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Abstract: Carbon-based magnetic metal composites derived from metal-organic frameworks (MOFs)
are promising materials for the preparation of broadband microwave absorbers. In this work, the
leaf-like co-doped porous carbon/carbon nanotube heterostructure was obtained using ZIF-L@ZIF-67
as precursor. The number of carbon nanotubes can be controlled by varying the amount of ZIF-67, thus
regulating the dielectric constant of the sample. An optimum reflection loss of —42.2 dB is attained
when ZIF-67 is added at 2 mmol. An effective absorption bandwidth (EAB) of 4.8 GHz is achieved
with a thickness of 2.2 mm and a filler weight of 12%. The excellent microwave absorption (MA) ability
is generated from the mesopore structure, uniform heterogeneous interfaces, and high conduction
loss. The work offers useful guidelines to devise and prepare such nanostructured materials for
MA materials.

Keywords: two-dimensional MOFs; carbon nanotubes; microwave absorbing; micropores;
heterostructures

1. Introduction

Microwave technology has been extensively utilised in civil, military, medical, and
scientific research fields due to the rapid evolution of electronic devices as well as wireless
communication instruments, which are directly related to national security and social
development [1-3]. However, electromagnetic wave radiation poses potential threats to
biological systems, information security, and electromagnetic compatibility. Designing
efficient MA materials has become the most effective method to address this issue [4,5].
The ideal MA materials should meet the electromagnetic wave attenuation, impedance
matching characteristics, and the practical application requirements such as light weight
and thin coating [6-8]. In recent years, carbon materials like graphene [9,10] and carbon
nanotubes [11,12] have gained much interest in many fields due to their low density, low
price, and high conductivity. Nevertheless, the impedance mismatch of individual materials
limits their applications, necessitating an urgent need for a method to obtain carbon-based
composites with outstanding MA performance [13].

Zeolite imidazolate framework (ZIF-L) is a two-dimensional (2D) MOF that inherits
the large specific surface area and tunable pore structure of MOFs, together with ultra-high
carrier concentration and abundant active sites, unlike conventional MOF-derived carbon
materials (e.g., MIL-101 [14], FeM-MIL-88B [15] MIL-125(Ti) [16], Co-MOEF-74 [17], etc.),
which have the disadvantages of high loading and large matching thickness. Porous carbon
materials made from ZIF-L have recently been widely used in MA and have shown excellent
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performance. Examples include HCF@NC/Co [18], H-800 [19], CoZn/C@MoS,@PPy [20],
etc., where HCF@NC/Co achieves an EAB of 6.56 only at a loading of 10%. How-
ever, ZIF-L tends to undergo unavoidable shrinkage, aggregation, and collapse during
high-temperature pyrolysis, leading to structural damage and a reduction in the functional-
ity, thus limiting its application. KC1[21], NiCl [6], and Ag(NO3), [22] have been previously
used to modify ZIF-L in order to improve its MA performance. However, these processes
are complex and alter the originally leaf-like shape form of ZIF-L. Therefore, it is necessary
to explore a simpler and more convenient method that can retain the leaf-like foliated shape
of ZIF-L following pyrolysis, while exhibiting good MA performance.

The MOF-on-MOF structure, including the core-shell MOF@MOF heterojunction,
not only integrates the benefits of MOFs but also avoids structural collapse [23,24]. Com-
pared with single MOFs, carbon/metal composites derived from dual MOF-on-MOF
exhibit greater synergistic effect and dielectric loss performance [25]. For example, the
ZnO/NPC@Co/NPC obtained by coating ZIF-67 onto the ZIF-8 surface followed by car-
bonization has a relatively excellent MA performance with an EAB of 4.2 GHz at a small
matching thickness [26]. Furthermore, due to the catalytic action of Co atoms, the compos-
ites containing ZIF-67 generate carbon nanotubes on the surface during pyrolysis [27,28].
The carbon nanotubes and nanosheets have abundant interconnected pores and heterojunc-
tion interfaces. The use of a multi-scaled heterostructure can enhance multiple reflections,
optimize the impedance matching, and present an efficient method of improving the MA
performance of the material [29,30].

