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ABSTRACT 

 

In the realm of engineering materials, a profound understanding of structural 

and physical characteristics holds paramount importance due to their 

ubiquitous presence and diverse applications. This comprehensive review 

delves deeply into the intricate physical attributes, commonly referred to as 

"physical properties," of materials based on graphene. It encompasses a wide 

range of aspects, including magnetic properties, optical behaviours, electrical 

and thermal conductivities, thickness and layer arrangements, size and shape 

variations, colour properties, melting points, and hardness traits. This review 

also explores the intriguing correlation between graphene's thickness and 

layering and their respective effects on its properties. Special emphasis is 

placed on the characterization techniques used to unveil these properties, with 

detailed examples from recent literature illustrating their significance. 

Advanced instrumentation, such as Atomic Force Microscopy (AFM), Surface 

Plasmon Resonance spectroscopy (SPR), Raman spectroscopy, Transmission 

Electron Microscopy (TEM), and X-ray Diffraction (XRD), is harnessed to 

provide comprehensive insights into the physical characteristics of graphene-

based materials. In essence, this concise yet comprehensive review illuminates 

the exceptional physical properties of graphene-based materials and their 

potential to revolutionize various industrial sectors. 

 

Keywords: Physical Properties; Graphene; Mechanical Properties; Single-

Layer Graphene; Multi-Layer Graphene  
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Introduction to Graphene  
 

Graphene is pure carbon in one atom thick of a single layer of graphite, a very 

thin and nearly transparent sheet. It conducts heat and electricity with excellent 

efficiency, and it is extreme for its very low weight. Graphene with complex 

physical properties and a unique combination of bonded carbon atom 

structures with its myriad poised to significantly impact the future 

advancement of nanotechnology, electronics, material sciences, etc  [1]. The 

term "physical properties of graphene" refers to the characteristics, attributes, 

and behaviours of graphene that can be observed and measured without 

altering the chemical composition of the material. These properties are 

primarily related to graphene's structure and how it interacts with various 

physical phenomena.  

In general, graphene typically has great physical properties for high 

mobility of electrons, thermal conductivity, mechanical strength, optical 

transparency, and electric conductivity [2]-[3]. For instance, the demand for 

lightweight magnets to open new ways for flexible information storage 

systems design, adaptable and wearable further highlights the importance of 

magnetic graphene. Besides, the unbelievable potential use of graphene-based 

magnets in spintronics is promising, as graphene has exceptional carrier 

mobility and can easily integrate spin and molecular electronics [4]. Since the 

first graphene study was published in October 2004, over a hundred articles on 

graphene have appeared in prestigious journals like Science and Nature [3]. 

This comprehensive review article addresses a critical need in the realm 

of graphene research by shedding light on its multifaceted physical properties 

as illustrated in Figure 1. By delving deep into the intricacies of graphene-

based materials, including magnetic behaviours, optical attributes, electrical 

and thermal conductivities, and more, it significantly contributes to our 

understanding of this remarkable material. The novelty of this review lies in 

its ability to bridge the gap between theoretical studies and experimental 

research, offering valuable insights that are essential for the advancement of 

graphene science. This comprehensive exploration of graphene's physical 

characteristics is particularly relevant today, as experimental researchers 

increasingly focus on these properties, recognizing their pivotal role in various 

industrial applications and cutting-edge materials research. In an era where 

graphene is poised to catalyse transformations in nanotechnology and 

materials engineering, this review article provides a clear aim and underscores 

its significant importance in guiding future research and applications of this 

extraordinary material. 
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Figure 1: Overview of the content covered in the review 

 

 

Thickness and Layer of Graphene 
 

Graphene presents diverse stacking configurations, leading to various types, 

including monolayer or single-layer graphene (SLG), few-layer graphene 

(FLG), and multilayer graphene (MLG), as depicted in Figure 2. SLG 

comprises a lone layer of carbon atoms arranged in a hexagonal lattice, where 

each carbon atom forms sp2 covalent bonds with its neighbouring atoms. This 

monolayer graphene is incredibly thin, consisting of just one atom's thickness.  

 

 
 

Figure 2: Schematic representation of monolayer (SLG), FLG (with ≤ 5 

layers), and MLG (with ≤ 10 layers) versus graphite structure. Reproduced 

from [5] 

 

The number of stacked layers plays a pivotal role in shaping the 

properties of graphene. For instance, SLG often exhibits superior properties 

when compared to both FLG and MLG [5]. SLG showcases extraordinary 

properties, including exceptional electrical conductivity and impressive 
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mechanical strength, as summarized in Table 1. SLG has an estimated 1 TPa 

of modulus of elasticity, a thickness range of about 1−2 nm, 2600 m2/gr of 

surface area, 2.25 g/cm3 an actual density and 4840−5300 W/mK of thermal 

conductivity [6]-[7].  

On the contrary, FLG and MLG refer to graphene structures consisting 

of multiple layers of carbon atoms stacked atop each other. These layers can 

adopt various stacking configurations, leading to variations in MLG's 

properties, which depend on the number of layers and their stacking 

arrangement. Some types of SLG may retain some of its unique characteristics, 

while others may exhibit properties more akin to bulk graphite. Thicker MLG 

can still possess distinct attributes, although they may differ from those of SLG 

due to interlayer interactions. These changes encompass modifications in 

electronic behaviour, mechanical strength, optical transparency, and thermal 

conductivity, as well as the emergence of interlayer interactions and quantum 

effects. Each variant of graphene finds suitability for different applications [5]. 

Several techniques are proposed to measure the graphene thickness 

including one technique based on the image contrast of the graphene layers. 

Examples of this image contrast method include narrow-band illumination, 

selecting a suitable substrate, and reflection and contrast spectroscopy. 

 

Table 1: Selected important physical and mechanical properties of single-

layer graphene. Adapted with permission from [6]-[7] 

 

Properties Value 

Bond types 

Layer number 

Crystal structure 

Dimension 

Purity degree (%) 

Mass (bulk) density (g/cm3) 

Real density(g/cm3) 

Thickness (nm) 

Surface area (m2/g) 

High-temperature resistivity 

Thermal conductivity (W/mK) 

Electron mobility cm2/ (V. s) 

Elasticity module (TPa) 

Resistivity (Ω-cm) 

Transmittance 

 

Coefficient of thermal expansion 

Tensile strength (GPa) 

sp2 

Single layer 

Hexagonal 

2-D 

99 

∼0.3 

2.25 

∼1 – 2 

2600 – 2630 

−75 + 200 °C between not changing 

4840 – 5300 

∼0.015×105 – 2.5×105 

∼0.5 – 1 

10–6 

>95% for 2 nm thick film 

>70% for 10 nm thick film 

–6×10–4/K 

130 
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The total colour difference (TCD) approach is a method that combines 

the International Commission on Illumination colour space with the reflection 

spectrum for accurate and rapid identification of graphene images. By 

restricting the light source's wavelength range, the TCD between graphene and 

a substrate can be improved when viewed by a regular light source [8]-[9]. 

Figure 3 shows an example of a TCD contour plot as a function of the number 

of graphene layers for different preferential dielectric films such as silicon 

nitride (Si3N4), silicon dioxide (SiO2) and aluminium dioxide (Al2O3) 

thicknesses. Work reported by [8] improved the TCD contour of the graphene 

layer and substrate by narrowing the wavelength range of the light source. The 

outcomes of this measurement deliver a useful analysis of the graphene layer 

simply by measuring the different colour bands, thus showing that this 

technique is a non-destructive method for physical property graphene 

identification. 

