fabricated DSSCs with a PCE of 0.02%, which out-
performed the ruthenium-based control devices that had a PCE
of 0.005%, demonstrating the suitability of rGO as a promising
dye-additive, capable of enhancing device performance.
Volland et al.™* also prepared a hybrid photosensitizer con-
sisting of a NIR-absorbing azulenocyanine, as an electron donor,
and few-layer graphene, as an electron acceptor, which exhibited
a wide absorption spectrum, from the ultraviolet (UV) to the NIR
region, for effective light harvesting, and better electron transport
properties for suppressing carrier recombination. As a result, the
graphene/azulenocyanine/di-tetrabutylammonium c¢is-bis(isothio-
cyanato)bis(2,2'-bipyridyl-4,4’-dicarboxylato)ruthenium(u) (N719)-
based DSSCs displayed a PCE of 8.32%, in comparison with 7.47
and 5.65% for the graphene/N719 and TiCl,/N719-based devices.
On the other hand, the tunable optical band gap, high
absorption coefficient and excellent band alignment of low
band gap semiconductor quantum dots (QDs), such as CdS,
cadmium selenide (CdSe), cadmium telluride (CdTe), lead(u)
sulfide (PbS), and lead selenide (PbSe), enable them to be used
as photosensitizers in DSSCs."**'** However, the Cd or Pb-based
elements are highly toxic and, hence, hazardous to health.**
Therefore, graphene QDs (GQDs) have been investigated as
potential sensitizer alternatives due to their non-toxicity,
tunable optical band gap, and wide absorption spectral range.***
In this regard, Zamiri and Bagheri,'*” replaced the N719 dye
with GQDs, and observed an increase in PCE from 1.13 to
1.26%, which was attributed to the closeness of the conduction
band of the GQDs to that of the ZnO semiconducting layer, in
comparison with the conduction band of N719. Majumder and
Mondal,** also fabricated DSSCs with PCEs of 0.13, 0.25 and
0.29% for the GQD, N-GQD, and sulfur-nitrogen co-doped GQD
(SN-GQD) photosensitizers, respectively. This was improved by
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Fig. 7 J-V curves for the rGO/TPA-Th-H and TPA-Th—-H-based
DSSCs.1®
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Jahantigh et al.**® and Yang et al.,"*® who respectively incorpo-
rated N-GQDs and oxygen functionalized GQDs into the N719
dye, as illustrated in Fig. 8. This resulted in an increase in PCE
from 5.72% for the devices based on pristine N719 dye, to 7.49%
for the N-GQD/N719-based DSSCs,**® and from 7.6% for the
N719 dye devices, to 8.9% for the GQD/N719-based DSSCs."*
Besides producing a significant increase in device performance,
the GQDs reduced the quantity of the N719 dye used, which
reduced the cost and environmental impact, thus, revealing the
potential of GQDs as promising metal-free and ‘green’ alterna-
tives to the ruthenium-based dyes in DSSCs.

Recently, being motivated by the increasing demand to
replace the expensive, rare and toxic metal complexes, with low-
cost and environmentally friendly photosensitizers, Saedi
et al.*® incorporated GQDs into natural dyes, extracted from
green (Ulva) and red (Gracilaria) algae. The Gracilaria/GQD-
based devices exhibited the best PCE of 0.94%, as compared
to 0.39, 0.52, and 0.81%, for the DSSCs with Ulva, Gracilaria and
Ulva/GQD photosensitizers, respectively. This was attributed to
the wider absorption peak of the Gracilaria/GQD composite
sensitizer, in the visible region, which facilitates the harvesting
of more sunlight for efficient photoelectron generation.

The photovoltaic parameters of DSSCs employing graphene-
based photosensitizers (discussed in this review) are summa-
rized in Table 3. Among the devices based on natural dyes, the
DSSCs with Gracilaria/GQD composite photosensitizers exhibi-
ted the best PCE of 0.94%,* and among the ruthenium-based
devices, the DSSCs with graphene/azulenocyanine/N719 and
GQDs/N719 composite photosensitizers exhibited the best PCEs
of 8.32 "' and 8.90%," respectively. This reveals the signifi-
cance of using low-cost and environmentally friendly graphene-
based composite photosensitizers to improve device perfor-
mance, while at the same time reducing dependency on
expensive, scarce and toxic ruthenium-based dyes.

