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Layered MXene@C/SiO2 composite films with tunable heterogeneous architectures integrate high-temperature infrared stealth, ultralow
through-plane thermal conductivity, efficient Joule heating, strong EMI shielding, and fire safety. The synergistic regulation of thermal
transport, infrared radiation, and electromagnetic attenuation provides a promising strategy for flexible multifunctional protective materials.
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ABSTRACT: Flexible materials integrating infrared stealth, electromagnetic interference (EMI) shielding, thermal management, and fire
safety are highly desirable for aerospace and high-temperature electronics. Here, layered MXene@C/SiO2 composite films (MCSx) with
tunable structural units were constructed by combining low-thermal-conductivity C/SiO2 nanofiber layers with highly conductive MXene
layers. This heterogeneous architecture endows the films with pronounced anisotropic thermal transport and an ultralow through-plane
thermal conductivity of 0.030 W m−1 K−1. Benefiting from the low emissivity of MXene and efficient thermal insulation, the films achieve
infrared stealth over 50–500 °C and reduce the apparent surface temperature by 365.7 °C at a heat source temperature of 500 °C. The
continuous MXene network enables rapid Joule heating from 29.5 to 149.6 °C at 0.5–3.0 V with an electrothermal conversion efficiency
exceeding 99%. The conductive layers and heterogeneous interfaces jointly achieve an X-band EMI shielding effectiveness of 71.6 dB. The
films also exhibit excellent flame retardancy, thermal insulation, and fire resistance while maintaining EMI shielding performance after flame
exposure. This work provides a heterostructure engineering strategy for developing multifunctional protective materials under thermally
demanding conditions.

KEYWORDS: Ti3C2Tx MXene, C/SiO2 nanofibers, infrared stealth, electromagnetic interference shielding, flame retardancy

1 Introduction
With the rapid development of multispectral detection
technologies, high-resolution infrared imaging systems, and
sophisticated electromagnetic countermeasure technologies,
advanced aerospace systems, wearable systems, flexible
electronics, and stealth platforms are facing increasingly
demanding service environments. During operation, these
systems continuously emit detectable infrared radiation while
facing complex electromagnetic interference, high-temperature
heat fluxes, and potential fire hazards [1-5]. Therefore,
lightweight, flexible materials integrating infrared (IR) stealth,
electromagnetic interference (EMI) shielding, thermal
management, flame retardancy, and thermal insulation are
increasingly important for advanced protection.
IR stealth and EMI shielding are two key performance

requirements for advanced protective materials. IR stealth
reduces the radiation contrast between a target and its
surroundings by lowering surface emissivity and suppressing the
surface-temperature rise [6], whereas efficient EMI shielding
relies on the reflection, absorption, and dissipation of incident
electromagnetic waves [7]. Recent studies have demonstrated
that, compared with relying solely on low emissivity, the
heterogeneous integration of a low-emissivity functional layer
with a low-thermal-conductivity insulating layer enables
simultaneous regulation of surface radiation characteristics and

heat transport behavior [8-10]. Suppressing heat transfer from a
heat source to the outer surface improves high-temperature
stealth, thermal protection, and operational safety. Meanwhile,
abundant interfaces promote interfacial polarization and enhance
electromagnetic-wave attenuation, increasing electromagnetic
energy dissipation [11, 12]. Layered heterostructures are thus
promising for integrating radiative regulation, thermal insulation,
and electromagnetic attenuation.
Among the various candidate materials, Ti3C2Tx MXene has

attracted considerable attention for EMI shielding, Joule heating,
and infrared regulation owing to its excellent electrical
conductivity, abundant surface functional groups, and solution
processability [13, 14]. Conductive MXene layers reflect
electromagnetic waves and enable rapid electrothermal
conversion, while their intrinsically low infrared emissivity
suppresses thermal radiation. However, low emissivity alone is
insufficient for high-temperature infrared stealth, and integrating
it with efficient thermal insulation remains a key challenge. To
address this issue, MXene has been integrated with polymers,
aerogels, and inorganic fibers to reduce thermal conductivity
and improve thermal protection [2, 9, 15]. However, polymer
matrices remain susceptible to thermal degradation at elevated
temperatures, limiting their fire resistance. Aerogels generally
require relatively large thicknesses to achieve effective thermal
insulation. In contrast, inorganic nanofiber films combine low
density and intrinsically low thermal conductivity, making them
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promising candidates for high-performance thermal protection
systems [16-18]. Among the various fabrication techniques,
electrospinning has been widely adopted for producing flexible
inorganic nanofiber films because of its simplicity, low cost, and
excellent structural tunability. However, conventional inorganic
nanofiber films tend to become brittle after high-temperature
processing, resulting in reduced flexibility and structural
stability, which restricts their practical applications [19, 20].
Inspired by these considerations, a layered MXene@C/SiO2

heterostructure with tunable structural units was constructed.
Poly(vinyl alcohol) (PVA)/SiO2 nanofiber films were fabricated
by combining in situ hydrolysis of tetraethyl orthosilicate
(TEOS) with electrospinning, and the effects of different
carbonization temperatures on the dimensional stability and
flexibility of the resulting C/SiO2 fibrous films were
systematically investigated to obtain a C/SiO2 nanofibrous
framework with good structural integrity and flexibility.
Subsequently, low-emissivity MXene layers and low-thermal-
conductivity C/SiO2 nanofibrous layers were alternately
assembled using sodium carboxymethyl cellulose (CMC-Na) as
an interfacial binder, forming a layered heterostructure with
abundant interfaces and high interfacial thermal resistance. By
varying the number of MXene@C/SiO2 structural units, the
heterogeneous interfaces and interfacial thermal resistance can
be systematically regulated. The alternating architecture
combines the low emissivity and high conductivity of MXene
with the low thermal conductivity and thermal stability of
C/SiO2 nanofiber layers, enabling coordinated regulation of
infrared radiation, heat transport, and electromagnetic response.
This work reveals the synergistic role of low emissivity,
anisotropic heat transport, and interfacial thermal resistance in
high-temperature infrared stealth, and provides a tunable
heterostructure strategy for integrating infrared stealth, EMI
shielding, thermal management, and fire protection.

