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Abstract
To utilize abundant solar energy, dye-sensitized solar cells (DSSCs) have attracted researchers’ attention due to many reasons, 
such as low production costs, easy fabrication methods, low toxicity of the materials, and relatively high-power conversion 
efficiencies. The use of expensive metal-dye complexes, the lack of long-term stability due to the use of liquid electrolytes, 
and the use of rare and expensive Pt as the CE are the major drawbacks preventing the large-scale production of DSSCs. 
However, recent studies showed alternative materials can be used to enhance the DSSC performance. The unique properties of 
graphene make it an ideal additive to improve the functions of all three components of DSSCs. Graphene’s high optical trans-
mittance and electron mobility are suitable to improve transparent conducting substrates and nanostructured wide bandgap 
semiconductor layers of the photoelectrode. Graphene quantum dots have a wide absorption spectrum and thus can be used as 
photosensitizers. High catalytic activity, high electrical conductivity, high corrosion resistance, and a larger specific surface 
area make graphene and its composites suitable for making CEs. In addition, graphene has been used to improve composite 
electrolytes intended for DSSCs. Considering all these facts, this article reviews the recent developments and applications 
of graphene-based materials in photoelectrodes, electrolytes and CEs and the possible uses of graphene to improve DSSCs.

Keywords Energy conversion, Photoanode · Counter electrode · Composite electrolyte · Graphene · Efficiency 
enhancement

Introduction

Due to the ever-increasing complexity of the human lifestyle, 
the demand for energy and energy sources has increased 
exponentially in recent years. Therefore, different sources of 
energy such as hydropower, natural gases, petroleum, wind 
power, nuclear power, geothermal, solar, etc. have been 
exploited to satisfy rapidly increasing energy demand [1, 2]. 
Renewable energy sources are described as energy sources 

where the rate of replacing them with natural processes is 
greater than the rate of consumption. They include solar 
energy wind energy hydro energy and geothermal energy, 
etc. Most of the abovementioned renewable resources and 
their conversion process to usable energy forms such as elec-
tricity are clean and eco-friendly since they produce low to 
zero carbon emissions and are therefore less damaging to the 
environment compared to non-renewable sources like coal 
and oil. The rate of consumption of non-renewable energy 
sources is higher than the rate of replacing it by means of 
natural processes. They include fossil fuels and nuclear 
energy etc. These sources can be easily extracted and used, 
but they cannot be easily replenished. Energy conversion 
process of these release large amounts of greenhouse gases, 
and toxic and harmful waste products and have negative 
impacts on the environment. Despite their negative impacts 
on the environment, non-renewable energy sources continue 
to dominate the world's energy supply. There is an increasing 
trend of research and development to reduce the reliance on 
these problematic nonrenewable sources [3–5]. Harnessing 
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solar energy to fulfil energy need is a sustainable and ecof-
riendly alternative.

Solar energy

Out of all the energy sources available, the solar energy is a 
prominent source of energy because it is a reliable and cost-
effective source, highly abundant, environmentally friendly, 
and most importantly, a renewable source of energy. The use 
of solar energy is not a wonder because it is used by nature 
in the process called photosynthesis, which helps to sustain 
life on the planet [6].

Photovoltaic systems

Photovoltaic (PV) cells directly convert sunlight into elec-
tricity. The most common PV cells in terms of cost, mass 

production, durability, and relatively high-power conversion 
efficiency are those manufactured using crystalline silicon, 
but many types of solar cells have emerged. Figure 1 gives 
the highest recorded efficiencies of different types of solar 
cells up to 2024 [7]. As shown in Fig. 1 multi-junction cells 
have recorded the highest power conversion efficiency (PCE) 
of 47.6% while that of single junction devices of GaAs and 
Si based cells are about 30% and 27%, respectively. In addi-
tion, recently developed organic inorganic perovskite solar 
cells have shown PCE of 25.7%. Dye-sensitized solar cells 
(DSSCs) have shown a maximum PCE of about 13–15%, 
thus the lowest of the cell types shown in Fig. 1 [6, 8, 9].

Figure 2 shows a comprehensive overview of published 
research papers in the field of dye-sensitized solar cells over 
past decades. For DSSCs, the number of published papers 
peaked about 10 years ago, papers referring to graphene 
have a more recent trend but also in that case the peak was in 

Fig. 1  Highest recorded effi-
ciencies for different types of 
solar cells as of 2024 [7]

Fig. 2  The number of publica-
tions from the period 1995-2023 
containing the word, a) Dye 
+ sensitized + solar + cell” in 
the title, abstract, or keywords. 
b) Dye + sensitized + solar + 
cells + graphene” in the title, 
abstract, or keywords from the 
period 2008-2023. Data source: 
Scopus (28th Jan. 2024)
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2016. Although this seemingly declining interest for DSSCs 
and the low PCE the work on integrating graphene in this 
type of solar cell is intense and is expected to lead to impor-
tant improvements of performance. This review will thus 
focus on the possibilities of improvements of DSSCs that 
are perceived by the introduction of graphene.

Dye‑sensitized solar cells

A DSSC operates through a unique photovoltaic mechanism. 
In a DSSC, a semiconducting material (in general,  TiO2) is 
coated with light absorbing dye. Once the sensitizer is irradi-
ated, the electrons of the highest occupied molecular orbital 
(HOMO) are excited and get injected into the semiconduct-
ing layer, generating a photocurrent. The injected electrons 
flow through the semiconductor creating an electrical cur-
rent in the external circuit. The electrolyte regenerates the 
dye by donating electrons to the photoexcited dye molecules 
and the electrolyte regenerates by capturing the electrons 
from the counter electrode (CE).

DSSCs are known for their low production cost, easy 
fabrication methods and promising future, in spite of a 
relatively low PCE and have gained much attention from 
researchers during the last three decades. DSSCs mimic 
the energy harvesting process in natural photosynthesis, 
and dye sensitization was first used in photography [10]. In 
1976, Tsubomura first reported a dye-sensitized ZnO pho-
toelectrochemical cell using a redox couple as an electrolyte 
[11]. The current generated by this process was very small 
because only a monolayer of dye was present on the rather 
flat photoactive surface. In 1985, Desilvestro reported that 
rough-surfaced  TiO2 with Ruthenium dye yielded higher 
photoconversion efficiency due to increased dye adsorp-
tion because of the large surface area of the nanostructured 
photoanode [12]. In all these studies, the light harvesting 
efficiencies were around 1% because a monolayer of dye 
was used, which was unable to harness the entire incoming 
solar energy. However, in 1991, a breakthrough discovery 
by O’Regan and Michael Gratzel reported a PCE of 7% in 
a DSSC using mesoporous  TiO2 and an iodide/tri-iodide 
redox couple [13]. Since then, research and development 
of the DSSCs have been accelerated and many new modi-
fications have been done to the structure of the DSSCs to 
achieve higher and higher efficiencies of 10.4% in 1993 [14], 
11.1% in 2006 [15], 12.5% in 2004 [16], in 2015 14.3% [8] 
and highest efficiency ever recorded for a DSSC of 15% 
in 2023 [9]. However, compared with traditional Si-based 
solar cells, DSSCs still have considerable drawbacks like 
low PCE, poor long-term stability, dye degradation, leakage 
of liquid electrolytes, and high sensitivity of polymer elec-
trolytes to temperature variations, etc. To solve these prob-
lems and improve DSSC technologies, many recent studies 
have been carried out. More recently, the use of graphene 

and graphene-based materials in DSSCs has attracted much 
attention, and this development will be reviewed in detail 
below.

