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Abstract: Thermoset and biothermoset applications have
been advancing tremendously in recent years due to their
easy processing, versatility, and exceptional mechanical
and thermal properties. Biothermoset is a type of ther-
moset that is produced using biological resources, either
in portions by blending with the conventional resin, or
completely. Various research has been employed to accom-
modate their high and rapidly growing demands and
broaden their functions and implementation in numerous
fields. One of these attempts is the reinforcement of nano-
fillers. Nanofillers such as nanoclay, graphene nanoplate-
lets, carbon nanotubes, nanodiamond, etc., possess diverse
and outstanding properties and are also easily accessible.

Recently, there has been a developing trend of hybridizing
two or more types of nanofillers as a hybrid reinforcement
system to address the limitations of single-filler reinforce-
ment systems and to establish better-supporting properties
of the nanocomposites. In this review, we discussed
the use of hybrid nanofillers in different thermoset and
biothermoset applications. Emphasis is given to the types
of hybrids, their interactions with each other and the host
polymer, and the effects of their contents and ratios.
Limitations from the previous works are also discussed
and the future undertaking of research on hybrid nanofil-
lers is also proposed.

Keywords: thermoset, biothermoset, nanofiller, hybrid,
electronic, thermal management, tribological

List of abbreviations

AgNF silver nanoflake
AgNW silver nanowire
AlN aluminum nitride
BMI bismaleimide
BN boron nitride
CB carbon black
CD carbon dot
CFRP carbon fiber-reinforced plastic
CNT carbon nanotube
COF coefficient of friction
CS chitosan
EG expanded graphite
EM electromagnetic
EP epoxy
ESOA epoxidized soybean oil acrylate
FA furfurylamine
FrGO fluorinated graphene oxide
GNP graphene nanoplatelet
GF gauge factor
GO graphene oxide
h-BN hexagonal boron nitride
HNT halloysite nanotube

Nur Aliaa Zulkefli: Faculty of Ocean Engineering Technology and
Informatics, Universiti Malaysia Terengganu, Kuala Nerus 21030,
Terengganu, Malaysia, e-mail: nuraliaazulkefli@gmail.com



* Corresponding author: Rohani Mustapha, Faculty of Ocean
Engineering Technology and Informatics, Universiti Malaysia
Terengganu, Kuala Nerus 21030, Terengganu, Malaysia,
e-mail: rohani.m@umt.edu.my

Suriani Mat Jusoh: Faculty of Ocean Engineering Technology and
Informatics, Universiti Malaysia Terengganu, Kuala Nerus 21030,
Terengganu, Malaysia, e-mail: surianimatjusoh@umt.edu.my
Che Mohd Ruzaidi Ghazali: Faculty of Ocean Engineering
Technology and Informatics, Universiti Malaysia Terengganu, Kuala
Nerus 21030, Terengganu, Malaysia, e-mail: ruzaidi@umt.edu.my

* Corresponding author: Mohamad Awang, Faculty of Ocean
Engineering Technology and Informatics, Universiti Malaysia
Terengganu, Kuala Nerus 21030, Terengganu, Malaysia,
e-mail: mohamada@umt.edu.my
* Corresponding author: Mohd Nor Faiz Norrrahim, Research Centre
for Chemical Defence, Universiti Pertahanan Nasional Malaysia
(UPNM), Kuala Lumpur 57000, Malaysia, e-mail: faiz@upnm.edu.my

Rushdan Ahmad Ilyas: Department of Chemical Engineering, Faculty
of Chemical and Energy Engineering, Universiti Teknology Malaysia,
Johor Bahru 81310, Malaysia; Institute of Tropical Forestry and
Forest Products, Universiti Putra Malaysia, UPM Serdang, 43400,
Selangor, Malaysia, e-mail: ahmadilyas@utm.my

Nanotechnology Reviews 2023; 12: 20220499

Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International
License.

https://doi.org/10.1515/ntrev-2022-0499
mailto:nuraliaazulkefli@gmail.com
mailto:rohani.m@umt.edu.my
mailto:surianimatjusoh@umt.edu.my
mailto:ruzaidi@umt.edu.my
mailto:mohamada@umt.edu.my
mailto:faiz@upnm.edu.my
mailto:ahmadilyas@utm.my


HRR heat release rate
MAM microwave absorbing material
MMT montmorillonite
MWCNT multiwalled carbon nanotube
NC nanoclay
ND nanodiamond
PANI polyaniline
PAN poly(acrylonitrile)
PBSF poly (butylene sebacate-co-butylene

fumarate)
PDA polydopamine
PEI polyetherimide
PEIS sulfonated polyetherimide
PFB furfurylamine (FA)-functionalized dynamic

covalently bismaleimide (BMI) cross-linked
poly (butylene sebacate-co-butylene
fumarate)

PFBC furfurylamine (FA)-functionalized dynamic
covalently bismaleimide (BMI) cross-linked
poly (butylene sebacate-co-butylene fuma-
rate) composite

PN polyaniline nanofiber
POSS polyhedral oligomeric silsesquioxane
PU polyurethane
RGO reduced graphene oxide
RL return loss
RPUF rigid polyurethane foams
SEM scanning electron microscope
TA tetraaniline
TEM transmission electron microscope
THR total heat release
TIM thermal interface material
TSP total smoke production
UPE unsaturated polyester

1 Introduction

In recent years, thermosetting polymeric materials have
become one of the most vastly used high-performance
engineering materials in various industries due to their
excellent mechanical strength, electrical and thermal con-
ductivity, fatigue and corrosion resistance, etc., as well as
their easy processing and broad structural versatility [1,2].
Their applications include automotive, aerospace, aeronau-
tics, information technology, civil engineering, medical
equipment, defense system, machinery, advanced sensing,
electronic devices, etc. Thus, consistent with the rapid devel-
opment of these materials and devices, vigorous research is
conducted worldwide including a multitude of studies on

the effect of the inclusion of reinforcement additives into
polymer composites including fibers [3–6], fillers [5–8],
nanofillers [5,6,9–13], etc.

Additionally, the field of technology is also rapidly
advancing. A multitude of innovative materials and devices
can be generated by directly targeting the particular aspects
or properties on the nanoscale level. These advancements
comprise the fields of medicine [14–16], pharmaceutical
[15,17], manufacturing [18], agriculture [19], and also polymer
composites [20]. Polymer nanocomposite is a class of mate-
rials that contains two or more phases of different structures,
and one of their dimensions is at the nanometer level. The
nanocomposite is usually dispersed with organic/inorganic,
or natural/synthetic nanofillers [21].

Nanofillers are particles with sizes ranging from 1–100nm
[22] with various types and morphology (Figure 1). Nanoclay
(NC), graphene, carbon nanotube (CNT), boron nitride
(BN), silicon dioxide (SiO2), and molybdenum disulfide
(MoS2) [7,23–31] are among the examples of extensively
reported inorganic nanofillers for polymer reinforcement.
These nanofillers possess varieties of extraordinary prop-
erties like outstandingmechanical strength, high electrical
and thermal conductivity, excellent friction and wear
resistance, hydrophobicity, etc., which lend a multitude
of improvements to the properties of the reinforced
polymers. There have also been studies on nanofiller
derived from natural fibers such as wood dust, pinecone
powder, jute, husk, mud, etc. [32].

The selection of the nanofiller is usually determined
by the desired properties of the final nanocomposite.

Figure 1: Size and morphology of different nanofillers [49].
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Graphene and CNTs for instance are intrinsically electri-
cally conductive, thus the nanocomposite incorporated
by these nanofillers can be expected to be equipped
with electrical conductivity properties. Although, the con-
ductivity performance may be varied depending on the
nanofiller distribution characteristics in the host matrix.
There have also been reports that nanocomposites are
usually more thermally stable [30,31,33] and chemically
resistant [34–38]. However, generally, in cases where the
nanofillers used were at their optimum concentration and
good distribution and interfacial interaction between the
fillers and the matrices were achieved, enhancements in
the aspects of morphological, physical, and mechanical
properties are the most commonly observed [31,32]. During
mechanical loading, nanofillers can act as a stress transfer
platform that distributes and minimizes the energy to slow
down the crack propagation, which resulted in the improved
mechanical performance of the nanocomposites.

Regardless of the remarkable intrinsic properties pos-
sessed by these nanoparticles, several factors like their
dispersion in the polymer matrix, content, and also com-
patibility with the host matrix greatly determine their
reinforcement performance. For example, homogenous
nanofiller distribution in the matrix ensures sufficient
interfacial interaction between the filler and the matrix,
thus, delivering good compatibility. This is crucial in
numerous nanofillers reinforcement enactment including
stress transfer, conductive thermal and electrical path-
ways, active barrier properties, etc. However, many stu-
dies have reported increasing the content of nanofiller in
the matrix led to poor nanofiller dispersion and agglom-
eration. Meanwhile, at low nanofiller content, the rein-
forcement performance is unsatisfactory [7,24–26].

One of the rising trends to address the drawbacks
presented by single filler reinforcement is by incorpor-
ating a hybrid of different nanofillers into the polymer
system. The hybrid of CNTs and NC [39], graphene and
silver nanowire (AgNW) [40], SiO2 and CNTs [41], gra-
phene and CNTs [10,42–46], graphene and nanodiamond
(ND) [47], and graphene and BN [22,48] are some of the
examples of hybrid pairs that have been reported. These
hybrids are usually designed based on their morphology
and dimensionality, sizes, bonding mechanisms, and/or
their inherent properties, according to the reinforcement
needs of the polymer.

Over the years, many accounts have reviewed the
performance and applications of nanofillers including
hybrid nanofillers in various administrations. Figure 2
shows the progress and intermission in the works of the
searching results of literature involving “nanofillers uti-
lizations in polymer applications” in the past 5 years on

the Web of Science. The figure shows two categories of
research which are the review articles and research arti-
cles. Of 2,872 articles, 85 of them are review articles, and
the remaining 2,787 articles are research articles. The
chronology shows an increasing trend in the research
involving nanofiller in polymer applications. However,
no kind of literature has covered a comprehensive review
of the use of hybrid nanofiller systems in different ther-
moset and biothermoset applications.

In this study, we will discuss a general review of the
synergistic reinforcement of hybrid nanofillers in selected
recent publications on thermoset and biothermoset appli-
cations including electronic applications, thermal man-
agement, and barrier applications such as coatings and
laminates, hydrogen storage, as well as biothermoset
applications. The importance of synergistic hybrid inter-
action to improve polymer properties, as well as the fac-
tors influencing the synergic interaction between fillers
will also be discussed.

2 Hybrid nanofiller

Hybrid nanocomposites have been reported to demon-
strate greater improvements over conventional single nano-
filler-reinforced composites. These improvements include
increases in mechanical properties [25,29], better electrical
and thermal conductivity [29], durable barrier perfor-
mance, enhanced friction resistance [49], lower percola-
tion threshold [43], etc. Among the reasons that produce
these results is the improved dispersion of the nanofillers
which leads to the synergistic interaction between the fillers
and results in a unique interconnected 3D nanofiller network
[40,43]. This provides an effective skeleton for mechanical
support, broad protection for barrier performance, as well as
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highly effective thermal and/or electrical conductivity.
Furthermore, the combination of the different nanofillers
in a single reinforcement system produces the communal
properties of the fillers with dual effects. In several reports,
hybrid nanofillers also balanced some undesired proper-
ties of certain fillers and generally result in better perfor-
mance of the nanocomposites produced [50].

In various thermoset applications, these nanofillers’
unique and intrinsic properties are cooperated and exploited
to design and tune the finished properties required for the
operations. Different nanofillers of diverse properties are
hybridized to expand or level the properties of the other
fillers to produce a synergistic performance. In electronic
applications, for instance, the combination of two nanofil-
lers with intrinsically high electrical conductivity leads to an
extensive enhancement of the nanocomposite’s conductivity
owing to the improved nanofillers dispersion. This allows
the nanofillers to exert their properties at the highest viable
performance. Meanwhile, in the thermal management
system, carbon-based fillers such as graphene nanoplatelets
(GNPs) are often utilized due to their inherently high thermal
conductivity. Hybridizing graphene with another thermally
conductive filler with electrical insulative properties creates a
hybrid system capable of thermal conductivity and concur-
rently electrically insulative which is practical for applications
such as thermal interface material (TIM).

