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H I G H L I G H T S

• NiCo-LDH nanosheets were anchored
onto MgAl-LDH employing MOFs as a
precursor.

• The unique nanostructure offered
uniform dispersion and strong inter-
facial interaction.

• The hybrid was incorporated into
epoxy resin to improve its flame re-
tardancy.

• The existence of the hybrid had little
impact on the mechanical properties
of epoxy resin.
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A B S T R A C T

Ease of undesirable agglomeration and low efficiency are two problems that highly restrict the application of
MgAl-layered double hydroxides (MgAl-LDH) as suitable flame retardants for epoxy resins. Herein, a new
strategy that chose MOFs as the precursor to connect two different LDHs into a hybrid nanomaterial is reported.
Nanosheets of NiCo-layered double hydroxides (NiCo-LDH) with multidimensional nanostructures were uni-
formly anchored on the surface of MgAl-LDH slabs. This led to a better dispersion and stronger interaction within
the epoxy matrix, resulting in enhanced strength of the char layers, and also enabled synergistic flame retardant
effect to the epoxy nanocomposite, when compared to the case of the unmodified epoxy. The sample passed V-0
rating in UL-94 test and its peak of heat release rate was reduced by 66.7% in cone calorimeter test with the
addition of only 2.5 wt% of as-prepared flame retardant. Besides, due to the unique structure of the nanofiller,
the mechanical properties of the nanocomposite were only slightly impacted. This is the first report on the
synthesis of a dual LDH hybrid nanomaterial, which moreover, improved the flame retardancy of epoxy na-
nocomposite even when added in relatively low amounts.

1. Introduction

Epoxy resins (EP) are widely used in various areas, such as petro-
chemicals, electric and electronic appliances, construction, transporta-
tion and manufacturing. However, the flammability of epoxy resins

seriously restricts their application [1,2]. The addition of flame re-
tardants into epoxy resin can mitigate this situation [3,4]. Layered
double hydroxides (LDHs) are regarded as one of the most cost-effective
flame retardant additives for epoxy resins due to their relatively high
efficiency and ease of accessibility [5,6]. LDHs can be potentially used
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to impart flame retardant properties (by serving as heat sinks) to the
hosting polymer by absorbing heat, releasing water, and forming a
protective oxide layer which can prevent further degradation [7–9].
Nevertheless, its poor compatibility with the epoxy matrix, uneven
dispersion caused by agglomeration in the composite, and the lack of
strong char layers during combustion, have been found to be important
drawbacks of LDHs, which cannot be overlooked [10–12].

Owing to their high surface energy and interlayer van der Waals
interaction, hydrogen bonds or electrostatic attractions, 2D nanos-
tructures of LDHs tend to re-stack and condense during processing into
nanocomposites, which greatly decreases their performance in appli-
cations [13]. One way to achieve improved properties is to assemble
these nano-building blocks into a three-dimensional (3D) architecture,
which synergistically combines the advantages of both microstructures
and nanostructures, paving the way to realizing the applications of
these nanomaterials [14]. Compared to traditional methods, such as
surface modification by surfactants or coupling agents, and intercala-
tion of organic anions into interlayers, the fabrication of nanostructures
on the surface of LDHs has been found to be advantageous and has
hence emerged as a hot research topic.

Unlike the surface of graphene oxide, the laminates of LDHs have a
certain amount of positive charges, which greatly obstructs loading of
metal cations on them [15]. In order to solve this problem, different
types of pretreatments have been carried out to anchor the metal ca-
tions on the positively charges surfaces of LDHs. Although laborious,
these efforts were successful, since the flame-retardant efficiency im-
proved significantly after the modification. Kalali et al. anchored Fe3O4

nanoparticles on MgAl-LDH using an indirect procedure via the calci-
nation-regeneration of LDHs, and found that the maximum heat release
rate and total smoke production of the EP composite with 8 wt% Fe3O4-
loaded LDHs were decreased by 55% and 34%, respectively, when
compared to those of pristine EP [16]. Li et al. self-assembled Ni(OH)2
nanoparticles on LDH nanosheets by using citrate ions to create nega-
tive charges, and results of UL-94 test illustrated that the addition of
only 3 wt% of flame retardant was sufficient for the EP matrix to attain
V-0 label [17]. However, the pre-treatments before anchoring the metal
cation on LDH laminates are generally tedious, which makes it difficult
to scale-up production of the flame retardant. Moreover, this technique
is restricted to the engineering 0D nanoparticles and cannot be applied
to nanocasting multidimensional nanostructures on LDHs. In contrast to
a simple 0D nanostructure, multidimensional nanostructures act more
effectively as “spacers” to hinder interparticle agglomeration of LDHs
also significantly improve the interfacial interaction with the polymer
matrix [18]. Thus, a precise control of the location of the metal ions on
the laminates of LDHs and the fabrication of multidimensional nanos-
tructures therefrom, remain challenging problems.

