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The appropriate multi-component strategies and ingenious microstructure design remain challenging for the
development of multifunctional and high-performance electromagnetic wave absorbing materials. Here, mag-
netic Ni nanoparticles-anchored reduced graphene oxide (RGO)/Ti3CoTx MXene hybrids were successfully
assembled on melamine foam (MF) via electrostatic self-assembly and hydrazine vapor reduction processes,
achieving high-performance electromagnetic wave absorption and multifunctionality. Interestingly, the RGO/
MXene/Ni-MF achieves high-performance microwave absorption with a minimum reflection loss value of —
61.3 dB and a maximum width effective absorption bandwidth (EAB) of 7.04 GHz. The superior electromagnetic
wave absorption stems from a 3D dielectric/magnetic network with satisfactory impedance matching, dielectric/
magnetic losses, interface/dipole polarization and multiple reflection scattering. Furthermore, the RGO/MXene/
Ni-MF also revealed outstanding hydrophobicity, thermal insulation, infrared shielding and incombustibility.
This work opens up novel prospects for developing lightweight, multifunctional microwave absorbers for

practical applications.

Introduction

To overcome the ubiquitous and increasingly serious problems of
electromagnetic interference and pollution, more and more researchers
are developing advanced electromagnetic wave (EMW) absorbing ma-
terials with excellent absorption performances of lightweight, thin
matching thickness, strong absorption and broad bandwidth[1-4].
Generally, EMW absorption performances are closely related to the
multi-component, microstructure and electromagnetic mechanisms of
materials[5,6]. Therefore, multi-component hybrid materials with
ingenious structural designs will become the research focus of future
high-performance microwave absorbing materials.

So far, in the family of EMW absorbing materials, the two-
dimensional materials graphene [7], MXene [8] and MoS; [9] are
considered the most potential candidates. Among them, graphene oxide
material has attracted extensive attention in EMW absorption due to its
various remarkable properties such as low density, high specific surface
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area, large aspect ratio, and high-temperature stability [10-12]. How-
ever, a single GO material has problems such as improper electrical
conductivity leading to impedance mismatch and limited loss mecha-
nism. Therefore, the addition of other lossy materials has been widely
used as a necessary solution to improve its microwave absorption per-
formance. Recently, MXene with unique structural and electronic
properties has shown great promise in EMW absorption applications, its
outstanding conductivity and rich surface groups could provide strong
conduction loss and polarization loss [13-15], which can make up for its
loss limitation after combining with GO. The outstanding chem-
ical/physical performances and structures enable RGO/MXene-based
hybrids hopeful candidates for the preparation of wideband EMW
absorbing materials [16,17]. For example, Yin et al. synthesized the
hollow core-shell RGO/MXene foam exhibit an RLyj, of — 23 dB with
EAB occupying the X-band [18]. However, the sole permittivity loss
scheme of RGO/MXene hybrids, and the impedance mismatch due to the
tightly interconnected electronic transport networks, limit the further
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enhancement of the strong absorption performances. Based on the
synergistic electromagnetic loss effect of dielectric/magnetic compos-
ites, magnetic components were coupled with RGO/MXene hybrids to
enrich the loss mechanism and enhance impedance matching [19]. For
instance, Che et al. fabricated the MXene-rGO/CoNi film exhibiting
excellent microwave absorption properties with the RLpi, — 54.1 dB at
13.28 GHz [20].

It is well known that ingenious structural design can effectively
dissipate EMW, such as petal-like [21], hollow [22], core-shell [23] and
3D porous structures [24]. Wang et al. synthesized a MOF deriva-
tive/MXene hybrid with a petal-like structure, achieving the optimal
RLpin of — 58.37 dB [25]. Che et al. obtained core-shell structured 3D
MXene@Ni microspheres with RLy,i, of — 59.3 dB [26]. Liu et al. con-
structed 3D porous MpSa/MXene aerogels with the conformal hetero-
geneous interface, exhibiting RLp;, of — 61.65 dB [27]. Lu et al.
fabricated a highly cross-linked 3D-structured Fe/Fe;O3 @porous car-
bon composite, the RLy;, and EAB reach — 54.7 dB and 6.4 GHz,
respectively [28]. Qiu et al. constructed a dual-3D continuous-phase
structured Coj.29Niy 7104/RGO/CF syntactic foam with a RLp, of —
53.45 dB at 3.0 mm thickness and an EAB of 7.45 GHz [29]. Ji et al.
synthesized a hybrid melamine foam (MF) of 3D porous structure,
achieving a RLpj, of — 59.8 dB and a maximum EAB of 5.64 GHz [30].
The above results show that the structural design of the absorber could
effectively influence the absorbing property by adjusting the interface
polarization. In particular, the 3D interconnected porous structure of MF
endows the absorber with the benefits of lightweight, rich inter-
facial/dipole polarization, multiple scattering and reflections due to its
abundant pores and high specific surface area, thereby attenuating more
EMW [31,32]. Therefore, the combination of multi-component
RGO/MXene/Ni hybrid with 3D interconnected porous structure can
enhance the complex permittivity, improve impedance matching, offer
the rich interface and dipole polarization, and extend the transmission
path of EMW, thereby increasing multiple scattering and reflection,
which was considered to be an effective way to realize outstanding EMW
absorption performance.

