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   A B S T R A C T 

Dye-sensitized solar cells (DSSCs) have emerged as a promising renewable 
energy technology over the past two decades; yet, their widespread application 
is hindered by issues of efficiency and stability. As the primary electron transport 
medium, the photoanode is a critical component that dictates the overall power 
conversion efficiency (PCE) of a DSSC. To overcome the limitations of 
conventional titanium dioxide (TiO2) photoanodes, researchers have explored 
incorporating various nanostructures. This review highlights recent 
advancements in using iron oxide-graphene-TiO2 nanocomposites as a 
multifunctional photoanode materials. It explores the synergistic effects among 
the components: iron oxide extends the photoanode’s light absorption into the 
visible spectrum, graphene enhances electron transport, and TiO2 provides 
structural integrity and primary photoactivity. Various synthesis and 
characterization techniques are reviewed, which were used to create these 
composites and discuss their direct impact on the composites’ properties and 
performance. Despite significant progress, challenges remain in optimizing 
synthesis strategies, improving scalability, and ensuring long-term stability. 
Ultimately, this review demonstrates the immense potential of iron oxide-
graphene-TiO2 nanocomposites for creating high-efficiency DSSCs, highlighting 
both their promise and the key challenges that must be addressed for future 
development. 

  

 

 

 

 

 

 

https://www.jeires.com/article_238165.html
mailto:oadedokun@lautech.edu.ng
https://doi.org/10.48309/JEIRES.2026.553353.1319
https://orcid.org/0009-0000-9998-5492
https://orcid.org/0009-0008-8379-557X
https://orcid.org/0009-0008-6214-4495
https://orcid.org/0009-0007-9118-6435
https://orcid.org/0000-0002-5982-8983
https://orcid.org/0000-0003-2783-8738
https://orcid.org/0000-0002-6719-8328
https://orcid.org/0000-0001-6259-1166
https://orcid.org/0000-0002-7947-8415
http://creativecommons.org/licenses/by/4.0/


Journal of Engineering in Industrial Research  

  
 

145 

 

2026, Volume 7, Issue 3 

 Introduction 

n the world today, the rising energy 
demands due to the ever-increasing human 
population and the gradual depletion of 
conventional fossil fuels has made 
transition toward sustainable and 
renewable energy sources a matter of 
importance. There are various types of 

renewable energy such as thermal energy, 
geothermal energy, solar energy, wind energy, 
etc. Among the various renewable energy 
sources, solar energy offers abundant, 
sustainable and eco-friendly power that has 
enormous potential for meeting global energy 
consumption demands because the sun which is 
the primary source of solar energy is readily 
available and accessible to everyone [1].  
There have been several evolutions of solar cells, 
which range from the first generation (silicon 
solar cells) to second generation (thin-film solar 
cells) and to the present third generation. 
Silicon-based p–n solar cells, which include 
monocrystalline and polycrystalline silicon cells, 
are the first generation solar cells, that have high 
efficiency but are expensive to manufacture for 
reasons such as the very high temperature (over 
1,600 °C) required to obtain silicon by reducing 
silica. To overcome the high-cost issue for silicon 
solar cells, thin-film solar cells with low cost 
(second-generation solar cells) were developed 
using inexpensive amorphous silicon and other 
semiconducting materials like copper indium 
gallium selenide (CIGS), cadmium telluride 
(CdTe), and gallium arsenide (GaAs) [2]; 
however, the efficiency of the second generation 
solar cells is relatively low compared with the 
silicon cells. The third generation solar cells such 
as dye sensitized solar cells, perovskite solar 
cells, quantum dot sensitized solar cells, have 
therefore been explored with the aim of 
achieving both low cost and relatively high 
efficiency. Dye-sensitized solar cells (DSSCs) are 
a type of third generation photovoltaic 
technology that offers a promising alternative to 
traditional silicon-based solar cells and the 
second generation thin-film solar cells due to 
their low-cost materials, simple manufacturing 
processes, and aesthetic versatility [3,4]. DSSC 
was first developed in the early 1990s by 
Michael Grätzel and Brian O'Regan; it mimics 

natural photosynthesis using a dye molecule to 
absorb sunlight and generate electrical energy. 
The basic components of a DSSC include a 
photoanode (typically made of a mesoporous 
titanium dioxide film coated with a light-
absorbing dye), an electrolyte containing a redox 
couple, and a counter electrode [5,6]. When 
sunlight strikes the dye, electrons are excited 
and injected into the conduction band of the 
TiO₂, causing current to flow through the 
external circuit [7–9]. Although DSSCs typically 
offer lower efficiencies compared to 
conventional silicon cells, their potential for use 
in flexible, lightweight, and semi-transparent 
applications makes them attractive for 
integration into building materials, portable 
devices, and indoor energy harvesting 
[6,8,10,11]. 
The photoanode in DSSCs plays a crucial role in 
supporting dye molecules that absorb sunlight 
and excite photoelectrons [7,12–14]. The 
commonly used material for the photoanode in 
DSSCs is titanium dioxide (TiO2) which is non-
toxic, environmentally friendly, low cost and 
stable. Despite the potential of DSSCs, they have 
several notable limitations that restrict their 
broader application. One of the primary 
drawbacks is their relatively low power 
conversion efficiency compared to traditional 
silicon-based solar cells. The conversion 
efficiency of TiO2 nanoparticle-based DSSCs is 
limited by the slow transportation of electrons 
through the randomly arranged nanoparticles as 
well as the energy losses caused by the 
recombination [4, 15–17]. While silicon cells can 
exceed 20% efficiency, DSSCs typically operate 
in the range of 7–11% under standard sunlight, 
limiting their effectiveness for high-energy-
demand applications [6,9,18,19]. To overcome 
these limitations, band-gap engineering of TiO₂ 
through doping with non-metals, metals, and 
metal oxides has been widely explored [8,16,20]. 
In addition, integrating nanostructures such as 
nanorods, carbon nanotubes, nanowires, and 
graphene with TiO₂ nanoparticles has been 
shown to significantly enhance charge transport 
and overall device performance [21–23]. 
Nanoscience and nanotechnology have enabled 
the development of hybrid and multifunctional 
materials for harnessing solar energy [8,22]. 
Hybrid nanomaterials consist of more than two 

I 

https://www.jeires.com/article_238165.html


                                                                                           Journal of Engineering in Industrial Research 

 

146 

2026, Volume 7, Issue 3 

 nanomaterials to improve the individual 
performance of the components [24]. These 
materials hold great promise for advancing the 
capabilities of solar technologies by enhancing 
energy conversion and harvesting devices. 
Graphene is a single-atom-thick planar sheet of 
hexagonally arrayed sp2 carbon atoms has 
attracted significant interest in the last decade in 
materials science and energy related research. 
In particular, graphene has garnered 
considerable attention for the development of 
photoanode of DSSCs. The incorporation of 
graphene into DSSC photoanodes induces lower 
recombination, increased electron transport 
kinetics, enhanced light scattering effects, and 
concurrently boosts the power conversion 
efficiency (PCE) [11,25,26]. Research has been 
carried out over the years on the incorporation 
of graphene into TiO2 and other metal oxide 
semiconductor based DSSCs [14,25,27,28]. In all 
cases, the graphene-incorporated DSSC showed 
improved PCE [4]. 
Iron oxide is a metal mixture with several crystal 
arrangements capable of modifying structural 
and magnetic properties of various 
nanostructures. Magnetite (Fe3O4), hematite (-
Fe2O3), and maghemite (-Fe2O3) are the most 
typical forms of these metals [29]. The 
incorporation of iron oxide nanoparticles 
(Fe₂O₃) into the graphene–TiO₂ composite 
introduces additional functional advantages. 
Iron oxide serves as a light-scattering agent, 
improves catalytic activity, and facilitates faster 
electron injection and transport [30,31]. The 
synergistic effect of combining graphene, iron 
oxide, and TiO₂ leads to the formation of 
multifunctional nanostructures that have the 
potential to significantly enhance the efficiency 
and performance of DSSCs [32]. 
In recent times, research has been carried out on 
iron oxide-graphene-TiO2 nanocomposites for 
various applications such photocatalytic 
degradation, water splitting and air purification. 
It has been reported that the incorporation of 
iron oxide and graphene materials into pristine 
TiO2 enhances the photocatalytic properties of 
the parent material [33,34]. Although limited 
work has been reported using the combination 
of these three components as photoanodes in 
DSSCs but the unique properties of the 
individual components show that there will be a 

