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a b s t r a c t 

Developing high-performance broadband microwave absorption material becomes an urgent concern in 

the field of electromagnetic protection. In this work, an ultralight magnetic composite foam was con- 

structed by electrostatic self-assembly of MXene on the surface of graphene skeletons, and subsequent 

hydrothermal anchoring of flower-shaped FeS clusters. Under the synergistic effect of MXene coating in- 

creasing conductive loss and FeS clusters improving magnetic loss, the rational construction of hierarchi- 

cal impedance structure in foam can effectively promote the entrance and consumption of more incident 

electromagnetic waves. The minimum reflection loss (RL min ) reaches –47.17 dB at a thickness of 4.78 mm, 

and the corresponding effective absorption bandwidth (EAB) is up to 6.15 GHz. More importantly, the 

microwave absorption performance of composite foam can be further optimized by controlling the load- 

ing of MXene and thermal treatment at a low temperature. The maximum of EAB for GMF-300 can be 

extended to an unprecedented value of 11.20 GHz (covering 6.10–17.30 GHz). 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Designing and assembling high-performance microwave absorp- 

ion (MA) material becomes an urgent concern in the field of elec- 

romagnetic protection [1–4] . Up to now, carbon-based materials 

s an alternative candidate to ponderous and erodible ferrites, ce- 

amics, and their hybrids, have been successfully prepared and 

xhibit comparable MA performance [5–12] . Among these carbon 

aterials, graphene-based porous material (foam or aerogel) at- 

racts increasing interest and displays a unique competitive ad- 

antage in MA performance due to the enhanced multiple reflec- 

ion/scattering loss between internal surfaces of three-dimensional 

3D) skeletons [13–15] . 

In literature, many graphene-based foam/aerogels are fabricated 

hrough self-assembly between graphene oxide (GO) nanosheets 

nd followed by annealing treatment [16–19] , or compositing with 

igh-conductive fillers [ 20 , 21 ]. On the one hand, the annealing 

reatment is considered as an efficient route to promote the im- 
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rovement in electrical conductivity of the foams. However, the 

igher-temperature annealing treatment ( > 500 °C) for a long time 

eads to the degradation in mechanical properties of composite 

oams and enormous energy consumption. For example, Gao et al. 

19] successfully prepared ordered lamellar graphene aerogel via 

 directional freezing method and carbonization at 2500 °C. The 

ample reveals an outstanding electromagnetic interference shield- 

ng value of ∼65 dB, but the weak mechanical properties needed to 

e improved by encapsulating polydimethylsiloxane (PDMS) resin 

nto the aerogel. On the other hand, the effective composite of 

onductive fillers with reduced graphene oxide (rGO) nanosheets 

an solve the above defects and endow the foams with excellent 

A performances [ 20 , 21 ]. As reported by Lv et al. [20] , carbon

anotube/ graphene aerogel (CNTs/GA) was prepared via a sim- 

le hydrothermal and freeze-drying route. The obtained sample ex- 

ibits a high RL min value of –31.0 dB, and a broad EAB from 18

o 26.5 GHz. However, the formation of the conductive network 

n foam mainly relies on the synergistic composite effect between 

GO nanosheets and high-conductive fillers. As a result, the iso- 

ation of rGO with low conductivity hinders the formation of a 

igher conductive path in porous network, seriously restricting the 

lectromagnetic energy dissipation as a conductive loss. 
Materials Science & Technology. 
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In recent years, many explorations are attempted to di- 

ectly load the conductive coating on the surface of rGO skele- 

ons [ 22 , 23 ]. As reported by Wang et al. [22] , high-conductive

olyaniline coating is covalently bonded on the surface of re- 

uced graphene oxide aerogel (PANI/GA) via using hydrother- 

al (95 °C) and in-situ polymerization techniques. The obtained 

ANI/GA shows a comparable RL min of –42.3 dB, and the corre- 

ponding EAB covers 3.2 GHz. However, most incident electromag- 

etic waves (EMW) would be reflected, owing to the generation 

f impedance mismatching between conductive coating and air. 

ence, it is necessary to introduce a dielectric coating to further 

ptimize the impedance distribution of porous skeletons. For ex- 

mple, Wang et al. [24] introduced MXene on the surface of carbon 

ber by self-assembly and then loaded a layer of dielectric MoS 2 
y hydrothermal reaction. The MA performance of compact com- 

osite can be regulated and optimized: the optimal RL min reaches 

61.51 dB and the maximum EAB achieves 7.6 GHz. 

