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A B S T R A C T

With the rapid development of the electronic industry, the requirements for packaging materials with high
thermal conductivity (TC) are getting higher and higher. Epoxy is widely used as package material for electronic
package applications. But it's intrinsic TC can't meets the increasing demands. Adding high TC graphene into
epoxy matrix is a proper way to reinforce epoxy composites. This review focuses on the filler modification,
preparation process and thermal properties of graphene-filled epoxy resin composites. Different ways of covalent
and non-covalent modification methods are discussed. The various kinds of graphene coating layer are also
summarized. Then we analysis the hybrid filler system in epoxy composite. We hope this review will provide
guidance for the development and application of graphene-filled epoxy resin composites.
1. Introduction

With the rapid development of the communication industry, the
electronic packaging industry is also undergoing high-speed upgrades
[1]. While the miniaturization of electronic products brings excellent
convenience to people, it also places high requirements on the heat
dissipation performance of packaging materials. When using epoxy resin
as a packaging material, due to its low intrinsic TC (TC), the generated
heat cannot be removed in time, which will bring safety hazards to local
overheating [2]. It cannot guarantee the regular operation of the circuit,
which restricts its applications in the field of packaging. Therefore, the
preparation of epoxy-based composite materials with higher TC is
essential for developing the electronic industry [3].

Generally speaking, there are two ways to enhance the TC of epoxy
resins [4]. One is to increase the intrinsic TC of epoxy. The key to prepare
intrinsic thermally conductive polymers is to arrange the molecule in a
particular direction and increase molecular rigidity. Through the mo-
lecular design method, the epoxy molecular chain with a liquid-crystal
structure is synthesized to realize the orderly arrangement of meso-
genic elements [5]. This method can increase the mean free path of
phonon transmission and reduce the scattering of phonons in the disor-
dered molecular chain, thereby reducing thermal resistance [6–8].
Another improved method is to mix the thermally conductive filler with
epoxy [9]. The size, shape, filling amount, and intrinsic TC of the filler
g services by Elsevier B.V. on beh
are essential to the composite material [10]. The fillers are evenly
dispersed in the matrix by an external force. After casting, coating, and
solvent removal, the composite material is cured under appropriate
conditions.

Thermally conductive fillers include ceramic, metal and carbon ma-
terials. Ceramic fillers include aluminum oxide [11], aluminum nitride
[12], boron nitride [13], silicon dioxide [14], etc. These fillers have
excellent insulation properties and stability when filled. Metal materials
such as copper [15] and silver [16] are also used on certain occasions.
These fillers usually have a relatively large density and are generally
filled as powder and nanowires. Carbon-based fillers include graphite
[17], graphene [18], carbon nanotubes [19], carbon black [20], etc. Most
nano-carbon materials have a specific anisotropy and high intrinsic TC.
But it's tendency of self-aggregation will decrease the TC [10]. Graphene
has a high theoretical TC [21]. However, when it is directly filled, it
cannot obtain a very high TC as described by the law of mixing. There is a
specific incompatibility between the graphene and the epoxy during the
filling process. There is also an agglomeration phenomenon of the gra-
phene sheets. When its content is too high, the system cannot be uni-
formly mixed during the curing process, and it is not easy to form [22].
Fig. 1 Gives a summary of modification methods of graphene.

In this article, we summarize the recent works of thermally conduc-
tive graphene-filled epoxy composites. First, the pretreatment method of
graphene sheets is summarized and discussed from the perspectives of
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Fig. 1. A summary of modification of graphene reinforced epoxy.

Fig. 2. Different type of covalent modification of graphene [29–32].
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covalent and non-covalent modification. Then, single graphene and
hybrid fillers filled epoxy composites are described. Finally, the chal-
lenges and future development trend in this emerging area are analyzed.

2. Surface functionalization of graphene

As a typical two-dimensional material, graphene has excellent ther-
mal conductivity and mechanical properties. However, due to its large
specific surface area and complete conjugated system, when used as a
filler, it will agglomerate and have poor interfacial strength [23]. Many
unsuitable filler-matrix interfaces and filler-filler interfaces in
graphene-filled composites cause a mismatch of phonons at the interface,
resulting in a significant drop in heat transfer efficiency [24]. On the
other hand, the agglomeration harms the formation of the overall heat
conduction path. In order to obtain an ideal filling effect, it is necessary to
modify the filler before filling.

The modification treatment of the graphene surface can generally be
divided into covalent and non-covalent modification treatment [25]. The
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covalent modification is generally to react on the graphene sheet surface
and residues on edge to chemically bond with the modifier [26]. One side
of the modifier interacts with a small amount of carboxyl, hydroxyl,
epoxy and other functional groups on the graphene surface. The other
end couples with epoxy matrix during curing. The non-covalent effect is
generally to use the conjugated system of the modifier and the delo-
calized system of graphene to construct a strong π-π effect, which can
separate the graphene sheets and improve interaction with the resin
matrix [27]. In different graphene-epoxy composite material systems, it
is essential to select appropriate modification methods to improve the
overall performance of the composite material.

2.1. Covalent modification of graphene

Graphene oxide (GO) is exfoliated from graphite in concentrated acid
and the oxidizing environment by the Hummers' method [28]. Then
reduced graphene oxide (RGO) is obtained by high temperature or
chemical reduction with hydrazine hydrate or other reducing reagent.



Fig. 3. (A) Synthesis KH560-M2070 coupling agent. (b)Preparation GONRs-M2070. (c)FTIR of a)pristine MWCNTs b)GONRs c)GONRs-M2070 [33].
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The graphene obtained in this way contains more oxygen-containing
functional groups and is accessible to graft small molecule modifiers.
The contact thermal resistance between the filler and substrate can be
effectively reduced due to the chemical connection. Covalent modifica-
tion can be divided into two types: the interaction with the functional
group of the graphene end group. The other is the ring-opening modifi-
cation with the conjugated ring of the graphene itself [25], as shown in
Fig. 2.

The most common covalent bond modification is to use a silane
coupling agent. The molecular structure of the silane coupling agent is
generally YR-Si(OR)3, where Y is a nucleophilic organic functional
group, such as epoxy group and amino group, which can form a chemical
bond with the matrix. –OR is an alkoxy group, such as methoxy group,
oxethyl group and chlorine. These hydrolyzable groups can interact with
the hydroxyl and epoxy groups on the surface and edge of the graphene
to achieve a coupling effect. Wang et al. [29] directly used 3-aminopro-
pyltriethoxysilane (APTES) to treat graphene. Graphene nanosheets with
APTES are ultrasonically obtained under the catalysis of dicyclohex-
ylcarbodiimide (DCC). The end-group-grafted graphene nanosheets of
silane increased the tensile strength and elongation at the break by 45%
and 133% respectively when filled with 1 wt% fillers. Li et al. [33]
pretreated γ-glycidoxypropyltrimethoxysilane (KH560) and polyether-
amine M2070 before using the coupling agent with graphene, as shown
in Fig. 3(a). The epoxy group on KH560 reacts with terminal amine and
opens the ring. The alkoxy group is coupled with the epoxy group and the
carboxyl group on the GO surface in Fig. 3(b). The existence of -CH3,
C–N, –CH2-CH2-, -Si-O- and other bonds can be observed from the
infrared spectrum, in Fig. 3(c), which proves the exists of covalent
bonding with graphene and coupling agent. Because the long molecular
chain has good compatibility with the epoxy matrix, the filler has a better
dispersion in epoxy matrix. The flexural strength, impact strength and
glass transition temperature are increased by 16.2%, 83.9 and 32.5%
respectively under 0.6 wt% filling. Oh et al. [34] synthesized 3-methacry-
loxypropyltriethoxysilane (MPTES) functionally rGO by sol-gel method.
They introduced a methacrylate group with a carbon-carbon double bond
and prepared polyglycidyl methacrylate grafted rGO by free-radical
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copolymerization. At 7 wt% filler content, the TC of the
graphene-composite material reaches 0.75 W m�1K�1. Compared with
the pure graphene-filled composite material, the filler-matrix voids are
also much reduced.