In recent times, hybrid nanocomposites formed from multiple two-
dimensional nanomaterials such as graphene-LDHs [19], MoS2-LDHs
[20] and graphene-MoS2 [21] have attracted much attention from
materials scientists. To the best of our knowledge, combining two LDHs
to create a hybrid LDH-LDH nanomaterial has never been reported. In
the area of flame-retardant materials research, with regard to the as-
sembly of LDHs using graphene and MoS2, combining two LDHs is re-
cognized as the more efficient nano-hybrid flame retardant, especially
in epoxy resin systems. When using a traditional co-precipitation
method (Scheme 1a), irregular nucleation sites can lead to a random
distribution of LDH nanosheets on the laminates, and the nanosheets
will grow along the a and b axes following thermodynamic principles.
In this work, we selected ZIF-67, a type of metal organic frameworks
(MOFs) as a precursor with the aim to anchor the metal cation (Co2+)
on LDHs, to further transform it into NiCo-LDH nanosheets. It has been
reported that the surface metal cations of LDHs are present in an un-
saturated coordination state, and are therefore active sites for in situ
nucleation [22,23]. The first step is the coordination of alkaline ligands
with Mg2+ to generate an unstable chelate intermediate on the surface
of LDHs, after which, the ligand is captured upon adding Co2+ to form

ZIF-67. Accordingly, ZIF-67 transforms to 2D NiCo-LDH nanosheets to
form a 3D nanostructure on the laminates of MgAl-LDH (Scheme 1b),
and we named this novel synthesis technique as “3D fabrication
method”. This strategy allows easy loading of metal ions, construction
of a multidimensional nanostructure, and ensures homogeneous dis-
persion of nanosheets on the laminates of LDHs.

In this study, NiCo-LDH nanosheets were evenly loaded on MgAl-
LDH taking advantages of the property of MOFs to inhibit agglomera-
tion and to enhance interfacial interaction. Compatibility was improved
by intercalating an anionic surfactant into the interlayers. The presence
of Ni, Co elements endows the hybrid nanomaterial with a synergistic
flame-retardant effect and helps in forming strong char layers in epoxy
nanocomposite during combustion. Thanks to this novel LDH hybrid
flame retardant, the flame retardancy of epoxy nanocomposite was
greatly improved while only slightly impacting the mechanical prop-
erties.

2. Experimental

2.1. Materials

Magnesium nitrate hexahydrate (99.0%) and nickel (II) nitrate
hexahydrate (98.0%) used in this study were procured from Infinity
Scientific (Beijing) Co. Ltd. Cobalt (II) nitrate hexahydrate (≥98.0%)
and sodium dodecyl benzene sulfonate (SDBS, 95.0%) were purchased
from Shanghai Whistle Kashiwa Chemical Technology Co., Ltd. 2-me-
thylimidazole (2-MIM, 98.0%) was provided by Beijing Huawei Ruike
Chemical Co., Ltd. Absolute ethanol (AR), anhydrous methanol (AR),
deionized water, sodium hydroxide (AR), and aluminum nitrate non-
ahydrate (AR) were obtained from Beijing Chemical Works. Diglycidyl
ether of bisphenol A (E-44, epoxy equivalent= 0.44mol/100 g) was
purchased from Nantong Xingchen Synthetic Material Co., Ltd. 4,4-
diaminodiphenylsulphone (DDS, 98.0%) was purchased from Wuhan
Yuancheng Technology Development Co., Ltd.

2.2. Preparation of MgAl-LDH (MgAl)

SDBS (0.005mol) was dissolved in 100ml of deionized water in a
three-necked flask, and the solution was magnetically stirred for 30min
at 60 °C. Magnesium nitrate hexahydrate (0.01mol) and aluminum
nitrate nonahydrate (0.005mol) were dissolved in 100ml of deionized
water, and another solution of 0.1 mol of sodium hydroxide in 100ml
deionized water was prepared. The two solutions were then added into
two constant pressure funnels and the solutions were added into the
three-necked flask. The Mg and Al mixed solution was dropped into the
SDBS solution in 30min during which, the pH of the mixture was
controlled at 10 ± 0.5 with sodium hydroxide solution. After magnetic
stirring for 30min, the mixture was aged at 80 °C for 20 h. The obtained
precipitate was filtered, washed several times with absolute ethanol and
deionized water, and dried at 50 °C for 6 h.

2.3. Preparation of MgAl-LDH@NiCo-LDH (MgAl@NiCo)

MgAl-LDH (0.7 g) was dissolved in 100ml of deionized water, and
the solution was sonicated and stirred for 20min. Next, 2-MIM
(0.02 mol) dissolved in 50ml methanol, was added rapidly into the
above solution followed by stirring for 30min, following which, cobalt
nitrate hexahydrate (0.005mol) dissolved in 50ml of methanol, was
added. The mixed solution was stirred for 5min followed by aging for
24 h. The purple solid was collected by centrifugation, washed several
times with methanol and dried at room temperature; the sample so
obtained was named MgAl@ZIF-67.

A known weight of MgAl@ZIF-67 (0.75 g) was dissolved in 80ml of
ethanol and sonicated for 15min to which, 30 ml ethanol solution
containing 0.002mol nickel nitrate was added and stirred for 2 h. The
green solid obtained was collected by centrifugation, washed three
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times with absolute ethanol and dried at 50 °C for 6 h. The sample so
obtained was named MgAl@NiCo. The preparation process is illustrated
in Scheme 2. NiCo-LDH without the addition of MgAl-LDH was also
prepared.

