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A B S T R A C T

In present study, high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics (x = 0.00–0.45) were synthesized using
solid-state reaction route, which formed a single-phase spinel structure with a Fd-3m space group. The reduction
in unit cell volume and lattice parameters were attributed to the compression of polyhedral structures. A
moderate content of Li+ ions promoted the grain growth and improved the densification of ceramics. The internal
connection among the conformational entropy (ΔSconfig), structure, and microwave dielectric properties in high-
entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics was systematically studied. The dielectric constant (εr) was largely
affected by the polarizability, and relatively high conformational entropy helped to increase the phonon
vibrational energy and enhance the bond strength, resulting in low εr values. Additionally, the high concen-
tration of oxygen vacancies, high packing fraction, low internal strain/fluctuation and suppressed damping
behavior were closely related to relatively low conformational entropy. Notably, the introduction of oxygen
vacancy leaded to the Al3+ ions preferentially occupy tetrahedral sites enhancing the covalency. These factors
collectively reduced the intrinsic losses and improved the quality factor (Q×f). Moreover, relatively high
conformational entropy conduced to the structural stability by improving the M-O (M = Li, Mg, Zn, Co, and Ni)
bond strength and valence, which contributes to achieve near-zero temperature coefficient of resonant frequency
(τf). As ΔSconfig changes, high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics presented great microwave dielectric
properties: εr values of 5.46 ~ 8.49, Q×f values of 3,540 GHz (f = 14.84 GHz) ~ 56,950 GHz (f = 12.99 GHz),
and τf values of − 58 ppm/◦C~ − 14 ppm/◦C. Our study demonstrates that the high-entropy strategy effectively
enhances microwave dielectric properties. This approach has potential applications across a broad spectrum of
microwave dielectrics ceramics.

1. Introduction

The rapid advancement of high-frequency communication has
necessitated the development of 5G/6G communication equipment with
enhanced capacity and faster transmission speeds, thereby more strin-
gent performance requirements are proposed for microwave dielectric
ceramics [1–4]. These ceramic materials, characterized by their appro-
priate dielectric constants (εr) and high quality-factor (Q×f), play a vital
role in contemporary communication systems, offering promising ap-
plications as filters, dielectric antennas, substrates, and resonators
[5–7]. These materials also necessitate near-zero temperature coeffi-
cient of resonant frequency (τf), which makes them highly suitable for
diverse electronic applications [8]. Notably, the dielectric materials

with low εr value (below 10) can effectively minimize signal propaga-
tion delay [9]. High Q×f value ensure excellent frequency selectivity
and energy efficiency [10]. While near-zero τf value guarantee thermal
stability in communication devices [11]. Thus, the progression of
advanced microwave dielectric ceramic is crucial in meeting the
evolving demands.

In recent years, high-entropy alloys have attracted much attention
for their excellent properties, including high hardness, fracture tough-
ness, excellent thermal stability, and superionic conductivity [12–16],
and have been widely applied to the modern industry. Moreover, the
ongoing advancement of high-entropy alloys has sparked a keen interest
in high-entropy ceramics [17–20]. High-entropy ceramics are charac-
terized by a single-phase structure with a minimum of five major
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elements in equal or nearly equal molar ratios, evenly dispersed
throughout the cationic sublattice [14]. High-entropy ceramics exhibit
four distinctive effects: high entropy effect, slow diffusion effect, lattice
distortion effect, and cocktail effect [21,22]. Importantly, the high
configurational entropy improves the solubility of multiple components
simultaneously, enabling the optimization of specific properties [23].
This offers a novel and feasible strategy to modulate the properties of
microwave dielectric materials.

It was discovered that high-entropy ceramics can be intentionally
designed to have unique and stable structures by controlling configu-
rational entropy (ΔSconfig), which can be defined by Boltzmann’s entropy
equation [24,25]:

ΔSconfig = − R
∑N

i=1
xilnxi (1)

where the R is the universal gas constant (8.314 J/mol⋅K) and the xi is
the molar content of the ith element. Evidently, adjusting the relative
ratios of each constituent element will result in a change in ΔSconfig
within high-entropy ceramics. Recently, high-entropy ceramics with
varied structures have been synthesized and subjected to comprehensive
investigation owing to their promising microwave dielectric properties
[26–28]. For instance, the high-entropy olivine-type Li
(Gd0.2Ho0.2Er0.2Yb0.2Lu0.2)GeO4 ceramics exhibited a near-zero τf value
(–2.9 ppm/◦C) [26]. The high-entropy spinel-type (Mg0.2Co0.2Ni0.2-
Li0.4Zn0.2)Al2O4 ceramics presented a high Q×f value (58,200 GHz)
[27]. Notably, the high-entropy perovskite-type SrLa
(Al0.25Zn0.125Mg0.125Ti0.25Ga0.25)O4 ceramics presented a near-zero τf
value (–1.7 ppm/◦C) and a high Q×f value (83,003 GHz) [28]. Never-
theless, the configurational entropy in high-entropy ceramics that in-
fluence their microwave dielectric properties is not yet known. This
study precisely focuses on the high-entropy strategy to modulate the
microwave dielectric properties of spinel-type MgAl2O4 ceramics and
investigates the potential effect of conformational entropy on micro-
wave dielectric properties. The spinel-type oxides are more amenable to
forming high-entropy oxides, owing to their two cationic sublattice sites
[29]. Therefore, it would be more compelling to study the impact of
ΔSconfig in such complex structures, for establishing a better linkage
among the ΔSconfig, structure, and microwave dielectric properties.

In present study, for systematically investigating the internal
connection among the ΔSconfig, structure, and microwave dielectric
properties, high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics (x =

0.00–0.45) were synthesized via solid-state reaction route. The crystal
structure, lattice parameters, Raman vibrations, relative density,
microstructure, polarizability, oxygen vacancy, packing fraction, inter-
nal strain/fluctuation, tolerance factor and chemical bond characteris-
tics (bond strength, degree of covalency, and bond valence) of high-
entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics were thoroughly investi-
gated. These high-entropy research strategies and outcomes are antici-
pated to provide vital theoretical and pragmatic direction for the
engineering of high-performance microwave dielectric ceramics, ex-
pected to contribute significantly to the advancement of the field.

