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A B S T R A C T   

Within the present work, a series of spinel-structured (MnFeCoNiX)3O4 (X = Zn, Cu, Cr) high entropy oxides 
(HEOs) were fabricated by co-precipitation method and the subsequent heat treatment. The phase composition, 
microstructure, thermal stability, magnetic property and electromagnetic (EM) wave loss ability were compre
hensively studied. It is found that spinel-structural (MnFeCoNiX)3O4 HEOs are well-crystallized at above 800 ◦C 
with a space group Fd-3m. Morphological analysis reveals that grains of different HEOs contain nano-domains 
with particle sizes between 100 nm and 500 nm. In addition, Mn, Ni, Co, Fe, Zn, Cr and Cu elements are ho
mogeneously distributed and the chemical states of Mn, Ni, Co and Fe are all +2 and + 3, while Cu only exists in 
+2 state. Thermal stability analysis shows that (MnFeCoNiCu)3O4 HEO is able to keep stable at 1000 ◦C. 
Moreover, the (MnFeCoNiCu)3O4 sample exhibits the best magnetic properties and EM microwave loss ability in 
comparison with (MnFeCoNiZn)3O4 and (MnFeCoNiCr)3O4. For (MnFeCoNiCu)3O4, the values of saturation 
magnetization (Ms) and coercivity (Hc) are 38.6 emu/g and 52.6 Oe, respectively. Meanwhile, (MnFeCoNiCu)3O4 
displays a minimum reflection loss (RL) of − 15.5 dB at 8.48 GHz with a thickness of 4.5 mm and a wide effective 
absorption bandwidth (EAB) of 8.84 GHz with the sample thickness of 5 mm. It is expected that the excellent 
high-temperature stability and good EM wave absorbing performance of high entropy (MnFeCoNiCu)3O4 could 
make it potentially useful in EM wave absorption under elevated temperatures.   

1. Introduction 

Adopting from the concept of high entropy alloys (HEAs), the high- 
entropy concept has been applied to a wide range of compounds, 
including oxides [1,2], carbides [3], borides [4,5], silicides [6], and 
others. HEAs are a kind of novel multi-component alloy that comprises 
five or more elements with an atomic concentration of 5–35 % [7,8]. 
Similarly, high-entropy oxides (HEOs) include a broad range of oxides 
that consist of five or more multi-principal cations with 5–35 % atomic 
composition [9,10]. Generally, HEOs with multi-cations distributed at 
various ionic states can demonstrate high-entropy effects on micro
structural lattice distortion and kinetically sluggish diffusion, which 
could produce grain refinement and provide high-temperature stability 
[11,12]. In addition, the “cocktail effect” of multi-component solid so
lution phases is commonly seen in HEOs, which may lead to a combi
nation of unpredictable properties in the final products [13]. Currently, 

the field of HEOs has attracted significant attention after the preparation 
of (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O featuring a single rock-salt phase by 
Rost et al. By choosing various cations and adjusting the composition of 
specific components, researchers have synthesized a variety of 
single-phase HEOs systems, such as (Co,Cu,Mg,Ni,Zn)O HEOs with 
rock-salt structure [14], rare earth doped RE2TM2O7 HEOs with fluorite 
phase [15,16], Sr(Zr,Sn,Ti,Hf,Mn)O3 HEOs with single-phase perovskite 
structure [17], high-entropy rare-earth silicates [18,19], 
Co–Cr–Fe–Mg–Mn–Ni–O HEO system with sing-phase spinel structure 
[20] and so on. 

