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In this work, a novel graphene (RGO) hybrid added with Zeolitic Imidazolate Framework/Layered
Double Hydroxide (ZIF/LDH) was prepared to obtain a synergistic system (RGO-LDH/ZIF-67). Subse-
quently, RGO-LDH/ZIF-67 was mixed into epoxy resin (EP) by physical blending for the purpose of
improving its fire safety. Based on a series of tests and analyses, it was found that RGO-LDH/ZIF-67
was beneficial to reducing the heat release of EP during its burning process. The peak heat release

rate (PHRR) and total heat release (THR) of the composite with 2 wt% RGO-LDH/ZIF-67 were reduced
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to 464 kW m 2 and 37.9 MJ m 2, respectively. Simultaneously, the smoke production in its flame and
flameless combustion were also reduced significantly. According to the char analysis of different
composites, the main mechanism is discussed. This work provided a new type of modified RGO for
improving the fire safety of EP.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

EP is broadly applied in the military and civil fields due to its
outstanding mechanical properties, electrical insulation, chemical
stability and excellent thermal properties [1—3]. However, EP is
liable to combust in air, and a lot of toxic gas and smoke which
endanger people's lives will be released during its combustion
process, and, consequently, the application of EP is limited to some
extent. In order to expand the application of EP, it is imperative to
reduce its fire risk.

In recent years, more and more researchers have found that
some carbon materials such as carbon nanotubes, expandable
graphite and RGO can be applied for reducing the fire risk of EP
[4—6]. Among those materials, RGO shows a flake structure of six-
angle honeycomb lattice composed of sp? hybrid orbital by carbon
atoms. It has received close attention because of its special two-
dimensional nanostructures, and unique physical and chemical
properties [7]. Recently, there have been increasing applications of
RGO as an additive agent to reduce the fire hazard of polymers [8,9].
New findings indicate that RGO still has good thermal stability even
when it is exposed to flame, and it shows a good flame retardant
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ability for polymers, and because of the obstruction of RGO, which
can effectively retard the heat transmission and volatilization of
combustible gas, so as to protect the substrate, preventing the
further combustion of polymers [10,11]. Nevertheless, RGO tends to
agglomerate because of the existence of Vander Waals' force, which
makes it difficult to be dispersed well in composites. For the pur-
pose of surmounting this defect, much work has been done on the
surface modification of RGO, and some results have shown that the
agglomeration of RGO has been significantly reduced after surface
modification [12,13]. Specifically, there have also been some reports
about the modification of RGO with layered double hydroxides
(LDHs) [14].

LDHs show good thermal stability and excellent flame retardant
performance. They have gradually become a focus in the field of
flame retardants. It is due mainly to the fact that LDH can provide a
physical barrier effect which can prevent the evaporation of flam-
mable gas and oxygen during the burning of EP. Furthermore, the
metal oxides generated in the burning process of LDH can promote
the formation of carbon residue, and make a contribution in
strengthening the barrier effect. At the same time, the water vapor
generated during the decomposition process of LDH will absorb
heat, and reduce the temperature of composite materials' surface,
thereby playing a better role in retarding the combustion of poly-
mer [15]. In addition, there is a certain amount of positive charges
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on LDH, which facilitates the surface modification of LDH. Despite
numerous reports about surface modification of LDH, there have
been few reports about the modification of LDH surface by metal
organic frameworks (MOFs). In view of that, this research has been
undertaken.

MOFs is a kind of crystalline porous material containing
interconnected forms of periodic network structure, synthesized
by self-assembly reaction between inorganic metal (metal ions or
metal clusters) and organic ligands. It has attracted more and
more attention because of its special structure and excellent
performance, especially in the field of adsorption [16—18].
However, relatively few studies have been performed on the
application of MOFs as an additive agent to reduce the fire risk of
polymers. There are many kinds of MOFs, such as Isoreticular
metal-organic frameworks (IRMOFs), zeoliticimidazolate frame-
works (ZIFs), metarial sofistitute Lavoisierframeworks (MILs) and
ocket-channel frameworks (PCNs). In particular, ZIF-67, as a kind
of ZIFs, is synthesized based on cobalt ions and 2-
methylimidazole, containing flame retardant elements of Co
and N, and the metal oxide (Co304) generated during its com-
bustion process has a catalytic effect which facilitates the gen-
eration of a dense char layer to prevent the substrate from
further burning, and thus to accomplish the aim of reducing fire
risk. Therefore, ZIF-67 was selected in this work to further reduce
the fire hazard of polymer.

