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Abstract: High-entropy metal oxides (HEMOs) with several functional properties, including high
structural stability and superior conductivity, have been recently utilized in energy-storage de-
vices. Morphology control is the key factor to optimizing HEMO performance for successful use in
lithium-ion anode materials. Hence, in this study, HEMO ((NiMnCrCoFe)3O4) was synthesized via
a hydrothermal reaction and subsequent post-annealing process, where cetyltrimethylammonium
bromide (CTAB) and urea were used to optimize the morphological structure of HEMO particles
to ensure a bimodal distribution. A bimodal particle distribution of HEMO was observed and the
electrochemical performance was also investigated for an anode in lithium-ion batteries (LIBs). The
proposed bimodal HEMO manifests a superior electrochemical performance compared to existing
HEMO, which is controlled by uniform nanoscale or micro-sized secondary particles. The present
study shows that collective metal cations with different ionic radii, valence states, and reaction
potentials, and a diversification of structures, enable a synergistic effect for the excellent performance
of HEMOs in LIBs. The proposed HEMO shows an improved initial discharge capacity of 527 mAh
g−1 at a high current density of 5 A g−1 compared to the other referred HEMO systems, and 99.8%
cycle retention after 300 cycles. Further, this work allows a new approach for designing multi-element
transition metal oxide anode materials using a high-entropy strategy, which can be employed in the
development of advanced LIBs.

Keywords: high-entropy metal oxide; anode materials; bimodal; lithium-ion battery; high-rate performance

1. Introduction

A rapid increase in the popularity of electric vehicles and portable digital products
has driven the demand for energy-storage devices with high energy density, high power
density, and improved safety [1–5]. Currently, these devices mostly use lithium-ion batteries
(LIBs) as energy sources, despite their limited theoretical capacity of 372 mAh g−1 and
inability to meet high energy requirements of the near future. Therefore, the development
of electrode materials with high energy density and excellent cycling and rate performance
is equally important for next-generation LIBs. Various cathode materials intended for
use in LIBs have been previously studied, such as LiCoO2, LiFePO4, LiNi1-x-yCoxAlyO2,
and LiNi1-x-yCoxMnyO2. However, little research has been conducted on anode materials,
which implies that there is a greater potential to enhance the capacity of anode materials
than that of cathode materials [6,7].

Recently, graphite has been widely used as a commercial anode material in LIBs,
exhibiting a theoretical capacity of 372 mAh g−1. To implement high-performance LIBs, it is
necessary to replace graphite with new anode materials that possess a high reversible capac-
ity [8,9]. Due to its high capacity (4200 mAh g−1), silicon (Si) is used as one of the promising
materials to replace graphite. However, the change in volume of the active material, of over
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300% through the repeated cycle performance, affects the cycle capacity and thus limits
the material’s practical application [10]. Similarly, the poor electrical conductivity and
huge volume expansion of phosphorous over cycling limits its practical application in LIBs,
despite its high theoretical specific capacity (2596 mA h g−1). Further, Baboukani et al.,
addressed this issue by preparing a red phosphorus-sulfurized polyacrylonitrile composite
for an anode material [11]. Until now, transition metal oxides (TMOs), for example, NiO,
Co3O4, MnO2, and Fe2O3, have been considered as anode materials for LIBs because of
their high theoretical capacities. Among these, NiO has shown a prominent advantage
due to its low cost, low toxicity, high chemical stability, and high theoretical capacity
(718 mAh g−1) [12]. In addition, NiO anodes exhibit significant volume expansion after
the lithiation process and extreme capacity fading through the cycling operation. NiO also
exhibits low electronic conductivity and unfavorable electrical conductivity, thus greatly
restricting its cycle stability and rate performance [13]. Co3O4 also has a moderately high re-
dox capacity because it stores eight lithium atoms per molecular unit, and has thus attracted
attention as a potential anode material [14,15]. Moreover, Fe3O4 and MnO2 anodes have
characteristics that exhibit high reversible capacity over a long cycle life [16,17]. Still, these
TMOs commonly exhibit low conductivities, which result in significantly degraded cycle
stability and speed performance. To overcome these limitations, significant effort has been
focused on designing customized nanostructures and carbon composites, such as flower-
like NiO/rGO nanocomposite [18], NiO/carbon aerogel microspheres [19], and hierarchical
hollow pompon-like NiO carbon composite [20], to improve the conductivity. This strategy
can help to improve the electrical conductivity and volume expansion, and facilitate the
diffusion of Li+, to some extent, but achieving a high reversible capacity after an extended
charge/discharge cycle remains a major challenge. Therefore, potential anode materials for
use in LIBs must exhibit excellent structural stability and electrical conductivity.

