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Abstract

Microstructure manipulation represents a fundamental strategy for enhancing material
properties. Herein, a new-type flame-resistant material with core-shell architecture
(APP@PEI@SiIO,@MXene) is prepared by iterative deposition of self-assembled
monolayers, enabling microstructural control of ammonium polyphosphate (APP) via
sequential coating with polyethyleneimine (PEI), SiO,, and MXene. Then the flame
retardants were incorporated into thermoplastic polyurethane (TPU) at a loading of
15 wt.%, this meticulously designed microstructure enables the composite to exhibit
significantly improved fire safety. The composite exhibits a markedly increased
high-temperature char residue under both air and nitrogen atmospheres, indicating
improved thermal resilience and char formation capacity. Thermal stability analysis of the
material reveals that the coated APP enables TPU composites to engender a carbonaceous
stratum of heightened tenacity. Cone calorimetry tests indicate that, compared with pure
TPU, TPU/APP-1BL composites exhibit sharp declines of 87.90% in total heat release
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(THR) and 76.79% in the peak heat release rate (pHRR), with concurrent effective control of smoke/toxic gas
emissions. Moreover, the flame-retardant effects of multi-layer coated APP are notably better than those of
single-layer coated APP. Mechanistic studies reveal that the flame-retardant performance chiefly originates from the
synergistic interplay of solid and vapor-stage pathways. This work highlights the critical role of microstructure
design in the creation of high-performance fire-resistant polymers.

INTRODUCTION

Due to the widespread adoption and advancement of polymer materials, plastic products are widely used" .
Among them, thermoplastic polyurethane (TPU) is extensively applied across varied sectors including
military, aerospace, automotive, electronics, appliances, and biomedicine, owing to its advantages of oil
resistance, low temperatures, aging, radiation, biocompatibility, and ease of processing'*“'. Nevertheless, TPU
materials exhibit combustibility and release substantial quantities of toxic fumes and particulate matter when
burned, causing enduring environmental harm, loss of life, and economic losses, thereby limiting its utility
across various sectors”?\. Thus, enhancing the fire-resistance performance of TPU is highly imperative.

It is well known that the combustion of TPU materials typically begins with thermal degradation when
exposed to external thermal sources. With rising temperature, thermal influence induces progressive
degradation of hydrogen-bonded physical cross-links within TPU’s hard segments. Macromolecular chain
interactions diminish and ultimately rupture, generating volatile fragments. In addition, the TPU, as the
combustible material, generates thermal radiation that feeds back into the combustion area, providing a
continuous source of energy for the combustion reaction, thereby creating a vicious cycle"”'"). Nonetheless,
incorporating flame retardants may disrupt polyurethane’s combustion process by postponing polymer
ignition timing, inhibiting the spread of the polymer flame, and minimizing the emission of heat as well as
toxic and harmful gases from the polymer. Consequently, this diminishes the polymer’s flammability hazard,
necessitating high-efficiency flame retardant modification for TPU materials.

In recent years, ammonium polyphosphate (APP) is broadly utilized in flame-retardant applications due to
its elevated phosphorus-nitrogen ratio and economical cost">**!. During gas-phase decomposition, APP
releases abundant non-flammable ammonia, diluting ambient oxygen and thereby quenching continuous
burning of the polymer matrix. In the condensed phase, a significant amount of polyphosphoric acid, as well
as pyrophosphoric acid, is produced. These function as potent dehydrating agents, accelerating the
carbonization and dehydration of the polymer chains, thereby generating a compact char barrier at the
substrate surface that insulates heat and blocks oxygen. However, APP has disadvantages such as high water
solubility, strong hygroscopicity, and poor compatibility with the matrix material, which limits its flame
retardant efficiency"*'?. APP’s flame-retardant application remains severely constrained. To address the
above issues, methods such as coupling agent modification, microencapsulation, and ultrafine processing are
employed to improve the situation. Moreover, under specific conditions, supplementary nanoscale synergists
remain indispensable for effectively augmenting APP’s flame-retardant efficacy.

Among diverse surface engineering approaches for APP, microencapsulation has been validated as an
efficient strategy to resolve challenges of suboptimal flame retardancy and inadequate dispersion!”"*).
However, when selecting the shell material for microencapsulation, factors such as cost and processability
also need to be considered. In some cases, extra co-retardants are still needed to enhance the fire-retardant
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efficacy of microencapsulated APP"**’. At the same time, it has not been found that anyone has used MXene
and silica as raw materials for the microencapsulation of APP. Existing studies on the influence of modifier
dosage in surface-modified APP on polymer flame retardancy and smoke suppression properties remain
insufficiently comprehensive.

