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al conductivity of nanocomposites
with MOF-derived encapsulated magnetic oriented
carbon nanotube-grafted graphene polyhedra†

Xu Li,a Ya Li,a Md Mofasserul Alam,b Peng Chen,a Ru Xia, a Bin Wu *a

and Jiasheng Qian*a

It remains a challenge to develop highly polymer-based nanocomposite thermal interface materials, which

can effectively remove heat developed during the miniaturization of electronic instruments. It has been

reported that a large number of graphene-based nanocomposites exhibit excellent performance.

However, it is still an issue to construct thermal conductive pathways by orientation arrangements with

a low filler volume fraction. Herein, a high-thermal conductivity filler of magnetic carbon nanotube-

grafted graphene polyhedra (Co@Co3O4-G) was exploited via the annealing of metal–organic

frameworks (ZIF-67). Co@Co3O4-G can improve the thermal conductivity of nanocomposites obviously

by forming oriented pathways for phonon transport in an external magnetic field. Therefore, the

resulting nanocomposite displayed a high thermal conductivity of 2.11 W m�1 K�1 for only 8.7 vol%,

which is 10 times higher than that of the pure epoxy resin. Core-shell magnetic cobalt oxide

(Co@Co3O4) was encapsulated in situ in the nanoarchitecture to avoid falling off. Moreover, the

equilibrium molecular dynamics (EMD) simulation verifies that Co@Co3O4-G had high thermal

conductivity to effectively improve the heat dissipation of nanocomposites. This strategy provides an

approach for developing high-performance thermal management materials and opens up the possibility

for the pioneering applications of encapsulated magnetic-oriented thermal conductive fillers.
1. Introduction

Thermal management is crucial to the performance and life-
time of miniaturized, integrated and multi-functional elec-
tronic instruments.1 Thermal interface materials (TIMs) act as
a heat transfer medium to ll the gap between the heat source
and the heat sink to ensure the stable operation of the equip-
ment.2 Polymer-based nanocomposites (TIMs) have been widely
used in electronic components that need to dissipate a great
amount of heat.3–5 It should be pointed out that the selection of
high-thermal conductivity llers is the key to enhancing the
thermal conductivity of polymer nanocomposites. The gra-
phene and carbon nanotubes (CNTs), such as thermal
conductivity llers, can effectively enhance the heat conduc-
tivity because of the high intrinsic thermal conductivity.6

However, developing high-thermal conductivity
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nanocomposites with high ller orientation and low ller
addition is still a great challenge because of the construction of
thermal conductive pathways and the existence of ller
agglomeration. It is expected that the thermal conductive
pathways are built via ller alignment under a low-volume
fraction. Several procedures, including hot-pressing, ice-
templates and layer-by-layer assembly, have been developed to
build the well-ordered thermal conductive pathways in the
nanocomposites,.3,5,7,8 Under the inuence of gravity and
thermal motion, it is difficult for the llers to form orientation
along the direction of heat conduction.9 Recently, it has been
found that an attractive strategy can control the ller orienta-
tion via external magnetic elds.10,11 Although the llers coated
with magnetic materials exhibit an ultrahigh magnetic
response that enables remote control over their orientation in
the direction of heat transfer, the coating method may result in
the decline of magnetic responsiveness, followed by the shed-
ding of magnetic materials.9,12,13 Hence, the magnetic materials
embedded in the nanostructure of llers are proposed for
obtaining the oriented thermal transfer pathways to effectively
enhance the thermal conductivity.

