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ABSTRACT: Despite many important industrial applications, epoxy resin (EP)
suffers from high flammability and toxicity emission, extremely hampering their
applications. To circumvent the problem, core−shell structured ZIF67@ZIF8 is
successfully synthesized and further functionalized with phytic acid (PA) to obtain
PA-ZIF67@ZIF8 hybrids. Then, it is used as an efficient flame retardant to reduce
the fire risk of EP. The fire test results show a significant reduction in heat and
smoke production. Compared with EP, incorporating 5.0 wt % PA-ZIF67@ZIF8
into EP, the peak heat release rate, total heat release, and peak carbon monoxide
production are dramatically reduced by 42.2, 33.0, and 41.5%, respectively.
Moreover, the EP/PA-ZIF67@ZIF8 composites achieve the UL-94 V-0 rating and
the limiting oxygen index increases by 29.3%. These superior fire safety properties
are mainly attributed to the excellent dispersion and the catalytic effect of metal
oxide and phosphorus-containing compounds. This work provides an efficient
strategy for preparing a promising ZIF-based flame retardant for enhancing flame retardancy and smoke toxicity suppression of EP.

1. INTRODUCTION

Epoxy resin (EP) is one of the promising thermosetting
polymers. It has been extensively used in many fields, such as
painting, building construction, and composite applications,
owing to its high thermal stability, outstanding mechanical
properties, and excellent chemical resistance.1−4 However, its
inflammability severely poses many disadvantages for its
applications.5,6 Hence, it is imperative to improve the fire-
retardant performance of EP.
Metal−organic frameworks (MOFs) are a kind of porous

material consisting of metal ions (or metal clusters) and
organic linkers.7 They have been widely used in the fields of
gas separation, drug delivery, proton conductivity, etc.8,9

Recently, MOFs have attracted increasing attention in fire
retardancy studies.10−13 Compared with traditional flame
retardants (FRs), MOFs exhibit superior compatibility with
polymers due to the existence of organic linkers.14−16 Here, it
should be mentioned that the zeolitic imidazolate frameworks
(ZIFs) are a subset of MOFs, which are composed of metal
ions and imidazolate ligands.17,18 The ZIFs commonly used as
FRs are the Co2+-containing zeolitic imidazolate framework
(ZIF67) and Zn2+-containing zeolitic imidazolate framework
(ZIF8), which contain abundant flame-retardant elements. The
metallic element can work with the nitrogen element to
improve the fire safety of polymers together.11,14,19 For
example, Xu et al.20 added a ZIF8/reduced graphene oxide
hybrid in the EP matrix to decrease the peak heat release rate
(PHRR) and total smoke production (TSP) of EP by 65 and

36.8%, respectively. In addition, Li et al.21 designed a ZIF67@
MgAl-LDH hybrid to improve the performance of EP with a
decrease in the total heat release rate of 39.3% and TSP of
38%.
However, it is difficult to achieve the desired flame-retardant

effect by alternatively adding ZIF67 or ZIF8 to the polymer
matrix. To solve the limitations of ZIF67 and ZIF8 flame
retardance, bimetallic (Zn and Co) ZIF derivatives are
prepared to improve the flame retardancy of polymeric
materials. For example, Hou et al.22 used bimetallic ZIF
derivatives (ZIF67 and ZIF8) as sacrificial agents to synthesize
Co−Ni LDHs on the surfaces of GO or CNTs, and the UPR
composites exhibit excellent flame retardancy as expected. At a
loading amount of 2 wt %, UPR composites exhibit 27.7 and
22.7% decreases in the value of TSP. Zhang et al.14 synthesized
Zn and Co bimetallic ZIFs on the surface of GO to improve
the fire safety of EP. With the addition of 2 wt % MOF@GO,
the PHRR of EP nanocomposites decreased by 29.4%.
However, according to previous reports, the sample consisting
of two different nanoparticles by physical mixing shows a poor
flame-retardant effect than that of corresponding core−shell
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structured nanohybrid particles. For instance, EP/6ZHS@
NCH shows a higher LOI value than EP/6(ZHS + NCH).23

