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ABSTRACT: Hierarchical hollow structure has demonstrated
potential for enhancing electromagnetic (EM) attenuation and
improving impedance matching, garnering significant attention
for researching. Herein, we have successfully implemented
compositional and structural engineering to fabricate hollow
Mo,C/C microspheres with controllable composition by
coupling interaction between dopamine hydrochloride and
ammonium molybdate. With the synergistic effect of
composition and hollow structure, the strongest reflection loss
intensity and broadest effective absorption of the optimized
sample reach —-70.2 dB and 6.2 GHz, respectively. The
formation of hollow heterogeneous structures not only favors
impedance matching feature, but also generates considerable
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contribution to EM attenuation capacity. Furthermore, radar cross-section simulation data indicate that hollow Mo,C/C
microspheres with compositional optimization and heterogeneous structures have broad prospects for practical

applications.
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1 Introduction

The extensive application of advanced fifth-generation (5G)
electronic equipment has increased the convenience of social
production and daily life, while the accompanying electromagnetic
(EM) radiation and EM leakage seriously threatened human health
and industrial production [1-3]. In recent years, EM absorption
materials have demonstrated satisfactory contribution in reducing
EM radiation and preventing EM leakage [4]. It is more sights
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focused on the preparation of carbon-based magnetic EM
absorption materials because of their dual attenuation mechanism
with magnetic loss and dielectric loss [5-7]. Despite the fact that

many carbon-based magnetic composites have achieved
commendable progress in reflection loss (RL) and -effective
absorption bandwidth (EAB), the existence of magnetic

nanoparticles does not produce powerful magnetic loss
characteristics, and their EM energy dissipation mainly contributed
from dielectric loss [8]. Based on these studies, researchers have
gradually hammered at new carbon-based dielectric loss composites
[9-11]. They attempted to replace magnetic components with
dielectric components for enhancing EM absorption property, and
meanwhile avoiding the drawback of high density and easy
oxidation in magnetic particles.

Among of various dielectric components, molybdenum carbide
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(Mo,C) is emerging as potential EM absorption materials because
of their good conductivity, thermal stability, and corrosion
resistance [12—-16]. Recent applications of Mo,C have further
enhanced the EM absorption of carbon-based composites. For
example, Dai et al. fabricated porous-carbon-based Mo,C
nanocomposite as their pioneering investigation into its EM
absorption performance, and they found that its effective
absorption overcomes the disadvantage that carbonaceous
composites always occur in the high-frequency region [12]. Yang et
al. manufactured a series of Mo,C/NC@MXene composites by
carbonizing the precursor created through wrapping MXene
nanosheets on the MoO,/PDA flower-like particle, and the multiple
reflection in the lamella structure contributed to the enhancement
EM absorption property [13]. Our group recently also synthesized
various Mo,C/C composites including polyhedral Mo,C/C,
core-shell Mo,C@C, and Mo,C/C/rGO aerogel, and we found that
the introduction of small-sized Mo,C could indeed modulate the
impedance matching and induce affluent interfacial polarization in
carbon host [14-16]. However, all these composites suffer from
insufficient nanostructure and only blending of different
components, which will limit the further improvement of EM
absorption performance. In addition to the inherent attenuation
properties, the internal structure of composites also affects their EM
absorption properties. Some diligent designed microstructures, like
core-shell, hollow, and multilayer, have been widely adopted to
intensify the EM wastage intensity through providing multiple
reflection and scatter [17-19]. Particularly, hollow structure has
been emerging as a type of supporting substrates for promoting EM
absorption performance because of the low density and affluent
specific surface area. Besides, multiple attenuation effects will be
induced generation at the interior cavity, extending the propagation
path of incident EM waves, and the internal air makes their
impedance closer to that of free space, which are both conducive to
the consumption of incident EM wave [19]. To date, some hollow-
structure Mo,C/C composites have been developed to enhance EM
absorption [20-22]. For example, Zhao et al. prepared different
hollow structure and different crystalline phases of Mo,C/C
composites, and they found that hollow structure can optimize
impedance matching. Meanwhile, it exhibited appreciable EM
absorption property with the minimum RL of -50.55 dB and a
EAB of 536 GHz, which is superior to that of some Mo,C/C
composites lacking nanostructure [21]. However, the existing
synthesis strategy of hollow Mo,C/C composites usually involves
high-temperature hydrothermal process or etching treatments,
which will not be conducive to the promotion of Mo,C/C
composites in practical application. Therefore, the fabrication of
hollow Mo,C/C composites in a simple method for developing EM
absorption performance remains a considerable challenge.

