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Abstract
High-performance MXene-based polymer nanocomposites are well-suited for various industrial applications owing to their 
excellent mechanical, thermal, and other properties. However, the fabrication of flame-retardant polymer/MXene nanocom-
posites remains challenging owing to the limited flame-retardant properties of MXene itself. This study prepared a novel 
MXene@Ag@PA hybrid material via radiation modification and complexation reaction. This material was used to further 
enhance the key properties of ethylene-vinyl acetate (EVA), such as its mechanical properties, thermal conductivity, flame 
retardancy, and electromagnetic shielding. The addition of two parts of this hybrid material increased the thermal conduc-
tivity of EVA by 44.2% and reduced its peak exothermic rate during combustion by 30.1% compared with pure EVA. The 
material also significantly reduced smoke production and increased the residue content. In the X-band, the electromagnetic 
shielding effectiveness of the EVA composites reached 20 dB. Moreover, the MXene@Ag@PA hybrid material could be 
used to further enhance the mechanical properties of EVA composites under electron-beam irradiation. Thus, this study 
contributes to the development of MXene-based EVA advanced materials that are fire-safe, have high strength, and exhibit 
good electromagnetic shielding performance for various applications.
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1 Introduction

The widespread use of wearable electronic devices has sig-
nificantly improved people’s lives; however, it also presents 
challenges, including potential health risks from electromag-
netic radiation and heat-related issues such as fires [1, 2]. To 
address these concerns, studies are actively searching for a 
multifunctional material with excellent fire resistance, heat 
dissipation properties, and ideal electromagnetic interference 
(EMI) shielding [3]. Although traditional metals have been 

considered as thermally conductive shielding films, they 
encounter issues such as corrosion, high density, and pro-
cessing difficulties [4, 5]. Polymers such as ethylene-vinyl 
acetate copolymers (EVA) have gained attention because of 
their light weight, flexibility, low cost, and corrosion resist-
ance. However, the challenge of interfacial incompatibility 
between the EVA matrix and conductive fillers has resulted 
in filler agglomeration, reducing both the electromagnetic 
shielding effectiveness and thermal conductivity [6]. Despite 
extensive efforts to address this issue, achieving an ideal 
electromagnetic shielding performance and thermal conduc-
tivity simultaneously remains a challenge. In addition, the 
flammability of EVA poses a risk of fire and thermal failure.

MXene, an emerging two-dimensional material, has 
attracted significant interest owing to its outstanding elec-
tromagnetic shielding and flame resistance properties [7]. 
Composed of metal titanium and carbon, the fundamental 
basic structure of MXene provides excellent electrical and 
thermal conductivity. This renders it ideal for addressing 
electromagnetic interference and fire-related issues [8, 9]. 
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MXenes can be efficiently manufactured as shielding films 
to block or absorb electromagnetic radiation, thereby pro-
tecting electronic devices and communication systems 
from interference. Zhai et al. [10] dissolved waste cotton 
fabric (WCF) to prepare waste cotton cellulose aerogels 
and deposited MXene nanosheets onto them. Consequently, 
they obtained WCF/MXene composite aerogels with a high 
electromagnetic interference shielding effectiveness (EMI 
SE). The exceptional electromagnetic shielding performance 
of MXenes is crucial for mitigating electromagnetic pollu-
tion [11]. Moreover, MXene exhibits immense potential as 
a flame-resistant material for reducing fire risks and enhanc-
ing safety through its high thermal conductivity, rapid heat 
dissipation, and physical barrier properties that prevent 
flame penetration [12]. Despite the excellent performance 
of MXenes, challenges such as poor dispersion in polymers 
and susceptibility to oxidation at high temperatures or under 
fire conditions persist [13]. Researchers have actively sought 
solutions, including improved dispersion techniques and sur-
face modifications, to enhance the stability of MXenes in 
practical applications [7–13].

Based on the aforementioned studies, it is evident that 
the current modification of MXenes primarily relies on 
chemical modifications [14, 15]. Although chemical modi-
fication has the potential to enhance material properties, 
it also has drawbacks such as environmental pollution, 
high costs, complex process control, generation of harm-
ful byproducts, and limitations in material selection. The 
careful consideration and management of these issues are 
necessary when chemical modifications are used  [16]. 
Radiation modification is a modern material processing 
technique that involves modifying and treating materials 
using various types of radiation sources, including elec-
tron beams, ultraviolet radiation, and ion beams. This tech-
nology has widespread applications in numerous indus-
tries, including medicine, food, materials science, and 
environmental protection. Radiation modification offers 
unique advantages including cleanliness, efficiency, and 
minimal environmental pollution. Compared to tradi-
tional heat treatment or chemical modification methods, 
radiation modification typically requires fewer processing 
steps, reducing the time and resource wastage during the 
production process [17]. In addition, radiation modifica-
tion exerts a minimal environmental impact. In contrast to 
certain chemical processing methods, it does not generate 
harmful chemical byproducts during the treatment process, 
thereby lowering the risks to personnel and environmen-
tal health. Han [18] et al. utilized radiation technology to 
develop a straightforward two-step method for preparing 
silver (Ag) nanocluster composite materials. First, they 
grafted polyacrylic acid (PAA) chains onto the surfaces of 
polyethylene (PE) membranes to serve as templates (PE-g-
PAA). Subsequently, through in situ reduction of Ag ions 

on the surface of the template material, Ag nanocluster 
composite materials (AgNCs@PE-g-PAA) were formed. 
This composite material can function as a fluorescent test 
paper, enabling visual detection of Cr3+ ions.

