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HIGHLIGHTS

e The microstructure and electrochemical properties of Polyaniline (PANI)-Modified (FeCoNiCrMn)3;0,4 have been investigated.
o The PANI coating significantly improves the reactions between electrodes and electrolyte.

e The PANI-modified powder samples showed promising properties as anodes in Li-ion batteries.

e The correlations between the microstructure and electrochemical properties of samples have been investigated.

ARTICLE INFO ABSTRACT

Keywords: This paper investigates the microstructure and electrochemical properties of Polyaniline-Modified (FeCo-
High-entropy oxide NiCrMn)304, a high-entropy oxide, with a focus on its potential as an anode material in lithium-ion batteries. The
P?IYa"ilif’e high-entropy oxide (FeCoNiCrMn)3;04, featuring a spinel structure, was synthesized via a two-step process:
I::)g;m fon battery mechanical milling of constituent oxides followed by a calcination treatment at 900 °C. To investigate the

structure of the synthesized powder, scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy
(EDS), and X-ray diffraction (XRD) were employed. The results demonstrate the successful synthesis of a single-
phase spinel structure with a homogeneous distribution of elements, exhibiting perfect uniformity. A Polyaniline
(PANI) coating layer was subsequently applied to the HEO particles using a polymerization method. The presence
of the PANI layer was confirmed using Fourier Transform Infrared Spectroscopy (FTIR). Results from impedance
analysis revealed a substantial decrease in the Z-value of the PANI-modified sample compared to the pure HEO,
indicating that the modified anode exhibits enhanced electrical conductivity. It is evident that the PANI coating
layer has a significantly positive attribution to the electrochemical performance of the anode material by
enhancing its structural stability and inhibiting excessive solid electrolyte interphase (SEI) growth during
cycling. The correlations between the HEO structure and the PANI layer with the electrochemical performance of
the anode material are discussed.

1. Introduction

The growing demand for high power/high energy density lithium-
ion batteries is driven by the increasing adoption of advanced elec-
tronics and electric vehicles [1-4]. Extensive research efforts have
focused on developing electrode materials that can deliver high
reversible specific capacities, rapid charging and discharging rates, and
long cycle life [4-6]. Graphite is the preferred anode material in
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commercial Li-ion batteries due to its low cost, low operating voltage,
and reliable cycling performance, but its theoretical capacity (372 mA h
g_l) and resistance to lithium-ion transfer limit its overall performance
[7,8]. To address these challenges, research has shifted towards alter-
native complex anode materials, including alloys and conversion an-
odes. These materials deliver high capacities due to their ability to
undergo advanced multi-electron redox mechanisms, offering several
advantages over graphite, including improved performance and safer
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operating voltages [9-14]. However, most of alternative anode mate-
rials are susceptible to significant volume changes and pulverization
during lithiation and de-lithiation cycles, which can cause mechanical
damage to electrical connections, compromise the stability of the solid
electrolyte interphase (SEI), and result in rapid capacity degradation
[15,16]. Despite this challenge, it is crucial to develop innovative elec-
trode materials that balance high storage capacity, structural integrity,
and electrical conductivity. This balance is key to future advancements
in the battery industry. Among these alternative materials, high-entropy
oxides (HEOs) stand out due to their unique structural and electro-
chemical properties, making them a promising candidate for enhancing
Li-ion battery performance.