To our knowledge, a flame retardant with a single component
can decrease the fire risk of composite materials when the amount
of additive is large, but its flame retardant efficiency is rather low.
However, a flame retardant containing more than one component
would form a synergetic system, so as to better reduce the fire
hazard [19,20]. Therefore, in this study, dual modification of RGO
(RGO-LDH/ZIF-67) was performed by connecting RGO, LDH and ZIF-
67 (as shown in Scheme 1). The morphology of the prepared flame
retardants was studied. Subsequently, RGO-LDH/ZIF-67 was added
into EP through physical blending. The effects of RGO-LDH/ZIF-67
on reducing the fire risk of EP were studied, and their main
mechanism was also investigated.
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2. Experimental
2.1. Materials

H,S04 (98%), Graphite powder (spectral purity), NaNO3, KMnOyg,
HCl (37%), H,0, (30%), HoN> (80%), NaOH, ethyl alcohol, cobalt ni-
trate, 2-methylimidazole, absolute methanol, magnesium nitrate,
aluminum nitrate, sodium carbonate anhydrous were bought from
Shanghai Jutai Special Reagent Co., Ltd. (China). Epoxy resin (E-44)
was bought from Wuxi Borui Chemical Technology Co., Ltd. (China).
3,3’-Dichloro-4,4’- diaminodiphenylmethane (MOCA) was bought
from Shandong Guangxun Chemical Co., Ltd. (China).

2.2. Fabrication of flame retardants

2.2.1. Fabrication of RGO-LDH

GO was made with modified Hummer's method [21]. RGO-LDH
was fabricated with a simple coprecipitation method as follows:
Firstly, 0.32 g GO was dissolved in 100 ml deionized water, with
addition of some sodium hydroxide and anhydrous sodium car-
bonate, and ultrasonic reaction for 1.5h; the obtained homoge-
neous solution was poured into a 500 ml flask. Subsequently,
magnesium nitrate (1.28 g) and aluminum nitrate (1.88 g) were
dissolved completely in 200 ml water to obtain an uniform system,
and this uniform liquor was added into the dispersion of GO by
dropping. This system was adjusted to a PH of 10, and stirred for
24 h at 60 °C. Then hydrazine hydrate solution (0.75 ml) was added
into the above system and its temperature was increased to 100 °C.
The system was cooled down to room temperature after stirring for
2 h, washed repeatedly, and freeze dried to obtain RGO-LDH. RGO
and MgAI-LDH were also obtained in the same way.

2.2.2. Fabrication of RGO-LDH/ZIF-67

RGO-LDH/ZIF-67 was fabricated with a simple process in the
following steps: RGO-LDH (1 g) was ultrasonically dispersed in an
appropriate amount of deionized water to acquire a homogeneous
system (A), and 6.56 g 2-methylimidazole was dissolved in 100 ml
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Scheme 1. Illustration of ZIF-67 modification of RGO-LDH.
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anhydrous methanol to acquire a system B. Subsequently, the sys-
tem B was dropped into the homogeneous solution A, and stirred
for 6 hat room temperature. Then 4.98 g cobalt nitrate was dis-
solved in 100 ml anhydrous methanol and dropped into the above
system, which underwent stirring for 24 h. Finally, the sediment
was washed repeatedly and freeze dried to obtain RGO-LDH/ZIF-67.

2.3. Fabrication of different composites

Different composites were fabricated in a simple way. Taking the
preparation of EP-RGO-LDH/ZIF-67 composite for example: Firstly,
a certain amount of RGO-LDH/ZIF-67 was dissolved in a small
amount of acetone solution for ultrasonic reaction until a uniform
solution was formed. The above solution was then added into a
certain amount of epoxy resin and strong stirring took place under
the condition of 75 °C until a uniform system was formed. Subse-
quently, MOCA was melted at 120°C and added into the above
system for stirring until the formation of a homogeneous mixture.
The above mixture was poured into a Teflon mold to sit for a period
of time before curing at 110 °C for 2 h and 150 °C for 3 h continu-
ously. The EP composite was prepared as a result (the specific for-
mula was displayed in Table 1). All composites were fabricated in
the same way.

