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ABSTRACT: The low thermal conductivity and poor shape stability of phase
change materials (PCMs) have seriously restricted their applications in energy
storage and energy saving. In this paper, poly(ethylene glycol)−calcium chloride/
carbon/carbon fiber felt (PEG-CaCl2/CCF) PCMs were fabricated by a liquid-
phase impregnation−vacuum drying−hot compression molding method with
carbon/carbon fiber felt as the three-dimensional (3D) thermal skeleton and
PEG-CaCl2 as the polymer PCM matrix. PCMs were heated and compressed by the
compression confinement method to improve the contact area between 3D skeleton
carbon fibers. The carbon fibers in PCMs presented a 3D (X−Y−Z) network
structure and the fiber arrangement was anisotropic, which were beneficial to
improve the thermal conductivity of PCMs in the fiber direction. The compression
confinement can improve the contact area between the fibers in the 3D skeleton. As
a result, the thermal conductivity of PEG-CaCl2/CCF PCMs can reach 3.35 W/(m
K) (in-plane) and 1.94 W/(m K) (through-plane), about 985 and 571% of that of PEG-CaCl2, respectively. Due to the
complexation of PEG and CaCl2 and the 3D skeleton support of carbon fiber felt, PCMs have excellent shape stability. The paper
may provide some suggestions for the preparation of high thermal conductivity and excellent shape stability PCMs.

■ INTRODUCTION

Polymer phase change materials (PCMs) can absorb heat by
melting when the temperature is high and also can release heat
by recrystallization when the ambient temperature is low. In
the process of heat absorption or heat release, the temperature
of PCMs is maintained within a certain range so as to ensure
the temperature stability of the surrounding environment.
Polymer PCMs can make the surrounding temperature stable
so that PCMs can be used in the fields of building air
conditioners, electronic cooling, building heating/cooling
(indoor temperature controlling), radiant floor heating,
thermal switches, clothing field, solar thermal energy storage,
and so on.1

However, the thermal conductivities of commonly used
polymer PCMs are generally lower than 0.5 W/(m K) (0.13
W/(m K) for RT27, 0.17 W/(m K) for octadecane, 0.26 W/
(m K) for RT25, 0.36 W/(m K) for eicosane, 0.42 W/(m K)
for tetradecanol, 0.48 W/(m K) for capric acid),2 which will be
restricted when PCMs are used in the field of fast energy
storage. Therefore, it is necessary to improve the thermal
conductivity of polymer PCMs to meet the demand of rapid
energy storage. At present, the thermal conductivities of PCMs
are improved by adding high thermal conductivity fillers such
as metal materials (silver particles,3 copper particles,4

aluminum particles,5 silver nanowires,6 copper nanowires7),
ceramic materials (boron nitride,8 aluminum nitride,9 alumi-
na,10 copper oxide11), carbon materials (graphite,12 gra-
phene,13−16 carbon nanofibers,17 carbon nanotubes,18 carbon
black,19 carbon fibers,20 MXene21), and so on. The main
method to obtain high thermal conductivity of PCMs is to
make the filler form a high thermal conductivity path in the
polymer matrix. Through some methods, the filler can form a
three-dimensional (3D) network structure in the polymer
matrix, thus forming a high thermal conductivity path. The
heat can quickly transfer on the three-dimensional network
structure so as to achieve the situation of low filler content and
high thermal conductivity. At present, the methods of forming
the high thermal conductivity path in polymer composites
mainly include the freeze-drying orientation method,22,23 self-
assembly molding,24 metal foam method,25,26 carbon foam
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method,27,28 ceramic foam,29 3D skeleton network meth-
od,12,30 interfacial polyelectrolyte complex spinning,31 in situ
reduction of metal ions,32 electrophoretic deposition method
(EPD),33 electrostatic flocking,34 and so on. These methods
make the thermal conductivities of polymer materials increase
several times or even dozens of times, which are good methods
to quickly improve the thermal conductivity. Therefore, the
research of high thermal conductivity path has become a
hotspot.
Because PCMs store energy by melting and absorbing heat,

it is easy to produce shrinkage deformation and flow
deformation after polymer material melting, which brings to
difficulties in the application of PCMs. Therefore, to reduce
the deformation of PCMs and improve their shape stability,
the PCM matrix needs to be confined in a certain space. At
present, the methods to improve the shape stability of PCMs
mainly include the spherical microcapsule method,35 hollow
tube microcapsule method,36,37 nanomaterial adsorption
method,38,39 complexation cross-linking network method,40

chemical cross-linking network method,41 silica network
confinement method,42,43 metal network confinement meth-
od,44,45 carbon network confinement method,46 polymer
network confinement method,47 and so on.
To solve the two problems of low thermal conductivity and

