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Abstract

In recent years, interest in the thermal properties of graphene constituents has seen rapid growth in the fields of science and
engineering. The removal of heat in the continuous processes in the electronics industry has had major issues in thermal
transmission in lower-dimensional assemblies. It has also shown fascinating topographies as the carbon allotropes and their
derivative compounds expel heat. Numerous research articles reported within the past 15 years have demonstrated enhanced
electron flexibility, exceptional thermal conductivity and mechanical behaviour, as well as excellent optical properties of
graphene as a single atomic layer. This review article tries to provide a detailed summary of the heat exchange properties
of graphene structures and graphene-based materials such as nanoribbons with few-layered graphene. Thermal and energy
storage management systems have played a major role in the increase in marketable products in recent times. The purpose
of this review is to summarize the current research on thermal properties with regard to the management and energy storage
of graphene materials, focusing on characteristic properties, industrialization, modelling and simulation, and their applica-
tions in specific thermal storage systems.
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Introduction

A typical problem faced by large energy storage and heat
exchange system industries is the dissipation of thermal energy.
Management of thermal energy is difficult because the concen-
trated heat density in electronic systems is not experimental.!
The great challenge of heat dissipation systems in electronic
industries is that the high performance in integrated circuits
significantly increases the power consumption. In recent times,
Moore’s law has not been in use, as the physical conditions
and limitations imposed on quantum effects is minimized.’
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Graphene materials are emerging as the latest methodology
to store energy, and the use of transistors is decreasing, as it is
likely to impose tension on the thermal management systems
without the inclusion of non-uniform heating between chips.
The two-dimensional (2D) materials are layered structures
with firm thickness which bond to a hexagonal carbon lat-
tice plane and display good operational, electric, current and
mechanical properties, and as a result, these materials have
become one of the foremost materials in research fields to
employ it in numerous applications of science and engineer-
ing.* Figure 1 shows the measurement of heat conduction by
utilizing a graphene structure. Graphene was heated with a
laser light concentrated in the centre of the suspended part.
The temperature increase is determined by changing the posi-
tion of the G peak in the Raman spectrum of graphene. The
exceptional properties of graphene and 2D materials have
made it possible to employ them in various electronic sys-
tems such as batteries, sports equipment, and solar cells, and
they have great potential impact in future applications as well.
The enhanced thermal conductivity of graphene and 2D-based
materials has made them uniquely suited for the direct thermal
management and control of electronic systems.’ The exten-
sive wavelength phonon transport in 2D crystal lattices makes
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Fig.1 Schematic of graphene structure used for the measurement of
thermal conductivity. Reprinted from Ref. 6, under the terms of the
Creative Commons Attribution License CC by 4.0 licence, https://
creativecommons.org/licenses/by/4.0/.

graphene-based materials the strongest with an exceptionally
long free path limited by sample size despite deviations of
heat transfer.” Widespread studies have been carried out using
by-products of graphene such as graphene oxide (GO), gra-
phene film, graphene fiber, graphene foam, graphene lami-
nate, and graphene thermal interface materials (TIMs) for heat
administration applications along with the exceptional thermal
properties of graphene structures and graphene-based mate-
rials.® Graphene also serves as a strong thermal alloy filler
substance rather than carbon nanotubes (CNT) owing to its
exceptional thermal requisite property and its inexpensive con-
ditions. The patterned graphene layer films, fabricated from
graphene flake layers, display outstanding thermal functioning
and enhanced efficiency as heat dissipaters.” This mini review
article explores the recent developments in thermal manage-
ment systems using graphene and graphene-based materials
along with other 2D materials which include hexagonal boron
nitride (HBN).!%!" Overall, the variation in thermal modelling
methods applicable to these graphene materials are obtainable
with the view of modelling and simulation in various ther-
mal management systems and energy storage devices. They
are summarized and described with parameters and accuracy,
and lastly, the major problems and potential uses of graphene
materials and other 2D materials for thermal and energy stor-
age systems are discussed in detail.

Stimulation of Graphene Materials
in Thermal Engineering

Graphite is a form of naturally occurring carbon. It is,
opaque, black to steel grey, and has a soft lubricating tex-
ture. Graphite shows two crystalline structures, hexago-
nal and rhombohedral. Both crystalline structures have

high anisotropy levels that determine the characteristics of
graphite, particularly electrical and mechanical. Graphite is
recognized as a superior heat and electricity driver, for its
maximum natural strength and rigidity over other miner-
als, its resistance to chemical attacks and its resistance to
temperatures higher than 3600 °C (6500 °F). Graphene is a
pure type of carbon in which each particle can be accessed
from different sides for fabrication response. Particles on
the edges of a sheet of graphene are unique in chemicals.
It has the highest percentage of edge atoms. Impurities in
a graphene sheet increase the reactivity of the substance.
Its thermal conductivity and mechanical strength result in
the good in-plan characteristics of graphite (independently
around 3000 W m~! K~! and 1060 GPa), and its breakdown
quality is comparable to that of carbon nanotubes, for virtu-
ally the same kind of defects. Graphene can produce next-
generation electronics, biomedical products, composites and
coating, sensors, and membranes that are currently limited,
and manufacture them faster with a wide range of outstand-
ing qualities. The production of enhanced source density
batteries such as lithium-ion (Li-ion) batteries has made pro-
gress in the usage of cell phones, personal electronics and
motorized industries, as the temperature increase outside the
usual operating range has a negative impact on the effective-
ness of the Li-ion batteries, and if overheated, the battery
causes the cell to split or burst.'> The thermal phase change
material (PCM) can predict heat control of high-density
ion battery packs, which in turn minimizes the temperature
increase in the battery owing to concealed heat storage and
segment variations over a minimum temperature range.'>
Typically, PCMs have much lower thermal conductivity, in
the range of 0.17-0.35 W m~! K~! at room temperature,
compared with the heat conduction of silicon (Si) and cop-
per (Cu) at room temperature (RT), which lie in the range
of ~145 W m™! K™! and ~381 W m~! K™/, respectively.'*
Figure 2 shows graphene-based material used as a thermal
device under coupling quantities. Thermal devices are clas-
sified according to their physical dimensions, which can
be mainly divided into four categories: uncoupled thermal
devices, thermoacoustic coupling devices, thermoelectric
and thermo-optic coupling devices, and various functional
devices. The predicted PCMs store heat from the battery as
a replacement for heat transfer to the battery pack. They are
also employed in battery cells to shield the battery-operated
cell from large ambient temperature variations which com-
pletely differs from the heat regulation of processor coded
chips.'® In order to minimize the temperature range, the
device uses chip surge, thermal interface material (TIM)
or heat propagators to allow the transfer of heat from the
defect to the heat sink.!” The heat conduction of TIM is in
the range of about 1-10 W m~' K~!, while the thermal dif-
fusion of solid graphite-based materials is in the range of
1000 W m~!' K=!.® The graphene material serves as a filler
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Fig.2 Thermal devices of graphene material under coupling quanti-
ties. Adapted with permission from Ref. 15, Copyright 2019, John
Wiley and Son.

