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A B S T R A C T

With the development of science and technology, microelectronic components have evolved to become in-
creasingly integrated and miniaturized. As a result, thermal management, which can seriously impact the
function, reliability, and lifetime of such components, has become a critical issue. Recently, the use of polymer-
based thermal interface materials (TIMs) in thermal management systems has attracted considerable attention in
view of the superior comprehensive properties of the former. Compared with designing and fabricating a
polymer with an intrinsically high thermal conductivity, a more effective and widely used strategy for improving
the heat conductivity is to fill a polymer matrix with a thermally conductive filler. Specifically, three-dimen-
sional (3D) interconnected heat-conductive networks can increase the thermal conductivity (k) of polymers more
effectively than dispersed fillers can, owing to their intrinsic continuous structures. In this review, we first
introduce the heat conduction mechanisms and the problems associated with polymer-based TIMs fabricated
using engineering polymer chains and traditional filling methods. Next, we discuss the advantages and me-
chanisms of 3D interconnected heat-conductive networks for preparing thermally conductive polymer-based
composites. In addition, we highlight new advancements in the design and fabrication of 3D thermally con-
ductive networks as well as their application in improving the k of polymers. Our exhaustive review of 3D
interconnected networks includes graphene, carbon nanotubes, boron nitride, metal and other 3D hybrid ar-
chitectures. The key structural parameters and control methods for improving the thermal properties of polymer
composites are outlined. Finally, we summarize some effective strategies and possible challenges for the de-
velopment of polymer-based thermally conductive composites via integration with 3D interconnected networks.

1. Introduction

Advances in science and technology have been accompanied by the
evolution of microelectronic devices toward miniaturization, high le-
vels of integration, and high power, thus imposing new requirements on
and posing new challenges for traditional heat conductors. Owing to the
augmentation of the frequencies and powers of semiconductor chips
and the dense packing of integrated circuits, electronic devices and
their components emit a considerable amount of heat energy to their
surroundings during operation. Unless the generated heat can be

dissipated effectively, it will be concentrated in some small areas. Such
local hotspots with extremely high temperatures will strongly influence
the performance and service life of microelectronic devices.
Consequently, efficient heat management systems are essential for
lowering the temperature of the local hotspots in high-power electro-
nics [1–3]. As the critical component of heat management systems,
thermal interface materials (TIMs) play an important role in dissipating
heat in electronic devices. Undoubtedly, overheated environments have
limited the development of microelectronics and integrated circuits
with higher powers and levels of integration. Thus, efficient thermal
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management systems are now emerging as a critical factor in realizing
next-generation electronic devices.

Thermal management systems have become an integral part of the
electronics and aerospace industries. As TIMs are the core components
of thermal management systems, the thermal conductivity (k) of such a
material directly determines the quality of the entire system. The ex-
cellent properties of organic polymers, such as electrical insulation,
high flexibility, low weight, low cost, outstanding mechanical proper-
ties, and machinability, have enabled their wide use in various appli-
cation fields over the past few decades [4]. However, multiple factors,
including the amorphous arrangement and vibrations of the molecular
chains, cause polymers to exhibit poor thermal conduction [5]. For
most polymers, phonon thermal conduction is the dominant thermal
conduction pathway. As the amorphous structure and vibrations of the
macromolecular chains in polymers can induce massive phonon scat-
tering, the vast majority of neat polymers are heat insulators or rela-
tively poor heat conductors (k values of 0.1–0.5 W m−1 K−1) [6–8].
Therefore, pure polymers cannot facilitate heat dissipation to accelerate
the minimization and integration of components in the modern elec-
tronics industry.

Phonons, being the quantized collective modes of crystal lattice
vibrations, are the primary thermal energy carriers in insulators [9,10].
Heat transfer in materials with high crystallinity can be realized
through lattice vibrations within the material [1,11]. As shown in
Fig. 1a, the conduction of thermal energy in a polymer matrix can be
regarded as a phonon transfer process. Because of the high disorder of
polymer chains, the phonon scattering phenomenon is quite pro-
nounced in polymers, resulting in ultralow k values. The scattering of
phonons mainly occurs via collisions between phonons and at interfaces
between impurities and lattice defects. To address the low thermal
conduction of polymers caused by their disordered molecular chains
and improve their thermal conduction capability, two strategies can be
implemented: (i) engineer the morphology of the polymer chains or (ii)
fill the polymer matrix with a highly thermally conductive filler
[12,13]. Improving the orientation and crystallinity of the polymer
chains can decrease the disorder of the polymer molecules and thus
effectively reduce phonon scattering (Fig. 1b). Similarly, compounding
with thermally conductive fillers can effectively improve the heat
transfer properties of a polymer. The thermally conductive fillers con-
nect to each other to form a continuous three-dimensional (3D) network
in the polymer matrix, which provides a high-speed channel for the
transmission of phonons. Thus, heat transfer can be accelerated along
the 3D network with decreased phonon scattering (Fig. 1c). Compared
with the morphological design of polymer molecular chains, com-
pounding polymers with thermally conductive fillers is a more efficient
and convenient approach.

Over the past few decades, considerable research has been dedi-
cated to the fabrication of polymer-based TIMs by compounding with
dispersed filler particles. However, owing to the huge interfacial
thermal resistance at filler–filler and filler–matrix interfaces, the re-
sulting polymer composites only exhibited moderate improvements in

k, even with large filler ratios. Additionally, the poor particle dis-
persibility and large loading levels of dispersed fillers severely degrade
the polymer properties. These factors have prevented conductive fillers
from reaching their full potential for enhancing the heat conduction of
polymers. Recently, more attention has been focused on the construc-
tion of thermally conductive networks. As shown in Fig. 2, compared
with dispersed filler particles, a preconstructed 3D thermally con-
ductive architecture is a good candidate for creating high-performance
polymer-based TIMs because it ensures good filler distribution and
forms an interconnected network in the polymer matrix, both of which
minimize the unfavorable effect of interfacial thermal resistance at
filler–filler interfaces. Moreover, with such architectures, the im-
provement can be maximized with a minimal filling ratio. The con-
struction methods for 3D continuous thermally conductive networks
include in situ chemical vapor deposition (CVD) growth, sol–gel
methods, self-assembly, and template methods. Almost all thermally
conductive fillers can form 3D thermally conductive frameworks, and
the most widely used include graphene foams (GFs), carbon nanotube
(CNT) frameworks, boron nitride (BN) networks, and hybrid archi-
tectures of several fillers [2,14,15]. The popularity of these materials is
primarily due to their inherently good thermally conductivities, low
weights, large specific surface areas, and excellent comprehensive
performance. A percolated skeletal network provides sufficient phonon
transfer pathways with abundant interfacial contact points, which can
effectively weaken phonon interface scattering. As a result, constructing
a continuous 3D architecture as the thermal enhancer in a polymer
matrix is an effective strategy for preparing high-performance TIMs,
and hence, has become a current research trend.

Herein, we review numerous studies pertaining to the preparation
of heat-conductive polymers and polymer composites with high k va-
lues by filling with thermally conductive fillers in the form of conven-
tional dispersed filler particles or interconnected 3D networks.
Although there are many reviews of thermally conductive polymer-
based composites [8,16,17], systematic assessments of the effect of 3D
networks on improving the k values of polymers and comparisons be-
tween the two aforementioned compounding strategies are rare. In
view of this, it is essential to review the advances in 3D framework-
strengthened polymer composites. Here, we provide an overview of the
recent literature on enhancing thermal conduction via 3D framework-
improved polymers and discuss the advantages of this strategy over the
traditional mixed filling method. Additionally, the preparation methods
and factors that influence the properties of polymer composites with
different types of 3D structures are examined. A brief overview of the
existing 3D heat-conducting frameworks is shown in Fig. 3.

2. Intrinsic thermally conductive polymers

In practice, the inferior k of polymers is one of the major techno-
logical barriers for advancements in electronic devices. Improving the
heat transfer performance of polymers is crucial and has become a long-
standing hot research topic. Generally, disordered polymer molecular

Fig. 1. Schematic diagrams of heat transfer in (a) a pure polymer, (b) a polymer with enhanced chain orientation, and (c) a polymer filled with a thermally
conductive filler [11]. Copyright 2019, Elsevier Ltd.
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chains and weak molecular interactions are responsible for the poor k
values of polymers, as shown in Fig. 4a, b. The amorphous structure and
the vibrations of polymer chains can considerably reduce the mean free
path of phonons and cause extensive phonon scattering. Therefore, the
heat-conducting behavior of polymers can be greatly enhanced by en-
gineering the morphology of polymer chains, for example, by

improving the chain orientation, crystallinity, and molecular interac-
tions (Fig. 4c). Common methods for engineering polymer chains in-
clude mechanical stretching, template-assisted growth, electrospinning,
and surface grafting.

Many efforts have been devoted to engineering the orientation of
polymer chains and improving polymer crystallinity, which are

Fig. 2. Schematic diagrams of heat transport in a pure polymer, a polymer composite filled with a traditional dispersed filler, and a composite filled with a 3D
interconnected network of fillers.

Fig. 3. Overview of existing 3D heat-conducting networks and their advantages as fillers [18–25]. Copyright, Wiley-VCH; Elsevier Ltd.; American Chemical Society;
American Association for the Advancement of Science.
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considered essential for improving the k. Atomistic simulations have
shown that an individual crystalline polymer chain always possesses a
high k value [26,27]. Cahill et al. found that crystalline polyethylene
fibers had a high k value of up to 20 W m−1 K−1. Xu et al. [28] devised
and synthesized nanostructured polyethylene films, which possessed an
ultrahigh k value of 62 W m−1 K−1, by minimizing the entanglement
and maximizing the alignment of chains. Nanofibers with crystalline
and amorphous regions along the fiber axis realized a remarkably high
k value, which was responsible for the ultrahigh k value of the poly-
ethylene film. Chen et al. [29] fabricated highly crystalline poly-
ethylene nanofibers with diameters of 50–500 nm and lengths on the
order of millimeters by stretching, and the k values of these nanofibers
along the chain direction were as high as 104 W m−1 K−1. Even
amorphous polythiophene nanofibers achieved a high k value (∼4.4 W
m−1 K−1) upon orientation of the molecular chains along the fiber axis
using nanoscale templates [30].

Strengthening intramolecular interactions can also effectively im-
prove the heat conduction of polymers. Inferior interchain phonon
transport is caused by weak van der Waals interactions between in-
dividual chains. Thus, using intermolecular hydrogen bonding and
conjugated bonds to displace van der Waals interactions is an effective
method of increasing phonon transport across polymer chains. Kim
et al. [5] exploited intermolecular hydrogen bonding to achieve a
considerable improvement in the cross-plane k value (surpassing 1.5 W
m−1 K−1) in amorphous polymer films. Xu et al. [31] realized a high k
value in a conjugated polymer film (up to 2.2 W m−1 K−1) by means of
strong C]C covalent bonding along the polymer chains and strong π–π
stacking noncovalent interactions between the chains.

In summary, phonon transport along polymer chains can be effec-
tively improved by increasing the crystallinity, maximizing chain or-
ientation, and strengthening intramolecular and intermolecular inter-
actions. At present, the most common method of increasing molecular
chain alignment and crystallinity is to draw polymeric fibers or thin
films [32] but this morphology severally limits thermal applications. It

is still difficult to engineer the crystallinity and molecular chain or-
ientation of bulk polymers over a wide range for use as thermal con-
ductors [27]. Furthermore, not all polymers are amenable to the
strategy of enhancing k by regulating morphology. In fact, this ap-
proach has narrow applicability, as it is only suitable for polymers that
can crystallize easily and for those with linear molecular chains.

3. Polymer-based composites with dispersed fillers

Compared with improving the thermal conduction of polymers by
engineering the morphology of their molecular chains, blending poly-
mers with thermally conductive fillers is considered more efficient and
convenient, and is applicable to almost all polymers. Owing to advances
in nanotechnology, various new conductive fillers of different types,
morphologies, sizes, and properties have been produced, which pro-
vides more options for the preparation of thermally conductive polymer
composites. The heat-conducting mechanism in polymer composites is
the formation of a highly heat-conductive transmission network of fil-
lers [33]. Therefore, the formation of a filler percolation network plays
key role in enhancing the k of polymer composites.

3.1. Blending with dispersed filler particles

Owing to their machinability and low cost, polymer composites
with superior thermal conduction have been the primary choice for
high-performance TIMs. Blending the filler particles with the polymer is
a convenient and effective method for preparing polymer-based com-
posites. Extensive research has been concentrated on the introduction
of thermally conductive fillers, such as various carbon materials, metal
particles, ceramic oxides (Al2O3, SiO2), and nitrides (BN, aluminum
nitride (AlN)), into a polymer matrix [21,34–37]. In particular, low-
dimensional nanofillers with high k values (e.g., graphene sheets, CNTs,
BN nanosheets, and metallic nanoparticles) are advantageous because
of their excellent thermal conduction [38]. Balandin et al. [39] reported

Fig. 4. (a) Illustration of the molecular chain of a polymer [28]. (b) Structure of a bulk plasma-enhanced (PE) crystal and a single-chain PE crystal [27]. Copyright
2017, Royal Society of Chemistry. (c) Illustration of the evolution of an oriented crystallite–interconnected film morphology during fabrication [28]. Copyright 2019,
Nature Publishing Group.

F. Zhang, et al. Materials Science & Engineering R 142 (2020) 100580

4



a hydrocarbon-based phase change material (PCM) filled with 20 wt%
graphene nanosheets. The addition of graphene enhanced the k value
by more than two orders of magnitude while simultaneously preserving
its inherent ability to store latent heat. Shahil et al. [40] prepared a
conductive composite by mixing monolayer/multilayer graphene sheets
with an epoxy. A k value of 5.1 W m−1 K−1 was achieved at 10 vol%
loading, corresponding to an improvement of approximately 2300 % in
k. Shtein et al. [41] reported that the use of graphene nanosheets as
fillers could increase the heat conduction of epoxy, and the composite
possessed an ultrahigh k value of 12.4 W m−1 K−1 at 25 vol% loading.
Table 1 summarizes the k values of previously reported polymer-based
composites with various dispersed fillers.

The general preparation process for polymer composites with
blended fillers is shown in Fig. 5a. Briefly, a certain amount of filler
nanoparticles is mixed with the polymer in a solvent to form a homo-
geneous precursor with the assistance of ultrasonic vibration or strong
stirring. As a result, the filler is uniformly dispersed in the matrix. Then,
a thermally conductive composite is obtained through in situ poly-
merization, followed by curing in a mold under suitable conditions,

such as high temperature or light. A percolation network of fillers can
usually be formed when the packing amount of the filler is sufficient
(Fig. 5b). This facile method is not only convenient but also low cost
without any requirements for complex equipment. Therefore, it has
become the most commonly used method for preparing polymer-based
composites.

3.2. Factors affecting thermal conduction

The thermal conduction of polymers with dispersed filler particles is
affected by several factors, including the filler type and size, the filling
ratio, the dispersion of filler particles, and interfacial thermal re-
sistance.

