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ABSTRACT: One-dimentional high-entropy metal carbides have
attracted significant attention for their exceptional physical and
chemical properties, which endow them with great potential for
applications in structural and functional fields. However, there is a
lack of stable preparation methods, particularly on flexible
substrates. In this study, we successfully synthesized high-entropy
(Tig2Zrp2Hip 2Nbg o Tag,)C (HEC) nanowires through a precursor
pyrolysis method using waste cotton fabric as both a flexible
substrate and a carbon source. Interestingly, the growth of the
nanowires followed a catalyst-assisted vapor-liquid—solid
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mechanism, driven by the dissolution of metals and carbon- gr;)w{h
thermal decomposition of cotton fabric in the Fe-Ni alloy. This 0"‘%-,,,}

process involved nucleation of HEC and subsequent nanowire %
growth. The as-prepared HEC nanowires with diameters ranging

from 0.05 to 0.1 um were randomly distributed on carbonized cotton fiber substrate without a specific orientation, forming
an interconnected multiscale conductive network. Owing to the synergistic effects including electrical conduction loss,
dipolar polarization loss arising from lattice distortion in HEC, and polarization loss generated by numerous heterojunctions
within the material, the prepared HEC nanowires exhibit outstanding electromagnetic interference (EMI) shielding
performance in the X-band (8.2-12.4 GHz). For instance, the material achieved an EMI shielding effectiveness (SE) of
57.55 dB at a thickness of 1.35 mm. This study introduces novel perspectives and scalable approaches for the preparation,
formation mechanism, and functional applications of nanostructured high-entropy ceramics.

KEYWORDS: high-entropy, (Tiy2Zro.HfooNby,Tag,)C nanowires, growth mechanism, electromagnetic interference
shielding performance

1 Introduction

One-dimensional (1D) ceramic materials have emerged as a
research hotspot in materials science due to their unique geometric
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structures and physicochemical properties [1]. The high aspect ratio
of 1D structures endows these materials with outstanding
mechanical properties, including high strength, high modulus, and
superior fracture toughness [2]. Additionally, their nanoscale
dimensions further enhance thermal and chemical stability.
Through innovative material design and preparation techniques,
our group has successfully developed a series of high-performance
1D ceramic materials and systematically explored their applications
in nanoscale reinforcing phases, energy storage, and
electromagnetic materials [3—6].

Nano Research, 2025, 18, 94907749


https://orcid.org/0000-0001-9318-4504
https://orcid.org/0000-0002-8628-8564
https://orcid.org/0000-0001-9318-4504
https://orcid.org/0000-0002-8628-8564
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://doi.org/10.26599/NR.2025.94907749
mailto:yinxuemin@nwpu.edu.cn
mailto:lihejun@nwpu.edu.cn
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749
https://www.sciopen.com/article/10.26599/NR.2025.94907749

Liu et al.

Nano Research | Vol. 18, No. 9

In recent years, high-entropy ceramics have garnered significant
attention as a novel ceramic material system owing to their
distinctive high-entropy effects [7—11]. Unlike traditional ceramics,
high-entropy ceramics exhibit superior oxidation resistance and
thermal stability in high-temperature environments, along with
remarkable improvements in mechanical properties, corrosion
resistance, and electrical conductivity [12, 13]. These characteristics
make them potential contenders for utilization in mechanical,
thermal, electrical, and magnetic fields. Among various high-
entropy ceramic systems, high-entropy carbide ceramics have
become a key research focus because of their outstanding high-
temperature performance and multifunctionality [8, 14-17].
Despite significant progress in the study of high-entropy carbide
ceramics, research on 1D structures remains limited [18].
Combining the geometric advantages of 1D structures with the
performance benefits of high-entropy effects, these materials hold
potential for structural and functional materials. For example, Ma et
al. synthesized (Tay,sHf; 55Ty 25Nby,5)C high-entropy metal carbide
nanowires via a bamboo-based carbothermal method
demonstrating exceptional thermal stability with no morphological
changes below 1600 °C [14]. However, current research primarily
focuses on powdered 1D high-entropy carbides, which face
limitations in direct integration into structural or functional
materials. The need for additional processing steps compromises
structural controllability, mechanical stability, and functional
integration, limiting the full utilization of their 1D structural
advantages. For instance, in situ growth of 1D ceramic nanowires
on carbonaceous substrates could enable binder-free supercapacitor
electrodes, simplifying device fabrication. More importantly,
previous research on 1D high-entropy carbide ceramics has
centered on thermophysical and high-temperature properties, with
limited exploration of functional applications and underlying
mechanisms.