In addition, to improve the impedance matching and attenua- 

ion characteristic of incident EMW, many effort s are devoted to in- 

roducing magnetic materials on the surface of conductive coating 

 25 , 26 ]. For example, Fang et al. [25] prepared rGO/Cu/Fe 3 O 4 com-

osite through a one-step hydrothermal method. The RL min reaches 

 low value of –40 dB and the maximum EAB can be extended 

o a broader value of 5.2 GHz. In those systems, the absorption 

echanism of these magnetic particles mentioned above only de- 

ends on their isotropic magnetic loss. Recently, many literatures 

onfirm that the microstructure of magnetic particles plays an im- 

ortant role in the efficient consumption of EMW [ 27 , 28 ]. For in-

tance, Ma et al. [27] developed a flower-shaped Co 3 O 4 /rGO hybrid. 

he formation of flower-shaped Co 3 O 4 clusters acted as microwave 

cattering sites, promoting the generation of more multiple reflec- 

ion/ scattering. As a result, the hybrids present an optimal RL min 

f –61 dB. Therefore, the construction of magnetic graphene-based 

omposite foam with a hierarchical impedance structure becomes 

he key challenge for preparing high-performance microwave ab- 

orbing materials. However, to date, how to realize the effective 

oading of conductive coating and anisotropic magnetic clusters on 

GO foam is rarely reported. 

In this work, we report a simple and effective approach to fab- 

icating magnetic composite foam by electrostatic self-assembly of 

Xene on the surface of rGO skeletons and subsequent hydrother- 

al anchoring of flower-shaped FeS clusters. The loading of MXene 

oating increasing conductive loss and FeS clusters improving mag- 

etic loss on the surface of rGO skeletons promotes the formation 

f hierarchical impedance structure in foams. As a consequence, 

he effective construction of the hierarchical impedance structure 

an accelerate the entry of more incident EMW. Under the syner- 

istic effects of various magnetic loss, interfacial polarization, con- 

uctive loss, and multiple reflections/scattering, the formation of 

he multi-hierarchical structure further enhances the attenuation 

haracteristic for EMW entering the foam. More importantly, the 

djustment in the loading of MXene and thermal treatment at a 

ow temperature can become an effective means to realize the op- 

imization of whole impedance distribution, endowing the foam 

ith an outstanding absorption capacity and bandwidth. 

. Experimental 

.1. Materials 

The GO was synthesized by an improved Hummers’ method 

 29 , 30 ]. Ethanediamine (EDA), Ferrous sulfate heptahydrate 

FeSO 4 ·7H 2 O, Analytical grade), and ethanol were purchased 

rom Sinopharm Chemical Reagent Co., Ltd. L -cysteine (99%) 

nd Polyethyleneimine (PEI, 50% in water) were purchased from 

amas-beta and Innochem, respectively. 
239 
.2. Preparation of rGO foam 

GO powder was added into deionized water (4 mg/mL) and 

igorously stirred with sonication for 30 min. As a cross-linking 

gent, EDA (100 mg) was subsequently added to GO suspension 

s a cross-linking agent. After vigorously stirring, the homoge- 

eous suspension was sealed in sample bottles and hydrothermally 

reated at 80 °C for 24 h without stirring. After that, the obtained 

ydrogel was dialyzed with deionized water to remove residual 

DA, avoiding excessive shrinkage in volume. For foam preparation, 

he hydrogel was freeze-dried to remove the remaining water in- 

ide. In the hydrothermal process, EDA can be used as the reducing 

gent for partly removing the hydroxyl, carboxyl, and epoxy groups 

f GO nanosheets. Hence, the product was named as rGO foam. 

.3. Preparation of GN/MXene/FeS foam 

rGO/MXene/FeS foam was fabricated via a two-step process. 

irstly, 0.5 mL PEI was dissolved into 20 mL deionized water. The 

bove rGO foam was impregnated into PEI solution for 24 h. Af- 

erward, the residual PEI was removed by multiple dialysis with 

eionized water. And then, the foam was vacuum-impregnated in 

0 mg/mL MXene dispersions in the same way. After the dialyz- 

ng and freeze-drying processes, rGO/MXene composite foam was 

btained. Secondly, 0.70 g FeSO 4 ·7H 2 O and 0.30 g L -cysteine were 

eparately dissolved in 10 mL water to obtain two solutions. And 

hen, they were mixed and violently stirred for 20 min. The as- 

repared rGO/MXene was subsequently dipped in the mixed solu- 

ion. The mixture was seated in a Teflon-lined stainless-steel auto- 

lave and maintained at 200 °C for 24 h. Then, the obtained prod- 

ct was washed with deionized water, and freeze-drying. The ob- 

ained sample was labeled as rGO/MXene/FeS foam (rGMF as a ref- 

rence without special emphasis). As control, the loading concen- 

rations of MXene were adjusted to the value of 10, 20, 30, and 

0 mg/mL, which were marked as rGMF-10, rGMF-20, rGMF-30 

rGMF), and rGMF-40, respectively. In addition, the rGO/MXene/FeS 

oams were heat-treated at 20 0, 30 0, and 40 0 °C under an 

 2 atmosphere. The corresponding samples (GN/MXene/FeS) were 

enoted as GMF-200, GMF-300 and GMF-400, respectively. The 

reparation process of GN/MXene/FeS composite foam was de- 

cribed in Fig. 1 (a). 