Metal–organic frameworks (MOFs) have been extensively
used as self-sacricial templates for building hierarchical
carbon-based nanostructures.14,15 MOF-derived carbon-based
composites oen exhibit a large amount of graphitic carbon,
RSC Adv., 2020, 10, 3357–3365 | 3357
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which is considered to be able to conduct heat. Herein, we
report a magnetic oriented thermal conductive ller, in which
core–shell magnetic cobalt oxide (Co@Co3O4) embedding in
situ formed CNT-graed graphene polyhedra (Co@Co3O4-G) via
directly annealing ZIF-67 (zeolitic imidazolate frameworks is
a sub-class of MOFs) nanoparticles.16 The bifunctional ller has
both the CNT and graphene structure and the magnetic
response, which can achieve the purpose of obtaining
a continuous oriented heat conductive pathway to effectively
enhance the thermal conductivity. Meanwhile, the concomitant
formation of Co@Co3O4 encapsulated in the nanostructure can
keep the stability of magnetic orientation.

In this study, the thermal conductivity of Co@Co3O4-G ller
nanocomposites with epoxy resin (ER/Co@Co3O4-G) was
investigated by constructing the oriented thermal conductive
pathway. The detailed fabrication process of ER/Co@Co3O4-G is
illustrated in Fig. 1 and S1.† First, the nanosized ZIF-67 was
obtained by controlling the experimental conditions. Aer that,
Co@Co3O4-G was fabricated by the carbonization of ZIF-67 and
stripping of N atoms. During the carbonization process, the
CNT and graphene layers were formed by the catalysis of
reduced Co nanoparticles. The product of ZIF-67 carbonization
was denoted as Co–N/C. Following the stripping process, the
core–shell structure of Co@Co3O4 was obtained, while the N
atoms from the imidazole were removed. Finally, ER/
Co@Co3O4-G with an oriented ller distribution was achieved
via magnetic orientation and curing. ZIF-67 was deliberately
chosen as the precursor because of the presence of cobalt
elements, which can catalyse the production of graphene
structures (including CNT and graphene layers around
Co@Co3O4) during the carbonization process.17 Moreover,
Co@Co3O4 nanoparticles embedded in the structure acted as
magnetic response agents to achieve the orientation arrange-
ment of the ller. Furthermore, the stripping process can
Fig. 1 Schematic of the preparation process of ER/Co@Co3O4-G.

3358 | RSC Adv., 2020, 10, 3357–3365
effectively remove the N atoms to further improve the thermal
conductivity.18 Moreover, the equilibrium molecular dynamics
(EMD) simulation veried that Co@Co3O4-G had high thermal
conductivity to effectively improve the heat dissipation of
nanocomposites.

2. Experimental
2.1 Materials

Cobalt(II) acetate tetrahydrate (Co (CH3COO)2$4H2O), 2-meth-
ylimidazole (2-MI, C4H6N2), and methanol (CH3OH) were all of
analytical grade and commercially obtained from domestic
chemical reagents companies. The DOW Chemical Company
supplied liquid epoxy resin. Deionized water was used
throughout the experiments.

2.2 Synthesis of ZIF-67

ZIF-67 was prepared according to the procedure reported in the
literature.19 Typically, 2.16 g of Co(CH3COO)2$4H2O and 4.88 g
of 2-methylimidazole were dissolved in 75 ml of methanol to
form solutions A and B, respectively. The A solution was poured
into the B solution with vigorous stirring and whisked contin-
uously for further 10 min. Then, the solution was kept for 24 h
at room temperature. The product was collected by centrifuga-
tion and washed with methanol three times. Finally, the
product was obtained by vacuum drying at 70 �C for overnight.

2.3 Synthesis of Co–N/C

First, 100 mg of ZIF-67 was transferred into a crucible and
placed in a tube furnace under a H2/Ar (10% H2 with total) ow.
The product was carbonized at 800 �C for 2 h at a heating rate of
5 �C min�1. Aer cooling naturally to room temperature, the
black powders were obtained and used for further
characterization.
This journal is © The Royal Society of Chemistry 2020
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2.4 Preparation of Co@Co3O4-G

The as-obtained Co–N/C was further calcined at 400 �C under an
O2/Ar (10% O2 with total) ow. The sample treated for 8 h was
designated as Co@Co3O4-G.
2.5 Preparation of ER/Co@Co3O4-G nanocomposites