2.4. Preparation of epoxy nanocomposites

Different mass fractions of MgAl@NiCo (2, 2.5 and 3wt%) and
MgAl (2.5 and 3wt%) were first dispersed in epoxy resin under stirring
at 140 °C for 2 h. The hardener DDS (ratio of DDS/epoxy was 30:100)
was then added to the above solution. The mixture was stirred at 140 °C
for 30min to form a homogeneous liquid, which was heated in a va-
cuum oven at 120 °C for 20min to remove bubbles and immediately
poured into pre-heated molds of certain sizes. In the final step, the
epoxy mixtures were cured at 180 °C for 4 h to form epoxy nano-
composites. The prepared samples were denoted as EP/2.5 (3)% MgAl
and EP/2.5 (2, 3)% MgAl@NiCo.

2.5. Characterization

X-ray diffraction (XRD) patterns of the samples were obtained using
Cu-Kα radiation (k= 1.54178 Å) on a MiniFlex 600 X-ray dif-
fractometer operating at 40 kV and 15mA (2θ range from 2° to 10° with
a step size of 0.02°. Thermogravimetric analysis (TGA) was performed

with a Net-zsch 209 F1 thermal analyzer; measurements were carried
out in nitrogen atmosphere from 40 °C to 850 °C with a heating rate of
20 °C/min. A 5mg sample was used for each measurement, and the gas
flow rate was 50ml/min. X-ray photoelectron spectroscopy (XPS) data
were obtained using Perkin-Elmer PHI 5300 ESCA system at 250W
(12.5 kV at 20mA) under vacuum (<10−6 Pa (10−8 Torr)). The
sample was neutralized using both ion and electron guns. Scanning
electron microscopy (SEM) images were taken with a Hitachi S-4800
(Hitachi Ltd., Japan) scanning electron microscope; samples were
coated with a conductive gold layer and observed with a voltage of
15 kV. Transmission electron microscopy (TEM) images were obtained
using a transmission electron microscope (HT7700, Hitachi, Ltd.) using
a 120 kV electron source. Specimens were prepared by placing a drop of
the sample in ethanol on a carbon‐coated copper grid, and the grid was
dried in air. LOI values were obtained using FTAII 1600 LOI instrument
(Rheometric Scientific Ltd, England) according to ASTM D2863-97; the
sheet dimensions were 125× 6.5× 3.2mm3. Vertical burning tests
were performed using the UL-94 standard on samples of dimensions
125× 13×3.2mm3. In this test, the burning grade of a material was
classified as V-0, V-1, V-2 or no rating, depending on its behavior
(dripping and burning time). Cone calorimeter measurements were
performed according to the ISO 5660 protocol at an incident radiant
flux of 50 kW/m2. The equipment used was Fire Testing Technology
(FTT) apparatus with a standard cone-shaped radiator. The specimen

Scheme 1. Comparison of the two methods of preparation of LDHs hybrid nanomaterial.

Scheme 2. Schematic of the preparation of MgAl@NiCo.
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(100×100×3mm3) was measured horizontally without any grids.
Typical results from the cone calorimeter tests were reproducible to
within±10%, and the reported data are averages from two measure-
ments. Thermo-gravimetric analysis (Mettler-Toledo TGA/DSC-1) was
coupled with Fourier-transform infrared spectroscopy (Bruker Tensor
27), and the measurements were carried out under nitrogen atmosphere
from 50 °C to 800 °C at the heating rate of 20 °C/min−1. The sample
weight was 10mg for each measurement. Raman spectra were recorded
at ambient temperature on a Renishaw inVia confocal microscopy
Raman system under excitation from with 632.8 nm-wavelength laser.
Dynamic mechanical analysis (DMA) was carried out with a Rheometric
Scientific DMTA V dynamic mechanical analyzer in shear mode. The
dimensions of the specimens were 6.5× 6.5× 3.2mm3 and the mea-
suring frequency was 1 Hz. Mechanical properties were measured using
an electronic tensile testing machine (DXLL-5000, Shanghai D & G
Measure Instrument Co. Ltd.) at the rate of 2mm/min.

3. Results and discussion

3.1. Structural characterization of LDHs hybrid nanomaterial

The phase and composition of MgAl@NiCo were studied by XRD
technique. The magnified pattern shown in Fig. 1a indicates reflections
from the lattice planes, (0 0 3), (0 0 6) and (0 0 9) typical of LDHs.
Notably, the interplanar distance of MgAl-LDH is larger than that of
NiCo-LDH, as revealed by (0 0 3) at a lower 2θ value due to intercala-
tion by the anionic surfactant. In the original and enlarged XRD pat-
terns of MgAl@NiCo, (0 0 3) (0 0 6) from MgAl, (0 0 6) from NiCo could
be clearly resolved, while peaks due to (0 0 9) from MgAl and (0 0 3)
from NiCo overlapped. XRD patterns of the intermediate product
MgAl@ZIF-67 was also recorded and compared with those of ZIF-67.
Results showed that the characteristic peaks belonging to MgAl-LDH
could be found in MgAl@ZIF-67. The above evidences prove that the
two LDHs were successfully combined to form the hybrid nanomaterial.
To study the preparation process of MgAl@NiCo, TEM images of ZIF-

