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Abstract

:

Developing flame-retardant epoxy resins (EPs) is essential to broaden their industrial applications, as their inherent flammability restricts their widespread use. In this study, commercial cerium oxide (CeO2) nanoparticles were modified with oleic acid and successfully assembled onto the surface of pyrophosphate piperazine (PAPP) through a simple solvophobic effect, constructing an integrated superstructure flame retardant, CeO2@PAPP, with enhanced performance integration. Compared to traditional simple blends, the EP composite with 10 wt% CeO2@PAPP displayed superior flame retardancy, thanks to the more subtle synergistic effects between flame retardant components and their favorable interface interactions. The EP composite achieved a UL-94 V-0 rating and increased the limiting oxygen index (LOI) to 34.2%. Significant reductions of 56.3% in peak heat release rate (PHRR) and 38.2% in total heat release (THR) were observed. Furthermore, total smoke release (TSR), carbon monoxide yield (COPR), and carbon dioxide yield (CO2PR) decreased by 52.2%, 50.2%, and 67.3%, respectively. Through comprehensive and detailed characterization, it was discovered that the assembled integrated CeO2@PAPP flame retardant can perform better in both the gas phase and condensed phase, resulting in superior flame-retardant properties. This study offers an effective strategy for developing highly flame-retardant EPs, thereby expanding their potential applications across various industries.
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1. Introduction


Epoxy resin (EP) is a widely used polymer material known for its excellent electrical insulation, corrosion resistance, mechanical, and adhesive properties [1]. It holds an indispensable position in various industries, including electronics [2], construction [3], aerospace [4], and automotive manufacturing [5]. However, a major limitation of EP is its inherent flammability, causing it to continue burning even after the flame is removed, severely restricting its applications in many fields [6]. Therefore, developing flame retardant strategies to enhance the fire resistance of EP is crucial for expanding its use across multiple industries.



Extensive research has reported on the improvement of the flame retardancy of EP through the incorporation of either additive or inherent flame retardants [7]. Comparatively, the direct addition of flame retardants to the EP matrix is favored for several advantages, such as ease of processing, cost-effectiveness, and the ability to tailor the flame retardancy to specific requirements [8]. The simplest and most direct strategy is to directly blend multiple high-efficiency flame retardants, such as halogenated compounds [9], phosphorus-based additives [10], and nanomaterials [11] into the EP matrix. Although this approach has been successful, it also presents challenges. For instance, it is worth noting that, although halogenated additives are widely used as representative flame retardants, they release toxic gases during combustion, making them unsuitable for industrial applications. This is a key reason driving the search for alternative flame retardants, such as P-N systems, to replace halogenated ones. Another example is metal-based flame retardants, such as metal oxides and hydroxides (SiO2 [12], Mg(OH)2 [13], FeOX [14,15], etc.), which can release non-combustible gases during pyrolysis or adhere to the matrix surface. They can even catalyze the carbonization of the polymer, promoting the formation of a compact carbon layer, thereby demonstrating superior flame-retardant performance from multiple aspects. Additionally, it is important to highlight that single-component flame retardants often have limited effectiveness, requiring large quantities to achieve the desired flame resistance. However, adding large amounts of flame retardants can lead to uneven dispersion and agglomeration, which severely impacts the material’s mechanical properties [16]. To address these challenges, studies have shown that combining different flame retardants can result in enhanced flame-retardant properties [17]. Common combinations include the co-administration of inorganic and organic flame retardants [18], compounds with different elements [19], metal-organic frameworks (MOFs) with other functional components [20,21], and so on. The synergistic effects of such combinations are attributed to reasons such as enhanced thermal stability, improved char formation, and the promotion of a protective barrier against heat and oxygen [17,22]. Nonetheless, simply blending multiple flame retardants together often results in poor compatibility between the retardants and the resin [23], uneven dispersion of the retardants [24], and a lack of efficient synergy [25].



Based on this, an innovative self-assembly technology has been introduced in the preparation of flame retardants [26]. Assembling multiple components into a single entity not only enhances the dispersion and compatibility of the components but also facilitates the optimization of flame-retardant performance and the elucidation of flame-retardant mechanisms. Various novel and highly effective flame retardants have been prepared through self-assembly, such as Mg(OH)2@tin phytate@zinc tannate [27], UiO66-polydopamine-prussian blue analogues [28], graphene oxide@MCM-41 [29], sepiolite nanofiber@layered double hydroxides [30], etc. These integrated structures allow for full exploitation of the synergistic effects between components, demonstrating superior flame-retardant properties compared to simple blends. However, countless research results demonstrate that surface modification of components is essential to achieve effective assembly between components [31,32]. Due to limitations in more effective or universal surface modification or assembly methods, research on assembling flame retardants with excellent flame retardant performance, such as rare earth flame retardants, has faced challenges [33]. Despite the potential of the assembly method, it still faces challenges such as process complexity, poor structural controllability of flame retardants, and difficulties in large-scale production. Therefore, there is an urgent need to explore a simple and effective strategy for preparing high-performance flame retardants with controllable structures, particularly by using commercially available flame retardants as materials.