The Co@Co3O4-G powder was mixed with epoxy resin by soni-
cation for 20 min. Aer that, the curing agent and catalytic
agent were added and mixed by stirring, with the weight ratio to
be 1 : 0.8 : 0.01. The nanocomposites with different thermal
conductivities were fabricated by controlling the content of
Co@Co3O4-G. The nanocomposites were transferred to a glass
mold and placed between parallel magnets for 30 min. Then,
the sample was degassed in a vacuum oven at 50 �C for 2 h.
Finally, the samples were thermally cured at 150 �C for 1 h. Aer
cooling to room temperature, the samples were cut into pieces
for thermal conductivity measurements.
2.6 Thermal conductivity of nanocomposites

The samples were cured and prepared in the cylindrical shape
with 12.7 mm in diameter and 2.0 mm in thickness. The
thermal conductivity (k) of nanocomposites was calculated
using the following formula (1):

k ¼ rCps (1)

where r is the density of the nanocomposites, Cp is the specic
heat and s is the thermal diffusivity. The density, heat capacity
and thermal diffusivity of ER/Co@Co3O4-G of nanocomposites
with different Co@Co3O4-G volume fractions are listed in Table
S1.† Three samples were made for each volume fraction to
analyse its error.
2.7 EMD simulation of the thermal conductivity

The equilibrium molecular dynamics simulation (EMD, i.e.,
Green–Kubo method)20 for calculating the thermal conductivity
was performed using the open-source LAMMPS package. For
a detailed calculation of heat ux, the readers can refer to the
webpage of https://lammps.sandia.gov/doc/
compute_heat_ux.html. The initial structure of junction
between graphene and the CNT contained 3913 atoms in total
(2973 atoms in the graphene sheet, and 940 atoms in the gra-
phene tube). When the model was built, the distance between
the CNT and graphene was 2.421 Å. With the increase in equi-
librium time, graphene and the CNT bond with each other at
the junction under the action of Tersoff potential parameters.
Then, the initial structure was rst relaxed for 50 ns at 300 K, for
optimizing the junction of the graphene sheet and the carbon
nanotube. Further, the relaxed structure was applied in another
50 ns for thermal conductivity calculations. In both the relaxa-
tion and calculation stages, the Tersoff potential was employed,
which has been broadly employed in the thermal conductivity
calculations of graphene.21 A time step of 0.5 fs was used with
the Verlet algorithm to update the position and velocity of
atoms in a simulation box with periodic boundary conditions in
This journal is © The Royal Society of Chemistry 2020
three dimensions. The NVT ensemble (constant number of
atoms, volume and temperature) was switched on during the
relaxation stage, while the NVE ensemble (constant number of
atoms, volume and energy) was used in thermal conductivity
calculations.
2.8 Characterization

The X-ray diffraction (XRD) data were recorded on a D/max-TTR
III Advance powder diffractometer operating at 40 kV and 40mA
with Cu Ka (l ¼ 1.54178 Å) radiation (2q range, 3–80�). Raman
spectra were recorded using a Jobin-yvon iHR550 spectrometer
(Bensheim, Germany) equipped with a TE cooled charge-
coupled device. The morphological analyses of different
samples were performed using a Hitachi eld emission scan-
ning electronmicroscope (FESEM) SU8200 series. Transmission
electron microscopy (TEM) was performed using a JEOL
JEM2100F transmission electron microscope operating at 200
kV and equipped with an energy-dispersive X-ray spectrometer
(EDS) and a Gatan annular dark-eld (ADF) detector. The TEM
sample of the nanocomposite was cut using a diamond knife on
an ultramicrotome (Leica Microsystems, Germany) and moun-
ted on copper grids. X-ray photoelectron spectroscopy (XPS) was
performed using an ESCAlab220i-XL electron spectrometer
from Thermo Scientic (VG Scientic) with 300 W Al Ka radia-
tion. The thermal diffusivity of samples was determined via
a laser ash technique (NETZSCH, LFA-467 HyperFlash, Ger-
many) at room temperature. The magnetic properties were
measured using a magnetic property measurement system
(MPMS3, Quantum Design International, USA). The specic
heat was tested by differential scanning calorimetry (DSC TA
Instruments, Q2000). The density of Co@Co3O4-G was
measured using an electron density balance of Changzhou Xing
Yun Electronic Equipment Co., Ltd. The temperature distribu-
tion image of the composites was recorded via infrared ther-
mography (FLIR T1040, FLIR Systems, Inc., USA). The
frequency-dependent electrical conductivity was measured
using a Novo-control Alpha-N high-resolution dielectric
analyzer (GmbH Concept 40) with the frequency range of 102 to
106 Hz at room temperature.
3. Results and discussion