Action of a dye‑sensitized solar cell

A traditional DSSC is composed of three main components: 
a working electrode (WE) or photoanode, an electrolyte, and 
a counter electrode (CE). The photoanode or working elec-
trode consists of thin oxide layers coated on a transparent 
sheet of glass, first a very thin layer of conductive oxide, the 
two most common are indium tin oxide (ITO) or fluorine 
tin oxide (FTO) [17–19]. A nanostructured wide-bandgap 
semiconductor material (such as  TiO2,  SnO2, ZnO or their 
composites) is coated on top of the conductive layer. This 
semiconductor layer absorbs the photosensitizer (ruthe-
nium dye complexes) in order to allow photogeneration and 
transport of electrons. The electrolyte is a redox couple (in 
general, tri-iodide/iodide) for the regeneration of the dye 
molecules by transferring electrons collected from the CE 
during its operation cycle, and the electrolyte is sandwiched 
between the WE and CE [20–22]. .The CE is a glass sheet 
mainly coated with the catalyst (platinum), which allows 
the electrons to flow freely from the external circuit to the 
electrolyte and dye where regeneration and recombination 
reactions take place [23–25]. Figure 3 represents the basic 
components and working principle of a dye-sensitized solar 
cell [26].

Working electrode (WE)/photoanode

The working electrode or the photoanode of a DSSC consists 
of a transparent conductive oxide (TCO) layer coated on 
a glass substrate. On top of this TCO layer, a mesoporous 
wide-band gap nanocrystalline thin film is coated to which 
a layer of dye is adsorbed. The TCO layer should be highly 
transparent to visible light to maximize the cell efficiency 
by transmitting an optimum amount of light to the dye layer 
[27, 28]. In addition, it should exhibit high electrical con-
ductivity to achieve efficient charge transport.

Typically, these TCO layers are deposited on glass or 
polymeric substrates. Glass substrates offer higher inertness, 
safety, transparency, and robustness for the DSSC, while 
polymer substrates offer lightweight, low-cost, and flexibility 
for the DSSC design. Various n-type semiconductor metal 
oxides are used as TCO layers, such as fluorine-doped tin 
oxide (FTO), indium-doped tin oxide (ITO), fluorine-doped 
zinc oxide, and aluminum-doped zinc oxide. However, FTO 
and ITO fulfill common industrial standards as they can eas-
ily be deposited on soda-lime glass substrates [29, 30]. Layer 
deposition techniques include atomic layer epitaxy [31], 
chemical vapor deposition (CVD) [32], and spray pyrolysis 
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deposition (SPD) [33–35] which are the most common and 
widely used techniques.

The nanocrystalline semiconductor thin film provides the 
active surface area for dye absorption and provides the route 
for electron transport from excited dye molecules to the TCO 
current collector (substrate) via injecting electrons into the 
conduction band of the semiconductor thin film. The utili-
zation of porous nanostructured thin film enables a larger 
surface area for dye adsorption [36, 37]. The thickness of 
the semiconductor thin film also plays a critical role in dye 
adsorption. The larger the thickness of the film, the larger the 
amount of dye adsorbed [38, 39]. However, the higher thick-
ness does not mean the cell can achieve higher efficiency 
because as the layer thickness increases, the injected elec-
trons will have to travel a greater distance inside the film. 
This leads to an increase in recombination and an increase 
in the resistance for the electrons to move toward the TCO 
layer. Therefore, the layer should be at its optimum thick-
ness to achieve a higher efficiency as well as minimize the 
recombination process.

Typically, nanostructured semiconductor thin films 
intended for DSSCs consist of particle sizes in the range 
of 13–25 nm [40–42] with varying layer thickness from 1 
to 15 μm [43]. The electron transport rate inside this semi-
conductor thin film depends on the morphology, crystal-
linity, and surface area of the material [27]. Researchers 
have designed and developed a variety of materials such 
as nanorods, nanotubes, nanowires, nanoflowers, and tet-
rapods to fabricate this semiconducting layer [44–47]. The 
most common wide-bandgap semiconductor oxides used in 
fabricating thin films for DSSCs are  TiO2, ZnO,  SnO2 and 
 Nb2O5 [48–51]. Dominant film preparation methods include 
spin coating [52–54], doctor-blade method [55, 56], screen 
printing [57], and spraying technique [58, 59].

Remarkable cell stability for DSSCs can be attained by 
using improved photoanodes and electrolytes. In the study, 
Bella et al. [60] developed  TiO2 micropillar-photoanodes 
by patterning them with the help of the standard soft lithog-
raphy technique using a poly(dimethylsiloxane) stamp. The 

authors reported high stability on prolonged aging over 2000 
h at 50°C for gel polymer electrolyte-based DSSCs.

Compared to other semiconductor oxides, titanium diox-
ide shows excellent stability in visible irradiation conditions 
and can perform well in extreme conditions such as high 
temperatures, etc. Being non-toxic, widely available, and 
economically friendly make  TiO2 a promising and leading 
material for the industrial manufacturing of DSSCs.  TiO2 
has three crystalline forms, namely anatase, rutile, and 
brookite. Both anatase and rutile phases are tetragonal in 
shape, in which  Ti4+ is six-fold coordinated to oxygen atoms. 
The main difference between these two structures is the posi-
tion of the oxygen atoms. The anatase phase has a smaller 
average distance between  Ti4+ atoms compared to the rutile 
phase; this makes the anatase phase less thermodynamically 
stable [61]. Brookite phase is not widely abundant, and due 
to the difficulty in producing, it is not considered as a suit-
able material to fabricate DSSC photoanodes. The bandgap 
(Eg) of anatase is 3.2 eV at 388 nm, and bandgap of rutile 
is 3.0 eV at 413 nm [62, 63]. Due to its higher bandgap and 
well-matched position of the conduction band, to the excited 
electron level of the dye molecules, the anatase phase is 
more favorable for DSSC applications. The high dielectric 
constant of anatase  TiO2 (ε = 80) prevents the recombina-
tion of injected electrons with oxidized dye molecules, and 
the high refractive index of anatase  TiO2 (n = 2.3) provides 
higher diffuse scattering of incident light inside porous semi-
conductors enhancing the optimum light absorption [64, 65].

Photosensitizer/dye

In a typical DSSC, the photosensitizer or dye is the photo-
active material, and the cell can produce electricity once it 
is sensitized by light. The dye’s light harvesting efficiency 
determines the DSSC’s overall final efficiency. The main 
function of dye is to absorb photons from incident light and 
inject the excited electrons into the conduction band of the 
semiconductor thin film. An efficient dye should have the 
following properties [66, 67].

Fig. 3  Schematic representation 
of the components and of the 
basic operating principle of a 
DSSC
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 I. Absorption spectra of the dye should be as broad as 
possible even covering UV-Vis and near-IR regions.

 II. The HOMO level of the dye should be at a lower 
energy level than the redox potential of the electro-
lyte and the lowest unoccupied molecular orbital 
(LUMO) level of the dye must be sufficiently high 
for efficient charge injection to n-type semiconductor.

 III. The hydrophobic nature of dye to enhances the long-
term stability of the cell.

 IV. Availability of suitable co-absorbents like carboxylic 
acid (-COOH), phosphoric acid(-H2PO3), or sulfonic 
(-SO3H) acid to prevent dye aggregation over the 
 TiO2 surface.

Considering those factors, scientists have developed two 
main dye groups, namely, metal complex sensitizers and 
metal-free organic sensitizers. Metal complex sensitizers are 
dyes based on Ru [68, 69], Zn [70], Os [71], Pt [72], Cu [73], 
and Fe [74] have been potential candidates for DSSC appli-
cations. These photosensitizers contain a central metal ion 
with ancillary ligands having at least one anchoring group ( 
Fig. 4) [61]. Metal-free organic sensitizers are based on 
indoline dyes [75, 76], coumarin dyes [77], carbozole dyes 
[78] and tetrahydroquinoline dyes [79]. These metal-free 
organic sensitizers present several advantages over metal 
dye complexes, including being less expensive, easy adjust-
ability of their properties, and high absorption. However, 
the performance of these organic dye complexes is relatively 
low when compared with metal complexes [80].