5. Graphene-based electrolyte

The role of the electrolyte is to conduct holes through the redox
couple (commonly, I"/I;7), and to regenerate the oxidized dye
molecules.”*"** A good electrolyte should have high thermal

FTO-coated glass substrate
FTO-coated glass substrate

Fig. 8 A schematic diagram of the GQD/N719-based DSSC.*?°
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and electrochemical stability, a high diffusion coefficient, low
vapour pressure, appropriate viscosity, and ease of sealing,
without suppressing charge carrier transport.**>*3

The commonly used electrolytes in traditional DSSCs are
liquid electrolytes, i.e., volatile organic solvents, due to their
high diffusion coefficients and low viscosities."** However, these
organic solvents have shortcomings in terms of high tempera-
ture instability, corrosion of electrodes over time, desorption of
attached dye, toxicity, flammability, volatilization and leakage
problems,**>!#>13% which limit their long-term performance,
thereby, hindering the commercialization of DSSCs.

To overcome these drawbacks, novel solid or quasi-solid
state electrolytes, such as hole transportation materials,**'*°
p-type semiconductors,"*** and polymer-based gel electro-
lytes,**'** have been developed as potential alternatives to the
volatile liquid electrolytes. Among these, the polymer-based gel
electrolytes are more appealing due to their negligible vapour
pressure, non-flammability, and good contact with the semi-
conducting layer and counter electrode.*'** However, the
polymers require conventional volatile organic solvents that act
as plasticizers,"**'*” which subsequently give rise to flamma-
bility and high temperature instability."** In addition, the poor
ionic conductivity of the polymer electrolytes, often results in
DSSCs with lower PCEs than those of devices based on organic
solvent electrolytes.’* As a result, ionic liquid (IL)-based elec-
trolytes have attracted considerable research attention due to
their chemical and thermal stability, high ionic conductivity,
tunable viscosity, non-volatility, and negligible vapour pres-
sure.””®*! Nonetheless, the PCEs of DSSCs based on IL elec-
trolytes are still lower than those of devices based on organic
solvent electrolytes,”* and also the leakage problems of ILs,
limit their long-term operational stability, which restricts their
application.***

In this regard, carbon-based materials, such as graphene
and its derivatives, have received considerable research atten-
tion as promising additives for enhancing the ionic conductivity
and stability of polymer and IL electrolytes, due to the
remarkable optical, electrical, mechanical, thermal and chem-
ical properties of graphene.®'* Also, graphene/polymer or
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graphene/IL nanocomposites, result in the formation of inter-
connected networks, which not only provide efficient electron
transport pathways through the electrolyte, but also enable the
formation of quasi-solid state electrolytes, which reduce elec-
trolyte evaporation and leakage, thereby, improving long-term
operational stability.'*

Being motivated by this, Lin et al.*** employed poly(IL)/IL/GO
composite gel electrolytes containing  poly(1-butyl-3-
vinylimidazolium bis(trifluoromethanesulfonyl) imide)
([PBVIm][TFSI]), PMII and GO. This resulted in more stable
DSSCs with a best PCE of 4.83%, in comparison with 1.46% for
devices without GO-based electrolytes, and was ascribed to the
formation of a gel network, which prevented the leakage of the
electrolyte's IL, demonstrating the potential of the quasi-solid
state electrolytes in overcoming the drawbacks of volatile
liquid electrolytes. In addition, Kowsari and Chirani,"* also
incorporated GO-hexa-methylene tri-butyl-ammonium iodide
(GO-HMA-TBAI) and GO-hexa-methylene tri-methyl-ammonium
iodide (GO-HMA-TMAI) into the PMII/1, 3-dimethylimidazo-
lium iodide (DMII) composite IL electrolyte. This significantly
improved the PCE from 3.96% of the IL-based reference device
to 5.09, 6.78 and 8.33% for the GO, GO-HMA-TMAI/PMII-DMII
and GO-HMA-TBAI/PMII-DMII-based DSSCs, respectively.