In contrast to alternative flame retardants, nanoscale systems exhibit a notably distinct characteristic, they
exhibit extremely high efficiency in reducing the fire risk of polymers even when added at low
concentrations (< 5%)"”'**). Among various nanoscale flame retardants, MXene, a rapidly developing
two-dimensional nanomaterial, is considered a promising nano-additive for wide-ranging flame retardant
applications™!. Chen electrostatically assembled Prussian-blue analogues(PBAs) on MXene sheets to build
hierarchical MXene@PBA hybrids; adding only 1.0 wt.% to epoxy elevated the flame-retardancy classification
of the ensuing material to the apex tier of the UL-94 protocol V-0"”\. A hierarchical MXene nanosheet
sheathed with bimetallic phosphates (MXene@NCP) was synthesized by Zhou and colleagues through a
solvothermal approach. When incorporated into an epoxy resin (EP) at a low loading of 2 wt.%, this filler
remarkably suppressed the material’s flammability, reducing the peak heat release rate and the peak CO
generation rate by 35.5% and 34.8%, respectively’””. Some studies have found that MXene, as a synergist,
demonstrates improved flame-retardant performance when paired with other flame retardants®**. However,
the stacking issue of MXene in polymers needs to be addressed through functional modification of
MXenel*"*,

Hence, by fully leveraging the properties of silica and MXene and adopting the sequential layer-by-layer
assembly to modify APP, the core solution to address the low flame-retardant efficiency of APP
(APP@PEI@SiO,@MXene) is achieved, endowing APP with substantially upgraded fire-barrier and
smoke-suppression capabilities. The TPU material’s high-temperature thermal stability was notably
improved, and it’s also found that the barrier effects of layered MXene, dense SiO, oxide film,
phosphorus-rich glassy substances, and expanded carbon layers served as a pivotal factor in elevating
fire-retardant effectiveness. This work highlights the critical role of microstructure design in the creation of
high-performance fire-resistant polymers.

MATERIALS AND METHODS

Materials

4190-grade TPU was supplied by Foshan Pinchen Trading Co., Ltd., Guangdong, China. Titanium
Aluminum Carbide (MAX) was provided by Laizhou Kai Kai Ceramic Materials Co., Ltd., Shandong, China.
Hydrochloric acid (HCI, AR), ethanol (AR), and tetraethyl orthosilicate (TEOS, AR) were acquired from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Ammonium polyphosphate (APP, 2 1,000 grade)
was obtained from Macklin Biochemical Co., Ltd., Shanghai, China. Polyethyleneimine (PEI, Mw 70000, 50%
aqueous) and lithium fluoride (LiF) were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd.,
Shanghai, China.

Preparation of MXene and APP@PEI@SiO,@MXene

The preparation method of MXene was referred to previous reports”***. A quantity of 3 grams of PEI was
introduced into the mixtures of 800 mL water-ethanol (1:1) and agitated for a duration of 30 min under
ambient temperature. Subsequently, following the dropwise addition of 6 mL of TEOS to the mixed solution,
the reaction was maintained at 80 °C for 3 h, ultimately yielding a milky white suspension. Finally, the white
PEI@SiO, powders were collected after centrifugal separation, rinsing, and drying.

The synthetic pathway of modified APP are shown in Figure 1. 10 g of APP was dissolve in 200 mL deionized
water, and added into 100 mL of PEI@SiO, solution (6 mg/mL), and the precipitate was wash by
water and centrifuge (room temperature, 6,000 rpm) 3 times. Then, the above precipitate was again dissolved
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Step One
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Figure 1. Schematic diagram for the synthetic pathway of APP-1BL. PEl: Polyethyleneimine; TEOS: tetraethyl orthosilicate; APP: ammonium
polyphosphate.