.4. Characterizations 

Scanning electron microscopy (SEM) was measured on a Hitachi 

-4800 field-emission scanning electron microscope at an acceler- 

ting voltage of 30 kV. X-ray diffraction (XRD) patterns were char- 

cterized on a Bruker D8 X-ray diffractometer with a Cu K α X-ray 

ource ( λ = 1.5418 Å). The magnetic properties were recorded by 

 magnetic property measurement system (SQUID-VSM) at 300 K. 

he electromagnetic parameters were measured on a vector net- 

ork analyzer (Agilent 8720ET) in the frequency range of 0.5–

8.0 GHz. The testing foams were immobilized by encapsulat- 

ng paraffin as a supporting matrix. The mixture was made into 

oroidal-shaped samples with an outer diameter of 7.0 mm, an in- 

er diameter of 3.0 mm, and a thickness of 2–4 mm. The percent- 

ge of paraffin in the samples was ∼85 wt.%. 

. Results and discussion 

.1. Structure and morphology of composite foams 

The fabrication of GN/MXene/FeS composite foam is illustrated 

n Fig. 1 (a). Firstly, rGO foam was prepared by a mild hydrothermal 

eaction between GO and EDA, and a freeze-drying process [ 18 , 31 ].

t is worthy to note that EDA plays a crucial role in accelerating the 
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Fig. 1. (a) Preparation process of GN/MXene/FeS foam; SEM images of those foams: (b, f) rGO; (c, g) rGO/MXene; (d, h) rGO/MXene/FeS; (e, i) GN/MXene/FeS (The small 

picture embedded in the upper left corner is a partial magnification of 50 0 0 times). 
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ormation of isotropous 3D network structure through crosslink- 

ng reaction between the epoxy groups of GO and amino groups in 

DA. As shown in Fig. 1 (b, f), a cross-linked porous network with a

mooth inner surface is successfully constructed in rGO foam. Be- 

ides, it is worthy to note that the large aspect ratio of graphene 

anosheets endows the rGO foam with excellent flexibility in com- 

arison with rigid MXene. The flexible matrix further provides 

nough support to load MXene coating and FeS clusters. Secondly, 

or achieving the effective loading of conductive coating, rGO foam 

s positively charged by PEI modification and then immersed in 

Xene suspension. Owing to the existence of abundant functional 

roups (–OH, –O, –F), the negative MXene nanosheets can be elec- 

rostatically adsorbed on the inner surface of PEI-modified rGO 

oam. As displayed in Fig. 1 (c, g), the surface of rGO foam becomes

ough. Meanwhile, it can be distinctly observed that many small 

akes are tightly attached to the rGO skeletons, which may be as- 

igned to the MXene nanosheets. As a control, the samples were 

lso characterized by XRD, XPS, and VSM. As shown in Fig. 2 (a), 

 new X-ray diffraction peak of 6.68 ° appears in rGO/MXene foam 

part from the characteristic peak of rGO around 24.5 °. It agrees 

ell with that of pure MXene [32] . Additionally, A similar phe- 

omenon arises in the XPS spectra. In comparison with rGO foam, 

he XPS spectrum of rGO/MXene foam exhibits two new binding 

eaks centered at ∼680 and ∼452 eV ( Fig. 2 (b)), corresponding to 

 1s and Ti 2p3, respectively [33] . Those results once again confirm 

he successful loading of MXene on the surface of rGO foam. 

Thirdly, for improving the impedance matching and attenuation 

haracteristic of foams, the magnetic FeS clusters are needed to 

row on the surface of rGO/MXene by hydrothermal reaction. As 

 precursor, L -cysteine has a strong tendency to coordinate with 
240 
norganic cations, owing to the existence of –NH 2 , –COOH, and –

H functional groups. In this system, L -cysteine reacts with Fe 2 + to 
orm a relatively stable Fe-cysteine complex. And then, the com- 

lex decomposes to form FeS particles under the following hy- 

rothermal condition (200 °C and 24 h). During the hydrother- 

al process, those primary particles aggregate together, nucleate, 

rystallize, and grow. Subsequently, as the reaction proceeds, these 

nitial FeS nuclei form nanopetals based on the precipitation sol- 

bility equilibrium in the solution [ 34 , 35 ]. Under the influence of 

he magnetic dipole–dipole interactions and the anisotropic mag- 

etic forces, the new nanopetals in the solution tended to join 

ith each other to reduce both magnetic anisotropic energy and 

urface energy. Finally, quasi-spherical petal-built aggregates with 

ugged surfaces are formed. As depicted in Fig. 1 (d, h), many 

ower-shaped clusters are dispersed on the surface of rGO/MXene. 

s characterized by XRD, the appearance of those peaks at 30.0 °, 
3.9 °, 44.8 °, 53.3 °, and 71.6 ° ( Fig. 2 (a)) confirms the formation of

eS hybrids in rGMF foam, corresponding to (200), (203), (206), 

220), and (406) indexed planes of Fe 7 S 8 (PDF#29-0723) [ 36 , 37 ].

eanwhile, the new binding peaks of Fe 2p (710.7 eV), S 2s 

203.7 eV), and S 2p (168.7 eV) arise in rGMF foam, which once 

gain suggests the formation of Fe 7 S 8 [ 34 , 35 ]. Moreover, as shown

n Fig. 2 (c), the as-prepared foam exhibits obvious saturation mag- 

etization ( M s) of 2.1 emu/g and coercivity ( H c) of 557.18 Oe, while

hat of rGO and rGO/MXene foam is close to 0. Based on the 

bove-mentioned discussion, we can conclude that the magnetic 

GO/MXene/FeS composite foam with a hierarchical structure is 

uccessfully constructed. 