2 Experimental
2.1 Materials
Titanium aluminum carbide (Ti3AlC2, 99%, 400 mesh) was
purchased from Jilin Yiyi Technology Co., Ltd. Tetraethyl
orthosilicate (TEOS, 98%) was purchased from Macklin
Biochemical Co., Ltd. Hydrochloric acid (HCl, 36–38 wt%) was
obtained from Sinopharm Chemical Reagent Co., Ltd. Sodium
carboxymethyl cellulose (CMC-Na, viscosity 800–1200 mPa·s)
was purchased from Shanghai Yuanye Bio-Technology Co., Ltd.
Lithium fluoride (LiF, 99.9%), poly(vinyl alcohol) (PVA,
degree of alcoholysis 88%), and oxalic acid (H2C2O4, 99%) were
obtained from Shanghai Aladdin Biochemical Technology Co.,
Ltd. Deionized water prepared in-house was used throughout the
experiments. All chemicals were used as received without
further purification.
2.2 Preparation of Ti3C2Tx MXene films
A Ti3C2Tx colloidal suspension was prepared by in situ etching.
LiF (3.2 g) was dissolved in HCl (40 mL, 9 mol L−1), and
Ti3AlC2 powder (2 g) was gradually added under stirring. The
mixture was held at 40 °C for 30 h to remove the Al layers and
centrifugally washed with deionized water until the supernatant
reached near-neutral pH. Few-/single-layer Ti3C2Tx nanosheets
were obtained by ultrasonication and gradient centrifugation.
The dispersion was freeze-dried at −55 °C for 24 h and
redispersed in deionized water at 40 mg mL−1. To facilitate

large-area fabrication, the suspension was blade-coated onto
polyethylene terephthalate substrates. After drying, the MXene
films were cut to the required dimensions.
2.3 Preparation of C/SiO2 nanofiber films
PVA (12 g) was dispersed in deionized water (88 g), swollen at
room temperature for 30 min, and stirred at 80 °C for 4 h to
form a 12 wt% solution. A TEOS hydrolysate containing TEOS,
H2O, and H2C2O4 (molar ratio 1:8.063:0.0186) was magnetically
stirred for 9 h until clear. The PVA solution and TEOS
hydrolysate were mixed at a mass ratio of 6:4 and stirred for 3.5
h. After vacuum degassing, the precursor was electrospun at 12–
18 kV, with a feed rate of 0.04–0.08 mm min−1, a drum speed of
450 rpm, a tip-to-collector distance of 20–25 cm, an ambient
temperature of 20–25 °C, and a relative humidity of 30%–40%.
PVA/SiO2 films were dried at 60 °C for 24 h, heated to 240 °C
at 1 °C min−1, and pre-oxidized for 2 h. The pre-oxidized films
were placed between two alumina ceramic plates and carbonized
under an Ar atmosphere. They were heated to 300 °C at 2 °C
min−1 for 1 h and then to 550 °C at 1.5 °C min−1 for another 1 h.
This sample was designated the 550 °C-carbonized film.
Selected samples were further heated to 650, 700, or 800 °C at
2 °C min−1 and held for 2 h. The films were furnace-cooled
below 60 °C. Unless otherwise stated, CS denotes the film
carbonized at 650 °C.
2.4 Preparation of MXene@C/SiO2 composite films
A 4 wt% adhesive was prepared by gradually dissolving 2 g of
CMC-Na in 48 g of deionized water under continuous stirring at
60 °C. MXene and C/SiO2 films with a diameter of 40 mm were
alternately stacked using CMC-Na as the interfacial adhesive.
For each interface, approximately 2 mL of CMC-Na solution
was uniformly applied by brush-coating. The films were then
subjected to a load of 9.8 N for 20 min to ensure intimate
interfacial contact while minimizing excessive infiltration of the
adhesive into the porous fibrous layers. The assembled
laminates were subsequently vacuum-dried at 40 °C for 4 h.
Films containing one to four MXene@C/SiO2 structural units
were denoted MCSx (x = 1, 2, 3, and 4).
2.5 Characterization
Surface and cross-sectional morphologies were examined using
a field-emission scanning electron microscope (SEM, Hitachi
SU-70). Morphology and crystal structure were characterized
using transmission electron microscopy (TEM, JEOL JEM-
F200). Crystal structures were analyzed by X-ray diffraction
(XRD, SmartLab, 9 kW). Fourier transform infrared
spectroscopy (FTIR, Bruker Tensor II) was employed to identify
functional groups, while elemental composition and chemical
states were investigated using X-ray photoelectron spectroscopy
(XPS, Thermo Scientific ESCALAB Xi+). Infrared emissivity in
the 8–14 μm atmospheric window was measured using a dual-
band infrared emissometer (IR-II). Infrared apparent
temperatures and temperature distributions were recorded using
a thermal imaging camera (Fluke RSE30) under identical
measurement conditions and analyzed using SmartView IR
software, while actual surface temperatures were independently
measured using a thermocouple. Thermal diffusivity and
conductivity were measured using a laser flash analyzer (LFA
467, NETZSCH). Electrical conductivity was determined using
a four-point probe system (RTS-9). Thermogravimetric analysis
(TGA, NETZSCH TG 209 F1) was conducted under N2 at 10 °C
min−1, with MXene additionally tested in air. Limiting oxygen
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index (LOI) was measured using an FTT0077 oxygen index
analyzer according to GB/T 2406. Heat release capacity (HRC),
peak heat release rate (PHRR), and total heat release (THR)
were determined using a microscale combustion calorimeter
(MCC, DEATAK MCC-3). Joule heating performance was
evaluated using a DC regulated power supply (WPS3010B).
Electromagnetic interference (EMI) shielding performance of
the films in the X-band (8.2–12.4 GHz) was measured using a
vector network analyzer (Agilent N5244A PNA-X).