poor shape stability of polymer PCMs, the thermal

conductivity of PCMs was enhanced using carbon/carbon
fiber felt (CCF) with a 3D network structure as the thermal
conductivity framework in this paper. At the same time, 3D
CCF can support and adsorb PCMs, which can improve the
shape stability of PCMs. Then, the 3D CCF was dipped into
pre-prepared PEG-CaCl2 ethanol solution and then taken out
for drying. After repeated impregnation and drying, PEG-
CaCl2/CCF PCMs were prepared by hot pressing and
complexation molding. In the process of hot pressing, CaCl2
and PEG complexed to form a cross-linking network, which
can reduce the deformation of PEG during phase trans-
formation and ensure the shape stability of PEG. The contact
area between the carbon fibers in CCF was further increased
by the compression confinement method so as to further
improve the thermal conduction path of the 3D CCF skeleton
and hence improve the thermal conductivity of PCMs. The
purpose of this paper was to improve the thermal conductivity
of PCMs using the 3D carbon/carbon fiber felt network as a
thermal conduction path. At the same time, 3D CCF served as
a support and an adsorbent for PCMs, and PEG-CaCl2 formed
a complex structure by the complexation method so as to
obtain shape-stable PCMs. Finally, PEG-CaCl2/CCF PCMs
with high thermal conductivity and stable shape were prepared.
The paper may provide some suggestions for the preparation

Figure 1. SEM images of carbon/carbon fiber felt: (a1) and (a2) are in the in-plane direction (X−Y plane) and (b1) and (b2) are in the through-
plane direction (X−Z plane).
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of high thermal conductivity and excellent shape stability
PCMs.

■ RESULTS AND DISCUSSION

Morphology of CCF and PEG-CaCl2/CCF PCMs. In the
process of preparing carbon fiber felt, a kind of carbon fiber felt
with a X−Y−Z three-dimensional network layer structure was
formed after the carbon fibers were air laid and needle
punched. In the three-dimensional network structure of carbon
fiber felt, most of the axial direction of carbon fibers is in the
X−Y plane, while a small part of it is in the Z-direction. The
X−Y−Z structure of carbon fiber felt is loose and needs to be
bonded with the carbon structure. The phenolic resin used in
this paper can produce residual carbon after liquid-phase
impregnation, carbonization, and graphitization. The carbon
residue transforms the carbon fiber felt into a whole carbon/
carbon fiber felt to form a hard carbon/carbon fiber felt
structure with certain mechanical properties. The structure of
materials determines their properties. CCF felt is the thermal
conductive filler of PEG PCMs, so it is necessary to
characterize the structure of CCF. Figure 1 indicates the
SEM images of carbon/carbon fiber felt. Figure 1(a1) and (a2)
shows the SEM images in the in-plane direction (X−Y plane).
Figure 1(b1) and (b2) displays the SEM images in the
through-plane direction (X−Z plane). From Figure 1(a1) and
(a2), the carbon fibers are disorderly overlapped and some

overlapped positions stick together (in the red circle in Figure
1(a2)). The adhesion positions are caused by the residual
carbon material after graphitization of the phenolic resin.
These bonding points can enhance the strength of the carbon
fiber felt, so that it is not easy to make the carbon fiber felt
loose and to deform its shape, and the shape is not easy to
deform. In other words, as a kind of bonded carbon structure,
the residual carbon can maintain the stability of the whole
structure of CCF. The bonded carbon can make CCF have
certain mechanical strength, which plays an important role in
reinforcement. At the same time, the bonded carbon can play
the role of communicating with adjacent carbon fibers, making
the whole carbon fiber felt into a connected whole body; that
is, forming a CCF network with the three-dimensional network
structure, which forms a connected network conducive to the
heat conduction of phonon, and also to the propagation of heat
conducting phonon. Thus, a high heat conduction path
network is formed in the X−Y plane. The three-dimensional
CCF network is also a connected network that is conducive to
phonon transmission, and also to the propagation of heat
conducting phonon, thus forming a high heat conduction path
network in the X−Y plane.
It can be seen from Figure 1(b1) and (b2) that the carbon

fibers are arranged in order and staggered, which is due to the
uniform falling of carbon fibers layer by layer under the action
of air flow during the preparation of carbon fiber felt. In
addition, it can be seen that each layer of carbon fibers is

Figure 2. SEM images of PEG-CaCl2/CCF PCMs: (a1) and (a2) are in the in-plane direction (X−Y plane) and (b1) and (b2) are in the through-
plane direction (X−Z plane).
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staggered, but almost every layer is perpendicular to the cross
section, and almost no carbon fiber is parallel to the cross
section. In the red circles of Figure 1(b2), it can be seen that
some carbon fibers in the same layer are adhered together,
which is conducive to improving the strength of the carbon
fiber layer. At the same time, these bonded carbon points bond
to different layers of carbon fibers together, which is conducive
to the heat transfer between layers. These bonded carbon
points increase the fiber thermal conduction path in the Z-
direction, which is beneficial to improve the thermal
conductivity in the Z-direction. The thermal conductivity of
carbon fiber in the axial direction is much higher than that in
the vertical direction due to crystal orientation. Comparing
Figure 1(b1) and (a1), it can be seen that the axial directions
of carbon fibers are mostly concentrated in the X−Y plane, so
the thermal conductivity in the X−Y plane will be much higher
than that in the X−Z section. The results show that the
carbon-bonded network can promote the thermal conductivity
in both directions.
It can be seen from Figure 1 that the bonded carbon has a