In this study, we propose a 2D carbon—carbon heterostructure based on the MOF-on-MOF
nanostructure. The novelty of the article can be summarized in the following two points:
firstly, ZIF-67 is uniformly coated on ZIF-L, and two-dimensional lobed Co-doped porous
carbon-carbon nanotube heterostructures (DPC/CNTs) are obtained by thermal cleavage;
secondly, the even distribution of ZIF-67 preserves the original structure of ZIF-L, ensures
the uniform distribution of Co particles on ZIF-L, and promotes the interfacial polarization.
When the loading amount of ZIF-67 is 2 mmol, DPC/CNTs exhibit an EAB of DPC/CNTs-2,
which can reach 4.8 GHz at a thickness of 2.2 mm. In the thickness area from 1 to 4 mm,
the effective absorption frequency reaches 6.32~18.0 GHz with an RL;, value of —42.2 dB.
Notably, the absorption dose added to the paraffin is controlled to be around 12%, which is
lower than most reported ZIF-based composite materials. The research findings offer new
insights on the potential usage of 2D MOFs in the field of MA.

2. Experimental Section
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOj3),-6H,O, 99%), cobalt nitrate hexahydrate
(Co(NO3),-6H0, 99%), 2-methylimidazole (2-Melm, 98%), methanol (=>99.5%), and ethanol
(>99.7%) were obtained from Aladdin Biochemical Technology established in 2008 in
Shanghai, China. All chemicals were used directly without further treatment.

2.2. Experiments

The procedure for the preparation of the DPC/CNTs is illustrated in Scheme 1, and
the experimental method is described in the following.

2.2.1. Synthesis of ZIF-L Precursors

For a general experiment, 3.8 g of 2-Melm and 2.3 g of Zn(NO3),-6H,0O were dissolved
separately in 100 mL of distilled water and named Solution A and B, respectively. Solution’
B was then slowly combined with solution A and stirred for 3 h to obtain a milky white
precipitate. The mixture was subsequently centrifuged at 6000 rpm for 3 min, followed by
washing with alternating deionised water and ethanol several times; then, it was dried in
an oven at 60 °C for 12 h.
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Scheme 1. The synthesis process of the DPC/CNTs composites.

2.2.2. Synthesis of ZIF-L@ZIF-67

ZIF-L@ZIF-67 was prepared in accordance with the literature [31]. A homogeneous
solution was obtained by sonication and dispersion of 0.3 g of the ZIF-L precursor in 20 mL
of methanol for 30 min. A solution was produced by adding 1 mmol of Co(NO3),-6H,O
to 12 mL of methanol. In a separate solution, 6 mmol of 2-Melm was dissolved entirely in
methanol (20 mL). The two methanol solutions were then mixed, followed by the rapid
addition of the ZIF-L precursor described above. The final mixture was then stirred for
10 h at about 25 °C. The violet precipitate was centrifuged, washed several times with
methanol, and allowed to dry at 60 °C for 12 h. Co%* (1, 2, 4, and 6 mmol) and 2-Melm
(6,12, 24, and 36 mmol) were added, respectively. The thickness of the ZIF-67 shell could
be adjusted by varying the additions.

2.2.3. Carbonization of the Materials

Carbonization of ZIF-L@ZIF-67 was carried out in a tube furnace filled with nitrogen at
a rate of 2 °C/min and a holding temperature of 800 °C, at which temperature the samples
were kept for 3 h to allow complete carbonization. The as-prepared materials were named
DPC/CNTs-1, DPC/CNTs-2, DPC/CNTs-4, and DPC/CNTs-6 according to the amount of
loaded ZIF-67. The ZIF-L and ZIF-67 were carbonized in the same way, and the resulting
samples were named NC and Co/C, respectively.

2.3. Characterization

Powder X-ray diffraction (XRD) was performed with an XRD-D/Max 2500 PC Rigaku
with Cu Ka radiation (A = 0.154 nm, scan step = 4°/min). Sample morphology and
elemental composition were examined by field emission scanning electron microscopy
(SEM) on a JSM-6700F (JEOL Ltd., Akishima, Tokyo, Japan) and transmission electron
microscopy (TEM) on a JEM-2100F (JEOL Ltd., Akishima, Tokyo, Japan). For the TEM
and EDS, the probe type was X-Max, the number of channels was 1024, the energy range
(keV) = 40 keV, and the energy per channel (eV) = 40.0 eV. All of the above instruments
were manufactured in Japan. Raman spectroscopy was performed by Virsa (Renishaw plc,
Gloucestershire, UK, wavelength = 532 nm, spectral resolution < 2.5 cm~ L, spatial resolution
XY < 0.5 pm, Z < 2 um). Nitrogen adsorption and desorption isotherms, as well as the pore
size distribution, were determined using ASAP2460 (Micromeritcs, Norcross, GA, USA).

