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a b s t r a c t 

A single-phase anti-perovskite medium-entropy alloy nitride foams (MEANFs), as innovative materials 

for electromagnetic wave (EMW) absorption, have been successfully synthesized through the lattice ex- 

pansion induced by nitrogen doping. This achievement notably overcomes the inherent constraints of 

conventional metal-based absorbers, including low resonance frequency, high conductivity, and elevated 

density, for the synergistic advantages provided by multimetallic alloys and foams. Microstructural analy- 

sis with comprehensive theoretical calculations provides in-depth insights into the formation mechanism, 

electronic structure, and magnetic moment of MEANFs. Furthermore, deliberate component design along 

with the foam structure proves to be an effective strategy for enhancing impedance matching and ab- 

sorption. The results show that the MEANFs exhibit a minimum reflection loss (RLmin ) value of −60.32 dB 

and a maximum effective absorption bandwidth (EABmax ) of 5.28 GHz at 1.69 mm. This augmentation of 

energy dissipation in EMW is predominantly attributed to factors such as porous structure, interfacial 

polarization, defect-induced polarization, and magnetic resonance. This study demonstrates a facile and 

efficient approach for synthesizing single-phase medium-entropy alloys, emphasizing their potential as 

materials for electromagnetic wave absorption due to their adjustable magnetic-dielectric properties. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Nowadays , the rapid development of information technology 

as led to the extensive use of electronic devices in both mil- 

tary and civilian sectors. As a result, there has been a signifi- 

ant increase in electromagnetic pollution and interference, which 

as gained considerable attention [1–3] . Consequently, a substan- 

ial amount of research has been dedicated to the investigation of 

lectromagnetic wave absorbers, which are capable of effectively 

bsorbing electromagnetic wave energy and converting it into ther- 

al energy. Traditional magnetic alloys are commonly employed 

y researchers due to their high saturation magnetization and per- 

eability which have shown impressive loss capacity and excep- 
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ional dielectric properties [4–6] . However, these types of magnetic 

lloys possess extremely high electrical conductivity, and it is diffi- 

ult to achieve optimal impedance matching due to the skin effect 

here the incident electromagnetic waves cannot penetrate the al- 

oy but are strongly reflected on the surface. Moreover, the infe- 

ior corrosion resistance results in a gradual decline in the electro- 

agnetic wave dissipation capability of magnetic alloys over time. 

hese drawbacks pose substantial obstacles to the research and ap- 

lication of magnetic alloy materials as highly efficient electromag- 

etic wave absorbers [7] . 

In contrast, medium-entropy alloys refer to solid solutions com- 

osed of three to four primary metals that significantly distort 

he crystal lattice due to imbalances among atom size, mass, and 

ond state [8] . It offers the advantages of low-entropy alloys, such 

s high saturation magnetization and permeability, while concur- 

ently reducing the electrical conductivity. Moreover, the incorpo- 

ation of elements such as copper effectively reduces the oxida- 
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ion rate of ferromagnetic alloys [9] . Therefore, the exploration of 

igh/medium entropy magnetic alloys, which display robust ca- 

abilities for electromagnetic wave dissipation, has emerged as a 

rominent area of research. 

Nonetheless, the fusion of distinct metallic components may 

nduce phase separation and give rise to non-uniform struc- 

ures, decreasing in configurational entropy ( �Sconf ) defined as 

q. (1) [ 10 , 11 ], which poses a substantial challenge in material fab-

ication [12] . 

config = − R

⎡ 

⎣ 

( 

N ∑ 

i=1 

xi ln xi 

) 

cation −site 

+ 

( 

M ∑ 

j=1 

x j ln x j 

) 

anion −site 

⎤ 

⎦ (1) 

here R, N ( M ), and xi ( xj ) refer to the gas constant, atomic species,

nd contents at the cation (anion) sites, respectively. 

Relevant studies have indicated that the introduction of boron, 

itrogen, sulfur, phosphorus, and other elements can effectively in- 

uce alterations in the microstructure and facilitate the phase tran- 

ition of the material [13–15] . However, only a few reports regard- 

ng the doping of various non-metallic elements stabilize or pro- 

ote the formation of single-phase high/medium entropy alloys. In 

ur previous study, N atom doping can promote the volume expan- 

ion of matrix phase cells [ 16 , 17 ], which may accommodate more

ther metal atoms, providing an idea for the preparation of single- 

hase high/medium entropy alloys. In addition, nitrogen atom dop- 

ng reduced conductivity and heightened antioxidative properties, 

nabling the regulation of impedance matching and environmen- 

al suitability, thereby improving the stable dissipation capacity of 

MW [18] . In addition, another major challenge in the application 

f high/medium entropy alloys in the field of electromagnetic wave 

bsorption is their high density, which poses a considerable chal- 

enge in fulfilling the requirements for a thin, wide, lightweight, 

nd robust absorber. 