The EP/MOF@GO and EP/MOF-GO show the same
results.14 Hence, core−shell structured ZIF67@ZIF8 was
synthesized and prepared.24,25 Until now, the utilization of
ZIF67@ZIF8 and its derivatives as flame retardants has not
been reported.
To further improve the flame retardancy of ZIF67@ZIF8, it

is necessary to functionalize ZIF67@ZIF8. Among all halogen-
free flame retardants, phosphorus-containing flame retardants
are one of the most promising candidates because of their low
toxicity, high efficiency, and multiple flame retardancy
mechanisms.26−29 Phytic acid (PA), as an environmentally
friendly and biocompatible organic acid, has gained increasing
interest as an effective flame retardant due to the abundance of
phosphorus (28% P).30−32

In this study, phytic acid was employed to functionalize
ZIF67@ZIF8 to form core−shell structured ZIF67@ZIF8-PA
hybrids and ZIF67@ZIF8-PA hybrids were then added to the
EP matrix via a physical blending method. The thermal
stabilities and fire hazards of the EP composites were
investigated systematically. Furthermore, the flame retardancy
mechanism of EP composites was proposed.

2. EXPERIMENTAL SECTION

2.1. Materials. Cobalt(II) nitrate hexahydrate (Co(NO3)2·
6H2O) and 2-methylimidazole (2-MIM) were purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China). Zinc nitrate
hexahydrate (Zn(NO3)2·6H2O) was bought from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Diamino
diphenylmethane (DDM) and phytic acid (50% in H2O) were
provided by Aladdin Chemistry Co., Ltd. (Shanghai, China).
EP (E-51) was obtained from Petrochemical Co., Ltd.
(Yueyang, Hunan).

2.2. Preparation of ZIF67@ZIF8. Co(NO3)2·6H2O
(10.92 g) and 2-methylimidazole (12.32 g) were dissolved in
100 mL of methanol and 150 mL of methanol, respectively.
Then, the Co(NO3)2·6H2O solution was added dropwise to
the 2-methylimidazole solution under ultrasonication. After
that, Zn(NO3)2·6H2O (12.32 g) in 100 mL of methanol was
slowly added to the mixture and exposed to ultrasonic
treatment for another 1 h, followed by stirring for 12 h at
room temperature. Finally, the crude was washed with
methanol and dried at 80 °C for 12 h. The preparation
diagram of ZIF67@ZIF8 and PA-ZIF67@ZIF8 is displayed in
Scheme 1.

2.3. Preparation of PA-ZIF67@ZIF8. In a typical
procedure, 1 g of ZIF67@ZIF8 was dispersed into 150 mL
of deionized water under sonication. PA solution (2.5 g) was
added slowly to the suspensions above. The reaction would
occur for 24 h with constant stirring at room temperature.
Subsequently, the products were washed thoroughly with
distilled water several times and then dried at 80 °C for 10 h.

2.4. Preparation of EP Composites. The fabrication
procedure of EP composites containing 2 wt % ZIF67@ZIF8
was performed as follows: 1.2 g of ZIF67@ZIF8 and 11.76 g of
DDM were dispersed into acetone by sonication. Then, 47.04
g of EP was added to the suspension with mechanical stirring
for 2 h to obtain a uniform system. Whereafter, the mixture
was transferred into a vacuum oven at 50 °C for 2 h to remove
the acetone. Finally, the mixture was poured into a prepared
Teflon mold and cured at 100 and 150 °C for 2 h, respectively.
The EP composite was successfully prepared after natural
cooling to room temperature, where EP composites containing
2.0 and 5.0 wt % ZIF67@ZIF8 were designated as EP/
2ZIF67@ZIF8 and EP/5ZIF67@ZIF8, respectively; they
could be fabricated using the same procedure. To make a
comparison, EP/2PA-ZIF67@ZIF8 and EP/5PA-ZIF67@

Scheme 1. Synthesis Route of ZIF67@ZIF8 and PA-ZIF67@ZIF8

Figure 1. (a) FTIR spectra and (b) XRD patterns of ZIF67@ZIF8 and ZIF67@ZIF8-PA.

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

https://doi.org/10.1021/acsomega.2c01545
ACS Omega 2022, 7, 21664−21674

21665

https://pubs.acs.org/doi/10.1021/acsomega.2c01545?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01545?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01545?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01545?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01545?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01545?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ZIF8 with 2.0 and 5.0 wt % PA-ZIF67@ZIF8 were prepared by
the same approach.
2.5. Characterization. The detailed characterization is

provided in the Supporting information.