2.4. Electromagnetic Parameter Measurement

The relative complex permittivity and permeability of the materials over the 2-18 GHz
band were measured using a vector network analyzer (VNA, MS46122B). The test speci-
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mens were prepared by mixing the prepared material homogeneously with paraffin wax,
where the mass fraction of the material was 12 wt%. The mixture was pressed into coaxial
rings (3.04 mm inner diameter and 7 mm outer diameter) with a thickness of 2 to 3 mm. The
final MA performance was evaluated based on the transmission line theory and the metal
backsheet model from the measured electromagnetic parameters using the formula below.

Zin —Zp

_ 1
Zin + 7o e

RL =20 lg’

27t fd

Zin =2y ?tanh (]Cf,/yrer) (2)
r

where Z;, and Z represent the input impedance and free space impedance, respectively,

while &, yur, f, d, c represent the relative permittivity, permeability, frequency, thickness, and

velocity of light, respectively.

3. Results and Discussion

Firstly, the 2D leaf-like ZIF-L was synthesized through the coordinated interaction
between Zn?* and 2-Melm. Subsequently, core-shelled ZIF-L@ZIF-67 nanosheets were con-
structed through the reaction between Co?* and 2-Melm. As shown in Figures 1a and Sla,
ZIF-L and ZIF-67 exhibited leaf-like and granular morphologies, consistent with previous
work [32,33]. At the same time, a uniform ZIF-67 film can be clearly observed on the
ZIF-L surface, causing the edges of the nanosheets to transition from the smooth surface
of ZIF-L to an inclined surface (Figure 1b). It is noteworthy that with a low amount of
loaded ZIF-67, no uniform covering layer is formed (as shown in Figure S1b). Conversely,
an excessive reaction of Co?* and 2-2-Melm leads to the formation of a number of dodeca-
hedral structures of ZIF-67 (Figure 1b and Figure Slc). The formation of Co nanoparticles
occurred during the thermal decomposition process, accompanied by the generation of
graphite carbon [34,35]. In addition, the pyrolysis products of ZIF-L@ZIF-67, ZIF-L and
ZIF-67, were also characterized morphologically. After thermal decomposition, the colour
of the samples shifted from purple or white to black. The ZIF-L@ZIF-67 maintained a
good morphology, obtaining Co-doped porous carbon leaves (Figure le-g). However,
ZIF-L@ZIF-67-1 experienced partial collapse owing to a lower loading amount, while the
NC suffered collapse due to the evaporation of the Zn elements (Figure 1c), and the Co/C
exhibited significant aggregation (Figure S1d). This indicates that the MOF-on-MOF syn-
thesis strategy successfully prevented the potential collapse or aggregation of the ZIF-L 2D
structure during thermal decomposition.

We observed the Co nanoparticles inside the material by TEM, as shown in Figure 1h,
and the interface between Co and C was clearly seen under high-resolution transmission
electron microscopy (HR-TEM) (Figure S2a). As shown in Figure S2a, three different types
of crystal planes with d spacings of 0.21 nm, 0.30 nm, and 0.43 nm correspond to the (111),
(200), and (220) crystal planes of metallic Co, respectively. In addition, energy dispersive
X-ray spectroscopy (EDS) further demonstrated that DPC-CNT is mainly a composite
material composed of elemental Co and elemental C (Figure 1i and Figure S2b), with cobalt
uniformly distributed in the leaf-shaped material (Figure 1i). The uniform distribution of
Co elements indicates that DPC-CNTs-2 inherits the advantage of uniform arrangement
of MOFs atoms to a certain extent; at the same time, this also facilitates the generation
of interfacial polarization. Additionally, under the catalytic action of cobalt elements in
ZIF-67, distinct carbon nanotubes were observed on the surface of the carbon framework
(Figure Sle) [28], which gradually became more densely packed with the increase in the
ZIF-67 loading amount (Figure le-g). The carbon framework structure endows the samples
with a highly active surface, while carbon nanotubes can generate more defects and enhance
dipole polarization. Abundant interfaces between carbon nanotubes and porous carbon
can enhance interface polarization, thereby improving the dielectric loss capacity and
enhancing the MA performance of DPC/CNTs [36].
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Figure 1. SEM images of (a) ZIF-L, (b) ZIF-L@ZIF-67-2, (c) NC, and (d-g) DPC-CNTs-1, 2, 4, 6;
TEM images (h) and EDS mapping (i) of DPC-CNTs-2.