To overcome this challenge, researchers have explored two 

ain approaches: the design of micro-nano structures and the use 

f dielectric composite-controlled impedance matching [ 19 , 20 ]. In 

he former approach, micro/nanostructured metals, such as metal 

anochains [21–23] , are developed as an alternative to address the 

igh density of bulk metals. Nevertheless, the high surface energy 

f these structures can lead to agglomeration [ 21 , 24 , 25 ], which

orsens the performance of electromagnetic wave absorption. Ad- 

itionally, the inferior chemical stability of nano-metals is more 

usceptible to oxidation when exposed to air [ 26 , 27 ]. In the lat-

er approach, carbon-based materials such as graphene and car- 

on nanotubes have been extensively applied as lightweight car- 

iers of metal nanoparticles due to their excellent dielectric prop- 

rties [ 28 , 29 ]. This allows for the protection of metal nanoparti-

les from oxidation through encapsulation. However, these meth- 

ds still confront challenges in achieving efficient electromagnetic 

ave absorption. In conclusion, the suboptimal impedance match- 

ng and instability of metallic materials constrain their deployment 

n efficient electromagnetic wave absorbers. Considering the afore- 

entioned issues, it is feasible to fabricate porous high/medium- 

ntropy alloy structural materials for the development of efficient 

roadband electromagnetic absorbers. From a structural perspec- 

ive, high porosity can reduce the weight of the material and en- 

ance its absorbing and scattering properties. Regarding compo- 

ent design, optimizing the proportions of various metal atoms can 

mprove impedance matching and promote the dissipation of elec- 

romagnetic waves [30] . 

Herein, this work fabricated a high microwave absorbing effi- 

ient anti-perovskite medium entropy alloy nitride foam designed 

y lattice expansion engineering. A sol-gel self-propagating method 

as utilized to synthesize the metal oxide foams, which were sub- 

equently reduced and nitrided to obtain the nitriding foams. Ni- 
43
rogen atom doping promotes the expansion of the lattice, re- 

ulting in a single-phase perovskite crystal structure of medium 

ntropy alloy nitrides. Notably, the porous architecture of the 

oam facilitates easier penetration and scattering of electromag- 

etic waves, thereby enhancing its impedance-matching properties. 

dditionally, defects induced by nitrogen doping enhance electro- 

agnetic wave absorption. The foams demonstrated excellent elec- 

romagnetic wave absorption properties, with a minimum reflec- 

ion loss of −60.32 dB at 4.81 mm and an effective absorption 

andwidth of 5.28 GHz at 1.69 mm. Furthermore, the formation 

echanism and electromagnetic wave absorption mechanism of 

EANFs with single-phase anti-perovskite structure have also been 

evealed. 

. Experimental 

.1. Materials 

Iron nitrate nonahydrate (Fe(NO3 )3 ·9H2 O), nickel nitrate 

exahydrate (Ni(NO3 )2 ·6H2 O), and copper nitrate trihydrate 

Cu(NO3 )2 ·3H2 O) were all purchased from Sinopharm Chemical 

eagent Co. Ltd. (Shanghai, China), cobalt nitrate hexahydrate 

Co(NO3 )2 ·6H2 O) and glycine (C2 H5 NO2 ) were supplied by Macklin 

iochemical Co., Ltd., (Shanghai, China). All reagents in this work 

re of analytical grade. All solutions were freshly prepared with 

ltrapure water. 

.2. Synthesis of medium-entropy alloy nitride foams 

According to the stoichiometric ratio, weigh out a total molar 

ass of 50 mmol of ferric nitrate nonahydrate, nickel nitrate hex- 

hydrate, copper nitrate trihydrate, and cobalt nitrate hexahydrate 

issolved in 25 mL of ultrapure water. After stirring with a mag- 

etic stirrer for 30 min, add 30 mmol of glycine and continue stir- 

ing for another 30 min. Heat the resulting homogeneous solution 

o 200 °C to evaporate the water and form a thick gel until spon- 

aneous combustion occurs. Take the obtained fluffy powder and 

ubject it to reduction at temperatures ranging from 400 to 700 °C 

ith a heating rate of 10 °C/min under an atmosphere containing 

5 % N2 and 75 % H2 for a duration of 1.5 h to obtain Fex Ni75−x Cu5 

edium-entropy alloy foam. Subsequently, Fe50–0, Fe60–0, and 

e75–0 alloys were subjected to a nitridation treatment within the 

ame temperature range under an atmosphere comprising 75 % N2 

nd 25 % NH3 . This process led to the formation of nitride foams 

erived from medium entropy alloys treated at varying tempera- 

ures. Simultaneously, under the same atmosphere and at a tem- 

erature of 500 °C all exhibited single-phase formation. The re- 

uired durations for nitriding were 480, 60, and 25 min for the re- 

pective sample groups. Consequently, the resulting samples were 

enoted as Sample Fe50–480, Fe60–60, and Fe75–25. In addition, 

ll medium-entropy alloys and nitride foams presented in the pa- 

er are named in the following way, for samples with different ni- 

ride times at the same nitride temperature (500 °C), among which 

e50 Co25 Ni20 Cu5 nitride foams are named Fe50–0, Fe50–15, Fe50–

5, Fe50–60, Fe50–240, and Fe50–480. Fe60 Co15 Ni20 Cu5 nitride 

oam named Fe60–0, Fe60–15, Fe60–25, and Fe60–60. Fe75 Ni20 Cu5 

itride foams are named Fe75–0, Fe75–15, Fe75–25, and Fe75–60. 

or the samples with the same nitriding time (25 min) at dif- 

erent nitriding temperatures, Fe50 Co25 Ni20 Cu5 nitride foams are 

amed 40 0 °C Fe50, 50 0 °C Fe50, 60 0 °C Fe50, 650 °C Fe50, and

00 °C Fe50. Fe60 Co15 Ni20 Cu5 nitride foams are named 400 °C 

e60, 500 °C Fe60, 600 °C Fe60, 650 °C Fe60, and 700 °C Fe60. 