Using surfactants such as polyether amines as the covalent modifi-
cation is also a feasible strategy [35]. Polyether amine (PEA) is a type of
polymer whose main chain is a polyether, and end groups are amine
groups. The general chemical formula is C3nþ3H6nþ10OnN2, as shown
in Fig. 4(a). By choosing different main-chain structures, a series of
properties such as reactivity, toughness, viscosity and hydrophilicity of
polyether amine can be adjusted. Different types of polyether amines are
distinguished according to the different molecular weights. The advan-
tage of polyether amine as a modifier is that it can be used as a curing
agent to participate in curing epoxy resin. After modifying the graphene
surface, it can participate in constructing the thermosetting system,
reducing the gap and contact thermal resistance between the filler and
the matrix [36]. Vryonis et al. [30] studied the dispersion of polyether
amine D230, D4000 and T440 functionalized graphene oxide in the
epoxy resin matrix. It can be seen from the low magnification photo of
the cross-section of the composite material that the higher content of the
original graphene appears obvious agglomeration in the matrix disper-
sion, as shown in Fig. 4(c). The long-chain T440 and D4000 showed good
dispersion after treatment, indicating that long-chain surfactants with
lrage molecular weight have an improved effect on the dispersion of
fillers in composite materials. Tang et al. [37] used D230 polyether
amine to modify GO. The composites' Young's modulus and tensile
strength were increased by 536% and 269% respectively at 2.7 vol%.
Before polyether amine modification, GO was dispersed in the water
phase. After modification, it was well dispersed in dichloromethane. By
the FTIR spectra in Fig. 4(b), after refluxing of GO with D230, two new
peaks appear at 2854 and 2958 cm�1 due to the presence of –CH2 and
–CH stretching vibration. 1099 cm�1 corresponds to aliphatic ether,
implying the presence of D230. Peaks at 1172 cm�1(C–N stretching vi-
bration) indicates the covalent bonding between D230 and GO.

There are other ways to modify graphene terminal functional groups
by different modifier. Zhang et al. [38] used 4,4-methylene diphenyl



Fig. 4. (A) Molecular structure of A) d230 (~n2), d4000 (~n68) and B) t440 (~n2). (b)FTIR spectra of GO, D230, GO-D230-80 [37]. (c)Optical microscopy images of
samples filled with different type of modified graphene at 0.4 vol% and 0.6 vol% [30].
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diisocyanate (MDI) to couple expanded graphite (EG). Amine-terminated
macromolecular chain (ATBN) is grafted on the surface of EG. ATBN
enhances the interface connection between epoxy resin and filler. It can
be seen from XPS that the N element content increases and the N1s peak
confirms the presence of isocyanate groups. In the case of 25 wt% filler
filling, the TC reaches 3.827 W m�1K�1. Feng et al. [39] covalently
grafted polyphosphoramide oligomer PDMPD on the surface of graphene
and filled it with alpha alumina particles. Compared with alumina-epoxy
composites, the addition of 1 wt% PFR-RGO increased 11.2% TC. Adding
PDMPD effectively reduces the sedimentation of particles, enhances the
interface effect, and has a better flame retardant effect. By covalently
grafting polyphosphoramide oligomers, a high heat-resistant protective
layer is formed on the surface of graphene to block the heat of combus-
tion and unstable degradation products. These grafting methods mainly
use the functional groups of the graphene end groups to graft small
molecules and some oligomers. Graphene participates in the polymeri-
zation process of the epoxy resin during the filling process, reduces the
interface misfit, and improves the mechanical properties and thermal
conductivity.

Another type of covalent modification is to directly weaken part of
the conjugated structure and use some highly reactive small molecules to
form rings on the surface of graphene. Naebe et al. [31] covalently
functionalized the graphene obtained by thermal reduction through the
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Bingel reaction to improve the interfacial bonding between graphene and
epoxy resins. 1,8-Diazabicycloundecene (DBU) is added to graphene for
2,1-cycloaddition reaction, and carboxyl groups are introduced on the
surface of graphene. When the added amount is only 0.1 wt%, the flex-
ural strength increases by 22%, and the storage modulus increases by
18%. Compared with the covalent modification on the end group, the
treatment on the ring is more suitable for graphene with few functional
groups. The larger delocalization area also provides abundant grafting
sites. Depaifve et al. [32] treated graphene with a one-step preparation of
azide methanol at 150 �C in a nitrogen atmosphere to form a nitrogen
three-membered ring on the graphene plane, as in Fig. 5(a) Similar to
oxidation treatment, nitration treatment also interacts with conjugation
group on the graphene surface. In the cm-GNP (nitrene precursor and
thermally decomposed) spectrum (Fig. 5(c)), C–O and C–N is observed,
which confirms the covalent modification of GNP with nitrene precursor.
But when using oxidation methods to modify graphene (Fig. 5(d)), the
content of sp3 carbon dramatically increases, which directly influence the
Integrity of conjugate structure. It can be seen from the CT images of
fillers and voids that compared to the filling of GO and original graphene,
the proportion of voids in the graphene-filled composite material after
nitration treatment is significantly reduced. The filler is dispersed uni-
formly in the matrix. In the case of 2 wt% filling, the TC of the original
graphene filling is 0.43 W m�1K�1, the GO filling is 0.27 W m�1K�1, and



Fig. 5. (a)Synthesis of functionalized graphene via nitrene. (b)XPS of a) pristine graphene, b)cm-graphene, c)oxidized graphene [32].

Fig. 6. Basic type of non-covalent modification.
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the TC of the equal content filling after nitration treatment reaches 0.49
W m�1K�1. It shows that nitration treatment is more reliable for the
surface modification of graphene.

2.2. Non-covalent modification of graphene

The mechanically exfoliated and thermally reduced graphene nano-
sheets have a large output and low cost, which can be purchased in large
quantities on the market. However, this kind of graphene has a high
carbon content and few oxygen-containing functional groups on the
surface or end groups. It is not easy to covalently carry out grafting and
processing. On the other hand, covalent treatment will cause inevitable
damage to the graphene structure and reduce the filler's intrinsic TC.
Non-covalent modification mainly involves the adsorption process of
modifier molecules on the graphene surface. Mainly useπ-πinteraction,
cation-π interaction, hydrogen bond, hydrophilic and hydrophobic
interaction to fix small molecules on the surface of graphene nanosheets
[25], as shown in Fig. 6. It aims to weaken the van der Waals force be-
tween the sheets and increase the interaction between graphene and
epoxy matrix [40].

In order to construct a non-covalent modification system forπ-
πinteraction, pyrene derivatives with larger delocalization systems are
generally used as modifiers for treatment. Song et al. [41] used 1-pyrene-
butyric acid (PBA) to non-covalently modify graphene, which reached a
TC of 1.53 W m�1K�1 when filled with 10 wt%, as shown in Fig. 7(a). It
was observed from the ultraviolet–visible spectrum (Fig. 7(b)) that the



Fig. 7. (A) PBA non-covalent modify graphene surface. (b)UV–vis spectra results for PBA, GFs and f-GFs [41].
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characteristic peaks of graphene shifted after modification, indicating
that theπ-πeffect affected the electron cloud distribution. Teng et al. [42]
prepared polyglyceryl methacrylate Py-PGMA containing localized pyr-
ene groups to modify graphene sheets, and the TC of the composite
material reached 1.91 W m�1K�1 at a content of 4 phr. The conjugated
part of Py-PGMA can be adsorbed on the graphene surface. The
epoxy-functional group of the end group can form a cross-linked struc-
ture with the matrix during the curing process, thereby reducing the
contact thermal resistance between the filler and matrix without
Fig. 8. (A)Buffer solution method and scCO2 assisted in-situ coating Al2O3. (b)TGA
GNPs and Al2O3@GNP hybrid. (e)electrical conductivities of epoxy composites fille
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destroying the graphene. There are also reports on the use of block co-
polymers containing pyrene groups as modifiers. Yeom et al. [43] pre-
pared a biphenyl and pyrene functionalized block copolymer modified
graphene sheet through the reversible addition-fragmentation chain
transfer polymerization (RAFT) reaction. The surface is covered with a
layer of oligomer layer containing a large amount of oxygen-containing
functional groups through the π�π effect, which can be connected with
the epoxy resin matrix to enhance the interface compatibility. The TC is
increased by 47.7 times under the condition of 13.6 vol% filling.
of different type of Al2O3-graphene. (c)XRD patterns and (d)Raman spectra of
rs with GNPs and hybrids.