 

 
 

Figure 3: TCD contour plot using a different substrate with; (a) Al2O3 film, 

(b) SiO2 film and (c) Si3N4 film, and (d) summary of TCD versus the number 

of graphene layers. Reprint with permission from [8] 

 

[8] reported the graphene layer measurements were performed using 

contrast spectra for a SLG, a bi-layer and MLG on silicon (Si) substrate using 

SiO2 as a capping layer and white light source. To compare the result, the 

calculations were made using Fresnel’s reflection law and the true analysis was 
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obtained with a 2% standard deviation, thus showing that this contrast 

spectrum gives huge benefits including a straightforward, swift method for 

measuring graphene layers' morphology and efficiency. Later, an analytical 

method and a graphical method were used to calculate the number of graphene 

layers based on contrast spectra [9]-[11]. 

Furthermore, the precise determination of the number of layers and 

lateral dimensions of graphene film thickness can be achieved through Atomic 

Force Microscopy (AFM) [5], [12]. AFM is a high-resolution microscopy 

technique renowned for its atomic-scale resolution. It empowers the 

characterization of diverse material properties, including thickness, grain 

height, topographic features, phase diagrams, and surface roughness. Figure 4 

presents topographical AFM images obtained during the measurement of SLG, 

two-layer graphene (2LG), and four-layer graphene (4LG). Notably, numerous 

adsorbed contaminants are observable on the surface of SLG (refer to Figure 

4a). However, as the graphene layer count increases, these contaminants 

diminish, as evidenced by the topographical images from AFM (Figure 4b and 

4c). This phenomenon arises from the heightened thermodynamic stability of 

graphene with an increasing number of layers. Specifically, the adjustment of 

C-C bond lengths results in the formation of wrinkles or the adsorption of 

molecules, which becomes notably reduced for 2LG and disappears as the 

graphene films become thicker [12]. 

[12] conducted a study utilizing AFM to determine the thickness of a 

graphene flake. The corresponding histogram revealed that the flake's 

thickness ranged from 1.1 to 1.6 nm. Considering an interlayer distance of 0.33 

nm, it can be estimated that the graphene flake consists of approximately 4 to 

5 layers. Consequently, it falls within the category of FLG. 

 

 
 

Figure 4: AFM results of topographical images for; (a) SLG, (b) 2LG, and 

4LG. Reproduce with permission from [13] 

 

The thickness of graphene film can also be measured using Surface 

Plasmon Resonance (SPR) as reported by [13]. SPR method is simple and 

well-suited for measuring thin films made from nanomaterial, although the 
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thickness is less than 10 nm. Their work demonstrated that the obtained SPR 

measurements are greatly decreased compared to AFM. The graphene film 

thickness was linearly increasing with an increasing number of printing cycles. 

Furthermore, the complex refractive index (RI) of the printed graphene flake 

films based on SPR provides more rigorous information on the optical 

absorption than that previously available using a combination of AFM and the 

extinction coefficient of mechanically exfoliated graphene flakes [14]. 

Raman spectroscopy is the foremost method for precisely assessing the 

average layer thickness of graphene, thanks to its exceptional sensitivity to 

molecular geometric structures and bonding [5], [15]-[16]. Its primary 

application lies in determining the number of graphene layers, as exemplified 

in Figure 5. The Raman spectra of graphene reveal essential insights through 

three key bands: the G-band (around 1587 cm⁻¹), originating from in-plane 

vibrational modes of sp2 hybridized carbon atoms within the graphene sheet 

and highly sensitive to layer count; the D-band, which signifies defects or 

disorder and intensifies with increased defects, displaying resonant behaviour; 

and the 2D-band, consistently strong in graphene and used for layer thickness 

determination, relying on both its position and shape.  

 

 
 

Figure 5: Example of Raman spectra of 1 to 7 layered graphenes; (a) spectral 

evolution of G and 2D bands, and (b) intensities of G-bands and intensity 

ratios of 2D vs. G bands. Reproduced with permission from [16] 
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Additionally, the peak intensity ratio of the 2D and G-bands aids in the 

identification of SLG, where a ratio of I2D/IG equalling two indicates defect-

free SLG. Raman spectroscopy not only distinguishes SLG from graphite but 

also precisely determines layer thickness, even at atomic layer resolution. This 

exceptional capability establishes Raman techniques as indispensable tools in 

contemporary graphene research [14]. 

 

 

Magnetic Properties of Graphene 
 

Magnetic materials are very useful in today's technology. It is used in data 

storage, power generation, and many other areas. Typical magnetic materials 

are metal-based including iron, cobalt, nickel, etc. These metals can show 

heavy magnetism because of their d and f electrons and can coordinate their 

spins to generate magnetic moments, which align along the direction of the 

applied magnetic fields. Almost all magnetic materials today contain elements 

of 3d- or 4f- transition metals, and they are usually ferromagnets at room 

temperature [4], [17]-[18].  

Graphene, initially non-magnetic, has been transformed into a magnetic 

material through innovative techniques. Magnetic properties in graphene are 

closely tied to the formation of magnetic domains. Typically, ferromagnetic 

materials possess a single magnetic domain, where all magnetic dipoles align 

due to exchange energy. This energy encourages simultaneous alignment of 

electron spins and magnetic dipole moments. Magnetic domain formation 

minimizes exchange energy, enhancing material stability. Creating these 

magnetic domains in graphene during magnetization holds immense 

technological potential.  

Various methods, including functionalization, doping, and atom 

addition, can introduce magnetism by breaking the electronic structure's 

symmetry locally, resulting in magnetic moments. Vacancy and edge defects 

offer another route to magnetization. By removing one carbon atom and 

rearranging others in a vacancy defect, a magnetic moment arises due to a 

remaining dangling bond. Experimentally, vacancy defects are created through 

processes like ionic bombardment and graphene oxide reduction. Among these 

methods, the highest magnetization occurs with sulphur and nitrogen doping, 

albeit at extremely low temperatures [17]. 

In graphene, the coexistence of π- and σ-bonding permits the carrier 

spin to change as well, as this change produces the magnetic property because 

of the lawful magnetic order. The existence of s and p electrons alone makes 

anticipating magnetism counterintuitive. Graphene also becomes an 

interesting candidate for novel spintronic devices as it has a long spin diffusion 

length, thus triggering a quest to incorporate the electrical and magnetic spin 

degrees of freedom [4]. Spintronics is considered an emerging technology 

based on the spin of the electron and molecular electronics associated with 
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magnetic moment principles, in which carbon-based magnetism could 

theoretically be of value [19].  

However, the long-range ordering in graphene can cause complications 

for magnetism in 2D systems due to the lack of d and f electrons, as commonly 

found in conventional magnetic materials. The magnetism phenomenon can be 

described based on localized electronic states dependent on spin polarisation. 

These properties are highly affected by the state of the edge [20]. Furthermore, 

the graphene sheet provides a versatile medium for surface adjustments for 

tuning the electronic and magnetic characteristics. From G to F-G-H to G-H 

to F-G-F and to H-G-H (G is a graphene atom, H is a hydrogen atom and F is 

a fluorine atom), the properties can be tuned from nonmagnetic to magnetic, 

from direct gap to indirect gap or metallic to semiconducting, depending on 

the coverage of atoms used for the surface modification and species [21]. 

[22] reported on the investigation of magnetic properties, electronic 

properties and surface structure of the graphene layer on the lattice-matched 

surface of a ferromagnetic material (nickel; 111). The induced magnetic 

moment of the carbon atoms is evident from both spin-resolved photoemission 

and x-ray magnetic circular dichroism analyses. Investigations of graphene's 

magnetic properties are prepared by two different methods: thermal exfoliation 

of graphitic oxide (EG) and reducing single-layer graphene oxide (SLGO) with 

hydrazine hydrate. The result discloses that dominant ferromagnetic 

interactions coexist along with antiferromagnetic interactions in all the 

samples, which can be observed in phase-separated systems. The experiment 

concluded the magnetic properties of graphene samples depend on the area of 

the sample and the number of layers. As such, small values of all these 

variables contribute to the magnetization of the sample being greater. The 

magnetic properties of graphene are influenced by the molecular charge 

transfer that interacts with an electron donor and, thus has a greater influence 

than with electron-withdrawing groups like tetracyanoethylene [23]. 

