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Abstract: Developing microwave absorbers with superior low-frequency electromagnetic wave
absorption properties is one of the foremost important factors driving the boom in 5G technology
development. In this study, via a simple hydrothermal and pyrolysis strategy, randomly interleaved
CoNiO; nanosheets and uniformly ultrafine CoNi nanocrystals are anchored onto both sides of a
single-layered MXene. The absorption mechanism demonstrated that the hierarchical heterostructure
prevents the aggregation of MXene nanoflakes and magnetic crystallites. In addition, the introduction
of the double-magnetic phase of CoNiO, /CoNi arrays can not only enhance the magnetic loss capacity
but also generate larger void spaces and abundant heterogeneous interfaces, collectively promoting
impedance-matching and furthering microwave attenuation capabilities at a low frequency. Hence,
the reflection loss of the optimal absorber (M-MCNO) is —45.33 dB at 3.24 GHz, which corresponds
to a matching thickness of 5.0 mm. Moreover, its EAB can entirely cover the S-band and C-band
by tailoring the matching thickness from 2 to 7 mm. Satellite radar cross-section (RCS) simulations
demonstrated that the M-MCNO can reduce the RCS value to below —10 dB m? over a multi-angle
range. Thus, the proposed hybrid absorber is of great significance for the development of magnetized
MXene composites with superior low-frequency microwave absorption properties.

Keywords: MXene; magnetic nanosheet; magnetic nanocrystal; hierarchical heterostructure;
low-frequency absorption

1. Introduction

Recently, with the flourishing advancement of 5G communication technology, electro-
magnetic (EM) pollution has increasingly attracted people’s attention due to its negative
impact on human health and surrounding electronic devices [1]. To effectively address this
issue, many measures have been taken to develop emerging low-frequency microwave
absorbing materials (MAMSs) such as magnetic loss absorbers [2-5], dielectric loss ab-
sorbers [6-8], and their composites [9-12]. Among these, MXene in particular, with its
two-dimensional (2D) architecture, plays a vital role in high-performance low-frequency
MAMs thanks to its superior conductive loss and impressive polarization loss rooting from
abundant surface groups (e.g., -H, -F and -OH) [13]. For instance, the reflection loss (RL) of
TiO,@MXene composites in the S-band and C-band is less than —10 dB [6]. MXene aerogel
delivers a minimum reflection loss (RLyin) of —41.8 dB at 5.8 GHz [7]. However, owing
to the excessive permittivity and negligible permeability, serious impedance mismatch
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in these highly conductive materials triggers off EM wave reflecting on the surface of an
absorber rather than penetrating into the interior to be effectively attenuated, which signifi-
cantly lowers the microwave absorption capacity [14]. Therefore, developing low-frequency
MXene-based MAM s featuring perfect impedance-matching is a great responsibility and a
significant challenge.

It is known that impedance-matching is dominated by the complex permeability ()
and complex permittivity (¢;) in MAMs. Namely, the normalized input impedance of an
absorber can be tailored by improving its complex permeability as well as by decreasing its
complex permittivity [15]. Thus, embedding magnetic components in MXene nanoflakes
to form hybrids with dual magnetic/dielectric loss mechanisms is an efficient strategy
to balance the two EM parameters. For example, Fef@MXene composite, fabricated by a
template method, demonstrates an RL of —40.3 dB at 4.78 GHz [16]. The Ni@MXene hybrid,
prepared via a solvothermal method, represents an RL,i, of —40.9 dB at 3.9 GHz [17].
Nevertheless, due to Snoek’s limit, the low-frequency permeability of magnetized MXene
nanoflakes is usually far lower than their permittivity even in the composites with ex-
tremely high magnetic phase dosage [9]. Additionally, owing to the magnetic dipole-dipole
attractions and high surface energies, magnetic nanomaterials are liable to agglomeration
as the loading contents rise, which can obviously improve the conductivity of a hybrid [10].
As aresult, it is difficult to achieve impressive impedance-matching only by increasing the
ratio of magnetic components in composites. Fortunately, apart from the intrinsic character-
istics of a magnet, the geometric shape and size of magnetic nanocrystal can significantly
affect the low-frequency permeability of a MAM. In other words, magnetic nanosheets with
high aspect ratios can be conductive to generate significant magnetocrystalline anisotropy,
when it is beneficial to exceed Snoek’s limit in the gigahertz frequency range [18]. Further-
more, downsizing magnetic nanoparticles to nanoscale can enhance the inter-crystalline
magnetic coupling, thereby boosting magnetocrystalline anisotropy at a low frequency [19].
Hence, based on the above considerations, to perfect impedance-matching and enhance
the microwave attenuation ability at low frequency, an effective strategy is to construct
magnetic nanosheets and/or ultrafine magnetic nanoparticles decorating on the surfaces of
MXene nanoflakes.