2.4. Characterization

Fourier transform infrared spectroscopy (FTIR) was performed
with Nicolet 6700 spectrometer (Nicolet Instrument Co., U.S.) with
the KBr pellet technique. X-ray diffraction (XRD) analysis was made
with XRD-7000 (Shimadzu, Japan) at a scanning speed of 2°-min~"
and a diffraction angle range of 5—60°. Raman spectra were ob-
tained at room temperature by using a SPEX-1403 laser Raman
spectrometer (SPEX Co., U.S.) with a back-scattering geometry and a
wave length of 514.5nm. Transmission electron microscope-
energy-dispersive X-ray spectroscopic (TEM-EDS) measurements
were conducted by using a JEOL-2010 instrument (JEOL Co., Japan)
at an acceleration voltage of 200 kV. Thermogravimetric analysis
(TGA) was performed with STA7200 (TA, Germany) in both air and
nitrogen atmosphere with the heating rate of 20°C-min~, and a
range of specimen mass from 6 to 10 mg. Differential scanning
calorimetry (DSC) analysis was conducted by a DSC Q20 apparatus
(TA, U.S.) with a heating rate of 10°C-min~! and a test temperature
range from 50 to 145 °C. Limited oxygen index (LOI) values were
measured on the basis of the standard procedure of ASTM D2863-
2012 with an HC-2 oxygen index meter (China), and a sample size
of 100 x 10 x 3 mm?>. Cone calorimetry test was carried out with a
cone calorimeter (Nanjing Jiangning Analytical Instrument Com-
pany, China) on the basis of the ISO5660-1: 2002 standard. The size
of the sample was 100 x 100 x 3 mm° and the thermal radiation
was 25 kW m~2. Smoke density was tested by using a JSC-2 smoke
density meter (Nanjing Jiangning Analytical Instrument Company,
China) on the basis of the ISO5659-2 standard. The size of the
sample was 75 x 75 x 2.5mm>, and the heat radiation was
25 kW m~2. X-ray photoelectron spectrual (XPS) analysis was made

Table 1
Formulas of neat EP and EP composites.

with an Escalab spectrometer 250 apparatus (Thermo Scientific
Ltd., U.S.) by using Al Ko excitation radiation of hv = 1486.6 eV.

3. Results and discussion
3.1. Characterization of prepared flame retardants

Fig. 1 shows the XRD spectra of different flame retardants. A
(002) peak appearing at 20 = 25.1°can be seen in the spectrum of
RGO, indicating a 0.35nm interlayer spacing (doo2)) of RGO.
Compared with GO, the (002) peak of RGO has shifted to a larger
angle, indicating the functional groups on the GO surface are no
longer existent after reduction, forming RGO [22]. In addition, the
XRD spectrum of ZIF-67 is consistent with previous literature and it
has a good crystalline form [23]. In the XRD spectrum of MgAI-LDH,
there are three characteristic peaks at 26 = 23.2°, 11.6°and 38.9°,
respectively, corresponding to the diffraction peaks of LDH, and the
interlamellar spacing of LDH can be calculated to be 0.76 nm ac-
cording to the (003) peak, indicating that CO3~ exists in the inter-
layer of LDH [24]. What's more, the XRD spectrum of RGO-LDH is
basically identical to that of LDH. The diffraction peak of RGO
cannot be observed, which is attributed mainly to the lower content
of RGO and the reduction of agglomeration for RGO [25]. Obviously,
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Fig. 1. XRD spectra of as-prepared samples.
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the diffraction peaks of RGO-LDH and ZIF-67 are all evident (where
“* denotes the diffraction peak of ZIF-67) in the XRD spectrum of
RGO-LDH/ZIF-67. The positions of (003), (006) and (009) peaks
belonging to LDH are unchanged, indicating that ZIF-67 is satis-
factorily grown on RGO-LDH, corresponding to the results of FTIR
(Fig. S1).