In addition, to meet the demands of an increasingly diverse envi-
ronment, sophisticated absorbers also require various functions such as
hydrophobicity, heat insulation and flame retardancy [33-35]. For
instance, absorbers with hydrophobicity can maintain excellent dura-
bility and stability in wet or water environments [36]. The excellent
thermal insulation properties and flame retardancy could protect sen-
sitive flammable units from high-temperature attack or burn damage
and are necessary for military equipment to realize both radar stealth
and infrared stealth [37]. However, to our knowledge, it is stills a huge
challenge to integrate high-performance microwave absorption and
multifunctional properties.

Herein, we successfully synthesized Ni* anchored GO/MXene hy-
brids via hydrogen bonding and electrostatic self-assembly. Then, RGO/
MXene/Ni (RMNi) was assembled on the MF surface by impregnation
method and mild hydrazine vapor reduction, realizing high-
performance microwave absorption and versatility. Owing to the syn-
ergistic effect of dielectric and magnetic losses, suitable impedance
matching, abundant interfacial/dipole polarization, multiple reflections
and scattering, suitable reduction and N atom doping modification,
RMNi-MF achieve high microwave absorption performance with ultra-
low RLpi, of — 61.3 dB and maximum EAB of 7.04 GHz, covering the
entire Ku-band. Besides, the excellent hydrophobicity, thermal insu-
lation, flame retardancy and infrared shielding function combined with
the excellent EMW absorption ability endow the RMNi-MF composite
with great application prospects in various complex environments.

Results and discussion
Fig. 1a describes the preparation process of RMNi-MF. First, GO with

strong gelation ability was introduced into MXene suspensions as
chemical linkers, and stable GO/MXene suspensions were easily formed
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due to their similar hydrophilicity and negative zeta potential [38].
Second, the GO/MXene hybrid can adsorb the introduced Ni?* ions to
the surface through electrostatic self-assembly induced by opposite
surface charges, and provide uniform and efficient nucleation sites for
the growth of Ni magnetic nanoparticles [39]. Among them, the Ni(OH),
precursor was formed by the complexation of attached Ni?* ions and
OH- ions under alkaline conditions. Subsequently, the PDA-modified MF
was immersed in the RMNi2" solution, thanks to the strong capillary
force of MF and the adhesion of PDA, RMNi%" was firmly assembled on
the surface of MF. Finally, RMNi-MF was obtained by reduc-
tion/modification under ethylene glycol and moderate hydrazine steam
treatment. Among them, GO/MXene was weakly reduced and
nitrogen-doped, and Ni?* ions are reduced as Ni magnetic nanoparticles
anchored on the surface of RGO/MXene, which can help to improve the
electron transport in the conductive pathway and enrich the polarized
groups.

The structural evolution and surface chemistry are the keys to
achieving excellent EMW absorption properties and specific multi-
functionality. The existence of RGO, MXene and Ni magnetic nano-
particles in the RMNi hybrid was confirmed by comparing the XRD
patterns (Fig. 1b). The (002) diffraction peak of RMNi at 6.3° indicates
that the structure of MXene sheets is well preserved after electrostatic
self-assembly, and the increase of layer spacing is due to the intercalated
RGO sheets and the in-situ growth of Ni magnetic nanoparticles. The
presence of RGO is reflected in a broad and weak peak at 24.3°, which is
attributed to hydrazine vapor-reduced GO. The diffraction peaks at 44.6,
51.9 and 76.8° correspond perfectly to the face-centered cubic (111),
(200) and (220) planes of Ni (PDF#03-1051) [40,41], further con-
firming the successful preparation of RMNi hybrids. In addition, the
Raman spectra of GO, RGO, RM and RMNi were compared, and the D
and G peaks located at 1345 cm™ and 1597 em™, respectively, correlate
with the presence of the graphene lattice (Fig. 1d). Among them, the
Ip/Ig of RMNi, RM and RGO were all larger than that of GO, which
further confirmed that the restoration of the conjugate region on RGO
via the hydrazine vapor.