Herein, we introduce a novel approach to flame retardancy by surface-modifying cerium oxide (CeO2) nanoparticles (NPs) with oleic acid (OA) and uniformly assembling them on the surface of pyrophosphate piperazine (PAPP) to create a composite flame retardant, CeO2@PAPP. This method significantly enhances the flame retardancy of EP by controlling the distribution of CeO2 on the PAPP surface, thereby imparting excellent flame-retardant properties to the EP. The flame-retardant modification effect of CeO2@PAPP on EP was investigated through vertical burning tests, limiting oxygen index measurements, and cone calorimetry, providing insights into the flame-retardant mechanism. This work not only presents a novel composite flame retardant but also contributes to the understanding of high flame-retardant EP composite fabrication, offering new avenues for the development of safer and more reliable materials.




2. Results and Discussion


2.1. Synthesis and Characterization of CeO2@PAPP


Figure 1a illustrates the preparation process of CeO2@PAPP and EP composites. First, CeO2 was modified with OA, which formed a dense layer of OA molecules on the surface of CeO2 through coordination with the Ce element. This modification enabled the OA-coated CeO2 (OA@CeO2) to disperse well in the non-polar solvent n-hexane, thanks to the good dispersibility of OA in n-hexane. Next, OA@CeO2 was assembled onto the surface of PAPP to prepare CeO2@PAPP. When PAPP was added to the system dispersed with n- hexane, the polarity difference between PAPP and n-hexane prevented it from dispersing well. With ultrasonic assistance, the introduction of OA@CeO2 to the system led to its spontaneous assembly onto the PAPP surface, thereby reducing the surface energy of the entire system and significantly improving its dispersibility in EP resin. This process facilitated the subsequent blending to obtain well-structured EP composites.



The morphologies of CeO2, PAPP, and CeO2@PAPP were examined using SEM measurements, as depicted in Figure 1b–d. As evident from Figure 1b and Figure S1, the CeO2 NPs have an approximate diameter of 20–50 nm and exhibit significant aggregation, forming large agglomerates. The aggregation of NPs into large structures can be attributed to their strong intermolecular forces, which hinder individual dispersion. Conversely, the PAPP displays a smooth surface characterized by larger granular structures, approximately several micrometers in size, with an uneven distribution, a common challenge in the commercialization process (as depicted in Figure 1c and Figure S2). Upon the assembly of CeO2, it was observed that the previously aggregated CeO2 NPs now uniformly coat the surface of PAPP (illustrated in Figure 1d and Figure S3). The uniform arrangement of surface NPs, as observed in the magnified view in the upper-right corner of Figure 1d, provides indirect evidence of the successful functionalization of CeO2 with oleic acid (OA). This is further supported by the dispersion state of the raw material before and after modification with OA and the self-assembly process (Figure 1e and Figure S4). After the aggregated CeO2 dissolves completely, it can stably disperse in n-hexane, indicative of the successful modification of CeO2 by OA (referred to as OA@CeO2). Subsequently, when white PAPP powder is added to the assembled system, it settles to the bottom of the system before assembly is complete. Once the assembly process is fully carried out, resulting in CeO2@PAPP, no further precipitation occurs at the bottom of the system. It is worth noting that due to the relatively large size of PAPP containing CeO2, it does not remain stable in the system for an extended period of time. After a period of settling, the supernatant becomes clear and the precipitate forms a light-yellow powdery layer, further confirming the successful assembly of CeO2 onto PAPP, indicated as CeO2@PAPP.