for thermal conductivity by introducing in the current analy-
sis a hybrid PCM of these two separate thermal management
methods.'® The properties that make graphene an extraordi-
nary filler material are its enhanced internal heat conduction
and durable bonding to numerous matrix materials.*

Thermal Conductivity of Graphene

Heat transfer is slowed by the impact of microscopic ele-
ments along with the amount of heat carrier charges in the
area. The thermal performance is controlled by Fourier’s
law, which is expressed as:

q=—k-AT (1)

g, the limited temperature flux has units of W m~2, the heat
conduction of the substance has units of W m~' K~! and the
limited temperature increase has units of K m~!, which is
the heat conduction of the substance.?' Fourier’s law elu-
cidates the heat flow from a high-temperature section to a
lower-temperature section, and it can be precisely calculated
in a substance. However, in electronic systems the thermal
conduction of heat has to be supported over various materi-
als by exchange interfaces, and thermal resistance is widely
used to regulate the ability of heat carrier transport as it is
stabilized and relaxed. The thermal resistance is:*

R=AT/Q 2)
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AT is the temperature variance (K) and Q is the heat energy
(W) of the outer binary surfaces.?’ The entire heat resist-
ance (R) comprises the heat resistance of the materials lat-
erally. The temperature conduction path is determined by
the heat conduction and depth of the materials along with
the exchange at the interface of two dissimilar materials,
based on numerous features including the bonding strength
of materials, surface roughness, and surface cleanliness,
among many others.**

In optical performance, the AP heater is furnished with
an optical laser light focussed on a deferred graphene layer
associated with the heat sink at both corners. The tempera-
ture increase AT, in response to the degenerated power AP,
is studied by Raman spectroscopy.”” The Raman G peak in
the graphene spectrum revealed the enhanced temperature,
T, dependence. Standardization of the spectral position of
the G peak at temperature must be done by altering the heat
using a lower laser power source in order to avoid limited
heating.?® The deferred graphene layer is heated by growing
laser power through thermal conductivity dimensions. The
limited temperature increase of graphene is given by AT =
AwGlpG, where @G is the heat coefficient of the Raman G
peak in the suitable temperature range.?’

Thermal Conductivity of Graphene Materials

The unusual thermal conductivity characteristics of graphene
have led to further investigations of graphene materials and
few-layer graphene (FLG) in TIM, thermal compounds and
coverings.?® In the first study of graphene alloys, smaller
freight segments of arbitrary graphene fillers increased the
thermal conductivity of epoxy alloys.? Various types of gra-
phene thermal alloy fabrication methods are derived from
variations in matrix material, graphene efficiency, lateral
size and thickness of the graphene filler, and other types of
thermal conductivity.*® Most of the preliminary studies of
graphene filler thermal alloys were restricted to the lower
loading fractions of the filler, f < 10 vol.%. These conditions
recently changed when large graphene loading compounds
became available due to technical developments and sub-
stantial cost reductions.*! The thermal properties of alloys
with a high loading fraction of graphene or FLG fillers are
of interest from the point of view of basic science and practi-
cal applications. Higher loading results in thermal percola-
tion in alloys.*”> Thermal percolation is a process which is
not well understood as electrical holes. An electrical hole is
designated by the scaling law, where the electrical conduc-
tion of the alloy, the freight capacity portion of the filler,
the loading fraction of the filler and the critical exponential
are within the electrical charge limit.** Figure 3 depicts the
heat dissipation of a graphene-based epoxy composite. In
most cases, as opposed to electrical conductivity, thermal
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conductivity of alloys does not show any visible fluctua-
tions. To overcome the complex of nanofillers in the poly-
mer, their applications improve the thermal conductivity
of the mixture, in which case graphene is enhanced by the
chemical vapour deposition on the foam. Further production
of graphene thermal composites face issues such as hexago-
nal boron nitride (HBN) control of electrical and thermal
separation in graphene alloys with filler optimization and
combination of graphene and other electronic 2D insula-
tion fillers.** In addition, graphene composite materials have
shown that they are good prospects as heat sink materials.*’
Possible heat sinks are made of metal, such as copper or
aluminium, with wings to raise the surface area. However,
because of its low weight, anisotropy and higher thermal
conductivity, carbon-based heat sink structures are of much
interest.® Graphite has a long history and is known to be a
material for heat sinks. In recent years, patents have been
filed on the basis of graphene-improved heat sinks due to the
benefits of lower weight and higher heat efficiency.?” In addi-
tion, graphene or graphite-based materials for heat sinks can
control thermal conductivity in different directions, allowing
for preferential heat transfer.*®*’ Some of the reported works
about graphene and graphene polymer composites include
electromagnetic pollution, which is damaging to human
health and interferes with the normal operation of other
electronic equipment, is also becoming increasingly serious
as miniaturization, densification, and high-power electronic
products are rapidly evolving. By absorbing electromagnetic
energy and converting into heat energy, it can be effectively
reduced, leading to another problem when temperatures
increase. There is therefore urgent theoretical significance
and potential practical application for the design of polymer
composites with a high thermal conductivity (1) coefficient
and outstanding electromagnetic interference shielding
effectiveness (EMI SE). The A value of epoxy nanocompos-
ites reaches a maximum 2.3 times higher than pure epoxy
resin.*’ The resulting problem has gained prominence over
thermal dissipation, which has greatly affected the stability
and service life of the products produced. Preparation of