Co@Co3O4-G was prepared via the two-step transformation of
ZIF-67, namely, carbonization and stripping (see in the ESI,
Fig. S1†). The powder X-ray diffraction (XRD) pattern of ZIF-67
has been shown in Fig. S2† to conrm the crystalline integ-
rity. The XRD patterns of Co–N/C and Co@Co3O4-G are shown
in Fig. 2a. The broad diffraction peak at 26.0� was ascribed to
graphene, and the peaks at 19.1�, 31.2�, 36.9�, 38.6�, 55.7�, 59.4�

and 65.3� were assigned to Co3O4, with the peaks of at 44.3�,
51.5� and 77.5� belonging to Co0.19,22 More importantly, the
oxygen treatment of Co–N/C not only effectively removed N
atoms but also enhanced the degree of graphitization due to the
removal of amorphous carbon (inset in the Fig. 2a).19 Mean-
while, the Raman spectra of Co–N/C and Co@Co3O4-G are
shown in Fig. 2b. The characteristic peaks of the defective
RSC Adv., 2020, 10, 3357–3365 | 3359
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Fig. 2 (a) XRD of Co–N/C and Co@Co3O4-G. (b) Raman spectra of Co–N/C and Co@Co3O4-G. (c) The magnetic hysteresis loops for Co–N/C
and Co@Co3O4-G. XPS spectra of (d) Co 2p, (e) C 1s and (f) N 1s for Co@Co3O4-G.
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graphitic structures at 1346 cm�1 represent the D band, while
the G band at 1585 cm�1 corresponds to the graphitic layer.23

The low ID/IG (the intensity ratio of D- and G-band) value sug-
gested the generation of more graphitic layers, which indicated
that the N atoms were stripped in the graphene structure during
oxidation.23 For magnetic sensitivity, the magnetic hysteresis
loops of Co–N/C and Co@Co3O4-G were further investigated, as
shown in Fig. 2c. The saturation magnetization of Co@Co3O4-G
was determined to be 51 emu g�1, which was lower than the 62
emu g�1 of Co–N/C. The decrease was caused by Co oxidation.
However, for all these, Co@Co3O4-G still exhibited a type of
ferromagnetic behaviour and magnetic response. Co@Co3O4-G
dispersed in water can be separated from water by an external
magnetic eld within a short time, as shown in Fig. S3.†

Furthermore, the presence of magnetic cobalt and graphitic
carbon was also veried by XPS (Fig. 2d–f). The Co nanoparticles
in Co–N/C inevitably suffered from oxidation because the Co
nanoparticles were closer to the surface.24 As manifested in
Fig. 2d, the presence of Co2+ 2p and Co3+ 2p peaks suggested
that the magnetic material was Co3O4. Aer deconvolution,
three symbolical peaks at 786.9 eV, 780.3 eV and 782.1 eV cor-
responded to Co0 2p3/2, Co

3+ 2p3/2 and Co2+ 2p3/2, while those
peaks at 804.1 eV, 795.3 eV and 798.0 eV corresponded to Co0

