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Abstract: In this study, a high entropy composite coating was synthesized by oxidizing a high entropy
alloy, AlCrFeCoNi, at elevated temperatures in a pure oxygen atmosphere. X-Ray diffraction (XRD)
analysis revealed that the prepared material was a dual-phase composite material consisting of a
spinel-structured high entropy oxide and a metallic phase with a face-centered cubic structure. The
metallic phase can improve the electrical conductivity of the oxide phase, resulting in improved
electrochemical performance. Scanning electron microscopy with energy dispersive spectroscopy
(SEM/EDS) analysis unveiled the compositional homogeneity of the composite material. The pre-
pared material was utilized as an anode active material in lithium-ion batteries. Cyclic voltammetry
(CV) revealed the oxidation and reduction regions, while the electrochemical impedance spectroscopy
(EIS) measurements showed a decrease in the charge transfer resistance during the cycling process. A
long-term rate capability test was conducted at various current densities: 100, 200, 500, 1000, and
2000 mA g−1. During this test, a notable phenomenon was observed in the regeneration process,
where the capacity approached the initial discharge capacity. Remarkably, a high regeneration ef-
ficiency of 98% was achieved compared with the initial discharge capacity. This phenomenon is
typically observed in composite nanomaterials. At a medium current density of 500 mA g−1, an
incredible discharge capacity of 543 mAh g−1 was obtained after 1000 cycles. Based on the results, the
prepared material shows great potential for use as an anode active material in lithium-ion batteries.

Keywords: lithium-ion battery; anode material; high entropy oxide; spinel oxide

1. Introduction

Lithium-ion batteries represent a method of energy storage due to high working po-
tential differences at a high energy density. These characteristics determine their use in
applications such as portable electronics, robotics, transport, etc. Due to their high energy
efficiency, it is also possible to use them in various electric grid applications, including im-
proving the quality and storage of energy obtained from various renewable energy sources
such as wind, solar, and geothermal. This contributes to their better utilization and to build-
ing an energetically sustainable economy. To accelerate the utilization of renewable energy
sources, research and innovation on lithium-ion batteries (LIBs) are encouraged to generate
even higher energy density and higher power density while improving safety [1–4].

The main Li-ion battery components are the cathode, anode, separator, and electrolyte.
Through research and development of these components, it is possible to achieve an
improvement in the overall properties of the battery cell.
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The requirement on the anode is to have a low working potential with high reducing
power and low weight. The currently commercialized graphite anode is limited by its
relatively low theoretical capacity (372 mAh g−1) and the slow diffusion of lithium-ion.
Therefore, some of the studies on the research and development of LIBs are focused on the
development and optimization of the anode [4].

Silicon is a promising anode material as its theoretical capacity can reach 4200 mAh g−1.
However, the lithiation/de-lithiation process in silicon anode causes huge volume expan-
sion and structural damage, which are accompanied by mechanical instability of the
electroactive material and the SEI layer formed on the anode [5]. Other materials used as
active anode materials are lithium-containing alloys such as Li-Sn, Li-Pb, Li-Al, Li-Zn, Li-Bi,
Li-Ga, Li-In, and Li-Si; however, they also suffer from volume change during the charging/
discharging process [6].

Transition metal oxides have also been intensively investigated as active anode mate-
rials as they have interesting electrochemical properties in LIBs and can have reversible
capacities ranging from 500 to 1000 mAh g−1 [1,7]. Single-cation oxides based on transition
metals were doped with foreign atoms with the aim of solving the volume change issue
causing the disintegration of electrodes during cycling and achieving enhanced structure
stability and increased cyclic stability [8].

To further improve the electrochemical performance of metal oxides, high entropy
oxides (HEOs) were introduced as a novel promising active anode material for LIBs. The
fast growth of the field of HEO is being facilitated by the availability of many synthesis and
processing routes, which were shown to provide highly reproducible material systems [9].

HEOs can be synthesized by oxidizing high entropy alloys (HEAs). There are two
essential definitions of a HEA [10]:

1. An alloy that consists of at least five major metallic elements, each having a concentra-
tion of 5%–35%.

2. An alloy whose configurational entropy is larger than 1.61*R, where R is the gas
constant.

Each element system can have a different structure, such as body-centered cubic,
face-centered cubic, or hexagonal. The more elements participate, the more functions can
act simultaneously, assuming the formation of a multi-element compound with excellent
overall properties [11,12].

HEOs usually crystallize into rocksalt, perovskite, or spinel structure. The stabilization
effect of entropy has significant benefits on the storage capacity retention of HEOs and
improves cycling stability [9]. HEOs show multiple quality characteristics such as super-
high structural stability, high dielectric constant, and high ionic conductivity [8]. However,
the electrochemical properties of high-entropy oxides have been observed to depend on
each of the metal cations present, providing an opportunity to modify the electrochemical
properties by simply changing the oxide composition [1,9,13,14].

