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ABSTRACT: In order to develop safe electrical insulating epoxy nanocomposites with fast heat
dissipation and low fire hazard, a ‘“3D fabrication method” was proposed to employ acid-
sensitive metal organic framework (MOF) as precursor to construct sandwich-type three-
dimensional (3D) graphene/layered double hydroxide (LDH) hybrid structure (rGO@LDH) with
NiCo-LDH platelets standing vertically or lying horizontally on both sides <of graphene
nanosheets which act as a high-performance nanofiller in epoxy nanocomposite. The LDH
sheath encased the surface of graphene, impeding electrical conduction and -effectively
generating a 3D phonon transport channel prone to fast heat dissipation. A 2 wt.% rGO@LDH-
treated epoxy nanocomposite sustained an electrical resistivity of 1.21 x 10'* Q cm and its
thermal conductivity was 0.421 W m™ K, 81.4% higher than that of pure epoxy resin. Likewise,
thanks to the physical barrier and catalytic effects of rGO@LDH, the nanocomposite had low
fire hazard indicated by cone calorimeter data showing that peak of heat release rate and total
smoke production decreased strikingly compared with those of the pristine one. Moreover, the
thermal stability and tensile strength of the nanocomposite were also enhanced in the presence of
rGO@LDH. This work advances progress on the development of highly safe multifunctional
epoxy nanocomposite for practical use.

KEYWORDS: Graphene; Metal organic framework; Layered double hydroxide; Epoxy

nanocomposites



INTRODUCTION

Thermal management with rapid heat dissipation is of paramount importance to cater to the
demands of the continued miniaturisation of electronic devices.' The heat generated in
electronics, optoelectronics, batteries, and so forth caused by a small difference in the operating
temperature results in an enormous reduction in the lifespan of the devices.’ Therefore, the heat
needs to be removed efficiently to prevent the malfunction of the device due to overheating.
With the help of advantages including high corrosion resistance, light weight and flexibility of
the conductivity to adapt to the needs of the application compared with metals and ceramics,
recently substantial research was conducted into thermosetting or thermoplastic polymers as
thermal interface material. Unfortunately, thermal conductivity of pristine conventional polymer
materials is low, which makes it impractical in many fields.> Thus, various additives have been
incorporated into polymers to improve thermal conductivity. Among these additives, graphene
has been proved to be one of the most effective thermally conductive fillers thanks to its large
surface area, high thermal conductivity and high aspect ratio 2D structures, which advance the
formation of bridges or percolating network as a thermally conducting chain in polymers.4
Although graphene has so many merits, it is subject to aggregation and forms irreversibly
precipitated agglomerate, impeding the uniform dispersion in the polymer matrix and resisting
phonon transport at the graphene-polymer interfaces. Moreover, the weak interfacial attraction
between the soft polymer and ultra-rigid graphene hinders phonon movement and ruins the
thermal conductivity of polymer. In addition, the good electrical conductivity of graphene gives
rise to some problems. Achieving efficient long-distance transmission of electric power with
minimum losses to highly populated regions requires cables that can withstand a very high

voltage, and this can only be fulfilled through highly insulating cable insulations.” The epoxy



resin coatings on cable joints and terminals demand high insulation grade to reduce power losses
and safety problems. Epoxy resin is inherently electrical insulating. However, the epoxy-based
thermal interfacial materials with modified graphene as additives are unable to promise that since
nearly all the modification methods reported for graphene cannot ensure the uniform cover on
graphene sheets by the decorated insulating particles, leading to graphene sheets in contact with
one another by the exposed bare surfaces enabling the transportation of electrons, which restricts
their applications. Hsiao et al. prepared the epoxy nanocomposites with reduced graphene oxide-
silica hybrid nanosheets and found that the product was thermal conductive and electrical
insulating in the presence of the modified graphene with an adding amount lower than 0.5 wt.%,
yet the electrical resistivity decreased when the adding amount reached 1 wt.% because some
parts of the graphene surfaces were not covered by silica and in touch with one another as the
author supposed.’® As a result, it is challenging to produce thermally conductive graphene-
polymer nanocomposites without sacrificing the electrically insulating property.