Further, numerous research plans have been reported to improve the electrochemical
properties of LIBs by introducing multi-component compounds. However, cases in which
the share of the doping element occupancy is too high always involve phase separation.
Recent research on methods for combining various types of metals and oxide structures
has therefore focused on this phenomenon. Dong et al., prepared a binary transition metal
oxide Mn2V2O7 nanosheet using the solvothermal method. The prepared nanosheet was
utilized for the anode in LIBs and displayed a discharge capacity of 1096 mAh g−1 at
0.5 mA g−1 [21]. Again, VOMoO4/C was synthesized through a sol-gel method by Zhao
et al., which resulted in a high discharge capacity of over 830 mAh g−1 after 250 cycles
at 0.2 A g−1 [22]. Additionally, Jadhav et al., prepared Mn0.1Ni0.9Co2O4/NF using the
co-precipitation method for LIB applications and studied the storage performance; the
preparation showed a reversible capacity of 1076 mAh g−1 at 1.6 A g−1 and excellent stabil-
ity over 350 cycles [23]. It has recently been reported that high-entropy oxides (HEMOs)
that contain five or more metals have the potential to overcome the obstacles described
above. Some materials are classified as “high entropy” oxide with metrics based purely on
entropy values resulting from the single-lattice model. In the literature, the nomenclature
of these materials is not clearly defined, and they are also reported as “compositionally
complex”, “high entropy”, and “entropy stabilized”. The most general consideration
is that HEMO is applied to any material hosting five or more unimolar components in
which the cation and anion sublattice are simultaneously present. From the concept of
high-entropy alloys (HEAs), Rost et al., developed HEMOs that then led to the emergence
of high-entropy ceramics (HECs) [24]. HEMOs have attracted the interest of researchers
because of their unique inherent characteristics and promising applications in various
fields. Several studies on HEMOs that contain multiple metals have shown interesting
thermal, dielectric, catalytic, and magnetic behaviors. HEMOs demonstrate various novel
and unexpected properties, as well as the accumulation of the properties of each metal
because of the inclusion of more than five different cationic metals in a single lattice. For
example, the (MgCoNiCuZn)O HEMO anode exhibits excellent cycle stability, with a spe-
cific capacity of 920 mAh g−1 after 300 cycles at 100 mA g−1 [25], which was reduced to
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50 mAh g−1 compared to its initial capacity. Furthermore, HEMO simultaneously pro-
vides a high specific capacity and long circulation stability. The (FeCoNiCrMn)3O4 HEMO
reported by Wang et al., was used as an anode material in combination with transition
metal ions with similar atomic radii and excellent solubility. These elements exhibited
excellent electrical conductivity because of the variable valence [26]. Chen et al., prepared a
spinel-structure-like (Mg0.2Ti0.2Zn0.2Cu0.2Fe0.2)3O4 anode material for LIBs and obtained
a capacity of 504 mA h g−1 after 300 cycles at a current density of 100 mA g−1, with high
rate properties and discharge capacity of 272 mA h g−1 at 2000 mA g−1 [27]. Generally,
the performance of HEMO is controlled by the type and number of metal ions present in
the structure. Therefore, the particular combination of the metal ions employed is of the
utmost importance. The majority of the previous studies on HEMO in LIBs focused on
performance comparisons according to combinations of metal ions and ion numbers, with
comparatively few studies examining shape control within the same combinations [28].

In this study, (NiMnCrCoFe)3O4 HEMO was prepared to enhance the electrochemical
properties in LIBs. Ni, Co, and Fe metals have high theoretical capacities [11,14,16]; Fe and
Mn show high reversible capacity characteristics over the long cycle life [16,17], and Cr not
only affects the metal oxide phase but also affects the morphology [29]. (NiMnCrCoFe)3O4
HEMO was synthesized in situ via the soft-template approach to control particle mor-
phologies with a bimodal distribution. In the synthesis process, cetyltrimethylammonium
bromide (CTAB) was used as a soft template, and urea was used to produce secondary par-
ticles. This scheme produces in situ formation of a spherical soft template that employs the
interaction between urea and CTAB. In addition, HEMOs that contain Ni, Mn, Cr, Co, and
Fe also have cations distributed at the two Wyckoff sites of the spinel-like structure, and,
therefore, various valence states are allowed and structural stabilization is also possible
because of an oxygen deficiency. Further, the effect of the (NiMnCrCoFe)3O4 HEMO anode
material morphology on the electrochemical performance of LIBs was comprehensively
explored.

2. Materials and Methods
2.1. Materials and Synthesis of (FeCoNiCrMn)3O4 HEMO

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, Alfa Aesar, Spain, 99%), chromium nitrate
nonahydrate (Cr(NO3)3·9H2O, Sigma, Spain, 99%), iron nitrate nonahydrate (Fe(NO3)3·9H2O,
Alfa Aesar, America, 98−101%), manganese nitrate tetrahydrate (Mn(NO3)2·4H2O, Sigma,
Spain, 98.5%), nickel nitrate hexahydrate (Ni(NO3)2·6H2O, Sigma, Germany, 98.5%), N-
cetyltrimethylammonium bromide (CTAB, 99%, Samchun, Korea), and urea (Samchun, Korea)
were purchased from commercial sources. Two mmol of Co(NO3)2·6H2O, Cr(NO3)3·9H2O,
Fe(NO3)3·9H2O, Mn(NO3)2·6H2O, Ni(NO3)2·6H2O, and 1.637 mmol of urea were dissolved in
80 mL of deionized (DI) water followed by continuous stirring for several minutes. After that,
1 g of CTAB was mixed with the solution undergoing vigorous stirring. Then the solution was
moved to a 100 mL Teflon-lined stainless-steel autoclave and annealed at 140 ◦C for 5 h for
the reaction. After the hydrothermal reaction, the autoclave was cooled to room temperature,
and the precipitate was collected, then washed several times with ethanol and DI water using
centrifugation, before being dried in a vacuum oven at 100 ◦C for 12 h. Finally, the material
was oxidized at 900 ◦C in air for 2 h at a heating rate of 10 ◦C min−1.