The XPS was used to analyze the chemical structure and elemental
composition of the hybrid. The results show the newly added N 1s peak
in the RMNi hybrid after reduced/modified, indicating successful
doping modification of N atoms (Fig. 1e). The doped N atoms exist on
graphene and MXene as pyridine-N (399.1 eV), pyrrole-N (400.2 eV)
and graphitic-N (401.3 eV), respectively (Fig. 1f), which could effec-
tively decrease the intrinsic resistance and enhance their electron
transport capacity [42,43]. In addition, the C-N bond in Cls further
demonstrated the doping modification of the hybrid by hydrazine vapor
(Fig. 1g). On the other hand, the reduction of C/O in RMNi and the decay
of oxygen-containing group bonds demonstrate the efficient reduction
and modification of GO and MXene via hydrazine vapor (Fig. 1h).
Among them, the modified removal of polar groups (eg, -F, -OH, and
-COOH) play a significant role in the excellent hydrophobicity [44,45].

The Ti 2p related four peaks of RMNi hybrids at 465.2, 461.9, 459.4,
and 456.1 eV correspond to Ti-O 2p; /3, C-Ti-Tx 2p1 /2, Ti-O 2p3/2, and C-
Ti-Tx 2p3,2 bonds (Fig. 1i) [46]. While the main peaks of Ni 2p spectrum
at 873.9 eV and 855.8 eV correspond to Ni 2p1/2 and Ni 2p3/2 (Fig. 1j),
respectively, indicating the successful introduction of Ni magnetic
nanoparticles [47]. In addition, in the FT-IR spectra, the newly added
N-H bond and C-N bond and the weakening of oxygen-containing
groups also demonstrate the reduction/modification process (Fig. 1c).
These abundant functional groups and doped N atoms can interact with
EMW to induce dipole polarization and defect polarization, thus
improving EMW absorption [48,49].

The microstructure of composite foams was determined using atomic
force microscopy (AFM), transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). The as-prepared monolayer GO
with a lateral dimension of about 2.1 um and a thickness of about 1.9 nm
(Fig. 2a); the as-synthesized Ti3CyTy MXene nanosheet has a lateral
dimension of about 0.9 ym and a typical thickness of about 1.1 nm
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Fig. 1. Preparation and characterization of RGO/MXene/Ni-melamine foam (RMNi-MF). (a) Schematic illustration of fabricating RMNi-MF. (b) The XRD patterns, (c)
FT-IR, (d) Raman spectra of MXene, GO, RGO, RGO/MXene and RGO/MXene/Ni hybrid. (e) The XPS spectra of MXene, GO/MXene and RGO/MXene/Ni, (f) N 1s, (g)
C 1s, (h) O 1s, (i) Ti 2p, (§) Ni 2p.
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d(111)=0.2021 nm

Fig. 2. Morphological Characterization of RMNi-MF. The AFM images of (a) GO and (b) MXene sheet. The TEM images of (c) RGO/MXene sheet hybrids, (d) RGO/
MXene/Ni hybrids, (¢) HRTEM. The SEM images of () RGO/MXene-MF and (h-i) RMNi -MF. (f) The corresponding elemental mapping images of RMNi-MF hybrid.

(Fig. 2b). In addition, GO and MXene can be firmly assembled (Fig. 2c).
The TEM images of the RMNi hybrid further demonstrate the interface
and crystal structure. Among them, Ni magnetic nanoparticles are uni-
formly attached to the GO/MXene sheet (Fig. 2d). In addition, the
periodically well-defined lattice spacing (~0.2021 nm) was allocated to
face-centered cubic (111) Ni crystals, confirming the perfect crystal-
linity of the anchored Ni magnetic particles (Fig. 2e), which was
consistent with the XRD results. The synthesized RGO, RGO/MXene and
RMNi hybrids were integrated onto the MF surface by a dip coating
process. Unlike the smooth surface of MF (Fig. S1), the framework of
RGO/MXene-MF has a large number of curled and wrinkled RGO/
MXene sheets were successfully assembled (Fig. 2g). While for RMNi-
MEF, it can be observed that a great deal of homogeneous and dense Ni
magnetic nanoparticles was anchored on the RGO/MXene sheet (Fig. 2h,
i), and the RMNi hybrids are firmly packaged and assembled on the MF
framework. The Ni, Ti, and C elemental mapping of RMNi hybrids on the
MF framework further confirms the homogeneous dispersion of Ni
magnetic nanoparticles on the RGO/MXene sheets (Fig. 2f). It is worth
noting that the Ni magnetic nanoparticles anchored on the RGO/MXene
surface can generate a large number of interfaces through the electro-
static self-assembly process, creating a "micro-capacitor" structure that
facilitates improved impedance matching and interfacial polarization. In
addition, the 3D conductive/magnetic network formation of the RMNi
heterojunction along the MF backbone facilitates more efficient electron
transfer and enhances conduction and magnetic losses. The 3D porous
structure of MF facilitates the multiple reflections, scattering and ab-
sorption of EMW in the absorbing material.