As one important kind of HEOs, MFe2O4 (M = Fe, Co, Cu, Zn, Ni, etc.) 
ferrites have drawn broad interest from researchers due to their special 
spinel crystalline structure with cations located in different intergran
ular intervals in face-centered cubic (fcc) oxygen lattice and various 
favorable properties, such as good thermal/chemical stability, magnetic, 
electrical properties and attractive electromagnetic (EM) performance 
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[21,22]. Usually, the synthetic strategies of spinel structured MFe2O4 
are facile and cost-effective, including hydrothermal method [23–25], 
co-precipitation method and electrospinning method. And due to the 
aforementioned advantageous characteristics, MFe2O4 ferrites show 
great potential in the field of supercapacitors, catalysts, gas sensors and 
electromagnetic wave absorbers [26–28]. Particularly, spinel MFe2O4 
ferrites as EM wave absorbing materials have been extensively 
researched in the last several years, owing to their intrinsic anisotropy, 
good dielectric capacity and high electric resistivity [29,30]. Radoń 
et al. synthesized one kind of (Zn,Mg,Ni,Fe,Cd)Fe2O4 high entropy 
ferrite by co-precipitating amorphous precursor and heat treatment and 
the results accentuated that the high entropy ferrite exhibited the 
excellent microwave absorption performance in the 1.9–2.1 GHz fre
quency range with the layer thickness of 0.8–1 cm [31]. In another 
research conducted by Mandal et al. transition metal-based MFe2O4 (M 
= Mn, Fe, Co, Ni, Cu, Zn) nano-hollow spheres were synthesized via 
one-pot template-free solvothermal technique [32]. Compared with 
traditional magnetite, the spinel-structured MFe2O4 displayed enhanced 
EM absorption properties as a result of M2+ [M = Mn, Co, Ni, Cu, Zn] 
substitution in Fe3O4, demonstrating prominent impedance matching, 
favorable dielectric and magnetic loss. Recently in 2022, Ma et al. re
ported that single phase spinel-type MFe2O4 (M = Mg, Mn, Fe, Co, Ni, 
Cu, Zn) high-entropy ferrites with synergetic dielectric and magnetic 
loss were synthesized by solid-state reaction method [33]. It was found 
that magnetic components are responsible for the enhanced magnetic 
loss ability and nano domains within the MFe2O4 grains as well as the 
hopping mechanism of resonance effect and high-entropy effect lead to 
improved dielectric properties, resulting in excellent EM absorbing 
properties. Although many spinel-structured MFe2O4 HEOs with mag
netic and dielectric properties were investigated in the past several 
years, the system of MFe2O4 HEOs as EM microwave absorbers under 
high temperatures still needs to be broadened. Furthermore, 
high-temperature stabilities of the MFe2O4 HEOs are rarely mentioned 
in most of the previous researches. 

Derived from the research experience of the HEA system, in the bi
nary subsystem, the corresponding oxides of each of the eight elements 
(Co, Cr, Cu, Fe, Mg, Mn, Ni, Zn) have similarities in crystal structure, 
ionic radius, equivalence, and solubility, which are the dominant ma
terials for the development of HEOs [34]. Specifically, based on the 
design inspiration of the cation substitution in high-entropy ceramics 
[35,36], and the methods of optimizing the exchange coupling at 
ferromagnetic interfaces [33,37], the controllable regulation of the 
magnetic properties of the HEOs is achieved by adjusting the cationic 
compositions of Zn, Cu, and Cr in the present experiments, and then 
realizing the effective combination of dielectric loss and magnetic loss of 
wave-absorbing materials. Therefore, three kinds of high-entropy 
spinel-type (MnFeCoNiX)3O4 (X = Zn, Cu, Cr) were synthesized by 
conventional chemical co-precipitation method, followed by calcination 
of the as-prepared precursors. The effects of calcination temperature on 
the phase composition and morphology evolution of different HEOs 
were investigated. High-temperature stability of the HEOs was also 
evaluated above 900 ◦C. Finally, the magnetic properties and EM mi
crowave absorbing performance of the HE (MnFeCoNiX)3O4 were sys
tematically studied. 

2. Experimental section 

2.1. Experimental procedures 

The (MnFeCoNiX)3O4 (X = Zn, Cu, Cr) HEOs were synthesized by 
heat treatment of the precursors prepared by the chemical co- 
precipitation method. Firstly, different chlorides including MnCl2, 
CoCl2⋅6H2O, FeCl2⋅4H2O, NiCl2⋅6H2O, ZnCl2/CuCl2⋅2H2O/CrCl3⋅6H2O 
were weighed with a molar ratio of Mn: Co: Fe: Ni: Zn/Cu/Cr =
1:1:1:1:1, separately. Then all these chlorides were dissolved by deion
ized water to form a transparent solution. Next, a required amount of 

ammonium hydroxide was added into the solution drop by drop until 
pH = 10 to obtain three different kinds of HEOs precursors. After being 
cleaned by deionized water and dried under 70 ◦C, a typical heat 
treatment of the (MnFeCoNiCu)3O4 precursors was performed at 
different temperatures (400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C and 
900 ◦C) in air for 4 h with a heating rate of 5 ◦C/min to obtain the 
corresponding HEOs. Based on the heat treatment of (MnFeCoNiCu)3O4 
precursors, the processing parameters for the remaining two samples 
were set to 800 ◦C. 