2p1/2, Co
3+ 2p1/2 and Co2+ 2p1/2, respectively.24 The C 1s peak of

typical graphitic carbon was mainly centred at 284.7 eV, which
was attributable to sp2 hybridized carbon (Fig. 2e). The results
further proved that carbon in the sample was in the form of
graphite.25 Few N atoms could be detected in the full XPS
spectrum (Fig. S4a and b†). The N 1s spectra of Co–N/C and
Co@Co3O4-G are shown in Fig. 2f, S4c and d.† The N 1s spectra
3360 | RSC Adv., 2020, 10, 3357–3365
of Co–N/C could be deconvoluted into three types of peaks,
which were attributed to pyridinic-N (398.4 eV), Co–N species
(399.1 eV) and graphitic-N (401.2 eV).24 Aer oxidizing Co–N/C,
however, deconvoluted N 1s of Co@Co3O4-G had only two
peaks, namely, graphitic-N and Co–N species. The peak
observed at 399.1 eV was related to the Co–N bond, which
conrmed that the Co element was xed in the structure.26 In
addition, the removal of the N atom also indirectly manifested
that the Co element could efficiently improve graphitization
and promote the thermal conductivity.27 Therefore, these
results conrmed the construction of graphitization structures
by the core–shell structure of Co@Co3O4.

To understand the morphological evolution occurring
during the annealing process, Fig. S5† and 3a illustrate the SEM
images of the truncated cubic ZIF-67 and Co@Co3O4-G,
respectively. Uniform nanosized ZIF-67 can be obtained by
adjusting the experimental conditions. Nanosized ZIF-67 has
proved to be more easily converted into a graphene structure.24

Therefore, it was observed that a large number of CNTs were
uniformly distributed on the surface of graphene-coated
Co@Co3O4 polyhedra (Co-G). To further reveal the structural
relationship between Co-G and the CNT, the microstructure of
Co@Co3O4-G was unveiled by TEM and HRTEM. A plenty of
CNTs could be seen by TEM observation, inconsistent with the
SEM result (Fig. S6a†). Moreover, Co-G were linked by CNTs,
generating the beaded structure (Fig. 3b). The CNT with excel-
lent connectivity between Co-G is highly important for con-
structing the continuous thermal conductive pathways. The
HRTEM image in Fig. 3c further showed the in situ growth
junction part between CNTs and Co-G. The CNT was pinned
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM (a) and TEM (b) images of Co@Co3O4-G. (c) HRTEM image of Co@Co3O4-G. (d) HRTEM image of Co@Co3O4-G and the corre-
sponding elemental mapping: (e) Co, (f) C and (g) N. Inset in (c): the lattice fringes of graphite, Co and Co3O4. Scale bars: 2 nm.
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well on the graphene layer of Co-G, which was formed by the
covalent bonds in the dotted oval.28 Co@Co3O4 was enwrapped
with highly graphitic carbon, which was composed of multi-
layered graphene. The crystal structure of Co-G was further
analysed by the lattice fringes, in which an interspacing of
0.34 nm corresponded to the graphitic (002) plane. Meanwhile,
the interspacing of 0.24 nm was consistent with the Co3O4 (311)
plane of the outer layer, and the interspacing of 0.20 nm cor-
responded to the Co (111) plane of the inner core. During
carbonization of ZIF-67, the Co ions were reduced to Co nano-
particles in the hydrogen, and the carbon atoms of 2-MI near Co
could be catalysed to graphitic carbon structures (inset in the
Fig. 3c).24 The TEM-EDS elemental mapping was employed to
obtain the elemental distribution of C, N, Co, and O in Fig. 3d–g
and S6b.† It was evident that Co@Co3O4 was wrapped in the
graphene layer, which was benecial to the magnetic orienta-
tion. The distribution of O atoms illustrated the fact that Co was
oxidized. The N element was hard to be detected. Meanwhile,
the EDS spectrum and weight/atoms percentage of various
atoms in Co@Co3O4-G also reected the elimination of N atoms
and entry of O atoms (Fig. S6c and d†). The results were
consistent with the observation from the XPS.

