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Graphene as a material is becoming more and more prevalent recently due to its
conductivity and its economical price compared to metal, causing it to become competitive
in the field of solar energy. This article aims to discuss graphene’s typical traits and its
specific applications in the field of solar energy to enable readers to recognize the practical
values of graphene through the lens of literature analysis and literature review, which serves
as the foundation and opportunities for future development in mitigating the issues such as
water scarcity and environmental pollution, as graphene can enhance product performance
when combining with other materials through improving conversion efficiency while
ensuring the sustainability. It is realized that even though graphene’s use in the field of solar
energy may encounter challenges and risks, its potential still provides people with valuable
insights into what future solar energy industries should be aware of or even investigate
further on.
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The rising demand for sustainable and renewable energy has hastened developments and innovations
in solar energy technologies, causing solar energy to become a crucial element for the future [1].

As solar energy is available and clean, it is an unparalleled alternative to traditional unrenewable
energy sources. Recently, the majority of solar cells are composed of silicon, which is costly and
requires a complex fabrication process. Consequently, nanostructure materials and thin-film
materials emerged to help to overcome the limits, leading to the possibility of using graphene in the
field of solar energy [2].

This article is different than other pertinent papers because of the angle. According to research,
there are reviews focusing on the broad progress of graphene or carbon-based materials, however,
these valuable reviews concentrated on the broad applications instead of diving into the specific
field of solar energy. There are many research papers focusing on specific innovations using
graphene for improving the performance in the field of solar energy, but a review has not emerged
yet to combine these precious investigations together with a main thread. Therefore, this article aims
to fill the gap and serves as a reference for readers who are looking forward to gaining the future
vision of solar energy industries.

© 2026 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Graphene is an allotrope of carbon that has a covalent network structure, also known as a giant
covalent. In covalent network structures, the atoms are connected in a continuous lattice by covalent
bonds. Graphene is unique among the allotropes; it has a single atomic layer structure with carbon
atoms arranging in a honeycomb lattice, which is two-dimensional. It fulfills sp? hybridization. The
delocalized large m is the extra bond that can emerge in any of the single bonds, thus it has high
electron mobility, causing it to become similar to metals. Multiple layers of graphene become
graphite [3].

There are multiple ways that people can obtain graphene. Two general categories are the top-
down approaches and the bottom-up approaches. The Top-down approaches encompass mechanic
exfoliation, nanotube slicing, ion implantation, supersonic spray, and plasma-enhanced exfoliation.
The Bottom-up approaches involve liquid phase exfoliation, fullerene splitting, graphite oxide
reduction, chemical vapor deposition, microwave irradiation, electrochemical synthesis,
hydrothermal self-assembly, sodium ethoxide pyrolysis, epitaxy graphene growth on silicon carbide,
solvent interface exfoliation, and graphene synthesis from graphite using thermal treatment [4].

Graphene can enhance the performance of solar cells due to its ability to improve the absorption of
light, the ability to help efficient charge transport within the solar cell, and have high electrical and
thermal conductivity, causing greater conversion efficiencies and greater power output. The
following result is based on an experiment with dye-sensitized solar cells under low-light
conditions/low irradiation in 2024. It has high diffusion lengths(7.1um) and high charge carrier
recombination lifetime(3.22mS).

Specifically, the solar cell with graphene indicates higher PCE, ff, VOC, JSC.

PCE (Power Conversion Efficiency) = Pnllax , where Pmax is the maximum power output of the

cell, and I is the irradiance of the incident light.

ff (Fill factor)= %"}’éc , where VOC is the open-circuit volage, and JSC is the short-current

density.

Firstly, graphene can reduce resistance. To elaborate, it can reduce the charge transport resistance
between two interfaces of Titanium dioxide (TiO,) and the charge transport resistance of the
photoelectrode, as evidenced by the high ff.

Secondly, as proved by the increase in ff and VOC, it can be observed that graphene can improve
charge transfer, which decreases the recombination losses, enhancing the efficient conversion of
light energy to electricity.

Thirdly, graphene-added interlayer leads to rapid electron extraction, increasing the VOC value.
Graphene possesses a massive surface area and competent carrier mobility, which can help to
distribute TiO, and improve electron injection from the excited dye molecules to move across layers,
improving the efficiency of dye-to-photoelectron conversion, diminishing energy loss.
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Figure 1. a) The relationship between efficiency of the cells and light intensity with legends of
graphene & without graphene. b) The relationship between the fill factor of the cells and light
intensity with legends of graphene & without graphene [5]

Overall, the addition of 1% of graphene to the 4th TiO, layer of the photoanode improves 1.32%
of the efficiency, revealing the significance of adding the graphene [5]. As indicated in Figure la,
although the difference between the efficiency of the cells with graphene and the cells without
graphene gradually becomes smaller as the intensity of light increases, the difference always exists,
suggesting the massive impact that graphene causes. As depicted in Figure 1b, the difference
between the fill factor of the cells with graphene and the cells without graphene is gradually
becoming larger and larger, indicating cells with graphene have noticeably less energy losses.