Fig. 9. (A) Illustration of admicellar polymerization process for preparing S-PfRG and C-PfRG. (b)Mechanism foe formation of S-PfRG and C-PfRG. (c)FE-SEM images
of a,d) RGO, b,e)S-PfRG, c,f)C-PfRG. (d)Zeta-potential of rGO and modified rGO [57].
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In addition to using the delocalized group of the modifier molecule to
treat the graphene surface, there are other ways to improve the filling
effect without destroying the graphene structure. Wan et al. [44] used
polyethylene glycol octyl phenyl ether (Triton X-100) as a surfactant to
modify graphene. The graphene is modified with amphiphilic nonionic
surfactants to improve the compatibility and wettability of the graphene
sheets in the matrix. Tian et al. [45] used carboxyl-terminated hyper-
branched polyester (HBP) to treat graphene oxide nanosheets. Hyper-
branched polyester is embedded in the graphene oxide layer due to its
highly branched structure, forming a steric hindrance effect, effectively
preventing the agglomeration of flakes. The addition of modifiers also
reduces the contact angle between HBP-GO and epoxy resin and im-
proves the wetting performance. The tensile strength and elastic modulus
of the composite filled with 0.5 phr increased by 41.4% and 49.9%
respectively.

Non-covalent modification mainly takes advantage of the larger
specific surface area and higher intrinsic TC of the two-dimensional
material [46]. Regardless of whether it is covalent or non-covalent
treatment, essentially, it is modified from the interaction between the
graphene and epoxy resin matrix. Choosing an appropriate modification
method according to the system requirements is an effective strategy to
improve graphene-filled epoxy resin's comprehensive performance.

3. Insulation coating on graphene surface

Not only are requirements placed on composite materials in terms of
TC and mechanical properties, but there are also specific requirements in
terms of electric insulation, flame retardancy, and formability of the
composites. Graphene has a high intrinsic TC, and when used as a single
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filler, it does not necessarily meet the needs of a multi-scale industry. As
we all know, graphene, as the two-dimensional carbon material with the
highest TC, is determined by a complete conjugate structure and smooth
phonon transmission path. However, this surface also allows high-speed
migration of electrons, posing a potential safety hazard for the electrical
breakdown on special occasions. In-situ deposition of an appropriate
thickness of an insulating layer on the surface of graphene, such as oxides
or polymers can better meet this demand.

3.1. Oxide coating on graphene surface

As a material with good insulation and specific TC, the oxide can be
used for coating of two-dimensional materials [50]. Unlike the direct
mixing and filling of particles, the in-situ coating allows the insulating
layer to be directly deposited on the surface of the graphene. Graphene
has large specific surface area to provide nucleation sites for oxide
deposition. On the other hand, the graphene surface is negatively
charged [51]. It has a particular attraction to positively charged metal
particles, confirmed in the Zeta potential measurement of graphene and
precipitant.

Sun et al. [52]used aluminum sulfate octahydrate on the surface of
graphene in formic acid-ammonium formate buffer solution for in-situ
deposition and calcination into an aluminum oxide layer, as shown in
Fig. 8(a). The TGA curve (Fig. 8(b)) in the air can show that the amount of
deposition occupies 60 wt% of the filler. When the mixed filler content is
less than 12 wt%, the resistivity of the system remains above 107 Ωm,
which meets the requirements for electrical insulation. In the case of 12
wt% filling, the TC reaches 1.49 W m�1K�1. The content of the alumina
coating layer and graphene body can also be adjusted according to



Fig. 10. (A)Fabrication of epoxy-PMMA nanocomposites. (b)SEM images of a)Pure PMMA, b)GPMMA (1 wt% graphene), c)GPMMA (2 wt% graphene) d)GPMMA (8 wt% graphene) e)GPMMA (16 wt% graphene) f)
higher magnification of 16 wt% composites g)TEM of GPMMA (16 wt%) [59].
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Table 1
Summary of the thermal conductive performance of modified graphene rein-
forced epoxy composites in recent literatures.

Modified method Weight percent Thermal conductivity (W/mK) Ref

MPTES-rGO 7 wt% 0.75 [34]
MSA/KH560-GNPs 30 wt% 1.698 [47]
ATBN-MDI-EG 25 wt% 3.827 [38]
Nitrene-graphene 2 wt% 0.49 [32]
PDA-graphene 50 wt% 9.053 (in plane) [48]
PBA-graphene 10 wt% 1.53 [41]
Py-PGMA-GNS 4 phr 1.91 [42]
IMD-Si@GO 0.8 wt% 0.294 [49]
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requirements. Heo et al. [53] deposited a 50–150 nm thick alumina layer
on the graphene oxide surface, where the alumina content is 80 wt% and
the GO content is 5 wt% when the TC is up to 3.5 W m�1K�1. Alumina
itself has good lubricity and can be filled with high content. The in-situ
coating layer formed by aluminum isopropoxide can effectively block
the contact between graphene sheets.

In addition to the alumina layer, the silica coating layer is also
commonly used to modify graphene in composite materials. Compared to
aluminum, the graphene surface is more easily grafted with silane, and
then the silica coating layer is deposited by the sol-gel method. Li et al.
[54] prepared silica-coated flake graphite-filled epoxy resin composites
by the sol-gel method under the action of surfactants and acid-base
catalysis. In the case of 50 wt% filling, the volume resistivity is 3.11 �
109Ωm, and the TC is 3.08 W m�1K�1. The volume resistance increased
by 33.7 times after modification, indicating that the surface silica coating
layer has a practical effect on improving the high conductivity of the
filler. The graphite is treated with surfactant cetyltrimethylammonium
bromide (CTAB) and polyoxyethylene sorbitol ester (Tween 20) and then
hydrolyzed with ethyl orthosilicate (TEOS) in a neutral environment to
obtain dioxide Silicon modified filler. Pu et al. [55] used 3-aminopropyl
triethoxy silane (APTES) to graft the end groups of graphene oxide. Then
they used TEOS as the precursor to deposit silica on the nanosheets. The
grafted APTES enhanced graphene oxide and nano-silica compatibility.
In the case of a filling amount of 8 wt%, the TC increases by 72% relative
to the matrix and electrical insulation are maintained. It can be seen from
the SEM image of the cross-section that the roughness is significantly
reduced after treatment, indicating that the coating has improved the
originally incompatible graphene surface. Hsiao et al. [56] heated at 700
�C in Ar environment after deposition with ethyl orthosilicate. Under 1
wt% filling, the TC increased by 61%, while the TC of the unburned
composite material only increased by 35% under the same filling
amount. From the perspective of thermal stability, the filler has almost no
heat loss before 450� after ignition. Compared with other coating layers,
the silica coating layer is easier to interact with the groups on the gra-
phene side chain.

3.2. Polymer coating on graphene surface

Using insulating oxide as the in-situ coating layer is an effective
surface modification measure, and graphene with polymer is also a
feasible strategy. As an inorganic material, the oxide itself does not have
sufficient interaction with epoxy resin. However, the coated polymer
layer has unique advantages compared to the original graphene-polymer
interface. It also allows the two-dimensional material to have a good
dispersion ability in the matrix.

Oh et al. [57] used single micelle polymerization to coat polymethyl
methacrylate (PMMA) on the surface of graphene and studied the effect
of surfactants on the coating, as in Fig. 9(a). The TC of the graphene
treated with CTAB reached 0.67 W m�1K�1 after being coated with 3 wt
% filling. After the graphene oxide nanosheets and the surfactant are
subjected to agitation treatment, methyl methacrylate monomer (MMA)
is injected. Then reflow polymerization is initiated with ammonium
persulfate (APS) to obtain a PMMA-coated filler. Because the zeta po-
tential (Fig. 9(d)) of the graphene surface is negative, the positively
charged CTAB pretreatment has a better effect in the test, and the
mechanism is shown in Fig. 9(b). The deposition of PMMA has an
excellent isolation effect for graphene powder with a strong tendency to
agglomerate. As in SEM images (Fig. 9(c)), we can find that when using
positive surfactant, PMMA tends to be sphere. Luo et al. [58] introduced
polyethylene glycol (PEG) into the liquid crystal epoxy and graphene
interface, and the TC was 10.17 W m�1K�1 at 53.33 wt%. The liquid
crystal polymer has highly oriented domains, which effectively sup-
presses phonon scattering and has a higher TC than conventional
bisphenol A epoxy resins. The introduction of polyethylene glycol im-
proves the interface compatibility between graphene and epoxy resin to
facilitate formability and heat conduction paths under high filling
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conditions. At the same time, it also improves the electromagnetic
shielding performance of the composite material, up to 50 dB.