The preparation procedure of ER/Co@Co3O4-G nano-
composites was described in the experimental section. To get
the oriented arrangement of ller in the nanocomposites, an
external magnetic eld was used to control the orientation of
Co@Co3O4-G by placing the mould between two magnets. The
XRD of pure ER (Fig. 4a) showed a broad diffraction peak curve
reected at �19�,29 indicating its amorphous structure. In the
XRD pattern of ER/Co@Co3O4-G (Fig. 4c), the characteristic
This journal is © The Royal Society of Chemistry 2020
peaks of Co@Co3O4-G and ER were consistent with Fig. 4a and
b. The weakened graphitic (002) peak was due to the encapsu-
lation of ER in the nanocomposites. The TEM of ER/Co@Co3O4-
G can give useful information about the arrangement of
Co@Co3O4-G in the nanocomposites. In order to clearly show
the orientation of ller, the TEM of the ultrathin section of ER/
Co@Co3O4-G is produced in Fig. 4d, e and S7.† Fig. 4d shows
that Co@Co3O4-G had been aligned under the external
magnetic eld. Fig. 4e and S7† exhibit the cross-sectional
structure of CNTs, in which there were obvious hollow CNT
structures and the CNT containing Co@Co3O4.

In the current study, the nanostructure of covalently bonded
CNT-graphene layers (GXCNT) in Co@Co3O4-G played a signif-
icant role in the thermal conductivity of nanocomposites. The
bottle-neck of affecting the thermal conductivity should attri-
bute to the junction of GXCNT. To better understand the
thermal transfer mechanism of GXCNT, the equilibrium
molecular dynamics simulation (EMD) was performed with the
open-source LAMMPS package. The thermal conductivity of
GXCNT and the junction was calculated using the Green–Kubo
method:20

laa ¼ 1

VkBT2

ðsm
0

hJað0ÞJaðtÞidt (2)

where V is the system volume, kB the Boltzmann constant, T the
temperature, which is 300 K, sm the time period for calculating
the thermal conductivity, Ja(t) the a component of the heat ux
at t time instant, and laa the thermal conductivity along aa

component. In this research, we used three components along
the x, y, and z directions, respectively. The thermal conductivity
RSC Adv., 2020, 10, 3357–3365 | 3361
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Fig. 4 XRD patterns of pure ER (a). Co@Co3O4-G (b) and ER/Co@Co3O4-G with 8.7 vol% loading of Co@Co3O4-G (c). TEM (d) and HRTEM (e)
images of ER/Co@Co3O4-G with 8.7 vol% loading of Co@Co3O4-G.
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of GXCNT was obtained by averaging the values of these three
components.

In the EMD method, the thermal conductivity was obtained
from the time integral of the heat ux auto-correlation function
(HCACF) in formula (2). As can be seen from Fig. 5a and S8,† the
model of GXCNT was defect-free, and the periodic boundary
conditions were adopted, so there was no phonon-defect scat-
tering effect. Then, the attenuation of HCACF was caused by the
non-harmonic phonon and phonon Umpklapp scattering
interaction. Therefore, the thermal conductivities of GXCNT
and the junction were 696.84 and 673.44 W m�1 K�1, respec-
tively. This result leads us to conclude that the thermal
conductivity of GXCNT can be optimized aer sufficient
relaxation time, which can make the junction to have a similar
structure to graphene. To further explore the thermal conduc-
tivity at GXCNT and the junction, the HCACF of GXCNT and
junction are shown in Fig. 5b and S9.† The oscillation of HCACF
at the junction was more violent than that of GXCNT, but they
all showed a similar oscillation curve and a trend of attenuation
to zero. Meanwhile, the phonon density of states (PDOS) of the
junction containing 92 atoms and 46 atoms was determined by
the Fourier transform of the velocity autocorrelation function
and is shown in Fig. 5c.30 The phonon density of the 46 atoms
was very similar to that of the 92 atoms, well matching for the
vibrational and thermodynamically properties.