Khannam et al.**® also prepared quasi-solid state electrolytes
by incorporating GO into gelatin gel-based polymer electrolytes.
This enhanced the ionic conductivity and stability of the elec-
trolytes due to the formation of interconnected GO networks
within the gelatin electrolyte matrix, resulting in highly stable
DSSCs with a PCE of 4.02%, in comparison with 0.44% for the
pristine gelatine electrolyte reference devices. In addition,
Venkatesan et al.**® used GO as a nanofiller for poly(vinylidene
fluoride) (PVDF)/poly(ethylene oxide) (PEO)-based electrolytes,
resulting in more stable DSSCs with a PCE of 8.78%, which was
comparable to their pristine polymer-based counterparts.
Hence, the synergy between graphene-based materials and
volatile liquid or polymer electrolytes, promotes the fabrication
of high performance and sustainable DSSCs, through the
formation of quasi-solid state electrolytes, which eliminate the
major shortcomings of pure liquid electrolytes, such as

Table 3 Photovoltaic parameters of DSSCs with graphene-based photosensitizers

Photosensitizer Voe (V) Jse (MA cm™?) FF PCE (%) Ref.
GO/mangosteen 0.61 1.00 0.66 0.40 115
Graphene/MOF 0.45 20.00 0.44 2.2 116
rGO/TPA-Th-H 0.53 2.02 0.70 0.80 119
Graphene/azulenocyanine/N719 0.80 17.01 0.60 8.32 121
Graphene/N719 0.83 14.98 0.60 7.47 121
GQDs 0.64 3.17 0.62 1.26 127
GQDs 0.37 0.87 0.40 0.13 32
N-GQDs 0.37 1.51 0.43 0.25 32
SN-GQDs 0.36 1.84 0.45 0.29 32
N-GQDs 0.48 1.49 0.53 0.37 128
N-GQDs/N719 0.72 17.65 0.59 7.49 128
GQDs/N719 0.72 19.60 0.66 8.90 129
Gracilaria/GQDs 0.73 2.26 0.56 0.94 35
Ulva/GQDs 0.75 2.04 0.52 0.81 35

This journal is © The Royal Society of Chemistry 2020
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electrolyte leakage and evaporation, coupled with the low ionic
conductivity of polymer electrolytes.

The incorporation of rGO into polymer electrolytes, such as
PEO,"” poly(methyl methaacrylate) (PMMA)*** and PEO/PVDF-
hexafluoro propylene (HFP),"**'® as illustrated in Fig. 9, has
also been reported to result in the fabrication of more stable
DSSCs, with PCEs of 5.07, 5.38, 4.58 and 4.24%, respectively.
Interestingly, the rGO-based DSSCs outperformed the pure
polymer electrolyte-based control devices, which was associated
with the increase in ionic conductivity, charge carrier concen-
tration, diffusion coefficient and stability of the composite
electrolytes. Recently Manafi et al.*** incorporated polyethylene
glycol (PEG)-modified GNPLs into the PEO/PVDF-HFP polymer
gel electrolyte of DSSCs, which enhanced the ionic conductivity,
resulting in a significant increase in PCE from 0.62% for the
DSSCs based on PEO/PVDF-HFP polymer electrolytes to 5.45%
for the GNPLs:PEG-PEO/PVDF-HFP devices.

Zheng'®*> and Rehman et al.,** also incorporated graphene
into poly(acrylic acid) (PAA)/PEG and polyvinyl acetate (PVAc)
polymer gel electrolytes, respectively, and fabricated more
stable DSSCs with PCEs of 9.10 and 4.57%. The graphene-based
devices generally outperformed the pristine polymer and liquid
electrolyte reference devices, which was attributed to an
increase in catalytic activity and shorter charge transfer length,
and hence excellent charge kinetics, due to the presence of
more stable and conducting graphene channels within the
composite liquid and polymer gel electrolytes.