The composition of PAPP, CeO2, and CeO2@PAPP were characterized in detail using X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Figure 1f showed the patterns of PAPP, CeO2 (PDF#34-0394) [34], and CeO2@PAPP. Compared to the individual diffraction patterns of PAPP and CeO2, the diffraction pattern of CeO2@PAPP exhibits peaks corresponding to both PAPP and CeO2, further confirming the successful assembly of CeO2 on PAPP. It can be clearly observed that the introduction of CeO2 onto PAPP had almost no effect on the crystal structure of PAPP. The chemical states of CeO2@PAPP were investigated using XPS. As shown in Figure 1g, the XPS spectrum of CeO2@PAPP reveals the peaks of the following elements: C, N, O, P, and Ce. The appearance and intensity of the peaks [35], particularly the characteristic peak of Ce, confirm the successful introduction and distribution of CeO2. Further, elemental analysis (EDS) combined with an energy spectrum evaluated the elemental composition of CeO2@PAPP, as shown in Figure 1h. The elemental mapping images of CeO2@PAPP indicate that all these elements are uniformly distributed, belonging, respectively, to PAPP and CeO2. It is noteworthy that the uniform distribution of the Ce element fully demonstrates the successful assembly of CeO2 on PAPP. However, as a contrasting experiment, when we attempted to assemble unmodified CeO2 onto the surface of PAPP using the same method, the CeO2 exhibited clear phase separation from PAPP and failed to adhere to its surface (Figure S5). This highlights the necessity and indispensability of the OA modification mentioned above. These phenomena underscore the successful integration of the modified CeO2 onto the PAPP surface, resulting in the CeO2@PAPP superstructure as a flame retardant, achieving the desired assembly effect. These results not only validate the successful assembly but also provide strong support for the analysis of the material’s structure and composition.




2.2. Thermal Degradation Behaviors of EP Composites


Thermogravimetric analysis (TGA) was utilized to investigate the thermal degradation behavior of EP with and without flame retardants (Table S1) under a nitrogen atmosphere. The TGA and derivative thermogravimetric (DTG) curves are presented in Figure 2, and the relevant thermal decomposition parameters, including T5% (the temperature at which 5% mass loss occurs), Tmax (the temperature corresponding to the maximum mass loss rate), and char residue yield, are summarized in Table S2.



As shown in Figure 2, all EP composites exhibit a single-stage thermal decomposition process. The T5% and Tmax values for pure EP and the EP composite containing 10 wt% CeO2 are approximately 350 °C and 370 °C, respectively. In contrast, with the introduction of PAPP, the T5% and Tmax values of the flame-retarded EP composites decrease slightly, to approximately 327 °C and 346 °C. This reduction is attributed to the relatively lower decomposition temperature of PAPP. Nevertheless, the char residue yields of EP, 10PAPP/EP, 10CeO2/EP, 10CeO2@PAPP/EP, and 10CeO2/PAPP/EP at 800 °C were 16.8%, 26.2%, 23.4%, 28.4%, and 26.8%, respectively. Notably, the 10CeO2/EP sample achieved a char residue yield of 23.4%, primarily due to the catalytic charring effect of CeO2 during pyrolysis and its retention in the residue, as CeO2 does not decompose. Additionally, the incorporation of PAPP significantly improved the char residue yield of the EP composites. This enhancement is attributed to the decomposition of pyrophosphate in PAPP, which produces pyrophosphoric and phosphoric acids during heating, catalyzing the charring of the EP matrix. Moreover, the char residue yield of 10CeO2@PAPP/EP, which involves assembled flame retardants, reached 28.4%, the highest among all samples. This indicates that the assembly of flame retardants promotes better synergistic effects between the components, resulting in enhanced flame-retardant performance compared to simple blending.




2.3. Flame Retardant Performance Analysis


The combustion performance of EP and its composites was initially investigated through UL-94 and LOI tests. As shown in Figure 3a and described in Table S3, the LOI value of pure EP was only 26.2%, the lowest among all samples, and it did not possess any UL-94 rating, indicating a high level of flammability [36]. Even though the addition of 10 wt% PAPP resulted in a slight increase in the LOI value, the EP composite only achieved a UL-94 V-2 rating. This suggests that PAPP adds some flame retardant properties to EP, but its effectiveness is limited [37], possibly due to its large particle size and hygroscopic nature, which hinders uniform dispersion within the EP matrix. In contrast, the EP composite reinforced with 10 wt% CeO2 exhibited significantly weaker flame retardant properties compared to those of PAPP, with an LOI value of only 27.2%, and it also did not obtain a UL-94 rating, contradicting the expectation that rare earth-based flame retardants should have excellent flame retardant properties [33]. The observed poor flame retardancy may be due to the untreated commercial CeO2 NPs agglomerating, leading to uneven dispersion in the resin and hindering their full potential [38]. Therefore, even with a simple combination of PAPP and CeO2, their flame-retardant properties are limited, with an LOI value of only 27.5% and achieving only a UL-94 V-2 rating, similar to pure PAPP, indicating that simple mixing does not produce a synergistic flame-retardant effect. Fortunately, when 10 wt% CeO2@PAPP is added, the EP composite shows the highest LOI value among all samples, reaching 34.2%, which is a 30.5% increase compared to pure EP, and easily obtains a UL-94 V-0 rating. Compared to simple blending, the main difference lies in the fact that in this case, CeO2 is uniformly assembled on the surface of PAPP and exhibits better dispersibility. This allows for more effective utilization and, more importantly, enables the synergistic flame-retardant effect between PAPP and CeO2 to be fully realized, resulting in superior flame-retardant properties.