In our work, we developed a novel strategy to prepare the single-layered MXene
nanoflakes simultaneously loaded with randomly interlaced CoNiO; nanosheets and uni-
formly ultrafine CoNi nanocrystals via hydrothermal and calcination procedures. The
system mechanism study showcases that the simultaneous in situ generation of interleaved
cobalt and nickel hydrates nanosheets occurred on the surface of negatively charged MXene
nanoflakes under the controlled low supersaturation and weakly alkaline environment. Dur-
ing the subsequent pyrolysis in Ar atmosphere, Co/Ni hydrate nanosheets were pyrolyzed
to randomly interlocked CoNiO; nanosheets and uniformly ultrafine CoNi nanograins,
implanting onto both surfaces of MXene nanoflakes. The obtained well-dispersed mag-
netic nanosheets and nanoparticles significantly further the permeability of the composite
absorber, which is conducive to perfecting impedance matching. Moreover, the hierar-
chical network structures and multi-heterogeneous interfaces in these magnetized MXene
nanoflakes can synergistically promote conduction loss, interfacial polarization, and dipolar
polarization, boosting the microwave attenuation capacity. As anticipated, the CoNiO;
nanosheets and CoNi nanoparticles jointly decorating MXene nanoflakes demonstrate the
distinguished EM absorbing properties at low frequency. This study presents an efficient and
versatile approach for designing high-performance low-frequency MXene-based MAMs.

2. Materials and Methods
2.1. Chemical Reagent

Tiz AlC; MAX powders (400 mesh) were provided by Jilin 11 Technology Co., Jilin,
China. Hydrochloric acid (HCl), lithium fluoride (LiF), nickel nitrate hexahydrate, and
cobalt nitrate hexahydrate (Co(NOj3),-6H,O) were obtained from Aladdin Shanghai Biolog-
ical Technology Co, Ltd., Shanghai, China. Hexamethylenetetramine (HMT, C¢H12Ny4) and
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anhydrous ethanol were brought from Sinopharm Chemical Reagent Co., Shanghai, China.
All reagents were analytically pure.

2.2. Preparation of Monolayer MXene Nanoflakes

In a universal synthesis process [20], 1.0 g Ti3AlC, powders were slowly added into a
mixture with 16 mL hydrochloric acid, 4 mL deionized water, and 1.6 g LiF, continuously
stirring at 50 °C for 30 h in a water bath. Then, the resulting solution was thoroughly washed
with deionized water by centrifugation (3500 rpm) until self-delamination occurred at the
supernatant pH of ~6. After that, the obtained centrifuging dark green supernatant was
centrifugated at 5000 rpm for 0.5 h. Then, the sediment containing abundant monolayer
MXene flakes was gathered. Finally, the resultant monolayer MXene nanoflakes were
obtained by freeze-drying.

2.3. Preparation of CoNiO,/CoNi Co-Decorating MXene

A total of 100 mg monolayered MXene nanoflakes were added into absolute ethanol
and further ultrasonicated until completely dispersed, while 2 mmol Co(NO3),-6H,O
and 2 mmol Ni(NO3),-6H,O were added into absolute ethanol and magnetic-stirred until
completely dissolved. Next, the above mental salt solution was dropped into the MXene
solution and stirred to form a 20 mL mixture. Afterward, 6 mmol of HMT was added into
the homogenous solution, which was then moved to a 50 mL Teflon-lined stainless-steel
autoclave. After keeping at 120 °C for 5 h, the precipitation was harvested by repeatedly
washing with deionized water and ethanol and then dried at 100 °C by a vacuum device
for 12 h. Finally, the precursor powders were pyrolyzed in an Ar atmosphere at 500 °C
for 1 h at a rate of 4 °C/min to gain the resulting single-layered MXene co-decorated
with CoNiO, nanosheets and CoNi nanocrystals, named M-MCNO. In order to optimize
the dielectric-magnetic ratio and hierarchical structure, other magnetized MXene-based
composites with different dosages of MXene nanoflakes (0 mg, 50 mg, 200 mg) denoted as
CNO, L-MCNO and H-MCNO were prepared by the same procedures. For comparison,
another control MXene-based sample (labeled as MXene/CNO) was prepared by physically
mixing pure MXene nanoflakes with CNO in an aqueous solution and then vacuum drying
at 100 °C for 12 h.

