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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� A Sn-based metal organic frame
work@polyaniline (Sn-MOF@PANI) 
was synthesized. 
� When the loading was 2 wt%, EP/Sn- 

MOF@PANI showed good flame 
retardancy. 
� Based on the analysis of the gaseous 

products and the condensed phase, a 
possible flame retarding mechanism was 
proposed. 
� EP/Sn-MOF@ PANI had better me

chanical properties than pure EP.  
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A B S T R A C T   

In this work, a novel three-dimensional nanoarchitecture metal-organic framework@polyaniline (Sn-MOF@
PANI) was designed and applied to address the fire hazards of epoxy resins (EP). Fourier transform infrared 
(FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy 
(SEM) results proved that the Sn-MOF@PANI was successfully synthesized. Compared with pure EP, the peak 
heat release rate (PHRR) and the total heat release (THR) of EP/Sn-MOF@PANI were reduced by 42% and 32%, 
respectively. Meanwhile, the total smoke production (TSP) and total gaseous products of EP/Sn-MOF@PANI 
were also reduced during the combustion. The above results illustrate that the fire safety of EP was improved. 
Based on the analysis of the gaseous products and the condensed phase, a possible flame retarding mechanism 
was proposed. Moreover, the addition of Sn-MOF@PANI improved mechanical properties of EP, including 
storage modulus and impact strength.   

1. Introduction 

Epoxy resin (EP) has become one of the most important polymers 
because of its high mechanical properties, excellent bonding properties, 

low cure shrinkage and good process-ability. It also has strong adhesion, 
variable structure, high chemical stability and good corrosion resis
tance. It is widely used in multiple fields such as chemical industry, 
coating, semiconductor devices, etc. [1–4] However, the flammability of 
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EP limits its application, especially in areas where high flame retardancy 
is required, such as construction, chemicals, and electrical [5–7]. 
Therefore, more attention should be paid to improve the flame retard
ancy of EP. As ecological and environmental issues become more 
serious, halogen-free flame retardants have become a research hotpots 
and have gradually replaced traditional halogen-containing flame re
tardants [8,9]. 

According to the previous studies, polyaniline (PANI) can act as 
flame retardants for polymer materials. For example, there are experi
ments in which spherical PANI nanostructures are mixed as fillers into 
epoxy resin. The introduction of PANI not only reduces peak heat release 
rate (PHRR) value but also increases char residue of EP [10]. This is 
attributed to good self-charring ability of PANI [11]. In addition, the 
pectin/aniline flame retardant aerogel prepared by the 
polymerization-solidification method also exhibits good flame retard
ancy [12]. Furthermore, polyaniline can be used as a coupling agent to 
enhance inter-facial adhesion by forming covalent bonds between PANI 
and epoxy chains, thus improving the dispersion of nano-additives in EP 
[13,14]. The flame retardant effect of polyaniline is mainly reflected in 
the condensed phase, which can increase char residue to block the 
transmission of heat and gas. 

Metal-organic frameworks (MOFs) are a new class of porous mate
rials that have received extensive attention in recent years. They are 
coordination polymers formed by self-assembly of multidentate organic 
ligands with inorganic metal centers (metal ions or metal clusters) [15]. 
At present, the metal components are mainly transition metal ions and 
the ligands mainly based on carboxyl group or nitrogen-containing 
heterocyclic [16]. MOFs are gradually applied in the field of gas 
adsorption and separation [17], sensors [18], drug delivery [19], and 
catalytic reactions [20] for its large specific surface area and control
lable pore structure. With the increasing variety of MOFs and the 
gradual rise of complex MOFs, they will have invaluable application 
prospects. In addition, its tunable physicochemical properties make it 
can be used as precursors or sacrificial templates for other functional 
materials [21]. Recently, there are some reports on the application of 
MOF in the field of flame retardants [22–24]. Zheng et al. prepared three 
different MOFs and added them to EP to study their thermal stability, 
flame retardancy and smoke suppression. The results showed that when 
the addition amount was 2%, the heat release rate (HRR) and the smoke 
production release (SPR) were reduced, and the char residue was 
increased [25]. Hou et al. synthesized Co-MOF and Fe-MOF by sol
vothermal method and added them to polystyrene (PS). When the 
loading was 2%, the HRR and SPR values of PS were all reduced, and the 
release of toxic styrene oligomers was suppressed [26]. During polymer 