bonding effect on carbon fibers in both the X−Y plane and the
X−Z plane, and carbon and carbon fibers form a connected 3D
heat conduction network. When the 3D network is combined
with phase change materials, high thermal conductivity PCMs
will be formed. At the same time, because carbon and carbon
fiber form a three-dimensional network, it will inevitably
hinder the flow of PCMs, so the deformation resistance of the
formed PCMs will be improved.
The structure of the materials determines their properties.

Therefore, it is highly necessary to characterize the micro-
structure of PEG-CaCl2/CCF PCMs. Especially, it is necessary
to observe the interface between the resin matrix and the filler
in PCMs. The interface adhesion will directly affect the
properties of PCMs. Figure 2 illustrates the SEM images of
PEG-CaCl2/CCF PCMs. As seen from Figure 2, the interface
between the carbon fibers and PEG-CaCl2 in the high thermal
conductivity framework is closely combined, and there are no
obvious pores and defects, which indicates that the liquid-
phase impregnation−vacuum drying−molding method is a
very feasible method for preparing PCMs. The heat transfer of
PEG-CaCl2/CCF PCMs is mainly through the high thermal
conductivity carbon/carbon fiber skeleton, but there will still
be a part of heat transfer through the phase change material.
The close interface structure is conducive to phonon transfer

so as to further improve the thermal conductivity of PEG-
CaCl2/CCF PCMs.

Heat Storage Performance of PEG-CaCl2/CCF PCMs.
PCMs can store heat energy by melting and release heat energy
by crystallization. In the process of melting, polymer PCMs
will absorb heat and change from solid to liquid. In the
endothermic process, the energy is mainly used to destroy the
crystalline structure of polymer PCMs, while the temperature
of PCMs is not changed much, which is mainly kept near the
melting point. The heat required for crystallization and melting
of PCMs is the energy stored in polymer PCMs.
When the ambient temperature decreases, polymer PCMs

change from the liquid state to the solid state and from the
molten state to the crystalline state. In the crystallization
process, polymer PCMs will release the heat absorbed by
melting, which is an exothermic process. In the process of
exothermic crystallization, the temperature of polymer PCMs
remains near the crystallization temperature. Polymer PCMs
store and release heat energy through repeated endothermic
and exothermic processes. However, the temperature of
polymer PCMs can be kept near the melting point and
crystallization point, which can keep the ambient temperature
stable. Using this feature, PCMs can be used in the field of
battery heat storage and protection. When the temperature of
the battery is too high due to the heat emitted by the battery,
PCMs wrapped outside the battery can absorb the heat and
ensure the battery at a constant temperature through phase
change. Figure 3 illustrates the DSC curves of PEG-CaCl2/
CCF PCMs. Table 1 shows the phase change temperature and
latent heat of PEG-CaCl2/CCF PCMs. From Figure 3a and
Table 1, it can be found that with the increase of compression
ratio, the melting point of PCMs changes from 47.7°C (PEG-
CaCl2) to 47.2 °C (PEG-CaCl2/CCF-1), 43.7 °C (PEG-
CaCl2/CCF-1.5), and 45.5 °C (PEG-CaCl2/CCF-2), which
are all kept at about 45 °C. The melting temperature ranges
from 35 to 55 °C. When the temperature of the battery is
higher than 40 °C, it is easy to be dangerous, so in the process
of charging or discharging, if the temperature exceeds 40 °C,
the PEG-CaCl2/CCF PCMs can quickly absorb heat and keep
it at about 40 °C so as to ensure the safety of the battery. This
is the significance of polymer PCMs used in the field of battery
applications.
From Figure 3b, with the increase of compression ratio, the

melting heat of PEG-CaCl2/CCF PCMs gradually decreases

Figure 3. DSC curves of PEG-CaCl2/CCF PCMs: (a) DSC curves and (b) ΔH.
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from 98.65 J/g (PEG-CaCl2) to 75.20 J/g (PEG-CaCl2/CCF-
1), 61.86 J/g (PEG-CaCl2/CCF-1.5), and 58.67 J/g (PEG-
CaCl2/CCF-2). The melting heat of phase change is related to
the content of the phase change material. The content of
carbon fiber gradually increases with the increase of
compression ratio, but the content of the phase change
material gradually decreases, so the latent heat of PEG-CaCl2/
CCF PCMs gradually decreases with the increase of
compression ratio. Therefore, on the one hand, the increase
of carbon fiber in PEG-CaCl2/CCF PCMs improves the
thermal conductivity of PCMs, but on the other hand, the
increase of carbon fiber reduces the latent heat of PCMs.
Therefore, the increase of thermal conductivity and latent heat
of PCMs are contradictory, which should be considered
comprehensively.