3. RESULTS AND DISCUSSION

3.1. Characterization of ZIF67@ZIF8 and PA-ZIF67@
ZIF8. Fourier transform infrared (FTIR) analysis provides the
structural information of ZIF67@ZIF8 and PA-ZIF67@ZIF8.
The FTIR spectra of ZIF67@ZIF8 and PA-ZIF67@ZIF8 are
shown in Figure 1a. According to the FTIR spectrum of
ZIF67@ZIF8, the typical peaks at 423 and 419 cm−1 are
attributed to the stretching vibrations of Co−N and Zn−N,
respectively.16,20 The peak in the range of 500−1600 cm−1 is
assigned to the typic stretching vibration of 2-methimidazole.20

For PA-ZIF67@ZIF8, two newly emerged bands at 1130 and
1068 cm−1 are allocated to the stretching vibration of P−O and
PO, respectively,32 while the peaks at 620 and 520 cm−1 are
ascribed to the characteristic stretching vibrations of Co−O
and Zn−O, respectively.23 The crystal structures of ZIF67@
ZIF8 and PA-ZIF67@ZIF8 are examined by the X-ray
diffraction (XRD) technique. As shown in Figure 1b, the
diffraction peaks of ZIF67@ZIF8 show a very close agreement
with the XRD patterns of ZIF8 and ZIF67 as reported in the
literature,24,25 which is caused by the similar unit cell
parameters of ZIF67 and ZIF8. However, after ZIF67@ZIF8
is functionalized with PA, the characteristic peaks of ZIF7@

ZIF8 are not found because PA gradually breaks the
coordination bonds of ZIF67@ZIF8.
The morphologies of ZIFs are studied by scanning electron

microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Figure 2, ZIF67@ZIF8 exhibits a
rhombic dodecahedral morphology and a diameter of ca. 500
nm. To further determine the core−shell structure of ZIF67@
ZIF8, elemental analysis is performed by energy-dispersive X-
ray spectroscopy (EDS) elemental mapping. It is observed that
Co is situated at the center and Zn is distributed over the
whole sample, indicating that the core−shell structure of
ZIF67@ZIF8 is successfully synthesized. After further
modification with PA, its morphology is quite distinct from
that of ZIF67@ZIF8 (Figure 2e,f). From Figure 2h−k, the
EDS results of PA-ZIF67@ZIF8 exhibit the target elements of
Co, Zn, N, and P that are distributed homogeneously, which is
consistent with the results of XPS analysis (Figure 3a).
XPS spectra are utilized to determine the chemical states and

elemental compositions of ZIF67@ZIF8 and PA-ZIF67@
ZIF8. As depicted in Figure 3a, the XPS spectrum of ZIF67@
ZIF8 reveals the Co 2p, Zn 2p, and N 1s peaks. In comparison,
PA-ZIF67@ZIF8 exhibits two new sharp peaks of P 2p (133.0
eV) and P 2s (189.0 eV).32 Meanwhile, the peak of N 1s is
significantly decreased, which is due to part of amine groups
reacting with PA. In addition, the high-resolution N 1s, Co 2p,
and Zn 2p XPS spectra of PA-ZIF67@ZIF8 are presented in
Figure 3b,d. As for the N 1s spectrum, the peaks at 399 and
409.1 eV are assigned to Ph−NH2 and −NH3

+, respectively.32

Figure 2. (a) TEM image of ZIF67@ZIF8 and corresponding elemental mapping of (b) Co, (c) Zn, and (d) the layered image of panels a−c, (e)
SEM image of PA ZIF67@ZIF8, (f, g) TEM image of PA-ZIF67@ZIF8 and corresponding elemental mapping of (h) Zn, (i) Co, (j) P, and (k) N.
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Figure 3. (a) XPS patterns of ZIF67@ZIF8 and PA-ZIF67@ZIF8 and high-resolution XPS spectra of (b) P 2p, (c) Co 2p, and (d) Zn 2p.

Figure 4. (a) SEM images of the fractured surfaces for (a) EP and (b) EP/5PA-ZIF67@ZIF8 and corresponding elemental mapping images of (c)
C, (d) P, (e) Zn, and (f) Co.
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In the case of the Co 2p spectrum, besides two peaks centered
at 781.1 eV (Co 2p3/2) and 797.1 eV (Co 2p1/2), there are two
satellite peaks appearing at 786.1 eV (Co 2p3/2) and 803.1 eV
(Co 2p1/2).