67, MgAl@ZIF-67 and the sample collected during the etching process
after 1 h (MgAl@ZIF-67/NiCo) were taken and are shown in Fig. 1c–e,
respectively. ZIF-67 particles are polyhedral with average size of ca.
500 nm. Following their immobilization on MgAl-LDH, ZIF-67 poly-
hedrons retained their shapes and are found uniformly anchored on
MgAl-LDH platelets. Subsequently, these 3D polyhedrons were etched,
collapsed and transformed into NiCo-LDH nanosheets.

To further confirm the structure of MgAl@NiCo, TEM images of
MgAl-LDH and MgAl@NiCo were obtained (Fig. 2). Both samples dis-
play a lamellar 2D structure, but significant differences are seen on the

Fig. 1. XRD patterns of (a) MgAl. MgAl@NiCo and NiCo, (b) ZIF-67 and MgAl@ZIF-67; TEM images of (c) ZIF-67, (d) MgAl@ZIF-67 and (e) sample collected during
the etching process after 1 h.

Fig. 2. TEM and magnified TEM images of (a and c) MgAl-LDH and (b and d)
MgAl@NiCo.
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surfaces of the laminates in the magnified images: The surface of MgAl-
LDH with the lateral size of ca. 2 μm was smooth while that of MgAl@
NiCo was fairly rough. The nanoplatelets clearly detected on the surface
of MgAl@NiCo were found to be NiCo-LDH. NiCo-LDH nanosheets are
found uniformly distributed on the laminates of MgAl-LDH to form a 3D
nanostructure. This unique design played a vital role in preventing the
agglomeration of LDHs, leading to their better dispersion in the nano-
composite and thereby enhanced their interfacial interaction with the
epoxy matrix.

The elemental composition of MgAl@NiCo was identified from XPS
spectra and TEM-EDX spectra. From XP survey spectra shown in Fig. 3a
and b, the presence of Mg, Al, Ni and Co elements were confirmed. EDX
spectra were also recorded to further confirm the elemental composi-
tion of MgAl@NiCo. As shown in Fig. 3b, the spectra clearly reveal the
co-existence of Mg, Al, Ni and Co.

In order to study the nanostructure of MgAl@NiCo in detail, a ty-
pical particle was chosen for TEM investigations. The lattice fringes
shown in high resolution TEM (HRTEM, Fig. 4b) image are correspond
to the (0 1 8) plane of MgAl-LDH with d=0.198 nm and (0 1 2) from
NiCo-LDH with d= 0.258 nm; these values are in accordance with XRD
data. The diffraction ring depicted in the selected area electron dif-
fraction (SAED) pattern (Fig. 4c) also confirms this result. High angle
annular dark field (HAADF) images of the elemental mapping of
MgAl@NiCo demonstrates the uniform dispersion of Ni and Co, im-
plying that our preparation procedure led to the uniform coverage of
NiCo-LDH nanosheets on the whole surface of MgAl-LDH. The NiCo-
LDH nanosheets loading was determined from TGA curves. As shown in
Fig. 8a, all the samples exhibit the classic two-stage decomposition
process of LDHs; at low temperature, the interlayer water is desorbed,
and at high temperature interlayer anions are lost and the metal hy-
droxide layer is dehydroxylated. On the basis of the obtained residues,
the theoretical loading of NiCo-LDH was calculated to be around
25.7 wt%.

3.2. Dispersion of LDH hybrid material in epoxy nanocomposites

The state of dispersion nanoparticles in a polymer matrix is one of
the most important factors that determines the major chemical and
physical properties of nanocomposites. Thus, the XRD patterns of epoxy
and nanocomposites offer preliminary information on the nature of
MgAl and MgAl@NiCo in the system. All the patterns showed the same
amorphous phase of the epoxy resin, whereas the different peaks were
observed at 2θ values< 10° for MgAl-contained sample and at 62° for
both MgAl- and MgAl@NiCo-containing samples. The two peaks of EP
containing 2.5 wt% MgAl at ca. 6° and 9° are ascribed to the (0 0 6) and
(0 0 9) planes of MgAl-LDH, illustrating the presence of bulk agglom-
erates with several layers of LDHs in the epoxy matrix. In contrast, no
peaks can be seen at 2θ < 10° for EP/2.5% MgAl@NiCo, probably
because the nanofiller was well exfoliated and uniformly dispersed in
the epoxy [24]. Notably, the peak at ca. 62° was present in both na-
nocomposites, but the one in MgAl@NiCo-containing sample had a
lower intensity (Fig. 5).