The crystal structures of ZIF-L@ZIF-67, NC, Co/C, and DPC/CNTs-2 were recognized
by XRD (Figure 2a). In the XRD spectrum of ZIF-L@ZIF-67, the diffraction peaks correspond-
ing to both ZIF-L and ZIF-67 phases were observed, indicating the successful synthesis of
ZIF-L@ZIF-67. In the XRD curve of ZIF-L [32], a prominent peak was observed at about 25°,
representing the (002) crystal plane of carbon [37]. The XRD spectra of Co/C and DPC/CNTs-2
showed broad diffraction peaks at around 44° and 51°, respectively, which correspond to the
Co (111) and Co (200) crystal planes. This indicates the formation of metallic Co [38].

Raman spectroscopy can be employed to reflect the level of disorder in carbon materi-
als [39]. The D peak (~1360 cm™1) represents the defects in the crystal structure of carbon
atoms, while the G peak (~1580 cm ') represents the in-plane stretching vibration of sp?
hybridized carbon atoms. The extent of the graphitisation of the sample is represented by
the ratio of peak intensities (Ip/Ig). In Figure 2b, the Ip /I ratios for NC and DPC/CNTs-2
are 1.11 and 1.02, respectively, indicating an improvement in the graphitisation with the
addition of Co elements [40,41]. This is related to the strong catalytic ability of Co in pro-
moting graphitisation. A stronger graphitisation intensity signifies that the DPC/CNTs-2
composite has a higher conductivity loss capacity compared to ZIF-L, which is crucial for
enhancing the dielectric loss capacity of the materials.

To study the impact of the ZIF-67 content on the pore volume and specific surface
area of the materials, nitrogen adsorption and desorption experiments were performed. As
displayed in Figure 2¢, NC the DPC/CNTs composites exhibit a typical Type Il isotherm,
and at smaller relative pressures (P/Py < 0.1), the steeper slope of the curve suggests the
existence of micropores [42], consistent with the pore size distribution (Figure S3). The
specific surface area and pore volume of the four samples were statistically analysed, as
shown in Figure 2d. The composites of the DPC/CNTs exhibited a greater specific surface
area and larger pore volume in comparison to the NC. The rich porous structure and
large specific surface area not only help to generate defect polarization but also effectively
regulate the complex dielectric constant and optimize the impedance matching of MA
materials, which is beneficial to allowing more electromagnetic waves to access the material
and broaden the EAB of the material [43,44].
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Figure 2. (a) XRD, (b) Raman spectra (c), N, adsorption—desorption isotherms, and (d) corresponding
SSAs and pore volumes of the ZIF-L@ZIF-67, NC, Co/C, and DPC/CNTs composites.

Figures 3 and S3 show RL plots of the NC, Co/C, and DPC/CNTs with a filling rate of
12 wt%. For a clearer presentation of the results, the corresponding key parameters of RLin
and EAB for the materials are shown in Figure 3b,e,h k. It is noteworthy that the RLyy;, is
closely related to the loading amount of ZIF-67 and the thickness of the absorber. When
only ZIF-67 or less ZIF-67 is present, the NC, Co/C, and DPC/CNTs-1 have poor MA prop-
erties due to the structural collapse caused by pyrolysis (Figures 3a—c and S4). In contrast,
DPC/CNT-2, 4, and 6 with higher ZIF-67 loading show better MA performance, and by
adjusting the matched thickness between 1 and 4 mm, the EAB values of the materials can
reach 11.68, 10.92, and 10.96 GHz, respectively. Among them, the RL;, of DPC/CNTs-4
at 6.76 GHz is —59.75 dB (Figure 3g—i). When the matched thickness of DPC/CNTs-2 is
2.2 mm, which corresponds to an EAB of 4.84 GHz, the RL;n, is —42.19 (Figure 3d—f). The
optimized MA performance of DPC/CNTs indicates that the well-maintained morphology
and the generation of carbon nanotubes on the surface enhance the reflection loss and
broaden the EAB as well. Even at a low filling rate, it is easy to establish a conductive
network inside the polymer, achieving better electromagnetic absorption. Meanwhile, the
increased surface and interface brought by the carbon/carbon heterostructure also enhance
the effective absorption bandwidth.