A multitude of other designs of the hybrid system can
be generated based on these nanofillers manifold proper-
ties to be implemented in many other applications such
as laminar and coating, hydrogen storage, etc. Table 1
summarizes the approaches that have been used for
some of the thermoset and biothermoset applications
and their advantages and limitations.

3 Synergistic hybrid nanofiller
interaction in polymer
nanocomposites

Synergistic hybrid interaction is one of the key defining
factors that lead to the effectiveness of the hybrid nano-
filler reinforcement performance. Several aspects influ-
ence their interaction including their content and ratio,
morphology, and inherent properties. A synergistic filler
combination leads to homogenous nanofillers distribu-
tion, reduces nanofillers agglomerations in the polymer
matrix, and increases the interfacial interaction area with
the host polymer. These often result in the formation of
successfully augmented properties of nanocomposites

at low nanofiller content, which is one of the vital ele-
ments to ensure the material’s lightweightness and cost-
effectiveness.

Achieving an even nanofillers dispersion in the polymer
matrix is one of the major challenges in the manufacture
of nanocomposites. Nanofillers are exfoliated elementary
layers or units from the stack of primary particles, gener-
ally in sizes ranging from 1–100 nm (Figure 3) [50]. These
nanofillers are achieved by breaking down the primary
particles’ structure via several methods such as sonication,
ball-milling grinding, chemical oxidation and reduction,
etc. [40,66]. However, despite the techniques used, they
tend to re-agglomerate in the polymer due to the strong
Van der Waals force, ᴫ–ᴫ interaction, or ionic bonding
[67,68]. When they are added at high content, the forces
intensify at close fillers’ proximity, causing agglomeration.

Hybridizing different types of nanofillers has been
reported to efficiently overcome this issue in numerous
studies [39,67]. When two or more different nanofillers
are combined in the polymer matrix, their interaction
with each other results in the disruption of the forces
that cause the nanofillers agglomerations. This interac-
tion is usually termed nanofillers spacing or bridging
(Figure 4) [12,69]. A continuous effect of this type of inter-
action builds the unique 3D hybrid nanofiller structures.
In electronic and thermal applications, these 3D structures
provide excellent pathways for electron and phonon transfer
to enhance the conductivity of the nanocomposite. They also
build a constant barrier from the penetration of aggressive
elements and pronounced amelioration on the mechanical
support of the nanocomposites such as the fracture tough-
ness, tensile strength, and elasticity.

Additionally, a uniform hybrid nanofiller network
increases the interfacial area between the nanofillers
and the matrix. This provides an ample contact region
for the stress transfer from the polymer to the fillers
[12,33,68,70,71] that can produce a longer-lasting mechan-
ical performance of the nanocomposites. For instance, a
nanocomposite can deflect a crack from propagating further
in the presence of nanofillers, thus, increasing its fracture
toughness. During a tensile test, nanofillers restrict the
movement and flow of the polymer chains and increase
their elasticity and tensile performance.

Besides improving the interfacial interaction between
the nanofillers and the matrix, the combination of nano-
fillers of different geometry also improves the interfacial
compatibility among the fillers [72]. It usually leads to an
increase in the contact area among the fillers and reduces
their interfacial resistance. This is particularly important
in the formation of uninterrupted channels for phonon
and electron transport to ease and reduce the resistance
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of the conductivity. Furthermore, the consistent filler dis-
persion can effectively lower the nanofillers’ percolation
threshold while simultaneously producing an improved
conductivity [13,41].

Synergistic interaction between hybrid nanofillers
also results in the effective magnification of the proper-
ties of the nanocomposites through the joined effect of
the intrinsic properties of the fillers [71]. Moreover, the

improvement in the dispersion of the fillers also leads to a
massive enhancement of the quality of the nanocompo-
sites even at a lower filler loading [56,57]. On the other
hand, synergistic hybrid filler distribution also allows the
addition of a higher filler loading with little hazard of
filler agglomeration [71].

Besides amplifying the properties, studies have also
shown that hybridizing different nanofillers can efficiently

Table 1: Approaches, advantages, and limitations of hybrid nanofiller systems in selected applications

Application Approach Advantage Limitation

Electrical Hybridizing two intrinsically high
conductive nanofillers

Better nanofiller dispersion, formation
of the successive 3D network, lower
electrical resistance, and lower
percolation threshold [51–53]

Creating a ratio of hybrid that
produces enhancement in electrical
conductivity properties with other
properties such as thermal
conductivity and mechanical
properties

Strain sensing
material

Hybridizing a higher sensitivity
nanofiller with a higher electrical
conductivity nanofiller (e.g., GNP
and CNT)

Increased sensitivity of the
composites by the combination of
piezoresistive behavior and tunneling
transport mechanism [53–55]

Creating a hybrid system that
provides a superior strain sensing
ability and mechanical properties to
support the longevity of the material

Hybridizing a higher conductivity
filler (e.g., CNT) with other fillers

Improved filler dispersion, improved
filler network conductivity, and
improved ability of the network to
sense the rise in electrical
resistivity [53–55]

Microwave
absorbing
material (MAM)

Hybridizing two intrinsically high
conductive nanofillers

Improved filler dispersion, increased
filler network conductivity, and
increased RL loss [56]

Creating a single hybrid system that
possesses a matching impedance

Hybridizing carbon-based filler
with magnetic filler

Enhanced interfacial polarization, and
improved impedance
matching [57,58]

Thermal
management

Hybridizing a thermally
conductive nanofiller with an
insulative nanofiller

Improved nanofillers dispersion
created thermally conductive
materials with insulated electrical
conductivity [11,59]

Ensuring a satisfactory thermal
conductivity property of the hybrid
system

Barrier and
tribological

Incorporation of lubricative
nanofiller in the hybrid system

Improved nanofiller dispersion,
denser barrier network [35]

Creating a hybrid system with a multi-
performing ability for the coating
applicationsIncorporation of inhibitive

nanofiller in the hybrid system
Formation of a passive layer that
prevented the entrance of corrosive
molecules [35,60]

Incorporation of insulative
nanofiller in the hybrid system

Decrease in the nanofiller’s network
electrical conductivity, and prevention
of galvanic corrosion of the
material [60]

Hydrogen storage Hybridization of carbon-based
nanofiller with metal-based
nanofiller

Improved nanofiller dispersion,
increased interaction with hydrogen
molecules, and increased hydrogen
sorption [61–63]

Creating a hybrid network with
enhanced ability of hydrogen storage
as well as superior mechanical
properties to the polymer matrix to
ensure the long-lasting utilization of
the storage material

Bio-thermoset
polymer

Incorporation of hybrid
nanofiller systems based on the
application

Ameliorated the reduced bio-polymer
properties, particularly the
mechanical properties [64,65]

Creating a hybrid nanofiller system
that can provide sufficient
improvement and amendment to the
bio-thermoset polymer

Hybrid nanofiller reinforcement in thermoset and biothermoset applications  5
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balance some undesired properties of the nanofillers for
certain applications [73]. For instance, combining two
thermally conductive nanofillers while one of the fillers
is also electrically insulative can produce a nanocomposite
with enhanced thermal conductivity, yet electrically insu-
lated for an effective application in thermal insulating
materials.

3.1 Factors determining the hybrid
synergistic effect

Several factors affect the nature of the interaction between the
hybrid nanofillers. The nanofillermorphologies including their
size, dimensionality, and orientation can significantly regulate
the contact between the different morphological fillers. For
instance, one-dimensional (1D) nanofillers such as montmor-
illonite (MMT) and GNPs are usually in the form of sheets and
provide excellent interfacial contact with the host polymer and
with the other fillers [49]. Two-dimensional (2D) nanofillers
such as CNT and AgNWs can be hybridized with the 1D fillers

to form a bridge between the 1D sheets. This will construct
a connected hybrid 3D network with continuous contact
between the fillers and the fillers with the polymer matrix
[12,75]. Spheric and cubic three-dimensional (3D) nanofil-
lers such as nanosilica, nanoalumina, polyhedral oligo-
meric silsesquioxane (POSS), and carbon black (CB) have
also been hybridized with 1D and 2D nanofillers [11,76].
Table 2 shows the scanning electron microscope (SEM)
images of some of the examples of different nanofillers
of different dimensionality. Figure 5 shows the schematic
diagram of the hybrid combining nanofillers of different
dimensions (1D GNPs, 2D AgNWs, and 3D SiO2) [11].

Furthermore, the optimum content and ratio of the
hybrid are also substantially affected by the nanofiller
structure and morphology. These two factors can greatly
influence the interaction of the nanofillers and determine
the hybrid network it produces. Ranging results have
been reported for identical hybrids when different con-
tent and ratio of the hybrids are used [77]. Additionally,
the methodology used to disperse the nanofillers also
produces a significant impact. Several different techni-
ques have been reported to enhance the dispersion of
the nanofillers and the results are still varied even with
identical filler content and ratio [51,78].

The usage of hybrid nanofillers with varied and bal-
ancing properties is also effective to produce synergistic
interaction of nanofillers for amplified and/or comple-
mentary advanced properties for polymer applications.
Hybridizing highly electrically conductive carbon nano-
fillers such as CNT and GNP can build an amplified con-
ductive network. This enhancement in conductivity is
due to the coupling effect of the nanofillers and better
CNT and GNP dispersion which improved the electron
transfer channel [79]. On the other hand, the addition
of POSS nanofiller to graphene can efficiently reduce
the electrical conductivity of graphene. Simultaneously,

Figure 3: Schematic illustration of elementary and primary particles [50].

Figure 4: Bridging effect between RGO and AgNWs [74].

Hybrid nanofiller reinforcement in thermoset and biothermoset applications  7



it also maintains and intensifies the efficiency of gra-
phene for shielding performance in the application of
coating performance [60].

4 Hybrid nanofiller in electronic
applications

Recent years have seen vigorous developments in elec-
tronic inventions including miniaturization, increased
power density, and higher performance of integrated cir-
cuits. This advancement compels a series of enhancements
of the merchandise covering higher electrical conductivity,
better thermal management systems, improvedmanagement

of electromagnetic (EM) pollution, etc. Nanofillers such as
CNT, graphene, CB, NC, ferrite, ND, etc., have been abun-
dantly used as electrically conductive fillers due to their
lightweightness, ready accessibility, excellent conductivity,
physical and chemical characteristics, and dielectric and
EM properties [51,52,56,58,86].

Among these nanofillers, carbon nanofillers particu-
larly CNT is commonly used owing to their extremely high
inherent electrical conductivity (106–107 S/m). Hybridizing
CNT with other nanofillers results in better CNT conduc-
tivity performance due to better dispersion of the nanofil-
lers in the polymer matrix. This results in the formation of
successive network structures with lower resistance for
electron transfer channels at a lower percolation threshold
[51–53].

The hybrid of CNT and GNP is frequently reported
in the studies of electrically conductive polymer applica-
tions. Their plane arrangement of hexagonal C–C cova-
lent bond provides an excellent path for electrical
conductivity. In the formation of the CNT/GNP conduc-
tive network, the tubular-structured CNTs correspond
to the micro-sized z-direction, meanwhile GNPs nano-
sheets in the planar form contest to the XY-plane.
During the electrical conduction, the CNTs conductivity
network preferably occurs in their z-direction. The GNPs
network on the other hand delivers the electrical con-
tacts between nanosheets in a perpendicular direction.
This results in denser electrical connections of the XYZ net-
work, thus easing and augmenting the conductivity (Figure 6)
[51,87,88].

Figure 5: The schematic diagram of the hybrid GNPs/AgNWs/SiO2

thermal conductive network [11].