Integrating high-entropy metal carbide nanowires with a

substrate not only enhances the mechanical characteristics and
stability of the nanowires, but also expands the adaptability in
practical applications. In this work, we successfully synthesized high-
entropy metal carbide (Tiy,Zr,,Hf;,Nby,Tay,)C (HEC) on a
flexible cotton fabric substrate via a polymer pyrolysis method
(Fig. 1). The growth mechanism of HEC nanowires was the
classical vapor-liquid-solid (VLS) process. Cotton fabric served as
an in situ growth substrate for HEC nanowires, uniformly
adsorbing the precursor solution during impregnation and also
providing carbon sources for nanowire growth. Meanwhile, the
HEC nanowires exhibited excellent electromagnetic interference
(EMI) shielding performance, achieving an EMI shielding
effectiveness (SE) of 37.07 dB at 0.45 mm thickness and 57.55 dB at
1.35 mm thickness. This work provides new insights and the
methodology for the fabrication, formation mechanisms, and
functional applications of high-entropy nanomaterials.

2 Experimental

2.1 Fabrication of HEC nanowires

The raw material for fabricating HEC nanowires was a
commercially available liquid precursor purchased from the
Chinese Academy of Sciences, consisting of (Ti,,Zr,,Hf,,Nb,,Ta,,)
C-containing polymer precursor (15 wt.%-30 wt.%) dissolved in
xylene.

The present work utilized flexible cotton fabric as the substrate.
HEC nanowires were obtained by carbothermal reduction reaction
with catalyst. The preparation process was schematically illustrated
in Fig. 2. An appropriate amount of polymer precursor and
catalysts (Fe(NOs),-9H,0, Ni(NOs),-6H,0, and NaF) were weighed
in a beaker at a mass ratio of 1:0.05-0.2:0.05-0.2:0.15-0.3. An
appropriate amount of xylene solution was incorporated. And the
mixture was stirred by employing a magnetic stirrer under room

ig,Zrg ;Hf, ;Nby ;Tag)C
nanowire

VLS
growth
mechanism

Figure1 Schematic illustration related to the preparation of HEC nanowires and EMI shielding performance.
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Figure2 The schematic diagram of the preparation process.

temperature until the solution became homogeneous. The
precursor and catalysts were fully dissolved and mixed uniformly in
the xylene solution. The waste cotton fabric was immersed in the
solution for 8 min and dried in an oven at 70 °C. The cotton fabric
was placed in an alumina crucible and heated in a tube furnace to
900-1400 °C at 5 °C/min, then held for 2 h in Ar atmosphere. A
black layer on the surface of the carbonized cotton fabric could be
observed, which was identified as HEC nanowires. The
samples prepared at 900, 1150, and 1400 °C were named HEC-900 °C,
HEC-1150 °C, and HEC-1400 °C, separately.

2.2 Characterizations

Fourier transform infrared spectroscopy (FT-IR, IRTracer 100) was
employed to analyze the molecular structure of the single-source
polymer precursors. The polymer-to-ceramic transformation was
studied via thermogravimetric and derivative thermogravimetric
coupled with mass spectrometry (TG-DTG-MS, NETZSCH-
NETZSCH-QMS 403 D + STA 449 F3 +ThermoFisher-Nicolet
iS20) to assess the yield and composition of the precursors. The
synthesized materials were characterized for their morphology and
microstructure using transmission electron microscopy (TEM,
Talos F200X) combined with energy-dispersive X-ray spectroscopy
(EDS) and scanning electron microscopy (SEM, FEI NovaNano
450). Using X-ray diffraction (XRD, X'Pert PRO MPD), the phase
composition of the HEC nanowires was evaluated. The bonding
characteristics were analyzed using X-ray photoelectron
spectroscopy (XPS) with a Thermo Fisher ESCALAB Xi+
instrument. The electrical conductivity was assessed through a two-
probe measurement technique.