The MA performance of DPC/CNTs-2 was compared with other previously reported
MOF-based nanomaterials in terms of the filling rate, thickness, minimum RL value, and
EAB [26,45-52] (Figure 4). The results indicate that almost all Co-based MOF materials
exhibit excellent MA performance, among them, BM 0.5 and Co@NPC@TiO; achieve RLin
values of —59.7 and —51.7, respectively, due to their outstanding structural and composi-
tional design. PB@MoS, /wax, benefiting from the synergistic interaction between different
components, achieves an absorption bandwidth of 7.4 GHz. However, most of the materials
have loading amounts above 30 wt%, and the DPC/CNTs-2 in our work demonstrates
a high absorption peak and a wide effective absorption bandwidth at 12 wt% loading
amount, which highlights its enormous potential as a high-performance MA material.
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Figure 3. The RL and EAB values for NC and DPC/CNTs composites under a filling rate of 12 wt%,
(a—c) NC, (d—f) DPC/CNTs-2, (g-i) DPC/CNTs-4, and (j-1) DPC/CNTs-6.

As we know, the complex permittivity (e, = ¢ — j¢”’) and permeability (u, = ' — ju”)
are crucial for the MA materials. In general, the real part values of both are mainly asso-
ciated with the electrical and magnetic energy storage capacity of the material, while the
imaginary part value corresponds to the dissipation capacity of electrical and magnetic en-
ergy [53,54]. As displayed in Figure 5a,b, the real and imaginary parts of the permittivity for
all samples exhibit a decreasing trend with increasing frequency, showing typical dispersive
behaviour, which is often attributed to dipole orientation polarization [55,56]. Meanwhile,
the DPC/CNTs show higher ¢’ and ¢” values compared to the NC and Co/C, indicating the
stronger storage and loss capacity for electromagnetic waves. The increase in the complex
permittivity of the materials is attributable to the significant enhancement of interfacial
polarization and conductive loss. The interfacial polarization is due to the microstructure
of the 2D leafy carbon framework, and the Co atoms induced carbon nanotubes, leading to
the accumulation of electrons at numerous carbon-air and carbon—carbon heterojunction
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interfaces. Conductivity loss is caused by the good conductivity of carbon frameworks and
carbon nanotubes. As shown in Figure 5¢, the loss tangent of the dielectric for DPC/CNTs is
greater than that of NC and Co/C, further confirming the enhanced microwave attenuation
ability of the 2D leafy porous carbon/carbon nanotubes heterostructure. The variation
trend in the dielectric constant for DPC/CNTs with different ZIF-67 loading amounts
(and the quantity of carbon nanotubes on the surface of the leafy carbon framework) also
supports the above results (Figure 5a,b). It is worth noting that when the ZIF-67 loading
amount reaches 6 mmol, the loss tangent of the dielectric shows a decreasing trend, which
may be due to the more densely packed carbon nanotube, which does not promote the
generation of interfacial polarization [57].

Fo%;
b = Filling ratio
50% 50%
45"/& Ll h
0%, 0%,

30% 30%
& 25‘3"‘ i

129
10% %

[ |RL,;,| (dB) Il EAB (GHz) IRl Thickness (mm) 59.7
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394 doo H-
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S0 Us 1

Figure 4. Comparison of the filling ratio, RLy,;,, and EAB of reported MA materials over the frequency
band from 2 to 18 GHz.

Figure 5d—g shows the Cole curves of the NC, Co/C, and DPC/CNTs. Following
Debye’s theory, the relation between ¢’ and ¢’ is shown in Equation (3):

2
{s’ — %(es + soo)] + (") = %(es +e)? (3)

When ¢ and ¢” meet Equation (3), the ¢’-¢” plot will show a single semicircle, denoting
the de-equilibrium domain procedure [58]. From Figure 5d-g, it can be seen that there are
many Cole semicircles in most all of the samples except for Co/C, which is in good agreement
with the resonance peaks on the complex dielectric constant curves. Compared to the NC and
Co/C, the DPC/CNTs have more semicircles, along with the presence of a tail-up straight line
at the end of the curve representing the conductive loss. These emphasize that DPC/CNTs
have stronger interfacial polarization strength and higher conductive loss.

