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Abstract:

The current dissertation focuses on the question of whether
the exceptional electrical and mechanical properties
of graphene can lend themselves to transformative
applications occurring at scale or only serve special
applications. The extreme reliance on graphene instead of
the larger category of two-dimensional materials allowed
comparison of the electron mobility (~200,000 cm 2 /
V s ) and tensile strength (~130 GPa ) of graphene with
current material technologies (silicon, copper, and steel).
In a systematic literature review of peer-reviewed Q1/Q2
journals, industry reports, and conference results selected
with discretion, I compared the potential of graphene as
applied to analogue electronics with the fact that it has zero
band gap, its mechanical robustness in the laboratory with
the issues of preventing defects and integrating composites.
A major cost analysis showed that production of existing
CVD-derived monolayer graphene was so expensive
($1000 to 5000/g) that it would only be considered as
a specialty product until roll-to-roll and exfoliation
processes were developed. The potential of quantum
computing, construction composites, and policy-driven
commercialization was analyzed and weighed against the
success of earlier pilot efforts in light of scale, dispersion,
and regulatory challenges. The reflective review identifies
delays in the scope refinements, publication delays, and
a lack of interpretive opportunities in the socio-economic
dimensions, and suggests more concerted initial scope,
a living log of research alerts, and time-blocking in
future projects. The results indicate that graphene has
the potential to transform certain high-value industries
indeed, but that its more general industrial influence
remains dependent upon the successful resolution of basic
materials-engineering, manufacturing, and policy issues.

Keywords: : Graphene; Material Properties; Commer-
cialization; Two-Dimensional Materials; Technological
Applications
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1. Introduction

Graphene is considered a wonder material of the 21st
century, having been isolated in 2004 by Andre Geim and
Konstantin Novoselov at the University of Manchester
(Novoselov et al., 2004). Its findings had won over the
researchers the Nobel Prize in Physics in 2010 and had
sparked a wave of research worldwide about what it could
do. Graphene is known to be arranged in a two-dimen-
sional honeycomb lattice of two-dimension with one layer
of carbon atoms. It forms an unusual composition with
excellent characteristics, such as its mechanical strength
is 200 times higher than steel, its thermal conductivity is
~5000 W/m K, and its electron mobility is extremely high
with a value of >200,000 cm 2/V. s (Li et al., 2024).

The numerous applications in which graphene can offer
multiple benefits include next-generation transistors,
medical diagnostics, supercapacitors, and desalination
membranes (Yusaf et al., 2022; Saeed et al., 2025). With
the search for industries for more efficient and sustainable
substitutes for the present-day materials, graphene is pro-
posed as a solution. Some obstacles like manufacturing
expenses, environmental system changes over nanoparti-
cle toxicity, and the absence of massive manufacturing in-
frastructure still limit the commercialization process (Dhall
et al., 2024).

In the present dissertation, the researcher will set out to
examine how intrinsic properties of graphene have the
potential to change current contemporary technologies,
not only examining its transformational capabilities but
also identifying the challenges that need to be addressed.
The paper takes a critical stance to review whether or not
graphene can move beyond a laboratory novelty to a com-
mercially viable industrial substance, utilizing secondary
data derived from scholarly journals, institutional publica-
tions, and market reports. In the process, it will also draw
parallels between graphene and conventional surfaces
such as silicon, copper, and steel to illustrate its strengths
and weaknesses.