High-entropy materials, including oxides, carbides, and nitrides, are
a relatively recent development in materials design, characterized by
mixing alloying components in equi-molar ratios [17-19]. High-entropy
oxides (HEOs) have attracted significant attention due to their unique
properties. However, challenges remain in understanding their behavior
under cycling conditions and optimizing their performance for practical
applications. This study seeks to investigate the impact of PANI modi-
fication on these properties, with the goal of improving both perfor-
mance and longevity in Li-ion batteries [20]. The first reported HEOs
was a rock-salt oxide with the composition (Mg 2Cog 2Nig.2Cug 2Zng 2)
O, which exhibited exceptional structural stability due to its high en-
tropy [21]. Subsequent research, including a study by Breitung et al., has
demonstrated that HEOs may play a role in energy storage systems [22].
Tian et al. recently demonstrated that the use of high-entropy design in
layered oxides can effectively suppress phase transitions and enhance
the cycling stability of sodium-ion batteries by stabilizing the layered
structure and enabling reversible electrochemical reactions [23].
Moreover, the HEO anodes have shown significantly improved cycling
stability compared to conversion-type anode materials, owing to the
high entropy stabilization effects of HEO [24]. As a newly developed
category of single-phase materials, HEOs exhibit promising properties
that are still being explored [25,26]. Recently, the focus has shifted to
high entropy spinel oxides, which share similarities with other HEO
structures [27-29]. Nguyen et al. [30] and Wang et al. [31] synthesized
an equimolar (FeCoNiCrMn)304 HEO with a spinel structure, which
exhibited enhanced 3D pathways for lithium-ion diffusion. This struc-
ture, unlike rock-salt, has two distinct Wyckoff sites available for
trivalent ions, leading to a broader valence range during charging and
discharging. This, in turn, enables an increased capacity for anode ma-
terials. Furthermore, the elements within the (FeCoNiCrMn)304 oxide
structure have similar atomic radii and exhibit significant solubility in
both binary and ternary subsystems, contributing positively to the
structural stability of HEO. However, there is still scope for the
improvement in electrical conductivity and structural stability, which
can enhance rate performance and cycling stability respectively
[32-34].

In Li-ion batteries, smaller active material particles enhance lithium-
ion diffusion and increase the interfacial area, improving lithium-ion
migration between the material and the electrolyte. Nevertheless, it is
noteworthy that a very large specific surface areas of nanoparticles can
in some cases cause particle agglomeration and irreversible reactions.
Consequently, materials are often coated with stable compounds such as
oxides, carbons, and polymers to control interface reactions [35-37].
Currently, researchers are focusing on the development of anode ma-
terials blended with conducting polymers to enhance battery perfor-
mance. Among the various conducting polymers, polyaniline (PANI) has
garnered significant attention due to its exceptional electrical conduc-
tivity, superior structural stability, and ease of synthesis. The PANI
coating is expected to enhance both the electrical conductivity and
structural integrity of the HEO material, addressing key challenges such
as volume expansion during cycling and stability of the SEI [38-40].

This study focuses on improving the electrochemical performance of
(FeCoNiCrMn)304-type HEO anodes by coating them with polyaniline
(PANI), aiming to enhance their conductivity and structural stability for
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use in Li-ion batteries. The modified HEO particles will be coated with a
PANI layer on their external surface to enhance their overall surface
characteristics. The effects of PANI surface modification on the con-
ductivity and structural stability of the HEO particles have been inves-
tigated. By addressing these key challenges, this study aims to develop a
novel PANI-coated HEO anode material with enhanced electrochemical
properties, offering a potential solution for next-generation Li-ion
batteries.

2. Experimental
2.1. Synthesis of HEO and PANI-modified HEO samples

Equimolar amounts of the oxides, Fe;O3, Co304, NiO, CryO3 and
MnO,, (all sourced from Merck) were mixed using a planetary ball mill
for 2, 4, and 6 h at a rotating speed of 300 rpm. Then, the oxide powders
were then heated to 900 °C for 12 h in a tube furnace, followed by
natural cooling to room temperature. The following procedure was used
to synthesize PANI-modified HEO samples (HEO-P). First, 0.5 g of HEO
was mixed with 50 mL of deionized water using ultrasound for 30 min.
Next, 0.15 mL of aniline monomer and 0.3 mL of a 50 % phytic acid
solution were added, and the mixture was stirred for 12 h. Subsequently,
a solution of 0.2 g of ammonium persulfate (APS) was added to the
mixture. After reacting 4 h, the resulting product was collected by
centrifuging and washed several times with deionized water and
ethanol. The final powder was dried in a vacuum oven at 50 °C for 24 h.
As a reference sample, pure PANI was also synthesized using the same
process, except without HEO.