A variety of binary and multi-element oxides have been studied as anodes for LIBs,
which provide the exchange of lithium ions via a conversion reaction. Oxides with a spinel
structure showed great potential for such use [15]. Cations in oxides with a spinel structure
are in different oxidation states and ensure the three-dimensional transport of lithium ions.
A higher number of oxidation states promotes the formation of oxygen vacancies, which
provide favorable conditions for the transport of lithium ions and can ensure high charging
and discharging rates. In HEOs consisting of at least five cations, this range is many times
higher as a synergetic effect occurs between the different elements [4,15–17].

In general, the performance of HEO is controlled by the type and number of metal
ions present in the structure. Therefore, the particular combination of metal ions used is
essential [18].

To the best of our knowledge, the AlCrFeCoNi alloy and its spinel oxide have not
been tested in lithium-ion batteries, making them an unexplored material system in this
application. The inactivity of Al3+ within the voltage range of 0–3V vs. Li/Li+ [19–25]
can potentially promote the spectator effect, similar to Mg2+ in rocksalt high entropy
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oxides, contributing to enhanced cycling stability and inhibition of active nanograins
agglomeration [9,26,27]. This study deals with the possible synthesis of AlCrFeCoNi
alloy and its composite material consisting of a spinel oxide and metallic phase and their
characterization, as well as testing the electrochemical properties of the prepared high
entropy material (HEM) as a potential anode for a battery cell.

2. Materials and Methods
2.1. Material Synthesis

The choice of the elements used (Al, Cr, Fe, Co, Ni) was based on the theory of
the formation of high entropy alloys discussed in [28–30]. According to these, the mix-
ing enthalpy (∆Hmix), entropy (∆Smix), and atomic size difference (δ) should be in
the range −22 ≤ ∆Hmix ≤ 7 kJ mol−1, 11 ≤ ∆Smix ≤ 19.5 J (K mol)−1, −0 ≤ δ ≤ 8.5.
These values are met in the case of the AlCrFeCoNi alloy of equiatomic concentration:
∆Hmix = −12.32 kJ mol−1, ∆Smix = 13.38 J (K mol)−1, δ = 5.77.

The high entropy composite material based on AlCrFeCoNi was synthesized via a
two-step process. First, a high entropy alloy, AlCrFeCoNi, was prepared by arc melting of
pure elements in an argon atmosphere. Pure elements, Al (99.9%), Cr (99.9%), Fe (99.9%), Co
(99.9%), and Ni (99.9%) were purchased from Alfa Aesar (ThermoFisher, Kandel, Germany).
The elements were weighted in equiatomic concentration, except aluminum, which was
overweighted because of its high evaporation during arc melting. The samples were re-
melted five times to ensure as much chemical homogeneity as possible. After the melting
process, the alloy pieces (3 g) were milled in a vibration mill at 30 Hz for 15 min using
a steel jar and steel milling elements to minimize contamination. The obtained powder
particles were sieved to get particles under 40 microns.

The AlCrFeCoNi powder particles were oxidized in a tube furnace at 1000 ◦C in a
technically pure oxygen atmosphere for 5 h using Al2O3 ceramic boats. After the oxidation
process, the sample was removed from the tube furnace and cooled on a steel plate. The
sintered powder was milled in a vibration mill at 30 Hz for 30 s. The oxide powder particles
were sieved to get particles under 40 microns.

2.2. Material Characterization

Phase analysis of the alloy and oxide was performed by X-Ray diffraction (XRD)
using a laboratory X- Ray diffractometer Philips X’Pert Pro (Philips, Amsterdam, The
Netherlands) in reflection mode operated at 40 kV and 50 mA using Cu Kα radiation
with a scan step 0.03◦, time per step 60 s, and 2 θ range of 15–140◦. The morphology and
size distribution of the powder particles and prepared electrodes were analyzed using a
Tescan VEGA 3 LMU scanning electron microscope (Tescan, Brno, The Czech Republic)
equipped with energy-dispersive X-Ray spectroscopy (Bruker, Billerica, MA, USA) to
determine the chemical composition of the samples. The Rietveld refinement of the XRD
data was performed using GSAS II software (Argonne National Laboratory, Lemont, IL,
USA) (version GSAS V5556) [31,32].