TEM is usually used to visually observe the morphology of a
material. Fig. 2 shows the TEM images of different flame re-
tardants, and also the EDS spectrum of RGO-LDH/ZIF-67. As can
be seen in Fig. 2 (a), the sheet of RGO is very thin and folded,
which is attributed mainly to the Vander Waals' force and the =-
T interaction between RGO layers that cause the stack of RGO
layers. However, when LDH is grown on RGO, it is obvious that
there are many sheet structures on RGO and the stacking phe-
nomenon of RGO is improved, manifesting that LDH is firmly
grown on RGO. On the basis of Fig. 2 (c) and (d), ZIF-67 appears
on the surface of LDH. The main reason is that the surface
oxygen-containing functional groups of GO are removed after
their reduction so that ZIF-67 is no longer liable to react with
RGO. Nevertheless, there is a certain amount of positive charges
on LDH, and thus ZIF-67 can grow on the surface of LDH by
electrostatic interaction.

3.2. Thermal behavior of prepared composites

Generally, the thermal properties of composite materials are
very important in their applications. Fig. 3 displays the TGA and
DTG results of prepared composites under air and nitrogen (the
specific values are shown in Table 2). Specifically, T1o%, denoting the
initial decomposition temperature, shows the temperature when
the mass loss of the composite material is 10%, and Trax Shows the
temperature when the decomposition rate of the composite

= =
78 cts AT -O.071_ (2 czs)

material is at the maximum, and the char yield at 700°C (CY) is
found simultaneously.

As can be seen from Fig. 3 (a) and (b), the T1p% and Tpax of pure
EP under air are 388.3 °C and 395 °C, respectively. Obviously, the
T1o% and Trax of the composites with different flame retardants are
reduced to different extents, mainly because of the thermal con-
ductivity of RGO and the catalytic effect of LDH and ZIF-67. How-
ever, the CY value of EPO is merely 0.24% when the temperature
reaches 700 °C. In comparison, the CY values of the composites are
enhanced in varying degrees. Among them, the CY value of EP5 is
9.39%, which is the highest.

Fig. 3 (c) and (d) display the TGA results of EP and EP composites
under nitrogen atmosphere, which show a different behavior for
their thermal degradation because of the inert atmosphere. How-
ever, the T1pyz and Tax of the EP composites with different flame
retardants are also reduced compared with that of pure EP, which is
attributed to the same reasons as under air. Obviously, the T1gy and
Tmax Of pure EP are 397.5°C and 425.0 °C, respectively, and the CY
value of pure EP is 17.6%. Furthermore, compared with pure EP, the
CY values of different EP composites are increased, indicating that
the addition of flame retardants will form more char residue [26].
Particularly, the CY value of EP5 is 26.3%, which is the highest,
indicating that RGO-LDH/ZIF-67 has the best effect in promoting
char formation.

The glass transition temperature (Tg) is one of the characteristic
temperatures of polymers, and is very important in their applica-
tion. In this work, the Tg values of prepared composites is measured
by DSC. The results are shown in Fig. S3. Evidently, the Tg values of
the EP composites are increased in varying degrees against that of
EPO, which is due mainly to the addition of inorganic flame re-
tardants that would impede the movement of polymer segments to
some extent.

<

Fig. 2. TEM images of (a) RGO, (b) RGO-LDH, (c) RGO-LDH/ZIF-67 and EDS spectrum of (d) RGO-LDH/ZIF-67.
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Fig. 3. TGA and DTG curves of neat EP and EP composites under (a), (b) air and (c), (d) nitrogen atmosphere.
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Table 2
TGA data of neat EP and EP composites.
Sample  Air Nitrogen
Tiox (°C)  Tmax (°C)  CY (%)  Tiox (°C)  Tmax (°C)  CY (%)
EPO 388.3 395.0 0.24 397.5 425.0 17.6
EP1 386.4 392.7 0.64 388.8 417.8 213
EP2 3404 383.0 1.92 385.1 413.4 22.8
EP3 354.2 374.0 2.26 368.4 398.9 241
EP4 313.6 389.7 3.92 380.8 414.9 243
EP5 2829 359.7 9.39 367.7 393.1 26.3