3 Results and Discussion
3.1 Morphological and structural characterization of C/SiO2

nanofiber films and MCSx composite films
The morphology and structural characterization shown in
Supplementary Figs. S1(a)–(c) in the Electronic Supplementary
Material (ESM) confirm the successful synthesis of Ti3C2Tx

MXene, consistent with previous reports [15, 21, 22]. As
illustrated in Fig. 1(a), PVA/SiO2 nanofiber films were first
prepared by electrospinning. Pre-oxidation and stepwise

carbonization converted them into flexible C/SiO2 nanofiber
films. These films were then alternately assembled with MXene
using CMC-Na as an interfacial binder to produce layered MCSx
films with different numbers of structural units. The as-spun,
pre-oxidized, and 650 °C-carbonized films retain intact three-
dimensional interconnected fibrous networks (Figs. 1(b)–1(b2));
morphologies at other carbonization temperatures are shown in
Fig. S2 in the ESM. Pre-oxidation decreases the mean fiber
diameter from approximately 1.5 μm to 899.3 nm through
dehydration, polymer-chain rearrangement, and densification of
the PVA matrix [23]. Continuous pyrolysis and carbon-
framework shrinkage further decrease the diameter from 791.4
nm at 550 °C to 748.5 nm at 700 °C. At 800 °C, it increases
slightly to 780.0 nm because of SiO2-network reconstruction and
localized fiber fusion [24]. Consistently, the film area shrinkage
increases with carbonization temperature (Fig. S3 in the ESM).
Uniform C, Si, and O distributions throughout the network
confirm formation of a homogeneous C/SiO2 composite

Figure 1 (a) Schematic illustration of the fabrication process of the MCSx composite films. SEM images and diameter distributions of (b) as-spun, (b1) pre-
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oxidized, and (b2) 650 °C-carbonized nanofibers. (c) Enlarged SEM image of the region marked in (b2) and the corresponding EDS elemental mapping. (d)
Raman spectra at different carbonization temperatures. (e) TEM image of a single C/SiO2 nanofiber and the corresponding elemental mapping. (f–f2, g–g3)
Magnified TEM images showing local graphitic domains. (h–h3) Cross-sectional SEM images and Ti maps of MCS1–MCS4.
framework (Fig. 1(c)).
All films exhibit D and G bands corresponding to disordered

and sp2-hybridized graphitic carbon, respectively (Fig. 1(d)) [25,
26]. The D band shifts from approximately1377 cm−1 at 550 °C
to 1332 cm−1 at 650–800 °C, indicating a considerable amount
of incompletely aromatized carbon at 550 °C. With increasing
temperature, sp2 clusters develop toward a turbostratic graphite
structure. The ID/IG ratio consequently increases from 1.11 to
1.25 as small sp2 carbon nanocrystallites and edge-defect sites
form [27-29]. Nearly identical spectra at 650 and 700 °C
indicate that the carbon structure is essentially established at
650 °C. Higher temperatures provide little additional ordering
but cause greater macroscopic shrinkage and morphological
change; therefore, the 650 °C film was selected for subsequent
tests.
TEM imaging and elemental mapping of a single C/SiO2 fiber

are consistent with the SEM-EDS results (Fig. 1(e)).
Ultrasonication during TEM sample preparation induced partial
delamination of the fiber surface, generating thin flake-like
fragments that facilitated direct observation of the internal
structure. High-resolution images show a predominantly
amorphous structure containing only localized, short-range
ordered, discontinuous lattice fringes (Figs. 1(f)–1(g3)).
Spacings of 0.34, 0.26, and 0.19 nm are assigned to the (002),
(102), and (100) planes of turbostratic graphitic carbon
nanocrystallites, respectively [29-31]. Thus, carbonization at
650 °C produces partially graphitized microcrystalline domains,
whereas the absence of crystalline SiO2 fringes indicates that
SiO2 remains amorphous. Cross-sectional images and Ti
elemental mapping confirm that MXene and C/SiO2 fibrous
layers are alternately stacked into a well-defined heterostructure
in MCS1–MCS4 (Figs. 1(h)–1(h3)). The surface MXene layer
exhibits dense lamellar stacking and a typical wrinkled

morphology (Figs. 2(a) and 2(b). Photographs at different
fabrication stages are shown in Fig. 2(c). The completed film
can be supported by a single flower petal, demonstrating its
lightweight character (Fig. 2(d)).
XRD was used to examine phase composition and structural

evolution. As the number of units increases, the MXene (002)
peak shifts to lower angles and develops a weak shoulder,
indicating expanded interlayer spacing (Fig. 2(e)). This
evolution is attributed to CMC-Na shrinkage during drying and
constraint from the C/SiO2 nanofiber film, which introduce out-
of-plane tensile stress into the MXene layers. The rough fibrous
surface also wrinkles the MXene nanosheets and reduces local
stacking order [32, 33]. With further stacking, accumulated
orientation mismatch and local stress perturbations among
adjacent MXene layers cause peak broadening and shoulder
formation [34]. Because the C/SiO2 film contains mainly
amorphous carbon and SiO2, its diffraction features are broad
and weak. The absence of crystalline SiO2 peaks agrees with the
TEM observations. The low-angle shift and peak broadening
indicate increased interlayer spacing and stacking disorder,
consistent with partial insertion of CMC-Na chains into the
MXene interlayers and physical confinement from adjacent
C/SiO2 nanofiber layers.
The FTIR spectra show a broad –OH stretching band at

approximately 3430 cm−1, arising from surface silanol groups,
CMC-Na hydroxyl groups, MXene terminal –OH groups, and
adsorbed water (Fig. 2(f)). The bands at 1080, 800, and 460
cm−1 correspond to the asymmetric stretching, symmetric
stretching, and bending vibrations of Si–O–Si, respectively,
confirming formation of a continuous SiO2 network [35, 36].
Bands at 500–700 cm−1 are assigned mainly to Ti–O, Ti–O–Ti,
and Ti–C
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Figure 2 (a) Cross-sectional SEM image of the surface layer of the composite film. (b) Surface morphology of the composite film. (c) Fabrication-stage
photographs and (d) lightweight demonstration. (e) XRD patterns and (f) FTIR spectra of the composite films. (g) XPS survey spectra of CS and MCSx films. (h)
High-resolution C 1s XPS spectra of CS and MCSx. (i) High-resolution O 1s XPS spectra of CS, pristine MXene, and MCSx. High-resolution XPS spectra of
MCSx films: (j) Ti 2p and (k) Si 2p.