3.2.1. Filler type and size
Highly thermally conductive fillers can be classified into three ca-

tegories: carbon-based fillers (carbon fibers, CNTs, graphene, graphite,
diamond, etc.), metallic fillers (copper, aluminum, sliver, etc.), and
ceramic fillers (Al2O3, AlN, BN, SiC, etc.) [21,35,36]. Different types of
fillers can be selected according to the application requirements. Gen-
erally, polymers filled with carbon-based fillers (except diamond) and
metallic fillers exhibit simultaneous improvements in thermal and
electrical conduction. The excellent electrical insulation properties of
ceramic fillers allow polymer composites to maintain their electrical
insulation performance while increasing their thermal conduction. This
behavior makes polymers with ceramic-based fillers suitable for appli-
cations in electronic packaging.

Furthermore, filler shape and size also have considerable influence
on the k of polymer-based composites. For example, it has been re-
ported that long CNTs have a better upgrading effect than short CNTs
do in polymer composites [60], and that graphene sheets of different
sizes and thicknesses have different effects on enhancing the k of
polymers. Some reports have suggested that the greater the thickness
and the horizontal size of graphene sheets, the higher the k values of the
resultant graphene/polycarbonate composites [61]. Some studies have
also indicated that despite the higher intrinsic k values of nanofillers,
composites with micro-sized fillers exhibit higher efficiency improve-
ments than those with nanosized fillers. The high surface energy re-
sulting from the enormous specific surface area of nanofillers renders
their uniform dispersion in a polymer matrix difficult, which may create
a large interfacial resistance in composites. In contrast, the small sur-
face area of micro-sized fillers can decrease the interfacial area and the
thermal resistance at filler–polymer interfaces.

In addition, some studies have suggested that heat conduction can

Table 1
Thermal conductivity (k) values of various polymer composites with randomly
dispersed filler particles.

Fillers Polymer
matrix

Solid
loading

k (W
m−1

K−1)

Enhancement in
k (%)

Refs

BN/Diamond Polyimide 40 wt% 0.98 420 2018 [42]
Graphene PP 10 wt% 1.5 650 2017 [43]
Graphene Polyimide 8 wt% 2.78 1440 2018 [44]
BN Polyimide 60 vol% 7 3400 2010 [45]
Graphite/CNTs Epoxy 10 wt% 1.75 775 2008 [46]
Graphene PS 10 wt% 2.6 1344 2017 [47]
Graphene/CNTs rubber 3 wt% 0.45 200 2017 [48]
BN/Al2O3 Epoxy 50 wt% 0.808 334 2014 [49]
Graphene/CNTs Epoxy 20 wt% 2.41 1100 2013 [50]
BN Polyimide 30 wt% 1.2 500 2010 [51]
SiC nanowire PS 23.1 vol

%
1.88 840 2013 [52]

ZnO Polyimide 27.1 vol
%

1.54 410 2011 [53]

CNTs/SiC Epoxy 60 wt% 6.8 3300 2010 [54]
BN PVA 30 wt% 4.41 2100 2013 [55]
Graphene Epoxy 10 wt% 1.53 665 2013 [56]
BN PMMA 24 wt% 3.16 2006 2009 [57]
SWCNTs Epoxy 2.3 wt% 0.61 220 2006 [58]
BN Epoxy 40 wt% 5.86 2510 2020 [59]

Fig. 5. (a) General preparation process for polymer composites by facile solution blending. (b) Distribution of different filler contents in the polymer matrix.
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be effectively enhanced by incorporating a combination of different
types of fillers, e.g., microsized and nanosized fillers. Compared with
fillers with a single morphology and size, the synergistic effect of
multiple structures makes it easier to construct a heat-conductive net-
work in a polymer matrix [62]. This behavior can be observed in Fig. 6,
wherein CNTs and graphite sheets as hybrid fillers easily form a con-
tinuous network, with the one-dimensional (1D) CNTs bridging the
adjacent two-dimensional (2D) platelets to create additional pathways
for heat flow [46]. Steve and co-workers [51] prepared a thermally
conductive polyimide composite film using hybrid micro-/nanosized
BN particles as fillers, and the k value of this composite was up to 1.2 W
m−1 K−1 with 30 wt% BN. Xie [63] prepared a thermal grease filled
with 1 wt% graphene sheets and 63 vol% Al2O3 particles, and this
combination of hybrid fillers improved the k value of the grease from
2.7 to 3.45 W m−1 K−1.

3.2.2. Filling ratio
Generally, thermally conductive polymer nanocomposites are fab-

ricated via mechanical mixing or chemical bonding methods to achieve
synergistic interactions between the polymer and the fillers. However,
even though the individual filler particles possess ultrahigh k values, it
is difficult to completely transfer their excellent thermal conduction
properties to the polymer. As a result, until now, the k values of
polymer-based composites have been low (generally ≤10 W m−1 K−1).
This is because effective heat conduction improvement often requires a
large filling ratio to create a continuous filler network, which in turn,
reduces the interfacial thermal resistance.

The effective medium theory (EMT) can be used to understand the
heat transfer performance of a polymer-based composite with dispersed
fillers. As shown in Fig. 5b, with a small filler concentration, heat
cannot be transferred from one particle to a neighboring particle, be-
cause the space between adjacent particles is considerably larger than
the particles themselves. When the filler concentration is increased,
clusters are formed via aggregation of filler particles. This close contact
between thermally conductive filler particles is beneficial for the for-
mation of efficient heat transport pathways. The greater the filling
ratio, the larger the number of heat transfer routes formed in the
polymer composite and the higher the k value of the material. There-
fore, based on this theory, a high k value can only be achieved in
polymer-based composites with large filler loadings [7,34].

In the case of polymer composites, a thermal conduction mechanism
based on percolation theory, which is similar to the mechanism of
electrical conduction, has been widely accepted. As shown in Fig. 7,
polymer composites prepared by the blending method often require
filling with a large volume fraction of thermally conductive particles
(generally, > 30 vol%) to achieve a significant enhancement in thermal
conduction. This thermal percolation threshold is much larger than the
electrical percolation threshold (≤5 vol%) [64]. When the filler con-
centration is low, the particles are independent of each other, and no

filler network can be formed. In this case, the heat conduction is de-
termined by the filler–matrix coupling, the interfacial thermal re-
sistance between the matrix and the fillers, and the geometry and
concentration of the filler particles [41]. With a sufficiently high filler
concentration, contact occurs between the filler and thermal conduc-
tion pathways are formed because there is insufficient volumetric
space.

Although large concentrations of fillers significantly improve the k
of polymer composites, other critical properties of the polymers, such as
insulating properties, optical properties, machinability, and mechanical
properties, will be severely weakened. In addition, a large volume
fraction of fillers in a polymer matrix may result in uneven surfaces, low
flexibility, fragility, high weights, and poor mechanical performance.
These limitations are attributed to weak polymer–particle interfacial
adhesion and the agglomeration of filler particles.

3.2.3. Dispersion and interfacial compatibility
With nanofillers uniformly dispersed in a polymer matrix, sig-

nificant phonon scattering is inevitable at the nanofiller–polymer and
nanofiller–nanofiller interfaces. The large thermal resistance at these
interfaces is the primary reason for the poor k of polymer composites
with dispersed filler particles [65]. In polymer-based composites, the
thermal resistance mainly consists of (i) the intrinsic thermal resistance
of the polymer and the fillers, (ii) the interfacial resistance at the fil-
ler–polymer interface, and (iii) the thermal resistance among filler
particles. Among these, the interfacial thermal resistance at the fil-
ler–polymer and filler–filler interfaces determines the k of the compo-
site material.

Although the k values of polymers with filler networks may be su-
perior to those of polymers without a network, they are still poor owing
to the ultrahigh contact thermal resistance among filler particles.
During the mixing and dispersing process, the surfaces of the filler
particles will mostly be coated with a layer of the polymer, which in-
hibits real contact among the filler particles in the polymer matrix. As a
result, the contact thermal resistance among adjacent particles in-
creases, which affects the formation of a heat-conducting network. In
polymer composites, the thermal conductance across filler–filler par-
ticle contacts dominates the thermal transport rather than the heat
conductance inside the filler particles [66]. Thus, the existence of in-
terfacial contact resistance has a detrimental impact on hotspot re-
mediation, even if the lateral thermal conductivity is very high. Con-
sequently, controlling the thermal boundary resistance and improving
the contacts at the interfaces among the thermally conductive filler
particles are equally important for both fundamental research and
practical applications [67].

In most cases, the fillers, especially nanoparticles such as graphene
nanosheets, CNTs, and BN nanosheets, aggregate during processing in
solution because of their high surface energy, which is attributed to π–π
interactions and van der Waals forces. As a result, the dispersion of

Fig. 6. (a) Schematic diagram of a thermally conductive network of graphite–CNTs in polymer composites. (b) Enhanced values for the thermal conduction of epoxy
composites with carbon black, CNTs, graphite sheets, and a graphite–CNTs hybrid filler at 10 % loading [46]. Copyright 2008, Wiley-VCH.
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these fillers is difficult, and their agglomeration occurs easily [68,69].
The agglomeration of nanostructured fillers can hinder phonon trans-
port and hence adversely influence the heat transport characteristics of
polymer-based composites. To obtain polymer composites containing
homogeneously dispersed filler particles, it is often necessary to modify
the filler particle surfaces, which can improve their dispersion as well as
the compatibility between the matrix and the filler [70,71]. Further-
more, the formation of strong covalent interface between the modified
fillers and the polymer can minimize phonon scattering at the filler–-
polymer interface. Hubmann et al. [72] modified multiwalled CNTs
(MWCNTs) via oxidative functionalization by soaking them in an acid
mixture, which improved the thermal conduction of the polymer
composite. This work indicated that the surface functionalization of
filler particles is an efficient way to lower the thermal interface re-
sistance and prepare a polymer-based composite with excellent heat
transfer performance. Jiang et al. [49] functionalized BN and Al2O3

with a hyperbranched aromatic polyamide, which was suggested to
enhance the compatibility of the fillers with the polymer matrix and
improved their dispersibility.

Surface modification with various chemical groups is an effective
strategy for optimizing the dispersion and compatibility of the filler
particles in a polymer matrix. However, although surface functionali-
zation of the filler particles results in uniform dispersion and stronger
connections with the polymers, it can weaken the mechanical robust-
ness and intrinsic superior heat conductivity of the fillers by destroying
their surface structures. Some researchers have verified that the heat
conductivities of fillers are extraordinarily sensitive to the presence of
defects and functionalization, with the addition of surface chemical
groups inducing a thermal barrier that decreases the effects of fillers on
k enhancement [12,22,73,74]. This is because the existence of extra
chemical bonds on the surfaces of the fillers destroys the integrity of
their crystal structures [75–77]. Molecular and lattice dynamics simu-
lations revealed that chemical functionalization of a pristine graphene
monolayer could reduce the k value by more than 40-fold (Fig. 8a) [77],
and a defect concentration of only 0.25 % in graphene could reduce the

thermal conductivity by more than 50 % (Fig. 8b) [78]. The intrinsic k
of a filler is one of the primary factors governing the k of a polymer-
based composite. The higher the k value of a filler, the greater the
enhancement of the thermal conduction of the composite. The presence
of structural defects and chemical functional groups on the filler surface
dramatically restricts phonon migration and leads to substantial
phonon scattering, which will reduce the intrinsic k of the filler and
eventually impact heat transfer in the polymer matrix detrimentally.
Kim et al. [79] reported that phenolic resin composites with highly
crystalline CNTs had better k values than defective CNTs (Fig. 8c).

In addition, the thermal resistance at filler-polymer interface mainly
originates from a large mismatch between the inherent phonon spectra
[80,81]. Therefore, irrespective of the type of surface functionalization,
the lattice vibration energy will be severely weakened and scattered at
the filler–polymer interface. Hence, it is reasonable to believe that the
surface modification of fillers is not an advisable method for improving
the dispersion of fillers in polymers, as it impairs their intrinsic thermal
conduction properties.

3.3. Theoretical calculations of dispersed filler systems

In previous reports, the k values of polymer-based composites were
predicted using various theoretical models, such as the Bruggeman
model, the Maxwell model, the Cheng–Vachon model, and the two-
phase Lewis–Nielsen model. However, all these theoretical models are
limited by the assumption that the fillers are randomly distributed
spherical or cylindrical particles. This assumption cannot reflect the
actual microscopic irregularities in the filler shape and distribution,
especially when a continuous filler network is formed at a large filler
ratio. For example, as the most representative model, the Maxwell
model can be expressed as

= + + −
+ − −

k k k V k k
k k V k k

k2 2 ( )
2 ( )

1 2 2 2 1

1 2 2 2 1
1

(1)

where k represents the effective thermal conductivity of the composite;

Fig. 7. (a) Percolation threshold for thermal conduction in graphene–polymer composites. (b) Comparison of the thermal and electrical percolation thresholds of
graphene–polymer composites [41]. Copyright 2015, American Chemical Society.

Fig. 8. (a) Influences of chemical groups on the k values of monolayer graphene [77]. Copyright 2012, American Chemical Society. (b) Normalized k values of
graphene as a function of defect concentration [78]. Copyright 2013, Elsevier Ltd. (c) k values of CNT–phenolic composites with highly crystalline CNTs and defective
CNTs [79]. Copyright 2007, American Institute of Physics.
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V2 represents the volume fraction of the filler; and k1 and k2 are the
thermal conductivity values of the polymer matrix and the filler, re-
spectively. In addition, this model assumes that all the filler particles
are spherical and are sufficiently separated from each other, which
means that each isolated sphere is randomly embedded in a polymer
matrix and is not affected by the presence of other particles.
Considering this assumption, it can be inferred that the Maxwell model
is only suitable for composites with dilute filler concentrations.

Subsequently, other theoretical models based on EMT and perco-
lation theory have been proposed, which have proved useful for un-
derstanding the heat transfer mechanism in nanocomposites. EMT is
usually used to model the k values of polymer composites with ran-
domly dispersed fillers [82], where the k value of the composite obeys
the following equation:
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+
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k k
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m

f
k k

k

f
k
k

P m
m

m
p (2)

=α R K
d

BD m
(3)

where kp and km are the thermal conductivity values of the filler and the
polymer, respectively; Vf is the volume fraction of the filler; RBD is the
thermal resistance between the filler nanoparticles and the polymer;
and d is the size of the filler particles. The EMT model assumes that the
filler particles are completely surrounded by the polymer matrix and
can provide a reasonable RBD value for the polymer composite.

In percolation theory, the relationship between the effective k value
of a polymer composite and the filler volume fraction can be expressed
as

∝ −k k V V( )c
n

2 2 (4)

where k is the thermal conductivity value of the composite; k2 is the
thermal conductivity value of the filler; V2 is the volume fraction of the
filler; Vc is the percolation threshold; and n is a percolation exponent.
According to percolation theory, the k value will increase rapidly when
the filler ratio exceeds the percolation threshold value. When the ratio
is below the threshold value, the enhancement effect of the filler is
negligible and the threshold conduction of the composite is the same or
slightly higher than that of the polymer [83,84].

In summary, the heat conduction of polymers can be enhanced by
compounding polymers with thermally conductive fillers. However, the
resulting polymer composite displays only a moderate enhancement in
thermal conduction. Sufficient improvements in thermal conduction
often require that the filler satisfy several fundamental requirements,
such as high quality, uniform dispersion, and a high-volume fraction,
which are often difficult to fulfill simultaneously. In composites with
dispersed filler particles, random dispersion in the polymer almost al-
ways causes transverse contact between filler particles over a relatively
small contact area, which leads to a very high thermal resistance that
dominates the overall thermal resistance [70]. As a consequence, the
composites with a low filler content will lead to the inferior improve-
ment in k values, but the high filling ratio of fillers will weaken the
processability and mechanical properties of the polymers. In this con-
dition, it is possible to overcome these thermal barriers by creating new
interfacial architectures with inherently low thermal interface re-
sistance.