Electrolyte

The electrolyte is one of the most important components 
of a DSSC. The electrolyte is responsible for inner charge 
transport between electrodes and contains a redox couple 
(typically, tri-iodide / iodide) for the recovery of the dye 
and regeneration of the electrolyte during the operation. 
It is sandwiched between the photoanode and the CE. The 

efficiency of a DSSC is mainly governed by three basic fac-
tors: short-circuit current density (Jsc), open-circuit voltage 
(Voc) and the fill factor (ff). All these parameters are sig-
nificantly affected by the properties of the electrolyte in the 
DSSC. For instance, the Jsc is affected by the transport of 
the redox couple components of the electrolyte, the Voc can 
be affected by the redox potential of the electrolyte, and the 
fill factor can be affected by the diffusion of the charge car-
riers in the electrolyte and charge transfer resistance between 
the electrolyte/electrode interface [20]. To obtain maximum 
efficiency from a DSSC, an electrolyte should have the fol-
lowing properties:

 I. Should have high ionic conductivity in particular 
redox species shuttles between WE and CE

 II. The redox couple should be able to regenerate dye 
efficiently. Redox potentials should be compatible 
with the respective Fermi levels of the photoanodes.

 III. Should be long-term chemical, thermal and electro-
chemical stable.

 IV. Should be noncorrosive towards DSSC components 
and should provide good interfacial contact between 
the WE and CE.

 V. Absorption spectra of the electrolyte should not over-
lap with the dye (especially for back-side illumination 
and tandem structure).

By considering the above key factors, researchers have 
developed three main kinds of electrolytes: solid electro-
lytes, liquid electrolytes, and quasi-solid-state electrolytes 
(gel polymer electrolytes). Typical liquid electrolytes are 
easy to prepare, and they provide high ionic conductivity 
and better interfacial contact at the electrode-electrolyte 
interface. DSSCs fabricated with water-based liquid elec-
trolytes showed some appreciable results [81, 82]. However, 
evaporation and leakage of the liquid components during 
long-term usage, ineffective sealing ability, and corrosion 
of the electrodes make the DSSC prepared with liquid 

Fig. 4  The structures of widely used ruthenium-based dyes in photoelectrochemical solar cells
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electrolytes to degrade in performance over time. However, 
as of today, a maximum efficiency of 14% for a DSSC has 
been achieved using liquid electrolytes [8, 83]. The use of 
solid electrolytes helps to overcome these problems because 
of their long-term physical and chemical stability but poor 
ionic conductivity and difficulty in improving charge trans-
port properties researchers have focused on quasi-solid-state 
electrolytes (including gel polymer electrolytes) [84]. They 
are a compromise of the positive and negative effects of 
liquid and solid electrolytes, and offer better ionic conduc-
tivity, better sealing ability, and better long-term stability, 
and minimize the evaporation and leakage of liquid compo-
nents. For instance, improved electrolytes for DSSCs using 
self-standing quasi-linear polymer electrolyte membranes 
reported 93% PCE retention after 500 h aging [81].

Counter electrode (CE)

The CE completes the electron transfer process from the 
photoanode to the electrolyte via an external circuit. The 
functional efficiency of the CE has a huge impact on the 
overall performance of the DSSC. An ideal CE should have 
high electrical conductivity, better long-term stability, and 
high electrocatalytic activity. Platinum is a perfect CE mate-
rial for tri-iodide/iodide redox electrolyte systems. However, 
due to the higher cost of platinum and limited availability, 
large-scale manufacturing of the DSSCs becomes a huge 
problem, and research is needed to find low-cost, highly 
abundant materials with good electrical conductivity to be 
used as CEs. In this regard, carbon-based materials such as 
graphene, carbon nanotubes, and nanorods stand out as novel 
materials due to their very promising characteristics.

Working principle of a DSSC

The working process of a DSSC differs substantially from 
that of first- and second-generation solar cells as it is closely 
related to natural photosynthesis, where light absorption and 
charge transfer are carried out by different substances. There 
are five major steps involved in the operation of a DSSC. 
Figure 5 depicts a schematic diagram to represent the work-
ing principle of a DSSC [85].

There are 5 major steps involved in the process of con-
version of light into electrical energy. Once the DSSC is 
illuminated by light, photons are absorbed by the dye mole-
cules and electrons are get excited into LUMO from HOMO 
(Excitation).

Then, these excited electrons are injected into the CB 
of nanocrystalline  TiO2 and the dye becomes oxidized 
(Injection).

(1)S + h� → S∗

These excited electrons are diffused through the CB of 
nanocrystalline  TiO2 and flow toward the TCO layer. These 
photogenerated electrons travel through an external circuit 
to generate electrical energy (Energy generation).

At the same time, oxidized dye molecules regenerate by 
accepting electrons from the reduced redox couple (Regen-
eration of the dye).

Finally, the oxidized redox couple regenerates at the 
cathode by accepting electrons from the cathode (Electron 
capture).

In the meantime, as this energy generation happens, 
recombination reactions also occur, which will result in 
a degradation of the energy generation rate of the DSSC. 
In Fig. 3, step 6 represents these recombination reactions. 
Three main types of recombination can occur inside a DSSC:

 I. Electron recombination by donating electrons to 
oxidized dye rather than going through an external 
circuit,

 II. Electron recombination by donating electrons to oxi-
dized redox couple and

 III. Relaxation of the excited dye molecules to the ground 
state via a nonradiative decay process.

(2)S∗ → S+ + e
−
(

TiO2

)

(3)e
− + TiO2(CB) → TiO2 + e

−(CB) + electrical energy

(4)2S+ + 3I− → 2S + I−
3

(5)I−
3
+ 2e− → 3I−

Fig. 5  Schematic representation of the basic operating principle of a 
DSSC
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These recombination reactions are disadvantageous when 
enhancing the performance of a DSSC. New materials have 
to be found and research has to be done to improve DSSC 
properties [23].

Graphene

Graphene is a novel multi-functional material that is just a 
single atom thick and arranged in a hexagonal honeycomb 
lattice structure with  sp2-bonded carbon atoms. Graphene 
has gained researchers’ attention due to its electrical, physi-
cal, and chemical properties, including higher conductivity, 
transport, chemical inertness, thermal conductivity, optical 
transmittance, and hydrophobicity at the nanometer scale 
[86, 87]. Since its discovery in 2004, graphene has been one 
of the most extensively studied materials in the last decade 
[88]. Due to their groundbreaking discovery and work on 
graphene, scientists Andre Geim and Konstantin Novoselov 
won the 2010 Nobel Prize in Physics [89]. First, graphene 
was extracted using micromechanical cleavage, and this 
method allows easy production of high-quality graphene 
crystallites [88]. Graphene is considered a zero-bandgap 
semiconductor, and its unique properties produce unexpect-
edly high opacity for an atomic monolayer with a very low 
absorption ratio of visible light [90]. Exceptional electrical 
properties of graphene have attracted future electronic appli-
cations such as ballistic transistors, field emitter transistors 
(FET), integrated circuits (IC), and transparent conductive 
electrodes for applications such as solar cells, batteries, and 
sensors. Due to its high electron mobility and low Johnson 
noise, it can be utilized in the channel of FETs. Due to its 
high electrical conductivity and high optical transparency, 
graphene is a suitable candidate for transparent conducting 
electrodes, which are used in dye-sensitized solar cells, elec-
trochromic devices, battery electrodes, organic photovoltaic 
cells (OPC), and organic light-emitting diodes (OLED) [91].