2.4. Material Characterization

The micromorphology was investigated by scanning electron microscopy (SEM, ZEISS
Gemini SEM 300). The nanoarchitecture was determined by transmission electron mi-
croscopy (TEM, FEI USA Talos F200X) and X-ray energy dispersive spectrometry (EDS).
The crystal phase analysis was identified by X-ray diffraction (XRD, Bruker, Germany, D8
Advance) operating with a Cu Kot source (A = 1.5418 A). The sample’s surface binding
energies were investigated using X-ray photoelectron spectroscopy spectra (XPS, Thermo
ESCALAB China 250Xi) with an Al-Kx X-ray source. The thermal stability was investigated
using thermogravimetric (TG, NETZSCH Gemini STA449F3) analysis under argon. The
composites” magnetization measurements were tested with vibrating sample magnetometer
(VSM, KES USA Lakeshore 7404).

The EM parameters were performed by a vector network analyzer (PNA-N5244A,
AGILENT China E5071C) at the range of 2-8 GHz using the coaxial method; the as-prepared
powders were homogeneously mixed with molten paraffin wax to make a toroidal specimen
with thickness of 3.00 mm and inner/outer diameter of 3.04/7.00 mm).

3. Results
3.1. Microstructure of M=MCNO

The synthesis procedure of the CoNiO, /CoNi co-decorating MXene hybrid is schemat-
ically shown in Figure 1. Thanks to a large number of reactive functional groups (e.g.,
-H, -F and -OH) on the MXene surfaces, Co?* cations and Ni?* cations can be easily and
firmly anchored to the negatively charged MXene nanoflakes through electrostatic interac-
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tions. Subsequently, HMT is slowly decomposed with increasing temperatures during the
hydrothermal process. Heterogenous nucleation and in situ growth of CoNi precursors
could occur simultaneously under the controlled low supersaturation and weakly alka-
line environment, thus guaranteeing an intertwining network of petal-like CoNi hydrate
nanosheets anchored onto MXene nanoflakes. Upon annealing under an Ar atmosphere,
the obtained CoNi hydrates can be converted into metal oxides and metal alloys. Mean-
while, the CoNiO, nanosheets form porous structures due to high-temperature dehydration
decomposition. Eventually, the hierarchical heterogeneous structure of MXene nanoflakes
loaded with CoNiO; nanosheets and CoNi nanoparticles is established.

HMT
Co** ¢ Ni? » i
‘ !ﬂg?" K Hydrothermal V;& ﬁ'i{g Pyrolysis fﬁfﬁ =
djr“»‘ :‘ ) \'\ ) 4 4- S 3" A
- — !”z».c-é‘- " amly SO
S -
Ar Wy W _______ -
MXene precursor MCNO CoNi

Figure 1. Schematic diagram of the MCNO composite’s synthesis process.

The morphology characteristics of the MXene and M-MCNO hybrid were clarified by
SEM. The single-layer morphology of the MXene nanoflake is shown in Figure 2a. Com-
pared to the stacked flower-cluster architecture of L-MCNO (Figure S1a,b) and sparsely
magnetic nanosheets/nanoparticles distributed in the H-MCNO (Figure Slc,d), M-MCNO
hybrids inherit the layered morphology features of MXene nanoflakes and are covered
with even, petal-like nanosheets on their surfaces (Figure 2b). A close-up observation
(Figure 2b, the inset) clearly presents that those standing nanosheets are semi-transparent
to the electron beam, indicating their ultrathin nature. These results verify that an appro-
priate dielectric dosage is crucial to ensure the formation of hierarchical heterostructures
with dense, magnetic nanosheet arrays and well-dispersed ultrafine nanoparticles on the
MXenes. Meanwhile, a close inspection reveals the presence of numerous micropores on
the nanosheets, which are attributed to the evaporation of O and H elements from smooth
precursor CoNi hydrates (Figure 52), leading the interleaved nanosheets to gradually shrink
under thermal stress [21]. The formation of these pores exposes more active surfaces and
increases more active sites, which can greatly enhance the polarization capacity of hybrids.

TEM observations (Figure 2c) further demonstrate the complex hierarchical architec-
ture with abundant well-dispersed nanoparticles of ~90 nm (Figure 2c, inset) attaching
to the surface of the MXene nanoflake, which is embedded in the dense network arrays
of interlaced nanosheets. To further study the structural information of hybrids, an in-
depth observation was conducted on the nanosheets at the edge region of the MXene
(Figure 2d); a lattice fringe of 0.21 nm, highlighted with the yellow line, is detected the
in petal-like nanosheets (Figure 2d, the inset), corresponding to the (200) planes of the
CoNiO, phase [22]. Moreover, a lattice fringe of 0.20 nm, highlighted with a yellow line
(Figure 2e) can be seen in the nanocrystals, corresponding to the (111) planes of CoNi
nanocrystals (Figure 2e, inset) [23]. The distribution of petal-like CoNiO, nanoparticles and
ultrafine CoNi nanocrystals on the MXene substrate was further elucidated by TEM images
and corresponding EDS elemental images (Figure 2e,f). The multiplicate composition and
architecture with CoNiO, nanosheets/CoNi nanoparticles co-decorating MXenes favor
the enhancement of magnetic loss and heterogeneous interface polarization, boosting the
attenuation of EM waves.