Herein, a hierarchical hollow microsphere composed of Mo,C
nanoparticles decorated carbon nanosheets has been synthesized by
converting the precursor obtained by coupling interaction between
dopamine  hydrochloride ~ and  ammonium  molybdate
((NHp)sMo0,0,,4H,0, AM) under high temperature. The
carbonaceous matrix can serve as a restriction to impede the
aggregation of Mo,C nanoparticle, and the uniformly dispersed tiny
Mo,C particles also achieve the maximum heterogeneous interface
for providing affluent interfacial polarization loss. Meanwhile, the
hierarchical nanosheets and internal hollow structure will prolong
the propagation path of incident EM waves and induce multiple
attenuation effects. Benefitting from the well-organized component

microsphere gives gratifying EM absorption performance with a
strong RL of -70.2 dB with a thickness of 2.1 mm and EAB of
6.2 GHz at a corresponding thickness of 1.7 mm. The facile and
green synthetic process and desirable EM absorption property of
hollow Mo,C/C microsphere precipitate them expected as
anticipant EM absorption materials for practical application.

2 Experimental section

2.1 Materials

Dopamine hydrochloride and ammonium molybdate were
purchased from Aladdin Technology Co. Ltd., Shanghai, China.
Absolute ethanol and ammonium hydroxide solution (NH;-H,O,
25%-28%) were purchased from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China. The above reagents were all analytical
grade and were used without any other treatment. Deionized water
was prepared using the standard ultrapure water system in our
laboratory.

2.2 Synthesis of hierarchical hollow Mo,C/C microsphere

In a typical synthesis, a certain amount of AM was dissolved in
30 mL of deionized water and vigorously stirred for 10 min at room
temperature until completely dissolved. Then, 303 mg of dopamine
hydrochloride was added to the solution, resulting in a reddish-
brown solution. To this mixture, 60 mL of absolute ethanol and
0.4 mL of NH;-H,O were added subsequently to form an orange-
red suspension under stirring. The suspension was stirred
continuously for an additional 3 h and then collected through
centrifugation. The obtained solid powder was washed several times
with dejonized water and absolute ethanol, followed by drying at
70 °C for 8 h. Finally, the as-prepared precursors were transferred
to a tubular furnace and pyrolyzed at 700 °C under an Ar
atmosphere for 2 h, with a heating rate of 5 °C/min. For
convenience, the molar ratios of AM/dopamine hydrochloride were
0.5:1, 1:1, and 1.5:1, and the final composites were labeled as
Mo/DA-0.5, Mo/DA-1.0, and Mo/DA-1.5, respectively.

2.3 Characterization

An XPERT PRO MPD X-ray diffractometer was employed to
record X-ray diffraction (XRD) data with a Cu Ka radiation source
(40.0 kV, 40.0 mA). Raman spectra were detected on a confocal
Raman spectroscopic system (Renishaw, In Via) using a 532 nm
laser. The HELIOS NanoLab 600i (FEI) was employed to obtain
scanning electron microscopy (SEM) images. Transmission
electron microscopy (TEM) images and high-resolution TEM
(HRTEM) images were recorded on a Tecnai F20 operating at an
accelerating voltage of 200 kV. The thermogravimetric (TG)
analysis was determined on an SDT Q600 TGA (TA Instruments)
in the temperature range of room temperature to 700 °C at a
heating rate of 10 °C/min under the air atmosphere. An Ceyear
AV3672C vector network analyzer (Ceyear, China) was applied to
determine the relative permeability (1) and permittivity () in the
frequency range of 2.0-18.0 GHz for the calculation of RL. A
sample containing 40 wt.% of the obtained composites was pressed
into a ring with an outer diameter of 7.0 mm, an inner diameter of
3.0 mm, and a thickness of 2.0 mm for microwave measurement in
which paraffin wax was used as a binder.