2.2. Characterization 

The phase composition of the as-prepared HEOs was analyzed by X- 
ray diffractometer (XRD, Rigaku Ultima IV) at a step of 2◦/min using Cu- 
Kα radiation, with a 2θ range of 20◦–80◦. The morphology and elemental 
composition of (MnFeCoNiX)3O4 (X = Zn, Cu, Cr) HEOs were charac
terized by a JEOL JSM 7001 F scanning electron microscope (SEM) 
equipped with an energy-dispersive spectroscope (EDS, IncaX-Max 80 
T). The X-ray photoemission spectroscopy (XPS, AXIS Supra) was uti
lized to study the elemental valence state of the HEOs. The XRD results 
were refined using GSAS-II software suite. The peak shapes were 
modeled by using pseudo-Voigt profile functions and 15 background 
coefficients were fitted using Chebyschev-1 functions. 

Thermal stability of the HEOs precursor was characterized by ther
malgravimetric analysis (TGA, STA-409PC) in nitrogen atmosphere at a 
heating rate of 20 ◦C/min to 1000 ◦C. The synthesized HEOs powders 
were pressed into cylinders with a diameter of 3 mm and a height of 3 
mm, then placed in a melting point apparatus (LZ-3, Institute of Iron and 
Steel Metallurgy, Tohoku University) under 900 ◦C–1200 ◦C for 10 min 
and the side view of the samples was recorded. 

Magnetic measurements were conducted by a Vibrating Sample 
Magnetometer (VSM-220, YP) at room temperature with a magnetic 
field of − 20000~20000 Oe. Microwave absorbing properties were 
analyzed by an Agilent N5244A Vector Network Analyzer (VNA, R&S 
ZNA, Germany) in a frequency range of 2~18 GHz. The HEOs powders 
were mixed with paraffin at the mass ratio of 7 : 3 and then the as- 
formed mixtures were molded into toroidal samples (thickness is 
2–2.5 mm, inner diameter is 3.04 mm and outer diameter is 7 mm). 

3. Results and discussion 

3.1. Structural and morphologic analysis 

XRD patterns of (MnFeCoNiCu)3O4 HEO calcined at different tem
perature (400 ◦C–900 ◦C) are presented in Fig. 1. One clear diffraction 
peak is observed at about 30.3◦ when calcination temperature increases 
from 400 ◦C to 500 ◦C, corresponding to (220) plane of spinel phase. 
With the temperature increasing up to 800 ◦C, the characteristic peaks 
belonging to (111), (220), (311), (222), (400), (422), (511), (440) and 
(533) planes of NiFe2O4 are clearly distinguished, with increased in
tensity and decreased FWHM [11]. In order to further confirm the 
crystal structure of the obtained three HEOs, the Rietveld refinement 
was performed and the results are shown in Fig. 2. The observed range of 
lattice parameters compares well with the reported value of 
spinel-structural Fe3O4 with the space group Fd-3m (a = 8.3578 Å) and 
no impurities was detected at this temperature [38], indicating that the 
(MnFeCoNiX)3O4 HEO is well-crystallized with spinel structure. Partic
ularly, (MnFeCoNiCr)3O4 shows the strongest peak intensity, indicating 
better crystallinity [39]. 

SEM micrographs of (MnFeCoNiCu)3O4 HEO calcined at 
500 ◦C–900 ◦C for 4 h are presented in Fig. 3 to understand the impact of 
calcination temperature on the HEO microstructures. As shown in Fig. 3 
(a and b), the morphology of the HEO samples calcined at 500 ◦C and 
600 ◦C exhibits a porous structure with sparsely stacked particles. As the 
calcination temperature increases, large particles gradually evolve into 
densely packed nano-particles, as shown in Fig. 3(c and d). With the 
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temperature increasing to 900 ◦C, a large quantity of closely stacked 
grains was observed as a result of the aggregation and growth of nano- 
particles. SEM images of different HEOs samples calcined at 800 ◦C for 4 
h are displayed in Fig. 4. It can be seen that all the HEOs samples are 
composed of aggregated nano-particles. From Fig. 4(a and b), (MnFe
CoNiCu)3O4 and (MnFeCoNiZn)3O4 exhibit a relatively smooth 
morphology, with the grain size ranging from 200–400 nm and 
100–200 nm based on Fig. 4(d–e). As observed from Fig. 4(c), (MnFe
CoNiCr)3O4 shows an irregularly porous architecture, with the grain size 
of 100~500 nm (Fig. 4(f)). Meanwhile, according to elemental mapping 
analysis of different HEOs samples shown in Fig. S(1–3), all the elements 
including Mn, Ni, Co, Fe and Cu/Zn/Cr are homogeneously distributed 
and no elemental segregation exists. 