Finally, to further optimize the impedance distribution of the 

oams, a series of thermal treatments (20 0–40 0 °C) can be car- 
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Fig. 2. (a) XRD patterns of FeS, rGO, MXene, rGO/MXene, and rGO/MXene/FeS; (b) XPS spectra and (c) hysteresis loops of rGO, rGO/MXene, and rGO/MXene/FeS foam. 
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ied out as displayed in Fig. 1 (a). After annealing treatment at 

00 °C, a similar flower-shaped micro-morphology with partial 

olume shrinkage can be still observed in the obtained foam, as 

hown in Fig. 1 (e,i). The volume shrinkage does not destroy the 3D 

rchitecture of flower-shaped FeS clusters, which is crucial to the 

ultiple reflection/scattering of incident EMW. Furthermore, the 

esult of XRD suggests that the crystal structure of FeS hybrids can 

e retained after heating treatment (Fig. S1 in the Supplementary 

aterial). In the middle layer, the MXene nanosheets have been 

roved to possess excellent thermal stability and electrical conduc- 

ivity after heating treatment ( < 400 °C) in an inert atmosphere 

38] . Additionally, the residual functional groups of innermost rGO 

keletons can be easily thermally removed, thereby facilitating the 

estoration of the electrical conductivity of graphene sheets. Based 

n the above, the thermal treatment at relative-low temperature 

akes it possible to modulate impedance matching and attenua- 

ion characteristics in the hierarchical composite foams. 

.2. Electromagnetic parameters of composite foams 

To investigate the microwave absorption performance of the 

omposite foam, the complex permittivity ( ε r = ε ’ – j ε ’’ ) and per-

eability ( μr = μ’ – jμ’’ ) were measured on a vector network ana- 

yzer. The electromagnetic parameters are calculated and displayed 

n Figs. 3 and 4 . As shown in Fig. 3 (a–c), the complex permittiv-

ty ( ε’ and ε’’ ) and dielectric loss tangent (tan δε = ε ’’/ ε ’ ) exhibit a

eneral tendency to increase with the effective construction of hi- 

rarchical foams. Compared with rGO foam, the improvement in 

GO/MXene foam can be attributed to the successful loading of 

ighly conductive MXene sheets on the surface of rGO skeletons. 

or rGO/MXene/FeS foam, the further enhancement in permittiv- 

ty properties may be ascribed to the hydrothermal reduction of 

GO skeletons, the introduction of FeS hybrids, and the correspond- 

ng air-extrusion effect. Besides, it is worth noting that a reso- 

ance peak for rGO/MXene/FeS foam arises at 8–15 GHz. To iden- 

ify the factors devoting to the permittivity properties, the plots 

f ε’’ versus ε’ are displayed in Fig. 3 (d–f). As to rGO foam, sev-

ral small semicircles appear in Fig. 3 (d), suggesting different De- 

ye relaxation processes. It might be due to the dipole polarization 

f plentiful residual functional groups and/or defects in rGO foam 

39] . After being incorporated with MXene coating, the plot of 

GO/MXene foam exhibits two obvious Cole–Cole semicircles with 

 bigger diameter. It may be caused by the interfacial polarization 

etween rGO skeleton and MXene coating (as shown in Fig. 5 (a)) 

40] , and the dipole polarization of rGO foam as mentioned above, 

espectively. Besides, a line tail arises in rGO/MXene curve, which 

an be regarded as the conductive loss originating from the high- 

onductive MXene coating (as displayed in Fig. 5 (d)) [41–43] . It 

ndirectly confirms that MXene is successfully loaded on the rGO 
241 
keletons. After loading of FeS hybrids, the plot of rGO/MXene/FeS 

hows a dramatic evolution distinguished from the above foams 

 Fig. 3 (f)). There are two semicircles and a line tail extended to a

igher position, revealing the progressive improvement in dielec- 

ric loss and conductive loss. Those relaxation processes may corre- 

pond to the interfacial polarization of rGO/MXene and MXene/FeS 

 Fig. 5 (a)), and stronger conductive loss originated from MXene and 

ydrothermal reduced rGO ( Fig. 5 (d)), respectively. 