Figure 6: (a) The XYZ-plane directions of the hybrid CNT/GNP electrical transport. (b) (1) CNT network electrical contacts, (2) GNP, and
(3) hybrid CNT/GNP electrical contacts. The blue colors show the electrical contacts with less resistance than those indicated by the red
colors [88].
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A study by Li et al. [52] demonstrated an example of
the synergistic effect of the hybrid CNT/GNP in electrical
and thermal conductivity. They reported a substantial
lessening in the epoxy (EP)-based carbon fiber-reinforced
plastics (CFRPs) laminate (for the application in lightning
strike protection and EM shielding) surface electrical
resistivity when a hybrid of CNT/GNP was incorporated.
The resistivity lowered by four orders of magnitude, from
2–3 Ω/sq (CFRPs) to 3 × 10−4 Ω/sq with the incorporation
of the hybrid CNT/GNP. Meanwhile, for CNT-only coating,
the surface electrical resistivity was lesser compared to the
hybrid coating (1.03 × 10−3Ω/sq). The thermal conductivity
on the other hand amplified more than seven times, from
200 to 1,500 W/m K.

The reason for the much lower resistivity in the
hybrid composites was due to the formation of 3D con-
ductive networks of 1D CNTs and 2D GNPs. The tubular
form of CNTs bridged the adjacent GNP sheets, hindering
the nanosheets from agglomerating and improving the
nanofillers’ dispersion in the matrix. This allowed the
use of the large nanofillers’ specific surface area to their
highest extent and lengthen the conductive pathways that
resulted in the increased conductivity of the composites.

A similar synergistic effect of 1D CNTs bridging 2D
GNPs has also been reported by Caradonna et al. [51].
However, in this study, they also described the dominating
role of CNTs in the electrical conductivity performance of
the composites due to the higher intrinsic electrical con-
ductivity of CNTs (106 S/m) compared to GNPs (105 S/m).
The studies showed that further increasing the content of
GNPs of the hybrids did not produce any significant
changes in conductivity. Although, at different CNT con-
centrations (0.1 and 0.05 wt%), the ratios of the CNT/GNP
that produced the best conductivities were different (1:10
and 1:40). This showed that the contents and ratios of the
hybrids are among the crucial factors that determine the
performance of the composites. Moreover, this study
also highlighted the importance of nanofillers disper-
sion methods and their optimization to produce an ideal
hybrid distribution and interaction. In this study, an
optimized calendaring process using a three-roll mill
operation was used to produce a distribution of nanofil-
lers in the preferred orientation to aid a better conduc-
tivity based on the orientation’s direction.

The synergistic interaction between the hybrid of
CNT/GNP was noticeably demonstrated by a significant
lowering of the percolation threshold when the hybrid
was employed. At 0.1 wt% multiwalled carbon nanotube
(MWCNT) loading, the nanocomposite retained similar
conductivity to the neat EP (<1 × 10−9 S/m). Similarly,
when GNP was incorporated in loadings ranging from

0.5 to 5.0 wt%, there was also no change observed in
the conductivity. However, when 0.1 wt% MWCNT and
2.0 wt% GNP were combined, the conductivity increased
substantially by six orders of magnitudes (1.32 × 10−3 S/m).
In the single-filled nanocomposites, similar conduc-
tivity was only achieved by MWCNT at 0.4 wt% load-
ings (5.08 × 10−3 S/m), and GNP at 20.0 wt% loading
(2.14 × 10−4 S/m).

Han et al. [87] have also reported the effectiveness of
employing the hybrid of CNT and GNP to improve the
performance of the electrical conductivity of the compo-
sites. Besides facilitating a homogenous dispersion of the
nanofillers, they have also described that the addition of
GNPs to CNTs helped to prevent damage to CNTs during
the processing. This helped to preserve the length and
rigid structure of CNTs for better electrical conduction
and also to provide better bridges to fill the gaps between
GNP platelets for the formation of a 3D hybrid electron
conductive path.

A significant reduction in the electrical percolation
threshold of the hybrid nanocomposites was recorded.
Although the conductivity of the GNP–EP, CNT–EP, and
the hybrid GNP/CNT–EP nanocomposites were roughly com-
parable (∼10−5 S/m), the hybrid nanocomposites recorded a
much lower percolation threshold at 0.41 vol%, which was
29.3% lower than the nanocomposites of GNP–EP, and 22.6%
lower than the CNT–-EP nanocomposite.

Additionally, the hybrid nanocomposites also demon-
strated outstanding improvements in mechanical perfor-
mance. This was due to the enhanced dispersion of the
nanofillers and the formation of 3D hybrid networks which
lead to the increased interfacial contact area between
the nanofillers and the matrix which promoted the load
transfer, stress concentration, and defect distribution. The
Young’s modulus, toughness, and lap shear strength of the
hybrid nanocomposites were reported to increase by 89,
113, and 98% over the neat EP.

Based on these studies, it can be concluded that the
implementation of CNT and GNP as hybrid nanofiller
reinforcement to improve the electrical conductivity of
composites is more effective than implementing CNT or
GNP alone. The presence of CNTs helps to bridge the GNP
platelets, thus preventing the restacking of the platelets.
Meanwhile, the presence of GNPs can help to uncurl and
align the CNT structures to their proper length. These two
mechanisms show the compatibility of CNT and GNP as
hybrid fillers to facilitate the configuration of the 3D con-
ductive networks which is exceptionally crucial for ease
and increased electrical conductivity.

Nevertheless, these studies also showed that the pre-
paration methods, as well as the contents and ratios of
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the nanofillers, greatly influenced the electrical conduc-
tivity performance of the nanocomposites. Thus, further
comprehensive research must still be carried out to find
out the relationship between these factors. Furthermore,
when regarding these nanocomposites for industrial appli-
cations in electronic sectors, an extensive analysis of the
effects of the hybrid fillers on other properties such as
thermal conductivity and mechanical performance must
also be conducted.

4.1 Strain sensing materials

In the electronic application for strain sensing materials
such as non-destructive testing materials, guided lamb
waves, optical fibers, capacitive pressure sensors, struc-
tural health monitoring, etc., the defects and failures are
detected through the analysis of the electrical fluctua-
tions in the nanofillers electrical percolation network.
These fluctuations are caused by the network distortion
that results from the strain or cracking of the repetitive
movements or applied pressure [54,89]. The strain applied
to the nanocomposite materials causes resistance in the
electron tunneling transport between the adjacent nano-
fillers. Additionally, the inherent piezoresistive behavior of
the nanofillers detects the rise in the electrical resistance
caused by the disruption of the electrical network [53–55].

The effectiveness of strain sensing application depends
greatly on the conductivity as well as the sensitivity of the
nanofillers network in the nanocomposite. The 2D planar
morphology of GNP provides a large interparticle distance
between the neighboring fillers, thus demonstrating greater
sensitivity to detect electrical resistance. CNT on the other
hand is higher in intrinsic electrical conductivity and able to
deliver better conductivity at a lower percolation threshold
[53,78,90–92]. Hence, hybridizing GNP and CNT can deliver
a strain sensing network of superior conductivity and sen-
sitivity. Nevertheless, apart from the compatibility of the
CNT/GNP hybrid, other factors including the dispersion
method, the nanofiller contents, and the nanofiller ratios
also substantially influence their sensing properties.

Sanchez-Romate et al. [53] studied the effect of employing
the hybrid GNP/CNT at ranging ratios and different disper-
sion methods on the behavior of the sensing aptitude of
the nanocomposites. The study demonstrated differences
in conductivity when different sonication times were
employed on the nanofillers. Here they discussed the effec-
tiveness of the sonication process in the nanofiller’s exfo-
liation depending on the viscosity of the medium. Hence,
at a higher nanofiller concentration, the viscosity of the

medium increases, thus a longer sonication time is needed
to achieve a good filler dispersion. However, at a lower
filler concentration, the viscosity of the medium decreased,
hence employing a similar sonication time would cause
damage to the nanofiller. The damage would lower the spe-
cific surface area of the nanofiller and also lead to a low-
ering of the composite’s conductivity.

Compared to GNP, the effect of the sonication times
showed more influence on CNTs. At lower CNT and GNP
contents (0.1 and 5 wt%), the viscosity of the mediumwas
lesser, thus, a 30 min sonication time of CNT resulted in
an excessive cavitation force that caused damage to CNT
and reduced its specific surface area. These led to an
increase in the percolation threshold of the hybrid net-
work. Regarding the sensing aptitude of the hybrid, an
increase in the percolation threshold led to an increase in
the interparticle distance and promoted a more dominant
tunneling effect, and improved the sensitivity of the
nanocomposites.

However, regardless of the dispersion methods and
the conductivity of the nanocomposites, their sensing
performance was influenced more by the nanofiller con-
tents and types. In the nanocomposites with a higher
GNP ratio, the electrical pathways were dominated by
the role of GNP. This resulted in a recurrent exponential
behavior of the electrical resistance with the applied
strain with recorded gauge factors (GFs) of the GNP/
CNT hybrid of 5 wt% GNP and 0.1 wt% CNT reaching
∼10. On the other hand, when the content of the CNT in
the hybrid was increased to 0.2 wt%, the formation of the
electrically conductive network was dominated by CNT.
Thus, a more linear response was observed due to the
higher frequency of the tunneling transport mechanism
of CNT, with GFs reaching ∼4 (Figure 7) [53].

Similar piezoresistive behavior of hybrid nanocom-
posite was also reported by Esmaeili et al. [67]. However,
in this study, only the CNT was introduced to the compo-
sites to induce electrical conductivity and piezoresistive
behavior, while NC was added to facilitate the dispersion
of CNT for better conductivity and to further improve the
fracture toughness of the nanocomposites. Although CNT
was the only nanofiller in this hybrid system with the
intrinsic aptitude for electrical conductivity, a consider-
able enhancement in the conductivity was observed com-
pared to the composites containing only CNT. This was
due to the enhanced dispersion of CNT in the presence of
NC which increased the number of electrical networks
formed.

The conductivity of the hybrid nanocomposites con-
taining 1 and 0.5 wt% of NC increased by 400 (0.05 S/m)
and 700% (0.08 S/m) over the CNT–EP. Correspondingly,
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the piezoresistive properties were improved in the hybrid
nanocomposites. The CNT–EP piezoresistive behavior was
dominated by the tunneling resistance of CNT. Meanwhile,
the enhancement of the conductivity network in the hybrid
EP also led to the loss of the electrical contacts between the
neighboring CNTs in addition to the CNT tunneling transport
mechanism. This resulted in the largely increased sensitivity
of the hybrid nanocomposite. Consequently, the sensitivity
of the hybrid nanocomposites improved by 30 and 13% at
ε ∼ 0.01 compared to the CNT–EP nanocomposite (1.53).

Furthermore, the mechanical performance of the EP
nanocomposites was also greatly enhanced by the imple-
mentation of the hybrid CNT/NC. The addition of NC
acted as a hurdle to prevent CNT agglomeration and
improved the dispersion of CNT in the EP matrix. This
subsequently led to improved interfacial bonding of the
nanofillers with the matrix. The synergistic effect of the
hybrid was well demonstrated in the improved fracture
toughness of the EP composites. The improved dispersion
of the hybrid in the matrix led to better crack deflection
and crack bridging. During crack deflection, the crack
front would split into micro cracks and be dispersed
around the nanofillers. This deflection resulted in further
dissipation of energy which required a higher amount of
energy for the cracks to propagate further.

The assessment of the mechanical properties of strain
sensing nanocomposites is especially important particu-
larly to ensure the longevity of the strain sensing appli-
cation. Strain sensing materials are subjected to constant
strain and pressure, thus developing a material that can
sustain stability and sensitivity through repetitive cycles
of mechanical stress is vital.

For instance, in a study conducted by Guo et al. [54],
they tested furfurylamine (FA)-functionalized dynamic cova-
lent bismaleimide (BMI) cross-linked poly (butylene seba-
cate-co-butylene fumarate) (PBSF) (PFB) nanocomposites

for three types of strain-sensing applications: a triboelectric
nanogenerator, a capacitive pressure sensor, and a flexible
keyboard. In this study, self-healing was one of the key
properties that should be possessed by the nanocomposites.
Thus, besides owing good electrical and piezoresistive prop-
erties, the nanocomposites must also have good mechanical
properties.