synergistic interaction between them if 
combined, thus having the potential to be an 
efficient photoanode material in DSSCs. This 
review highlights the recent developments and 
contributions of works that have been carried 
out on the engineering of advanced 
nanostructures by the incorporation of 
graphene and iron oxide into TiO2 photoanode 
materials for efficient DSSCs.  

Photoanodes in DSSCs 

The photoanode serves as the overall energy 
conversion center and, thus having a critical role 
in the DSSC. The photoanode is made up of three 
essential components: a conducting substrate, a 
layer of semiconducting material, and 
sensitizers, as shown in Figure 1. The 
semiconducting material usually a wide 
bandgap metal oxide, is deposited on the surface 
of transparent conducting oxide (TCO) 
substrate, typically fluorine doped tin oxide 
(FTO) glass. The functions of TCO substrate in 
DSSC are to support the semiconductor layer 
and to collect the current. An ideal TCO substrate 
should possess high optical transparency and 
low electrical resistivity [7,35]. High 
transparency is essential to allow the good 
transmittance of sunlight through the substrate 
without unwanted adsorption, while low 
resistivity is crucial in facilitating the charge 
transfer process and reducing the energy loss. 
FTO is the most widely used oxide in DSSC 
applications due to its excellent electrical 
conductivity and optical transparency. Wide 
bandgap metal oxide semiconductors (Eg > 3 
eV), such as TiO2, ZnO, SnO2, and Nb2O5 have 
been commonly used as photoanode materials 
due to their good stability against 
photocorrosion (transparent to the major part of 
the solar spectrum) and favorable electronic 
properties [3,7,21,36,37]. 

Titanium dioxide 

TiO₂ is the most widely used photoanode 
material in dye-sensitized solar cells (DSSCs) 
due to its excellent chemical stability, non-
toxicity, low cost, and environmental 
friendliness. 
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Figure 1: A schematic representation of a DSSC [38] 

These properties make it highly suitable for 
long-term operation and large-scale 
applications in solar energy devices. The high 
surface area of nanostructured TiO₂ enables 
effective dye loading, which enhances light 
absorption and photon harvesting [39]. In 
addition, its wide bandgap (~3.2 eV) provides 
good transparency in the visible region and 
supports efficient electron injection from the 
excited dye molecules. Furthermore, TiO₂ 
exhibits favorable energy band alignment with 
commonly used dyes and electrolytes, 
promoting efficient charge separation and 
collection. Its well-established synthesis and 
fabrication methods also allow easy 
modification through doping and 
nanostructuring to improve electron transport 
and reduce recombination losses [3,35]. Besides, 
TiO2 has higher CB edge, electron affinity, dye 
loading and surface area compared with other 
transition metal oxides, which makes it the most 
suitable choice as photoanode for DSSC 
applications [38]. Titanium dioxide exists in 
three primary crystalline forms, namely anatase 
(tetragonal), brookite (orthorhombic) and rutile 
(tetragonal) as shown in Figure 2 [14,40]. These 
phases of TiO2 have their respective properties 
as described in Table 1. Rutile is the most stable 
form thermodynamically. However, anatase is 
more preferred in DSSC applications due to its 
better efficiency for solar energy conversion and 

photocatalysis [1,41]. Zhang et al. [42] reported 
that, anatase belongs to the indirect bandgap 
semiconductor category, while rutile and 
brookite are direct bandgap semiconductors 
[43]. Due to the indirect bandgap of anatase, it is 
impossible for photoexcited electrons to 
undergo direct transitions from conduction 
band (CB) to valence band (VB) of anatase. As a 
consequence, the lifetime of photoexcited 
electrons is longer in anatase compared with 
rutile and brookite. Besides, the average 
effective mass of photoexcited electrons in 
anatase is also the lightest among the three 
polymorphs. This allows faster migration of 
photoexcited electrons and hence lower 
recombination rate in anatase compared with 
rutile and brookite [21]. Park et al. reported that 
anatase-based cell has higher short-circuit 
photocurrent (Jsc) than rutile-based cell, while 
the open-circuit voltage (Voc) is the same for 
both cases [44]. In the recent years, a wide 
variety of TiO2 nanostructures have been 
synthesized as photoanodes for DSSC 
applications such as nanoparticles, nanorods, 
nanowires, nanotubes and nanosheets 
[1,5,9,22,45]. Several fabrication methods such 
as sol gel, hydrothermal, spray pyrolysis, 
electrochemical deposition, spin coating, and 
chemical vapor deposition have been reported 
for the synthesis of various TiO2 architectures 
[46–48].  
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Figure 2: Crystalline phases of TiO2 [49] 

Table 1: Properties of TiO2 [50] 

Property Anatase Rutile Brookite 
Crystal structure Tetragonal Tetragonal Orthorhombic 

Lattice constant (A°) a=3.79, c=9.51 a=4.59, c=2.96 a=9.17, b=5.46, and c=5.14 
Density (g cm−3) 3.79 4.13 3.99 
Refractive index 2.561, 2.488 2.605–2.616, 2.890–

2.903 
2.583, 2.700 

Bandgap (eV) 3.2±0.1 3.0±0.1 3.4±0.1 
Light absorption (nm) <390 <415 300 – 400 

Bulk conductivity 
(Scm−1) 

5×10−8 10−2–10−7 3×10−7 

 

The Multifaceted Contributions of Graphene 
in TiO2 Photoanodes 

Graphene, a two-dimensional sheet of sp²-
hybridized carbon atoms, has emerged as a 
powerful additive in semiconductor-based 
photoanodes due to its exceptional electrical, 
structural, and surface properties. When 
integrated with TiO₂ in DSSCs, graphene 
enhances the functionality of the photoanode in 
several key ways. Its unique attributes 
contribute to improved charge transport, light 
harvesting, and material morphology, making it 
a valuable component for optimizing DSSC 
performance [26,27,50].  
Graphene outstanding electrical conductivity 
(up to 10⁶ S/m) plays a crucial role in facilitating 
fast electron transport from the excited dye 
molecules through the TiO₂ matrix to the 
collecting electrode. When incorporated into 
TiO₂, graphene acts as a conductive bridge or 
electron highway, accelerating the transfer of 
photogenerated electrons and significantly 
reducing electron recombination with the 