For further comparison, a control MXene/CNO sample prepared by mixing magnetic
CNO with neat MXene nanoflakes is shown in Figure S3, which presents the morphology
of multilayered stacked MXene flakes and agglomerated nanosheets, indicating that the
structure-directing agent of MXene inhibits the agglomeration of CoNiO, nanosheets
and CoNi nanoparticles and dominates the formation of the hierarchical architecture.
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The interlaced CoNiO; nanosheets loaded on the MXene nanoflakes can guarantee the
adequate formation of in-plane and out-of-plane void spaces. The uniformly ultrafine CoNi
nanocrytals can increase the contact surface of the EM waves.
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Figure 2. SEM images of: (a) a single-layered MXene nanoflake; (b) M-MCNO (the inset: a high
magnification SEM image); (c-e) TEM images of M-MCNO (insets in (c): a size-distribution histogram
of CoNi nanoparticles); (d): the lattice fringe of the CoNiO, nanosheets; (e): the lattice fringe of the
CoNi nanoparticles); and (f) EDS elemental mapping images of M—-MCNO.

To further confirm the composition and structure of the MCNO hybrids, the crystal
phases of the obtained precursor and MCNO hybrids were authenticated by XRD. As
shown in Figure 3a, the sharp peak at ~6° is ascribed to the MXene’s (002) plane, and the
strong peaks of the precursor at 20 =12.7, 25.5, 32.9, and 58.9° can be assigned to (001), (002),
(100), and (110) reflections of the CoNi-layer double hydroxides (CoNi-LDH) (JCPDS No.
74-1057 cobalt hydroxide and JCPDS No. 22-0752 nickel hydroxide), respectively [24,25].
All the characteristic peaks of the L—, M— and H-MCNO hybrids are remarkably similar,
where peaks at 36.9, 42.9, and 62.2° can be accurately attributed to the CoNiO, phase
(JCPDS: 10-0188), and peaks at 44.4 and 51.8° correspond to the Co phase (JCPDS No.
15-0806) and Ni phase (JCPDS No. 04-0850) without detectable impurities [22,26,27].

TG analysis was conducted under an Ar atmosphere to simulate the thermolysis of
the precursor (Figure 3b); the curve reveals two distinct thermal decomposition processes
occurring between 300-700 °C. The first significant loss in mass (~9.68 wt %) occurs at
around 300 °C, followed by a negligible change in mass until 500 °C. Then, further slow
decomposition occurs between 500-700 °C (~3.03 wt %). Combined with the above XRD
observation, these results support the conclusion that the two pyrolysis processes are the
decomposition of CoNi hydrates and CoNiO,, respectively.

The elemental composition and surface chemical states of the M—-MCNO sample were
further confirmed by XPS. Note that the binding energy of the C 1s peak is usually cali-
brated using indeterminate carbon. However, this calibration method can lead to errors of
up to 2.6 eV. Therefore, a high degree of caution should be applied to the conclusions when
using the indeterminate carbon calibration method [28,29]. The full XPS spectrum proves
the existence of Co and Ni elements in the M-MCNO (Figure 3c). In Figure 3d, the distin-
guishable peaks at 780.0, 795.83, 782.13 and 797.61 eV correspond to Co** 2p3 5, Co** 2p1 /o,
Co 2p3/7, and Co 2p1 /5, respectively. Moreover, two satellites occur at 786.2 eV and 802.7 eV.
These results verify the simultaneous presence of Co and CoO in the hybrid. Similarly,
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six peaks of Ni 2p deconvoluted from the two CoNi and CoNiO, phases (Figure 3e) were
fitted, which also indicates the coexistence of both Ni and NiO in the composite. The fitting
peaks at 854.0 eV and 871.5 eV correspond to Ni 2p3,, and 2py /5, respectively, whereas
the peaks of 855.6 eV and 873.2 eV can be allocated to Ni-O 2p3,, and 2p /;, respectively.
Moreover, two satellites occur at 861.2 eV and 879.3 eV [30].