The entire process is illustrated in Figure 1. For comparison, HEMOs with a uniform
nanoscale particle size (HEMO1) and micro-sized secondary particles (HEMO2) with
secondary particle morphology were prepared, as shown in Figure 1. These were obtained
using the same procedure as that of HEMO3, although without either urea or CTAB, or
only with CTAB, respectively.
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Figure 1. HEMO synthesis process. Schematic presentation of the synthesis procedure for HEMO1,
HEMO2, and HEMO3.

2.2. Battery Fabrication

The HEMO anode electrode for the battery test was made by coating an optimized
slurry on Cu foil using a doctor’s blade. The slurry was prepared with 70 wt.% of HEMO
powder, 20 wt.% of carbon black, and 10 wt.% of carboxymethyl cellulose (CMC) binder,
which were dispersed in DI water. After drying the material for 1 h at 80 ◦C, the electrode
was roll pressed and dried again under a vacuum at 110 ◦C for 24 h. The measured weight
of the HEMO active material on Cu foil of area 2 cm−2 (Ø = 1.564 cm) was about 1.5 mg
cm−2. Then, the battery half-cell was assembled using a CR2032 coin-type cell, where
Li foil and polypropylene membrane (Celgard 2400) were used as the counter electrode
and separator, respectively. For electrolyte, 1 M LiPF6 was used in a solution of ethylene
carbonate and dimethyl carbonate at a 3:7 volume ratio, with 10% fluorinated ethylene
carbonate. All the battery cells were fabricated in an Ar-filled glove box with ~0.01 ppm of
oxygen and moisture level.

2.3. Material Characterization and Electrochemical Measurements

The crystalline structure of the fabricated HEMO was investigated using an X-ray
diffractometer (XRD, Ultima IV, Rigaku, Japan) with Cu-Kα radiation (λ = 1.54 Å), in a 2θ
angle scanning from 10 to 90◦ with a step time of 2◦ min−1. The sample morphologies were
characterized using a field-emission scanning electron microscopy (FE-SEM, LEO–1530,
Carl Zeiss, Oberkochen, Germany) and FE-transmission electron microscopy (FE-TEM,
200KV, JEM 2100F, JEOL, Tokyo, Japan) apparatuses with selected area electron diffraction
(SAED) equipment. Further, the elemental composition and chemical state were evaluated
using X-ray photoelectron spectroscopy (XPS) in a PHI Quantera-II instrument (Ulvac-PHI,
Chigasaki, Japan).

The electrochemical performance of the LIBs was investigated by cyclic voltammetry
(CV) and galvanostatic charge–discharge (GCD) using charge–discharge test equipment
(WBCS 3000 L, WonATech). The CV was carried out at a scan rate of 10 mV in a voltage
range of 0.01−3.0 V, and GCD was recorded for 300 cycles in the cut-off voltage of 0.05−3.0
V (versus Li+/Li) at a current density of 5 A g−1. The rate capability testing was conducted
from 0.1 to 5 A g−1. All the measurements were carried out at 25 ◦C. Electrochemical
impedance spectroscopy (EIS) was analyzed in the 0.01–100 kHz frequency range at a
voltage perturbation of 10 mV (PGSTAT302N, Metrohm Autolab B.V.).
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3. Results and Discussion

Structural crystalline quality and morphology of the anode materials are essential to
reach the required high rate capability and cycling performance. The approach presented
in this study involves the use of additives, such as urea and CTAB, to easily and simultane-
ously control particle size distribution and crystallinity. The XRD spectra representing the
crystal structure of the HEMO is shown in Figure 2. The material’s structural properties
were not changed by the incorporation of urea or CTAB in the oxide system. The synthe-
sized HEMO could be indexed to the Fd-3m space group constituting the spinel structure,
which is the same as that of standard NiMn0.5Cr1.5O4 (JCPDS card no. of 71-0855). The
diffraction peaks at 18.4◦, 30.2◦, 35.6◦, 43.2◦, 57.2◦, and 62.8◦ corresponded to the (111),
(220), (311), (400), (511), and (440) crystalline planes, respectively. Further, no detectable
peaks related to defects/impurities were noticed, indicating the high purity of the as-
synthesized materials. The XRD spectra for HEMO2 (prepared using urea) and HEMO3
(prepared using urea and CTAB) were consistent with the results for HEMO1 (without urea
and CTAB). This implies that all three samples were successfully prepared as high-entropy
oxides, demonstrating that the addition of urea and CTAB did not affect the crystalline
phase of the HEMO. In addition, the refined cell parameters (a = b = c) were calculated as
8.361, 8.363, and 8.365 Å for HEMO1, HEMO2, and HEMO3, respectively. These parameters
match the values for spinel-NiMn0.5Cr1.5O4 (8.366 Å). The spinel structure presents an
advantage in terms of the rate capacity of an anode material by providing a 3D channel for
sufficient Li+ intercalation and extraction [30]. However, there exists a significant difference
in intensity, which is a measure of crystal strength, as shown in Figure 2. The addition of
urea led to an intensity value for HEMO2 that was higher than that of HEMO1 (to which
nothing was added), and the crystal peak intensity of HEMO3 (containing both urea and
CTAB) was the highest among the three HEMOs [31].