In this study, CNT, silver nanoflakes (AgNFs), and CB
were introduced into PFB as the hybrid nanofiller. 1D
CNTs acted as the backbone of the network, while the
2D AgNFs made the contact junction between the CNT
networks to prolong the conductivity path. CB on the
other hand filled the interspace of the AgNFs/CNTs mesh,
building a unique 3D nanofillers network for mechanical
support and electrical conductivity pathways. The nanofil-
lers-filled PFB composites (PFBC) showed better mechan-
ical properties compared to the neat PFB. The tensile
strength increased by 66.7% (∼5MPa), the maximum elon-
gation was retained at >350%, and after three recycles, the
conductivity and the toughness weremaintained at 100 S/m
and 10.1MJ/m3. After ∼3,000 consecutive cycles, the elec-
tronic materials preserved stable structural integrity and
sensing reliability performance.

From these summarized studies, it is evident that
CNT plays a major role in generating the electrical con-
ductivity and piezoresistive characteristics of thermoset
nanocomposites. However, it is also worth noting that the
presence of another nanofiller in the CNT-hybrid systems
considerably improve the reinforcement performance of
CNT. The enhancement in the nanofillers’ dispersion
when hybrids are implemented is the primary factor
that leads to these improvements with significant results
in lowering the percolation threshold and higher sensi-
tivity of the nanofillers network.

Although, as has already been discussed in previous
sections, and also demonstrated in these studies, the

Figure 7: Favorable conductive pathways with different GNP to CNT ratios: (a) low ratio GNP to CNT and (b) high ratio GNP to CNT [53].
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compatibility and synergistic interaction between hybrid
fillers are substantially determined by the elements such
as dispersion methods and parameters, nanofiller types
and characteristics, and their content and ratio. Based on
these studies, it could be gathered that by combining dif-
ferent types of nanofillers at certain contents and ratios and
employing varying dispersion methods, the desired 3D con-
ductive networks could be achieved, nonetheless at ranging
levels of performance. Thus, these aspects must be thor-
oughly studied to allow a comprehensive understanding
of the subject of hybrid nanofiller’s conductivity and the
strain-sensing ability for future applications.

4.2 Microwave absorption material

High-performance MAM is another growing development
of electronic applications in advanced polymeric mate-
rials due to the evolution in the use of EM wave commu-
nication and stealth technology such as in defense and
military. Besides, the progression of the performance of
other electronic applications also results in the increased
emission of EM pollution. MAMs are developed princi-
pally to resolve the problems of EM compatibility and
EM pollution by generating EM interference through the
conversion of the absorption energy of EM incident energy
into other forms like the heat of low intensity and low
return loss (RL). Lightweight materials, with broad band-
width below −10 dB, strong consumption capacities, and
tunable absorption frequency are among the desired
characteristics for the advanced applications of MAMs
[56,58,93–100].

The microwave absorption performance ofmaterial relies
significantly on the impedance matching condition of the
composites. To produce a good impedance matching, the
input impedance (Zin) and the corresponding attenuation con-
stant (α) must conspire accordingly [56,58,93,94,101,102].
When the impedance of a composite is closed to that of a
vacuum (377Ω), the EMwave can penetrate easily through
the materials. Subsequently, a high attenuation constant
leads to a good absorption performance of the permeated
wave [56]. Additionally, the impedancematching degree is
influenced by the complex permittivity; meanwhile, the
complex permittivity is determined by the dielectric and
EM properties of the composites which are significantly
regulated by the dispersion, content, and the networks
conformation of the nanofillers in the polymer matrix [56].

The study by Liu et al. [56] demonstrated the effect of
nanofillers’ dispersion, contents, and conductive network
distributions on the EM absorption performance of the

hybrid nanofillers. In this study, they created a porous
structure of EP composites reinforced with GO–CNTs
hybrid for microwave absorbers application. The porous
layout of the composites reduced the density of the
materials and improved the absorption performance by
increasing the multi-reflecting and scattering numbers.
Solid CNT–EP composites and porous CNT–EP compo-
sites of similar contents as hybrid composites were also
prepared for comparison.

The solid composites should have a better perfor-
mance compared to the porous composites due to the
low number of effective CNTs in the porous structure to
build the conductive networks. However, it is worth
noting that at similar nanofillers’ content (3.0 wt%), the
hybrid GO–CNT foam structure achieved comparable values
of the real (ε') and imaginary (ε'') permittivity (55 and 81) to
the solid CNT–EP composites (54 and 84). On the other
hand, the ε' and ε'' values of CNT–EP foam were consider-
ably lower (38 and 40) at a similar concentration.

These improvements were due to the addition of GO
to CNT which improved the nanofillers’ dispersion and
overcame the problem of poor CNT conductive networks
in porous materials. The conductivity of the hybrid nano-
composites also improved up to 71.4% (18 S/m). These
improvements led to a considerable performance of the
RL which attained a value of −20 dB with a −10 dB range
of 5.3 GHz (10.8–16.1 GHz). To enhance the absorption
potential further, multi-layered structures of the impe-
dance layer and absorption layer were created. A 2 mm
thick foam structure of 0.5 wt% GO−CNTs/EP was com-
bined with 1 mm thick 2.0 wt% GO−CNTs/EP to produce a
MAM with an RL value of −40 dB with a −10 dB range of
7.1 GHz (9.9–17 GHz).

Nanofillers such as CB, CNT, and graphene [94,103–106]
possess novel dielectric loss characteristics and can lead to
a substantial leap in RL values. Nevertheless, incorpor-
ating a single component of these fillers can only yield a
limited extent of improvement in the absorption properties
of the nanocomposites. This is due to the impedance mis-
match that usually results from the improper conductivity
within the interface of air/absorbers and the single loss
mechanism which restricts their upper limit of RL values.
According to Maxwell–Wagner–Sillars theory, hybrid
components have improved interface polarization due to
the induced charges at the interfaces of the components
under applied alternative EM field, hence producing a
material with better dielectric loss [57,107]. Thus, several
studies have reported the hybridization of carbonaceous
nanofillers with magnetic nanofillers such as metallic iron
(Fe), hexagonal and spinel ferrites, nickel (Ni) [95,108],
etc., could enhance the microwave absorption properties.
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For instance, the study by Zhang et al. [57] showed
the synergistic effect of adding RGO sheets to the conduc-
tive microsphere of PANS@PANI@Ag to enhance the
microwave absorption properties of EP nanocomposites.
Initially, Ag nanoparticles were attached to the hollow
double-shell of poly(acrylonitrile) microspheres@polya-
niline (PANS@PANI@Ag) (Figure 8). The addition of the
Ag layer led to a considerable increase in the hybrid
structure conductivity due to the PANI network being
already electrically conductive. This resulted in a very
high conductivity that produces an eddy current on the
surface and causes the incident microwave to reflect
rather than enter the materials. This creates an impe-
dance mismatch and weakens the performance of the
microwave absorption of the nanocomposites.

The addition of RGO to the PANS@PANI@Ag struc-
ture further enhanced the conductivity of the nanofillers
network (Figure 9). However, the inherent dielectric proper-
ties of RGO, as well as its remaining defects and residual
groups, contributed to defect dipole polarization, interfacial
polarization, and appropriate conductive loss proposed by

the Maxwell–Wagner–Sillars theory. These led to better
impedance matching with ∼90% attenuation of incident
microwave energy of the hybrid nanocomposites. An optimal
RL of −44.9 dB at 9.16 GHz with corresponding effective
bandwidth of ∼2GHz was achieved by the EP composites
filled with 1wt% RGO and 1wt% PANS@PANI@Ag.

A similar author has also conducted a study on the
microwave absorption properties of EP composites rein-
forced with (Ni) and RGO [58] (Figure 10). In this hybrid
system, the improvement of the absorption performance
of the composites was achieved through several mechan-
isms. First, the decoration of hollow microspheres Ni
shell on the surface of RGO helped to produce a uniform
distribution of RGO inside the EP matrix (Figure 11). This
then resulted in the formation of an effective RGO con-
ductive network. Second, the magnetic properties of Ni led
to an enhanced magnetic loss and restrained the formation
of eddy current which came from the high conductivity of
RGO networks. Additionally, the dielectric properties of RGO
and the defects and residual groups of RGO further contrib-
uted to the dielectric loss. Ultimately, the combination of the

Figure 8: Synthetic way of the production of PANS@PANI@Ag hybrids [57].

Figure 9: The illustrative of the microwave absorption system of RGO–PANS@PANI@Ag/EP composites [57].
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different fillers created an enhanced interfacial polarization
which then improved the impedance matching and resulted
in a higher attenuation constant for a better absorption per-
formance. A minimum reflection loss of −33.1 dB at 4.4 GHz
was achieved at thematching thickness of 4.9mmwhen 1wt%
of RGO and 10wt% of hollow Ni were incorporated.

The reviewed studies show the significance of employing
hybrid nanofiller systems to achieve satisfactory microwave
absorption properties of nanocomposites. Despite a high
intrinsic electrical conductivity and dielectric properties of a
nanofiller, many other factors such as nanofiller dispersion,
impedance matching, attenuation constant, interfacial polar-
ization, etc., require the incorporation of other compatible
fillers to attain the desired absorption properties. Similar to
strain-sensing properties, microwave absorption properties
involve a complemental relationship of excellent electrical
conductivity with appropriate impedance matching. Hence,
finding a suitable complementary nanofiller is vital in
designing this hybrid system.

Tables 3 and 4 summarize the properties of the
hybrid nanocomposites for the electronic applications
that have been discussed in this section. It can be con-
cluded that hybridizing nanofillers of appropriate types,
ratios, and intrinsic properties can produce a better per-
formance of varying properties for polymeric applications
in electronic sectors.

5 Hybrid nanofiller in thermal
management applications

The development in electronic applications such as greater
speed, portable size, lighter, higher power circuit, higher
voltage EM environment, etc., leads to the accumulation of
heat flux that is destructive to the operation and integrity
of the materials. Hence, to guarantee the longevity of their

Figure 10: The synthetic route of the development of hollow Ni-modified RGO composites [58].

Figure 11: The illustrative diagram of the microwave absorption system of hollow Ni-modified RGO composites [58].
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performance, a superior thermal management system must
be considered and implanted.

Carbon-based nanofillers such as CNT and graphene,
metal nitrides such as BN, aluminum nitride (AlN), and
silicon carbide, metal oxides such as aluminum oxide
(Al2O3), magnesium oxide (MgO), and organo-montmor-
illonite, andmetallic fillers such as Ag, copper (Cu), and Al
are among the fillers that possess superior thermal con-
ductivity [11,47,48,66–69,71,73,108]. Besides, these fillers
also have excellent mechanical strength, thus, hybridizing
these fillers not only produces a material with superior
thermal conductivity but it is also equipped with durable
mechanical properties for a long-lasting application.

The specific surface area of a nanofiller is one of the
important factors in a composite material that affects the
chemical and physical aspects of the composite. A higher
specific surface area means a higher interfacial interac-
tion per unit volume with the polymer matrix [47]. During
thermal conduction, a good nanofiller distribution pro-
vides sufficient interfacial contact between the filler and
the matrix for efficient heat dissipation and prevents the
occurrence of heat flux on the surface of the composite.
Nanofiller’s agglomeration reduces their specific surface
area, hence providing insufficient contact to interact with
the matrix.

Combining compatible hybrid nanofillers have been
numerously reported to facilitate a homogenous dis-
persion of the nanofillers, thus resulting in a hybrid
structure with a higher specific surface area. A study
conducted by Zhang et al. [47] has shown that when
GNPs were hybridized with ND, the presence of ND pro-
moted the exfoliation of GNPs, resulting in good dis-
persion of the hybrid ND@GNPs in the EP matrix. The
specific surface area of the hybrid structure increased to
58.6 m2/g, which was a 69.9% improvement from the
exfoliated GNPs structure.