vibrations in MXene [37, 38]. Their unchanged positions from
MCS1 to MCS4 indicate that assembly causes no substantial
chemical transformation. Meanwhile, the abundant hydroxyl-
containing groups provide possible interaction sites for CMC-
Na-mediated interfacial adhesion.
XPS was further used to analyze elemental composition and

chemical states. The survey spectra show Ti together with C, O,
and Si in MCSx, confirming successful MXene incorporation
(Fig. 2(g)). The C 1s peaks of CS at 284.8, 286.5, and 288.8 eV
correspond to C–C, C–O, and C=O bonds, respectively (Fig.
2(h)). Two additional MCSx peaks at 281.7 and 283.1 eV arise
from the characteristic C–Ti and C–Ti–O configurations of
MXene (Fig. 2(h)) [39]. High-resolution O 1s XPS spectra were
further analyzed to probe changes in the interfacial chemical
environment. As shown in Fig. 2(i), after assembly, MCSx
exhibits oxygen-related contributions from both CS and pristine
MXene, while the Ti–O and C–Ti–Ox components show slight
binding-energy shifts (from 529.9 to 529.6 eV and from 530.9 to
530.3 eV, respectively). These changes indicate a modified local
electronic environment of oxygen-containing species after
assembly. The Ti 2p components at 454.8, 455.7, 456.8, and
458.5 eV are assigned to Ti–C, Ti2+, Ti3+, and Ti4+, respectively
(Fig. 2(j)) [21]. The Si 2p peaks at 102.9 and 103.7 eV
correspond to Si–O–C and Si–O–Si bonds (Fig. 2(k)) [40].
Together with the FTIR and XRD results, the XPS analysis
indicates that the interfacial bonding in the MCSx composite
films is mainly governed by CMC-Na-mediated physical
adhesion involving hydrogen bonding and polar interactions,
rather than the formation of new strong covalent bonds.
3.2 Infrared stealth performance and anisotropic thermal
conductivity

Infrared stealth requires minimal radiation contrast between a
target and its surroundings. The 8–14 μm band is a major long-
wave infrared atmospheric window with relatively high
atmospheric transmittance and is widely used for thermal
imaging and infrared detection. According to the Stefan–
Boltzmann law (E = εσT4) [6], radiation intensity depends jointly
on emissivity (ε) and actual temperature (T). Simultaneous
regulation of emissivity and heat transfer can therefore suppress
the infrared signature within this atmospheric window more
effectively than either strategy alone. Here, the infrared stealth
performance of the films was systematically evaluated over a
temperature range of 30-500 °C.
As the number of structural units increases from 1 to 4, the

film thickness increases from 0.075 to 0.26 mm (Fig. 3(a)),
while the electrical conductivity decreases from 200 to 60 S
cm−1 (Fig. 3(b)) and the average infrared emissivity increases
(Fig. 3(c)). On the one hand, the increased number of structural
units introduces more heterogeneous interfaces and contact
resistance, thereby weakening continuous charge-carrier
transport. According to the Hagen–Rubens relation, the resulting
decrease in conductivity reduces infrared reflectivity and thus
increases emissivity [41]. Meanwhile, the denser interfaces
promote multiple reflections, scattering, and absorption of
infrared radiation. According to Kirchhoff’s law, the enhanced
absorptivity further increases infrared emissivity [13].
Increasing interface density therefore affects both electrical
transport and the radiative response of multilayer films.
Practical infrared stealth was evaluated on a temperature-

gradient platform from 50 to 500 °C at 50 °C intervals. The
apparent temperatures of the heat source (HS), MCSx film, and
environment (ENV) were monitored using an infrared camera.
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The measurements directly capture both heat-source suppression
and environmental contrast, allowing the influence of structural-
unit number on the apparent infrared signature to be assessed
across the full temperature range. As shown in Fig. 3(d) and Fig.
S4 in the ESM, the apparent surface temperature decreases as
the number of structural units increases, confirming improved
infrared stealth. Fig. 3(e) and Table S1 in the ESM summarize
the apparent temperature difference (ΔT) between the film and
heat source. MCS1 reduces the apparent temperature by 21.4–
344.4 °C, whereas MCS4 achieves reductions of 23.6–365.7 °C.
The films also demonstrate infrared stealth on human skin, high-
temperature aircraft models, and low-temperature targets (Figs.
3(f)–3(i)). Figs. 4(a)–4(e) and Fig. S5 in the ESM present the
temperature response curves of different samples under
continuous thermal shock. During continuous heating for more
than 30 min, the surface temperatures of all samples remained
stable, demonstrating good thermal stability under the present
test conditions. Compared with previously reported MXene-
based infrared stealth materials (Fig. 4(f) and Table S2 in the
ESM), the layered heterostructure developed in this work
demonstrates superior high-temperature infrared stealth
performance.
The anisotropic thermal transport behavior of the composite

films was investigated to clarify the infrared stealth mechanism.
As shown in Fig. 4(g) and Tables S3 and S4 in the ESM, the in-
plane thermal conductivities of the CS, MCS1, MCS2, MCS3,
and MCS4 films are 3.248, 5.340, 2.920, 2.514, and 1.858 W m−1

K−1, respectively, while the corresponding through-plane
thermal conductivities are 0.057, 0.159, 0.053, 0.038, and 0.030
W m−1 K−1. Both conductivities decrease with increasing

structural units. Notably, the through-plane thermal conductivity
of MCS4 is as low as 0.030 W m−1 K−1, surpassing that of many
conventional thermal insulation materials. The pronounced
thermal transport anisotropy originates from the synergistic
regulation of the layered heterostructure. On the one hand, the
C/SiO2 nanofiber network and the abundant inter-fiber air voids
enhance phonon scattering, thereby suppressing phonon-
mediated heat transport. On the other hand, the highly aligned
MXene layers provide relatively continuous in-plane pathways
for heat transport, whereas the weak interlayer interactions
effectively suppress through-plane heat transport. Moreover, the
multiple MXene@C/SiO2 heterogeneous interfaces and CMC-
Na interlayers introduce substantial interfacial thermal resistance,
further impeding phonon transport across adjacent layers.
Consequently, heat preferentially propagates laterally along the
MXene layers, whereas through-plane heat transport is
effectively suppressed, as schematically illustrated in Fig. 4(h).
Together with the intrinsically low infrared emissivity of MXene,
this anisotropic thermal transport behavior synergistically
suppresses infrared radiation, thereby enhancing the infrared
stealth performance of the composite films.
Notably, although MCS4 exhibits a slightly higher average