On the other hand, the complex permeability of the corre- 

ponding foams displays a similar tendency to increase with the 

ffective construction of the hierarchical structure as shown in 

ig. 4 (a, b). As to rGO/MXene/FeS, the magnetic loss tangent curve 

xhibits two resonance peaks at 8–11.5 GHZ and 11.5–18 GHz, 

hich is higher than that of rGO and rGO/MXene foam ( Fig. 4 (c)).

t verifies the successful introduction of magnetic FeS hybrids. As 

o magnetic loss, the loss form mainly includes magnetic hystere- 

is, domain wall resonance, eddy current loss, natural resonance, 

nd exchanged resonance. The magnetic hysteresis and domain 

all resonance may be easily excluded because of the mismatch 

f applied field and frequency [43] . To judge the existence of eddy 

urrent loss, C 0 can be evaluated according to Eq. (1) : 

 0 = μ′′ (μ′ )−2 
( f ) 

−1 = 2 πμ0 d 
2 σ/ 3 (1) 

here μ0 and σ are the permeability of the vacuum and the elec- 

rical conductivity, respectively. In general, if C 0 is a constant with 

he change of frequency, it indicates that only eddy current loss ex- 

sts in the absorber. If not, there are other magnetic losses in the 

ystem. As shown in Fig. 4 (d), it can be clearly observed that the 

 0 value of the foams exhibits gradually increased fluctuation as 

Xene and FeS hybrids are sequentially loaded on rGO skeletons. 

t indicates that for rGO/MXene/FeS foam, the natural resonance 

nd exchanged resonance also play an indispensable role in mag- 

etic dissipation apart from eddy current loss (as demonstrated in 

ig. 5 (e)). Additionally, it can be found that the value of dielectric 

oss tangent is higher than that of magnetic loss tangent at the fre- 

uency range of 0.5–13.5 GHz, while they reverse at 13.5–18 GHz. 

herefore, it can be concluded that the dielectric loss plays a dom- 

nant role in electromagnetic energy consumption rather than the 

agnetic loss at low- and mid-frequency, whereas the magnetic 

oss covers the energy loss at high-frequency. 

Based on those electromagnetic parameters, the equivalent 

haracteristic impedance ( Z = |Z in /Z 0 | ) can be calculated to esti- 

ate the impedance matching of the foams according to Eq. (2) : 

 in = Z 0 

√ 

μr 

ε r 
tanh 

[
j 

(
2 π fd 

c 

)
√ 

μr ε r 

]
(2) 

here Z in and Z 0 are the impedance of samples and vacuum; μr 

nd εr are the relative permeability and permittivity; d is the thick- 
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Fig. 3. (a) Real parts and (b) imaginary parts of complex permittivity; (c) dielectric loss tangent of the foams; Cole–Cole curves of (d) rGO, (e) rGO/MXene, and (f) 

rGO/MXenen/FeS foam. 

Fig. 4. (a) Real parts and (b) imaginary parts of complex permeability. (c) magnetic loss tangent, and (d) C 0 value of the composite foams. 

242 
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Fig. 5. Microwave absorption mechanisms in rGO/MXene/FeS foam: (a) interfacial polarization; multiple reflection/scattering in (b) foam and (c) FeS clusters; (d) conductive 

loss; (e) magnetic loss. 

Fig. 6. Impedance matching 2D contour maps (| Z in /Z 0 |) of (a) rGO, (b) rGO/MXene, and (c) rGO/MXene/FeS, and (d) attenuation constant of the corresponding foams. 
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ess of the samples; f is the frequency, and c is the light speed

t vacuum [44–46] . As a result, the corresponding impedance 2D 

atching contour maps of those foams are described in Fig. 6 (a–

). In the 2D contour maps, the part of sky-blue color indicates 

hat Z = 1. Generally, the more the value of Z is close to 1, the bet-

er the impedance matching is. Therefore, an excellent impedance 

atching effect requires that the sky-blue area should be much 
243
igger. As shown in Fig. 6 (a, b), after loading of high-conductive 

Xene, rGO/MXene foam exhibits a poor impedance matching in 

D contour maps, due to the unbridgeable impedance mismatching 

etween MXene coating and air. As a result, most of the incident 

MW would be reflected and could not enter the foam. Therefore, 

t is necessary to introduce a dielectric coating to further optimize 

he impedance distribution of porous skeletons. In this system, FeS 
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lusters are selected as the dielectric coating and anchored on the 

urface of MXene coating. As shown in Fig. 6 (c), in comparison 

ith rGO and rGO/MXene foam, rGO/MXene/FeS foam exhibits a 

rominent improvement in the sky-blue area. It suggests a signifi- 

ant optimization of impedance matching performance. Therefore, 

t can be concluded that the effective construction of the hierarchi- 

al impedance gradient structure can accelerate the optimization of 

mpedance matching characteristics in skelectons, leading to more 

ncident EMW entering the foam. 