In a study by [18], it was found that magnetism could be induced in 

graphene by evaporating graphene droplets under high temperatures and an 

external magnetic field. This innovative approach applied temperature, 

magnetic field, and strain simultaneously to graphene flakes, resulting in 

magnetization. As a consequence, all these methods led to the creation of 

ferromagnetic graphene powders (FGPs). The magnetization of FGPs was 

confirmed through measurements using a vibrating-sample magnetometer 

(VSM), as shown in Figure 6. This magnetic transformation can be attributed 

to changes in the electronic system and lattice structure of graphene. A 

summary of the magnetic properties of graphene is tabulated in Table 2. 
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Figure 6: VSM Diagram of FGPs, illustrating the influence of temperature, 

pressure, and magnetic field on magnetism. The diagram includes hysteresis 

loops for all samples, with a zoomed-in section showing the range 

−90 < H < 90 (Oe) and −0.045 < M < 0.045 (emu/g) in the inset. Reproduced 

with permission from [18] 

 

Table 2: Summary of graphene magnetic properties 

 

Magnetic Property 

behaviour 
Summary Ref. 

Methods for 

inducing magnetism 

Functionalization, doping, and atom addition 

can introduce magnetism by breaking 

electronic symmetry. 

[24] 

Vacancy and edge defects result in magnetism 

due to dangling bonds. 
[25] 

Sulphur and nitrogen doping are effective at 

low temperatures. 
[26] 

High-temperature processes with magnetic 

field and strain can lead to magnetization 

[27] 
Synthesis of 

Ferromagnetic 

Graphene Powders 

(FGPs) 

Require high-temperature evaporation and 

external magnetic fields. VSM can be used to 

measure the magnetization of FGPs. 
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Optical Properties of Graphene 
 

Graphene is composed of a monolayer of carbon atoms arranged in a 

honeycomb grid, where hybridized sp2 carbon atoms form robust σ-bonds 

within the plane, and unhybridized p-orbitals overlap with adjacent atoms to 

create π-bonds. While σ-bonds primarily contribute to graphene's structural 

integrity, it is the π-bonds that define its optical and electronic properties. The 

interaction of graphene with electromagnetic radiation is especially fascinating 

due to the confinement of electrons in two dimensions. Graphene boasts a 

relatively simple band structure characterized by zero band gaps, but its optical 

properties are far from straightforward [22]. Unfortunately, the absence of 

bandgaps in graphene poses a significant challenge to its application in modern 

electronic components. 

A simulation work reported by [28] showed that the stacking of SLG 

with one molybdenite monolayer formed hetero-structures generated a small 

bandgap around 2.5 meV showing that value can modulate for low temperature 

and electronic applications. In addition, this heterojunction showed some 

significant changes in complex dielectric function and its associated properties 

in the visible-light spectrum, which could be useful for future technologies and 

applications.  

The massless Dirac fermion nature favours graphene with a universal 

optical response, as presented by the fine-structure constant (α) as shown in 

Equation 1.  

 

α = e2/hc ≈ 1/137.036                                          (1) 

 

where e is the electron charge, h is Planck's constant, and c is the speed of light. 

Experimental measurements will possibly be used to determine a fundamental 

constant of the universe. The graphene absorption coefficient: πα is ≈ 2.3% in 

the infrared region, making graphene visible without the need to observe under 

a microscope. The amount of light absorption may reach 10 % or even more at 

higher frequencies, due to van Hove singularities at the edge of the region. For 

graphene multilayers, the energy of visible light; hω is around 1 to 2 eV, which 

is considerably higher than the Fermi energy in graphene and the electron 

hopping energy between graphene layers; thus, the N-layer of graphene's light 

absorption is Nπα [29]. 

Dirac Fermions in graphene are among the strongest light-matter 

interactions known to any system, with an optical transmission that is regulated 

by a constant fine structure. The pristine graphene system is a valuable testbed 

for table-top physics studies. On the other hand, graphene's optical properties 

are often commonly tuneable, either using electrical gate modulation or by the 

presence of defects, the effects of quantum confinement and the presence of 

interfacial water layers [30].  
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The optical properties of the electron-hole distribution of the optical 

excitation for the SLG have been revealed by the charge different density 

(CDD) method. The van der Waals interaction by edge atoms is found as a 

primary binding in the ground state between graphene and boron nitride as 

shown in Figure 7. In addition, the result of CDD shows that through optical 

excitation in the visual spectral region, there is no charge transfer between 

boron nitride and graphene. Theoretical studies reveal that for graphene-based 

nano-photonic applications, boron nitride is an excellent substrate for it. The 

findings can provide a thoughtful understanding of future optical and electrical 

applications of graphene/boron nitride [31]. A summary of graphene’s optical 

properties is shown in Table 3. 

 

 
 

Figure 7: Van der Waals heterostructure of graphene and hexagonal boron 

nitride. Reprint with permission from [32] 

 

 

Electrical Conductivity of Graphene 

 

MLG has higher electrical, thermal conductivity and current-carrying potential 

than copper (Cu). High electrical conductivity can be generated by controlling 

the thickness of the MLG on an insulator formed by diffusion-controlling 

interlayer (IL) as first reported by [41]. This process caused the enlargement 

of MLG grain as the nucleation of the MLG was restrained, thus significantly 

affecting the crystallinity of the forming semiconductor layer. The reported 

electrical conductivity (2700 S/cm) was the highest measured value among 

other works on MLG layers and even exceeded the value of a highly oriented 

pyrolytic graphite (HOPG) synthesized at 3000 °C or higher.   
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Table 3: Summary of optical properties of graphene 

 

Optical 

properties 

behaviour 

Summary Ref. 

Generating 

small 

bandgap 

Simulation work by stacking of SLG with one 

molybdenite monolayer formed hetero-structures 

generated ~2.5 meV revealing that value can 

modulate for low temperature and electronic 

applications. 

[28] 

Optical 

response 

Graphene exhibits a universal optical response due to 

its massless Dirac fermion nature, described by the 

fine-structure constant (α). 
[33] 

Fine-structure 

constant (α) 

α = e²/hc ≈ 1/137.036, where e is the electron 

charge, h is Planck's constant, and c is the speed of 

light. 

Infrared 

absorption 

The graphene absorption coefficient, πα, is ≈ 2.3% in 

the infrared region, making graphene visible without 

the need for microscopic observation. 

[34] 

Enhanced 

absorption at 

higher 

frequencies 

Graphene can absorb over 10% of light at higher 

frequencies due to van Hove singularities at the edge 

of the region. 

[35] 

Graphene 

multilayers 

For N-layer graphene, light absorption is Nπα, with 

energy levels in the visible light range (~ 1 to 2 eV). 
[36] 

Tuneability 
Tuneable through electrical gate modulation, defects, 

quantum confinement, and interfacial water layers. 
[37] 

Charge 

distribution 

and 

interaction 

The charge distribution reveals the primary van der 

Waals interaction at the ground state between 

graphene and boron nitride. 

[38] 

Charge 

transfer 

Optical excitation in the visible spectral region 

shows no charge transfer between boron nitride and 

graphene, making boron nitride an excellent 

substrate for graphene-based nano-photonic 

applications. 

[39] 

Future 

applications 

These findings provide insights into potential optical 

and electrical applications of graphene, particularly 

in combination with boron nitride. 

