
Epoxy Composites with High Thermal Conductivity by Constructing
Three-Dimensional Carbon Fiber/Carbon/Nickel Networks Using an
Electroplating Method
Ying Wang,# Bo Tang,# Yuan Gao,# Xinfeng Wu,* Jin Chen,* Liming Shan, Kai Sun, Yuantao Zhao,
Ke Yang, Jinhong Yu, and Wenge Li*

Cite This: ACS Omega 2021, 6, 19238−19251 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Heat dissipation problem is the primary factor restricting the service life of an electronic component. The thermal
conductivity of materials has become a bottleneck that hinders the development of the electronic information industry (such as light-
emitting diodes, 5G mobile phones). Therefore, the research on improving the thermal conductivity of materials has a very
important theoretical value and a practical application value. Whether the thermally conductive filler in polymer composites can form
a highly thermal conductive pathway is a key issue at this stage. The carbon fiber/carbon felt (CF/C felt) prepared in the study has a
three-dimensional continuous network structure. The nickel-coated carbon fiber/carbon felt (CF/C/Ni felt) was fabricated by an
electroplating deposition method. Three-dimensional CF/C/Ni/epoxy composites were manufactured by vacuum-assisted liquid-
phase impregnation. By forming connection points between the adjacent carbon fibers, the thermal conduction path inside the felt
can be improved so as to improve the thermal conductivity of the CF/C/Ni/epoxy composite. The thermal conductivity of the CF/
C/Ni/epoxy composite (in-plane K∥) is up to 2.13 W/(m K) with 14.0 wt % CF/C and 3.70 wt % Ni particles (60 min
electroplating deposition). This paper provides a theoretical basis for the development of high thermal conductivity and high-
performance composite materials urgently needed in industrial production and high-tech fields.

■ INTRODUCTION

With the rapid development of the electronic information
industry, especially the development of the 5G information
industry in recent years, the application of electronic
components is gradually developing in the direction of high
power, high integration, and high density. However, a large
amount of heat will be generated during the operation of
electronic equipment. If the excess heat cannot be exported in
time, it will directly affect the service life and operation
efficiency of electronic components. The heat dissipation
problem of polymer packaging materials has become a huge
obstacle to the development of the electronic information
industry.1,2 The thermal conductivity of polymer composites is
mainly determined by the resin matrix, the filler, and the
microstructure or interfacial bonding between the resin and the
filler. Due to the low thermal conductivity of polymer
packaging materials, the thermal conductivity of the polymer
is usually improved by adding high thermal conductivity fillers.
The filler-filled thermal conductive polymer materials are
mainly prepared by adding high thermally conductive metal

materials (such as copper powder,3,4 silver powder,5−8 metal
sheet, and wire9−14), carbon materials (such as carbon
fiber,15−22 graphene,23−27 graphite,28−30 carbon nano-
tube,31−34 and carbon black35−37) or high thermal conductive
inorganic fillers (such as aluminum nitride,38,39 boron
nitride,40−43 silicon nitride,44,45 silicon carbide,46−50 magne-
sium oxide,51,52 silicon oxide,53 alumina,54−59 barium tita-
nate,60 and zinc oxide61) and other high thermal conductivity
fillers (such as MXene62−68). Filler-filled thermal conductive
polymer composites have the advantages of a simple
preparation method, low cost, suitable types of polymers,
and fillers. However, the thermal conductivity of the polymer
itself is low (epoxy is about 0.15−0.25 W/(m K)). If we want
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to achieve the ideal thermal conductivity, the amount of fillers
should be very high to form a thermal conduction path
between the fillers. However, the increase of processing
viscosity, the interface thermal resistance between the fillers,
and the decline of mechanical properties hinder the develop-
ment of these filler-filled composites.
The thermal conductivity of polymer composites is mainly

determined by the resin matrix, the filler, and the micro-
structure or interfacial bonding between the resin and the filler.
When the matrix and the filler are fixed, the structure of the
composite determines the performance of the composite. The
problem of low thermal conductivity of materials can be solved
only by improving the thermal conduction path by
constructing the material structure. Recently, researchers
have carried out extensive research by constructing a three-
dimensional (3D) filler network structure in the resin
matrix,69−83 which is considered as a promising strategy in
many fields. By assembling some fibrous one-dimensional
fillers with a high aspect ratio (metal silver, carbon nanotubes,
and carbon fibers) or two-dimensional fillers (graphite flakes,
graphene) to form a 3D network heat conduction structure,
direct low thermal resistance and rich heat conduction paths
can be provided in the resin matrix. Shahil et al.84 fabricated a
graphene−multilayer graphene (graphene−MLG) nanocom-
posite by ultrasonication of natural graphite in an aqueous
solution of sodium cholate. The thermal conductivity of the
nanocomposite is improved significantly due to the change of
the filler network structure of the nanocomposite from graphite
to graphene−MLG network structures, which could reach 24
times that of the matrix material under the conditions of the
maximum filler content (10 vol % graphene−MLG). Guo et
al.85 prepared an epoxy composite by filling with microparticle
ZnO and tetrapod-shaped ZnO (T-Zn) into the epoxy resin.
The experimental results show that the epoxy composite with
the T-Zn network structure has higher thermal conductivity
(4.38 W/(m K)), which is about 2.7 times that of the
composite with the ZnO network structure. Moreover, the
MXene material was selected as the reinforced filler to add into
the epoxy composite to improve the 3D thermal conductive
network structure by Guo.86 The thermal conductivity was
enhanced by 36.7 compared with that of the CF composite.
This phenomenon indicates that filler flexibility and thermal
network density and continuity have great effects on the
thermal conductive percolation pathway and play a leading role
in the thermal conductivity of the composite.87−91 In addition,
the excellent orientation structure of fillers is another
important consideration, which can obtain higher thermal
conductivity in specific directions. Although it is one of the
most complex methods to construct a 3D interconnection filler
network in the polymer matrix, it is also the most effective
method to improve the thermal conductivity of composites.
The methods of constructing the 3D interconnected packing
network include the freeze-drying method,92−95 electro-
phoretic deposition method (EPD),96−99 electrostatic flock-
ing,100−102 spatial confining forced network assembly method”
(SCFNA),103 hydrogen bonding self-assembly method,104 and
other orientation assembly methods.105 Zeng et al.94 prepared
epoxy/CF composites by the freeze-drying orientation method,
and the thermal conductivity reached 2.84 W/(m K) with 13.0
vol % CF. Yu et al.95 fabricated PMDS/CF composites using
the freeze-drying orientation method to make short carbon
fibers oriented, and the thermal conductivity reached 6.04 W/
(m K) (12.8 vol %). Wang et al.106 used carbon fiber to insert

the graphite material in the Z-direction, and the thermal
conductivity of the composite reached 6.20 W/(m K). Wang et
al.83 used a carbon felt (C felt) as the 3D skeleton,
electroplated copper on the surface of the C felt to construct
the 3D copper film network, which can be used as a
continuous high-speed heat conduction path, and made the
epoxy composite with the 3D interconnected Cu network, and
the thermal conductivity reached 30.69 W/(m K). In our
previous study,107 we also prepared 3D all-carbon networks
composed of carbon fibers (1D) and graphite sheets (2D) to
improve the thermal conductivity of epoxy resin by air flow
and solution dipping methods. The carbon/carbon fiber/
graphite networks show an anisotropic structure. The thermal
conductivity of the epoxy/carbon/carbon fiber/graphite
composite was about 6.2 W/(m K) with 17.48 vol % carbon
fibers and only 6.34 vol % graphite adhesive. By constructing
the heat conduction structure of a 3D network filler to improve
the connection between the fibers, the heat transfer ability of
the heat conduction network can be greatly improved, and
then the thermal conductivity of the composite can be
improved. Therefore, it is one of the most effective ways to
improve the thermal conductivity of the composites to
construct the 3D interconnection filler network in the polymer
matrix. Carbon fiber is easy to form the thermal conduction
path in composites and has excellent mechanical properties.
The combination of carbon fiber and polymer materials has
become a research hotspot in the preparation of thermally
conductive composites. The continuous carbon fiber structure
has inherent advantages in heat conduction. It can directly
utilize the high thermal conductivity of carbon fiber in the axial
direction. At the same time, there is no difficulty in processing
using the vacuum-assisted molding method. The main
problems to be solved are to improve the connectivity between
the fibers to further improve the connectivity of thermal
conduction paths in all directions.
In this paper, the CF/C felt with the 3D skeleton structure

was prepared by an air-laid and needle-punching method
liquid impregnation and solidification methoda high-
temperature pyrolysis and carbonization method. The nickel
heterographene-coated carbon fiber/carbon felt (CF/C/Ni
felt) was fabricated by an electroplating deposition method.
Three-dimensional (3D) CF/C/Ni/epoxy composites were
manufactured by vacuum-assisted liquid-phase impregnation.
The thermal conductivity and mechanism of the composites
were studied. In the process of preparing the 3D CFC/Ni
framework by electroplating, there is no need to modify the
surface of the CF/C felt. The CF/C felt itself has good
conductivity; therefore, the CF/C felt is directly connected
with the copper electrode and the CF/C felt is used as the
electrode. Then, the CF/C felt connected to the electrode is
dipped into the electroplating liquid, that is, the electroplating
can be carried out. By controlling the electroplating time, the
amount of electroplating can be controlled so as to control the
size of the thermal conduction path and then the thermal
conductivity. In addition, by controlling the amount of nickel
plating, the contact between the fibers increases, and the
thermal conduction paths in all directions increase. The
thermal conductivity of the composite is improved in all
directions, thus forming an efficient 3D thermal conduction
path. The thermal conductivity of the CF/C/Ni/epoxy
composite is up to 2.13 W/(m K) with 14.0 wt % CF/C
and 3.70 wt % Ni particles (60 min electroplating deposition).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02694
ACS Omega 2021, 6, 19238−19251

19239

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


This paper will provide a new idea for the preparation of 3D
skeleton high thermal conductivity composites.

■ RESULTS AND DISCUSSION
Composition and Micromorphology of CF/C/Ni/

Epoxy Composites. The structure of the polymer composite
determines the properties of the polymer composite. The
structure of the polymer composite includes the composition
and the microstructure of the polymer composite. The
composition of the thermally conductive polymer composite
includes the epoxy resin and thermally conductive filler, and
their composition ratio. The 3D framework thermal conductive
filler CF/C/Ni in this paper is composed of CF/C and nickel
microparticles; therefore, the content of CF/C and nickel in
CF/C/Ni will directly determine the thermal conductivity of
the final composite. Table 1 exhibits the composition of the

CF/C/Ni felt in CF/C/Ni/epoxy composites. It can be seen
from Table 1 that with the increasing electroplating time, the
nickel content in the CF/C/Ni/epoxy composites increases
gradually from 1.85% (CF/C/Ni-15) to 2.29% (CF/C/Ni-30),
3.17% (CF/C/Ni-45), and 3.70% (CF/C/Ni-60), indicating
that nickel can be electrodeposited on the CF/C felt skeleton
step by step by an electroplating method. This is because the
CF/C felt has very good conductivity, which ensures that it can
be used as an electrode to provide electrons. After receiving
electrons, nickel cations carry out a reduction reaction, and
nickel atoms are gradually deposited on the CF/C composite
framework. The nickel deposited on the CF/C felt can increase
the contact probability of the adjacent carbon fibers, shorten
the distance between the adjacent carbon fibers, broaden the
thermal conduction path, and finally improve the thermal
conductivity of the epoxy composite. At the same time, nickel
microparticles also increase the surface area of the CF/C felt,
thus improving the bonding strength between the CF/C/Ni
felt and the epoxy resin.
In the case of a certain material composition of the polymer

composite, the microstructure of the thermally conductive filler
will directly determine the performance of the polymer
composite. The most direct way to observe the microstructure
of materials is to observe it using an SEM. The CF/C/Ni felt
prepared in this paper has a 3D thermal conductivity network
structure; therefore, it is necessary to observe its micro-
structure to reveal the influence of its microstructure on the
thermal conductivity of the prepared composite. Figure 1
indicates the micromorphology of the CF/C/Ni felt and the
CF/C/Ni/epoxy composite. Figure 1a illustrates the SEM of
the soft CF felt. The carbon fibers have a straight rod structure
and randomly cross each other in the X−Y plane. The surface
of carbon fibers is smooth and almost free of impurities. The
diameter of most carbon fibers is about 7 μm. The diameter
distribution is narrow, and the smooth surface structure is
often not closely combined with the resin, and the interface

bonding is poor. It is not easy to form a connecting path
between the adjacent fibers and only through the straight fibers
for heat conduction. Figure 1b displays the SEM of the CF/C
felt. Carbon fibers overlap each other randomly, and many
overlapping positions are adhered to by some carbon. The
adherent carbon materials are residual carbon materials from
pyrolysis and carbonization of the phenolic resin. Due to the
influence of surface tension, a phenolic solution with high
viscosity and low fluidity tends to stay in the overlapping and
crossing position of carbon fibers during impregnation. The
bonded carbon can improve the strength of the CF/C felt and
promote the stability of the in-plane orientation structure of
the CF/C felt. On the other hand, it can enhance the contact
interface between carbon fibers, increase the thermal
conduction path in the CF/C felt, and improve the thermal
conductivity of the final composite. Figures 1c and 3d reveal
the typical SEM images of the CF/C/Ni-30 felt and CF/C/Ni-
60 felt. The nickel particles uniformly adhere to the carbon
fiber surface of the CF/C felt, indicating that the electro-
chemical deposition is more uniform, which is conducive to
the formation of uniform and stable composite materials. The
size of nickel microparticles is smaller than the diameter of the
carbon fiber, and many tiny microparticles adhere to the