We also utilize a cone calorimeter to evaluate the flame-retardant properties of composite materials. This device is highly effective for analyzing the combustion behavior of polymers during large-scale fires [39]. Figure 3b–i illustrate the variations in heat release rate (HRR), total heat release (THR), smoke production rate (SPR), total smoke production (TSP), total smoke release per unit area (TSR), carbon monoxide production rate (COPR), and carbon dioxide production rate (CO2PR) for different composite materials during combustion. Detailed parameters are summarized in Table S4. As seen in Figure 3, the values of these parameters for EP materials without flame retardants are significantly higher compared to those with flame retardants. For instance, the peak heat release rate (PHRR) of pure EP reaches 941 kW/m2, with a THR value of 91.9 MJ/m2—both among the highest observed across all samples. Surprisingly, the parameters for the EP composite containing 10 wt% CeO2 are nearly identical to those of pure EP, with some values even slightly increasing. This unexpected result may be due to the severe aggregation of CeO2 (as shown in Figure 1b and Figure S1), leading to its local excess and poor dispersion, which compromised its flame-retardant effectiveness.



In contrast, the introduction of the PAPP flame retardants into EP resulted in a noticeable improvement across all parameters, though the degree of impact varied. Among them, the single-component PAPP showed the least effective flame-retardant performance, while the combined CeO2 and PAPP mixture performed better, and the assembled CeO2@PAPP flame retardant exhibited the best results. Specifically, when 10 wt% PAPP was added, the PHRR value decreased to 660 kW/m2. This value further dropped to 527 kW/m2 in samples blended with PAPP and CeO2 and reached as low as 411 kW/m2 in samples containing CeO2@PAPP—a 56.3% reduction compared to pure EP and the lowest among all EP composites. It is worth noting that the main reason for the appearance of multiple peaks in the HRR curve is the multi-stage thermal decomposition behavior of epoxy resin and the synergistic effect of flame retardants at different temperature ranges (Figure 3a). A similar trend was observed for the other parameters. As depicted in Figure 3c, compared to pure EP, the THR of 10CeO2@PAPP/EP is reduced by 38.2%, marking the lowest among all samples and significantly lower than the other two PAPP-containing EP samples. Figure 3d shows that compared to pure EP, which has a PSPR of 0.308 m2/s, the value significantly decreases by 45.8% with the introduction of CeO2@PAPP. Additionally, the values of TSR, TSP, COPR, and CO2PR for EP composites containing the assembled CeO2@PAPP also dropped significantly by 52.2%, 50.2%, and 67.3%, respectively (Figure 3e–h). This indicates that the addition of CeO2@PAPP not only successfully improves the flame-retardant performance of epoxy resin composite materials, but also significantly reduces the generation of harmful gases and smoke during combustion, which is of great significance for ensuring the safety of people’s lives and property and environmental protection.



The addition of flame retardants not only impacts various parameters during combustion but also significantly improves the char residue yield. As shown in Figure 3i, the char residue yield of pure EP after combustion is only 17.2 wt%. With the addition of 10 wt% PAPP, this increases to 40.7 wt%. Notably, after adding the blended PAPP and CeO2, the char residue yield rises significantly to 41.6 wt%. However, the introduction of the assembled CeO2@PAPP flame retardant further increases the residual content to 44.5 wt%, marking a 158.7% rise compared to pure EP. This significant increase in char residue yield with the assembled CeO2 on PAPP indicates a better catalytic charring effect during combustion. Moreover, the dense carbon layer formed acts as an effective physical barrier, blocking heat exchange, preventing the diffusion of toxic gases, and impeding oxygen entry, thereby enhancing the flame retardant performance [40]. By comparing and analyzing various parameters, it can be concluded that assembling two flame retardants provides superior flame-retardant performance that cannot be achieved with single-component or simple blending methods.