[40] 

 

[42] reported graphene with metal nanowires (Graphene/NW) 

substantially decreases the resistance of the graphene films. Graphene/NW 

films with a sheet resistance compared to that of the graphene's intrinsic 

resistance have been formed and verified as a transparent electrode substituting 
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one of the Indium Tin Oxides (ITO) films in ElectroChromic (EC) devices as 

shown in Figure 8. The result shows that the optical modulation and repeatable 

cycling were stable and homogenous, resulting from an integration of 

Graphene/NW films as a transparent electrode in EC devices, thus 

demonstrating their excellent potential for global optoelectronic device 

applications.  

Conductive composites are considered for any composite that has 

substantial electrical conductivity, whereby the electrical conductivity can be 

increased by the addition of conductive fillers such as carbon-based materials 

including graphene into the matrix phase. The conductive filler particles begin 

to come into contact with each other as their content increases forming a 

continuous path that makes the free electrons travel easily and thus allows the 

composites to conduct electricity [43]-[44]. 

 

 
 

Figure 8: (a) EC device structure with one of the transparent electrodes using 

graphene/NW, (b) measurement of optical transmittance spectra of the EC 

device, and (c) the photograph of the transparent electrode of the EC device 

with a yellow area is a conductive silver paste consisting of Graphene/NW. 

Reprinted with permission from [42] 

 

For instance, silicon nitride based (Si3N4) ceramics have quite notable 

thermal properties and mechanical properties. However, silicon nitride (Si3N4) 

also possesses electric insulators, hence the addition of 25% volume of 

graphene nanoplatelets (GNPs) changes the properties of these composites 

with the highest electrical conductivity (40 S/cm) recorded for these ceramics 

with added conductive particles. A desired orientation of GNPs occurs by 

applying plasma spark sintering by compaction and pressure-assisted 

densification process. As a result, the electrical conductivity measured along 

the direction perpendicular to the plasma spark sintering pressing axis is more 

than one order of magnitude higher than that measured along the parallel 

direction [45]. 

Moreover, embedding graphene into polymer matrices to form 

advanced multifunctional composites will dramatically enhance the electrical 

conductivity, elastic modulus, tensile strength and thermal conductivity to take 

full benefit of its application properties. Therefore, aerospace firms sought to 
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make conductive composites rather than metals as conductive composites are 

lightweight, have high strength, and have a high electrical conductivity that 

can protect aircraft systems from lightning strikes and electromagnetic 

interference [46].  A summary of graphene's electrical conductivity can be 

found in Table 4. 

 

Table 4: Summary of electrical conductivity of graphene 

 

Electrical 

conductivity 

behavior 

Summary Ref. 

High electrical 

conductivity 

MLG exhibits significantly high electrical 

conductivity, even surpassing highly oriented 

pyrolytic graphite (HOPG) synthesized at very 

high temperatures. 

[41] 

Thickness-

dependence 

Careful thickness control of MLG on an insulator 

can lead to high electrical conductivity. 
[47] 

Graphene with 

metal nanowires 

(Graphene/NW) 

Combining graphene with metal nanowires in 

films results in materials with significantly 

reduced resistance, making them suitable as 

transparent electrodes in optoelectronic devices. 

[48] 

Conductive 

composites 

Adding graphene to composite materials increases 

their electrical conductivity. 
[49] 

Conductive 

ceramics with 

GNPs 

Incorporating GNPs into ceramics significantly 

enhances electrical conductivity. E.g. Addition of 

25% volume of GNPs into Si3N4 changes the 

properties of these composites with the highest 

electrical conductivity of 40 S/cm. 

[50] 

Composite 

applications 

Embedding graphene into polymer matrices for 

aerospace applications dramatically improves 

electrical conductivity, making them ideal for 

lightning strike protection and electromagnetic 

interference shielding. 

[46, 

51] 

 

 

Thermal Conductivity of Graphene 
 

The thermal conductivity, K, of a material, is defined as its capability to 

conduct heat. Equation 2 shows the relationship of local heat flux, q with the 

K with respect to the local temperature gradient,∇T described by Fourier's law 

for heat conduction.  

 

q = −K∇T                                                (2) 

 



Mohd Rafal Sahudin et al. 

240 

Over a wide temperature range, K is a function of T and in anisotropic 

materials, it relies on crystal orientation and this multi-dimensional array of 

numerical values can be measured by a tensor [52].  

The thermal conductivity of SLG is measured in the range of 3000 – 

5000 W/mK, making the value higher than the thermal conductivity of graphite 

(2000 W/mK). This is due to SLG being considered the basic structural 

component of graphite, the thermal conductivity of bulk materials comprising 

graphene nanoflakes is considerably supposed to be anisotropic, depending on 

the number of layers stacked in the sheet, the size of graphene flakes and the 

agglomeration state of the flakes. Thus, the thermal conductivity of graphene 

can be said to strongly depend on the stacking number [53]. 

The anisotropic bonding, and strong and low mass of the carbon atoms, 

make graphene and related materials unique. For example, sp2 bonds between 

the carbon atoms are considered the strongest. In contrast, the adjacent 

graphene sheets are bonded to each other by weak van der Waals forces. This 

result is in agreement with [54], which also reports graphene to be highly 

conductive, containing a K value around 4000 W/mK.  

The first simulation work performed by [56], predicted the graphene's 

thermal conductivity simulated at 6000 W/mK (at room temperature). Later, 

another experiment [55] was carried out to find the graphene's true thermal 

conductivity and graphene thermal conductivity to be 2000 – 4000 W/mK. 

Furthermore, an optical method was used to measure graphene's thermal 

conductivity and the reported value of thermal conductivity is about 5000 

W/mK [56]-[57]. 

The method for measuring the thermal conductivity of graphene using 

confocal micro-Raman spectroscopy. Here, laser light based on the centre of 

the suspended graphene sheet generates heat in the graphene. Laser excitation 

spreads laterally through the graphene-produced heat due to the air's negligible 

thermal conductivity. Hence, although a small amount of heat propagated from 

the centre of the graphene will result in a noticeable temperature variant. Two 

components may describe the heat distributed from the graphene sheets' top 

layer: the radial heatwave and the plane-wave heat front [58].  

The thermal characteristics of graphene have previously been 

investigated through Raman spectroscopy [38]-[40]. In these investigations, 

the focus was on calculating the Raman temperature shift coefficient for the G 

peak in graphene spectra, with an emphasis on single-layer, bi-layer, and 

multi-layer mechanically exfoliated graphene. The detected shift in the peak 

was attributed to the elongation of C-C bonds, leading to elevated stress levels, 

which were particularly pronounced in the case of graphene on SiO2/Si 

substrates, as illustrated in Figure 9. For instance, the reactive ion etching 

(RIE) method was used to produce trenches on silica-based (Si/SiO2) 

substrates and later, graphene was suspended over the trenches with a width of 

2 – 5 m and a depth of 300 nm [59]. Additionally, it was established that 

annealing graphene leads to shifts in the G, D, and 2D peaks, along with an 
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increase in compressive stress. Another factor contributing to the G peak shift 

involves lattice thermal expansion and phonon-phonon interactions [60].  

 

 
 

 
 

Figure 9: Temperature-dependent G-peak frequency in; (a) SLG, and (b) 

BLG with G-peak shape insets, and determination of the G-peak temperature 

coefficient. Reprint with permission from [60] 

 

In a recent study by [61], Raman spectroscopy was employed to unveil 

intriguing insights about single-layered graphene's resilience at high 

temperatures, particularly at 600 °C. Surprisingly, it was found that the 

decomposition temperature of SLG exhibits a linear dependency on the 

coefficient of thermal expansion (CTE) of the underlying substrate. 