To enhance the dispersion of MXene in EVA and create 
multifunctional materials, this study employed AgNO3 as a 
precursor and a radiation reduction method to synthesize 
Ag nanoparticles modified MXene (MXene@Ag). Subse-
quently, MXene@Ag was coated with phytic acid (PA) to 
prepare a novel core–shell structured material known as 
MXene@Ag@PA hybrid. The MXene@Ag@PA hybrid 
material was then incorporated into EVA through melt 
blending to create multifunctional EVA flame-retardant 
composite materials. This study investigated flame retar-
dancy, mechanical properties, radiation resistance, and 
electromagnetic shielding performance. In addition, the 
combustion residues were analyzed to explore the flame-
retardant mechanism of MXene@Ag@PA hybrid material.

2  Experimental section

2.1  Materials

Ti3AlC2 (MAX, 98 wt%, 400 mesh) was purchased from 
Foshan Xinene Technology Co., Ltd. Lithium fluoride 
(LiF, ≥99%, CP), silver nitrate ( AgNO3 , ≥99.8%, AR), 
and anhydrous ethanol (EtOH, AR) were purchased from 
Shanghai Aladdin Biochemical Technology Co., Ltd. 
Hydrochloric acid (HCl, 36% –38%, AR) was provided by 
Tianjin Komiou Chemical Reagent Co., Ltd. EVA (2803, 
containing 28% vinyl acetate) was purchased from Arkema 
(France). Phytic acid (70 wt% in H2O ) was purchased from 
Shanghai Zhanyun Chemical Co., Ltd.

2.2  Fabrication of exfoliated MXene (e‑MXene)

MXene was synthesized according to a previous study 
[19] using the following method. First, 1 g of LiF was 
slowly added to hydrochloric acid solution (20 ml, 9 g/
mol) to form a homogeneous solution. Then, 1.0 g MAX 
powder was slowly added to the above solution within 30 
in. The mixture was then continuously stirred at 40 ◦C for 
48 h after the aluminum layer was removed. MXene was 
obtained after centrifugation (5000 rad/min for 5 in) and 
washed with deionized water until the pH was >6. The 
exfoliated MXene was further exfoliated via ultrasoni-
cation for 60 in and centrifuged at 3500 rad/min for 30 
in to obtain a uniformly exfoliated MXene suspension. 
Finally, the exfoliated MXene powder was obtained by 
freeze drying.
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2.3  Fabrication of MXene@Ag

Thereafter, 0.5 g of exfoliated MXene powder and 0.5 g 
of AgNO3 were added to 250 ml of deionized water and 
stirred for 2 h via sonication. Similarly, 250 ml ethanol 
was added to the solution under mechanical stirring and 
sonication. The prepared exfoliated MXene suspension 
was evacuated for 15 min and then passed through nitro-
gen for 15 min to remove oxygen. It was then irradiated 
with a cobalt source ( 60Co ) with an absorbed dose of 
30 kGy and a dose rate of 2.5 kGy h−1 . Finally, the pro-
duced MXene@Ag nanostructure was collected via vac-
uum filtration, washed with deionized water, and placed 
in a vacuum oven at 60 ◦C for drying for 24 h.

2.4  Fabrication of MXene@Ag@PA

Then, 10 ml of PA was poured into 90 ml of deionized 
water to prepare a 10% concentration phytic acid solution. 
Further, 0.2 g of MXene@Ag was added to this phytic 
acid solution and stirred using a magnet for 2 h. After 
the completion of the reaction, the sample was filtered, 
washed, and vacuum-dried at 60 ◦C to obtain MXene@Ag 
@PA. The experimental steps are shown in Fig. 1.

2.5  Fabrication of EVA/MXene@Ag@PA composites

The EVA/MXene@Ag@PA0.5 composites were prepared 
by blending. First, 99.5 g EVA resin and 0.5 g MXene@
Ag@PA were blended using a small mixer. Subsequently, 
the composite materials were kept under the conditions 
of 18 MPa and 175 ◦C for 5 min to form plane sheets. The 
composites were named as EVA/MXene@Ag@PA1.0, EVA/
MXene@Ag@PA1.5, and EVA/MXene@Ag@PA2.0 by 
adding 1.0 g of MXene@Ag@PA, 1.5 g of MXene@Ag@
PA, and 2.0 g of MXene@Ag@PA instead of EVA, respec-
tively. Further, pure EVA was used for comparison.