Fig.3 Schematic of heat dis-
sipation of epoxy composite.
Reprinted from Ref. 45, under
the terms of the Creative Com-
mons CC-BY-NC-ND 4.0,
https://creativecommons.org/
licenses/by-nc-nd/4.0/.
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materials with a high coefficient of thermal conductivity (1)
is an important solution.*'** An efficient and cost-effective
method is to introduce highly thermally conductive com-
posite compounds in order to improve the final A values of
polymers. Excessively high loads of thermally conductive
fillers are often in demand, however, to achieve relatively
high 4, posing significant problems such as poor treatment,
degraded mechanical characteristics, increased density and
cost.*® This is followed by a combined method of in situ
polymerization, spinning and hot pressing, to produce the
corresponding thermally superior nanocomposite polyimide.
In view of the filler or matrix interfaces, filler dispersion and
alignment, an improved thermal drive model is also pro-
posed and established.**

3D Structures of Graphene Materials
Graphene Foam

Graphene foam comprises graphene structures packaged in a
permeable macroscale foam structure. The foam absorbency
substantially decreases the actual thermal conductivity of
graphene foam, with thermal conductivity varying from
0.26 Wm™' K™ to 1.7 W m™ K" at 0.45 vol.% of solid
density.*® However, thermal conductivity of graphene foams
is similar to the volume of metal, which has a high absor-
bency. In accumulation, graphene foam has the highest grade
of compression, making it desirable for TIM applications.*’
Graphene foam is principally fabricated by graphene chemi-
cal vapour deposition (CVD) in Ni foam and then leaves
the free-graphene structure by engraving the prototype.
Similar construction may also be achieved by the use of
a restriction moulding or a hydrothermal decrease of the
GO suspension.*® As stand-alone assemblies, both graphene
material foam or graphene CNT air gel are shown for TIM
applications with a heat conductivity of about 88 W K~!
for low graphene foam and lower thermal interface resist-
ance at low pressure. Analogous assemblies have been
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confirmed using h-BN with cross-plane heat conductivity up
to 62 W m~! K~! for flattened h-BN foam.*’ Graphene and
h-BN foam penetrate to form polymer composites. Another
vertically oriented graphene foam epoxy complex is formed
with a flat-to-thermal conductivity of 35.5 W m~! K~! at
19% graphene loading fraction, which is much higher than
the randomly distributed graphene improved composites.
Thus, graphene-carbon hybrid foam is demonstrated to be a
good candidate as a thermal basin.>°

Perpendicular Arrangement of Graphene Sheets

Graphene slip materials have an exceptional level of ther-
mal conductivity; nevertheless, they are usually unfit for
heat dissipation applications owing to their poor level
of thermal conductivity.’! A possible resolution for this
limitation is to stack several graphene sheet structures to
make a weight substantial enough that it can be employed
for TIM and further thermal applications. Liang et al.
studied the idea of producing a material with isother-
mal conductivity of 112 W m~' K~!. Graphene film is
soldered and combined with joints or silicone, and then
the thermal conduction axis is applied diagonally to thin
slices.>? This principle was improved at 615 W m~! K~!
and 1379 W m~! K~!, with thermal conductivity, proposed
by Wong et al., which eliminates typical TIM defects
with unusually high thermal conductivity compared to
traditional TIMs and a thicker bond line than the heat
sink material [reference]. Figure 4 explains the stepwise
process involved in a 3D graphene film composite. An
aqueous mixture of PS nanospheres and CMG sheets was
filtered to obtain porous chemically modified graphene
(CMQG) film with a uniform pore size of 2 pm, followed
by removal of polystyrene (PS). As a replacement for

Fig.4 The synthesis process of (a)
3D graphene composite film.
Reprinted from Ref. 50, under
the terms of the Creative Com-
mons Attribution License CC-
BY-NC 3.0 Unported, https://
creativecommons.org/licenses/
by-nc/3.0/.
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Removal of PS

conventional Thermal interface materials (TIMs), the
thermal resistance between the TIM and the bonding exte-
riors limits the thermal conductivity factors.>® As Wong
et al. and others have noted, overall performance depends
primarily on contact, and retaining performance rivals,
good ductility and thickness by bonding to a thin indium
layer with thin solder joints is critical for slit satisfying
applications.>

Graphene Hybrid Assemblies

The unique properties of 2D graphene materials can be
combined and exploited in conjunction with other hybrid
materials. In general, the thermal conductivity of gra-
phene structures through the plane is a limitation.” One
way to improve Z-directional thermal conductivity is to
add further heat paths over the covalent bonding nature
of the graphene material layers using intermediate con-
tent. Figure 5 shows the self-assembly of graphene-based
hybrid film coating the surface., with graphene single-
phase self-assembly on the copper heating surface. At the
time of heating, the graphene oxide sheet is dispersed in
the solution and reduces conventionally and accumulates
on the heating surface by the nucleation of the vapour
bubbles and creates a well-ordered graphene network.
Carbon nanorods and recently used SiC nanorods have
been shown to be vertically aligned in situ.’® With this
method, the thermal conductivity in the TIM application
is increased from 4 W m~!' K~!to 17 W m~! K~!. Hybrid
graphene structures or CNT assemblies with increased
CNT arrangements on graphene film can be employed for
effective thermal degeneracy or new TIM assemblies’’
(Table I).
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Fig.5 Self-assembly of graphene hybrid layer coating. Reprinted from Ref. 58, under the terms of the Creative Commons Attribution License

CC-BY 4.0, https://creativecommons.org/licenses/by/4.0/.