Table 1. Thermal degradation profiles of the investigated composites under controlled atmospheres: (a, b) N, and (c, d) air

Nitrogen Air
Sample Composite formulations T (°CQ) g T (°C) R
Ti (Oc) - 600°C Ti (oc) 900°C
(wt.%) T (wt.%)
Imax 2max Tmax 2max 3max

TPU-O  TPU100wt.% 315.09 33250 396.16 7.34+0.3 303.37 327.00 38567 56493 0.76+0.02
TPU-1 TPU 85wt.%; APP 15wt.% 268.60 277.71 316.27 28.89+0.14 267.63 27885 32846 53593 6.05+0.12
TPU-2 TPU 85wt.%; APP-1BL 15wt.% 262.04 27427 320.39 3210+0.15 26511 277.75 334.07 54833 6.67+0.13
TPU-3 TPU 85wt.%; APP-2BL 15wt.% 261.63 275.06 317.23 32.44+0.21 26245 276,59 330.19 550.31 6.40+0.13

TPU-4  TPU 85wt.%; APP-3BL15wt.%  265.78 276.17 31212 30.82+0.22 264.66 27722 32547 523.03 6.83x0.11

TPU: Thermoplastic polyurethane; APP: ammonium polyphosphate.

in 200 mL ion-free water, then added into 100 mL MXene solution (1 mg/mL), and the precipitate was
wash and centrifuge (room temperature, 6,000 rpm) for 3 times, and then APP@PEI@SiO,@MXene-1BL
(APP-1BL) was obtained. The above-listed steps were repeated 3 times, yielding the products
APP@PEI@SiO,@MXene-2BL (APP-2BL) and APP@PEI@SiO,@MXene-3BL(APP-3BL).

Preparation of TPU composites

A mixtures of 42.5 g of TPU and 7.5 g of APP were blended confidentially at a temperature of 185 °C,
utilizing a flat vulcanization press plate TPU containing 15 wt.% APP at a range of 185-190 °C. Pure TPU and
its flame-retardant counterparts containing APP@PEI@SiO,@MXene were fabricated through an identical
protocol, the composition and codes of the composite materials are listed in Table 1.

Characterization and analytical evaluation
The structural and chemical attributes of the char layers were interrogated using a suite of characterization
techniques: scanning electron microscopy (SEM, Phenom XL G2, Netherlands) for microstructural
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Figure 2. Field-emission scanning electron micrographs and energy-dispersive X-ray spectra for (A,, A,, A; and E) neat APP, (B, B,, B; and
F) APP-1BL, (C,, C,, C; and G) APP-2BL, (D,, D,, D, and H) APP-3BL; elemental cartography micrograph of (1) APP-3BL. APP: Ammonium
polyphosphate.

morphology; X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250 Xi, USA) for elucidating
elemental chemical states, complemented by energy-dispersive X-ray spectroscopy (EDS, same platform) for
elemental mapping; X-ray diffraction (XRD, Bruker) for crystalline phase identification; and
Fourier-transform infrared spectroscopy (FTIR, NICOLET IS10, USA) for functional group determination.
A Raman spectrometer (Renishaw inVia, UK) further characterized the carbonaceous residue.
Thermogravimetric analysis (TGA 550) was conducted under nitrogen or air to evaluate thermal stability.
The cone calorimeter test (CCT, FTT, UK) at 35 kW m™ supplied the combustion parameters, and each
sample was tested three times using the cone calorimeter, and the average value of the three replicate tests
was adopted.

RESULTS AND DISCUSSION

Characterization of APP@PEI@SiO,@MXene

The SEM images of flame retardants before and after modification via self-assembly are shown in Figure 2.
For pristine APP, its surface is remarkably smooth; however, after undergoing self-assembly and being
coated with SiO, and MXene, as shown in Figure 2B, its surface morphology transforms into a rough state
featuring numerous small particles evenly adsorbed onto the APP surface - this is largely attributed to SiO,
and MXene. Moreover, a progressive increase in the number of self-assembly layers leads to a rougher APP
surface. According to the EDS maps in Figure 2E, F and H, surface Si in the encapsulated APP accumulates
progressively as the coating cycles increase, while the P content steadily decreases; yet for APP-3BL, the P
content actually increases-this implies that a 2-layer coating is a critical layer count for APP modification,
and further increasing the number of modified layers beyond this point is actually detrimental to the
coverage of SiO, and MXene. Meanwhile, the elemental distribution of APP-3BL verifies that the shell
materials SiO, and MXene are uniformly dispersed on the surface of the APP combustion inhibitor, which
can efficaciously improve the surface interfacial performance of APP. As illustrated in Figure 3A, Elemental
compositions of APP and modified APP were mapped by EDS. It is observed that the main elements in
modified APP include N, O, P, Si, and Ti, whereas Si and Ti are not present in APP-this confirms the
multiple coatings of PEI@SiO,@MXene on the APP surface.
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Figure 3. (A) EDS; (B) FTIR; (C) XRD; (D) TGA of APP and APP@PEI@SiO,@MXene. EDS: Energy-dispersive X-ray spectroscopy; FTIR:

Fourier-transform infrared spectroscopy; XRD: X-ray diffraction; TGA: thermogravimetric analysis; APP: ammonium polyphosphate; PEI:
polyethyleneimine.