e75 Ni20 Cu5 nitride foams are named 400 °C Fe75, 500 °C Fe75, 

00 °C Fe75, 650 °C Fe75, and 700 °C Fe75. 
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.3. Characterization 

The crystal structure of all samples was characterized by X-ray 

iffraction (XRD Cu Kα radiation, 40 kV/40 mA). The composition 

as further confirmed by transmission of Mössbauer spectra with 

 source of 57Co. X-ray photoelectron spectrometry (XPS, Thermo 

cientific K-Alpha) was used to analyze the species and valence 

f elements of the samples. The microstructure was observed by 

canning electron microscopy (SEM, Zeiss-sigma 300) and trans- 

ission electron microscope (HRTEM, JEM-2100UHR STEM). The 

lemental distribution was characterized by an energy-dispersive 

-ray detector (EDS). High-resolution high-angle annular dark field 

HAADF) scanning TEM (STEM) images and geometric phase anal- 

sis (GPA) were analyzed by Gatan digital micrographs software. 

he static magnetic properties of all samples are measured by a 

ibrating sample magnetometer (VSM, Lakeshore 7407). The elec- 

romagnetic wave absorption property determined by electromag- 

etic parameters under 2–18 GHz was carried out by vector net- 

ork analyzer system (VNA, 3672C-S). The sample for measuring 

lectromagnetic parameters was prepared by uniformly blending 

he medium-entropy alloy and its nitride foam (15 wt% of all sam- 

les) with paraffin wax, which was subsequently pressed into a 

ustomized coaxial mold featuring an inner diameter of 3.04 mm 

nd an outer diameter of 7.00 mm. Following the principles of 

ransmission line theory, the acquired data were transformed into 

 computational formula to calculate the reflection loss value. 

L = 20log 

∣∣∣∣Zin −Z0 

Zin + Z0 

∣∣∣∣ (2) 

in = Z0 

√ 

μr 

εr 
tanh 

(
j
2 π f d 

c 

√ 

μr εr 

)
(3) 

In these equations, Zin and Z0 are the input impedance of ab- 

orbing materials and the impedance of free space, d is the thick- 

ess, c is the speed of light, f is the frequency, εr and μr are the

omplex permittivity and permeability, respectively. 

.4. Calculation 

All calculations were performed using a first-principles ap- 

roach based on density functional theory with the Vienna Ab ini- 

io Simulation Package (VASP) [31] . The influence of the core elec- 

rons is replaced by atomic projected augmentation wave (PAW) 

otentials [32] . The valence electron configurations of 3d6 4s2 , 3d7 

s2 , 3d8 4s2 , 3d10 4s1 , and 2s2 2p3 were used for Fe, Co, Ni, Cu, 

nd N atomic potentials, respectively. The Perdew–Burke–Ernzerhof 

PBE) exchange-correlation function was used [33] . The wave func- 

ion is expressed in terms of a plane wave basis set with an energy

utoff of 400 eV. 80-atom supercell structure is used before nitro- 

en filling, while the alloy structure after nitrogen filling is based 

n the structure before nitrogen filling with the addition of 20 N 

toms to the supercell structure. The number of atoms and the 

tructure ratio structure correspond to Fex Ni20 Co75−x Cu5 ( x = 50, 

0, 75) and Fex Ni20 Co75−x Cu5 N25 ( x = 50, 60, 75). For geometric 

ptimization calculations, the Brillouin region was sampled using 

 4 × 4 × 4 Gamma-centered central k-point grid. All calculations 

ere performed in a spin-limited manner with an energy conver- 

ence criterion of 10−5 eV [34] . All internal coordinates were re- 

axed until the Hermann-Feynman force was less than 0.01 eV/A. 

he energy convergence criterion of 10−5 eV was used to optimize 

he Brillouin region. 

. Results and discussion 

The MEANFs were synthesized by a simple self-combustion 

ethod, followed by a reduction and nitridation procedure (Fig. 
44
1 in the Supplementary Material). The gel was vaporized by the 

olvent and then spontaneously combusts, maintaining sufficient 

xothermic reaction during this process [35] . This process leads to 

he release of a large amount of gases, generating porous multi- 

etal oxide-based composite structures (Fig. S2) [36] . The nanos- 

ructured gas nitride gel can be obtained by reduction and nitrida- 

ion treatment. The specific steps for reducing and nitridation are 

s follows: 

F e3 O4 + 4NiO + CuO + 25H2 = Fe5 Ni4 Cu + 10Fe + 25H2 O (4) 

e5 Ni4 Cu + 10Fe + NH 3 =
(
Fe15 Ni4 Cu 

)
4 
N + H2 (5) 

Initially, at high temperatures, hydrogen diffuses to the sur- 

ace of the metal oxide foam and undergoes a reduction reaction 

 Eq. (4) ), forming two phases of Fe and Fe5 Ni4 Cu, accompanied by 

he escape of water vapor. Secondly, metal catalyzes ammonia de- 

omposition to produce a nitriding reaction ( Eq. (5) ) [15] . N atoms

nfiltrate the Fe lattice to expand its lattice, inducing lattice ex- 

ansion, and allowing for the accommodation of more Cu and Ni. 

n general, the unique structure of the foam enhanced the inter- 

ace contact between the material and the gas, significantly accel- 

rated the reaction process, and produced a hierarchical and multi- 

evel porous structure in the process of reduction and nitridation. 

hus, (Fe5 Ni4 Cu)4 N foam with a single-phase anti-perovskite crys- 

al structure is obtained. The evolution of the crystal structure of 

e75 Ni20 Cu5 during the nitriding process is illustrated in Fig. 1 (a). 

t undergoes a transition from the body-centered cubic (BCC) lat- 

ice of α-Fe and the face-centered cubic (FCC) lattice of Fe5 Ni4 Cu 

o the face-centered cubic (FCC) lattice of γ ′ - Fe4 N, exhibiting an 

nti-perovskite structure. 