XPS spectra of (MnFeCoNiCu)3O4 were recorded to further study the 
chemical covalence and bonding. For the XPS spectrum of Mn 2p in 
Fig. 5(a), characteristic peaks at 641.1 eV (Mn 2p3/2) and 652.5 eV (Mn 

2p1/2) indicate the presence of Mn2+, while peaks at 642.7 eV (Mn 2p3/ 

2) and 654.1 eV (Mn 2p1/2) demonstrate the existence of Mn3+ [40]. As 
shown in Fig. 5(b), the peaks at 854.7 eV and 871.5 eV are associated 
with Ni 2p3/2 and Ni 2p1/2 of Ni2+, separately, and peaks at 855.7 eV and 
873.1 eV are assigned to Ni 2p3/2 and Ni 2p1/2 of Ni3+, separately [41]. 
For the Co 2p spectrum in Fig. 5(c), the peaks at 779.6 eV (Co 2p3/2) and 
795.2 eV (Co 2p1/2) are connected with Co2+, while peaks at 782.6 eV 
and 798.3 eV are related to Co3+ [42]. As for the Fe 2p spectrum shown 
in Fig. 5(d), peaks at 710.1 eV (Fe 2p3/2) and 722.7 eV (Fe 2p1/2) belong 
to Fe2+, while 712.9 eV (Fe 2p3/2) and 724. 6eV (Fe 2p1/2) belong to 
Fe3+. 

The results reveal that the elements Mn, Co, Ni and Fe all exhibit +3 
and + 2 valence states and thus they form a spinel structure, which is 
consistent with the XRD analysis. 

It is worth mentioning that only Cu2+ was detected in the Cu 2p 
spectrum in Fig. 5(e), corresponding to two peaks at 933.4 eV (Cu 2p3/2) 
and 953.2 eV (Cu 2p1/2) [11]. Therefore, additional charge compensa
tion becomes imperative within the lattice. According to Pauling’s rule, 
in instances of positive charge excess, a material’s inherent reaction to 
balance the surplus charge is to generate negative charge within the 
lattice [43,44]. The generation mechanism of charge generation in ox
ides involves the release of oxygen from the lattice, which is also 
confirmed by the XPS spectrum of O 1s. As shown in Fig. 5(f), the O 1s 
spectrum is deconvoluted into three subpeaks, where 529.9 eV corre
sponds to oxygen vacancy, 529.8 eV to lattice oxygen and 531.2 eV to 
surface-absorbed oxygen. Additionally, the increase in oxygen vacancies 
can heighten the diffusion of reactants to a certain extent while 
rendering additional electrons to acquire achievable capacity, which is 
favorable to facilitate conductivity [45]. 

3.2. Thermal stability 

The thermal stability of the as-synthesized (MnFeCoNiCu)3O4 HEO 
precursor was investigated by thermogravimetric analysis (TGA) in N2. 
As depicted in Fig. 6, the mass loss of the HEO sample mainly consists of 
four stages. The major weight loss (~15 wt%) happens at the first stage 
before 300 ◦C, which is mainly caused by the loss of the water molecules 
of hydration. At the second stage during 300 ◦C–500 ◦C, the weight loss 
(~10 wt%) should be ascribed to the decomposition of hydroxides. In 
the third stage in the temperature ranging from 500 ◦C to 750 ◦C, a slight 
weight loss of approximately 3 wt% was obtained, which is attributed to 
the gradual formation of the ferrite phase starting at 500 ◦C and the slow 
decay of the impurity phase, thereby resulting in a complete ferrite 
phase [46–48], which is in agreement with XRD results in Fig. 1. The 
mass change in the last stage after 750 ◦C is negligible, suggesting that 
spinel phase has completed. Fig. 7 shows the side view of (MnFeCoNi
Cu)3O4 HEO when heated at 900 ◦C–1200 ◦C. The results shows that the 
height of the HEO sample remains unchanged when temperature in
creases from 900 ◦C to 1000 ◦C. As the temperature continues to in
crease, the height and width of the sample slightly decrease at 1100 ◦C 
and keep stable at 1200 ◦C, indicating good high-temperature stability 
of (MnFeCoNiCu)3O4 HEO sample. 