Furthermore, the study revealed distinct mechanisms governing the 

decomposition of graphene in different environments: air and vacuum. In both 

air and vacuum environments, the initiation of decomposition was linked to 

the extension of C-C bonds. However, a crucial distinction emerged: in the 

presence of oxygen in the air, the heightened strain amplified graphene's 

reactivity with oxygen, leading to its degradation. Conversely, in a vacuum 

environment, the strain alone was sufficient to induce decomposition. 
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The thermal conductivity (K) from the plane-wave heat front can be 

demonstrated in Equation 3 while for the case of the radial heatwave, Equation 

4 can be used to calculate the thermal conductivity. 

 

        K = (L/2S)(∆P/∆T)                                     (3) 

 

                                          K = χG(1/2hπ)(δω/δP)−1                                                              (4) 

 

Whereby L is the distance from the center of the graphene to the heat sink, 

∆P/∆T is the changes of the heating power with respect to the temperature 

change and cross-sectional area, S = h x W; where h is SLG thickness and W 

is layer width. For the temperature coefficient, χG is −1.6 × 10- and δω/δP 

designates for the slope of the G peak position shift as reflecting the heating 

power change.  

As shown in Figure 10, the G peak excitation of Raman spectroscopy 

is power dependence measured for the suspended graphene layers. The 

increment in laser power induced an increment in the intensity of the spectra 

and redshift the position of the G peak. The slope from the graph in Figure 10 

is represented by δω/δPD which is measured to be around −1.29 cm-1mW-1, 

where PD is the total dissipated power [61]-[62]. When these data values are 

substituted into Equation 4, the thermal conductivity of freely suspended 

graphene is calculated at approximately 2000 ~ 4000 W/mK, which is the 

highest K value reported of any known material [54]. 

Graphene has an extraordinary thermal conductivity of up to (5.30  

0.48) × 103 W/mK measured at room temperature using a non-contact optical-

based technique [59]. Measurements can be made for a SLG suspended over a 

large trench in the Si/SiO2 substrate [63]-[64]. The measurements were 

conducted using a non-contact technique of micro-Raman spectroscopy. The 

quantity of power dissipated in the graphene and the subsequent temperature 

rise was measured from the position of the spectra and the G peak of graphene 

integrated intensity. The extremely high thermal conductivity in the range of 

3080 – 5150 W/mK and the mean phonon-free path of around 775 nm near 

room temperature were determined for a set of graphene flakes [64]. This data 

shows that graphene as an excellent thermal management material can be 

applied to future nanoelectronics circuits [59]. 

For graphene multilayers, the weak coupling between graphene layers 

decreases the in-plane thermal conductivity and scatters the propagating 

phonons. The measurement of thermal conductivity for thicker multilayers (1 

to 10 graphene layers) can approach the value of graphite in the range of 600 

– 2000 W/mk. As the number of graphene layers increases from 2 to 4, the in-

plane thermal conductivity drops from 2800 to 1300 W/mK [29].  

The high thermal conductivity of graphene can be applied as thermal 

interface materials created within the composites for electronics devices which 

are efficient and faster in transferring the heat away from the circuits compared 
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to the traditional materials. For instance, [65] reported Cu/graphene nanosheet 

composites fabricated at 800 °C by the hot-pressing method using graphene 

and Cu as initial materials. Graphene content was varied from 1 %wt to 5 %wt. 

From the investigation of the physical properties of these composites, the 

relative density was found to increase by increasing the graphene content 

which reached the highest value at 96.78% for 5 %wt of graphene content. In 

addition, the composites show anisotropic properties as the pressure in the 

vertical direction is higher than the pressure in the parallel direction. Moreover, 

as the graphene content increases, the activities of thermal conductivity and 

electronic conductivity of the composites were decreased with the minimum 

of thermal conductivity and electric conductivity was measured at ~3 %wt - 4 

%wt of graphene contents.  

 

 
 

Figure 10: G-peak region counts at two different levels of power measured 

using Raman spectroscopy [59] 

 

In a recent study by [71], they looked into how adding graphene 

nanoplatelets (GNP) to recycled polycarbonate (PC) affects thermal properties. 

The results showed that GNP had little impact on thermal stability and glass 

transition temperature (Tg) for both virgin and recycled PC when compared to 

PC without GNP. Recycled PC was weaker and less heat-resistant than virgin 

PC, but it improved when mixed with GNP. The best thermal stability for 

virgin PC/GNP composites came with 1 %wt GNP (a 2.74% increase), while 

recycled PC/GNP composites achieved their highest thermal stability at 10 

%wt GNP (a 2.42% increase). However, recycled PC-based composites were 

less thermally stable than virgin PC-based composites under the same GNP 

loading. Tg for virgin PC/GNP initially increased with 1 wt.-% GNP and then 

decreased with more GNP. For recycled PC/GNP, Tg showed irregular changes 

with GNP loading. A comprehensive summary of graphene's thermal 

conductivity is presented in Table 5. 
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Table 5: Summary of thermal conductivity of graphene 

 

Thermal 

conductivity 

behaviour 

Summary Ref. 

Single layer of 

graphene (SLG) 

SLG exhibits high thermal conductivity in the 

range of 3000 - 5000 W/mK, surpassing that of 

graphite (2000 W/mK). 

[65] 

Anisotropic 

thermal 

conductivity 

The thermal conductivity of graphene depends on 

crystal orientation, making it anisotropic. This 

anisotropy is contingent on several factors, 

including the number of layers stacked in the 

sheet, the size of graphene flakes, and the 

agglomeration state of the flakes. 

[59], 

[64]-

[66] 

Multilayer of 

graphene (MLG) 

It is evident that the thermal conductivity of 

graphene is influenced by the stacking number of 

layers. The weak coupling between graphene 

layers decreases the in-plane thermal 

conductivity and scatters the propagating 

phonons. E.g. the measurement of K for thicker 

multilayers (1 to 10 graphene layers) can 

approach the value of graphite in the range of 600 

– 2000 W/mk. 

[29] 

Strong carbon 

bonds 

Graphene's strong sp2 carbon bonds contribute to 

its high thermal conductivity. 
[59] 

Variability in 

reported values 

Experimental measurements of graphene's 

thermal conductivity have reported values 

ranging from 2000 to 6000 W/mK. 

[67] 

Measurement 

techniques 

Often measured using techniques such as 

confocal micro-Raman spectroscopy. 
[68] 

Composite 

applications 

The high thermal conductivity of graphene makes 

it suitable for thermal management materials in 

electronic devices. 

[69] 

Graphene 

Nanoplatelets 

(GNP) in 

Polycarbonate 

Composites (PC) 

The addition of GNP to recycled PC enhances 

thermal stability and glass transition temperature, 

offering the potential for composite applications. 

[70] 

 

 

Size, Shape, and Colour of Graphene 
 

There are many ways to characterize graphene and find its properties, such as 

using spectroscopy techniques including Raman spectroscopy, X-ray 
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diffraction [71], TEM [72], etc. [73] reported that by examining using TEM, 

graphene was observed as a transparent figure and stable under high energy 

electrons in contrast to GO was observed as semi-transparent which is not 

stable under high energy beam. Here, the morphology of GO was demonstrated 

as a thick, rough surface with flat flake layers, irregular in-shape with non-

uniform particle size and not crumpled. However, a graphene sheet film was 

observed with a thin flat flake with crumpled morphology and composed of a 

wrinkled flake structure.  

In Figure 11, a low-magnification TEM image provides a glimpse of 

graphene nanosheets. These nanosheets, some spanning hundreds of square 

nanometers, appear perched atop the copper grid, resembling the delicate, 

undulating waves of crumpled silk veils. The graphene nanosheets exhibit a 

rippled and interwoven structure, creating a mesh-like appearance. 