Modelling of Heat Transfer in Graphene

As the most abundant material, carbon is frequently used
in fields such as electrical equipment and energy stor-
age systems, as graphite is considered as the basic brick
material of graphene modelling.®* The advanced graphene
modelling techniques diminish the conventional methods
and computing theory density of binding models which
includes structures for quantum description, electronic
properties with their by-products and chemical mixtures
which are inadequate to zero temperature range and they
encompass in small dimensions in consumption.®> The late
emerging materials such as fullerenes and graphene-based
materials and the nanophysics assemblies are considered
with their thermal properties of graphene by utilizing
molecular kinetic methods. The molecular subtleness
is a scientific approach method of atomic motion based
on a non-biased clarification of energy domain and the

intersonic powers designates the foremost heat transport-
ers.®® The thermal regulation of nanodevices is achieved
efficaciously by accurate amalgamation of graphene-based
materials and alloys and their thermal properties are stud-
ied when they are in direct contact with the surface and at
the same time when contact is active in nature.®’

Modelling-Based Optimization of Thermal
Organization with Graphene-Improved PCM

It provides useful knowledge for computer modelling materi-
als and device optimization of battery pack thermal control
systems. We have described our experimental findings from
a theoretical resolution as well-defined by the thermal dis-
persal comparison for temporary heat transmission in the
parametric data of solid and transparent battery-operated
models.% The limitations, laterally with the restrained fac-
tual temperature and thermal conductivity properties of the

Table| Comparison between material fabrication process and graphene materials.™>
Material structures Raw material Dispersion method Film method Heat treatment Thermal
conductivity
(Wm™'k=1h
Graphene film GO Ultrasonication Vacuum filtration 1200 1043.5
Graphene film GO Ultrasonication Self-assembly 2000 1100
Graphene film Graphene Ball-milling Vacuum filtration 2850 1434
Graphene film Graphene Ultrasonication Electro-spray deposition 2850 1434
Graphene film GO Shear mixing Self-assembly 2850 3214
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adhesive compounds, were utilized in the simulation of con-
ductive heat fluxes in Lithium-ion battery packs using the
COMSOL processor simulation package kit.®” The built-in
three-dimensional (3D) model leads to the study of six-
cylinder battery-operated packs in dissimilar media. Six
batteries, 18.4 mm in diameter, are consistently dissemi-
nated in a solid, 70 mm in diameter, all of which are housed
within a 1 mm thick aluminium covering.”’ Owing to the
basic nature of the battery pack, an additional dense mesh
of free tetrahedral was utilized for stable cylinders with a
heat transfer intermediate linked to the rigid cylinders and
the aluminium sheath.”' The temporary heat transmission
comparison has been resolved to regulate the temperature
increase within the external battery pack. In all simula-
tions, only the physical properties of the intermediate run
change the interplanetary between the battery cylinders.®®
Various media including air, traditional PCM paraffin and
graphene-based materials are enhanced with PCM. For tra-
ditional PCM paraffin oil deprived of graphene structure,
the usage of thermal conductivity at K = 0.25 W m~! K™,
mass density of about 900 kg m~> and thermal efficiency
ranging at 2500 J kg™' K~!. The simulation effects provide
continuous temperature and time measurement for a single
point within a 3D modelling battery-operated packet at any
given period.”” The exact positions of the statistics were
evaluated according to the corporal location of the thermo
column in the empiric test rig. These simulation findings
were compared to the empiric evidence of thermocouples.”
The maximum temperature ranges of the cylinder decrease
to 320 K with the traditional paraffin PCM medium. The
best efficiency of these battery cylinders, however, is the
amalgam graphene PCM material medium heat control with
a determined temperature of about 310-315 K. is the more
stable temperature outline.”* It must be remembered here
that even at small graphene loading fractions, a major reduc-
tion in the temperature of the battery-operated cylinder is
accomplished.”

Molecular Dynamics Mimics the Interfacial
Thermal Resistance Associated
with Graphene

Considering and managing interfacial heat resistance with
certain graphene structures and graphene layers is critical for
the creation and display of FLG-based graphene layer films
in heat organization. Many factors control the interfacial
thermal resistance of graphene, which is dependent on the
number of layers, the surface properties, and the interfacial
connection.’® Figure 6 shows the tensile test performance
of graphene using the FLG model. FLG was prepared by
applying graphene layers by maintaining a distance of 3.4 A
between them. In this section, we discuss the development of

@ Springer

graphene-based interfacial thermal resistance in molecular
dynamics, with the goal of delivering a good representation
of how these main variables influence the thermal properties
of the interface.”’

Influence of Number of Graphene Layers

The number of graphene layers has a direct influence on the
internal layer thermal resistance of some graphene layers
as well as the resistance between the FLG layers and the
substrate.”® Owing to the investigational imprecision, it is
problematic to calculate the numeral persuaded layer het-
erogeneity of heat resistance unwavering from traditional
tentative methods. Providentially, supercomputer simula-
tions such as molecular subtleties offer a precise and quick
approach to address these challenges.””