To reveal the formation mechanism of single-phase medium- 

ntropy alloy nitrides with anti-perovskite crystal structures, 

edium-entropy alloys with different Fe-Co contents were nitrided 

t different temperatures and times to monitor their phase transi- 

ions. The samples, denoted as Fex Co75−x Ni20 Cu5 , show multiphase 

tructures (Fig. S3). After nitriding for 15 min, it was observed 

hat with an increase in Fe content, the nitrided samples displayed 

 propensity towards forming a single-phase structure (Fig. S4). 

herefore, three samples of Fe50 Co25 Ni20 Cu5 , Fe60 Co15 Ni20 Cu5 , and 

e75 Ni20 Cu5 were nitrided at different temperatures and durations 

or further investigation. As the Fe content decreases, the neces- 

ary nitriding time for the formation of a single-phase structure in- 

reases, ranging from 25 min for Fe75 Ni20 Cu5 samples to 480 min 

or Fe50 Co25 Ni20 Cu5 samples. The corresponding three single-phase 

amples (Fe75–25, Fe60–60, and Fe50–480) show diffraction peaks 

t 41.2 °, 47.9 °, and 70.2 °, corresponding to the (111), (200), and 

220) crystal faces of γ ’-Fe4 N (JCPDS#83-0875) ( Fig. 1 (b–d)). Ad- 

itionally, higher nitriding temperatures are required as well. As 

he Fe content diminishes, the proportion of other metallic ele- 

ents rises, necessitating a greater driving force (either nitriding 

emperature or time) to expand the Fe lattice, thereby enabling 

he accommodation of more alloy constituents and facilitating the 

ormation of a single-phase structure. Nevertheless, with elevated 

itriding temperatures, nitrogen atoms tend to escape, rendering 

he formation of single-phase anti-perovskite medium-entropy al- 

oys more challenging. Consequently, nitrided products at higher 

emperatures continue to exhibit a multiphase alloy structure (Figs. 

5–S7). Hence, medium-entropy alloy nitrides with a single anti- 

erovskite crystal structure can be obtained only when the nitrid- 

ng time is adjusted at a suitable temperature. In addition, theo- 

etical calculations of the formation energy of products before and 

fter nitridation indicate that the formation energy of single-phase 

roducts after nitridation is lower, which is consistent with our 

xperimental results ( Fig. 1 (e) and Table S1). Further research on 

he atomic occupancy information of Fe75–25 samples is benefi- 
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Fig. 1. (a) Schematic diagram of phase transition during nitriding. XRD patterns of MEANFs with different nitriding times, (b) Fe75 Ni20 Cu5 , (c) Fe60 Co15 Ni20 Cu5 , and (d) 

Fe50 Co25 Ni20 Cu5 . (e) Theoretical calculation of the formation energy of products before and after nitridation. (f) Mössbauer spectra of Fe75–25. XPS spectra of Fe75–25 (g) N 

1s, (h) Fe 2p, (i) Ni 2p, and (j) Cu 2p. 
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S

ial for analyzing its crystal microstructure. By analyzing the Möss- 

auer spectra of typical γ ’-Fe4 N (Fig. S8), it is obtained that γ ’- 

e4 N exhibits an anti-perovskite structure, which is characterized 

y N atoms occupying the center of the face-centered cube. In the 
′ - Fe4 N lattice, Fe atoms have two distinct types of lattice sites 

resent: corner atoms and face-centered atoms. The corner atoms 

re surrounded by 12 nearest neighbors and exhibit an atomic 

nvironment akin to α-Fe. The face-centered atoms have two ni- 

rogen atoms as their closest neighbors. The proportion between 
45
hese two atomic configurations is 3:1. However, it is noteworthy 

hat some face-centered Fe atoms usually split into Fe4 N-1 and 

e4 N-2 environments [ 37 , 38 ]. On the basis of the above analysis,

he Mössbauer spectra of the typical sample Fe75–25 were tested 

 Fig. 1 (f)). However, the introduction of Ni and Cu atoms has sig- 

ificantly augmented the complexity of the Fe atom environment. 

ompared to γ ’-Fe4 N, the α-Fe occupancy at its corners is merely 

 %, which closely aligns with the Cu content, as indicated in Table 

2. This implies that Cu atoms may occupy face-centered positions 
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hile nickel atoms occupy apex positions. Through the integration 