Additionally, a homogenous nanofiller dispersion is
also vital in building an effective conductive network for
phonon transfer. After the heat is transferred from the
matrix to the filler, a good conductive network provides
a consistent pathway for phonon transfer and increases
the thermal conductivity of the nanocomposite. In this study,
they reported an enhancement of 1,205% (2.48W/mK) of
the thermal conductivity of EP nanocomposites when incor-
porated with the hybrid GNP and ND. During the surface
temperature variation over time test, the EP nanocomposites
containing hybrid ND@GNPs heated the quickest with a tem-
perature close to 90°C after just 100 s. These results indicated
the superiority of the thermal conductivity properties of the
hybrid network due to their homogenous distribution inside
the polymer matrix.Ta
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Furthermore, the uniform hybrid nanofiller disper-
sion and the network conformation also contributed to
enhanced mechanical properties of the nanocomposites.
The 3D nanofiller formation and substantial interfacial
contact between the nanofillers and the matrix restricted
the polymer chain motion. This event resulted in an
improvement of the nanocomposite’s potential to store
elastic energy and dampening ability. The dynamic sto-
rage modulus of the ND@GNP composites increased to
5.6 GPa, which was a ∼143.5% increment over the neat
EP. Furthermore, the glass transition temperature (Tg) of
the hybrid nanocomposites also increased with the filler
loading, indicating the thermal stability of the composites.

The study conducted by Ribeiro et al. [109] was
another example of the effectiveness of a hybrid nano-
filler to induce superior thermal conductivity. In this
study, they employed the hybrid of hexagonal boron
nitride (h-BN) and GO in the polyurethane (PU) nano-
composite. The presence of h-BN assisted in better exfo-
liation of GO nanosheets and resulted in an increase in
the nanosheets’ specific surface area for better interfacial
contact with the PUmatrix. Additionally, the GO nanosheets
also possess strong oxygen functional groups on their sur-
face that also contributed to an enhanced interaction with
the matrix. This led to a considerable amplification in heat
transfer from thematrix to the conductive filler. On the other
hand, the interaction between the hybrid fillers resulted in
the formation of 2D structural units that provided a pathway
for better phonon propagation.

The hybrid PU nanocomposite recorded an improve-
ment of ∼1,450% (1.7 W/m K) of thermal conductivity over
the neat PU nanocomposites. Furthermore, consistent with
the previously reviewed study, the improved fillers disper-
sion and interfacial interaction with the host polymer also
resulted in significant augmentation of themechanical prop-
erties of the composites. The tensile strength and Young’s
modulus of the hybrid PU composites improved by 85
(98MPa) and 140% (73MPa) compared to the neat PU.

Despite the applicability of hybrids in delivering
good filler dispersion and unique nanofiller reinforce-
ment structure in the composites, the ratio of the hybrid
is still one of the crucial elements to be considered in

determining the synergy of the hybrids. Particularly, con-
sidering the variation in their types, dimensions, and
sizes, the ratio of the hybrids can significantly affect the
interaction and compatibility of the hybrid fillers which
ultimately influence the thermal conductivity performance
of the hybrid and the end properties of the nanocomposites.

Zhang et al. [74] investigated four different ratios of
the hybrids RGO and AgNWs (RGO:AgNWs, 1:1, 1:2, 1:3,
and 1:4) in EP nanocomposites. They found that at low
AgNW content (1:1), RGO sheets were not fully exfoliated
due to the low number of AgNWs. Meanwhile, at higher
AgNW content (1:3 and 1:4), RGO sheets were insufficient
to cover the nanowires which resulted in holes and also
agglomerations. However, at the ratio of 1:2, the contents
of RGO and AgNWs were appropriate to produce the
synergy between the two fillers where RGO sheets could
be completely inserted into the gaps of Ag nanowires.
Additionally, the presence of AgNws also prevented the
graphene sheets from restacking and produced well-exfo-
liated RGO sheets. Thus, it can be simplified that the RGO
sheets bridged the gaps between the silver wires; mean-
while, Ag wires linked the RGO sheets and prevented
their π–π stacking, establishing a succeeding 3D hybrid
conductive network (Figure 4).

Besides the filler’s ratios, the contents of the fillers
also play a major function in determining the reinforce-
ment performance of the hybrid fillers. Even at an appro-
priate hybrid ratio, low content of the hybrid can result
in inadequate reinforcement, while, at high content of
the hybrid, agglomerations still can occur which can be
detrimental to the properties of the nanocomposites.
Regarding thermal conductivity, a successive 3D nanofiller
phonon conductive pathway must be built to ensure sys-
tematic phonon propagation. Hence, appropriate filler
content must be used to form this unbroken filler network.

In this study, they showed that at a 1:2 RGO@AgNWs
ratio, the best results of thermal and electrical conduc-
tivity were produced at 0.6 wt% of filler content. Owing to
the good dispersion of the hybrid fillers, a consecutive 3D
conductive structure could be achieved at the content of a
low filler. On the other hand, increasing the content
resulted in unused nanofillers which led to the fillers’

Table 4: Microwave absorption properties of hybrid nanocomposites

Matrix Hybrid Real part (ε′)
permittivity

Imaginary part (ε″)
permittivity

Conductivity
(S/m)

Attenuation
constant (1/m)

Reflection
loss (dB)

Reference

EP GO/CNT 55 81 18 800 −15 to −40 [56]
EP Ag/RGO 26.4 12 Not stated 600 −18.9 to −44.9 [57]
EP Ni/RGO 15 3.4 Not stated 210 −23 to −33.1 [58]
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agglomerations. The hybrid RGO@AgNWs EP nanocom-
posite recorded a 66.7% improvement in the thermal con-
ductivity (0.30W/mK) over the neat EP and reduced the
electrical resistivity of the composites by ∼9 orders of
magnitude (4.8 × 108Ω). The storage modulus and Tg of
the composites also increased up to 15.3% (2,831 MPa)
and 4% (126°C), respectively, due to the physical confine-
ment effect of the hybrid nanostructure in the matrix.

In some applications such as TIMs and electronic
packaging, the materials need to have an outstanding
thermal conductivity while also having an excellent insu-
lating property [48,71,110–114]. Nanofillers like carbonac-
eous fillers, metals, and ceramic fillers often are thermally
and also electrically conductive [47,59,71,111,115]. Hence,
certain measures must be considered while engineering
these materials to achieve the required properties.

One of the methods that can be employed is by hybri-
dizing a thermally conductive filler with an electrically
insulative filler such as h-BN andMoS2. However, this can
lead to a considerable reduction in thermal conductivity
since electrically insulative fillers might also have low
thermal conductive properties. Nevertheless, the nano-
composites’ thermal conductivity can still be preserved
providing that the hybrid system has good dispersion in
the host polymer.

For instance, Zhang et al., [71] utilized ND with h-BN
in EP nanocomposites. ND possesses a superior intrinsic
thermal conductivity of 2,000W/mK and can induce
great conductivity properties in the insulative EP matrix.
h-BN, on the other hand, only possesses 125W/mK thermal
conductivity. However, their study reported a paramount
increase of 210% (0.54W/mK) over the neat EP, which
was 70% higher than the conductivity of the nanocompo-
sites loaded with only h-BN at a similar concentration
(29wt%).

This outstanding increment was due to the good dis-
persion of the hybrid structure owing to their synergistic
interaction. The attached ND on the h-BN surfaces hin-
dered the agglomeration of the nanosheets and built an
efficient 3D conductive network. The high conductivity of
ND led to superior dissipation of heat flow; meanwhile,
the homogenous distribution of h-BN helped to accel-
erate the heat propagation further, resulting in excellent
thermal conductivity of the composite.

Furthermore, the uniform distribution of the hybrid
fillers increased the interfacial adhesion of the nanofiller
network with the matrix. This provided a sufficient inter-
facial contact between ND with the matrix to lend a crack
pinning role when the polymer was subjected to an
external force, resulting in augmented mechanical prop-
erties of the nanocomposite. The storage modulus of the

hybrid ND/h-BN EP nanocomposite increased up to 65%
(3700.21MPa), while the Tg increased from 115.94–167.07°C,
respectively, due to the restriction of polymer chainmobility
by the hybrid 3D network.

Interestingly, in a study conducted by Ribeiro et al.
[48], they reported a considerable enhancement of 752%
in thermal conductivity (1.02W/m K) of PU nanocompo-
sites when only h-BN was used as nanofiller to induce the
thermal conductivity in the nanocomposite, and MoS2
was utilized together as lubricative nanofiller to facilitate
a homogenous distribution of h-BN. Though it was estab-
lished that the thermal conductivity of h-BN is not as high
as other nanofillers such as graphene, ND, AgNWs, etc., it
can be presumed that a moderate conductive filler can
still result in outstanding conductivity when homoge-
neously dispersed.

Mechanical properties of the hybrid nanocomposites
were also significantly improved due to the good disper-
sion of the hybrid filler which led to appropriate interfa-
cial interaction between the filler network and the matrix.
The crosslinking density, storage modulus, and failure
strain at break, improved by 102, 106, and 10% over the
neat PU (0.0061 mol/cm3, 13.89 Pa, 304%), respectively.
Correspondingly, the brittleness of the hybrid composites
was also reduced by 60% compared to the pure PU
(0.025 Pa).

Meanwhile, in another study, they described a “zig-
zag” effect of the combination of thermally conductive
filler with electrically insulative filler to produce a hybrid
system with thermal conductivity and electrical insu-
lating properties. In this study, Wu et al. [59] used the
hybrid of Ag nanoparticles with BN in EP nanocompo-
sites. The insulative properties of BN served as insulation
blocks that restricted the formation of conductive chan-
nels by Ag nanoparticles. The hybrid Ag/BN EP nanocom-
posites maintained their insulation properties within the
range of insulating materials (10−12–10−15 S/cm), with low
permittivity (∼4.7–5.5) and dielectric loss (<0.2).

Simultaneously, the thermal conductivity of the hybrid
composites increased considerably from the synergistic
effect of Ag nanoparticles and BN. The nanoparticles
were grown on the surface of BN sheets and facilitated
the restacking of the nanosheets to produce a hybrid net-
work with uniform dispersion. In terms of thermal pathway
structure, BN nanosheets acted as the leading passage for
phonon transfers. On the other hand, the Ag nanoparticles
on the surface of the nanosheets filled the gaps of the
nanosheets and served as the “thermal bridges” for the
inter-filler thermal network. This inter-filler network low-
ered the contact resistance during the phonon transfer for
better thermal conductivity. Hence, the substantial increase
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in the thermal conductivity of the hybrid composites achieved
an increment of 1,089% (2.14W/mK).

Similarly, in a study conducted by Yang et al. [11], the
presence of SiO2 in the hybrid also contained Ag nano-
wires and GNPs (AgNWs@SiO2&GNPs) in EP nanocompo-
site served as insulation links to break the electrically
conductive channels of GNPs and AgNWs to retain the
insulation properties of the composites. The interaction
between graphene and silver could lead to a considerably
high electrical conductivity; however, the coating of silica
on the surface of AgNWs blocked the direct contact between
the nanowires and nanosheets, hence hindering the elec-
tron transfer of this network, producing a hybrid nano-
composite material with low electrical conductivity of
1 × 10−5 S/cm.

The thermal conductivity on the other hand intensified
greatly by the synergistic effect of these three nanofillers.
The coating of SiO2 onto the surface of AgNWs promoted a
better dispersion of the nanofillers. Additionally, the pre-
sence of oxygenic groups on SiO2 led to a decrease in the
interfacial energy and an enhanced interaction with the
host polymer. These also resulted in the better intercon-
nection of GNPs with AgNWs@SiO2 due to similar surface
energy and the interaction of oxygenic groups on both
surfaces. GNPs bridged the networks of AgNWs@SiO2

by forming short and stiff covalent bonds between the
silicone hydroxyl groups on the surface of AgNWs and
the oxygenic groups on the plane surface of GNPs to pro-
duce an interminable conductive network. The thermal
conductivity of the hybrid composites increased by 474%
(1.0902W/mK) from the neat EP, with a low electrical
conductivity of 1 × 10−5 S/cm.

All of the discussed studies have greatly demon-
strated the significance of employing hybrid nanofillers
to produce better thermal conductivity properties of the
thermoset composites. Moreover, the synergistic interac-
tion of the hybrids also augments other aspects of the
attributes of the nanocomposites including their mechan-
ical properties which are very important considering the
prospective applications of these nanocomposites.