combustion, the porous structure of MOF helps to adsorb volatile gases 
and macromolecules, thus reducing the release of toxic gases. Catalysis 
effect of metals is beneficial for the oxidation of toxic gases such as CO. 
In addition, MOF can promote the formation of a carbon layer, which 
can inhibit heat transfer and gas volatilization during combustion [27, 
28]. However, the dispersibility of MOF is generally poor, which easily 
led to the degradation of mechanical properties of materials [29]. 

Based on the above description, we envisioned a simplified protocol 
to fabricate PANI modified Sn-MOF (Sn-MOF@PANI) and investigated 
its synergistic effect on facilitating the flame retardant effect of polymer. 
All characterization results confirmed Sn-MOF, PANI rods and Sn- 
MOF@PANI hybrids were successfully synthesized and the additives 
were added to EP by physical blending. The flame retardancy of EP 
composites was investigated and it demonstrated that EP/Sn- 
MOF@PANI exhibited superior fire safety. Based on the analysis of the 
gaseous products and the char residue, a detailed flame retardant 
mechanism was proposed. 

2. Experimental section 

2.1. Preparation of Sn-MOF and Sn-MOF@PANI 

To synthesize layered Sn-MOF, 0.48 g NaOH (0.012 mol) and 0.995 g 
terephthalic acid (0.006 mol) were dissolved in a 300 mL of deionized 
(DI) water under magnetic stirring, an aqueous solution in which 2.58 g 
of SnSO4 (0.012 mol) dissolved was added to the above solution over 20 
min. It was observed that white precipitate appeared rapidly after the 
addition of SnSO4. The reaction temperature was raised to 90 �C and 
stirred for 1 h, then the reaction was continued for 5–6 h at room tem
perature. Finally, the solution was filtered and washed 3 times with 
deionized water to obtain Sn-MOF. 

The synthesis of polyaniline (PANI) refers to the previous literature 
[30]. The preparation method of Sn-MOF @PANI was as shown in 
Scheme 1. The metal salt was dissolved in an aqueous solution of PANI 
and completely dispersed by ultra-sonication for 0.5 h, the following 
steps were similar to the preparation method of Sn-MOF. A dark green 
Sn-MOF@PANI powder was obtained by suction filtration and dried for 
use. 

2.2. Preparation of EP and its composites 

Take EP/Sn-MOF @ PANI as an example. First, 2.0 g of Sn-MOF 
@PANI hybrid was dispersed in 100 mL of acetone and sonicated for 
0.5 h. Subsequently, 98.0 g of epoxy resin was poured into the above 

Scheme 1. Schematic illustration of preparation process of Sn-MOF@PANI hybrids.  
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suspension and sonicated for another 0.5 h. The mixture was then heated 
at 100 �C for 6 h to remove the solvent. Finally, 21.78 g of liquid 
diaminodiphenyl-methane (DDM) was quickly added to the mixture 
with vigorous stirring. After stirring about 2 min, the mixture was 
poured into a mold and cured at 100 �C, 150 �C for 2 h. Other EP 
composites were prepared in the same procedure. In this work, the 
addition amount of the fillers were based on the total amount of the 
fillers and EP. Therefore, the loading of the fillers was 2 g/(2 g þ 98 g) ¼
2%. 

3. Results and discussion 

3.1. Characterization of Sn-MOF and Sn-MOF@PANI 

The crystal structure of the prepared compounds were characterized 
by powder X-ray diffraction (PXRD). Fig. 1a shows the PXRD profile of 
Sn-MOF and the well-defined diffraction peaks represent the high 
crystallinity of the sample [31,32]. Further, the diffraction peaks of 
Sn-MOF are similar to the Tritin (ii) dihydroxide sulfate [33], demon
strating that they have similar porous crystal structure. Generally, the 
characteristic peaks of PANI appear at 15�, 20.5�, and 26�, which 
correspond to the (011), (020), and (200) crystal planes, respectively 
[34]. The broad peak at 26� in Fig. 1b indicates that PANI is amorphous. 
The characteristic peaks of single compound appear in the XRD curve of 
Sn-MOF@PANI, declaring that its crystal state has not changed during 
the hybridization process. 