3.3. Magnetic properties 

In order to investigate the extent to which different magnetic cations 
affect the magnetic properties of the materials, thus enabling a more in- 
depth analysis of the associated wave-absorbing properties, an exhaus
tive characterization of the magnetic properties has been carried out. 
The magnetic properties of (MnFeCoNiX)3O4 (X = Zn, Cu, Cr) HEOs are 
studied by hysteresis loops recorded at room temperature with an 
applied magnetic field ranging from − 20000 to 20000 Oe, as illustrated 
in Fig. 8. Fig. 8(b) is the magnified hysteresis loops in the range of 
− 600–600 Oe of Fig. 8(a). It can be clearly seen in Fig. 8(a) that the 
saturation magnetization (Ms) value, remanent magnetization (Mr) 
value and coercivity (Hc) value of (MnFeCoNiZn)3O4 are all approaching 

Fig. 1. XRD patterns of (MnFeCoNiCu)3O4 HEO calcined at different temper
atures (400 ◦C–900 ◦C) for 4 h. 

Fig. 2. Rietveld refinement of XRD patterns of (MnFeCoNiX)3O4 (X = Zn, Cu, 
Cr) HEOs calcined at 800 ◦C for 4 h. 
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to zero, indicating that (MnFeCoNiZn)3O4 is a compound with sub
standard magnetic properties. 

Comparing with another two samples, the inferior magnetic prop
erties of (MnFeCoNiZn)3O4 are owning to the substitution of non- 
magnetic Zn2+ ions for magnetic Cr ions (2–3 μB) or Cu ions (3/2 μB), 
which will result in a dilution of the tetrahedral (A) and octahedral (B) 
sites, attenuating the exchange and declining the vector sum of lattice 
magnetic moments, in accordance with Neel’s two-sublattice collinear 
model [36,49,50]. Meanwhile, the dramatic increase in crystal bound
aries brought about by the decrease in crystallite size also contributes to 
the reduction in magnetic properties [51,52]. Moreover, (MnFeCoNi
Cu)3O4 HEO has the larger saturation magnetization (Ms) value of 38.6 
emu/g compared with 19.7 emu/g of (MnFeCoNiCr)3O4, since the 
porosity of (MnFeCoNiCr)3O4 in Fig. 4 is significantly greater than that 
of (MnFeCoNiCu)3O4, which will disrupt the magnetic circuit between 
the grains and result in a net decrease in the magnetic properties [46]. 

Additionally, Fig. 8(b) also illustrates that the Mr values of (MnFeCo
NiCu)3O4 and (MnFeCoNiCr)3O4 are 7.9 emu/g and 6.7 emu/g, which is 
in good consistence with the manner of Ms. 

The coercivity is mainly related to the crystallinity, grain size, micro 
strain, porosity, lattice distortion, and anisotropy constant of the ma
terial. In general, the Hc of the same ferrite material is positively 
correlated with the Ms value. (MnFeCoNiCu)3O4 with a larger Ms value 
has the same coercivity (52.6 Oe) as (MnFeCoNiCr)3O4, which is mainly 
attributed to the fact that the domain wall motion of single domains is 
more likely to lead to a decrease in Hc with decreasing crystal size than 
magnetization rotation in nano-magnetic materials [36,53]. The rema
nent magnetization (Mr/Ms) is between 0.204 and 0.340, less than 0.5, 
indicating the formation of single domains without domain walls inside 
the material, which also exactly proves this. A similar phenomenon 
appears in the literature of chromium substituted lithium ferrites [48, 
54]. 

Fig. 3. SEM images of (MnFeCoNiCu)3O4 calcined at (a) 500 ◦C, (b) 600 ◦C, (c) 700 ◦C, (d) 800 ◦C, (e) 900 ◦C for 4 h.  

Fig. 4. SEM images of (MnFeCoNiX)3O4 HEO powder calcined at 800 ◦C for 4 h: ((a), (d)) (MnFeCoNiCu)3O4; ((b), (e)) (MnFeCoNiZn)3O4; ((c), (f)) 
(MnFeCoNiCr)3O4. 
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3.4. Electromagnetic wave-absorbing properties 

To investigate the microwave absorbing properties of the synthe
sized (MnFeCoNiX)3O4 (X = Zn, Cu, Cr) HEOs, frequency dependencies 
of EM parameters of the samples are measured and depicted, as shown in 
Fig. 9. It is widely acknowledged that HEO’s ability to store EM wave is 
represented by the real parts of permittivity (ε′) and permeability (μ′), 
whereas the ability to dissipate EM energy is characterized by the 
imaginary parts of permittivity (ε″) and permeability (μ″) [55,56]. 