Table 1. Composition of the CF/C/Ni Felt in CF/C/Ni/
Epoxy Composites

samples CF/C (wt %) Ni (wt %)

CF/C 14.0 0
CF/C/Ni-15 14.0 1.85
CF/C/Ni-30 14.0 2.29
CF/C/Ni-45 14.0 3.17
CF/C/Ni-60 14.0 3.70

Figure 1. Micromorphology of the CF/C/Ni felt and CF/C/Ni/
epoxy composites: (a) the soft CF felt, (b) the CF/C felt, (c) the
SEM image of the CF/C/Ni-30 felt, (d) the SEM image of the CF/
C/Ni-60 felt, (e) the mapping diagram of Ni and C elements in the
CF/C/Ni-60 felt, (f) the Ni element mapping diagram of the CF/C/
Ni-60 felt, (g) the C element mapping diagram of the CF/C/Ni-60
felt, (h) SEM of the CF/C/Ni-60/epoxy composite.
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surface of the carbon fiber. The nickel microparticles of the
CF/C/Ni-60 felt, as shown in Figure 1d, are obviously more
than those of the CF/C/Ni-30 felt, as shown in Figure 1c,
indicating that the deposition of nickel on the surface of the
carbon fiber increases with the increasing electroplating time.
In particular, the increase of nickel microparticles between
different carbon fibers can significantly increase the thermal
conduction path between the carbon fibers, which is conducive
to the improvement of the thermal conductivity of the
subsequent composite.
To further characterize the structure of the CF/C/Ni-60 felt,

the element analysis of the CF/C/Ni-60 felt was carried out.
Figure 1e displays the mapping diagram of Ni and C elements
in the CF/C/Ni-60 felt. Figure 1f,g exhibits the Ni element
and C element mapping diagram of the CF/C/Ni-60 felt. As
seen from the above three figures, the element C is the basic
frame element in the CF/C/Ni-60 felt, which constitutes the
basic frame of the CF/C/Ni-60 felt. In the process of heat
conduction, the carbon skeleton is the main channel of heat
transfer, and the widening of this channel will be conducive to
the transfer of more heat. In Figure 1f, the Ni element mapping
diagram of the CF/C/Ni-60 felt shows that the nickel
deposited by electroplating is evenly distributed on the
whole CF/C frame, which widens the heat conduction path
to a certain extent, shortens the distance between carbon
fibers. At the same time, some nickel microparticles connect
the adjacent carbon fibers, increasing the bridge between the
carbon fibers and increasing the heat conduction path. The
thermal conductivity of the CF/C/Ni-60 felt can be improved
by widening the path, shortening the distance between the
carbon fibers, and increasing the bridge point, and then the
thermal conductivity of the subsequent epoxy composite can
be increased.
Figure 1h shows the SEM of the CF/C/Ni-60/epoxy

composite. The carbon fibers and epoxy resin are tightly
bonded, and carbon fibers are tightly covered by resin in the
CF/C/Ni-60/epoxy composite, as shown in Figure 1h. After
impregnation with epoxy resin, the air and holes in the CF/C/
Ni-60 felt are completely filled by the epoxy resin. According
to the cross-section of the fractured CF/C/Ni-60/epoxy
composite, the carbon fibers have good adhesion to the
epoxy resin, and no obvious interfacial holes and cracks are

observed. The newly added nickel particles did not hinder the
formation of the composites. After molding, the CF/C/Ni
framework embedded in the epoxy resin can form a good
thermal conduction path, which reduces the thermal resistance
of the interface. Phonons, electrons, and other heat transfer
media can transfer heat rapidly in the 3D framework.
In the conventional case, when the filler is added to the

epoxy resin, the viscosity will increase, which brings difficulties
to the processing. At the same time, due to the difference in
density between the epoxy resin and the filler, the epoxy resin
will appear as a settlement phenomenon in the curing process,
resulting in uneven dispersion of the filler in the composite.
The thermally conductive filler is not easy to form a high
thermal conductivity network in the resin system, resulting in
the low thermal conductivity of the composite. However, in
the CF/C/Ni/epoxy composite, there are no difficulties in
molding, filler settlement, uneven dispersion, and other
phenomena, but the CF/C/Ni felt forms a high thermal
conductivity path in the epoxy resin, which reflects the
advantages of the CF/C/Ni thermal conductivity network with
the 3D skeleton structure in composite molding and improving
the thermal conductivity of the composite.

Electrical Conductivity and Thermal Stability of CF/C/
Ni/epoxy composites. The CF/C felt is an all-carbon
framework structure, which has certain electrical conductivity.
After electroplating nickel microparticles on the CF/C felt, the
overall electrical conductivity of the CF/C/Ni structure will be
improved. The electrical conductivity often has a positive
correlation with the improvement of thermal conductivity.
Therefore, it is necessary to study the electrical conductivity of
CF/C/Ni/epoxy composites. It is also necessary to study the
thermal properties of polymer composites because polymer
materials should have certain thermal stability in the service
process. Figure 2 shows the curves of electrical conductivity
and thermogravimetric performance of CF/C/Ni/epoxy
composites. Figure 2a indicates the electrical conductivity of
CF/C/Ni/epoxy composites from 5 × 103 to 106 Hz. The
electrical conductivity of pure epoxy resin was also tested and
compared with that of the composite. From Figure 2a, pure
epoxy resin is highly electrically insulated. After adding the
CF/C felt to the epoxy resin matrix, the electrical conductivity
of the CF/C/epoxy composite (in-plane) can significantly be

Figure 2. Curves of electrical conductivity and thermogravimetric performance of CF/C/Ni/epoxy composites: (a) electrical conductivity and (b)
thermogravimetric curve.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02694
ACS Omega 2021, 6, 19238−19251

19241

https://pubs.acs.org/doi/10.1021/acsomega.1c02694?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02694?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02694?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02694?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


improved by several orders of magnitude, which can be
attributed to the excellent electrical conductivity of carbon
fibers and the staggered stacking contact structure of carbon
fibers in the X−Y plane. With the change of the carbon
network from CF/C to CF/C/Ni (CF/C/Ni-30 and CF/C/
Ni-60), the electrical conductivity (in-plane) is further
improved. This is mainly because Ni microparticles attached
to the overlapping position of the adjacent carbon fibers can
enhance the contact area of carbon materials and provide more
conductive channels. The longer the plating time, the more Ni
microparticles are deposited, and the more conductive the
conductive path will increase; therefore, the electrical
conductivity of the CF/C/Ni-60 epoxy composite is higher
than that of the CF/C/Ni-30 epoxy composite. It is worth
noting that the electrical conductivity of the CF/C/Ni-60
epoxy composite is further improved, especially the electrical
conductivity of the CF/C/Ni-60 epoxy composite (through-
plane) is more than 10−2 S/cm, due to the fact that the
structure of the CF/C/Ni-60 epoxy composite is anisotropic.
In the X−Y plane, the electrons mainly propagate in the axial
direction of carbon fibers. In addition, the carbon and nickel
microparticles between the carbon fibers increase the
conductive path, forming an X−Y plane conductive network
with high electrical conductivity.
The thermal stability of polymer composites is related to the

stability of polymer materials in the service life, which is very
important for the application of materials in the actual thermal
management. Therefore, it is necessary to analyze the thermal
weight loss of polymer composites. Figure 2b displays the
thermogravimetric curve of CF/C/Ni/epoxy composites. The
thermal decomposition temperatures of CF/C/Ni/epoxy
composites are all higher than 300 °C, indicating that the

composites have very good thermal stability. After adding the
CF/C/Ni felt, the microstructure of the CF/C/Ni network
will restrict the thermal movement of epoxy resin molecules at
high temperatures; therefore, adding the CF/C/Ni network
can improve the thermal stability of CF/C/Ni/epoxy
composites. In addition, with the increase of plating time,
the content of nickel increases, and the residual mass content
of CF/C/Ni/epoxy composites also increases, which is
consistent with the quality change trend, as shown in Table
1, exhibiting that nickel can be well combined with carbon
fibers by electroplating.

Thermal Conductivity of CF/C/Ni/Epoxy Composites.
In the service life of electronic components, most of the energy
is dissipated by heat; therefore, whether the heat dissipation
material can transfer the heat is very important, and the
thermal conductivity is a crucial performance parameter.
Therefore, it is very necessary to study the thermal
conductivity of materials, and the thermal conductivity of
anisotropic materials in all directions needs to be further
studied. Figure 3 reveals the thermal conductivity of CF/C/
Ni/epoxy composites. To study the thermal conductivity of
CF/C/Ni/epoxy composites, the thermal conductivity of CF/
C/Ni/epoxy composites at 25 °C was studied. The thermal
conductivity of epoxy composites (in-plane K∥ and through-
plane K⊥) with the CF/C/Ni network with different nickel
microparticle contents (electroplating time) were measured by
a laser flash technique, as shown in Figure 3a. Pure epoxy resin
is a well-known poor thermal conductivity (0.18 W/(m K)).
Due to the inherent high thermal conductivity of carbon fiber
and the orientation structure of carbon fiber, the thermal
conductivity of the epoxy composites will be improved with
the increase of the CF/C/Ni content in the epoxy resin matrix.

Figure 3. Thermal conductivity of the CF/C/Ni/epoxy composites: (a) in-plane (K∥) and through-plane (K⊥) thermal conductivity of the
composites at 25 °C, (b) K∥/K⊥, and (c) temperature-dependent K of the epoxy nanocomposites.
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The through-plane thermal conductivity (K⊥) of the epoxy
composites with the CF/C/Ni network structure is improved
to a certain extent under the action of Ni electroplating metal
particles. The thermal conductivity changes from 0.55 W/(m
K) (0 min) to 0.6 W/(m K) (30 min), 0.5 W/(m K) (45 min),
and 1.0 W/(m K) (60 min), indicating that Ni electroplating
microparticles are beneficial to improve the thermal con-
ductivity of CF/C/Ni/epoxy composites. This is because the
Ni microparticles attached to the CF/C structure increase the
contact opportunities between the CF/C framework layers and
increase the thermal conductivity path. The longer the
electroplating time of Ni microparticles is, the more the
amount of Ni particles is, the more the contact opportunities
are, and the more the thermal conductivity is improved. In
addition, especially in the X−Y plane, the thermal conductivity
(in-plane, K∥) increases more obviously. The thermal
conductivity of CF/C/Ni/epoxy composites in-plane (K∥)
increases from 1.6 W/(m K) (0 min) to 1.8 W/(m K) (30
min), 2.0 W/(m K) (45 min), and 2.13 W/(m K) (60 min),
which are 8.89 times (0 min), 10 times (30 min), 11.1 times
(45 min), and 11.8 times (60 min) of that of pure epoxy resin,
respectively. This is mainly due to the following reasons. (a) In
the X−Y plane, it is easier for heat to propagate along the
carbon fiber axis, and the direction of heat conduction is just in
the X−Y plane of the carbon fiber axis. (b) The bonded carbon
structure widens the heat conduction path, while the nickel-
plated microparticles further widen the heat conduction path.
Especially the nickel-plated microparticles between the
adjacent carbon fibers can enhance the contact area between
the carbon fibers. Thus, a connected heat conduction network
with low thermal resistance is formed. Finally, the CF-C-Ni
network connected structure with carbon fibers as the
backbone is formed. The more Ni microparticles are plated,
the wider the thermal conduction path and the more obvious
the thermal conductivity increases.
To study the relationship between the thermal conductivity

anisotropy of epoxy composites and the CF-C-Ni network, we
calculated the value of thermal conductivity anisotropy of
epoxy resin composites with the CF-C-Ni network, that is, the
ratio of thermal conductivity (in-plane) to thermal con-
ductivity (through-plane) (K∥/K⊥). Figure 3b reveals K∥/K⊥ of
CF/C/Ni/epoxy composites. As shown in Figure 3b, the
thermal anisotropy value of epoxy resin composites with
different carbon networks increases significantly first and then
decreases with the increasing electroplating time due to the
anisotropy of the CF/C skeleton itself. The CF/C felt is
composed of layers of carbon fibers with the X−Y plane

structure through needling. For the carbon fibers in the X−Y
plane cross-stack and composite, the contact probability of
carbon fibers is higher but the contact area between the planes
is less. However, with the increasing electroplating time, the
number of nickel-plated microparticles increases gradually, and
the nickel-plated microparticles preferentially improve the fiber
connection in the X−Y plane, especially the cross-composite
point connection. However, the distance between the different
X−Y planes is not close enough, and the nickel microparticles
can play a certain role in the connection of carbon fibers in the
different X−Y planes, but the effect is not significant.
Therefore, in the early stage of electroplating, one effect
(K⊥) is large, the other (K∥) is small, and the ratio increases
gradually. However, when the nickel-plated microparticles
increase to a certain extent, the nickel microparticles can act
between the carbon fibers in the different X−Y planes, and the
contact area in the Z-direction (K∥) will increase significantly;
therefore, the final thermal conductivity ratio (K⊥/K∥) will
decrease. The thermal conductivity anisotropy of the epoxy
composites decreases, and the difference in the thermal
conductivity in all directions decreases. The formation of
isotropic high thermal conductivity has always been a hot topic
in the field of thermally conductive composites.
Figure 3c exhibits temperature-dependent K of the epoxy

composites. It can be found that all of the in-plane and
through-plane thermal conductivities of epoxy composites
show a slight decreasing change as the temperature increases
from 25 to 125 °C. The through-plane thermal conductivity of
the CF/C/Ni-60/epoxy composite decreases more obviously
at 125 °C, but the thermal conductivity remained at 1.8 W/(m
K) with only a 20% decrease. This is due to the volume
expansion of the CF/C/Ni/epoxy composite caused by the
increasing temperature. The volume expansion of the interface
between the CF/C/Ni network and epoxy resin will increase
with the increasing temperature, resulting in the increase of
interface thermal resistance and the decrease of thermal
conductivity. This phenomenon is common in the polymer
composites. The through-plane thermal conductivity of the
CF/C/Ni-60/epoxy composite prepared in this paper remains
at a high level with the increasing temperature (about 2.0 W/
(m K)), indicating that the CF/C/Ni framework structure can
improve the heat transfer performance of the polymer
composites.
Table 2 displays the previously reported thermal con-

ductivity of polymer composites. Compared with the
preparation methods used in these works, the method adopted
in this study is relatively simple and benefits the product on a