4. Polymer-based composites with preconstructed 3D frameworks

According to Maxwell’s mixing theory, single-walled CNTs
(SWCNTs) should improve the k value of a polymer by 50-fold at a
volume fraction of 1%. However, such improvements cannot be
achieved in practice, as the experimentally observed improvement is at
least an order of magnitude less than expected [85]. This contrast re-
sults from the huge thermal resistance inside the composite, which

mainly consists of the thermal resistance at the filler–polymer interface
and the interfacial resistance between individual filler particles. Based
on the concept of Kapitza resistance, interfacial resistance occurs be-
cause of a modulus mismatch between the matrix and the filler, and the
greater the mismatch, the greater the resistance [85,86]. Therefore,
interfacial resistance at the matrix–filler interface is unavoidable in
polymer-based composites. Fortunately, the interfacial contact thermal
resistance among individual filler particles can be significantly reduced
through structural design. The construction of a 3D-connected con-
duction network is an efficient and feasible strategy for reducing the
interfacial resistance among the filler particles.

All highly thermally conductive fillers can be constructed into 3D
interconnected thermal conductivity networks using various methods.
As CNTs and graphene present the best k values among known con-
ductors, there have been many reports on the construction of their 3D
conductive networks. Recently, BN-based 2D fillers have also attracted
extensive attention because of their unique electrical insulation prop-
erties, which are significant for thermal management systems in mi-
croelectronic devices.

4.1. 3D conductive architectures

Using nonequilibrium molecular dynamics simulations, novel in-
terfacial carbon-based architectures have been engineered to create 3D
thermal transport networks, including a 3D pillared-graphene frame-
work consisting of graphene and CNTs, and CNT-based 3D porous
network structures (Fig. 9a, b). By investigating the phonon thermal
transport behavior in these new network structures with covalent bond
connections, Varshney et al. [70,87] found that these architectures
exhibited inherently low interface thermal resistance owing to the
presence of perfect junctions. As shown in Fig. 9c, the high axial
thermal conductivity of a unique graphene–CNT structure results from
the replacement of noncovalent interactions with covalent bonding.
Additionally, the CNT-dense regions in the graphene–CNT structure
also influence the axial heat transfer because a larger inter-CNT inter-
action (χ) in such regions enhance phonon scattering [88]. The gra-
phene and CNT network nanostructures play important roles in im-
proving the overall k of materials, as the junctions between these fillers
have a remarkably low resistance, which enables heat to be transferred
in an efficient manner. These studies confirm that the construction of a
3D network can provide a larger contact area for efficient heat removal,
and the thermal transport performance of such systems exceeds that of
state-of-the-art TIMs by two to three orders of magnitude [87].

Thus, a 3D continuous framework can effectively enhance the k of
polymers. Recent research suggests that the buildup of a graphene
framework is conducive to overcoming the dispersion inhomogeneity
while simultaneously endowing materials with highly favorable com-
prehensive properties [90,91]. Furthermore, a 3D continuous filler
framework helps avoid redundancies in the thermal resistance by re-
ducing the number of interfaces between the matrix and the filler, thus
ensuring that sufficient phonons can be transported through the 3D
network. In addition, this method can realize the formation of a 3D
transport network in the polymer matrix at extremely low filler con-
centrations.

Percolating composites with ultralow filler ratios can be prepared
by utilizing the 3D filler framework as a conductive network; the gen-
eral preparation process is shown in Fig. 10 [92]. 3D continuous fra-
meworks are usually prepared by two strategies. The first strategy is to
prepare the 3D framework directly through in situ growth by CVD. For
example, Cheng [93] built a 3D GF through CVD on a nickel foam
template, and Xu [94] and Gui [25] prepared 3D CNT frameworks by
CVD. The second strategy is to assemble nanoparticles or nanosheets of
the fillers into a 3D network architecture. By backfilling the polymer
into the filler framework, the 3D network structure can be impregnated
with or embedded in the polymer without disrupting the monolithic
structure of the filler, with the final composite obtained after a curing
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process. As the 3D connective framework is completely preserved
during the compounding process, the interconnected structures are not
destroyed. This interconnected framework not only has a significant
mechanical enhancement effect on the composite but also provides a
fast transmission channel and a large number of transmission pathways
for phonons, which can significantly enhance the k of the composite.

4.1.1. Heat transfer improvement efficiency
The continuous framework of a thermally conductive filler has ex-

cellent heat transfer performance because the interconnected structure
has lower thermal interfacial resistance. Zhang’s group [19] reported
that the interfacial thermal resistance of an interconnected GF was low
at the Si–Al interface (0.04 cm2 K W−1), which is more than 12 times
lower than those of conventional thermal greases and thermal pastes.
Other researchers have found that the interfacial thermal resistance of
freestanding vertically aligned CNTs (VACNTs) was as low as 0.07 cm2

K W−1 [95,96]. Liang and co-workers [97] proposed high-performance
TIMs using a freestanding multilayer reduced graphene oxide (rGO)
skeleton with a thermal interfacial resistance of approximately 0.07
cm2 K W−1.

From the abundant literature on the development of thermally
conductive polymer-based composites, we have collated data on the
two preparation methods, namely, using a dispersed filler and using a
3D interconnected framework, as listed in Tables 1 and 2, respectively.

To compare the influence of the filling method on the properties of the
thermally conductive composites, we have summarized the thermal
performance of the polymer composites in terms of the k values of the
composites against the filler mass fractions, as shown in Fig. 11a. The
composites with 3D interconnected networks achieve high k values
more easily at relatively low filling fractions, whereas for composites
with dispersed fillers, it is difficult to obtain satisfactory k values. For a
better comparison of the contributions of the two methods to the im-
provement of the k of composites, we quantified the filler load to
compare the k values of composites under unit filling. This evaluation
obviously reveals that interconnected 3D structures have a greater ad-
vantage in enhancing the k of composites.

For thermally conductive composites, it is important to realize high
enhancements in k at low filler loadings. To accurately reflect the su-
periority of 3D architectures in improving the heat conduction of the
polymers, the enhancement efficiencies (η) of 3D filler frameworks and
dispersed fillers in polymer composites were characterized using the
enhancement achieved with respect to the wt% loading, which can be
defined as:

=
−

× ×
×η

k k
M k100

100%p

f p (5)

where k and kp are the thermal conductivity values of the polymer
composite and the pristine polymer, respectively; and Mf is the loading

Fig. 9. (a) Simulation of a novel 3D
graphene–CNT network nanostructure [89].
Copyright 2012, American Chemical Society.
(b) Simulation of porous nanotube 3D network
structures [87]. Copyright 2011, Royal Society
of Chemistry. (c) Molecular dynamics simula-
tion of the cross-plane k of a graphene–CNT
hybrid structure at ambient temperature [88].
Copyright 2015, Wiley-VCH.

Fig. 10. General preparation process for
polymer composites by compounding with a 3D
continuous framework.
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mass fraction of the filler in the composite. Fig. 11b clearly reveals that
the η values of 3D network fillers are far higher than those of dispersed
fillers. Thus, 3D architectures outperform the random dispersion ap-
proach in improving the k of polymers because the 3D framework
embedded in the matrix offers more effective continuous pathways for
phonon transfer. Therefore, interconnected architectures are conducive
to forming efficient 3D heat-dissipative networks in polymer matrices.

In composites with dispersed fillers, the filler particles are coated by
the polymer; thus, there are no real effective connections between the
particles. This discontinuity causes a large contact thermal resistance in
composites, which hinders phonon transmission and limits the im-
provement in the k of composites. In contrast, interconnected free-
standing 3D networks can reduce the internal contact thermal re-
sistance drastically, as individual particles in the 3D architecture

Table 2
Thermal conductivity (k) values of various polymer-based composites with interconnected 3D continuous frameworks.

Fillers Polymer matrix Solid loading k (W m−1 K−1) Enhancement in k (%) Refs

3D graphite/CNTs Polyimide 2.6 wt% 4.09 424 2015 [98]
3D graphene Polyimide 0.35 wt% 1.7 1033 2015 [99]
3D graphene PDMS 0.7 wt% 0.56 195 2015 [100]
3D graphene PCM 5 wt% 4.28 1761 2018 [101]
3D graphene Epoxy 35 wt% 35.5 16,805 2018 [102]
3D graphene PMMA 2.5 vol% 0.7 250 2015 [103]
3D graphene Epoxy 0.92 vol% 2.13 1231 2016 [104]
3D graphene PCM 12 wt% 5.92 2474 2016 [105]
3D graphene Epoxy 5.5 wt% 10 5560 2018 [106]
3D graphene Epoxy 5 wt% 1.52 744 2016 [107]
3D graphene/BN Epoxy 13.16 vol% 5.05 2700 2018 [81]
3D graphite foam PCM 1.2 vol% 3.4 1800 2014 [108]
3D Cellulose/graphene PCM 5.3 wt% 1.35 463 2016 [109]
SiC/graphene Polyimide 11 wt% 2.63 996 2015 [110]
Graphene/BN Epoxy 44 wt% 11.01 7240 2018 [111]
Graphene PEG 2.25 wt% 1.43 361 2016 [112]
3D graphene PA6 0.25 wt% 0.69 288 2018 [113]
3D graphene Epoxy 8.3 wt% 8.8 4300 2018 [114]
3D diamond Epoxy 1.2 wt% 2.28 891 2018 [24]
3D BN Epoxy 24.4 wt% 5.19 2780 2018 [115]
3D Cu-CFelt Epoxy 29.34 vol% 30.69 13,850 2020 [116]

Fig. 11. (a) Comparison of the thermal performance of polymer composites with dispersed and 3D interconnected fillers in terms of thermal conductivity vs mass
fraction. (b) Comparison of the η values of composites with dispersed filler particles and interconnected 3D filler networks.
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strongly bond with one another in a continuous network [3,117]. Zhang
et al. [19] reported that a 3D structure had better thermal interfacial
characteristics than other surfaces because of a significant increase in
contact sites. It is believed that the overall thermal extraction perfor-
mance of composites can be further enhanced by improving the com-
pactness of the 3D framework. Ji et al. [108] found that the k value of a
PCM could be enhanced 18-fold by integrating a 3D graphite frame-
work at volume fractions of 0.8–1.2 %.

4.1.2. Control of heat transfer orientation
Composites with isotropic and anisotropic thermal conductivities

can satisfy different application requirements. The most effective and
convenient way to control the conductive performance in different di-
rections is to control the orientation of the enhancers. In general, with a
homogenous dispersion in a polymer matrix, it is difficult to adjust the
orientation of the filler. In contrast, the orientation of a filler network
can be controlled using the preconstructed 3D structure. Methods for
constructing ordered 3D structures include directional freeze-drying,
the application of magnetic or electric fields, and the use of directional
templates [118–120].

Among the various types of thermally conductive fillers, individual
1D and 2D fillers, such as CNTs, graphene sheets, and BN sheets, can
easily form 3D multilevel ordered structures [121]. Highly oriented 3D
structures of CNT arrays, which can be obtained via direct CVD growth,
are widely used for preparing highly anisotropic thermally conductive
materials. Anisotropic graphene and BN networks can be constructed
easily using directional freeze-drying technology. By controlling the
orientation of the structure, the heat conduction of a material can be
greatly improved in a specific direction, even at low filler contents.
Therefore, through the design of the preconstructed structure, the or-
ientation of the heat conduction network can be easily controlled to
obtain composite materials with anisotropic properties.

4.1.3. Theoretical calculations of 3D thermal conduction systems
Most theoretical models of thermal conduction are based on EMT

and percolation theory, which are reliable for nanocomposites with
randomly dispersed fillers; however, these theories are not appropriate
for 3D network composites. Because the EMT model assumes that the
filler particles are completely surrounded by the polymer, it mainly
considers the thermal resistance at filler–polymer interfaces. In con-
trast, in a 3D-connected structure, it has been reported that the inter-
facial thermal resistance mainly originates from the filler–filler inter-
faces rather than the filler–polymer interfaces [12,22]. Owing to the
inherently interconnected network of the 3D filler framework, heat

conduction channels can be constructed in the polymer matrix, and
therefore, it is not affected by the percolation threshold.

Some useful models have been proposed to understand the thermal
transfer performance of 3D filler frameworks. Foygel et al. [22,81,122]
proposed a nonlinear model that analyzes the intrinsic heat transport
performance of a 3D framework and the thermal resistance between the
fillers, as follows:

= −V p K V VK( , ) ( )f f c
t p

0
( ) (6)

where K is the pre-exponential factor ratio, which is the expected
contribution from the 3D framework alone; Vc is the critical volume
ratio of the 3D filler, which has a conductive exponent depending on
the aspect ratio of the 3D structure; and Vf is the loading volume of the
3D filler in the composite.

Based on metal foam theory [123], another model was proposed in
which the thermal conductivity of a sample containing an isotropic
connected 3D filler framework can be predicted based on the rule of
mixtures [108,114]:

=k fk1
3foam s (7)

= + − = + −k k f k fk f k(1 ) 1
3

(1 )c foam p s p (8)

where kfoam represents the thermal conductivity of the isotropic filler
network; ks represents the inherent thermal conductivity of the filler
struts; f represents the volume fraction of the filler; kp represents the
thermal conductivity of the polymer; and the coefficient 1/3 denotes
the completely random orientation of the filler struts.

However, Eq. (8) cannot correctly reflect the k values of anisotropic
3D filler networks such as CNT arrays and oriented GF. Kim [114]
proposed an improved model, based on Eq.s (9) and (10), by introdu-
cing two orientation parameters, μi and ξ, which are used to calculate
the k values of anisotropic 3D multilayer graphene/epoxy composites.
These authors divided the composites into two groups according to the
orientation of the graphene struts (Fig. 12). Group 1 represented in-
plane oriented graphene struts and group 2 represented 3D randomly
oriented graphene struts. The exact values of μi (i = 1, 2) represented
directional average coefficients corresponding to each orientation state,
and ξ represented the relative concentration of in-plane oriented gra-
phene struts:

= 〈 〉 = ≤ ≤μ θ i μcos , ( 1, 2; 0 1)i i i
2 (9)

Fig. 12. Analytical models with different orientation parameters for graphene struts [114]. Copyright 2018, Royal Society of Chemistry.
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= ≤ ≤−f

f
ξ , (0 ξ 1)in plane

(10)

where θ is the angle between the thermal transfer direction and the
graphene strut; μ = 0 indicates that all graphene struts are perpendi-
cular to the direction of thermal transfer; and μ = 1 suggests that all
graphene struts are arranged in the direction of thermal transfer. In
addition, a higher ξ value implies that more graphene struts are con-
fined to the 2D plane rather than being randomly arranged in 3D space.
When μi and ξ are considered, the k values of anisotropic polymer
composites can be calculated using the weighted average of these two
groups:

= + − + −k μ ξfk μ ξ fk f k(1 ) (1 )c G G ep1 2 (11)

Different μ1 and μ2 values are calculated depending on the or-
ientation. For example, for the perfectly aligned case, the orientation
parameters are the same for groups 1 and 2 (μ1 = μ2 = 1); therefore,
the k values of materials with aligned graphene struts can be written as:

= + − + − = + −k ξfk ξ fk f k fk f k(1 ) (1 ) (1 )c G G ep G ep (12)

For a completely randomly oriented framework, μ1 = μ2 = 1/3;
therefore, the k values of materials with randomly oriented graphene
struts can be written as:

= + − + − = + −k ξfk ξ fk f k fk f k1
3

1
3

(1 ) (1 ) 1
3

(1 )c G G ep G ep (13)

In addition, the series and parallel models can also be used to pre-
dict realistic k values for composites with 3D filler networks [124,125].
The formulae for the series and parallel models of composites with
traditional filler particles can be written as

=
−

+
k

f
k

f
k

Series model: 1 (1 )
p f (14)

= − +k f k fkParallel model: (1 ) p f (15)

where k, kp, and kf represent the thermal conductivity values of the
composite, polymer matrix, and filler particles, respectively; and f re-
presents the volume fraction of the filler particles.