2.3. Coin Cell Preparation

The prepared AlCrFeCoNi high entropy composite material was used as an anode
active material in different electrochemical cells (CR2032, El-Cell, and 2-electrode Swagelok
cell). The electrode preparation process consisted of several steps. The prepared high en-
tropy material (70 wt. %) together with carbon black Super P (20 wt. %) and polyvinylidene
fluoride PVDF (10 wt. %) dissolved in N-methyl pyrrolidone (NMP) were mixed using a
Thinky ARE-250 mixer. The slurry was cast onto a Cu foil and dried at 120 ◦C in a vacuum
for 18 h. After the drying process, the electrodes were cut into disc electrodes with 13 mm
diameters. Active material loading was about 1.13 mg cm−2. After the electrode-cutting
process, the electrodes were further dried at 120 ◦C. The half cells were assembled in an
argon-filled glovebox with a controlled atmosphere (O2 < 1 ppm, H2O < 1 ppm). Metallic
lithium, Whatman GF/A, and HEM electrode were used as a counter electrode, separator,
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and working electrode, respectively. 1 M LiPF6 dissolved in a mixture of ethylene carbonate
and diethyl carbonate (EC/DEC) in a 1:1 volume ratio was used as an electrolyte.

2.4. Electrochemical Characterisation

Cyclic voltammetry (CV) test at a sweep rate of 0.1 mV s−1 in a potential range of
0.01–3 V vs. Li/Li+ and electrochemical impedance spectroscopy (EIS) measurements in
a frequency range of 100 kHz and 1 MHz were conducted on a BioLogic SP-150 potentio-
stat/galvanostat (BioLogic, Seyssinet-Pariset, France). The galvanostatic charge/discharge
measurements were performed using a Landt Battery Cycler CT3002AU (Landt Instru-
ments, New York, NY, USA) in a potential range of 0.01–3 V vs. Li/Li+.

3. Results and Discussion
3.1. Material Characterization

Phase analysis revealed that the high-entropy alloy crystallized into a body-centered
cubic structure with a space group of Im-3m and a lattice parameter of 2.870 Å, which
is comparable to the findings in [33]. No additional phases were present. The Rietveld
refinement of the alloy’s structure is shown in Figure 1a. The weighted profile R-factor
(Rwp) of 1.32% indicates a highly reliable refinement.

Figure 1. (a) Rietveld refined XRD pattern of HEA, Rwp = 1.32%, (b) Rietveld refined XRD pattern
of HEM, Rwp = 1.28%, (c) SEM image of HEA powder, (d) SEM image of HEM powder, (e) EDS
mapping of HEA powder, (f) EDS mapping of HEM powder.

The alloy powder particles had a rough, irregular morphology ranging from oval to
rod-shaped structures, as shown in Figure 1c. The size distribution of the particles was
non-uniform. The particle sizes of the rod-shaped structures ranged from approximately
1 µm to more than 100 µm. EDS analysis revealed that the elemental concentration was
quasi-equiatomic (Table 1). The biggest deviation from the equiatomic concentration was
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in the case of aluminum due to its high vapor pressure during arc melting [34]. Based
on the elemental concentration, the configurational entropy is 1.604 R, indicating that the
prepared alloy belongs to the high entropy alloy group [10]. According to the EDS mapping
in Figure 1e, the various elements were found to be homogeneously distributed throughout
the entire analyzed area of the prepared alloy, indicating a uniform elemental distribution.

Table 1. EDS analysis of HEA and HEM powder.

HEA HEM

Element wt.% σ wt.% at.% σ at.% wt.% σ wt.% at.% σ at.%

Oxygen - - - - 27.28 0.51 54.12 0.64
Aluminum 7.15 2.95 13.69 5.51 7.93 0.08 9.33 0.15
Chromium 21.38 1.34 21.55 1.87 15.55 0.22 9.49 0.20

Iron 24.10 1.94 22.64 2.54 16.84 0.19 9.57 0.10
Cobalt 25.26 0.61 22.44 1.20 17.10 0.31 9.21 0.22
Nickel 22.11 0.99 19.69 0.77 15.31 0.06 8.28 0.09

During the oxidation process, the HEA powder particles transformed into a composite
high entropy material and were free-sintered. Because of that, a milling process was applied
to obtain powder particles of micrometer sizes. The powder particles exhibited a bimodal
size distribution, with small particles ranging from 300 nm to 6 µm and larger particles
ranging from 10 to 85 µm, as shown in Figure 1d. The particles had rough or irregular
morphologies, but the elements were homogenously distributed throughout the analyzed
area without any segregation (Figure 1f and Table 1).