Layered double hydroxides (LDH) are 2D layered anionic clays generally expressed as [M"}.
MT(OH) A mH,O ' (M" and M™ are divalent and trivalent metals respectively, A™ is
interlayered anion) widely applied in many areas.” The integration of graphene with LDH attracts
intensive attention among researchers. The different shapes (from sheet to laminate) and sizes
(from micrometers to nanometers) of the graphene to LDH favour the synergistic effects between
graphene and LDH, fusing the advantages of both two-dimensional materials. One of the most-
mvestigated hybrid structures is to embed the LDH platelets onto the surface of graphene sheets.
Based on the previous reports, there were two combination manners for graphene and LDH. One
was LDH platelets lying horizontally along an a, b axis of graphene basal plane (designated as

lying LDH) by direct deposition of LDH platelets on graphene scaffold in terms of one-step



coprecipitation method conforming to thermodynamic stability.*' According to this method,
LDH platelets exhibited a poor distribution on the graphene surface and aggregated severely,
contributing to negligible improvement of the specific surface area and exposure of plentiful
void space on graphene surface. The other one on the basis of in situ growth method seemingly
avoided the above drawbacks by placing the LDH standing vertically or at an angle along the ¢
axis of graphene basal plane on the graphene scaffold (designated as standing LDH). Xu et al.
first coated AIOOH colloids onto graphene surfaces and subsequently grew LDH
perpendicularly on the surface of graphene.'' Notwithstanding,  this method facilitated the
uniform dispersion of LDH on graphene and furnished a high specific surface for this 3D
composite. The void space still appeared substantially on the edge of graphene nanosheets. To
the best of our knowledge, there is no report on the uniformly wrapped graphene nanosheets by
LDH platelets lying and standing on both sides.

Herein we conceived a tactful synthetic route that employed metal organic framework (MOF)
nanocrystals as sacrificial precursors. The zeolitic imidazolate framework (ZIF) as a classic
example of MOF has been proven to be an ideal template to prepare hollow LDH nanocage.'>
Inspired by this, the ZIF-67, which has potential to be etched into the 3D LDH framework, was
adopted as precursor to construct both standing and lying LDH nanoflakes on graphene with
well-defined interfaces (denoted as rGO@LDH). Since current reports all involved the “surface
modification method”, in this work a “surface coating method” was proposed. We term this
strategy “3D fabrication method” to prepare a sandwich-type nanostructure that graphene sheets
(or other two-dimensional derivative materials) were evenly wrapped by intimately arranged
standing and lying LDH as a sheath, benefiting to prevent restacking of graphene and the contact

between different individual graphene sheets. In light of structure-property relationship, it can be



anticipated that the thermal and electrical features of epoxy nanocomposite in presence of
rGO@LDH will be affected strikingly. Meanwhile, the flame retardancy of nanocomposite was
also taken into consideration, since the low fire hazard was especially crucial for the epoxy

'+16 The dynamic mechanical analysis and

nanocomposites used in the practical application.
tensile test were carried out to evaluate the mechanical properties of nanocomposites. We aim to
engineer a safe electrical insulating epoxy nanocomposite with fast heat dissipation and low fire
hazard.

EXPERIMENTAL SECTION

Materials. Potassium permanganate (ACS reagent, >99%, KMnQy), sulfuric acid (ACS reagent,
95.0-98.0%, H,SO,), graphite (powder, <20 pum, synthetic), sodium nitrate (reagent grade,
>99.0%, NaNOs), hydrogen peroxide solution (>30%, H,0;), cobalt (II) nitrate hexahydrate
[ACS reagent, >98%, Co(NOs3),-6H,0], 2-methylimidazole (99%, 2-MIM), nickel (II) nitrate
hexahydrate [>98.5%, Ni(NOs),-6H;0], methanol (anhydrous, 99.8%) and ethanol (absolute
alcohol, without additive, >98%) were all purchased from Sigma-Aldrich Chemical Co. Epoxy
resin (Epoxydhedraz C) was provided by R&G Faserverbundwerkstoffe GmbH-Germany.
Diamino diphenyl sulfone (DDS) was supplied by TCI Chemicals Company.

Preparation of rGO@LDH, rGO and LDH. GO was produced from graphite powders
according to the modified Hummers method.'” 3 g Co(NO3),-6H,O was dissolved into 200 ml
methanol. Then 100 mg GO was added into solution and sonicated for 30 min. Another 200 ml
methanol solution with 4 g 2-MIM inside was mixed with the above solution quickly and aged
for 24 h. The intermediate product (denoted as rGO@ZIF-67) was collected by centrifugation

and washed by methanol several times. After drying in a vacuum oven at room temperature, 0.5

g intermediate product was redispersed into 200 ml ethanol. Afterwards, 1.35 g Ni(NOs),-6H,O



was added into solution and the solution was stirred for 40 min. The slurry was incubated at 80
°C for 2 days. The final product was collected by centrifugation, washed by deionized water and
ethanol several times and dried at room temperature, affording the rGO@LDH nanohybrids. The
rGO was obtained by the same way in the absence of metal salts and ligand."® The LDH was also
prepared without the addition of GO.