2.2. Materials characterization

The X-ray diffractometer (XRD, Philips using Cu Ka radiation) was
used for phase identifications. Fourier-transformed infrared (FTIR,
Bruker Tensor 27) analysis was conducted to gain insight into the for-
mation of PANI coating on HEO particles. Chemical analysis of the
synthesized powder particles was carried out using energy dispersive X-
ray spectroscopy (EDS) with a Seron AIS 2300 system. The morphology
of prepared samples was characterized by field emission scanning
electron microscope (FE-SEM, FEI QUANTA FEG-450). Additionally,
transmission electron microscope (TEM, JEOL JSM-6710F) was also
used to further investigate the morphology and elemental mapping of
synthesized HEO powders.

2.3. Electrochemical property measurements

Testing of electrochemical performance was done with CR2032 coin
cells. The working electrodes, comprising HEO and HEO-PANI for
lithium ion batteries, were fabricated by mixing active materials, carbon
black (10 wt %) and polyvinylidene fluoride (PVDF) (10 wt %) with N-
methyl pyrrolidone (NMP) as solvent to form a slurry with a weight ratio
of 80:10:10. The slurry was then coated onto Cu foil, serving as the
current collector, with a loading mass of 1.5 mg cm 2. After coating, the
electrodes were dried in a vacuum oven at 80 °C for 24 h. The half-cells
were assembled in an Ar-filled glove box (SMART LINE, H,0/O; content
<0.1 ppm) using a 1 M solution of LiPF¢ in a 1:1:1 volumetric ratio of
ethylene carbonate (EC), ethyl methyl carbonate (EMC), and dimethyl
carbonate (DEC) as the electrolyte. The counter/reference electrode was
a lithium disk (400 pm thick, sourced from Alfa Aesar), while a Celgard
2325 separator (25 pm thick, consisting of three layers of poly-
propylene/polyethylene/polypropylene) was used to separate the elec-
trodes. The charge/discharge measurements were performed using a
NEWARE battery testing system with a current capacity of 10 A and a
voltage range of 5 V, operating within a voltage range of 0.01-3.0 V.
Electrochemical impedance spectroscopy (EIS) was performed on an
electrochemical workstation (SP50e Bio Logic) over a frequency range
of 0.01 Hz-100 kHz.
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3. Results and discussion

To synthesize (FeCoNiCrMn)304 HEO powders, equimolar amounts
of Fep03, Co304, NiO, Cry03 and MnO, powders were mixed and sub-
jected to mechanical activation through ball milling. This mixture was
then calcined at 900 °C to facilitate the interdiffusion of the constituent
elements and the formation of a homogeneous oxide solid solution. At
high temperatures, the elements are expected to interdiffuse and replace
each other at atomic sites, resulting in changes to the unit cell volume.
These diffusion-based reactions finally lead to the formation of a single-
phase metal oxide HEO structure. The calcined HEO particles were
uniformly dispersed through ultrasonic vibration, followed by surface
polymerization initiated by ammonium persulfate, which ultimately
resulted in the formation of a PANI coating layer over particles, here-
after referred to as the HEO-P sample. The XRD patterns of the samples
synthesized with varying milling times, both in their as-milled and heat-
treated states at 900 °C, show different crystalline phases, as illustrated
in Fig. 1. The starting compositions, comprising Fe;03, Co304, NiO,
Cry03 and MnOy, are clearly visible in Fig. 1a. After 2 h of milling, the
peaks corresponding to FepOs, Co304, NiO compositions have dis-
appeared, whereas the dominant crystalline structure, the Fe3O4 spinel
structure, start to form. Meanwhile, CroO3 and MnO;, oxide appear to be
relatively stable throughout the milling process. As shown in Fig. Ic,
after 4 h of milling, there was little change in the phase compositions,
with only two peaks, related to CryOs, fading. Finally, after 6 h of ball
milling, MnOy peaks were disappeared, while CroO3 peaks remained
present in the powder mixture, indicating that chromium oxide is one of
the most stable oxides among the constituent oxides. The observed
broadening of diffraction peaks with increasing milling time, as illus-
trated in Fig. 1b—d, is attributed to the gradual decrease in the crystallite
size during mechanical milling. XRD results show that calcination at
900 °C results in the formation of a single cubic spinel phase structure of
the Fd 3 m space group (COD No. 9005841). The high peak intensity and
narrow peaks in the heat-treated sample indicate great crystallinity. The
lattice parameter, calculated from the XRD pattern in Fig. 1e, is 8.344 A,
indicating a well-defined crystal structure. The spinel structure provides
excellent three-dimensional channels for Li ion insertion and extraction,
thereby enhancing the rate capability of anode materials. Notably, no
peak attributable to impurities of any other kind of intermetallic com-
pound was observed, suggesting the high purity of the final spinel
composition. As shown in Fig. 1f, the crystalline structure of the final
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Fig. 1. X-Ray diffraction patterns of powder samples: a) before ball mill, b)
after 2 h, ¢) 4 h, d) 6h of milling, and e) HEO particles after calcination, f) HEO-
P particles, and g) the COD pattern with database (code 9005841).
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powder remains unchanged after coating with polyaniline, confirming
that the PANI-modified high entropy oxide powder retains its spinel
structure.