Thermal Conductivity of PEG-CaCl2/CCF PCMs. Due to
the low thermal conductivity of polymer PCMs (PEG, 0.47 W/
m K), the application of polymer PCMs in the field of rapid
energy storage is limited. Therefore, it is necessary to improve
the thermal conductivity of polymer PCMs by modification. In
this study, the thermal conductivity of PEG-CaCl2/CCF PCMs
with the 3D CCF network was studied by the hot-disk method.
The thermal conductivity of PEG-CaCl2/CCF PCMs is
described in Figure 4.
It can be seen from Figure 4a,b that with the increase of

compression ratio, the in-plane thermal conductivity of PCMs
gradually increases from 1.72 W/(m K) (PEG-CaCl2/CCF-1)
to 2.59 W/(m K) (PEG-CaCl2/CCF-1.5) and 3.35 W/(m K)
(PEG-CaCl2/CCF-2), which are 506, 712, and 985% of that of
pure PEG-CaCl2 (0.34 W/(m K)), respectively, indicating that
the compression confinement effect is beneficial to improve
the thermal conductivity of PCMs. The improvement of in-
plane thermal conductivity can be attributed to the following
reasons. (1) The in-plane orientation structure of CCF in
PEG-CaCl2/CCF PCMs improves the in-plane thermal
conduction path of PCMs. Carbon fiber is a kind of one-
dimensional anisotropic material prepared by the process of
spinning, drawing, orientation, high-temperature carbonization,
and graphitization. Because of the crystal orientation in the
production process, the axial thermal conductivity of the
carbon fiber is much higher than that in other directions. The
carbon fibers in the carbon fiber felt are mainly distributed in
the X−Y plane, so the composite prepared by the carbon fiber
felt has higher in-plane thermal conductivity. In addition, the
carbon fibers used in this paper are all long fibers with a length
of about 120 mm. The thickness of the testing composite is
less than 20 mm, so it can be considered that the heat is
transmitted in the axial direction of the straight path through
carbon fiber. This is equivalent to the fact that there is no
interface in the transmission path; that is, there is no interface
thermal resistance, thus improving the thermal conductivity of
the PEG-CaCl2/CCF composite. (2) The compression
confinement increases the content of carbon fibers per unit
volume. The increase of carbon fiber content means that the
thermal conduction skeleton in PCMs increases. The thermal
conduction skeleton is the main heat transfer path, so the
thermal conduction path increases and the thermal con-
ductivity of PCMs increases with the increase of compression
ratio. (3) Compression confinement increases the contact
probability between carbon fibers. The carbon fiber network is
bonded together by carbon particles, and the contact
probability increases with the increase of the number of
carbon fibers. Compression confinement widens the sideT
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branch heat conduction path; that is, the increase of the
number of side branches in the heat conduction path can also
improve the thermal conductivity of PEG-CaCl2/CCF PCMs.
Therefore, the increase of thermal conductivity of PEG-CaCl2/
CCF PCMs is due to the inherent high thermal conductivity of
the carbon fiber and the oriented structure of carbon fibers in
the X−Y−Z carbon/carbon fiber felt. With the increase of
compression ratio, the proportion of CCF content in the PEG-
CaCl2 matrix increases, and the contact surface between
carbon fibers also increases, so the heat conduction path is
further widened, which is more conducive to phonon heat
transfer, thus further improving the in-plane thermal
conductivity of PEG-CaCl2/CCF PCMs.
As seen from Figure 4a,b, with the increase of compression

ratio, the through-plane thermal conductivity of PEG/CCF
PCMs gradually increases from 1.49 W/(m K) (PEG-CaCl2/
CCF-1) to 1.77 W/(m K) (PEG-CaCl2/CCF-1.5) and 1.94
W/(m K) (PEG-CaCl2/CCF-2), which are 438, 521, and
571% of that of pure PEG-CaCl2 (0.34 W/(m K)),
respectively, indicating that the compression confinement is
beneficial to improve the thermal conductivity of PCMs in the
Z-direction. Under the effect of compression, the contact
probability of carbon fibers between adjacent carbon fiber
layers increases, and more heat conduction paths are formed,
and thus the thermal conductivity is further improved. Because
the thermal conductivity of the carbon fiber and carbon is
higher than that of the polymer material, in addition to the
increase of thermal conduction path, it is also related to the
increase of the proportion of carbon fiber and carbon in the
thermal conduction path caused by compression.
However, comparing the in-plane thermal conductivity with