In order to deeply analyze the molecular structure of the compounds, 
FTIR spectrum was performed and shown in Fig. 1c. The characteristic 

absorption peaks of Sn-MOF can be observed at 2500 to 3200, 1680, 
1400, 920, and 750 cm� 1, which are mainly derived from the vibration 
of carboxylate groups [35]. The broad peaks of 2500–3200 cm� 1 and 
several small peaks around 2700 cm� 1 correspond to tensile vibration 
and deformation vibration of the O–H bond [36]. The absorption peaks 
at 1680 and 1411 cm� 1 are attributed to the stretching vibration of C––O 
and O–H of the carboxylic acid. The bending vibration peak of O–H is at 
920 cm� 1, and the peak at 750 cm� 1 corresponds to the C–H bending 
vibration of benzene [37]. In the spectrum of PANI, the peak at 1480 
cm� 1 is related to the stretching vibration of C––C bond, the peaks at 
1296 and 1112 cm� 1 are attributed to the C–N stretching vibration of the 
benzenoid unit and quinoid rings in PANI. The adsorption peaks at 1230 
and 780/730 cm� 1 are attributed to the stretching vibration and out of 
plane vibration of the C–H bond, respectively. The characteristic 
adsorption peaks of Sn-MOF and PANI can be detected in the spectrum 
of Sn-MOF@PANI, indicating that Sn-MOF nanosheets have been suc
cessfully grown on the PANI rods. 

Sn-MOF was investigated by Brunauer -Emmett-Teller (BET) test to 
reveal its porous structure. It can be seen from Fig. 1d that the adsorp
tion isotherm of the sample can be classified as type IV of IUPAC clas
sification (type IV is characterized as a strong affinity mesoporous 
adsorbent. At lower temperatures, they show adsorption hysteresis) 
[38]. The nitrogen adsorption-desorption isotherm of Sn-MOF shows 
H3-type hysteresis, which indicates that there are slits formed by the 
accumulation of flake particles [39]. The pore size distribution curve is 
displayed in Fig. 1d and it consists of a peak at 2–4 nm and a broad peak 
at 10–30 nm, confirming the presence of micropores and mesopores in 
the Sn-MOF. The specific surface area of Sn-MOF is 79.9 m2 g� 1, which is 

Fig. 1. XRD curves of Sn-MOF, PANI and Sn-MOF@PANI (a and b); FTIR spectra of Sn-MOF, PANI and Sn-MOF@PANI (c); N2 adsorption� desorption isotherms and 
pore diameter distribution of Sn-MOF (d). 
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much larger than the previous literature. It has been previously reported 
that the specific surface area of the synthesized Sn-MOF is less than 15 
m2 g� 1 [40,41]. It can be seen from Fig. S1 that the type of the nitrogen 
adsorption-desorption isotherm of Sn-MOF@PANI is the same as that of 
Sn-MOF and its specific surface area is 55.1 m2 g� 1. The porous structure 
facilitates the absorption of gaseous products during polymer pyrolysis, 
thereby delaying the transport of gases from the interior space to the 
combustion zone. On the other hand, a larger specific surface area 
provides more catalytic sites for metal compounds [42]. 