In general, EMW absorption properties are related to electromag-
netic parameters. The complex permittivity (e, = € —je”) and complex
permeability (u = y'—ju") are commonly used to evaluate EMW ab-
sorption performance. Among them, the real part (¢' and y') and the
imaginary part (¢" and y") represent the storage capacity and dissipation
capacity of EMW, respectively [50]. The frequency-dependent electro-
magnetic parameters of RGO-MF, RGO/MXene-MF, R1M2Ni-MF,
R1MINi-MF and R2M1Ni-MF are shown in Fig. S2. It can be found

that the dielectric constant exhibits a typical decreasing trend over the
entire frequency range due to frequency dispersion effects. Among them,
the values of ¢ and ¢” of RGO-MF are lower, dropping from 5.7 to 3.7 and
1.9to 1.1 in the 2-18 GHz frequency range, respectively, indicating that
RGO-MF’s storage and dissipation capacity of electromagnetic energy is
not ideal. With the introduction of ultra-high conductivity MXene,
RGO/MXene-MF exhibits a higher complex permittivity, and the values
of ¢ and ¢" drop from 18.9 to 10.9 and 14.9 to 6.7, respectively. After
electrostatic self-assembly of Ni magnetic nanoparticles on RGO/MXene
sheets, the values of ¢ and ¢” of the obtained RIM1Ni-MF are 9.1-4.5
and 6.4-2.3, respectively. Based on the classical free electron theory (¢”
~ 1/2regpf), the values of ¢ and ¢ increase with conductivity [51].
Different from the RGO/MXene-MF, owing to the introduction of
numerous non-conductive Ni magnetic nanoparticles and the reduction
of RGO/MXene content, electron transport efficiency is effectively
reduced, leading to a decline in ¢". Here, the ¢ and ¢’ values of
RMNi-MF could be significantly enhanced by tuning the ratio of GO to
MXene. It can be deduced that the homogeneous distribution of Ni
magnetic nanoparticles on the RGO/MXene sheets contributes to the
enhanced EMW absorption, which might originate from better imped-
ance matching ability.

Generally, the complex permeability was described as: ' = 1 +Mcosd

andy =1+ Msing. where M, H and 0 represent the magnetization, the
external magnetic field, and the phase lag angle of the magnetization
behind the external magnetic field, respectively [52]. In detail, the 4
value of both RGO-MF and RGO/MXene remains around 1.04 and y"
remains around 0, which can be attributed to the non-magnetic prop-
erties of RGO and RGO/MXene. However, owing to the existence of Ni
magnetic nanoparticles, the x’ and x” values of RMNi-MF are slightly
increased. The saturation magnetization values of R1M2Ni-MF,
RIMINi-MF and R2MI1Ni-MF are 11.8 emu/g, 10.7 emu/g and
12.3 emu/g, respectively (Fig. S3a), confirming that Ni magnetic
nanoparticles with strong Ms value and weak Hc process improve the
magnetic permeability of the composite. Theoretically, magnetic loss is
caused by three factors, including natural resonance, exchange
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resonance and eddy current loss [53]. Among them, the eddy current
effect can be evaluated by the calculated value of Cp: Co = p" () 2f 1. If
only eddy current losses are the dominant factor in the magnetic loss, the
value of Cy should be constant over the entire frequency range [54].
Fig. S3b shows that the Cy value of RMNi-MF exhibits a fluctuating
trend, which indicates the existence of natural resonance and exchange
resonance. Among them, the formants in the low-frequency region and
the high-frequency region belong to the natural resonance and the ex-
change resonance, respectively [55].