2. Literature Review

2.1 Background of Graphene

2.1.1 Discovery and Development

The isolation breakthrough of graphene took place in the
year 2004, when Professors Andre Geim and Konstantin
Novoselov discovered an immensely easy technique re-
ferred to as mechanical exfoliation. It was accomplished
by means of removing successive layers of graphite with
the help of adhesive tape until one monolayer of carbon
atoms was created (Zhang et al., 2021). Before this dis-
covery, two-dimensional (2D) materials such as graphene
were confirmed to be mathematically possible, and some
argued that they could never exist as individual entities
because they are thermodynamically unstable. This break-
through not only indicates that it was possible to obtain
a free-standing form of graphene but also introduces the
world to its amazing properties, prompting scientific inter-
est in the material to spread like wildfire around the world.
The discovery became important and was adapted in
2010 with a Nobel Prize in Physics. Given that graphene
is the most promising discovery so far, efforts to explore
its potential have gone beyond the laboratory into vast-
scale, collaborative projects between several universities,
university research institutions, and government launched
funded programs. One example of a larger project is the
Graphene Flagship project, started by the European Union
in 2013, with an initial budget of 1 billion euros (Sama,
2024). The program is designed to address the research
and commercialization gap, and its strategy is to ensure
a faster integration of technologies and applications of
graphene into other sectors. A history of carbon-based
materials starting with nanodiamonds in 1963, fullerenes
in 1985, multi-wall carbon nanotubes in 1991, single-wall
carbon nanotubes in 1993, carbon nanohorns in 1999,
graphene in 2004, graphene quantum dots in 2010, and
carbon dots in a recent undated year highlights the grad-
ual development of carbon nanomaterials resulting in the
prominent presence of graphene.
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Figure 1: Timeline of Discovered Graphene
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Graphene quantum dot

As an increasingly popular substance, approaches to the
production of graphene have proliferated considerably.
Mechanical exfoliation is considered a perfect way to
produce high-purity graphene, but it does not apply on a
large scale. As measures of alleviating this, various other
methods have been formulated to synthesize:

- Chemical Vapor Diffusion (CVD): The most common
method to produce graphene on a large scale (especially in
copper) CVD process is easily controllable in layer thick-
ness and area. It is, however, constrained by the existence
of grain boundaries and defects (Cheng et al., 2021).

- Liquid-phase exfoliation: It utilizes grafting graphene
in a solvent by sonication in order to manufacture large
quantities. The product graphene, however, is lower in
quality as compared to CVD or mechanical exfoliation
(Hernandez et al., 2008).

- Epitaxial growth: Sublimation of silicon atoms produced

by heating silicon carbide causes a carbon-enriched layer
to form and reform into graphene. It is a good quality al-
ternative to this technique, but it is complicated and less
scalable (Emtsev et al., 2009).

2.1.2 Structural Properties

The unconventional characteristics of graphene are at-
tributed to the Atomic structure. It is a single layer with
carbon atoms organized to create a honeycomb lattice in
two dimensions. All carbon atoms are linked with three
others through the sp’ hybridized orbitals, forming strong
in-plane covalent bonds, but free m-electrons move on
both sides of the plane (Szroeder et al., 2025). These
n-electrons are behind most of the electronic and optical
properties of graphene. The length of the C-C bond in
graphene is about 0.142 nm, and the graph is also found
to have an interlayer distance of 0.335 nm when the layers
are superimposed (like graphite). Such an arrangement
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offers a very high surface area e.g. 2630 m2/g, in case of
a single sheet of graphene, which is useful in specific cas-
es like the development of sensors, supercapacitors, and

Carbon atoms

judgement membranes used in water purification applica-
tions (Yang et al., 2018).

Molecular bonds

~ (0.142 nm

Figure 2: Structural View of Graphene

Due to the two-dimensional nature of graphene, its flare
and optical transparency cannot be greater. It is almost
transparent and average absorption of visible light is
about 2.3% per layer (Li et al. 2019). It has played its part
in its success as a transparent touchscreen, smart window
and wearable electronic devices material. In particular,
the structure of graphene results in the quasi-relativistic
nature of the charge carriers which are in fact massless
Dirac fermions. This Help make graphene has extraordi-
nary electricity mobility and keep interested in-studying
quantum Hall effects, spintronics, and several other exotic
applications within the subject of physics (Avsar et al.,
2020).

2.1.3 Electrical and Mechanical Properties

The most hailed of all the properties of graphene is its
electrical conductivity. Graphene is a promising material
that does not have a bandgap because there are low ef-
fective mass and allowing motion of electrons to move
at high speed with negligible resistance. In optimal cir-
cumstances, its mobility at normal temperatures surpasses
200,000 cm 2 /V s even at room temperature, which is
several orders of magnitude higher compared to the con-
ventional semiconductors such as silicon (Rahman, 2014).
Furthermore, it can be doped and/or challenged using an
electric field to change its conductivity, so the material is
a prospective component of field-effect transistors (FETs),
photodetectors, and interconnects in ICs (Liang et al.,
2024).



Multi-Functional
Graphene/Epoxy
Composites

Thermal

High thermal
conductivity

High stability

- Robustness
W Stiffness
g N\ Wear-resistant
Electrical .