XPS is used to detect the chemical state of Sn-MOF, PANI and Sn- 
MOF@PANI and the XPS spectrum of Sn is shown in Fig. 2b. The Sn 
3d spectra in Sn-MOF show two binding energy peaks at 487.3 eV and 
497.2 eV, corresponding to Sn 3d3/2 and Sn 3d5/2, respectively [43]. In 
contrast, the fitting peak of the Sn element in Sn-MOF @ PANI shifted to 
a high binding energy, indicating that it lost electrons during the charge 
transfer process, and some Sn 2þ was oxidized to Sn 4þ [44]. In Fig. 2c, 
the C 1s XPS spectrum shows a main peak of 284.8 eV followed by two 
lower intensity peaks, caused by sp2 hybridized carbon. The peak at 

285.8 eV is attributed to the C–O produced by the sp3 hybrid carbon, the 
peak of 289.1 eV is the C––O of the carbonyl group and the carboxylate 
[45].The N1s spectrum of PANI contains four main peaks (398.2, 399.0, 
401.2 and 402.1 eV) (as shown in Fig. 2e), corresponding to quinone 
imine (N), anilide (NH), positively charged imine (bipolarized state) and 
protonated amine (polarized state), respectively [46]. The binding en
ergy of N 1s in the hybrid moves toward low value, confirming that the 
electrons are acquired by the nitrogen during charge transfer process 
[47]. The above results indicate that an interaction occurs between the 
metal site and the aniline unit during the compounding process. 
Furthermore, it can be calculated from Table S1 that the contents of 
Sn-MOF and PANI in the hybrids are 68.9% and 31.1%, respectively. 

The microstructure of the compounds were characterized by scan
ning electron microscopy (SEM). It should be stated that the samples 
were dispersed in ethanol solvent before taking SEM images. As shown 
in Fig. 3a, Sn-MOF shows good dispersion state, indicating that it can be 
dispersed uniformly in solvent. Furthermore, a layered structure can be 
observed from the enlarged image. EDS test was used to analyze 

Fig. 2. XPS curves of Sn-MOF, PANI and Sn-MOF@PANI.  
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elemental composition of Sn-MOF. It can be seen that C, O and Sn ele
ments are detected from Fig. S2, which indicates that the composition of 
Sn-MOF is consistent with the design. It should be noted that Cu and Au 
elements are derived from copper support and conductive gold. The 
structure of PANI in Fig. 3b is short rod shape, which is consistent with 
the amorphous morphology reported in the literature [48]. Fig. 3c is an 
enlarged image of Sn-MOF@PANI. It can be observed that Sn-MOF 

nanosheets grow uniformly on the surface of PANI. The EDS mapping 
image of Sn-MOF@PANI (Fig. 3d) shows that the elements are evenly 
distributed according to the shape of the composites, thus confirming 
the successful synthesis of the compound. 

Fig. 3. SEM images of Sn-MOF (a), PANI (b) and Sn-MOF@PANI (c); SEM image of Sn-MOF@PANI with mapping mode (d).  

Fig. 4. TEM images of the sliced surface of the EP composite (a) EP/Sn-MOF, (b) EP/PANI, (c) EP/Sn-MOF@PANI.  

Fig. 5. TGA curves of the fillers (a) and EP composites (b) under N2 conditions.  
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3.2. Dispersion state of fillers in EP 

The fractured surfaces of EP and its composites were observed by 
SEM to study the influence of the additives on the micro-topographies. 
From Fig. S3a, pure EP exhibits a typical brittle fracture microstruc
ture with cracks. The fractured structures can be clearly observed in the 
enlarged image (Fig. S3e). As shown in Figs. S3b and c, EP/Sn-MOF and 
EP/PANI show rough surface and the enlarged images show irregular 
fracture layer (Figs. S3f and g). It can be seen from Fig. S3d that the 
fracture surface of EP/Sn-MOF @PANI has no obvious protrusions, and 
is flatter than EP/Sn-MOF and EP/PANI. In the magnified view 
(Fig. S3h), EP/Sn-MOF@PANI has no obvious chasm phenomenon and 
debris. The possible reason is that PANI can act as a coupling agent to 
improve the dispersion state of Sn-MOF in EP [12]. 

In order to further study the dispersion state of nanofillers in EP, the 
images of ultra-thin sections of EP composites were observed by trans
mission electron microscopy (TEM), as shown in Fig. 4. As can be seen 
from Fig. 4a, there are irregular spots and ’shadows’ due to the 
agglomeration of Sn-MOF in the matrix. ‘Shadows’ are bumps and de
pressions on the surface of a material, which are caused by agglomera
tion of additives. It can be seen from Fig. 4b and c that the images of EP/ 
PANI and EP/Sn-MOF@PANI have agglomeration but no ’shadows’. The 
above results indicate that the presence of PANI can improve the 
interaction between the nanofillers and the matrix, thus improving the 
compatibility [13]. 