Recently, Porfarzollah et al.*** integrated GQDs with an
imidazolium-based IL, which enhanced the long-term stability
of the electrolyte, and inhibited back electron transfer to the
electrolyte, thereby suppressing carrier recombination, and
increasing the electron lifetime. As a result, the hybrid quasi-
solid state electrolyte-based DSSCs exhibited a PCE of 4.57%,
in comparison with 2.23 and 4.52%, for the GQDs and IL-based
devices, respectively. Therefore, with further optimization of
parameters, the GQDs-IL composite electrolyte is expected to
overcome the leakage problems of IL and liquid electrolytes.

The photovoltaic parameters of DSSCs employing graphene-
based electrolytes (discussed in this review) are summarized in

Photoanode

!

Dye

}

LUMO

Electrolyte

Counter electrode
FTO

Fig. 9 A schematic diagram of the rGO/polymer-based DSSC.**°
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Table 4. Among these, devices with PEO/PVDF-GO and graphene-
PAA/PEG quasi-solid state electrolytes exhibited the best PCEs of
8.78 *® and 9.10%,'” respectively. Furthermore, the graphene-
based quasi-solid state electrolytes helped to overcome the evap-
oration and leakage problems associated with organic solvent and
IL electrolytes, and also increased the ionic conductivity of the
polymer electrolytes.

6. Graphene-based counter
electrode

The counter electrode collects electrons from the external
circuit and injects them into the electrolyte to catalyze the
reduction of I;~ to I" in the redox couple, for dye regenera-
tion.'**** The most commonly used counter electrode material
is Pt on a conductive ITO or FTO substrate, owing to its excellent
electrocatalytic activity for I3~ reduction, high electrical
conductivity for efficient electron transport, and high electro-
chemical stability in the electrolyte system.'®”'*® However, Pt
has several drawbacks, such as high-cost, scarcity in nature and
poor stability due to corrosion from I;~ in the redox couple,
which limit its application, and hence hampers the large-scale
commercialization of DSSCs.'¢>16%17°

To address these shortcomings, several materials, such as
inorganic compounds,”*'”* carbonaceous materials'"”*'* and
conductive organic polymers,”>"7® have been investigated as
potential alternatives to replace or modify the Pt-based cathodes in
DSSCs. Among these, carbonaceous materials, particularly,
graphene-based materials are more appealing due to their low-
cost, abundance, excellent catalytic activity, large specific surface
area, high electrical conductivity, flexibility, and high corrosion
resistance.”””*** Nonetheless, the catalytic activity and electrical
conductivity of graphene-based materials are still too low to match
those of Pt,'® which results in relatively poor device performance.

Also, since the electrocatalytic activity of graphene-based
materials for I3~ reduction increases with the number of
defect sites, e.g., oxygen functional groups in rGO,****** pristine
graphene with a high electrical conductivity, i.e., low charge
transfer resistance, tends to have less active sites for catalyzing
I;~ reduction.'®*' Furthermore, unlike chemical reduction,
which increases the electrocatalytic active sites by disrupting
the sp® conjugation of the graphene lattice, and hence
decreases its electrical conductivity, heteroatom doping has
been proposed to increase the electrocatalytic active sites, with
minor changes in the conjugation length, while increasing the
surface hydrophilicity and electrical conductivity.'®*'%

In this regard, Pt/rGO counter electrodes have been used to
fabricate highly stable DSSCs, which exhibited PCEs of 5.78,'%¢
5.55," 4.73 " and 6.64%."7® Typical cross-sectional field-
emission scanning electron microscopy (FE-SEM) images of the
Pt and Pt/rGO counter electrodes are shown in Fig. 10 (a) and (b),
respectively. Interestingly, most of the Pt/rGO-based devices
outperformed their pristine Pt and rGO-based counterparts.
Therefore, the incorporation of rGO into the conventional Pt
counter electrode not only helps to lower the production cost of