2.6  Characterization

The Fourier transform infrared (FTIR) spectra of the sam-
ples were recorded using a Bruker Vector 33 spectrometer 
(Germany) with a resolution of 4 cm−1 over 32 scans in 
the range of 4000 − 400 cm−1 . X-ray diffractions (XRD) 
measurements were performed at a scan speed of 0.01◦ /s 
in the range of 5◦–80◦ using a Bruker D8-Advance with 
Cu K � radiation at 1.5418 angstrom. Scanning electron 
microscopy and energy-dispersive X-ray spectrometry 
(SEM-EDS) were employed to observe the morpholo-
gies of the samples with a SEM (TM4000, Japan) at an 
accelerating voltage of 15 kV. Thermogravimetric analysis 
(TGA) was performed using a thermogravimetric analyzer 

Fig. 1  (Color online) Preparation of MXene@Ag@PA
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(STA449C, NETZSCH, Germany) at a heating rate of 
15 ◦C min

−1 under a nitrogen atmosphere. A cone calo-
rimeter test (CCT) was conducted on an FTT cone calo-
rimeter according to ISO 5660 at a heat flux of 35 kW m

−2

(sample size:100mm × 10mm × 3mm ). The mechanical 
performance was tested using a WZY-240 (Chengde Heng-
tong Testing Instruments Co. Ltd) universal machine at 
a constant rate of 200mm min

−1 , and the samples were 
cut into dumbbells of 4 mm thickness according to GB/T 
1040-2006. The same samples were tested at least five 
times, and the average results were obtained. Mechanical 
performance testing was conducted following electron-
beam irradiation. The mechanical properties of each sam-
ple were tested after irradiation with electron beams of 
different absorbed doses. The absorbed doses considered 
were 100 kGy, 200 kGy, 300 kGy, 400 kGy, and 500 kGy. 
Thermal conductivity (TC) was measured employing the 
transient hot wire method using a TC3000E TC meter. The 
length, width, and height of the solid test sample were not 
less than 25mm × 25mm × 3mm ; therefore, the upper and 
lower sides of the samples on both sides of the sensor were 
kept flat. An AV3629 vector network analyzer was used 
to test the electromagnetic shielding performance of EVA 
and its composite. S and electromagnetic parameters were 

measured using the coaxial airline method. The test band 
was the X-band (8.2 GHz to 12.4 GHz). Raman spectra 
were measured using a LabRAM spectrometer (DilorSA, 
France) with a 532 nm argon laser line.

3  Results and discussion

3.1  Characterization of MXene@Ag@PA

Infrared (IR) and XRD analyses of the synthesized product 
confirmed the successful synthesis of MXene@Ag@PA. 
As shown in Fig. 2a, characteristic peaks for pure MXene 
were observed at 3373 cm−1 and 1384 cm−1 , correspond-
ing to the –OH and C–F functional groups, respectively. 
These chemical bonds represent new bonds formed on the 
MXene surfaces during delamination. After introducing PA 
to create the MXene@Ag@PA hybrid material, two new 
characteristic peaks appeared in the infrared spectrum at 
1215 cm−1 (P-O) and 1157 cm−1(P=O), indicating that PA 
might have undergone complexation reactions with either 
C-Ti or Ag in MXene during the reaction process [20, 21]. 
Furthermore, in the XRD curve (Fig. 2b), a distinct peak 
was observed at approximately 6.5◦ for exfoliated MXene. 

Fig. 2  (Color online) FTIR (a), XRD (b), and TG (c) of MXene and MXene@Ag@PA; SEM images of MXene (d), MXene@Ag (e), and 
MXene@Ag@PA (f); and EDS mapping of Ag element (g), P element (h), and EDS element content (i) of MXene@Ag@PA
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This was attributed to the leftward shift of the characteristic 
peak corresponding to the (002) crystal plane of MXene, 
indicating the successful exfoliation of MXene using LiF 
and HCl. For MXene@Ag@PA, XRD revealed two typi-
cal crystal planes, (111) and (200), for Ag nanoparticles at 
approximately 38.9◦ and 43.4◦ , respectively. This implied the 
successful formation of Ag nanoparticles under the action 
of radiation reduction [22]. Interestingly, the (002) crystal 
plane of the exfoliated MXene disappeared after coating 
with PA, which may be attributed to the formation of a pro-
tective layer through complexation with PA on the MXene 
surface, resulting in shielding effects.