Permeability is another important parameter that affects the performance of MA, in the
same way as the dielectric constant. As seen in Figure 5h—j, within the range of 6-18 GHz,
the ¢/ and pi”’ of all samples vary between 1.0-1.2 and 0-0.4, respectively. The corresponding
average tand,, is around 0.2, which is significantly smaller than the tanJ,, indicating that the
dielectric loss is the primary factor influencing the MA property. Magnetic loss is typically
attributed to eddy current effects and the natural and exchange resonances. Multiple
resonance peaks in the u’ curve suggest the presence of natural and exchange resonances,
diminishing the electromagnetic energy. Concerning the eddy current effects, if the value
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of Co (Co = ¢’ (') — 2f~1) remains constant, magnetic loss will occur [59]. As shown
in Figure 6a, the fluctuating nature of Cy for all the samples in the range of 6 to 18 GHz
indicates the presence of eddy current losses [60].
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Figure 6. (a) the Cj values and (b) the attenuation constant o.

The attenuation constant (¢) represents the overall ability to dissipate incident elec-
tromagnetic waves and is calculated as the sum of the dielectric and magnetic losses. The

formula is shown below [61]:

2
N = \/;nf\/(yusn _ }4/8,) + \/(]xl”ﬁ” _ ‘ulgl)z + (‘uleu + y//€/)2 (4)

As demonstrated in Figure 6b, the alpha curves of all samples display a comparable
pattern at the examined frequencies. Specifically, due to relatively weak dielectric and
magnetic loss capabilities, NC and Co/C have the lowest « values among these six samples.
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For the DPC/CNTs composites, the trend of attenuation constant with the change in the
ZIF-67 loading is consistent with the ¢” values, further confirming the predominant role of
the dielectric loss in the attenuation mechanism of DPC/CNTs. The continuously increasing
attenuation constant also explains the excellent high-frequency MA performance of the
DPC/CNTs composites.

In addition to the value of «, impedance matching (Z = 1Z;,/Zy 1) is another important
factor influencing the MA performance of materials. Poor impedance matching can lead
to microwave penetration through the sample or reflection at the sample surface, thereby
reducing the MA performance. When the Z value equals 1, electromagnetic waves can
enter the absorber with zero reflection. Figure 7 presents a two-dimensional contour plot of
the Z values for the samples. The figure shows the optimal impedance matching position
with blue dashed lines. At this position, the Z value equals 1, indicating zero reflection
of the incident microwave into the absorber. From the figure, we can easily see that
the thermally collapsed morphologies of the NC, Co/C, and DPC/CNTs-1 have higher
Z values, indicating poor impedance matching and high reflectivity at the interface between
air and the materials, resulting in poor absorption performance. When the ZIF-L surface
is fully covered by ZIF-67, the Z value significantly decreases (Figure 7d—f). However, it
is important to note that although the Z values of DPC/CNTs-4 and DPC/CNTs-6 are
nearer to 1 within the low-frequency range, the attenuation constants of the materials are
smaller at this point; thus, good MA performance cannot be achieved. In contrast, the
DPC/CNTs-2 exhibits the best MA performance in the high-frequency range by having
both a Z-value close to 1 and a higher o value. Additionally, the design of efficient
MA materials should follow the A/4 rule. Based on the quarter-wavelength theory, the
relationship between the peak frequency of the DPC/CNTs-2 reflection absorption and the
quarter-wavelength is studied. The absorbent thickness (f,;) and peak frequency (f,;;) satisfy
the following Equation [62]:

_M e (21,35, )

t, =
" 4 4fm\/ |ur€r|

It can be observed that the t;, and quarter-wavelength curves match well, and when
the RLpin achieves —42.19 dB, |1 Z;,/Zg| is precisely equal to 1.0 (Figure S5). Therefore,
outstanding MA performance is the outcome of the combined effects of the appropriate
impedance matching and significant attenuation loss.