High conductivity %, *
(or) /

High resistivity /

Dean&Francis

ZIHAO SHEN

&

Mechanical

N

]
{' Processability
3 Low-cost
\ Less-weight

\

e

Figure 3: Summarized Properties of Graphene (Electrical, Mechanical, and Thermal)

Jalali et al. (2024) found that it is nearly 130 GPa and, as
such, 100 or more times stronger than steel by weight. It
has a Young modulus of about 1 TPa and is very bendable
and stretchy to 20% of its original length without frac-
ture, despite its toughness. The second important prop-
erty is thermal conductivity, which is between ~5000 W/
m K-more than two times higher than that of diamond,
which used to be the record holder (Zhao et al., 2024).
This renders graphene very suitable for high-performance
computing systems as well as for thermal management of
nanoelectronics.

2.2 Applications of Graphene

2.2.1 Graphene in Electronics

The use of graphene in the area of electronics is one of
the most promising spheres that can be changed radically

by the peculiarities of the substance. The unique electrical
properties of graphene as the total number of electrons
that can travel through it is huge, and its mobility is high-
er than 200,000 cm? / Vs / at room temperature, and the
thickness of the material is atomic scale, which is a break-
through compared to traditional materials (Ariga, 2022).
The qualities make it a possible candidate to drive the
current generation of electronic devices and particularly
transistor which make the blocks of contemporary circuit-
ry. The commonly used silicon-based transistors are push-
ing boundaries - the old standby to deliver technological
change are reaching the physical and theoretical limits.
Limitations on miniaturization, when it is getting harder
and harder to reduce the size of the components further
and the problem of cooling the component, the close
density of the transistors developing heat, must be solved
before the next step can be made.
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Graphene Electronics Market
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Figure 4: Graphene Electronic Market Size in USD Billion (2019-2032)

The two-dimensional structure of graphene and its un-
rivalled electron mobility offer an opportunity to move
beyond these impediments to seek potentially the high
speed-low power devices to revolutionize computing
and communications. There is much development which
have been done, in the practical utilization of graphene
in electronics. Graphene field-effect transistor (GFETSs)
have already been successfully fabricated by the research-
ers and Krishnan et al. (2024) demonstrated the amazing
switching speed at the terahertz (THz) regimes. Such high
switching speeds mean that transistors composed of the
material would lend themselves to high-speed data pro-
cessing applications, including high-speed telecommuni-
cations and high-performance computing. The challenge,
however, is another serious one: pure graphene does not
have a bandgap, the energy separation that permits a ma-
terial to behave effectively as a switch, turning off com-
pletely.

Methods including bilayer graphene stacking, where
a bandgap can be introduced by placing two sheets of
graphene in registry with each other, the interactions
between a substrate and graphene changing the electron-
ic properties of the graphene via the material interface,
and the production of graphene nanoribbons, strips of
graphene with engineered edge structure, are promising
developments to improve the semiconducting properties
of graphene. The flexibility and conductivity have made
it a promising material in flexible electronics, bendable
electronics, and wearable electronics, which are gaining
demand in consumer electronics. The transparency and
high electrical conductivity of graphene have made it the

prime candidate as a transparent conductive electrode,
which is an application of touchscreen devices, solar cells,
and organic light-emitting diodes (OLEDs) (Miao and
Fan, 2023).

High-frequency applications Graphene is being used
to develop next-generation wireless communications
systems; this is because radio-frequency (RF at high fre-
quencies, graphene will be able to transfer information
between devices at unprecedented speeds. Some of the
key industry players are already spending a lot of money
on this technology. Samsung has developed prototypes of
graphene-based displays that will be characterized by im-
proved resistance and brightness, whereas IBM has been
working on graphene that will serve as communication
components and that will enable improved efficiency in
data transmission (Sengupta, and Hussain, 2024). The
electronic market for graphene is very sturdy, as it is sup-
ported by growing demand and technological advance-
ment. The industry has a growing market value, as projec-
tions point to the ballooning growth of the industry into
the impressive USD 1596.1 billion by 2032, surpassing
the current situation of USD 50.70 billion by 2024, with
its compound annual growth rate (CAGR) rating it as of
economic importance (MMR, 2025).