Furthermore, the attenuation constant can be employed to eval- 

ate the attenuation ability for EMW entering the foams, which is 

uantificationally calculated by Eq. (3) : 

= 

√ 

2 π f 

c 

√ 

( μ′′ ε ′′ − μ′ ε ′ ) + 

√ 

( μ′′ ε ′′ − μ′ ε ′ ) 2 + ( μ′′ ε ′ + μ′ ε ′′ ) 2 

(3) 

here ε ’, ε ’’, μ’ , and μ’’ are the real and imaginary parts of com-

lex permittivity and permeability, respectively. As displayed in 

ig. 6 (d), the curves of attenuation constant for those foams show 

 similar increasing tendency to that of complex permittivity and 

ermeability. rGO/MXene/FeS displays the highest attenuation con- 

tant than that of pure rGO and rGO/MXene foam. It indicates that 

he incident EMW can be dissipated as much as possible. For the 

omposite foams, the gradually enhanced attenuation ability may 

e also due to the rational construction of magnetic composite 

oam with a hierarchical impedance structure. As a result, those 

ncident EMWs entering the foam can be efficiently consumed as 

ntrinsic conductive/dielectric loss and magnetic loss as mentioned 

bove. Besides, the effective loading of flower-shaped FeS clusters 

an increase the magnetic loss of foams as well as other magnetic 

aterials. The difference is that the special flower-shaped struc- 

ure provides a large number of reflection/scattering sites for in- 

ident EMW. Based on the special configuration, multiple reflec- 

ion/scattering would repeatedly occur between the internal sur- 

aces of foam as demonstrated in Fig. 5 (b) and/or arise in the 

ower-shaped FeS clusters as illustrated in Fig. 5 (c). Finally, the 

issipation path of EMW can be further prolonged, thereby im- 

roving the attenuation constant of the foams. 

.3. Microwave absorption properties of composite foams 

The reflection loss (RL) of the incident EMW is an important 

easure of microwave absorption performance, which can be cal- 

ulated by transmission line theory [47–50] . Eq. (4) is as follows: 

L ( dB ) = 20 lg 

∣∣∣Z in − Z 0 
Z in + Z 0 

∣∣∣ (4) 

here Z in and Z 0 represent the normalized input impedance of 

bsorbers and the impedance of free space, respectively. Fig. 7 

hows 3D reflection loss and the corresponding 2D contour and 

D reflection loss maps of the foams. Moreover, they are also 

ummarized in Table S1 (listed in Supporting Information). As 

isplayed in Fig. 7 , rGO/MXene/FeS shows a higher MA perfor- 

ance than that of rGO and rGO/MXene foams. The RL min value 

f rGO is only –4.93 dB ( Fig. 7 (a, d, g)). After loading of MXene

anosheets, the composite foam shows an obvious improvement 

n MA performance as described in Fig. 7 (b, e, h). The RL min value

f rGO/MXene reaches –19.89 dB. And the corresponding EAB is 

.68 GHz (17.32–18 GHz). The positive evolution may be attributed 

o the formation of a higher conductive-loss network and inter- 

acial polarization between MXene coating and rGO skeletons as 

emonstrated in Fig. 3 . However, further improvement is severely 

indered due to the undesired surface impedance mismatching 

f MXene coating for incident EMW entering the foam. After be- 

ng incorporated with flower-shaped FeS clusters, rGO/MXene/FeS 
244 
oam exhibits more outstanding MA performance than rGO/MXene. 

s shown in Fig. 7 (c, f, i), RL min of the foam reaches a lower

alue of –47.17 dB as the thickness and frequency are set at 

.78 mm and 7.85 GHz. Meanwhile, the corresponding EAB of 

GO/MXene/FeS foam can be further extended to 6.15 GHz (from 

.41 to 12.56 GHz), involving C, X, and Ku bands. What’s more, the 

aximum value of EAB can be up to 6.39 GHz (6.45–12.84 GHz). 

he significant enhancement in electromagnetic absorption capac- 

ty and bandwidth can be easily ascribed to the synergistic effect 

f optimal impedance matching and improved attenuation charac- 

eristics as discussed in Fig. 6 . As a result, more incident EMW can 

nter the materials and thus dissipate as much as possible after 

ntering the foam, endowing the foam with an excellent electro- 

agnetic absorption capacity. Meanwhile, the formation of hier- 

rchical impedance structure in the porous skeletons can promi- 

ently broaden the effective absorption bandwidth of foams. Those 

esults once again confirm the effectiveness of magnetic FeS clus- 

ers on the improvement in MA performance. 