Preparation of epoxy nanocomposites. Different weight fractions ranging from 0.5 to 2 wt.%
rGO and rGO@LDH were exploited to prepare epoxy nanocomposites. As a control, the epoxy
nanocomposite containing 2 wt.% LDH was also prepared. First, the fillers were blended into the
epoxy matrix by using a three-roll mix (EXAKT 80E, Germany) for 30 min. The mixture was
transferred onto a magnetic stirring apparatus and heated up to 130 °C. Under vigorous stirring,
DDS was added into the mixture and then stirred until'a homogenous solution was obtained. The
bubbles were removed by placing the solution into a vacuum oven at 100 °C for 20 min and then
poured into the pre-heated PTFE melds immediately. The curing procedure was appointed as 160
°C 1 h, 180 °C for 2 h and 200 °C for 2 h. After cooling down to room temperature, the epoxy
nanocomposites were acquired.

Measurements. Philip X’ Pert PRO diffractometer equipped with a Cu Ka tube and Ni filter (A
= 0.15405 nm) was employed to record X-ray diffraction (XRD) patterns. Fourier transform
infrared spectroscopy (FT-IR) measurements were gathered on a Nicolet iS50 spectrometer with
the transmission mode in the wavenumber range of 4000-400 cm™. The samples were blended
with KBr and pressed into pellets for analysis. Nitrogen adsorption and desorption isotherms at
77 K were obtained on a Micromeritics instrument (ASAP 2010). The specific surface area and
the pore size distribution were computed by the Brauner—Emmett—Teller (BET) equation and

Barrett—Joyner—Halenda (BJH) model, respectively. Transmission electron microscope (TEM)



analysis was carried out on a Tecnai T20 (FEI company) at 80 kV. The Raman spectra were
recorded at ambient temperature on a LeicaDM 2700 microscope with YAG laser (50 mW at 532
nm) and a diffraction grating of 1800 I/mm. X-ray photoelectron spectroscopy (XPS) was studied
by an Organic Molecular Beam Epitaxy (OMBE) system and the Al Ka line (hv = 1486.7 eV)
was used from an Al anode. Morphology and elemental analysis of the fractured epoxy
nanocomposites were investigated by scanning electron microscopy (SEM, EVO MA1S5 Zeiss)
coupled with an energy dispersive X-ray detector (EDX). All the samples were covered by a thin
gold layer. Thermogravimetric analysis (TGA) was determined from room temperature to 700
°C, with a heating rate of 10 °C/min in N, atmosphere (for graphene oxide and reduced graphene
oxide, the heating rate was set as 5 °C/min) with flow speed 90 ml/min using a TA Q50
thermogravimetric analyser. Thermal conductivities of all the samples was measured by the
thermal conductivity analyser (C-Therm TCi, C-Therm Technologies Ltd., Fredericton, Canada)
at room temperature. Volume electrical resistivities were measured using an ultra-high resistance
ohmmeter (6517A, Keithley Instruments Inc.). Fire hazards of samples in a forced-flaming
condition were detected on an FTT Cone Calorimeter according to ISO5660 under an external
heat flux of 50 kW/m’ 100 x 100 x 4 mm® in size. Dynamic mechanical analysis (DMA) was
conducted on a Q800 DMA (TA Instruments, USA) from room temperature to 300 °C at a
heating rate of 5 °C/min and at a frequency of 1 Hz in the tensile configuration. The tensile tests
were carried out by using an INSTRON 5966 dual column tabletop universal testing system
according to the ASTM D3039-08 method, at a crosshead speed of 3.0 mm/min.

RESULTS AND DISCUSSION

Characterisation of rGO@LDH. The XRD patterns of GO and rGO@LDH were shown in Fig.

S1. The peaks located at 20 values of 11.5°, 23.0°, 33.7° and 60.0° in the XRD pattern of