A composition is typically considered to have high entropy when Spix
> 1.5R, where R represents the gas constant [41]. The configurational
entropy was calculated using the following formula [42-46]:

n m
<Z X; lnXi> + (Z X; 111Xj> } (€8]
i=1 cation-site =1 anion-site

where x; represents the molar fraction of cations, using approximations
for the molar fractions of the five cations. The molar fraction of anions is
denoted by x;, with the impact of individual anions on S¢,ns considered
negligible and therefore disregarded. According to Eq. (1), the calcu-
lated value of S.oy is approximately 1.61R, suggesting that from an
entropy perspective, this composition is a high-entropy oxide.

The presence of the PANI coating layer on the HEO surface was
further investigated using FT-IR spectroscopy, as shown in Fig. 2. The
FT-IR spectrum of pure PANI exhibits a distinct peak at 1577 cm™?,
which is attributed to N = Q = N stretching vibration. The 1500 cm ™!
band corresponds to the C—=C stretching vibration, while the peak at
1294 cm! is associated with the C-N stretching vibration of an aro-
matic amine. Additionally, the bands at 1093 cm™! and 614 cm ™! are
assigned to the in-plane and out-of-plane vibrations of C-H on the
benzene ring, respectively. Also, the ~OH stretching vibration at 3440
cm ! may be attributed to adsorbed water molecules [47-49].

As expected, the characteristic peaks of PANI are evident in the HEO-
P spectrum, implying that PANTI has been successfully incorporated and
combined with HEO particles. The porous structure of the PANI layer,
coupled with its conductivity, is likely to significantly enhance the
electrochemical performance of the anode material, which is expected to
be beneficial for the overall device.

Fig. 3a represents the TEM image of HEO, which exhibits particle
sizes ranging from approximately 2 pm after heat treatment. During the
sintering process, the nano-sized HEO particles are aggregated and their
crystallite size increases as a results of exposure to high temperatures. To
mitigate the negative effects of this aggregation, the final powders were
milled for a few minutes. Reduced nanoparticles aggregation during Li-
ion electrodes fabrication results in more active sites for charge storage,
leading to improved properties such as higher capacity, rate capability,
and better reversibility. To further investigate the microstructure of
HEO powders, HRTEM technique was employed. HRTEM image of HEO
are depicted in Fig. 3b, which show lattice spacing of 0.480 and 0.289

ASconﬁg =-R

C-H C=N C=C N=Q=N -OH
PANI
o
g @
-]
[}
=
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Fig. 2. FTIR spectra of a) PANI, b) HEO, and (c) HEO-P.
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Fig. 3. a) TEM image, b) HRTEM image, c¢) XRD and d,

nm corresponding to the (111) and (220) lattice planes in the spinel
structure. In this regard, X-ray diffraction from 10° to 80° are presented
in Fig. 3c. The diffraction peaks at 18.40°, 30.27°, 35.65°, 37.30°,
43.34°, 53.77°, 57.33°, 63°, 71.44°, 74.51°, and 75.52° can be indexed
tothe(111),(220),(311),(222),(400),(422),(511),(440),(62
0), (5 3 3) and (6 2 2) planes of the spinel structure HEO. Additionally,
Fig. 3d, e shows TEM-EDS elemental mapping of HEO at two different
magnifications, detecting signals of Fe, Cr, Ni, Co, and Mn elements. All
of these elements are homogeneously distributed throughout the sample
with no obvious indication of elemental segregation.