Based on the same hierarchical configuration, the optimization 

f impedance distribution and attenuation characteristic of foams 

an become a promising route for realizing the controllable ad- 

ustment of MA performance. As displayed in Fig. S2, those elec- 

romagnetic parameters can be adjusted by controlling the loading 

oncentration of MXene. In Fig. S2(a), the real part of permittivity 

or the foams tends to increase due to the loading of more con- 

uctive coating in the skeletons. At the same time, the resonance 

eaks of the imaginary part (Fig. S2(b)) and dielectric loss tan- 

ent (Fig. S2(c)) arise and shift to high-frequency. Combined with 

ole-Cole curves in Fig. S2(d), those evolutions can be attributed 

o the formation of a higher conductive network and more inter- 

acial polarization between rGO/MXene and MXene/FeS. As to the 

agnetic parameters, the complex permeability, and magnetic loss 

angent display a similar increasing tendency as the loading con- 

entration of MXene increases from 10 to 40 mg/mL in Fig. S2(e–

). The phenomenon may be due to that loading of FeS hybrids 

s tightly associated with MXene coating. With the increasing MX- 

ne concentration, the loading capacity of FeS is improved to a 

igh value, thereby leading to the increase of magnetic parame- 

ers. It is worthy to note that the resonance peak of the foams 

radually shifts to the low frequency as displayed in Fig. S2(e, g). 

t may be also attributed to the increased loading capacity of FeS 

n the system. Based on those electromagnetic parameters, the cor- 

esponding impedance matching and attenuation constant are also 

alculated and displayed in Fig. S2(h–l). It can be clearly seen that 

he impedance matching is effectively optimized and the atten- 

ation constant is improved to a higher value. The results indi- 

ate that the MA performance of those foams shows significant 

iversity. As shown in Fig. 8 and Table S2, the RL min value of the

oams continuously decrease from –7.53 dB (rGMF-10) to –10.43 dB 

rGMF-20), –47.17 (rGMF-30), and then to –60.45 dB (rGMF-40), 

hereas the corresponding EAB increases from 0 to 1.14 GHz, 

.15 GHz, and 7.37 GHz. Those results once again confirm the ef- 

ectiveness of MXene content on the controllable adjustment of MA 

erformance. 

Besides, the impedance matching and attenuation characteris- 

ic of composite foam can be further optimized by controlling the 

hermal treatment at a low-temperature range, thereby improving 

he final MA performance. As displayed in Fig. S3, the complex 

ermittivity of those foams displays prominent enhancement with 

he increasing annealing temperature, whereas the complex per- 

eability of those foams exhibits a slight fluctuation. It may be 

ainly ascribed to the further thermal reduction of rGO skeletons. 

or rGO/MXene/FeS (GMF-0), the rGO skeleton is fabricated into 

he hierarchical foam as a mechanical supporting material, which 

s only treated at a mild hydrothermal process. Due to the low re- 

uction degree of rGO skeleton, the high impedance characteristic 
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Fig. 7. 3D reflection loss, the corresponding 2D contour and 2D reflection loss maps of the foams: (a, d, g) rGO; (b, e, h) rGO/MXene; (c, f, i) rGO/MXene/FeS. 
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f the porous network severely restricts the energy consumption 

f incident EMW as conductive loss. Therefore, an extra thermal 

reatment can be employed to improve the hierarchical impedance 

istribution and attenuation characteristic of GMF-0. As a conse- 

uence, the impedance matching and attenuation constant of the 

omposite foam are also estimated and recorded in Fig. S3(h–

). The impedance matching of the foams shows an obvious ten- 

ency to first increase (from GMF-0 to GMF-200), and then decline 

GMF-300), and finally stagnate (GMF-400). Meanwhile, the atten- 

ation constant displays a similar tendency to increase (from GMF- 

 to GMF-300) and then decrease (GMF-400) at a high-frequency 

ange of 8–18 GHz. The increase of attenuation constant exhibits 

 hysteretic behavior in comparison with that of the correspond- 

ng impedance matching. Under the synergistic effect of impedance 

atching and attenuation constant, the final MA performance of 

he composite foam displays distinct diversity with the increas- 

ng annealing temperature. As displayed in Fig. 9 and Table S3, the 

L min value of GN/MXene/FeS decreases from –47.17 to –57.06 dB, 

nd then increases to –50.68 and –47.35 dB, maintaining a com- 

arable level. The minimum of RL min arises as the annealing tem- 

erature is 200 °C. Meanwhile, the corresponding EAB value dis- 

lays a gradual increase from 6.15 to 7.56 GHz, 9.66 GHz, and a 

ecrease to 2.55 GHz. The maximum of EAB appears as the anneal- 

ng temperature is 300 °C. More importantly, the maximum EAB 

or GMF-300 achieves an unprecedented value of 11.20 GHz (cov- 

ring 6.10-17.30 GHz), while most traditional materials have diffi- 
245
ulty in reaching this level [51–56] . The results confirm the effec- 

iveness of annealing treatment on the adjustment of MA perfor- 

ance. The desynchrony in optimal value between RL min and EAB 

an be ascribed to the hysteretic behavior of impedance matching 

nd attenuation characteristics as mentioned above. Therefore, it 

an be concluded that a suitable impedance matching will play a 

ore important role than the attenuation characteristic in improv- 

ng the entrance and consumption of more incident EMW as much 

s possible. 