Figure 2c shows the thermal stability change curves 
of the MXene@Ag and PA-modified MXene@Ag@PA 
hybrid materials. As evident, the thermal degradation of 
the MXene@Ag hybrid material gradually decreased as 
the temperature increased. The residue content was 600 ◦C 
when the temperature reached 97.4% . The decrease in the 
residue content at high temperatures may be attributed to the 
removal of functional groups containing O and F from the 
surface of the MXene@Ag hybrid material. Interestingly, 
after modifying MXene@Ag hybrid material with PA, the 
thermal stability of MXene@Ag@PA hybrid material sig-
nificantly decreased [23, 24]. The initial thermal decomposi-
tion temperature (T5%) of this material decreased to 149.2 ◦C . 
Furthermore, as the temperature increased, the residue 
content decreased significantly, particularly when the heat-
ing temperature reached 600 ◦C , where the residue content 
decreased to 74.3%. Compared to MXene@Ag hybrid mate-
rial, this indicated a reduction of 23.1%. Thus, when the 
MXene@Ag hybrid material was coated with PA, the PA 
loading was approximately 23.1%.

SEM-EDS analysis provided a more intuitive insight into 
the morphological changes and elemental distribution before 
and after the PA coating of MXene@Ag. From Fig. 2e, com-
pared to pure MXene (Fig. 2d), the surface of exfoliated 
MXene@Ag, under the influence of radiation reduction, 
generated numerous small nanoparticles, all of which were 
Ag nanoparticles. The surface of MXene@Ag@PA obtained 
after coating the MXene@Ag hybrid material with PA was 
subjected to significant changes (Fig. 2e). This was primar-
ily evident from the significant reduction in the number of 
nanoparticles originally present on the surface, rendering 
the surface relatively smooth [25]. Therefore, PA effectively 
adhered to the shell structure on the surface of MXene@
Ag hybrid material. To further confirm the presence of Ag 
nanoparticles inside MXene@Ag@PA hybrid material, EDS 
was used for elemental analysis, and the elemental distribu-
tion maps are shown in Fig. 2f-h. The elemental composi-
tions shown in Fig. 2i clearly indicate the presence of the 
key elements P and Ag, which were generated during the 
synthesis process. This confirmed the successful synthesis 
of MXene@Ag@PA hybrid material.

3.2  Characterization of EVA and its composites

The impact of the incorporation of the MXene@Ag @
PA hybrid material on the internal structure of EVA was 
observed and analyzed using SEM. As in Fig. 3a, the cross 
section of pure EVA after fracture appeared relatively 
smooth, with no apparent cracks. When a small amount 
of the MXene@Ag@PA hybrid material was added, small 
particles appeared in the cross section of the EVA compos-
ite material, and these particles were all derived from the 

Fig. 3  (Color online) SEM images of the sections of EVA and its composites: EVA (a), EVA/MXene@Ag@PA0.5 (b), EVA/MXene@Ag@
PA1.0 (c), EVA/MXene@Ag@PA1.5 (d), and EVA/MXene@Ag@PA2.0 (e)



 S.-Y. Xu et al.28 Page 6 of 13

exfoliated MXene@Ag@PA hybrid material (Fig. 3b, c). 
Interestingly, when the amount of the MXene@Ag@PA 
hybrid material was less than one part, the fracture surface 
of the EVA composite material remained relatively smooth 
without voids or cracks [26]. Thus, the addition of a small 
amount of MXene@Ag@PA hybrid material had a relatively 
minor impact on the internal structure of EVA. Furthermore, 
because most MXene@Ag@PA hybrid material particles 
are smaller than 1 μm, this may result in a reinforcing effect 
owing to the nanoscale effect. Thus, increasing the content 
of the MXene@Ag@PA hybrid material negatively affected 
the internal structure of the EVA composite material, and 
this effect can be observed more directly in Figs. 3d and e. 
These two images show that the addition of a large amount 
of the MXene@Ag@PA hybrid material tended to result in 
aggregation, thereby reducing the compatibility between the 
MXene@Ag@PA hybrid material and EVA, and increasing 
the number of pores and voids [27]. This reduction in the 
integrity of the cross section of the EVA composite material 
renders it challenging for the aggregated MXene@Ag@PA 
hybrid material to serve as a physical cross-linking point, 

which may exert detrimental effects on the mechanical 
properties.

3.3  Key properties of EVA and its composites

TGA was conducted to analyze the thermal stability of EVA 
and its composite materials. Figure 4a shows that the initial 
thermal decomposition temperature (T5%) of pure EVA was 
350.1 ◦C . With the continuous addition of the MXene@Ag@
PA hybrid material, the T5% of the EVA composite material 
increased slightly, possibly because of the decomposition 
of PA in the MXene@Ag@PA hybrid material. Further-
more, as shown in Fig. 4b, two decomposition peaks (Tm1 
and Tm2) were observed in the curves corresponding to each 
sample. These two peaks corresponded to the degradation 
of the EVA side and main chains, respectively. However, 
a comparison revealed that the maximum decomposition 
rate temperatures corresponding to both peaks in EVA 
composite materials containing MXene@Ag@PA hybrid 
material were lower than that of pure EVA. Therefore, the 
presence of the MXene@Ag@PA hybrid material promoted 