To further investigate the elemental composition of HEO-P powders,
the EDS analyses and elemental mappings of HEO-P powders are
compared to those of (FeCoNiCrMn)304 particles before and after ball
milling (Fig. 4). The results show that the signals of Fe, Cr, Ni, Mn and Co
elements are all well detected. As expected, initial powder mixture ex-
hibits of different elements from various oxide precursors (Fig. 4a). After
milling, the elements are homogeneously distributed throughout the
powder, with no obvious signs of elemental segregation, thereby con-
firming aforementioned arguments on the uniform distribution of ele-
ments during milling.

However, the measured atomic percentages deviate from the theo-
retical nominal values. In the stoichiometric (FeCoNiCrMn)304

e) elemental mapping images of the HEO particles.

structure, the oxygen content contributes significantly to the total
atomic composition, leaving the theoretical nominal atomic percentage
of each metal cation at approximately 14.29 %. As shown in Table 1, the
measured values, particularly for Co, appear significantly lower than
this nominal value. This discrepancy is attributed to the inherent limi-
tations of the EDS technique, such as detector sensitivity, spectral
overlap, and surface measurement effects, which may affect the detec-
tion accuracy of certain elements. Additionally, differences in atomic
weights of the constituent elements influence the measured weight
percentages, further contributing to the observed deviations in atomic
ratios.

While EDS provides valuable insights into elemental presence, it has
limitations in accurately representing the true bulk composition. To
confirm the uniformity of the elemental distribution, complementary
techniques such as TEM mapping were employed, which provide higher
resolution and sensitivity. TEM mapping results confirm that all ele-
ments, including Co and Ni, are homogeneously distributed throughout
the HEO-P structure, supporting the material’s structural homogeneity
and suitability for electrochemical applications.

Additionally, the milling process is accompanied by a dramatic
decrease in particle size, resulting in a uniform and even size distribu-
tion in the as-milled powder mixture. The presence of C and N peaks in
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Fig. 4. EDS analysis and elemental mapping of the (FeCoNiCrMn)3;04 particles a) before, b) after ball mill, and ¢) HEO-P.
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Table 1
Measured composition of elements in HEO-P from EDS analysis.

Element Measured Weight % Measured Atomic %
Fe 10.94 4.31
Cr 16.02 6.78
Ni 7.10 2.66
Mn 4.41 1.77
Co 0.18 0.07
o 61.34 84.40

the EDS of HEO-P sample, which are absent in pure HEO powder sam-
ples, again confirms that the fact that the surface of HEO particles is
extensively covered with PANI in PANI-modified specimen.

To evaluate the electrochemical characteristics of the HEO-P and
HEO electrodes, galvanostatic cycling was performed on coin cells
constructed within a voltage range of 0.01-3.0 V vs. Li/Li". The elec-
trochemical performance of the half-cells is illustrated in Fig. 5. Fig. 5a
depicts a schematic of the half-cell, while Fig. 5b and c shows the initial
galvanostatic charge-discharge curves of HEO and HEO-P at C-rates of
C/10 (1C = 2 A g™1). In Fig. 5¢, a potential plateau emerges around
1.0-0.5 V during discharging, transitioning to 1.5-2.0 V during charge,
indicative of metal oxide reduction and SEI layer formation. Subse-
quently, a slope appears in place of a plateau from the second cycle,
suggesting structural rearrangement and varying reaction voltages for
different metals.

The initial discharge/charge specific capacities of HEO-P are 964
mA h g7! and 612 mA h g™, respectively, with an initial coulombic
efficiency (ICE) of 63.5 %. Following the initial cycle, the coulombic
efficiency increased to around 90 % and remained stable throughout the
testing period. The formation of the solid electrolyte interphase (SEI)
film can be attributed to the irreversible capacity and low ICE in the first
cycle. HEO exhibits lithiation and de-lithiation capacities of 827 and
445 mA h g}, respectively, corresponding to a first-cycle coulombic
efficiency (CE) of 53.8 %. This highlights the improved capacity of HEO-
P due to the PANI coating introduction.