16 In the case of the Zn 2p spectrum, Zn 2p1/2 and
Zn 2p3/2 are located at 1044.2 and 1021.2 eV, respectively.23

These results confirm that the ZIF67@ZIF8 has been
functionalized by PA.
3.2. Dispersion of PA-ZIF67@ZIF8 in the EP Matrix.

The dispersion of EP/5PA-ZIF67@ZIF8 in the EP matrix is
investigated by SEM. As shown in Figure 4a, the fractured
surface of EP is smooth, while the fractured surface of EP/
5PA-ZIF67@ZIF8 is relatively rough (Figure 4b). To further
study the dispersion of EP/5PA-ZIF67@ZIF8, elemental
analysis of the fracture surfaces is characterized by EDS. The
corresponding mapping images of the fracture surface are
shown in Figure 4c−f. The main C, P, Co, and Zn elements are
evenly distributed on the fracture surface, demonstrating that 5
wt % PA-ZIF67@ZIF8 exhibits good dispersion in the epoxy
matrix. Meanwhile, the dispersion of ZIF67@ZIF8 and PA-
ZIF67@ZIF8 in EP is further characterized by TEM. TEM
images of EP/5ZIF67@ZIF8 and EP/5PA-ZIF67@ZIF8 are
shown in Figure S1. Obviously, ZIF67@ZIF8 and PA-ZIF67@
ZIF8 are dispersed uniformly without aggregation in the EP
matrix.
3.3. Thermal Behavior and Mechanical Properties of

EP and Its Composites. The thermal property of EP
composite samples in a N2 atmosphere is displayed in Figure 5,
and the corresponding data are listed in Table 1, where T5%

and Tmax are defined as the temperature at 5 wt % weight loss
and the maximum weight loss, respectively. As shown in Figure
5a, all EP composite samples display one-step mass loss in the
N2 atmosphere. The T5% of EP/2ZIF67@ZIF8 and EP/
5ZIF67@ZIF8 is reduced slightly to that of EP due to the
catalytic decomposition of ZIF67@ZIF8. However, the T5% of
EP/2PA-ZIF67@ZIF8 and EP/5PA-ZIF67@ZIF8 is increased
by 16 and 31 °C, respectively. Compared to that of EP, the
Tmax of the EP composites decreases slightly. Furthermore,
compared with that of EP, the char yields of EP composites are
increased. Particularly, the addition of 5 wt % PA-ZIF67@ZIF8
to EP improves the char residues from 17.0 to 29.2 wt %,
indicating that the coordination of 5 wt % PA-ZIF67@ZIF8
can accelerate the formation of residual char. Figure 5b
displays the derivative thermogravimetric analysis (DTG)
curves of all EP composite samples; the maximum mass loss
rates of EP composites are lower relative to those of EP,
indicating that the thermal stability of EP composites is
improved. The mechanical properties of EP and its composites
are further studied by DMA. Figure S2 presents the storage
modulus and tan delta of EP and EP composites as a function
of temperature. With the addition of 5 wt % fillers, the storage
modulus of EP composites at 40 °C is higher than that of EP.
In particular, the storage modulus of EP/5PA-ZIF67@ZIF8
increases from 2340 to 2503 MPa. The glass transition
temperature of each sample decreases compared with that of
pure EP.

3.4. Fire Performance of EP and Its Composites. The
relative combustibility of EP and its composites is assessed by
the limiting oxygen index (LOI) and UL-94 vertical test, and
the relevant data are summarized in Table 2. The LOI value of
EP is 25.4% and no rating (NR) in the vertical UL-94 test.
With the introduction of 2 wt % of ZIF67@ZIF8 and PA-
ZIF67@ZIF8 into EP, the LOI values increase to 28.1 and
27.7%, respectively. In particular, when the content of ZIF67@
ZIF8 and PA-ZIF67@ZIF8 increases to 5 wt %, the LOI values
of EP/5ZIF67@ZIF8 and EP/5PA-ZIF67@ZIF8 enhance to

Figure 5. (a) TGA and (b) DTG curves of EP and its composites under a nitrogen atmosphere.