Typically, the higher the magnetization capacity, the stronger the magnetic attenuation
property. Figure 3f shows the magnetic properties of L-, M—, H-MCNO, and M/CNO
examined with a vibration sample magnetometer. All samples showcase the typical fer-
romagnetic hysteresis characteristics with saturation magnetization (Ms) of 49.1, 19.7, 9.3,
and 20.7 emu/g, respectively. Obviously, the M, values of these hybrids are positively
correlated with the Co and Ni dosages. Meanwhile, it has been reported that the coerciv-
ity of magnetic material is mainly associated with magnetocrystalline features as well as
defects [31]. Hence, due to the impressive magnetocrystalline anisotropy stemming from
the well-dispersed magnetic nanosheets and nanoparticles onto MXene, M-MCNO has the
highest H. value.
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Figure 3. (a) XRD patterns; (b) TG curve in Ar atmosphere; and (c) XPS complete spectrum and high
resolution (d) Co 2p and (e) Ni 2p XPS spectra of M-MCNO. (f) Magnetic hysteresis loop of L-, M-,
H-MCNO and M/CNO.

3.2. Microwave Absorption Properties

Given the potential application of an absorber, it is essential to evaluate its RL value
with the frequency. According to the transmission line theory, the RL value is calculated by
the following equation involving the complex permittivity (¢, = ¢’ — je'’) and the complex
permeability (u, = u’ — ju'’) [32-34]. Theoretically, 90% of incident waves can be absorbed
when the RL value is less than —10 dB, and the corresponding frequency range is defined
as the effective absorption bandwidth (EAB) [35], as follows:

Zin — ZO

1
Zin +Zy M

RL =20 lg‘

Zin = Zo\/ M tanh (jzncfd, Wa) @)

&r
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(a) ——. _:(b) ;

where Z;, and Z are the input impedances of the absorber and the characteristic impedance
of the free space. f, d, and c are microwave frequency, thickness of the absorber, and the
light velocity in free space, respectively.

The 3D RL curves of the neat MXene and composites are calculated and clarified
(Figure 4a—e). As shown, the RL,;, value of neat MXene is —3.68 dB at 9.06 GHz, while the
RL can be neglected at a low frequency (Figure 4a), demonstrating a poor low-frequency EM
absorption performance owing to the serious impedance mismatch and a single attenuation
mechanism of conduction loss. For the MCNO hybrids, the RL values at a low frequency
are significantly enhanced by modulating the ratio of MXene to magnets. In particular, the
M-MCNO with a medium MXene loading exhibits the best low-frequency EM absorption
capability, with an RLi, value of —45.33 dB (3.24 GHz) at a matched thickness of 5.0 mm
(Figure 4c). As exhibited in Figure 4b,d, the composite absorber with lower MXene feed-
ing corresponds to an RL value of —18.8 dB at 2.6 GHz, while the sample with a higher
MXene content exhibits —38.6 dB at 6.2 GHz, demonstrating that decreasing or increasing
the dielectric components in the absorber does not improve its low-frequency absorption
capacity. In addition, the controlled sample of the M/CNO composite (Figure 4e) exhibits
poor absorption performance, with an RL value of —6.6 dB at 4.5 GHz. According to the
above analysis, the conclusion that can be arrived at is that designing a composite with a rea-
sonable dielectric-magnetic dual-loss mechanism and a special hierarchical heterogeneous
structure is essential to enhance the EM absorption performance at low frequencies.
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Figure 4. 3D RL curves of (a) neat MXene, (b) L-MCNO, (¢) M-MCNO, (d) H-MCNO, and
(e) M/CNO. (f) EAB of L-, M-, H-MCNO and M/CNO. (g) EAB of M-MCNO versus frequency at se-
lected thicknesses. (h) Dependence of RL i, and EAB on filler contents for M-MCNO. (i) Comparison
of EM absorption between M-MCNO and recently reported low-frequency absorbers.

Meanwhile, high-performance MAMs need to meet with the practical application
to encompass wide microwave bands as much as possible. Figure 4f summarizes the
maximum EAB (EABnax) for all samples. Specifically, M-MCNO reached an EABmax of
1.48 GHz, indicating that incorporating an appropriate quantity of dielectrics into the
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hierarchical magnetized MXene is beneficial for expanding EAB. Figure 4g illustrates the
variation in EAB of M-MCNO sample at selected matching thicknesses. It is worth noting
that by tailoring the matching thicknesses from 2.0 to 7.0 mm, the EAB of M-MCNO sample
can be extended to entirely cover the S-band and C-band. The impressive low-frequency
microwave absorption performance of the M-MCNO absorber is strongly demonstrated by
these analytical results. Considering that the filler amount of absorber also affects the EM
absorption performance, we further explore the RL value and EAB of M-MCNO composites
with filler contents of 15, 25, and 35 wt %. As shown in Figure 4h, with the filler content
increasing, the RL and EAB values increase and then decrease. Clearly, the microwave
absorption properties of the 25 wt % sample performs better than the other samples. It
should be noted that the M-MCNO hybrid exhibits better low-frequency absorption ability,
wider EAB and thinner thickness than most of the latest research reported low-frequency
materials (Figure 4i and Table S1), indicating its potential for brilliant low-frequency MAMs.