To further study the state of dispersion of the additives, TEM images
were obtained for the nanocomposites. In Fig. 6a and b, it is seen that
MgAl-LDH in the polymer has a lamellar morphology, but the na-
nosheets aggregate into big particles with lateral sizes> 1 μm. Shown
in Fig. 6c and d, particles MgAl@NiCo have much smaller sizes and are
well dispersed. These results are in good agreement with XRD data.
Thus, using the nanocasting method introduced in this work, an even
dispersion of modified LDHs on the nanoscale achieved in the epoxy
matrix. The NiCo-LDH platelets with 3D nanostructures increased the
surface roughness of MgAl-LDH slabs, impeding their tendency to ag-
glomerate and thereby enhanced the interfacial interaction with the
matrix, which was found have a beneficial effect on various properties.

3.3. Fire safety of epoxy nanocomposites

The fire behaviors of epoxy nanocomposites were first surveyed
using LOI and UL-94 tests. From the results shown in Table 1, we

Fig. 3. (a) XP survey spectra, (b) Mg 2p, Al 2p, Ni 2p and Co 2p spectra of MgAl@NiCo and (c) TEM-EDX spectra of MgAl@NiCo.

Z. Zhang, et al. Chemical Engineering Journal 381 (2020) 122777

5



conclude that the addition of MgAl and MgAl@NiCo increases the LOI
values of EP. Interestingly, when the added amounts of MgAl@NiCo
were decreased from 3wt% to 2.5 wt%, the LOI values of the nano-
composites increased to some extent, indicating that a number of ag-
glomerated grains were exfoliated, which improved flame retardancy.
The LOI value of EP/2.5% NiCo was lower than that of EP/2.5% MgAl,
while the LOI value of EP/2.5% MgAl@ZIF-67 was higher than that of
EP/2.5% MgAl, but lower than that of EP/2.5% MgAl@NiCo. In con-
trast to NiCo nanosheets, ZIF-67 on MgAl possessed a large particle size
and also has an organic ligand, both of which might be detrimental to
the flame retardancy of MgAl@ZIF-67. Addition of 3 wt% MgAl did not
enable EP to achieve any rating in the UL-94 test, while EP containing
3 wt% MgAl@NiCo achieved V-0 rating without dripping. It is worth
noting that the nanocomposite with a reduced MgAl@NiCo dosage of
2.5 wt% still maintained this performance. Even 2wt% of as-prepared
additive was able to endow EP with V-1 rating. Since 2.5 wt% of flame
retardant-containing samples exhibited satisfactory results in LOI and
UL-94 tests, cone calorimeter test was further carried out on these
samples to further investigate their fire performance.

Fig. 4. (a) TEM image, (b) HRTEM image, (c) SAED pattern, (d–h) HAADF and elemental mapping (scale bar: 200 nm) of MgAl@NiCo.

Fig. 5. XRD patterns of EP and its nanocomposites.

Fig. 6. TEM and magnified TEM images of (a and b) EP/2.5% MgAl and (c and
d) EP/2.5% MgAl@NiCo.

Table 1
LOI and UL-94 test results of EP and its nanocomposites.

Sample LOI (%) UL-94

Rating Dripping

EP 23.5 No rating Yes
EP/3% MgAl 25.7 No rating No
EP/3% MgAl@NiCo 25.3 V-0 No
EP/2.5% MgAl 25.4 No rating No
EP/2.5% NiCo 25.2 No rating No
EP/2.5% MgAl@ZIF-67 25.5 No rating No
EP/2.5% MgAl@NiCo 26.0 V-0 No
EP/2% MgAl@NiCo 25.7 V-1 No
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The heat release rate (HRR), total heat release (THR) and total
smoke production (TSP) curves of epoxy nanocomposites are shown in
Fig. 7. The HRR curves (Fig. 7a) of both EP and EP/2.5% MgAl show
two peaks; the lower intensity peak can be attributed to the breaking of
the fragile char layer. The curve obtained for EP/2.5% MgAl@NiCo
however, shows a different trend: In this case, once the char was
formed, it continuously mitigated the release of heat, and consequently,
the second peak is not clearly observed. The peak of heat release rate
(pHRR) of EP decreased from 1361 to 628 kW/m2 after adding 2.5 wt%
MgAl, and further decreased to 455 kW/m2 (66.7% reduction) with the
addition of 2.5 wt% MgAl@NiCo, indicating that the fire hazard of
epoxy nanocomposites can be reduced in a real flame scenario. In ad-
dition, the THR value at 200 s shown in Fig. 7b is reduced from 72.9 to
44.7 MJ/m2 with the incorporation of MgAl@NiCo, and the corre-
sponding value for the MgAl-incorporated sample is 61.4 MJ/m2. Be-
sides, EP/2.5% MgAl@NiCo also shows a lower TSP value at 200 s
(19.8 m2) as compared to those of the other two samples (Fig. 7c). EP/
2.5% MgAl@ZIF-67 was also studied as a control sample and its pHRR
value was higher than that of EP/2.5% MgAl@NiCo with a THR value
at 200 s, but the results were better than those of EP/2.5% MgAl.
Moreover, EP/2.5% MgAl@ZIF-67 released more smoke than EP/2.5%
MgAl@NiCo at 200 s, similar to the value of EP/2.5% MgAl.