2. Experimental procedure

The high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics (x =

0.00–0.45) were synthesized via solid-state reaction route. The raw
materials, including analytically pure Li2CO3 (99%), MgO (98%), ZnO
(99%), CoCO3 (99%), NiCO3 (99%), and Al2O3 (99%) powders (all ob-
tained from Shanghai Macklin Biochemical Co. Ltd), were weighed ac-
cording to the stoichiometric ratio in Lix(MgZnCoNi)(1-x)/4Al2O4-δ. After
ball-milling for 4 h in deionized water with zirconium balls, the mixed
slurry was dried at 100 ◦C for 24 h. Then, the powders were pre-calcined
at 1450 ◦C for 4 h. Next, the pre-calcined powders were ball-milled and
dried again. Subsequently, the powders were mixed with PVA (10 wt%)
and compressed into cylinders (the thickness and diameter are

approximately 6 mm and 12 mm, respectively) under the pressure of 20
MPa. Finally, the cylinders were sintered at 1450− 1600 ◦C for 4 h.
Specific heating and cooling rates are detailed in the Supplementary
material.

The bulk densities (ρbulk) of all samples were calculated by Archi-
medes’ method (see Supplementary material). The phase composition and
structure of the samples were analyzed using X-ray diffraction (XRD,
Miniflex 600, Rigaku, Japan) ranging from 10◦ to 120◦ with Cu Kα ra-
diation. The lattice parameters were obtained through refinements using
the Fullprof software [30]. The lattice vibrations of the samples were
explored through Raman spectra using Horiba Scientific LabRAM HR
Evolution with λ = 738 nm. The morphology of the polished and ther-
mally etched surfaces of the samples were examined using Scanning
electron microscopy (SEM; JSM-6490, JEOL, Japan) at an accelerating
voltage of 15 kV (thermal etching process is presented in Supplementary
material). The mean grain size was quantified using Nano Measure soft-
ware. The distribution of surface pores and Brunauer Emmett Teller
(BET) specific surface area were detected by N2 adsorption–desorption
using the Micromeritics ASPS 2460 instrument. The elemental distri-
bution of the x = 0.20 and 0.45 samples were verified using Energy
dispersive X-ray spectroscopy (EDS). To determine the volatilization loss
of Li+ and Zn2+ ions during the sintering process, the composition of the
x = 0.05, 0.25, and 0.45 samples were analyzed by the inductively
coupled plasma spectroscopy (ICP-OES; Agilent 5110, USA). The
elemental composition and oxygen vacancy were studied using X-ray
photoelectron spectroscopy (XPS; ESCALAB 250Xi, Thermo Fisher, USA)
with monochromatic Al Kα radiation and Electron paramagnetic reso-
nance (EPR; X-band spectrometer E500, Bruker, German). The εr, Q×f,
and τf values of all samples were measured through the Hakki-Coleman
dielectric resonator cavity method. Among them, the τf values were
measured based on the resonance frequencies at 25 ◦C and 85 ◦C:

τf =
f(85◦C) − f(25◦C)
(85 − 25) × f(25◦C)

× 106(ppm/
◦C) (2)

3. Results and discussion

3.1. Phase composition and structure analysis

According to Boltzmann’s entropy equation (see Eq. (1)), high-
entropy ceramics are commonly defined as single-phase ceramics with
high configurational entropy (≥ 1.5 R) [24,25]. The ΔSconfig of the high-
entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics (x = 0.00–0.45) are
detailed in Table S1. With the x value rises, the ΔSconfig of seven ceramic
samples (x = 0.05–0.40) changes between 1.504 R and 1.609 R, which
belongs to the category of high-entropy ceramics. The remaining x =

0.00 (ΔSconfig = 1.386 R) and x = 0.45 (ΔSconfig = 1.450 R) ceramic
samples belong to medium-entropy ceramics. Moreover, the XRD pat-
terns of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics at 1600 ℃
are displayed in Fig. 1(a). All high-entropy ceramic samples display
similar XRD patterns and highly correspond with the spinel MgAl2O4
ceramics with Fd-3m space group (PDF No. #73–1959), which indicates
that they are composed of the same substances [31]. Notably, all high-
entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics form a single phase
without any detectable secondary phase, suggesting that single-phase
high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics have been success-
fully synthesized. The formation of the single phase can be attributed to
the high entropy effect of ceramics. Thermodynamically, there is a
correlation between entropy and enthalpy, which together determine
the Gibbs free energy (ΔG = ΔH − TΔS, where ΔS is entropy, ΔH is
enthalpy, and the T is temperature) [5,26]. As the ΔS increases, the
Gibbs free energy decreases, implying that higher entropy will induce a
more stable crystal structure. Thus, as the ΔS increases (≥ 1.5 R), the
increase of TΔS can overcome ΔH and make the Gibbs free energy
negative to form a single phase (when T is high enough) [32]. Addi-
tionally, Fig. 1(b) demonstrates that the strongest diffraction
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characteristic peak (311 plane) moves towards higher angles with the
rising x value, which is indicative of a narrower interplanar spacing.
This can be ascribed to the reduction in cell volume originated from the
lattice contraction [1].

For a more thorough examination of crystal structure and to obtain
detailed lattice parameters of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ
ceramics. Rietveld refinement of the measured XRD data was carried out
with Fullprof software [30]. Refined patterns of high-entropy
Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics are presented in Fig. 2. The Riet-
veld refinement results are listed in Table S2. The positions of Bragg
reflections are in excellent agreement with the indexed peaks, and all
fitted curves closely align with the measured data. Moreover, the smooth
dark-colored error line (Yobs − Ycal) and the low goodness of fit indicator
(χ2) indicate the accuracy and reliability of Rietveld refinement results.
Based on the refinement results, the crystal structure diagram of high-
entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics is displayed in Fig. 2(i),
which comprises the [M/AlO4] tetrahedra (M = Li, Mg, Zn, Co, and Ni)
and [M/AlO6] octahedra. In the crystal structure, the tetrahedron is
connected to its neighboring octahedron by sharing vertices, whereas
the octahedra are interconnected through their shared edges. Moreover,

Fig. 1. XRD patterns of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics
sintered at 1600 ℃. (a) XRD patterns of high-entropy Lix(MgZnCoNi)(1-x)/
4Al2O4-δ ceramics; (b) The enlarged XRD patterns.