Table 1. TGA Data of EP Composite Samples

samples T5% (°C) Tmax (°C) residue at 700 °C (%)

EP 320 387 17.0 ± 0.8
EP/2ZIF67@ZIF8 316 365 25.1 ± 0.7
EP/2PA-ZIF67@ZIF8 336 369 24.8 ± 0.4
EP/5ZIF67@ZIF8 319 377 26.1 ± 0.3
EP/5PA-ZIF67@ZIF8 351 385 29.2 ± 1.5

Table 2. Related Data of EP and Its Composites from UL-94, LOI, and CCT at 35 kW/m2

sample UL-94 test LOI (%) PHRR (kW/m2) THR (kW/m2) TSP (m2) PCOP (g/s) av-EHC (MJ/K) Char (wt %)

EP NR 25.4 ± 0.2 1133.0 ± 52 92.2 ± 2.0 20.6 ± 1.2 0.053 ± 0.002 27.5 ± 1.5 11.4 ± 0.5
EP/2ZIF67@ ZIF8 V-1 28.1 ± 0.1 958.3 ± 41 73.8 ± 1.8 16.7 ± 0.7 0.039 ± 0.002 26.2 ± 0.8 13.5 ± 1.2
EP/2PA-ZIF67@ZIF8 V-1 27.7 ± 0.3 1078.9 ± 31 80.2 ± 0.7 17.2 ± 0.8 0.038 ± 0.001 26.9 ± 1.2 13.8 ± 2.1
EP/5ZIF67@ ZIF8 V-0 28.5 ± 0.2 700.6 ± 41 67.8 ± 1.2 15.4 ± 0.5 0.032 ± 0.002 24.7 ± 2.0 22.9 ± 1.7
EP/5PA-ZIF67@ZIF8 V-0 29.3 ± 0.4 651.5 ± 37 61.8 ± 3.2 15.0 ± 0.7 0.029 ± 0.002 23.2 ± 1.9 25.4 ± 1.3
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28.5 and 29.3%, respectively, and both samples pass the V-0
rating.

Based on LOI and UL-94 results, the fire behavior of EP and
its composites is further studied by a cone calorimeter test at

Figure 6. (a) HRR, (b) TSP, (c) TSP, and (d) COP curves of EP and its composites.

Figure 7. Digital images of the char residues for (a) EP, (b) EP/2ZIF67@ZIF8, (c) EP/2PA-ZIF67@ZIF8, (d) EP/5ZIF67@ZIF8, and (e) EP/
5PA-ZIF67@ZIF8.
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35 kW/m2, and the detailed data are listed in Table 2. As
shown in Figure 6a, EP burns fiercely and reaches a very high
PHRR of 1133 kW m−2 in a short time, indicating that EP is
highly flammable. When incorporating ZIF67@ZIF8 and PA-
ZIF67@ZIF8, the PHRR values are reduced relative to pure
EP. In addition, among all samples, EP/5PA-ZIF67@ZIF8
exhibits the lowest PHRR value, only 651.5 kW m−2, which is
decreased by 42.2%, demonstrating that PA can improve the
retardancy of EP composites compared with that of only 5 wt
% ZIF67@ZIF8. However, the fire behavior of EP/2PA-
ZIF67@ZIF8 is worse than that of EP/2ZIF67@ZIF8, which
is probably because phytic acid can lead to a positive effect on
the flame-retardant properties of EP composites when it raises
to a certain extent. As a result, the EP/5PA-ZIF67@ZIF8

exhibits a better fire performance than that of EP/5ZIF67@
ZIF8. Figure 6b shows the THR curves for EP and its
composites; the trend of THR is similar to that of HRR. The
THR values are reduced from 92.2 MJ/m2 of EP to 61.6 MJ/
m2 of EP/5PA-ZIF67@ZIF8 (33.2%). As mentioned above,
the early decomposition of PA-ZIF67@ZIF8 contributes to
accelerating the formation of a stable char layer, which serves
as a physical barrier to protect the underlying matrix, thus
resulting in the decrease of PHRR and THR. As shown in
Table 2, EP/5PA-ZIF67@ZIF8 shows a lower average effective
heat of combustion (av-EHC). The reduction of the EHC
means fuel dilution and lower combustion heat generated
during the burning.

Figure 8. Raman spectra of char residues for (a) EP, (b) EP/5ZIF67@ZIF8, and (c) EP/5PA-ZIF67@ZIF8.