infrared emissivity (0.216) than MCS1 (0.142), it demonstrates
superior infrared stealth performance. In particular, under a
500 °C heat source, the apparent surface temperature of MCS4
(134.3 °C) is substantially lower than that of MCS1 (155.6 °C),
corresponding to an approximately 6.2% greater apparent
temperature reduction. Moreover, when the heating stage is
maintained at 500 °C, thermocouple measurements indicate that
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Figure 3 (a) Thickness, (b) electrical conductivity, and (c) 8–14 μm emissivity of MCSx composite films. (d) Infrared images and (e) apparent temperature
reductions at different heat-source temperatures. Demonstrations of infrared stealth performance for the composite film: (f) on a human palm, (g) infrared signal
transmission test, (h) on an aircraft model, and (i) on a low-temperature target.
the actual surface temperatures of the MCS1 and MCS4 films are
approximately 468 and 415 °C, respectively. According to
Planck’s law of thermal radiation, the integrated infrared
radiation intensity within the 8–14 μm atmospheric window is
calculated according to Eq. (1) in the ESM. Quantitative
analysis reveals that the theoretical contributions of low
emissivity and thermal insulation to infrared signal suppression
are 93.6% and 6.4%, respectively, for MCS1, whereas the
corresponding values for MCS4 are 81.1% and 18.9%,
respectively. These results provide quantitative evidence for the
synergistic contributions of low emissivity and thermal
insulation to infrared radiation regulation. Despite its slightly
higher average emissivity, MCS4 possesses a lower through-
plane thermal conductivity and a higher thermal resistance
owing to its layered heterostructure, leading to a substantially
reduced actual surface temperature. Consequently, the integrated
thermal radiation emitted within the 8–14 μm atmospheric
window is effectively suppressed, offsetting the adverse effect
of the slightly increased emissivity and ultimately resulting in a
lower infrared radiation intensity and superior high-temperature
infrared stealth performance.
3.3 Joule heating performance and dynamic thermal
management applications
Enabled by the construction of a continuous MXene conductive
network, the MCSx composite films exhibit excellent Joule

heating performance. As shown in Fig. 5(a), the film rapidly
reaches thermal equilibrium under input voltages of 0.5, 1.0, 1.5,
2.0, 2.5, and 3.0 V, reaching steady-state temperatures of 29.5,
39.6, 57.9, 83.4, 114.2, and 149.6 °C, respectively. After the
power is switched off, the temperature rapidly returns to ambient
temperature, demonstrating fast and reversible electrothermal
behavior. Continuous voltage ramping and cycling tests (Fig.
5(b)) further show that the surface temperature can be stably
regulated over a wide range of 29.5–149.6 °C, demonstrating
precise temperature control.
Infrared thermal images at different input voltages are shown

in Fig. 5(c). A uniform temperature distribution is observed
across the film surface during electrical heating without
noticeable local hot spots, indicating the formation of a
homogeneous and continuous conductive network throughout
the composite. To evaluate the operational stability, 30
consecutive on/off heating cycles are performed at 2 V (Fig.
5(d)). The heating curves almost completely overlap without
performance degradation, confirming the film’s outstanding
cycling stability and electrothermal reliability. To evaluate
electrothermal conversion, the electrothermal conversion
efficiency (η) was calculated according to Eq. (2) in the ESM [6].
As shown in Fig. 5(e), the efficiency remains at a high level

throughout the applied voltage range of 0.5–3.0 V, indicating
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Figure 4 (a–e) Apparent surface temperatures recorded during continuous heating for evaluating thermal stability. (f) Comparison with reported MXene-based
infrared stealth materials (in the ESM). (g) In-plane and through-plane thermal conductivities. (h) Schematic illustration of the anisotropic heat transport
mechanism.

efficient conversion of electrical energy into heat. Meanwhile,
the current–voltage (I–V) curves (Fig. 5(f)) exhibit excellent
linearity, indicating Ohmic behavior. Furthermore, the steady-
state temperature rise (ΔT) shows an excellent linear correlation
with the square of the applied voltage (U2) (R2 = 0.999, Fig.
5(g)), which is in good agreement with Joule’s law and confirms
that the heating behavior originates from resistive Joule heating
[42]. Compared with recently reported MXene-based
electrothermal materials (Fig. 5(h) and Table S5 in the ESM),
MCSx achieves higher operating temperatures under lower
voltages, highlighting its superior low-power electrothermal
performance.
Owing to its rapid thermal response, high electrothermal

conversion efficiency, and precise temperature regulation
capability, the MCSx composite film holds significant promise
for flexible thermal management applications. For smart
wearable devices and personal thermal protection, operating
voltages of only 1.5–2.0 V provide a comfortable temperature
range of approximately 40–60 °C, meeting the requirements for
localized thermotherapy and thermal insulation. Furthermore, as
illustrated in Fig. 5(i), the surface temperature and infrared
radiation intensity can be dynamically regulated by applying
voltages of 1.0 or 1.5 V, allowing the infrared emission of the
film to closely match that of the surrounding environment. This
effectively reduces the infrared contrast between the target and

the background, thereby enabling dynamic infrared stealth.
3.4 Flame retardancy and thermal stability
Thermal stability is a key indicator for evaluating the high-
temperature service capability of materials. To compare the
thermal stability of different components, thermogravimetric
analysis (TGA) was performed on the MXene, CS, and MCSx
films. As shown in Figs. S6(a) and S6(b) in the ESM, MXene
retained approximately 90% of its initial mass at 800 °C,
demonstrating good thermal stability under an inert atmosphere.
The CS film exhibited only a slight mass loss of approximately
4.8 wt% and retained 95.2% of its initial mass at 800 °C,
indicating excellent high-temperature stability of the C/SiO₂
nanofibrous framework. The TGA curves of MCSx films are
shown in Fig. 6(a), exhibiting two main stages of mass loss:
approximately 4.14 wt% below200 °C due to the removal of
adsorbed and interlayer water, followed by approximately 4.99
wt% arising from the decomposition of CMC-Na and residual
organic components. The MCSx films retain 89.44 wt% at
800 °C. Their slightly greater mass loss than that of CS is
attributed to the removal of MXene surface terminations,
decomposition of CMC-Na, and release of interlayer species [43,
44]. Nevertheless, the total mass loss remains below 11 wt%,
confirming the high thermal stability of the SiO2 framework,
carbonized fiber network, and MXene components.
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Figure 5 (a) Temperature profiles at different voltages. (b) Temperature response of the composite film upon stepwise voltage rise and drop. (c) Infrared images
under different voltages. (d) Cycling stability at 2.0 V. (e) Electrothermal conversion efficiency, (f) current–voltage (I–V) curves with linear fitting, and (g)
linear relationship between the steady-state temperature rise (ΔT) and the square of the applied voltage (U2) under different driving voltages. (h) Comparison
with reported MXene electrothermal materials (in the ESM). (i) Demonstration of dynamic infrared stealth.