Fig. 2. Rietveld patterns and crystal structure of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics sintered at 1600℃. (a) x = 0.00; (b) x = 0.05; (c) x = 0.10; (d) x
= 0.20; (e) x = 0.25; (f) x = 0.30; (g) x = 0.35; (h) x = 0.40; (i) x = 0.45 and crystal structure diagram.
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the tetrahedrons are not directly connected, but are instead connected
via a common edge of the octahedrons. Notably, distortion and/or vi-
bration within a tetrahedron and/or octahedron affect the structure,
leading to variations in the unit cell volume and potentially affecting the
properties.

The variation trend of the unit cell volume (Vcell) and lattice pa-
rameters (a, b, and c) in high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ce-
ramics are presented in Fig. 3. Both the cell volume and lattice
parameters generally exhibit a decreasing trend as the x value rises (see
Fig. 3(a)-(b)). Given that the M/Al-O bond presence also impacts the
unit cell volume, to evaluate in-depth the influence of the bond length
on crystal structure, the normalized bond length of M/Al-O bond in the
[M/AlO4] tetrahedron and [M/AlO6] octahedron are displayed in Fig. 3
(c)-(f). The normalized bond length reflects the state of the chemical
bond. A normalized bond length less than 1 indicates that the bond is
compressed, otherwise the bond is elongated [6,33]. Obviously, the M/
Al-O bond in the [M/AlO4] tetrahedron shows a progressively increasing
compressed effect, while the M/Al-O bond in the [M/AlO6] octahedron
exhibits a gradually weakening compressed effect as the x value in-
creases. Hence, the compression is the predominant factor influencing
the crystal structure, and the reduction of unit cell volume and lattice
parameters in high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics can be
ascribed to the compression of [M/AlO4] and/or [M/AlO6] polyhedron
[6].

3.2. Raman spectra analysis

Raman spectroscopy is a forceful approach for elucidating lattice
vibrations. The Raman spectra of the high-entropy Lix(MgZnCoNi)(1-x)/
4Al2O4-δ ceramics at 1600 ℃ are demonstrated in Fig. 4. Five Raman
modes of spinel aluminates with Fd-3m space group have been predicted
by group theory analysis as follows [34]:

Γraman = F(1)2g + F(2)
2g + F(3)

2g +Eg +A1g (3)

The Raman characteristic peaks have been allocated to various vibra-
tional modes (see Table S3). However, not all Raman modes can be
observed due to unavoidable factors, such as vibrational band broad-
ening, and Raman peak overlap [35]. In present study, the F(1)2g Raman
mode located at about 185 cm− 1 is presumed to the complete translation
of the [MO4] tetrahedra [34], the F(2)2g Raman mode situated at about
535 cm− 1 is assigned to the M-O stretching vibration within the [MO4]
tetrahedra [34,36], and the F(3)2g Raman mode positioned at about 615
cm− 1 is linked to the anti-symmetric stretching of the [M/AlO4] tetra-
hedron and/or the asymmetric stretching of oxygen ions relative to the
[M/AlO4] tetrahedral cations [36,37]. Moreover, a strong association
was observed between the tetrahedral cation radius and the Raman shift
of the Eg Raman mode, the cation disordering can be inferred from the
width and shape of the Eg Raman mode [34]. Thus, the Eg Raman mode
placed at about 385 cm− 1 is allocated to the asymmetric bending of the
[MO4] tetrahedron [38,39]. Notably, the A1g Raman mode situated at
about 765 cm− 1 is ascribed to the symmetric Al-O stretching vibration of
the [AlO4] tetrahedra, which results from the redistribution of Al3+ ions
from the octahedral sites to the tetrahedral sites [40]. This mode pro-
vides an intuitive and reliable basis for the occupation and redistribution
of Al3+ on the tetrahedron [40,41].

Furthermore, the full width at half maximum (FWHM) of Raman
peaks is closely linked to the cation disorder, and crystallinity within the
ceramic structure [42]. The subtle Raman shifts and pronounced FWHM
variations of the F(1)2g and Eg Raman modes are observed in the enlarged
Raman spectra (see Fig. 4(b)). The broadening of Raman peak (FWHM
increases) is credited to the cation disorder, while the Raman shifts
signifies the short-range order [34,42]. Additionally, for thoroughly
examining the effect of crystal lattice vibrations on the properties, the
fitted Raman spectra of the x = 0.05 and 0.10 samples depended on the
Gauss/Lorentz function are illustrated in Fig. 4(c-d). The remaining
sample’s fitted Raman spectra are depicted in Fig. S1. The number of
Raman peaks, which are fitted via the multi-peaks Gauss/Lorentz model,
corresponds well to the theoretical values (3F2g + Eg + A1g). The impact

Fig. 3. The lattice parameters and unit cell volume of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics sintered at 1600 ℃. (a)-(b) The variation trend of lattice
parameters and unit cell volume; (c)-(d) The normalized bond length of M-O bond in the [MO4] tetrahedron and [MO6] octahedron; (e)-(f) The normalized bond
length of Al-O bond in the [AlO4] tetrahedron and [AlO6] octahedron.

M. Xie et al. Chemical Engineering Journal 496 (2024) 154132 

4 



of crystal lattice vibrations on the properties will be studied later.

3.3. Microstructure analysis

The SEM images of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ce-
ramics (x= 0.05, 0.25, 0.35 and 0.45) at 1600 ◦C are presented in Fig. 5.
The relative density of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ce-
ramics gradually increases from 89.92% at x = 0.00 sample to 95.17%
at x = 0.45 sample with the increasing Li+ ion content (see Table S2).
This can be attributed to that the Li+ ion promote the sintering of ce-
ramics and accelerate the elimination of pores [43]. Moreover, Fig. 5(a)
illustrates that the x = 0.05 sample exhibits an abnormal grain growth
and irregular grain distribution with clearly visible pores, matching with
the lower relative density (90.53%). As Li+ ion content increases, the
mean grain size of the high-entropy ceramics noticeably enlarges (in-
creases from 4.49 μm at x = 0.05 to 6.32 μm at x = 0.45) and the pores
gradually diminish (see Fig. 5(b)-(k)). The microstructure of x = 0.45
samples exhibits excellent crystallization, with clearly visible grain
boundaries and a uniform grain distribution, as well as desirable
compactness (see Fig. 5(a)-(j)), which corresponds with the higher
relative density (95.17%). This can be ascribed to that the increase in Li+

ion promotes the mobility of grain boundaries [43]. Notably, the high
temperature volatile diffusion of Li+ ion can result in surface areas with
increased grain boundary diffusion, thereby facilitating the grain growth
and microstructure densification [27,39].