This journal is © The Royal Society of Chemistry 2020
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Table 4 Photovoltaic parameters of DSSCs employing graphene-based electrolytes

Electrolyte Voe (V) Jse (MA cm™?) FF PCE (%) Ref.
poly(IL)/IL/GO) 0.72 8.84 0.76 4.83 154
GO/PMII-DMII 0.74 9.18 0.75 5.09 155
GO-HMA-TMAI/PMII-DMII 0.75 13.11 0.69 6.78 155
GO-HMA-TBAI/PMII-DMII 0.75 16.85 0.66 8.33 155
GO-gelatin 0.75 7.68 0.70 4.02 153
PEO/PVDF-GO 0.80 14.79 0.75 8.78 156
rGO-PEO 0.65 15.46 0.51 5.07 157
rGO-PMMA 0.87 9.83 0.63 5.38 158
rGO-PEO/PVDF-HFP 0.76 8.50 0.71 4.58 159
GNPLs:PEG-PEO/PVDF-HFP 0.64 13.81 0.62 5.45 161
Graphene-PAA/PEG 0.74 17.80 0.69 9.10 162
Acetonitrile/PVAc-graphene 0.64 6.62 0.43 4.57 163
GQDs-IL 0.50 19.57 0.47 4.57 152
GQDs 0.41 16.95 0.32 2.23 152

DSSCs by reducing the quantity of Pt used on the cathode, but
also enhances the device performance and stability.

Pt-free DSSCs consisting of rGO nanosheets as counter
electrodes have been developed by Sarker et al.** and Sahito
et al.,”** with PCEs of 4.04 and 7.80%, respectively. The rGO-
based devices outperformed their GO counterparts, and were
comparable to the Pt-based control devices, owing to the higher
catalytic activity and enhanced electrical conductivity, resulting
from the reduction of GO. This demonstrates the suitability of
rGO as a low-cost, efficient and more stable alternative counter
electrode material in DSSCs.

In another study, Ma et al.** developed a novel Pt-free bilayer
counter electrode consisting of an under-layer of aligned CNTs,
which served as the transition layer for rGO, and the rGO over-
layer, which acted as the catalytic layer. However, the rGO/CNT
composite was adversely affected by aggregation, which was
addressed by surfactant treatment with non-ionic polyethylene
glycol octylphenol ether (Triton X-100), cationic cetylpyridinium
chloride (CPC) and anionic sodium dodecyl benzene sulfonate
(SDBS). Among these, the CPC-functionalized rGO/CNT (CPC-
rGO/CNT) film displayed low interface resistance, and high J.
and FF, which resulted in devices with the best PCE of 3.90%, in
comparison with 3.14% for the rGO/CNT-based devices.

Simple and cost-effective polymer/graphene nanocomposites,
such as polyaniline (PANI)/graphene,'>*** PANI/rGO,'*'* PANI/
GO,”” and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/rGO,*® have also been employed as counter electrodes
in DSSCs, which displayed excellent stability and PCEs of 3.59, 7.45,
7.45, 3.98, 5.47, 6.12 and 9.57%, respectively. This was comparable

Fig. 10 Cross-sectional FE-SEM micrographs of (a) Pt and (b) Pt/rGO
counter electrodes.*®®

This journal is © The Royal Society of Chemistry 2020

to the Pt-based devices, and was attributed to a decrease in inter-
facial charge transfer resistance, owing to the synergy between the
high electron-conducting ability of the graphene-based materials
and excellent electrocatalytic activity of the conducting polymers.
Hence, this paves the way for the future development of conductive
polymer/graphene composites, as low-cost, stable and efficient
alternatives, well-suited to replace the commonly used Pt counter
electrodes in DSSCs.