Typically, graphene is characterized by its number of lay-
ers as very few-layer graphene (vFLG, 1-3 layers of carbon), 
few-layer graphene (FLG, 2–5 layers), multi-layer graphene 
(MLG, 2–10 layers), or graphene nanoplatelets (GNP, stacks 
of graphene sheets that can consist of multiple layers). How-
ever, in addition to carbon layers, graphene comes in differ-
ent commercial forms: graphene oxide (GO, a compound 
of C, O, and H), reduced graphene oxide (rGO, less O and 
H, more C), graphene powders and pastes, graphene nano-
platelets (with a thickness between 1 and 3 nm and lateral 
dimensions ranging from 100 nm to 100 microns), and func-
tionalized graphene, which adds elements to the surface or 
edges of the graphene for some applications [92]. Figure 6 
represents different forms of functionalized graphene avail-
able today [93]. Graphene quantum dots are emerging as a 
suitable material to enhance efficiency in DSSCs [94].

Preparation of graphene and functionalized graphene

Many advanced methods for synthesizing graphene have 
been developed since its discovery in 2004 by Geim and 
Novoselov using the now famous as Scotch tape method. 
The main concern in synthesizing graphene is producing 
samples with low defect density and high carrier mobility. 
However, there is currently no advanced method to syn-
thesize such high quality as early mechanical exfoliation. 
However, this mechanical exfoliation is much more time-
consuming and limited to small-scale production [95]. How-
ever, for graphene to be used in industrial and large-scale 
applications, methods for producing it with high quality at 
a low-cost must be developed. These synthesis processes 
should be highly reliable, scalable, and cost-effective, with 
high graphene yields [96–98].

There are two main approaches in synthesizing graphene: 
top-down methods and bottom-up methods [99, 100]. The 
Most common top-down methods are mechanical exfoliation 
[101], arc discharge [102], and liquid phase exfoliation [103, 
104]. These methods destroy large chunks of precursors 
such as graphite and other carbon-based precursors to form 
nanoscale graphene. Generally, these top-down methods are 
highly scalable and produce very high-quality graphene, but 
the difficulty in producing products with consistent proper-
ties is a disadvantage of the method. In bottom-up method 
synthesizes graphene by combining other smaller constitutes 
materials. Most common bottom-up methods include chemi-
cal vapor deposition (CVD) [105, 106], epitaxial growth 
[107, 108], template route synthesis [109] and total organic 
synthesis [110]. Even though bottom-up methods produce 
very high-quality, defect-free graphene, the high production 
cost and need of highly advanced instrumentation and syn-
thesizing techniques are major disadvantages when using 
them in commercial applications [85]. Synthesis methods of 
graphene are illustrated in Fig. 7, and Table 1 represents the 
comparison of the properties of graphene synthesized using 
different synthesizing methods [81].

Discussion and review

Graphene for dye‑sensitized solar cells

The United States National Research Council (USNRC) 
evaluates the abundance of all types of minerals found in 
the earth’s crust. Among this list, 11 critical elements have 
emerged showing a huge demand by manufacturing indus-
tries, including copper, gallium, indium, lithium, manga-
nese, niobium, some platinum group metals, and some rare-
earth elements, as assessed by a criticality matrix, which is 
shown in Fig. 8 [117].
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For the growth of the solar cell and semiconductor indus-
tries, minerals such as silicon, tellurium, gallium, platinum, 
and indium are critically important. Among these critical 
elements, platinum and indium are found to be the most 

important minerals from the point of view of their future 
availability, exhaustion of natural resources, economic and 
environmental acceptability, and some geopolitical concerns 
as well. Therefore, it has become a priority to find low-cost, 

Fig. 6  Illustration of structures 
of different forms of graphene: 
a) graphene oxide (GO), b) 
Pure graphene, c) functional-
ized graphene, and d) reduced 
graphene oxide (rGO)

Fig. 7  An illustration of various 
synthesis methods of graphene
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highly abundant, and organic substitutes to power up the 
solar cell industry. For example, indium tin oxide (ITO) has 
been used in manufacturing electronic components, trans-
parent electrodes, and the fabrication of solar cells. Another 
important metal is platinum. It is more valuable than gold 
and is used in catalytic technologies, chromotherapy, elec-
tronic component manufacturing, and many solar cell appli-
cations as the CEs. Therefore, researchers are currently aim-
ing at producing low-cost, highly abundant substitutes for 
these expensive and rare metals.

Graphene‑based transparent conducting electrodes 
in DSSCs

Transparent conducting electrodes (TCEs) are required for 
DSSCs and other electronic device components such as 
electrochromic glasses, LCDs, and touchscreens. Indium tin 
oxide (ITO) and fluorine-doped tin oxide (FTO) are widely 
used TCE materials due to their high optical transparency, 
conductivity, and low sheet resistance. However, due to its 
high cost, scarcity, and brittleness, both academia and indus-
try have experimented with alternative TCE substitutes. One 

of the promising candidates is carbon-based materials such 
as graphene and carbon nano-tubes. Graphene, synthesized 
from carbon-based materials, which are one of the most 
abundant materials on the planet with no signs of scarcity 
or depletion. Graphene-based materials offer very high cata-
lytic activity, close to that of platinum (> 90%), and they 
offer very high optical transparency and higher flexibility 
to fabricate devices. Graphene and graphene oxide layers 
can be used to replace FTO and ITO thin films since these 
materials show high light transmittance and high electrical 
conductivity.

Li et al. [118] reported a sheet resistance of 2.1 kΩ/sq 
for single-layer graphene and 350 Ω/sq for 4-layer graphene 
with ~90% optical transparency at a wavelength of 550 nm. 
Therefore, both the optical transparency and resistance of 
the graphene decrease as the number of graphene layers 
increases. High optical transparency, low sheet resistance, 
and higher carrier mobility are critical factors when con-
sidering a suitable substrate to prepare photoelectrode for 
a DSSC. Therefore, graphene fits perfectly to develop as a 
transparent conductive electrode material [106].

Bae et al. [119] reported a sheet resistance of 30 Ω/sq 
at 90% of optical transparency for a 4-layer graphene film 
prepared by layer-by-layer method and a sheet resistance of 
125 Ω/sq at 97.4% of optical transparency for CVD-grown 
monolayer graphene. Bonaccorso et al. [120] reported that 
the optical absorption of graphene is proportional to the 
number of layers, each absorbing ~2.3% over the visible 
spectrum, and with 4 layers of graphene, an optical transmit-
tance of ~90% can be achieved. In 2008, Wang et al. [121] 
were the first to report on using graphene materials as TCE 
in a DSSC. The film was fabricated using exfoliated graph-
ite oxide, followed by thermal reduction. The obtained film 

Table 1  Comparison of graphene synthesis methods. Shows the 
typical number of layers produced, size of graphene layers (largest 
dimension) and mobility on Si/SiO2

Method Layers Size Mobility  (cm2  V-1  s-1)

Exfoliation 1 to 10+ 1 mm [111] 15000 [112]
Thermal SiC 1 to 4 50 μm [113] 2000 [100]
Ni-CVD 1 to 4 1 cm [114] 3700 [101]
Cu-CVD 1 65 cm [115] 16000 [116]

Fig. 8  Criticality Matrix 
derived from the NRC Study 
“Minerals, Critical Minerals, 
And the U.S. Economy” [117]
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exhibits a high conductivity of 550 S  cm-1 and transparency 
of more than 70% over the 1000–3000 nm wavelength range. 
With this TCE, the authors achieved a PCE of 0.26% under 
stimulated solar light of intensity 98.3 mW  cm-2. In another 
study reported by Selopal et al. [122] few layers of poly-
crystalline graphene were prepared by CVD and achieved 
an outstanding PCE of 2% under one sun irradiation (1.5 
AM, 100 mW  cm-2). This was the highest ever recorded 
efficiency for that kind of cell up to that time, using gra-
phene as a TCE material. In another study, Roh et al. [123] 
prepared surface-modified FTO substrates with rGO sheets 
using the Langmuir-Blodget (LB) technique to decrease the 
charge recombination at the  TiO2/FTO interface. By using 
graphene modified FTO substrates the surface resistance at 
the  TiO2/FTO interface was reduced and they were able to 
achieve an excellent PCE of 8.44%. For a better comparison 
significant Voc, Jsc, ff and PCE values of the DSSCs prepared 
using different TCEs are tabulated in Table 2.