As illustrated in Fig. 9 (a – b), the real part of complex permittivity ε′ 
decreases with increasing frequency and eventually stabilizes at high 
frequencies, showing obvious ferrimagnetic behavior and dispersion 
phenomena [57,58]. The frequency-dependent variation of the permit
tivity can be illustrated by the Koop theory and the Maxwell-Wagner 

double-layer model. In this model, the inhomogeneous dielectric struc
ture is composed of insulating thinner grain boundaries and conductive 
grains separated by those boundaries. In an applied electromagnetic 
field, dipoles accumulate (space charge) at the resistive grain bound
aries, resulting in polarization of the material and large ε′ at low fre
quencies [59,60]. As the frequency increases, the dipole pairs are 
responsible for the polarization lag behind the electromagnetic field 
frequency to produce relaxation phenomena. Moreover, ferromagnetic 
resonance at high frequencies leads to the appearance of humps with a 
decreasing trend of the imaginary part of complex permittivity ε″ [32,33, 
57]. The largest value of ε″ for the (MnFeCoNiCu)3O4 sample is attrib
uted to the fact that the introduced Cu enhances the ionic conductivity, 
implying better energy dissipation ability of the (MnFeCoNiCu)3O4 
material. The permeability (μ′ and μ′′) represented in Fig. 9 (c - d) shows 

Fig. 5. XPS spectra of (MnFeCoNiCu)3O4: (a) Mn 2p; (b) Ni 2p; (c) Co 2p; (d) Fe 2p; (e) Cu 2p; (f) O 1s.  

Fig. 6. TGA curve of (MnFeCoNiCu)3O4 HEO in N2 atmosphere.  
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similar trends, indicating the presence of natural resonance and natural 
exchange resonance in all samples. In general, the natural resonance is 
manifested by an oscillatory peak in the imaginary part of the perme
ability, at the same time, that the real part of the permeability decreases 
apparently [61,62]. From the Globus equation (1) [32], 

μ′∝
(
M2

s D
/

K1/2) (1)  

where D is the crystallize size, K typifies the magneto-crystalline 
anisotropy constant, and Ms represents the saturation magnetization, 
the highest value of Ms leads to the largest μ′ of (MnFeCoNiCu)3O4 
among the samples. Besides, the broad and strong resonance peaks of μ′′ 
in the low-frequency range (8–9 GHz) are related to the natural reso
nance of ferrite [33,63]. According to the natural resonance equation (2) 
[64], 

2πfr =(4γK) / (3μ0Ms) (2)  

where γ is gyromagnetic ratio (≈2.8 GHz/kOe for ferrites), the higher Ms 

values shifted the resonance peaks of the (MnFeCoNiCu)3O4 samples 
slightly towards the low-frequency region. Furthermore, the anomalous 
increase of dynamic magnetic loss in the high-frequency region (14–18 
GHz) for all samples is probably related to eddy current losses. A similar 
phenomenon occurs in ferrite materials with similar compositions [33]. 

Commonly, the magnetic tangent loss (μ″/μ′) and dielectric tangent 
loss (ε″/ε′) are the two main reference indexes to symbolize the EM wave 
attenuation ability. As shown in Fig. 9 (e − f), μ″/μ′ and ε″/ε′ values of 
(MnFeCoNiCu)3O4 are larger than the other two samples, which is in 
accord with the as-mentioned results from Fig. 9 (a – d). Interestingly, 
the dielectric tangent loss (ε″/ε′) shows obvious downtrend while the 
magnetic tangent loss (μ″/μ′) exhibits rapid uptrend at higher fre
quencies. The complementary trend of magnetic and dielectric loss can 
make it possible for the (MnFeCoNiX)3O4 HEOs in this work to achieve 
whole-band wave adsorption. 

As an important index of evaluating the comprehensive EM wave 
attenuation ability of materials, attenuation constant (α) is defined by 
Eq. (3) [65]: 

Fig. 7. Height changes of (MnFeCoNiCu)3O4 HEO at 900 ◦C–1200 ◦C.  