Phase analysis of the HEM revealed that the material consisted of two phases, as
shown in Figure 1b. The major phase had a cubic structure with a space group of Fd-3m
and a lattice parameter of 8.267 Å belonging to the inverse spinel oxide group Me3O4
(space group 227:2) [35]. The minor phase had a cubic structure with a space group of
Fm-3m and a lattice parameter of 3.575 Å, corresponding to a metallic group. The metallic
content, determined by Rietveld refinement with Rwp = 1.28%, was approximately 9.8 wt.%.
This can be attributed to the oxidation resistance of specific elements such as Cr and Al,
which can form a passive oxide layer on the surface of the particles, hindering further
oxidation [36–40]. In this case, it is likely that the larger particles were covered with
this passive oxide layer, while the core of the particles remained metallic. However, a
phase transformation of the metallic phase occurred from Im-3m to Fm-3m, similar to
the transformation observed in [36–40]. According to [41], Fe, Co, and Ni possess high
electronic conductivity in lithium-ion batteries, which makes them valuable for enhancing
the electrical conductivity of materials with poor conductivity. Consequently, they are
commonly utilized in the production of composite materials.

The most common and general formula used to calculate the configuration entropy of
an AxByOz oxide is [42]:

Scon f = −R

[
x

(
M

∑
a=1

xaln xa

)
A

+ y

(
N

∑
b=1

ybln yb

)
B

+ z

(
P

∑
o=1

zoln zo

)
O

]
(1)

In this equation, xa, yb, and zo represent the mole fractions of elements in the A-site, B-
site, and O-site, respectively. However, this formula cannot be applied to spinel-structured
oxides because of the presence of two different Wyckoff sites for the cations (8a, 16d) that
increases the entropy of the system. Therefore, a universal configurational entropy metric
was formulated and described in [43,44]:

EM = Sconf × L = −R
[

∑ ax∑ fx
i ·ln fx

i
∑ ax

]
× L (2)
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In Equation (2), ax represents the number of sites on the x sublattice, fi
x is the fraction

of element species i randomly distributed on the x sublattice (site fraction), L is the total
number of sublattices, and R is the ideal gas constant. Materials can be classified into
specific groups based on the configurational entropy, with high entropy materials denoted
by EM > 1.5 R. For the (Cr0.25Fe0.25Co0.25Ni0.25)(Al0.6Cr0.35Fe0.35Co0.35Ni0.35)2O4 spinel
oxide (assuming Al is only present in +III oxidation state and all elements are in equimolar
concentration), the EM value is 2.045 R, placing this spinel oxide in the high entropy group.
Furthermore, the configurational entropy is significantly higher than that of an oxide with a
rocksalt structure (1.61 R) [9,26,45], indicating increased structural stability and cyclability.
However, it should be noted that this calculation is an approximation due to unknown
distribution of different cation types in the two sublattices, and the EM represents the
highest value for this system.

3.2. Electrochemical Characterization

To investigate the electrochemical properties of the composite HEM, cyclic voltamme-
try was performed in a potential range of 0.01–3 V vs. Li/Li+ with a sweep rate of 0.1 mV
s−1 for five cycles (Figure 2a). The first cycle exhibited several distinct reduction peaks,
from 1.23 to 0.42 V, which can be attributed to a stepwise reduction of transition metal ox-
ides from high valence state (M3+) to low valence state (M2+) and eventually to the metallic
form (M0) [4,8,46]. Considering that Al3+ is inactive within this potential range [19–25],
it is presumed that it plays a stabilizing role similar to Mg2+ in rocksalt-structured high
entropy oxides [9,26,27,47–49]. The most prominent reduction peak observed at 0 V is
associated with the formation of solid electrolyte interphase (SEI) layer on the electrode
surface due to electrolyte decomposition. During the first positive scan, a broad anodic
peak ranging from 1.0 to 1.6 V vs. Li/Li+ indicates the reoxidation of metallic phases to
high-valence oxides [4,8,46]. In the subsequent cycles, the intensity of the major reduction
peaks decreases, indicating the formation and slower growth of the SEI layer [4,8]. The CV
curves from the 2nd cycle onwards exhibit similar shapes, suggesting good reversibility and
cycling stability. The CV curve of this composite HEO is comparable to other high entropy
oxides with a spinel structure [4,8,15,46,50]. Further investigation, such as in operando
synchrotron XRD or X-Ray absorption spectroscopy (XAS) is required to fully understand
the lithiation/delithiation mechanism in this composite system.

Figure 2b,c shows the complex-plane impedance plots of the coin cell with HEM
electrode, Li metal anode, and 1 M LiPF6 in a mixture of EC/DEC 50/50 electrolytes before
and after five cycles. The electrochemical impedance measurements were carried out in
the frequency range 100 kHz–100 MHz, with 10 mV sinusoid voltage perturbation at open
circuit potential. To determine the initial parameters of the complex nonlinear least-squares
(CNLS) fitting, distribution of relaxation times (DRT) analysis was performed as described
in [51–53].

The first spectrum belongs to the as-prepared cell, where Rs describes the solution
resistance, ZRQ1 is the contact resistance between the HEM electrode and the current
collector, ZRQ2 is the charge transfer resistance between the HEM and the electrolyte, and
ZRQ3 describes the resistance between the Li/electrolyte interface. The de Levie element
was introduced due to the not completely flat surface of the HEM electrode [54].