To summarize the understandings gathered from the
reviewed studies, it thus concluded that the key principle
that produced the immense increment in the thermal con-
ductivity in the hybrid nanocomposites was the improved
dispersion of the nanofillers. A homogenous dispersion of
these fillers increased their specific surface area and pro-
vided them with ample interfacial contact area with the
host matrix for better heat dissipation, stress transfer,
crack pinning, etc. Second, the compatibility of the hybrid
fillers at an appropriate ratio and content also resulted in
superior interaction of the fillers that built the 2D and 3D

continuous conductive network that was not only impor-
tant for the heat transfer but also to reinforce the polymer
with mechanical strength.

Also, the studies have established that using a mod-
erate conductive filler could still result in satisfactory
thermal conductivity due to the homogenous dispersion
of the hybrid fillers. This allows the designing of hybrid
systems with thermal conductivity and electrical insula-
tive properties which can be very important in thermal
interface materials such as electronic packaging.

Nonetheless, despite the encouraging results, further
studies should still be carried out to further understand
the hybrid synergy for better reinforcement application.
Studies should also explore more the nanofiller disper-
sion method and nanocomposite preparation besides the
filler ratio and content. Table 5 summarizes the properties
of the nanocomposite for thermal management applica-
tions. From these published studies, it can be gathered that
certain properties desired for these applications could be
tailored by hybridizing different types of nanofillers of dif-
ferent characteristics. By selecting suitable nanofillers hybrid,
and ranging their content and ratio, the characteristics
required can be tuned to adjust to their needs.

6 Hybrid nanofiller in the barrier
and tribological application
performance

Diverse environmental and harsh working conditions
expose steel surfaces and metal substrates to the permea-
tion of aggressive species which can speed the process of
metal corrosion. Hence, polymer coating and laminate
films are designed as barriers to protect these substrates
and ensure their durability. However, neat polymers such
as EP often has low wear and chemical resistance due to
their inferior mechanical strength such as low surface
fraction energy and high brittleness [34].

Nanofillers such asmetal oxides, NC, inorganic nanopar-
ticles, and carbon-based nanomaterials are often incorpo-
rated into polymers to increase their mechanical, chemical,
and tribological properties. These are due to their high che-
mical resistance and stability, excellent thermal property,
outstanding tribological performance, low shear strength,
high surface adhesion, etc. [34–38]. Graphene, for instance,
possesses lower surface energy and can increase the compo-
site’s hydrophobicity [35]. The inclusion of these nanofillers
provides the polymer with a physical barrier that improves
the mechanical and wear performance of the composites
(Figure 12).
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Nonetheless, homogenous fillers distribution in the
polymer matrix must be attained to accomplish a func-
tional barrier with an extended diffusion protection path
from the external environment. Besides, the nanofillers
must also be incorporated in large doses to provide ade-
quate protection. The problem that usually arises with
large nanofiller contents is nanofiller agglomerations.
Thus, incorporating hybrid nanofillers is one of the effec-
tive methods to provide a homogenous nanofillers distri-
bution for enhanced nanocomposite properties.

The synergetic interaction between different fillers at
working content and ratio can construct a well 2D/3D
network barrier with sufficient defense properties even
at lower dosages. The combination of appropriate nano-
fillers of complementing properties on the other hand can
result in the reduction or elimination of undesirable
properties, i.e., high electrical conductivity can promote
galvanic corrosion on defects on a long-time scale.

Additionally, nanofillers can also undergo surface mod-
ification to adopt new functionalities to the fillers such as
hydrophobicity. A hydrophobic surface endows the coating
with stronger impermeability characteristics to delay the sub-
strate corrosion. Wu et al. [35] subjected RGO to different
levels of fluorinated graphene oxide (FrGO) (low, moderate,
and high) and found that graphene with the highest level
of fluorine exhibited stronger inhibition properties initially.
Nevertheless, the increase in RGO hydrophobicity made it
difficult to achieve a homogenous filler dispersion. Thus,
after 30 days of immersion, the RGO with lower levels of
fluorination produced a better anti-corrosion performance.

They then hybridized FrGO with CeO2 to improve the
dispersion of the nanofillers. The decoration of CeO2 on
the surface of FrGO facilitated the dispersion of graphene
nanosheets and increased the specific surface area of the
hybrid networks for better interaction with the EP matrix.
The uniform hybrid nanofillers distribution promoted the
formation of a denser barrier network that can fill the
micropores on the EP surface, increasing the impene-
trability property of the composites for better corrosion
performance. Moreover, CeO2 possesses a cathodic inhi-
bitor behavior that could absorb the surface of the steel
and form a kind of passive layer to further block the
penetration of the corrosive molecules (Figure 12).

It is also worth noting that the decoration of CeO2 on
the nanosheets’ surface depended on the level of the RGO
fluorination. The high content of fluorine caused a low-
ering in the surface energy and reduction in the active sites
for the insertion of CeO2. Hence, the best anti-corrosion
performance was produced by the hybrid of low FrGO
and CeO2 EP nanocomposite due to the optimal anticorro-
sion collaborative effect and synergy of the hybrid fillers.Ta
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After 30 days of electrolyte immersion, the impedance
modulus (|Z|0.01Hz) of the hybrid coatings is still preserved
at 108Ω cm2, and charge transfer resistance (Rct) is main-
tained at 2.44 × 108Ω cm2, indicating remarkable corrosion
resistance of the composites.

In another study [60], the incorporation of insulative
filler in a hybrid system could endow the nanocomposite
with self-healing properties. Ye et al. hybridized graphene
and tetraaniline (TA) grafted POSS (POSS-TA) to reinforce
the barrier properties of EP nanocomposite coating. TA pos-
sesses a good electroactivity and hybridizing it with gra-
phene produced a hybrid system that endowed the nano-
composite with well-insulating and self-healing properties.
The modification of POSS-TA onto the graphene layers
improved the dispersion of graphene, which resulted in a
continuously impenetrable barrier for better inhibition of the
diffusion of aggressive molecules. Simultaneously, POSS-TA
layers were also evenly distributed on the graphene layers,
forming a highly interactive resistance network.

During a shielding effect, the hybrid protective layerwould
block the penetration of corrosive particles. Concurrently, the
electroactive POSS-TA would bind the present electrons
and change them from a reduced state to an intermediate
oxidation state. Meanwhile, the oxygen would oxidize the
iron ions to ferroferric oxide and iron oxide and build a
passive layer on the substrate. Additionally, the reduced
POSS-TA could also be oxidized onto the intermediate
oxidation state and released two electrons which further
promoted the generation of the passive layer. The rebound
values of |Z|0.01Hz (2.13 × 109 to 2.76 × 109Ω cm2) were
recorded for the hybrid nanocomposite coating with immer-
sion from 80–100 days which indicated the efficiency of the
hybrid for self-healing ability.

Other than the corrosion resistance properties, the fric-
tion and wear rate of the composite materials are also the
major factors to guarantee the integrity of their protective
performance. A nanocomposite material with good mechan-
ical properties can endure stress under friction and does not
wear easily which makes it extremely practical for long-term
uses. Nanofiller such as graphene are often used owing to
their high intrinsic mechanical properties. Nevertheless, it
has been constantly reported that graphene platelets agglom-
erate at high filler loadings. Furthermore, due to the hardness
of the surfaces, high contact forces, and accumulation of heat
flux can occur during the sliding/rolling which can be dama-
ging to the material.

Hybridizing graphene with softer material such as
MoS2 can provide lubrication to the hybrid system and
produce an easier rubbing process. In a study conducted
by Upadhyay and Kumar [36] employing this hybrid for
EP nanocomposite, they recounted that in this hybrid
system, graphene nanosheets were situated aligned to
the sliding direction, while MoS2 was interspersed between
the graphene sheets. During sliding, due to the low adhe-
sion bonding between the layers, the nanofillers on the top
surfaces detached and filled the vacant surfaces of the
composites, forming a tribo-layer film to minimize the
adhesion forces (Figure 13). In addition, the presence of
graphene also restricted the interaction of MoS2 with the
external surrounding at high humidity (Figure 14). MoS2
undergoes oxidation when the water content is high which
could significantly reduce its lubrication ability.

Furthermore, the significance of the hybrid ratio and
content to ensure the effectiveness of the hybrid performance
were also discussed in this study. First, the hybrid nanofillers
were combined at an equal ratio (50:50) due to their different

Figure 12: Schematic of nanofiller physical barrier mechanism to prevent the permeation of corrosive agents [35]. (a) pure waterborne epoxy
coating, (b) composite coatings - (b1)FrGO; (b2) FrGO@CeO2.
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properties. Adding a higher ratio of graphene could cause
unnecessary high brittleness to the composites due to the
hardness of the nanofiller. On the other hand, adding a
higher ratio of MoS2 could induce the cumulation of harmful
oxides.When an equivalent portion was used, these opposite
characteristics could balance each other to produce a coac-
tive and synergistic effect for more efficient performance.
Thus, under different humidity levels, loads, and sliding
cycles, the hybrid composites retained a low coefficient of
friction (COF) and wear rate ranging between 0.0019 and
0.01 and 1.0 and 1.48 × 10−7mm3/Nm, respectively.

Another study carried out by Chen et al. [33] also
employed the use of hard nanofillers (CNT and GO) and
soft nanofillers (MoS2). Similarly, they found out that the
use of this type of hybrid system was very effective to
enhance the friction and wear properties of the polymer
nanocomposites. CNT and GO possess very high mechan-
ical strength and provided robust stress transfer proper-
ties of loading during sliding and friction. Meanwhile,
MoS2 with its self-lubricating effect minimized the friction
and allowed the process to run smoother. Additionally,
the presence of each nanofiller helped to uniformly dis-
perse the nanofillers inside the EP matrix, thus adding to
the synergistic effect of these fillers.

During the friction and wear process, the hybrid
EP–CNTs/GO/MoS2 nanocomposite produced smaller debris
compared to neat EP, EP–CNTs/GO, and EP–CNTs/MoS2
nanocomposites due to the improved tribological perfor-
mance. This debris could be transformed onto transfer films
and lodged into the grooves of the worn surfaces and pro-
tected the composites from direct contact with the steel ball,
reducing the friction force and enhancing the wear resis-
tance (Figure 15). The COF and wear rate of the hybrid
composites were reduced by 90 (0.042) and 95% (3.44 ×
10−5mm3/Nm), respectively, compared to the pure EP.

Additionally, the thermal properties of the EP–CNTs/
GO/MoS2 nanocomposite indicated satisfactory thermally
stable properties. Its thermal decomposition temperature
at 5% mass loss was 304.2°C, which was 12.9% higher
than the neat EP. Meanwhile, its residual weight fraction

Figure 13: Illustrative diagram and system of functional graphene in
the structure of tribo-film on the surface of ternary composites [36].

Figure 14: (a) Wear mechanism of EP, MoS2/EP composites, and graphene/MoS2/EP composites and (b) adsorption system of water
molecules on the composite surfaces under distinct humidity environments [36].
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at 500°C retained a value of 16.8 wt%, which was con-
siderably bigger than the neat EP (3.8 wt%). These sig-
nificant improvements were due to the good dispersion of
the hybrid system, which acted as a physical barrier that
prevented the transfer of the decomposed products out of
the nanocomposite. During a friction and wear process,
heat is generated that can soften the composite material.
Thus, having thermally stable properties can ensure the
durability of the nanocomposite.

Another excellent tribo-layer performance of hybrid
nanofillers interaction was reported by Yan et al. [34].
Herein the hybrid of titanium carbide (Ti3C2) and gra-
phene was used to construct wrapping nanofiller struc-
ture by bridging the effect of polydopamine (PDA) (Figure
16) to enhance the tribological properties of EP coating.
The upper layer of graphene acted as the primary barrier
and lubrication network, while the second layer of Ti3C2
functioned as the supplementary layer that provided
further defense and auxiliary support after graphene is
expended. This multi-layered structure is performed as
compensating lubrication system to prevent rapid con-
sumption of lubricant and guarantee a durable and long-
lasting performance of the coating. The COF and wear rate
of the hybrid composites significantly decreased by ∼11
(0.50) and ∼88% (1.18 × 10−4 mm3/Nm) compared to
pure EP. |Z|0.01Hz of the hybrid after friction decreased
only by 11.01% (1.90 × 109Ω cm2) compared to the initial
|Z|0.01Hz, which was ∼8 times lower than the reduction in
the pure EP, indicating the upheld integrity of the
hybrid and the sturdiness of the wrapping structure to
shorten the composites diffusion path.