The type market segmentation shows a wide range of ap-
plications with graphene transistors projected as the high-
est with 204 Mn units (Mn), then followed by graphene
supercapacitors, chips, and an integrated circuit (IC),
sensors, and others in 2024. The Asia Pacific region owns
the maximum market share in the year 2024, driven be-
cause of its strong manufacturing power and the adoption



of technologies, especially in places such as China, South
Korea, and Japan. North America follows, driven by sig-
nificant research and development efforts and corporate
investment, while Europe, the Middle East, and Africa,
and South America contribute to the global distribution, as
illustrated in the regional pie chart.

2.2.2 Biomedical Applications

The infinite surface area, the compatibility with life envi-
ronments (when they are suitably functionalized), and the
ability to readily modify the surface have placed graphene
as an emerging material in the field of biomedical engi-
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neering. It is progressively researched as a drug delivery
agent, a biosensor, an antibacterial coating, and a tissue
engineer. Functionalized forms of graphene, in the form
of graphene oxide (GO) in particular, have found the most
success in drug delivery. Due to the large amount of oxy-
gen-carrying active groups, it can conjugate with a num-
ber of drugs, and discharge them in a regulated fashion
on exacting stimuli such as pH or temperature (Sonker et
al., 2021). As an example, GO has been used about deliv-
ery anti-cancer drugs for instance DOXO (doxorubicin),
which has high efficacy, to the tumors.

Scaffold

Figure 5: Biomedical Application of Graphene

The high conductivity and surface sensitivity of graphene,
however, have also been harnessed to make graphene an
ideal material in the detection of biomolecules such as
glucose, DNA or pathogens down to ultralow levels in
biosensing (Eivazzadeh et al., 2022). Such sensors have
even found their way into wearable equipment fatigue,
for instance; such equipment may well be able to moni-
tor health, again in real-time. Besides, graphene and its
derived compounds also attract the screening as neural
interfaces and tissue regeneration scaffolds subject to the

mechanical compliances and electrical properties for the
improvement of cell differentiation and growth. The ques-
tions are focused on the fact that under certain circum-
stances in a cell, graphene may reactive oxidation species
(ROS) and oxidize cell membranes. Consequently, bio-
compatibility impact testing is required to be completed
as a zip preceding a clinical testing transaction.

2.3 Graphene in Energy Storage

Graphene has been one of the pillars of the energy stor-
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age and energy conversion technologies due to the high
electrical conductivity and the ultrahigh surface area and
unprecedented structural flexibility. The properties make it
an elastic material in the development of lithium-ion bat-
teries (LIBs), supercapacitor and fuel cells, etc Graphene
is a key material with respect to theurra rate improvement
of LIBs electrodes and the anode material and conduc-
tive additive. This form of integration has the potential
to charge capacity radically and creates a circularity of
stability and charging rate the greatest limitation in the
conventional battery architecture. Graphene and silicon
composites have presented new opportunities with much
more gains in energy storage capacity than for the typi-
cal graphitic anode (Zhao et. al, 2024). Graphene-silicon
composites have brought out more potential with way
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more advances in energy storage potential as compared to
typical graphitic anode (Zhao et. al, 2024).

An energy storage system battery cell based on the use of
graphene, the anode, cathode, separator, electrolyte and
ion charge transport is optimized, the present collectors
can contribute in efficient conduction. Essential elements
such as lithium metal oxide, carbon electrodes, polymeric
film, positive/negative electrodes have been designed and
engineered to improve loading, performance, efficiency,
electrochemical reaction capacity, voltage discharge, re-
charge and properly integrated with the grid system. It
makes graphene a fundamental aspect in renewable and
sustainable energy solutions and the innovator in engi-
neering, science, research and development (Zhao et al,
2024).
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Figure 6. Graphene Batteries

Graphene additionally offers this option to electric double
layer capacitance, pseudo-capacitance itself for electric
double layer capacitance in supercapacitors, especially as
a blend with metal oxides or conductive polymers. The
energy density of devices with graphene-based electrodes
is currently even higher than 85 Wh/Kg and the power
density well above 10kW/Kg - comparable and even su-
perior to commercial capacitors (Kowsari, 2015). These
breakthroughs have demonstrated the ability of graphene
to transform the energy storage industry with ground
breaking solutions to the performance incumbent energy
storage technologies. Graphene improves the properties of
proton exchange membrane (PEM) for hydrogen fuel in
the aspect of increasing ionic conductivity and low dura-
bility. It is also capable to help with the catalyst dispersion
in oxygen reduction reactions (ORR) that is key in energy
conversion (Wang et al. 2014). The functions are signifi-

cant in the implementations of cleaner systems of energy
and more sustainable system of energy alongside with the
international move at switching to renewable sources of
energy and reduction of the carbon footprint.