Recently, N-rGO,"* aniline (AN)-rGO, and nitrobenzene (NB)-
rGO*® counter electrodes have also been used to fabricate
DSSCs, which exhibited PCEs of 4.26, 6.10 and 7.11%, respec-
tively, which were comparable to the Pt control devices, and
outperformed the undoped rGO-based DSSCs, demonstrating
the significance of doping in enhancing the device perfor-
mance. Wei et al.>** also prepared cerium dioxide (CeO,)/N-rGO
nanocomposites, and applied them as counter electrodes in
DSSCs, which exhibited a PCE of 3.20%, as compared to 2.45
and 1.37% for CeO,/rGO and rGO-based devices, respectively.
This was ascribed to the better electrocatalytic activity of the
Ce0,/N-rGO composite, than rGO and CeO,/rGO, due to the
synergistic effect of N and CeO, on rGO.

Tsai et al. employed nanocomposites of rGO/macrocyclic
iron (Fe),® rGO/macrocyclic manganese (Mn),**> rGO/
macrocyclic cobalt (Co),>* and rGO/macrocyclic ytterbium
(Yb),'*® as counter electrodes in DSSCs, as illustrated in Fig. 11,
which had PCEs of 6.75, 7.47, 7.48 and 7.90%, respectively. The
macrocyclic Fe, Mn, Co and Yb complexes were uniformly
grafted onto the rGO surface as molecular catalysts. Further-
more, the redox capacity of the macrocyclic complexes, coupled
with the large surface area and high electrical conductivity of
rGO, led to high electrical conductivity and excellent electro-
catalytic activity of the hybrid counter electrodes, resulting in
comparable device performance, relative to their Pt-based
counterparts. The excellent performance, along with the low
cost and easy fabrication of the rGO/macrocyclic complex
hybrid materials, shows the potential of the nanocomposites as
replacements for the expensive Pt counter electrodes in DSSCs.
However, the excessive incorporation of macrocyclic complexes
onto rGO often leads to an uneven distribution and aggregation
of the complexes, which in turn lowers the electrocatalytic

RSC Adv, 2020, 10, 44453-44469 | 44463
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activity of the resulting nanocomposites, and eventually reduces
the device performance.

Recently, nanohybrids of cobalt sulfide (CosS,)/rGO,**
sulfur-doped tricobalt tetraoxide (S-Co030,)/rGO,** nickel
sulfide (NiS)/rGO,*® cobalt nickel sulfide (CoNi,S,)/rGO,*”
bismuth sulfide (Bi,S;)/rGO,>**® and graphene-based Cu,ZnNiSe,
with tungsten trioxide (WO;) nanorods (G-CZNS@W),**® have been
employed as Pt-free counter electrodes in DSSCs. This resulted in
devices with impressive PCEs of 8.08, 8.24, 9.50, 9.22, 4.78% and
12.16%, respectively, which were comparable to the Pt control
devices. This was attributed to the synergistic effect between the
highly catalytic Co;S,, S-C030,, NiS, CoNi,S,, Bi,S; and CZNS@W
nanoparticles, and the electrically conductive and electrochemi-
cally stable rGO sheets, which paves the way for the development
of more efficient Pt-free and low-cost rGO-based nanohybrid
counter electrodes, for the future generation of DSSCs.

The photovoltaic parameters of DSSCs employing graphene-
based counter electrodes (discussed in this review) are
summarized in Table 5. Among these, devices with G-CZNS@W
counter electrodes exhibited the best PCE of 12.16%,?*° which
outperformed the Pt-based reference devices. This demon-
strates that the synergy between graphene-based materials and
other Pt-free counter electrode materials, such as CNTs, inor-
ganic compounds and conductive polymers, has the potential to
enhance the electrical conductivity, electrocatalytic activity and
electrochemical stability, vital for producing low-cost, high
performance and sustainable DSSCs.