Microscale combustion calorimetry (MCC) was conducted to
evaluate the intrinsic combustion behavior. As shown in Fig.
6(b), the MCSx film exhibits an ultralow heat release capacity
(HRC) of 3.7 J g−1 K−1, peak heat release rate (PHRR) of 3.8 W
g−1, and total heat release (THR) of 0.3 kJ g−1. The maximum
heat release occurs at approximately 288.3 °C and is associated
with the degradation of trace organic constituents. These low
values indicate negligible generation of combustible volatiles
and a low intrinsic fire hazard. The flame tests agree with the
MCC results. The CS film maintains its structural integrity after
direct flame exposure (Fig. 6(c) and Fig. S7(a) in the ESM),
while the MCSx film remains nonflammable during 30 min of
continuous flame exposure without obvious spallation or
delamination (Fig. 6(d) and Video S1). The CS film shows no
sustained combustion at oxygen concentrations of 25–100 vol%,
and the MCSx film achieves an LOI of 86.4% (Figs. S7(b) and
S7(c) in the ESM), confirming its strong resistance to sustained

combustion. Considering that the outer MXene layer is directly
exposed to an oxidative environment during flame treatment, the
oxidation behavior of pristine MXene was further evaluated by
TG/DTG analysis in air (Fig. S6(c)). A pronounced mass gain
was observed at approximately 350–600 °C, consistent with the
oxidation of Ti3C2Tx and the formation of TiO2.
To further evaluate the oxidation behavior of the MCSx films

during flame exposure, MCS1, containing only one
MXene@C/SiO2 structural unit, was selected as a representative
sample for XRD analysis before and after flame treatment. As
shown in Fig. 6(e), MCS1 still retains the characteristic MXene
(002) reflection after 30 min of flame exposure, together with
only weak TiO2 diffraction peaks, indicating that MXene
oxidation is effectively mitigated even in the simplest MCSx
architecture. In contrast, a pristine MXene film with identical
dimensions subjected to the same flame treatment is almost
completely converted into TiO2. These results demonstrate that
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the layered composite structure can effectively retard the
oxidative degradation of MXene under the present flame-
exposure conditions.
The thermal protection performance was further evaluated

using PU foam (Fig. 6(f), Videos S2 and S3). Unprotected PU
foam melts severely within approximately 5 s of flame exposure,
whereas the MCS4 film effectively suppresses melting. As
illustrated in Fig. 6(g), the MXene surface forms a dense
inorganic barrier that restricts oxygen diffusion and volatile

release, while the C/SiO2 layer provides a stable skeleton with
low through-plane heat transfer. Char formed from CMC-Na
decomposition further reinforces the barrier, and the
heterogeneous interfaces increase interfacial thermal resistance.
These effects collectively provide thermal stability, flame
retardancy, and thermal insulation, demonstrating the potential
of MCSx films for fire protection under high-temperature
conditions.

Figure 6 (a) TG/DTG curves of MCSx films. (b) PHRR, THR, and HRC measured by microscale combustion calorimetry. Flame tests of (c) CS and (d) MCS4.
(e) XRD patterns of pristine MCS1, MCS1 after 30 min of flame exposure, and a pristine MXene film subjected to the same flame treatment, together with the
standard diffraction pattern of rutile TiO2. (f) Comparison of the thermal protection performance between pristine PU foam and PU foam protected by an MCS4
heat-insulating film under continuous flame impingement. (g) Schematic illustration of the flame-retardant and thermal-insulation mechanism.

3.5 Electromagnetic interference shielding performance
Modern communication devices, aerospace systems, and
electronic equipment operating in complex electromagnetic
environments require not only infrared stealth and thermal
protection but also high-performance electromagnetic
interference (EMI) shielding to ensure reliable operation [45].
As shown in Figs. 7(a)–7(d), the MCSx composite films exhibit
outstanding EMI shielding performance throughout the X-band,
with the relevant parameters calculated according to Eqs. (3)-(8)
in the ESM. As the number of structural units increases from 1
to 4, the total shielding effectiveness (SET) increases from 50.9

to 71.6 dB. Increasing the number of units raises the film
thickness from 88 μm to 260 μm, extending the propagation path
of electromagnetic waves, while the abundant MXene@C/SiO2

interfaces and CMC-Na interlayers promote interfacial
polarization, multiple reflections, and scattering within the
material. Accordingly, the absorption shielding effectiveness
SEA increases from 30.3 to 52.4 dB, demonstrating improved
attenuation of electromagnetic waves propagating into the
layered structure. In addition, the low-temperature-carbonized
C/SiO2 nanofiber layer retains residual carbon species, which
further contribute to conductive loss and dipolar polarization,
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thereby enhancing electromagnetic wave attenuation [26, 46].
The reflection (R), absorption (A), and transmission (T)

coefficients (Fig. 7(e)) show R values of approximately 0.98,
substantially higher than A, indicating reflection-dominated
shielding [2, 47]. It should be noted that SEA characterizes the
attenuation of electromagnetic waves after entering the material,
whereas the power coefficients R, A, and T more directly reflect

the partitioning of the total incident electromagnetic power
among reflection, absorption, and transmission [48, 49].
Therefore, the high R values confirm that the overall EMI
shielding behavior of the MCSx films is reflection-dominated.
The strong impedance mismatch between the conductive MXene
layer and air reflects most incident waves, while transmitted
waves are attenuated by Ohmic loss, interfacial polarization, and

Figure 7 X-band EMI shielding performance: (a) SET, (b) SEA, (c) SER, (d) average values of SET, SEA, and SER, (e) R, A, and T, (f) shielding efficiency, and
(g) thickness-normalized specific shielding effectiveness (SSE/t). (h) Schematic illustration of the EMI shielding mechanism. (i) Tesla-coil demonstration test.
(j) EMI shielding performance before and after 30 min of flame exposure.