f Mössbauer spectra and XRD for detailed structural analysis, it is 

emonstrated that the synthesized sample is a single-phase anti- 

erovskite medium-entropy alloy nitride. The valence of surface el- 

ments and the types of chemical bonds in MENANs were further 

nvestigated using XPS analysis. Fig. 1 (g–j) illustrates the XPS spec- 

ra of Fe75–25, while the N 1s spectrum ( Fig. 1 (g)) exhibits two

istinct peaks at 397.35 and 400.39 eV, corresponding to nitride 

nd pyrrole N, respectively. These peaks primarily indicate that the 

onding between nitrogen and metal atoms predominantly occurs 

n the form of metal nitrides, thereby optimizing the local elec- 

ronic structure of the material. Additionally, it confirms the pres- 

nce of a single-phase γ ′ -Fe4 N [39] . The high-resolution XPS spec- 

rum of Fe in Fig. 1 (h) reveals the presence of Fe 2p1/2 and Fe

p3/2 orbitals. The characteristic peak at 706.91 eV corresponds to 

he zero-valent state of Fe, while the peaks at 710 and 723.48 eV 

ndicate the presence of Fe2 + . Additionally, the peaks observed at 

11.89 and 725.37 eV provide further evidence for the existence 

f Fe3 + . By analyzing the Ni 2p spectrum ( Fig. 1(i) ), we observed

hree distinct nickel states: Ni, Ni2 + , and their corresponding satel- 

ite peaks. The binding energies at 855.1 and 872.29 eV are at- 

ributed to the Ni 2p3/2 and Ni 2p1/2 electrons, while the peaks 

t 860.78 and 877.61 eV represent satellite features. The remain- 

ng peaks correspond to metallic nickel with energies of 852.62 

nd 869.8 eV [40–42] . By comparing the XPS spectra of Fe75–25 

u 2p in Fig. 1 (j) and Fe75–0 Cu 2p in Fig. S10, it was observed

hat the oxidation state of Cu is no longer detectable after nitrida- 

ion, thereby demonstrating the efficacy of nitridation in suppress- 

ng material oxidation. 

A representative MEANF exhibits lightweight characteristics 

 Fig. 2 (a)) with a low density of approximately 0.028 g/cm3 . SEM 

orphology analysis and BET (Fig. S15) reveals uniformly dis- 

ributed finely graded multi-level pores, ranging from tens of 

anometers to 2 μm within the material ( Fig. 2 (b)), which is 

aused by the gradual consumption of fuel during combustion. 

hese multi-level pores, with a substantial surface area, facili- 

ate the absorption, reflection, and scattering of electromagnetic 

aves [ 43 , 44 ]. The SEM-EDS dot sweep show that the propor-

ion of elements in our sample is very close to the feeding ra- 

io (Fig. S16). To elucidate the detailed microstructure of MEANFs 

n single-phase anti-perovskite crystal structure, Rietveld refine- 

ent was used to study the crystallographic information of Fe75–0 

nd Fe75–25 samples ( Fig. 2 (d)). The refined crystal parameters of 

e75 Ni20 Cu5 before and after nitridation for each phase are pre- 

ented in Table S3. The Fe75–0 sample has a dual-phase structure, 

omprising the α-Fe phase with a standard BCC structure and the 

e5 Ni4 Cu phase with a standard FCC structure. The unit cell vol- 

me of α-Fe is 23.6 Å, whereas the unit cell volume of our nitroge- 

ized sample Fe75–25 is 54.3 Å, indicating a substantial expansion 

n comparison. In addition, when the N atom enters the α-Fe lat- 

ice, the initial cell volume expands to accommodate more other 

etal atoms, increasing the configurational entropy, leading to a 

ecrease in the Gibbs free energy, and thus stabilizing the crys- 

al structure [45] . The microstructure of Fe75–0 and Fe75–25 sam- 

les was further investigated using HRTEM. In the Fe75 sample, 

wo distinct crystal phases were identified ( Fig. 2 (e–g)). It was ob- 

erved that the crystal plane with a crystal plane spacing of 1.94 Å 

orresponds to the (110) crystal plane of BCC lattice iron, associ- 

ted with a spatial group of lm -3 m . The crystal plane with a crys-

al plane spacing of 2.15 Å represents the (110) crystal plane of the 

CC lattice Fe5 Ni4 Cu, corresponding to a spatial group of Fm -3 m . 

he TEM-mapping image also shows the segregation of Ni and Cu 

Fig. S17). The TEM analysis of the Fe75–25 sample reveals only 

ne crystal phase ( Fig. 2 (h–k)). The crystal planes with a spac- 

ng of 2.63 Å and 3.73 Å correspond to the (110) and (100) crys- 

al planes of (Fe75 Ni20 Cu5 )4 N, featuring an anti-perovskite crystal 
46
tructure, with a spatial group of Pm -3 m . Additionally, Fig. 2 (c, l)

hows the uniformly distributed Fe, Ni, Cu, and N elements, indi- 

ating that the substance is a single-phase medium entropy alloy 

itride. Geometric phase analysis (GPA), as shown in Fig. 2 (m, n), 

eveals that the strain perpendicular to the (110) crystal plane after 

itriding, denoted as εyy , signifies the significant lattice distortion 

nduced by nitrogen atom doping. This distortion leads to lattice 

xpansion and heightened internal stress in the material, thereby 

acilitating the incorporation of more metal atoms into the crystal 

ell. This culminates in the formation of an anti-perovskite struc- 

ured single-phase medium entropy alloy nitride material. This also 

rovides a lateral explanation for the origin of defects observed in 

EM images. Fig. 2 (o) exhibits multiple Fe75–25 crystal cells after 

itridation from different observation directions on the (110) plane. 

otably, regions with higher strain correspond to the positions oc- 

upied by Ni, Cu, and N atoms. 