2.3 EMI shielding measurements

Employing an Anritsu MS4644A vector network analyzer,
electromagnetic shielding characteristics were investigated in 8.2 to
12.4 GHz (X-band) through S-parameter analysis. The evaluation
was performed on rectangular samples with dimensions of
22.86 by 10.16 mm. The scattering parameters (S, Sy, S5, Sy,) Were
applied to compute fundamental electromagnetic coefficients: R =

(& 727w | Sci@pen
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[S11]* =[Syl for reflection, T = |, = |Sy,|* for transmission, and
A =1 - R - T for absorption. The shielding effectiveness was
analyzed by three components: reflection shielding (SE; = —10log
(1 — R)), absorption shielding (SE, = -10Ig[T/(1 — R)])), and
multiple reflections (SE,;). The total shielding effectiveness (SEr)
was obtained by summing these individual contributions (SE; =
SEz + SE, + SEy). In cases where the absorption shielding
effectiveness exceeded 15 dB, the multiple reflection effect could be
considered negligible [19, 20].

3 Results and discussion

Herein, HEC nanowires were in situ grown on the substrate of
waste cotton fabric through carbothermal reduction. To better
understand the growth mechanism of HEC nanowires, the
molecular structure of the (Tij,Zry,Hf,,Nb,,Ta,,)C-containing
polymer precursor was first investigated by FT-IR, as shown in
Fig. 3(a). The stretching vibrations observed at 1024 and
835 cm™ in M-O-C bonds (M = Nb, Zr, Hf, Ta, and Ti) could be
attributed to the reactions between the transition metal chlorides,
acetylmethane and butanol. Additional transmittance bands of
C-O at 1374 and 1271 cm?, C=C at ~ 1529 cm’, C-C at
1433 cm™, C=0 at 1593 cm™, and C-H at 2868 and 2922 cm™ were
due to either the acetylacetone ligand at the side chain or the
terminal group of the preceramic polymer [21, 22]. The peak at
~ 3442 cm™ was connected with the O-H stretching vibration in
H,O from moisture adsorbed on the specimen surfaces. The
detection of M—O-M’ bond (M’ = Nb, Zr, Hf, Ta, and Ti) at ~ 657
cm™ clearly demonstrated that the condensation of transition metal
alkoxides had already occurred during the polymerization process.
The pyrolysis behavior for (Ti,Zr,,Hf;,Nb,,Ta,,)C-containing
polymer precursor loaded on cotton fabric was investigated using
TG-DTG-MS (Fig. 3(b)). Based on the slope changes of the curves,
the pyrolysis of the precursor was divided into three stages with
increasing temperature (Fig. 3(b)(1)). In the first stage, a weight loss
of around 2.54% was observed below 200 °C, primarily caused by
the dehydration of hydroxyl groups as well as the emission of H,O,
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Figure3 (a) FT-IR spectrum of (Tiy,Zr,,Hfy,Nb,,Ta,,)C-containing polymer precursor powder. (b) (1) TG-DTG curves and MS spectra ((2) CO (m/z = 28), (3) CH,
(m/z = 16), and (4) CO, (m/z = 44)) of (Tiy,Zr,,Hf,,Nb,,Ta,,)C-containing polymer precursor on cotton fabric. (c) XRD patterns of samples prepared at different
temperatures. XPS survey spectra of HEC-1150 °C: (d) Hf 4f, (e) Zr 3d, (f) Ta 4f, (g) Nd 3d, and (h) Ti 2p.

with a corresponding derivative DTG peak at about 100 °C. The
second stage occurred between approximately 200 and 600 °C,
involving the main organic-inorganic transformation, resulting in a
weight loss of 53.46%. Rearrangement of ligands and cleavage of
molecular carbon chains occurred, accompanied by the release of
H,0 (m/z = 18, m/z = 17, Fig. S1 in the Electronic Supplementary
Material (ESM)), CO (m/z = 28, Fig. 3(b)(2)), CH, (m/z = 16,
Fig. 3(b)(3)), CO, (m/z = 44, Fig. 3(b)(4)). These small carbon-
containing molecules from polymer precursor and cotton fabric
provided carbon sources for the generation of HEC nanowires. The
third stage might be the carbothermal reduction, which and a
ceramization process, consuming CO (m/z = 28, Fig. 3(b)(2)), CH,
(m/z = 16, Fig. 3(b)(3)) and resulting in the release of CO, (m/z =
44, Fig. 3(b)(4)), with a weight loss of 0.21% [23]. Overall, the
polymer precursor undergoes cross-linking, organic-inorganic
transformation, and a ceramization process [24].