In order to study the microstructure of high-entropy Lix(MgZnCo-
Ni)(1-x)/4Al2O4-δ ceramics in greater depth, the distribution of surface
pores and BET specific surface area (SBET) were detected. As illustrated
in Fig. 5(c)-(l), the total pore volume of high-entropy Lix(MgZnCo-
Ni)(1-x)/4Al2O4-δ ceramics decreases from 0.00497 cm3/g at x = 0.05 to
0.00075 cm3/g at x = 0.45, which corresponds well with a gradual in-
crease in relative density, and the average pore diameter of the ceramic
samples also decreases from 205.944 nm at x= 0.05 to 79.506 nm at x=

0.45, which can be attributed to the increase of Li+ ions contributes to
grain growth and the densification of the microstructure. The x = 0.35
sample has the smallest average pore diameter, which is consistent with
its dense microstructure and the absence of significant pores (see Fig. 5
(g)). Moreover, the SBET value of x = 0.05, 0.25, and 0.35 samples
(0.0376 m2/g, 0.0966 m2/g, and 0.159 m2/g, respectively) are lower
than the x = 0.45 sample (0.621 m2/g), this is due to the microstructure
of the x = 0.45 sample with uniform grain growth, clear grain bound-
aries and good crystallinity.

To delve into the phase composition and evaluate the uniformity of
element distribution, the EDS mappings analysis of the x = 0.20 and
0.45 samples in high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics was
implemented and presented in Fig. 6. The distributions of the Al, O and
M-site elements (Li is undetectable by EDS) are well-proportioned
without any aggregation (the similar distribution for x = 0.20 sample
is presented in Fig. S2, see Supplementary Material), confirming the
elemental regularity of the high-entropy ceramics [44]. Moreover, the
atomic ratios of each element are exhibited in Fig. 6. The content of the
M-site elements is found to be approximately equimolar ratios (except
for Li). In addition, the mole ratios of the Al, O and M-site elements
highly coincide with the stoichiometry of AB2O4. All results verify the
chemical homogeneity of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ce-
ramics and correspond well to the XRD analysis.

Since Li element is undetectable by EDS-mapping analysis, in addi-
tion, considering that Li+ and Zn2+ ions are easy to volatilize at high
temperature, the ICP-OES analysis were performed to accurately
determine the amounts of Li+ and Zn2+ in high-entropy Lix(MgZnCo-
Ni)(1-x)/4Al2O4-δ ceramic samples. The results of ICP-OES analysis show
that the Li contents in the x = 0.05, 0.25, and 0.45 samples are 0.09%,
0.39% and 0.83%, and the Zn contents are 2.73%, 2.84% and 2.62%,
respectively, the actual contents of Li and Zn elements are lower than the
theoretical values (see Table S4). The results indicate that the Li+ and
Zn2+ ions volatilize nearly 50% during the sintering process.

Fig. 4. Raman spectra of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics sintered at 1600℃. (a) Raman spectra of all samples; (b) The enlarged Raman spectra
peaks of the F(1)2g and Eg modes; (c)-(d) Fitted Raman spectra curves of x = 0.05 and 0.10 samples.
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3.4. Microwave dielectric properties

The microwave dielectric properties of high-entropy Lix(MgZnCo-
Ni)(1-x)/4Al2O4-δ ceramics under different x value are displayed in Fig. 7
(a)-(c). The εr values remain between 5.46 and 8.49, and gradually in-
crease with the increasing x value (see Fig. 7(a)). The Q×f value also
shows an overall increasing trend with the rise of x value and achieves
its maximum value of 56,950 GHz (f= 12.99 GHz) at x= 0.40 (see Fig. 7
(b)). In addition, as the x value increases, the τf value first shows an
increasing trend and achieves a relatively near-zero τf value (− 14 ppm/
◦C) for x= 0.05 samples at 1450℃. And then, with the x value continues
to increase, the overall τf value shows a gradual decreasing trend (see

Fig. 7(c)). As illustrated in Fig. 7 (d), with the sintering temperature
increases, the Q×f value gradually increases. Notably, as the sintering
temperature further increases, the Q×f value of some samples shows a
downward trend. This is because a higher sintering temperature can
promote grain growth and increase the densification of the ceramic
system [45]. However, excessive sintering temperature will deteriorate
the microstructure of the ceramic system, which reduces the Q×f value.

Fig. 7(e)-(g) demonstrates the connection between the ΔSconfig and
microwave dielectric properties of high-entropy Lix(MgZnCoNi)(1-x)/
4Al2O4-δ ceramics with different sintering temperature. Specifically,
when the ΔSconfig is a constant, the εr, Q×f and τf values of high-entropy
Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics gradually increase with the

Fig. 5. The SEM images, mean grain size, and pore volume of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics sintered at 1600℃: (a)-(c) The x = 0.05 sample;
(d)-(f) The x = 0.25 sample; (g)-(i) The x = 0.35 sample; (j)-(l) The x = 0.45 sample.
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increase of sintering temperature, this can be attributed to that higher
sintering temperatures can promote grain growth, resulting in a rela-
tively uniform grain distribution and dense microstructure in ceramic
samples [45,46]. Additionally, when the sintering temperature is a
constant, the εr and Q×f values show an overall decreasing trend with
the ΔSconfig increase from 1.450 R to 1.609 R, while the τf values show an
increasing trend with the ΔSconfig increase from 1.386 R to 1.609 R. This
indicates that there is a strong intrinsic correlation between the ΔSconfig
and microwave dielectric properties of high-entropy Lix(MgZnCo-
Ni)(1-x)/4Al2O4-δ ceramics. Moreover, Fig. 7(h) reveals a summary of the
Q×f value versus εr value between the present study and other high-
entropy microwave dielectric ceramics. In comparison to other high-
entropy ceramics, a higher Q×f value 56,950 GHz (f = 12.99 GHz) is
achieved for x = 0.40 sample, while possessing a low εr value (εr = 8.3).
In addition, compared with some of the MgAl2O4-based ceramics (see
Fig. S3 in Supplementary Material), the x = 0.40 and 0.45 samples of
high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics present high Q×f

value of 56,950 GHz (f = 12.99 GHz) and 53,400 GHz (f = 13.17 GHz),
respectively. Importantly, the x = 0.40 and 0.45 samples improve the
Q×f value of MgAl2O4 ceramics (~42,000 GHz) by nearly 13,000 GHz
[45].