As illustrated in Figure 3B, Fourier-transform infrared spectroscopy was utilized to probe the molecular
functionalities of APP and its modified counterpart, APP-3BL. The APP spectrum manifested distinctive
absorption bands centered at 3,385 and 3,209 cm™, attributable to hydroxyl (-OH) and amino (N-H)
moieties, respectively. Further diagnostic signals emerged at 1,251 cm™ (P-O bonding), 1,064 cm™
(symmetric P-O elongation), 1,016 cm™ (symmetric PO, and PO, vibrations), and 882 cm™ (asymmetric P-O
elongation concurrent with P-O-P linkage). Upon the successive deposition of SiO, and MXene layers to
yield APP-3BL, a new, well-defined band materialized at 3,423 cm™, indicative of O-H valence vibration. The
spectral signature of MXene became particularly pronounced within the 1,000-1,800 cm™ window. A
definitive band near 550 cm™ corroborates the existence of Ti-O bonding. Additionally, spectral
contributions from C-O and C=0 groups were discerned within the 1,500-1,700 cm™ interval®**”. The
spectral profile of APP-3BL also featured a band at 443 cm™', ascribed to the Si-O motional mode.

Concurrently, additional spectral features at 1,018, 780, and 479 cm™ signify the emergence of hybridization
effects.

Further studies on the crystalline structure of APP and modified APP were conducted by XRD in Figure 3C.
All APP reflections align with those of standard JCPDS 44-0739, confirming phase purity. For MXene, its
18.6° (004), 25.5° (006), 34.1° (011) and 38.9° (014) reflections coincide with those of APP in APP-3BL,
evidencing that PEI@SiO,@MXene is present as an ultrathin sheath enveloping the APP core"**. Figure 3D
presents the thermogravimetric results, which indicate that by virtue of the synergistic interaction between
PEI@SiO,@MXene and APP, the high-temperature carbonization performance of modified APP is

substantially improved-this in turn enhances its flame-retardant performance.
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Figure 4. High-resolution (A) Ti 2p, (B) Si 2p, (C) P 2p, (D) N'1s, (E) C1s, and (F) O 1s XPS spectra for APP-3BL. APP: Ammonium
polyphosphate; XPS: X-ray photoelectron spectroscopy.

To further resolve the surface-element distribution of the flame retardant, the APP-3BL sample was surveyed
by XPS; the spectra are displayed in Figure 4. As for APP-3BL, the characteristic peaks of Si and Ti appeared
near 102 and 455 eV, respectively. The Si absorption peaks mainly included Si-OH, Si-O-Si, and Si-O-P
structures, demonstrating that a chemical reaction took place between nano-silica and APP during the
self-assembly process, leading to the formation of Si-O-P structures. Furthermore, the Ti 2p signals further
verify that MXene is anchored on the APP surface!*>*. XPS data indicate that the surface element content of
the flame retardant has changed after microencapsulation, with a significant presence of characteristic
modified elements Si and Ti.

Thermal stability of the composites

Figure 5 illustrates the TGA profiles of the composites measured in nitrogen and air atmospheres. Under N,
the TPU composite degrades in two well-resolved steps: hard-segment scission first, followed by
soft-segment depolymerisation*>**. Pure TPU demonstrates relatively high thermal stability below 330 °C.
Additionally, the TGA curve reveals a slight decline in stability above 400 °C, and elevated temperatures
further accelerate its thermal degradation rate. Pure TPU exhibits a relatively high initial decomposition
temperature (7)), with its maximum decomposition rate peaking at 396.16 °C. This behavior indicates that
while the hard segments of TPU decompose with considerable stability, the soft segments undergo
accelerated decomposition due to uncontrolled breakdown. Pure TPU leaves a relatively low char residue of
merely 7.34 wt.% (see Table 1). Generally, APP usually decomposes to generate strong
phosphorus-containing acids, such as phosphoric acid, pyrophosphoric acid, and metaphosphoric acid, and
these acids display catalytic activity in breaking polyurethane bonds into compounds such as alcohols,
isocyanates, and CO,, which leads to the early degradation observed in TPU/APP blends and their
flame-retardant composites. The composite material undergoes thermal degradation at a lower temperature,
which indicates that SiO, and MXene can slightly facilitate the thermal degradation of the composite, form a
stable carbon layer ahead of time, and exert a flame-retardant effect at low temperatures. Furthermore, the
residual char contents of TPU/APP and TPU/APP@PEI@SiO,@MXene composites at 600 °C are 28.89 wt.%
and 32.44 wt.%, respectively. The high char residues at elevated temperatures suggest a synergistic effect
between APP and PEI@SiO,@MXene:
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Figure 5. Thermogravimetric Analysis and corresponding derivative profiles of the composite materials under inert (A and B) and oxidative
(C and D) conditions. TPU: Thermoplastic polyurethane.