For comparison, Table 1 summarizes some recently reported 

orks on porous materials [ 23 , 57–67 ]. As displayed in Table 1 ,

he present foam with ultralight density shows a much larger ab- 

orption bandwidth and comparable absorption capacity. For ex- 

mple, Co 1.29 Ni 1.71 O 4 /reduced graphene oxide/calcined melamine 

Co 1.29 Ni 1.71 O 4 /rGO/CF) composite foam with a low density of 

6.3 mg/cm 

3 is designed and successfully constructed via a con- 

enient foaming and calcination method [60] . The RL min value 

eaches –53.45 dB at the thickness of 3.00 mm, and the corre- 

ponding EAB is up to 7.45 GHz. In this work, the RL min of GMF-

00 achieves a comparable value of –50.68 dB. Meanwhile, the 

aximum of EAB can be expanded to 11.20 GHz, which is much 

ider than the others. It once again confirms the significant ef- 

ect of hierarchical impedance architectures on the microwave ab- 

orption performance. As a consequence, thus excellent broadband 

A performance combined with ultralight density makes it possi- 

le for the foam to become a promising electromagnetic absorb- 
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Fig. 8. 3D reflection loss, corresponding 2D contour, and 2D reflection loss maps of the foams: (a, e, i) rGMF-10; (b, f, j) rGMF-20; (c, g, k) rGMF-30; (d, h, l) rGMF-40. 

Fig. 9. 3D reflection loss, the corresponding 2D contour and 2D reflection loss maps of the foams: (a, e, i) GMF-0; (b, f, j) GMF-200; (c, g, k) GMF-300; (d, h, l) GMF-400. 
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Table 1 

MA performance of the porous materials reported recently. 

Density (mg/cm 

3 ) RL min (dB) Thickness (mm) Range (GHz) EAB (GHz) EAB max (GHz) Refs. 

PI-GP 1/3 -rGO 63.7 –32.90 4.00 8.26–14.48 6.22 6.22 [23] 

GF/PA 3.8 –36.50 6.00 6.0–12.0 6.00 8.42 [57] 

NRGO/NiFe 2 O 4 10 –60.60 1.50 13.40–18.00 4.60 5.50 [58] 

MXene/polyimide 12 –41.80 4.00 14.50–18.00 3.50 6.50 [59] 

Co 1.29 Ni 1.71 O 4 /rGO/CF 16.3 –53.45 3.00 10.55–18.00 7.45 7.45 [60] 

MXene/cellulose 310 –43.40 2.00 9.50–14.00 4.50 5.15 [61] 

MX/CF/Epoxy 10–20 –41.46 1.83 10.58–15.25 4.67 4.67 [62] 

Porous graphene 40–50 –42.9 4.00 5.80–7.30 1.50 5.59 [63] 

Ni/carbon 100 –45.00 2.00 11.40–16.00 4.60 4.60 [64] 

rGO/MoS 2 8.4 –62.92 2.27 9.0–13.4 4.40 4.48 [65] 

FeNi@graphene 13.1 –39.39 2.0 11.4–15.8 4.40 8.40 [66] 

graphene@SiC 72 –47.3 3 8.5–13.2 4.70 5.40 [67] 

rGO/MXene/FeS 12.1 –47.17 4.78 6.41–12.56 6.15 6.39 This work 

rGMF-300 11.9 –50.68 4.08 6.91–16.57 9.66 11.20 This work 
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ng material with a distinct competitive advantage to be applied in 

erospace fields. 

. Conclusion 

In summary, a novel ultralight magnetic composite foam was 

repared by electrostatic self-assembly of MXene on the surface of 

GO skeletons, and subsequent hydrothermal anchoring of flower- 

haped FeS clusters. The loading of MXene coating increasing con- 

uctive loss and FeS clusters improving magnetic loss on the 

urface of rGO skeletons promotes the formation of hierarchical 

mpedance structure in foams. The rational construction of a hi- 

rarchical impedance structure can effectively accelerate the en- 

ry of more incident EMW. Under the synergistic effects of var- 

ous magnetic loss, interfacial polarization, conductive loss, and 

ultiple reflections/scattering, the formation of the hierarchical 

mpedance structure further enhances the attenuation character- 

stic for EMW entering the foam. As a consequence, the opti- 

al RL min of rGO/MXene/FeS foam with an ultralight density of 

2.1 mg/cm 

3 reaches –47.17 dB at the thickness of 4.78 mm, and 

he corresponding EAB is up to 6.15 GHz. More importantly, the 

djustment in the loading of MXene and thermal treatment at a 

ow temperature can become an effective means to realize the op- 

imization of whole impedance distribution, endowing the com- 

osite foam with an excellent absorption capacity and bandwidth. 

t is worthy to note that the RL min of GMF-300 achieves a com- 

arable value of –50.68 dB, while the maximum of EAB for GMF- 

00 can be extended to an unprecedented value of 11.20 GHz (cov- 

ring 6.10–17.30 GHz). Such excellent MA performance makes it 

romising to become an efficient electromagnetic absorption ma- 

erial with a distinct competitive advantage. 
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