Table 2. Previously Reported Thermal Conductivity Values of Polymer Composites

material method thermal conductivity reference

PDMS/CF solution blending method 2.73 W/(m K) (20 wt % CF) Wei108

PDMS/CF freeze-dried orientation method 6.04 W/(m K) (20 wt % CF) Hou109

paraffin/CF direct carbonization of biomass sisal fibers 1.73 W/(m K) (12.8 wt % CF) Sheng110

CF/epoxy resin freeze-dried orientation method 19.4 W/(m K) (19.4 wt % CF) Ma111

PDMS/CF spatial confining forced network assembly method 2.95 W/(m K) (18 wt % CF) He103

graphene/CF/PAI liquid-phase impregnation method 0.53 W/(m K) (4.25 wt % graphene) Xu112

Al2O3/CF/epoxy resin solution blending method 3.84 W/(m K) (6.4 wt % CF/74 wt% Al2O3) Wang18

graphene/epoxy resin liquid-phase-exfoliation method 5.1 W/(m K) (18 wt % graphene) Shahil84

graphene/epoxy resin solution blending method 11 W/(m K) (60 wt % graphene) Kargar87

graphene/Cu/epoxy resin solution blending method 13.5 W/(m K) (40 wt % graphene/35 wt % Cu) Barani88

MXene/CF/epoxy resin freeze-dried orientation method 9.68 W/(m K) (10.2 wt % CF/20 wt % MXene) Guo86

ZnO/epoxy resin solution blending method 4.38 W/(m K) (50 wt % ZnO) Guo85
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big scale. Moreover, the thermally conductive filler content is
relatively small, but the thermal conductivity of the CF/C/Ni
composite is significantly improved compared to that of pure
epoxy resin in this study.
Thermal Management Application of CF/C/Ni/Epoxy

Composites. To study the thermal management application
of epoxy composites with CF/C/Ni felts, the surface
temperature distribution and its change with time during the
heating process of the composite were captured by a hand-held
infrared thermal imager in this paper. Figure 4 illustrates the

infrared imaging of CF/C/Ni/epoxy composites. As shown in
Figure 4a, polymer composites with CF/C, CF/C/Ni-30, and
CF/C/Ni-60 networks of the same size from left to right were
placed on the same heating table at the same time. Figure 4b,c
exhibits the thermal images of temperature distribution and
surface temperature curves of composites with different carbon
fiber networks. From the infrared thermal images, the epoxy
composites with CF/C/Ni-30 and CF/C/Ni-60 networks
show a faster temperature rising trend with time than those
with CF/C networks, showing that the composite with CF/C/
Ni has a higher heat dissipation capacity. The surface
temperature of the epoxy composite with the CF/C/Ni-60
network is higher than that of the epoxy composite with the
CF/C/Ni-30 network, showing that the more the nickel
microparticles are, the better the thermal management ability
of the material is. After heating for 60 s, the surface
temperature of the epoxy composite with the CF/C/Ni-60
network is about 56 °C, which is very close to the surface
temperature of the heating table, showing great thermal
management ability. The heat transfer ability of the three kinds
of epoxy composites is consistent with that of the thermal
conductivity of the three kinds of composites, that is, the
higher the thermal conductivity of the composites, the higher
the heat transfer ability of the composites.
To further understand the excellent thermal management

ability of the epoxy composites with the CF/C/Ni network,
the heat transfer diagram of the composites was drawn. Figure
5 displays the mechanism of the heat conduction in the CF/C/
epoxy composite and the CF/C/Ni/epoxy composite. All CF/
C and CF/C/Ni form a 3D thermal network in the epoxy
resin. The heat conduction mechanism in the carbon fiber
network can explain the following two phenomena. (1) The in-
plane thermal conductivity of the CF/C/epoxy composite is
higher than the through-plane thermal conductivity of the CF/

C/epoxy composite. The thermal conductivity of the epoxy
composite with the CF/C/Ni thermal conduction network has
the same phenomenon. These phenomena are caused by the
tensile crystalline orientation of carbon fibers and the thermal
resistance of the interfaces in the composites. In the
production process of carbon fiber, spinning, preoxidation,
carbonization, and graphitization are carried out under a
certain traction force, so the carbon fiber produced is easier to
have the carbon crystal orientation in the direction of the
traction force (that is, the axial direction of carbon fiber). The
crystalline orientation is more favorable for the heat transfer of
phonons or electrons. The thermal conductivity of carbon
fibers in the axial direction is much higher than that in the
nonaxial direction. The axial thermal conductivity of carbon
fiber can even reach 518 W/(m K) or higher.113 In addition,
the main long fiber (120 mm) used in the preparation of the
CF/C felt is much larger than the size of the thermal
conductivity testing sample, so it can be considered that the
carbon fiber in any direction is continuous carbon fiber.
Therefore, there is no interface thermal resistance in the axial
direction when heat is transferred in a single fiber, which is
more conducive to the improvement of the thermal
conductivity of the epoxy composite. However, there are a
lot of interfaces between the carbon fibers and the epoxy resin,
especially between the Z-direction carbon fibers and the epoxy
resin, which is not conducive to the phonon heat conduction.
From the SEM images in Figure 1, it can be seen that the axial
direction of carbon fiber is mainly distributed in the X−Y
plane, with little anisotropy in the Z-direction. In the X−Y
plane, the carbon fibers are arranged crosswise, and the
probability of arrangement in all directions is the same, so the
thermal conductivity of the epoxy composite in all directions
will be the same. Therefore, whether in the CF/C/epoxy
composite or the CF/C/Ni/epoxy composite, heat is more
easily transmitted in the X−Y plane, especially in the axial
direction of carbon fiber, which is attributed to the high axial
thermal conductivity and the continuity of carbon fiber. In the
Z-direction, the thermal conductivity of the epoxy composite is
low, which is due to the thermal resistance between the carbon
fibers and the epoxy resin. Therefore, the higher the
orientation degree of carbon fibers, the less the thermal
resistance inside the fibers or between the fibers and the epoxy
resin, and the better the thermal conductivity and thermal
management performance of the epoxy composite. (2) The
epoxy composite with the 3D CF/C/Ni thermal conduction
network has higher thermal conductivity and better thermal
management ability than that of CF/C/epoxy composite in the
same direction. Because the nickel plating particles between
the carbon fibers increase the thermal conduction path
between the carbon fibers, the thermal conductivity of the
composites and the thermal management ability of the

Figure 4. Infrared imaging of CF/C/Ni/epoxy composites: (a)
optical photos of composites under different carbon fiber networks,
(b) thermal images of temperature distribution of composites with
different carbon fiber networks; (c), (b) surface temperature curves of
composites with different carbon fiber networks.

Figure 5. Mechanism of the heat conduction in the CF/C/epoxy
composite and the CF/C/Ni/epoxy composite.
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composites are improved. As can be seen from Figure 4, the
heat conduction capacity of the CF/C/Ni/epoxy composite is
much higher than that of the CF/C/epoxy composite.
According to the fractal theory,114−116 the thermal con-
ductivity of the composites can be significantly improved by
increasing the connecting path of the thermally conductive
filler in the composites. In this paper, the increase of nickel
particles is equivalent to increasing the connecting path
between fillers, so the phenomenon in this paper is based on
the composite fractal theory. In Figure 5, in the CF/C/epoxy
composite, due to the lack of contact between the carbon fibers
and the small contact area, the heat flow is mainly transmitted
through the carbon fibers, while the paths between the fibers
are less, the interface thermal resistance between the fibers is
larger, so the thermal conductivity is lower, and the thermal
management ability is poor. Therefore, the surface temperature
of the CF/C/epoxy composites during heating shows that the
thermal conductivity is low, as shown in Figure 4. In contrast,
the heat transfer performance of the CF/C/Ni/epoxy
composite is better, and the heat flux is mainly distributed in
carbon fiber and nickel. The presence of nickel particles makes
the contact area between the carbon fibers larger, especially the
presence of nickel particles in the cross-contact position of
carbon fibers, which makes the thermal resistance and thermal
scattering in the three-dimensional thermal skeleton smaller,
and the thermal conductivity increases accordingly. The more
nickel particles are electroplated, the more conductive the
paths are, and the more conductive the composite is. When the
composite is applied to the thermal management devices in the
vertical direction, the temperature of the upper surface of the
composite almost reaches the temperature of the heat source,
and the heat energy of the heat source can be effectively
transferred to the top through rich heat conduction channels,
dense carbon networks, and low interface thermal resistance.
With excellent thermal management ability, polymer compo-
sites can ensure the rapid release of heat generated inside the
device, thus ultimately improving the efficiency of electronic
devices and the service life of equipment.
From the above analysis, it can be seen that the “CF axial

increasing heat transfer effect”, “bonded Ni microparticles
increasing heat conduction path effect” improve the thermal
conductivity of the CF/C/Ni/epoxy composite and the
thermal management ability of the CF/C/Ni/epoxy compo-
site. It is hoped that the epoxy composite with the 3D CF/C/
Ni thermal conduction network can give some suggestions for
the application of the carbon fiber/polymer composite.

■ EXPERIMENTAL SECTION
Materials. Carbon fiber (SYT45 12K) was obtained from

Zhongfu Shenying Carbon Fiber Co., Ltd, China. NiSO4·6H2O
(AR), NiCl2·6H2O (AR), H3BO3 (AR), and C12H25SO4Na
(AR) were purchased from Sinopharm Chemical Reagent Co.,
Ltd (China). Ethanol (AR) was supplied from Sigma-Aldrich.

Phenolic resin (PF-5408) was obtained from Jinan Shengquan
Group Co., Ltd, China. The solid content, free phenol, and
moisture of phenolic resin are 65, 9.5−11.8, and 2.5−4.0 wt %,
respectively. Epoxy resin (Araldite LY 1564) and polyamine
hardeners (Aradur 3486) with a weight ratio of 3:1 were
purchased by Huntsman.

Preparation of Samples. Preparation of the CF Felt and
CF/C Felt. The CF/C felt with a 3D skeleton structure is the
basic 3D thermally conductive filler in the epoxy composite,
and its structure directly affects the thermal conductivity of the
epoxy composite. The preparation process of the CF/C felt
mainly includes air-laid and needle punchingliquid impreg-
nation and solidificationhigh-temperature pyrolysis and
carbonization. Figure 6 shows the schematic diagram of the
preparation process of the CF/C felt. (a) The air-laid and
needle-punching method. Carbon fibers with an average length
of 120 mm were placed into the air flow web forming machine
for air flow web forming. Carbon fibers were loosely arranged
in the X−Y plane and can move freely to destroy the original
in-plane stacking structure. To enhance the mechanical
stability, the carbon fibers with the X−Y structures were
needle punched in the needling machine to obtain the soft CF
felt with an X−Y−Z three-dimensional structure. Through the
process of needle punching, about 1% of carbon fibers in the
X−Y plane were pushed to the vertical plane by the Z needle.
In the carbon fiber felt, the Z-direction carbon fibers can
restrain the movement of X−Y fibers so as to enhance the
structural stability. The weight of the soft CF felt is about 700
g/m2 and the thickness is 10 mm. (b) Liquid impregnation and
solidification. The CF felt with an X−Y−Z structure was
completely immersed in the phenolic alcohol solution (solid
content 35 wt %). After liquid-phase impregnation, the soft felt
was transferred to an oven at 80 °C for 2 h to volatilize
ethanol. Then, the impregnated and dried felt was transferred
to the mold on the hot pressing machine, and the temperature
was adjusted to 175 °C for 5 h to make the phenolic resin
cured completely. (c) High-temperature pyrolysis and carbon-
ization. The cured samples were transferred to a high-
temperature furnace. The temperature in the furnace increased
from room temperature to 400 °C at a speed of 75 °C per hour
and then increased from 400 to 500 °C at a speed of 25 °C/h.
Then, the temperature of the furnace was maintained at 500
°C for 2 h. Finally, the temperature is increased to 2400 °C
and maintained for 1 h to pyrolyze and carbonize the phenolic
resin in the composite to obtain an anisotropic CF/C felt.