3.3. Other coating methods on graphene surface

In addition to directly coating on the surface of graphene, some work
about coating graphene on larger fillers’ surfaces can build a unique filler
system. As a two-dimensional material with high TC, graphene itself is
easy to electrostatically adsorb on the surface of large-sized fillers with
positive electrical properties. So we can build the thermal pathway at the
condition of low graphene loading.

Eksik et al. [59] wrapped polymethacrylic resin (PMMA) balls with
rGO, as shown in Fig. 10(a). When the net graphene content reaches 1 wt
%, the TC reaches 1.4 W m�1K�1. The positively charged PMMA mi-
crospheres are polymerized in deoxidized deionized water, and GO is
adsorbed by electrostatic effect. It is reduced with hydrazine mono-
hydrate at 80 �C and ground into powder to prepare composite material.
In SEM images (Fig. 10(b)), we can find when the amount of graphene
increase, PMMA balls will connect by the bridge of graphene, which can
significant increase the TC of epoxy composites. A clear core-shell
structure can be observed in TEM image. Unlike the work mentioned
above, graphene with high TC is used as a thermal network here, and
PMMA microspheres are used to support constructing the network. Ye
et al. [60] heated GO coated with Al(OH)3 in hydrogen and argon at-
mosphere to obtain Cu@rGO@Al2O3 core-shell structure filler. It has the
advantages of high TC, oxidation resistance and electrical insulation. The
TC reaches 3.41Wm�1K�1 when filled with a total mass fraction of 70 wt
%. The surface of copper microspheres was modified with 3-aminopro-
pyltriethoxysilane (APTES), and Cu@GO powder was prepared in sus-
pension. Al(OH)3 was precipitated in situ in ammonia water and heated
in an oxygen-free environment to obtain a 3-layer core-shell Cu@r-
GO@Al2O3 filler. Due to the aluminum oxide layer on the surface, the
system still maintains a certain degree of insulation despite the highly
conductive Cu particles and graphene layer inside. Graphene acts as an
intermediate phase connecting the high TC metal core and the insulating
protective layer, which plays a role in the system's stability. Similarly, the
graphene coating structure design mainly depends on the requirements
for TC, electricity, mechanics, and other properties. Designing a suitable
filler system according to the needs of the application scenario is a unique
advantage compared with the traditional single filler filling, and it also
satisfies. The original intention of customizable composite material
design (Table 1).

4. Hybrid fillers for epoxy composites

As a composite material, it has different performance requirements in
various aspects, and a single filler sometimes cannot meet the application
requirements. When graphene is filled with low content, the mechanical
properties of the composite material are improved. However, when the
content is increased, the system's viscosity increases sharply, and the
decrease in formability also leads to a decrease in mechanical properties
[61]. Correspondingly, the overall TC is not significantly improved in the
low-content filling because the heat conduction path is not formed. If



Fig. 11. Graphene and co-fillers [22,65–67].
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choosing to blend with other particles, we can appropriately improve the
material's overall performance under the premise of ensuring normal
curing [62].

Besides, many studies have confirmed a synergistic effect when
hybrid fillers are mixed and filled. The phenomenon of 1 þ 1>2 occurs
when filling, which is particularly significant in improving TC. When
fillers of different sizes and morphologies or types are filled together, the
packing density will be higher than that of a single particle. Furthermore,
the agglomeration phenomenon is not as evident as that of a single
particle. The small-sized particles are filled in the gaps of the large-sized
fillers [63]. During the formation of the heat conduction path, phonons
can be more effectively transmitted along with the filler network [64]
(Fig. 11).
4.1. as hybrid filler

As a two-dimensional material with higher TC, boron nitride (BN) has
excellent advantages in electrical insulation. In the case of co-filling with
graphene nanosheets, it will block the electric conductive path between
graphene, but it can still build a thermal network for phonon trans-
mission [68]. Choosing different size BN to fit graphene can obtain high
TC composite materials with good insulation properties.

Shtein et al. [69] mixed BN and graphene with different particle sizes.
The TC can be 1.84Wm�1K�1 when filled with 15 vol% μm-BN and 2 vol
% nm-BN. When graphene and nm-BN are mixed at 16 vol% and 1 vol%,
the TC reaches 4.72 W m�1K�1 and keeps insulation. The large-sized
micron graphene sheet layer and the small-sized nano BN are filled
together to construct a two-dimensional filler lapped thermal conduction
network. Su et al. [66] modified hBN with dopamine and then co-filled it
with multi-layer graphene mG, as shown Fig. 12(a). In the case of 25 wt%
BN and 10 wt% graphene, the external TC is 1.27 W m�1K�1. Pure hBN
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has fewer surface functional groups and poor interfacial adhesion, and
the force between it and the resin matrix is enhanced after dopamine
modification. The uniform dispersion also blocks the direct contact of
graphene and hinders the formation of a conductive network. In the
presence of 25 wt% hBN, the resistivity can still be maintained above 108

Ω when filled with 10 wt% graphene, which meets the insulation re-
quirements of the electrical field. In the cross-section SEM image
(Fig. 12(b)), As the filler content increases, the overlapping heat con-
duction paths can gradually be observed. Feng et al. [70] used the syn-
ergistic effect of hexagonal boron nitride (h-BN) and functionalized
graphene to achieve a TC of 2.01 Wm�1K�1 at a total loading of 40 wt%.
A hydrophilic graphene hybrid filler containing Ni(OH)2 nanobelts and
rGO was prepared by a two-step hydrothermal method. It was co-filled
with nano-BN in the epoxy matrix. The formation and self-assembly of
Ni(OH)2 in the first hydrothermal process formed the structure of
nanoribbons. The second step is assembled with graphene sheets with
negative charges on the surface during hydrothermal. The ribbon-like
Ni(OH)2 nanoribbons form a bridge between the graphene nanosheets
and the small-sized nano-BN, which also hinders the accumulation of the
same filler due to static electricity. On the other hand, due to the effects
of catalytic carbonization and endothermic decomposition, it has a flame
retardant effect. There is also work to pre-modify the mixed-filled boron
nitride and graphene to achieve a higher synergistic effect.
4.2. One-dimensional carbon materials as hybrid filler

One-dimensional carbon materials such as chopped carbon fibers and
carbon nanotubes also have particular applications in the field of co-
filling [71]. One-dimensional materials are more likely to be used as
bridges to increase the TC of the system when they are co-filled with
two-dimensional graphene sheets.



Fig. 12. (A)Modification of hBN and fabricate hBN-GNP hybrid composites. (b)Cross-sectional SEM images of different content composite.
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Fig. 13. (A)Prepare the GO-SiC self-assembled three-dimensional structure and epoxy composites.(b)Zeta potential of GO and SiC particles. (c)SEM images of ER/GO-
SiC composites. A)ER/GO-SiC25, b)ER/GO-SiC50, c)ER/GO-SC100, d)ER/GO-SiC150 [58].
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Chopped carbon fiber has high TC and low electrical conductivity.
The diameter is about 5–8 μm. The interlayer connection is not a slidable
structure similar to graphite and has a low thermal expansion coefficient.
Owais et al. [72] dispersed graphene and BN nanosheets in a chopped
carbon fiber SCF-based epoxy composite material. Under the co-filling of
3 wt% SCF and 5 wt% modified GNP-BN, the TC is 0.8 W m�1K�1, and
the resistivity remains at 6.41 � 1013Ωm. The graphene is modified with
3-mercaptopropionic acid (MPA) in advance. The mercapto group is
attached to the end group of the graphene, and the amino group partic-
ipates in the curing process of the epoxy. With the participation of 3%
SCF, the TC of the 5% 1:1 graphene-boron nitride filled composite ma-
terial increased from 0.56 W m�1K�1 to 0.8 W m�1K�1, showing a sig-
nificant synergistic enhancement effect. Due to the rigidity of chopped
carbon fibers, the overlap of carbon fibers between different layers can
also be observed in the cross-sectional SEM photos.