Fig. 8. Hysteresis loops of (MnFeCoNiX)3O4 (X = Zn, Cu, Cr): (a) − 20000–20,000 Oe; (b) enlarged curve of − 600–600 Oe.  
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α=

̅̅̅
2

√
πf

c

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

√
√

(3)  
where f is the EM wave frequency; c represents the light velocity (3 ×
108 m/s); μ′ and μ′′ symbolize the real and imaginary parts of perme
ability, respectively; ε′ and ε′′ are the real and imaginary parts of 
permittivity. As depicted in Fig. 9(g), the attenuation constant peaks 

Fig. 9. EM parameters of (MnFeCoNiX)3O4 (X = Zn, Cu, Cr) HEOs: (a) real part of permittivity (ε′); (b) imaginary part of permittivity (ε″); (c) real part of permeability 
(μ′); (d) imaginary part of permeability (μ″); (e) dielectric tangent loss (ε″/ε′); (f) magnetic tangent loss (μ″/μ′); (g) attenuation constant (α) and (h) impedance match 
(Zin/Z0). 
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arising at 8 GHz and 14 GHz indicate that the magnetic loss accounts for 
natural resonance and the dielectric loss contributes to the variation of 
loss capability at this frequency, respectively. Obviously, (MnFeCoNi
Cu)3O4 exhibits relatively better broadband adsorption ability since it 
has the largest α value at almost the whole band among the three 
samples. 

The impedance matching performance is often used to evaluate the 
ease with which EM microwaves penetrate the absorber materials. 
Basically, the value of impedance matching (Z) is defined by Eq. (4): 

Z =Zin/Z0 (4)  

where Zin is input impedance of absorber and Z0 is the impedance of free 
space. And the correlation of Zin and Z0 can be found in Eq. (5) [66]: 

Zin =Z0

̅̅̅̅̅
μr

εr

√

tanh
(

j
2πfd ̅̅̅̅̅̅̅̅μrεr

√

c

)

(5)  

where μr and εr are relative complex permeability and relative complex 
permittivity, separately; d stands for the sample thickness. Generally, Zin 
being closer to Z0 is more beneficial for EM microwaves entering into the 
absorbers. As shown in Fig. 9 (h), the calculated impedance matching 
value of (MnFeCoNiCu)3O4 specimen is much closer to 1 than those of 
(MnFeCoNiZn)3O4 and (MnFeCoNiCr)3O4, which makes the (MnFeCo
NiCu)3O4 HEO as a promising EM microwave absorber candidate. 

Reflection loss (RL), which is determined by Eq. (6) [67], is widely 
viewed as an essential index to evaluate the EM wave-absorbing 
performance. 

RL (dB)= 20 lg
⃒
⃒
⃒
⃒
Zin − Z0

Zin + Z0

⃒
⃒
⃒
⃒ (6) 

Normally, materials with a RL value less than − 10 dB can be seen as 
the effective EM wave-absorbers and the corresponding frequency range 
when RL < − 10 dB is called the effective absorption bandwidth (EAB) 
[68]. Fig. 10 exhibits the RL trend in 2–18 GHz frequency range of 
(MnFeCoNiCu)3O4 samples calcined at 500 ◦C–900 ◦C with different 
sample thickness (1–5 mm). The RLmin values of the samples calcined at 
600 ◦C and 700 ◦C are comparable, varying from − 10.1 dB to − 10.6 dB. 
Notably, the RLmin value enhances to − 15.5 dB as the calcination tem
perature rises to 800 ◦C and deteriorates to − 11.7 dB at 900 ◦C. 

Therefore, the (MnFeCoNiCu)3O4 HEO can be endowed with the best EM 
microwave absorbing properties with a calcination temperature of 
800 ◦C. 