To investigate the potential application of thermal manage-
ment materials, the thermal conductivities of the
3362 | RSC Adv., 2020, 10, 3357–3365
nanocomposites with different Co@Co3O4-G loadings were
determined at room temperature, and the results are shown in
Fig. 6a. It is clear that the thermal conductivity of nano-
composites had signicant enhancement with the increase in
llers. The thermal conductivity value of nanocomposites with
8.7 vol% ller was 2.11 Wm�1 K�1, which was�10 times higher
than that of the pure ER. Meanwhile, the value was close to 5
times the thermal conductivity of the unoriented nano-
composites (ER-Co@Co3O4-G). The inuence of magnetic eld
strength on the thermal conductivity was studied, because it
can affect the formation of alignment of llers. As shown in
Fig. S10,† with the increase in magnetic eld intensity, the ller
formed continuous heat conduction pathways in the nano-
composites, which also obtained a high thermal conductivity.
In addition, the thermal conductivity along and perpendicular
to the magnetic eld was measured in Fig. S11,† and the results
indicate that themicrostructure of ller has thermal anisotropy.
Furthermore, the thermal conductivity enhancement (kTCE) was
also an important parameter to describe the heat transfer of
nanocomposites. The formula is shown as follows:

kTCE ¼ kNC � kER

kER
(3)

where kNC and kER are the experimental thermal conductivity of
the nanocomposites and ER, and kER is 0.19 W m�1 K�1.5 The
kTCE of the nanocomposites with a loading of 8.7 vol% has
exceeded 10 times in relation to the matrix (Fig. 6b). The reason
for the high thermal conductivity was ascribed to the alignment
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Structure of GXCNT and the junction. (b) Change in HCACF of GXCNT and the junction with time. (c) PDOS of GXCNT containing 92
atoms and 46 atoms.
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of Co@Co3O4-G to build the thermally conductive channels due
to the external magnetic eld. In addition, the effective pathway
along the heat transfer direction can be formed with the ller
reaching 2.6 vol%, resulting in an obvious enhancement of the
thermal conductivity. The reported thermal conductivities of
CNT-based nanocomposites are listed in Fig. S12.† ER/
Co@Co3O4-G nanocomposites revealed high thermal conduc-
tivity at similar CNT contents, which elucidated the advantage
of oriented arrangement to impel conductive phonon capability
in nanocomposites.

In order to further explore the thermal conductivity perfor-
mance of the nanocomposites, the thermal conductive models
Fig. 6 (a) Thermal conductivity of ER/Co@Co3O4-G nanocomposites w
enhancement of the nanocomposites as a function of the Co@Co3O4-G

This journal is © The Royal Society of Chemistry 2020
were applied to predict the theoretical values.31 The thermal
conductivity pathway was tended to form by the interaction of
Co@Co3O4-G in nanocomposites under the inuence of the
external magnetic eld. Therefore, Agari's model was also
proposed to assess the thermal conductivity of ER/Co@Co3O4-
G.32,33

log kc1 ¼ VfC2 log kf + (1 � Vf)log (kERC1) (4)

where, kc1, kER and kf are the theoretical thermal conductivity of
ER/Co@Co3O4-G composites, ER and Co@Co3O4-G ller,
respectively. Here, the kf value obtained from the simulations is
ith different loadings at room temperature. (b) Thermal conductivity
loading compared to that of the ER.