From the data listed in Table 2, it is seen that the amounts of char
residue of EP/2.5% MgAl and EP/2.5% MgAl@NiCo increase from 4.9
to 9.8 and 10.9%, respectively, when compared to that of neat EP. In
addition, the average mass loss rate (AMLR) that reflects the integral
fire intensity and the fire growth index (FIGRA) that determines the fire
spreading profile were, respectively, decreased by 37.9% and 73.6%
with the addition of 2.5 wt% MgAl@NiCo into the epoxy, but were
higher than the corresponding values observed for EP/2.5% MgAl.
Thus, summarizing the results obtained from the fire tests, we conclude
that MgAl@NiCo has a higher flame retardant efficiency than MgAl in
epoxy resin at 2.5 wt% of the added amount.

3.4. Thermal stability of epoxy nanocomposites

The thermal stability of epoxy nanocomposites was monitored from
TGA profiles traced under nitrogen atmosphere (Fig. 8b). All the sam-
ples showed a one-stage thermal decomposition process, mainly at-
tributed to the degradation of the macromolecular chains [25]. For both
the nanocomposites, the onset decomposition temperature (T5%, the
temperature at 5% mass loss) was lower than that of neat EP due to the
faster thermal degradation of LDHs and the catalytic effect of the me-
tals. Despite the strong catalytic effect of the transition metals

Fig. 7. (a) HRR, (b) THR and (c) TSP curves of EP nanocomposites.

Table 2
Cone calorimeter data of EP and its nanocomposites.

Sample EP EP/2.5% MgAl EP/2.5% MgAl@ZIF-67 EP/2.5% MgAl@NiCo

pHRR (kW/m2) 1361 ± 37 628 ± 26 555 ± 19 455 ± 29
THR (MJ/m2) at 200 s 72.9 ± 2.7 61.4 ± 1.9 57.3 ± 1.7 44.7 ± 1.6
TSP (m2) at 200 s 26.4 ± 0.8 24.5 ± 1.3 25.0 ± 1.2 19.8 ± 1.1
Char Residue (%) 4.9 ± 0.2 9.8 ± 0.3 10.0 ± 0.2 10.9 ± 0.3
AMLR (g/s) 0.103 0.073 0.071 0.064
FIGRA (kWm−2 s−1) 14.8 5.7 5.1 3.9
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contained in MgAl@NiCo, the T5% value of EP/2.5% MgAl@NiCo was a
little higher than that of EP/2.5% MgAl probably owing to the better
dispersion of MgAl@NiCo to function as a barrier inhibiting the
movement of the epoxy molecular chain. The addition of 2.5 wt%
MgAl@NiCo led to higher residue content for the nanocomposite than
neat EP which is consistent with the result obtained from cone calori-
meter test.

3.5. Condensed phase analysis

The residual chars of the neat epoxy and nanocomposites after cone

calorimeter tests were collected and compared from different visual
angles as shown in Fig. 9. It can be seen that neat EP shows a nearly
total burnt out with a fragmentary structure, while the other two flame
retarded samples have much more char yields in favor of serving as
isolated layers. At first sight from the front view in Fig. 9e and f, the
char residue of EP/2.5% MgAl@NiCo appears to be more compact and
intumescent than that of EP/2.5% MgAl. The inset shows digital images
of the prepared samples for strength test of the char and the resultant
curves are depicted in the inset of Fig. 9f. The char strenghs of EP/2.5%
MgAl@NiCo and EP/2.5% MgAl are as high as 14 N and 11 N; this re-
sult also implies that the former had more robust char layers. The

Fig. 8. (a) TGA profiles of sample powders, (b) TGA profiles of EP and its nanocomposites.

Fig. 9. (a) Top view and (d) front view of char from EP after the cone calorimeter test, (b) top view and (e) front view of the char from EP/2.5% MgAl, inset: Sample
for strength test of char, (c) top view and (f) front view of char from EP/2.5% MgAl@NiCo and strength test result of char, inset: Sample for strength test of char, (g)
SEM image of char from EP, (h and i) SEM images of exterior (EX) and interior (IN) char from EP/2.5% MgAl and EP/2.5% MgAl@NiCo, respectively.
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microstructures of the char layers were further observed by SEM and
the images are shown in Fig. 9g–i. The exterior and interior char of EP/
2.5% MgAl@NiCo are more continuous and compact than those of EP/
2.5% MgAl. In particular, large number of small pores were formed in
the interior char of EP/2.5% MgAl@NiCo after burning, which is in
accordance with its HRR curve indicating that heat was slowly released
through these channels. The high quality char was conducive to slowing
the exchange rate of heat and oxygen and to thereby improve the flame
retardant performance of the nanocomposite [26,27].

The char residues were also characterized by Raman spectroscopy,
which is a powerful characterization tool, especially for carbonaceous
materials. As shown in Fig. 10, the Raman spectra of all the three
samples show a D band at 1346 cm−1 and a G band at 1584 cm−1. The
D band is attributed to vibrations of the amorphous char, and the G
band arises from the vibration of sp2-hybridized carbon atoms. ID/IG is
the ratio of the integral peak areas of the D and G bands. A lower value
is proof of a higher graphitized carbon content. Among the three
samples, the char sample of EP/2.5% MgAl@NiCo has the lowest ID/IG
value. The transition metals (Ni and Co) in the flame retardant acted as
catalysts to generate more graphitized carbon during combustion of the
polymer. The presence of more graphitized carbons leads to enhanced
thermal stability of the char structure. The char layer with a high
thermal stability can act as a barrier to mass and heat transfer between
the gas phase and the condensed phase.