As depicted in Figures 5C and D, under an air atmosphere, the oxidative decomposition of TPU composites
comprises three stages. The breakdown of polyurethane bonds serves as the main process in the initial stage;
conversely, the second and third stages primarily involve polyol decomposition. The distribution patterns of
T.and T

max

are mostly in line with those in an N, atmosphere, while the distribution pattern of residual
carbon varies from that in a nitrogen atmosphere. Furthermore, a notable increase in char residue is
observed for the TPU/APP@PEI@SiO,@MXene composite at 350 °C compared to the TPU/APP composite,
and the composite containing APP-3BL possesses the highest residual carbon content. Because a high
residual carbon content benefits the improvement of flame retardant performance, APP-3BL is the most
effective in boosting the composites’ flame retardancy. Meanwhile, the measurement outcomes of TGA
residual carbon are mostly in agreement with the CCT results.

Combustion behavior of the composites

The Cone Calorimeter is regarded as the most effective technical method for measuring the combustion
characteristics of materials, as its combustion environment closely resembles actual combustion conditions
compared to other technical methods. Cone calorimetry was used to quantify key fire-risk metrics - heat
release, smoke evolution and mass loss - of the materials. The characteristic curves and key data of the
combustion process for the composites are shown in Table 2 and Figure 6.

The results show pure TPU material is ignited within 55 s, while the initial ignition time for other composites
is shorter than 50 s. This indicates that these two substances-APP and APP@PEI@SiO,@MXene-demonstrate
a catalytic function in the early decomposition of TPU. Pure TPU exhibits the highest values for peak heat
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rate; THR: total heat release; TPU: thermoplastic polyurethane.

release rate (pHRR) and total heat release (THR), which are 678.56 kW/m* and 71.746 M]J/m?, indicating the
high fire risk. Relative to pure TPU material, the pHRR of TPU/APP composite drops to 190.27 kW/m* (a
71.96% reduction), while that of TPU/APP@PEI@SiO,@MXene composite falls to 157.50 kW/m? (a 76.79%
reduction). Furthermore, relative to neat TPU, the total heat release was curtailed by 79.0% with APP and by
87.90% upon incorporation of APP@PEI@SiO,@MXene. And as the number of PEI@SiO,@MXene coatings
on the APP surface increases, the reduction effect of THR and pHRR of the composites becomes more
significant, with TPU-3 and TPU-4 having the lowest pHRR and THR values respectively. To some extent,
this reflects the synergistic flame retardancy between APP and PEI@SiO,@MXene. This synergistic

flame-retardant effect accelerates carbon formation, driving a marked reduction in heat release.

In a fire, smoke is a major cause of injuries and fatalities, with its release presenting greater peril than heat
release. Data presented in Table 2 and Figure 7 indicate that pure TPU material has remarkably high values
of Smoke Production Rate (SPR) (14.37 m?/s?), Total Smoke Production (TSP) (18.06 m?*/m?), Yield of
Carbon Monoxide (YCO) (0.0211 g/s), and Yield of Carbon Dioxide (YCO,) (0.5950 g/s). The risk of using it
directly without incorporating a smoke suppressant is incalculable, because the smoke released during the
fire is often a significant factor in causing fatalities. Relative to neat TPU, the flame-retardant formulations
exhibit an SPR drop of approximately 65.2%. In addition, the release of TSP, CO, and CO, for
TPU/APP@PEI@SiO,@MXene is significantly reduced, with the final TSP, YCO, and YCO, values
decreasing to 1.64 m*/m? 0.0110 g/s, and 0.1080 g/s, respectively. With increasing PEI@SiO,@MXene layers
increases, the smoke suppression effect gradually enhances. These results indicate that the combination of
PEI@SiO,@MXene shell and APP at the micrometer scale has a significant smoke suppression effect. This
may be due to the flame retardant APP@PEI@SiO,@MXene enhancing the carbon strength of the polymer,

thus effectively preventing the emission of toxic and harmful gases.