Inter-layer Thermal Resistance Depending on the Number
of Layers in Graphene

Using non-equilibrium molecular dynamics (NEMD) simu-
lation software, Wei et al. measured the layered based inter-
facial thermal resistance between binary coupled graphene

layers where R,,,, thermal resistance was attained.®!

(N-1): Ryey =N L/K, 3)

L is the depth of the layer (0.34 nm), N is the number of
layers and K, is the operative cross-plane thermal conduc-
tivity of multilayer graphene. The rate of the interfacial
thermal resistance for N = 48 is an order of magnitude less
than N = 6. It is a hot and cold reservoir that limits the
average free path of the phonon, which induces interconti-
nental thermal resistance and simply decreases with layer
number.®? Ni et al. used a method based on the molecular
dynamics of equilibrium (EMD) simulations to eliminate
the effect of size in NEMD. The thermal resistance between
two structures with a temperature difference between T can

Zigzag Direction

Periodic

Periodic

Fig.6 FLG model for performance of tensile test using graphene.
Reprinted with permission from Ref. 80, Copyright 2011, Elsevier.
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be determined using the following equation suggested by
R, Volz et al.

int

RintKBz/{T(O) AT@®)}/ {T (0)*} dt (1/N, + 1/N,)
)

If K5 is the Boltzmann constant, then n; and n, apply to
the number of degrees of freedom between the two subsys-
tems. This procedure is non limited to heat sinks and can be
used to measure the thermal resistance between two identi-
cal coatings of graphene.®® Resistance measured in differ-
ent ways confirms that as the amount of FLG increases, the
resistance to interference decreases. Lastly, the interfacial
resistance exceeds the graphite boundary with a large num-
ber of layers.®*

Coating Layer Number-Based Interfacial Heat Resistance
Between Some Layered Graphene and One Surface

The heat system relationship between the graphene materi-
als and the surface is characterized by the contact angles of
van Der Waals interactions, while a significant number of
studies have been performed on single-layer graphene (SLG)
substrate and FLG—substrate interaction resistance. SLG-
substrate contact resistance is often believed to be independ-
ent of layer number because there is no association between
resistance and coating number owing to investigational
imprecision.®> Though, molecular dynamic balance controls
indicate that the touch resistance between FLG and SiO,
reduces with the number of layers and congregates for six
graphene structure layers, suggesting that the results are in
reasonable arrangement with the investigational standards.®
For FLG with one to four coating layers, with more than four
layers, the calculation provides a variety of resistance owing
to minimal untried precision, whereas the mean rate is 2 *
10~ m? KW' similar to 1.7 * 107 m* KW~

Outcome of Intraocular Coupling and Surface Properties

Intracellular thermal resistance between the graphene or
FLG graphene layer and substrate is a major limitation of
their thermal efficiency in devices.?” The covalent molecule
has been shown to successfully facilitate the flow of heat
between the interfaces by adding additional heat pathways
across the molecule. Research on the thermal efficiency of a
graphene film is aided by the inclusion of silicone-functional
molecules.®® The calculations of their molecular subtleties
demonstrate that the equivalent thermal conductivity and
the thickness of the silane-based particles decrease.®” Wang
et al. stated that interglacial heat transfer engineering can
be achieved by interaction with the host organ, such as the
organ that governs interfacial thermal conductivity, and by
electronically isolating the assisted graphene layer.”® Luo

et al. used NEMD constant-state to measure the graphs
interfacial thermal resistance of graphene material or
graphite-polymer systems. Graphene originates that longer
wavelength photons in graphene play an important role in
the flow of heat through the polymer interface.”’ The pres-
ence of lower-frequency methods of about 2—16 Hz owing
to vibrations beyond the aircraft makes for a good mixture
of graphene ranges and polymer spectra, thereby enabling
interfacial heat transfer.”> Using molecular dynamics (MD)
simulations, Chen et al. reported that FLG thermal conduc-
tivity increases exponentially with the thickness of the sheet,
exceeding 90% of the bulk graphite cap at six coatings and
finally at 13.4 nm (40 layers). With the NEMD simulation,
Li et al. analysed the crystallization consequence of the sili-
con carbide (SiC) surface and observed that the amorphous
interface was less than the Rint sparkling interface.”® This
effect is due to the uneven external characteristic of the
amorphous artifacts and the large photon channel unlocked
by the soft photon thickness of the amorphous SiC states.”*
However, Zhang et al. reported that the thermal dissipation
performance of a 2D junction transistor is strongly depend-
ent on the heat conductivity of the surface and that it is
problematic to decrease the temperature of the hotspot by
changing the resistance of the 2D material substrate bound-
ary.”>%® In addition to the reasons described above, the ther-
mal properties of graphene materials are often influenced by
other methods, such as strain engineering and the manufac-
ture of phonetic crystal structures.’”

Consequence of Doping on Graphene Thermal Performance

Doping is excellent method to expose a large and tidy doping
tune. The doping elements boron (B) and nitrogen (N) atoms
are common contenders for doping in graphene, the equiva-
lent molecular size of carbon (C) and their pore receptors,
and the position of the electron donor in computing B- and
N-doping, correspondingly.”® However, doping influences
the heat efficiency of graphene. Shi et al. studied the inter-
facial thermal tolerance and thermal enhancement of nitro-
gen-doped zigzag graphene (NDZG) using NEMD. Inter-
cellular thermal resistance in place of nitrogen doping has
been shown to induce a sharp decrease in heat conduction
of NDZG.*” Thermal correction of trivalent single-nitrogen
doped graphene (SNDG) with increasing temperature.
Defects of varying relations on the thermal conductivity of
graphene and the effects of isotopic doping were studied by
Chen et al., in which spectral photon refers to the lessening
period and the standardized accumulated heat conduction
of the free path photon, suggesting that extended mean free
path (MFP) phonon modes are firmly repressed in deficient
and incapacitated graphene, leading to repressed volume
dependency and weakened temperature dependency of heat
conductivity relative to ancient graphene materials.'%!%!
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Graphene Works to Increase
Heat-Dissipating Performance