To further study the electromagnetic loss of the composite foam, the
dielectric loss and magnetic loss of RMNI-MF were studied in detail. The
calculated dielectric loss tangent (tane = ¢”/¢') and magnetic loss tangent
(tanp = p"/p) are shown in Fig. S2¢,f. The results show that both RGO/
MXene-MF and RMNi-MF foams exhibit higher Tane values, while RGO-
MF has lower Tane values. Notably, RGO/MXene-MF and RMNi-MF
exhibit strong fluctuations at high frequencies, indicating a polariza-
tion process. Generally, the polarization process mainly includes
conductance loss, interface polarization and dipole polarization [56].
Here, Cole-Cole diagrams are introduced to study relaxation phenomena
during polarization. The type of dielectric loss can be depicted by the
relationship between ¢’ and &'’ according to the classical Debye relax-
ation model. It could be represented by the following equation:

, & — Eoo
£ =€ t+—— 1
+ 1+ w?1? M
& — € o
= +— 2
1+ w?7? we, @
&+ Ex ' & — Ex

- 2
T) 3

Where ¢, and ¢ stands for the relative permittivity at the high-
frequency limit and the static permittivity, o, T and ¢ represent the
angular frequency, polarization relaxation and conductivity [57]. The
polarization losses (interfacial/dipole polarization) and conduction
losses of the EMW passing through the RMNi-MF foam are confirmed by
the multiple linear-tailed semicircle curves in Cole as shown in Fig. S4.
Specifically, on the one hand, Ni magnetic nanoparticles are anchored
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on the surface of the RGO/MXene sheet, forming a great number of in-
terfaces, causing interface polarization and enhancing the dielectric loss.
In addition, the "micro-capacitor" structure formed by RGO/MXene and
Ni nanoparticles results in the accumulation and rearrangement of space
charges, which in turn induces the interfacial polarization process. On
the other hand, the rich functional groups and defects on the surface of
RGO/MXene sheets could create a great amount of dipoles, which could
induce dipole polarization and related relaxation processes. The MF
skeleton provides a 3D transmission path for electron movement,
resulting in conduction loss.

Generally, the EMW absorption performance of syntactic foam is
evaluated by calculating the RL value, based on the transmission line
theory formula as follows:

. 2nfd
Zy, = Zo\/gtanh (jan \/ﬁ) )
Zin - ZO
RL = 20log,)| ——
010 Zn t2 5)

Where Z;, is the input impedance of the absorber, Zy was the impedance
of free space, fis the testing frequency, d represents the thickness, and c
is the velocity of light [58]. The RL value of an ideal absorber needs to be
lower than — 10 dB, and the EMW exceeding 90% will be attenuated,
and the frequency range corresponding to the RLp;, value lower than
— 10 dB is defined as EAB [59]. To illustrate visually the relationship
between RL value, thickness and frequency, the 3D reflection losses of
RGO-MF, RGO/MXene-MF and RMNi-MF could be seen in Fig. 3(a-e).
Meanwhile, the RL value can be adjustable through changing the
thickness (Fig. S5). Among them, the RGO-MF syntactic foam exhibits
weak EMW absorption performance with an RLp,;, value of — 13.1 dB at
9.2 GHz and a thickness of 4 mm. The high matching thickness and low
reflection loss are mainly attributed to poor electrical conductivity. After
the introduction of ultra-high conductivity MXene, the absorbing per-
formance of RGO/MXene-MF is still not ideal, the RLpj, can reach
— 18.2 dB, and the EAB is 4.16 GHz, the poor impedance matching and a
single loss mechanism limit improvements in absorber performance.
Comprehensive electromagnetic parameter analysis, too high or too low
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Fig. 3. Microwave absorption properties of RMNi-MF. 3D RL performance of (a) RGO/MXene-MF, (b) R1M2Ni-MF, (c¢) RIM1Ni-MF, (d) R2M1Ni-MF and (e) RGO-MF
as well as (f) 2D RL performance. Among them, RIM1Ni-MF exhibits excellent microwave absorption performance.
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dielectric constant is not conducive to obtaining excellent EMW ab-
sorption performance. When the Ni magnetic nanoparticles were fully
assembled with the RGO/MXene sheets, the R1IM1Ni-MF exhibited
excellent EMW absorption properties. In particular, at a thickness of
2.1 mm, the RL,;, value reached — 61.3 dB and EAB of 6.08 GHz. The
EAB could reach as high as 7.04 GHz (from 10.96 to 18 GHz) at 2.3 mm
(Fig. 3f). In addition, composite foams with different EMW absorption
properties were obtained by changing the ratio of RGO to MXene.
Among them, the RLp, value of RIM2Ni-MF reached — 46.7 dB with a
thickness of 1.6 mm, the maximum EAB achieved 5.12 GHz at 2 mm.
The R2M1Ni-MF possess an RL value of — 46.6 dB with a thickness of
3.4 mm and a maximum EAB of 6.72 GHz with a thickness of 2.55 mm.
Furthermore, as the thickness increases, the peak of the RL curve shifts
from high frequency to low frequency, which can be explained by a
quarter wavelength (1/4)) with the following equation:

=R M
Tod anledlu]

The results show that the matched thicknesses of R1M2Ni-MF,
R1MI1Ni-MF, and R2M1Ni-MF agree with the calculated thicknesses,
proving the accuracy of the quarter-wavelength model (Fig. S6). The
above results show that the R1IM1Ni-MF composite foam has excellent
EMW absorption capability and is hopefully a promising material for
EMW absorption.