3 Results and discussion

and hierarchical hollow structure, the resultant Mo,C/C The preparation process of heterogeneous hollow Mo,C/C
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nanospheres is depicted in Fig. 1. Initially, dopamine hydrochloride
and ammonium molybdate reacted in an aqueous solution, leading
to the formation of a Mo-dopamine complex. Subsequently, the
addition of ethanol induced the generation of nanobubbles and
precipitates. These precipitates underwent self-assembly at the
interface between the gas and liquid phases, resulting in the
formation of a Pickering emulsion [23]. Then, ammonia was
introduced, triggering the polymerization of the Mo-dopamine
complex, and forming a sturdy shell around the nanobubbles.
Subsequent cross-linking further stabilized the hollow structure.
Finally, the hollow Mo-polydopamine composite nanospheres were
subjected to carbonization at 700 °C for 2 h, resulting in the
formation of heterogeneous hollow Mo,C/C  composite
nanospheres. These nanospheres were composed of ultrathin
carbon nanosheets and ultrafine Mo,C nanoparticles.

. Polymerization

(NH,)Mo,0,,-4H,0

= . Dopamine hydrochloride

b- MOZC

Figure1 The preparation process of hierarchical hollow Mo,C/C nanospheres.

Mo,CIC

The samples obtained in the study were analyzed in terms of
their morphology and structure. It is observed that samples with
varying Mo,C contents exhibited a consistent spherical
morphology. Figure 2(a) displays the SEM image of the composite
obtained with a molar ratio of molybdenum to dopamine (Mo/DA)
of 1:1 in the precursor. The image clearly demonstrates that the
Mo,C/C composite possesses a regular spherical shape with
uniform size and homogeneous dispersion, featuring an average
sphere size of 300 nm. TEM images of Mo/DA-0.5, Mo/DA-1.0,
and Mo/DA-1.5 are shown in Figs. 2(b)-2(d), respectively. These
images reveal that all three samples exhibit distinct hollow
hierarchical structures. Notably, the magnified TEM image (Fig.
2(e)) illustrates that the spherical surface is composed of numerous
interlaced nanosheets. This arrangement of nanosheets enhances
the specific surface area of the composite material, providing
abundant heterogeneous interfaces and facilitating electromagnetic
polarization loss. Additionally, higher-resolution TEM images (Figs.
2(f)-2(h)) demonstrate the uniform dispersion of black Mo,C
nanoparticles within the Mo,C/C composite materials of different
proportions. As the Mo/DA ratio increases, the quantity of Mo,C
particles gradually rises, indicating the ability to obtain Mo,C/C
composite materials with adjustable compositions by tailoring the
molybdenum salt content in the precursor. Moreover, the
uniformly dispersed tiny Mo,C particles within the carbon matrix
contribute to the abundance of heterogeneous interfaces, thereby
enhancing the interface polarization loss of the material. High-
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resolution TEM analysis reveals that the size of the Mo,C particles
is smaller than 10 nm, and the observed lattice fringes correspond
well with the (101) crystal plane of the cubic-phase Mo,C [16, 24].