oxidized dye or electrolyte species [17,27,51]. 
This improvement leads to a longer electron 
lifetime, higher photocurrent density, and 
ultimately, enhanced power conversion 
efficiency in DSSCs (Table 2). Another vital 
contribution of graphene in the TiO2 photoanode 
is its high specific surface area (~2600 m²/g), 
which, when combined with TiO₂ nanoparticles, 
increases the active surface available for dye 
loading [52,53]. Enhanced dye adsorption 
results in greater light absorption, leading to 
more efficient photon-to-electron conversion. 
The larger surface area provided by the 
graphene-TiO₂ network allows for better 
interaction between the photoanode and the dye 
molecules, thereby boosting the overall 
photoresponse of the solar cell [4,54].  
 The intimate contact between graphene and 
TiO₂ forms a favorable heterojunction, which 
enhances interfacial electron transfer from the 
excited dye to the conduction band of TiO₂ and 
subsequently to graphene. This synergistic 
interface minimizes potential energy barriers 
and enhances electron injection efficiency, thus 
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 accelerating the charge separation process [55]. 
The improved interfacial connection also 
stabilizes the photoanode architecture, reducing 
energy losses associated with poor connectivity 
or charge trapping [17]. Graphene incorporation 
significantly influences the morphology and 
porosity of the TiO₂ film. Graphene sheets act as 
spacers that prevent the agglomeration of TiO₂ 
nanoparticles, resulting in a more uniform and 
porous structure. Increased porosity facilitates 
better electrolyte penetration and ionic mobility 
within the photoanode, while uniform 
dispersion enhances light absorption and charge 
transport pathways. This structural 

improvement ensures a more stable and 
efficient photoanode configuration [53,56]. 
Although graphene is not a strong light-
scattering material on its own, when it interacts 
with iron oxide nanoparticles and TiO₂, it can 
create composite structures that improve 
internal light scattering. When embedded within 
TiO₂ films, graphene-based materials can alter 
the optical path length of incident light, allowing 
more photons to be absorbed by the dye. This 
indirect enhancement contributes to more 
effective light harvesting, increasing the number 
of photogenerated electrons and boosting the 
overall efficiency of the DSSC [57]. 

Table 2: Photovoltaic performances of DSSC with and without the incorporation of graphene/graphene 
composite interfacial layers 

Photo electrodes Jsc (A/m2) Voc (V) FF (%) PCE (%) Ref. 
TiO2 

GO/TiO2 
81 
87 

0.68 
0.69 

51.8 
53.8 

2.9 
3.2 

[58] 

TiO2 
rGO/TiO2 

111 
150 

0.74 
0.74 

0.66 
0.66 

5.7 
57.5 

[59] 

TiO2 
rGO/TiO2 

62 
104 

0.70 
0.71 

0.61 
0.67 

2.7 
4.95 

[27] 

TiO2 
TiO2/GO 

136 
138 

0.73 
0.74 

0.71 
0.71 

7.13 
7.35 

[60] 

The Diverse Roles of Iron Oxide in Graphene–
TiO₂ Composites 
 
Iron oxide nanoparticles, particularly in the 
forms of α-Fe₂O₃ (hematite), γ-Fe₂O₃ 
(maghemite), and Fe₃O₄ (magnetite), have 
emerged as multifunctional materials with 
promising applications in photovoltaics. When 
incorporated into graphene–TiO₂ composites, 
they serve photoactive, catalytic, electronic, and 
magnetic functions, each contributing to the 
improved performance of DSSCs. Diverse 
optical, electronic, and surface properties allow 
them to enhance light absorption, facilitate 
charge transport, and suppress recombination, 
making them an integral component of the 
hybrid photoanode system [61].  
Iron oxides possess narrow band gaps compared 
to TiO₂, enabling them to absorb visible light 
more effectively [29]. α-Fe₂O₃ (hematite) has a 
bandgap of approximately 2.1 eV and can absorb 
light up to approximately 590 nm. γ-Fe₂O₃ 
(maghemite) shows similar light absorption in 

the visible region, with strong photon 
absorption up to approximately 550–600 nm. 
Fe₃O₄ (magnetite), with a bandgap of 2.85 eV, 
absorbs broadly in the visible to near-infrared 
region [62,63]. By incorporating these iron oxide 
phases into TiO₂-based photoanode, the light 
absorption range is extended well beyond TiO₂’s 
UV limitation (~3.2 eV, 388 nm), allowing the 
photoanode to utilize a broader portion of the 
solar spectrum[30]. 

Broadening the spectral response of the 
photoanode 
 
The presence of iron oxide nanoparticles 
contributes to spectral broadening by 
introducing additional light-absorbing centers 
within the composite. These centers enable the 
dye-sensitized system to better harvest photons 
in the visible light range, effectively increasing 
the photocurrent generation under sunlight. 
When combined with graphene and TiO₂, iron 
oxides support complementary absorption, 
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 leading to improved spectral overlap with 
sunlight and enhanced solar-to-electric energy 
conversion efficiency [31,50]. 

Improved electron injection and transport 
 
Iron oxides have conduction band edges that can 
align favorably with those of TiO₂ and the 
excited states of common DSSC dyes. This energy 
alignment facilitates stepwise electron transfer, 
enhancing the efficiency of charge injection from 
the dye and improving carrier collection. For 
example, electrons may transfer from the dye to 
α-Fe₂O₃ and then to TiO₂, aided by graphene as 
a conductive channel. This tiered energy cascade 
promotes efficient charge separation and 
reduces charge loss during transport [31]. 

Suppression of charge recombination 
 
Iron oxide nanoparticles can serve as barrier or 
blocking layers at the TiO₂/electrolyte interface. 
These barriers impede the back transfer of 
electrons from TiO₂ to the redox couple in the 
electrolyte, thus reducing charge recombination 
and improving open-circuit voltage (Voc) 
[30,31]. Their strategic placement within the 
porous TiO₂ framework ensures selective charge 
flow and protects sensitive electron pathways 
from recombination losses. Additionally, the 
surface of TiO₂ often contains defects and trap 
states that facilitate unwanted recombination. 
Iron oxide nanoparticles can passivate these 
surface traps, effectively reducing the number of 
recombination centers and increasing electron 
lifetimes. This passivation effect helps maintain 
a higher photocurrent and extends the 
operational stability of the DSSC [64,65]. While 
moderate Fe₂O₃ incorporation can enhance 
visible-light absorption and photocurrent, 
excessive iron content often introduces defect-
mediated recombination centers, reducing 
open-circuit voltage and overall efficiency [66]. 

Synergistic Interactions within Iron Oxide-
Graphene-TiO₂ Nanocomposites  

The photoanode is an essential component in 
DSSCs which has great effect on the overall 
efficiency of the system. To achieve an efficient 
photoanode material, iron oxide and graphene 