Figure 2. XRD spectra for the HEMO samples. XRD patterns for the fabricated HEMO1, HEMO2,
and HEMO3 samples.

The sample morphologies were analyzed to investigate the influence of urea and CTAB
on the particle size of HEMOs. Figure 3 illustrates the FE-SEM micrographs of the fabricated
HEMOs with and without additional urea and CTAB. The presented morphology was con-
sistent with what would be expected when using our experimental design. The HEMO1
(Figure 3a) sample showed a single distribution with a nanoparticle size of 200–300 nm. Fur-
ther, in the HEMO2 sample in which urea was added, secondary particles of size 5–10 µm
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were formed, as depicted in Figure 3b. The hollow structure is expected to exhibit excellent
electrochemical properties by facilitating effective interactions with the electrolyte because of
the large surface area and sufficiently spacious structure, allowing volume expansion and a
short charge diffusion path for the lithium ions. In addition, the presence of secondary particles
confirmed the formation of nanoparticles inside the porous shell. It is generally thought that
urea forms secondary particles through the aggregation of metal ions during the hydrothermal
synthesis process and that the surface is annealed during the calcination treatment process to
form a porous structure. In the HEMO3 sample, a system of high-entropy metal oxide particles
was formed in which large and small particles coexisted, due to the combined action of CTAB
and urea (Figure 3c) [32–35]. The urea and CTAB are mainly used to optimize the morphology
and structure of the prepared HEMO structure. The urea and CTAB helped the simultaneous
formation of large and small particles. In addition, HEMO1, which was prepared without urea
and CTAB, also confirmed that the high entropy material formation and the temperature and
pressure are the driving forces of the hydrothermal reaction. Binary particle size distribution
may result in the high energy density performance of LIBs and also suppress the volume
expansion during the cycling process, which could lead to appropriate cycle retention [36]. In
terms of electrode deformation, HEMO3 can therefore provide better properties than the other
prepared samples as an anode material in LIBs. Energy-dispersive X-ray spectroscopy (EDX)
elemental mapping was performed to evaluate the composition of HEMO3. It was confirmed
from Figure 3d that Co, Mn, Fe, Cr, Ni, and O were well distributed within the HEMO3
particles [37,38]. Moreover, the elemental composition displayed in Figure 3e confirms that the
content ratio of the five heavy metals was roughly 1:1:1:1:1 and the normalized constituent of
each metal was nearly 0.2, which is consistent with our experimental design.

Figure 3. Images of the proposed HEMO materials. FE-SEM micrographs of (a) HEMO1, (b) HEMO2,
(c) HEMO3 samples, and (d) EDX elemental mapping images of HEMO3 sample, and (e) composition
of HEMO3 sample.

Further, the microstructural analysis of HEMO3 was performed using HR-TEM and
SAED and the images are shown in Figure 4. The HR-TEM micrographs in Figure 4a display
the morphology of HEMO3 correlated to the observed SEM images shown in Figure 3c.
Again, the SEAD pattern shown in Figure 4b of the circular marked region in Figure 4a
confirms the different concentric rings that suggest the crystallinity of the spinel structure.
The diffraction rings from the outside to the inside correlate to the (622), (440), (511), (400),
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(311), (220), and (111) crystal planes of HEMO3, respectively. The d-spacing values were
calculated and found to be 1.26, 1.48, 1.62, 2.08, 2.48, 2.93, and 4.85 Å, corresponding to
the (622), (440), (511), (400), (311), (220), and (111) spinel structure interplanar spacings,
respectively. The above-obtained results correlate well with the XRD results (Figure 2) and
the calculated d-value results from XRD and HR-TEM analyses are listed in Table 1. The
d-spacing from XRD is calculated using the Bragg’s law, nλ = 2d sinθ, where n is the order of
diffraction, λ is the incident x-ray wavelength, and θ is the peak position. Additionally, the
HR-TEM images for HEMO3 depicted in Figure 4c confirm the lattice spacing of 0.2893 nm
and evidence of the (220) lattice planes in the spinel structure (PDF#JCPDS-71-0855) [39–42].

Figure 4. Images of the proposed HEMO3 material. (a) TEM image, (b) SAED pattern, and (c)
HR-TEM image for the HEMO3 sample.

Table 1. The d-spacing values for HEMO3 obtained from XRD and HR-TEM SAED patterns.