2.4 Environmental Applications

Graphene has found some application in water purification
in desalination and decontamination systems because of
the high retention and selective permeability of graphene.
The filter can take the form of a membrane of graphene
oxide and has the ability to be selective and only allow the
passage of molecules of water, however, any other possi-
ble contaminate, be it a heavy metal, a bacteria or salts. In
2017, researchers demonstrated that effective use of such
membranes opens an opportunity to conduct desalination
that widens possibilities of filtration of water on a larger
scale. Graphene is being studied as a photocatalyst to pu-



rify air and degrade organic pollutants. Its integration into
titanium dioxide (TiO, ) matrices furthers visible light ab-
sorption and the event of electron-hole separation, driving
photocatalytic activity. Graphene foams and aerogels have
found applications in the cleanup of oil spills, which ex-
hibit high absorption capacities (more than 100 times their
weight), and thermal treatment of these materials allows
reuse.

3. Discussion

3.1 Comparing Graphene with Traditional Ma-
terials

The innovative characteristics of graphene have triggered
scientists and business executives to consider graphene as
a better alternative to conventional materials (silicon, cop-
per, and steel, to name a few). In comparison of the elec-
trical, mechanical, and economic properties of graphene
and other existing materials in the market, this section
compares whether graphene is a technological revolution
or it is the marketing of the day.

3.1.1 Electrical Conductivity

The notoriety of graphene in the chemical material text
is attributed to the runaway electrons conductivity. With
crystalline, defect-free, and room temperature, then, mil-
lions of times greater than the silicon world record of 1,400
cm?2/V s, graphene electrons have the potential to propa-
gate even before crystallization, and in the absence of de-
fects (Balandin, 2011; Castro Neto et al., 2009). Graphene
has special properties because of its two-dimensional hon-
eycomb structure of carbon atoms that are sp2-bonded and
thus reduce scattering and allow electrons to travel virtu-
ally ballistically over a distance of less than a submicron.
With device geometries already shrinking, graphene may
be an unusually low resistance carrier of interconnects,
with significantly lower resistive losses and vastly higher
current densities than can be currently achieved by the
current conventional copper conductor wiring (Schwierz,
2010).

Although it has these benefits, the zero bandgap of
graphene presents an enormous limitation, which is that
it cannot switch off the electron flow entirely. In digital
electronics, logic operations simply require being able
to switch between conductive (on) and insulating (off)
states, a capability which the 1.1eV bandgap of silicon has
proven to be very successful at, underpinning the comple-
mentary metal-oxide semiconductor (CMOS) technology.
The bandgaps induced have been on the order of a few
hundred millielectronvolts by efforts to induce a band-
gap in graphene using lithographically-defined graphene
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nanoribbons, chemical functionalization, or an electric
field applied to bilayer graphene. However, these methods
currently have edge roughness, non-uniformity of doping
concentration, or require complicated multiple-layer sys-
tems, none of which have developed into commercially
deployable processes (Han et al., 2007).

The middle way has taken the form of so-called hybrid
graphene-silicon architectures, in which, in principle,
graphene is made to do what it can best do--analogue sig-
nal transmission or radio-frequency (RF) interconnects,
say--and silicon is left to handle the stuff that matters in
digital logic terms. Prototypical graphene-silicon hetero-
structures have been demonstrated to offer potentially
useful amplifier behaviour at high frequencies, offering
higher gain-bandwidth products than silicon-only (Castro
Neto et al., 2009).