can be incorporated into TiO2 to form a 
composite material. When these materials 
interact together, they address some of the 
issues that confront TiO2 photoanodes. 
Graphene plays an important role in improving 
electron mobility within the composite due to its 
exceptional conductivity and high surface area 
which helps to provide rapid electron transport 
channels and additional sites for dye adsorption 
to that of TiO2 which is the main photoanode 
material [4,55]. Improved electron mobility 
reduces electron recombination by facilitating 
the faster extraction of photoexcited electrons 
from the dye through TiO₂ into the external 
circuit [14,55]. Ge et al. reported the fabrication 
of DSSC photoanodes by spin-coating 
graphene/TiO₂ composites with graphene 
loadings ranging from 0 to 10 wt.% onto indium 
tin oxide (ITO) substrates [26]. Compared with 
the pristine TiO₂ photoanode, which delivered a 
short-circuit current density (Jsc) of 188.3 A m⁻² 
and a power conversion efficiency (PCE) of 
5.98%, the photoanode containing 1 wt.% 
graphene exhibited a higher Jsc of 199.2 A m⁻² 
and an improved PCE of 6.86%. This 
enhancement in Jsc was ascribed to more 
efficient charge collection, suppressed charge 
recombination, and increased dye adsorption 
resulting from the uniform dispersion of 
graphene within the TiO₂ matrix. In another 
study, Eshaghi and Aghaei investigated DSSCs 
based on graphene–TiO₂ composite 
photoanodes with varying graphene contents 
(0–2.0 wt.%). The results showed that dye 
adsorption increased with graphene loading due 
to the enhanced surface area and improved 
light-harvesting capability of the composites. 
The photovoltaic performance exhibited a 
strong dependence on graphene concentration, 
reaching an optimum at approximately 1.5 wt.%, 
where the power conversion efficiency (PCE) 
improved by approximately 42% compared with 
pristine TiO₂-based DSSCs [67]. This 
enhancement was attributed to improved 
electron transport and suppressed charge 
recombination, as graphene acted as a 
conductive bridge facilitating rapid electron 
extraction. However, further increases in 
graphene content led to a decline in efficiency 
due to light shielding effects and increased 
interfacial recombination, underscoring the 
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 importance of precise graphene content 
optimization in composite DSSC photoanodes. 
Iron oxide (Fe₂O₃ or Fe₃O₄) also contributes to 
this system by extending the spectral response 
of the photoanode by narrowing the optical 
bandgap of the materials to enable it absorb 
more effectively from the E-M spectrum, thereby 
contributing to enhanced photon utilization 
[66–69]. In addition, iron oxide nanoparticles 
induce light scattering within the porous TiO₂ 
matrix, increasing the optical path length and 
boosting light harvesting. They also act as 
catalytic and electron-mediating centers, 
facilitating charge transfer at the 
TiO₂/electrolyte interface. For example, Kilic et 
al., reported that DSSCs fabricated with Fe₂O₃-
modified TiO₂ photoanodes exhibited a power 
conversion efficiency of 7.27%, which is 
significantly higher than the 5.10% obtained for 
pristine anatase TiO₂ [31]. This notable 
enhancement in photovoltaic performance was 
attributed to improved light-harvesting capacity 
and a larger specific surface area, which 
facilitates increased dye adsorption in the 
Fe₂O₃-modified TiO₂ nanostructures. In another 
report, Chou et al. mentioned that DSSCs 
employing Fe₃O₄–TiO₂ composite 
photoelectrodes exhibit a higher short-circuit 
current density (Jsc) and an enhanced power 
conversion efficiency of 3.54%, compared to 
2.35% for pristine TiO₂ [63]. This improvement 
is mainly attributed to the efficient Fe²⁺/Fe³⁺ 
charge transfer, which provides additional 
electron transport pathways and suppresses 
recombination, as well as increased dye loading 
resulting from the enlarged surface area of the 
composite photoelectrode. The combination of 
iron oxide, graphene, and TiO₂ to form a 
nanocomposite results in strong synergistic 
interactions. Graphene compensates for the 
poor conductivity of iron oxide, ensuring 
efficient electron transport, while iron oxide 
enhances visible-light absorption and scattering, 
which TiO₂ alone cannot achieve [37,53,55]. 
TiO₂, in turn, provides the structural backbone 
for dye anchoring and stability. The synergistic 
interaction among these components improves 
dye loading, suppresses electron recombination, 
prolongs electron lifetime, and enhances overall 
charge collection efficiency. As a result, DSSCs 
fabricated with iron oxide–graphene–TiO₂ 

photoanodes typically have high potential to 
demonstrate higher short-circuit current 
density (Jsc), open-circuit voltage (Voc), and 
overall power conversion efficiency compared 
to conventional TiO₂-based devices [4,26,50]. 

Synthesis Methodologies for Iron Oxide-
Graphene-TiO₂ Nanocomposites  

The performance of nanocomposites used as 
photoanodes in DSSCs depends on the method of 
synthesis used in fabricating the material. The 
method of synthesis can influence the 
morphology, crystallinity, and surface 
properties of the resulting materials [67-70]. It 
also influences the charge transport behavior, 
light absorption efficiency, and interfacial 
contact within the composite. Table 3 presents a 
comparative overview of the various synthesis 
methods, highlighting their advantages, 
limitations, and relevance to DSSC performance. 
Over the years, numerous synthesis techniques 
have been developed for nanocomposite 
fabrication, including chemical co-precipitation, 
chemical vapor deposition, thermal 
decomposition, hydrothermal synthesis, solid-
state reactions, and sol–gel methods. 

Review on various methods of synthesis  

Hydrothermal and solvothermal methods 

 Hydrothermal synthesis is one of the most 
commonly used methods for preparation of 
nanomaterials. It is basically a solution reaction-
based approach. It refers to the synthesis by 
chemical reactions of substances in a sealed 
heated solution above the ambient temperature 
and pressure [71-73]. Among the various 
techniques employed for synthesizing Fe₂O₃-
modified TiO₂, the hydrothermal method is 
particularly promising, as many conventional 
growth techniques require complex process 
control, and high processing temperatures [31]. 
In contrast, hydrothermal synthesis offers 
several advantages, including simple operation 
and precise control over particle size, 
morphology, size distribution, and crystallinity. 
These features can be effectively tuned by 
adjusting key reaction parameters such as 
temperature, reaction time, solvent and 
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 surfactant type, and precursor composition, 
making the method highly versatile and suitable 
for scalable fabrication [72,73]. The 
solvothermal method is the hydrothermal 
process in the presence of a specific solvent. In 
this, organic solvents that have high boiling 
points can be selected, which enable the 
temperature to be raised much higher than in 
hydrothermal methods. The solvothermal 
method can be used to control the size, shape, 
and crystallinity of TiO2 nanoparticles [48,74-
76].  

Chemical co-precipitation and co-deposition  

The co-precipitation technique is becoming 
increasingly important for distributing 
materials and precursors used in a reaction to 
produce a required material. The aim of co-
precipitation is to prepare multicomponent 
materials through the formation of intermediate 
precipitates, usually hydrous oxides or oxalates, 
so that an intimate mixture of components is 
formed during precipitation and chemical 
homogeneity is maintained upon calcination. In 
the typical process of co-precipitation, aqueous 
metal salts are mixed at sufficient temperatures 
with a base, which acts as a precipitating agent 
[77]. The advantage of the co-precipitation 
method is that it yields a crystalline size in a 
small range compared to other synthesis 
processes depending on the precipitating agent 
selected during the reaction. Additionally, the 
method is often preferred over other processes 
because it involves simple steps. The crystallite 
size and morphology of the material prepared 
using this method can be controlled through the 
use of capping agents. However, continuous 
washing, drying, and calcination to achieve a 
pure phase of phosphor are major disadvantages 
of the co-precipitation method [75,76].  

Layer-by-layer assembly 

Layer-by-layer (LbL) is simple and versatile 
strategy to prepare multifunctional 
nanomaterials; it was first proposed in 1966 by 
Iler who constructed multilayer assemblies via 
alternating adsorption of anionic and cationic 
colloidal particles. The fine regulation of the film 

thickness and structure provides an elegant way 
to tune the physical and chemical properties 
through mild assembly conditions (e.g., pH and 
ion strength). The key competitive features of 
LbL are its mild aqueous assembly conditions, 
the absence of sophisticated and expensive 
equipment, the large freedom in selecting 
building materials, and the diverse driving 
forces for material assembly [42,77-79]. 