Figure 8 displays the specimen’s mass-loss curve recorded in the cone test, which diverges from the TGA
profiles obtained in both air and nitrogen. With a mere 7.73% residual mass, pure TPU shows high
combustibility. This is countered by flame retardants, as the TPU composites then show reduced mass loss in
a declining trend. Among these composites, the final char yield of the TPU/APP@PEI@SiO,@MXene
composite after 500 seconds of burning reaches up to 79.03%, which is totally distinct from the TGA
pyrolysis outcomes of the material in air. The discrepancy in char residue rate between the cone calorimeter
and TGA stems from differences in test environments and reaction mechanisms: the former simulates real
combustion, while the latter is static pyrolysis. This discrepancy significantly reflects the intumescence
(formation of a continuous and dense char layer) and drip suppression (reduction of mass loss) of the
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Table 2. CCT parameters for TPU and its composite formulations

Sample pHRR - THR FPI FSI SPR TSP Yoo A\ MASS
(kW/m?) (s) (MJ/m?) [m?/(s-kW)] [kW/(m*s)] (m?/s?) (m?/m?) (g/s) (g/s) (%)
TPU-0O 678.56 +8.12 188.09 7146 +3.78 0.08 3.61 1437 18.06 0.02Mm 0.5950 7.73
TPU-1 190.27 +£5.23 52.00 15.00 +1.34 020 3.66 5.01 3.73 0.0128 0.1326 7274
TPU-2 18110 £3.14 47.98 11.88+0.78 019 3.77 460 2.1 0.0120 0.1231 77.07
TPU-3 157.50 £ 4.18 49.99 10.42+0.68 023 315 5.30 178 0.016 01036 78.29
TPU-4 159.00 + 5.45 49.98 8.93+0.74 0.25 318 465 1.64 0.0110 0.1080 79.03

TPU: Thermoplastic polyurethane; APP: ammonium polyphosphate; CCT: cone calorimeter test; pHRR: peak heat release rate; THR: total heat release; FSI: flame spread index; SPR: smoke production rate; TSP: total smoke
production; MASS: mass loss rate; FPI: fire performance index.

material during combustion, rather than test condition artifacts. The discrepancy verifies the synergistic flame-retardant mechanism of the composite material and
demonstrates better char layer retention capacity in real fire scenarios.

In summary, APP and modified APP can accelerate the degradation of TPU composites at low temperatures, rapidly forming stable char layers. Combined with
monitoring results such as pHRR, THR, SPR, TSP, Y, and Y, the integrity-preserving carbon layer can effectively isolate the transmission of heat and gas between
the interior and exterior of the matrix. Thus, it enhances the flame retardant performance of TPU composites. Among them, TPU-4 exhibits the best overall flame
retardant performance.

Morphological and structural characteristics of char residues

The structural morphology of the carbon layer is closely associated with the flame retardant ability of the composite. Hence, performing macroscopic structural
morphology analysis on the residual carbon layer after cone calorimeter tests is a viable approach to elucidate its mode of flame retardant action. The composite’s
residual char is illustrated in Figure 9. For pure TPU, only a tiny quantity of carbon residue is left. After the combustion of untreated TPU composites, digital photos in
Figure 9 demonstrate that pure TPU produces char residues with a relatively porous and fragmented morphology, featuring an incomplete thin carbon layer and
insufficient expansion height. The enhanced flame retardancy is evidenced by the evolution of char morphology, as revealed by SEM. The char transitions from a
cracked, porous structure in pure TPU to a continuous, dense, and expanded carbon barrier in the flame-retardant composites. Specifically, the
TPU/APP@PEI@SiO,@MXene composite forms a seamless and highly expanded char layer, a morphology that is markedly improved to the cracked carbon layer
observed in TPU/APP composites. This morphological improvement directly contributes to fire suppression. Elemental mapping of the composite char further shows
P, N, O, C, Si and Ti to be homogeneously spread throughout the layer, evidencing that well-distributed flame-retardant species actively promote the development of a
continuous protective barrier during burning.
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Figure 7. Release profiles of key fire effluents from TPU and its composites: (A) SPR, (B) TSP, (C) CO, and (D) CO, generation. TPU:
Thermoplastic polyurethane; SPR: smoke production rate; TSP: total smoke production.
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Figure 8. MASS curves of the composites during the cone test. TPU: Thermoplastic polyurethane; MASS: mass loss rate.