Carbon nanotubes are coaxial round tubes formed from a single layer
to several layers arranged in hexagons [73]. They have high intrinsic TC,
but they are prone to agglomeration and non-axial orientation when
individually filled [74]. Huang et al. [22] used high-content graphene
and multi-walled carbon tubes (WCNTs) to fill together, and the TC
reached 6.31 W m�1K�1 in the case of 20 vol% CNTs and 20 vol% GNPs.
The mixed filler vaporizes most of the solvent during rotary mixing and
then vaporizes the residual solvent in a vacuum and solidifies under a
certain pressure to prepare a composite material with a high filling
content. When filling with higher content, mixing and filling have better
stacking efficiency, and there will be no excessive filler self-aggregation
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during removing the solvent. The use of one-dimensional carbon mate-
rials and two-dimensional graphene for mixed filling has a more signif-
icant synergistic effect than two-dimensional-two-dimensional co-filled
systems. However, the pretreatment and selection of one-dimensional
fillers are also challenges faced by institute one.

4.3. Ceramic nanoparticles as hybrid filler

Except for these thermally conductive fillers with similar structures
for mixing and filling, spherical ceramic powders are also commonly used
as hybrid fillers. When two-dimensional graphene is filled at high con-
tent, the system's viscosity is too high and it's not easy to cure. Besides, if
the electric insulation is required, high content graphene will cause
electrical breakdown. Adding ceramic fillers with good lubricity and
insulation properties can improve the TC of the composite material
without reducing the formability and mechanical properties.

Guan et al. [75] filled epoxy resin with spherical alumina, magnesium
hydroxide and graphene nanosheets, and the TC reached 2.2 W m�1K�1

under the condition of 68 wt% Al2O3, 7%GNP and 5%Mg(OH)2 filling,
and the epoxy composite remains electrical insulation. The surface of
graphene was pretreated with silane coupling agent A187. The study
found that increasing the amount of alumina did not affect the system's
viscosity, indicating that the spherical particles would not cause loss of
molding performance during themolding process and could contribute to
a certain extent TC. Alumina is filled with a mixture of 40 μm and 5 μm,
and the adaptation of different particles can increase the filling density of



Table 2
Summary of the thermal conductive performance of hybrid fillers reinforced
epoxy composites in recent literatures.

Hybrid filler Weight percent Thermal
conductivity
W mK�1

Ref

hBN þ rGO 40 wt% hBNþ 2 wt% rGO 2.01 [70]
hBN þ mG 25 wt% hBNþ 10 wt% mG 1.27 [66]
BN þ GNPs þ SCF 3 wt% SCF þ5 wt% GNP-BN 0.8 [72]
CNT þ GNP 20 vol% CNT þ20 vol% GNPs 6.31 [22]
SiO2 þrGO 5.5 wt% SiO2 þ27.7 wt% rGO 0.41 [63]
SiC þ GO 28.6 wt% SiC þ1.4 wt% GO 0.91 [78]
SiC þ graphene 3.36 wt% graphene þ2.88 wt%

SiC
0.708 [79]

Al2O3 þPFR-frGO 50 wt% Al2O3 þ2 wt% PFR-
frGO

0.71 [39]

Al2O3 þMg(OH)2
þGNPs

68 wt% Al2O3 þ7 wt% GNPs þ
5 wt% Mg(OH)2

2.2 [75]

CuNWs þ GO 1.4 wt% GO þ0.6 wt% CuNWs 0.36 [65]
CuNPs þ Graphene 35 wt% CuNPs þ40 wt%

graphene
13.5 [77]
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the system. It can also overlap with the two-dimensional graphene sheet.
Magnesium hydroxide, as a flame retardant, can releases crystal water to
absorb latent heat when heated and decomposes to form a dense and
uniform thermal insulation layer. He et al. [58] used the electrostatic
self-assembly of graphene oxide and SiC to form an effective heat con-
duction path in an epoxy resin matrix, as shown in Fig. 13(a). In the case
of 30 wt% mixed filler, it reaches 0.91 W m�1K�1, and the conductivity
remains 2 � 10�10 Sm�1. The SiC surface was treated with the coupling
agent TPEDA to increase the positive Zeta potential (Fig. 13(b)) and then
subjected to electrostatic self-assembly treatment with negative graphene
oxide. When adjusting the content of SiC and graphene powder, we can
find that when the GO content is too high, it will show uneven distri-
bution due to agglomeration. When the GO content is low, the TC of the
system has reached the insulation requirement. The results can be shown
obviously in cross-section SEM images (Fig. 13(c)).
4.4. Metal nanomaterials as hybrid filler

Metal filler can also be used as co-fillers. The metal nanoparticles
have high intrinsic TC. But due to its high density, easy sedimentation
and poor interface compatibility, There are certain constraints in the use
process. Metal filler can be nanowires or nanoparticles [76], which can
fill the voids between large size graphene platelets.

Barani et al. [77] mixed graphene and nano-copper to prepare
epoxy-based composites. Spherical nano-copper is embedded between
graphene sheets, which increases the packing density of the system.
When 40 wt% graphene and 35 wt% copper are mixed and filled, the TC
of composites reaches 13.5 W m�1K�1. Graphene uses phonons to
conduct heat, while the spherical nano-copper conducts electricity
through electrons. The two fillers work together to improve the TC of the
system significantly. Because the nanoparticles are easy to oxidize, the
nano-copper needs to be mixed with the resin in an argon atmosphere,
and graphene powder is added step by step. Each step requires a vacuum
degassing to protect the metal filler. Not only spherical nanoparticles
participate in the filling, but two-dimensional nanowires can also be
filled. Li et al. [65] uniformly coated polydopamine (PDA) on copper
nanowires and GO flakes, with TC of 0.36 Wm�1K�1 when the total filler
content is 7 wt%, and electrical insulation is maintained. The copper
nanowires could also be observed as bridges on the cross-section.

Compared with complex chemical modification and coating layers,
the adding of hybrid fillers is a more straightforward and effective
reinforcement method. Adjusting the proportion and surface properties
of the filler, choosing the appropriate ratio and processing technology
will have more significant synergistic effects and additional benefits
(Table 2).
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5. Conclusion

In this review, the research progress on graphene reinforced epoxy
composites is discussed from preparation, modification, coating treat-
ment and hybrid filling. As a filler with ultra-high TC, graphene has a
unique two-dimensional structure, and it is easy to form a heat conduc-
tion path in the matrix. Furthermore, there are still many other ways to
improve its dispersibility and interface compatibility. Choosing the
appropriate kind and size of the filler is crucial to control and design the
properties of composite materials. Compared with the internal structure
design of composite materials, dispersed phase filling is easier to realize
industrialization and mass production.

Declaration of competing interest

The authors declare that they have no conflict of interest.

Acknowledgment

The work is supported by The National Key Research and Develop-
ment Program of China (2020YFA0210704).

References

[1] P. Tao, W. Shang, C. Song, Q. Shen, F. Zhang, Z. Luo, et al., Bioinspired engineering
of thermal materials, Adv. Mater. 27 (3) (2015) 428–463.

[2] A.K. Singh, B.P. Panda, S. Mohanty, S.K. Nayak, M.K. Gupta, Recent developments
on epoxy-based thermally conductive adhesives (tca): a review, Polym. Plast.
Technol. Eng. 57 (9) (2017) 903–934.

[3] R. Bahru, M.F.M.A. Zamri, A.H. Shamsuddin, N. Shaari, M.A. Mohamed, A review of
thermal interface material fabrication method toward enhancing heat dissipation,
Int. J. Energy Res. 45 (3) (2020) 3548–3568.

[4] M. Xiao, B.X. Du, Review of high thermal conductivity polymer dielectrics for
electrical insulation, High Voltage 1 (1) (2016) 34–42.

[5] X. Yang, J. Zhu, D. Yang, J. Zhang, Y. Guo, X. Zhong, et al., High-efficiency
improvement of thermal conductivities for epoxy composites from synthesized
liquid crystal epoxy followed by doping BN fillers, Compos. B Eng. 185 (2020)
107784.

[6] G. Chen, Q. Zhang, Z. Hu, S. Wang, K. Wu, J. Shi, et al., Liquid crystalline epoxies
bearing biphenyl ether and aromatic ester mesogenic units: synthesis and thermal
properties, J. Macromol. Sci., Part A 56 (5) (2019) 484–495.

[7] X. Yang, X. Zhong, J. Zhang, J. Gu, Intrinsic high thermal conductive liquid crystal
epoxy film simultaneously combining with excellent intrinsic self-healing
performance, J. Mater. Sci. Technol. 68 (2021) 209–215.