In situ growth and decoration techniques 

The in situ growth and decoration technique is 
an effective approach for synthesizing iron 
oxide–graphene–TiO₂ nanocomposites with 
well-controlled morphology, intimate interfacial 
contact, and homogeneous dispersion of 
components. In this method, the nanoparticles 
(TiO₂ and Fe₂O₃) are directly nucleated and 
grown on the graphene surface during synthesis 
rather than being physically mixed after 
preparation. This ensures strong chemical 
bonding and uniform distribution, which 
minimizes particle aggregation and enhances 
electron transport pathways [80]. The 
decoration process in in situ methods refers to 
the controlled anchoring or deposition of iron 
oxide and TiO₂ nanoparticles on the graphene 
surface to achieve desired nanostructures—
such as core–shell, layered, or network 
architectures. Decoration ensures intimate 
contact between the components, reducing 
charge-transfer resistance and promoting rapid 
electron mobility through the conductive 
graphene matrix. The in situ decorated Fe₂O₃ 
nanoparticles extend visible-light absorption, 
while TiO₂ maintains strong photocatalytic 
activity and structural stability. This synergy 
enhances the photoresponse and dye-sensitized 
solar cell (DSSC) performance, as electrons 
generated in Fe₂O₃ can efficiently migrate 
through graphene into TiO₂ and then to the 
external circuit. Additionally, in-situ decoration 
prevents the detachment of nanoparticles 
during device operation, improving long-term 
stability. Overall, this technique provides a 
scalable and environmentally friendly route for 
producing highly integrated ternary 
nanocomposites with superior optical, 
electrochemical, and photovoltaic properties. 
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Table 3: Comparison of various synthesis methods for iron oxide-graphene-TiO₂ 

Synthesis 
method 

Process Advantage Limitation Relevance to 
DSSCs 

performance 

Ref. 

Hydrothermal Solution-based 
chemical 

reactions in 
sealed vessels at 

elevated 
temperature and 

pressure 

Precise control 
over particle 

size, 
morphology, 

and 
crystallinity; 
high phase 

purity 

Long reaction 
time; autoclave 
required; and 

limited 
scalability 

High crystallinity 
enhances electron 

transport and 
reduces 

recombination in 
dssc photoanodes 

[73] 

Solvothermal Hydrothermal 
process using 
high-boiling 

organic solvents 

Higher reaction 
temperatures; 

improved 
control of size, 

shape, and 
crystallinity 

Use of organic 
solvents; post-

treatment 
required 

Improved 
crystallinity and 
band structure 

tailoring enhance 
charge transport 

and light absorption 

[74, 79] 

Chemical co-
precipitation / 
co-deposition 

Simultaneous 
precipitation of 

metal precursors 
using a base to 

form mixed 
hydroxides/oxalat

es 

Simple, low-
cost; good 

compositional 
homogeneity; 

and small 
crystallite size 

Repeated 
washing, drying, 
and calcination; 

possible 
agglomeration 

Effective for iron 
oxide incorporation 
and bandgap tuning, 
leading to moderate 

dssc performance 
improvement 

[72,75] 

Layer-by-layer 
(LbL) assembly 

Alternating 
adsorption of 

oppositely 
charged species to 

build multilayer 
films 

Excellent 
control over film 

thickness, 
structure, and 
composition; 
mild aqueous 

conditions 

Time-
consuming; less 
suitable for bulk 

synthesis 

Optimizes 
interfacial contact 

and charge 
transport, 

improving dssc 
efficiency and 

reproducibility 

[79] 

In-situ growth 
and decoration 

Direct nucleation 
and growth of 

TiO₂ and Fe₂O₃ 
nanoparticles on 

graphene surfaces 

Strong 
interfacial 
bonding; 
uniform 

dispersion; 
reduced 

aggregation; and 
enhanced 
stability 

Requires precise 
process control 

Superior electron 
transport, reduced 

charge-transfer 
resistance, extended 

visible-light 
absorption, and 
enhanced dssc 

efficiency 

[80] 

Impact of synthesis parameters on the 
morphology, composition, and interfacial 
properties of the nanocomposites 

The morphology, phase composition, and 
interfacial architecture of iron oxide-graphene-
TiO₂ nanocomposites are highly dependent on 
the synthesis parameters, including precursor 
concentration, solution pH, reaction 
temperature, annealing conditions, and the 

choice of reducing agents. These factors govern 
not only the particle size, crystallinity, and 
surface area of TiO₂ and iron oxide but also the 
dispersion and anchoring of nanoparticles on 
the graphene substrate. Variations in pH can 
influence nucleation kinetics and aggregation 
behavior, while annealing conditions dictate 
crystallographic phase transitions and 
interfacial bonding strength. Likewise, the type 
of reducing agent employed plays a crucial role 
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 in modulating the reduction level of graphene 
oxide, thereby impacting its electrical 
conductivity and compatibility with the metal 
oxides. A fine-tuned balance of these synthesis 
conditions is therefore essential to achieve 
uniform dispersion, strong interconnectivity, 
and optimized charge transfer pathways, which 
are critical for enhancing the 
photoelectrochemical performance of DSSCs. In 
a study by Yudoyono et al. [81,82], it was 
reported that the pH value of solution during the 
co-precipitation synthesis of TiO2 using TiCl3 as 
a precursor has influence of the phase formed. It 
was reported (as presented in the Table 4) that 
at high pH (> 8), the phase of pure anatase was 
formed, and pure rutile phase was formed when 
the pH was adjusted < 5, while 5 < pH < 8 formed 
a mixed phase of anatase- brookite [82]. In 
another study by Tsega and Dejene, the effects of 
pH on the structural, morphological and optical 
properties of TiO2 nanoparticles were 
investigated [83]. It was reported that at pH 4.4–
6.8 only the anatase phase of TiO2 is present 
while under strong acidic conditions at pH 3.2 
rutile, brookite and anatase co-exist, but rutile is 
the predominant phase as shown by the XRD 
spectra in Figure 3. The figure presents a 
magnified view of the anatase (101) peak of TiO₂ 
at different pH values. A slight shift of the 
diffraction peak toward higher angles is 
observed with increasing hydrochloric acid 
concentration. This shift can be attributed to 
variations in lattice strain, including tensile and 
compressive strain, induced in the TiO₂ 
nanoparticles. The annealing temperature 
determines the crystallinity and the phase 
stability of TiO₂ and iron oxide (Fe₃O₄, γ-Fe₂O₃, 
or α-Fe₂O₃), which strongly influence electron 

transfer and light absorption. Chakraborty et al. 
reported that the synthesis of Fe2O3 

nanoparticles via a chemical co-precipitation 
method followed by annealing at various 
temperatures ranging from 100 °C to 900 °C. The 
XRD analysis confirmed the synthesis of Fe₂O₃ 
NPs, with a phase transition from γ-Fe2O3 to α-
Fe2O3 observed between 100 °C and 300 °C. 
Table 5 presents the effect of increase in 
annealing temperature on crystalline size of 
TiO2. It was observed that the crystallite size 
increased with increase in annealing 
temperature, indicating enhanced crystallinity 
[84]. Furthermore, the degree of graphene 
reduction plays a dual role in determining the 
performance of iron oxide–graphene–TiO₂ 
nanocomposites. A higher reduction degree 
enhances the electrical conductivity of 
graphene, thereby facilitating faster electron 
transport and suppressing charge 
recombination. However, excessive reduction 
eliminates oxygen-containing functional groups 
(–OH, –COOH, and –C=O), which serve as active 
sites for nanoparticle nucleation and anchoring. 
Conversely, a partially reduced graphene 
structure maintains sufficient functional groups 
to promote strong interfacial bonding with TiO₂ 
and iron oxide, though at the expense of 
electrical conductivity. Therefore, optimizing 
the reduction degree is critical to achieving a 
balance between conductivity and interfacial 
compatibility, ensuring efficient electron 
transfer and structural stability in the composite 
[51]. Optimized parameters ensure a synergistic 
nanostructure with uniform dispersion, minimal 
recombination centers, and maximized 
interfacial contact for efficient charge 
separation. 