3.1.2 Mechanical Strength

Graphene boasts of mechanical properties that are said to
be revolutionary: tensile strength of about 130 GPa, tens
or hundreds of times better than high-grade steel, and a
Young’s modulus of about 1 TPa (Lee et al., 2008). Advo-
cates think that this kind of power-to-weight ratio would
break through the use of composites in the acrospace,
defensive, and sports equipment industries, to allow
lighter yet stronger structures that are stronger than the
existing alloys. Besides, the two-dimensional elasticity of
graphene, which can be stretched up to ~20 % before rup-
ture, enables the possibility of highly flexible electronics,
soft robotics, and even artificial muscle actuators, impos-
sible in bulk metals or ceramics (Zhu et al., 2010).
Graphene films fabricated over large areas always contain
defects, vacancies, or grain boundaries, wrinkles, or are
misaligned in multi-layer stacks, all of which weaken the
material by factors of 10 or even 100 compared to de-
fect-free samples (Kim et al., 2010). On the same note, it
is also not easy to distribute graphene in polymer or metal
matrices and have it resist agglomeration; a bad interfa-
cial contact would cause stress concentration and create
a weak point to break even before the structures are fully
loaded.

Certain scientists suggest hybrid reinforcement approach-
es- making the sheets of graphene more compatible with
the use of particular matrices, or pairing the graphene with
carbon nanotubes to link missing holes or make stronger
the shedding of loads. Initial trials of comprising systems
claim up to 30% gains in toughness over unmodified com-
posites, although the challenges of scale-up remain: cost
is increased by complex functionalization processes, and
control of the nanoscale dispersion quality is not consis-
tently gained to industrial quality (Xu et al., 2019; Smith
et al., 2021).
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Although the mechanical strength and elasticity of
graphene are much higher than those of strong compet-
itors, commercialization hinges upon defect control and
composite construction. When normal lab-scale sheets
are an unusual scale of high performance or when they
prove to be industrially manufacturable, it will determine
whether graphene will actually redefine high-performance
materials, or more often exist in niche, research-driven
markets.

3.1.3 Cost and Availability

The cost of producing graphite is very high compared to
the existing materials and is one of the many reasons that
have already been cited as being a factor that prevents the
growth of graphene in the market. Copper, silicon, and
steel supply chains, in particular, have had decades of op-
timization and economies of scale, so refined copper pric-
es are around 8000 per metric ton, whereas bulk silicon
wafer prices have close to halved over the past decade to
below 50 dollars per square inch. In comparison, mono-
layer graphene grown using chemical vapor deposition
(CVD) could be sold at between 1,000 and 5,000 dollars
per gram as of 2024, which is too expensive to be used in
large applications (Markets and Markets, 2024).
Counter-argument: opponents say that the cost curve of
graphene is following a similar trend to that of the ear-
ly-day silicon photovoltaics, which initially enjoyed high
manufacturing costs but saw these costs plummet by huge
margins as the maturity of its application and production
techniques were established. Other processes, e.g., liquid
phase exfoliation, graphene oxide reduction, produce
gram masses of material at a fraction of this unit cost and
with far higher defect densities and property variability
(Cheng et al., 2021).

Advocates point out that, with niche, high-value markets
(aerospace composites, biomedicine), the high perfor-
mance of graphene will allow charging a higher price
and accelerate adoption in markets that are limited by
high-performance material, rather than price per kilogram.
Critics, however, respond that such niche victories mean
little in moving the volumes required to realise the real
economies of scale. With no high-throughput manufacture
of high-quality, defect-free graphene, low-cost parity with
existing materials is a distant goal. The current price of
graphene and the raw immaturity of supply chains place
graphene as a specialty material rather than a mass-market
alternative. The potential of the current investments in
roll-to-roll CVD, plasma enhanced deposition, and new
approaches to exfoliation to fill the gap between premium
niche markets and commoditized sectors will play an im-
portant role in what effect graphene will ultimately have
in industry.
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3.2 Future Prospects of Graphene Technologies

3.2.1 Graphene in Quantum Computing

The extremely high charge-carrier mobility and long co-
herence lengths of graphene have given rise to excitement
that it can play a role in next-generation quantum devices.
Proponents cite graphene-based Josephson junctions (in
which superconducting contacts can bring Josephson tun-
nel effects to graphene) as potentially beneficial qubit plat-
forms because of the potential to achieve high-frequency
operation and be controllable using quantum Hall states
that occur at high temperature (Allen et al., 2022). In ad-
dition, a bilayer of graphene under perpendicular electric
fields exhibits a gate-tunable bandgap and topological
insulating phases, indicating a path towards fault-tolerant
qubits with reduced decoherence (Serlin et al., 2020).
Critics warn that the method has a long way to go, as
“graphene qubits” have yet to leave the experimental re-
search phase. Reproducible, low-defect graphene Joseph-
son junctions on the wafer scale have been hindered by
interface disorder and variations in contact transparency.
Strong spin-based qubits are also difficult to realize, ab-
sent heavy atom proximity effects, which also add noise
channels to the system, which is a challenge in making
strong spin-coherence in graphene, which has a low in-
trinsic spin-orbit. Other authors propose further hybrid
designs where the ability to couple graphene with high
spin-orbit materials (e.g., transition metals dichalco-
genides) can be exploited to achieve an effective control
of the required spin-orbit coupling and, at the same time,
maintain coherence.