3.3. Thermal stability of EP and its composites 

The thermal oxidation behavior of the additive was analyzed by TGA 
equipment and the results are shown in Fig. 5a. In the initial stage 
(<200 �C), all of samples show good thermal stability. PANI decomposes 
faster after 350 �C, mainly due to the degradation of its skeleton [11]. 
The decomposition of Sn-MOF at 200–300 �C is mainly attributed to the 
release of ligands in the pores of the metal skeleton [49]. Sn-MOF@PANI 
shows the thermal decomposition behavior of single component. After 
heat treatment at 800 �C, the char residue of Sn-MOF, PANI and 
Sn-MOF@PANI is 75.1%, 37.3% and 53.9%, respectively. 

Fig. 5b shows the TG curves of different composites and Table 1 gives 
the relevant data. It can be found that Ti and Tmax of pure EP are 364.0 �C 
and 374.9 �C, respectively. While the Ti and Tmax of EP/Sn-MOF com
posites decreased to 337.0 �C and 353.1 �C, which was mainly due to the 
catalytic degradation of Sn-MOF [41]. However, due to the excellent 
thermal stability of PANI, the Ti and Tmax of EP/PANI composites 
increased to 379.3 �C and 395.4 �C, respectively. In addition, it can be 
observed that the char yield of EP/Sn-MOF@PANI is highest at 700 �C, 
indicating that Sn-MOF and PANI have a synergistic effect in promoting 
char formation. 

3.4. Combustion behaviors 

Cone calorimetry is a widely used method for assessing the com
bustion properties of materials [50]. The combustion performance of the 
material was quantitatively analyzed by studying parameters such as 
heat release rate, smoke production release and toxic gas (CO) release 
rate [51]. It can be seen from Fig. 6a and d that the HRR of pure EP 
increases rapidly during the combustion, with a PHRR value of 1879 kW 
m� 2. The addition of additives can reduce PHRR and THR of EP. Under 
the same loading, the PHRR value of EP/Sn-MOF is higher than EP/PANI 
while the THR value is lower, indicating that the catalytic char forma
tion of Sn-MOF effectively improves the barrier effect of the carbon 
layer. The addition of Sn-MOF@PANI can significantly reduce PHRR 
and THR (reduced by 42% and 32%, respectively), which is better than 
single component. It demonstrated that the synergy effect can improve 
the fire safety of EP composites. Furthermore, it is worth noting that the 
reduction of PHRR and THR of EP/Sn-MOF @ PANI is better than 

Table 1 
TGA data of the pure EP, EP/Sn-MOF, EP/PANI and EP/Sn-MOF@PANI.  

Sample  N2  

Ti
a Tmax 

b W800(%)c 

EP 364.0 374.9 10.6 
EP/Sn-MOF 337.0 353.1 17.3 
EP/PANI 379.3 395.4 14.2 
EP/Sn-MOF@PANI 367.2 379.3 19.5  

a The temperature where 10 wt% of weight was lost. 
b The temperature where the maximum weight loss occurred. 
c The residual weight at 800 �C. 

Fig. 6. Heat release rate (HRR) (a), Smoke production rate (SPR) (b), CO release (c), Total heat release (THR) (d), Total smoke production (TSP) (e), and total CO 
release (f) curves of EP and its assemble systems. 
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previous literature [11,13,14]. 
The smoke release behavior of polymers is another important indi

cator for evaluating fire safety of polymers. As shown in Fig. 6b and e, 
smoke production rate (SPR) and total smoke production (TSP) are 
reduced. It is clear that the additives have good performance in reducing 
smoke release and Sn-MOF@PANI has the best efficiency on smoke 
suppression. The peak smoke production rate (PSPR) and TSP of EP/Sn- 
MOF@PANI decreased by 38% and 33%. Compared with the previous 
EP nanocomposites, EP/Sn-MOF @ PANI has better effect in reducing 
the PSPR and TSP [52–54]. Fig. 6c and f confirm the superiority of 

Sn-MOF on reducing CO generation. PANI can slightly reduce the overall 
CO yield while the total CO yield of EP/Sn-MOF and EP/Sn-MOF @PANI 
is reduced by 23% and 31%, respectively. The above results declare that 
the additives have good smoke suppressing efficiency. 