2.4. Gas Phase Mechanism


To investigate the gas-phase flame-retardant mechanism of CeO2@PAPP, TG-IR tests were conducted on pure EP (containing DDM curing agent) and 10CeO2@PAPP/EP samples under air conditions, and the resulting infrared spectra are shown in Figure 4. From the figure, it can be observed that the characteristic absorption peaks of gas-phase products for the 10CeO2@PAPP/EP sample are significantly reduced compared to the pure EP sample (see Figure 4a,b), indicating that CeO2@PAPP suppresses the release of volatiles during the thermal degradation of the epoxy network. Furthermore, Figure 4c reveals that the gas-phase decomposition products of EP and 10CeO2@PAPP/EP samples primarily include H2O (O-H, 3643 cm−1), hydrocarbons (3011 cm−1), CO2 (2303–2356 and 671 cm−1), CO (2183 cm−1), carbonyl compounds (1743 cm−1), aromatic compounds (1420–1575 cm−1), and aliphatic ethers (1183 cm−1), consistent with the results reported in the literature. Notably, at the Tmax of both samples, the intensity of the absorption peaks of the gas-phase products is also markedly lower for the 10CeO2@PAPP/EP sample than for pure EP. This suggests that CeO2@PAPP promotes the formation of polyaromatic structures during the thermal degradation of the epoxy matrix, leading to the retention of more char in the condensed phase, which is further corroborated with the condensed-phase mechanism analysis discussed below. Consequently, the release of volatile combustibles into the gas phase is reduced. Therefore, the enhanced flame-retardant performance of the 10CeO2@PAPP/EP sample can be attributed primarily to the increased char formation during combustion and the reduced emission of flammable volatiles into the gas phase.



To further elucidate the pyrolysis mechanism and its contribution to flame retardancy, a Py-GC/MS test was conducted, with the results presented in Figure 5. Notably, the 10CeO2@PAPP/EP sample released significantly fewer fragments compared to pure EP (containing DDM curing agent), as evident from the GC spectra. This suggests that a rapid charring reaction occurred in 10CeO2@PAPP/EP, which in turn reduced the release of pyrolysis fragments. This effect is attributed to the better dispersion of the integrated flame retardant in the resin and the improved synergistic effect between the flame-retardant components. If the charring reaction had not occurred promptly, a large amount of pyrolysis products would have been released, as seen in the pure EP sample. Additionally, the peak positions clearly reveal that the pyrolysis fragments released by the two flame retardants were different. The results indicate that the low char yield of pure EP is due to the breakdown of its primary structure during pyrolysis, leading to the release of large quantities of small molecular aromatic compounds into the gas phase. In contrast, the aggregation of CeO2 and PAPP in the assembled flame retardant facilitated a superior synergistic effect, promoting a rapid charring reaction and enabling the material to exhibit a condensed-phase flame-retardant effect during combustion.




2.5. Condensed Phase Mechanism


To reveal the morphological and structural traits of residual carbon post-combustion in a variety of EP composites, Figure 6 displays the digital photographs and SEM images of the combustion residues. The pristine EP yields a sparse and fragmented carbon layer, with a residual carbon height of approximately 14 mm, as shown in Figure 6a1,a2. The integration of PAPP in the 10PAPP/EP composite leads to an expanded carbon layer, with the height of the residual carbon extending to 20 mm, as depicted in Figure 6b1–b3. Conversely, the EP composite enriched with CeO2 exhibits near-complete combustion, leaving a residual carbon height of merely 11 mm, as illustrated in Figure 6c1–c3. Remarkably, the 10CeO2@PAPP/EP composite forms an expanded carbon layer characterized by denser residues, fewer cracks, and reduced porosity, culminating in a more coherent structure, with the carbon layer height reaching 24 mm (Figure 6d1–d3). This phenomenon may be ascribed to the help of the assembled CeO2, which catalyzes the carbonization reaction, augmenting the char residue yield and thus fostering the emergence of a continuous, dense, and less porous protective carbon layer during combustion. However, the 10CeO2/PAPP/EP composite, with a residual carbon height of 17 mm (Figure 6e3), does not exhibit a heightened expansion of the residual carbon layer compared to the PAPP/EP composite. This may be due to the relatively lower proportion of PAPP in the flame-retardant blend and the less pronounced synergistic effect between CeO2 and PAPP, potentially due to their poor dispersion.



For a deeper comprehension of the microstructure of the char residues of EP and its composites, SEM analysis was conducted. The char residue of the pristine EP exhibits a notably loose structure with numerous cracks, indicative of its inadequate covering and barrier capabilities against oxidizing gases during combustion, thereby lacking superior flame retardancy [41], as observed in Figure 6a4. However, the addition of PAPP results in a denser internal residual carbon in PAPP/EP, characterized by fewer cracks and voids (Figure 6b4). Despite the char residue of CeO2/EP being denser than that of the original EP, the presence of many large, visible pores on the surface of the residual carbon suggests it does not possess effective barrier and flame-retardant properties (Figure 6c2). In contrast to other control groups, the CeO2@PAPP/EP composite demonstrates dense and continuous char residues devoid of cracks (Figure 6d4), capable of acting as a barrier that effectively isolates oxygen and prevents the sustained burning of the internal polymer [42]. On the contrary, the char residue layer of CeO2/PAPP/EP exhibits noticeable wrinkles and some holes (Figure 6e4), which undermine its flame retardancy and increase smoke emission compared to the CeO2@PAPP/EP composite. It is evident that the reconfiguration of conventional flame retardants through self-assembly methods can substantially enhance and refine their performance.