3.3. Flammability of prepared composites

The conical calorimeter test is a straightforward, rapid and valid
way for measuring the combustion performance of polymers. The
heat release rate is an important indicator to describe the fire risk of
polymers, which can in turn help predict the behavior of polymers
in practical combustion conditions. In addition, the char residue
rate of polymers at a specific temperature can be measured by the
mass change of polymers during the combustion process. Fig. 4
displays the heat release rate (HRR), total heat release (THR) and

mass curves of different composites in the burning process (the
specific values are displayed in Table 3). Obviously, the THR and
peak heat release rate (PHRR) of EPO are 58.6MJm 2 and
1355 kW m~2, respectively, manifesting that EPO is very inflam-
mable in air and will release a lot of heat. However, compared to
EPO, the THR and PHRR of the composites with different flame re-
tardants are reduced. Among them, the THR and PHRR of EP5
decrease the most obviously, to 37.9MJm~2 and 464 kW m™2,
respectively, indicating that RGO-LDH/ZIF-67 has the best flame
retardant effect. What's more, the char residue rate of EP5 with the
combustion time of 260 s is increased from 10% to 17.9%. This is
mainly because of the fact that RGO and LDH have a physical barrier
effect and metal oxides may catalyze the generation of residue in
the degradation of LDH and ZIF-67. At the same time, water vapor
will be released in the burning process of LDH, lowering the tem-
perature of polymer surface, and achieving a better flame retardant
effect.

3.4. Smoke suppression of different composites

According to the results of the cone calorimeter test (by the
[SO5660 standard), smoke release is also important in the
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Fig. 4. HRR (a), THR (b) and weight loss(c) curves of neat EP and EP composites.
Table 3
Data from combustion tests of neat EP and EP composites.
Sample PHRR (kW-m~2) THR (M]-m~2) Weight (%) SPR (m?-s~ ') TSP (m?) LOI (%) Ds max
EPO 1355 58.6 10.0 0.78 59.0 21.0 794.2
EP1 783 51.5 11.9 0.61 41.9 231 626.1
EP2 658 50.0 13.7 0.68 432 23.5 482.7
EP3 623 46.8 144 0.56 35.0 241 387.5
EP4 580 433 15.7 0.52 343 253 461.1
EP5 464 37.9 17.9 0.38 299 271 348.0
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Fig. 5. SPR (a) and TSP (b) curves of EP composites.
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burning process. Fig. 5 displays the smoke production rate (SPR)
and total smoke production (TSP) curves of different composites
(the specific values are displayed in Table 3). Clearly, the SPR and
TSP of EPO are 0.78 m? s~ and 59 m?, respectively, indicating that
heavy smoke will be released in the burning process of EPO.
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Fig. 6. Smoke density curves of pure EP and EP composites.
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Compared with those of EPO, the SPR and TSP of EP composites
with different flame retardants are reduced to varying degrees,
and the SPR and TSP of EP5 are the lowest, at 0.38 m?s~! and
29.2 m?, respectively. Obviously, RGO-LDH/ZIF-67 shows the best
smoke suppression performance on EP compared with other
flame retardants.

To fully illustrate the effect of RGO-LDH/ZIF-67 on the smoke
suppression of EP, a flameless combustion test of the EP com-
posites was carried out with a smoke density meter according to
the 1S05659-2 standard. Fig. 6 shows the smoke situation of
different composites (the specific values are displayed in Table 3).
Evidently, the maximum smoke density (Dsmax) of EPO is 794,
indicating that EPO will release a good deal of smoke when
heated at high temperature. However, the Dgmax of the EP com-
posites with different flame retardants are decreased to some
extent in comparison with EPO, especially that of EP5, which is
decreased by 56.2%, demonstrating that RGO-LDH/ZIF-67 pos-
sesses the optimum efficiency in the smoke suppression effect.
The above results reveal that the introduction of ZIF-67/LDH onto
RGO can improve the smoke suppression effect of the composite
effectively. This is due mainly to the physical barrier effect of RGO
and LDH and the catalytic carbonization effect of the metal ox-
ides formed in the degradation process of ZIF-67/LDH [10,27].
Furthermore, the mixed metal oxides with high surface area
formed by decomposition of LDH at high temperature can absorb
the acidic smoke to some extent [28], thus suppressing the
smoke production more effectively.
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Fig. 7. Raman spectra of char residue of EP, EP3, EP4 and EP5 composites.
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3.5. Char analysis of different composites