Table 4: Phase of TiO2 at different pH solution [82] 

pH solution Ratio of phase content (%) 
Rutile Anatase Brookite 

3 100 - - 
5 100 - - 
6 80 - 20 
7 - 85 15 

7,7 - 90 10 
8 - 100 - 

8,4 - 100 100 
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Table 5: Effect in the crystalline size of Fe2O3 at different annealing temperature [84] 

Annealing temperature (oC) Crystalline size (nm) Structure 
25 15.54 Inverse spinel 

100 15.13 Inverse spinel 
300 18.13 Rhombohedral 
500 19.14 Rhombohedral 
700 20.88 Rhombohedral 
900 21.23 Rhombohedral 

 

Figure 3: XRD pattern of TiO2 at different pH solution [82] 

Scalability and cost-effectiveness considerations 
for different synthesis routes 

For the large-scale deployment of dye-sensitized 
solar cells (DSSCs), the choice of synthesis route 
must strike a careful balance between device 
performance, production scalability, and overall 
cost. Among the available methods, chemical co-
precipitation is particularly attractive due to its 
low processing cost, simplicity, and suitability 
for bulk powder production, using inexpensive 
precursors and relatively mild reaction 
conditions [74]. The method is easily scalable to 
kilogram-level synthesis and is compatible with 
conventional slurry-based electrode fabrication 
techniques. However, its major limitations 
include limited control over crystallinity, 
particle size distribution, and interfacial defect 
density, which can adversely affect charge 
transport and recombination if not carefully 

optimized. In contrast, hydrothermal and 
solvothermal methods enable the growth of 
highly crystalline, uniform, and well-defined 
nanostructures, such as nanorods, nanotubes, 
and hierarchical architectures, which are 
beneficial for enhancing electron transport and 
dye loading [46]. Despite these advantages, 
these techniques typically require high-pressure 
autoclaves, elevated temperatures, and long 
reaction times, resulting in increased energy 
consumption and lower throughput. Such 
constraints limit their economic viability for 
mass production, particularly when large-area 
DSSC modules are considered [74]. Co-
deposition methods allow direct fabrication of 
electrode films but require specialized 
instrumentation. From an industrial 
perspective, routes utilizing abundant 
precursors, room-temperature processes, and 
environmentally benign solvents are preferred. 

https://www.jeires.com/article_238165.html


                                                                                           Journal of Engineering in Industrial Research 

 

156 

2026, Volume 7, Issue 3 

 Hybrid methods that combine low-cost co-
precipitation with thin-film co-deposition may 
offer a pathway toward scalable, high-
performance DSSCs. 

Characterization Techniques and 
Performance Evaluation 

Characterization methods are essential for 
understanding the relationships between 
synthesis, structure, properties, and 
performance of nanomaterials [77]. They 
provide direct insight into the structural, 
morphological, optical, chemical, and 
electrochemical features of materials, effectively 
bridging material design and functional 
performance in device applications [67,83]. 
Table 6 summarizes the various 
characterization techniques used to characterize 
iron oxide–graphene–TiO₂ nanocomposites. 

Structural analysis (XRD, Raman Spectroscopy) 

X-ray diffraction technique is a type of analytical 
technique that analyzes the crystalline phase, 
crystal structure, purity and average crystalline 
size of TiO2 nanoparticles [61,83,84]. It is used 
for the examination of materials and thin films. 
XRD works on the principle of Bragg’s equation, 
which is described in terms of reflection of 
collimated X-ray beam incident on a crystal 
plane of the sample that to be characterized. 
These X-rays are generated by a cathode ray 
tube, filtered to produce monochromatic 
radiation, collimated and directed towards the 
sample. To confirm the results obtained using 
XRD, microscopy techniques or other solid state 
characterization techniques can be compared 
with the results [85-87].  
Raman spectroscopy provides information 
regarding the vibrational energy levels of 
molecules. Chemical structure, bonding, 
conformation, and intermolecular interactions 
between the molecules can be obtained from this 
technique [53,86]. Although it resembles IR 
spectroscopy, however the principle of Raman 
spectroscopy is based on inelastic light 
scattering. Raman spectroscopy is a valuable 
technique for the phase identification of 
nanomaterials. Raman spectroscopy provides 

insight into graphene quality (D and G bands), 
TiO₂ polymorphs, and iron oxide phases [88]. 

Morphological studies (SEM, TEM, AFM) 

A scanning electron microscope (SEM) is a type 
of electron microscope that images a sample by 
scanning it with a high-energy beam of electrons 
in a raster scan pattern. The electrons interact 
with the atoms that make up the sample 
producing signals that contain information 
about the sample's surface topography, 
composition, and other properties such as 
electrical conductivity. SEM can produce very 
high-resolution images of a sample surface, 
revealing details about smaller than 1 to 5 nm in 
size. Due to the very narrow electron beam, SEM 
micrographs have a large depth of field, yielding 
a characteristic three-dimensional appearance 
useful for understanding the surface structure of 
a sample. SEM reveals surface texture, porosity, 
and film homogeneity [89]. Transmission 
electron microscopy is the method of analyzing 
particles in the range of nanometers. Here, a 
beam of electrons is passed through the sample 
to be analyzed. An image is formed by the 
interaction of the electrons with the sample 
being analyzed, which is magnified and then 
projected onto an imaging device. TEM shows 
nanoparticle size, distribution, and intimate 
graphene–oxide interfaces [53].  
Also, surface texture is an important issue when 
the main interest is to understand the nature of 
material surfaces and it plays a significant role in 
the functional performance of many engineering 
components. On the ultramicroscopic scale of 
surfaces, atomic force microscopy (AFM) has 
been developed to obtain a three-dimensional 
image of a material surface on a molecular scale. 
AFM measures surface roughness, critical for 
dye loading efficiency. AFM has advantage of 
produing high-resolution images with a lateral 
resolution in the range of a few nanometers and 
vertical resolution less than 1 nm, it can be used 
to produce images from the surface of 
nonconductors (polymers) without any special 
preparation to make the sample conductive, as 
required in SEM and TEM, and it is well suited 
for characterization of nanocomposites.  
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 Surface and chemical composition analysis (XPS 
and EDX) 

X-ray photoelectron spectroscopy (XPS) is used 
to determine the quantitative elemental 
composition and oxidation state of materials, 
stoichiometry, electrical state and examine 
surface contamination [88,89]. EDX (Energy 
Dispersive X-ray Spectroscopy) provides 
elemental mapping, ensuring uniform 
dispersion of components. EDS detectors are 
typically integrated with SEM instruments to 
facilitate their combined use because the 
operational principle of EDS relies on electron 
beam excitation [90]. 
XPS is applicable for characterizing the surfaces 
of semiconductors, inorganic minerals, organic 
compounds, thin films and coated materials. 
Both XPS and energy dispersive X-ray 
spectroscopy (EDS) are used to detect the 
presence of elements in different materials 
[91,92]. However, the XPS provides information 
on the elemental composition of materials and 
differentiates the oxidation states of the 
elements, by taking measurements within a few 
atomic layers, usually from the top 1–10 nm of 
the surface [93]. The EDX method can determine 
the bulk composition of the elements with 
excitation volumes as deep as 3 µm deep into the 
sample [90]. 