The CNLS fitting was performed using a code written in Python 3 (Python Software
Foundation, Wilmington, DE, USA) with standard scientific packages (NumPy, SciPy,
Pandas, Lmfit, and Matplotlib). The results are shown in Figure 2b,c with the schematic
drawing of the fitted model. The decreased resistances observed in this study after cycling
can be attributed to the successful incorporation of the lithium ions into the HEO layer,
leading to improved electrical connection and ionic percolation, resulting in reduced
polarization (Table 2). The formation of the SEI layer led to a slight increase in resistance
on the Li-electrolyte interface. The changes in the resistances observed here are in good
agreement with the trends on HEO presented in the literature [47].
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Figure 2. (a) CV curves at 0.1 mV s−1 from 0.1 to 3 V vs. Li/Li+, Complex plane impedance plots
(b) before and (c) after 5 cycles and the equivalent circuit representations of the corresponding models
used to the CNLS fitting.

Table 2. Estimated values of the parameters and their standard error of CNLS fitting.

HEM before Cycling HEM after Cycling

X2/|Z| = 2.0341·10−3 X2/|Z| = 6.2658·10−4

Estimated Value Standard Error Estimated Value Standard Error

Rs (Ohm) 3.60 ±6.6613·10−2 4.8253 ±0.2703
R1 (Ohm) 147.179 ±3.0541 121.1729 ±2.9620

Q1 (F) 1.1875·10−5 ±3.6114·10−7 1.1387·10−5 ±3.1665·10−7

n1 0.710644 ±3.3045·10−2 0.90256 ±1.1401·10−3

R2 (Ohm) 201.06802 ±2.0223·10−1 186.4122 ±3.6832·10−2

Q2 (F) 1.95700·10−3 ±2.2669·10−5 6.0293·10−5 ±7.6112·10−1

n2 0.731745 ±7.8472·10−3 0.7651 ±9.5216·10−3

R3 (Ohm) 27.26705 ±1.8926·10−1 44.0167 ±1.7065·10−2

Q3 (F) 3.02459·10−2 ±3.4817·10−3 9.9871·10−2 ±1.8089·10−3

n3 0.613330 ±2.0345·10−2 0.6981 ±3.5001·10−3

Rion (Ohm) 172.1767 ±3.6627·10−1 55.6004 ±1.9780·10−1

Qs (F) 1.67485·10−4 ±4.0219·10−5 6.3282·10−4 ±1.6962·10−5

γ 0.91243 ±5.0066·10−4 0.8006 ±4.4166·10−3

Figure 3a illustrates the long-term cyclic performance at a current density of
100 mA g−1. The initial discharge and charge capacities were 757 and 475 mAh g−1,
respectively, resulting in a low Coulombic efficiency of 63.3%. This is attributed to the
formation of the solid electrolyte interphase layer, which consumes active lithium ions and
electrolyte materials, leading to capacity fading [55]. The initial discharge voltage profile in
the first cycle, as shown in Figure 3b, exhibits a rapid potential decrease from 3 down to
1 V, followed by a moderate decrease, consistent with the CV curve and corresponding to
the reduction of metallic cations to metal phases [4,16,17]. From the second cycle onwards,
the voltage profile shows similar shapes, indicating that the SEI formation is completed or
not as significant as in the first cycle [17,45,56]. However, the capacity slightly decreases
in each cycle until the 55th cycle, reaching a minimum capacity of 383 mAh g−1. This
capacity fading can be attributed to the growth of the SEI layer, transition metal dissolution,
mechanical cracking, volume changes, electrolyte depletion, and Li plating [57,58]. Subse-
quently, the capacity starts to rise, reaching a maximum value of 695 mAh g−1 at the 200th
cycle. This phenomenon can be attributed to changes in the morphology of the powder
particles. The application of mechanical stress caused by rapid volume expansion during
lithiation can lead to fractures that increase the active surface area. These morphological
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changes enhance reaction kinetics by improving transport, ultimately resulting in an in-
crease in specific capacity. This phenomenon, known as the reactivation of electrochemical
reactions, induced by high-rate lithiation, leads to an increase in capacity during high-rate
cycling [57].
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(d) long-term rate capability test of HEM at various current densities (100, 200, 500, 1000, and
2000 mA g−1) with 100 cycles each. Regeneration was performed at a current density of 100 mA g−1

for 100 cycles.