the through-plane thermal conductivity, it can be found that
the in-plane thermal conductivity is much higher than the
through-plane thermal conductivity, which is determined by
the structure of the carbon/carbon fiber 3D skeleton. From the
above SEM images, it can be seen that the carbon fibers are
mainly laid in the X−Y plane, the axial direction of carbon
fibers is mainly distributed in the X−Y plane, the fibers are
connected together by bonding carbon to form an X−Y plane
network, and the thermal conductivities of PCMs are the same
in all directions in the X−Y plane. In the Z-direction, if the
heat is to be transferred, it needs to be transferred through
contact points between the carbon fibers in different layers,
and the thermal conductivity is also low in the direction

perpendicular to the fiber axis, so the thermal conductivity in
the Z-direction is far lower than that in the X−Y plane.
Therefore, we can make full use of the high thermal
conductivity in the X−Y plane to provide help for the rapid
heat storage of PCMs.
In this paper, CCF with the 3D structure was used to

prepare PCMs with high thermal conductivity. The designed
carbon-bonded carbon fiber 3D skeleton structure has a
superior thermal conduction path. Therefore, it is necessary to
compare the thermal conductivity of PCMs prepared by other
preparation methods to show the advantages of the structure
designed in this paper. Figure 5 indicates the thermal

conductivity of different kinds of PCMs. The data in Figure
5 can be summarized in Table 2. Table 2 shows the detailed
comparisons of the thermal conductivity of different kinds of
PCMs. As seen from Figure 5 and Table 2, the properties of
PCMs prepared by different preparation methods such as the
freeze-drying orientation method, self-assembly method,
interfacial polyelectrolyte complex spinning method, 3D-
carbon foam, 3D Cu foam, and porous silica method are
compared with each other.The following conclusions can be
found through comparison. (a) When the filler content was
less than 30 wt %, PCMs prepared in this paper have higher
thermal conductivity. The thermal conductivity of PCMs was
significantly higher than that of PCMs prepared by the freeze-

Figure 4. Thermal conductivity of PEG-CaCl2/CCF PCMs: (a) in-plane (λin‑plane) and out-plane (λthrough‑plane) thermal conductivities at 25 °C and
(b) λPCMS/λPEG‑CaCl2.

Figure 5. Thermal conductivities of different kinds of PCMs.
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drying method24,26 and the self-assembly method.48,49 (b)
When the content was less than 30 wt %, Yanwei Zhang et al.12

prepared paraffin/SHC/EG PCMs using SHC/EG with the
network structure, and the thermal conductivity reached 5.87
W/(m K) (10 wt % EG + 10 wt % SHC), showing the
advantage of high thermal conductivity. (c) When the filler
content was higher than 30%, the thermal conductivity of the
CCF PCMs was even higher than that of some copper foam
PCMs. Xiang Huang et al.25 fabricated myristyl alcohol/metal
foam PCMs by the vacuum melting infiltration method and the
thermal conductivity of PCMs with 46.6 wt % Cu foam was
1.452 W/(m K). (d) The higher the filler content, the better
the thermal conductivity of PCMs. At the same time,
combined with certain methods, higher thermal conductivity
can be further obtained. Hui Fang et al.31 manufactured the
PEG/BN/CNF/CS macrofiber composite by the interfacial
polyelectrolyte complex spinning method. The thermal
conductivity of PCMs can reach 4.005 W/(m K) (47.5 wt %
BN-OH). Wei Zhu et al.26 fabricated paraffin/CNT-Cu foam
PCMs with the conductivity of 3.49 W/(m K) (41.2 wt % Cu,
0.68 wt % CNT).
Based on the above analysis, the thermal conductivity of

PCMs can be improved by constructing the 3D CCF
framework, which has certain advantages compared with
other methods, but it is not completely higher than that of

PCMs prepared by other methods. However, the CCF
prepared in this paper can be prepared on a large scale, and
its size can now be prepared to 2000 mm × 2000 mm × 50
mm, which can be used for large-scale industrial applications.

Heat Conduction Mechanism of PEG-CaCl2/CCF
PCMs. Both in-plane thermal conductivity and through-plane
thermal conductivity of PEG-CaCl2/CCF PCMs increase with
the increase of compression ratio. The in-plane thermal
conductivity of the same PEG-CaCl2/CCF PCMs is much
higher than the through-plane thermal conductivity, so it is
necessary to analyze the heat conduction mechanism of PEG-
CaCl2/CCF PCMs. The mechanism of heat conduction in the
PEG-CaCl2/CCF PCMs is illustrated in Figure 6. Heat transfer
in materials includes heat convection, heat radiation, and heat
conduction.51,52 The structure of materials determines theie
properties. The composite materials include the matrix resin,
filler, and interface. In PEG-CaCl2/CCF PCMs, the SEM
images in the above figure show that the PEG matrix resin and
carbon fibers are closely combined, and there are almost no
pores, so it is difficult to transfer heat through heat convection.
When the object is in the environment above absolute zero,
there will be radiation phenomenon. However, in composite
materials, the heat transferred by thermal radiation is very little,
and it is not the main way of heat transfer in most cases. In
most cases, heat is transmitted by means of heat conduction in