The EM parameters involve relative complex permittivity (e = ¢’ — j¢’’) and relative
complex permeability (ur = p’ — ji’’), which can be used to evaluate the MAMs’ EM
characteristics. Generally, the real part of the complex permittivity or permeability (¢’ or y’)
stands for the storage capability of EM energy, while the imaginary part (¢” or ') represents
the dissipation capability of EM energy [36]. Among all the samples, the neat MXene sample
exhibits the highest values of ¢ and ¢” across the entire frequency range (Figure S4a),
indicating its significant dielectric loss. However, the magnetic loss of the neat MXene
sample can be considered negligible (Figure S4b). The great imbalance in the EM parameters
gives rise to the serious impedance mismatch, resulting in the microwaves’ reflection on
the MAM:s rather than their penetration into the interior for attenuation. Unsurprisingly,
after anchoring the magnetic CoNiO, nanosheet arrays and CoNi nanoparticles onto their
surfaces, the ¢ and €” values (Figure 5a,b) of the magnetized hybrids fall slightly while
the y/ and p”’ values (Figure 5d,e) are enhanced compared to the neat MXene nanoflakes.
This change aids in harmonizing permittivity and permeability to perfect impedance-
matching. Additionally, both the ¢’ and ¢” values are positively correlated with the MXene
contents in the samples. With the increase in frequency, both ¢’ and ¢” values decrease,
exhibiting similar dispersion behavior. The trend can be explained by the fact that the
polarization response cannot vary with the electric field change [37,38]. However, note
that the ¢’ of H-MCNO fluctuates significantly with increasing the frequency, which is
caused by the polarization loss resulting from the exposure of the barer MXene. In addition,
under the conditions that the Co and Ni content in the M-MCNO sample is similar to
M/CNO (Figure S5), the unique interleaved heterostructure of M-MCNO results in higher
¢’ and ¢” values than M/CNO (Figure 5a,b). The dielectric loss capacity is influenced by
the conduction and polarization losses and is typically represented by the dielectric loss
tangent value (tand.) [39]. As illustrated in Figure 5c, the tand, values of L-, M-, and
H-MCNO exhibit similar trends to the variation of ¢/, maintaining four peaks at 3.2, 4.8,
6.7, and 7.7 GHz. Based on the aforementioned investigations, all MCNO samples exhibit
superior dielectric loss, which is mainly attributed to two factors: (1) The 3D interconnected
conductive network facilitates free electron migration, enhancing the conduction loss. That
is to say, the migrating electrons can move on the surfaces of the MXene nanoflakes, CoNiO,
nanosheets, and CoNi nanoparticles, whereas the leaped electrons can bypass defects in
MXene or jump to CoNiO; nanosheets and CoNi nanoparticles, resulting in the formation
of a dense microcurrent network [37,40-42]; and (2) The introduction of dual-phase CoNiO,
and CoNi nanocrystals in the vicinity of MXene nanoflakes forms abundant heterojunction
interfaces, enhancing interface polarization and hindering the self-aggregation of adjacent
MXene flakes, exposing more surface defects and functional groups, amplifying dipole
polarization [43-45]. (3) The highly exfoliated MXene and the abundant pores of the
CoNiO; nanosheets can provide massive defects, enlarging its polarization loss.
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Figure 5. (a) €, (b) €”, (c) tand,, (d) #', (e) ¢/, and (f) tand,, values as a function of the frequency for
L-, M-, H-MCNO and M/CNO.

The Debye relaxation model is introduced to further analyze the dielectric loss mecha-
nism of the absorber and is described as follows [46]:

1+ (27f)*72

o 27 fT(es — €c0)
1+ (2rf)*12

e ()

where g represents static permittivity and e« represents the relative permittivity. Among
the as-prepared samples, the €'-¢” curve is almost made up of sloping lines and deformed
semicircles (Figure S6). The appearance of the former can be ascribed to the conductive
losses, whereas the latter can mainly correspond to a Debye relaxation process related to po-
larization losses [47]. It is obvious that the Cole—Cole semicircle number of MCNO hybrids
is significantly more than that of neat MXene nanoflakes. The L-, M- and H-MCNO sam-
ples exhibit Cole-Cole semicircles and sloping lines, signifying polarization and conduction
loss exist simultaneously.