Figure 9. XPS spectra of the char residue for (a) EP, EP/5ZIF67@ZIF8 and EP/5PA-ZIF67@ZIF8 and high-resolution spectra of (b) P 2p, (c) Co
2p, and (d) Zn 2p in EP/5PA-ZIF67@ZIF8.
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Smoke and toxic fumes (e.g., CO) that are released are the
other major causes of fatality in a real fire. Figure 6c,d displays
the total smoke production (TSP) and carbon monoxide
production (COP) curves of EP and its composites. As can be
seen from Figure 6c, the TSP of EP reaches up to 20.6 m2/s,
while that of EP/5PA-ZIF67@ZIF8 reduces by 27.2% relative
to EP. The peak carbon monoxide production (PCOP) of EP/
5PA-ZIF67@ZIF8 is decreased by 41.5% compared with that
of EP. Total CO production (TCOP) curves of the EP and its
composites are shown in Figure S3; the TCOP of EP reaches
up to 22.6 g, while EP/5PA-ZIF67@ZIF8 reduces by 37.7%
relative to EP. Additionally, the char residue rate of EP with
the combustion time of 600 s is 11.4%, and the char residue
rate of EP/5PA-ZIF67@ZIF8 is increased to 25.4%, which is
ca. 2.3 times the weight of EP. This is mainly because of the
phosphorous moieties and metal oxides generated in the
combustion process of PA-ZIF67@ZIF8, which can promote
the formation of residue in the condensed phase.30,33

3.5. Analysis of Char Residues. To explore the flame
retardancy mechanism, the residual char generated after the
cone calorimeter is investigated. The char residues are not the
fire residues during burning, and the residue does not show the
carbonaceous char properly. However, it can explain the
relationship between the char layer and the fire retardancy
mechanism to a certain extent. The digital photos of the char
residues for EP and its composites are taken with a digital
camera and shown in Figure 7. EP is almost burnt out, and
enormous pores form on the char surface, which was unable to
serve as a protective layer. With the addition of 2 wt %
ZIF67@ZIF8 and 2 wt % PA-ZIF67@ZIF8, the char yields are
gradually increased compared with EP. Meanwhile, the pores
on the char surface are fewer and smaller. Although EP/2PA-
ZIF67@ZIF8 shows more char residue than EP/2ZIF67@
ZIF8, the char residue for EP/2PA-ZIF67@ZIF8 displays a
relatively fluffy structure with larger holes on the surface, that is
why EP/2PA-ZIF67@ZIF8 exhibits worse fire behavior. In
comparison, EP/5ZIF67@ZIF8 and EP/5PA-ZIF67@ZIF8
display a higher amount of char residues than EP/2ZIF67@
ZIF8 and EP/2PA-ZIF67@ZIF8. Notably, EP/5PA-ZIF67@
ZIF8 has the highest amount of char residue than that of the
other samples; the char residue of EP/5PA-ZIF67@ZIF8
appears more continuous and shows a dense char layer than
other samples.
The structure of char residues after the cone calorimetry test

is investigated by Raman spectra. As shown in Figure 8, two
strong characteristic peaks at ca. 1365 and 1600 cm−1 are
assigned to the D (vibration of amorphous carbon) and G
(vibration of crystalline carbon) bands.34 Usually, the ratio of
the band intensity of the D to G band (ID/IG) is used to
estimate the graphitization degree of the char residues, and a
lower value corresponds to a higher graphitization degree.35

From Figure 8a, the ID/IG value of EP is the highest (3.17),
whereas the ID/IG values of EP/5ZIF67@ZIF8 and EP/5PA-
ZIF67@ZIF8 are lower than that of EP. Particularly, EP/5PA-
ZIF67@ZIF8 exhibits the lowest ID/IG (2.35). It demonstrates
that a more graphitized structure in char residue is formed
during the combustion of EP/5PA-ZIF67@ZIF8, which can
improve the insulation of fuel and heat transfer.
To further elucidate the formation of the char layer, the

residual char for EP and its composite thermosets after cone
calorimeter tests are examined by the XPS spectra and XRD
spectra, as shown in Figures 9 and S2, respectively. The full
XPS survey spectrum presents the existence of C, O, and N

elements in the char residues for all of the samples. Besides
these elements, the elements of Co and Zn are discovered in
the char residues of EP/5ZIF67@ZIF8 and EP/5PA-ZIF67@
ZIF8, whereas the P element only appears in the char layer of
EP/5PA-ZIF67@ZIF8 due to the existence of PA in EP/5PA-
ZIF67@ZIF8. The high-resolution XPS spectra of EP/5PA-
ZIF67@ZIF8 are shown in Figure 9b−d. In the P 2p spectrum,
the peaks at 133.8 and 135.4 eV correspond to P−O and P−
O−Co/P−O−Zn, respectively.30 Figure 9c shows the Co 2p
spectrum; besides two satellite peaks of Co 2p3/2 (786.1 eV)
and Co 2p1/2 (803.1 eV), two peaks appear at 781.1 and 797.1
eV, which are assigned to Co 2p3/2 and Co 2p1/2,
respectively.36 In the Zn 2p spectrum, two major peaks at
1022.1 and 1045.4 eV are attributed to the Zn−O bond.13