Table 2. Detailed Comparisons of the Thermal Conductivities of Different kinds of PCMs

year method materials filler content λ (W/(m K)) reference

2018 freeze-drying orientation paraffin/h-BN 18 wt % h-BN 0.85 22
2018 freeze-drying orientation PEG/BN 28.7 wt % BN 3.18 23
2015 self-assembly palmitic acid/GO/OA 2 wt % GO 0.419 48
2019 self-assembly 1-octadecanol/graphene 1.5 wt % graphene 0.358 49
2020 interfacial polyelectrolyte complex spinning PEG/BN/CNF/CS macrofibers 47.5 wt % BN-OH 4.005 31
2017 3D carbon aerogel paraffin/carbon aerogels 2 wt % carbon aerogels 2.182 50
2019 3D carbon foam paraffin@carbon sponge 7.8 wt % carbon 0.434 28
2020 3D graphene foam paraffin/3DC 9 wt % 3D graphene 2.3 27
2017 Cu foam myristyl alcohol/Cu foam 46.6 wt % Cu foam 1.452 25
2019 carbon nanotube−Cu foam paraffin/CNT-Cu foam 41.2 wt % Cu, 0.68 wt % CNT 3.49 26
2020 porous silica paraffin/SHC/EG 10 wt % EG + 10 wt % SHC 5.87 12
2021 carbon/carbon fiber network PEG-CaCl2/CCF 31.32 wt % CCF 3.35 our work

Figure 6. Mechanism of heat conduction in PEG-CaCl2/CCF PCMs: (a) X−Y direction (in-plane) and (b) Z-direction (through-plane).
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composite materials. The objects transfer heat through the
motion of phonons (simple harmonic vibrations of molecules
or crystals) or electrons. Therefore, the thermal conductivity of
composites can be improved if the phonon conduction path
can be formed or widened, or the interface defects between the
matrix material and the filler can be reduced. In PEG-CaCl2/
CCF PCMs, CCF is a three-dimensional network structure
with the X−Y−Z structure. Due to its unique structural design,
CCF has an anisotropic structure, so its heat conduction
mechanism in different directions is different. In Figure 6a,
heat conduction propagates along the fiber axis, which is a
straight path through the rapid propagation process. In Figure
6b, heat conduction is a zigzag process. In Figure 6a, three
ways can be used to increase and widen the heat conduction
path in composite materials so as to improve the heat transfer
and then the thermal conductivity of composite materials. (a1)
The first way is to increase the heat transfer through the axial
orientation of carbon fiber with high thermal conductivity, that
is, the heat transfer through the axial direction of carbon fiber
in the X−Y plane. (a2) In the 3D thermal conductive CCF
network, the carbon dots bonded with carbon fibers can also
increase the side branch thermal conduction path so as to
improve the thermal conductivity of PCM composites. (a3)
The third way is to increase the carbon fiber contact
probability after compression so as to increase the side branch
heat conduction path and also to improve the thermal
conductivity. After compression, the content of carbon fiber
per unit volume will also increase, and the axial heat
conduction path and other side branch heat conduction
paths of carbon fiber will increase; then, the thermal
conductivity of PCM composites will increase. The CCF has
formed a percolation structure in the resin matrix, so it is very
conducive to heat transfer.53,54

Comparing Figure 6a,b, it can be found that the heat transfer
path in the X−Y plane is fast, which is mainly linear and
supplemented by various side branches. The heat transfer route
in the Z-direction is zigzag. In the process of heat transfer, a lot
of heat will change along the fiber axis, which reduces the
efficiency of heat transfer. In addition, in the Z-direction, the

carbon fibers are stacked by layers of X−Y carbon fibers, and
there are few contact points between the carbon fibers, which
makes the heat conduction path longer and the thermal
conductivity lower. In the Z-direction, due to the nanofiber
axial heat transfer, the path becomes longer due to fewer
contact points. There are fewer paths between carbon fibers in
the different layers, and the interface thermal resistance
between carbon fibers is larger, which makes the thermal
conductivity in the Z-direction (through-plane) lower than
that in the X−Y direction (in-plane).

Shape Stability of PEG-CaCl2/CCF PCMs. Polymer
PCMs can absorb heat from the surrounding environment,
and then melt; thus, the crystallization of PCMs is destroyed.
PCMs will change from solid to liquid and the volume will also
expand. In the process of phase change, if the shape of PCM is
not limited, it is very easy to leak, expand, or shrink. At present,
from the Introduction section, the methods to improve the
shape stability of PCMs mainly include the spherical
microcapsule method, hollow tube microcapsule method,
nanomaterial adsorption method, complexation cross-linking
network method, chemical cross-linking network method,
metal network confinement method, carbon network confine-
ment method, polymer foam network confinement method,
and so on. The method used in this paper was to form a cross-
linking network through the complex reaction of PEG and
CaCl2 so as to limit the deformation of the PEG material.
Figure 7 indicates the leakage diagram of PEG-CaCl2/CCF
PCMs. It can be seen from Figure 7 that when PEG is placed
on the heating platform of 80 °C (much higher than the PEG
phase transition temperature), PEG begins to melt in 1 min
(Figure 7b) and then melts in a large area (Figure 7c,d) with
the increase of time. When heated for 10 min, PEG is
completely melted (Figure 7e). There is only a little leakage of
PEG-CaCl2 due to the cross-linking network structure (15
min, Figure 7f). However, PEG-CaCl2/CCF PCMs have no
obvious leakage and their shapes remain intact, which is mainly
attributed to the complex cross-linking network structure of
PEG and CaCl2 and the network structure adsorption and
network barrier of CCF. (1) PEG reacts with CaCl2 to form