The RL values of different (MnFeCoNiX)3O4 (X = Zn, Cu, Cr) HEOs 
with different sample thicknesses (1–5 mm) calcined at 800 ◦C are 
presented in Fig. 11. Fig. 11 (a) shows that the RLmin value of (MnFe
CoNiZn)3O4 can reach − 11.3 dB and a relatively wide effective ab
sorption bandwidth (EAB) can be achieved by adjusting the thickness 
(3.0–5.0 mm) of the absorber in the frequency range of 8.14–12.9 GHz. 
Compared with (MnFeCoNiZn)3O4, (MnFeCoNiCu)3O4 is able to achieve 
a smaller RLmin value (− 15.5 dB) and a much wider EAB can be realized 
by adjusting the sample thickness (2.5–5.0 mm) in the frequency range 
of 4.4–13.92 GHz, as shown in Fig. 11 (b). However, the RLmin value of 
(MnFeCoNiCr)3O4 is only − 10.2 dB, as shown in Fig. 11 (c). Fig. 11 (d ~ 
f) illustrates the 3D presentations of the RL curves of the three samples. 
It can be observed in Fig. 11(d) and (f) that the EAB of (MnFeCo
NiZn)3O4 and (MnFeCoNiCr)3O4 are 4.08 GHz and 1.7 GHz when the 
sample thickness is 4 mm, respectively. By comparison, (MnFeCoNi
Cu)3O4 possesses a wider EAB of 8.84 GHz with the sample thickness of 
5 mm, suggesting that (MnFeCoNiCu)3O4 sample exhibits the best mi
crowave absorbing properties. As aforementioned, (MnFeCoNiCu)3O4 
specimen exhibits the smallest lattice parameter, more dense 
morphology and higher Ms value, which leads to higher permittivity and 
permeability to effectively store and dissipate electromagnetic waves. 
Therefore. (MnFeCoNiCu)3O4 sample shows the best electromagnetic 
wave absorption properties among the three specimens. 

Fig. 12 summarizes the thickness versus EAB of the single-phase 
spinel HEOs synthesized in this work, as well as oxide-based [69–71], 
ferrite-based [33,72–74], transition metal carbide-based [75], and 
transition metal boride-based [76,77] materials. Although the RL values 
of the obtained HEOs are not prominent enough, it is noteworthy that 
the HEOs have a sufficiently wide EAB, thus make them a promising 
wave-absorbing material. 

4. Conclusion 

In conclusion, three kinds of (MnFeCoNiX)3O4 (X = Zn, Cu, Cr) HEOs 
materials are fabricated via chemical co-precipitation and solid-reaction 
method. XRD results show that single-phase spinel structure with Fd-3m 

Fig. 10. Frequency dependencies (2–18 GHz) of reflection loss (RL) for (MnFeCoNiCu)3O4 calcined at (a) 500 ◦C, (b) 600 ◦C, (c) 700 ◦C, (d) 800 ◦C and (e) 900 ◦C for 
4 h with different sample thicknesses (1–5 mm). 
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space group is obtained after the samples are calcined at above 800 ◦C. 
The grain size of the HEOs samples ranges from 100 nm to 500 nm, with 
a uniform elemental distribution based on SEM analysis. Furthermore, 
XPS results confirm that Mn, Ni, Co and Fe are all in +2 and + 3 state and 
Cu is in +2 state. Compared with (MnFeCoNiZn)3O4 and (MnFeCoNi
Cr)3O4, (MnFeCoNiCu)3O4 sample shows the best magnetic properties 
with a remanent magnetization (Mr) value of 7.9 emu/g, a saturation 
magnetization (Ms) value of 38.6 emu/g and a coercivity (Hc) of 52.6 Oe. 
On the other hand, (MnFeCoNiCu)3O4 HEO sample calcined at 800 ◦C 

displays the best EM microwave absorbing performance due to the 
largest attenuation constant (α) at almost the whole band and the largest 
impedance matching (Z) value close to 1. Meanwhile, the (MnFeCoNi
Cu)3O4 sample is able to achieve a minimum reflection loss (RL) of 
− 15.5 dB and presents the widest EAB of 8.84 GHz with the thickness of 
5 mm. Also, the as-synthesized (MnFeCoNiCu)3O4 sample exhibits 
excellent high-temperature resistance above 900 ◦C, making it a prom
isingly powerful wide-band EM microwave absorber in harsh 
environment. 
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Fig. 11. Frequency dependences (2–18 GHz) of reflection loss (RL) for (MnFeCoNiX)3O4 (X = Zn, Cu, Cr) HEOs with different sample thicknesses (1–5 mm) after 
calcined at 800 ◦C for 4 h: (a–c) 2D curves and (d–f) 3D presentations. 

Fig. 12. EAB and the corresponding thickness of (MnFeCoNiX)3O4 (X = Zn, Cu, 
Cr) samples and various kinds of reported EM absorbing materials: MnO2 [69], 
ZnO2 [70], CrO2/Cr2O3 [71], Fe3O4 [72], NiFe2O4 [73], (MnNiCuZn)0.7Co0.3

Fe2O4 [74], (Zr,Hf,Nb,Ta)C [75], (Zr0.25Hf0.25Nb0.25Ta0.25)B2 [76], (Ce,Y,Sm, 
Er,Yb)B6 [77]. 
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