multiple scattering. Consequently, all samples block more than
99.999% of the incident electromagnetic radiation (Fig. 7(f), Eq.
(9) in the ESM). To evaluate the intrinsic shielding capability,
the specific shielding effectiveness per unit thickness (SSE/t, Eq.
(10) in the ESM) is introduced as the evaluation index. As

shown in Fig. 7(g), MCS1 achieves an exceptionally high SSE/t
value of 12310 dB cm2 g−1. As the number of structural units
increases, SSE/t gradually decreases because the improvement
in SET does not scale proportionally with the increases in film
thickness and areal density, leading to a lower mass-normalized
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shielding efficiency. Nevertheless, the multilayer films retain
relatively high SSE/t values at higher structural unit numbers.
Fig. 7(h) schematically demonstrates the electromagnetic

interference shielding mechanism of the composite film. The
highly conductive MXene surface layer reflects most of the
incident electromagnetic waves because of the strong impedance
mismatch with air. The small fraction of waves entering the
layered structure undergoes repeated reflections and scattering at
the MXene@C/SiO2 heterogeneous interfaces and CMC-Na
interlayers, thereby extending the propagation path.
Simultaneously, differences in dielectric properties and
electrical conductivity among the constituent components induce
significant interfacial polarization. Moreover, MXene surface
groups and defects, together with residual carbon species in the
carbonized fiber layer, provide additional conductive and dipolar
polarization losses [1, 2]. Collectively, these mechanisms result
in highly efficient EMI shielding. A Tesla coil setup was
employed to demonstrate the practical shielding capability (Fig.
7(i), Video S4). After inserting an MCS1 film between the Tesla
coil and the bulb, the induced electromagnetic field is effectively
blocked, causing the bulb to extinguish immediately. In contrast,
the CS film exhibits negligible shielding capability.
Considering potential exposure to fire, the EMI shielding

performance was further evaluated before and after 30 min of
continuous alcohol flame exposure (MCSx and MCSx-F, Fig.
7(j)). The SET retention ratios after flame treatment are 94.3%,
88.9%, 92.0%, and 86.6%, respectively, demonstrating
substantial retention of the shielding performance. Although
partial oxidation of MXene occurs during flame exposure, the
distributed MXene layers within the multilayer MXene@C/SiO2

architecture maintain multiple conductive pathways, thereby
reducing the impact of local degradation on the overall shielding
performance. These results demonstrate that the multilayer
heterostructure contributes to maintaining EMI shielding
performance under severe thermal exposure.

4 Conclusions
Layered MXene@C/SiO2 films were fabricated by
electrospinning, pre-oxidation/carbonization, and layer-by-layer
assembly. Adjusting the number of structural units tunes film
thickness, thermal resistance, and multifunctional performance.
The heterogeneous interfaces and CMC-Na interlayers increase
interfacial thermal resistance, suppressing through-plane heat
transport while preserving preferential in-plane diffusion. MCS4
consequently achieves a through-plane thermal conductivity of
0.030 W m−1 K−1 and, with the low emissivity of MXene, an
apparent temperature reduction of 365.7 °C on a 500 °C heat
source. The continuous MXene conductive network enables
controllable Joule heating from 29.5 to 149.6 °C at 0.5–3.0 V,
while the conductive layers and heterogeneous interfaces
contribute to an EMI shielding effectiveness of up to 71.6 dB.
Meanwhile, the thermally stable C/SiO2-based framework
provides effective flame resistance and thermal protection, with
high EMI shielding performance retained after 30 min of flame
exposure. These results demonstrate that the conductive MXene
network, heterogeneous interfaces, and thermally stable
nanofibrous framework act synergistically, providing a rational
heterostructure design strategy for integrating infrared stealth,
EMI shielding, active thermal management, and fire protection.

Electronic Supplementary Material: Supplementary material
(including detailed calculation formulas for infrared radiation,
electrothermal conversion efficiency, and EMI shielding
performance; additional characterization results on MXene
structure, carbonized fibrous films, infrared stealth, thermal
stability, and flame retardancy; as well as supplementary tables
of thermal properties and performance comparisons) is available
in the online version of this article.
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thickness-normalized specific shielding effectiveness.
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1. Supplementary Figures S1-S7

Figure S1 (a) TEM image of MXene nanosheets showing their typical two-dimensional morphology. (b) FTIR spectrum of MXene. (c)
XRD patterns of Ti3AlC2 and Ti3C2Tx MXene.

Figure S2 (a-f) SEM images of fibrous membranes carbonized at different temperatures and the corresponding fiber diameter
distributions.

Figure S3 Areal shrinkage ratios of fibrous membranes carbonized at different temperatures.
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Figure S4 Infrared thermographic images of the composite films under different heat-source temperatures.

Figure S5 (a-e) Apparent surface temperature evolution of the MCSx composite films under different heat-source temperatures and
their thermal stability.
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Figure S6 TG/DTG curves of (a) MXene under N2, (b) CS films under N2, and (c) MXene in air.

Figure
Figure S7 (a) Morphological changes of both sides of the MCS1 composite film after alcohol-lamp flame exposure. Limiting oxygen
index (LOI) tests of (b) the CS film and (c) the MCS1 composite film.

2. Supplementary Tables S1-S5

Table S1 Surface radiation temperature of MCSx composite films (Tfilm) and the temperature difference between the heat source and
film surface (Thot plate -Tfilm) under different heat-source temperatures.

Thot plate

(℃)
CS
(℃)

MCS1
(℃)

MCS2
(℃)

MCS3
(℃)

MCS4
(℃)

Tfilm Thot plate -Tfilm Tfilm Thot plate -Tfilm Tfilm Thot plate -Tfilm Tfilm Thot plate -Tfilm Tfilm Thot plate -Tfilm

50 46.7 3.3 28.6 21.4 27.9 22.1 27.3 22.7 26.4 23.6

100 90.8 9.2 37.7 62.3 36.3 63.7 35.5 64.5 34.7 65.3

150 132.3 17.7 50.1 99.9 48.8 101.2 47.6 102.4 46.3 103.7

200 171.8 28.2 61.2 138.8 59.2 140.8 57.9 142.1 55.9 144.1

250 206.2 43.8 77.6 172.4 76 174 74.4 175.6 72.3 177.7

300 245.3 54.7 93.8 206.2 92.4 207.6 88.9 211.1 85.4 214.6

350 284.7 65.3 109.5 240.5 107.2 242.8 103.5 246.5 97.1 252.9

400 338.5 61.5 121.9 278.1 119.6 280.4 114.2 285.8 110.9 289.1

450 382.6 67.4 134.4 315.6 132.7 317.3 130.6 319.4 123.6 326.4

500 418.3 81.7 155.6 344.4 146.2 353.8 141.5 358.5 134.3 365.7
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Table S2 Comparison of the infrared stealth performance of this work with previously reported MXene-based infrared stealth
materials [S1-S12].