2.6. Combined Mechanism


Based on the above analysis, the flame-retardant mechanism of the CeO2@PAPP/EP composite is proposed, as illustrated in Figure 7. In the condensed phase, CeO2@PAPP decomposes upon heating into phosphoric acid and other phosphorus-containing derivatives, which accelerate the dehydration reaction of EP [43]. This leads to cyclization or cross-linking on the matrix surface, delaying heat release through isolation and releasing CeO2 NPs during combustion. These CeO2 NPs may enhance the graphitization degree of the char layer [44], forming a more continuous and dense expanded char layer, thereby improving the flame retardancy of the epoxy resin. In the gas phase, NH3 and H2O gases generated from the thermal decomposition of PAPP not only promote the expansion of the char layer but also dilute the concentration of oxygen and flammable gases [45]. Simultaneously, gaseous phosphorus compounds can serve as flame retardants, inhibiting the combustion process. During combustion, the CeO2@PAPP composite releases free radicals (e.g., HPO· and PO·) that inhibit chain reactions, thereby preventing the combustion process [46]. Meanwhile, as a rare-earth element, CeO2 has unfilled 4f orbitals that can provide vacant sites to capture free radicals produced during combustion [47], such as hydrogen radicals (·H) and hydroxyl radicals (·OH), thereby inhibiting chain reactions. However, as extensively reported in the literature, simple blending of two flame retardants usually results in weak interactions between them, leading to only limited improvements in flame retardancy [48]. In contrast, assembling CeO2 onto the surface of piperazine pyrophosphate may improve its compatibility with the epoxy resin matrix, thereby more effectively exerting synergistic effects during combustion, as further shown by the comparison with literature results (Table S5) [49,50,51,52,53,54]. Consequently, this not only promotes the formation of a higher-quality and denser char layer during combustion but also enables uniformly distributed CeO2 in the resin to more effectively form a physical barrier. This dual effect enhances the isolation of oxygen and heat, slowing down the thermal degradation of the material. In conclusion, the combined effects of the physical barrier, dilution of non-combustible gases, and free radical capture markedly improve the fire safety of EP.





3. Materials and Methods


3.1. Materials


Bisphenol-A type EP (DGEBA, epoxy value of 0.53 mol/100 g) was provided by Yueyang Baling Petrochemical Co., Ltd., Yueyang, China. Piperazine Pyrophosphate (PAPP) was afforded by the Shanghai Research Institute of Chemical Industry Co., Ltd., Shanghai, China. Cerium Oxide (CeO2, 20–50 nm, spherical, 99.5%) and oleic acid (OA, AR) were purchased from Maclean Biochemical Technology Co., Ltd. (Shanghai, China). N-hexane (AR) and 4,4′-diaminodiphenylmethane (DDM, AR) were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All agents were used without further purification.




3.2. Instruments and Characterization


The surface morphology of the flame retardant and char was characterized using a field emission scanning electron microscope (SEM, Zeiss-Ultra 55, 3 kV). The composition of the flame retardant was analyzed using energy dispersive spectroscopy (EDS). The crystal structure of the material was obtained using powder X-ray diffraction (XRD) with a Bruker D4 Phaser X-ray diffractometer. Elemental analysis was conducted using X-ray photoelectron spectroscopy (XPS) with a Perkin Elmer PHI-5000C ESCA system. The digital photos were taken with an iPhone 14 (Apple Inc., Cupertino, CA, USA).



Thermogravimetric analysis (TGA) was conducted on a TA TGA 550 analyzer with a heating rate of 10 °C/min from 25 °C to 800 °C in a flow of nitrogen atmosphere.



Thermogravimetric analysis/infrared spectrometry (TG-IR) was recorded with TA TGA55 equipment (TA Instruments, New Castle, DE, USA), which was interfaced with a Nicolet iS50 (Thermo Fisher Scientific, Waltham, MA, USA) in nitrogen condition at a heating rate of 10 °C /min, and the experimental temperature ranged from 25 °C to 800 °C.