Preparation of CF/C/Ni 3D Networks. In the CF/C felt,
carbon fibers are bonded by a small amount of pyrolysis
carbon, and there are not enough bonding points between the
carbon fibers, so it is necessary to broaden the 3D thermal
conduction path to improve the thermal conductivity of the
final composite. In this study, the CF/C/Ni felt was prepared
by electroplating nickel on the surface of the CF/C skeleton.
The electroplating process of the CF/C felt is displayed in

Figure 6. Preparation process of the CF/C felt.
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Figure 7. Because the CF/C felt is all-carbon material with
good conductivity, it can be directly fixed on the cathode as the
cathode electrode. The anode is a nickel sheet, and the
solution is the aqueous solution of NiSO4·6H2O (240 g/L),
NiCl2·6H2O (40 g/L), H3BO3 (30 g/L), and C12H25SO4Na
(0.2 g/L). The solution temperature is 60 °C. Then, the power
with the current 200 mA and the voltage 1.5 V was turn on to
electroplated nickel on the CF/C felt. The electroplating time
was set to 15, 30, 45, and 60 min, respectively, so as to control
the amount of nickel plating. Finally, after the washing process,
the obtained CF/C/Ni felt was washed with ionic water and
ethanol to remove free ions and then placed into the oven for
drying. The CF/C/Ni felts electroplated for 15, 30, 45, and 60
min were labeled as CF/C/Ni-15, CF/C/Ni-30, CF/C/Ni-45,
and CF/C/Ni-60, respectively.
Preparation of CF/C/Epoxy Composite and CF/C/Ni/

Epoxy Composites. When the powdered thermally conductive
filler is compounded with epoxy resin, there are many
problems, such as the increase of viscosity, the settling of the
filler, the uneven dispersion of the filler, and the difficulty of
forming the thermal conductive network. The epoxy
composites with the CF/C and CF/C/Ni felts (Figure 7)
were prepared by vacuum-assisted liquid-phase impregnation
and molding. The CF/C/Ni felt was completely immersed in a
liquid epoxy resin system containing a 75 wt % epoxy resin
(Araldite LY 1564) and a 25 wt % curing agent (Aradur 3486)
for 1 h in a vacuum. Then, the impregnated composite system
was transferred into a mold in a hot pressing machine for
curing. The curing temperature was 100 °C for 1 h and the
curing pressure was 10 MPa. Finally, the CF/C/epoxy
composite and CF/C/Ni/composites were prepared.
Characterization. A scanning electron microscope (SEM,

Hitachi S-2150, Japan) was used to observe the micro-
morphology of CF/C, CF/C/Ni, and CF/C/Ni/epoxy
composites. The samples were brittle and broken in liquid
nitrogen, and the surfaces of the samples were sprayed with
gold.
At room temperature, the electrical conductivity of the

composite samples in a different frequency ranging from 5 ×
103 to 106 Hz was tested by an impedance analyzer (Agilent
E4991) equipped with a 16453 dielectric testing device. The
upper and lower sides of the composite needed to be sprayed
with gold to be used as electrodes.
Thermogravimetric analysis (TGA) of CF/C/Ni/epoxy

composites was carried out in a thermal analysis instrument
(Netzsch TG209 F3, Germany) with a heating rate of 20 °C/
min from 50 to 800 °C in a nitrogen atmosphere.

The thermal diffusivity of the composites was characterized
using a laser thermal analyzer (Netzsch Nanoflash, LFA 457,
Germany). The sample size was about 10 mm × 10 mm × 2
mm. The specific heat capacity of epoxy composites was
measured using a differential scanning calorimeter (DSC) of
Netzsch 200 F3 in Germany. The thermal conductivity (λ) can
be calculated by the product of thermal diffusivity (α), density
(ρ), and specific heat capacity (Cρ).
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An infrared thermal imager (Fluke Ti480) was used to
detect the thermal management performance of the
composites. The sample size was about 10 mm × 10 mm ×
2 mm. The temperature of a hot table was 60 °C. The sample
surface temperature with increasing time was recorded.

■ CONCLUSIONS
In this paper, the carbon fiber/carbon felt (CF/C felt) with a
3D skeleton structure was prepared by an air-laid and needle-
punching methodliquid impregnation and solidification
methodhigh-temperature pyrolysis and carbonization meth-
od. The Nickel heterographene-coated CF/C felt was
fabricated by an electroplating deposition method. Three-
dimensional (3D) CF/C/Ni/epoxy composites were manufac-
tured by vacuum-assisted liquid-phase impregnation. The
thermal conductivity and mechanism of the composites were
studied. The main conclusions are as follows.

(1) The thermal conductivity of the epoxy composites
increases obviously with the increasing nickel electro-
plating particles in the in-plane direction (K∥). The
thermal conductivity (K∥) increases from 1.6 W/(m K)
(0 min) to 1.8 W/(m K) (30 min), 2.0 W/(m K) (45
min), and 2.13 W/(m K) (60 min), which are 8.89 times
(0 min), 10 times (30 min), 11.1 times (45 min), and
11.8 times (60 min) of pure epoxy resin, respectively.
These are due to the fact that in the in-plane direction
(K∥), the heat is conducted in the direction of carbon
fibers, and the bonded carbon structure widens the heat
conduction path, while the nickel-plated metal particles
further widen the heat conduction path, especially the
nickel-plated metal composite particles at the cross
position of carbon fibers or between adjacent and
parallel fibers can enhance the contact area between
carbon fibers. Finally, the 3D CF-C-Ni network
connected structure with carbon/carbon fibers as the
backbone is formed. The more the Ni particles are
plated, the wider the thermal conduction path, and the
more obvious the thermal conductivity increases.

Figure 7. Preparation process of the CF/C/Ni felt and CF/C/Ni epoxy composite.
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(2) The epoxy resin composite with the CF-C-Ni network
has a much better thermal response, which indicates that
the composite has great potential in the application of
thermal management in electrical equipment and
electronic devices. The research content of this paper
provides a new idea for the preparation of the high
thermal conductivity carbon fiber/polymer composite.

■ AUTHOR INFORMATION

Corresponding Authors
Xinfeng Wu − Merchant Marine College, College of Ocean
Science and Engineering, Shanghai Maritime University,
Shanghai 201306, China; Email: xfwu@shmtu.edu.cn

Jin Chen −Merchant Marine College, College of Ocean Science
and Engineering, Shanghai Maritime University, Shanghai
201306, China; Electronics Materials and Systems
Laboratory, Department of Microtechnology and Nanoscience
(MC2), Chalmers University of Technology, SE-412 58
Göteborg, Sweden; Email: jin.chen@sht-tek.com

Wenge Li − Merchant Marine College, College of Ocean
Science and Engineering, Shanghai Maritime University,
Shanghai 201306, China; Email: wgli@shmtu.edu.cn

Authors
Ying Wang − Merchant Marine College, College of Ocean
Science and Engineering, Shanghai Maritime University,
Shanghai 201306, China

Bo Tang − Merchant Marine College, College of Ocean Science
and Engineering, Shanghai Maritime University, Shanghai
201306, China

Yuan Gao − Merchant Marine College, College of Ocean
Science and Engineering, Shanghai Maritime University,
Shanghai 201306, China; Purchasing and Supplying
Logistics Center Department, COMAC Shanghai Aircraft
Manufacturing Co., Ltd, Shanghai 201324, China;
orcid.org/0000-0001-6684-364X

Liming Shan − Merchant Marine College, College of Ocean
Science and Engineering, Shanghai Maritime University,
Shanghai 201306, China

Kai Sun − Merchant Marine College, College of Ocean Science
and Engineering, Shanghai Maritime University, Shanghai
201306, China; orcid.org/0000-0001-7396-5813

Yuantao Zhao − Merchant Marine College, College of Ocean
Science and Engineering, Shanghai Maritime University,
Shanghai 201306, China

Ke Yang − School of Materials Science and Engineering,
Central South University, Changsha 410083, China;
orcid.org/0000-0003-4657-2402

Jinhong Yu − Key Laboratory of Marine Materials and
Related Technologies, Zhejiang Key Laboratory of Marine
Materials and Protective Technologies, Ningbo Institute of
Materials Technology & Engineering, Chinese Academy of
Sciences, Ningbo 315201, China; orcid.org/0000-0001-
9134-7568

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c02694

Author Contributions
#These authors contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the China Postdoctoral Science
Foundation (2017M611757) and the National Natural Science
Foundation of China (51573201 and 51803119).

■ REFERENCES
(1) Garimella, S. V.; Persoons, T.; Weibel, J. A.; Gektin, V.
Electronics Thermal Management in Information and Communica-
tions Technologies: Challenges and Future Directions. IEEE Trans.
Compon., Packag., Manuf. Technol. 2017, 7, 1191−1205.
(2) Salamon, T. R. Challenges and Opportunities for Thermal
Management of Information and Communications Technologies
Equipment: A Telecommunications Perspective. IEEE Trans.
Compon., Packag., Manuf. Technol. 2017, 7, 1212−1227.
(3) Hou, J. Y.; Wang, Y. Y.; Liu, J. C.; Zhao, J. G.; Long, S. F.; Hao,
J. J. Enhanced thermal conductivity of copper-doped polyethylene
glycol/urchin-like porous titanium dioxide phase change materials for
thermal energy storage. Int. J. Energy Res. 2020, 44, 1909−1919.
(4) Banerjee, S.; Pattnayek, S.; Kumar, R.; Kar, K. K. Impact of
Graphite on Thermomechanical, Mechanical, Thermal, Electrical
Properties, and Thermal Conductivity of HDPE/Copper Composites.
Fuel Cells 2020, 20, 116−130.
(5) Wu, Y. J.; Zhang, X. X.; Negi, A.; He, J. X.; Hu, G. X.; Tian, S. S.;
Liu, J. Synergistic Effects of Boron Nitride (BN) Nanosheets and
Silver (Ag) Nanoparticles on Thermal Conductivity and Electrical
Properties of Epoxy Nanocomposites. Polymers 2020, 12, 426.
(6) Liang, W. D.; Wang, L. N.; Zhu, Z. Q.; Qian, C.; Sun, H. X.;
Yang, B. P.; Li, A. In Situ Preparation of Polyethylene Glycol/ Silver
Nanoparticles Composite Phase Change Materials with Enhanced
Thermal Conductivity. ChemistrySelect 2017, 2, 3428−3436.
(7) Guo, Y. Q.; Yang, X. T.; Ruan, K. P.; Kong, J.; Dong, M. Y.;
Zhang, J. X.; Gu, J. W.; Guo, Z. H. Reduced Graphene Oxide
Heterostructured Silver Nanoparticles Significantly Enhanced Ther-
mal Conductivities in Hot-Pressed Electrospun Polyimide Nano-
composites. ACS Appl. Mater. Interfaces 2019, 11, 25465−25473.
(8) Huang, J.; Yang, W. L.; Zhu, J. J.; Fu, L. C.; Li, D. Y.; Zhou, L. P.
Silver nanoparticles decorated 3D reduced graphene oxides as hybrid
filler for enhancing thermal conductivity of polystyrene composites.
Composites, Part A 2019, 123, 79−85.
(9) Thieu, N. A. T.; Vu, M. C.; Kim, D. H.; Choi, W. K.; Kim, S. R.
Effect of aspect ratio of vertically aligned copper nanowires in the
presence of cellulose nanofibers on the thermal conductivity of epoxy
composites. Polym. Adv. Technol. 2020, 31, 2351−2359.
(10) Yin, C. G.; Liu, Z. J.; Mo, R.; Fan, J. C.; Shi, P. H.; Xu, Q. J.;
Min, Y. L. Copper nanowires embedded in boron nitride nanosheet-
polymer composites with enhanced thermal conductivities for thermal
management. Polymer 2020, 195, No. 122455.
(11) Huang, Z. Q.; Wu, W.; Drummer, D.; Liu, C.; Wang, Y.; Wang,
Z. Y. Enhanced the Thermal Conductivity of Polydimethylsiloxane via
a Three-Dimensional Hybrid Boron Nitride@Silver Nanowires
Thermal Network Filler. Polymers 2021, 13, 248.
(12) Feng, Y. Z.; Li, X. W.; Zhao, X. Y.; Ye, Y. S.; Zhou, X. P.; Liu,
H.; Liu, C. T.; Xie, X. L. Synergetic Improvement in Thermal
Conductivity and Flame Retardancy of Epoxy/Silver Nanowires
Composites by Incorporating “Branch-Like” Flame-Retardant Func-
tionalized Graphene. ACS Appl. Mater. Interfaces 2018, 10, 21628−
21641.
(13) Jiang, Y. L.; Li, M. Y.; Chen, C.; Xue, Z. G.; Xie, X. L.; Zhou, X.
P.; Mai, Y. W. Effect of elastic modulus mismatch of epoxy/titanium
dioxide coated silver nanowire composites on the performance of
thermal conductivity. Compos. Sci. Technol. 2018, 165, 206−213.
(14) Zhang, L.; Zhu, W. F.; Huang, Y.; Qi, S. H. Synergetic Effects of
Silver Nanowires and Graphene Oxide on Thermal Conductivity of
Epoxy Composites. Nanomaterials 2019, 9, 1264.
(15) Sheng, N.; Zhu, R. J.; Dong, K. X.; Nomura, T.; Zhu, C. Y.;
Aoki, Y.; Habazaki, H.; Akiyama, T. Vertically aligned carbon fibers as
supporting scaffolds for phase change composites with anisotropic