As shown in Fig. 3(a), Mo/DA-0.5, Mo/DA-1.0, and Mo/DA-1.5
display distinct characteristic diffraction peaks at 20 = 37.8°, 43.7°,
63.4° and 75.8°, which correspond to the (111), (200), (220), and
(311) crystal planes of cubic Mo,C, respectively [13, 15]. The
consistent characteristic diffraction peaks across these samples
indicate the successful attainment of well-crystallized Mo,C. Based
on those characteristic diffraction peaks, it is evident that these
composites obtained exhibit broad peak widths. This phenomenon
is consistent with the Scherrer equation, which establishes an
inverse relationship between the XRD peak width and the crystal
grain size [25]. A broader peak width indicates a smaller crystal
grain size. Consequently, the smaller grain size of the obtained
Mo,C aligns with the results depicted in the TEM images. As widely
recognized, the conductivity of carbon material is critical for the
EM waves attenuation [26—29]. In the case of carbon materials,
graphitization degree significantly impacts electrical conductivity.
According to free electron theory (¢" = o/we), 0 is conductivity)
[29], a higher conductivity corresponds to a stronger ability to
dissipate EM energy. Actually, the graphitization degree in carbon
composite demonstrates a direct correlation with their EM
attenuation [10, 30]. Hence, Raman spectroscopy is employed to
accurately assess the level of graphitization in Mo,C/C composite.
According to Fig. 3(b), Mo/DA-0.5, Mo/DA-1.0, and Mo/DA-1.5
all exhibit two distinct Raman shift peaks at approximately 1350
and 1590 cm™ [31, 32]. These peaks can be attributed to the D band
and G band of carbon, respectively. The D band indicates the
degree of disorder, while the G band represents the level of
graphitization [7]. The graphitization degree is commonly
expressed by the ratio of I)/I;;. For graphited carbon, a smaller I/I
value indicates a higher level of graphitization [24, 33]. Conversely,
in the case of amorphous carbon, larger I,/I; value suggests a high
graphitization degree. This phenomenon can be explained by the
formation of carbon nanocrystals during the transformation
process from amorphous carbon to graphitic carbon. The
increasing Iy/I; value in the Raman spectrum serves as an indicator
of this transition. The carbon layer in our case is determined to be
composed of amorphous carbon. Consequently, an elevated Ip/I
value indicates a higher level of graphitization. In our case, the Ip/I;
values of Mo/DA-0.5, Mo/DA-1.0, and Mo/DA-1.5 decrease from
0.90 to 0.88. This trend is depicted in Fig. 3(b), which demonstrates
a faint decrease in Ip/I; value as the Mo/DA ratio increases. It is
implied that the incorporation of Mo,C nanoparticles results in a
negative effect on the graphitization degree of carbon matrix. This
effect primarily stems from the increased presence of defects sites
caused by the inclusion of Mo,C nanoparticles.

TG analysis can be employed to obtain the relative percentage
content of Mo,C in those Mo,C/C composites. It can be seen that
three samples all demonstrate consistent variation curves in Fig.
3(c). These curves exhibit mainly three stages of weight variation.
The first stage is from 25-400 °C, which is primarily the
evaporation of adsorbed moisture [14, 34]. The second stage mainly
involves the oxidation of carbon and Mo,C in Mo,C/C composites
(400-750 °C). The third stage is the stable stage after the oxidation
of Mo,C/C (750-800 °C) [22, 35]. Based on the oxidation chemical
equation: Mo,C + 40, > 2MoO; + CO, [15, 16, 24], the relative
content of Mo,C in the Mo/DA-0.5, Mo/DA-1.0, and Mo/DA-1.5
composites can be obtained from the percentage of remaining
substances after oxidation, which is approximately 38.3%, 43.2%,

Nano Research, 2025, 18, 94907034
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Figure2 (a) SEM image of precursor with Mo/DA = 1:1. TEM images of (b) and (f) Mo/DA-0.5, (c), (e), and (g) Mo/DA-1.0, and (d) and (h) Mo/DA-1.5. (i) HRTEM

image of Mo/DA-1.0.

and 46.1%, respectively. This statement implies that the
composition of Mo,C/C composites can be tailored by modifying
the AM content in the precursor. The XPS survey analysis in Fig. S1
in the Electronic Supplementary Material (ESM) clearly identifies
distinct signals corresponding to the elements of C, Mo, and N in
the Mo,C/C composites, providing additional evidence of their
chemical composition. The research findings reveal that the C 1s
spectrum exhibits four distinct peaks, illustrated in Fig. 3(d),
attributed to specific bonds: C=0 (289.2 eV), C=N (286.1 eV), C-C
(2853 €V), and C-Mo (284.3 eV) [36-38]. Analysis of the Mo 3d
spectrum (Fig. 3(e)) identifies six peaks corresponding to Mo*
(228.9 and 231.8 eV), Mo* (229.6 and 233.1 eV), and Mo* (232.2
and 235.9 eV) [39-41]. Although there is an overlap between the
Mo 3p and N 1s in XPS spectra, the N 1s becomes clearly
distinguishable when these spectra are appropriately amplified (Fig.
3(e)). Graphite-N, pyridine-N, and pyrrole-N represent the three
primary configurations of N 1s in these composites in Fig. 3(f) [42,
43]. The observed increase in the relative intensity of Mo 3p from
Mo/DA-0.5 to Mo/DA-0.5 provides further evidence of the
adjustable Mo,C content within these composites. It is widely
believed that N-doped in the carbon framework can act as defect
sites, influencing EM absorption through dipole polarization loss.