The Pyrolysis-Gas Chromatography Mass Spectrometry (Py-GC/MS) analysis was recorded on EGA3030D (Frontier Laboratories, Koriyama, Fukushima, Japan) and GCMS-QP2020NX (Agilent, Santa Clara, CA, USA) to determine the pyrolysis products of EP composites under a helium flow.



The flame-retardant properties of EP composites were evaluated using the limiting oxygen index (LOI), vertical burning UL-94 test, and cone calorimeter test. The LOI test (HC-2, Nanjing Jiangning Analytical Instrument Co., Ltd., Nanjing, China) was conducted with sample dimensions of 130 × 6.5 × 3 mm3, following the GB/T2406.2-2009 standard. The vertical burning test (UL-94, CZF-111, Nanjing Jiangning Analytical Instrument Co., Ltd., China) was performed with sample dimensions of 130 × 13 × 3 mm3, according to the ASTM D3801 standard. The cone calorimeter test (Cone, Fire Testing Technology, East Grinstead, UK) was conducted with sample dimensions of 100 × 100 × 3 mm3, according to the ISO-5660 standard, with a heat flux of 50 kW/m2.




3.3. Fabrication of the Modified CeO2 (OA@CeO2)


To prepare the OA@CeO2, typically 1 g of CeO2 is added to a glass vial containing 30 mL of n-hexane and vigorously stirred until the CeO2 is dispersed in the solvent. Then, 7.5 mL of OA is added to the dispersed system, the vial is sealed, and it is placed in an ultrasonic bath for 1 h (shaking periodically) to ensure uniform dispersion and prevent any precipitation. Excess OA is then removed via centrifugation and repeated washing with hexane, usually repeated 3 times, resulting in OA-modified CeO2, denoted as OA@CeO2. Finally, the sample is dried in an oven set at 70 °C until all solvents evaporate, resulting in a dry powder.




3.4. Fabrication of CeO2@PAPP


To prepare the CeO2@PAPP flame retardant, the previously prepared OA@CeO2 was first uniformly dispersed in n-hexane through ultrasonication. Following this, 5 g of PAPP was added, and ultrasonication was continued for 1 h with periodic manual shaking to facilitate the assembly process and ensure even distribution of OA@CeO2 on the surface of PAPP until all particles were completely dispersed in the solvent. The resulting mixture was then separated via centrifugation and washed with n-hexane once. Finally, the washed product was separated and dried in an oven at 70 °C to produce the CeO2@PAPP flame retardant.




3.5. Preparation of EP Composites


The detailed formulas of EP composites are listed in Table S1. To prepare pure EP composites (referred to as EP), follow these steps: add 65 g of EP to a flask and place the flask in a water bath at 80 °C. Stir the EP at 700 rpm for 30 min until it has good flowability. Next, add 17.05 g of DDM to the stirred EP and continue stirring at 700 rpm for 10 min to ensure thorough mixing and uniformity. Transfer the well-mixed mixture to a preheated PTFE mold, maintaining the mold temperature at 80 °C. Cure the mold at 120 °C for 2 h, then increase the temperature to 160 °C and cure for an additional 3 h to complete the curing process.



To prepare the EP composites containing 10 wt% PAPP (referred to as 10PAPP/EP), follow these steps: mix 9.12 g of PAPP with 65 g of EP resin in a flask and place the flask in a water bath at 80 °C. Mechanically stir the mixture at 700 rpm for 30 min until a uniform EP composite mixture is formed. Next, add 17.05 g of DDM to the mixture and continue stirring at 700 rpm for 10 min to ensure thorough mixing and uniformity. Transfer the well-mixed mixture to a preheated PTFE mold, maintaining the mold temperature at 80 °C. Cure the mold at 120 °C for 2 h, then increase the temperature to 160 °C and cure for an additional 3 h to complete the curing process.



To prepare the EP composites containing 10 wt% CeO2 (referred to as 10CeO2 /EP), follow these steps: mix 9.12 g of CeO2 with 65 g of EP resin in a flask and place the flask in a water bath at 80 °C. Mechanically stir the mixture at 700 rpm for 30 min until a uniform EP composite mixture is formed. Next, add 17.05 g of DDM to the mixture and continue stirring at 700 rpm for 10 min to ensure thorough mixing and uniformity. Transfer the well-mixed mixture to a preheated PTFE mold, maintaining the mold temperature at 80 °C. Cure the mold at 120 °C for 2 h, then increase the temperature to 160 °C and cure for an additional 3 h to complete the curing process.