Figure 7. Leakage diagram of PEG-CaCl2/CCF PCMs.
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the cross-linking structure.55 At this time, PEG is equivalent to
forming a large three-dimensional network structure, and
almost all PEG molecules become a part of this network; that
is, PEG is forbidden in the macromolecular structure of PEG-
CaCl2, thus ensuring the shape stability of PCMs. (2) The
three-dimensional carbon/carbon fiber network structure in
PCMs can prevent their leakage through surface adsorption,
and also has a certain fixation effect on PCMs so as to further
improve their shape stability. At the same time, the special
three-dimensional carbon/carbon fiber network structure
formed by one-dimensional carbon fiber and carbon can
prevent the flow of phase change molecules through the
network structure, and can also play a role in fixing the phase
change material, making the phase change material maintain
shape stability. In conclusion, the PEG and CaCl2 complex
cross-linking network structure can make PEG form macro-
molecules, fundamentally eliminating the flow of PEG
molecules. The adsorption and network barrier of the CCF

network structure further play a role in fixing PEG molecules,
thus making PEG PCMs have high stability.

■ EXPERIMENTAL SECTION
Materials. Carbon fibers (SYT45 12K) were purchased by

Zhongfu Shenying Carbon Fiber Co., Ltd., China. Phenolic
resin (PF-5408) was supplied from Jinan Shengquan Group
Co., Ltd., China. PEG (PEG1500), CaCl2 (AR), and ethanol
(AR) were obtained from Sinopharm Chemical Reagent Co.,
Ltd., China.

Preparation of CCF. Carbon/carbon fiber felt was
prepared by the methods of air flow netting−needle
punching−liquid-phase impregnation−high-temperature car-
bonization and graphitization.56 The schematic diagram of
the preparation process of carbon/carbon fiber felt is described
in Figure 8. The preparation process of carbon/carbon fiber
felt includes the following steps. (1) The loose carbon fiber felt
was prepared by air flow netting. The carbon fibers with an

Figure 8. Schematic diagram of the preparation process of carbon/carbon fiber felt.

Figure 9. Preparation process of PEG-CaCl2/CCF PCMs.

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

https://doi.org/10.1021/acsomega.1c05186
ACS Omega 2021, 6, 33033−33045

33041

https://pubs.acs.org/doi/10.1021/acsomega.1c05186?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05186?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05186?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05186?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05186?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05186?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05186?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05186?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


average length of 120 mm were put into the cage, opened, and
then spread on the conveyor belt by air adsorption. (2) Carbon
fiber felt with certain strength was prepared by the needle-
punching method. In the carbon fiber felt formed by air flow
adsorption, the carbon fibers were in physical contact and
could move freely and destroy the original stacking structure in
the X−Y plane. To enhance the mechanical stability, the
carbon fiber felt was needled by a vertically arranged needle
array. Through the needling process, the metal needle with
bifurcation in the Z-direction turned about 1% of the carbon
fibers in the X−Y plane into the Z-direction. At this time, most
of the carbon fibers were evenly distributed in the X−Y plane,
and the Z-direction fibers, which account for about 1% of the
total carbon fibers, can restrain the carbon fiber movement in
the X−Y plane so as to enhance the structural stability and
mechanical strength of the carbon fiber felt. Carbon fiber felt
with the X−Y−Z structure was prepared by the methods of air
flow netting and needle punching. The area density of the
carbon fiber felt was about 700 g/m2 and the thickness was 10
mm. (3) The carbon fiber felt/phenolic resin composite was
prepared by liquid impregnation and compression curing. At
room temperature, the phenolic resin was added to the ethanol
solution and stirred for 0.5 h. The solid content of phenolic
solution was 35 wt %. The carbon fiber felt with the X−Y−Z
structure was completely immersed in the phenolic solution.
The mass ratio of carbon fiber felt to phenolic resin solution
was 1:1.25. The impregnated carbon fiber felt was transferred
to an oven at 80 °C for 2 h to volatilize ethanol. (4) Then, the
dried carbon fiber felt/phenolic resin composite was heated
and cured in a metal mold at 175 °C for 5 h. The carbon/
carbon fiber composite was prepared by carbonization and
graphitization of the carbon fiber felt/phenolic resin composite
at a high temperature. The carbon fiber felt/phenolic resin
composite was transferred to a high-temperature furnace and
heated to 2400 °C to graphitize. In this furnace, the phenolic
resin was decomposed into carbon and graphitized at a high
temperature. After cooling to atmospheric temperature, the
anisotropic carbon/carbon fiber felt was obtained.
Preparation of PEG-CaCl2/CCF PCMs. The preparation