Nano Research, 2025, 18, 94907034
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RL intensity and EAB are two critical indicators for evaluating
the microwave absorption characteristics EM absorption materials
[44-46]. RL represents the attenuation ability of EM absorption
materials at a specific frequency, while EAB describes the frequency
range over which the RL is below -10 dB, where -10 dB is
considered as 90% EM energy consumption [47-49]. The RL value
can be calculated using the following Egs. (1) and (2) [50-52]

RL = —20log (1)

Zn—1
z, +1

Z, - \/gtanh [j (%)fd\/ﬁ} @)

where Z, is the input impedance of absorbent, ¢ and f are the
velocity and frequency of EM waves in free space, and d is the
absorber thickness. Figures 4(a)—4(c) display the three-dimensional
(3D) RL maps of different Mo,C/C composites, with the two
variables of frequency (2.0-18.0 GHz) and thickness (1.0-5.0 mm).
One can see that while all samples exhibit EM loss characteristics,
there are notable differences among them. As shown in Fig. 4(a), at
a thickness of 2.1 mm, the minimum RL (RL,;,) value of Mo/DA-
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Figure3 (a) XRD patterns, (b) Raman spectra, and (c) TG curves. XPS spectra of (d) C 1s, (¢) Mo 3d, (f) N 1s of Mo/DA-0.5, Mo/DA-1.0, and Mo/DA-1.5.

0.5 is only -17.2 dB, corresponding to a frequency of 8.8 GHz.
With the increase in Mo,C content, Mo/DA-1.0 reaches a RL,,
value of -70.2 dB at a thickness of 2.1 mm, corresponding to the
frequency of 11.2 GHz (Fig. 4(b)). When the Mo,C content is
further increased, the RL,; value of Mo/DA-1.5 decreases to
-35.6 dB, corresponding to a thickness of 1.6 mm and a frequency
of 18 GHz (Fig. 4(c)). In addition to RL,,,, the maximum EAB of
Mo/DA-0.5, Mo/DA-1.0, and Mo/DA-1.5 also varies. Figures
4(c)-4(e) show the projected two-dimensional (2D) RL maps,
showing that the maximum EAB of these three samples follows a
similar pattern to the RL,;, value. Specifically, Mo/DA-0.5 reaches
an EAB of 2.9 GHz at a thickness of 1.4 mm, Mo/DA-1.0 exhibits
the maximum EAB of 6.2 GHz, and the maximum EAB of Mo/DA-
1.5 is only 3.1 GHz at a thickness of 1.9 mm. When we
comprehensive comparison of the properties of Mo/DA-0.5,
Mo/DA-1.0, and Mo/DA-1.5 (Fig. 4(g)) indicate that Mo/DA-1.0 is
the optimized candidate due to its strong absorption and wide
response bandwidth. Comparing the properties of Mo,C/C
composites reported in recent years further verifies the superior EM
absorption properties of Mo/DA-1.0 (Figs. 4(h) and 4(i)) [12, 13,
15, 16, 24, 53-55]. The dominant positions of both the RL,;, and
EAB for Mo/DA-1.0 underscore the importance of composition
regulation and heterogeneous hollow engineering.

Furthermore, as shown in Figs. 4(j)—4(l), the thicknesses
corresponding to RL,;, values less than -10 dB for Mo/DA-0.5,
Mo/DA-1.0, and Mo/DA-1.5 conform to the quarter-wavelength
model, that is Eq. (3) [56, 57],

ni

nc
o T (=
4 4fo/lullel

where d,, denotes thickness, f;, is the frequency corresponding to
RL,i», and A, ¢, |u|, and |e,| represent wavelength, speed of light,
permeability, and permittivity, respectively. When the thickness of
the EM absorption material is an odd multiple of a quarter
wavelength, a half-cycle phase shift occurs between the incident and
reflected EM waves, leading to continuous attenuation of the
reflected wave. The theoretical values, calculated using the Eq. (3),
are depicted by pink line segments, while the experimental data are

dy = 3)
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shown as purple symbols. The results indicate that all three samples
align well with the quarter-wavelength model.