Graphene‑based semiconducting layers in DSSCs

Materials such as mesoporous nanocrystalline  TiO2,  SnO2, 
and ZnO have been widely used as semiconducting materials 
in DSSC photoanodes. The dye molecules inject electrons 
into this layer, and electrons are then diffused to the cur-
rent collector (e.g., FTO). However, a loss of these electrons 
can occur due to many reasons, such as high ohmic resist-
ance of the semiconducting layer, recombination of these 
injected electrons with oxidized species of the electrolyte 
or dye molecules, etc., eventually results in the reduction 
of the PCE of the cell. Therefore, graphene materials have 
received a significant attention as a potential candidate to 
improve the photoelectrodes of DSSCs due to their prom-
ising characteristics, such as large specific surface area ~ 
2.63 ×103  m2  g-1 [115], high optical transmittance in visible 
the region [128] and faster electron mobility of 15,000  cm2 
 V-1  s-1 [112]. Considering this fact, graphene-TiO2 hybrid 
semiconducting films have been developed to improve the 
PCE of DSSCs by enhancing electron mobility and reduc-
ing electron-hole charge recombination. According to a 

study carried out by Fang et al. [129] different graphene-
P25 (G-P25) nanocrystalline  TiO2 photoelectrodes have 
shown that with an increase of graphene oxide (GO) content, 
the porosity of the G-P25 photoelectrodes, the interfacial 
recombination resistances and short circuit current densi-
ties have increased. They also reported that the cell with the 
best performance showed an interfacial resistance of 15.12 
Ω and PCE of 5.09% under one sun irradiation. Nanocrys-
talline  SnO2 has also been used in DSSCs as a potential 
candidate for replacing  TiO2-based semiconducting layers. 
However, due to poor electron transfer rates, mobility, and 
dye absorption,  SnO2-based photoanodes were unable to 
achieve the expected higher DSSC efficiencies. Basu et al. 
[130] addressed these drawbacks using a hybrid semicon-
ducting layer such as  TiO2/SnO2/graphene and achieved the 
highest PCE of 3.37% which was ~16% higher than cells 
made with photoanodes using only  SnO2-TiO2. The PCE 
enhancement was attributed to the enhanced electron life-
time and reduced charge recombination in the hybrid  TiO2/
SnO2/graphene heterostructure photoanodes, and it was 
confirmed by the transient photovoltage decay and electro-
chemical impedance spectroscopy. Another reason for the 
improvement of PCE was the enhanced dye-loading capac-
ity of the hybrid photoelectrode, which was confirmed via 
UV-Vis-NIR spectroscopy [130]. Another study reported by 
Yang et al. [131] indicated two-dimensional (2D) graphene 
could be used as 2D bridges into nanocrystalline  TiO2 elec-
trodes, which brought faster electron transport, lower recom-
bination, and higher light scattering. This study also showed 
that the Jsc was increased by 45% without sacrificing the Voc, 
and the total conversion efficiency was 6.97%, which was an 
enhancement by 39%, compared with the nanocrystalline 
titanium dioxide photoanodes. Chen et al. [132] reported 
the enhancement of the power conversion efficiency of a 
DSSC by reducing the charge recombination that occurs at 
the FTO/TiO2 interface by using graphene functionaliza-
tion. By using graphene to functionalize both  TiO2/TiO2 
and FTO/TiO2 interfaces, the PCE of the cell was increased 
from 5.80 to 8.13%. The enhanced PCE was attributed to the 
improved charge transfer and delayed charge recombination 

Table 2  The values for the 
open-circuit voltage (Voc), short-
circuit current density (Jsc), 
fill factor (ff), and PCE of the 
DSSCs prepared using different 
graphene-based TCEss

* Ni = Nickel, GNPLs = Graphene nanoplatelets, GLC = Graphene-like carbon

Electrode configuration Voc / mV Jsc / mA  cm-2 ff PCE /% References

Graphene/Ni grids 330 1.33 0.57 0.25 [124]
Graphene/FTO 700 1.01 0.36 0.26 [121]
Graphene/Pt grids 430 2.87 0.32 0.40 [124]
rGO/ZnO 390 2.59 0.45 0.45 [125]
Graphene 630 7.80 0.40 2.00 [122]
GNPLs/FTO 690 7.41 0.45 2.32 [126]
GLC/FTO 710 15.60 0.63 6.92 [127]
rGO/FTO 680 18.95 0.65 8.44 [123]
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achieved by graphene-functionalized interfaces in the PCE 
photoanode.

For the first time, Fang et al. [133] reported graphene 
quantum dot (GQD) assisted dye-sensitized  TiO2 photo-
electrodes demonstrating that dye adsorption increased 
with the increase of GQDs while values of Jsc, Voc, and PCE 
decreased with the increase of GQDs. In that study, they 
were able to achieve a maximum Jsc of 14.07 ± 0.02 mA 
 cm-2 and PCE of 6.10 ± 0.01%, which were higher than 
the traditional  TiO2-based DSSCs by 30.9% and 19.6% 
respectively. Fan et al. [134] reported on DSSCs fabricated 
using  TiO2 nanosheets  (TiO2-NSs)/graphene nanocom-
posite films. A series of photoelectrodes for DSSCs were 
fabricated by varying the graphene weight percentage. This 
study was able to confirm that the PCE of a DSSC can be 
improved to a great extent upon graphene loading, and it 
was dependent on the loading amount of graphene. In this 
study,  TiO2-NSs/graphene nanocomposite films with mod-
erate loadings (<0.75 wt%) showed enhanced photoelectric 
conversion efficiency compared with their pristine  TiO2-NSs 
counterparts. However, the study also stated that high gra-
phene loadings (>0.75 wt.%) result in a decrease in PCE. 
Under optimal conditions, the PCE of the graphene (0.75 
wt%) solar cell is 5.77%, which is higher than that of pure 
 TiO2-NSs cells (4.61%) by 25%. This PCE improvement was 
attributed to the reduction of electrode-electrolyte interfa-
cial resistance, the reduction of charge recombination rate, 
enhanced light scattering, and the enhancement of charge 
transport because of the addition of graphene. The decrease 
of PCE at high graphene loadings (> 0.75 wt.%) was attrib-
uted to the shielding of light-harvesting dye molecules by 

graphene. For a better comparison Voc, Jsc, ff and PCE of the 
DSSCs prepared with graphene-based semiconducting layers 
are given in Table 3.

Pattarith. K et al. [143] have fabricated silver nanoparticle 
adhered RGO/Pt counter electrodes and  TiO2 electrodes with 
RGO/Ag for photoanode in a DSSC. The highest efficiency, 
optimized cell in this study showed a PCE of 9.15% which 
was higher than the standard DSSC. They attributed the 
enhanced PCE of the cell to the improvement of dye loading, 
improvement of electronic conductivity for the photogen-
erated charge carriers and, prevention of the electron-hole 
recombination process. A study by Tang et al. [144] on opti-
mized  TiO2 photoelectrodes with RGO shows that the cell 
was able to achieve a PCE of 11.8% which was much higher 
than the previously reported PCEs for graphene modified 
DSSCs. The improved efficiency was due to the enhanced 
scattering ability of the incident light and the increase of the 
surface area for dye loading. Krishnamoorthy et al. [145] 
developed a novel strategy to prepare  NiS2 microspheres 
interface with 2D graphene nanosheets for the use of pho-
toanodes in DSSCs. This study showed that the  NiS2 /gra-
phene hybrid photoanode achieved a PCE of 12.56% under 
standard irradiation conditions. They also mentioned that 
the improved photoanode displayed excellent electrocatalytic 
activity in the reduction of tri-iodide ions.