Table 6 summarizes the properties of the nanocom-
posite for application in barrier protection. In summary,
the diverging characteristics of different nanofiller types
play significant roles to produce complementary effects
which work collaboratively to yield high-performance tri-
bological properties of polymer composites. Many forms
of hybrids can be designed to explore their interactions

Figure 15: The mechanism of hybrid nanofillers lubricating layer to transform to transfer films [33]. (a) pure EP; (b) EP-CNTs/GO/MoS2.

Figure 16: The graphic diagram of the assembly method of the
wrapping structure of Ti3C2/graphene hybrid [34].
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and properties to tune them to the performance needed
for the applications.

7 Hybrid nanofiller in hydrogen
storage materials

Hydrogen possesses large chemical energy (∼143 MJ/kg),
which was about three times greater than the energy den-
sity of petroleum and thus, has been considered the
leading-edge energy carrier in the applications such as
mobile and stationary power sources [61,63,116]. Its broad
availability and non-toxicity make it a fitting prospect for
feasible clean energy sources and green technology that
can substitute the consumption of non-renewable fossil
fuels [61].

The storage of hydrogen gas can be either through
chemisorption in hydrides or physisorption in porous
materials with high surface areas [61,63]. Moderate sorp-
tion and desorption temperature, swift kinetic and volu-
metric hydrogen mass, as well as satisfactory reversibility,
are among the qualities needed for this application [62,117].
Nanoparticles from carbon-basedmaterials, metal hydrides,
and transitionmetals have been studied on their capacity to
bind and store hydrogen gas [61,62]. Oftentimes, these
particles are confined in polymer matrices, e.g., PANI
and polyetherimide (PEI) which act as a selective barrier
that regulates the sorption and desorption cycles by these
fillers [61,63,118]. However, regardless of the potential
held by these hybrid nanocomposites, the studies utilizing
their effects are still scarce.

Carbon-based materials such as graphene sheets are
one of the materials that can be incorporated into the
polymer matrix to facilitate hydrogen binding and reten-
tion [61,119]. However, at ambient temperatures, the
binding energy between graphene sheets and hydrogen
weakens which causes a lowering in the storage capacity
of this nanofiller [61,119]. Chemical and structural mod-
ifications are one of the approaches that can be imple-
mented to address this drawback. One of the instances is
the decoration of transition metals such as palladium
(Pd), platinum (Pt), and titanium (Ti) on the surface of
graphene [61,120]. These metals possess high hydrogen
adsorption efficacy and also a high catalytic activity that
can act as catalysts for hydrogen conversion. The combi-
nation of these metals with carbon-based nanofillers can
lead to a synergistic performance to further enhance the
hydrogen storage of the hybrid fillers [61,120].

Nevertheless, direct doping of these metals on the
carbonaceous nanofillers has been reported to causeTa
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agglomerations which lowered the amount of the active
sites for hydrogen adsorption [61]. Thus, a supporting
material must also be incorporated to assist the disper-
sion of these metals to establish the synergistic effect
between the hybrid metal and the carbonaceous filler
for improved hydrogen storage capacities.

In a study by Bajestani, Yurum, and Yurum [61],
Al2O3 was employed to facilitate the dispersion of Pd.
First, the hybrid of Al2O3/Pd was synthesized by adding
palladium chloride into the dispersion of Al2O3. This
hybrid was then added to the RGO solution to form Pd/
Al2O3-decorated graphene sheets. The combination of the
lower and higher energy of Pd, Al2O3, and oxygen in RGO
led to the synergistic interaction between the hybrid
structure that formed a homogenous filler distribution
(Figure 17).

Furthermore, their results showed that the particle
size of Al2O3 also played a significant role in determining
the synergy and efficiency of the hybrid. The smaller size
of Al2O3 led to a higher decrease in the Brunauer-Emmett-
Teller surface area and total pore volume, indicating a
better distribution of Pd/Al2O3 hybrid on the spaces of
graphene sheets. This led to an improvement of 82% of
the hydrogen uptake (0.31 wt%) compared to the uptake
presented by the pristine RGO (0.17 wt%). This improve-
ment was also complemented by the increase in the slope
of isotherms in the intermediate and high-pressure

regimes which showed the activation of a spillover pro-
cess. In this process, the presence of the weak Lewis acid
sites in the γ-Al2O3 promoted the diffusion of hydrogen
atoms on its surface, thus resulting in the enhancement
of the hydrogen uptake of the hybrid nanocomposite.

In addition, metal hydrides are also among the par-
ticles of interest for the chemisorption of hydrogen gas
due to their high gravimetric hydrogen density, adequate
thermodynamics, low reactivity, and low storage pres-
sure [62,121]. Sodium alanate (NaAlH4) for instance pos-
sesses a high gravimetric capacity, which theoretically
can reach a hydrogen content of 7.4wt% [62,122]. However,
its high desorption temperature restricts its reversibility and
applications [62,123]. The hybridization with carbon-based
materials and transition metals has been found to effec-
tively lower the reaction temperature, enhance the reaction
kinetics, and ameliorate the reversibility [62].

Beatrice et al. [62] studied the hybrid NaAlH4/MWCNT
system in sulfonated polyetherimide (PEIS) on the hydrogen
storage activity of the hybrid nanocomposite. The use of
MWCNT improved the thermal stability of the hybrid com-
posite due to the intrinsic high stability of MWCNT. This is
particularly important because it could protect the fillers
from extensive exposure to oxygen and moisture as sodium
alanate is significantly sensitive to them. Simultaneously,
the presence of NaAlH4 also improved the dispersion of
MWCNT in the PEIS matrix by penetrating between the

Figure 17: TEM micrograph of RGO nanocomposite. The bright particles are Pd and the darker particles are Al2O3 [61].
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nanotubes, detaching them, and preventing them from
agglomerates. This increased the specific surface area of
the hybrid nanostructure and increased the hydrogen sto-
rage kinetic. Furthermore, the intrinsic hollow structure of
MWCNTs provides a facile route for the delivery of the
hydrogen gas on the surface of NaAlH4, leading to an esca-
lated hydrogenation process. After 6 h, they observed an
80% increment in the hydrogen storage absorbed by the
hybrid PEIS nanocomposites (0.9wt%) compared to the
nanocomposite containing only NaAlH4.

Besides the hydrogen storage capacity, the reusa-
bility and the structural stability of these nanocomposites
are also immensely essential, particularly when consid-
ering their efficiency for long-term applications. PEI is
also known to possess outstanding chemical resistance,
thermal stability, and mechanical properties. And the
incorporation of hybrid nanofillers would boost these
excellent features further, in addition to the increase in
the hydrogen storage ability.

Muthu et al., [63] studied the reusability of PEI mem-
brane nanocomposite reinforced with halloysite nano-
tubes (HNTs) and BN. Their result showed that after
five cycles of hydrogenation/dehydrogenation using the
thermal annealing method, the hybrid membrane com-
posite could still retain hydrogen storage up to 91.43%.
Furthermore, the X-ray diffraction tests on the membrane
also suggested that this membrane could heal itself after
repeated cycles (5 cycles). These results increased the
prospective potential of this nanocomposite for various
fuel cell applications.

Furthermore, the synergistic effect of the hybridiza-
tion between HNT and h-BN also led to a remarkable
storage capacity. HNT possesses outstanding adsorption
amplitude, high specific surface area, high porosity, and
a long-life cycle. Meanwhile, the heteropolar band of B and
N atoms in BN provides a surface with intense interaction
with hydrogen molecules which may lead to enhanced
absorption of hydrogen. The decoration of BN on HNT
enhanced the dispersion of HNT and increased the inter-
layer spacing of the nanofillers which offered more storage
of hydrogen. Additionally, the presence of BN also facili-
tated a higher absorption of hydrogen gas due to the dipolar
nature of BN. Their study reported a hydrogen storage capa-
city of 4.2 wt% by the hybrid nanocomposite, which was
425% higher than the pure PEI, and 16.7 and 75% higher
than the nanocomposites containing only HNT and BN.

These studies showed the effectiveness of incorpor-
ating hybrid nanofiller systems to improve the hydrogen
storage performance of thermoset materials. First, the syner-
gistic interaction between the fillers during hybrid prepara-
tion results in the homogenous nanofillers dispersion in the

matrix. This will then increase the specific surface area of
the hybrid structures which is essential for efficient and
enhanced hydrogen adsorption. Second, the synergistic
interaction of the fillers also balances and augments the
properties and mechanisms of the hybrid reinforcement,
resulting in comprehensive hydrogen storage performance
of the nanocomposite material. Furthermore, the hybrid
network will also boost the mechanical properties of the
composites which can ensure material stability for long-
term applications.

8 Hybrid nanofiller in bio-
thermoset polymer

The shortage of non-renewable resources and raised sen-
sitiveness of eco-sustainability have shifted the manufac-
ture of many polymers toward renewable resources to
replace fossil fuels [64,98]. However, many reports showed
that bio-based thermosetting polymers suffer a few draw-
backs in the final properties which limit their widespread
applications including high flammability, low glass transi-
tion temperature, low fracture toughness, poor elongation
at break, and poor mechanical properties [64,124]. To over-
come these shortcomings, several methods have been
proposed, including the addition of various fillers such
as graphene, ferrite, polyaniline nanofiber (PN), carbon
dot (CD), etc. [64,98,124]. Nevertheless, the studies invol-
ving hybrid nanofiller reinforcement in bio-based thermo-
setting polymers to date are still scarce.

One of the most dominant factors that cause the
unsatisfactory properties of bio-based polymers is due
to the lowering of the crosslinking density [64,125]. This
leads to a reduction in the glass transition temperature,
thermal stability, mechanical properties, etc. Generally,
nanofillers are incorporated into polymers as a physical
reinforcement that can improve these properties by sev-
eral mechanisms such as hindering the polymer chain
motion and providing an interfacial contact for stress
transfer from the matrix to the filler structure. However,
the utilization of certain nanofillers can also increase the
crosslinking density through the interactions of the func-
tional groups in both the fillers and the matrix [64].

For instance, a study by Saikia et al. [64], using PN
and CD (PC) as nanohybrid reinforcement in a bio-based
EP (the blend of bisphenol-A, sorbitol, and monogly-
ceride of castor oil), found that the oxygenous groups
present in the graphitic PC, as well as the nitrogen-con-
taining polymeric backbone of PN, could interact with the
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polar functional groups of the bio-EP matrix. This sec-
ondary interaction increased the crosslinking density of
the matrix and consequently improved the other proper-
ties of the hybrid biocomposites including their mechan-
ical properties, thermal stability, and chemical resistance.

Furthermore, the presence of polar–polar interac-
tions and hydrogen bonding between the hybrid fillers
led to a good filler dispersion in the host matrix. CD pos-
sesses a great number of functionalities and could alter the
surface of PN to facilitate its dispersion. This resulted in the
synergistic effect of the formation of a homogenous nanofil-
lers distribution with a high aspect ratio and maximized use
of the surface functionalities for a stronger interaction with
thematrix. Moreover, during amechanical test, the graphitic
layers of CD provided a sliding effect, while, the aromatic
aniline moieties of PN offered a stronger backbone with the
aromatic chain. This led to a significant enhancement in the
elongation and flexibility of the bio nanocomposites.

Additionally, the corrosion protection mechanisms of
the bio nanocomposites are also considerably improved

by the reinforcement of the hybrid PC. The existence of
the conductive moieties in PC inhibited the anodic and
cathodic sites, hindering the corrosion in the salinemedium.
Besides, the homogenous dispersion of the hybrid nanofil-
lers and the strong interaction between the fillers with the
matrix also provided a robust barrier to the permeation of
the corrosive molecules.