2-Theta
(o) (hkl)

d-Spacing (Å)

Experimental Values
from XRD

Calculated from
HR-TEM

18.4 (111) 4.83 4.85
30.2 (220) 2.89 2.89
35.6 (311) 2.52 2.48
43.2 (400) 2.09 2.08
57.2 (511) 1.61 1.62
62.8 (440) 1.48 1.48
75.3 (622) 1.26 1.26

The elemental conformation and surface chemistry of the HEMO (FeCoNiCrMn)3O4
were examined by XPS. Figure 5a shows the XPS survey spectra that confirmed the presence
of all the metal constituents in the synthesized HEMO. Further, Figure 5b–e depict the
normalized and deconvoluted XPS spectra of Fe 2p, Cr 2p, Mn 2p, Co 2p, Ni 2p, and
O 1s in their respective energy regions observed for the HEMO3 sample. As shown in
Figure 5a, Fe 2p may be fitted with two spin-orbit doublets, Fe 2p3/2 and Fe 2p1/2, that
appeared at binding energies 711.7 and 724.4 eV [43], respectively, accompanied by shakeup
satellite peaks (719.1 and 736.2 eV). Further, Fe 2p3/2 and Fe 2p1/2 could be fitted with
two peaks corresponding to two chemical states of Fe, such as Fe2+ and Fe3+ [44], with
a Fe2+/Fe3+ concentration ratio of 62.6/31.2%. For the Cr 2p3/2 spectrum, Cr3+ and Cr6+

corresponded to peaks at 577.2 and 580.3 eV, respectively [45], and Cr3+ was observed
with a high concentration of 96.2%. The satellite peaks of Cr 2p3/2 and Cr 2p1/2 appear
at 577.1 and 587.1 eV, respectively (Figure 5b). The Mn 2p spectra displayed in Figure 5c
consist of two peaks at 642.7 and 654 eV, which are attributed to Mn 2p3/2 and Mn 2p1/2
spin orbits, respectively. In addition, peaks at 642.3 and 653.7 eV are related to Mn3+;
similarly, peaks at 644.1 and 654.4 eV are related to Mn4+. Further, the deconvoluted Co
and Ni 2p peaks in Figure 5d and e indicate the co-existence of Co2+, Co3+, Ni2+, and Ni3+

in the respective energy regions. Figure 5f shows the normalized XPS spectra for HEMO3
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in the O 1s energy region, together with the curve-fitting results. The O 1s spectrum may
be fitted to three peaks at 529.5, 532.2, and 533.6 eV, which correspond to O2- in the oxygen
lattice, the metal hydroxide bond (Ov), and water, respectively. The hydroxide peaks that
are apparent in the O 1s peak confirm the existence of hydroxide on the HEMO3 surface.
These were detected in the Fe 2p, Cr 2p, Mn 2p, Co 2p, and Ni 2p spectra. In addition,
peak area calculations define the contributions of O2- and Ov to the O 1s spectrum for
HEMO3 as 75.8 and 17%, respectively, indicating that the HEMO particles formed a stable
structure. This suggests that the presence of concentrated Ov in HEMO3 can improve
electron transport and electrochemical performance.

Figure 5. (a) XPS survey spectra for the proposed HEMO3 material. High-resolution XPS spectra for
(b) Fe 2p, (c) Cr 2p, (d) Mn 2p, (e) Co 2p, (f) Ni 2p, and (g) O 1s for HEMO3.

The as-prepared HEMOs were utilized as anode materials, and their electrochemical
properties were tested, to confirm their applicability in LIBs. Figure 6 shows the CV
curves of different HEMOs for different cycles at a scan rate of 0.1 mV s−1 and within
a potential range of 0.05−3.0 V. In the first negative scan, HEMO1 (with nanoparticles)
showed an intense peak at 0.5 V (Figure 6a), HEMO2 (with secondary particle sizes)
displayed two lithiation peaks at 0.5 and 0.25 V (Figure 6b), and HEMO3 (with bimodal
particle distribution) showed three lithiation peaks at 0.77, 0.5, and 0.25 V (Figure 6c).

Figure 6. Cyclic voltammetry (CV) curves for the proposed HEMO anodes. CV curves for (a) HEMO1,
(b) HEMO2, and (c) HEMO3 anodes for LIBs between 0.05 and 3.0 V, at a scan rate of 0.1 mV s−1.

These lithiation peaks originated due to both the reduction of M3O4 (M = Fe, Co, Ni,
Cr, Mn) to intermediate LixM3O4 and Li to form the respective metal and Li2O matrix

(M3O4
Li+→ LixM3O4

Li+→ Li2O + M, M = Fe, Co, Ni, Cr, Mn), and further the development
of a solid electrolyte interphase (SEI) [46]. In addition, the expression of two or three
reduction peaks is thought to be due to differences between the intercalation rates of
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lithium ions according to bimodal particle distribution. As shown in the 5th and 10th
cycles, the lithiation peak potential of the HEMO1 electrode in subsequent cycles became
weaker and moved to a high potential region (0.87 V), which indicates the completion of
the activation process and the reduction in electrode polarization [47]. Further, the broad
de-lithiation peak at 1.5 V is attributed to both the step-by-step oxidation of intermediate
states to M3O4 and the formation of lithium ions. Moreover, the CV curves, such as those
for the 5th and 10th scans, overlap well, which indicates excellent reversibility.