rGO@LDH were indexed to (003), (006), (009) and (110) planes of hydrotalcite-like LDH phase,
which was consistent with a previous report related to NiCo-LDH.""** The (002) peak of GO
was missing in the rGO@LDH sample, indicating a high dispersion state of GO in the composite
due to the damaged face-to-face stacking by the introduction of NiCo-LDH on both _sides of
graphene sheets.”’ The low intensity of diffraction peaks in rtGO@LDH pattern was caused by
the disorder in the stacked structure between LDH platelets and graphene nanosheets.** The TGA
curves of GO, rGO, LDH and rGO@LDH were depicted in Fig. S2. It can be seen that the
thermal decomposition of rGO@LDH was delayed compared with GO, but the thermal stability
of the as-synthesized sample was still worse than rGO because of the degradation of hydroxides
under high temperature. In turn, the residue at 700 °C of rtGO@LDH was higher than that of GO
caused by the absence of oxygen-containing groups. The content of rGO in the rGO@LDH was
around 68 wt.% calculated by the data of TGA curves. The morphology of GO was presented in
Fig. 1a and the GO was sheet-like with a number of wrinkles on the surface. The surface of
rGO@LDH was considerably rough covered by many platelets, quite distinct from GO (Fig. 1b).
In the enlarged TEM image for the edge of rGO@LDH (Fig. 1c), it can be seen that the LDH
platelets were either standing perpendicularly or lying horizontally on the surface of graphene. In
particular, no bare sites were observed around the margin of graphene nanosheets. The thickness
and lateral size of LDH platelets were measured easily from the TEM image as ca. 3 nm and 20
~ 25'nm, respectively. The dark parts of the sample were ascribed to the wrinkles and folds of
graphene where they gathered more LDH platelets than the plain areas. In Fig. 1d, LDH platelets
distributed uniformly on a large-area graphene which effectively separated graphene nanosheets
from each other and prohibited the aggregation of LDH platelets during processing of epoxy

nanocomposites. In the HRTEM image shown in Fig. le, the lattice fringe of rGO@LDH was



very clear and the interlayer distance d = 0.370 nm attributed to (006) plane of NiCo-LDH. The
corresponding fast fourier transformation (FFT) in the inset specifically revealed the diffraction
spots of (003) and (006) planes of the sample. Likewise, the selected area electron diffraction
(SAED) pattern of rtGO@LDH (Fig. 1f) showed the diffraction rings assigned to (009) and (110)
planes of NiCo-LDH in agreement with the XRD results. The second diffraction ring from inside
to outside with d value of 0.21 nm was indexed to the (110) plane of rGO.” The EDX spectra in
Fig. S3 illustrated that Ni and Co elements co-existed in the sample and the atomic ratio of Ni
and Co was 2.8:1. In the high angle annular dark field (HAADF) images (Fig. 1g-1), the

elemental mapping disclosed that Ni and Co elements evenly scattered all over the sample.
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Fig. 1. (a) TEM image of GO; (b) TEM image of rGO@LDH; (c) High magnification TEM
image of the edge of rGO@LDH; (d) High magnification TEM image of the center of
rGO@LDH; (e) HRTEM image of rGO@LDH (inset: corresponding FFT); (f) SAED pattern of

rGO@LDH; (g-i) HAADF image of rGO@LDH and Co, Ni mapping.

The FT-IR spectra of as-synthesized rGO@LDH compared with that of GO provide important
information about the oxygen-containing functional group on the surface of graphene and
interlayer anions of LDH and hence are very useful to determine the structure of the product. The
FT-IR spectra of GO, LDH and rGO@LDH were shown in Fig. 2a. In the spectrum of
rGO@LDH, it can be observed that the stretching vibrations of C-O (carboxylic acid) at 1723
cm’, C-O-C (epoxy) at 1238 cm™ and C-O-H (alkoxy) at 1031 cm™ have disappeared compared
with pure GO, indicating the reduction of GO to rGO.'' Meanwhile, the broad band at 3425 cm™'
originated from the O-H streching of water molecules in the system. The bending vibration of
water was also detected at around 1630 cm”. The sharp peak at 1397 cm™ reflected the
characteristic band for NO;™ as the main interlayer anion in the NiCo-LDH.** In addition, the
bands below 800 ¢m were because of the characteristic bending vibration of Co-O and Ni-O

bond, manifesting the formation of NiCo-LDH on graphene.zs'27

Furthermore, the peaks at 1487
cm” and 1302 cm’ belonged to the stretching vibration of C-H bond and in-plane bending
vibration of O-H in ethanol respectively, demonstrating some solution remaining in the sample.
Raman spectra is a powerful tool to study the structural changes of graphene materials as it
monitors both D band at ca. 1348 cm™ assigned to a breathing mode of k-point phonons of Ajg

symmetry and G band at about 1594 cm™ ascribed to the E», phonon of C sp” atoms.” In this case