Optical properties (UV-Vis spectroscopy) 

Optical properties are fundamental 
characteristics that govern how materials 
interact with light, influencing their suitability 
for applications in photovoltaics, photocatalysis, 
optoelectronics, and sensors. Among various 
characterization techniques, Ultraviolet–Visible 
(UV-Vis) spectroscopy stands out as a versatile 
and non-destructive method to probe the light 
absorption behavior of materials in the 200–800 
nm range [31]. It provides direct insights into 
electronic transitions, bandgap energies, charge-
transfer dynamics, and light-harvesting 
efficiency, making it an indispensable tool in the 
study of nanomaterials. UV-Vis absorption 
spectra evaluate light harvesting, dye 
absorption, and bandgap modifications from 
FeₓOᵧ incorporation. 

Electrochemical behavior reported for Iron 
oxide–Graphene–TiO₂ photoanodes  

CV is a widely employed technique to investigate 
the redox behavior, charge-transfer dynamics, 
and electrochemical stability of Fe₂O₃–TiO₂ 
nanocomposites. The incorporation of Fe₂O₃ 
into TiO₂ modifies the electronic structure by 
introducing additional redox-active centers, 
which can be observed in CV profiles as distinct 
anodic and cathodic peaks corresponding to 
Fe³⁺/Fe²⁺ transitions. These redox couples 
enhance electron shuttling and facilitate 
improved interfacial charge transport between 
the electrode and electrolyte. In DSSC-related 
studies, Fe₂O₃-TiO₂ electrodes often show 
higher current densities in CV scans compared to 
bare TiO₂, reflecting enhanced electrocatalytic 
activity and reduced charge-transfer resistance 
[15].  

Correlation of nanostructure properties with 
DSSC performance metrics (Jsc, Voc, FF, and η) 

The structural and compositional features of 
iron oxide–TiO₂ composites play a crucial role in 
determining DSSC performance parameters. The 
short-circuit current density (Jsc) is improved 
through enhanced dye loading provided by the 
large surface area of graphene [4,92], along with 
additional light absorption contributed by iron 
oxide. The open-circuit voltage (Voc) is 
influenced by the suppression of charge 
recombination at the TiO₂/electrolyte interface, 
where FeₓOᵧ can act as an effective blocking 
layer. Meanwhile, the fill factor (FF) benefits 
from the reduced charge transfer resistance 
enabled by the high electrical conductivity of 
graphene [27]. The synergistic interaction 
between the components brings about 
improvements in the overall efficiency. In 2022, 
Ahmad studied the effect of graphene material 
incorporated into the TiO2 photoanode for DSSC 
application [94]. It was reported that the DSSC 
cell using the rGO composition photoanode 
exhibits greatly improved photovoltaic 
performance as compared to that of pure TiO2.
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 Table 6: Summary of characterization techniques for iron oxide-graphene-TiO2 photoanode material 

Characterization 
method 

Property analyzed Relevance to DSSCs performance Ref. 

XRD Structural / crystalline 
properties 

Determines electron transport 
pathways and recombination 

behavior; anatase phase favors 
higher dssc efficiency 

[91] 

Raman spectroscopy Structural and 
vibrational properties 

Confirms composite formation and 
defect levels, which influence 

charge transfer and recombination 

[50,53] 

SEM Surface morphology Affects dye loading, electrolyte 
penetration, and interfacial contact 

[53,87] 

TEM Microstructure Confirms nanoscale heterojunctions 
that enhance charge separation and 

transport 

[89] 

AFM Surface topography Higher roughness improves dye 
adsorption and light harvesting 

[31] 

XPS Surface chemistry Verifies doping, chemical states, and 
interfacial charge-transfer 

capability 

[93] 

UV-Visible Optical properties Determines light absorption 
efficiency and bandgap tuning for 

enhanced photocurrent 

[84] 

Cyclic voltammetry Electrochemical 
behavior 

Indicates electrocatalytic activity 
and improved electron transport in 

DSSCS 

[15] 

rGO/TiO2 with solution volume of 4 mL 
exhibited the best photovoltaic performance 
with the highest efficiency of 3.15% and the 
greatest current density of 5.98 mA/cm2 (Table 
7). This performance can be traced to the 
graphene material which improved the surface 
of TiO2 for dye loading and also enhanced 
electron transport. Kılıç et al. [31] reported a 
significant enhancement of approximately 40% 
in solar conversion efficiency, incident photon-
to-current efficiency (IPCE), and fill factor (FF) 
for Fe₂O₃-modified TiO₂ compared to bare TiO₂. 
Specifically, the Fe₂O₃–TiO₂-based DSSC 
achieved a power conversion efficiency of 
7.27%, whereas the device with pure anatase 
TiO₂ showed an efficiency of 5.10%. This notable 
improvement in performance was attributed to 
enhanced light harvesting and the increased 
specific surface area of the Fe₂O₃-modified TiO₂ 
nanostructures, which facilitated greater dye 
adsorption [31].  

 

Elucidating the mechanisms behind the observed 
performance enhancements through detailed 
analysis of characterization data 

Performance gains can be traced back to 
synergistic mechanisms revealed by 
characterization XRD and Raman confirm 
crystalline phases responsible for charge 
transport and stability. Hatib [52] carried out an 
investigation on the performance enhancement 
of DSSC through TiO2/rGO hybrid. He reported 
that analysis of the XRD test results on the DSSC 
crystal structure shows that the addition of rGO 
to TiO2 affects the diffraction pattern and crystal 
structure formed. At a sintering temperature of 
400 °C, the sharp diffraction peaks (Figure 4) 
indicate that the TiO2 anatase structure reaches 
the highest degree of order. The shift and 
broadening of the diffraction peaks after adding 
rGO indicate a distortion in the TiO2 crystal 
lattice, which increases the total surface area 
and electron transfer pathways. 
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 Table 7: Comparison between photovoltaic parameter of DSSC with pure TiO2 and rGO/TiO2 [94] 

Material Solution 
volume (mL) 

Voc (V) Jsc (mA/cm2) FF Efficiency (η) 
% 

 1 0.752 0.605 47.625 0.206 
TiO2 2 0.62 0.836 49.409 0.315 

 3 0.795 1.116 48.412 0.430 
 4 0.719 2.436 57.448 1.006 
 1 0.897 4.467 61.819 2.476 

rGO/TiO2 2 0.892 4.53 62.564 2.531 
 3 0.922 4.472 64.568 2.661 
 4 0.906 5.983 58.117 3.151 

 

Figure 4: XRD test results for each heating variation [52] 