3.5. Analysis of evolved gases 

The addition of flame retardant generally reduces the release of 
flammable gases, thereby inhibiting the combustion process of the 
polymer matrix. In order to understand the thermal decomposition 

Fig. 7. Intensities of characteristic peaks of Gram� Schmidt (a), CO release curves (b), carbonyl compounds (c), aliphatic polyester (d), hydrocarbons (e), and ar
omatic compounds (f) of EP and its assembled systems. 
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mechanism of the hybrids, the evolution of the pyrolysis gas was 
detected by TG-IR technique. The time evolution of the total gaseous 
product is shown in Fig. 7a. It can be seen that the addition of single 
component has little effect on the overall yield of gaseous products, but 
it can significantly reduce the peak total gaseous release (38.6% and 
31.5%, respectively). It is worth noting that the addition of Sn- 
MOF@PANI not only reduces the overall production of gaseous prod
ucts (about 66.7%) but also delays the time to peak total gaseous release. 
It will save precious time for escaping and disaster relief when a real fire 
accident occurs. Of course, this again confirms the synergistic effect 
between PANI and Sn-MOF. 

Figure S4a is the FTIR spectra of EP and its composites at 19.2 min. 
All samples show similar curves, consisting of characteristic bands such 
as –OH (3653 cm� 1), –CH groups (2800-3100 cm� 1), aromatic com
pounds (1608, 1512, 830 and 743 cm� 1), carbonyl compounds (1740 
cm� 1) and polyesters (1253 and 1175 cm� 1) [55]. It can be seen that the 

peak intensity is weakened or even unrecognized after adding additives, 
indicating that the release of volatile organic compounds is significantly 
inhibited. On the other hand, it is clearly that the addition of additives 
can suppress the release of CO. Among the toxic gases produced by 
combustion, carbon dioxide mainly increases the breathing and venti
lation rate of people, resulting in an increase in the inhalation of other 
toxic gases [56]. The additives can reduce the release of carbon dioxide 
(Fig. S4b), further enhancing the probability of people’s escape in a fire 
accident. 

To further understand the suppression effect of nanofillers on the 
release of volatiles, the time-dependent release curves of pyrolysis 
products (including hydrocarbons, carbonyl compounds, aromatics and 
aliphatic polyesters) are shown in Fig. 7. It can be seen that the addition 
of nanofillers can inhibit the release of the above-mentioned organic 
products and the inhibition efficiency of Sn-MOF@PANI is the best. The 
reduction in organic groups is beneficial to the suppression of smoke 

Fig. 8. SEM images and corresponding Raman spectra of char residues of (a) EP, (b) EP/Sn-MOF, (c) EP/PANI, and (d) EP/Sn-MOF@PANI.  

Scheme 2. Schematic illustration for the mechanisms of flame retardancy.  
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emission, as these organic compounds can aggregate to form smoke 
particles after cooling. Moreover, the reduced organic compound may 
migrate and form char residues in the condensed phase [57]. As evi
denced by the increased char yield in the TGA results. 