(Fig. 2b), the Ip/lg ratios of GO and rGO@LDH were 0.83 and 0.95, respectively, illustrating the
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part reduction of GO and more defects occurred due to the import of LDH fragments on the
graphene.'"" '® The defect sites created by anchorage of ZIF-67 on the graphene surface played a
critical role in improving the nucleation of LDH platelets onto graphene nanosheets and
inhibiting the agglomeration of LDH nanocrystallites. High specific surface area is one of the
textural properties of the designed additive which is well recognised to facilitate the additive to
form more interfaces with the polymer matrix, improving the interaction between both. The
specific surface area and porous situation of rGO and rGO@LDH were suggested by nitrogen
adsorption-desorption isotherms depicted in Fig. S4a, b. It can be seen that both curves presented
typical IV isotherms with an H3-type hysteresis loop at P/P;>0.5, indicative of mesopores
existing in both samples. The presence of mesopores on the graphene nanosheets in rGO@LDH
sample, which was probably due to the etching effect of transitional metal-based nanoparticles.*®
The BET surface area of rGO and tGO@LDH were 128.8 m*/g and 237.6 m*/g, respectively.
The relatively low surface area of rGO provided the evidence that restacking and aggregation
occurred inevitably during the preparation. Nevertheless, for the rGO@LDH, the LDH array
grown on the graphene surface worked as a “spacer” to separate the graphene nanosheets.
Furthermore, the “3D fabrication method” was prone to decrease the agglomeration of LDH
platelets and fabricate a standing LDH array on the surface of graphene, resulting in more
exposed LDH platelets and enlarged specific surface area. The rGO@LDH was apt to interact
well ‘with epoxy matrix in the nanocomposites thanks to the high surface area and existing
mesopores, thereby exhibiting high performance in multiple aspects. The XPS survey scan for
rGO@LDH was shown in Fig. S5a, indicating the existence of Ni and Co elements in the sample.
In Ni 2p spectrum of rGO@LDH (Fig. 2c), two obvious shakeup satellites close to two spin-orbit

+

doublets were identified as Ni 2p;, and Ni 2ps;, signals of Ni**.* In Co 2p XPS spectrum of
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rGO@LDH (Fig. 2d), the spin-orbit splitting value of Co 2p;,, and Co 2p3, was 15.3 eV, and the

satellite line intensity was very low, suggesting the co-existence of Co”* and Co" in the hybrid.”
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Fig. 2. (a) FT-IR spectra of GO, LDH and rGO@LDH; (b) Raman spectra of GO and
rGO@LDH; (c,d) XPS high-resolution spectra of Ni 2p and Co 2p for rtGO@LDH.

To investigate the structural evolution process of rGO@LDH, rGO@ZIF-67 and intermediate
products at different reaction stages were collected. In Fig. 3a, ZIF-67 polyhedrons were spread
uniformly over the whole surface of graphene. Interestingly, the enlarged TEM image obviously
indicates the position of the ZIF-67 polyhedrons located on the both sides of the graphene
nanosheet. Some exterior ZIF-67 adhered to the nanosheet and other interior ZIF-67 were

wrapped by the nanosheet. The EDX results showed that the Co and N elements originated from
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ZIF-67 were existing in the sample (Fig. S6). The XRD pattern of rGO@ZIF-67 in Fig. S7
overlapped that of ZIF-67 completely with a little decrease in intensity, demonstrating the
successful coating of ZIF-67 on the graphene sheet. In addition, the peak of rGO did not emerge
in the rGO@ZIF-67, in line with the XRD results of rGO@LDH. The TEM images of the
samples obtained at different time intervals were presented in Fig. 3c and 3d. When the reaction
time was 10 min, ZIF-67 polyhedrons were etched into the framework, generating a fibered
network on the graphene. The framework continued to decompose into discrete nanosheets
accompanying with some broken polyhedrons scattering on the graphene when the reaction time
was prolonged to 20 min. The scheme for the synthetic procedure of rGO@LDH was shown in
Fig. 3e. Due to the ionisation of the carboxylic acid and phenolic hydroxyl groups, the surface of
graphene oxide was usually negatively charged in aqueous solution, therefore Co cation was
adsorbed on the graphene by electrostatic force.?' The GO is responsible for the formation of
well dispersed ZIF-67 polyhedrons, with the oxygen-containing functional groups on the surface,
functioning as anchoring sites for inducing crystal seed nucleation and growth.31 Then the ZIF-
67 polyhedrons were etched by H® derived from the hydrolysis of nickel nitrite into a framework
composed of LDH platelets followed by totally collapsing into LDH fragments on the graphene
surface. Because of this delicate synthetic route, LDH platelets inherited the 3D structure of ZIF-
67 polyhedrons, thereby either standing or lying on the graphene “bed” forming a 3D hybrid

structure, in favour of its high performance in the epoxy nanocomposite.
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Fig. 3. (a) TEM image of rGO@ZIF-67; (b) High magnification TEM image of rGO@ZIF-67;
(c-d) TEM images of the as-synthesized products obtained at different time intervals: 10 min (c),
20 min (d); (e) Schematic illustration of synthesis of rGO@LDH and preparation of