3.4.1. Dielectric constant (εr)
Fig. 8 displays the trend of εr values with ΔSconfig at 1600 ◦C in high-

entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics. Obviously, the εr values
overall decreases from 8.49 at 1.450 R to 7.69 at 1.609 R, which suggests
a strong relationship between the εr value and the ΔSconfig. Generally, the
εr value is chiefly dictated by ionic polarizability and is influenced by
other factors, such as the densification, phonon vibration, and rattling
effect [47,48]. Based on Clausius–Mosotti equation, the theoretical
dielectric constant (αtheo) can be calculated [49]:

εtheo =
3Vm + 8παD

3Vm − 4παD
(4)

Fig. 6. The EDS mappings of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics for x = 0.45 sample sintered at 1600 ℃ for 4 h.

Fig. 7. Microwave dielectric properties of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics. (a) The εr values under different x value; (b) The Q×f values under
different x value; (c) The τf values under different x value; (d) The Q×f values under different sintering temperature; (e) The εr values under different ΔSconfig; (f) The
Q×f values under different ΔSconfig; (g) The τf values under different ΔSconfig; (h) Summary of Q×f values versus εr values of high-entropy microwave dielec-
tric ceramics.

M. Xie et al. Chemical Engineering Journal 496 (2024) 154132 

7 



where the Vm is the molar volume of high-entropy Lix(MgZnCoNi)(1-x)/
4Al2O4-δ ceramics. According to Shannon’s addition rule, the αD is ach-
ieved from the polarizability of all the constituent ions [49]:

αD = α
[
Lix(MgZnCoNi)(1− x)/4Al2O4

]

= (1 − x)
[
α(Mg2+) + α(Zn2+) + α(Co2+) + α(Ni2+)

]
/4

+xα(Li+) + 2α(Al3+) + 4α(O2− )

(5)

where α(Li+), α(Mg2+), α(Zn2+), α(Co2+), α(Ni2+), α(Al3+), and α(O2− )
represent the ionic polarizabilities of Li+(1.20 Å3), Mg2+(1.32 Å3),
Zn2+(2.04 Å3), Co2+(1.65 Å3), Ni2+(1.32 Å3), Al3+(0.79 Å3), and
O2− (2.01 Å3), respectively [49]. The calculated εtheo values are exhibi-
ted in Table S5. The trend of the εr value corresponds well to that of the
εtheo value (see Fig. 8(a)), indicating that the polarizability is a major
factor dominating the εr value. Hence, the lower εr value of x = 0.05
samples (εr = 6.45) can be ascribed to the lower ionic polarizability.
Furthermore, the εr values are closely aligned with the relative density in
present study (see Fig. 8(a)).

Additionally, the Raman shift is affected by changes in electron
density [50]. Thus, it is closely linked to the polarizability. The corre-
lation between the Raman shift and the εr value is expressed as follows
[51]:

εr(0, ξ, s) =
Ω2

pexp
(
λ
(
E0F − ξ

) )

ω(ξ, s)
(6)

where the ξ, ω and Ωp denotes the ionization energy, phonon frequency
and plasma frequency, respectively. The E0F represents the Fermi level at
T = 0. As stated in Eq. (6), the Raman shift is inversely correlated with
the εr value. The Raman shift of the F(1)2g phonon mode (at 185 cm− 1) in
high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics is exhibited in Fig. 8
(b). The blue shift suggests an increase in the vibrational energy of the
phonon vibrational mode, which corresponds to a weakening of the
polarizability and an enhance in the bond strength, leading to a reduc-
tion in the εr value [52]. Whereas the red shift is exactly opposite of the
blue shift. The Raman shift of the F(1)2g phonon mode exhibits an opposite
trend to the εr value as ΔSconfig varies, corresponding to Eq. (6).
Therefore, the conformational entropy affects the phonon vibrations of
the Raman peaks and consequently leads to changes in the bond strength
as well as polarizabilities, which significantly influence the εr values.
The results confirm that the εr value of high-entropy Lix(MgZnCoNi)(1-x)/
4Al2O4-δ ceramics highly relies on the polarizability, densification and
conformational entropy.

3.4.2. Quality factor (Q×f)
Fig. 7 presents the trend of the Q×f value varied with the ΔSconfig in

high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics at 1600 ◦C. Clearly,
the Q×f values decrease from 53,400 GHz (f = 13.17 GHz) at 1.450 R to

33,060 GHz (f = 12.92 GHz) at 1.609 R, which suggests that the Q×f
value is closely associated with the ΔSconfig. To further explore the
inherent correlation between the Q×f and ΔSconfig in high-entropy
Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics, it is requisite to delve into the
effects of intrinsic and extrinsic losses on the Q×f. Commonly, extrinsic
losses comprise the porosity, crystallinity, and densification [53],
whereas intrinsic losses contain bond characteristics, oxygen vacancy,
packing fraction, lattice vibration, and internal fluctuation/strain
[45,54].