Qin et al. formulated a thermal conduction equation for 3D ther-
mally conductive networks according to the series and parallel theory
[124]. As shown in Fig. 13, rGO@MF/polydimethylsiloxane (PDMS)
composites can be depicted using a simplified thermal conduction ele-
ment model, enabling the calculation and predication of the total in-
plane thermal conductivity (kⅡ) and resistance (R) of such materials.
Similar to the series–parallel connection for the resistance, thermal
resistance R can also be calculated using Eq. (16):

= +
+

+
+

+
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Furthermore, kⅡ can be written as Eq. (17):
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In contrast to randomly dispersed filler particles, interconnected
architectures have proven to be better candidates for preparing high-
performance polymer composites. First, a preconstructed 3D con-
tinuous filler network can overcome the disadvantages of aggregation
during the preparation process and ensure a uniform dispersion of fil-
lers in the polymer matrix. Second, an interconnected filler network
provides more heat transfer channels in the polymer and increases the k
by minimizing the negative impact of interfacial thermal resistance.
Third, the preconstruction approach makes it easier to regulate the
orientation of the 3D network. Hence, prefabricated 3D conductive
networks can further improve the heat dissipation capabilities of
polymer-based composites at low filling ratios.

4.2. 3D graphene continuous frameworks

As a unique 2D structural material, graphene exhibits excellent
electrical conductivity, mechanical robustness, flexibility, thermal
conductivity, and optical transparency. It has been considered the
perfect reinforcing element for improving the electrical, thermal, and
mechanical properties of polymer matrices [14,126–128]. Graphene is
widely used as a filler in the preparation of functional composites,
which are used in thermal interfaces, supercapacitors, sensors, anti-
static films, electromagnetic shielding, and energy storage [129]. The k
value of suspended single-layer graphene has been measured as 5000 W
m−1 K-1 at ambient temperature, which makes graphene one of the best
thermally conductive materials known at present [130]. Thus, graphene
and its derivative materials have widely served as thermally conductive
fillers in the preparation of thermal management composites. Graphene
is mainly used in the form of nanosheets [67]. Although individual
graphene sheets have excellent k values and many great improvements
in the properties of polymer composites have been achieved, several
factors, including agglomeration and high thermal contact resistance
with both the medium and adjacent nanosheets, prevent graphene-
based fillers from reaching their full potential in thermally conductive
composites [3,131]. Owing to these inherent drawbacks and the dis-
continuous structure of graphene nanosheets, the reported practical
performance is always inferior to the theoretical prediction.

In recent years, the construction of 2D lamellar graphene into
freestanding 3D structures has attracted significant attention, as such
structures provide better electron, phonon, and ion transfer abilities
than graphene sheets [90,107,132,133]. In particular, 3D GFs are of
considerable interest owing to their unique interconnected 3D micro-
structures [93,134]. 3D graphene monoliths can be constructed via the
CVD method and self-assembly. In 2011, Cheng et al. first prepared a
3D GF through the CVD method on a nickel foam template [93]. The
freestanding GF successfully integrated 2D graphene sheets into a
macroscopic structure, while preserving most of the excellent physical/
chemical properties of graphene, including thermal conductivity,

Fig. 13. Calculation of the thermal conductivity of 3D network composites using series–parallel connection theory [124]. Copyright 2018, Wiley-VCH.
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electrical conductivity, thermal stability, chemical/radiation resistance,
and electromagnetic shielding properties [3,99,135,136]. The k values
of 3D graphene networks have been reported to be 0.26–1.7 W m−1 K-1

with a thermal interfacial resistance as low as 0.04 cm2 K W-1 at the
Si–Al interface, which is of great significance for developing materials
to effectively manage heat dissipation [66]. In addition, the mechanical
properties of 3D graphene are favorable owing to the cross-linked
structure between the inner nanosheets. The good mechanical and
structural stability of 3D monoliths can hamper the agglomeration of
graphene nanosheets [137–139]. Owing to the excellent thermal con-
duction properties, large surface area, and mechanical strength of 3D
graphene networks, a series of advanced polymer composite materials
can be prepared.

4.2.1. Construction of graphene architectures
The construction of an interconnected 3D graphene network in a

polymer matrix has been a widely used approach for preparing high-
performance composites. To construct graphene networks, several
methods can be used, such as CVD, electrochemistry, the reduction of
graphene oxide (GO)-based materials, self-assembly, lithographic pat-
terning, vacuum filtration, and nucleate boiling [3,93,97,140–144].
Among these technologies, CVD and the chemical/thermal reduction of
GO foams are considered the most efficient for preparing high-quality
and large-scale graphene networks [145].

As the main strategy for preparing interconnected 3D graphene
monoliths, in situ CVD involves growing graphene on a metal catalyst
foam. In this typical bottom-up approach, a carbon source provides
carbon atoms for constructing graphene in a 3D catalyst skeleton. This
method produces 3D graphene with a perfect lattice and a connected
structure. Another strategy is to build the 3D structure based on GO and
then reduce it to 3D graphene, which has been achieved using various
methods, including in situ self-assembly strategies (hydrothermal
method) [141,146–148]. cross-linking methods [149–151], template
methods [152,153], wet spinning [154], and 3D-printing techniques
[155–158].

4.2.1.1. Self-assembly of GO. GO, an inexpensive graphene-derived
material, is prepared using graphite powder as a raw material
through the processes of graphite oxidation and graphite oxide
exfoliation. The emergence of GO has made the mass production of
graphene possible. Importantly, uniform dispersions of GO can achieve
in water and many other organic solvents owing to the abundant
oxygen-containing groups on its basal planes and edges. A GO-based
network can be reduced to a graphene network using chemical
reductants or a high temperature [159].

The most common strategy for constructing 3D graphene frame-
works using GO as a raw material is self-assembly (Fig. 14a, b). Based
on this strategy, several methods have been developed. In a typical
method, a GO dispersion in an aqueous solvent is first gelled and then
reduced to convert GO to rGO, eventually producing a 3D graphene
network (Fig. 14a). The equilibrium between the van der Waals forces
and electrostatic repulsion facilitates the dispersion of GO in the aqu-
eous solvent to form a stable dispersion [134]. During the gelation
process, the balance between these forces is broken and the GO sheets
become partially overlapped, resulting in a gel with a self-supporting
architecture. The 3D graphene network is obtained after subsequent
solvent removal and the reduction process. For the gelation of GO
dispersions, a cross-linker is usually needed to strengthen the connec-
tions between GO sheets and efficiently accelerate gel formation. Many
cross-linkers have been reported, such as polyvinyl alcohol (PVA)
[160], 2-ureido-4[1H]-pyrimidinone (UPy) [161], DNA [162], metal
ions [163,164], polymers [165], and organic molecules [166].

Besides gelation, various other methods are available to assemble
GO sheets into 3D macrostructures, including freeze-drying
[101,169–171], tape casting, and electrochemical deposition. These
methods involve first preparing a 3D GO structure followed by

reduction to produce the graphene network. 3D graphene networks can
also be obtained using one-step processes, such as the hydrothermal
treatment [102,141,172–174] or chemical reduction [147,175–177] of
GO sheets.

Although the construction of 3D graphene networks by assembling
GO or rGO is flexible, simple, inexpensive, and yields a high output,
there are some deficiencies that should be addressed in future research.
In addition to the abundant oxygen-containing groups (epoxides, hy-
droxides, phenols, and carboxylic acids), the structural defects in the
graphene macrostructures obtained from GO also have a considerable
influence on the k value [178]. Graphene prepared by reducing GO
usually contains numerous lattice defects, which cause significant
phonon scattering and affect the inherent k of graphene. Acquiring
high-quality graphene with fewer structural defects is an urgent issue
that warrants immediate attention.

4.2.1.2. CVD method. Similar to self-assembly methods, the growth of
3D graphene networks directly on a 3D catalyst template by CVD is also
a very popular method for producing high-purity and large-scale
graphene [93,179]. The CVD method is a popular microfabrication
technology widely used in the semiconductor industry. A metal catalyst
(Cu, Au, or Ni foam), which also serves as a 3D template, is needed to
prepare graphene architectures via CVD [93,180]. The formation
mechanism of graphene involves carbothermic reduction at the
template surface, which initializes the nucleation and growth of
graphene. To obtain a high-purity graphene network, the catalyst
framework needs to be removed. To preserve the integrity of the
graphene architecture and prevent the 3D structure from collapsing
during the catalyst etching process, thin layers of PDMS are often
deposited as a support structure (Fig. 14c). In addition to metal
templates, other 3D structural materials can be used to grow 3D
graphene networks [181–185]. Lin et al. [181] grew a 3D graphene
architecture on a porous Al2O3 ceramic template using the ambient-
pressure CVD method. Ning et al. [182] synthesized 3D graphene
nanomeshes, which have only one or two graphene layers, via template
growth on porous MgO layers. Huang et al. [183] obtained a
macroscopic 3D graphene network by growing multilayer graphene
on interconnected porous silica substrates using the CVD method.

Compared with the 3D graphene structures obtained by self-as-
sembly techniques, such as hydrothermal and sol–gel methods, those
prepared by the CVD technique are considered more efficient in opti-
mizing the k of polymers [19,186]. The is because the weak van der
Waals, hydrogen-bonding, and π–π-stacking interactions at the inter-
faces in the graphene aerogel cause abundant phonon scattering be-
tween different graphene sheets [168,170,187,188]. By contrast,
covalently bonded GFs can provide continuous fast channels for phonon
transfer [3,108]. In addition, graphene prepared by CVD has a better
crystal structure with fewer oxygen-containing groups and structural
defects than rGO. Hence, the high-quality graphene structures produced
by CVD are more effective in improving k. Although the CVD method
can grow high-quality graphene networks, this high-cost process is
complex and time consuming, which are serious shortcomings. Thus,
future studies need to address reducing the manufacturing costs, opti-
mizing the growth conditions, and quickly removing the catalysts.

4.2.1.3. Other methods. In addition to the main strategies of self-
assembly and CVD, some researchers have prepared 3D graphene
networks using other methods, such as pyrolytic polymer templates
[189,190], 3D printing technology [157,158,191], laser-induced
technology [192–196], and 3D template assembly techniques
[190,197–200]. Tour et al. [192–196] synthesized 3D GFs based on
laser-induced technology, as shown in Fig. 15a–d. A commercial
polyimide film was irradiated by a CO2 infrared laser, resulting in the
conversion of the polyimide film into porous graphene. The graphene
layers were then adhered to each other and stacked, and the laser
irradiation was repeated on subsequent polyimide layers (Fig. 15a).
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Worsley et al. [191] applied a 3D printing technique to fabricate
engineered 3D graphene architectures by depositing GO ink filaments
precisely on predesigned paths (Fig. 15e–h). Polsky et al. [197]
reported that prestructured pyrolyzed photoresist films could be used
to synthesize 3D interconnected graphene networks via a chemical
conversion. Yu et al. [109] prepared a cellulose/graphene aerogel by
incorporating defect-free graphene nanoplatelets into 3D cellulose
aerogels. Liao’s group [190] prepared a GF using a polyurethane (PU)
foam as a template (Fig. 16a–c). Under high-temperature treatment, GO
was reduced to graphene, and PU was decomposed completely. Qin
et al. [124] built a 3D graphene network structure by impregnating a
GO solution into a commercial PU foam (Fig. 16d).

In summary, there are two main methods for preparing the 3D
graphene networks: in situ CVD growth and GO self-assembly. The GO
self-assembly method, which is convenient, inexpensive, and density
controllable, can produce large samples and is conducive to mass pro-
duction. However, the 3D graphene structures prepared using this
method have several defects, and subsequent improvements are needed
to address these. In addition, as the assembly of the graphene sheets in
the 3D structure depends on weak interactions, the structure is unstable
and the continuity is poor; thus, phonon transmission between different

graphene sheets is hindered. In comparison, the 3D graphene networks
prepared by CVD are of high quality with good continuity because the
constituent covalent bonds are beneficial for electron and phonon
transfer. However, this method generally requires a 3D growth tem-
plate, and subsequent template removal is complicated and can cause
structural damage. Furthermore, the high growth temperature and the
elevated costs entailed by this method are not conducive to large-scale
production and thus limit its application. Thus, for the CVD method, it
is necessary to improve the reaction conditions, reduce the growth
temperature, and realize rapid template removal.

4.2.2. 3D graphene/polymer composites
Compared with traditional graphene powder, a 3D graphene ar-

chitecture is advantageous for improving the k of polymers owing to its
intrinsic interconnected structure. In addition, unlike powders, pre-
constructed 3D networks can achieve a fine dispersion of fillers in the
polymer without agglomeration, thus providing a stable structure and
strengthening the mechanical properties.

Numerous papers have reported the evident advantages of 3D gra-
phene frameworks over 2D graphene sheets for preparing thermally
conductive composites [3,143]. Bai et al. [100] prepared thermally

Fig. 14. (a) Schematic diagram of the construction of graphene aerogels via self-assembly. (b) Scanning electron microscopy (SEM) images of the aerogel cellular
structure [167]. Copyright 2015, Royal Society of Chemistry. (c) Schematic diagram of the microporous graphene framework obtained by a hydrothermal method. (d,
e) The SEM images of graphene foam prepared by hydrothermal assembly [168]. Copyright 2014, Wiley-VCH. (f) Schematic diagram of the CVD method for building
GFs via a nickel framework template and the micromorphology of the GF. (g, h) The micromorphology of graphene foam grown by CVD [93]. Copyright 2014,
Elsevier Ltd.
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conductive PDMS composites by filling a 3D GF, and the k value of the
composite increased to 0.56 W m−1 K−1 with 0.7 wt% graphene, which
corresponds to a 20 % increase compared with that of a composite with
dispersed graphene sheets at the same loading. Zhang and co-workers
[201] prepared a 3D graphene structure by chemically reducing GO,
which was used as a thermally conductive network to enhance the k of
PU. The k value of the resultant GA/PU composite reached 3.36 W m−1

K−1 at ambient temperature with 2.5 wt% graphene, confirming that
graphene networks are favorable for internal thermal transfer, thermal
dissipation, and other thermal applications. Thus, devising and con-
structing a graphene macrostructure as a conductive network has been
demonstrated as an efficient method for improving the k of polymers.