The 3/ and p” values of the magnetized MXene in the frequency range 2-8 GHz can
intervene 1.0-1.3 and 0-0.5 (Figure 5d,e), manifesting its excellent magnetic loss capacity at
the S-band and C-band. It is noteworthy that the tand,, and y" values (Figure 5e,f) for all
samples maintain a similar trend and fluctuate between 0.0 and 0.6. When comparing tand,
with tand,,;, the magnetic loss accounts for the major contribution in the low frequency for
all magnetized samples. In general, eddy current loss, natural resonance, and exchange
resonance are the main magnetic loss mechanisms in the 2-8 GHz range [48]. If only
eddy current loss is present, the Cy value will remain constant and independent of the
frequency [13]. In Figure S7, it can be observed that the Cy value of the sample decreases
significantly with increasing frequencies in the 2-8 GHz range, indicating the presence of
eddy current loss as well as natural resonance and exchange resonance.

Perfect impedance-matching and strong attenuation ability are two major principles
for designing high-performance MAMs [3]. Impedance-matching represents the capacity

(4)
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of the EM waves to enter the absorber, and attenuation capacity indicates the degree of
EM wave attenuation loss [49]. Based on the transmission line theory, we calculate the
normalized impedance-matching (Z = Zi,/Zp) and attenuation constant (x) for all the
samples by the following equations [50]:

o= \/icnf\/(guﬂ// _ El‘ul + \/(SI/V// _ E"‘l/l/)2 + (EIV// + S”“ll/)2> (6)

The Z and « curves for magnetized MXene samples are illustrated at their optimal
match thickness in Figure 6a,b. Typically, when the Z value is close to 1, almost all incident
EM waves can penetrate into the material [51]. The neat MXene samples, with large ¢’
and ¢, have the best attenuation ability, while the impedance-matching is poor in the
other studied samples (Figure S8), exhibiting the worst EM absorption properties. For
comparison, the L-, M— and H-MCNO samples exhibit more optimal impedance-matching
and moderate attenuation ability after the introduction of magnetic components. Specially,
M-MCNO illustrates the best impedance-matching (Z ~ 1) and impressive attenuation
capacity within low frequencies, leading to outstanding absorption performance. The
above results show that introducing magnetic components is essential to perfecting optimal
impedance-matching. In addition, M/CNO, with a similar Co-Ni content but with aggre-
gation of MXene nanoflakes and magnetic crystallites, shows worse impedance-matching
and has a poor attenuation capacity, demonstrating that constructing a rational structure
is crucial to obtain impressive EM absorption properties at low frequencies. Specifically,
the hierarchical structure guarantees sufficient exposure of the polar functional groups
on the MXene surface, and appropriate loading of the magnetic phases and the multiple
reflections of EM waves, performing the best impedance-matching owing to the reasonable
€ and p values when compared to other samples.

25
(a) —aee | (€)o ] |
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MICNO >_ =
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Figure 6. (a) 1Z;,/Zy! and (b) a as a function of frequency for L—, M—, H-MCNO and M/CNO.
(c) Dependence of matching thickness (fm) on frequency (fm) for M-MCNO under A/4.

In addition, we describe the relationship between the RL intensity (dB) and the thick-
ness (tm) with frequency (fi), which can be expressed by the following [52]:

=T _(4=1,3,5,) ?)

4 (4fm\/ﬂr||€r|)(
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(a)

Absorber

where A denotes the wavelength of the EM wave. When t, and f, satisfy Equation (7), the
reflection of EM waves on the air interface will have an interference effect with the incident
EM waves, leading to mutual cancellation of the EM waves inside the absorber [23]. As
predicted, the peak of the RLy, shifts towards a lower frequency, increasing with the
matching thickness (Figure 6¢c). The experimental thickness (t,**?, labeled with a diamond)
is identical to the simulated thickness, demonstrating that the EM wave dissipation of
M-MCNO is consistent with the quarter-wavelength cancellation theory and produces
brilliant reflection losses.

In practical applications, the radar waves emitted by the radar detector are partially
absorbed and partially reflected by the invisible coating on the target’s surface (Figure 7a).
The RCS area of the target can be equated to the projected area of the metal sphere with
the same echo signal and can be expressed in terms of one square meter of the reflection
loss value. Figure 7b—e shows the CST simulation results of L—-, M— and H-MCNO attached
to a perfect electric conductor (PEC) layer, referring to their microwave dissipation ability
in the real far field. Among them, PEC demonstrates the largest RCS value. After being
covered with MCNO, the RCS values of the as-fabricated samples are significantly reduced,
proving that L-, M— and H-MCNO can effectively decrease the radar scattering intensity.
As expected, the M-MCNO sample exhibits the lowest RCS value in the angular range
and achieves lower —10 dB in the ranges of —90° < 0 < —7° and 7° < 6 < 90° (Figure 7f).
Furthermore, when 6 = 0°, the maximum RCS reduction in the M-MCNO is 7.4 dB m?.
Therefore, the synthesized M-MCNO, with an appropriate composition and architecture,
allows for the reflection from incident EM waves from PEC surfaces to be suppressed,
exhibiting excellent radar wave attenuation.