According to transmission line theory, the EM absorption
characteristics are primarily determined by relative complex
permittivity and complex permeability [58, 59]. Therefore, within
the frequency range of 2.0-18.0 GHz, an analysis of relevant EM
parameters was conducted to explore the inherent reasons for the
differences in the microwave absorption performance of Mo,C/C
composites. As these Mo,C/C composites do not contain any
magnetic components, the real and imaginary parts of relative
complex permeability are nearly constant, approaching 1 and 0,
respectively (Fig. S2 in the ESM). This indicates that these
composites cannot dissipate electromagnetic energy through
magnetic losses. Figures 5(a) and 5(b) illustrate the real part (¢,) and
imaginary part (g") of the permittivity for various Mo,C/C
composites, and these dielectric constants demonstrate noticeable
frequency-dependent characteristics. Among the three samples,
Mo/DA-0.5 exhibits the highest values of &' and ¢, with &
decreasing from 17.9 at 2.0 GHz to 12.6 at 18.0 GHz, and &'
decreasing from 9.0 at 2.0 GHz to 7.0 at 18.0 GHz. As the Mo,C
content increases, both Mo/DA-1.0 and Mo/DA-1.5 display
decreasing values of ¢' and ¢". Specifically, for Mo/DA-1.5, &/
decreases from 8.9 at 2.0 GHz to 7.1 at 18.0 GHz, and ¢," decreases
from 1.7 at 2.0 GHz to 2.1 at 18.0 GHz. There is abundant literature
evidence indicating a positive correlation between conductivity and
&, and higher ¢ leads to increased attenuation of EM energy
[56—60]. In our case, an increase in the content of Mo,C results in a
gradual decrease in the dielectric constant, consistent with findings
from Raman spectra. These results suggest that higher Mo,C
content diminishes the dielectric loss capability of composites.
Figure 5(c) shows the values of tand, which intuitively represents
the dielectric loss capability of the composite [57]. It can be
observed that Mo/DA-0.5 exhibits the highest dielectric loss
capability in Fig. 5(c), while the tand value of Mo/DA-1.5 is even
less than 0.2, indicating a weaker dielectric loss capability.

For an extended period, it has been believed that dielectric loss
stems from both conductivity loss and polarization loss.
Conductivity loss correlates strongly with the movement of free
charge carriers in EM field, whereas polarization loss arises from
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Figure4 (a)-(c) The 3D RL maps, (d)—(f) 2D RL maps, (g) RL,;, and EAB of Mo/DA-0.5, Mo/DA-1.0; (h) and (i) Mo,C/C composites reported in recent years; quarter
wavelength model of (j) Mo/DA-0.5, (k) Mo/DA-1.0, and (1) Mo/DA-1.5, respectively.

the relaxation movement of charged particles [51-54]. In terms of
polarization loss, interfacial and dipolar polarization losses are the
primary contributors to EM energy attenuation. This is because the
flexibility and rapid response of electronic and ionic polarization
cannot effectively convert EM energy [55, 56]. Interfacial
polarization arises from the asymmetrical accumulation of space
charges at heterogeneous interfaces, which can generate an electric
dipole moment and result in increased energy consumption.
Additionally, dipole polarization is induced by the hysteretic
reorientation of dipoles in response to an applied electric field [16].
The polarization process can be demonstrated by analyzing the
semicircle in the &' vs. g" plot according to Debye theory,
represented by the following Eq. (4) [55-57]
) 2

5o

where ¢, is the static dielectric and ¢,, is dielectric constant at infinite
frequency. Debye theory indicates that each polarization process
will correspond to a semicircle, which is known as Cole-Cole
semicircle [35]. The ¢, vs. ¢" curves of Mo/DA-0.5, Mo/DA-1.0,
and Mo/DA-1.5 have been plotted in Figs. S3(a)-S3(c) in the ESM