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02694
ACS Omega 2021, 6, 19238−19251

19247

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinfeng+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:xfwu@shmtu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:jin.chen@sht-tek.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenge+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:wgli@shmtu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6684-364X
https://orcid.org/0000-0001-6684-364X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liming+Shan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7396-5813
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuantao+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4657-2402
https://orcid.org/0000-0003-4657-2402
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinhong+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9134-7568
https://orcid.org/0000-0001-9134-7568
https://pubs.acs.org/doi/10.1021/acsomega.1c02694?ref=pdf
https://doi.org/10.1109/tcpmt.2016.2603600
https://doi.org/10.1109/tcpmt.2016.2603600
https://doi.org/10.1109/tcpmt.2016.2642051
https://doi.org/10.1109/tcpmt.2016.2642051
https://doi.org/10.1109/tcpmt.2016.2642051
https://doi.org/10.1002/er.5045
https://doi.org/10.1002/er.5045
https://doi.org/10.1002/er.5045
https://doi.org/10.1002/fuce.201900004
https://doi.org/10.1002/fuce.201900004
https://doi.org/10.1002/fuce.201900004
https://doi.org/10.3390/polym12020426
https://doi.org/10.3390/polym12020426
https://doi.org/10.3390/polym12020426
https://doi.org/10.1002/slct.201700381
https://doi.org/10.1002/slct.201700381
https://doi.org/10.1002/slct.201700381
https://doi.org/10.1021/acsami.9b10161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b10161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b10161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b10161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.compositesa.2019.05.002
https://doi.org/10.1016/j.compositesa.2019.05.002
https://doi.org/10.1002/pat.4954
https://doi.org/10.1002/pat.4954
https://doi.org/10.1002/pat.4954
https://doi.org/10.1016/j.polymer.2020.122455
https://doi.org/10.1016/j.polymer.2020.122455
https://doi.org/10.1016/j.polymer.2020.122455
https://doi.org/10.3390/polym13020248
https://doi.org/10.3390/polym13020248
https://doi.org/10.3390/polym13020248
https://doi.org/10.1021/acsami.8b05221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b05221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b05221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b05221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.compscitech.2018.06.028
https://doi.org/10.1016/j.compscitech.2018.06.028
https://doi.org/10.1016/j.compscitech.2018.06.028
https://doi.org/10.3390/nano9091264
https://doi.org/10.3390/nano9091264
https://doi.org/10.3390/nano9091264
https://doi.org/10.1039/c8ta11329g
https://doi.org/10.1039/c8ta11329g
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


thermal conductivity and good shape stability. J. Mater. Chem. A 2019,
7, 4934−4940.
(16) Wu, X.; Gao, Y.; Jiang, T.; Zheng, L.; Wang, Y.; Tang, B.; Sun,
K.; Zhao, Y.; Li, W.; Yang, K.; Yu, J. 3D Thermal Network Supported
by CF Felt for Improving the Thermal Performance of CF/C/Epoxy
Composites. Polymers 2021, 13, 980.
(17) Ali, Z.; Gao, Y.; Tang, B.; Wu, X.; Wang, Y.; Li, M.; Hou, X.; Li,
L.; Jiang, N.; Yu, J. Preparation, Properties and Mechanisms of
Carbon Fiber/Polymer Composites for Thermal Management
Applications. Polymers 2021, 13, 169.
(18) Wang, H.; Li, L.; Chen, Y.; Li, M.; Fu, H.; Xiao, H.; Wu, X.;
Lin, C.-T.; Jiang, N.; Yu, J. Efficient Thermal Transport Highway
Construction Within Epoxy Matrix via Hybrid Carbon Fibers and
Alumina Particles. ACS Omega 2020, 5, 1170−1177.
(19) Guo, L. C.; Zhang, Z. Y.; Li, M. H.; Kang, R. Y.; Chen, Y. P.;
Song, G. C.; Han, S. T.; Lin, C. T.; Jiang, N.; Yu, J. H. Extremely high
thermal conductivity of carbon fiber/epoxy with synergistic effect of
MXenes by freeze-drying. Compos. Commun. 2020, 19, 134−141.
(20) Lee, M. J.; Lee, P. G.; Bae, I. J.; Won, J. S.; Jeon, M. H.; Lee, S.
G. Fabrication of Carbon Fiber Reinforced Aromatic Polyamide
Composites and Their Thermal Conductivities with a h-BN Filler.
Polymers 2021, 13, 21.
(21) Li, M. H.; Ali, Z.; Wei, X. Z.; Li, L. H.; Song, G. C.; Hou, X.;
Do, H.; Greer, J. C.; Pan, Z. B.; Lin, C. T.; Jiang, N.; Yu, J. H. Stress
induced carbon fiber orientation for enhanced thermal conductivity of
epoxy composites. Composites, Part B 2021, 208, No. 108599.
(22) Ren, L. C.; Ren, Y. J.; Zhang, Y. F.; Orzechowski, K.; Kulacz,
K.; Pochec, M.; Bai, S. L. Graphite films/carbon fiber fabric/
polyurethane composites with ultrahigh in-plane thermal conductivity
and enhanced mechanical properties. Nanotechnology 2020, 31,
No. 475710.
(23) Gao, J.; Yu, J.; Wu, X.; Rao, B.; Song, L.; He, Z.; Lu, S.
Enhanced Thermal Properties for Epoxy Composites with a Three-
dimensional Graphene Oxide Filler. Fibers Polym. 2015, 16, 2617−
2626.
(24) He, J.; Wang, H.; Qu, Q. Q.; Su, Z.; Qin, T. F.; Tian, X. Y.
Three-dimensional network constructed by vertically oriented multi-
layer graphene and SiC nanowires for improving thermal conductivity
and operating safety of epoxy composites with ultralow loading (vol
139, 106062, 2020). Composites, Part A 2021, 143, No. 106062.
(25) Wang, J.; Li, C.; Li, J.; Weng, G. J.; Su, Y. A multiscale study of
the filler-size and temperature dependence of the thermal conductivity
of graphene-polymer nanocomposites. Carbon 2021, 175, 259−270.
(26) Wu, M.; Huang, H. X. Enhancing thermal conductivity of
PMMA/PS blend via forming affluent and continuous conductive
pathways of graphene layers. Compos. Sci. Technol. 2021, 206,
No. 108668.
(27) Zhang, Z. Z.; Fu, X. L.; Yu, H. J.; Tao, W. J.; Mao, C. J.; Chen,
J. S.; Wu, M. Y.; Chen, P. P. Enhanced the thermal conductivity of
hydroxyl-terminated polybutadiene (HTPB) composites by graphene-
silver hybrid. Compos. Commun. 2021, 24, No. 100661.
(28) Gorbacheva, S. N.; Makarova, V. V.; Ilyin, S. O. Hydrophobic
nanosilica-stabilized graphite particles for improving thermal con-
ductivity of paraffin wax-based phase-change materials. J. Energy
Storage 2021, 36, No. 102417.
(29) Kim, J. S.; Yoon, K. H.; Lee, Y. S.; Han, J. H. Mechanical
Properties and Thermal Conductivity of Epoxy Composites
Containing Aluminum-Exfoliated Graphite Nanoplatelets Hybrid
Powder. Macromol. Res. 2021, 29, 252−256.
(30) Wei, B. J.; Zhang, L.; Yang, S. Q. Polymer composites with
expanded graphite network with superior thermal conductivity and
electromagnetic interference shielding performance. Chem. Eng. J.
2021, 404, No. 126437.
(31) Liu, D. P.; Ouyang, Q.; Jiang, X. F.; Ma, H. B.; Chen, Y. S.; He,
L. Thermal properties and thermal stabilization of lignosulfonate-
acrylonitrile-itaconic acid terpolymer for preparation of carbon fiber.
Polym. Degrad. Stab. 2018, 150, 57−66.
(32) Qin, T. F.; Wang, H.; He, J.; Qu, Q. Q.; Da, Y. S.; Tian, X. Y.
Amino multi-walled carbon nanotubes further improve the thermal

conductivity of boron nitride/liquid crystal epoxy resin composites.
eXPRESS Polym. Lett. 2020, 14, 1169−1179.
(33) Song, S. Q.; Li, Q. L.; Zhang, C. F.; Liu, Z. J.; Fan, X.; Zhang, Y.
Balanced strength-toughness, thermal conductivity and self-cleaning
properties of PMMA composites enabled by terpolymer grafted
carbon nanotube. Nanotechnology 2021, 32, No. 195709.
(34) Zhu, Y. P.; Qian, Y. F.; Zhang, L.; Bai, B.; Wang, X.; Li, J. Q.;
Bi, S. G.; Kong, L. J.; Liu, W. S.; Zhang, L. Y. Enhanced thermal
conductivity of geopolymer nanocomposites by incorporating inter-
face engineered carbon nanotubes. Compos. Commun. 2021, 24,
No. 100691.
(35) Azizi, S.; David, E.; Frechette, M. F.; Nguyen-Tri, P.; Ouellet-
Plamondon, C. M. Electrical and thermal conductivity of ethylene
vinyl acetate composite with graphene and carbon black filler. Polym.
Test. 2018, 72, 24−31.
(36) Mishra, A. K.; Lahiri, B. B.; Philip, J. Superior thermal
conductivity and photo-thermal conversion efficiency of carbon black
loaded organic phase change material. J. Mol. Liq. 2019, 285, 640−
657.
(37) Song, J. P.; Tian, K. Y.; Ma, L. X.; Li, W.; Yao, S. C. The effect
of carbon black morphology to the thermal conductivity of natural
rubber composites. Int. J. Heat Mass Transfer 2019, 137, 184−191.
(38) He, X. H.; Yu, X.; Wang, Y. C. Significantly enhanced thermal
conductivity in polyimide composites with the matching of graphene
flakes and aluminum nitride by in situ polymerization. Polym. Compos.
2020, 41, 740−747.
(39) Wei, Z. L.; Xie, W. Q.; Ge, B. Z.; Zhang, Z. J.; Yang, W. L.; Xia,
H. Y.; Wang, B.; Jin, H. Y.; Gao, N. K.; Shi, Z. Q. Enhanced thermal
conductivity of epoxy composites by constructing aluminum nitride
honeycomb reinforcements. Compos. Sci. Technol. 2020, 199,
No. 108304.
(40) Muratov, D. S.; Vanyushin, V. O.; Luchnikov, L. O.;
Degtyaryov, M. Y.; Kolesnikov, E. A.; Stepashkin, A. A.; Kuznetsov,
D. V. Improved thermal conductivity of polypropylene filled with
exfoliated hexagonal boron nitride (hBN) particles.Mater. Res. Express
2021, 8, No. 035010.
(41) Ou, X. H.; Chen, S. S.; Lu, X. M.; Lu, Q. H. Enhancement of
thermal conductivity and dimensional stability of polyimide/boron
nitride films through mechanochemistry. Compos. Commun. 2021, 23,
No. 100549.
(42) Wang, Z. D.; Meng, G. D.; Wang, L. L.; Tian, L. L.; Chen, S. Y.;
Wu, G. L.; Kong, B.; Cheng, Y. H. Simultaneously enhanced dielectric
properties and through-plane thermal conductivity of epoxy
composites with alumina and boron nitride nanosheets. Sci. Rep.
2021, 11, No. 2495.
(43) Yu, K. K.; Yuan, T.; Zhang, S. D.; Bao, C. L. Hypergravity-
Induced Accumulation: A New, Efficient, and Simple Strategy to
Improve the Thermal Conductivity of Boron Nitride Filled Polymer
Composites. Polymers 2021, 13, No. 459.
(44) Chen, H. B.; Wang, W. D.; Yu, X.; Zuo, K. H.; Xia, Y. F.; Yin, J.
W.; Liang, H. Q.; Yao, D. X.; Zeng, Y. P. The effect of annealing
temperature on flexural strength, dielectric loss and thermal
conductivity of Si3N4 ceramics. J. Alloys Compd. 2020, 813,
No. 152203.
(45) Hu, F.; Xie, Z. P.; Zhang, J.; Hu, Z. L.; An, D. Promising high-
thermal-conductivity substrate material for high-power electronic
device: silicon nitride ceramics. Rare Metals 2020, 39, 463.
(46) Fan, J. M.; Xu, S. A. Thermal conductivity and mechanical
properties of high density polyethylene composites filled with silicon
carbide whiskers modified by cross-linked poly (vinyl alcohol). J.
Mater. Sci. Technol. 2018, 34, 2407−2414.
(47) Song, J. N.; Zhang, Y. Vertically aligned silicon carbide
nanowires/reduced graphene oxide networks for enhancing the
thermal conductivity of silicone rubber composites. Composites, Part
A 2020, 133, No. 105873.
(48) Vu, M. C.; Choi, W. K.; Lee, S. G.; Park, P. J.; Kim, D. H.;
Islam, M. A.; Kim, S. R. High Thermal Conductivity Enhancement of
Polymer Composites with Vertically Aligned Silicon Carbide Sheet
Scaffolds. ACS Appl. Mater. Interfaces 2020, 12, 23388−23398.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02694
ACS Omega 2021, 6, 19238−19251