Spin lifetimes in single-color prototypes are longer than
those in silicon spin qubits, and it is not yet clear how
such heterostructures might be incorporated into pipe-
lines used to manufacture scalable quantum chips. The
quantum potential of graphene cannot be disputed, yet the
novel directions in the sphere of large-area production,
interface design, and integration of heterostructures will
be needed to achieve commercially viable quantum hard-
ware. Its query is whether graphene becomes more than a
laboratory toy, and whether it comes to be part of quantum
computing will depend on whether these materials-science
challenges can be overcome.

3.2.2 Graphene-enhanced Construction

The high mechanical strength and impermeability of
graphene has already been used in building materials to
offer possible performance and sustainability enhance-
ment. A small percentage of graphene (0.03 -wpt -25) im-
pregnated into cement can theoretically increase compres-
sive strength by a quarter and decrease water permeability,
which could allow thinning and strengthening of concrete



elements with a proportional decrease in embodied carbon
(Dimov et al., 2018). Its adherents believe that it might
cause a radical decrease in carbon emissions of global in-
frastructure, which already amount to a % of emissions of
cement production.

Nanoflakes in particle-rich matrices, which typically
have high pH concentrations, are difficult to disperse uni-
formly; in case they are not dispersed well, reconstituted
agglomerates become centralized crack starters instead
of strengtheners. Even graphene at a discounted price of
graphene oxide is a nontrivial cost premium on bulk mate-
rials, whose margins are very tight. In a few pilot projects,
researchers have investigated in-line mixing approaches
and surface-modified graphene to enhance compatibility
with cement paste, with modest improvements in durabil-
ity. However, the sceptics add that even when dispersion
and cost problems are sorted out, the idea of graphene-en-
hanced concrete will still be limited to the niche luxury
product but not to the building substance used as an ev-
eryday element.

3.2.3 Policy and Investment Trends

The material of graphene has drawn the attention of gov-
ernments and industry groups across the globe. The Eu-
ropean Commission has launched a single programme of
this kind, the Graphene Flagship, a coordinated research
initiative with a budget of more than 1 billion euros
(Graphene Flagship, 2023). They involve more than 150
industry partnerships and have generated dozens of start-
ups (Fitzsimons, 2023). Government multimillion-dollar
projects have been spent on graphene in the U.S. by the
National Nanotechnology Initiative and Department of
Energy on energy storage, electronics, and biomedicine,
and in China, this has culminated in the creation of dedi-
cated industrial parks in Changzhou and Qingdao support-
ing an active R&D environment (Zhao et al., 2020).

With such a heavy investment, venture capital interest
in graphene slackened in the years around 2015 as it
proved difficult to achieve reproducible, large-scale an-
nouncements of breakthroughs, again rebounding in 2020
with interest in battery and 5G applications. Opponents
complain that the piecemeal, application-specific funding
threatens to keep graphene in the pilot-project status quo,
instead of developing the stable norms, safety standards,
and certification procedures that will be necessary before
full industrial adoption is possible.

Policy analysts are proposing a two-track policy: continue
funding at the basic-science level in an attempt to solve
the material engineering bottlenecks, but favor special
treatment of the early adopters in the high-value sectors
(e.g., acrospace and defense and advanced electronics).
As industrialization implies international characteriza-
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tion and safety tests standardization of graphene, uncer-
tainty among the regulations can also be minimized and
cross-border investments in the supply chain encouraged
by other nations. The requisite groundwork is already in
place in policy system research and investment but any
prospective step to establish graphene as an industrial
powerhouse will be determined by the concerted efforts of
long-term research and development investments and the
reality of commercialization and regulatory standardiza-
tion.