The phase evolution observed by XRD was in good agreement
with the TG-MS results (Fig. 3(c)). After heating to 900 °C, the
carbides and oxides such as HfO,, ZrO,, (Nb, Ta)C, TiC could be
detected because of incomplete carbothermal reduction. When the
temperature increased to 1150 °C, distinct diffraction peaks
assigned to (111), (200), and (220) could be observed. The HEC
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nanowires possessed a single carbide crystalline phase. As the
temperature increased to 1400 °C, the crystallinity of HEC was
obviously enhanced, while almost no residual oxides or carbides
were detected.

The chemical bonding states of HEC nanowires were analyzed
using XPS. Figures 3(d)-3(h) showed the high-resolution XPS
patterns of HEC. Four peaks could be identified by deconvoluting
the C 1s peak (Fig. S2 in the ESM). Among them, the peak at
282.8 eV corresponded to C-M bond (M = Zr, Hf, Ta, Ti, and Nb),
indicating bonds between transition metals and carbon [25]. The
other three peaks centered at 289.6, 286.4, and 284.8 eV
corresponded to O-C=0, C-O, and C-C [26]. In the Hf 4f
spectrum of Fig. 3(d), the peak at 17.8 eV was assigned to Hf 4f;, of
the Hf-C bond, whereas the peak at 19.5 eV was attributed to Hf
4f;), of the Hf-O bond [12, 27]. The Zr 3d,, at 185.5 eV was related
to Zr-O, while Zr 3ds, peak at 183.0 eV corresponded to Zr-C
(Fig. 3(e)) [25, 28]. And a doublet at 23.8 and 25.7 eV indicated
Ta-C in Ta 4f spectrum, along with a weak doublet at 26.5 and
284 eV connected with Ta-O (Fig. 3(f)) [29]. As displayed from
Nb 3d in Fig. 3(g), peaks at 207.6 and 210.4 eV corresponded to the
3ds, and 3d;, states of the Nb-O bond. Peaks at 204.0 and
206.9 eV were assigned to the 3ds, and 3d,, states of the Nb-C

(B 7% 2 | Sci@pen
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bond [30]. In the Ti 2p spectra (Fig. 3(h)), peaks at 462.0 and
4554 eV were attributed to Ti 2p,, and 2ps;, of the Ti-C bond,
while the peaks at 459.0 and 465.0 eV corresponded to Ti-O bond
[31]. Metal-O may originate from oxygen adsorbed on the surface
of the material or oxides produced during the synthesis of the
material. The existence of metal-O bonds may increase the
heterogeneous interfaces within the material, generating interface
polarization phenomena and dissipating the energy of
electromagnetic waves. In summary, the XPS data confirmed the
presence of chemical bonds between the carbon and metal elements
within the HEC nanowires.

As shown in Figs. 4(a)—4(c), SEM images revealed the products
obtained at different heat treatment temperatures. At 900 °C, no
HEC nanowires were observed. Instead, the surface of the
carbonized cotton fiber (CCF) was predominantly covered with
micro-nano particles of different sizes (Fig. 4(a)). Combined with
XRD analysis, these particles were identified as oxide and carbide
ceramic particles corresponding to the early reaction stage. As the
temperature increased to 1150 °C, many HEC nanowires were
observed on the substrate surface, along with some ceramic
particles (Fig. 4(b)). The nanowires were randomly distributed
without a fixed orientation, with diameters ranging from 0.05 to
0.1 pm. At 1400 °C, fewer HEC nanowires were observed on the

900 °C
Nanoparticles

(a) {
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20 (°)

—
i o

100_nm

Hf
100_nm 109_n_m
) ( (

substrate surface, while ceramic particle density increased
(Fig. 4(c)). This occurred because atomic mobility and diffusion
capacity (particularly at grain boundaries) increase with
temperature. Excessive grain growth at 1400 °C caused near-
complete transformation into ceramic particles before nanowire
formation [32].