For long-term cycling at a medium current density of 500 mA g−1, a formation process
was applied to the cell at 100 mA g−1 for 30 cycles to stabilize the SEI layer [9], as shown
in Figure 3c. During the formation cycles, the same capacity decrease as in the previous
case was observed. At 500 mA g−1, the capacity fading continued until the 70th cycle,
reaching a minimum capacity of 315 mAh g−1. After that, the capacity started to increase,
reaching an outstanding value of 669 mAh g−1. Higher capacities in similar slurry ratios
were observed only in a few high entropy oxides of nanometer sizes [11,16,17,26]. For the
following 400 cycles, the capacity remained relatively stable at 600 mAh g−1. After the
800th cycle, the capacity started to fade but remained at 462 mAh g−1 after 1100 cycles,
which is 70% of the maximum value. A capacity fluctuation can be observed for five cycles
around the 1060 s cycles, after which the capacity fading stabilized. This behavior can
be attributed to structural changes associated with the active material [9]. These results
indicate excellent cyclic stability even at medium current densities.

The rate capability test was performed in a specific manner to account for the observed
changes in the capacity during cycling, as described earlier. As a result, the test was
conducted at different current densities, with each density tested for 100 cycles, as shown
in Figure 3d. At 100 mA g−1, the same capacity fading and the subsequent increase
described earlier was observed. At 200 mA g−1, the capacity increase was monotonous
due to the morphological changes [57]. At 500 mA g−1, the capacity increase was also
monotonous but the slope was more moderate, indicating that at higher current densities,
the achievable capacity could be reduced due to polarization and diffusion limitations [59].
At 1000 mA g−1, a monotonous decrease in capacity was observed, while the capacity
remained stable for 100 cycles at 2000 mA g−1. These specific capacities at different current
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densities are comparable to the capacities of single-phase high entropy oxides of nanometer
sizes [4,15]. The capacities were: 360, 488, 457, 290, and 139 mAh g−1 at current densities of
100, 200, 500, 1000, and 2000 mA g−1, respectively. An interesting phenomenon occurred
during the regeneration process at an initial current density of 100 mA g−1. The capacity
in the first cycle of the regeneration process reached the same level as the maximum
capacity at 200 mA g−1. Subsequently, the capacity increased to a maximum value of
698 mA h−1, which is very close to the initial discharge capacity of 712 mAh g−1, resulting
in a regeneration efficiency of 98%. After reaching the maximum capacity, it started to fade,
but even after 100 cycles in the regeneration process (a total of 600 cycles), the capacity
was 533 mAh g−1, which is 75% of the initial discharge capacity, indicating the excellent
self-healing properties of this material. This kind of capacity regeneration compared
with the initial discharge capacity has not been observed in high entropy oxides with a
spinel structure. The average regeneration efficiency is approximately 45%–50% in the
case of spinel-structured HEOs [4,15]. To the best of our knowledge, a higher efficiency
of the regeneration process (79%) has only been achieved in a high entropy oxide with a
rocksalt structure [9]. Further research is needed to fully understand the reasons behind
this phenomenon.

In comparison to previous studies, HEM based on AlCrFeCoNi demonstrates en-
hanced electrochemical properties, despite having particle sizes in the micrometer range, as
shown in Table 3. In rate capability tests conducted at both low and high current densities,
HEM based on AlCrFeCoNi exhibits the lowest specific capacity. However, at a medium
current density of 500 mA g−1, the capacity is comparable to that of materials containing
five active elements and having particle sizes in the nanometer range.

Table 3. Comparisons of electrochemical properties of high entropy oxides.

Material Particle Size Long-Term
Cycling

Rate Capability Test-Specific Capacities (mAh g−1) at Current Densities
Reference100

mA g−1
200

mA g−1
500

mA g−1
1000

mA g−1
2000

mA g−1
100

mA g−1

(CrMnFeCoNi)3O4 200–900 nm
402 mAh g−1

at
500 mA g−1

(300 cycles)

586 478 361 269 180 483 [4]

(CrMnFeCoNi)3O4 200–500 nm
693 mAh g−1

at
500 mA g−1

(260 cycles)

967 828 740 625 532 837 at
200 mA g−1 [11]

(CrMnFeCoNi)3O4 100–200 nm
750 mAh g−1

at
500 mA g−1

(200 cycles)

1072 979 824 649 500 - [16]

(MgTiZnCuFe)3O4 51–345 nm
504 mAh g−1

at
100 mA g−1

(300 cycles)

571 460 405 342 268 552 [15]

(CrMnFeNiCu)3O4 500–800 nm
512 mAh g−1

at
500 mA g−1

(250 cycles)

567 482 400 297 226 - [50]

(TiMnFeCoNi)3O4 micrometer sizes
536 mAh g−1

at
100 mA g−1

(100 cycles)

496 455 at
250 mA g−1 435 401 343 at

2500 mA g−1
590 at

50 mA g−1 [56]