[8] H. Guo, M. Lu, L. Liang, K. Wu, D. Ma, W. Xue, Liquid crystalline epoxies with
lateral substituents showing a low dielectric constant and high thermal
conductivity, J. Electron. Mater. 46 (2) (2016) 982–991.

[9] S.N. Leung, Thermally conductive polymer composites and nanocomposites:
processing-structure-property relationships, Compos. B Eng. 150 (2018) 78–92.

[10] S. Liu, V.S. Chevali, Z. Xu, D. Hui, H. Wang, A review of extending performance of
epoxy resins using carbon nanomaterials, Compos. B Eng. 136 (2018) 197–214.

[11] D. Xu, T. Wang, X. Han, R. Qiao, Enhanced dielectric properties of epoxy resin with
high content of nano-Al2O3 composites, IOP Conf. Ser. Earth Environ. Sci. 108
(2018).

[12] D. Liang, P. Ren, F. Ren, Y. Jin, J. Wang, C. Feng, et al., Synergetic enhancement of
thermal conductivity by constructing BN and AlN hybrid network in epoxy matrix,
J. Polym. Res. 27 (8) (2020).

[13] C.-P. Feng, S.-S. Wan, W.-C. Wu, L. Bai, R.-Y. Bao, Z.-Y. Liu, et al., Electrically
insulating, layer structured SiR/GNPs/BN thermal management materials with
enhanced thermal conductivity and breakdown voltage, Compos. Sci. Technol. 167
(2018) 456–462.

[14] A.K. Pun, Siddhartha, A.K. Singh, Thermo-mechanical and erosion wear peculiarity
of hybrid composites filled with micro and nano silicon dioxide fillers – a
comparative study, Siliconindia 11 (4) (2019) 1885–1901.

[15] W. Chen, Z. Wang, C. Zhi, W. Zhang, High thermal conductivity and temperature
probing of copper nanowire/upconversion nanoparticles/epoxy composite,
Compos. Sci. Technol. 130 (2016) 63–69.

[16] W. Lee, J. Kim, Highly thermal conductive and electrical insulating epoxy
composites with a three-dimensional filler network by sintering silver nanowires on
aluminum nitride surface, Polymers 13 (5) (2021).

[17] G. Pan, Q. Guo, J. Ding, W. Zhang, X. Wang, Tribological behaviors of graphite/
epoxy two-phase composite coatings, Tribol. Int. 43 (8) (2010) 1318–1325.

[18] Z. Liu, Y. Chen, Y. Li, W. Dai, Q. Yan, F.E. Alam, et al., Graphene foam-embedded
epoxy composites with significant thermal conductivity enhancement, Nanoscale
11 (38) (2019) 17600–17606.

[19] M.C. Vu, T.S. Tran, Y.H. Bae, M.J. Yu, V.C. Doan, J.H. Lee, et al., Self-assembly of
carbon nanotubes and boron nitride via electrostatic interaction for epoxy
composites of high thermal conductivity and electrical resistivity, Macromol. Res.
26 (6) (2018) 521–528.

http://refhub.elsevier.com/S2589-9651(21)00030-1/sref1
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref1
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref1
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref2
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref2
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref2
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref2
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref3
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref3
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref3
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref3
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref4
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref4
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref4
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref5
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref5
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref5
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref5
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref6
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref6
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref6
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref6
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref7
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref7
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref7
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref7
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref8
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref8
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref8
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref8
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref9
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref9
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref9
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref10
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref10
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref10
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref11
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref11
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref11
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref12
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref12
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref12
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref13
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref13
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref13
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref13
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref13
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref14
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref14
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref14
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref14
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref14
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref15
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref15
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref15
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref15
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref16
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref16
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref16
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref17
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref17
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref17
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref18
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref18
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref18
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref18
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref19
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref19
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref19
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref19
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref19


R. Lv et al. Nano Materials Science 4 (2022) 205–219
[20] A.A.P.O. Amorim, M.G. Oliveira, M.C. Mancini, A.S. Sirqueira, Rheological, EMI
and corrosion properties of epoxy coating with nanoparticle and conductive carbon
black, SN Applied Sciences 3 (2) (2021).

[21] A. Kumar, K. Sharma, A.R. Dixit, A review of the mechanical and thermal properties
of graphene and its hybrid polymer nanocomposites for structural applications,
J. Mater. Sci. 54 (8) (2018) 5992–6026.

[22] X. Huang, C. Zhi, P. Jiang, Toward effective synergetic effects from graphene
nanoplatelets and carbon nanotubes on thermal conductivity of ultrahigh volume
fraction nanocarbon epoxy composites, J. Phys. Chem. C 116 (44) (2012)
23812–23820.

[23] B. Mortazavi, O. Benzerara, H. Meyer, J. Bardon, S. Ahzi, Combined molecular
dynamics-finite element multiscale modeling of thermal conduction in graphene
epoxy nanocomposites, Carbon 60 (2013) 356–365.

[24] Y. Su, J.J. Li, G.J. Weng, Theory of thermal conductivity of graphene-polymer
nanocomposites with interfacial Kapitza resistance and graphene-graphene contact
resistance, Carbon 137 (2018) 222–233.

[25] H.B. Kulkarni, P. Tambe, M. Joshi G, Influence of covalent and non-covalent
modification of graphene on the mechanical, thermal and electrical properties of
epoxy/graphene nanocomposites: a review, Compos. Interfac. 25 (5–7) (2017)
381–414.

[26] M.-C. Hsiao, S.-H. Liao, M.-Y. Yen, P.-I. Liu, N.-W. Pu, C.-A. Wang, et al., Preparation
of covalently functionalized graphene using residual oxygen-containing functional
groups, ACS Appl. Mater. Interfaces 2 (11) (2010) 3092–3099.

[27] K.E. Riley, M. Pito�n�ak, P. Jure�cka, P. Hobza, Stabilization and structure calculations
for noncovalent interactions in extended molecular systems based on wave function
and density functional theories, Chem. Rev. 110 (9) (2010) 5023–5063.

[28] J. Guerrero-Contreras, F. Caballero-Briones, Graphene oxide powders with different
oxidation degree, prepared by synthesis variations of the Hummers method, Mater.
Chem. Phys. 153 (2015) 209–220.

[29] X. Wang, W. Xing, P. Zhang, L. Song, H. Yang, Y. Hu, Covalent functionalization of
graphene with organosilane and its use as a reinforcement in epoxy composites,
Compos. Sci. Technol. 72 (6) (2012) 737–743.

[30] O. Vryonis, T. Andritsch, A.S. Vaughan, P.L. Lewin, Effect of surfactant molecular
structure on the electrical and thermal performance of epoxy/functionalized-
graphene nanocomposites, Polym. Compos. 41 (7) (2020) 2753–2767.

[31] M. Naebe, J. Wang, A. Amini, H. Khayyam, N. Hameed, L.H. Li, et al., Mechanical
property and structure of covalent functionalised graphene/epoxy nanocomposites,
Sci. Rep. 4 (2014) 4375.

[32] S. Depaifve, C.E. Federico, D. Ruch, S. Hermans, A. Laachachi, Nitrene
functionalization as a new approach for reducing the interfacial thermal resistance
in graphene nanoplatelets/epoxy nanocomposites, Carbon 167 (2020) 646–657.

[33] P. Li, Y. Zheng, T. Shi, Y. Wang, M. Li, C. Chen, et al., A solvent-free graphene oxide
nanoribbon colloid as filler phase for epoxy-matrix composites with enhanced
mechanical, thermal and tribological performance, Carbon 96 (2016) 40–48.

[34] H. Oh, Y. Kim, J. Kim, Co-curable poly(glycidyl methacrylate)-grafted graphene/
epoxy composite for thermal conductivity enhancement, Polymer 183 (2019).

[35] F. Zhang, W. Liu, L. Liang, M. Yang, S. Wang, H. Shi, et al., Application of polyether
amine intercalated graphene oxide as filler for enhancing hydrophobicity, thermal
stability, mechanical and anti-corrosion properties of waterborne polyurethane,
Diam. Relat. Mater. 109 (2020) 108077.

[36] Q. Wu, X. Yang, Q. Wan, R. Zhao, J. He, J. Zhu, Layer-by-layer assembled nacre-like
polyether amine/GO hierarchical structure on carbon fiber surface toward
composites with excellent interfacial strength and toughness, Compos. Sci. Technol.
198 (2020) 108296.