Fig. 4  (Color online) TGA (a), DTG (b), mechanical property (c), 
thermal conduction (d), retention rate of mechanical properties before 
and after irradiation (e represents elongation at break; f represents 

tensile strength), EMI SE in the X-band (g), and SET, SEA, and SER 
at 8.8 GHz (h) of EVA and its composites; and EMI shielding mecha-
nism (i)
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the decomposition and carbonization of EVA. The catalytic 
carbonization effect of the MXene@Ag@PA hybrid mate-
rial exerted a positive impact on the residue content of the 
EVA composite materials [28, 29]. Therefore, from Fig. 4a 
at 600 ◦C , it can be observed that the addition of more 
MXene@Ag@PA hybrid material effectively increased the 
residue content when the EVA composite materials were 
completely thermally decomposed. Moreover, when the 
addition of MXene@Ag@PA hybrid material was 1.5 or 
2 by parts, a relatively small change in the residue content 
of EVA composite materials was observed. Therefore, the 
excessive addition of MXene@Ag@PA hybrid material lim-
ited the catalytic carbonization effects.

Macroscopic performance testing was conducted to 
explore the effect of the addition of the MXene@Ag@PA 
hybrid material on the mechanical properties and thermal 
conductivity of the EVA composite materials. Figure 4c 
shows that the tensile strength and elongation at break of 
pure EVA were 18.5 MPa and 933% , respectively. When 
1 part of the MXene@Ag@PA hybrid material was added, 
the performance of the EVA composite material improved 
significantly, and the tensile strength and elongation at break 
increased to 21.1 MPa and 1070% , respectively. This indi-
cated improvements of 14.1% and 14.7% compared to pure 
EVA [30]. Thus, the addition of an appropriate amount of 
MXene@Ag@PA hybrid material can enhance the mechani-
cal properties of EVA, possibly because of the good com-
patibility between MXene@Ag@PA hybrid material and 
EVA and the nanoreinforcement effect of MXene@Ag@
PA hybrid material’s two-dimensional structure. However, 
further increasing the content of MXene@Ag@PA hybrid 
material reduced the mechanical properties of the EVA com-
posite material, which may be caused by the agglomeration 
of MXene@Ag@PA hybrid material, which can also be 
observed in SEM images.

Furthermore, as the content of MXene@Ag@PA hybrid 
material increased, the thermal conductivity of the EVA 
composite material continued to increase (Fig. 4d). When 
the MXene@Ag@PA hybrid material reached 2 parts, the 
thermal conductivity reached 0.31W/(m ⋅ K), which is 
an improvement of 44.2% compared to pure EVA. This is 
because the presence of a large amount of MXene@Ag@
PA hybrid material can create thermal conduction pathways 
within the EVA, thereby enhancing the speed of heat transfer 
and thus promoting an increase in thermal conductivity.

Figure 4e-f shows the influence of different electron-beam 
absorbed doses on the retention of the mechanical properties 
of EVA and its composite materials. Based on the trends in 
the curves shown in Fig. 4e, it can be observed that when 
the absorbed dose was below 200 kGy, the tensile strength 
retention rate of pure EVA increased. However, it decreased 
as the absorbed dose continued to increase. Thus, pure EVA 
is primarily radiation cross-linked when the absorbed dose 

is below 200 kGy, whereas absorbed doses higher than 
200 kGy begin to negatively affect pure EVA through radia-
tion degradation. Interestingly, the addition of the MXene@
Ag@PA hybrid material did not significantly affect the ten-
sile strength retention rate of the EVA composite, effectively 
reducing the absorbed dose required for radiation cross-
linking in the composite. According to the experimental 
results, when the absorbed dose reached 100 kGy, the ten-
sile strength retention rate of EVA composite material with 
the addition of 0.5 parts of MXene@Ag@PA hybrid mate-
rial increased to 164% . A further increase in the absorbed 
dose exerted a negative impact. Therefore, the MXene@
Ag@PA hybrid material functioned as a radiation sensi-
tizer. The graph shows that the addition of more MXene@
Ag@PA hybrid material, while not achieving the desired 
enhancement in the tensile strength retention rate, could 
still increase it to approximately 130–140% . This demon-
strated the role of the MXene@Ag@PA hybrid material in 
promoting polymer radiation cross-linking. This may be 
because high-energy electron beams break the P-OH bonds 
contained in the PA in MXene@Ag@PA, generating more 
free radicals that promote cross-linking with polymer free 
radicals. Moreover, under the influence of high-energy radia-
tion, MXene and Ag may release more heat, further promot-
ing cross-linking of the EVA composite material. However, 
excessive addition of the MXene@Ag@PA hybrid material 
may hinder the cross-linking between free radicals on the 
EVA molecular chain, thus negatively affecting the radiation 
cross-linking efficiency [20]. Furthermore, the significant 
cross-linking effect of MXene@Ag@PA hybrid material on 
the EVA composite material at low absorbed doses inhib-
ited the movement of the EVA molecular chains, thereby 
reducing the elongation at break retention rate. Excessive 
absorbed doses can break the EVA molecular chains, further 
reducing the elongation at the break retention rate, as shown 
in Fig. 4e.