Graphene‑based electrolytes

The main role of the electrolyte is to indirectly conduct elec-
trons through the redox couple (e.g., tri-iodide/iodide) to 
regenerate the oxidized dye molecules. A good electrolyte 

Table 3  The values for the 
open-circuit voltage (Voc), 
short-circuit current density 
(Jsc), fill factor (ff), and PCE 
of the DSSCs prepared with 
graphene-based semiconducting 
layer photoanodes

Electrode configuration Voc / mV Jsc / mA  cm-2 ff PCE /% References

GO/ZnAl-MMO 370 4.46 0.34 0.55 [135]
ZnO/rGO 640 3.02 0.60 1.55 [136]
TiO2/SnO2/Graphene 650 9.03 0.58 3.37 [130]
GO/TiO2 720 9.80 0.53 3.70 [125]
GO/TiO2 710 8.98 0.70 4.46 [137]
N-TiO2/Graphene 710 15.38 0.46 5.01 [138]
GO/TiO2 616 10.28 0.64 5.09 [129]
TiO2-NSs/Graphene 606 16.8 0.57 5.77 [134]
GQD/TiO2 660 14.07 0.59 6.10 [133]
Ag/rGO/TiO2 730 14.08 0.66 6.87 [139]
Graphene/TiO2 690 16.29 0.62 6.97 [131]
rGO/TiO2 540 28.36 0.47 7.20 [140]
Graphene/TiO2 751 19.47 0.56 8.13 [132]
rGO/TiO2 630 25.02 0.54 8.51 [141]
Graphene/MoS2 820 15.82 0.71 8.92 [142]
Ag/rGO/TiO2 780 14.30 0.82 9.15 [143]
rGO/Graphene/TiO2 710 26.00 0.64 11.80 [144]
Graphene/NiS2 890 23.13 0.85 12.56 [145]
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should be highly thermally, chemically, electrochemically 
stable, should have a high ionic diffusion coefficient, low 
vapor pressure, and be easy to seal without suppressing car-
rier transport. In this regard, gel polymer electrolytes have 
been used as novel electrolyte material. However, polymer 
electrolytes require organic solvents (e.g., EC and PC) to act 
as plasticizers, which makes the electrolyte more unstable 
at high temperatures and also increase the risk for leakage 
of these organic solvents. Therefore, carbon-based materials 
such as graphene, CNTs, and their derivatives have gained 
considerable attention from the scientific community [146] 
as promising additives to electrolytes to enhance their con-
ductivity and long-term stability. The use of graphene in an 
electrolyte can be divided into two main categories, namely, 
using graphene as a minor additive and using graphene as 
a main constituent (>1 wt.%) [147]. However, the use of 
graphene materials in high concentrations may increase the 
electrolyte electronic conductivity and lead to a decrease 
in the PCE of the DSSC. Therefore, the most likely sce-
nario is to use graphene materials as a minor additive to the 
electrolyte.

A research study carried out by Ahmed et al. [148] uti-
lized graphene nanomaterials in ionic liquids as potential 
electrolytes for DSSCs. In this study, graphene, single-
walled carbon nanotubes (SWCNTs), and a mixture of gra-
phene and SWCNTs were incorporated into the ionic liquid, 
1-methyl-3-propylimidazolium iodide (MPII). The study 
showed a PCE of 0.16% for the electrolyte containing only 
MPII a PCE of 2.10% for the electrolyte containing graphene 
and MPII, a PCE of 1.43% for the electrolyte containing 
SWCNTs with MPII, and a PCE of 2.50% for the electro-
lyte containing a mixture of graphene and SWCNTs with 
MPII. The efficiency enhancement with added graphene and 
SWCNTs was attributed to the increase in charge transport 
in ionic liquids and the use of carbon materials as a catalyst 
for the electrochemical reduction of the redox couple (tri-
iodide/iodide). A study by Lin et al. [149] used poly (ionic 
liquid)/ionic liquid/graphene oxide (poly(IL)/IL/GO) com-
posite gel electrolytes containing poly(1-butyl-3-vinylimi-
dazolium bis(trifluoromethanesulfonyl) imide), 1-propyl-
3-methylimidazolium iodide (PMII) and graphene oxide 
as the electrolyte for DSSCs without any volatile organic 
solvent. The study was able to show that the conductivity 
of the composite electrolyte was significantly increased by 
adding the appropriate amount of GO and also showed that 
the electrolytes containing GO exhibit higher PCE and better 
long-term stability compared to those without GO. Accord-
ing to these results, the DSSC with electrolyte, containing 
2 wt.% GO showed a higher PCE of 4.83% under simulated 
1.5AM solar spectrum irradiation, whereas the DSSC with 
graphene-free electrolyte showed a PCE of 1.46% under the 
same illumination. Another interesting study conducted by 
Byrne et al. [150] reported that the improved PCE of DSSCs 

with carbon-based electrolytes could be achieved by tuning 
the thickness of the  TiO2 layer. SWCNT-based electrolytes 
showed increased PCE from 1.43 to 3.49%. For the mixture 
of graphene and SWCNTs, the PCE improved from 2.5 to 
2.93%. The electrochemical impedance spectroscopy (EIS) 
demonstrated that the addition of these carbon-based nano-
materials into MPII significantly decreased the charge trans-
fer resistance at the electrodes, and much better PCEs can be 
achieved with carbon nanomaterial-incorporated electrolytes 
compared to pure MPII-based DSSCs.

Khannam et al. [151] also demonstrated the advantages 
of using graphene added electrolytes in DSSCs. He incorpo-
rated GO into gelatin hydrogel and used it as an electrolyte 
in DSSCs. Overall, the study was concerned with identi-
fying the effects of different GO concentrations in gelatin 
and the effect of NiO content on the PCE of a quasi-solid 
state DSSC. According to the study the DSSC fabricated 
using conventional  TiO2 showed a maximum PCE of 1.31% 
at an optimum concentration of 0.1% GO in gelatin as GO 
formed some networks with gelatin network and enhanced 
the charge transportation through gel electrolyte. The opti-
mized NiO and  TiO2 hybrid photoanode (5% NiO) achieved 
a PCE of 4.02%. For the first time, Kowsari et al. [152] 
reported on the preparation of highly effective DSSC elec-
trolytes by combining GO with ammonium-based ionic liq-
uids. This study showed that the ionic liquid functionalized 
GO formed a molecular bridge for electron transfer in ionic 
liquid-based electrolytes and they were able to achieve a 
remarkable PCE improvement up to 8.33%. A study by Ven-
katesan et al. [153] reported on the preparation of GO nano-
filler-based PEO and PVDF electrolytes for the fabrication 
of DSSCs. In this study, the effects of various concentra-
tions of GO nanofiller-added electrolytes were studied. From 
this study, they were able to show that the incorporation of 
1.5% GO nanofillers decreases the charge transfer resist-
ance at the Pt counter electrode /electrolyte and increases the 
recombination resistance at the photoelectrode/electrolyte 
interface. The fabricated quasi-solid state DSSC was able 
to achieve a PCE of 8.78% which was a significantly high 
value. Zheng et al. [154] demonstrated optimized strategies 
for synthesizing graphene-tailored polymer gel electrolytes 
in DSSC applications. The study reported that an increase 
in catalytic capability and shortened charge transfer length 
is due to the presence of graphene channels in 3D polymer 
gel electrolytes. These improvements have led to a superior 
power conversion efficiency of up to 9.1% for the fabricated 
quasi-solid state DSSC. All these results show that graphene 
and graphene-based materials such as GO, SWCNT, etc. can 
be incorporated into DSSC electrolytes as additives. The 
incorporation of these materials could enhance the perfor-
mance of the DSSCs, as graphene materials could improve 
the ionic conductivity within the electrolyte and reduce the 
charge transfer resistance. Table 4 summarizes the results 
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from various studies carried out by incorporating graphene 
materials into the electrolyte as an additive.