Notably, the increase in the Q×f value can be attributed to the sig-
nificant role of acceptor Li+ ion in high-entropy Lix(MgZnCoNi)(1-x)/
4Al2O4-δ ceramics. Due to the presence of acceptor Li+ ions with low
valency, and the Li+ ions are partially volatilized during the sintering
process, thus the ceramic system inevitably will generate oxygen va-
cancies to maintain charge neutrality [55,56]. The oxygen vacancy
mechanism can be elucidated as follows [57]:

2Li+ +M2+→2Li’M + V..
O (7)

The creation of oxygen vacancies implies that the defect is introduced
into the high-entropy ceramics. For characterizing the chemical
composition and exploring the mechanism of oxygen vacancy defects
effect on the Q×f, the XPS spectra of high-entropy Lix(MgZnCoNi)(1-x)/
4Al2O4-δ ceramics are display in Fig. 9.

The XPS spectra of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ
ceramic samples were calibrated against the C 1s peak at 284.8 eV. As
illustrated in Fig. 9(a), the C 1s, O 1s, Mg 1s, Zn 2p, Co 2p, Ni 2p, and Al
2p peaks are clearly observed over the survey XPS spectra of x = 0.05,
0.25 and 0.45 samples, which also implies the existence of Mg, Zn, Co,
Ni, Al, and O elements in the high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ
ceramics [58]. Notably, the high-resolution XPS spectra peak located at
about 60.8 eV in Fig. 9(b)-(d) is nominated as Li 1s, which also confirms
the existence of element Li in the high-entropy ceramics that undetect-
able by EDS-mapping analysis. Moreover, the high-resolution XPS
spectra of O 1s in high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics are
demonstrated in Fig. 9(e)-(g). For examining the content of oxygen
vacancies, the fitted curves of the O 1s XPS spectra are obtained using
avantage software, which align well with the Gaussian subpeaks. The
peaks centered at about 529.2 eV and 530.3 eV are attributed to the
lattice oxygen and oxygen vacancies, respectively [59,60]. Whereas the
peak situated at about 531.4 eV is ascribed to the oxide in hydroxide
originated from O2 and/or H2O absorbed on the surface of high-entropy
Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics [61]. In present study, the pro-
portion of the V..

O area to the O 1s area is employed to determine the
oxygen vacancy content [52], as detailed in Table S6. Obviously, the
oxygen vacancies rise from 42.84% at x = 0.05 to 56.28% at x = 0.45
with the increasing Li+ ion, suggesting that a higher concentration of
acceptors enhances the oxygen vacancies in the lattice structure.

Moreover, the EPR analysis serves as an effective means for identi-
fying ions containing unpaired electrons within ceramic materials. In

Fig. 8. The εr, εtheo and relative density of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics sintered at 1600℃. (a) The εr values, εtheo values and relative density;
(b) The εr value and Raman shift of the F(1)2g phonon mode.
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present study, EPR is also employed to evaluate the presence of oxygen
vacancy [62]. Fig. 9(h) reveals the room temperature EPR spectra of
high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics (x = 0.05, 0.10,

0.25, 0.35 and 0.45). The signal at g = 2.003 is the result of electrons
being captured by oxygen vacancies [57,62]. Notably, the peak intensity
of the EPR signal at g = 2.003 gradually increases, which implies that

Fig. 9. The XPS and EPR spectra of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics sintered at 1600 ◦C. (a) The survey XPS spectra of the high-entropy ceramic
for x = 0.05, 0.25 and 0.45 samples; (b)-(d) The high-resolution XPS spectra of Li 1s for x = 0.05, 0.25 and 0.45 samples; (e)-(g) The high-resolution XPS spectra of O
1s for x = 0.05, 0.25 and 0.45 samples; (h) The room temperature EPR spectra of x = 0.05, 0.10, 0.25, 0.35 and 0.45 samples.

Fig. 10. The Q×f values, degree of covalency for M-O bond, packing fraction, relative density, FWHM of Eg mode and internal strain/fluctuation of high-entropy
Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics sintered at 1600 ℃. (a) The Q×f values and degree of covalency of M-O bond; (b) The Q×f values and packing fraction; (c)
The Q×f values and FWHM of Eg mode; (d) The Q×f values and internal strain/fluctuation of d-spacing.

M. Xie et al. Chemical Engineering Journal 496 (2024) 154132 

9 



more oxygen vacancies are generated with the increasing Li+ ion con-
tent. This is well coherent with the XPS analysis.

The XPS and EPR analyses manifest that more oxygen vacancies are
generated as the acceptor Li+ ion increases, which also significantly
improves the Q×f value. Notably, the improvement mechanism of the
Q×f value by oxygen vacancies can be ascribed to the Al3+ ions pref-
erentially occupy the tetrahedral sites, which has been confirmed by
previous studies [39,41,63]. To examine in-depth whether the
improvement of Q×f value by oxygen vacancies is intrinsically linked to
the Al3+ ions preferentially occupy the tetrahedral sites, the degree of
covalency based on the covalence (fc) and bond strength (s) in [MO4]
tetrahedron and [MO6] octahedron is calculated [63–65]:

s =
(
Ravg

R1

)− N

(8)

fc = a× sM (9)

the degree of covalency (%) =

(
fc
s

)

× 100% (10)

where the Ravg denotes the average M-O bond length in [MO4] tetra-
hedra or [MO6] octahedron, the N and R1 represent the empirical con-
stants that hinge on the cation site and cation–anion pair [64].
Additionally, theM and a are the empirical parameters depending on the
number of electrons [65]. The degree of covalency for M-O bond in
[MO4] tetrahedra and [MO6] octahedra are detailed in Tables S7 and
S8. Fig. 10(a) demonstrates the degree of covalency forM-O bond in the
[MO4] tetrahedron, which increases from 34.08% at 1.386 R to 36.94%
at 1.450 R, corresponding well with the trend of the Q×f values.
Meanwhile, the degree of covalency for M-O bond in the [MO6] tetra-
hedra slightly decreases from 33.47% at 1.515 R to 32.97% at 1.450 R
(see Table S8). The results confirm that the presence of oxygen vacancy
facilitates the Al3+ ions to preferentially occupy [MO4] tetrahedral sites.
This enhances the degree of covalency for M-O bond in [MO4] tetrahe-
dron, thereby reducing the intrinsic loss of the ceramic material and
increasing the Q×f value.