The exterior and interior residual chars of EP containing 2.5 wt%
MgAl and MgAl@NiCo were further investigated by XPS and the data
are summarized in Table 3. The characteristic C1s bands at 284.6, 286.8
and 288.4 eV are ascribed to CeH and CeC in aliphatic and aromatic
species, CeO (ether and/or hydroxyl group) and C]O, respectively

[28]. To study the thermal oxidative resistance, Cox/Ca (Cox: oxidized
carbons and Ca: aliphatic and aromatic carbons) values were calculated.
The Cox/Ca values of the exterior and interior residual char of EP/2.5%
MgAl@NiCo were 0.63 and 0.49, respectively, which are much lower
than those of EP/2.5% MgAl (1.41 and 0.91). The metal contents of
metals in the exterior char were higher than those in the interior char,
since the flame retardants migrated upward to the frontline of com-
bustion. As a result, the accumulation of an inorganic layer made of by
oxides on the surface of the char improved the thermal oxidative re-
sistance of the protective char layer, which effectively served to inhibit
oxygen permeation, heat and mass transmission, and the release of
combustible gases from the matrix.

3.6. Vapor-phase analysis

TG-FTIR was employed to analyze the gaseous products formed
during the thermal degradation process. As shown in Fig. 11, FTIR
spectra were obtained during the thermal decomposition of EP and its
nanocomposites at the maximum rate of evolution of gaseous products.
Several small molecular gaseous produces were evolved during the
decomposition from EP and its nanocomposite, clearly indicated by
their were characteristic strong FTIR signals, such as eCeH groups for
allyl alcohol, acetone and various hydrocarbons (3100–2800 cm−1),
CO2 (2360 cm−1), CO (2190 cm−1) and aromatic compounds (1605,
1510 and 1460 cm−1) [29]. The spectra of the three samples did not
differ significantly from one another. However, the FT-IR spectral in-
tensity of pyrolysis products in the spectrum of EP/2.5% MgAl@NiCo
was much lower in the other two samples. The lower intensity of pyr-
olysis products is attributed to the more compact and cohesive char
layer that served as a reinforced barrier, retarding the escape of pyr-
olysis products. Moreover, the major source of smoke are particles
originating from the organic volatile products such as aromatic com-
pounds (Fig. 11b), ether (Fig. 11c) and hydrocarbons (alkane and its
derivatives, Fig. 11d). A decrease in these volatiles contributed to
suppressing smoke and thereby improved fire safety. In Fig. 11e, both
the flame retardant-treated EPs exhibit lower CO emissions than the
neat polymer. The CO decrease led to lower smoke toxicity and reduced
fire risk. The absorbance intensity for CO2 of EP/2.5% MgAl@NiCo is
similar to that of pristine EP, but higher than that of EP/2.5% MgAl as
shown in Fig. 11f, probably because of the high conversion of the
partially oxidized product to the fully oxidized one in the presence of
NiCo.

3.7. Flame retardant mechanism of LDH hybrid nanomaterial

The mechanism of action of the flame retardant MgAl@NiCo is il-
lustrated in Scheme 3. Although the char residue values for the samples
containing 2.5 wt% MgAl and 2.5 wt% MgAl@NiCo were very close
after cone calorimeter test, the quality of the char was distinctly dif-
ferent in the two case. The presence of transition metals in MgAl@NiCo
could lead to capture of free radicals of the polymer chains during

Fig. 10. Raman spectra of the char residues of EP and its nanocomposites.

Table 3
XPS data of the residual chars of EP/2.5% MgAl and EP/2.5% MgAl@NiCo.

Area

EP/2.5% MgAl EP/2.5% MgAl@NiCo

Signal Binding energy (eV) Exterior char Interior char Exterior char Interior char

C 1s (CeH, CeC) 284.6 41.2 50.8 57.8 64.6
C 1s (CeO) 286.8 54.7 43.4 31.5 28.9
C 1s (C]O) 288.4 3.4 2.6 4.9 2.8
Mg 2p 49.8 3.2 1.7 4.0 1.9
Al 2p 72.9 1.4 0.8 2.0 1.0
Ni 2p 861.3 – – 2.1 1.1
Co 2p 785.7 – – 1.5 0.6
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burning and increase the density of crosslinked network. The carbon in
the polymer was thus trapped at the front part of combustion, thereby
catalytically generating compact char layers to flame retard in the
condensed phase, which also led to the reduced smoke production.
Even though Ni (II) oxide is colored, no color is detected on the skin
layer in Fig. 9c and f, indicating that Ni could be transformed into a
higher valence state during burning. Transition metals in MgAl@NiCo
were thus able to catalyze the polyaromatic reaction of the pyrolysis
products from epoxy to high-quality carbonaceous components, which

covered and adhered to the metal oxides formed by the dehydration of
MgAl-LDH. The interfacial Ni- and Co-based nano catalysts that were
uniformly distributed between MgAl-LDH and the epoxy matrix cata-
lyzed the surrounding areas to form robust char chips, which then
combined to form continuous char layers. The resultant carbons with
higher mechanical strength and more graphitized ingredients interacted
with the degraded volatiles to generate the intumescent char. The in-
corporation of NiCo-LDH nanosheets also improved the char structure
with more effective tiny pore morphology, which reduced less transfer

Fig. 11. TG-FTIR results of EP and its nanocomposites: (a) FTIR spectra of pyrolysis products at maximum decomposition rates, (b) aromatic compounds, (c) ether,
(d) hydrocarbons, (e) CO and (f) CO2.