19248

https://doi.org/10.1039/c8ta11329g
https://doi.org/10.3390/polym13060980
https://doi.org/10.3390/polym13060980
https://doi.org/10.3390/polym13060980
https://doi.org/10.3390/polym13010169
https://doi.org/10.3390/polym13010169
https://doi.org/10.3390/polym13010169
https://doi.org/10.1021/acsomega.9b03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.coco.2020.03.009
https://doi.org/10.1016/j.coco.2020.03.009
https://doi.org/10.1016/j.coco.2020.03.009
https://doi.org/10.3390/polym13010021
https://doi.org/10.3390/polym13010021
https://doi.org/10.1016/j.compositesb.2020.108599
https://doi.org/10.1016/j.compositesb.2020.108599
https://doi.org/10.1016/j.compositesb.2020.108599
https://doi.org/10.1088/1361-6528/abb04f
https://doi.org/10.1088/1361-6528/abb04f
https://doi.org/10.1088/1361-6528/abb04f
https://doi.org/10.1007/s12221-015-5637-7
https://doi.org/10.1007/s12221-015-5637-7
https://doi.org/10.1016/j.compositesa.2021.106324
https://doi.org/10.1016/j.compositesa.2021.106324
https://doi.org/10.1016/j.compositesa.2021.106324
https://doi.org/10.1016/j.compositesa.2021.106324
https://doi.org/10.1016/j.carbon.2020.12.086
https://doi.org/10.1016/j.carbon.2020.12.086
https://doi.org/10.1016/j.carbon.2020.12.086
https://doi.org/10.1016/j.compscitech.2021.108668
https://doi.org/10.1016/j.compscitech.2021.108668
https://doi.org/10.1016/j.compscitech.2021.108668
https://doi.org/10.1016/j.coco.2021.100661
https://doi.org/10.1016/j.coco.2021.100661
https://doi.org/10.1016/j.coco.2021.100661
https://doi.org/10.1016/j.est.2021.102417
https://doi.org/10.1016/j.est.2021.102417
https://doi.org/10.1016/j.est.2021.102417
https://doi.org/10.1007/s13233-021-9032-5
https://doi.org/10.1007/s13233-021-9032-5
https://doi.org/10.1007/s13233-021-9032-5
https://doi.org/10.1007/s13233-021-9032-5
https://doi.org/10.1016/j.cej.2020.126437
https://doi.org/10.1016/j.cej.2020.126437
https://doi.org/10.1016/j.cej.2020.126437
https://doi.org/10.1016/j.polymdegradstab.2018.02.013
https://doi.org/10.1016/j.polymdegradstab.2018.02.013
https://doi.org/10.3144/expresspolymlett.2020.95
https://doi.org/10.3144/expresspolymlett.2020.95
https://doi.org/10.1088/1361-6528/abe2ca
https://doi.org/10.1088/1361-6528/abe2ca
https://doi.org/10.1088/1361-6528/abe2ca
https://doi.org/10.1016/j.coco.2021.100691
https://doi.org/10.1016/j.coco.2021.100691
https://doi.org/10.1016/j.coco.2021.100691
https://doi.org/10.1016/j.polymertesting.2018.09.031
https://doi.org/10.1016/j.polymertesting.2018.09.031
https://doi.org/10.1016/j.molliq.2019.04.132
https://doi.org/10.1016/j.molliq.2019.04.132
https://doi.org/10.1016/j.molliq.2019.04.132
https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.078
https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.078
https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.078
https://doi.org/10.1002/pc.25404
https://doi.org/10.1002/pc.25404
https://doi.org/10.1002/pc.25404
https://doi.org/10.1016/j.compscitech.2020.108304
https://doi.org/10.1016/j.compscitech.2020.108304
https://doi.org/10.1016/j.compscitech.2020.108304
https://doi.org/10.1088/2053-1591/abed0f
https://doi.org/10.1088/2053-1591/abed0f
https://doi.org/10.1016/j.coco.2020.100549
https://doi.org/10.1016/j.coco.2020.100549
https://doi.org/10.1016/j.coco.2020.100549
https://doi.org/10.1038/s41598-021-81925-x
https://doi.org/10.1038/s41598-021-81925-x
https://doi.org/10.1038/s41598-021-81925-x
https://doi.org/10.3390/polym13030459
https://doi.org/10.3390/polym13030459
https://doi.org/10.3390/polym13030459
https://doi.org/10.3390/polym13030459
https://doi.org/10.1016/j.jallcom.2019.152203
https://doi.org/10.1016/j.jallcom.2019.152203
https://doi.org/10.1016/j.jallcom.2019.152203
https://doi.org/10.1007/s12598-020-01376-7
https://doi.org/10.1007/s12598-020-01376-7
https://doi.org/10.1007/s12598-020-01376-7
https://doi.org/10.1016/j.jmst.2018.04.003
https://doi.org/10.1016/j.jmst.2018.04.003
https://doi.org/10.1016/j.jmst.2018.04.003
https://doi.org/10.1016/j.compositesa.2020.105873
https://doi.org/10.1016/j.compositesa.2020.105873
https://doi.org/10.1016/j.compositesa.2020.105873
https://doi.org/10.1021/acsami.0c02421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c02421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c02421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(49) Xiao, C.; Chen, L.; Tang, Y. L.; Zhang, X.; Zheng, K.; Tian, X.
Y. Enhanced thermal conductivity of silicon carbide nanowires
(SiCw)/epoxy resin composite with segregated structure. Composites,
Part A 2019, 116, 98−105.
(50) Xiao, C.; Guo, Y. J.; Tang, Y. L.; Ding, J. W.; Zhang, X.; Zheng,
K.; Tian, X. Y. Epoxy composite with significantly improved thermal
conductivity by constructing a vertically aligned three-dimensional
network of silicon carbide nanowires/boron nitride nanosheets.
Composites, Part B 2020, 187, No. 107855.
(51) Kim, Y.; Lee, J.; Kim, N.; Yu, H. K. Thermal conductivity-
controlled Zn-doped MgO/Mg(OH)(2) micro-structures for high-
efficiency thermo-dynamic heat energy storage. J. Asian Ceram. Soc.
2020, 8, 50−56.
(52) Saranprabhu, M. K.; Rajan, K. S. Magnesium oxide nano-
particles dispersed solar salt with improved solid phase thermal
conductivity and specific heat for latent heat thermal energy storage.
Renewable Energy 2019, 141, 451−459.
(53) Zhu, Y. L.; Qin, Y. S.; Liang, S. E.; Chen, K. P.; Tian, C. R.;
Wang, J. H.; Luo, X.; Zhang, L. Graphene/SiO2/n-octadecane
nanoencapsulated phase change material with flower like morphology,
high thermal conductivity, and suppressed supercooling. Appl. Energy
2019, 250, 98−108.
(54) Wang, H.; Li, L.; Wei, X.; Hou, X.; Li, M.; Wu, X.; Li, Y.; Lin,
C.-T.; Jiang, N.; Yu, J. Combining Alumina Particles with Three-
Dimensional Alumina Foam for High Thermally Conductive Epoxy
Composites. ACS Appl. Polym. Mater. 2021, 3, 216−225.
(55) Wu, X.; Jiang, P.; Zhou, Y.; Yu, J.; Zhang, F.; Dong, L.; Yin, Y.,
Influence of Alumina Content and Thermal Treatment on the
Thermal Conductivity of UPE/Al2O3 Composite. J. Appl. Polym. Sci.
2014, 131 ( DOI: 10.1002/app.40528.
(56) Wu, X.; Wang, Y.; Xie, L.; Yu, J.; Liu, F.; Jiang, P. Thermal and
electrical properties of epoxy composites at high alumina loadings and
various temperatures. Iran. Polym. J. 2013, 22, 61−73.
(57) Huang, L. S.; Lv, X. T.; Tang, Y. Z.; Ge, G. H.; Zhang, P.; Li, Y.
X. Effect of Alumina Nanowires on the Thermal Conductivity and
Electrical Performance of Epoxy Composites. Polymers 2020, 12,
No. 2126.
(58) Li, H. K.; Zheng, W. D. Enhanced thermal conductivity of
epoxy/alumina composite through multiscale-disperse packing. J.
Compos. Mater. 2021, 55, 17−25.
(59) Wen, B. Y.; Ma, L. B.; Zou, W. Q.; Zheng, X. L. Enhanced
thermal conductivity of poly(lactic acid)/alumina composite by
synergistic effect of tuning crystallization of poly(lactic acid)
crystallization and filler content. J. Mater. Sci.: Mater. Electron. 2020,
31, 6328−6338.
(60) Wu, X.; Wang, Y.; Jiang, P.; Zhang, F.; Zhang, X.; Yang, K.
Highly Thermal Conductive Organic Polymer System of PMMA/
(Core-shell Structured BaTiO3@PMMA Nanoparticles). Chin. J.
Inorg. Chem. 2014, 34, 2309−2316.
(61) Seijas-Bellido, J. A.; Rurali, R.; Iniguez, J.; Colombo, L.; Melis,
C. Strain engineering of ZnO thermal conductivity. Phys. Rev. Mater.
2019, 3, No. 065401.
(62) Aakyiir, M.; Araby, S.; Michelmore, A.; Meng, Q. S.; Amer, Y.;
Yao, Y.; Li, M.; Wu, X. H.; Zhang, L. Q.; Ma, J. Elastomer
nanocomposites containing MXene for mechanical robustness and
electrical and thermal conductivity. Nanotechnology 2020, 31,
No. 315715.
(63) Aslfattahi, N.; Saidur, R.; Arifutzzaman, A.; Sadri, R.; Bimbo,
N.; Sabri, M. F. M.; Maughan, P. A.; Bouscarrat, L.; Dawson, R. J.;
Said, S. M.; Goh, B. T.; Sidik, N. A. C. Experimental investigation of
energy storage properties and thermal conductivity of a novel organic
phase change material/MXene as A new class of nanocomposites. J.
Energy Storage 2020, 27, No. 101115.
(64) Chen, L.; Cao, Y.; Zhang, X.; Guo, X. B.; Song, P.; Chen, K.;
Lin, J. Anisotropic and high thermal conductivity of epoxy composites
containing multilayer Ti3C2Tx MXene nanoflakes. J. Mater. Sci. 2020,
55, 16533−16543.
(65) Gao, Q. S.; Pan, Y. M.; Zheng, G. Q.; Liu, C. T.; Shen, C. Y.;
Liu, X. H. Flexible multilayered MXene/thermoplastic polyurethane