The Q×f value of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics
varies with the ΔSconfig, indicating that the Q×f value is significantly
affected by the ΔSconfig. Notably, packing fraction reflects the structural
loss originated from nonharmonic vibration [66]. Therefore, the
inherent connection among the ΔSconfig, structure, andQ×f values can be
evaluated by packing fraction [66,67]:

where the R denotes the ionic radius related to six coordination number,
the V represents the unit cell volume, and Z denotes the unit cell mo-
lecular number (Z = 8). The packing fraction is detailed in Table S9.
Fig. 10(b) presents the packing fraction of high-entropy Lix(MgZnCo-
Ni)(1-x)/4Al2O4-δ ceramics. A high packing fraction compresses the lattice
vibrational space, which efficiently suppresses the lattice vibrations,
thus reducing the intrinsic losses and enhancing the Q×f values [67].
Besides, the trend of theQ×f values correspondwell with that of packing
fraction and relative density as the increasing ΔSconfig (see Fig. 10(b)).
This indicates that the ΔSconfig affects the structural evolution and
densification of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics, and
thus has a substantial impact on the Q×f values.

Moreover, analyzing the FWHM of Raman spectra provides insight
into the impact of lattice vibrations on intrinsic loss. The FWHM directly
reflects the phonon lifetime, and a longer lifetime decreases the likeli-

hood of coupling with other phonons [50], which results in weaker non-
harmonic vibrations and lower damping behavior [68]. This also pro-
vides an effective way to study the inherent connection among the
ΔSconfig, lattice vibrations, and Q×f values. Furthermore, the FWHM is
closely related to the damping coefficient, which can be expressed [68]:

FWHM =
γ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
γ2 + 4ω2

0

√

2ω0
(12)

tanσ =
γω0

ω2
T

(13)

where, the γ represents the damping coefficient, and ω0 and ωT denote
the center frequency of phonon mode and transverse frequency,
respectively. The FWHM of the Eg Raman mode are presented in
Table S9. Fig. 10(c) illustrates that the Q×f value is inversely correlated
with the FWHM of Eg Raman mode varying with ΔSconfig [69]. The lower
FWHM implies that the Eg phonon modes interact less with other pho-
nons and the damping behavior of the asymmetric bending of within the
[MO4] tetrahedron is weakened, which leads to a lower intrinsic loss.
Additionally, the FWHM of Eg Raman mode exhibits an uptrend trend as
ΔSconfig increases, particularly at ΔSconfig values of 1.515 R and 1.572 R.
This is attributed to the disorderly arrangement of M cations, which
disrupts the periodic arrangement of charges, alters ionic polarizabil-
ities, leading to the deterioration of the Q×f values [70]. Hence, the
ΔSconfig influences the damping behavior of lattice vibrations, thus
significantly affecting the Q×f value.

Furthermore, the Q×f value is closely linked to the internal fluctu-
ation/strain of d-spacing (η). This can be determined using Stokes and
Wilson’s formula [53]:

η =
β

2⋅tanθ
(14)

where β represents the FWHM of the strongest peak (311 plane) in the
XRD patterns, and θ denotes the diffraction angle. The measured η is
listed in Table S9. As the ΔSconfig increases, the internal fluctuation/
strain of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics generally
shows an upward trend, which contrary to the trend of the Q×f value
(see Fig. 10(d)). As the ΔSconfig decreases (the Li+ ion content increases),
theQ×f exhibits an overall ascending trend. Since slight disorder is more
favorable for stabilizing the strained structure, and a moderate level of
oxygen vacancy defects could potentially alleviate the internal fluctua-
tion/strain [53,71]. Evidently, the sample with the least internal fluc-

tuation/strain possesses the highest Q×f value. Overall, the low
configurational entropy corresponds to the low internal strain/fluctua-
tion, which favors structural stability and effectively reduces the
anharmonicity of lattice vibrations, thereby enhancing the Q×f values
[52,53,72].

3.4.3. Temperature coefficient of resonance frequency (τf)
The summary of the τf value versus εr value in the present study and

other high-entropy ceramics are displayed in Fig. 11(a). In comparison
to other high-entropy ceramics, high-entropy Lix(MgZnCoNi)(1-x)/
4Al2O4-δ ceramics for x= 0.05 sample obtained a more near-zero τf value
(− 14 ppm/◦C), while possessing a lower εr value (εr = 5.46). Moreover,
as summarized in Table S10 (see Fig. 11(a)), some of the high-entropy
ceramics also exhibit near-zero τf value. Thus, high-entropy strategy
shows great potential for improving the τf value. Notably, compared

packing fraction =
4π ×

[
xR3

Li + (1 − x)
(
R3
Mg + R3

Zn + R3
Co + R3

Ni

)/
4+ R3

O

]
× Z

3V
(11)
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with the MgAl2O4-based ceramics, the τf values of the x = 0.05 and 0.10
samples of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics are more
near-zero and improve the τf value of MgAl2O4 ceramics (τf= − 75 ppm/
◦C) by almost 50 ppm/◦C (see Fig. S4 in Supplementary Material).

Fig. 11(b) displays the trend of τf value with the ΔSconfig in high-
entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics at 1600 ◦C. Obviously, τf
value increases from − 43 ppm/◦C at 1.450 R to − 26 ppm/◦C at 1.609 R,
which indicates that τf value is deeply related to the ΔSconfig. Notably, the
structural stability of ceramic materials is associated with the degree of
octahedral distortion. This can be evaluated using the tolerance factor
(t) as follows [73]:

t =
[
xRLi+ + (1 − x)(RMg2+ + RZn2+ + RCo2+ + RNi2+ )/4

]
+ RO2−

̅̅̅
2

√ (
RAl3+ + RO2−

) (15)

where the RLi+, RMg
2+, RZn2+, RCo2+, RNi2+, RAl3+, and RO2- denote the ionic radius of

Li+, Mg2+, Zn2+, Co2+, Ni2+, Al3+, and O2–, respectively. The tolerance
factor of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics is detailed
in Table S11. Fig. 11(b) demonstrates that the overall trend of the
tolerance factor decreases gradually as the increasing ΔSconfig. A lower
tolerance factor means that the degree of octahedral distortion is
smaller, and the ceramic crystal structure is more stable, which leads to
a more near-zero τf value [21]. Moreover, the relatively high ΔSconfig
value corresponds well with low tolerance factor, indicating that the
stability of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramic structure

is favored by relatively high conformational entropy. Notably, theM-site
elements in high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics exhibit
closely matched atomic radius (Mg2+, Zn2+, Li+, Co2+, and Ni2+ are
0.72 Å, 0.74 Å, 0.76 Å, 0.745 Å, and 0.69 Å, respectively). This minimal
atomic-size variance can mitigate lattice distortion, enhancing the
overall stability the of the ceramic system’s internal structure [14,74].