The typical process for preparing thermally conductive polymer
composites involves first constructing a 3D graphene structure and then

infiltrating the polymer into the interconnected 3D graphene frame-
work by capillary adsorption or vacuum-assisted methods. This facile
compounding method ensures that the 3D interconnected structure is
not destroyed during composite preparation, and the embedding of
graphene improves the polymer stability and reduces composite
shrinkage. Yang et al. [112] prepared a hybrid carbon network con-
sisting of GO and graphene nanoplatelets, which was then mixed with
polyethylene glycol to obtain a composite with good heat conduction (k
= 1.43 W m−1 K-1 at 2.25 wt% loading), excellent structural stability,
reliable thermal cyclicity, and the capability for light-to-heat energy
storage. In this hybrid freestanding framework, the GO nanosheets
formed a 3D support network to stabilize the shape, and the graphene
nanoplatelets uniformly covered the GO network to construct heat
transport pathways. In another effort, these authors [186] constructed a

Fig. 15. (a) Preparation process for 3D GFs based on laser-induced technology and a laser milling process. (b) Optical photograph, (c) SEM image, and (d) trans-
mission electron microscopy (TEM) image of the GF prepared by laser-induced technology [192]. Copyright 2018, Wiley-VCH. (e) Engineered graphene aerogel
prepared by direct ink writing via a 3D printing technique. (f) Optical image and (g, h) SEM images of the GF fabricated by 3D printing [191]. Copyright 2015, Nature
Publishing Group.

Fig. 16. (a) Formation of a GF via GO coating of a PU foam template and subsequent removal of the PU foam by heating. (b) Photograph and (c) SEM image of the GF
prepared using the PU foam template [190]. Copyright 2015, Wiley-VCH. (d) Preparation of a continuous graphene network using a melamine–formaldehyde foam
template immersed in a GO solution [124]. Copyright 2018, Wiley-VCH.
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3D hybrid graphene network by self-assembly and CVD methods to
improve the heat conduction (k = 1.82 W m-1 K-1) and shape-stability
of PCMs. To construct this hybrid graphene network, GO was first in-
troduced into a Ni template, followed by the growth of graphene by
CVD.

In the preparation of polymer-based composites, graphene crystal
quality and network compactness are two key factors that influence the
k values of materials. A network of graphene with fewer defects has a
smaller intrinsic thermal resistance and better thermal conduction. In
contrast, the k of composites is proportional to the density of the filler
network in the composites. A higher network density increases the
number of thermally conductive paths formed, resulting in a higher k
value.

4.2.2.1. Crystal quality of graphene networks. Compared with the GFs
prepared by GO self-assembly, the 3D graphene structures prepared by
CVD have excellent intrinsic k values owing to their high purity and
high quality [3,202]. Teo et al. [99] prepared a composite by
constructing a 3D graphene network and infiltrating it with
polyimide. This continuous graphene network significantly increased
the k value of the polymer from 0.15 to 1.7 W m−1 K−1 with only 0.3
vol% graphene. Bai et al. [100,203] used a 3D GF prepared by CVD to
increase the k of PDMS. A high-quality GF consisting of defect-free
graphene nanosheets is essential for enhancing the k of the polymers. In
the networks grown in situ via CVD, the graphene sheets are covalently
bonded to each other, and there are no other weak bonding
interactions. Thus, this intrinsically continuous structure can
overcome the high interfacial thermal resistance that is problematic
in van der Waals bonded rGO networks.

The preparation of graphene frameworks via GO self-assembly is a
convenient and effective method. However, many reports have shown
that rGO networks cannot significantly improve the k of polymers. This
unsatisfactory performance mainly results from the inferior k of the rGO
network, which has been attributed to large amounts of defects and
oxygen-containing groups [14,204,205]. These imperfect structures
cause excessive phonon scattering, which adversely affects the effi-
ciency of heat transfer, resulting in the polymer composites exhibiting
only moderate improvements in k.

High-temperature annealing is quite effective for improving the
quality of graphene sheets and realizing large improvements in the
inherent k of graphene [101,204,206–210]. High-temperature an-
nealing removes the organic functional groups on rGO and aids in the
formation of defect-free graphene structures by repairing lattice defects,
which, in turn, can enhance the k of graphene. For example, Yu et al.
[101] constructed a somewhat defect-free graphene architecture by
annealing a GO aerogel at 2800 °C. This treatment effectively removed
the oxygen-containing groups on the GO sheets and healed the lattice
structure, imparting the graphene aerogel with a high thermal con-
duction capacity. Impregnating this graphene aerogel with octadecanol
gave a composite that exhibited an exceptional k value of approxi-
mately 4.28 W m−1 K−1 at a low graphene loading of 5.0 wt%. This
beneficial effect was a direct consequence of the defect-free graphene
and the interconnected thermally conductive network. Li et al. [211]
fabricated a vertically aligned graphene conductive network by the
directional freezing of a GO hydrogel with subsequent graphitization at
2800 °C. With only 0.75 vol% of this graphene network, an epoxy
composite exhibited a k value of 6.75 W m−1 K−1 in the vertical di-
rection. These significant improvements in thermal conduction verify
the importance of high-temperature heat treatments for graphene net-
works.

4.2.2.2. Density of graphene networks. The density of the transmission
network is another key factor that remarkably affects the heat transfer
properties of composites. Although GFs grown in situ by CVD have
favorable thermal and mechanical properties, they also have low
densities and the graphene content in polymer composites is

generally lower than 1 vol%. This is because the CVD method is
restricted by the pore structure of the metal catalyst skeleton, which
causes difficulties in growing dense structures using this method. The
low graphene content prevents the GF from forming sufficient heat
conduction channels and hinders further improvement in the k of
composites [212]. Similarly, if the density of the graphene structure is
too low, it cannot supply adequate heat transfer pathways. Therefore,
constructing high-quality and dense graphene architectures is
important for realizing efficient and high-speed heat transfer.

In comparison, the densities of architectures constructed by GO self-
assembly can be easily controlled and dense network structures can be
achieved. Yu and co-workers [105] prepared a dense graphene hybrid
aerogel by hydrothermally assembling aqueous mixtures of GO and
graphene nanosheets. As a heat-conducing filler, this graphene aerogel
increased the k of octadecanoyl. The obtained octadecanoyl/graphene
composite showed a k value of approximately 5.92 W m−1 K−1, which
was 26 times larger than that of neat octadecanoyl. An et al. [102]
constructed a high-density thermally conductive network via the hy-
drothermal reduction of GO and graphene nanoplatelets, followed by
graphitization at 2800 °C. This dense network efficiently increased the
heat conduction of an epoxy composite, achieving an exceptionally
high k of 35.5 W m−1 K−1, which is far greater than those of composites
filled with low-density networks (Fig. 17).

In summary, to enhance the heat transfer performance of a polymer
composite, the construction of a high-quality and dense 3D continuous
graphene network is critical. It is essential that the contents of oxygen-
containing groups and lattice defects in the 3D-connected graphene
network structure be reduced to improve the intrinsic thermal con-
duction properties. Simultaneously, it is necessary to increase the
density of the graphene network structure as much as possible to pro-
vide more transmission channels for phonons.

4.3. 3D CNT conductive networks

Because their crystal structure is similar to that of graphene, CNTs
also exhibit favorable mechanical properties and high electrical and
thermal conductivities. It has been reported that the k values of
MWCNTs are more than 3000 W m−1 K−1 [213]. Furthermore, the
experimentally measured k values of isolated MWCNTs are in the range
of 200–3000 W m−1 K−1 at ambient temperature. Using a molecular
dynamics model, Kim et al. predicted that the k values of SWCNTs could
reach 6600 W m−1 K−1 [214]. The ultrahigh heat transfer properties of
CNTs allow them to play a critical role as fillers in thermally conductive
polymer composites.

According to Maxwell’s equation, the incorporation of 1 vol% of
CNTs is expected to cause a 10-fold increase in the k of a polymer.
However, until now, the actual results have not been encouraging in
most cases [17]. For instance, Biercuk et al. [215] reported that a 2 wt%
(approximately 1 vol%) loading of CNTs powder in an epoxy resin only
improved the k value by up to 12.5 %. This unsatisfactory improvement
in the k of the polymer was mainly due to excessive interfacial thermal
resistance, which was mainly caused by the large tube–tube contact
resistance, structural defects in the CNTs, and an inadequate number of
contact areas between the tubes. Compared with traditional CNTs
powders, an interconnected 3D CNT framework is more advantageous
for preparing polymer composites.

To utilize the outstanding heat conduction properties of CNTs ef-
fectively, a feasible strategy is to construct a macroscopic CNT thermal
conductivity network. As the 1D nanotube structure is strong, con-
ductive, and flexible, it can be used as a basic unit for the macroscopic
framework. CNT arrays and randomly oriented CNT aerogels are the
main components of macroscopic CNT frameworks. In particular,
aligned CNT arrays have been widely used to prepare oriented ther-
mally conductive polymer composites [4,216–218]. The parallel ar-
rangement of the CNTs provides excellent heat transfer from two points
into the parallel planes, and this highly orientated structure makes CNT
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arrays applicable as efficient heat management materials. In contrast,
randomly oriented CNT aerogels have isotropic properties and can be
used to prepare polymer composites with isotropic properties. How-
ever, compared with CNT arrays, CNT aerogels have lower k values
owing to their lower densities, random permutations, and poor con-
nections between the tubes [219]. Theoretical calculations for ran-
domly oriented pure CNTs performed using Green’s function have re-
vealed the upper bound of the overall k value to be very small [220].
Therefore, there have not been many reports on the preparation of
thermally conductive composites with CNT aerogels as fillers.

4.3.1. CNT arrays
4.3.1.1. Preparation methods. CNT arrays can be synthesized from
ready-made CNTs using a physical method that involves magnetically
or electrically induced assembly [4,221]. Although this method is
simple and feasible, the obtained CNT arrays exhibit low densities
and imperfect orientations and arrangements. CVD, plasma-enhanced
CVD, laser ablation, and template-assisted methods can also be used to
prepare aligned CNTs [222–224]. Among these methods, CVD is
considered the most suitable for producing high-quality CNT arrays as
it provides a high yield, high purity, and excellent orientation. CNT
arrays can be grown on various substrates, such as quartz chips, planar
silicon substrates, mesoporous silica, carbon fibers, carbon paper,
graphite sheets, and metallic substrates [225,226]. This method also
requires a metal catalyst, such as Fe, Co, Ni, Al, or any hydride-forming
metal [225]. The mechanism for synthesizing CNT arrays using the CVD
method, as shown in Fig. 18, involves a growth process, in which the
tubes are arranged in an orderly manner owing to the “crowding
effect”. Owing to van der Waals forces and the high-density catalyst
particles, there is a limited space for the growth of CNTs [222,227].

The synthesis of CNT arrays is affected by several factors, such as
catalyst type, particle size, substrate, carbon source, growth tempera-
ture, and gas flow rate. By adjusting the growth parameters, CNT arrays
with different lengths, diameters, sizes, and qualities can be prepared.
For example, Hata et al. [20,228] synthesized high-quality SWCNT and
MWCNT arrays via water-assisted CVD. In this growth process, ethylene
was used as the carbon source, and Ar or He with H2 was used as the
shielding gas. In addition, sputtered metal nanofilms (Fe, Al/Fe, Al2O3/
Fe, or Al2O3/Co) on Si wafers, quartz, and metal foils were used as the

catalyst and substrate, and trace water vapor was used to promote and
preserve the catalytic activity. Using this method, a VACNT array can
be grown to a millimeter length in 10 min. Floating-catalyst CVD has
also been proven to be highly effective for the synthesis of MWCNT
arrays. Ferrocene, Fe(CO)5, iron(II) phthalocyanine, and FeCl3 can be
used as floating-catalyst precursors [229] with xylene [230] or toluene
[229] as the carbon source. Using the floating-catalyst process, aligned
CNT arrays can be prepared rapidly under continuous operation.

4.3.1.2. CNT arrays for thermal management. Owing to their high
anisotropy, aligned CNT arrays have volume-averaged axial k values
of up to 265 W m−1 K−1 [231] and are therefore considered promising
for preparing composites with superior out-of-plane thermal
conduction. Aligned CNT arrays show excellent heat conduction but
fragile mechanical properties. In contrast, polymers exhibit outstanding
machinability and poor thermal conduction. Therefore, it is practical to
prepare high-performance TIMs by compositing CNT arrays with
polymers. Various aligned CNT/polymer composites have been
prepared [232–235], in which the highly thermally conductive CNT
arrays are responsible for the majority of heat transport. Goodson et al.
[232], who reported k values for polymer composites with various
CNTs volume fractions, found that 1 vol% CNTs can realize a more than
2-fold improvement in the k value of the polymer. Furthermore, the k
values of the composites in the axial direction could reach 4.87 W m−1

K−1 when the CNTs content was 16.7 vol%. These results confirmed
that densified and aligned CNT arrays are crucial for improving the heat
conduction of polymers. Ivanov et al. [233] reported that millimeter-
tall VACNT arrays prepared via CVD on Si substrates could achieve fast
and highly anisotropic thermal transport. The out-of-plane k value of
the CNT array (8±1 vol%) in air was 15.3±1.8 W m−1 K−1, and that
of the epoxy-infiltrated CNT array was 5.5±0.7 W m−1 K−1. These
authors suggested that k could be further enhanced by optimizing the
density and reducing the defects of the CNT arrays. Tasciuc’s group
[234] prepared a high k composite by infiltrating PDMS into MWCNT
arrays at ambient temperature. The thermal diffusivity of the composite
along the CNT alignment direction was over six times larger than that of
neat PDMS.

The heat conductivity of CNT frameworks is affected by many
parameters, such as the axial dimensions and diameters of the

Fig. 17. (a) Schematic illustration of the con-
struction of dense 3D graphene hydrogels used
to fabricate thermally conductive epoxy com-
posites. (b) k values of the composites after
treating at different annealing temperatures.
(c) Digital image and (d, e) SEM images of the
dense GF [102]. Copyright 2018, American
Chemical Society.
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individual CNTs, the defect level, and the density and orientation of the
CNT framework [235–238]. An increased CNT framework density
benefits heat dissipation by providing more effective pathways for heat
flow and minimizing the phonon scattering induced by air. Zhu et al.
[235] fabricated MWCNTs/bismaleimide composites using MWCNT
arrays with lengths of 0.65–1.3 mm. They found longer CNT arrays
were more conducive to thermal conduction. For example, the com-
posite prepared with a CNT array of 0.65 mm in length and 37 nm in
diameter exhibited a k value of 33 W m−1 K−1, whereas that filled with
a CNT array of 1.1 mm in length and 59 nm in diameter exhibited the
highest k value of 70 W m−1 K−1. This behavior could be attributed to
heat dissipation in the CNTs/polymer composite via phonon transport
[238]. In the composites, the CNTs lengths were much larger than the
mean free path of the phonons. Therefore, while the effect of phonons
with short wavelengths could reach a constant level, the phonons with
long wavelength continued to contribute to the thermal dissipation
process. Similarly, longer CNTs could provide more efficient phonon
transfer pathways, which would allow the transfer of phonons with long
wavelengths.