Figure 8 provides an overview of the MA mechanism of the layered spiral DPC/CNTs
composites. Firstly, electromagnetic waves are reflected, transmitted, or absorbed when they
reach the surface of the microwave absorber. The abundant microporous structure and high
specific surface area can effectively reduce the complex dielectric constant, enhancing the
impedance matching of the MA materials, allowing more microwaves to pass into the material
and broaden its absorption bandwidth [43]. Secondly, the Co atoms present in the material
contribute to eddy current loss and resonance loss [63,64]. Thirdly, the uniformly sized
carbon-based matrix layers overlap to form a conductive network, facilitating electron transfer
and converting electromagnetic energy into heat, enhancing the material’s dielectric loss [65].
Fourth, the interface between the Co ions and self-generated carbon nanotubes with the carbon
matrix promotes the generation of interface polarization [66]. Finally, multiple reflections occur
between the layers and within the mesopores, thereby enhancing its attenuation ability [55].

Radar Cross Section (RCS) is a physical parameter that analyses the material’s ability
to scatter electromagnetic waves, aiding in the design of appropriate absorption structures
and stealth devices. The RCS results were obtained by using electromagnetic simulations to
verify the absorption performance of the microwave absorber. The simulation model was
set up as follows: a perfect electrical conductor (PEC) plate covered with a layer of absorbing
material on top and parallel to the XOZ plane was placed on the bottom layer. Both were
200 mm in length and width and 2.2 mm and 1 mm in thickness, respectively. Generally, the
RCS value could be influenced by factors like the incident angle of electromagnetic waves,
polarization, the structure of the object, and the material type. Theoretical values can be
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calculated through the RCS to verify the performance of new materials [67]. We simulated
the RCS distribution of the four samples using CST Microwave Studio. Figure 9a,d,g,j
show the 3D RCS distribution of the models at varying angles of detection. It can be seen
that the reflection loss values of all four samples are lower than a simple perfect electric
conductor (PEC) layer (Figure S6), with the DPC/CNTs-2 having the lowest reflection loss.
The 2D RCS curves on the x-o-y plane for different samples are presented in Figure 9b,e,h k.
From the graphs, it is evident that the DPC/CNTs exhibit a smaller RCS value compared to
the NC, which experienced significant collapse in the thermal morphology. Additionally, at
6 =90°, the corresponding RCS reduction in the DPC/CNTs-2 can reach 37 dBm?, far higher
than DPC/CNTs-4 at 11.7 and DPC/CNTs-6 at 9.6 (Figure 9c¢,f,i1). This further indicates that
DPC/CNTs-2 possesses outstanding electromagnetic energy absorption performance. The
simulation results demonstrate that DPC/CNTs-2 can more effectively reduce radar reflection
signals, suggesting its feasibility for commercial implementation in the field of MA.
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Figure 9. (a,d,g,j) CST simulation results based on the far-field response of NC, DPC/CNTs-2,
DPC/CNTs-4, and DPC/CNTs-6. (b,e,h, k) RCS simulated curves of NC, DPC/CNTs-2, DPC/CNTs-4,
and DPC/CNTs-6. (cf,il) RCS reductions achieved by subtracting the NC, DPC/CNTs-2,

DPC/CNTs-4, and DPC/CNTs-6.

4. Conclusions

Utilizing the MOF-on-MOF method, ZIF-67 was uniformly loaded onto ZIF-L, fol-
lowed by high-temperature annealing in a nitrogen-protected atmosphere to obtain a
two-dimensional leaf-like Co-doped porous carbon/carbon nanotube heterostructure. A
series of DPC/CNTs composites were obtained by varying the amount of ZIF-67. The
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results indicate that maintaining the leaf-like structure and generating surface-disordered
carbon nanotubes are crucial for adjusting the material’s dielectric performance. With an
increase in the loading amount of ZIF-67, the dielectric loss performance of the material
initially increases and then decreases. Among them, the DPC/CNTs-4 sample obtained the
lowest RL value (—59.8 dB), and the DPC/CNTs-2 sample, under a thickness of 2.2 mm, ex-
hibited an RL value of —42.2 dB with an EAB of 4.8 GHz. The study shows that DPC/CNTs
composites possess lightweight and high-performance MA properties. This indicates wide
prospects for 2D MOFs-derived carbon-based MA materials.
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