3.6. Analysis of char residues 

The properties of char residue, including weight, degree of graphi
tization and micromorphology have been widely used to analyze the 
flame retardant mechanism of additives. As shown in Fig. 8, many cracks 
and caves can be observed from the char residue of pure EP, and the 
carbon layer showed no signs of swelling. The carbonization process has 
been improved after adding additives and a continuous and expanded 
carbon layer appears in the view. The D and G bands at 1360 and 1600 
cm� 1 correspond to the vibration of carbon from disordered carbon- 
containing compounds and graphite-containing compounds, respec
tively [58]. The integrated intensity ratio of the D and G bands (ID/IG) is 
used to evaluate the degree of graphitization. The highly graphitized 
char layer can fully exert a barrier effect to suppress the transfer of heat 
and volatile gases, thereby improving flame retardancy of polymeric 
composites. It can be seen from Fig. 8 that EP has the highest ID/IG value 
and EP/Sn-MOF@PANI has the lowest. The above results indicate that 
the char residue produced by EP/Sn-MOF@PANI has a high degree of 
graphitization and its shows better efficiency in preventing heat transfer 
and the spread of flame. 

On the basis of the above analysis, the possible flame retardant 
mechanism of Sn-MOF @ PANI is described and the schematic illustra
tion is shown in Scheme 2. EP composites release a large amount of 
volatile compounds and gradually form a carbon layer as the combus
tion progresses. The self-charring ability of polyaniline can improve the 
yield of char residue and the formation of carbon layer can suppress the 
transfer of gas and heat [12]. On the other hand, Sn-MOF can absorb 
volatile gases due to its large specific surface area, thereby reducing the 
release of flammable gases. Furthermore, Sn-MOF can increase the 
graphitization degree of the carbon layer to improve the barrier effi
ciency. Simultaneously, Sn-MOF can produce SnO2 during the com
bustion process, which can catalyze the oxidation of CO, thus reducing 
the concentration of toxic gases [59,60]. 

3.7. Mechanical analysis 

The viscoelastic properties of EP and its composites were evaluated 
by dynamic mechanical thermal analysis. The storage modulus E0 and 
the loss factor tan δ curves are shown in Fig. 9. It can be seen that all 

samples show the typical viscoelastic behavior of thermoset polymers, 
transitioning from a glass platform to a rubber platform [61]. For 
thermoset nanocomposites, the storage modulus mainly depends on the 
inorganic phase, interfacial interaction and the crosslink density of the 
polymer matrix. The storage modulus of epoxy composites in the glass 
plateau is higher than pure epoxy resin. It is primarily due to the addi
tion of nanofillers enhances the interfacial interaction between the 
epoxy resins, thereby reducing the flow of the epoxy matrix around the 
additives [62]. 

The glass transition temperature (Tg) of EP and its composites is 
shown in Fig. 9b. It can be found that all the loss factor curves show only 
one transition peak, indicating that the additives has good compatibility 
with EP [63]. In addition, the Tg value of EP composites decreased 
slightly compared to pure EP, which may be attribute to the reduction of 
crosslinking density in the modified sample. 

The mechanical properties of EP composites were evaluated by 
cantilever beam impact testing machine and non-notched impact 
strength is shown in Fig. 10. The impact strength of EP composites has 
been improved compared with pure EP, which is mainly because the 

Fig. 9. Storage modulus (a) and Tan δ curves (b) of EP and its composites.  

Fig. 10. Non-notched impact strength of EP and its composites.  
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additives have a large specific surface area and a high absorption ca
pacity for impact energy. Previous analysis showed that compared with 
Sn-MOF, PANI has better dispersibility in EP, and it can be used as 
reinforcing particles to enhance the strength of the matrix. Therefore, 
the notched impact strength of EP/PANI is better than EP/Sn-MOF and 
EP/Sn-MOF @PANI [61]. 

4. Conclusion 

In this work, a novel metal-organic framework@polyaniline nano
architecture was successfully prepared. Sn-MOF grows on PANI nano
rods, and the channels formed by the Sn-MOF sheet increase the pore 
volume and specific surface area of the hybrid, which is conducive to 
adsorption of gaseous products and macromolecules. The barrier effect 
of Sn-MOF and the char-formation property of PANI can block the 
transfer of heat and gases during combustion. Furthermore, EP/Sn- 
MOF@PANI had better mechanical performance than pure EP, 
including storage modulus and impact strength. This work showed the 
broad application prospect of MOFs in the field of flame retardant. On 
the other hand, it provided a design strategy to improve the compati
bility of MOF and matrix, aiming at enhancing fire safety and improving 
mechanical properties. 
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