The different MXene@Ag @PA contents affected the 
electromagnetic shielding effectiveness (EMI SET) of the 
EVA composite materials. As shown in Fig. 4g, pure EVA 
has a relatively low EMI SET value in the X-band. When 
the addition of MXene@Ag@PA reached 0.5 by parts, the 
maximum EMI SET value increased to 12.5 dB, indicating 
that the shielding effectiveness was significantly improved 
[31]. When the addition of MXene@Ag@PA reached 1.0 
by parts, the EMI SET curve consistently exceeded 20 dB 
in the X-band, implying that the output signal’s energy was 
only one-tenth of the input signal’s energy. During shielding 
and signal processing, 20 dB attenuation was considered to 
exert a significant suppression effect [32]. A further increase 
in the amount of MXene@Ag@PA allowed the EMI SET 
of the EVA composite material to reach 25.2 dB at 8.8 
GHz. To investigate the EMI shielding mechanism of the 
EVA/MXene@Ag@PA composite, the total EMI shielding 
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effectiveness (SET), absorption SE (SEA), and reflection SE 
(SER) were calculated at 8.8 GHz, as shown in Fig. 4h. The 
SEA of the EVA/MXene@Ag@PA composite was signifi-
cantly higher than the SER. For example, in EVA/MXene@
Ag@PA 2.0, the SET, SEA, and SER were 25.2 dB, 18.1 dB, 
and 7.1 dB, respectively. Further, the percentage of SEA in 
the SET was 71.8% , indicating that microwave absorption 
played a dominant role in the shielding process, reducing 
the secondary EMI pollution generated by microwave reflec-
tion. When electromagnetic microwaves encounter the sur-
face of the EVA composite material, most pass through the 
EVA layer, with only a small portion being reflected. Owing 
to the presence of MXene@Ag@PA, the incident electro-
magnetic microwaves are reflected at the MXene@Ag@
PA-EVA interface. The incident electromagnetic micro-
waves are captured, absorbed, or dissipated as heat within 
the material. Subsequently, the remaining electromagnetic 
microwaves are consumed through multiple reflections and 

alternating structures between the conductive MXene layers 
(Fig. 4i) [12].

3.4  Burning behaviors of EVA and its composites

Through CCT, the thermal behavior, smoke production, and 
residue content during the simulated combustion of EVA 
and its composites were analyzed to comprehensively assess 
the flame-retardant performance of the EVA composites. As 
shown in Fig. 5a, the peak heat release rate (pHRR) of pure 
EVA was 688.2 kW m

−2 , whereas the EVA composite with 
the addition of 0.5 parts of MXene@Ag@PA hybrid material 
exhibited a pHRR of 687.7 kW m

−2 . Thus, a relatively minor 
difference was observed between the two. This suggests that 
a small amount of MXene@Ag@PA hybrid material can-
not effectively suppress the maximum heat release from the 
EVA composite during combustion [33]. This limited effect 
can be attributed to the challenge of achieving ideal catalytic 

Fig. 5  (Color online) HRR (a), THR (b,c), TSP (d), mass (e), char residue (f),  O2 (g), and CO (h), an  CO2 (i) content of EVA and its composites 
during CCT 
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char formation with a small quantity of MXene@Ag@PA 
and the difficulty of forming a physical barrier on the surface 
of the EVA composite during combustion. Consequently, 
flames and heat can readily penetrate, thereby accelerating 
the decomposition of combustibles and resulting in no sig-
nificant change in pHRR. However, when the quantity of 
MXene@Ag@PA hybrid material exceeded 1 part, a notable 
reduction in the pHRR of the EVA composite was observed. 
Upon adding two parts of MXene@Ag@PA hybrid material, 
the pHRR decreased to 481.2 kW m

−2 , resulting in a 30.1% 
reduction compared with pure EVA. Therefore, during the 
most intense burning of the EVA composite, less heat was 
released, which reduced the likelihood of igniting nearby 
combustibles.

Figure 5b and c illustrates the total heat release (THR) of 
EVA and its composite materials during complete combus-
tion. Pure EVA exhibited a THR of 96.3MJ m−2 , whereas 
the addition of 0.5 parts of MXene@Ag@PA hybrid mate-
rial, while not significantly affecting pHRR, reduced THR 
to 75.9MJ m−2 . Thus, the MXene@Ag@PA hybrid mate-
rial retained its catalytic charring effect, albeit to a limited 
extent. However, when the quantity of the MXene@Ag@
PA hybrid material reached two parts, the THR decreased to 
56.6MJ m−2 , which was a 41.2% reduction compared with 
pure EVA [34]. This significant reduction can be attrib-
uted to the abundance of catalytic MXene and Ag within 
MXene@Ag@PA hybrid material and the dehydrative car-
bonization capability of PA.