Incident wave ( b)
plane

() T —re

L-MCNO X
—— M-MCNO AN 7.4 dBm?
\!

RCS (dBm?)

-40 T T T T T T
80 60 40 -20 0 20 40 60 80

Theta (degree)

Figure 7. (a) Working principle of radar detectors. CST simulation results of: (b) PEC; (c) L-
MCNO/PEC; (d) M-MCNO/PEC; (e) HHMCNO/PEC; and (f) simulated RCS curves of the PEC,
L-, M- and H-MCNO under the conditions of —90° < 6 < +90°. The arrows are for the highest and
lowest values that the CST calculates.

The EM absorption mechanism of multicomponent monolayer MXene nanoflakes
loaded with magnetic nanosheets and nanoparticles is illustrated in Figure 8. First, the
anisotropy energy induced by the petal-like CoNiO, magnetic nanosheets and uniformly
ultrafine CoNi magnetic nanocrystals can magnify low-frequency magnetic loss capacity
through eddy current loss, natural resonance, and exchange resonance [53,54]. Second,
the multi-component magnetic arrays with poor conduct can also constrain the exces-
sive permittivity of MXene. The valid complementarity of the EM parameters refines the
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low-frequency impedance-matching [55]. Third, the complex hierarchical heterostructure
hinders the agglomeration of MXene and magnetic components and guarantees sufficient
in-plane and out-of-plane voids. When penetrating such a structure, the entering EM waves
are confined within the absorber, leading to multiple reflections and scatterings, effectively
increasing the dissipation of EM wave energy [56-58]. Fourth, the hierarchical structure
assembled from three components with different EM parameters offers a large number of
heterojunctions, resulting in the accumulation of free electrons to promote interfacial polar-
ization [59]. Fifth, well-dispersed magnetic nanosheets and nanograins grow on the surface
of MXene to form an interleaved conductive network, which allows the excited electrons
induced by the alternating electromagnetic field to migrate or jump rapidly, improving the
conduction loss [60]. In addition, the intrinsic high conductance of the monolayer MXene
can endow the as-prepared M-MCNO with superior conduction loss. Finally, the highly
exfoliated MXene nanoflakes and abundant pores of the CoNiO, nanosheets can result in
significant defects, amplifying its polarization loss [21]. Therefore, the synergistic effect of
impressive impedance-matching and attenuation capabilities significantly enhances the
absorption ability of M-MCNO in the S-band and C-band.

Dielectric  Magnetic

Transmitted
waves

Magnetic loss

Figure 8. Schematic of microwave absorption mechanisms of M—-MCNO.

4. Conclusions

In this work, we prepared hierarchical, heterostructured monolayer MXene loaded
with magnetic nanosheets (CoNiO;) and nanoparticles (CoNi) by hydrothermal and py-
rolytic processes. CoNiO; nanosheet arrays were randomly staggered on both sides of the
monolayer MXene, while CoNi nanocrystals were uniformly distributed onto the MXene
nanoflakes. Benefiting from the superior magnetocrystalline anisotropy of well-dispersed
magnetic nanosheets and nanocrystals, as well as the perfect hierarchical heterostructure,
the as-synthesized absorber exhibits impressive magnetic loss, conduction loss, interfacial
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polarization, and dipolar polarization, and balanced impedance-matching. This supe-
rior M-MCNO has an excellent EM absorption capability with an RL value of —45.33 dB
(3.24 GHz) and a matching thickness of 5.0 mm. Moreover, the EAB of the M-MCNO
sample can entirely cover the S-band and C-band by tailoring the matching thicknesses
from 2 to 7 mm. In addition, the M—-MCNO can reduce satellite RCS values over multiple
angles to meet stealth requirements in the low-frequency range and reduce the risk of de-
tection of satellites in orbit. This work provides a unique approach for preparing advanced
MXene-based low-frequency microwave absorbing materials for portable communication
devices in the civil field.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings14050631/s1, Figure S1. SEM images of (a,b) L-MCNO and
(c,d) H-MCNO; Figure S2. SEM image of CoNi hydrate. Figure S3. SEM image of M/CNO. Figure S4.
(@) ¢ and ¢’, and (b) ' and u"” curves of neat MXene. Figure S5. XPS surveys of M-MCNO and M/CNO.
Figure S6. ¢'-¢” plots of (a) neat MXene, (b) L-MCNO, (c) M-MCNO, and (d) H-MCNO. Figure S7. Cgy
of L-, M-, H-MCNO and M/CNO. Figure S8. (a) Zi,/Zy and (b) « of MXene. Table S1. Comparison
of microwave absorption properties of M-MCNO hybrid with recently reported dielectric-magnetic
composites. (References [61-66] are cited in Supplementary Materials).
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