The residual char generated after cone calorimeter burning of
different composites is analyzed in order to effectively examine the
fire retardant mechanism. Fig. 7 presents the Raman spectra of the
residue of EPO, EP3, EP4 and EP5. Obviously, there are two strong
peaks appearing at 1586 and 1354cm™), agreeing with G and D
bands. Usually, the higher the Ip/I; (the intensity ratio of D and G
band) value is, the lower the graphitization level of the residue,
indicating that the char layer is less dense [29]. As can be seen from
Fig. 7, the Ip/lg value of EPO is 2.50, while the Ip/lg value of EP
composite with 2 wt% RGO-LDH is lowered to 1.95, which is mainly
because of the inhibition of RGO and LDH. In addition, metal oxides
and water vapor will be generated with the degradation of LDH.
Obviously, compared with that of EP4, the Ip/Ig value of EP5 is
further reduced, indicating that the residue of EP5 produces the
highest graphitization level, and its residue is the densest. This is
due mainly to the formation of Co304 in the combustion process of
ZIF-67, and Co304 promotes the generation of dense residue.

The char layer formed after the conical calorimeter test is also
analyzed by XPS. Fig. 8 displays the C1s spectra of the residue of
EPO, EP4 and EP5 after the conical calorimeter test. The specific
values are shown in Table S1. As can be seen from Fig. 8, there are
three peaks appearing at 284.6 (C-C), 285.8 (C-0) and 287.4 (C=0)
eV, respectively [30]. In general, the ratio between the oxidation
carbon Cox and the nonoxidation carbon Ca may be used to eval-
uate the thermal oxidation properties of materials: the larger the

Cox/Cavalue is, the easier the oxidation for the materials, indicating
the thermal oxidation performance of these materials is less
satisfactory [30]. It can be seen from Fig. 8 and Table S1 that the
Cox/Ca values of EPO, EP4 and EP5 are 0.83, 0.71 and 0.62, respec-
tively, indicating that pure EP has poor thermal oxidation resis-
tance. Obviously, the thermal oxidation resistance of the
composites with different flame retardants is improved. With 2 wt%
RGO-LDH/ZIF-67 added, the thermal oxidation resistance of the EP
composites is the best, indicating that RGO-LDH/ZIF-67 can effec-
tively improve the thermal oxidation resistance of polymer
materials.

Fig. 9 shows the Co2p and XRD spectra of the char layers of EP5
after the conical calorimeter test. Two peaks can be clearly seen in
Fig. 9 (a) at 780.5 and 796.2 eV, respectively, corresponding to
C02p3/2 and C02p1/2, indicating the existence of Co304. In addition,
the peaks existing in 785.6 and 802.1 eV correspond to the satellites
of Co304[31]. According to the above results, Co304 is formed in the
burning process of EP5 and it would facilitate the generation of
residue. Therefore, RGO-LDH/ZIF-67 can reduce the fire hazard of
EP effectively. What's more, these results can be further proved
according to the XRD spectra of the char layers of EP5 [32].

4. Conclusions

In this study, different flame retardants were fabricated with a
simple method, then the prepared samples were added into EP by
physical blending, and their effects on the thermal behavior, flame
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Fig. 9. Co2p and XRD spectra of char residue of EP5.

retardant and smoke suppression properties of EP were studied.
According to the results of the thermal property analysis, the re-
sidual rate (700 °C) and the Tg values of the EP composites were
improved to different extents in comparison with EPO. What's
more, the residual rate of the composite with 2 wt% RGO-LDH/ZIF-
67 was increased obviously under nitrogen, reaching 26.3%. The
results of various combustion tests showed that RGO-LDH/ZIF-67
had the most conspicuous effect on improving the flame retar-
dant and smoke suppression properties of EP. The reduced fire risk
of the composite was due mainly to the physical barrier effect of
RGO and LDH and the catalytic carbonization effect of RGO-LDH/
ZIF-67. In addition, the water vapor generated in the combustion
process of LDH reduced the surface temperature of polymers, thus
preventing the polymer from burning. Furthermore, the results of
char analysis revealed that the graphitization level and thermal
oxidation property of the char residue were improved with the
incorporation of ZIF-67.
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