EP/rGO@LDH nanocomposites.
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Thermal conductivity and electrical resistivity of epoxy nanocomposites. Fig. 4a showed the
thermal conductivity of epoxy nanocomposites containing different contents of rGO and
rGO@LDH (denoted as EP/rGO and EP/rGO@LDH). The rGO was efficient in improving the
thermal stability of epoxy nanocomposite and reached 0.279 W m" K™ at 0.5 wt.% content, but
the efficiency decreased with the content of filler increasing. The possible reason for this is
mainly because the occurrence of restacking of graphene nanosheets during the preparation
procedure formed agglomeration. It reduced the effective aspect ratio of rGO and acted as a
“heat reservoir” restricting heat diffusion.” In addition, the weak interfacial attraction between
the soft polymer matrix and ultrastiff rGO sheets leading to poor compatibility hampered the
phonon transport. Conversely, epoxy nanocomposite containing 2 wt.% rGO@LDH had a
thermal conductivity of 0.421 W m’ K, which was much higher than that of epoxy resin,
because of the low acoustic impedance mismatch between the filler and the polymer matrix.
Although the modulus is an intrinsic property of a material, it may be modified by the core-shell
and sandwich structured nanomaterials.® Incorporating the less stiff two-sided LDH layers as a
buffer between the strong graphene and the soft epoxy matrix efficiently reduce the modulus
mismatch, decreasing the thermal interfacial resistance between the boundary of inorganic filler
and polymer, thus increasing the thermal conductivity of the nanocomposites.” In addition,
affluent LDH platelets on the rGO not only obstructed the stack of rGO into graphitic structure,
affording an integrated thermal transport pathway, but also ameliorated the interfacial adhesion
due to the rough surface of modified reduced GO, restricting the motion of epoxy segmental
chains.** The k and ko in the histogram represented the thermal conductivities of the epoxy resin
based thermal interfacial materials and epoxy resin, respectively, and Ak = (k-ko)/ko was the k

enhancement. By adding 2 wt.% rGO@LDH, the k enhancement for the epoxy nanocomposite
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increased by 81.4% compared with that of the pure epoxy resin, while at the same content, the k
enhancement of epoxy nanocomposite in presence of rGO only improved by up to 30.2%. The
high thermal conductivity of EP/rGO@LDH was beneficial to the fast heat dissipation from the
nanocomposite. Fig. 4b showed the volume electrical resistivities of nanocomposites containing
various amounts of rGO and rGO@LDH. Since rGO consisted of n-bonds with high aspect ratio
conducive to the transportation of electrons through the n-bonds, epoxy nanocomposite with rGO
possessed high thermal conduction. The percolation threshold value for EP/rGO sample was
below 0.5 wt.% content on account of a steep decrease within this range in the curve. Around
this content, rGO nanosheets inside the nanocomposite formed a conductive network in the
polymer matrix leading to improved electrical conductivity of the nanocomposites. The volume
electrical resistivity of the nanocomposites decreased sharply with the loading of rGO increasing
from 0 to 0.5 wt.%, varying about eight orders of magnitude, from 1.87 x 10" Q cm to 6.23 x
10" Q cm when the filler content reached 0.5 wt.%. Then the electrical resistivity improved
slightly by increasing the amount of rGO because of the inevitable agglomeration of enlarged
amount rGO sheets during the process of epoxy nanocomposites. After encasing the graphene
nanosheets into an LDH sheath, rGO@LDH provided limited change to the electrical resistivity
of epoxy nanocomposites. The electrical resistivity of epoxy nanocomposite incorporated with 2
wt.% rGO@LDH remained at 1.21 x 10" Q cm, similar to that of the neat epoxy resin, still
locating in the insulation area. The percolation threshold was not observed in the steady curve of
epoxy nanocomposite containing rGO@LDH with the loading amount up to 2 wt.%,
demonstrating that the entire covering of the insulating LDH layer prevented the electron
transport by the underlying graphene nanosheets. This indicates that the LDH layer on the

graphene surface sensibly hampered the formation of electrical paths within the nanocomposites
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because LDH platelets disrupted conjugating electron transport and augmented the tunneling

energy barrier.
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Fig. 4. (a) Thermal conductivity (point plot) and enhancement (bar graph) and (b) electrical

resistivities of epoxy nanocomposites containing different contents of rGO and rGO @LDH.