7. Outlook and perspectives

Among the reported studies, devices with hybrid graphene-based
photoanode materials, incorporating transparent electrodes,
such as rGO/FTO and GLC/FTO; semiconducting layers, such as
graphene/NiS, and rGO/graphene/TiO,; ruthenium-based

Electrolyte

Cs)

FTO-coated glass substrate
FTO-coated glass substrate

T

rGO-based

nanocomposite

Dve-sensitized
TiO, nanoparticles

Fig. 11 A schematic diagram of a DSSC with rGO-based nano-
composite counter electrodes.
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photosensitizers, such as GQDs/N719 and graphene/
azulenocyanine/N719, and natural photosensitizers, such as
Gracilaria/GQDs and Ulva/GQDs, exhibited superior performance
to their corresponding devices based on traditional photoanode
materials. Therefore, as a future research direction, it would be
crucial to introduce graphene-based nanocomposites into the
DSSC photoanode to harness the merits of graphene-based
materials, including large-specific surface area, wide and intense
absorption spectrum in the visible region, and high electrical
conductivity, for more sensitizer loading, enhanced photon
absorption, effective photogeneration of electrons and efficient
electron transport. In addition, the excellent stability and less
environmental impact of graphene-based materials, coupled with
the low-cost and environmentally friendly nature of natural dyes,
can facilitate the future realization of sustainable and greener
photoanode materials. Furthermore, the future integration of
graphene-based materials with ruthenium-based dyes can help in
reducing the quantity of the toxic, scarce and expensive
ruthenium-based dyes required during photosensitizer prepara-
tion, thereby facilitating the fabrication of less expensive, clean
and safe devices.

On the other hand, devices with the graphene-based quasi-
solid state electrolytes, such as PEO/PVDF-GO and graphene-
PAA/PEG, exhibited the best PCE and stability, relative to the
traditional electrolytes. Thus, future research on graphene-

Table 5 Photovoltaic parameters of DSSCs with graphene-based
counter electrodes

Counter electrode Vo (V)  Jsc (MAcm™?)  FF PCE (%) Ref.
Pt/rGO 0.69 13.30 0.63 5.78 186
Pt/rGO 0.68 12.27 0.66 5.55 187
Pt/rGO 0.73 7.03 0.69 4.73 188
Pt/rGO 0.73 13.49 0.68 6.64 178
rGO 0.69 9.89 0.59 4.04 189
rGO 0.69 14.35 0.78 7.80 190
rGO/CNT-CPC 0.71 8.80 0.63 3.90 191
rGO/CNT 0.71 7.35 0.60 3.24 191
PANI/graphene 0.71 10.68 0.47 3.59 192
PANI/graphene 0.79 15.50 0.62 7.45 193
PANI/graphene 0.79 15.50 0.62 7.45 194
PANI/rGO 0.63 12.58 0.55 3.98 195
PANI/rGO 0.79 11.50 0.59 5.47 196
PANI/GO 0.71 12.91 0.67 6.12 197
PEDOT:PSS/tGO 0.78 16.11 0.76 9.57 198
N-rGO 0.65 12.06 0.54 4.26 199
AN-rGO 0.72 14.11 0.60 6.10 200
NB-rGO 0.72 15.92 0.62 7.11 200
CeO,/N-1GO 0.65 7.78 0.64 3.20 201
rGO/Fe 0.74 17.69 0.51 6.75 4

rGO/Mn 0.74 17.20 0.58 7.47 202
rGO/Co 0.76 17.34 0.57 7.48 203
rGO/Yb 0.75 15.87 0.66 7.90 166
C0354/rGO 0.76 15.70 0.68 8.08 204
S$-C030,/rGO 0.76 15.90 0.69 8.24 205
S-rGO 0.74 13.00 0.56 5.37 205
NiS/rGO 0.75 16.35 0.78 9.50 206
CONi,S,/rGO 0.67 16.34 0.84  9.22 207
Bi,S,/rGO 0.72 14.14 0.48  4.78 208
G-CZNS@W 0.88 24.70 0.56  12.16 209
G-CZNS 0.86 21.21 0.48 8.75 209

This journal is © The Royal Society of Chemistry 2020
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based composite electrolytes is expected to further improve not
only the PCE, but also the long-term operational stability of
DSSCs, through the creation of interconnected networks, which
not only act as efficient electron transport pathways, but also
facilitate the formation of quasi-solid state electrolytes. This, in
turn, helps to overcome the leakage and evaporation problems
of organic solvents and IL electrolytes, as well as increasing the
ionic conductivity of polymer electrolytes.