It is observed here that thermal reduction 
promotes the removal of residual oxygen 
functional groups and facilitates the 
rearrangement of carbon atoms into more 
ordered sp² graphitic domains. This structural 
reorganization increases short-range order 
which leads to sharper and more intense XRD 
peaks, giving the appearance of improved 
crystallinity. The more regular crystal structure 
at the optimal sintering temperature of 400 °C is 
directly related to the highest efficiency 
achieved by DSSC, namely 0.1923% [52]. Pardhi 
et al. [15] examined the effect of adding 2% wt 
concentrations of Fe2O3 powder into TiO2 thin 
films (Figure 5). The addition of 2 wt.% of Fe2O3 
leads to reduction in crystallite size. It was 
interesting to examine the effect of adding 

different concentrations of synthesized Fe2O3 
powder into TiO2 thin films. The addition of 2 
wt.% of Fe2O3 leads to reduction in crystallite 
size as presented in (Table 5). This mixing of 
Fe2O3 also increases the values of micro-strain 
together with the dislocation density which 
improves dye loading and light harvesting 
capacity of the material [15]. TEM/SEM 
demonstrates well-dispersed nanoparticles, 
correlating with high Jsc. Najafi et al. [95] 
examined the morphology of TiO2 and graphene-
WO3-TiO2 composite using scanning electron 
microscopy (SEM) images. In the image of pure 
TiO2 (Figure 6a), the nanoparticles appear to be 
aggregated, which may affect the overall 
performance of the material.  
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Figure 5: XRD pattern of Fe2O3 Powder, and 2 wt.% Fe2O3 in TiO2 [15] 

However, in the graphene-WO3-TiO2 composite 
(Figure 6b), it can be observed that TiO2 

nanoparticles are successfully deposited on the 
surface of 1D WO3 nanorods, establishing a good 
interfacial contact between these two materials. 
This enhanced contact between WO3 and TiO2 
can facilitate charge transfer during the 
photochemical reaction, which is beneficial for 
the overall performance of the composite [56]. 
AFM measures surface roughness, critical for 
dye loading efficiency. Ahmad et al., employed 
AFM to evaluate the surface roughness of TiO₂ 
thin films doped with different weight 
percentages of graphene oxide (GO) [58]. 
Figures 7a–7d present the three-dimensional 
surface morphologies of GO/TiO₂ thin films 
containing 0.0, 0.4, 0.6, and 0.8 wt.% GO, 
respectively. The average surface roughness 
increases progressively from 20.1 nm for 
pristine TiO₂ to 25.2, 35.1, and 39.3 nm for films 
with 0.4, 0.6, and 0.8 wt.% GO, respectively. This 
gradual increase in roughness suggests that GO 
incorporation enhances the surface area of the 
TiO₂ film, which is advantageous for dye 
adsorption and is therefore expected to improve 
light harvesting in DSSC photoanodes. XPS/EDX 

reveals chemical bonding and interfacial charge 
transfer, explaining reduced recombination and 
higher Voc. UV-Vis shows an extended 
absorption edge due to Fe2O3, aligning with 
enhanced light harvesting. The CV study reveals 
charge transfer kinetics and the electrochemical 
activities of nanomaterials. Collectively, these 
results provide a mechanistic understanding: 
graphene serves as a conductive bridge, iron 
oxides extend visible light absorption and 
passivate recombination sites, while TiO₂ 
provides structural stability and dye anchoring 
capacity leading to superior DSSC efficiency. 

Challenges and Future Perspectives 

Iron oxide–graphene–TiO₂ photoanodes face 
many challenges before they can be used widely 
in DSSCs. Finding the right composition is 
difficult. Too much graphene can block dye 
adsorption, while excessive iron oxide can 
create recombination centers. The morphology 
of TiO₂ also affects performance, as one-
dimensional structures improve electron 
transport, while porous structures increase dye 
loading [26].  
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Figure 6: (a) SEM image of TiO2 nanoparticle and (b) SEM image of graphene-WO3-TiO2 [56] 
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Figure 7: Topography AFM images of GO/TiO2 film containing (a) 0.0 wt.%, (b) 0.4 wt.%, (c) 0.6 wt.%, and (d) 
0.8 wt.% graphene oxide 
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 Table 8: Crystalline size, micro-stain, and dislocation density of Fe2O3 powder and 2 wt.% Fe2O3 in TiO2 [15] 

Sample name Crystalline size (D) 
(nm) 

Micro-strain (ε) (10-4) Dislocation De (δ) (10-

4 nm-2) density 
Fe2O3 powder 80.58 15.51 1.54 

2 wt.% Fe2O3 in 
TiO2 

74.51 19.62 1.8 

Table 8 summarizes the XRD-derived crystalline 
size, micro-strain, and dislocation density of 
Fe2O3 powder and 2 wt.% Fe2O3-doped TiO2. 
Another challenge is the limited understanding 
of how graphene, iron oxide, and TiO₂ interact. 
The exact role of energy band positions, charge 
carrier lifetimes, and graphene’s oxidation state 
is unclear. Long-term stability is also a concern. 
Iron oxide can undergo photocorrosion, 
graphene may lose conductivity, and the 
electrode–electrolyte interface may degrade 
over time. In addition, current synthesis routes 
that yield high-quality nanostructures, such as 
hydrothermal and solvothermal methods, are 
too costly and energy-intensive for large-scale 
use [96]. Future work should focus on precisely 
tuning of composition and morphology to 
balance dye loading, charge transport, and 
recombination. Advanced tools such as time-
resolved spectroscopy, theoretical modeling, 
and in situ electrochemical analysis can help 
explain the mechanisms at the interfaces. 
Stability can be improved through protective 
coatings, stronger anchoring strategies, and 
electrolyte engineering. For industrial use, 
cheaper and scalable methods such as chemical 
co-precipitation, spray pyrolysis, screen 
printing, and roll-to-roll deposition need to be 
developed. Novel device designs, including 3D 
hierarchical structures, tandem DSSCs, and 
flexible or transparent substrates, could further 
enhance efficiency and expand applications to 
wearable electronics or building-integrated 
photovoltaics. Combining Fe₂O₃, graphene, TiO₂ 
with other advanced materials and hybrid 
concepts also offers opportunities for future 
breakthroughs. With these efforts, laboratory 
progress can be translated into practical solar 
energy solutions. 

 

Conclusion 

This review highlights the important role of 
photoanode engineering in improving the 
efficiency and stability of DSSCs. Although TiO2 
remains the most established material due to its 
abundance, low cost, and environmental 
compatibility, its wide bandgap and relatively 
poor charge transport properties limit 
performance under visible light. To overcome 
these challenges, research has progressively 
focused on hybrid nanostructures that combine 
TiO₂ with complementary materials to enhance 
light absorption, electron mobility, and 
interfacial charge dynamics. Iron oxides and 
graphene are particularly attractive candidates 
when integrated with TiO₂. Fe₂O₃ introduces 
visible light activity and catalytic functionality, 
while graphene contributes outstanding 
conductivity and a high surface area that 
facilitates dye adsorption and electron 
transport. The synergistic effect of these 
components produces nanocomposites that 
address the shortcomings of pristine TiO2, 
improving photon harvesting and reducing 
electron–hole recombination losses. The 
effectiveness of such composites, however, is 
highly dependent on synthesis conditions, which 
govern their morphology, crystallinity, and 
interfacial architecture. Characterization results 
from techniques such as XRD, CV, SEM, TEM, EDX 
and UV–Vis absorption reveal the benefits of 
optimized iron oxide–graphene–TiO₂ 
composites. Enhanced charge transfer, lower 
recombination resistance, and broader spectral 
absorption profiles confirm their potential for 
more efficient DSSCs. Therefore, the integration 
of iron oxide and graphene with TiO₂ represents 
a promising strategy for next-generation DSSC 
photoanodes. 
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