Fire behaviour of epoxy nanocomposites. The fire behaviour of polymer nanocomposites is of
great importance to estimate the fire safety of materials. The cone calorimeter test is a widely
used and accepted measurement for determining the heat release rate (HRR), total heat release
(THR) and total smoke production (TSP) of materials during combustion.” Therefore, the fire
hazard of EP containing 2 wt.% rGO and 2 wt.% rGO@LDH (denoted as EP/2% rGO and EP/2%
rGO@LDH) were evaluated by cone calorimeter. As a control, EP containing 2 wt.% LDH
(denoted as EP/2% LLDH) was also taken into consideration. The HRR and TSP curves were
shown in Fig. 5 and the results were summarised in Table 1. In Fig. 5a, neat EP burned fiercely
once it was ignited and exhibited high HRR with the peak value of 961 kW/m>. The addition of
rGO contributed to vanishing the HRR reduction to the polymer nanocomposite irrespective of
delaying time to ignition slightly. The peak of HRR (PHRR) for EP/2% rGO was 928 + 15

kW/m?, nearly the same to that of the neat one. The addition of LDH decreased the PHRR and
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THR of the sample to 554 + 11 kKW/m” and 84 + 2 MJ/m’, respectively. Of note, with the help of
rGO@LDH, the PHRR reduced to 327 + 23 kW/mz, 65.9% decrease compared with that of the
EP without rGO@LDH. Meanwhile, the THR value also decreased from 96 MJ/m” of pure EP.to
80 + 2 MJ/m* of EP/2% rGO@LDH. TSP is an indispensable parameter to decide the smoke
hazard caused by materials during burning. The rGO was helpful in decreasing the TSP value of
the nanocomposite, but the LDH coated graphene was more efficient than the unmodified one
and reduced the TSP value from 30 + 1 m*to 21 + 1 m* compared with the pristine EP. Also, the
introduction of rGO@LDH afforded the highest char yield among all samples. The digital photos
of residue shown in Fig. 5c reflected that the char of the sample containing rGO@LDH was
more intact and compact compared with the other two samples. The negligible effect of rGO on
fire performance of epoxy nanocomposite illustrated the poor dispersion of the filler in the
polymer matrix caused by the severe restacking of rGO nanosheets. The low fire hazard of EP/2%
rGO@LDH was probably due to the catalytic effect of transitional metals, nickel and cobalt in
the LDH.?**" It availably facilitated the char formation to create a barrier effect on the surface of
the polymer, slowing down the heat and mass transfer between gas and condensed phases and

protecting the underlying material from further combustion.”® *
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Fig. 5. Cone calorimeter data of epoxy nanocomposites: (a) heat release rate curves; (b) total

smoke production curves; (c) Digital photos of char residue.

Table 1. Cone data summary for epoxy nanocomposites.

Sample PHRR (kW/m*) THR (MJ/m*) TSP (m’) Residue (%)

EP 961+ 12 96 +3 30+ 1 11.9+0.9
EP/2% rGO 928 + 15 87 2 24 +1 13.1 1.1
EP/2% LDH 554 + 11 84 £2 23 +1 17.3 +0.7
EP/2% rGO@LDH 327 +23 80 2 21 +1 21.6 +2.1

Thermal stability and fractured surface characteristic of epoxy nanocomposites. The
thermogravimetric analysis was performed to study the thermal stability of epoxy
nanocomposites. The TG profiles for epoxy and its composites as a function of temperature at a
heating rate of 10 °C/min under N, atmosphere were shown in Fig. 6. All the thermograms

displayed a one-stage degradation process which corresponded to the decomposition of the
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macromolecular chains.*® The onset decomposition temperature (Tsq,) referred to the temperature
at which the weight loss of the sample was 5%. From the data in the table in the inset, it can be
easily observed that EP/2% rGO and EP/2% rGO@LDH showed an increment in Ts¢ compared
with the pure one. This improvement in thermal stability could be originated from the so-called
“tortuous path” effect of graphene, which retards the permeation of heat and the escape of
volatile degradation products.*' Moreover, the sample with rGO@LDH had the highest residue
of 19.7% at 700 °C, whereas for EP and EP/2% rGO, the residue was 14.3% and 16.1%,
respectively, suggesting that rGO@LDH functionalised as an effective barrier to inhibit the mass
loss during the thermal degradation process and promoted the char formation which was a

requisite for a good flame retardant for epoxy nanocomposites.
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Fig. 6. TGA profiles for epoxy and its composites as a function of temperature under nitrogen

atmosphere.