The investigation of smoke production by EVA and its 
composite materials is also of significant importance. This 
is because excessive smoke generated during combustion 
can pose a threat to human life when inhaled. As shown in 
Fig. 5c, pure EVA exhibited higher values for both the peak 
smoke release rate and total smoke production (TSP) than 
the other samples. The addition of the MXene@Ag@PA 
hybrid material effectively reduced smoke release. When the 
quantity of the MXene@Ag@PA hybrid material reached 
two parts, the TSP decreased to 4.3m2 , representing a 28.3% 
reduction compared with pure EVA (Fig. 5d) [35]. Moreo-
ver, the increase in residue content further facilitated the 
reduction in TSP. As shown in Fig. 5e and f, the addition of 
MXene@Ag@PA hybrid material effectively reduced the 
mass-loss rate of the EVA composite materials during com-
bustion. Consequently, the residue content increased. When 
two parts of MXene@Ag@PA hybrid material were added, 
the residue content of the EVA composite material after 
complete combustion reached 19.1% , whereas that of pure 
EVA was only 1.4%. The significant increase in the residue 
content confirms that more smoke molecules could be trans-
formed into stable carbon layers without being released into 
air. This phenomenon is attributed to the excellent catalytic 
and dehydrative carbonization capabilities of MXene@Ag@
PA hybrid material.

The changes in oxygen consumption and carbon monox-
ide (CO) and carbon dioxide ( CO2 ) emissions in EVA and 
its composite materials during combustion provided a more 
intuitive analysis of the flame-retardant effect of MXene@
Ag@PA hybrid materials. Figure 5g shows that pure EVA 
consumed the most oxygen at a combustion time of 200 s, 
thereby reducing the oxygen concentration to approximately 
19.1%. In contrast, the samples containing the MXene@
Ag@PA hybrid material consumed more oxygen during 
combustion, indicating that more oxygen was involved in 
the combustion reaction. The fate of this oxygen, whether 
it eventually transforms into CO and CO2 or forms other 
substances, is illustrated by the changes in the CO and CO2 
contents presented in Fig. 5h and i, respectively. The pat-
terns in the figures suggest that the MXene@Ag@PA hybrid 
material did not convert  O2 into gases but rather partially 
inhibited the release of CO and CO2 [36]. In particular, when 
the quantity of the MXene@Ag@PA hybrid material was 2 
parts, the peak concentration of CO decreased from 0.021% 
exhibited by pure EVA to 0.017%. Whereas, the peak 
concentration of CO2 decreased from 1.2% to 0.8%. This 
phenomenon demonstrated that the catalytic effect of the 
MXene@Ag@PA hybrid material may promote the reaction 
of O2 with combustibles in the EVA composite material, thus 
forming less readily released and more stable substances 
such as residual carbon. Consequently, the emission of the 
toxic CO gas is reduced [37].

Figure 6a–d provides microscopic images of the resid-
ual structure formed after the complete combustion of the 
EVA composite. The surfaces or interiors of the residues 
of the individual samples showed the appearance of lamel-
lar materials, and the amount of these lamellar materials 
increased with the addition of the MXene@Ag@PA hybrid 
material. This suggests that these plate-like substances 
are likely residual structures that remain after combustion 
and decomposition of the MXene@Ag@PA hybrid mate-
rial [38]. The presence of these substances promoted the 
formation of residual materials in the EVA composites and 
made the structure of the residual carbon denser and more 
stable. Consequently, this effectively inhibited the penetra-
tion of external flames and combustible gases and prevented 
the decomposition of internal combustibles.

Further analysis of the residual carbon could effec-
tively determine the extent of catalytic carbonization of the 
MXene@Ag@PA hybrid material during the combustion 
of the EVA composite materials. Raman spectroscopy was 
used to characterize the structure of the residual material, 
and the results are shown in Fig. 6e–h. As evident, two pri-
mary characteristic peaks were observed, located around 
1300 cm−1

− 1400 cm−1 (D-band) and near 1600 cm−1 
(G-band). The ratio of the intensities of the D-band and 
G-bands determined which component, amorphous or gra-
phitic, dominated the residual carbon [39]. In the Raman 
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spectra, the ID:IG value for the EVA/MXene@Ag@PA0.5, 
composite material was 1.21. As the content of MXene@
Ag@PA hybrid material increased, the ratio gradually 
decreased, indicating an increasing graphitic content in the 
residual material. When the amount of MXene@Ag@PA 
hybrid material reached 2 parts, ID:IG decreased to 0.91. 
Therefore, the presence of MXene@Ag@PA effectively 
enhanced the graphitization of the residual material and 
improved the density and stability of the carbon layer.