Figure 10 further presents the characterization of the char layer composition via Raman spectroscopy. The D
and G bands, defining features of the carbon structure, are resolved at 1,360 and 1,590 cm™ in the Raman
spectrum. A lower I, /I, value serves as a reliable proxy for enhanced structural ordering within the carbon
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Figure 9. Morphological Evolution and Elemental Architecture of Post-Combustion Residues. (A-E) Digital and scanning electron
micrographs of chars from: (A) Neat TPU, and composites incorporating (B) APP, (C) APP-1BL, (D) APP-2BL, (E) APP-3BL' (F)
Corresponding spatial element distribution for the TPU/APP@PEI@SiO,@MXene-3BL composite. APP: Ammonium polyphosphate; TPU:
thermoplastic polyurethane; PEI: polyethyleneimine.

lattice, which implies a more compact carbon layer!***.. Pure TPU yields the highest disorder index, I /I, =
2.14. Incorporating the flame retardants lowers this ratio markedly for the TPU composites, reflecting a more
graphitized char, and TPU/APP@PEI@SiO,@MZXene exhibits a lower I,/I, value compared to TPU/APP. In
addition, as the number of PEI@SiO,@MXene layers rises, TPU/APP@PEI@SiO,@MXene displays a trend of
decreasing I /I values, which suggests that the TPU/APP-3L composite exhibits the highest level of
graphitization in its char layer. This is linked to the catalytic action of transition metals within MXene.

Mechanism of flame retardancy in the composites

The surface composition and elemental speciation within the TPU/APP-3BL char residues were interrogated
by XPS. As illustrated in Figure 11, the results verified the presence of elements such as Ti, Si, P, N, C, and O.
For Ti, the main characteristic peaks correspond to Ti-O, Ti*', and Ti-C, indicating that the Ti element
predominantly exists as TiO, compounds. XPS of the char residues resolves the Si 2p region into two
components-103.5 eV (Si0,) and 102.6 eV (Si-O-Si)-confirming the silica architecture generated during
combustion. These silicon-based species are conducive to forming a continuous, protective silica film on the
char surface. Meanwhile, the P 2p spectrum shows two dominant peaks at 135.1 and 134.1 eV, attributable to
P=0O and P-O bonds, which originate from the decomposition products of APP. Additionally, the
deconvoluted O 1s spectrum exhibits multiple components, including C-O, C=0, §i-O, P-O/P=0, and Ti-O,
collectively confirming the successful formation of a silicon-enriched protective layer within the carbon
matrix. The high-resolution C 1s spectrum shows four peaks, which correspond to C-O, C-C, C=C, and C-Ti
bonds, respectively-clearly indicating that the carbon layer is mainly composed of C-C bonds.
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Figure 10. Micro-Raman Analysis of Post-Combustion Carbon Structures. Comparative spectra for pristine TPU and its composite

counterparts: (A) Pure TPU, (B) TPU/APP, (C) TPU/APP-1BL, (D) TPU/APP-2BL, (E) TPU/APP-3BL. TPU: Thermoplastic polyurethane;
APP: ammonium polyphosphate.
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Figure 11. Chemical State Profiling of the Char Surface. High-resolution XPS spectra acquired from the TPU/APP-3BL composite residue:

(A) Ti2p, (B) Si2p, (C) P 2p, (D) N1s, (E) C1s,and (F) O 1s. TPU: Thermoplastic polyurethane; XPS: X-ray photoelectron spectroscopy;
APP: ammonium polyphosphate.

To conduct a deeper investigation into the gaseous thermal degradation products,
Thermogravimetric-infrared spectroscopy was utilized to detect and analyze TPU and its composite
materials. From Figure 12, it is observable that TPU exhibits the highest peak intensity for its thermal
degradation products, whereas the TPU/APP-3BL composites show the lowest peak intensity in this regard.
Introducing flame retardants notably diminishes the production of gaseous thermal degradation byproducts,
which implies that the APP and shell structures impede TPU’s thermal degradation processes, thus
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Figure 12. 3D TG-IR spectra of (A) Pure TPU, (B) TPU/APP, and (C) TPU/APP-3BL; the gases products at maximum degradation rate;
absorption peak forhydrocarbon compound, carbonyl, aromatic compounds, ethers and Aromatic hydrocarbon (D-1). TPU: Thermoplastic
polyurethane; APP: ammonium polyphosphate; PEl: polyethyleneimine; 3D TG-IR: three-dimensional thermogravimetric analysis-infrared
spectroscopy.