Remarkably, they maintain their transparency and structural stability when 

exposed to the electron beam. In Figure 11a, the most transparent and 

unremarkable regions, indicated by arrows, are likely monolayer graphene 

nanosheets. Additionally, Figure 11b reveals the presence of scrolled graphene 

nanosheets in the sample [48]. 

 

  
 

Figure 11: (a) TEM characterization of graphene nanosheets – low 

magnification overview resembling crumpled silk with arrows showing 

mono-layer (SLG), and (b) a close-up of scrolled nanosheet structures. 

Reproduced with permission from [48] 

 

Dynamic dispersion of light is a simple and fast method of 

characterizing the size of the graphene nanosheets and the exfoliated graphene 

oxide [73]. This method is more reliable for spherical particles [74] and the 

dynamic dispersion of light would not measure the particle size of graphene 

nanomaterial if the sample is polydisperse [75]. 

Furthermore, two methods have started emerging in recent years to 

characterize nanoparticles: nanoparticle tracking analysis and asymmetric flow 

field-flow fractionation. Nanoparticle tracking analysis has given an average 

size of ca. 150 nm and higher resolution than dynamic dispersion of light and 

approximate concentrations. It has been indicated that the dynamic dispersion 

of light given the average particle size of graphene which the intensity was a 
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bias towards larger particles. Asymmetric flow field-flow fractionation 

separated different populations of graphene nanosheets with different gyration 

radii (centered at approximately 360 nm) and provided information on the 

graphene structure and shape of the particles [76]-[77].  

Other characterization such as XRD can be used to determine the 

number of graphene layers. For instance, the average number of graphene 

layers decreased from 15 to 3 as the average sp2 crystallite size decreased from 

17.33 nm to 14.75 nm. Moreover, the increased ID/IG ratio from Raman 

spectroscopy measurement demonstrated an increase in the quantity of sp2 

domains with the defect density increment after reduction [78]. 

The graphene color deposited on the substrates can be found using an 

imaging microscope and AFM measurements [79]-[81]. The TCD method (as 

described in detail in the previous section: Thickness and Layer of Graphene) 

of assessment assesses the color difference between the graphene layer and the 

underlying substrate. With this technique, one can figure out the most viable 

thickness of the dielectric layer (the single layer of metals and insulators or the 

layered structure) to ensure the optimum optical transparency of a graphene-

based multilayer. 

Colour is a useful technique for visual analysis. It can be beneficial 

when detecting and judging the thickness of graphene and multilayer 

approaches [81]. The data on the colors of graphene and GO were confirmed 

by the method of an optical microscope and profilometer. Here, GO has a 

lower extinction coefficient than graphene, which causes the reflectance of GO 

to fluctuate more clearly over a range of material thicknesses. Consequently, 

the resulting colors of GO changed continually as a function of the material 

thickness. However, the colors of the graphene multilayer became saturated 

without periodic change.  

In summary, manipulating and visualizing the optical contrast of SLG 

and other 2D materials will lead to new knowledge about the various aspects 

of light and matter interactions with atomic thickness. The optical properties 

of SLG can be tuned by gating, and it can be demonstrated and manipulated in 

color contrast. Another important potential application is in ultra-thin, versatile 

color displays. Under white light using broadband photon management, 

scalable large-area color displays the novel chromatic color contrast optical 

visibility of SLG. The optical absorption of SLG on fused quartz (SiO2) 

substrate is drastically enlarged to more than 10 % from ∼1.4 at wavelength, 

λ of the scan range between 560 − 990 nm (from yellow to near-infrared 

spectral regimes). The current process is much more appealing without the 

excessive artificial color utilized with SLG [82]. The characterization methods 

employed to determine the size, shape, and color of graphene are summarized 

in Table 6. 
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Table 6: Summary of characterization method in determining size, shape and 

colour of graphene 

 

Characterization 

method 
Summary Ref. 

Size measurement 

(dynamic 

dispersion of light) 

Methods like nanoparticle tracking analysis and 

flow field fractionation provide size and shape 

details 

[83] 

Number of layers 

(XRD and Raman) 

Determines layer count based on crystallite size 

of XRD spectrum. Thicker graphene layers 

exhibit a higher ID/IG ratio in Raman 

spectroscopy, indicating a greater number of 

defects or discontinuities in their structure 

compared to single-layer graphene (SLG) 

measurements. 

[84]- 

[85] 

Color-thickness 

correlation 

(Microscopy and 

AFM) 

TCD method assesses the color difference 

between the graphene layer and the substrate. 

 

[9] 

 

 

Hardness of Graphene 
 

The hardness-displacement and elastic module-displacement curves in various 

graphene layers can be measured using nano-indentation as shown in Figure 

12. A large dip is found to be below 10 nm in the depth range and the curves 

are increasing progressively to stability. An additional continuous rigidity 

calculation (CSM) demonstrates an inflected depth of 10 nm. The load-

displacement curve also shows that the load decreases with an increment of 

layers at the same indentation depth. Figure 12 also illustrates that both graph 

hardness and the graphene elastic modulus decrease as the number of graphene 

layers increases. The layers of graphene were further confirmed through AFM 

images, as depicted in Figure 12d, which show a range from a single layer at 

spot A to more than four layers at spot E, respectively. 

 Because of its superior mechanical properties, graphene can be 

considered an ideal reinforcement to produce composites so that the hardness 

can be improved. These features provide an increased opportunity to study 

metal matrix composites. [87] reported that they made mechanical alloys to 

study the composites. The time used for milling was 1 hour, 3 hours, and 5 

hours. In an aluminium (Al) powder matrix, graphene nanoplatelets (GNPs) 

were added at concentrations of 0.25, 0.50, and 1.0 %wt. The Al coating on 

graphene delayed the formation of amorphous graphene structures as the 

milling time increased. Milling time and the presence of GNPs have a 

beneficial effect on hardness values. The mechanical behaviour of the 
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hardness-assessed GNP/Al composites shows that increased milling time leads 

to harder compounds being produced at a sintering time of 2 hours.  

 

 
 

Figure 12: (a) Hardness–displacement, (b) elastic modulus–displacement 

graph, and (c) AFM of graphene measured on various spots as in (d) optical 

microscope image of graphene on the Si substrate [86] 

 

Graphene reinforced with Al-based metal matrix composites has also 

been developed successfully using stir casting technology which retains the 

graphene loading rate of 0.5, 1, 1.5, and 2 %wt. The hardness number of the 

rocks well is found by testing all prepared specimens. The conclusion was that 

the sample filled with 0.5 %wt graphene shows the maximum indentation 

resistance because the graphene is uniformly dispersed into the aluminium 

matrix. Graphene particles enhance the hardness of the soft matrix and record 

78 Rockwell hardness numbers (RHN) in relation to the parental composition. 

The minimum hardness figure is also found in the sample that has 2 %wt 

graphene because graphene particles are overloaded as the parental atoms have 

difficulty replacing them when cooled down, and the graphene particle 

saturation limit that fills the aluminium matrix is emphasized. Consequently, 

the material cannot bear more load to find its response to indentation[87]. 

[89] also reported on developing different graphene-enhanced (GNP) 

reinforced titanium (Ti) composites using the powder metallurgy (PM) 

process. As a result, GNPs GNP-reinforced Ti composites have improved 

hardness, microstructure, and density properties for optimal process 
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parameters. The highest hardness (566 HV) and density (4.39 g/cm3) were 

achieved for the right amount of GNP at 1100 ºC for 120 min (0.15 %wt). 

Meanwhile, Ti composites reduced their density and hardness when GNPs 

content was above 0.15 %wt because of the GNPs agglomeration trend. Better 

atomic motion and diffusion at optimal time and temperature are positive for 

Ti composite characteristics. However, density, hardness, and structure 

deteriorated due to the damage to GNP structure and titanium carbide (TiC) 

formation at high-content GNPs. Over 0.30 %wt of the undesired TiC was 

detected. In comparison to pure Ti, the hardness of the Ti–GNPs composite 

increased from 304 HV to 566 HV because of fine-grain strengthening 

mechanisms and dislocation. A summary of graphene`s hardness is tabulated 

in Table 7.  