RSC Adv., 2020, 10, 3357–3365 | 3363
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Fig. 7 (a) Infrared thermal image of ER/Co@Co3O4-G with different loadings of fillers. (b) Surface temperature of nanocomposites with different
loadings with the heating time: (1) 0 vol% (pure ER), (2) 1.2 vol%, (3) 2.6 vol%, (4) 4.3 vol%, (5) 6.5 vol% and (6) 8.7 vol%.
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696.84 W m�1 K�1, C1 is the factor concerned with the crystal-
linity and crystal size of the polymer matrix, and C2 the coeffi-
cient, which indexes the capacity to form a conductive heat
pathway for llers in the matrix.34 According to the literature, C1

and C2 can be considered as 1 in this work35. Vf is the volume
fraction of the ller, which can be obtained from formula (5):

Vf ¼ Wf

Wf þ rf

rER

�
1�Wf

� (5)

where rf and rER are the density of the ller and ER, and Wf the
weight fraction of the ller.

As it is evident from Fig. 6a, although the predicted values
increased with the increase in content, it was apparently low
than the experimental values of ER/Co@Co3O4-G. Based on
these results, we concluded that magnetic orientation plays an
important role in improving the thermal conductivity. Besides,
the thermal conduction schematic of ller was proposed to
understand the mechanism, as shown in Fig. 6a and S13.† The
Co@Co3O4-G built an oriented nanostructure under the
magnetic eld, which provided a pathway for heat transfer to
complete the rapid movement of heat.
Fig. 8 Electrical conductivity of ER/Co@Co3O4-G nanocomposites at
100 Hz.

3364 | RSC Adv., 2020, 10, 3357–3365
In order to demonstrate the application of nanocomposites
in thermal management, the heat transport capability was
investigated by the infrared thermal imager. The samples of
nanocomposites with different loadings were placed on a heat-
ing plate. From Fig. 7a, the temperature of the samples gradu-
ally increased as a function of time. It was essential to highlight
that the surface temperature of the nanocomposite with high
loading was higher than that of the nanocomposite with low
loading. Fig. 7b more clearly reects the tendency of the surface
temperature of the nanocomposites with different loadings and
times. It was worth mentioning that the highest temperature of
the nanocomposites can be closed to 80 �C aer 65 seconds,
while the temperature of other samples was relatively low. The
above-mentioned results indicated that a strong thermal
response could be achieved by a continuous heat conductive
pathway. Considering the electrical insulation applications of
nanocomposites, the electric conductivity of ER/Co@Co3O4-G
with different loadings at 100 Hz was measured as shown in
Fig. 8. The introduction of Co@Co3O4-G did not signicantly
improve the electrical conductivity of the nanocomposites,
which should result from the weakening electron migration
caused by the high electrical resistivity of Co3O4. Moreover,
Fig. S14† shows the frequency-dependent electrical conductivity
of nanocomposites with different loadings. The enhanced effect
of the graphene structure was not reected in the mobility of
electrons, ultimately resulting in the low electrical conductivity
at various frequencies. This result also illustrated that the
electrical conductive pathway was not built in the nano-
composites, which had a great application potential in elec-
tronic devices.
4. Conclusions

In summary, thermal conductive nanocomposites with oriented
Co@Co3O4-G llers were successfully fabricated with the
assistance of an external magnetic eld. A novel ller of
encapsulated magnetic core–shell Co@Co3O4 of CNT-graed
graphene polyhedra has been developed via annealing ZIF-67
in order to create high-efficiency thermal conductive path-
ways. The graphene structure and the magnetic orientation of
This journal is © The Royal Society of Chemistry 2020
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the ller were benecial to the heat transfer. As a result, the
thermal conductivity of ER/Co@Co3O4-G with a loading of
8.7 vol% reached 2.11 W m�1 K�1, which was more than 10
times as high as that of the ER. In addition, ER/Co@Co3O4-G
still possessed good electrical insulating properties. Further-
more, the EMD simulation proved that the structure can achieve
uniform thermal conductivity. This work provided an advanced
technique to design llers in the thermal conductive nano-
composites and establish thermal management materials.
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