(MgCrMnFeCo)3O4 50 nm
673 mAh g−1

at
1000 mA g−1

(1000 cycles)

964 892 787 658 541 594 [60]

(AlCrFeCoNi)3O4 micrometer sizes
543 mAh g−1

at
500 mA g−1

(1000 cycles)

360 488 457 290 139 533 This study

One of the most notable properties of HEM based on AlCrFeCoNi is its regeneration
efficiency, where it can deliver 1.5 times higher capacity compared to the initial cycling
capacity. Furthermore, even after 1000 cycles at a current density of 500 mA g−1, the
capacity of HEM based on AlCrFeCoNi remains higher compared to several high entropy
oxides with nanometer-sized particles.
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It is important to consider that direct comparisons between studies may be influenced
by variations in experimental conditions, synthesis methods, and characterization tech-
niques employed. Nevertheless, these findings highlight the significant electrochemical
advancements achieved by our material, indicating its potential for various applications in
the field.

3.3. Electrode Surface Characterization

The structural changes in the electrodes before and after cycling can be seen in
Figure 4a–f. The electrodes underwent 20 cycles at a current density of 100 mA g−1

and their macro and microstructures were observed before and after cycling. Before cycling,
the electrode surface appeared relatively homogeneous and compact. Larger particles
(above 10 µm) of high entropy material were evenly distributed across the electrode surface,
indicating that the slurry-making process and casting were not affected by these parti-
cles. However, smaller cracks surrounding these larger oxide particles were observed,
suggesting some structural weaknesses due to the rigidity of the PVDF [61]. These cracks
formed during drying at an elevated temperature of 120 ◦C as a result of internal stresses
in the composite coating [62]. EDS analysis revealed the presence of various elements
in the electrode composition. The high entropy material elements (Co, Fe, Cr, Ni, Al, O)
were uniformly distributed across the entire electrode surface. Additionally, carbon and
fluorine from polyvinylidene fluoride were also found to be uniformly distributed. After
cycling, a notable change was observed on the electrode surface. It was covered by glass
fibers originating from the separator material. However, no film breakage or peeling-off
was observed. Larger oxide particles remained uniformly distributed across the electrode
surface after cycling, but their abundance and size were smaller compared to the pristine
electrode surface. This reduction in particle size and abundance indicates the breaking of
agglomerates, which can be attributed to the repeated processes of reduction and oxidation
during charging and discharging [57]. During cycling, pre-existing cracks in the electrode
structure expanded and grew throughout the electrode surface. This increase in cracks was
caused primarily by differences in the contraction and expansion coefficients between the
metallic and oxide phases present in the electrode [11,45,63]. Consequently, the overall
capacity of the electrode decreased due to the presence of these cracks. Examining the dis-
tribution of the elements after cycling showed that all the present elements were uniformly
distributed across the electrode surface, indicating that no segregation occurred during the
cycling process [50].
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4. Conclusions

In this study, a simple and rare method was employed to synthesize a high entropy
material through oxidation of a high entropy alloy at elevated temperatures in a pure
oxygen atmosphere.

The prepared single-phase high entropy alloy AlCrFeCoNi possesses a cubic structure
and belongs to the high entropy alloy group based on its configurational entropy. During
the oxidation process, the high entropy alloy transformed into a dual-phase composite
material consisting of a spinel oxide and residual metallic phase with a face-centered cubic
structure.

Despite its dual-phase character, the high entropy composite material based on AlCr-
FeCoNi was successfully utilized in lithium-ion batteries as an anode active material. The
electrode surface exhibited a homogeneous and compact structure with larger particles of
high entropy material uniformly distributed across the electrode surface. A decrease in
charge transfer resistance was observed after five cycles, indicating the successful incorpo-
ration of the lithium ions into the high entropy material layer. Excellent cyclic stability was
successfully achieved during long-term cycling at a medium current density. Long-term
cyclic measurements revealed a phenomenon, where a moderate increase in capacity oc-
curred during cycling. At a medium current density of 500 mA g−1, a discharge capacity
of 543 mAh g−1 was obtained after 1000 cycles. In the rate capability test, a regeneration
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efficiency of 98% was achieved in the regeneration process relative to the initial discharge
capacity.