4.3.2. CNT aerogels
4.3.2.1. Preparation of CNT aerogels

4.3.2.1.1. CVD method. In 2010, Gui et al. [25] and Xu et al. [94]
developed isotropic CNT frameworks using floating-catalyst CVD and
fixed-catalyst CVD, respectively. Gui et al. [25,239]created a
macroscopic porous CNT sponge with a unique isotropic structure by
changing the carbon source for the CVD process from xylene to
dichlorobenzene, which could disturb the aligned growth and create a
random stacking structure (Fig. 19a). These CNT sponges had stable 3D

porous networks with great versatility in structural deformation and
shape recovery. The CNT sponges consisted of randomly overlapped
individual CNTs and exhibited low densities, ultrahigh porosities,
flexibility, and resilience (Fig. 19b, c). Xu et al. [94] fabricated a
rubber-like resilient CNT macroscopic monolith with outstanding
thermal stability over a wide temperature range (–196 to 1000 °C).
During the CVD process, a gas flow consisting of ethylene as the carbon
source with a small amount of water vapor was introduced into the
substrate, which was sputtered with thin Al2O3/Fe catalytic layers.
Few-walled CNTs were continuously generated on the substrate and
subsequently intertwined with each other to construct an isotropic
scaffold (Fig. 19d, e). In this system, the density, structural orientation,
and mechanical behavior of the CNT framework could be adjusted by
controlling the distribution and density of the catalyst [240,241].
Furthermore, by controlling the concentration and distribution
morphology of the catalyst, a CNT framework was converted from a
random distribution network (isotropic) to a CNT array (anisotropic)
[227]. Yu et al. [242] also synthesized a cylindrical sponge-like CNT
structure (Fig. 19f) using the CVD method. As illustrated by the growth
reaction in Fig. 19g, ferrocene was decomposed at 400 °C, and the
volatilized products were continuously delivered to the reaction zone.
The added iron nanoparticles attached to the walls of the existing CNTs
during the synthesis process, resulting in the formation of a 3D sponge-
like porous structure.

The preparation of CNT frameworks by other strategies, such as
covalent junctions and elemental doping, have also been reported.
Ajayan et al. [243] generated a boron-doped MWCNT monolith using
an aerosol-assisted CVD process. The boron doping created a kinked
morphology of atomic-scale “elbow” junctions. Shan et al. [244]

Fig. 18. (a) Schematic of the preparation of CNT arrays by the “crowding effect.” (b) Relationship between CNT alignment and catalyst density. (c) SEM images of
CNT arrays with different catalyst densities [227]. Copyright 2012, American Chemical Society.
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prepared nitrogen-doped CNT sponges in a similar manner. Moreover,
it was reported that a 3D catalyst template could also be used to grow
CNT macroscopic structures [245].

4.3.2.1.2. Cross-linking method. Dispersed CNTs can also be
constructed into macroscopic monoliths with interconnected 3D
scaffold structures using a sol–gel, cross-linking, and ice template
method [246–249]. Islam’s group [246,247] constructed a
freestanding SWCNT aerogel by introducing sodium dodecylbenzene
sulfonate as a cross-linker. As shown in Fig. 20a, c, the fabrication
process usually involves three stages [250]. First, the CNT powder and
the chemical cross-linker are evenly dispersed in a liquid solvent to
form a colloidal solution. Then, the colloidal solution is hydrolyzed to
obtain an integrated network (gel) with homogeneous cells. Finally, a
3D CNT framework is built via freeze-drying or supercritical drying of
the gel (Fig. 20d, e) [251]. The cross-coupled CNTs could be assembled
into macroscopic architectures with different junction structures
(Fig. 20b).

In summary, CNT frameworks can be prepared through two stra-
tegies: direct growth by CVD and the solution treatment of CNT pow-
ders followed by freeze-drying or supercritical drying. The CNT fra-
meworks prepared by the CVD method have better structural integrity
and robustness. However, the CNT aerogels prepared from CNT sus-
pensions have the advantages of low cost, scalability, adjustable func-
tionalization, and the potential to tailor microstructures. However, the
solution process creates new structural defects and shortens the raw
CNTs, leading to the degradation of k. The weak interactions between
the suspended nanotubes also result in inferior thermal conduction and

mechanical properties. Furthermore, the CNT aerogels fabricated via
solution assembly are fragile and can easily collapse under compres-
sion. Therefore, the CVD method is considered the best method for
building 3D self-supporting CNT sponges.

4.3.2.2. CNT networks for thermal management. Despite the excellent
out-of-plane thermal conduction properties of CNT arrays, in some
cases, isotropic thermal conduction materials are required. The spaces
between adjacent CNTs in the arrays hampers in-plane phonon
transport, thus impeding the in-plane heat transfer of CNT array-
based composites. Some researchers have attempted to construct
isotropic CNT frameworks as heat conduction networks. Kong et al.
[252] proposed a novel 3D CNT network by cross-linking a VACNT
array with randomly oriented CNTs. The obtained CNT network had a k
value of 5.4± 0.92 W m−1 K−1, which was more than 300 % that of
the primary VACNT array, and this network could be used to prepare
high-performance TIMs. Choi et al. [253] fabricated PDMS/CNTs
composites by coating PDMS layers on the inner and outer surfaces of
a porous 3D sponge-like CNT structure. The k value of the composite
with 8 vol% PDMS (92 mW m−1 K−1) was 268 % higher than that of
the pristine CNT sponge (25 mW m−1 K−1) but still very low owing to
the ultralight density and advanced pore structure of the sponge. Hsiao
et al. [254,255] used sodium dodecyl sulfate@carboxymethyl cellulose
as a functional surfactant and conductive poly(3,4-
ethylenedioxythiophene)@poly(styrene sulfonate) as a thermally
conductive bridge to cross-link MWCNTs and decrease the thermal
resistance. A MWCNT foam was created using the freeze-drying

Fig. 19. (a) Schematic of the growth process for CNT sponges in the floating-catalyst CVD method. (b) Schematic diagram of porous CNT sponges. (c) SEM image of
the CNT sponges [239]. Copyright 2013, IOP Publishing Ltd. (d) Optical photographs and SEM images of the rubber-like CNT monolith. (e) Schematic of the growth
process for the rubber-like CNT monolith via the fixed-catalyst CVD method [94]. Copyright 2010, American Association for the Advancement of Science. (f) Digital
images of the sponge-like CNT structure. (g) Time evolution of the proposed growth process for the sponge-like CNT structure [242]. Copyright 2015, Royal Society
of Chemistry.
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method, and after the introduction of PDMS, the k values of the
composite reached 0.84 W m−1 K−1 and 1.16 W m−1 K−1,
respectively. However, these improvements in thermal conduction
still fail to meet expectations, likely because of the huge thermal
resistance inside the tubes.

4.3.2.2.1. Interfacial thermal resistance. Compared with the k values
of individual CNTs (> 3000 W m−1 K-1 at ambient temperature)
[213,256], the k values of isotropic CNT networks are much lower.
Many studies have shown that CNT networks cannot achieve large
improvements in k. In addition to the thermal resistance at the interface
between the CNTs and the surrounding medium, which unavoidably
limits the heat flow, the k of CNT–polymer composites is also degraded
by the contact thermal resistance between adjacent nanotubes [257].
As shown in Fig. 21, a small contact area between adjacent CNTs leads
to a high contact resistance. In polymer composites, phonon
transmission between the CNTs is limited by high thermal resistance.

Because the CNT architecture has a loose structure and isotropic

stacking, the thermal energy transfer between individual CNTs at the
van der Waals contact distance is limited by the large contact resistance
arising from weak bonding between the CNTs [219,258]. Malen et al.
[259] studied phonon transport in a SWCNT aerogel prepared via the
solution processing of purified SWCNTs. This SWCNT aerogel (8 kg
m−3) had a poor k value of 0.025± 0.010 W m-1 K-1, which was at-
tributed to the high porosity and the poor heat conduction at the tu-
be–tube junctions. Based on molecular dynamics and mesoscale simu-
lations, these authors suggested that thermal resistance at the junctions,
which was due to the poor van der Waals interactions between the
SWCNTs, seriously weakened the k of each SWCNT. Prasher et al.
suggested that the k value of a packed bed of CNTs was smaller than
those of typical isotropic polymers, with the k of the 3D tube network
being reduced by the contact resistance at junctions formed between
adjacent CNTs (Fig. 22a) [219]. Lukes and Zhong calculated the in-
terfacial thermal resistance at CNT junctions using molecular dynamics
and an analytical thermal model, as depicted in Fig. 22b. These cal-
culations revealed that bringing nanotubes into intimate contact with
one another decreased the contact thermal resistance by four orders of
magnitude [258].

The EMT can be used to understand the reason for the k of a CNT
aerogel being poor despite the individual CNTs having excellent
thermal conductance. The k of a 3D network (with the density assumed
to be 15 mg cm−3) with perfect contact at tube–tube interfaces can be
expressed as follows [82,219]:

= 〈 〉k θ k Vcosef ECNTs CNTs
2 (18)

where kef is the effective thermal conductivity of the macroscopic CNT
framework; kECNTs is the thermal conductivity of the individual tubes in
the CNT framework; VCNTs is the volume fraction of the CNTs; and θ is
the angle between a given direction and the tube axis. The angle
brackets indicate an average over all the tubes in the CNT framework.
For a perfectly isotropic structure, the value of ⟨cos2θ⟩ is 1/3. The
experimentally measured kef values for the CNT monolith were
0.025–0.15 W m−1 K−1 and the volume fraction of the CNTs in the
sponge was 0.0083. Using these values yields kECNTs = 9.04–54.22 W
m−1 K−1, which is more than two orders of magnitude lower than the
experimentally measured k values of individual MWCNTs (≥2000 W
m−1 K−1) [260]. This discrepancy is the result of the huge thermal
resistance inside the CNT sponge. We define the total thermal resistance

Fig. 20. (a) Preparation process for 3D CNT aerogels from CNT powders via a sol–gel method. (b) High-resolution TEM images of CNT aerogels with different
junction structures [250]. Copyright 2015, Wiley-VCH. (c) Optical images for each preparation step during the fabrication of CNT aerogels. (d) Surface morphology of
a CNT aerogel. (e) Vertical section image of a CNT aerogel [251]. Copyright 2010, American Chemical Society.

Fig. 21. Schematic diagram of the poor heat transfer in polymer/CNT compo-
sites [257]. Copyright 2012, Elsevier Ltd.
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of a CNT sponge, Rtotal, as:

= +R R Rtotal tube junction (19)

where Rtube is the thermal resistance imposed by thermal transport
along the individual CNTs; and Rjunction is the thermal resistance im-
posed by thermal transport through the CNT–CNT junctions. Rtotal, Rtube,
and Rjunction are estimated separately according to the follow equations:

= =
−

R L
k A

L
k πrnδ πn δ(2 )total

ef ef
2 2 (20)

= =
−

R L
k A

L
k πrnδ πn δ(2 )tube

ECNT ECNT
2 2 (21)

=
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−
−

R L
k πrnδ πn δ

L
k πrnδ πn δ(2 ) (2 )junction

ef ECNT
2 2 2 2 (22)

Here, A is the cross-sectional area of an individual MWCNTs; L is the
average length of the MWCNTs (approximately 100 μm); r is the
MWCNT radius (10 nm); δ is the layer distance in the MWCNTs (0.335
nm); and n is the number of layers in the MWCNTs (10). This thermal
model is meant to estimate the order of magnitude for the thermal
conductance. For the 15 mg cm−3 CNT sponges (k ∼ 0.081 W m-1 K-1),
the calculated values are Rtotal = 3.95 × 1010 K W-1, Rtube = 2.85 ×
108 K W-1, and Rjunction = 3.92 × 1010 K W-1.

From the calculated results, the interface thermal resistance at the
CNT–CNT junctions accounts for the majority of the thermal resistance
in the CNT sponges, i.e., 99.3 % of the total thermal resistance. This
value allows us to assess the effect of the interface resistance at
CNT–CNT junctions on the heat flow in composites. Thus, the k of a 3D
CNT network mainly results from the heat transfer behavior of the tube
junctions [219]; therefore, connecting the surfaces of individual CNTs is
crucial for improving heat transfer in macroscopic CNT networks.

4.3.2.2.2. Junction welding. To address the issue of discontinuity, an
effective strategy is to construct a covalent structure by welding the
joints between the CNTs using a high k material. To and Yang [261]
investigated the effect of welding on the thermal conductance of a
randomly oriented CNT network using molecular dynamics simulations.
The results indicated that the heat conductance of intertube junctions
was two orders of magnitude larger than the contact conductance
between two adjacent CNTs in close contact (Fig. 23a). In our earlier
work [260], we welded the junctions of CNTs by introducing a graphite
structure and graphene sheets (Fig. 23b–d). The welding of
discontinuous CNTs with graphite or graphene structures effectively
decreased the interfacial thermal resistance between adjacent
nanotubes and enhanced the heat and stress transfer through the

junctions. This interconnected network structure of welded CNTs can
be used as a thermally conductive network in polymer matrices to
improve the heat transfer efficiency.

Based on the junction welding strategy, we presented a high-per-
formance elastic thermally conductive PDMS composite. As shown in
Fig. 24a, a 3D CNT network with welded interconnected graphitic
layers was obtained by pyrolyzing polyacrylonitrile. Using this con-
tinuous welded 3D CNT framework as the heat conduction network, we
prepared a w-CNT/PDMS composite with excellent heat conductivity
and elasticity. The maximum k value of the composite was 8.46 W m−1

K−1 at a loading of 4.57 wt% welded CNTs, which was more than 62 %
higher than that of a composite with an unwelded CNT sponge
(Fig. 24b). Therefore, improving the continuity of the 3D CNT frame-
work is an efficient way to decrease the thermal resistance and improve
the heat transfer performance.

In addition, we also prepared an elastic graphene-strengthened CNT
network/polyimide composite (G-CNT/PI) with controllable thermal
and electrical conductance and resilience by constructing a 3D inter-
connected graphene-cross-linked CNT continuous framework (Fig. 24c)
[260]. The 3D skeleton consisting of graphene and CNTs served as a
conductive network and elastic template to provide rigid and insulating
polyimide with good conductance and resilience. During the prepara-
tion process, graphene sheets were introduced to strengthen the in-
tegration between the tubes in the CNT sponge, thus significantly im-
proving phonon, electron, and stress transmission between neighboring
tubes. Subsequently, polyimide layers were uniformly coated on the
carbon network via a layer-by-layer deposition process to produce
polyimide composites with controllable densities (75.5–210 mg cm−3).
This cross-linked porous structure imparted the composite with regul-
able resilience and robust structural stability (Fig. 24d). This graphe-
ne–CNT hybrid skeleton provided transmission channels for phonons
and electrons in the polyimide matrix. The k value of composite could
be maintained at 0.325–10.89 W m-1 K-1 with electrical conductivities
of 0.015–0.29 S m-1. The elasticity and good heat conduction ability of
this composite makes it suitable for flexible heat conductors, and the
stress-sensitive conductivity makes it an ideal candidate for preparing
piezoresistive sensors.

In summary, most macroscopic 3D CNT architectures are CNT ar-
rays or CNT aerogels. As CNT arrays are parallelly connected networks
of 1D tubes, all the tubes are aligned in a single direction and are se-
parated from each other. This parallel network structure results in a
high heat transfer capability in the axial direction (alignment direction)
[4]. In contrast, CNT aerogels generally exhibit isotropic heat con-
ductance, which is attributable to the random orientation in the

Fig. 22. (a) Schematic of the 3D random of CNT network and the crossed CNTs junctions [219]. Copyright 2009, The American Physical Society. (b) Molecular
dynamics (upper) and finite difference models (lower) for investigating the effect of overlap and space on tube–tube and reservoir–tube resistances [258]. Copyright
2006, The American Physical Society.
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network. Therefore, composites with either isotropic k or directional k
can be prepared by choosing different structural networks according to
the requirements. As an effective thermally conductive medium, the 3D
CNT framework has the potential to improve the k of polymers.