For another instance, there is a simulation in 2016 suggesting the same idea that graphene can
help to enhance conversion efficiency, which is also based on dye-sensitized solar cells due to its
affordability. By comparing TiO, -graphene composite and TiO, — ZnO composite, it can be deduced
that with the use of graphene, the electron transfer rate rises, leading to a decline in the
recombination of electrons, triggering more carriers and thus increasing the open circuit voltage. As
a result, TiO, -graphene composite is 2.7% more efficient relative to TiO, — ZnO composite [6].

For another instance, there is an experiment conducted in 2020 differentiating the performance of
TiO, and TiO, — graphene composite using as a photoanode. In this case, graphene can improve
efficiency by about 6.97% compared to TiO, [2].

4. Other applications

To elaborate, there are specific practical cases of how graphene can bring changes to the field of
solar energy, which is categorized into two types: Cold energy storage system related, and water
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purification related. These are both water-based. Cold energy storage system is based on the
principle of water cycling with the help of condensation and sorption/desorption.

Solar driven cold energy storage system is economical, efficient, and relatively simple, which can
help to tackle the issue of high energy consumption of traditional cold energy storage systems.

Wang and other researchers conducted an experiment based on a graphene-based composite
sorbent that was created by embedding strontium chloride (SrCl,) into an interconnected graphene,
which can indicate the potential of using graphene in the field of cold energy storage systems.

The result is that Strontium Chloride (SrCl))-graphene composite sorbent performs superior
compared to SrCl, / Expanded sulfurized graphite (ENG-TSA) / Carbon coated thermal conductive
aluminum powder (AI@C) sorbent, speaking of the stable ability to absorb and desorb ammonia
fluid. Under the condition of 263.15 kelvin for the evaporation temperature, the sorption and
desorption capacity for SrCl,-graphene composite sorbent reaches 0.577g/g, while SrCl, /ENG-
TSA/AI@C sorbent only approaches 0.537g/g, emphasizing graphene’s advantage. Under the
condition of 0.62 MPa as the condensation pressure, SrCl,-graphene composite sorbent has 0.034
g/g more sorption/desorption capacity compared to SrCl, /ENG-TSA/AI@C sorbent. The difference
between the two sorbents can be attributed to the reason that the SrCl,-graphene composite sorbent
interconnected graphene structure can help to improve the transfer way for heat. These two statistics
demonstrate that SrCl,-graphene composite sorbent has a relatively good adaptability and stability.
Furthermore, in the simulation of solar energy driven desorption under constant pressure, under 4
hours of stable sunlight, systems with SrCl,-graphene composite sorbent achieve more than 90%
cold energy storage, implying the future usage of maintaining a healthy cycle of daytime storing
cold energy and nighttime cooling release. The ability of this sorbent to help to store cold energy is
1.9 times that of the traditional way of storing cold energy.

The use of graphene can help to enhance cycling stability and effectiveness, which can serve as
the foundation for future sustainable development in the field of solar thermal-driven cold energy
storage [7].

Freshwater scarcity is a crisis that can be mitigated through solar-driven water purification.

Desalination driven by solar energy is based on solar thermal conversion, which can heat the
water by converting the heat energy, ultimately leading to evaporation or vaporization. Graphene can
be a kind of photothermal material.

All the carbon-based materials have a rough surface with a pore structure, which allow lights to
scatter for multiple times to reduce reflectivity, enabling the absorption to improve. Additionally,
carbon-based materials are not poisonous and adjustable [8].

Yu conducted an experiment based on a nano-structured leaf-like graphene layer on a wood
substrate (HLG/Wood), which is a photothermal material that can be used in desalination for
seawater. This material demonstrates exceptional ability to absorb light with low heat energy loss,
which can be implied by the statistics of the ability to absorb more than 87.2% of light between 200-
2500nm. This effectively contributes to the desalination of seawater; the evaporation efficiency is
stable under a high-salt environment with the interception rate of over 99.7% of ions such as Na+

[9].
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Chang suggested that Polyaniline/Graphene nanocomposite materials can be used in solar energy-
driven evaporation and seawater desalination due to the broadband absorption of the solar spectrum
through the process of mixing graphene with acidified polyaniline membrane [10].

Li and other researchers proposed that under the condition of 1kW/m2 of sunlight, the
evaporation efficiency of graded graphene foam (h-G) exceeds 90%, as visualized in Figure 2a.
While the long-range vertically aligned 3D graphene sheet film (VA-GSM) under the identical
condition, the evaporation efficiency can reach 86.5%, as illustrated in Figure 2b [11].
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Figure 2. a) Structure for different graphene foams. b) vertically aligned 3D graphene sheet film [11]

Li and other researchers have conducted an experiment based on another photothermal material,
which is the combination of graphene and gold particles from electronic waste in a melamine
sponge, termed as Graphene-Recycled Au-Melamine Sponge, referred as “GRAMS”. It is reusable,
washable, and stable. The water purified through this achieves WHO drinking water standards [12].

5. Conclusion

In conclusion, graphene’s unique traits have enabled it to have excellent performance in the aspect
of conversion efficiency, leading to feasible usages in the field of solar energy such as cold energy
storage or water purification. This paper has not yet delved into every single aspect in depth, for
instance, there are more cases that graphene can be used in the field of solar energy. Overall,
graphene can be incorporated with various other materials to create salient contributions in the field
of solar energy. Future investigations may focus on more possible combinations of graphene and
other materials that can be used in the solar energy field to enhance efficiency, further promoting
human wellbeing.
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