In general, impedance matching and attenuation capabilities were
key factors influencing EMW absorption properties [60]. The EMW
incident on the surface of the absorbing material is generally reflected,
absorbed and transmitted. Optimized impedance matching reduces
reflection and increases the absorption of EMW. Here, impedance
matching can be evaluated by introducing |Zin/Zo|, which can be
calculated according to the following formula:

Zo [ (2 e
7 \/:r tanh (1 " p,e,) @

To minimize reflections and encourage numerous EMW to enter the
absorber and be attenuated, the value of |Zi,/Zo| should be close to 1

1,3,5,...) 6)
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(0.8-1.2) [61]. Fig. 4(a—e) shows 2D contour plots of |Zi,/Zo| values for
all samples, values of 0.8 and 1.2 are marked with red lines. Among
them, the |Zj,/Zo| value of RGO/MXene-MF is well below 1, and the |
Zin/Zo| value of RGO-MF is well above 1. Due to the impedance
mismatch, the EMW shows a lot of reflection in the absorber, and the
EMW has poor absorption. In contrast, the red line of RMNi-MF covers a
wider range of thickness and frequency, and the range of |Zin/Zo| value
close to 1 of RIM1Ni-MF is the widest, achieving excellent impedance
matching. Therefore, impedance matching can be optimized by elec-
tromagnetic parameters, which are dependent on the structure and
composition of the absorbing material. Here, the electromagnetic pa-
rameters are related to the electrical conductivity, Ni magnetic nano-
particles, and porous structure in RMNi-MF composites, respectively.
The absorbed EMW are dissipated or converted into heat energy. Here,
the attenuation constant («) is introduced to evaluate the attenuation
capability of the absorber, which can be described as:

V2

a=—n
Y

x \/(u”e"f We )4 y/(iE — pE P (i b )
(8

Fig. 4f shows the frequency-dependent attenuation constant « of the
composite foam. In particular, the value of a increases in the order of
RGO-MF < R2M1Ni-MF < RIM1Ni-MF < R1M2Ni-MF < RGO/MZXene-
MF, which indicates that RGO/MXene-MF possess the strongest ability
to attenuate EMW. However, its microwave absorption performance was
not ideal, which indicated that the microwave absorption performance
was not completely determined by the dissipation capacity.

To further clarify the potential relationship between impedance
matching, attenuation capability and EMW absorption performance, the
frequency-dependent |Zi,/Zo|, @ and RLy, values of RIM1Ni-MF are
discussed in detail (Fig. 5a). It could be seen that as the frequency in-
creases, o reached a maximum value of 224.5. However, the RL;, value
is not ideal. In contrast, RLy;, reaches a minimum value of — 61.3 dB as
the value of |Z;/Zo| approaches 1. The results show that the balance
between impedance matching and attenuation capability is beneficial to
achieving excellent microwave absorption performance. The EMW ab-
sorption properties of the relevant MF matrix composites are listed in
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Fig. 4. Impedance matching of RMNi-MF. Impedance matching of (a) RGO/MXene-MF, (b) R1M2Ni-MF, (c) RIM1Ni-MF, (d) R2M1Ni-MF and (e) RGO-MF as well as
(f) their attenuation constant. Among them, R1IM1Ni-MF show proper impedance matching and excellent microwave attenuation ability.
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Fig. 5. Microwave absorption mechanism of RMNi-MF. (a) a/RL/Z—f curve of RIM1Ni-MF. (b) Compared with the reported mf based foam composites, RIM1Ni-MF
exhibit excellent microwave absorbing properties. (c) Schematic illustration of microwave absorption mechanisms for the RMNi-MF.

Fig. 5b and Table S1. Compared with these materials, R1M1Ni-MF
possess the advantages of strong absorption, wide EAB and thin
matching thickness, and can be regarded as an ideal material for EMW
absorption.