[37] G. Tang, Z.-G. Jiang, X. Li, H.-B. Zhang, S. Hong, Z.-Z. Yu, Electrically conductive
rubbery epoxy/diamine-functionalized graphene nanocomposites with improved
mechanical properties, Compos. B Eng. 67 (2014) 564–570.

[38] Y. Zhang, J.R. Choi, S.-J. Park, Interlayer polymerization in amine-terminated
macromolecular chain-grafted expanded graphite for fabricating highly thermal
conductive and physically strong thermoset composites for thermal management
applications, Compos. Appl. Sci. Manuf. 109 (2018) 498–506.

[39] Y. Feng, J. Hu, Y. Xue, C. He, X. Zhou, X. Xie, et al., Simultaneous improvement in
the flame resistance and thermal conductivity of epoxy/Al2O3 composites by
incorporating polymeric flame retardant-functionalized graphene, J. Mater. Chem.
5 (26) (2017) 13544–13556.

[40] C. Chen, S. Qiu, M. Cui, S. Qin, G. Yan, H. Zhao, et al., Achieving high performance
corrosion and wear resistant epoxy coatings via incorporation of noncovalent
functionalized graphene, Carbon 114 (2017) 356–366.

[41] S.H. Song, K.H. Park, B.H. Kim, Y.W. Choi, G.H. Jun, D.J. Lee, et al., Enhanced
thermal conductivity of epoxy-graphene composites by using non-oxidized
graphene flakes with non-covalent functionalization, Adv. Mater. 25 (5) (2013)
732–737.

[42] C.-C. Teng, C.-C.M. Ma, C.-H. Lu, S.-Y. Yang, S.-H. Lee, M.-C. Hsiao, et al., Thermal
conductivity and structure of non-covalent functionalized graphene/epoxy
composites, Carbon 49 (15) (2011) 5107–5116.

[43] Y.S. Yeom, K.Y. Cho, H.Y. Seo, J.S. Lee, D.H. Im, C.Y. Nam, et al., Unprecedentedly
high thermal conductivity of carbon/epoxy composites derived from parameter
optimization studies, Compos. Sci. Technol. (2020) 186.

[44] Y.-J. Wan, L.-C. Tang, D. Yan, L. Zhao, Y.-B. Li, L.-B. Wu, et al., Improved dispersion
and interface in the graphene/epoxy composites via a facile surfactant-assisted
process, Compos. Sci. Technol. 82 (2013) 60–68.

[45] J. Tian, T. Xu, Y. Tan, Z. Zhang, B. Tang, Z. Sun, Effects of non-covalent
functionalized graphene oxide with hyperbranched polyesters on mechanical
properties and mechanism of epoxy composites, Materials 12 (19) (2019).
218
[46] H. Shi, W. Liu, Y. Xie, M. Yang, C. Liu, F. Zhang, et al., Synthesis of carboxymethyl
chitosan-functionalized graphene nanomaterial for anticorrosive reinforcement of
waterborne epoxy coating, Carbohydr. Polym. 252 (2021) 117249.

[47] J. Gu, X. Yang, Z. Lv, N. Li, C. Liang, Q. Zhang, Functionalized graphite
nanoplatelets/epoxy resin nanocomposites with high thermal conductivity, Int. J.
Heat Mass Tran. 92 (2016) 15–22.

[48] Z. Su, H. Wang, K. Tian, W. Huang, Y. Guo, J. He, et al., Multifunctional anisotropic
flexible cycloaliphatic epoxy resin nanocomposites reinforced by aligned graphite
flake with non-covalent biomimetic functionalization, Compos. Appl. Sci. Manuf.
109 (2018) 472–480.

[49] Q. Lyu, H. Yan, L. Li, Z. Chen, H. Yao, Y. Nie, Imidazolium ionic liquid modified
graphene oxide: as a reinforcing filler and catalyst in epoxy resin, Polymers 9 (9)
(2017).

[50] R. Qian, J. Yu, C. Wu, X. Zhai, P. Jiang, Alumina-coated graphene sheet hybrids for
electrically insulating polymer composites with high thermal conductivity, RSC
Adv. 3 (38) (2013).

[51] K. Wu, C. Lei, W. Yang, S. Chai, F. Chen, Q. Fu, Surface modification of boron
nitride by reduced graphene oxide for preparation of dielectric material with
enhanced dielectric constant and well-suppressed dielectric loss, Compos. Sci.
Technol. 134 (2016) 191–200.

[52] R. Sun, H. Yao, H.-B. Zhang, Y. Li, Y.-W. Mai, Z.-Z. Yu, Decoration of defect-free
graphene nanoplatelets with alumina for thermally conductive and electrically
insulating epoxy composites, Compos. Sci. Technol. 137 (2016) 16–23.

[53] Y. Heo, H. Im, J. Kim, J. Kim, The influence of Al(OH)3-coated graphene oxide on
improved thermal conductivity and maintained electrical resistivity of Al2O3/
epoxy composites, J. Nanoparticle Res. 14 (10) (2012).

[54] W. Li, W. Feng, H. Huang, High-performance epoxy resin/silica coated flake
graphite composites for thermal conductivity and electrical insulation, J. Mater. Sci.
Mater. Electron. 27 (6) (2016) 6364–6370.

[55] X. Pu, H.-B. Zhang, X. Li, C. Gui, Z.-Z. Yu, Thermally conductive and electrically
insulating epoxy nanocomposites with silica-coated graphene, RSC Adv. 4 (29)
(2014) 15297–15303.

[56] M.C. Hsiao, C.C. Ma, J.C. Chiang, K.K. Ho, T.Y. Chou, X. Xie, et al., Thermally
conductive and electrically insulating epoxy nanocomposites with thermally
reduced graphene oxide-silica hybrid nanosheets, Nanoscale 5 (13) (2013)
5863–5871.

[57] H. Oh, K. Kim, S. Ryu, J. Kim, Enhancement of thermal conductivity of polymethyl
methacrylate-coated graphene/epoxy composites using admicellar polymerization
with different ionic surfactants, Compos. Appl. Sci. Manuf. 116 (2019) 206–215.

[58] F. Luo, P. Yan, H. Li, Q. Qian, B. Huang, Q. Chen, et al., Ultrahigh thermally
conductive graphene filled liquid crystalline epoxy composites: preparation assisted
by polyethylene glycol, Compos. Sci. Technol. (2020) 200.

[59] O. Eksik, S.F. Bartolucci, T. Gupta, H. Fard, T. Borca-Tasciuc, N. Koratkar, A novel
approach to enhance the thermal conductivity of epoxy nanocomposites using
graphene core–shell additives, Carbon 101 (2016) 239–244.

[60] H. Ye, H. Wen, J. Chen, P. Zhu, M.M.F. Yuen, X.-Z. Fu, et al., Alumina-coated Cu@
reduced graphene oxide microspheres as enhanced antioxidative and electrically
insulating fillers for thermal interface materials with high thermal conductivity,
ACS Applied Electronic Materials 1 (7) (2019) 1330–1335.

[61] B. Mortazavi, F. Hassouna, A. Laachachi, A. Rajabpour, S. Ahzi, D. Chapron, et al.,
Experimental and multiscale modeling of thermal conductivity and elastic
properties of PLA/expanded graphite polymer nanocomposites, Thermochim. Acta
552 (2013) 106–113.

[62] A.M. Díez-Pascual, M.A. G�omez-Fatou, F. Ania, A. Flores, Nanoindentation in
polymer nanocomposites, Prog. Mater. Sci. 67 (2015) 1–94.

[63] R. Aradhana, S. Mohanty, S.K. Nayak, Novel electrically conductive epoxy/reduced
graphite oxide/silica hollow microspheres adhesives with enhanced lap shear
strength and thermal conductivity, Compos. Sci. Technol. 169 (2019) 86–94.

[64] C. Liu, M. Chen, D. Zhou, D. Wu, W. Yu, Effect of filler shape on the thermal
conductivity of thermal functional composites, J. Nanomater. (2017) 1–15, 2017.

[65] M. Li, C. Tang, L. Zhang, B. Shang, S. Zheng, S. Qi, A thermally conductive and
insulating epoxy polymer composite with hybrid filler of modified copper
nanowires and graphene oxide, J. Mater. Sci. Mater. Electron. 29 (6) (2017)
4948–4954.