Figure 7a–c depict the charge/discharge curves of HEMO at a current density of 5 A
g−1. A voltage plateau is present at approximately 0.5 V for the first discharge cycle in the
HEMO1 anode, and two and three voltage plateaus are present in the HEMO2 and HEMO3
anodes, respectively. This observation correlates well with the CV curves and confirms the
metal oxide reduction and SEI layer formation. HEMO1, HEMO2, and HEMO3 showed
initial specific capacities for lithiation of 476.9, 451.2, and 527.9 mAh g−1, respectively, at
a current density of 5 A g−1. The LIB with a HEMO3 anode retained a specific capacity
of 506.7 mAh g−1 after the 100th cycle, and showed an outstanding capacity retention
of 96%. Moreover, the calculated Coulombic efficiency (CE) of the HEMO3 anode was
almost 100% for all cycles, exhibiting a highly reversible chemical reaction throughout the
cycling. Figure 7d displays the rate performance of the different HEMO electrodes. All
samples suffered capacity decay with increasing current density. This capacity change is
due to the limitations of diffusion-driven reactions at high currents during de-lithiation.
Among the fabricated anodes, the HEMO3 anode delivered the best rate performance.
When the capacities were calculated at a current density of 5 A g−1 and compared to one
of 0.1 A g−1, the rate of capacity retention of HEMO1, HEMO2, and HEMO3 was found
to be 39, 42, and 52%, respectively. The HEMO3 electrode showed reversible capacities of
1189, 1106, 991, 880, 752, and 568 mAh g−1 at constant current rates of 0.1, 0.2, 0.5, 1, 2, and
5 A g−1, respectively.

In particular, all the HEMO electrodes can retrieve their initial specific capacity on
returning to a current rate of 0.1 A g−1, which indicates their magnificent structural
stability. The excellent rate capability of the HEMO could be assigned to the increase
in electrical conductivity due to the presence of large oxygen vacancies confirmed from XPS
analysis, which facilitates the improvement in charge transfer and storage properties [48,49].
Figure 7e shows the cycle performance of HEMO1, HEMO2, and HEMO3 anodes at a high
current rate of 5 A g−1. A rising trend of capacity is observed for the first few cycles for all
the HEMO electrodes due to the opposition of capacity fading, and this can be assigned
to the structural change and arrangement of the HEMO electrode material. Following the
repeated penetration of the ions and the large activation of particles due to the interaction
with the electrolyte, the number of electrochemically active components enhanced with
time, which leads to the formation of a stable SEI and an increase in capacity [50,51]. The
HEMO3 anode exhibited excellent specific capacity and cycling performance compared
to other HEMO fabricated anodes, with a cycle retention rate of 99.8% after 300 cycles
at 5 A g−1. This could be described as a phenomenon caused by the binary particle size
distribution and selected metal ions, indicating the possibility of applying HEMOs with a
binary particle size distribution, including Fe, Co, Ni, Cr, and Mn, as anode materials for
high-capacity and rate performance in LIBs.
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Figure 7. Electrochemical performances of different HEMO anodes used in LIBs. Charge/discharge
profiles for the fabricated (a) HEMO1, (b) HEMO2, and (c) HEMO3 anodes at 5 A g−1, (d) rate
capabilities, and (e) cycle performance under 5 A g−1.

The EIS measurement for the HEMO LIB half-cells was taken after 10 cycles, and
the Nyquist plots fitted with equivalent circuits are shown in Figure 8a. The interface
charge transfer kinetics were analyzed from the EIS spectra, by obtaining parameters
such as different resistances including Rs (high-frequency region), RSEI (high to medium
frequency), and Rct (medium frequency) referring to the bulk resistance, solid electrolyte
interphase (SEI) resistance, and charge transfer resistance, respectively. The level of Li+ ion
diffusion on the host material is designated by the Warburg impedance (W) [52], and the
constant phase element (CPE) represents the capacitance generated at the electrode surface
due to the electric double layer formation [53]. The plots were fitted with an equivalent
circuit (insertion diagram of Figure 8a) using the NOVA program (version 1.10.4, Metrohm
Autolab B.V.) and the fitted results are listed in Table 2. It is observed that the sum of
resistance RSEI and Rct for HEMO3 is lower than that of the other electrodes, and the two
semicircles were combined and appeared as elongated semicircles in all the electrodes.
The relatively low values of RSEI (3.7 Ω) and Rct (13.3 Ω) for the HEMO3 electrode after
10 cycles resulted in superior electrochemical properties and fast charge/electron transport
during the Li+ insertion/extraction reaction. Figure 8b depicts a plot of the real part of
the resistance with the inverse square root of the angular speed in the low frequency
determined from the slope, which is substituted using Equations (1) and (2) [54]:

Z′ = Rs + Rct + σω(−1/2) (1)
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DLi+ =
R2T2

2A2n2F4C2σ2 (2)

where Z′ is the real part of the resistance, ω is the angular frequency, R is the gas constant
(8.3144 kg·m2·s−2·K−1·mol−1), T is the absolute temperature (298.15 K), A is the surface
area of the electrode (2 cm2), n is the electronic transport ratio during redox process (1), F is
the Faraday constant (96485.3321 s A mol−1), C is the molar concentration of Li+ in active
material, and σ is the slope on the diffusion state of EIS measurement. The HEMO3 anodes
show a faster DLi

+ (lithium ion diffusion coefficient) of 3.734 × 10–14 cm2 than the other
samples. Such enhanced electrode resistance and DLi

+ are thought to be the impact of the
binary particle size distribution of HEMO3 and metal ions such as the selected Fe, Co, Ni,
Cr, and Mn.