The organic components of the combustion residues 
of the EVA composites were analyzed using IR spectros-
copy. Figure 6i shows that in the residues formed by the 
complete combustion of the sample with only 0.5 parts of 
MXene@Ag@PA hybrid material, only the C-H symmetric 
and asymmetric stretching vibration peaks at 2912 cm−1 and 
2840 cm−1 were visible. This was attributed to the molecular 

chains remaining after EVA combustion. In addition, dou-
ble peaks were observed at 1257 cm−1 and 1234 cm−1 , which 
were characteristic of the P=O and P-O bonds in MXene@
Ag@PA hybrid material, respectively. Interestingly, as the 
content of the MXene@Ag@PA hybrid material increased, 
the intensities of the P=O and P-O characteristic peaks also 
increased. A new characteristic peak appeared at 948 cm−1 , 
which corresponded to the newly formed P-O-C bond during 
combustion. Therefore, the MXene@Ag@PA hybrid mate-
rial reacted with the EVA molecular chains during com-
bustion to form new chemical bonds, thereby increasing 
the stability of the carbon layer. Furthermore, in the figure, 
new peaks appeared at 1448 cm−1 and 1712 cm−1 as the con-
tent of MXene@Ag@PA hybrid material increased. These 
peaks were attributed to the C-H bending and C=O stretch-
ing vibrations [31]. The appearance of these characteristic 

Fig. 6  (Color online) SEM images (a-d), Raman spectra (e-h), and FTIR (i) of the external char residues for EVA composites; EVA/MXene@
Ag@PA0.5 (a,e), EVA/MXene@Ag@PA1.0 (b,f), EVA/MXene@Ag@PA1.5 (c,g), and /MXene@Ag@PA2.0 (d,h)
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peaks may be attributed to the excellent catalytic effect of 
MXene@Ag@PA hybrid material, which created a sta-
ble carbon layer structure and preserved more intact EVA 
molecular chains during the combustion process. Conse-
quently, the intensities of the related characteristic peaks 
significantly increased.

3.5  Possible flame retardancy mechanisms

Figure 7 illustrates the mechanism analysis of the poten-
tial flame-retardant effect of the MXene@Ag@PA hybrid 
material during the combustion of EVA composite materials. 
As evident, during combustion, the outer layer of MXene@
Ag@PA hybrid material encapsulated PA, which decom-
posed to produce phosphoric acid and pyrophosphoric acid. 
These substances promoted the dehydration carbonization of 
organic materials in the EVA composite materials. Moreo-
ver, the moisture released from organic materials during 
dehydration absorbs heat and generates water vapor, thereby 
diluting flammable gases in the surrounding environment. 
Consequently, the residual material after carbonization 
formed a relatively stable carbon layer structure (containing 
P-O, P=O, and P-O-C), which prevented the penetration of 
flames and flammable gases from the outside and caused the 
decomposition of internal flammable materials [40]. Inter-
estingly, MXene in the MXene@Ag@PA hybrid material 
could also act as a two-dimensional physical barrier, further 
enhancing the density of the carbon layer and increasing its 
flame resistance. In addition, the Ag nanoparticles in the 
MXene@Ag@PA hybrid material, along with the TiO2 pro-
duced by MXene pyrolysis, accelerated the formation of the 
carbon layer. Therefore, both materials possessed catalytic 
carbonization capabilities, which contributed to condensed-
phase flame retardation [41, 42].

4  Conclusion

This study successfully synthesized a MXene@Ag hybrid 
material surface coated with PA through a novel approach 
involving radiation modification and complexation reac-
tions. This composite material significantly enhanced 
various key properties of EVA materials, including the 
mechanical performance, thermal conductivity, flame 
resistance, and electromagnetic wave shielding. Experi-
mental data demonstrated that the addition of 2 parts 
of MXene@Ag@PA hybrid material could increase the 
thermal conductivity of the EVA composite materials by 
44.2% . In terms of flame resistance, the introduction of 
MXene@Ag@PA hybrid material effectively reduced the 
peak heat release rate (pHRR), with a 30.1% decrease 
observed when two parts of MXene@Ag@PA hybrid 
material were added. Furthermore, post-combustion 
smoke production was significantly reduced, with a 28.3% 
decrease in the total smoke production (TSP), while the 
residual content increased to 19.1% . Notably, the electro-
magnetic shielding performance of the EVA composite 
materials was significantly enhanced, particularly in the 
X-band, where the electromagnetic interference shielding 
effectiveness (SET) can exceed 20 dB. In addition, the 
MXene@Ag@PA hybrid material could serve as a novel 
sensitizer for the radiation cross-linking of EVA, thereby 
improving the mechanical properties of the EVA compos-
ite materials following radiation exposure.
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