&t

T

& —
2

i €.,

T

(4)
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according to Eq. (4). One can see that three samples give distinct
semicircles, and they exhibit different-slope line at the region of
high ¢ values. This indicates that, in addition to polarization loss,
there is also contribution from conductivity loss. When the
contribution of conductivity loss to dielectric loss is insufficient, the
Cole-Cole semicircle will dominate the whole curve with severe
distortions [22]. As shown in Figs. S3(a) and S3(b) in the ESM,
Mo/DA-0.5 and Mo/DA-1.0 exhibit visible straight lines at the end
of the Cole-Cole semicircle, implying conductivity loss will give a
prominent contribution to dielectric loss. With the increase of
Mo,C nanoparticles, the straight line of Mo/DA-1.0 displays feeble,
which indicates polarization loss dominating the contribution for
dielectric loss. To further illustrate the contributions of polarization
loss and conductivity loss, we quantified the contributions of
conductivity loss (e.") and polarization loss (e,") in different
composites based on the Debye relaxation model fitted using the
least squares method [50-52]. It becomes evident that with
increasing frequency, the contribution of ¢." gradually decreases in
Fig. 5(d). Concurrently, the intensity of ¢_." is highly consistent with
the tand, of various Mo,C/C composites. Unlike conductivity loss,
the contribution of polarization loss in these composites increases
progressively from 2.0 to 18.0 GHz in Fig. 5(e). These results
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indicate that the substantial dielectric loss in Mo,C/C is primarily
due to the combined effects of conductivity loss and polarization
loss.

Attenuation constant (o) describes the amplitude decay of EM
waves in a transmission medium [61]. Recent research frequently
employs it to characterize the absorption capability, as depicted in
Eq. (5) [8,22]

_ v

Ve —wen e e — ey +erswey ©

According to Eq. (5), curves illustrating the variation of o values
with frequency for different Mo,C/C composites were plotted.
Figure 5(f) shows that the « values for all composites increase from
2.0 to 18.0 GHz. Interestingly, the ordering of « values among the
three samples correlates with their tand values, suggesting that
dielectric loss predominantly contributes to EM attenuation.
Despite Mo/DA-0.5 exhibiting the highest complex permittivity,
tand, and « values among these composites (Figs. 5(a)-5(c) and
5(f)), it does not achieve optimal microwave absorption
performance (Figs. 4(a) and 4(d)). This discrepancy arises because
microwave absorption performance depends not only on inherent
loss capability but also correlates with impedance matching.
Impedance matching concerns the difference in characteristic
impedance between free space and EM absorption materials [62].
When the characteristic impedance of an EM absorption materials
does not align with that of free space, EM waves primarily reflect at
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the interface instead of penetrating the material. Thus, despite
strong absorption capabilities, EM absorption materials with
impedance mismatch cannot demonstrate effective EM absorption
performance. Recent studies have frequently utilized the delta
function (A) to quantify the degree of impedance matching, which
can be calculated using Egs. (6)-(8) [16]

|A| = |sinh® (Kfd) — M| (6)

m

0.+
4n ‘u;s;smT

7)

¢c0s80,cos0,,

M=

4p4/cosd,€/cosd,,
8, 0.\
(u/cosd, — e/cosd,, )’ + [tan (7"' - 5&)] (u.cosd, + €.c0sd,,)’
®)