process of PEG-CaCl2/CCF PCMs is shown in Figure 9. First,
PEG and CaCl2 (molar ratio 2:1) were dissolved in ethanol
with the concentration of 20% at 80 °C. CCFs (3.8 cm × 3.8
cm, 2 cm, 3 cm, 4 cm in thickness) were dipped into the above
solution, and the soaking time was 10 min in vacuum at room
temperature. CCFs were removed from the solution and dried
in an oven (80 °C for 24 h). CCFs were impregnated and
dried several times until the weight of CCFs could not be
increased by impregnation. Second, the impregnated PEG-
CaCl2/CCF composites were put into a mold (4 cm × 4 cm ×
2 cm) for pressing and complexing. The pressing temperature
and time were 110 °C and 2 h, respectively. PEG-CaCl2/CCF
PCMs were obtained by cooling demoulding and processing.
The composition of PEG-CaCl2/CCF PCMs is illustrated in
Table 3.

Characterization. The micromorphology of the carbon/
carbon fiber felt and PEG-CaCl2/CCF PCMs was charac-
terized by field emission scanning electron microscopy (SEM)
of S-2150 (Hitachi Corp., Japan). The specimens were
fractured in liquid nitrogen to show cross section. To get
high-definition pictures, the cross section of the specimens was
sprayed with gold.
The macromorphology of carbon/carbon fiber felt and

PCMs was captured by a Sony α6000L digital camera.
Thermal conductivities of PCMs at 25 °C were measured by

a hot-disk thermal constant analyzer (TPS500, Hot Disk,
Sweden). The size of the sample was about 15 mm × 15 mm ×
15 mm. The thermal conductivity in the Z-direction was
marked as λthrough‑plane. The thermal conductivity in the X−Y
plane was marked as λin‑plane.The probe heating power was
about 200 mW. The data was read in about 20 s.
The melting heat and crystallization heat of PCMs were

measured by differential scanning calorimetry (DSC, Netzsch
200 F3, Germany). The melting heat and crystallization heat of
PCMs were measured in the range of 10−70−10 °C at the
speed of 5 °C/min in nitrogen atmosphere.
PCMs were placed on a hot plate at 80 °C to characterize

the resin leakage.

■ CONCLUSIONS
PEG-CaCl2/CCF PCMs were successfully prepared by the
liquid-phase impregnation−vacuum drying−hot compression
molding method with carbon/carbon fiber felt as the 3D
thermal skeleton and PEG-CaCl2 as the polymer phase change
material matrix. PEG-CaCl2/CCF PCMs have high thermal
conductivity and excellent shape stability due to the high heat
transfer of the 3D CCF skeleton and the complexation of PEG
and CaCl2. The following conclusions can be obtained.

(1) The carbon fibers in the 3D CCF skeleton are isotropic
in the X−Y plane, However, there are very few carbon
fibers in the Z-direction, which can only be bonded by
carbon particles, so the in-plane thermal conductivity of
PEG-CaCl2/CCF-2 (3.35 W/(m K)) is higher than the
through-plane thermal conductivity (1.94 W/(m K)).

(2) The compression confinement can improve the contact
area between the fibers in the 3D skeleton. The contact
surface between fibers increases with the increasing
compression ratio, so the thermal conduction path also
increases, and then the thermal conductivity increases
with the increasing compression ratio, both in-plane and
through-plane.

(3) The oxygen in PEG can react with calcium in CaCl2 to
form a complex network between PEG molecules. The
complex network can reduce the leakage of PEG and
then increase the shape ability of PCMs. At the same
time, the CCF 3D skeleton has a certain adsorption
effect and network blocking effect on PCMs, which is
also conducive to improving the shape ability of PCMs.

(4) The melting point and enthalpy of PCMs reach 45.5 °C
and 58.67 J/g, respectively. The content of CCF in
PCMs increases with the increasing compression ratio,
and then the content of PEG decreases, so the melting
heat decreases accordingly. Therefore, the improvement
of thermal conductivity loses part of the heat storage
capacity. Hence, when improving the thermal con-
ductivity of PCMs, thermal conductivity and melting
heat should be considered comprehensively.

Table 3. Composition of PEG-CaCl2/CCF PCMs

samples CF/C (wt %) CaCl2 (wt %)

PEG-CaCl2 0 12.89
PEG-CaCl2/CF-1 17.12 10.68
PEG-CaCl2/CF-1.5 23.01 9.92
PEG-CaCl2/CF-2 31.32 8.85
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The paper may provide some suggestions for the preparation
of high thermal conductivity and excellent shape stability
PCMs.
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