Figure 8. EIS spectra of different HEMO anodes (a) after 10 cycles, and (b) relationship between
the imaginary Warburg impedance (Z’) and inverse square root of angular speed (ω−1/2) in the
low-frequency region.

Table 2. The fitting results of EIS parameters for HEMO electrodes at different cycles.

Electrodes
10th Cycle

Rs RSEI Rct DLi
+

HEMO1 3.2 4.8 15.8 6.852 × 10−15

HEMO2 3.7 5.8 22.4 2.016 × 10−14

HEMO3 3.6 3.7 13.3 3.734 × 10−14

Moreover, the obtained specific capacity of HEMO3 is higher than the obtained values
shown in the literature for high-entropy metal oxide LIB anodes. The comparison is
tabulated in Table 3, and its stable capacity maintenance and high-rate characteristics are
impressive [25–27,31,37,40,43,55–57]. Table 3 displays that the cycle performance results of
LIBs using the HEMO are rarely observed at a high current density (>5 A g−1). In particular,
our (NiMnCrCoFe)3O4 HEMO shows an improved initial discharge capacity of 527 mAh
g−1 at a high current density of 5 A g−1 compared with the (Mg, Cu, Ni, Co, Zn)O HEMO
system [55]. In addition, 99.8% cycle retention was also observed after 300 cycles, which is
superior to that of the widely reported HEMO systems, such as Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O,
(FeCoNiCrMn)3O4, (CoNiZnXMnLi)3O4, and (Mg0.2Ti0.2Zn0.2Cu0.2Fe0.2)3O4 [25–27,31,37,
40,43,55–57].
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Table 3. Comparison of the electrochemical energy-storage performance achieved in this study with
that of previously published work on different high-entropy metal oxide anode materials for LIBs.
All cells were assessed in the voltage range of 0.01–3.0 V (Li+/Li).

HEMO Components (Method)

Electrochemical Measurement

Refs.Discharge Capacity
(C-rate) (mAh g−1) Cycle Retention

0.1 A g−1 2 A g−1 5 A g−1

Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O
(Solid-state) 955 600 – ~99% (2nd–300th/0.1 A g−1) [25]

(FeCoNiCrMn)3O4
(Solid-state) 586 269 ~61% (2nd–300th/0.5 A g−1) [26]

(Mg0.2Ti0.2Zn0.2Cu0.2Fe0.2)3O4
(Hydrothermal) 571 268 96.2% (800th/2 A g−1) [27]

(FeCoNiCrMnZnLi)3O4
(Solid-state) 577 173 ~75% (100th/0.5 A g−1) [31]

(MgCoNiZn)0.65Li0.35O
(Solid-state) 925 – ~90% (30th–140th/1 A g−1) [37]

(Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O
(Nebulized Spray Pyrolysis) 525 – ~94% (50th/0.2 A g−1) [40]

(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O
(Hydrothermal) 1072 500 ~90% (200th/0.5 A g−1) [43]

(Mg, Cu, Ni, Co, Zn)O (Green
microwave-assisted method) 686 285 250 ~99% (1000th/1 A g−1) [55]

(Al0.2CoCrFeMnNi)0.58O4-δ
(Solution combustion

synthesis)
1500 781 ~40% (500th/0.2 A g−1) [56]

(CoNiZnFeMnLi)3O4
(conventional solid-phase

method)
665 225 ~84% (100th/0.1 A g−1) [57]

((NiMnCrCoFe)3O4
(Hydrothermal) 1189 752 527 ~100% (300th/5 A g−1) This work

To understand the fundamental reasons for the additional capacity and superior rate
capability of the proposed HEMO3 material, we conducted a kinematic analysis of the
electrochemical behavior through CV measurements. Figure 9a shows the CV curves of
the HEMO3 electrode at different scan rates ranging from 0.1 to 1.0 mV s−1; two reduction
peaks and one oxidation peak are presented in the CV curves. Moreover, the peak current
value of a CV curve increases with the scan speed. In general, charge storage may be
represented by the capacity controlled by surface charge adsorption or chemical reactions
and the diffusion control formed by Li+ insertion/extraction kinetics. The quantitative
analysis of both of the controlled reaction mechanisms was conducted from the CV data by
obtaining the b-value, using the following equation:

ip=avb (3)

log
(
ip
)
= b log(v) + log a (4)

where ip and v are the peak current and scan rate, respectively, a and b are the constant
values. Figure 9b shows the log v vs. log ip curve which obeys an exponential relationship
with the scan rate v, and the b-values calculated from the slope of the fitted line were
found to be in the range from 0.5 to 1.0. Generally, a b-value of 0.5 indicates a typical
insertion-controlled process, and b = 1.0 indicates a capacitive-controlled process. For the
peaks named 1, 2, and 3 in the CV of the HEMO3 electrode, the b-values were calculated as
0.86, 0.87, and 0.86, respectively. This demonstrates that the behavior of lithium storage
in the HEMO3 electrode is mostly due to the fast surface redox reaction. The respective
contribution of both processes according to the scan rate was quantitatively determined
using the following equation [58,59]:

i(v) = k1v + k2v1/2 (5)
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where k1 and k2 are constants, and k1v and k2v1/2 correspond to the capacitive effect and
the insertion of diffusion control, respectively. The surface pseudocapacitive portion of the
HEMO3 electrode was quantitatively calculated using the following equation:

i(v)/v1/2 = k1v1/2 + k2 (6)