As shown in Fig. 4(d), the XRD pattern of HEC nanowires
synthesized at 1150 °C was Rietveld-refined based on a cubic crystal
system with the Fm-3m space group. The results indicated that the
synthesized HEC-1150 °C consisted of a single carbide phase. More
importantly, HEC-1150 °C could withstand bending and curling,
showing good flexibility (Fig. 4(e)). Consequently, the HEC-1150 °C
sample was further characterized using TEM. Figure 4(f) displayed
nanowires with smooth surfaces. High-resolution transmission
electron microscopy (HRTEM) images further confirmed the single-
crystal nature of HEC-1150 °C (Fig. 4(g)). The lattice fringe spacing
of 0.26 nm corresponded to (111) plane spacing of the cubic high-
entropy carbide phase (inset in Fig. 4(g)). Additionally, significant
lattice distortions in the bulk phase resulted from different atomic
dimensions of transition metals (Fig. 4(h)), leading to substantial
conductive losses and dipole polarization losses. Figure 4(i) showed
the catalyst alloy particle on the top of HEC nanowire. The EDS
mapping and corresponding elemental distribution images of the

1150 °C
Nanowires

lOO_nm

10&111

102_1_1_111

Figure4 SEM images of (a) HEC-900 °C, (b) HEC-1150 °C, and (c) HEC-1400 °C. (d) Rietveld refinement of XRD data. (e) Digital photos of the flexibility of HEC-1150
°C. ()TEM image of HEC nanowires. (g) HRTEM image (inset was the illustration of lattice fringe spacing), (h) illustration of lattice distortions, (i) TEM image, and (j)

HAADF image and corresponding elemental mapping images of HEC nanowire.
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catalyst alloy particles and nanowires in Fig. 4(j) revealed the
distribution of C, Hf, Zr, Nb, Ta, Ti, Ni, and Fe. Fe and Ni elements
accumulated at the tips of the nanowires, while C, Zr, Hf, Nb, Ti,
and Ta were uniformly distributed HEC nanowires, further
confirming the successful synthesis of HEC nanowires. The
spherical catalyst particles were observed at the top of the
nanowires, suggesting that the growth of the nanowires followed
the VLS mechanism.

To understand the growth mechanism of the synthesis of HEC
nanowires, Fig. 5 presented a schematic diagram. In this study, the
reaction precursors for fabricating HEC nanowires primarily
consisted of the metallic and carbon elements from the high-
entropy precursor and the carbon from the cotton fabric.
Compared to conventional carbon fiber cloth, the cotton fabric
exhibited more uniform adsorption of raw materials (Fig. S3(a) in
the ESM). Due to the smooth surface of the carbon fibers in carbon
fiber cloth, loading capacity to the raw materials was also lower
than that of cotton fabric (Fig. S3(b) in the ESM). Consequently,
under identical thermal treatment conditions, no HEC nanowires
were obtained on the carbon fiber substrate (Fig. S3(c) in the ESM).
Thus, the cotton fabric not only served as a flexible substrate for
HEC nanowire growth but also would provide enough reaction
materials from itself and absorbed raw materials. Moreover, the
spherical cap-shaped catalysts at the tops of the nanowires
suggested that the generation of the HEC nanowires was guided by
the classic VLS generation mechanism, which could be explained as
follows [33]. Firstly, it should be noted that the system still
contained oxygen due to the use of argon gas with a purity of
99.99% as the protective gas [34]. Additionally, there was oxygen
adsorbed on the cotton fabric. Thus, in the initial stage, the
transition metal elements from the high-entropy precursor reacted
with the oxygen in the system to form transition metal oxides
(TMO,). Subsequently, TMO, reacted with NaF to produce gaseous
fluorides or oxyfluorides (TMO,F,) (Eq. (1)). At high temperature,
the polymer precursor and cotton fabric generated carbon-based
molecules, such as CO, CO,, and CH,. Then Fe(NO,),-9H,0 and
Ni(NO;),-6H,0 reacted with these carbon-based molecules to form
Fe-Ni alloy droplets (Eq. (2)). Thereafter, the produced gaseous
TMO,F, reacted with carbon-based molecules to produce transition