Graphene in plain thermal transference can be improved by
increasing the biochemical bond between the graphene and
the surface.!? The thermal control of the micro-heaters is
thus significantly enhanced by the incorporation of alternate
heat-dispersed channels by aminosilane molecules that are
coated with functionalized graphene oxide (FGO) attached to
the graphene film assembly (GF).'® The GF is bound to the
surface of the FGO by aminosilane molecules such as (3-ami-
nopropyl)triethoxysilane (APTES) which contains the three-
O-group and has the NH, end due to the general chemistry
of APTES, which readily binds to two dissimilar surfaces.!%*
The Si-O termination of the APTES is attached to the GO
surface and the cross-linked Si-O assembly serves as a solid
supplementary coating between the surface and the GF with
the azanide (NH,) end of APTES binds to the carboxyl groups
of the functionalized graphene film.'® The microscopic cause
of improvement of thermal conductivity (k) in graphene film
was examined by mode-based analysis of the photon reduc-
tion time through the addition of the APTES molecule, and
the reducing period of the acoustic flexural mode plane mode
(ZA) is greatly increased at lower frequency curves; however,
the longitudinal and transverse modes are marginally dimin-
ished.!” ZA mode refers to the increase of k of the graphene
layer film bound to the surface of ZA mode when it contributes
more than 77% to 300 K. Molecular dynamic simulations and
abiotic measurements demonstrate that there is an error in the
function.'®” Figure 7 shows the graphene film applications as a
heat spreader. The high thermal conductivity allows graphene
film (GF) to disperse heat efficiently from heat sources. Most
importantly, the comfortable, lightweight and compact features
promote the application of GFs in comfortable light-emitting
devices. Shielding composites have great application prospects
in lightweight, electromagnetic composites, portable and wear-
able electronic devices due to their excellent EMI shielding
performance and thermal stability, as well as enhanced thermal
conductivities. %% Cross-plane scattering of low-frequency
phonons, which increases the convection of the graphene
layer film bond plane by overcoming the longer flexural pho-
ton life.!' These findings offer proof that the graphene layer
film dropped on the FGO surface offers an extremely desirable
medium for heat and energy control progress.'!!

Thermal Modelling

Different techniques are used for thermal modelling, in
which each process yields different results, often with com-
mon materials. It also explains the core and important role of
graphene materials and other 2D materials for practical use

@ Springer

Lateral Heat
Transfer on film

.\

Q v ,j o \»\

-_—
Reduced Heat

)/ Transmission

Heat conduction film

Fig.7 Applications of graphene film as a heat spreader in a smart
window. Reprinted from Ref. 112, under the terms of the Creative
Commons Attribution License CC-BY 4.0, https://creativecommons.
org/licenses/by/4.0/.

in micro thickness measurements.''® Here is a description
of the state-of-the-art thermal measurement procedures used
with graphene structures and other 2D graphene materials.

Thermal Bridge

The time period of heat conduction of nanotubes or nanow-
ires is restrained in the arrangement of palette or packages
using one heater and dual sensors method and the restrained
thermal conductivity is not inherent owing to the conquered
inter-tube sprinklings.!!* Multilayer electron-beam lithogra-
phy was used to create micro-devices appropriate for heat
calculation, deuce suspended microelectromechanical sys-
tems (MEMS) were developed and used to deactivate lower-
dimensional patterns and detect temperature changes at
microscale.!'> Done for the submission. This thermal bridge
process is considered to be one of the most effective methods
for calculating heat conduction and thermal power of carbon
nanotubes, nanowires and 2D graphene materials. '
Platinum or gold resistive coil is prefabricated on top of
separate SiNX membrane and beam, which serve as both
heater (R;) and temperature sensor which is dependent on
the track of the distribution of heat. The suspended single-
layer graphene heats the two layers and electrically separates
them from the resistive coil.'!” The unit should be put in a
room equipped with vacuum pump to provide pressure envi-
ronment greater than 1x 10> pa to remove circumstantial
gas convection and thermal radiation between the layers.
AC heater with a DC voltage bias is applied up to current
usually from 100 nA. Any frequency a few thousand hertz
frequencies and additional AC current sensor of the identical
amplitude or frequency.''® The DC current (I) is used to add
microwatt heat to the heater and to increase its temperature
(T}) and AC current is used to test the resistance of R,/R,,
which is T/T. Suitable for T} later resistive coils can be used
as temperature controllers. At a stable state, the heat conduc-
tivity of the film these and the suspended SiNx beams can
be obtained from o;=(Q,, + O)/(AT} + AT)) and 6,= AT}/
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(AT, — AT), where Oy, Q;, AT}, and AT, and the heating
tee heater connected to the above-mentioned heating capac-
ity, the heating energy on the SiNx beam, Rh and the tem-
perature rise.'!” The thermal conductivity of the film can be
obtained by K=LX o /S=L/(RXS) where L, S and R are the
sample volume, cross-section area and whole thermal resist-
ance. The thermal bridge approach is widely used to calcu-
late the thermal conductivity of suspended single-layer or
multilayer 2D materials, including graphene, boron nitride,
black phosphorus, transition-metal dichalcogenides, and so
on, but there are numerous challenges. At higher tempera-
ture, the thermal stability is beneficial to the film surface and
the film has excellent thermal stability which can help them
perform better by preventing thermal decomposition. Ther-
mally conductive composite films have excellent thermal
properties and can be used in a high-temperature setting for
an extended period of time.'?*!?! For example, graphene and
MoS, thermal conductivity works spontaneously at times,
retaining internal thermal conductivity with hot debate and
disagreement.'??