Figure 9. Charge-storage kinetics analysis of the Li+ storage behavior of the proposed HEMO3
electrode. (a) CV curves for HEMO3 electrodes intended for LIB applications at different scan rates of
0.1 to 1.0 mV s−1. (b) Relationship curves between the peak current and scan rate that determine
b-values. (c) Contribution of capacitive (blue region) and diffusion (red region) at scan rate of 1.0 mV
s−1. (d) Ratio of capacitive- and diffusion-controlled percentage for the HEMO3 electrode at different
scan rates.

For the HEMO3 electrode, the ratio of the capacitive contribution (blue area) was
determined to be approximately 96.3% at 1.0 mV s−1 (Figure 9c). Figure 9d shows the
contribution rate of the HEMO3 electrode capacitance control behavior at different scanning
rates. The capacitive contribution increased with increasing scan rate, with capacitive
contribution values of 96.3%, 93.2%, 87.7%, 83%, 76.6%, and 72.9% at 1, 0.8, 0.6, 0.4, 0.2, and
0.1 mV s−1, respectively. These results suggest the good rate performance of the HEMO3
material [60,61]. The dominance of pseudocapacitive contribution confirms an excellent
rate capability and is related to the stable structure of the HEMO3 material, in which Li+

can easily react with the active material, thereby reducing the diffusion path resistance.
The excellent cycle and C-rate characteristics of HEMO3 could be related to a lower

volume change in the particles during charging/discharging, according to the distribution
effect of nanosized and binary particles and the inclusion of OV bonds in the HEMO3
structure [62–65]. In addition, the cycle performance of the HEMO3 electrode (Figure 7e)
showed that its capacity gradually increased as the cycles progressed. To determine the
cause of this phenomenon, surface FE-SEM micrographs of the HEMO3 electrode were
obtained in the pristine sample (before cycling, Figure 10a) and after 300 cycles (Figure 10b).
After 100 cycles, large secondary particles were not observed, as shown in Figure 10b, and
only small, aggregated particles were present. Further, some cracks observed in Figure 10b
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may be due to the merging of small pores after continuous charge–discharge cycles or some
mechanical damage during the experiment. Therefore, the stability of the HEMO3 capacity
can be attributed to the aggregation of the particles that were collapsed by the SEI during
the initial cycle. Figure 10c, d show the XPS spectra of the HEMO3 electrode after 100
cycles in the O 1s and Li 1s energy regions [66]. The strong peak intensity of OV in the O 1s
spectrum indicates that the particles collapsed morphologically during the cycle but were
still structurally stable, which is consistent with the cycle results obtained. The presence of
Li+ peak in the Li 1s spectra can prove that the SEI is formed.

Figure 10. FE-SEM images of the proposed HEMO3 anodes. Surface FE-SEM images of the proposed
HEMO3 anodes (a) before the cycles, and (b) after 100 cycles, and the high-resolution XPS spectra of
(c) O 1s and (d) Li 1s energy regions for HEMO3 anodes after 100 cycles.

4. Conclusions

Increased production of electric appliances and mobile electronic devices has increased
the importance of high-theoretical-capacity anode materials in LIBs. A novel high-entropy
metal oxide (FeCoNiCrMn)3O4 anode material with a spinel structure was successfully
synthesized using a hydrothermal reaction and followed by a post-annealing process. The
binary particle distribution of the proposed HEMO3 material was successfully controlled
using urea and CTAB. The proposed bimodal HEMO exhibited superior electrochemical
performance compared to a HEMO controlled by uniform nanoscale or micro-scale particles.
To date, LIBs with HEMOs have shown few favorable cycle performance results at high
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current densities (≥5 A g−1), and even if they have shown favorable cycle performance
results, their capacities have been considerably lower. However, compared with the exist-
ing HEMO systems, our (NiMnCrCoFe)3O4 HEMO shows an improved initial discharge
capacity of 527 mAh g−1 at a high current density of 5 A g−1, and 99.8% cycle retention
was also shown after 300 cycles, which is superior to the widely reported HEMO systems.
The outstanding electrochemical performance of (FeCoNiCrMn)3O4 may be attributed to
the unique structure of HEMOs, their multiple mixed-valence metal elements and different
cation radii, optimized electronic configuration, reduced ion diffusion resistance, and large
chemical active sites. This study demonstrates an advanced method for the design of
multi-element transition metal oxide cathode materials using a high-entropy approach.
It also provides a direction for the application of HEMOs to reversible chemical energy
storage and highlights an unexplored mechanism that should ideally be studied further in
the future.
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