JFe-Ni OTMOF, @ C

)CO./F, @TM = Hf, Zr, Ta, Nb, or Ti

@ (Tiy,Zr,,Hf,,Nb,,Ta,,)C

1
1
1
1
1
1
1
1
1
1
1
] .). ® Do
1
1
1
1
1
1
1
1
1

metals (TMs) (Eg. (3)). Carbon and the formed TMs dissolved into
the molten alloy droplets via Eq. (4) [35, 36]. When the
concentration of HEC molecules in the Fe-Ni alloy droplets
attained a supersaturated state, HEC precipitated from the catalyst
droplets to nucleate and grow. Additionally, HEC exhibited greater
lattice distortion than conventional carbides, facilitating nanowire
development [37].

TMO, (s) 4+ NaF (g, 1) - TMO,F, (g) +Na,0 (g) (1)

Ni(NO;), - 6H,0 (1) + Fe(NO;), - 9H,0 (1) +5C (s, g) —
Fe-Ni (1) +5NO, (g) +5CO (g) +15H,0 (g) ()

TMO,F, (g)+C (s, g) —
TMs (s, g) +CO, (g) +y/2F, (g) (3)

TM + C — (Ti,,Zr,,Hf,,Nb,,Ta,,)C (4)

In the initial stage, the vapor pressures of the carbon-based and
gaseous TMO,F, products in the system were relatively high,
resulting in the observation of high-entropy carbide particles on the
CCF. As the reaction proceeded, the vapor pressures of the gaseous
products in the system decreased to lower levels, which promoted
the formation of HEC nanowires [38]. This explains the presence of
ceramic particles on the CCF in the HEC-1150 °C.

There was a close relationship between electrical conductivity
and EMI shielding capability [39]. Therefore, the -electrical
conductivity of the samples was measured. As shown in Fig. 6(a),
the electrical conductivity of CCF was 150.15 S/m, indicating that it
has a small contribution to EMI performance. The electrical
conductivity of HEC-1150 °C was the highest (374.53 S/m),
which was superior to that of HEC-900 °C (175.43 S/m) and HEC-
1400 °C (155.76 S/m). This might be resulted from the formation of
a more conductive network by HEC nanowires in HEC-1150 °C
and the internal good electrical conductivity of HEC, providing
more conductive pathways [40]. Generally, higher -electrical
conductivity enhances the conductive loss of electromagnetic
waves, thereby improving EMI shielding performance.
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Figure5 The possible growth mechanism of HEC nanowires.
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To explore the EMI shielding mechanism, the A, R, and T
parameters were obtained for specimens with nearly identical
thicknesses of approximately 0.45 mm (Fig. 6(b)). All R values of
the four samples were larger than their corresponding A values,
indicating that their EMI shielding mechanisms was dominated by
reflection. The HEC-1150 °C sample could reflect or absorb
99.9719854% of the electromagnetic waves. The EMI SE for the
different samples was obtained, and the results were shown in
Figs. 6(c)-6(f). The EMI shielding performance was ranked as
follows: HEC-1150 °C > HEC-900 °C > HEC-1400 °C > CCF. Their
average values in the X-band were 35.57, 29.83, 23.71, and 22.40 dB,
respectively. These results correlated with the nanowire content and
structural porosity. The lowest EMI SE of HEC-1400 °C might be
because the fibers in the cotton fabric of HEC-1400 °C shrank and
carbonized at high temperatures, resulting in larger pores (as shown
in Fig. $4 in the ESM), which enabled more electromagnetic waves
to transmit directly or undergo single-bounce reflection. The
optimal EMI shielding performance of the HEC-1150 °C sample
was attributed to the conductive network formed by CCF and HEC
nanowires, and the polarization loss caused by the lattice distortion
of high-entropy carbides.