4. Conclusion

Graphene is one of the hottest materials of the 21 st cen-
tury that is known to exhibit excellent electrical character-
istics, strengths and flexibilities, in addition to the thermal
conductivity. As a result of an elaborate comparative
study, this study has revealed that graphene is stronger
than the traditional materials being used including silicon,
copper and steel in various important areas or spheres and
can, therefore, be used as an addition in next-generation
technologies. High-speed electronics and next-generation
batteries, biomedical developments, and sustainable build-
ing materials, among others, are possible applications
of graphene and occur within the most vital areas of the
world economy. Some serious impediments to the ubiqui-
tous use of graphene technologies persist: graphene itself
has no intrinsic bandgap, the manufacturing cost is pro-
hibitively high, and such large-scale production schemes
as the one being used are not available; experimentalists
are worried about toxicity and chemical safety.

With these challenges, material science and nanofabri-
cation and policy to enable the advancement are gradu-
ally becoming more efficient, and with one of the most
promising directions being demonstrated through the EU
Graphene Flagship or the national innovation zones in
China, it is clear that this will be a good direction. The
proliferating uses of quantum computing, intelligent infra-
structure and clean energy offer hints that graphene may
be the solution to the solutions to some of the most urgent
technological and environmental issues over the next sev-
eral decades. Probably, it is possible to overcome most of
the existing restrictions during further multidisciplinary
collaboration and intentional funding. Although graphene
is not a panacea, one can consider it to be a platform ma-
terial that can transform various industries radically.

5. Review

My project had the objective of describing the electrical,
mechanical, and economic peculiarity of graphene, com-
paring its features with the already existing materials and
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critically evaluating the technological future of the sub-
stance both in the short and in the long term. This brought
me to such a small focus at such an initial stage (to only
look at 2D materials and to reduce the scale of materials
to the scale of graphene) that I was then in a position to
study so much on materials conductivity and strength, and
cost regimes, and constructive comparative studies. Minor
lack also exists in the sense that new developments so re-
cent that new methods of roll-to-roll CVD are announced
after April 2025 were not available to some extent because
of delays in publication.

When looking back at my methodology, I would state that
I initially did so with too broad a scope which delayed the
focusing of further efforts and distilled future develop-
ments in the project. The shift to the graphene-only focus,
however, alone, pushed the analysis into a more profound
plane though, required a rewrite and a rewrite of Chapter
2 under time pressure. The advantage was that I could
use Q1/Q2 journal articles that guaranteed quality of the
sources at a cost of six to twelve months lag between pub-
lication and result in the latest state of the art conference
results and patent advances were not well represented in
the literature.

The project management, planning and research design
was satisfactory but there was scope creep as per the proj-
ect management, planning and research design that caused
the schedule of the project to be delayed by an estimated
one-week. The process of data collection/analysis suc-
ceeded, and comparative table and literature synthesis was
prepared at the time. Two weeks lag in writing and revi-
sion stage was however partly occasioned by the high fre-
quency of change in scope and the time wastage incurred
in searching related studies. This last-minute pressure saw
the final proofreading and formatting to be done only a
day before the deadline episode which has necessitated
the need to be more rigorous in making buffer plans.

In the future, I would go about doing the same tasks more
carefully, at least in the initial phases of the project: during
the first week, I would perform a fast and broad overview
of the possible topics, and only then commit myself to a
specific research question of a narrower focus. To avoid
the destabilizing effect of late-breaking developments, I
will also include a living document of emerging data, e.g.,
alerts log on conference feeds and patent watches. The
number of journal researches and individual interviews
with the experts or even webinars should be matched to
address the interpretative discontinuity of the policy and
market trends.

In the process, I have also been in a position to develop
my skills in advanced search in databases (Web of Sci-
ence, IEEE Xplore), evaluation of the credibility of the
sources, and synthesis of information presented by inter-

disciplinary sources into a conceptual framework of ar-
guments. The necessity to handle the requirements of the
scientific writing style has sharpened my technical writing
skills: I should employ a neutral language, correctly apply
nomenclature, and not use cross-references. More impor-
tantly, and, I think, also, I have learnt how helpful agile
project management techniques might have been in the
research: the necessity to be sure that the scope is known
beforehand, that one constantly monitors the newly ap-
peared information and to introduce a feedback loop as
iterative as possible in order to not only keep the project
focus deep but also make it timely.
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