 

 

The Melting Temperature of Graphene 
 

For a first phase transition from 2D solid to 3D liquid, the melting of graphene 

is based on the nucleation theory.  Because these two phases have different 

dimensions, it is difficult to determine the free energy difference between 

them, and thus it is unclear how to describe the melting temperature (Tm). Tm 

is a well-defined temperature as the point at which the liquid and solid phases 

of Gibb's free energy curves intersect. Here, a 2D nucleation theory shows how 

this difficulty can be overcome and gives Tm a reliable quantitative value. 

Spontaneous melting of graphene occurs at a temperature known as T*m of 

4900 K, providing an upper limit of Tm for graphene. Nucleation theory can 

explain the melting of bulk graphene, allowing for an unambiguous definition 

of the Tm, which is 4510 K, approximately 250 K higher than that of graphite 

and currently the highest of all materials [93]. 

Furthermore, atomic simulations are used to study high-temperature 

graphene behaviour based on an exact atomic carbon potential. As a result, the 

aggregation of Stone–Wales defects and the formation of octagons are the 

initial stages of the melting process, which is carried out via the formation of 

carbon chains. Rather than being a simple liquid, the molten state is a 3D 

network of entangled chains. The melting temperature is approximately 4900 

K, as determined by the extrapolation of simulation and 2D Lindemann 

criterion and results for various heating rates [94]. 
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Table 7: Summary of the hardness properties of graphene with respect to 

various compositions added to the graphene 

 

Graphene-

composite 
Hardness properties Ref. 

Graphene 

layers 

Hardness and elastic modulus were measured using 

nano-indentation. 

[89] 

A large dip is observed at depths below 10 nm. 

The load-displacement curve shows a decrease in load 

with increased layers at the same indentation depth. 

Graph hardness and elastic modulus decrease with 

increasing graphene layers. 

Copper 

coated 

graphene 

reinforced 

aluminium 

composites 

(Cu-GNP-Al) 

With the introduction of 0.5 %vol graphene, the 

composite material displays a tensile strength of 242 

MPa and demonstrates a conductivity of 34.5 MS/m. 

This signifies a noteworthy improvement, with an 

increase of 102% in tensile strength and 

approximately 8.15% in conductivity compared to the 

characteristics of pure aluminium manufactured under 

the same conditions. 

[90] 

Graphen 

Aluminium 

Composites 

(GNP-Al) 

Graphene was added to the aluminium powder matrix 

to form composites. 

[90] 
Milling time and the presence of GNPs positively 

affect hardness values. 

Increased milling time results in harder compounds, 

especially with 2 hours of sintering. 

Stir casting technology was used to create composites 

with different graphene loadings. 

[91] 

Uniform graphene dispersion enhances hardness. 

A sample with 0.5 %wt graphene shows maximum 

indentation resistance, achieving a hardness of 78 

RHN. 

Samples with 2 %wt graphene exhibit reduced 

hardness due to graphene particle overload and 

agglomeration. 

Graphene-Ti 

Composites 

(Ti-GNP) 

GNP-reinforced Ti composites developed using the 

powder metallurgy process. 

[92] 

 

The right amount of GNP at 0.15 %wt achieves the 

highest hardness (566 HV) and density (4.39 g/cm³) at 

1100 ºC for 120 min. 

Higher GNP content results in reduced density and 

hardness due to agglomeration and TiC formation. 

The hardness of Ti-GNPs composite increases from 

304 HV to 566 HV compared to pure Ti. 
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[96] reported the dynamic properties and structure of bulk materials 

consisting of graphene nanosheets using simulations of coarse-grain molecular 

dynamics. Results demonstrate convincing evidence of fluid-like melts of 

linear polymers at elevated temperatures in bulk graphene. In addition, at 

temperatures below the glass transfer temperature (Tg), the materials transform 

into a glassy "foam" condition. Due to the high Tg (≈ 1600 K) of bulk graphene 

materials in their glassy foam state, they have high thermal stability and an 

enormous free volume compared to standard polymer materials. This shows 

that the lubricating properties and attractive plastic flow at high temperatures 

are in graphene melting. Additionally, graphene foams show great promise as 

high-surface-area fire suppression additives and filtration materials for 

mechanical reinforcement and increasing the thermal conductivities of 

polymer materials. 

Atomic simulations were used to investigate the melting behaviour of 

graphene-supported pure platinum (Pt), pure palladium (Pd), Pt-core/Pd-shell 

(Pt@Pd), and Pdcore/Pt-shell (Pd@Pt) nanoparticles (NPs) of the same size. 

The melting point of supported NPs is approximately 120 K lower than the 

free melting point. This can be attributed to restrictions of NPs by raising the 

temperature and distortions at the interface between metal and carbon on the 

graphene support. The analysis shows that the graphene support does not 

significantly impact melting modes because of the low distortion in the 

structure of the nanoparticles [97].  

In addition, computer simulation has been used to study the dynamics 

of graphene disordering upon heating. Seeds in the 3D liquid stage form with 

heating graphene due to a complex disruption sequence and the formation of 

many interatomic bonds. Because of the 5-7 defects, groups of adjacent rings, 

and big rings and carbon chains perpendicular to the monolayer floor appear 

in the final stage. Although Stone–Wale (SW) defects occur, they do not 

accumulate, soon become rinsed, and have no significant impact on the melting 

mechanism. During the melting process, disordered and crystalline regions 

coexist. From the above, the melting point is estimated at 5100 K. To conclude, 

high graphene thermal stability is essential in real-world applications, for 

instance, visible light emitters based on thermal radiation resulting from solid 

sample heating [98]. The melting temperature behaviours of graphene are 

summarized in Table 8. 

 

 

The Surface Area of Graphene 
 

Graphene is supposed to have outstanding properties, such as a high specific 

surface area, and excellent electrical and thermal conductivity [101]. Graphene 

nanoplates are ideal nanomaterial compared to other nanoparticles of metal 

oxide or conventional metal because they have a very high specific surface 

area. It is recognized as the world's thinnest material and has significant 



Mohd Rafal Sahudin et al. 

252 

application potential in various technologies, including liquid crystal devices. 

[102] reported graphene has an extremely high specific surface area, and it is 

a highly effective additive for promoting the heterogeneous nucleation of 

water. A minimal amount of graphene can eliminate the degree of water 

subcooling. With a surface area concentration of about 0.070 ± 0.003 m2/ml 

and a meagre mass fraction of about 0.020 ± 0.001 wt% of graphene, the need 

for subcooling to freeze water was eliminated as shown in Figure 13. 

Surfactants can be used to decrease the degree of subcooling, increase 

suspension stability, and slightly increase the total freezing time. 

 

Table 8: Summary of graphene's melting temperatures in relation to defects 

and mixing with other materials 

 

Material Melting Temperature (K) Ref. 

Graphene 

(2D Nucleation 

Theory) 

4510 K, about 250 K higher than that of 

graphite based on nucleation theory for a 

first order phase transition from the 2D 

solid to the 3D liquid via an intermediate 

quasi-2D liquid. 

[94] 

 

High-temperature 

graphene (atomistic 

simulations) 

Stone-Wales (SW) defects are pivotal in 

governing graphene's melting temperature, 

with the aggregation of these defects 

triggering the formation of octagons. 

These octagons act as precursors for the 

spontaneous melting process, which 

occurs at approximately Tm ≈ 4900 K. 