Graphene‑based photosensitizers

Photosensitizers play an important role in harvesting a spec-
trum of sunlight. The electrons from the excited dye mol-
ecules are injected into the semiconducting layer to create 
a photoinduced current. The most used photosensitizers are 
ruthenium-based complexes due to their wide absorption 
spectra from the visible to near-IR regions and excellent 
charge transfer properties. However, these complexes require 
multistep synthesis and contain heavy metals that are toxic, 
scarce, and expensive [125]. Therefore graphene, due to the 
wide absorption spectrum, which enables a single layer to 
absorb 2.3% of the incoming light [128], has been identified 
as a potential candidate as photosensitizer.

A review by Hagfeldt et al. [66] reported that research-
ers have synthesized over a thousand different types of 
dyes that can be used as sensitizers in DSSCs. Another 
interesting article by Mishra et  al. [162] reviewed the 
advances in metal-free organic dyes and their technologi-
cal aspects in DSSCs. Both these review articles indicated 
the necessity of finding a low-cost alternative to metal dye 
complexes, and an extensive amount of research has been 
done by both academia and industry in this regard. A study 
carried out by Ismail et al. [163] used a mangosteen dye as 

a sensitizer with GO as a catalyst to improve the perfor-
mance of DSSC. The research reported a modest efficiency 
enhancement from 0.31% for the dye that contained man-
gosteen only to 0.40% for the dye that contained both GO 
and mangosteen. The EIS data in this study showed that 
the GO helped to decrease the charge transfer resistance 
and increase the PCE of the cell. The study also demon-
strated that GO can be used as a catalyst to create more 
photocurrent conversion pathways.

Metal organic frameworks (MOFs) have also been used 
as sensitizers in DSSCs due to their low-cost, high stabil-
ity, biocompatibility, and superior light-harvesting proper-
ties. Kaur et al. [164] were inspired by this and developed 
a MOF-graphene composite photo-sensitizer for use in 
DSSCs. The cell was able to achieve a PCE of 2.3% and it 
was a significant improvement when compared with previ-
ous results obtained by Lee et al., a PCE of 0.26% [165]. 
According to recent theories, graphene materials have shown 
promise in hot injection [166] and multiple carrier genera-
tion [167] providing a way to exceed the Shokley-Quiessar 
efficiency limit in a DSSC [147]. Motivated by these find-
ings, Yan et al. [168] were able to fabricate the first DSSCs 
with graphene quantum dots (GQDs) as photosensitizers. 
The device used GQD sizes ranging from ~1 to 30 nm and 
had an extinction coefficient of 1.0 ×  105  M-1  cm-1 which is 
higher than that of N719 dye. Another study reported by the 
same group [169] showed that the bandgap of GQDs can 

Table 4  The results of 
published work on open-circuit 
voltage (Voc), short-circuit 
current density (Jsc), fill factor 
(ff), and PCE of the DSSCs 
prepared by adding graphene 
and graphene-based materials 
into the electrolyte as an 
additive

*MPII - 1-methyl-3-propylimidazolium iodide, PMMA – Poly methyl methacrylate, GO-HMA-TBAI 
– graphene oxide-hexa-methylene tri-butyl-ammonium iodide, DMII-1,3-dimethylimidazolium iodide, 
PVDF-HFP - Poly(vinylidene fluoride-co-hexafluoro propylene), PAA-CTAB - Poly(acrylic acid)-cetyltri-
methylammonium bromide

Electrolyte configuration Voc / mV Jsc / mA  cm-2 ff PCE /% References

MPII ionic liquid 570 0.59 0.33 0.10 [155]
MPII ionic liquid 575 0.370 0.64 0.16 [148]
MPII/SWCNT 540 5.19 0.41 1.43 [148]
MPII/graphene 624 5.30 0.49 2.10 [148]
GQDs 410 16.95 0.32 2.23 [156]
MPII/graphene/SWCNT 594 7.32 0.44 2.50 [148]
PMII/graphene/SWCNT 640 7.89 0.58 2.93 [150]
PMII/SWCNT 711 7.35 0.67 3.49 [150]
GO/gelatin 750 7.68 0.70 4.02 [151]
Poly (IL)/PMII/GO 720 8.84 0.76 4.83 [149]
rGO/PMMA 870 9.83 0.63 5.38 [157]
GNPLs/PEG-PEO/PVDF-HFP 640 13.81 0.62 5.45 [158]
Graphene nanoribbons 760 9.98 0.76 5.75 [159]
PAA-CTAB/GO gel 687 13.74 0.63 6.35 [160]
Graphene nanoribbons/electrolyte 760 12.19 0.76 7.01 [159]
PAA-PEG/graphene 731 15.0 0.68 7.74 [161]
GO-HMA-TBAI/PMII-DMII 750 16.85 0.66 8.33 [152]
PEO/PVDF-GO 800 14.79 0.75 8.78 [153]
Graphene-PAA/PEG 740 17.80 0.69 9.10 [154]
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be tuned by varying the particle size, and that effect can be 
predicted theoretically through tight-binding calculations.

Based on another study, Ji et al. [170] reported an in situ 
method of synthesizing graphene molecules (GM) on a 
 TiO2 surface. This new synthesis method reduced the ten-
dency of graphene molecules to aggregate and paved the 
way for the integration of GM in optoelectronic and pho-
toelectronic applications. These surface-synthesized GMs 
have been used in DSSC applications and have achieved a 
PCE of 0.87% which is the highest recorded efficiency for 
GM-sensitized solar cells. Jahantigh et al. [171] synthesized 
nitrogen-doped graphene quantum dots (N-GQD) of average 
particle size of 9 nm by hydrothermal method and utilized it 
as a sensitizer for DSSCs together with the N719 dye. With 
the results from Raman spectra, they were able to identify 
the high conductivity of N-GQDs and cascaded energy lev-
els between N-GQDs and N719 which facilitate the faster 
electron transfer from LUMO energy level into the CB of 
 TiO2. With these modifications, they were able to achieve 
a high PCE of 7.49% for their DSSCs. A study by Torres 
et al. [172] utilized a novel electron donor-acceptor hybrid 
consisting of NIR absorbing azulenocyanine as an electron 
donor and few-layer graphene as an electron acceptor. The 
system was able to absorb a large portion of light from the 
solar spectrum from UV to near IR region. They were able 
to introduce this novel hybrid into the DSSC as a photosen-
sitizer and were able to achieve a high PCE of 8.32% under 
standard conditions.

Yang et al. [173] prepared oxidatively functionalized gra-
phene quantum dots (GQDs) to enhance the light absorp-
tion by the photoanode. These GQDs were mixed with 
N719 dye and utilized to sensitize the DSSC photoanode. 
Interestingly, they were able to achieve a superior PCE of 
8.90% under standard irradiation conditions. Furthermore, 

these experimental findings may help to guide the design of 
GQDs as photosensitizers by tuning their oxidation degree 
via a facile hydrothermal method. All the aforementioned 
results testify that the graphene materials could be used as 
a potential alternative to conventional sensitizers in DSSC 
photoanodes. Even though the cells containing graphene-
based sensitizers only exhibit low PCEs, these cells provide 
the advantage of large-scale production and commercializa-
tion of these devices, which is not possible with expensive 
and rare metal oxide dye complexes. Most of the studies 
conclude that the graphene-based sensitizers function by uti-
lizing their quantum effects. The photovoltaic parameters 
of DSSCs obtained utilizing graphene-based sensitizers are 
summarized in Table 5.