However, isotropic 3D CNT frameworks appear to provide no ad-
vantages owing to their loose structures and highly random orienta-
tions, which are not conducive to heat transfer. Only by strengthening
the connections at the CNT junctions of the internal interfaces in a 3D

Fig. 23. (a) Effect of intertube junction welding on thermal conductance [261]. Copyright 2014, Elsevier Ltd. SEM images of (b) original CNT sponges and (c, d) CNT
networks cross-linked with graphene layers [260]. Copyright 2019, Wiley-VCH.

Fig. 24. (a) Schematic of the preparation process for PDMS composites with high thermal conductivities using a 3D CNT framework welded with graphite layers as a
thermally conductive network. (b) Effect of graphite welding on the thermal conduction of various samples [262]. Copyright 2019, Elsevier Ltd. (c) Schematic of the
preparation process for elastic and highly thermally conductive polyimide composites. (d) SEM images of the polyimide composite microstructures [260]. Copyright
2019, Wiley-VCH.
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CNT framework can the heat transfer performance be effectively im-
proved.

4.4. 3D BN frameworks

The intrinsically high electrical conductivities of graphene and
CNTs limit their applications in microelectronics packaging, where
electrically insulating materials are preferred. Thus, the k of polymers,
which are typically electrically insulating materials, should be im-
proved by being compounded with thermally conductive fillers that are
also suitable electrical insulating materials. Some ceramics (i.e., Al2O3,
AlN, and BN), which have high k values but are suitable electrical in-
sulators [45,263–266]. are considered appropriate candidates for
thermally conductive fillers. Among these, BN may be an ideal filler for
enhancing the k of a polymer matrix owing to its peculiar 2D structure
(similar to the graphene structure) and ultrahigh heat conduction
ability in the in-plane direction [267].

BN has an analogous crystal structure to graphene and hence pos-
sesses similar material properties, good heat conduction, thermal sta-
bility, and outstanding mechanical properties. However, BN and gra-
phene have contrasting electrical conductivities and permittivities.
Owing to various desirable properties, such as high thermal conduction
(more than 600 W m−1 K−1), good electrical insulation properties, a
relatively low dielectric constant, and a 2D structure, BN platelets are
promising candidates for preparing polymer-based thermal conductors.
BN has been widely used as a filler in the fabrication of composites with
high thermal conductance. Because interfaces are a crucial factor in
determining the k of composites, 3D BN frameworks have been con-
structed to connect BN platelets and act as a thermally conductive
network in polymers.

4.4.1. Construction of 3D BN networks
3D BN networks exhibit a remarkable ability to increase the k of

polymer composites without affecting the good insulating properties of
polymers. Similar to 3D graphene networks, 3D BN networks are typi-
cally prepared using two basic strategies: self-assembly of BN na-
nosheets on a template [22,268–275]and in situ growth by CVD on Ni
templates [275–280]. As shown in Fig. 25a–d, Zeng’s group [22] cre-
ated a 3D BN network using ice template assembly. This process usually
includes three steps: (i) preparing an aqueous suspension of non-
covalent functionalized BN nanosheets with an adhesive (such as PVA)
being used as a bridge to link the BN sheets; (ii) freezing and freeze-
casting of the aqueous suspension; and (iii) heat-temperature annealing
to remove the adhesive. Similarly, Wang et al. use the NH4HCO3 as the

structural constituent material to fabricate the 3D BN foam, the
NH4HCO3 act as a template and can be removed by decomposing in gas
at 80 °C [281]. In addition to the removable template (like ice), some
existing 3D skeletons, such as melamine foam [282], graphene
[81,275,283,284], and cellulose nanofiber aerogels (Fig. 25e) [269],
have also been used as templates to form BN sheets into interconnected
3D architectures. However, the 3D networks formed via the template
self-assembly of BN nanosheets are generally not completely con-
tinuous, and the discontinuities amplify phonon scattering at the in-
terfaces between the BN sheets.

Depositing atomic hexagonal BN layers by CVD on 3D metallic
templates is an effective method for preparing continuous, interface-
free 3D BN structures, as shown in Fig. 26. Ashton et al. [277] grew a
3D BN foam on a nickel foam via low-pressure CVD using solid borazine
as the precursor. Typically, the growth mechanism is similar to that for
graphene preparation. In the preparation process, the precursor (bor-
azine) was diffused into a quartz tube furnace. At a temperature of 1000
°C, borazine was converted to polyborazylene, which diffused onto the
surface of the metallic foam, where cross-linking reactions occurred
between BeH and NHe groups on adjacent chains. Finally, the un-
aligned chain branches of polyborazylene were dehydrogenated to
obtain hexagonal BN [276]. To isolate the BN layers from the Ni tem-
plate without causing damage or collapse, the BN surface was dip-
coated with poly(methyl methacrylate) (PMMA) layers before etching
the template (similar to the process used for GFs). In the final step, the
PMMA layers were removed via high-temperature annealing in air. The
obtained 3D BN networks, which were inherently interconnected and
isotropic in nature, can substantially reduce or even eliminate the in-
terfaces between BN sheets in composites.

Methods other than the two conventional preparation strategies
have also been reported for preparing 3D BN. Hersam et al. [285]
constructed BN architectures using 3D printing technology; these ar-
chitectures were subsequently used as heat-conductive fillers to en-
hance the k of polymers. Zettl and co-workers [286] synthesized sp2-
bonded BN aerogels based on graphene frameworks via the car-
bothermal reduction of boron oxide and simultaneous nitridation. In
this process, graphene was placed together with boron oxide in a gra-
phite crucible and heated rapidly in a furnace under a nitrogen atmo-
sphere. Under high-temperature conditions, the graphene sheets re-
acted with boron oxide and nitrogen to form sp2-bonded BN, nominally
according to the equation B2O3 + 3C + N2 → 2BN + 3CO [287]. This
reaction was one of the earliest synthetic routes for high-purity BN and
has been used to prepare high-quality 3D continuous structures of BN.
Similarly, Golberg et al. [288] created a BN nanorod-assembled

Fig. 25. (a) Schematic diagram of the construction of BN aerogels by a self-assembly strategy. (b, c) Microscope images and (d) photograph of the BN aerogel [22].
Copyright 2015, Wiley-VCH. (e) Schematic illustration of the preparation process for a 3D interconnected BN network using cellulose nanofibers as a template [269].
Copyright 2016, Wiley-VCH.
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framework and a nanosheet-interconnected framework via in situ car-
bothermal reduction CVD using a carbon-based network as the tem-
plate. Cao et al. [289] fabricated bulk BN foams by pyrolyzing poly-
borazine foams. However, these BN foams exhibited poor thermal
conduction (0.03–0.05 W m−1 K−1) owing to their low densities and
amorphous microstructures. Recently, Wong et al. [115] prepared an
interconnected hierarchically porous BN network via direct foaming. In
this approach for building an isotropic BN architecture, sodium dodecyl
sulfate was used as both a foaming agent and a surfactant, and gelatin
was used to protect the structural integrity of the BN architecture. In-
spired by the jelly, Li et al. constructed the interconnected BN network
by a foaming route using the curdlan as the gelling agent to immobilize
the bubble-templated network [290]. Other authors also constructed a
3D architecture by stacking BN sheets reinforced with rGO via an ice
template. The corresponding BN-rGO/epoxy composite presented a
high in-plane k value of 5.05 W m−1 K−1. Theoretical modeling de-
monstrated that the improvement in k could be attributed to a con-
tinuous BN-rGO network, which led to high rates of phonon transfer
[81].

4.4.2. 3D BN/polymer composites
As the k value of BN is intrinsically inferior to those of carbon

materials, higher loadings of BN are necessary to prepare thermally
conductive composites. To maximize the heat conduction in a polymer
matrix, it is necessary to assemble BN nanosheets into a 3D multilevel
ordered structure and load the conductive network into the polymer
matrix. Zeng et al. [22] reported a novel composite consisting of a 3D
BN network infiltrated with an epoxy, which exhibited a high k value of
2.85 W m−1 K−1 at a relatively low BN content (9.29 vol%). This k
value was 181 % higher than that of the composite with randomly
dispersed BN nanosheets. The 3D BN architecture provides improved
heat conduction by decreasing the interfacial thermal resistance among
the BN sheets. Chen et al. [269] prepared a nanofiber-supported BN
framework by assembling BN nanosheets on a 3D cellulose skeleton.
The interconnected network structure of the 3D BN framework was
preserved in the polymer matrix. The composite had an exceptionally
high k value of approximately 3.13 W m−1 K−1 at a BN loading of 9.6
vol%, which is more than 14 times that of the neat polymer.

Furthermore, the heat transfer ability in different directions can be
regulated by changing the orientation of the 3D BN skeleton. Bai et al.
[291] used bidirectional freezing to build a 3D conduction network
with long-range-aligned lamellar layers. This highly organized BN ar-
chitecture offered extended phonon channels in parallel directions and
achieved a considerable improvement in k (6.07 W m−1 K−1) at a re-
latively low BN loading of 15 vol%. In addition, these authors also
studied the effects of three different BN network structures on heat
conduction in polymer composites (Fig. 27). This comparison of BN/
polymer composites with “randomly distributed”, “uniaxially aligned”,
and “nacre-mimetic long-range lamellar” BN networks revealed that the
network with a regular orientation was the most favorable for heat
transfer (Fig. 27d). The k values of these three composites were
1.00±0.19, 1.9± 0.35, and 6.07±0.2 W m−1 K−1 (Fig. 27e).

In addition to the directional freeze-drying method, a few other
methods have been reported for assembling ordered 3D BN structures to
prepare anisotropic thermally conductive materials. For instance, Kim
et al. [292] presented a guided assembly technology in a tetrahedrally
structured PDMS slab to construct a continuous 3D BN network. As
shown in Fig. 28a, a BN dispersion was dropped between a blade and a
tetrahedral PDMS slab. Blade movement resulted in immediate solvent
evaporation and stacking of the BN sheets on the structured PDMS
surface. These BN sheets, which were aligned on the PDMS slab, were
transferred onto a polymer, which imparted an inverse shape to the
aligned structures. As shown in Fig. 28b, the 3D thermal transfer
pathways in different polymer composites (PDMS and acrylate ad-
hesive) resulted in good k values of 1.15 W m−1 K−1 (through-plane)
and 11.05 W m−1 K−1 (in-plane) at a low BN fraction (16 wt%). Re-
cently, Hu and co-workers constructed the BN network by the salt
template method using PVDF as the adhesive (Fig. 28c), which was
used as the thermal conductive network to improve the k value of
epoxy. The interconnected 3D BN network can be observed in the ob-
tained epoxy/BN-PVDF composites (Fig. 28d). The composite exhibited
a k of 1.227 Wm−1 K-1 with 21 wt% BN, which can be further increased
to 1.466 W m−1 K-1 by thermal treatment to convert the PVDF into
carbon (Fig. 28e). As illustrated in Fig. 28f, the improvement is at-
tributed from the conversion of PVDF into carbon can alleviate the
phonon scattering and promote more phonons pass through the filler

Fig. 26. (a) CVD growth of a BN foam using a nickel foam template. (b) Photographs of Ni foam, Ni/BN foam, and BN. (c) Photograph of the prepared freestanding
3D h-BN [277]. Copyright 2017, Elsevier Ltd.
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interface [293].
In summary, owing to their good heat conductivity and electrical

insulation properties, 3D networks composed of BN have become a
viable option for the production of microelectronics packaging. 3D BN
skeletons can be constructed via self-assembly of BN nanosheets or via
in situ CVD growth. For the preparation of composites, the density of
the 3D BN framework should be high enough to provide a sufficient
number of channels for heat transfer. In thermally conductive compo-
sites, the k in different directions can be controlled by adjusting the
orientation of the BN network.

4.5. Metallic 3D networks

The earliest commercial thermally conductive adhesives and other
TIMs all used metal micro/nanoparticles as thermally conductive re-
inforcements [294–298]. As heat-conducting additives, metal fillers
provide superior thermal transfer performance. In recent years, the use
of 3D metallic networks as the heat transfer medium for polymer
composites has received considerable attention owing to their low
thermal resistance, low density, and mechanical strength. Commonly
used 3D heat-conducting metallic networks include copper foams
[299–302], aluminum foams [303,304], nickel foams [305,306], and
silver skeletons [307]. For example, Fang and co-workers [23] used
metal foams (Ni and Cu) as conductive skeletons to increase the k of
PCMs. Future discoveries of new thermally conductive materials will
provide more choices for building thermally conductive networks. Ra-
zeeb et al. prepared a TIM by embedding a silver nanowire array inside
a polycarbonate template; the resulting composites exhibited a k value
of 30.3 W m−1 K−1 [307]. As the majority of metal foams are com-
mercially available, these polymer composites can be fabricated using
the direct impregnation method. Although the k values of metals are
inferior to those of graphene and CNTs, the internal continuity of 3D
metal networks imparts a smaller interface thermal resistance, which is
crucial for increasing the heat transfer ability of polymers.

Metallic fillers are generally used in combination with other fillers

to form interconnected 3D hybrid heat-conducting networks [308]. Xu
et al. fabricated the hybrid filler network by using the carbon felt
(CFelt) as skeleton and electroplating the Cu on the CFelt surface (as
shown in Fig. 29a). By impregnating the epoxy, the obtained compo-
sites (Cu-CFelt/epoxy) presented a high k of 30.69 W m−1 K−1, which
was 140 times higher than the pure epoxy (Fig. 29b, c) [116]. Zhu et al.
constructed a CNT–Cu hybrid foam via a high-temperature tube furnace
process. As a thermally conductive reinforcement, this hybrid foam
improved the thermal transport properties of paraffin wax, increasing
the k value to 3.49 W m−1 K−1 from 0.105 W m−1 K−1 [309]. Huang
et al. fabricated epoxy composites with an rGO-wrapped nickel foam as
the heat-conducting filler. The presence of rGO improved the compat-
ibility between the nickel foam and the epoxy, resulting in a 2.6-fold
enhancement of the k value [306]. Metallic nanoparticles are also
widely used as junction connectors to bridge adjacent filler particles,
and the resulting 3D conducting networks usually exhibit a reduced
contact thermal resistance among filler particles [310,311]. For in-
stance, Sun and co-workers prepared highly thermally conductive
epoxy composites by introducing silver nanoparticles into a BN network
to create additional contacts between the BN sheets [312].

In summary, owing to their superior thermal conductivity and ex-
cellent structural continuity, metallic networks are promising candi-
dates for fabricating highly thermally conductive polymer composites.
However, the poor flexibility, poor interfacial compatibility with
polymer matrices and modification difficulties have limited the appli-
cation of metallic fillers in the field of polymer-based TIMs.

4.6. Other 3D filler frameworks

Several other types of fillers with high thermal conductivity can also
be constructed into 3D networks via self-assembly or CVD (e.g., dia-
mond, Al2O3, and SiC). These fillers offer more options for producing
heat-conductive polymer composites.