To prepare the EP composites containing 10 wt% CeO2@PAPP (referred to as 10CeO2@PAPP/EP), the following steps are typically required: combine 9.12 g of CeO2@PAPP with 65 g of EP resin in a flask; then, place the flask in a water bath at 80 °C. Stir the mixture mechanically at 700 rpm for 30 min until a homogeneous EP composites blend is formed. Next, add 17.05 g of DDM to the mixture and continue stirring at 700 rpm for an additional 10 min to ensure thorough mixing and homogeneity. Transfer the well-mixed mixture to a preheated PTFE mold, maintaining the mold temperature at 80 °C. Cure the mold at 120 °C for 2 h, then increase the temperature to 160 °C and cure for an additional 3 h to complete the curing process.



To prepare the EP composites containing 10 wt% CeO2/PAPP (referred to as 10CeO2/PAPP/EP), follow these steps: mix 1.52 g of CeO2, 7.6 g of PAPP, and 65 g of EP resin in a flask, and place the flask in a water bath at 80 °C. Mechanically stir the mixture at 700 rpm for 30 min until a uniform EP composite mixture is formed. Next, add 17.05 g of DDM to the mixture and continue stirring at 700 rpm for 10 min to ensure thorough mixing and uniformity. Transfer the well-mixed mixture to a preheated PTFE mold, maintaining the mold temperature at 80 °C. Cure the mold at 120 °C for 2 h, then increase the temperature to 160 °C and cure for an additional 3 h to complete the curing process.





4. Conclusions


In this study, we have successfully fabricated the CeO2@PAPP composite via a self-assembly technique involving the solvophobic effect and integrated it into EP to greatly enhance the fire retardancy of the resulting EP composites. The incorporation of 10 wt% CeO2@PAPP into EP resulted in a UL-94 V-0 classification and an elevated LOI value of 34.2%. Notably, the PHRR and THR of the 10CeO2@PAPP/EP composite were remarkably reduced by 56.3% and 38.2%, respectively, compared to the neat EP. Furthermore, the smoke suppression capabilities were enhanced, as evidenced by a substantial decrease in the SPR, TSP, COPR, and CO2PR by 45.8%, 52.2%, 50.2%, and 67.3%, respectively. The char residue rate of 10CeO2@PAPP/EP reached a remarkable 44.5%, which is a 158.7% increase over that of pure EP. The achievement of outstanding flame-retardant performance depends on the assembled flame retardants being able to better leverage the synergistic effect between the two components. This optimization and enhancement of flame retardancy is achieved through dual-phase action in both the condensed and gas phases, significantly surpassing the performance of simple blending or single-component flame retardants. The findings pave the way for an innovative strategy in the advancement of EP composites with significantly enhanced flame retardancy.
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Figure 1. (a) Schematic diagrams for preparation of CeO2@PAPP. SEM images of flame retardants: (b) CeO2, (c) PAPP, and (d) CeO2@PAPP. (e) Photographs of CeO2, PAPP, and CeO2@PAPP before and after ligand modification and self-assembly process. (f) XRD pattern, (g) XPS spectrum, and (h) EDS results of the CeO2@PAPP. 






Figure 1. (a) Schematic diagrams for preparation of CeO2@PAPP. SEM images of flame retardants: (b) CeO2, (c) PAPP, and (d) CeO2@PAPP. (e) Photographs of CeO2, PAPP, and CeO2@PAPP before and after ligand modification and self-assembly process. (f) XRD pattern, (g) XPS spectrum, and (h) EDS results of the CeO2@PAPP.



[image: Fire 07 00372 g001]







[image: Fire 07 00372 g002] 





Figure 2. TG curves (a) and DTG curves (b) of epoxy samples under a nitrogen atmosphere. 
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Figure 3. (a) LOI value and UL-94 result and cone calorimetric data of EP and its composites: (b) HRR, (c) THR, (d) SPR, (e) TSP, (f) TSR, (g) COPR, (h) CO2PR, and (i) residue yield. 
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Figure 4. TG-IR characterization of pyrolysis products. 3D TG-IR images of (a) pure EP and (b) 10CeO2@PAPP/EP. (c) IR spectra of pure EP and 10CeO2@PAPP/EP at the temperature of the maximum loss rate (Tmax). 
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Figure 5. Total ion chromatogram of (a) EP and (b) 10CeO2@PAPP/EP at 800 °C. 
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Figure 6. Digital photographs and SEM images of the char residues for (a1–a4) EP, (b1–b4) 10PAPP/EP, (c1–c4) 10CeO2/EP, (d1–d4) 10CeO2@PAPP/EP, and (e1–e4) 10CeO2/PAPP/EP. 
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Figure 7. Schematic representation for the flame-retardant mechanism of CeO2 @PAPP/EP composites. 
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