It is well recognized that the interfacial compatibility between nanofillers and polymer matrix
plays a vital role in enhancing the integrated performance of nanocomposites.”” The cryo-

fractured surface microstructures of EP and its nanocomposites were studied by SEM shown in
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Fig. 7. The neat EP emerged on a smooth surface with no feature in Fig. 7a. When 2 wt.% rGO
was added into the composite, rGO nanosheets were apt to form large agglomerations in the
system and restacked together severely. Comparatively, dispersion of the additive changed better
for the case of composite with 2 wt.% rGO@LDH in Fig. 7c. The rtGO@LDH resided on the
surface of the composite were much smaller than the agglomeration of rGO. The elemental
mapping of the EP/2% rGO@LDH sample in Fig. S8 indicated that the particle on the surface
was assigned to rGO@LDH in terms of the well-distributed nickel and cobalt elements within
the particle. The smaller grain size and rougher surface of rtGO@LDH compared with rGO
strikingly increased the interfacial adhesion between the additive and EP matrix, promising the

enhancement for properties of the nanocomposite.

Fig. 7. SEM images of the fractured sections of (a) neat EP, (b) EP/2% rGO and (c) EP/2%

rGO@LDH.

Mechanical properties of epoxy nanocomposites. Dynamic mechanical analysis provides the
information of the storage modulus and tan  as the function of testing temperature. In Fig. 8a,
the values of storage modulus in the glass state section of neat EP and EP/2% rGO were nearly
the same, while the EP/2% rGO@LDH showed a much higher value, caused by the confinement

and relatively uniform distribution of the rtGO@LDH in the polymer matrix.*> Moreover, the
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steep decrease of storage modulus during the glass transition process was delayed by 5 °C in
EP/2% rGO@LDH compared with pristine EP. The enhanced thermo-mechanical properties
were induced by Othe network structure generated by the rGO@LDH sheets in the composite,
which restrained the mobility of the main chains of the epoxy resin. In Fig. 8b, the peak of tan 6
indicated the glass transition temperature T,. The T, value for EP/2% rGO@LDH was a little
higher than that of pure EP because of the lamellar barrier effect of nano-flakes restricting the
segment motion of polymer chains in the matrix.** On the contrary, the obvious decrease of T,
for the sample bearing rGO seemingly occurred due to the inevitable agglomeration during the
processing of the composite, manifesting its worse dispersion in the polymer matrix owing to the

restacking without the support of LDH platelets.
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Fig. 8. Dynamic mechanical curves for EP, EP/2% rGO and EP/2% rGO@LDH composites: (a)

storage modulus; (b) tan 9.

In order to gain more information about the interfacial adhesion between the nanoparticles and
the epoxy matrix, tensile tests were carried out. The tensile stress curves as a function of strain
were shown in Fig. 9. Both 2 wt.% rGO and rGO@LDH filled nanocomposites displayed higher

tensile strength than the pure one. The enhanced tensile was attributed to the micro-crazing
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initiated by the nanosheets, which could relieve the stress state and limit the void formation in
the bulk polymer.“’46 The curves in presence of rGO and rGO@LDH showed no appearance of
yield ascribing to brittle failure, which were the same as that of the cured pure epoxy.*’” The
similar elongation at break of EP/2% rGO@LDH compared with that of pristine EP proved the
better dispersion of discrete rGO@LDH than the aggregated restacking rGO in the polymer
matrix. The Young’s modulus after incorporating the additives increased from 2.2 GPa to more

than 3.0 GPa on account of the intrinsic stiffness of graphene-based materials.
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Fig. 9. Stress-strain curves of epoxy nanocomposites filled with 2 wt.% rGO and 2 wt.%

rGO@LDH.

CONCLUSIONS
In this work, a sandwich-type 3D nanostructure was assembled via coating NiCo-LDH platelets
derived from MOF on the graphene nanosheets. During the modification, concurrent reduction of

graphene oxide was accomplished. The fascinating structure of the as-synthesized sample was
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characterized as all sided by various measurements. The well-connected constituents of the
hybrid endowed the epoxy nanocomposite with enhanced thermal conductivity and flame
retardancy, while the nanocomposite was still an insulator. Epoxy nanocomposite with 2 wt.%
rGO@LDH retained an electrical resistivity of 1.21 x 10'* Q c¢m and its thermal conductivity
was 0.421 W m' K. Meanwhile, the peak of heat release rate and total smoke production
descended by 65.9% and 16.7% respectively compared with those of neat epoxy. The thermal
stability and tensile strength of the epoxy nanocomposite in presence of rGO@LDH were
improved simultaneously. The proposed “3D fabrication method™ to prepare stereo LDH/rGO
hybrid offers blueprints for designing highly safe electrical insulating epoxy nanocomposites

with fast heat dissipation and low fire hazard for practical use.
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Highlights

MOF-derived LDH nanosheets were anchored onto graphene via “3D fabrication method”.
LDH nanosheets lying or standing on the graphene constructed a unique sandwich structure.
The hybrid was incorporated into epoxy resin to improve its thermal conductivity.

The hybrid endowed flame retardancy to the epoxy nanocomposite without sacrificing the
electrical insulation.
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