To deeply investigate the intrinsic connection between the ΔSconfig
and τf values in high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics, it is
vital to discuss the effect of ΔSconfig on the bond characteristics. Typi-
cally, the τf relies on the linear thermal expansion coefficient (αL) and
temperature coefficient of the dielectric constant (τε) [35]:

τf = −

(
1
2

τε + αL

)

(16)

Here, the αL is a constant (αL≈ 10 ppm/◦C) within the ceramic materials
and remains unaffected by temperature [35]. Thus, the τε plays a leading
role in the τf. Based on Clausius− Mosotti equation, the τε can be
calculated [75]:

τε =
(ε − 1)(ε + 2)

3ε

[
1

αm

(
∂αm

∂T

)

V
+
1
V

(
∂αm

∂T

)

T

(
∂V
∂T

)

p
−
1
V

(
∂V
∂T

)

p

]

=
(ε − 1)(ε + 2)

3ε (A+ B+ C)

(17)

Fig. 11. The τf values of high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics for x = 0.45 samples sintered at 1600℃. (a) Summary of the τf values versus εr values in
the present study and other high-entropy ceramics; (b) The τf values and tolerance factors; (c) The τf values and bond strength ofM-O bond; (d) The τf values and bond
valence of M-O bond.
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where the V and αm represent the volume and polarizability, respec-
tively. Notably, the B and C are parameters connected with the volume
expansion, they possess nearly the same magnitude but opposite in sign.
Accordingly, the sum of B and C is roughly equivalent to zero, and B and
C have a negligible effect on τε [76]. Hence, the τε value is principally
dictated by A. Commonly, the term A is associated with the restoring
force correlated to the structural parameters of ceramic materials, such
as bond strength and bond valence [77]. In the present study, the bond
strength (SM–O) and bond valence of M-O bond in high-entropy
Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics were evaluated [64,65,78]:

S =
∑

s0(Ri/R0)
− N (18)

Vi =
∑

j
vij (19)

vij = exp
(
Rij − dij

b

)

(20)

where the Ri denote the average bond length between the O anions and
M cations, the N and R0 represent the empirical constants that are
contingent on the cation–anion pair and cation site. Moreover, the Rij,
dij, and b signifies the bond valence parameter, the average bond length
between i and j atoms, and the universal constant (0.37 Å) [78],
respectively. The bond strength and valence of M-O bond in high-
entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics are detailed in
Tables S12 and S13.

Normally, the more robust the bond strength, the larger the restoring
force to recover the tilted oxygen polyhedron [60]. Hence, an
enhancement in the bond strength ofM-O bond will lead to a decrease in
oxygen polyhedral distortion. Moreover, a higher bond valence means
that the bond energy demanded to recover the oxygen polyhedral
distortion is increased, resulting in a more stable structure and enhanced
thermal stability of the ceramic material [35,50]. As exhibited in Fig. 11
(c) and (d), the bond strength and valence ofM-O bond show an upward
trend along with increasing ΔSconfig, indicating that the stability of the
oxygen polyhedron is enhanced. This also coincides well with the trend
of the τf value approaching near-zero. Notably, the bond valence of some
samples in present spinel high-entropy ceramic is higher than the
theoretical value (2.0 v.u), which indicates that the M ions are firmly
anchored in the compression site of the cubic [79]. Moreover, the
continued rise in M-O bond valence also indicates that the M ions are
rattling, and this effect has persisted, which consistent well with the
reduction in the εr value as discussed above.

Moreover, the x = 0.05 samples possess a more near-zero τf value
(− 14 ppm/◦C) compared to the others as discussed above (see Fig. 7(d)).
This can be ascribed to that the bond strength and valence for x = 0.05
sample are higher than those of the others. Furthermore, the increase in
M-O bond strength also means that the M-O bond length is shortened,
the rattling effect is more prominent, and the ionic polarizability be-
comes weaker, which also leads to the reduction in εr value [27,80]. This
also agree with the overall decreasing trend of the εr value as previously
mentioned. In summary, the relatively high conformational entropy
contributes to the stability of oxygen polyhedral structure by improving
the M-O bond strength and valence in high-entropy Lix(MgZnCoNi)(1-x)/
4Al2O4-δ ceramics.

4. Conclusions

In present study, high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ceramics
with spinel structure were prepared using a solid-state reaction route.
The internal connection among the ΔSconfig, structure, and microwave
dielectric properties in high-entropy Lix(MgZnCoNi)(1-x)/4Al2O4-δ ce-
ramics was systematically studied. The decrease in cell volume and
lattice parameters was assigned to the compression of [M/AlO4] and/or
[M/AlO6] polyhedron. Receptor Li+ ions promoted the grain growth and

improved the densification of ceramics. The introduction of oxygen
vacancy facilitated the Al3+ ions to preferentially occupy [MO4] tetra-
hedral sites, which increases the covalency and thus improves the Q×f
values. Notably, relatively high conformational entropy increased the
phonon vibrational energy and bond strength, which contributes to
obtain lower εr values. Relatively low conformational entropy corre-
sponded well with the high packing fraction, the suppressed damping
behavior, the low internal strain/fluctuation, and high covalency, which
reduces the intrinsic losses of non-harmonic vibrations and thus im-
proves the Q×f values. Moreover, relatively high conformational en-
tropy matched well with low tolerance factor and conduced to the
structural stability by enhancing the M-O bond strength and valence,
which contributes to achieve near-zero τf values. This study demon-
strates the effectiveness of adopting high-entropy strategy to modulate
the microwave dielectric properties. This research in high-entropy en-
gineering and the presented results are expected to provide crucial
theoretical and empirical guidance for achieving superior microwave
dielectric properties, thereby fostering the progression of the field.
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