Before performing the calculations, three supercell structures 

ith compositions of Fex Ni20 Co75−x Cu5 ( x = 50, 60, 75) were se- 

ected, each comprising 80 atoms (Fig. S19(a–c)). Subsequently, N 

toms were introduced into the Fex Ni20 Co75−x Cu5 N25 ( x = 50, 60, 

5) alloy in proportions identical to those of the experimental 

amples. A total of 20 N atoms were incorporated, resulting in the 

ormation of medium-entropy alloy nitride with crystal structures 

epicted in Fig. S19(d–f). 

In order to study the formation ability and stability of nitrides 

ith anti-perovskite crystal structure, we conducted calculations to 

etermine the formation energy ( E ) of M4 N compounds ( M = Fe, 

i, Co, Cu). The equations used for these calculations are as follows 

46] : 

from 

= Etotal − EM 

− EN (6) 

here Etotal is the total energy of the structure, EM 

and EN are the 

elaxation energies of metals and nitrogen, and M represents Fe, 

i, Co, or Cu. Fig. 3 (a) shows the formation energy of these ni-

rides. All structures exhibit negative formation energy, indicating 

heir exothermic generation process and overall stability. Notably, 

’-Fe4 N exhibits the lowest formation energy of −47.17 eV among 

he four nitrides implying that it is relatively easier to form and 

tabilize. The results explain that the higher the Fe content is, the 

ess the driving force is required to form the single reverse per- 

vskite structure. 

To gain insight into the electrical properties of medium entropy 

lloy nitrides, two-dimensional charge density distribution maps of 

e and (Fe75 Ni20 Cu5 )4 N were further comprehensively simulated 

 Fig. 3 (b, c)). The anti-perovskite crystal structure of iron-based 

itrides, characterized by M-N covalent bonds, induces electron 

ocalization, resulting in impedance to charge transfer. Therefore, 

ts resistivity can be readily modulated, thereby facilitating subse- 

uent adjustments to electromagnetic parameters. 

Furthermore, the energy band structure and density of states 

or MEANFs (Fex Ni20 Co75−x Cu5 N25 ( x = 50, 60, 75)) were calcu- 

ated. These structures extend along the highly symmetric direc- 

ion of G-X-S-Y-G-Z-U-R-T-Z|X-U|-T|S-R as shown in Fig. 3 (d–f). All 

pin energy bands overlap with the Fermi level (EF), indicating the 

resence of metallicity. Meanwhile, the spin band intersects with 

ultiple points on the Fermi level line in different directions, indi- 

ating that the nitride has bulk metal properties. In addition, it was 

bserved that the density of states of Fe atoms exhibits asymmetry 

elative to the energy axis, indicating a ferromagnetic spin order 

elated to the magnetic moment carried by Fe atoms. These find- 

ngs strongly indicate the presence of ferromagnetism in this alloy. 

t is evident that the fractional density of states related to Fe has a 

ore significant impact on the overall density of states compared 

o other atoms, as an increase in Fe content leads to a higher peak 

ensity of states in the alloy ( Fig. 3 (g, h), S20, and S21). This effect

s particularly prominent in Fig. 3 (g), where the density of states 
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Fig. 2. (a) Digital image for lightweight MEANFs. (b, c) SEM and EDS mapping images of Fe75–25. (d) Rietveld refinement of the Fe75–0 and Fe75–25. (e) TEM and (f) 

HRTEM images of Fe75–0, (g) corresponding SAED image. (h) TEM and (i, j) HRTEM images of Fe75–25, (k) corresponding SAED image, (l) corresponding EDS mapping. GPA 

image of Fe75: (m) before nitriding and (n) after nitriding. (o) The (110) surface of the Fe75–25 crystal structure from different perspectives. 
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f Fe75 is significantly higher than the other two alloys. There- 

ore, it can be inferred that increasing the Fe content increases 

he conductivity of the alloy. In contrast, as shown in Fig. S22, all 

lloys exhibit a decrease in peak density of states after nitriding, 

ith Fe75 showing the most significant decrease. These findings 
47
ndicate that nitrogen doping reduces the conductivity of the alloy. 

he magnetic moment of these alloys is influenced by Fe, Ni, and 

o, with Fe having the most significant impact. This phenomenon 

tems from the main contribution of d -orbital electrons to the to- 

al magnetic moment in these alloys, with Fe playing a crucial role 
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Fig. 3. (a) Formation energy of M4 N ( M = Fe, Ni, Co, and Cu). 2D charge density distribution of (b) pure iron, (c) (Fe75 Ni20 Cu5 )4 N. (d–f) The energy band structure diagrams 

and density of states of Fex Ni20 Co75−x Cu5 N25 ( x = 50, 60, 75). (g) Total density of states before nitridation. (h) Total density of states after nitridation. (i) Total magnetic 

moment diagram before and after nitridation. 
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s the main source of these electrons (Table S4). Therefore, the in- 

rease in Fe content leads to an increase in magnetic moment and 

onductivity within the alloy (Figs. 3(i), S20, and S21). 

To investigate the effects of various nitriding processes and 

e/Co content on the magnetic properties of MEANFs, hysteresis 

oops were analyzed which indicate that all samples exhibit typ- 

cal ferromagnetism. ( Figs. 4 (c), S24, and S25). Before nitridation, 

he saturation magnetization ( Ms ) initially rises and then declines 

ith increasing Fe content, while the coercivity ( Hc ) consistently 

ecreases. This is due to the augmentation of magnetic exchange 

oupling and enhancement of magnetic moment resulting from a 

ertain amount of Co. Consequently, this leads to an improvement 

n saturation magnetization and a reduction in coercivity. 