Also, DSSCs with graphene-based counter electrodes, such as
G-CZNS@W, G-CZNS, PEDOT:PSS/rGO and NiS/rGO, out-
performed the reference devices based on traditional materials,
e.g., Pt. Hence, as a future research direction, it would be vital to
take advantage of the synergy between graphene-based materials
and other Pt-free counter electrode materials, such as inorganic
compounds, CNTs and conductive polymers, to fabricate hybrid
graphene-based counter electrodes with improved electro-
catalytic activity, electrical conductivity and electrochemical
stability. If done, this is envisaged to result in future devices with
low-cost, high efficiency and excellent stability.

8. Conclusion

In this review, the recent applications of graphene-based
materials in the fabrication of the basic components of
DSSCs, such as the photoanodes, electrolytes and counter
electrodes, have been presented with a major focus on
improving the device performance and sustainability. Hence,
this study addresses the current global issues, such as the
exhaustion of conventional non-renewable energy sources,
environmental pollution, and climate change. Solar energy,
a renewable energy source, has been proposed as a potential
alternative to the commonly used non-renewable fossil fuels
due to its abundance in nature and environmental friendliness.
However, the large-scale production of devices utilising solar
energy is still limited by the complicated fabrication proce-
dures, high cost and rigidity of the widely used silicon-based
solar cells that have already been commercialized. Being moti-
vated by this, several researchers have gained significant
research interest in the fabrication of DSSCs, as low-cost, light-
weight, flexible and easily scalable alternative devices, with
facile fabrication procedures that incorporate readily available
materials with less impact on the environment. Nonetheless,
the PCE and long-term operational stability of DSSCs are still
not favourable for commercial applications. To the best of our
knowledge, this can be enhanced by optimizing the properties
of the various device components. In this regard, recent efforts
have been made to develop new materials for the fabrication of
the various DSSC components, of which graphene and its
derivatives, such as GO and rGO, are more appealing owing to
their remarkable mechanical, chemical, thermal and optoelec-
tronic properties, together with their low-cost, solution-
processability, non-toxicity, elemental abundance and flexi-
bility. In particular, the high optical transmittance and high
electrical conductivity of graphene-based materials allow their
application as photoanodes in DSSCs. On the other hand, their
excellent catalytic activity and unique 2D packed structure
enable their use as counter electrodes, and renders them with

This journal is © The Royal Society of Chemistry 2020
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long-term stability. Also, their large specific surface area, wide
and intense absorption spectrum, and continuous inter-
penetrating networks, facilitate more dye-loading, effective
photon harvesting, and efficient charge carrier generation and
transport. Although graphene-based DSSCs have attracted
considerable research attention, most fabricated devices are
still relatively less stable and inefficient for practical applica-
tions. Over the last three years, ie., 2018-2020, the PCE of
graphene-based DSSCs has significantly increased from ~0.13
to above 12.00% and can be further improved to approach
above 26%, which has been achieved by silicon-based solar cells
that have already been commercialized. Among the studies re-
ported in this work, devices with hybrid graphene-based mate-
rials, such as rGO/FTO transparent electrodes, graphene/NiS,
semiconducting layers, GQDs/N719 photosensitizers or
Gracilaria/GQDs photosensitizers, graphene-PAA/PEG quasi-
solid state electrolytes and G-CZNS@W counter electrodes,
exhibited superior performance to their corresponding devices
based on traditional materials. Therefore, as a future research
direction, optimization of the optoelectronic properties of the
DSSC components, via approaches, such as incorporating novel
graphene-based nanocomposites, chemical doping and inter-
facial engineering, while at the same time reducing the
dependency on expensive, scarce and toxic traditional mate-
rials, is envisaged to pave the way for the low-cost fabrication,
and commercialization of high performance, while ensuring
a sustainable future generation, of all-carbon-based DSSCs.
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