Fig. 27. Comparison of the microstructures and thermal behavior of composites filled with distinct BN frameworks: (a) randomly distributed network, (b) uniaxially
aligned network, and (c) long-range lamellar network. (d) Optical and infrared thermal photographs of the three composites. (e) k values of the three composites
[291]. Copyright 2019, Wiley-VCH.
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4.6.1. Carbon-based heat-conductive networks
In addition to CNTs and graphene, other highly thermally con-

ductive carbon materials, such as graphite foam, diamond foam, and
other carbon foams, can be used to improve the k of polymers by
constructing 3D networks [313–318]. Wei et al. [24] prepared a novel
macroscopic porous structure of diamond foam by hot-filament CVD on
a Cu foam substrate. This 3D diamond foam at a loading of 1.2 wt%

significantly increased the k value of an epoxy from 0.23 to 2.28 Wm−1

K−1. 3D diamond foams have also been used in thermal energy storage
applications to enhance the heat transfer ability of PCMs (Fig. 30)
[313]. Karthik et al. [316,317] fabricated a highly interconnected 3D
graphite foam with a moderate k value by pyrolyzing polymeric pre-
cursors and PU foam. This foam was used as a heat conduction matrix to
improve the k of PCMs. Thus, the diversity of carbon materials expands

Fig. 28. (a) Schematic for the fabrication of an anisotropic heat-conducting polymer film via the guided assembly of BN sheets on a structured PDMS slab and
corresponding SEM images of each fabrication step. (b) Schematic of a BN–epoxy composite film with continuous 3D thermal transfer pathways provided by the
tetrahedral BN network and the heat transfer abilities of BN–epoxy composites with randomly dispersed filler sheets and a structured filler network [292]. Copyright
2019, Wiley-VCH. (c) Schematic for the preparation of BN-PVDF networks and epoxy composites by the salt template method. (d) SEM images of the obtained BN-
PVDF networks and the Epoxy/BN-PVDF composites. (e) The k values of epoxy composites with different fillers. (f) Schematic illustration of thermal conduction
mechanism at BN-PVDF interface and BN-C interface [293]. Copyright 2020, American Chemical Society.

F. Zhang, et al. Materials Science & Engineering R 142 (2020) 100580

26



the availability of 3D network structures for preparing highly thermally
conductive composites.

4.6.2. Silicon carbide heat-conductive networks
Owing to its high k, chemical stability, and mechanical strength, SiC

is considered an ideal thermally conductive filler. Wong et al. [21] used
a SiC nanowire to build vertically oriented and interconnected frame-
works to enhance the k of an epoxy. The obtained composite had a good
through-plane k value of 1.67 W m−1 K−1 with a loading of only 2.17
vol% SiC. The SiC frameworks were constructed via freeze-casting of
nanowire aqueous suspensions, followed by thermal sintering to

consolidate the junctions; this resulted in aligned honeycomb-like SiC
layers. Jiang et al. [110] constructed a 3D-structured composite of SiC
nanowires and graphene sheets by employing high-frequency heating.
This 3D filler embedded in a polyimide matrix improved the heat
conductance, with a k value of 2.63 W m−1 K−1 obtained with 11 wt%
filler. Feng et al. [319] prepared a thermally conductive composite
network from preconstructed vertically oriented SiC microwires via
unidirectional freeze-casting. This vertically aligned SiC network ex-
hibited a significant k enhancement at a low loading.

Fig. 29. (a) Schematic of preparation process of Cu-CFelt/epoxy composites. (b) Schematic illustration of the heat transfer behavior in CFelt/epoxy and Cu-CFelt/
epoxy. (c) Comparison of the k value of epoxy composites with different filler network [116]. Copyright 2020, Elsevier Ltd.

Fig. 30. (a) Procedure for the preparation of a 3D diamond network. (b) High-magnification SEM image of the diamond foam surface [24]. Copyright 2018, Elsevier
Ltd. (c) SEM image of the diamond foam. (d) Diagram of a 3D continuous diamond structure as a high-efficiency thermally conductive network [313]. Copyright
2019, Elsevier Ltd.
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4.6.3. Other thermally conductive networks
In recent years, other high-k materials have also been used to con-

struct 3D thermally conductive networks. As a traditional conductor,
Al2O3 has a relatively high k value (∼36 W m−1 K−1) and is in-
expensive. Yuan et al. [320] constructed a continuous Al2O3 network
using branched Al2O3, which substantially improved the thermal
transfer ability of polymers. Hong et al. [321] used a polypropylene
(PP) aerogel as a heat conduction network in a PP/PCM composite. This
k value of this composite was 0.534 W m-1 K−1 at 25 °C, which was
more than 100 % larger than that of pure paraffin. Huang et al. used the
MXene (Ti3C2Tx) as filler to construct the aligning interconnected
conductive network, which can achieve a 220 % improvement in k of
PDMS with a low MXene content (2.5 vol%) [322]. The construction of
heat conduction networks using various fillers provides more candi-
dates for the preparation of polymer-based TIMs.

4.6.4. 3D hybrid thermally conductive networks
Many studies have indicated that the incorporation of multiple fil-

lers into polymers is an effective strategy for realizing high-perfor-
mance composites [51,323–325]. Compared with the enhancement
achieved with a single filler, remarkable synergetic effects can be
achieved by incorporating multiple filler materials, such as graphene
and BN, via a well-designed process [326]. Coordination between
multiple fillers can realize great improvements in the k of composites
[46,48,323,324,327–332]. Yao et al. [81] constructed a 3D phonon
transfer network consisting of stacked BN sheets and rGO. The resultant
epoxy composite displayed a high k value of 5.5 W m−1 K−1 with 13.16
vol% filler, which is superior to the performance reported for BN-based
composites. Kim et al. constructed a hybrid filler network by alternately
stacking BN sheets and rGO in a well-aligned microsandwich structure.
This orientated network provided an 11-fold increase in the k value of
polyimide composites at a low filler content (2.5 vol%) [333]. Yu et al.
[111] built a continuous rGO/BN thermally conductive network by
hydrothermally treating a suspension of GO sheets and BN platelets.
The resulting polymer composite exhibited a high k value of 11.01 W
m−1 K−1 in the through-plane direction. Hybrid networks significantly
enhance the diversity of available 3D structures and can endow mate-
rials with various interesting properties.

5. In situ construction of 3D interconnected networks

The formation of an interconnected network is essential for im-
proving the heat transfer ability of polymers. While using pre-
constructed 3D networks as fillers is an effective method for forming
continuous heat conduction networks in polymer matrices, other
methods, such as adding a large volume fraction of particle fillers, are
not widely successful. However, another simple and scalable approach
has been proposed for preparing thermally conductive polymer com-
posites via in situ construction of an interconnected conducting net-
work [334–337]. In this process, polymer powders are precoated with a
thermally conductive filler and then shaped into a monolith by hot
pressing. As shown in Fig. 31a, Lin’s group prepared the graphene/
polymer composites by coating graphene on polymer powder first,
followed by hot pressing [43]. Thus, a continuous graphene conducting
network can be formed in the polymer matrix, and this approach can be
used for almost all thermoplastic polymers (polyethylene, PP, PVA, and
polyvinylidene fluoride). The k of PP composites with an in situ con-
structed interconnected graphene network was much higher than those
of blended composites with randomly distributed graphene (Fig. 31b,
c). Similarly, Wu and Wang prepared highly thermally conductive BN/
polystyrene composites using this coating and hot-pressing method. The
resultant sample had a k value of 8.0 W m−1 K−1 at a BN content of
13.4 vol% (Fig. 31d) [69]. Wang’s group fabricated highly ordered 3D
CNTs/polystyrene composites using this approach, as shown in
Fig. 31e. CNTs were coated at the surfaces of polystyrene particles and a
3D CNT interconnected framework was formed in the polystyrene

matrix after compression and heat treatment [335]. This process pro-
vides a new strategy for preparing unique composite structures with
excellent properties.

However, there are several limitations to this approach. First, this
thermoforming method is only suitable for the preparation of thermo-
plastic polymer materials, and it is often necessary to process the
polymer into tiny particles in advance [43]. Second, it is difficult to
construct anisotropic thermally conductive composites via this method
because this stacking and assembly method strongly favors the forma-
tion of isotropic interconnected network structures [338]. Third,
forming a perfect, even coating of the filler on the polymer micro-
particles is challenging. Moreover, completely coated filler particles
could form discontinuous polymer phases in composites, thus affecting
the mechanical properties of the macroscopic materials. Therefore, this
in situ construction approach for 3D interconnected conducting net-
work has narrow applicability.

6. Summary and outlook

Flexible, lightweight, and highly thermally conductivity polymer-
based TIMs are significant for the development of next-generation high-
power and highly integrated electronic devices. Because of the re-
volutionary progress in nanomaterials and materials processing tech-
nology, a variety of novel thermally conductive fillers and 3D archi-
tectures have been rapidly developed, providing numerous possibilities
for the preparation of high-performance polymer-based TIMs. In this
review, we provide distinctive perspectives on the current scientific
research trends in 3D thermally conductive networks for applications in
advanced polymer-based TIMs. The thermal conduction mechanisms,
the factors affecting thermal conduction in polymers, and various
strategies for improving heat transfer capacities are discussed. In ad-
dition, the construction methods and structural characteristics of dif-
ferent 3D structures, including GFs, CNT networks, BN networks, and
other 3D interconnected architectures are discussed and contrasted. On
this basis, the following main conclusions can be drawn:

(1) Phonon transport is the dominant mechanism of thermal conduc-
tion in polymers. Disordered polymer molecular chains and weak
molecular interactions can cause intense phonon scattering and
impede phonon transfer, which are responsible for the poor thermal
conductivity of polymers. Strategies to improve the thermal con-
ductivity of polymers include regulating molecules to reduce the
disorder of polymer molecular chains and thus weaken phonon
scattering or constructing phonon transport pathways in the
polymer matrix by filling with thermally conductive fillers.
Although engineering the chain orientation, crystallinity, and mo-
lecular interactions can improve the intrinsic thermal conduction of
polymers, it is still extremely challenging to design and modify
polymer molecular structures in a controllable manner. In contrast,
strengthening with thermally conductive fillers is a widely applic-
able and effective method, as the phonons can be effectively
transferred through the thermal conduction network formed by
fillers in the polymer matrix.

(2) In polymer composites, the k value is mainly limited by the inter-
facial thermal resistance at various interfaces, including the fil-
ler–polymer and filler–filler interfaces. A great mismatch between
the inherent phonon frequencies is responsible for the thermal re-
sistance at the filler–polymer interface. This phenomenon is un-
avoidable and it is difficult to realize significant improvements.
Thus, the interfacial thermal resistance at the filler–filler interfaces
plays a decisive role in the k of polymer composites. In traditional
polymer composites with dispersed filler particles, it is difficult to
form an interconnected filler network, which limits the extent to
which k can be improved. In contrast, constructing a 3D network in
polymer composites has been shown to be an effective route for
realizing high-efficiency heat transfer at relatively low filler
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loadings owing to the low interface thermal resistance in the in-
trinsic interconnected 3D structure. Many studies have demon-
strated that the improvement in thermal conduction achieved using
3D network fillers is far greater than that realized using dispersed
filler particles.

(3) The most commonly studied 3D thermal conductivity networks
include GFs, CNT frameworks, BN aerogels, and other 3D-struc-
tured thermal fillers. GF, the most widely used 3D structure for
enhancing the k of polymers, is typically prepared via the CVD
template growth method or the GO assembly method. Graphene
grown via CVD has superior quality, high structural integrity, and
better connectivity, whereas the GO assembly method offers ad-
vantages in terms of material preparation, economy, and large-scale
production. The k values of polymer/3D graphene composites are
affected by the quality of graphene and the density of its 3D
structure; graphene networks with fewer defects and higher den-
sities tend to achieve high k values. Interconnected 3D CNT fra-
meworks, including CNT arrays and CNT aerogels, are also im-
portant thermally conductive fillers. CNT arrays with highly
oriented structures can be fabricated using the CVD method and can

endow composites with directional thermal conductivity. In con-
trast, CNT aerogels usually have isotropic properties and can be
prepared by both the CVD method and the chemical/physical as-
sembly method. The loose structure and ultralight density of CNT
aerogels result in an inferior k. However, strengthening the con-
nections at the junctions of individual CNTs has proven to be an
effective method for improving the thermal conduction of CNT
aerogels. BN foam is a promising new type of filler that is suitable
for TIMs used in electronics owing to its good thermal conduction
and electrical insulation properties. 3D BN networks can be con-
structed via CVD template dispersion and ice template assembly.

(4) In addition to graphene, CNTs, and BN, several other 3D inter-
connected structures have been proposed, such as graphite foam,
SiC foam, diamond foam, and metallic foam. As efficient thermal
conductivity networks, all of these materials have a significant ef-
fect on enhancing the k of polymers. Although graphene and CNTs
have the best thermal conductivities, their ultrahigh electro-
conductivities make them unsuitable for applications in electronic
products requiring electrical insulation. Owing to their excellent
electrical insulation properties, BN and other inorganic heat-

Fig. 31. (a) Schematic of the preparation process for thermal conducting composites via the in situ construction of a 3D interconnected network. (b) Comparison
between the k values of these composites with those containing a randomly dispersed filler. (c) Schematic of efficient thermal conduction through an interconnected
graphene network compared with that through dispersed graphene [43]. Copyright 2017, Royal Society of Chemistry. (d) Schematic of the formation mechanism for
polystyrene composites with a continuous BN network [69]. Copyright 2017, American Chemical Society. (e) Schematic of the preparation of CNT-coated polystyrene
particles and micrographs of CNT/polystyrene spheres and composites [335]. Copyright 2019, Science Publishing Group.
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conducting materials have greater applicability in the field of
electronic devices. However, owing to strong interlayer forces in 2D
BN, it is difficult to prepare BN sheets by stripping. As a result,
small BN sheets are produced, causing abundant interfaces to be
formed when building a 3D network, which seriously reduces the
heat transfer efficiency. Therefore, methods for preparing large BN
sheets are the key to improving the thermal conducting capabilities
of 3D BN structures. Compared with the 2D structures of graphene
and BN, the 1D nanostructure of CNTs results in more internal in-
terfaces and thus a greater interface thermal resistance in 3D CNT
networks. However, this linear structure also facilitates the as-
sembly of CNTs into highly oriented structures (arrays), resulting in
much higher anisotropy than can be achieved using 2D materials.
Therefore, different heat conduction networks can be selected ac-
cording to the properties of the materials and the application re-
quirements.

Despite the great progress achieved over the past few years in im-
proving the k of polymers by constructing 3D heat conduction net-
works, there is still significant scope for future work. In particular, we
believe that the following aspects warrant exploration:

(1) The constructed 3D network can reduce the contact thermal re-
sistance between the fillers in composites; however, the interfacial
thermal resistance at the filler–polymer interface is still very large,
which seriously damages the comprehensive properties of the
composites. Owing to the tremendous mismatch between the in-
herent phonon spectra, improving the thermal resistance between
two different media remains a difficult problem.

(2) The extent of heat transport is determined by the number of heat
conduction channels. Because of weak van der Waals forces, the
constructed 3D networks are always less dense, which hinders
further improvements in the heat transfer capacity. Thus, im-
proving the density of conductive 3D structures continues to be a
challenging issue.

(3) Several theoretical models have been established to calculate and
investigate the k values and thermal conduction mechanisms of
polymer composites with dispersed filler particles. However, few
models have been proposed for exploring the heat flow in 3D
macroscopic networks. A universal theoretical simulation for
thermal conduction in polymer composites with 3D filler networks
has yet to be established. Such a model would be of great sig-
nificance for studying the heat transfer behavior of 3D networks.

(4) Notwithstanding the production of 3D networks and the corre-
sponding polymer composites in laboratories, most current methods
cannot achieve large-scale continuous production. Therefore, the
commercial applications of polymer-based composites with 3D heat
conduction networks are far from being realized.
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