Further, the study investigated the impact of nitriding at dif- 

erent temperatures on Fe75 Ni20 Cu5 samples. The findings reveal 

hat at a nitriding temperature of 500 °C, the samples exhibited 

 lower coercivity of 54.29 Oe and a peak Ms of 119.92 emu/g. In 

ddition, when the nitriding temperature is 600 and 700 °C, Hc 

s 51.5 and 99.83 Oe, and Ms is 112.15 and 68.57 emu/g, respec- 

ively. The deterioration of magnetic properties at higher nitrid- 

ng temperatures is due to the escape of N atoms, leading to the 

eformation of the FeNi phase (Fig. S5). Additionally, the Fe75–25 

ample, nitrided for 25 min, demonstrated slightly improved mag- 

etic properties compared to the unnitrided Fe75–0 sample. This 
48
mprovement is likely due to minor oxidation of the unnitrided 

e75–0 sample from air exposure as depicted in the XPS spectra 

Fig. S10). Furthermore, the Ms for the Fe60–60 and Fe50–480 sam- 

les were 99.29 and 97.22 emu/g, respectively, with correspond- 

ng Hc of 53.11 and 52.65 Oe. The study notes that an increase in 

itrogen content within the sample, resulting from prolonged ni- 

riding, adversely affects magnetic properties, despite both exhibit- 

ng a single-phase anti-perovskite crystal structure [17] . Overall, 

he Fe75–25 sample exhibits the most favorable magnetic perfor- 

ance, serving as a promising basis for further research into elec- 

romagnetic wave dissipation applications. 

The complex permittivity ( εr = ε′ − jε′′ ) and complex perme- 

bility ( μr = μ′ − jμ′′ ) have been obtained to investigate the elec- 

romagnetic wave absorption performance and attenuation mech- 

nism of MEANFs. Further, the reflection loss profile of the ma- 

erial has been calculated using transmission line theory [ 47 , 48 ]. 

n the samples nitrided for 15 min, an initial rise followed by a 

ubsequent decline in the real dielectric constant was observed 

ith the increase in Fe content (Fig. S23(a)). The imaginary dielec- 

ric constant often represents the dissipation of energy. The initial 

ncrease in the imaginary dielectric constant of the material can 

e attributed to the multiphase structure of the materials, which 

ould induce interfacial polarization and defect dipole polariza- 

ion. Then, the subsequent slight decrease of the imaginary dielec- 
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Fig. 4. (a, b) Real part and imaginary part of complex permittivity of Fe75–0, F75–25, Fe60–60, and Fe50–480. (c) VSM of Fe75–0, F75–25, Fe60–60, and Fe50–480. (d–g) 

3D plot of RL values vs frequency at different thicknesses and corresponding RL values at given thickness for Fe75–0, F75–25, Fe60–60, and Fe50–480. (h) Summary of 

widest absorption bandwidth for these samples. (i) Comparison image with previously reported foam or alloy-based electromagnetic wave absorbing materials. (j–l) HRTEM 

of Fe75–25. 
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ric constant is attributed to the formation of the anti-perovskite 

hase, which eliminates certain heterogeneous interfaces. The ob- 

erved trend in overall permeability is a decline, corresponding to 

he magnetic properties of the samples. Peaks observed in vari- 

us frequency bands within the complex permeability spectrum 

an be attributed to the multimodal magnetic resonance of the 

agnetic material. (Fig. S23(b)). Due to impedance mismatch, the 

lectromagnetic wave absorption efficiency of this series of sam- 

les is low (Fig. S23(c–i)). In addition, electromagnetic parameters 

f the single-phase anti-perovskite structures with various Fe con- 

ents have been further analyzed as shown in Fig. 4 (a, b). Com- 

ared with the three single-phase samples after nitriding, Fe75–

 has a higher complex permittivity, and the real part of its per- 
49
ittivity shows a strong frequency dependence, which decreases 

apidly with the increase of frequency, while the single-phase sam- 

le has a slow decrease with the increase of frequency. The ε′ of 

e75–25 decreased from 12.12 to 9.3 in the frequency range of 2–

8 GHz, while ε′′ increased from 2.18 to 3.89. On the Contrary, 

agnetic permeability exhibited an opposite behavior. The Fe75–

5 sample demonstrated a μ′ value of 1.23 at 2 GHz, in contrast 

o 1.13 of the Fe75–0 sample. At low frequency, this increase of the 

ermeability for the nitrided sample can be primarily attributed 

o the elevated resistivity of medium-entropy alloy nitrides, which 

ffectively suppress eddy current. Therefore, the absorption perfor- 

ance of the sample at low frequency is mainly affected by the 

agnetic resonance. Moreover, the permeability decreases slowly 
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Fig. 5. Schematic diagrams of the main EMW absorption mechanisms for (Fe75 Ni20 Cu5 )4 N foam absorbing material. 
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t high frequencies, which also can be ascribed to the high re- 

istivity. It is also noteworthy that the dielectric constant contin- 

ously decreases with a slight increase in permeability as the Fe 

ontent decreases and the nitriding duration increases for the in- 

rease in resistivity. The reflectivity of samples with various thick- 

esses through electromagnetic parameters is calculated as shown 

n Fig. 4 (d–h). The RLmin of Fe75–0, Fe75–25, Fe60–60, and Fe50–

80 is −16.67, −60.32, −17.38, and −51.58 dB, respectively. In ad- 

ition, the EABmax of the above samples are 1.84, 5.28, 4.28, and 

.68 GHz, respectively, with corresponding matching thicknesses of 

.21, 1.69, 1.84, and 3.3 mm. The excellent electromagnetic wave 

bsorption performance of the Fe75–25 sample can be ascribed 

o the lattice distortion, point defects, and discontinuous lattice 

tripes in its microscopic crystal structure ( Fig. 4 (j–l)). Fe75–25 has 

ore Cole-Cole semicircles than Fe75–0 (Fig. S26), indicating that 

hese defects act as polarization centers and induce dipole polar- 

zation through defects [49] , which increases dielectric loss, lead- 

ng to multiple fluctuations in the tangent of the dielectric loss an- 

le at different frequencies (Fig. S27). 