EB Self-heating Method

The electron beam (EB) self-heating system delivers straight
dimension of heat interaction resistance and hence of inter-
nal thermal conductivity. This procedure is updated on
the basis of the current bond technique and the model is
combined within the scanning electron microscope (SEM)
compartment which improves the quantity.'?® In contrast to
the thermal bridge process, Rh heat foundation acts as a
temperature instrument, the binary layers are used as a tem-
perature device and the electron stream of light is used as a
heat source.'?* Figure 8 shows the cogeneration technique
of energy storage systems. Electrical energy is produced by
combined heat and power (CHP) plants, wind farms and
other plants and thermal control demand are maintained by
CHP plants. For calculations, the electron beam is perused
laterally towards the extent of the model, throughout which
time the energy storage system of the electrons is consumed
and hence the resident space is heated.'? The resident heat
produced by the engrossed electrons streams to the dual lay-
ers and increases their temperature range. The calculated
current resistance is applied from one layer to the heating
area and where reflection loss (RL) is equal to heat resist-
ance of the auxiliary beam, X is the detachment from the
layer to H.

Pulsed Photothermal Reflectance

In the experimental setup of pulsed photosensitive thermal
reflectance (PPR), the thermal conductivity (bulk or film)
of the material is described by a thermal reflection tech-
nique in the nanosecond regime. Kiding et al. reported the

Electric Power

) )
Other Electric
Plants Power

~— Demand

)

CHP Thermal
Plants Power

—

HS Demand

)

Wind ; \
Farms . EB 1
HP

Thermal Power

Fig.8 Model of cogeneration system with energy storage. Reprinted
from Ref. 126, under the terms of the Creative Commons Attribution
License CC BY 4.0 licence, https://creativecommons.org/licenses/
by/4.0/.

Pump

Probe Probe

Au film
Sample film

Substrate

Fig.9 Photothermal reflectance film measurement. Reprinted with
permission from Ref. 130, Copyright 2004, AIP Publishing.

original method using PPR technologies to test the thermal
conductivity of SiO, thin films.'?” Figure 9 shows the pho-
tothermal reflectance coating measurement. To increase
the heat absorption, the gold layer evaporates above the
surface. In this method, the sample surface is kept at the
first and the surface temperature of the sample increases
rapidly and then relaxes over time. This leads to a tem-
perature excursion profile, which depends on the thermal
properties of the underlying films and the thermal resist-
ance between the layers. The technology is an optical and
non-contact system containing a laser impel and a laser
probe.'?® Prior to the calculation of thermal conductivity,
the metallic layer, ideally gold, is dropped on the top of
the film surface with the intention of capturing tempera-
ture captivation and external temperature through thermal
reflective technology.'?’
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Resistance Dependence on Temperature

The deferred model is impassioned by applying an alternat-
ing current (AC) and a direct current (DC) over the film and
the sample temperature is determined by the resistance of
the sample temperature. In this circumstance, the constant
of resistance of the film is also restrained.!®' The flick is
suspended between two copper heat sinks and mounted in
a void cavity, and the electrode is located in a four-point
discrepancy conformation. The sample length with a width
ratio of less than 0.1 can be sliced into bits.'*? The heat
transfer with GF can also be regarded as a 1D heat transfer.
In the AC system, a current frequency of RMS = 1 mA at
2000 Hz is added to the DC current model, which increases
its temperature by heating. Then the tolerance of the sample
to various DC values is sample (DC) = blank, obtained from
rms where RMS is the primary sympathetic voltage drop
and transversely the sample as restrained by the lock inter-
nal amplifier.'*® Table 2 presents the thermal measurement
methods. Throughout the self-heating process of the sample,
the modification in electric resistance is restrained and the
overall heat increase is determined.'** The heat conduction
of the film is then achieved by means of the added Joule
heating control and the resulting typical heat increase as the
input of the average heat conduction case of a 3D graphene
spray structure, !33-1%

Joule Heat

Nanomaterials such as graphene and CNT are temperature-
dependent on the Joule heating effect. In this process, the
suspended graphene film is active by DC application and the
heat increase of the model is estimated by infrared radiation
(IR). Heating setup and sketch of models for Joule through-
out the dimension, the sample is deferred and connected to
both electrodes.'*” The DC current is powered by the solid
and the heat of the material varies evenly. The DC current is
calibrated to the target material with a temperature increase
of less than 10 °C in order to avoid radiation and convection
losses. The volumetric heat output is uniform due to Joule
heating, Q = VI/(Lwt), where W, T and L are the distance,
depth and measurement of the model, and V, I are voltage
and current, correspondingly.'*® Due to the disparity in the

Table Il Thermal measurement methods'>®

heat volume and the heat sink of the target material, the
heat travels laterally towards the film and reaches a stable
state within a few microseconds after heating. Both tests
were done in an airtight laboratory atmosphere to prevent
the influence of air flow.'** The temperature of the heat
sink during calculation is held at a steady temperature of
T: p=T_; ,=T,. The temperature profile of the goaled solid
is proportionally disseminated with deference to the core of
the target solid is disseminated correspondingly with respect
to the centre of the model.'*’ Figure 10 explains the Joule
heating method around the CNT structures. Since the elec-
trons mainly pass inside the polymer matrix via CNT, the
Joule heating process takes place around CNTs initially, and
it occurs gradually over the area of high temperature around
the CNTs and in the whole composite.