Based on the above discussion, the EMW absorption mechanism of
RMNi-MF composites foam was proposed in Fig. 5c. First, the inter-
connected conductive network provided by the 3D porous structure of
RMNi-MF can efficiently transport electrons, thereby causing conduc-
tion losses to attenuate incident EMW [62]. On the one hand, the
non-conductive Ni magnetic nanoparticles are uniformly grown on the
conductive RGO/MXene surface, and the large number of heterogeneous
interfaces provided by the formed "micro-capacitor" structure can lead
to charge accumulation, resulting in interface polarization loss [63]; On
the other hand, the abundant functional groups, intrinsic defects and
doped N elements on the surface of RGO/MXene hybrids can induce
dipole/defect polarization at high-frequency electromagnetic fields
[64]. In addition, the adjacent Ni particles will produce a magnetic
coupling effect when interacting with EMW, hindering the transmission
of EMW [65]. The Ni particles themselves attenuate EMW energy
through exchange resonance and natural resonance under the alter-
nating electromagnetic field [66-68]. Lastly, the 3D porous intercon-
nection network structure contributes to the optimized impedance
matching of the material, extending the transmission path of EMW in the
foam, which is conducive to multiple reflections and scattering. Mean-
while, EMW is also reflected and scattered among the RGO, MXene and

Ni particles.

In order to meet the complex and changeable application environ-
ment, high-performance absorbing materials often need to have multi-
ple functions such as heat insulation, infrared stealth performance,
hydrophobicity and non-combustibility. Among them, absorbing mate-
rials with excellent thermal insulation properties can effectively protect
military weapons or electronic devices from high-temperature damage.
The R1M1Ni-MF sample with a thickness of about 1 cm was deposited in
the centre of a circular heating stage with a set temperature of 80 °C.
The infrared thermal imaging images from 5 to 30 min was shown in
Fig. 6a, and the surface temperatures of the samples were ~33.5 °C,
~33.9°C, ~34.1 °C, and ~34.3 °C, respectively. The results show that
R1MI1Ni-MF possesses excellent thermal insulation properties and can
effectively prevent heat transfer. With the increase in heating time, the
top surface temperature is stable, indicating that the sample has excel-
lent thermal insulation stability. In addition, the excellent thermal
insulation performance endows it with infrared stealth to achieve the
purpose of hiding military targets. Generally, the higher the surface
temperature of an object, the stronger the intensity of infrared radiation.
As shown in Fig. 6b,c, under the infrared camera, the colour of the bare
hand is different from its surroundings. On the contrary, when the
RIMINi-MF is placed on the hand, the colour of the coverage area is
consistent with the surrounding, making it disappear under the infrared
detection device, realizing the infrared stealth function. Through the
finite element simulation and thermal insulation mechanism analysis in
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the foam (Fig. 6d, e), it can be found that a substantial quantity of air in
the RIM1INi-MF composite foam can reduce the radiant heat transfer
capacity of the solid phase. Furthermore, the reduced/modified syn-
tactic foam showed excellent hydrophobicity with WCAs of 159.5°,
149.4° and 152.8° for RGO-MF, RGO/MXene-MF and RI1MINi-MF,
respectively (Fig. 6f). When exposed to the environment, the hydro-
phobicity of composite foams endows them waterproof, corrosion-
resistant and ice-resistant. In addition, the incombustibility of
R1M1Ni-MF was evaluated by combustion experiments in the air. The
inherent flame retardancy of MF makes it possible to form a dense coke
layer on the surface of the combustion body after contacting an open
flame to retard the combustion, with no smoke, no droplets, and self-
extinguishing from the fire, but the shape has changed. On the con-
trary, the shape of RIM1Ni-MF does not change after combustion, which
is due to the dense flame-retardant protective layer formed via the RGO/
MXene/Ni hybrid assembled on the MF, while the high porosity can
promote rapid heat diffusion during the combustion process (Fig. 6g and
Movie S1-2). In summary, the RIMINi-MF syntactic foam exhibits
excellent high-performance EMW absorption, thermal insulation,
infrared stealth, hydrophobicity, and non-flammability.
Supplementary material related to this article can be found online at
doi:10.1016/j.nantod.2023.101958.

Conclusion

In summary, multifunctional RMNi-MF composite foams were suc-
cessfully fabricated by electrostatic self-assembly, dip-coating adsorp-
tion, and hydrazine vapor reduction. The appropriate multi-component
strategy and ingenious structural design endow the R1IM1Ni-MF with
excellent impedance matching and strong attenuation capability,
achieving excellent EMW absorption performance with a RLpj, as high
as — 61.3 dB (2.1 mm) and an EAB maximum of 7.04 GHz (2.3 mm).
This is attributed to strong conduction loss, abundant interfacial polar-
ization, dipole polarization, multiple reflection scattering and syner-
gistic electromagnetic loss effects. In addition, the excellent
multifunctionality of thermal insulation, infrared shielding, hydropho-
bicity and non-combustibility endows the RIM1Ni-MF composite foam
with application potential in various environments. Therefore, this work