films with excellent electromagnetic interference shielding, thermal
conductivity, and management performances. Adv. Compos. Hybrid
Mater. 2021, 4, 274.
(66) Liu, H. B.; Fu, R. L.; Su, X. Q.; Wu, B. Y.; Wang, H.; Xu, Y.;
Liu, X. H. Electrical insulating MXene/PDMS/BN composite with
enhanced thermal conductivity for electromagnetic shielding
application. Compos. Commun. 2021, 23, No. 100593.
(67) Lu, S. W.; Li, B. H.; Ma, K. M.; Wang, S.; Liu, X. M.; Ma, Z.;
Lin, L. Y.; Zhou, G. N.; Zhang, D. X. Flexible MXene/EPDM rubber
with excellent thermal conductivity and electromagnetic interference
performance. Appl. Phys. A: Mater. Sci. Process. 2020, 126, 1.
(68) Song, G. C.; Kang, R. Y.; Guo, L. C.; Ali, Z.; Chen, X. Y.;
Zhang, Z. Y.; Yan, C.; Lin, C. T.; Jiang, N.; Yu, J. H. Highly flexible
few-layer Ti3C2 MXene/cellulose nanofiber heat-spreader films with
enhanced thermal conductivity. New J. Chem. 2020, 44, 7186−7193.
(69) Alghamdi, A.; Alharthi, H.; Alamoudi, A.; Alharthi, A.; Kensara,
A.; Taylor, S. Effect of Needling Parameters and Manufacturing
Porosities on the Effective Thermal Conductivity of a 3D Carbon-
Carbon Composite. Materials 2019, 12, No. 3750.
(70) Bao, D.; Cui, Y. X.; Xu, F.; Li, M. L.; Li, K. K.; Zhang, X. G.;
Liu, Z. J.; Zhu, Y. J.; Wang, H. Y. High thermal conductivity of epoxy
composites via micro-zone enhanced 3D interconnected nickel
skeleton. Ceram. Int. 2020, 46, 27531−27538.
(71) Chen, C.; Xue, Y.; Li, Z.; Wen, Y. F.; Li, X. W.; Wu, F.; Li, X. J.;
Shi, D.; Xue, Z. G.; Xie, X. L. Construction of 3D boron nitride
nanosheets/silver networks in epoxy-based composites with high
thermal conductivity via in-situ sintering of silver nanoparticles. Chem.
Eng. J. 2019, 369, 1150−1160.
(72) Feng, M. J.; Pan, Y. M.; Zhang, M. T.; Gao, Q. S.; Liu, C. T.;
Shen, C. Y.; Liu, X. H. Largely improved thermal conductivity of
HDPE composites by building a 3D hybrid fillers network. Compos.
Sci. Technol. 2021, 206, No. 108666.
(73) Hu, B. Y.; Guo, H.; Wang, Q.; Zhang, W.; Song, S. S.; Li, X. P.;
Li, Y.; Li, B. A. Enhanced thermal conductivity by constructing 3D-
networks in poly (vinylidene fluoride) composites via positively
charged hexagonal boron nitride and silica coated carbon nanotubes.
Composites, Part A 2020, 137, No. 106038.
(74) Kim, Y.; Kim, J. 3D Interconnected Boron Nitride Networks in
Epoxy Composites via Coalescence Behavior of SAC305 Solder Alloy
as a Bridging Material for Enhanced Thermal Conductivity. Polymers
2020, 12, No. 1954.
(75) Song, J. N.; Wu, L.; Zhang, Y. Thermal conductivity
enhancement of alumina/silicone rubber composites through
constructing a thermally conductive 3D framework. Polym. Bull.
2020, 77, 2139−2153.
(76) Tao, W. J.; Zeng, S. H.; Xu, Y.; Nie, W. Y.; Zhou, Y. F.; Qin, P.
B.; Wu, S. H.; Chen, P. P. 3D Graphene - sponge skeleton reinforced
polysulfide rubber nanocomposites with improved electrical and
thermal conductivity. Composites, Part A 2021, 143, No. 106293.
(77) Wang, R.; Xie, C. Z.; Gou, B.; Xu, H. S.; Luo, S. K.; Zhou, J. G.;
Zeng, L. L. Epoxy nanocomposites with high thermal conductivity and
low loss factor: Realize 3D thermal conductivity network at low
content through core-shell structure and micro-nano technology.
Polym. Test. 2020, 89, No. 106574.
(78) Xue, Y.; Wang, H. S.; Li, X. F.; Chen, Y. F. Synergy boost
thermal conductivity through the design of vertically aligned 3D
boron nitride and graphene hybrids in silicone rubber under low
loading. Mater. Lett. 2020, 281, No. 128596.
(79) Yang, X. T.; Fan, S. G.; Li, Y.; Guo, Y. Q.; Li, Y. G.; Ruan, K. P.;
Zhang, S. M.; Zhang, J. L.; Kong, J.; Gu, J. W. Synchronously
improved electromagnetic interference shielding and thermal
conductivity for epoxy nanocomposites by constructing 3D copper
nanowires/thermally annealed graphene aerogel framework. Compo-
sites, Part A 2020, 128, No. 105670.
(80) Yin, H. B.; Gao, S. Y.; Liao, C. C.; Li, C. M.; Cai, Z. D.; Xu, Y.
J.; Liu, J. Self-assembly of 3D-graphite block infiltrated phase change
materials with increased thermal conductivity. J. Cleaner Prod. 2019,
235, 359−368.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02694
ACS Omega 2021, 6, 19238−19251

19249

https://doi.org/10.1016/j.compositesa.2018.10.023
https://doi.org/10.1016/j.compositesa.2018.10.023
https://doi.org/10.1016/j.compositesb.2020.107855
https://doi.org/10.1016/j.compositesb.2020.107855
https://doi.org/10.1016/j.compositesb.2020.107855
https://doi.org/10.1080/21870764.2019.1701221
https://doi.org/10.1080/21870764.2019.1701221
https://doi.org/10.1080/21870764.2019.1701221
https://doi.org/10.1016/j.renene.2019.04.027
https://doi.org/10.1016/j.renene.2019.04.027
https://doi.org/10.1016/j.renene.2019.04.027
https://doi.org/10.1016/j.apenergy.2019.05.021
https://doi.org/10.1016/j.apenergy.2019.05.021
https://doi.org/10.1016/j.apenergy.2019.05.021
https://doi.org/10.1021/acsapm.0c01055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.0c01055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.0c01055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/app.40528
https://doi.org/10.1002/app.40528
https://doi.org/10.1002/app.40528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13726-012-0104-4
https://doi.org/10.1007/s13726-012-0104-4
https://doi.org/10.1007/s13726-012-0104-4
https://doi.org/10.3390/polym12092126
https://doi.org/10.3390/polym12092126
https://doi.org/10.1177/0021998320942575
https://doi.org/10.1177/0021998320942575
https://doi.org/10.1007/s10854-020-03189-x
https://doi.org/10.1007/s10854-020-03189-x
https://doi.org/10.1007/s10854-020-03189-x
https://doi.org/10.1007/s10854-020-03189-x
https://doi.org/10.6023/cjoc201406001
https://doi.org/10.6023/cjoc201406001
https://doi.org/10.1103/PhysRevMaterials.3.065401
https://doi.org/10.1088/1361-6528/ab88eb
https://doi.org/10.1088/1361-6528/ab88eb
https://doi.org/10.1088/1361-6528/ab88eb
https://doi.org/10.1016/j.est.2019.101115
https://doi.org/10.1016/j.est.2019.101115
https://doi.org/10.1016/j.est.2019.101115
https://doi.org/10.1007/s10853-020-05177-2
https://doi.org/10.1007/s10853-020-05177-2
https://doi.org/10.1007/s42114-021-00221-4
https://doi.org/10.1007/s42114-021-00221-4
https://doi.org/10.1007/s42114-021-00221-4
https://doi.org/10.1016/j.coco.2020.100593
https://doi.org/10.1016/j.coco.2020.100593
https://doi.org/10.1016/j.coco.2020.100593
https://doi.org/10.1007/s00339-020-03675-3
https://doi.org/10.1007/s00339-020-03675-3
https://doi.org/10.1007/s00339-020-03675-3
https://doi.org/10.1039/d0nj00672f
https://doi.org/10.1039/d0nj00672f
https://doi.org/10.1039/d0nj00672f
https://doi.org/10.3390/ma12223750
https://doi.org/10.3390/ma12223750
https://doi.org/10.3390/ma12223750
https://doi.org/10.1016/j.ceramint.2020.07.245
https://doi.org/10.1016/j.ceramint.2020.07.245
https://doi.org/10.1016/j.ceramint.2020.07.245
https://doi.org/10.1016/j.cej.2019.03.150
https://doi.org/10.1016/j.cej.2019.03.150
https://doi.org/10.1016/j.cej.2019.03.150
https://doi.org/10.1016/j.compscitech.2021.108666
https://doi.org/10.1016/j.compscitech.2021.108666
https://doi.org/10.1016/j.compositesa.2020.106038
https://doi.org/10.1016/j.compositesa.2020.106038
https://doi.org/10.1016/j.compositesa.2020.106038
https://doi.org/10.3390/polym12091954
https://doi.org/10.3390/polym12091954
https://doi.org/10.3390/polym12091954
https://doi.org/10.1007/s00289-019-02839-3
https://doi.org/10.1007/s00289-019-02839-3
https://doi.org/10.1007/s00289-019-02839-3
https://doi.org/10.1016/j.compositesa.2021.106293
https://doi.org/10.1016/j.compositesa.2021.106293
https://doi.org/10.1016/j.compositesa.2021.106293
https://doi.org/10.1016/j.polymertesting.2020.106574
https://doi.org/10.1016/j.polymertesting.2020.106574
https://doi.org/10.1016/j.polymertesting.2020.106574
https://doi.org/10.1016/j.matlet.2020.128596
https://doi.org/10.1016/j.matlet.2020.128596
https://doi.org/10.1016/j.matlet.2020.128596
https://doi.org/10.1016/j.matlet.2020.128596
https://doi.org/10.1016/j.compositesa.2019.105670
https://doi.org/10.1016/j.compositesa.2019.105670
https://doi.org/10.1016/j.compositesa.2019.105670
https://doi.org/10.1016/j.compositesa.2019.105670
https://doi.org/10.1016/j.jclepro.2019.06.355
https://doi.org/10.1016/j.jclepro.2019.06.355
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(81) Yu, H. T.; Feng, Y. Y.; Gao, L.; Chen, C.; Zhang, Z. X.; Feng,
W. Self-Healing High Strength and Thermal Conductivity of 3D
Graphene/PDMS Composites by the Optimization of Multiple
Molecular Interactions. Macromolecules 2020, 53, 7161−7170.
(82) Zhang, D. L.; Liu, S. N.; Cai, H. W.; Feng, Q. K.; Zhong, S. L.;
Zha, J. W.; Dang, Z. M. Enhanced thermal conductivity and dielectric
properties in electrostatic self-assembly 3D pBN@nCNTs fillers
loaded in epoxy resin composites. J. Materiomics 2020, 6, 751−759.
(83) Zhou, W. Y.; Zhang, Y.; Wang, J. J.; Li, H.; Xu, W. H.; Li, B.;
Chen, L. Q.; Wang, Q. Lightweight Porous Polystyrene with High
Thermal Conductivity by Constructing 3D Interconnected Network
of Boron Nitride Nanosheets. ACS Appl. Mater. Interfaces 2020, 12,
46767−46778.
(84) Shahil, K. M. F.; Balandin, A. A. Graphene-Multilayer
Graphene Nanocomposites as Highly Efficient Thermal Interface
Materials. Nano Lett. 2012, 12, 861−867.
(85) Guo, L.; Zhang, Z.; Kang, R.; Chen, Y.; Hou, X.; Wu, Y.; Wang,
M.; Wang, B.; Cui, J.; Jiang, N.; Lin, C.-T.; Yu, J. Enhanced thermal
conductivity of epoxy composites filled with tetrapod-shaped ZnO.
RSC Adv. 2018, 8, 12337−12343.
(86) Guo, L.; Zhang, Z.; Li, M.; Kang, R.; Chen, Y.; Song, G.; Han,
S.-T.; Lin, C.-T.; Jiang, N.; Yu, J. Extremely high thermal conductivity
of carbon fiber/epoxy with synergistic effect of MXenes by freeze-
drying. Compos. Commun. 2020, 19, 134−141.
(87) Kargar, F.; Barani, Z.; Salgado, R.; Debnath, B.; Lewis, J. S.;
Aytan, E.; Lake, R. K.; Balandin, A. A. Thermal Percolation Threshold
and Thermal Properties of Composites with High Loading of
Graphene and Boron Nitride Fillers. ACS Appl. Mater. Interfaces
2018, 10, 37555−37565.
(88) Barani, Z.; Mohammadzadeh, A.; Geremew, A.; Huang, C.-Y.;
Coleman, D.; Mangolini, L.; Kargar, F.; Balandin, A. A. Thermal
Properties of the Binary-Filler Hybrid Composites with Graphene and
Copper Nanoparticles. Adv. Funct. Mater. 2020, 30, No. 1904008.
(89) Lewis, J. S.; Perrier, T.; Barani, Z.; Kargar, F.; Balandin, A. A.
Thermal interface materials with graphene fillers: review of the state
of the art and outlook for future applications. Nanotechnology 2021,
32, No. 142003.
(90) Meng, F.; Zhang, Z.; Gao, P.; Kang, R.; Boyjoo, Y.; Yu, J.; Liu,
T. Excellent tribological properties of epoxy-Ti3C2 with three-
dimensional nanosheets composites. Friction 2021, 9, 734−746.
(91) Song, G.; Kang, R.; Guo, L.; Ali, Z.; Chen, X.; Zhang, Z.; Yan,
C.; Lin, C.-T.; Jiang, N.; Yu, J. Highly flexible few-layer Ti3C2
MXene/cellulose nanofiber heat-spreader films with enhanced
thermal conductivity. New J. Chem. 2020, 44, 7186−7193.
(92) Wang, D. Z.; Lin, Y.; Hu, D. W.; Jiang, P. K.; Huang, X. Y.
Multifunctional 3D-MXene/PDMS nanocomposites for electrical,
thermal and triboelectric applications. Composites, Part A 2020, 130,
No. 105754.
(93) Dong, L. B.; Li, Y.; Wang, L.; Hou, F.; Liu, J. C. Spatial
dispersion state of carbon nanotubes in a freeze-drying method
prepared carbon fiber based preform and its effect on electrical
conductivity of carbon fiber/epoxy composite. Mater. Lett. 2014, 130,
292−295.
(94) Ma, J. K.; Shang, T. Y.; Ren, L. L.; Yao, Y. M.; Zhang, T.; Xie, J.
Q.; Zhang, B. T.; Zeng, X. L.; Sun, R.; Xu, J. B.; Wong, C. P.
Through-plane assembly of carbon fibers into 3D skeleton achieving
enhanced thermal conductivity of a thermal interface material. Chem.
Eng. J. 2020, 380, No. 122550.
(95) Lin, C.-T.; Yu, J.; Xiao, H.; Chen, Y.; Dai, W.; Wang, Z.; Li, H.;
Nishimura, K. Highly thermal conductive polymer composites via
constructing micro-phragmites communis structured carbon fibers.
Chem. Eng. J. 2019, 375, No. 121921.
(96) Hosseinpour, A.; Abdizadeh, H.; Golobostanfard, M. R.
Comparing the electrophoretic deposition process of graphene oxides
synthesized through different methods. Thin Solid Films 2017, 631,
118−123.
(97) Katagiri, K.; Sasaki, K.; Honda, S.; Nakashima, H.; Tomizawa,
Y.; Yamaguchi, S.; Ozaki, T.; Sonomura, H.; Kakitsuji, A. Resin
molding by using electro-activated deposition for efficient manufac-