[95] 

Graphene nanosheets 

(simulations of coarse-

grain molecular 

dynamics) 

Approx. 1600 K (Tg), graphene foams 

show great promise as high-surface-area 

fire suppression additives and filtration 

materials 

[96] 

Graphene-supported 

nanoparticles 

(simulation) 

Approx. 120 K lower than the free melting 

point 

[97], 

[99] 

Graphene disorder 

upon heating 

(simulation) 

5100 K 
[98], 

[100] 

 

Graphene composites, more specifically polymer matrix composites, 

are among the most profitable industrial products in various applications. The 

current state of the study of surface characteristics of graphene is predominant 

in graphene composite applications. The influence factors of surface 

characteristics of graphene, such as surface energy, microstructure, surface 

chemistry and composition, surface area, surface chemistry, and the techniques 

used for determining the graphene surface characteristics [103].  
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The properties of composites are mainly determined by the synergistic 

combination of concrete graphene surface, high interface adhesion of filler 

matrix, and exceptional characteristics of graphene and the main features of 

the matrix [104]. The conclusions showed that graphene surface characteristics 

could be adapted to better compatibility by altering graphene surface chemistry 

and improving interfacial interaction by increasing the surface area and 

wrinkling by mechanically interlocking. Furthermore, the chemical bonds on 

the graphene surface by functional groups like van der Waals and hydrogen 

bonding, result in a decrease in graphene dispersive surface energy while 

improving graphene wettability for the matrix. Modified graphene with unique 

surface properties would result in better composites considering the desired 

lifespan of high-performance reinforced materials [103]. 

 

 
 

Figure 13: Relationship between graphene–H2O nanofluids subcooling 

degree and the surface area per volume of samples [102] 

 

The porous graphene materials have been given significant attention in 

recent years and rapidly developing because of their excellent electrochemical 

performances, larger surface areas, and unique pore structures in conversion 

and storage devices. Due to these extraordinary properties, porous graphene 

materials can be used as critical components in high-performance conversion 

devices and electrochemical energy storage such as fuel cells, lithium-ion 

batteries, and supercapacitors. Although the application and synthesis of 

porous materials have significantly progressed, a few significant points are left 

to be addressed. There is also an exciting challenge in developing porous 

graphene materials because it is necessary to precisely control pore 

morphology, including wall thickness. In addition, the interaction of various 

pores, such as mesopores, macropores, and micropores, is necessary for 

utilizing the synergistic effects of multiple pores [105]. 

The surface porosity of graphene-based aerogels plays a critical role in 

their performance in applications involving mass transfer. Many applications 
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of graphene-based aerogels, including but not limited to energy storage, gas 

sensing, chemical adsorption, and catalysis, crucially rely on efficient mass 

transfer processes. However, understanding the factors that determine surface 

porosities has been a challenge, impeding their optimization for specific 

applications. [106] have introduced an innovative approach to control surface 

porosity, which is essential for enhancing the performance of 3D-printed 

aerogels. They highlight the significance of ink properties, typically adjusted 

through additives in graphene oxide (GO) suspensions, and print parameters 

in shaping the surface porosity of graphene-based aerogels. Through a 

combination of experiments and hydrodynamic simulations, they demonstrate 

that the high shear stress experienced during the 3D printing process leads to 

a non-porous surface, whereas crosslinking of the sheets inhibits flake 

alignment induced by shearing, resulting in a porous surface (see Figure 14). 

These findings provide valuable insights for precise control of the surface 

porosity in printed graphene-oxide aerogels (GOA) by regulating crosslinking 

agents and shear stress.   

 

 

Conclusions 
 

In conclusion, graphene stands as a formidable force poised to exert a 

transformative influence across multiple scientific disciplines and 

technological domains. Its unparalleled amalgamation of bonded carbon 

structures, underpinned by a plethora of intricate physical attributes, positions 

it as a cornerstone of innovation. These remarkable properties span its 

thickness, layering, magnetic and optical characteristics, electrical and thermal 

conductivity, supercapacitance, hardness, and more. The inherent potential in 

these properties extends to diverse applications, ranging from cutting-edge 

sensor devices to integrated circuit components and beyond. Particularly 

captivating is the optical absorption behaviour of single-layer graphene (SLG), 

which is exclusively governed by a fundamental constant of nature, rendering 

it truly distinctive. This peculiarity signifies a noteworthy departure from 

frequency-dependent materials, solidifying its significance in the scientific 

landscape.  
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Figure 14: Comparative examination of surface structures and dye adsorption 

performance in porous and non-porous graphene oxide aerogels (GOA). 

SEM images of the surface of; (a) porous GOA, (b) non-porous GOA with 

scale bars of 100 μm, (c) rate constants derived from adsorption kinetics 

fitting. (d)–(f) Dye adsorption curves of porous GOA and non-porous GOA 

for; (d) rhodamine B, (e) methylene blue, and (f) malachite green. Reprinted 

with permission from [106] 
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Moreover, the development of graphene films unveils a suite of 

exceptional physical properties that underpin its promise in advanced 

applications. These include its potential as a high-power system component 

and an efficient heat-spreading material, offering novel avenues for thermal 

management within form factor-driven electronics. In essence, the exceptional 

attributes of graphene and its far-reaching implications underscore its pivotal 

role in shaping the future of various scientific disciplines and driving 

technological advancements. Its unique blend of structural and physical 

characteristics not only fuels curiosity in research but also holds the promise 

of revolutionizing industries and enhancing our understanding of the 

fundamental properties of matter. 

 

 

Future Outlooks 
 

To unlock the full potential of graphene in today's research and development 

landscape, fostering collaboration among researchers from diverse scientific 

fields is essential. These collaborations serve as a catalyst for innovative 

solutions, addressing complex challenges and contributing to our evolving 

understanding of graphene's physical properties. They underscore graphene's 

pivotal role in shaping the present and future of science and technology across 

a range of domains.  

Given the growing importance of graphene in both scientific and 

industrial contexts, a pressing need exists for comprehensive assessments of 

the environmental impact of graphene-based materials and technologies. These 

assessments are crucial not only for sustainability but also for managing 

potential risks associated with the expanding production and application of 

graphene. To enhance awareness and appreciation of graphene's significance, 

it's highly advisable to establish educational initiatives and outreach programs 

targeting both the scientific community and the general public. These efforts 

have the potential to broaden understanding and recognition of graphene's 

extraordinary properties and its transformative impact across various 

industries. 

Moreover, when designing applications, understanding graphene's 

physical properties is a crucial initial step. However, the effects of 

heterogeneity and defects on chemical interactions and graphene's properties 

require further investigation. For instance, the complexity of transport in 

multilayer graphene, influenced by multiple conducting layers, and the 

challenges of achieving precise atom-by-atom functionalization of graphene 

on large-area graphene wafers warrant in-depth research. Further exploration 

of graphene's integration into existing materials and engineering processes is 

vital, aligning with current trends in material science and engineering. 

Efforts to explore comprehensive, reliable, and large-scale graphene 

production should be undertaken. A key challenge is scaling up the production 
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of high-quality graphene, which significantly impacts material properties. The 

production parameters should align with the chosen method or route. 

Moreover, characterizing graphene products at an industrial scale is crucial. 

Techniques such as XRD, Raman spectroscopy, X-ray photoelectron 

spectroscopy (XPS), and additional specialized characterizations for 

parameters like surface area and electrical conductivity should be considered. 

Lastly, the establishment of standardized protocols and stringent quality 

control measures for graphene production and characterization is essential in 

today's rigorous research and industrial environments. These measures are 

critical for ensuring consistency and reliability in graphene-related studies, 

fostering confidence and uniformity in the field. Graphene's exceptional 

properties continue to offer ongoing opportunities for researchers to explore 

its potential, driving advancements across various fields in alignment with the 

current state of research and development in graphene and materials science. 
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