The highest temperature was reached in the centre of the
Ty, sample. In view of the temperature at the advantage (7,)
and midpoint (7y,) of the sample, the thermal conductivity of
the target material is described by the subsequent equation:

K = VIL/2over4wt (T,, - T,) 5)

where K is the thermal conductivity of the target material in
the level. Thermal conductivity can be determined by cal-
culating the temperature at the control and middle of the
specimen with an IR meter, the voltage around the sample
and the contemporary and measurement of the sample.'*?
For example, Wang et al. used the Joule heating technique to
calculate the thermal conductivity of better heat-conducting
graphene adhesives, and the thermal conductivity of conduc-
tive adhesives with 3 wt.% graphene was 8 W m~! K~!. This
is roughly four times the position conductive epoxy resin
without graphene, with improved graphene picture and the
temperature profile and conductive adhesive pattern.'*?

Laser Flash

Laser flash technology is a commonly used tool for cal-
culating thermal deviations and thermal conductivity of
constituents owing to certain essential characteristics such
as great accuracy and duplicability, low dimensions and a
well-defined test area.'** Laser flash analysis defines thermal
conductivity of aircraft by means of millimetre-thin aircraft

Fabrication method Material geometry Measurement

Advantages Limitations

Thermal bridge Single layer thin film

Electron beam heating Multilayer membrane

Scanning thermal microscope  Single layer thin film

Thermal conductivity
Interfacial thermal resistance

Heat dissipation

High accuracy Complex sample preparation

Easy sample preparation  Difficult to fabricate clean

Freedom in material size  Very difficult to measure
heat conduction due to

heat loss
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Fig. 10 Joule heating around

I 1 Apply Electrical Current

CNTs. Reprinted with permis- 1!
sion from Ref. 141, Copyright
2014, Elsevier.

—L/2

+L/2 |

Higher Temperature Zone
Around CNT

versions. The minor surface of the model is first excited by
a small laser pulse during measurement. The temperature
difference that occurs on the top exterior of the film is then
restrained by an infrared detector.'!® In its simplest adiabatic
conformation, the thermal diffraction thickness of the film is
related to the thickness of L and the maximum temperature
increase of t50 is half the time. More complex models allow
for correction due to small pulse duration and heat loss.'*
As long as the properties of all layers are understood in
advance, it is also possible to calculate multilayer structures
with contact resistance between three or two layers. Fig-
ure 11 describes the measurement of heat conduction using
laser flash method. The laser-flash sample heats one of the
surfaces with a small pulse, and the infrared detector meas-
ures the temperature rise over the other surface over time.
From the temperature lifetime curve, the thermal diffusivity
is calculated.'® Such an uncontacted laser flash system has
the benefit of eradicating the influence of connection heat
resistance and is closely related to the high heat properties of
the material.'*”-1° In accumulation, the period determination
of the participation optical maser and indicator has a durable
outcome on the precision of the test outcomes. 43131

Future Applications of Graphene Materials

Recently, some of the applications of graphene materials
have been established for the use of graphene-based mate-
rials and other associated 2D materials for thermal man-
agement in consumer products. Graphene structures have
been utilized to coat light-emitting diode (LED) strands, and
graphene is reported to help dissipate heat in LED bulbs,
thereby prolonging the generation and strengthening the
performance of LEDs. Graphene-based materials of various

Heating Fiber

< U >

Lower Temperature Zone

Higher Temperature Zone

one

Input gher Tem

Lower Temperature Zone
Polymer Matrix

Signal
Amplifier

IR sensor
+
Iris diagram

Software
Fumace
Fiifiace Comfuter
Test Power DAQ
piece Supply
Fiber optics

Measuring result

Lasersystem

Fig. 11 Thermal diffusivity measurement system using the laser
method. Reprinted from Ref. 149, under the terms of the Creative
Commons CC-BY-NC-ND 4.0, https://creativecommons.org/licenses/
by-nc-nd/4.0/.

thicknesses have been applied as heat spreader, with ther-
mal conductivity of 3200 W m~! K~!. In addition, precipi-
tously oriented graphene-based TIM materials can achieve
thermal conductivity up to 1000 W m~! K~! direction of Z.
Graphene-based materials have also been used as thermal
paste, with thermal conductivity greater than 10 W m~! K™!
reported. It seems that graphene can efficiently lower the
temperature of the mounted film vision. In order to further
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reduce the temperature, the efficiency of graphene film is
required.

Conclusion

High-quality graphene materials and 2D materials play a
major role in industrial applications. They have thus gar-
nered considerable interest and led to significant advance-
ments in the manufacture of graphene-related material for
numerous applications in the science and engineering fields
over the past few decades. The exceptional properties of
graphene materials, especially for thermal management
and energy storage control systems, have paved the way for
thermal management applications in the scientific industries.
This review article summarizes various graphene structures
and graphene-based materials from science and engineer-
ing with a specific focus on thermal control systems due to
their excellent structural and management properties. We are
hopeful and confident that this will inspire further system-
atic studies and at the same time advance more marketable
applications in this field, including materials such as alloy
fillers, as well as the application of graphene polymer as heat
repellents. This active technology has paved the way for the
implementation of 2D thermal control materials in industry.
It is our heartfelt expectation that this will encourage further
research experiments while at the same time creating more
commercial applications in this field.

Outlook

A large number of research articles and reviews report on
the development of energy storage materials, and still many
improvements are required. The literature study showed that
nanostructure materials in two dimensions were produced in
enormous amounts and that very work on three-dimensional
materials. Future work should therefore focus on the devel-
opment of such materials and slight changes to the structure
that may improve the electrochemical characteristics. The
materials with an excellent surface area and conductivity
increased the specific capacity, rate capacity of the material
enormously, and it must therefore be improved. Recently, a
great deal of attention was paid to the scientist and technolo-
gist for new materials such as the metal-organic/inorganic
frameworks. However, very few articles on metal-organic
framework are being published and need more attention in
the future. In general, the development of these materials
will certainly improve the storage and stability, which are
strongly required.
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