turing of carbon fiber reinforced plastic. Compos. Struct. 2017, 182,
666−673.
(98) Sun, T.; Li, M. X.; Zhou, S. T.; Liang, M.; Chen, Y.; Zou, H. W.
Multi-scale structure construction of carbon fiber surface by
electrophoretic deposition and electropolymerization to enhance the
interfacial strength of epoxy resin composites. Appl. Surf. Sci. 2020,
499, No. 143929.
(99) Li, L. Z.; Liu, W. B.; Yang, F.; Jiao, W. C.; Hao, L. F.; Wang, R.
G. Interfacial reinforcement of hybrid composite by electrophoretic
deposition for vertically aligned carbon nanotubes on carbon fiber.
Compos. Sci. Technol. 2020, 187, No. 107946.
(100) Chen, J.; Huang, X. Y.; Sun, B.; Wang, Y. X.; Zhu, Y. K.; Jiang,
P. K. Vertically Aligned and Interconnected Boron Nitride Nano-
sheets for Advanced Flexible Nanocomposite Thermal Interface
Materials. ACS Appl. Mater. Interfaces 2017, 9, 30909−30917.
(101) Li, X.; Wang, J.; Wang, K.; Yao, J.; Bian, H.; Song, K.;
Komarneni, S.; Cai, Z. Three-dimensional stretchable fabric-based
electrode for supercapacitors prepared by electrostatic flocking. Chem.
Eng. J. 2020, 390, No. 124442.
(102) Sun, Y.; Wang, S.; Li, M.; Gu, Y.; Zhang, Z. Improvement of
out-of-plane thermal conductivity of composite laminate by electro-
static flocking. Mater. Des. 2018, 144, 263−270.
(103) He, X.; Huang, Y.; Liu, Y.; Zheng, X.; Kormakov, S.; Sun, J.;
Zhuang, J.; Gao, X.; Wu, D. Improved thermal conductivity of
polydimethylsiloxane/short carbon fiber composites prepared by
spatial confining forced network assembly. J. Mater. Sci. 2018, 53,
14299−14310.
(104) Wu, X.; Gao, Y.; Yao, H.; Sun, K.; Fan, R.; Li, X.; An, Y.; Lei,
Y.; Zhang, Y. Flexible and transparent polymer/cellulose nanocrystal
nanocomposites with high thermal conductivity for thermal manage-
ment application. J. Appl. Polym. Sci. 2020, 137, No. 48864.
(105) Dai, W.; Lv, L.; Ma, T. F.; Wang, X. Z.; Ying, J. F.; Yan, Q. W.;
Tan, X.; Gao, J. Y.; Xue, C.; Yu, J. H.; Yao, Y. G.; Wei, Q. P.; Sun, R.;
Wang, Y.; Liu, T. H.; Chen, T.; Xiang, R.; Jiang, N.; Xue, Q. J.; Wong,
C. P.; Maruyama, S.; Lin, C. T. Multiscale Structural Modulation of
Anisotropic Graphene Framework for Polymer Composites Achieving
Highly Efficient Thermal Energy Management. Adv. Sci. 2021, 8,
No. 2003734.
(106) Li, M.; Fang, Z. N.; Wang, S. K.; Gu, Y. Z.; Li, Y. X.; Zhang, Z.
G. Thermal conductivity enhancement and heat transport mechanism
of carbon fiber z-pin graphite Compos. Struct. Composites, Part B
2019, 172, 603−611.
(107) Wu, X.; Tang, B.; Chen, J.; Shan, L.; Gao, Y.; Yang, K.; Wang,
Y.; Sun, K.; Fan, R.; Yu, J. Epoxy composites with high cross-plane
thermal conductivity by constructing all-carbon multidimensional
carbon fiber/graphite networks. Compos. Sci. Technol. 2021, 203,
No. 108610.
(108) Wei, J. M.; Liao, M. Z.; Ma, A. J.; Chen, Y. P.; Duan, Z. H.;
Hou, X.; Li, M. H.; Jiang, N.; Yu, J. H. Enhanced thermal conductivity
of polydimethylsiloxane composites with carbon fiber. Compos.
Commun. 2020, 17, 141−146.
(109) Hou, X.; Chen, Y.; Dai, W.; Wang, Z.; Li, H.; Lin, C.-T.;
Nishimura, K.; Jiang, N.; Yu, J. Highly thermal conductive polymer
composites via constructing micro-phragmites communis structured
carbon fibers. Chem. Eng. J. 2019, 375, No. 121921.
(110) Sheng, N.; Rao, Z.; Zhu, C.; Habazaki, H. Honeycomb carbon
fibers strengthened composite phase change materials for superior
thermal energy storage. Appl. Therm. Eng. 2020, 164, No. 114493.
(111) Ma, J.; Shang, T.; Ren, L.; Yao, Y.; Zhang, T.; Xie, J.; Zhang,
B.; Zeng, X.; Sun, R.; Xu, J.-B.; Wong, C.-P. Through-plane assembly
of carbon fibers into 3D skeleton achieving enhanced thermal
conductivity of a thermal interface material. Chem. Eng. J. 2020, 380,
No. 122550.
(112) Xu, T.; Zhou, S.; Cui, S.; Song, N.; Shi, L.; Ding, P. Three-
dimensional carbon fiber-graphene network for improved thermal
conductive properties of polyamide-imide composites. Composites,
Part B 2019, 178, No. 107495.
(113) Fan, Z.; Cao, M.; Yang, W. B.; Zhu, S. P.; Feng, Z. H. The
evolution of microstructure and thermal conductivity of mesophase

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02694
ACS Omega 2021, 6, 19238−19251

19250

https://doi.org/10.1021/acs.macromol.9b02544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmat.2020.06.013
https://doi.org/10.1016/j.jmat.2020.06.013
https://doi.org/10.1016/j.jmat.2020.06.013
https://doi.org/10.1021/acsami.0c11543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c11543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c11543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl203906r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl203906r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl203906r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c8ra01470a
https://doi.org/10.1039/c8ra01470a
https://doi.org/10.1016/j.coco.2020.03.009
https://doi.org/10.1016/j.coco.2020.03.009
https://doi.org/10.1016/j.coco.2020.03.009
https://doi.org/10.1021/acsami.8b16616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b16616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b16616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201904008
https://doi.org/10.1002/adfm.201904008
https://doi.org/10.1002/adfm.201904008
https://doi.org/10.1088/1361-6528/abc0c6
https://doi.org/10.1088/1361-6528/abc0c6
https://doi.org/10.1007/s40544-020-0368-1
https://doi.org/10.1007/s40544-020-0368-1
https://doi.org/10.1039/d0nj00672f
https://doi.org/10.1039/d0nj00672f
https://doi.org/10.1039/d0nj00672f
https://doi.org/10.1016/j.compositesa.2019.105754
https://doi.org/10.1016/j.compositesa.2019.105754
https://doi.org/10.1016/j.matlet.2014.05.135
https://doi.org/10.1016/j.matlet.2014.05.135
https://doi.org/10.1016/j.matlet.2014.05.135
https://doi.org/10.1016/j.matlet.2014.05.135
https://doi.org/10.1016/j.cej.2019.122550
https://doi.org/10.1016/j.cej.2019.122550
https://doi.org/10.1016/j.cej.2019.121921
https://doi.org/10.1016/j.cej.2019.121921
https://doi.org/10.1016/j.tsf.2017.04.013
https://doi.org/10.1016/j.tsf.2017.04.013
https://doi.org/10.1016/j.compstruct.2017.09.064
https://doi.org/10.1016/j.compstruct.2017.09.064
https://doi.org/10.1016/j.compstruct.2017.09.064
https://doi.org/10.1016/j.apsusc.2019.143929
https://doi.org/10.1016/j.apsusc.2019.143929
https://doi.org/10.1016/j.apsusc.2019.143929
https://doi.org/10.1016/j.compscitech.2019.107946
https://doi.org/10.1016/j.compscitech.2019.107946
https://doi.org/10.1021/acsami.7b08061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b08061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b08061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2020.124442
https://doi.org/10.1016/j.cej.2020.124442
https://doi.org/10.1016/j.matdes.2018.02.031
https://doi.org/10.1016/j.matdes.2018.02.031
https://doi.org/10.1016/j.matdes.2018.02.031
https://doi.org/10.1007/s10853-018-2618-4
https://doi.org/10.1007/s10853-018-2618-4
https://doi.org/10.1007/s10853-018-2618-4
https://doi.org/10.1002/app.48864
https://doi.org/10.1002/app.48864
https://doi.org/10.1002/app.48864
https://doi.org/10.1002/advs.202003734
https://doi.org/10.1002/advs.202003734
https://doi.org/10.1002/advs.202003734
https://doi.org/10.1016/j.compositesb.2019.05.092
https://doi.org/10.1016/j.compositesb.2019.05.092
https://doi.org/10.1016/j.compscitech.2020.108610
https://doi.org/10.1016/j.compscitech.2020.108610
https://doi.org/10.1016/j.compscitech.2020.108610
https://doi.org/10.1016/j.coco.2019.12.004
https://doi.org/10.1016/j.coco.2019.12.004
https://doi.org/10.1016/j.cej.2019.121921
https://doi.org/10.1016/j.cej.2019.121921
https://doi.org/10.1016/j.cej.2019.121921
https://doi.org/10.1016/j.applthermaleng.2019.114493
https://doi.org/10.1016/j.applthermaleng.2019.114493
https://doi.org/10.1016/j.applthermaleng.2019.114493
https://doi.org/10.1016/j.cej.2019.122550
https://doi.org/10.1016/j.cej.2019.122550
https://doi.org/10.1016/j.cej.2019.122550
https://doi.org/10.1016/j.compositesb.2019.107495
https://doi.org/10.1016/j.compositesb.2019.107495
https://doi.org/10.1016/j.compositesb.2019.107495
https://doi.org/10.1016/s1872-5805(19)60002-8
https://doi.org/10.1016/s1872-5805(19)60002-8
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pitch-based carbon fibers with heat treatment temperature. New
Carbon Mater. 2019, 34, 38−43.
(114) Liang, M.; Fu, C.; Xiao, B.; Luo, L.; Wang, Z. A fractal study
for the effective electrolyte diffusion through charged porous media.
Int. J. Heat Mass Transfer 2019, 137, 365−371.
(115) Xiao, B.; Zhang, Y.; Wang, Y.; Wang, W.; Chen, H.; Chen, X.;
Long, G. An Investigation on Effective Thermal Conductivity of
Unsaturated Fractal Porous Media with Roughened Surfaces. Fractals
2020, 28, No. 2050080.
(116) Xiao, B.; Wang, S.; Wang, Y.; Jiang, G.; Zhang, Y.; Chen, H.;
Liang, M.; Long, G.; Chen, X. Effective Thermal Conductivity of
Porous Media with Roughened Surfaces by Fractal-Monte Carlo
Simulations. Fractals 2020, 28, No. 2050029.
(117) Wang, H.; Li, L. H.; Chen, Y. P.; Li, M.; Fu, H.; Xiao, H.; Wu,
X. F.; Lin, C. T.; Jiang, N.; Yu, J. H. Efficient Thermal Transport
Highway Construction Within Epoxy Matrix via Hybrid Carbon
Fibers and Alumina Particles. ACS Omega 2020, 5, 1170−1177.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02694
ACS Omega 2021, 6, 19238−19251

19251

https://doi.org/10.1016/s1872-5805(19)60002-8
https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.141
https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.141
https://doi.org/10.1142/s0218348x20500802
https://doi.org/10.1142/s0218348x20500802
https://doi.org/10.1142/s0218348x20500292
https://doi.org/10.1142/s0218348x20500292
https://doi.org/10.1142/s0218348x20500292
https://doi.org/10.1021/acsomega.9b03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