No breaking or peeling of the coating was observed after cycling.
This study has shed light on the utilization of a high entropy composite material

as an anode material for lithium-ion batteries, obtaining initial discharge capacities and
preserving high capacities during long-term cycling.
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53. Shankar, L.S.; Zalka, D.; Szabó, T.; Székely, E.; Kőrösi, M.; Pászti, Z.; Balázsi, K.; Illés, L.; Czigány, Z.; Kun, R. Supercritical carbon
dioxide assisted synthesis of ultra-stable sulfur/carbon composite cathodes for Li–S batteries. Mater. Today Chem. 2022, 26, 101240.
[CrossRef]

54. Landesfeind, J.; Hattendorff, J.; Ehrl, A.; Wall, W.A.; Gasteiger, H.A. Tortuosity Determination of Battery Electrodes and Separators
by Impedance Spectroscopy. J. Electrochem. Soc. 2016, 163, A1373. [CrossRef]

55. Wang, A.; Kadam, S.; Li, H.; Shi, S.; Qi, Y. Review on modeling of the anode solid electrolyte interphase (SEI) for lithium-ion
batteries. Npj Comput. Mater. 2018, 4, 15. [CrossRef]

56. Chen, T.-Y.; Wang, S.-Y.; Kuo, C.-H.; Huang, S.-C.; Lin, M.-H.; Li, C.-H.; Chen, Y.-T.; Wang, C.-C.; Liao, Y.-F.; Lin, C.-C.; et al.
In operando synchrotron X-ray studies of a novel spinel (Ni0.2Co0.2Mn0.2Fe0.2Ti0.2)3O4 high-entropy oxide for energy storage
applications. J. Mater. Chem. A 2020, 8, 21756–21770. [CrossRef]

57. Kim, H.; Choi, W.; Yoon, J.; Um, J.H.; Lee, W.; Kim, J.; Cabana, J.; Yoon, W.-S. Exploring Anomalous Charge Storage in Anode
Materials for Next-Generation Li Rechargeable Batteries. Chem. Rev. 2020, 120, 6934–6976. [CrossRef] [PubMed]

58. Vetter, J.; Novák, P.; Wagner, M.R.; Veit, C.; Möller, K.-C.; Besenhard, J.O.; Winter, M.; Wohlfahrt-Mehrens, M.; Vogler, C.;
Hammouche, A. Ageing mechanisms in lithium-ion batteries. J. Power Sources 2005, 147, 269–281. [CrossRef]

59. Heubner, C.; Schneider, M.; Michaelis, A. Diffusion-Limited C-Rate: A Fundamental Principle Quantifying the Intrinsic Limits of
Li-Ion Batteries. Adv. Energy Mater. 2019, 10, 1902523. [CrossRef]

60. Minouei, H.; Tsvetkov, N.; Kheradmandfard, M.; Han, J.; Kim, D.-E.; Hong, S.I. Tuning the electrochemical performance of
high-entropy oxide nanopowder for anode Li-ion storage via structural tailoring. J. Power Sources 2022, 549, 232041. [CrossRef]

61. Lingappan, N.; Kong, L.; Pecht, M. The significance of aqueous binders in lithium-ion batteries. Renew. Sust. Energ. Rev. 2021, 147,
111227. [CrossRef]

62. Zhu, Z.; He, Y.; Hu, H.; Zhang, F. Evolution of Internal Stress in Heterogeneous Electrode Composite during the Drying Process.
Energies 2021, 14, 1683. [CrossRef]

63. Yen, J.-Z.; Yang, Y.-C.; Tuan, H.Y. Interface engineering of high entropy Oxide@Polyaniline heterojunction enables highly stable
and excellent lithium ion storage performance. Chem. Eng. J. 2022, 450, 137924. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.scriptamat.2020.05.019
https://doi.org/10.1016/j.actamat.2016.08.081
https://doi.org/10.1016/j.scriptamat.2021.113974
https://doi.org/10.1016/j.matchemphys.2021.125105
https://doi.org/10.1016/j.ceramint.2021.08.303
https://doi.org/10.1038/s41467-023-37034-6
https://doi.org/10.3389/fenrg.2022.883206
https://doi.org/10.1002/eom2.12261
https://doi.org/10.1016/j.cej.2021.132658
https://doi.org/10.5445/KSP/1000042281
https://doi.org/10.1149/2.030207jes
https://doi.org/10.1016/j.mtchem.2022.101240
https://doi.org/10.1149/2.1141607jes
https://doi.org/10.1038/s41524-018-0064-0
https://doi.org/10.1039/D0TA06455F
https://doi.org/10.1021/acs.chemrev.9b00618
https://www.ncbi.nlm.nih.gov/pubmed/32101429
https://doi.org/10.1016/j.jpowsour.2005.01.006
https://doi.org/10.1002/aenm.201902523
https://doi.org/10.1016/j.jpowsour.2022.232041
https://doi.org/10.1016/j.rser.2021.111227
https://doi.org/10.3390/en14061683
https://doi.org/10.1016/j.cej.2022.137924

	Introduction 
	Materials and Methods 
	Material Synthesis 
	Material Characterization 
	Coin Cell Preparation 
	Electrochemical Characterisation 

	Results and Discussion 
	Material Characterization 
	Electrochemical Characterization 
	Electrode Surface Characterization 

	Conclusions 
	References