The tensile strength, elongation at break, scratch
resistance, and impact resistance of the hybrid biocom-
posites recorded an improvement of 36.4 (30MPa), 30.4
(45%), and 42.9 (>10 kg), and 77.1% (14.75 kJ/m2) com-
pared to the neat polymer. Meanwhile, the endset degra-
dation temperature of the composites increased by 11°C
(482°C) with the char residue increasing by 69.2% (4.4%
at 700°C). The nanofillers network also presented an
excellent barrier performance with a corrosion rate of
5.68 × 10−3 mils per year.

In some cases, renewable resources such as vege-
table oils are blended with polymer to provide plasti-
cizing effects such as improving the polymer’s toughness

Table 7: Recent hybrid nanocomposite materials with their special characteristics and properties

Hybrid material Special characteristic Properties Ref.

EP-based CFRPs laminate containing CNT/
GNP hybrid

Lightning strike protection and EM
shielding

Electrically and thermally conductive [52]

PFB nanocomposites containing CNT/
AgNFs/CB hybrid

Degradable and fully recyclable for 3D-
printed wearable electronics

– Self-healing [54]
– Electrically conductive
– Piezoresistive
– Excellent mechanical

performance
Porous EP composites reinforced with GO/
CNTs hybrid

Microwave absorber – Reduced density [56]
– Electrically conductive
– Improved absorption

performance
– High permittivity
– Improved RL performance

EP nanocomposite containing ND/h-BN
hybrid

TIM – Thermally conductive [71]
– Superior dissipation of

heat flow
EP nanocomposite containing Ag/BN TIM – Thermally conductive [59]

– Electrically insulative
EP nanocomposite containing POSS/TA
hybrid

Protection layer – Self-healing [60]
– Shielding effect

EP coating containing Ti3C2/graphene
hybrid

Protective coating – Enhanced tribological
performance

[34]

– Lubricating
– Durable

PEIS containing hybrid NaAlH4/MWCNT Hydrogen storage material – Thermally stable [62]
– Improved hydrogen storage

kinetic
Sulfonated polyetherimide membrane
containing HNT/BN hybrid

Hydrogen storage membrane – Reusable [63]
– Remarkable hydrogen storage

capacity
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[65], enhancing the interaction between the polymer and
fillers [126], and easing the processing of the polymer
[127]. However, due to the limited numbers of unsatu-
rated bonds of these oils, the production of the epoxide
functional groups is also restricted. This often leads to a
reduction in the crosslinking density that can adversely
affect the properties of the bio-blend material [128]. The
incorporation of nanofillers, particularly the hybrid can ame-
liorate these problems and reinforce the bio nanocomposite.

Panda et al. [65] designed the partially biodegradable
nanomaterial of unsaturated polyester (UPE)/epoxidized
soybean oil acrylate (ESOA) blend composites with the
reinforcement of chitosan (CS) functionalized GNP for
multidisciplinary nanoengineering applications. The inter-
action between the carboxyl group of GNPs and amino
groups of the CS formed amide bonding gave a structure
to the CS wrapping the surface of GNPs and improved the
dispersion of GNPs inside the matrix. The epoxide group of
GNPs, the amino group of CS, and hydroxyl, carboxyl, and
carbonylmoieties in theUPE/ESOAmatrix interacted together
to build a highly synergetic nanocomposite construction.

The properties of the hybrid composites improved
dramatically compared to the composites containing only
GNPs. The tensile strength, strain, Young’smodulus, impact
strength, and hardness increased by 67.9 (94MPa), 5
(1.9%), 37.2 (5 barrier. 27 GPa), and 76.9 (115 J/m), and
67.3% (82 shore D). The storage modulus and Tg improved
by ∼36% (6,800MPa) and 20°C (145°C), respectively, indi-
cating the thermal stability of the hybrid. Thermal conduc-
tivity and dielectric strength improved by ∼200 (0.9W/mK)
and ∼7% (16.5 kV/mm)with volume and surface conductivity
of 6.5E ± 10−5 and 3.8E ± 10−7 S/cm.

Besides strengthening the biothermoset polymers,
the reinforcement of hybrid nanofillers can also result
in special properties in the bio nanocomposites such as
flame retardancy and microwave absorption ability. These
types of features, combinedwith goodmechanical, thermal,
and other essential properties, can increase the biopoly-
mer’s potential to replace conventional polymers for future
commercial-industrial applications.

Acuna et al. [124] developed biomass castor oil-based
rigid polyurethane foam (RPUF) nanocomposites con-
taining modified polyols from castor oil. The hybrid of
expanded graphite (EG) and GO was incorporated to
improve the composites’ flame retardancy and high insu-
lation capacity. The inherent morphology of EG is effec-
tive to halt the spread of the fire as it can expand and
block the fire feeding during the combustion process.
Meanwhile, GO on the other hand is effective as a barrier
against oxygen penetration which can stop the further
spreading of the fire.

Moreover, the addition of GO to EG endowed EG with
better dispersion in the matrix and restricted the increase
in thermal conduction in the solid state. Furthermore, the
intrinsic properties of GO as a gas barrier also delayed the
diffusion of gases and decreased heat transfer. Compared
to the composites containing only EG, the thermal conductivity
of the hybrid composites was significantly reduced by 10.5%
(34.2mW/mK) after the inclusion of GO. UL94 test of the
hybrid also established a V-0 rating with a brief burning time
of only 17.9 s. The heat release rate (HRR), total heat release
(THR), and total smoke production (TSP) were also effectively
reduced by 54 (178 kW/m2), 24 (17.3MJ/m2), and 15% (6.0m2).

Bikdeli et al. [98] conducted a study on the incorpora-
tion of a ternary hybrid of magnetic filler manganese ferrites
(MnxFe3–xO4), dielectric filler nickel oxide (NiO), and conduc-
tive filler PANI to introduce a high-performance microwave
shielding ability to bio-based PU coating nanocomposites
containing vegetable polyol based on epoxidized soybean
oil and methylene diphenyl diisocyanate. The combination
of magnetic and dielectric loss, as well as enhanced compo-
site conductivity, amplified the effectiveness of the micro-
wave absorption capacities.

Additionally, MnxFe3–xO4 contributed to the main
decline in the reflection from the surface of the compo-
sites (69.46%). However, the percentages of other fillers,
combined with MnxFe3–xO4 led to the synergetic effect
that significantly enhanced the productivity of the micro-
wave absorption performance. Thus, an optimum RL
value less than −30 dB, equivalent to 99.9% of microwave
absorption over the X-band frequency range (8–12 GHz)
was achieved at the filler concentrations of 1.5 wt% of
MnxFe3–xO4 and NiO and 1 wt% of PANI.

Based on these published studies, it can be gathered that
the incorporation of hybrid nanofillers into the biothermoset
polymer can ameliorate the drawbacks of blending the con-
ventional resin with biological resources. The increase in the
crosslinking density for instance will result in better thermal
stability and improved mechanical performance of the bio
nanocomposite. On the other hand, other features can also
be equipped into these biothermosets depending on the
intrinsic properties of the hybrid nanofillers. This will encou-
rage the prospect of further development and commercializa-
tion of biothermosets in various applications.

9 Challenges and future
perspective

The incorporation of nanofillers as thermoset and biother-
moset reinforcement has been established as one of the
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most effective ways to equip polymers with the required
properties of the demanded applications. Besides the nano-
fillers’ diverse characteristics, their easy accessibility and
renewability, as well as the lightweightness of the fillers
make them a very attractive alternative to numerous other
reinforcement particles. Various types of characteristics
could be designed and implemented into the polymers by
combining different types of fillers to produce the hybrid
reinforcement desired by the polymers [129–133,134].

With the advance in technologies and demands of
the prospective lifestyle, futuristic applications of revolu-
tionary properties are essential. Nanofillers with their
abundance and easy accessibility can be a facile access
for modulating and conceiving these implementations.
However, the fundamental science of nanofiller chem-
istry and reaction must be grasped comprehensively to
apprehend the interaction of the hybrid fillers in the
polymer matrix as well as their interactivity with the
matrix itself. Comprehending this aspect on the cardinal
level can help to broaden the innovation of nanocompo-
site applications further in the future.

The interaction of the hybrid nanofillers is particu-
larly vital to be penetrated, specifically on the role of the
ratio and concentration of the hybrid that promotes the
synergistic effects. Many studies have shown heteroge-
neous results typically when inconsistent techniques and
dispersion methods are used. This is of significant impor-
tance to comprehend particularly in the designing of large-
scale fabrication of nanocomposite materials.

On the other hand, the processing and recovery of
nanofillers should also be made easier to ensure the
simple and feasible accessibility of these fillers. Studies
should be carried out to maximize the synthesis of these
fillers and the properties produced by the different types
of synthesis and recovery methods. Meanwhile, a more
effective procedure should also be explored to accommo-
date nanofillers in the polymer matrices that can intensify
the interaction and compatibility between the nanofiller
and the matrix. Also, an in-depth study of the stability of
these nanofillers within the polymer matrix with time
should be analyzed to assure the longevity of the nano-
composite’s applications.

10 Conclusion

The research involving hybrid nanofiller systems has
been growing tremendously in numerous sectors. Table 7
summarizes the recent materials comprised of hybrid nano-
filler and their special characteristics and properties.

The abundance of extremely beneficial properties of
nanofillers is very constructive to design a variety of tun-
able properties in ranging thermosets applications.
Furthermore, many industries are progressing rapidly,
thus substantially increasing the need for multifunc-
tional and robust thermoset performance. The inclu-
sion of nanofillers can improve the prevailing thermoset
properties such as their mechanical, chemical, and con-
ductivity, as well as introduce new properties such as
lubricating systems and flame retardancy ability.

Hybridizing different nanofiller types have been vastly
reported to result in better enhancement of composites’
properties compared to the single nanofiller reinforcement
systems. Generally, from the discussion of the previous
works, it can be deduced that the incorporation of hybrid
nanofillers reinforcement in thermoset and biothermoset
composites are significantly promising to produce compo-
sites of durable and adaptable properties. Below are some
of the conclusions that we can summarize from these pub-
lished studies:
• At optimum hybrid ratios and concentrations, syner-
gistic interaction between nanofillers can be expected,
which will lead to a better filler dispersion inside the
polymer matrix, increasing the aspect ratio of the hybrid
system, and also improving the adhesion between the
filler and the matrix. This ultimately results in the
enhancement of the nanocomposites’ properties such
as the mechanical and thermal properties, and other
performances like electrical and thermal conductivity,
and tribological.

• Synergistic hybrid interaction can also construct a 3D
nanofiller network which is very effective in refining the
composite properties. To improve the mechanical per-
formance of the nanocomposite, the 3D filler construc-
tion can provide a substantial area for a stress transfer
platform, a neighboring-like nanofiller connection for
better minimization of stress energy, and an increase in
the delay of the crack propagation. In conductivity per-
formance, the connecting filler can result in reduced
conductivity resistance, thus enhancing the conduc-
tivity properties. Meanwhile, in the barrier and tribolo-
gical performance, the 3D filler network can produce a
denser blockade that can hinder the penetration of
aggressive molecules, improving the longevity of the
material.

• Due to improved filler interaction, the improvement of
the properties of the nanocomposites can be achieved
at lower nanofiller concentrations. On the other hand,
improved filler dispersion also makes adding a higher
concentration of nanofillers without arising agglomera-
tion inside the matrix possible, increasing the ability of
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the nanofillers to ameliorate the properties of the
nanocomposite.

• Nanocomposites of various properties can be designed
by incorporating hybrid nanofillers of different charac-
teristics. Combining two types of nanofillers with dif-
ferent inherent properties can result in nanocomposites
with both the characteristics; however, by varying their
ratio and concentrations, these properties can be tuned
according to the desired performance.

However, designing hybrid nanocomposites that ful-
fill all the properties desired in single hybrid reinforcement
systems remains a great challenge. Therefore, further stu-
dies must still be carried out to overcome this problem and
ensure the progress of the thermoset and biothermoset
nanocomposites applications. Future comprehensive stu-
dies on the methods for the synthesis, processing, and exfo-
liating of nanofillers, as well as the methods to prepare the
nanocomposites, the most common pairs of hybrid nanofil-
lers for certain properties and applications, and also the
most appropriate nanofillers contents and ratios for parti-
cular hybrids and their target properties must still be thor-
oughly reviewed.
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