These results demonstrate that Co3O4, ZnO, and phosphoric
acid or polyphosphoric acid generated during the burning
process of PA-ZIF67@ZIF8 can catalyze the formation of the
char layer during burning. That is why the char layer of EP/
5PA-ZIF67@ZIF8 is denser than other samples. XRD spectra
of the char layer for EP/PA-ZIF67@ZIF8 are shown in S4,
which can further prove the existence of Co3O4 and ZnO in
the char layer.

3.6. Analysis of Volatile Gases. To study the influence of
PA-ZIF67@ZIF8 on the pyrolysis gaseous products during the
thermal decomposition process, TG-FTIR is performed to
characterize the evolved gas products of EP and EP/5PA-
ZIF67@ZIF8. The spectra at the maximum degradation rate of
EP and EP/5PA-ZIF67@ZIF8 are presented in Figure 10. The

characteristic peaks at 3650, 2971, 2360, 2180, 1730, and 1520
cm−1 are associated with −OH, aliphatic compound, CO2, CO,
carbonyl compounds, and aromatic compounds, respectively.
As shown in Figure 11a−d, the absorbance intensity of
pyrolysis products for EP/5PA-ZIF67@ZIF8 is decreased in
comparison with that of EP, including aliphatic compounds,
carbonyl compounds, and aromatic compounds. In particular,
aliphatic compounds, carbonyl compounds, and aromatic
compounds are the fuel supplies for combustion. The
absorbance intensity of these compounds decreased, demon-
strating that the fuel supplied for burning decreased. These
organic compounds remained in the condensed phase,
protecting the underlying polymers. It demonstrates that the

Figure 10. FTIR spectra of volatile gas emitted from EP and EP/5PA-
ZIF67@ZIF8 at the maximum degradation rate.
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incorporation of PA-ZIF67@ZIF8 can reduce the yield of
gaseous products and thus enhance the fire retardancy of the
polymeric matrix.
3.7. Flame Retardancy Mechanism. Based on the results

of the study, the possible flame retardancy mechanism of PA-
ZIF67@ZIF8 is proposed in Scheme 2. PA-ZIF67@ZIF8
generates phosphorous radicals (PO• and HPO•) to capture
the highly active free radicals (H• and HO•) to interrupt the
burning process, thus suppressing flame development in the
gas phase.27,29,32 Meanwhile, phosphoric acid derivatives, ZnO,
and Co3O4 are generated in the solid phase, produced by early-
stage pyrolysis of EP/5PA-ZIF67@ZIF8, and promote

dehydration and carbonization of the matrix to improve the
yield and quality of residual carbon in the thermoset.27,33 The
generated compact residual carbon can exert the flame-
retardant effect by isolating the matrix from heat and oxygen.

4. CONCLUSIONS

In this work, ZIF67@ZIF8-PA hybrids with core−shell
structures are successfully synthesized. Then, ZIF67@ZIF8-
PA hybrids as a flame retardant nanofiller are added to the EP
matrix by a physical blending method. With the introduction of
5.0 wt % of ZIF67@ZIF8-PA into EP, the PHRR, TSP, and
PCOP are dramatically decreased by 42.2, 27.2, and 41.5%

Figure 11. Intensity curves of (a) Gram−Schmidt, (b) hydrocarbons, (c) carbonyl compounds, and (d) aromatic compounds for EP and EP/5PA-
ZIF67@ZIF8.

Scheme 2. Proposed Fire Retardancy Mechanism of EP/5PA-ZIF67@ZIF8
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compared with that of neat EP, respectively. Meanwhile, the
LOI value is improved from 25.4 to 29.3%. This is mainly due
to the catalytic charring performance of Co3O4, ZnO, and
phosphorus-containing compounds generated in the burning
process of EP/5PA-ZIF67@ZIF8. This work proposed
halogen-free flame retardants to effectively reduce the fire
hazard of EP.
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