fig = oncowr B RGO/MXene-MF  RMNi\

1
4152.8":
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Fig. 6. The application of RMNi-MF in complex
environments. Thermal infrared images of
RMNi-MF(2 *2 *1 cm) captured (a) on a heat-
ing stage with a temperature of 80 °C at
different time, and (b, c) on the hand, showing
the excellent thermal insulation properties. (d)
Finite element simulation of the temperature
change in the RGO/MXene/Ni-MF. (e) The
schematic diagram of the heat transfer mecha-
nism of RMNi-MF. (f) Water contact angle im-
ages of RGO-MF, RGO/MXene and RMNi-MF
with good hydrophobicity. (g) Flame retardant
experiment of MF and RMNi-MF.

Thermal conduction

/\M Thermal convection

Thermal radiation

provides a new design idea for the development of multifunctional
syntactic foams with high-performance EMW absorption.

Experimental Section
Materials

Graphite (300 mesh), potassium permanganate (KMnOy), hydro-
chloric acid (HCl, 37%), sodium nitrate (NaNOs), nickel chloride
hexahydrate (NiCly-6 H20), ethylene glycol (EG), ethanol, hydroxide
Sodium (NaOH), hydrazine hydrate (NoH4-H20, 80%), Dopamine hy-
drochloride and Tris were purchased from Sinopharm Chemical Reagent
Co., Ltd. (China). Ti3AlCy; MAX phase (400 mesh) was provided by 11
Technology Co., Ltd. (China). Lithium fluoride (LiF) was obtained from
Aladdin Reagent Co. Ltd. The GO used in this work was synthesized by a
modified Hummers method.

Synthesis of TisC2Tx MXene

Ti3CoTx MXenes are prepared by etching the Al layer in the Ti3AlCy
MAX phase. First, 40 ml HCl and 2 g LiF powder were added to a 100 ml
Teflon container and stir for 20 min. Then, 2 g Ti3AlCy; powder was
slowly added to the mixed solution and continued stirring for 24 h in an
oil bath at 35°C. The resulting mixture was then centrifuged and
washed three times in distilled water until the pH was 6. Subsequently,
few-layer TigCoTx MXene nanosheets were obtained by adding ethanol
and ultrasonication. Finally, the unexfoliated Ti3CyTx was removed by
centrifugation, and the dark green upper dispersion was collected and
freeze-dried to obtain Ti3C,Ty MXene nanosheets.

Fabrication of GO/MXene/Ni-MF Hybrids

In a typical procedure, a homogeneous GO/MXene suspension could
be obtained by simply suspending a proportion of GO and MXene
nanosheets in a solution of 35 ml EG and 15 ml H,O followed by soni-
cation for 20 min. Then, a stoichiometric NiCly-6 H,O was added and
stirred for 20 min (GO/MXene: Niz+, the mass ratio of 1:2). The PDA-
modified MF foams were then dipped into the GO/MXene/NiZ*
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suspension, and the resulting GO/MXene/Ni?*-MF was reduced through
treatment with hydrazine hydrate at 90 °C for 10 h. Finally, RGO/
MXene/Ni-MF (RMNi-MF) was obtained, in which the RGO/MXene/Ni
(RMNi) hybrid was also prepared by the same procedure. Depending on
the different mass ratios of GO and MXene (x:y), the acquired RMNi-MF
were named RxMyNi-MF, respectively.

Characterization

The microscopic morphology and structure were observed using
atomic force microscopy (AFM, Bruker MultiMode 8), transmission
electron microscopy (TEM, FEI Tecnai G2 F20) and scanning electron
microscopy (SEM, Zeiss Sigma 300). The crystal structure was identified
through XRD (Bruker D8 Advance XRD) with Cu Ka radiation
(A =0.154 nm). The chemistry structure was characterized via FTIR
(FT-IR, Nicolet 6700), Raman spectroscopic system (Horiba LabRAM HR
Evolution) spectrometers, and XPS (Thermo Scientific ESCALAB 250Xi).
The magnetic property was measured via a vibrating sample magne-
tometer (VSM, 7404, LakeShore). The infrared radiation intensity
measurement using infrared cameras (FLIR E60). The water contact
angle was measured through an optical contact angle measurement
system. The coaxial method was used to measure the EM parameters.
The obtained samples were completely Immersed in liquid paraffin in a
vacuum oven at 80 °C until the pores of the sample are filled with
paraffin. After cooling and solidifying, the samples were cut into
concentric rings (¢in = 3.04 mm, ¢pout = 7.00 mm) for measurement.
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