improving its fire resistance. Moreover, adding flame retardants did not change the types of thermal
degradation products throughout TPU’s thermal degradation procedure. All three TPU systems released
analogous volatiles: 3,600-3,900 cm™ (H,0), 2,980 cm™ (hydrocarbons), 2,360 cm™ (CO,), 1,770 cm™
(carbonyls), 1,540-1,420 cm™ (aromatics), 1,080 cm™ (ethers) and 910 cm™ (NH,)"***. Relative to neat TPU,
the TPU/APP-3BL composite shows a pronounced drop in the mass spectral signatures of key gas-phase
pyrolyzates-specifically aliphatic/aromatic hydrocarbons, carbonyl-containing moieties, and oxygenated
volatiles, which constitutes direct evidence that the composite system favors a solid-phase carbonization
pathway over gaseous fuel production when exposed to thermal stress. Additionally, the peak intensity
corresponding to CO, release in TPU/APP-3BL composites is the lowest, aligning with the cone calorimeter
test results. The spectral band observed at 908 cm™ is ascribed to NH, (a non-flammable gas), implying that

the APP-3BL shell layer also aids in suppressing toxic gas emission.

These observations allow us to advance a consolidated flame-retardant scenario for the TPU composites,
sketched in Figure 13. This enhanced performance arises from the synergy among phosphorus, nitrogen,
metal, silica, and layered structures, which can be specifically divided into the following: (1) Upon heating,
APP releases potent acids that dehydrate the polymer, fostering catalytic charring and leaving an insulating
carbon barrier over the substrate; (2) APP, acting concurrently as an acid precursor and a gas-yielding
compound, engages in a char-swelling fire suppression mechanism in TPU. This interaction yields a highly
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Protective Carbon Lay
Layer-blocking Effect

Figure 13. Probable mechanism of flame retardancy for TPU/APP-3BL composites. TPU: Thermoplastic polyurethane; APP: ammonium
polyphosphate; PEI: polyethyleneimine.

inflated cohesive char crust, effectively obstructing the transfer of heat and oxygen, lengthening the effusion
pathway for flammable volatiles, and curtailing the release of combustible smokes and enthalpy"**’; (3) NH,
generated from APP decomposition dilutes combustible gases and oxygen, while MXene nanosheets block
gas transmission. The two synergistically inhibit combustible gas diffusion and enhance gas-phase flame
retardancy; (4) After being heated, the silicon-based flame retardant generates a dense SiO, oxide film on the
matrix’s surface, thus reinforcing the char layer; (5) When APP decomposes together with PEI and TPU, it
yields inert gases including N, H O, and NH,, thereby diluting the oxygen and combustible gases. To sum
up, Compared with thermally unstable metal-organic frameworks (MOFs) and graphene oxide prone to
agglomeration, the SiO,/MXene composite shell, by virtue of its synergistic effect, enhances char layer
compactness, improves smoke suppression efficiency, achieves gas-solid phase synergistic flame retardancy,
significantly optimizes the flame retardant efficiency of APP, and is compatible with TPU while enhancing
flame retardant performance.

CONCLUSIONS

To elevate the fire-inhibiting performance of APP, MXene and SiO, are utilized as shell materials, enabling
the preparation of nano-material encapsulated APP via a sequential assembly approach, and Synergistic
flame-retardant action boosts the fire-proofing efficiency of TPU. As for the TPU/APP@PEI@SiO,@MXene
composites, the TPU composites have improved interfacial cohesiveness and dispersion. The TPU
composites are endowed with better thermostability, fire resistance, and smoke suppression properties
simultaneously. Thermal stability analysis shows that the coated APP remarkably enhances the composite’s
thermal resistance, as verified by cone calorimeter tests: compared to unmodified TPU, the coated APP
endows the material with improved fire safety, reducing pHRR by 71.96% and THR by 79.0%. It also exhibits
excellent smoke suppression, with significant declines in the composite’s SPR, TSP, YCO, and YCO,. SEM,
TG-IR, XPS, and Raman characterizations confirm that APP@PEI@SiO,@MXene forms a denser, more
graphitic char layer, whose shielding effect effectively inhibits the emission of volatile pyrolysis products.
This system can fully combine the action mechanism of SiO, and MXene in both the condensed phases and

can achieve outstanding flame-retardant efficiency with lower content.
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