Scheme 3. Flame retardant mechanism for LDHs hybrid nanomaterial in epoxy resin.
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of heat and flammable volatiles. The synergy between MgAl and NiCo
was correlated to the catalytic reaction between MgO and Al2O3 formed
from MgAl decomposition and NiO and Co2O3 that resulted from NiCo
decomposition, which added strength to the formed char barrier [30].
The doping of NiCo-LDH nanosheets into the MgAl-LDH thus enabled
the formation of stronger char layers and had a synergistic flame-re-
tardant effect.

Apart from the advantageous chemical properties of NiCo-LDH, its
superior physical characteristics also contribute to improving the flame
retardant efficiency of the as-prepared sample. Owing to the proposed
“3D fabrication method”, the multiple dimensional nanostructure con-
stituted by NiCo-LDH nanosheets was successfully deposited on the
surface of MgAl-LDH platelets and acted as a “spacer” to inhibit the
aggloermation of the platelets into large particles, which was beneficial
to improving the dispersion of the flame retardant in the epoxy matrix.
Moreover, when compared with nanoparticles or flat-lying nanosheets
on MgAl-LDH, our designed structure increased the roughness of the
MgAl-LDH surface, thereby improving its interfacial interaction with
the polymer. All these advantages of MgAl@NiCo boosted flame re-
tardancy of the epoxy nanocomposite.

3.8. Mechanical properties of epoxy nanocomposites

The mechanical properties of epoxy nanocomposites were char-
acterized by using flexural and tensile tests. Fig. 12a presents the
flexural and tensile strengths for EP, EP/2.5% MgAl and EP/2.5%
MgAl@NiCo. The addition of MgAl@NiCo slightly lowered both flex-
ural and tensile strengths as compared with neat EP, but the values
were higher than those of EP/2.5% MgAl. When comparing with MgAl-
added nanocomposite, multiple factors may contribute to the better
flexural and tensile strengths in MgAl@NiCo-added nanocomposites.
One obvious factor is the improved dispersion of the LDHs hybrid na-
nomaterial in the epoxy matrix (as evidenced in Section 3.2) achieved
because of the novel method of nanocasting NiCo-LDH nanosheets on
the surface of MgAl-LDH, developed in this study. Another factor might
be the improved interfacial interaction between the hybrid filler and
the epoxy matrix that facilitated load transfer [31].

Fig. 12b shows the dynamic mechanical properties of EP and its
nanocomposites. It can be clearly seen that the addition of MgAl and
MgAl@NiCo enhanced storage modulus and glass transition tempera-
ture (Tg) of the nanocomposites when tested under shear mode, with
MgAl@NiCo showing a better performance. The notable improvement
of properties for EP/2.5% MgAl@NiCo was mainly due to the inhibition
of motion of the epoxy chain due to the better intercalation of the flame
retardant into the matrix, along with finer dispersion nanosheets in the
system [32].

4. Conclusions

In this work, NiCo-LDH nanosheets with a multiple dimensional
nanostructure derived from MOFs were uniformly modified on the
surface of MgAl-LDH through a “3D fabrication method” to prepare a
LDH hybrid nanomaterial. The epoxy nanocomposite with only 2.5 wt%
MgAl@NiCo passed the UL-94 test with a V-0 rating, while the sample
containing the same amount of MgAl showed no rating. The LOI value
of the epoxy nanocomposite increased from 23.5 to 26.0% as compared
to that of the neat EP. In cone calorimeter tests, the epoxy nano-
composite containing MgAl@NiCo showed lower pHRR, THR, and TSP
values in contrast to those of unmodified MgAl-LDH. The enhanced
flame-retardant efficiency of MgAl@NiCo was achieved by engineering
NiCo-LDH nanosheets on the MgAl-LDH laminates. The advantages of
NiCo-LDH for the flame retardant included improved oxidation stability
and strength of the char, synergistic flame-retardant effect, and a fine
dispersion that allowed stronger interaction within the polymer matrix.
The exfoliated dispersion state and rough surface of the nanofiller also
improved the mechanical properties of the nanocomposite. The addi-
tion of MgAl@NiCo had little effect on flexural and tensile strengths but
improved the storage modulus and glass transition temperature of the
epoxy nanocomposites. The dual LDH hybrid nanomaterial fabricated
successfully for the first time in this study, may play a vital role in fire-
safety improvement and in many other areas due to its multiple func-
tions.
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