According to Egs. (6)—(8), impedance matching maps were
computed for Mo/DA-0.5, Mo/DA-1.0, and Mo/DA-1.5. As shown
in Figs. 5(g)-5(1), |A| values close to 0 are considered perfect
impedance matching, while |A] < 04 is deemed acceptable
impedance matching [22, 63]. Mo/DA-0.5 exhibits an area where
|A] < 0.4 covers approximately 33.5% (Fig. 5(g)). It is observed that
with an increase in Mo,C nanoparticles, Mo/DA-1.0 shows a
significant increase in the area where |A| < 04, suggesting
potentially meritorious EM absorption performance (Fig. 5(h)).
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With the introduction of more Mo,C nanoparticles (Fig. 5(i)),
Mo/DA-1.5 demonstrates attenuated impedance matching
(coverage area where |A| < 0.4 is 16.6%). From these results, it can
be concluded that the superior microwave absorption performance
of Mo/DA-1.0 is attributed to its good impedance matching and
dielectric loss capabilities. Based on the above analysis, we attempt
to elucidate the reason for the excellent microwave absorption
performance of Mo,C/C in Fig. 6(a). (1) The air trapped inside the
constructed hollow structure brings the inherent impedance of the
composite material closer to that of air, optimizing impedance
matching. (2) The introduction of Mo,C adjusts the dielectric
properties of the composites, while the heterogeneous hollow
structure facilitates the formation of a conductive network within
the matrix, leading to significant conductivity loss. (3) The
interlaced lamellar structure on the surface of the composite
material and the internal cavities facilitates the scattering and
reflection of incident EM wave, enhancing the multiple attenuation
characteristics of EM wave. (4) The incorporation of Mo,C
nanoparticles into the carbon matrix creates abundant
heterogeneous interfaces, causing uneven accumulation of free
charges at these interfaces and increasing interface polarization loss.
Additionally, the residual functional groups or defect sites of the
carbon matrix and Mo,C nanoparticles in Mo,C/C can act as active
sites for dipole orientation polarization under alternating EM fields,
enhancing the dipole polarization loss effect.

Radar cross-section (RCS) is a crucial parameter reflecting the
EM absorption capability of an aircraft under real far-field
conditions. In spherical coordinates, 8 and ¢ determine the
scattering direction, and the RCS value can be calculated using the
following Eq. (9) [63—65]

2
) ©)

where S, E, and E; are the simulated plate, electric field intensity of
transmitting waves and receiving waves, respectively. The 3D RCS
maps for perfect electric conductor (PEC) and Mo,C/C coatings on
PEC are shown in Figs. 6(b)—6(f). The results indicate that the
scattering signal is strongest across the entire detection angle range
for the pure PEC substrate. However, when the surface is coated
with the Mo,C/C composites, the scattering signal notably
decreases. Detailed RCS values for PEC and Mo,C/C within -60° <
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Figure6 (a) EM wave absorption mechanism of Mo/DA-1.0. The 3D RCS maps of (b) PEC, (c) Mo/DA-0.5, (¢) Mo/DA-1.0, and (f) Mo/DA-1.5, respectively. (d) RCS
simulated curves of PEC and Mo,C/C composites.
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6 < 60° are shown in Fig. 6(d). The maximum RCS value for PEC
approaches 20 dBm’ at 0°. After coating with the Mo,C/C
composites, the RCS values of all three samples are reduced
compared to pure PEC, with Mo/DA-1.0 exhibiting the most
significant reduction. Specifically, the maximum RCS value for
Mo/DA-1.0 is only 3.8 dBm’ These results underscore the
significant potential of Mo/DA-1.0 in developing radar stealth
coatings and its practical applicability under real far-field
conditions.

4 Conclusions

In summary, a hierarchical hollow microsphere composed of
carbon nanosheets decorated with Mo,C nanoparticles was
synthesized through converting the precursor obtained by coupling
dopamine hydrochloride and ammonium molybdate under high
temperature. The molar ratio of dopamine hydrochloride not only
plays a crucial role in the creation of hollow structure, but also
affords the effect of compositional regulation. The results indicate
that combining components with hollow structure is an efficient
method for optimizing EM properties and achieving strong EM
energy attenuation. Especially for the composite with the content of
Mo,C nanoparticles at 43.2%, the reflection loss intensity and the
maximum effective absorption bandwidth can reach -70.2 dB and
6.2 GHz, respectively. The mechanism investigation reveals that
conductivity loss, polarization loss, and hollow structure, are
together responsible for powerful attenuation ability. Radar cross-
section simulation calculations further demonstrate that the
Mo,C/C composites exhibit remarkable characteristics for far-field
applications, indicating broad application prospects in EM
absorption.

Electronic Supplementary Material: Supplementary material (the
XPS spectra of Mo,C/C composites; the real (a) and imaginary (b)
parts of relative complex permeability of Mo,C/C composites; the
Cole—Cole circles of Mo/DA-0.5 (a), Mo/DA-1.0 (b), and Mo/DA-
1.5 (c)) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907034.
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Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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