Graphene‑based counter electrodes

The CE transfers the electrons collected from the external 
circuit into the electrolyte to catalyze the reduction of the 
tri-iodide/iodide redox couple for the regeneration of the 
electrolyte. Platinum-coated conductive ITO or FTO sub-
strates are the most commonly used CE materials. The high 
electrocatalytic activity of platinum, its high electrochemical 
stability, and its higher charge transport conductivity make 
it a prominent material for CE applications. However, due 
to scarcity, limited supply, and high cost, large-scale and 
industrial production of DSSCs is hampered [177–179]. 
.To address these issues, highly abundant, low-cost carbo-
naceous materials such as graphene and its derivatives have 
been studied as potential alternatives to platinum [180, 181]. 
These graphene-based materials have very distinctive fea-
tures to function as a CE, such as excellent electro-catalytic 
activity, very high electrical conductivity, high corrosion 
resistance, and a large specific surface area [125]. .However, 

Table 5  The open-circuit 
voltage (Voc), short-circuit 
current density (Jsc), fill factor 
(ff), and PCE of the DSSCs 
prepared by using graphene and 
graphene-based materials as 
photosensitizers

* MOF - Metal organic frameworks, N-GQDs - Nitrogen-doped graphene quantum dots

Photosensitizer Voc / mV Jsc / mA  cm-2 ff PCE /% References

GQDs 370 0.87 0.40 0.13 [174]
N-GQDs 370 1.51 0.43 0.25 [174]
MOF-Graphene 490 1.25 0.43 0.26 [165]
N-GQDs 480 1.49 0.53 0.37 [171]
GO/mangosteen 610 1.00 0.66 0.40 [163]
rGO/TPA-Th-H 530 2.02 0.70 0.80 [175]
Graphene molecules 550 2.50 0.65 0.87 [170]
Gracilaria/GQDs 730 2.26 0.56 0.94 [145]
GQDs 640 3.17 0.62 1.26 [176]
Graphene/MOF 449 20.0 0.44 2.3 [164]
Graphene/N719 830 14.98 0.60 7.47 [172]
N-GQDs/N719 720 17.85 0.59 7.49 [171]
Graphene/azulenocyanine/N719 800 17.01 0.60 8.32 [172]
GQDs/N719 720 19.60 0.66 8.90 [173]
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the electrocatalytic activity and electrical conductivity of 
graphene materials are still relatively low compared with 
Pt, which contributes to poor device performance. In this 
regard, Choi et al. [182] demonstrated a CE for DSSCs using 
graphene-based multi-walled carbon nanotubes (GMWC-
NTs). The layers of graphene were deposited on a  SiO2/Si 
substrate using the drop casting method and achieved a PCE 
and fill factor of 3.0% and 0.69 respectively. These results 
suggested that the GMWCNTs are one of the potential can-
didates for CE in DSSCs.

Zang et al. [183] synthesized graphene nanosheets (GNs) 
as a substitute for platinum CEs in DSSCs. To investigate the 
effect of annealing temperature on GN films, the synthesized 
GNs were screen printed on an FTO substrate and annealed 
at various temperatures. It was found that the annealing tem-
perature plays a vital role in the graphene nanosheet counter 
electrode quality, and by optimizing the annealing process of 
GN films, the DSSC fabricated with GN-based CE annealed 
at 400°C gained the highest PCE of 6.81% under standard 
conditions. The study also revealed that the produced result 
was comparable to a DSSC with a Pt CE, implying that GNs 
could be used in place of Pt-based CEs. In another interest-
ing study Li et al. [180] fabricated a CE with  NiS2 nano-
particles and  NiS2 nanocomposites together with reduced 
graphene oxide  (NiS2@rGO). The fabricated DSSC with 
 NiS2@rGO achieved an interesting PCE of 8.55%, which 
was higher than that of 7.02% for the DSSC with  NiS2 CE, 
higher than that of 3.14% for the DSSC with rGO CE, and 
also higher than that of 8.15% for the DSSC with Pt CE. The 
improved efficiency was attributed to the excellent electro-
catalytic performance for redox couple reduction, improved 
conductivity, and positive synergetic effect of  NiS2 and rGO.

A study was carried out by Wang et al. [184] by react-
ing  Li2O and CO at a pressure of 35 psi and 550°C. This 
reaction was used to synthesize 3D honeycomb-like struc-
tured graphene sheets and used them as CE material in 
DSSCs. They were able to achieve a PCE of 7.8% which 
was comparable to that of DSSCs with Pt CEs. Another 
study by Kavan et al. [185] suggested that graphene nano-
platelets (GNP) could outperform the Pt as an electrocata-
lyst in co-bipyridine (Co(bpy)3

3+/2+) - mediated DSSCs. In 
this study, GNPs in the form of semi-transparent films on 
FTO substrates showed high electrocatalytic activity for 
the Co(bpy)3

3+/2+ redox couple. The final results show that 
the GNP film is superior to the Pt in both charge transfer 
resistance and long-term endurance of the cell and was 
able to achieve a PCE of 9.4% with the GNP CE, which 
was higher than that of 8.2% with the Pt CE. Ma et al. 
[186] synthesized SWCNTs/graphene aerogel and used as 
an alternative to Pt based counter electrodes in DSSCs. 
Interestingly they were able to achieve a PCE of 8.81% 
with fabricated CE and 9.64% under assisted by a mirror. 
The excellent PCE of the cell was attributed to the high 

electrical conductivity and good electrocatalytic activity 
from SWCNTs and the large active surface area of 3D 
structured graphene.

In summary, all these experiments reveal the possibil-
ity of using graphene and graphene-based materials as CEs 
in DSSCs. With extensive research and development, these 
graphene-based materials could be developed further to 
enhance their physical and chemical properties for use as a 
prominent CE material in DSSC applications. Table 6 sum-
marizes the photovoltaic parameters of DSSCs employing 
graphene-based CEs.

Conclusions

The study considered the global issues associated with cur-
rent DSSC technologies and components, such as high pro-
duction costs, scarcity of materials, and difficulty in large-
scale applications of DSSC. Motivated by these drawbacks, 
both academia and industry in recent years have extensively 
researched various alternative materials that can replace the 
traditional materials that are used in DSSCs. This article 
reviewed the uses of one such class of materials, graphene, 
and its derivatives, with potential applications in various 
DSSC components, such as transparent electrodes, semicon-
ducting layers, electrolytes, sensitizers, and CEs.

The high optical transparency and high conductivity of 
graphene can be utilized to fabricate high-performance, 
transparent conducting electrodes. On the other hand, the 
high electrocatalytic activity and high electrical conductivity 
of graphene and graphene-based materials can be utilized to 
fabricate CEs for DSSCs. Considering the possible enhance-
ment of electron mobility using graphene and reduction of 
electron-hole charge recombination rate,  TiO2-graphene 
hybrid semiconducting films are utilized in DSSCs to 
improve the PCE of the cell. A large number of studies have 
proven that graphene and CNTs can be used as additives to 
current electrolytes, which improves the PCE of the cell. 
This efficiency enhancement is due to the increase in charge 
transport in ionic liquids and the use of carbon materials 
as a catalyst for the electrochemical reduction of the redox 
couple. Another series of studies has shown the ability to use 
graphene as a sensitizer in DSSCs, which use the quantum 
mechanical effects of graphene materials.

These graphene-based DSSCs show some improvements 
in their performance, but still less stable and inefficient for 
industrial applications. Therefore, more research is needed 
to optimize the optoelectronic properties, long-term stabil-
ity, and power conversion efficiencies of dye-sensitized solar 
cells in the future. However, recent trends (Fig. 2) indicated 
that the researcher’s interests are fading mainly due to mar-
ginal improvements and challenges associated with DSSCs.
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