Moreover, the EMI SE of HEC-1150 °C could be optimized over
a wide range by adjusting its thickness. As shown in Fig. 7(a), the R
values of HEC-1150 °C-1 (0.45 mm), HEC-1150 °C-2 (0.9 mm),
and HEC-1150 °C-3 (1.35 mm) were all larger than their A values,
which further confirmed that the dominant shielding mechanism of
HEC-1150 °C was reflection [41]. The T value of HEC-1150 °C-3
was 331274 x 10°% indicating that it could shield over
99.999668726% of the electromagnetic waves. The EMI SE of the
samples with different thicknesses was shown in Figs. 7(b) and 7(c).
The EMI SE values of HEC-1150 °C-1, HEC-1150 °C-2, and HEC-
1150 °C-3 were 3557, 47.17, and 5345 dB, respectively. The
maximum EMI SE value of HEC-1150 °C-3 in the X-band was
57.55 dB (Figs. 7(b) and 7(c)). According to previous studies,
electrical conductivity and thickness were key determinants of the
SE,. When thickness increased and conductivity improved, the skin
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depth decreased, thereby enhancing the capacity in preventing
electromagnetic waves. Moreover, the markedly higher SE, values
compared with the SEp values highlighted the importance of
absorption in enhancing EMI shielding performance. When
electromagnetic waves interacted with the surface of the materials,
reflection occurred prior to absorption. Consequently, SE,
measured the capacity of the material to weaken waves that had
entered its interior. Table SI in the ESM compared the EMI
performance of different shielding materials in the X-band. The
HEC nanowires on cotton fabric in this work exhibit remarkable
EMI shielding performance, achieving a relatively high EMI SE
compared to recently published works [42—50].

A possible electromagnetic shielding mechanism of the HEC-
1150 °C material was shown in Fig. 7(d). When electromagnetic
waves were incident on the surface of HEC-1150 °C, most of them
were reflected due to the impedance mismatch between air and the
material. The dielectric dissipation in high-entropy carbides arose
from the following factors: dipole polarization, conductive loss, and
interface loss. [51]. When electromagnetic waves interacted with
high-entropy carbides, heat was generated because of the flow of
electric current, resulting in conductive loss. HEC constituted by
different metal elements with different radii and electronegativities,
led to dipole polarization and relaxation. Lattice distortion in HEC
could lead to the formation of numerous metal vacancies. These
vacancies could increase the density of states at the Fermi level,
thereby enhancing the metallicity of HECs. Thus, the electrical
conductivity was improved, resulting in conduction loss.
Additionally, the defects caused by lattice distortion act as dipoles in
the electromagnetic field. Through the frequent reorientation of
these dipoles, the energy of electromagnetic waves could be largely
dissipated, thereby increasing dipole polarization loss [52]. The
crystal structure of HEC was complex and might contain various
interfaces. The electromagnetic field caused an imbalance in the
charge distribution on two sides of the interfaces, causing interface
loss. Moreover, HECs were not ideal solid solutions, meaning that
the atoms of different elements were not randomly distributed at
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the lattice sites. Instead, they exhibited local chemical order, leading
to the formation of different nanoclusters. The interfaces of these
nanoclusters impede electron transport, causing charge separation
on either side of the interface, which enhanced interfacial losses
[53]. Meanwhile, the heterostructure of CCF and nanowires also
produced interface loss during the transmission of electromagnetic
waves [54]. In addition, the conductive network of CCF,
HEC nanowires, and particles was conducive to the attenuation of
multiply reflected electromagnetic waves. All these factors
contributed to the strong EMI shielding performance in
HEC-1150 °C.

4 Conclusions

In this study, we successfully synthesized HEC nanowires on cotton
fabric through polymer pyrolysis method. The cotton fabric served
not only as a flexible substrate but also as a carbon source for the
generation of nanowires. The growth mechanism of the HEC
nanowires was Fe-Ni assisted VLS process. Furthermore, the EMI
shielding performance of the HEC nanowires was evaluated,

Nano Research, 2025, 18, 94907749
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demonstrating an exceptional EMI SE of 57.55 dB with the
thickness of 1.35 mm in 8.2-124 GHz. The exceptional EMI
shielding performance was attributed to the conduction loss,
additional dipole polarization loss and interfacial loss generated by
HEC. This work introduces a scalable method for synthesizing high-
quality HEC nanowires and also provides an in-depth insight into
the growth procedure and EMI shielding properties and
mechanism.

Electronic Supplementary Material: Supplementary material (MS
profile of polymer precursor, C 1s spectra of HEC-1150 °C,
comparison data of the loading of reaction raw materials between
cotton fabric and carbon fiber cloth, EMI shielding performance
comparisons, and etc.) is available in the online version of this
article at https://doi.org/10.26599/NR.2025.94907749.
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Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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