[66] Z. Su, H. Wang, X. Ye, K. Tian, W. Huang, J. He, et al., Synergistic enhancement of
anisotropic thermal transport flexible polymer composites filled with multi-layer
graphene (mG) and mussel-inspiring modified hexagonal boron nitride (h-BN),
Compos. Appl. Sci. Manuf. 111 (2018) 12–22.

[67] C. Chu, H. Ge, K. Zhang, N. Gu, S. Liu, C. Jin, Synergistic effect of nano-SiO 2 and
small-sized graphene oxide on carbon fiber/epoxy composite, Polym. Compos. 40
(12) (2019) 4588–4596.

[68] F. Guo, X. Shen, J. Zhou, D. Liu, Q. Zheng, J. Yang, et al., Highly thermally
conductive dielectric nanocomposites with synergistic alignments of graphene and
boron nitride nanosheets, Adv. Funct. Mater. 30 (19) (2020).

[69] M. Shtein, R. Nadiv, M. Buzaglo, O. Regev, Graphene-based hybrid composites for
efficient thermal management of electronic devices, ACS Appl. Mater. Interfaces 7
(42) (2015) 23725–23730.

[70] Y. Feng, G. Han, B. Wang, X. Zhou, J. Ma, Y. Ye, et al., Multiple synergistic effects of
graphene-based hybrid and hexagonal born nitride in enhancing thermal
conductivity and flame retardancy of epoxy, Chem. Eng. J. (2020) 379.

[71] X. Li, X. Fan, Y. Zhu, J. Li, J.M. Adams, S. Shen, et al., Computational modeling and
evaluation of the thermal behavior of randomly distributed single-walled carbon
nanotube/polymer composites, Comput. Mater. Sci. 63 (2012) 207–213.

[72] M. Owais, J. Zhao, A. Imani, G. Wang, H. Zhang, Z. Zhang, Synergetic effect of
hybrid fillers of boron nitride, graphene nanoplatelets, and short carbon fibers for

http://refhub.elsevier.com/S2589-9651(21)00030-1/sref20
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref20
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref20
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref21
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref21
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref21
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref21
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref22
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref22
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref22
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref22
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref22
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref23
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref23
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref23
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref23
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref24
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref24
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref24
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref24
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref25
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref25
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref25
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref25
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref25
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref25
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref26
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref26
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref26
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref26
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref27
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref27
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref27
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref27
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref27
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref27
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref28
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref28
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref28
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref28
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref29
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref29
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref29
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref29
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref30
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref30
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref30
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref30
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref31
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref31
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref31
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref32
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref32
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref32
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref32
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref33
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref33
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref33
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref33
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref34
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref34
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref35
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref35
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref35
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref35
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref36
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref36
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref36
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref36
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref37
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref37
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref37
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref37
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref38
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref38
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref38
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref38
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref38
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref39
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref39
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref39
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref39
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref39
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref40
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref40
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref40
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref40
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref41
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref41
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref41
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref41
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref41
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref42
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref42
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref42
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref42
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref43
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref43
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref43
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref44
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref44
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref44
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref44
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref45
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref45
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref45
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref46
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref46
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref46
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref47
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref47
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref47
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref47
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref48
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref48
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref48
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref48
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref48
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref49
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref49
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref49
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref50
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref50
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref50
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref51
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref51
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref51
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref51
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref51
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref52
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref52
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref52
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref52
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref53
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref53
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref53
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref54
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref54
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref54
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref54
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref55
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref55
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref55
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref55
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref56
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref56
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref56
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref56
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref56
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref57
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref57
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref57
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref57
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref58
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref58
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref58
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref59
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref59
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref59
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref59
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref59
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref60
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref60
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref60
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref60
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref60
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref61
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref61
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref61
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref61
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref61
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref62
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref62
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref62
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref62
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref63
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref63
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref63
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref63
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref64
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref64
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref64
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref65
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref65
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref65
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref65
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref65
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref66
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref66
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref66
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref66
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref66
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref67
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref67
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref67
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref67
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref68
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref68
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref68
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref69
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref69
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref69
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref69
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref70
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref70
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref70
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref71
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref71
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref71
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref71
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref72
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref72


R. Lv et al. Nano Materials Science 4 (2022) 205–219
enhanced thermal conductivity and electrical resistivity of epoxy nanocomposites,
Compos. Appl. Sci. Manuf. 117 (2019) 11–22.

[73] A. Vahedi, M.H. Sadr Lahidjani, S. Shakhesi, Multiscale modeling of thermal
conductivity of carbon nanotube epoxy nanocomposites, Phys. B Condens. Matter
550 (2018) 39–46.

[74] H. Zhang, G. Zhang, M. Tang, L. Zhou, J. Li, X. Fan, et al., Synergistic effect of
carbon nanotube and graphene nanoplates on the mechanical, electrical and
electromagnetic interference shielding properties of polymer composites and
polymer composite foams, Chem. Eng. J. 353 (2018) 381–393.

[75] F.-L. Guan, C.-X. Gui, H.-B. Zhang, Z.-G. Jiang, Y. Jiang, Z.-Z. Yu, Enhanced thermal
conductivity and satisfactory flame retardancy of epoxy/alumina composites by
combination with graphene nanoplatelets and magnesium hydroxide, Compos. B
Eng. 98 (2016) 134–140.

[76] X. Yang, S. Fan, Y. Li, Y. Guo, Y. Li, K. Ruan, et al., Synchronously improved
electromagnetic interference shielding and thermal conductivity for epoxy
219
nanocomposites by constructing 3D copper nanowires/thermally annealed
graphene aerogel framework, Compos. Appl. Sci. Manuf. 128 (2020) 105670.

[77] Z. Barani, A. Mohammadzadeh, A. Geremew, C.Y. Huang, D. Coleman,
L. Mangolini, et al., Thermal properties of the binary-filler hybrid composites with
graphene and copper nanoparticles, Adv. Funct. Mater. 30 (8) (2019).

[78] J. He, H. Wang, Q. Qu, Z. Su, T. Qin, Y. Da, et al., Self-assembled three-dimensional
structure with optimal ratio of GO and SiC particles effectively improving the
thermal conductivity and reliability of epoxy composites, Composites
Communications (2020) 22.

[79] J. He, H. Wang, Q. Qu, Z. Su, T. Qin, X. Tian, Three-dimensional network
constructed by vertically oriented multilayer graphene and SiC nanowires for
improving thermal conductivity and operating safety of epoxy composites with
ultralow loading, Compos. Appl. Sci. Manuf. 139 (2020).

http://refhub.elsevier.com/S2589-9651(21)00030-1/sref72
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref72
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref72
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref73
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref73
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref73
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref73
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref74
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref74
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref74
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref74
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref74
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref75
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref75
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref75
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref75
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref75
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref76
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref76
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref76
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref76
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref77
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref77
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref77
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref78
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref78
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref78
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref78
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref79
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref79
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref79
http://refhub.elsevier.com/S2589-9651(21)00030-1/sref79

	Recent progress on thermal conductivity of graphene filled epoxy composites
	1. Introduction
	2. Surface functionalization of graphene
	2.1. Covalent modification of graphene
	2.2. Non-covalent modification of graphene

	3. Insulation coating on graphene surface
	3.1. Oxide coating on graphene surface
	3.2. Polymer coating on graphene surface
	3.3. Other coating methods on graphene surface

	4. Hybrid fillers for epoxy composites
	4.1. as hybrid filler
	4.2. One-dimensional carbon materials as hybrid filler
	4.3. Ceramic nanoparticles as hybrid filler
	4.4. Metal nanomaterials as hybrid filler

	5. Conclusion
	Declaration of competing interest
	Acknowledgment
	References