The loss can be further elucidated by the tangent value of the 

agnetic loss angle and eddy current loss curve ( C0 –f ). As depicted 

n Fig. S27(b), the presence of multiple resonance peaks suggests 

he occurrence of various resonance losses within these materials. 

onventionally, a steady C0 value is indicative of significant eddy 

urrent loss [50] . However, the observed fluctuations of the C0 

alue across the entire frequency spectrum, as shown in Fig. S27(c), 

mply that eddy current losses are negligible in MEANFs. In addi- 
50
ion, the attenuation constant ( α) of the samples can also reflect 

he dissipation of electromagnetic waves by the material. Although 

he α value of the samples without nitriding is high (Fig. S27(d)), 

t is discernible that the nitrided Fe75–25 sample demonstrates 

nhanced electromagnetic wave absorption owing to its superior 

mpedance matching property (Fig. S28). Overall, the MEANFs de- 

eloped in this study showcase exceptional electromagnetic wave 

bsorption, even at reduced filling rates, positioning them as pio- 

eering materials in the realm of lightweight, highly efficient mi- 

rowave absorbers. The comprehensive absorption performance of 

he material in this study is superior when compared to other 

icrowave-absorbing composite materials examined in recent re- 

ated studies, as illustrated in Fig. 4(i) and Table S5 [51–62] . These 

ndings indicate promising prospects for further development. 

In conclusion, multiphase metal alloys with unique foam struc- 

ures can be transformed into (Fe75 Ni20 Cu5 )4 N with single-phase 

nti-perovskite crystal structure by N atom doping induced matrix 

hase lattice expansion, which can be simply mixed with paraf- 

n to obtain excellent EMW performance. Compared with tradi- 

ional high entropy/medium entropy alloys, N atom-induced ma- 

rix phase lattice expansion can accommodate more metal atoms 

nd easily achieve high entropy. In addition, the N atom dop- 

ng process is simple and can effectively improve the impedance 

atching of composite materials. Especially, the microstructure 

f medium-entropy alloy nitrides can be customized through the 

ccupation of metal elements in the matrix phase, resulting in 

 medium-entropy alloy phase with adjustable electromagnetic 
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roperties due to the synergistic effect of different metal ele- 

ents. The predominant factors that determine the excellent EMW 

bsorption performance of MEANF composites are as follows: i) 

he foam structure with evenly distributed hierarchical multi-level 

ores can increase the reflection and scattering of electromag- 

etic waves, and promote electromagnetic attenuation and energy 

onversion. In addition, there are many conductive networks and 

harge transfer pathways in MEANF composites with large specific 

urface areas. ii) The doping of nitrogen atoms leads to significant 

hanges in their electronic structure, improving the impedance 

atching of composite materials, increasing internal stress, gen- 

rating point defects, discontinuous lattice, and lattice distortion, 

nd enhancing their dielectric loss ability. iii) MEANFs with ferro- 

agnetism can efficiently dissipate electromagnetic waves through 

agnetic resonance mode. Therefore, MEANFs can achieve excel- 

ent EMW absorption performance through excellent impedance 

atching and magnetic dielectric synergistic loss effects ( Fig. 5 ). 

. Conclusion 

MEANFs with a single-phase anti-perovskite crystal structure 

ave been successfully constructed by inducing matrix phase vol- 

me expansion through N atom doping. The formation mechanism 

f the MEANFs with the single-phase anti-perovskite structure has 

een analyzed through microstructure evolution. The results indi- 

ate that doping with N atoms increases the cell volume, lead- 

ng to an increase in lattice stress, lattice distortion, and the ap- 

earance of discontinuous lattices, which increases dielectric loss. 

eanwhile, the magnetic resonance losses originating from mag- 

etic components jointly promote the dissipation of electromag- 

etic waves. For Fe75–25 samples, the RLmin reached −60.32 dB 

t a thickness of 4.81 mm, and the effective absorption bandwidth 

eached 5.28 GHz at an ultra-thin thickness of 1.69 mm. Further- 

ore, through the manipulation of N doping and various metal el- 

ments, a hierarchical multistage pore structure has been estab- 

ished within the foam framework, encompassing large pores with 

 diameter of approximately 2 μm and mesoporous pores mea- 

uring around 20 nm in diameter. Additionally, the metal nitride 

oam material exhibits a density of about 0.028 g/cm3 , signifi- 

antly lower than conventional metal absorbers, thereby meeting 

he lightweight material criteria for absorptive applications. There- 

ore, this work provides a straightforward and efficient method 

or the synthesis of medium-entropy alloys in the inverse per- 

vskite structure, showcasing their high-performance characteris- 

ics in broadband. 
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