Object temperature
(Thot plate) (℃)

Radiation temperature
(Tfilm) (℃)

Temperature reduction
(Thot plate -Tfilm) (℃)

Reference

MXene/POEGMA
MXene/CNT/PEEK
MXene/polyimide
MPHEA@AgNWs/MXene
FeCoNi/CMC/MXene
MXene/SiO2/KNF
WPUF/TPU/MXene/CNF
Magnetic Carbon/MXene
MXene/SA-MXene/Fe3O4/SA

MXene-HPTCP
C-MXene/PI

MXene@PDA@PNF

MCS1
MCS2
MCS3
MCS4

100
100
300
150
120
175
100
105
98.5
149.1
300
100
200
300
100
200
300
Table S1
Table S1
Table S1
Table S1

33.8
48.6
93.8
86.5
48
51.9
30.1
40
27.3
29.7
86
40.6
70.8
101.8
36.6
63.5
94.8
Table S1
Table S1
Table S1
Table S1

66.2
51.4
206.2
63.5
72
123.1
69.9
65
71.2
119.4
214
59.4
129.2
198.2
63.4
136.5
205.2
Table S1
Table S1
Table S1
Table S1

[S1]
[S2]
[S3]
[S4]
[S5]
[S6]
[S7]
[S8]
[S9]

[S10]
[S11]

[S12]

This work
This work
This work
This work

Table S3Measured in-plane thermal properties of the films, including thermal conductivity, thermal diffusivity, specific heat capacity,
and density.

Sample Thermal conductivity, λ
(W m−1 K−1)

Thermal diffusion, α
(mm2 s−1)

Specific heat capacity, Cp

(J g−1 K−1)
Density, ρ
(g cm−3)

CS
MCS1
MCS2
MCS3
MCS4

3.248
5.340
2.920
2.514
1.858

7.290
9.622
4.919
3.974
2.640

1.720
1.480
1.062
0.900
0.959

0.259
0.375
0.559
0.703
0.734

Table S4Measured through-plane thermal properties of the films, including thermal conductivity, thermal diffusivity, specific heat
capacity, and density.

Sample Thermal conductivity, λ
(W m−1 K−1)

Thermal diffusion, α
(mm2 s−1)

Specific heat capacity, Cp

(J g−1 K−1)
Density, ρ
(g cm−3)

CS
MCS1
MCS2
MCS3
MCS4

0.057
0.159
0.053
0.038
0.030

0.127
0.286
0.090
0.060
0.043

1.720
1.480
1.062
0.900
0.959

0.259
0.375
0.559
0.703
0.734

Table S5 Comparison of the Joule heating performance of this work with recently reported MXene-based Joule heating materials
[S13-S23].

Voltage
(V)

Temperature
(℃)

Reference

ANF/MXene-PEDOT:PSS
ANF/MXene-K+

MG-MXene aerogel

MXene/GO core-shell nanofibers
MXene@PAN/Ni films

CNF/MXene/ZnFe2O4@PANI
MXene@PDA@PBO

MXene/liquid metal/bacterial cellulose

2
3
1
2
3
3
1
2
3
3
1
1.5
2
2.5
3
1

131.1
70.3
37.4
66
101.5
85
35.8
45.1
75.6
41.2
27
31
38
48
59.4
32.4

[S13]
[S14]
[S15]

[S16]
[S17]

[S18]
[S12]

[S19]
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MXene/PVA/PAA-Hanji (MPP-H)

CoFe2O4@MXene-AgNWs/CNF

MXene-coated cellulose fabrics

TA/MXene composite film

MCSx

1.5
2
2.5
3
1
1.5
2
2.5
3
1
1.5
2
2.5
3
1
2
3
1
3
1
1.5
2
2.5
3

43.1
53.8
72
95.5
28
32
40
52
63
34.6
43.6
60.6
74.2
93.7
28
32
48
29.9
40.6
39.6
57.9
83.4
114.5
150

[S20]

[S21]

[S22]

[S23]

This work

3. Supplementary Equations

To quantitatively evaluate the respective contributions of thermal insulation arising from anisotropic heat transport and low infrared
emissivity to infrared stealth performance, the infrared signal intensity (I) was calculated by integrating the emitted thermal radiation
over the atmospheric window (8–14 μm) according to Planck’s law of thermal radiation [S24, S25].

� = ��log��
���
���� � � � ���� d�

���
��������� �ref���

(1)
where ������ is the spectral radiance of an ideal blackbody at temperature T, ���� is the wavelength-dependent emissivity, and �

denotes the wavelength. �ref represents the reference temperature of the blackbody target. Accordingly, the infrared signal intensity of
the reference blackbody is defined as 0 dB.
The electrothermal conversion efficiency (η) at different applied voltages was determined according to Eq. (2) [S26]:

� = ���−��쳌䁖䁖
���

� − �������−����
��

(2)
where T and Ta represent the temperatures of the film and the surrounding environment (K), respectively. σ is the Stefan–Boltzmann

constant (5.67032 × 10−8 W m−2 K−4), �� denotes the average infrared emissivity, S is the film area, and U and I correspond to the
applied voltage and measured current, respectively.
The electromagnetic interference (EMI) shielding performance in the X-band (8.2–12.4 GHz) was measured using a vector network

analyzer (Agilent N5244A PNA-X). Based on the measured scattering (S) parameters, the reflection coefficient (R), absorption
coefficient (A), and transmission coefficient (T) were calculated, from which the reflection shielding effectiveness (SER), absorption
shielding effectiveness (SEA), and total shielding effectiveness (SET) were obtained. SEM can be ignored when SEA exceeds 15 dB. The
equations are provided below [S27].

� = ��� 2 (3)
� = ��2 2 (4)

� = � − � − � (5)
��� =− �� log � − � (6)
��� =− �� log �

�−�
(7)

��� = �� log �
�
= ��� � ��� � ��� (8)

The shielding efficiency (SE), defined as the percentage of incident electromagnetic waves effectively blocked by the material, was
calculated using Eq. (9) [S28].

�� = � − �

��
���
��

� ���洠 (9)

To evaluate the intrinsic EMI shielding performance, the thickness-normalized specific shielding effectiveness (SSE/t, dB cm2 g−1)
was further calculated according to Eq. (10), where ρ and t denote the density (g cm−3) and thickness (cm) of the specimen,
respectively [S28].

SSE/t = ���
��

(10)
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