The rate capability of the HEO and HEO-P anodes was evaluated at
different C-rates, ranging from C/10 to 1C, as depicted in Fig. 5d. The
corresponding galvanostatic curves are shown in Fig. 5e and f. Accord-
ing to Fig. 5e, the HEO-P anode exhibits impressive rate capability,
delivering substantial de-lithiation capacities at various C-rates,
including 964, 459, 366, 284, and 181 mA h gf1 atC/10, C/5,C/3,C/2,
and 1G, respectively. Upon resetting the C-rate from 1C to C/5, the ca-
pacity reverts to 328 mA h g}, indicating the stability of the HEO-P
anode structure and its ability to accommodate significant changes in
current density. Conversely, HEO demonstrates discharge capacities of
827,174,150,110 and 45mA h g~ L at C-rates of C/10, C/5, C/3, C/2
and 1C, respectively. The capacity decline is attributed to kinetic re-
strictions imposed by diffusion-driven processes during de-lithiation/
lithiation reactions.

These findings suggest that HEO-P is a promising anode material for
rate performance, which can be attributed to its stable structure and
enhanced conductivity facilitated by the presence of PANL. In contrast to
conversion-type anodes, the enhanced cycling stability of HEO elec-
trodes is due to entropy stabilization effects that protect the HEO
structure during lithiation and enhance the recovery of the spinel phase
during delithiation, thereby ensuring the redox durability of the anode.
The remarkable rate capability of HEO-P can be attributed to the
enhanced electrical conductivity, which arises from the abundance of
oxygen vacancies and enables improved charge transfer and storage
properties of HEO [50].

Furthermore, the presence of abundant oxygen vacancies, as
demonstrated in high-entropy oxides like (CoNiZnFeMnLi)304, signifi-
cantly contributes to the enhanced rate performance and stability by
providing additional active sites for lithium-ion storage and facilitating
faster ion diffusion. This is consistent with how the PANI coating in our
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study serves as a mediator during the charging and discharging pro-
cesses, minimizing volume changes caused by Li" transport and
enhancing the electrochemical stability of the HEO material [32,51]. On
the other hand, these findings are similar to the performance results of
SboMoOg @PANI synthesized by Yang et al., as an anode material for
sodium-ion batteries [47].

Table 2 lists the electrochemical experimental results of the spinel-
structured HEO in this study compared with those of other spinel-
structured HEOs when used as LIB anode materials, which demon-
strates that the novel spinel-structured HEO, as synthesized in this study,
exhibits potential for lithium storage capabilities in lithium-ion
batteries.

Electrochemical impedance spectroscopy (EIS) was used to measure
the diffusion coefficient of lithium ions in the electrodes. EIS is a valu-
able analytical technique for understanding the reaction kinetics of the
Li-ion insertion/deinsertion process in compounds, as it is non-
destructive and capable of distinguishing between different phenom-
ena occurring in an electrode over various time periods. To assess the
electrical conductivity and Li" transfer in the HEO and HEO-P anodes,
EIS plots before cycling were examined. The Nyquist plots in Fig. 6a
exhibit a semicircle in the high-to-middle-frequency region, which
represents the charge transfer resistance, ohmic resistance and SEI film
resistance, and an oblique line in the low frequency region (representing
Li" diffusion resistance). It is observed that the semicircle diameter of
the HEO is larger than that of the HEO-P electrode, demonstrating lower
charge-transfer resistance in HEO-P (~226 Q) compared to HEO (~366
Q). The semicircle diameter has a direct correlation with the impedance.
The impedance data of all samples were analyzed by fitting equivalent
circuits shown in Fig. 6, which include ohmic resistance (Rg), charge
transfer resistance (Rt), a constant-phase element (CPE), and Warburg
impedance (Zw). The Li-ion diffusion coefficient (Df}) can be determined
from EIS data using the following equation [58]:

R2 T2

- _ 2
2A’n*F*C*c2 @

Li"
The gas constant (R), Faraday constant (F), active surface area of the
electrode (A), test temperature (T), number of electrons in the redox
reaction (n), and concentration of lithium ions in the electrolyte (C) are
denoted by these respective variables. The relationship between the real
resistance (Z') and the inverse square root of frequency (® Y/?) of both
the HEO and HEO-P electrodes is illustrated in Fig. 6b. The Warburg
coefficient oy, is related to Z through the expression:

Z =R + Ry + 6,072 3)

In Fig. 6b, shows a linear correlation between Z and ®~ /2. According
to Eq. (3), oy represents the slope of the Z-0 /2 curve. By linearly
fitting the Z'-o~1/2 curve, the o, values for HEO and HEO-P are deter-
mined as 267.73 and 204.95, respectively. Using Eq. (2), one can
calculate the ratio of Dy;; (HEO-P) to Dy, (HEO) by applying the given
equation:

D,;- (HEO-P)
D, (HEO)

_ o (HEO)
" 02 (HEO-P) “)

As a result, the lithium-ion diffusion coefficient of HEO-P is
approximately 1.7 times higher than that of HEO, indicating the
enhanced lithium-ion diffusion rate in PANI-modified HEO sample. The
larger diffusion coefficient of lithium ions within the electrode material
indicates that the kinetics of lithium ions transport can meet the reaction
requirements at high charge/discharge currents, resulting in improved
rate performance. This improved diffusion rate is attributable to the
conductive PANI layer, which significantly enhances the surface con-
ductivity of HEO, facilitating electron and ion transport. The presence of
this conductive layer has substantial positive implications for the
intercalation of lithium ions from the surface, thereby reducing the
diffusion resistance of Li" in the solid phase.
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Table 2

Synthesis methods and electrochemical properties of HEOs.
Materials Method Specific Capacity (Discharge/Charge) Rate Capability (mA h/g) Ref.

(mA h/g)

Polyaniline-Modified (FeCoNiCrMn)sOa Solid-state reaction 964/612 @ 200 mA g~* 181@2Ag! This study
)CrMnCoNiZn)sOa Sol-gel 1388/563 @ 100 mA g~ ! d%@2Ag! [52]
(MgTiZnNiFe)304 Solid-state reaction 424.7/166.8 @ 100 mA g ! 936@1Ag! [53]
(MgTiZnCuFe)304 Solid-state reaction 1261/634 @ 100 mA g’1 268 @ 2 A g’1 [54]
(MnFeCoZnNi)304 Electrospinning 1283.6/885.2 @ 20 mA g~ ! 58@2Ag! [55]
(CoTiZnNiFe)304 Solid-state reaction 674.7/423.9 @ 100 mA g 1 1503@1A¢g 1 [53]
(NiCoZnFeMg)O Solid-state synthesis 820/575 @ 50 mA g’1 304 @ 0.5 A g’1 [56]
(MgCoNiCuZn)O Solid-state synthesis 1585/976 @ 100 mA g’l 490 @ 3 A g’1 [57]

The HEO-P electrode shows excellent capacity retention and high
rate capability compared to the HEO electrode, which is attributed to the
formation of a stable SEI layer. This SEI layer maintains its structural
integrity during repeated cycling, ensuring the electrode’s long-term
stability. To confirm this, the FE-SEM of the cycled electrode was con-
ducted to further explore the protective effect of the PANI coating. The
images of HEO and HEO-P anodes before and after 30 cycles are shown
in Fig. 7. In contrast, a non-uniform SEI layer is formed on the HEO
electrode after 30 cycles, resulting in multiple cracks (Fig. 7b and c).
However, a smooth and compact surface is observed for the HEOQ-P
electrode after 30 cycles (Fig. 7e and f). Despite high magnification,
hardly any severe cracking or fracture was observed on the HEO-P
electrode, indicating the formation of a stable SEI layer. This stability
is a testament to the electrode’s ability to accommodate large volume
changes during lithiation/de-lithiation reactions and form a stable SEI
layer. Consequently, the HEO-P electrode exhibits excellent cycling
stability and high rate capability, which are crucial attributes for an
anode in Li-ion batteries. In contrast, the HEO electrode exhibits severe
cracking after 30 cycles, and its original spherical morphology is no
longer maintained. This suggests that the HEO is unable to buffer large
volume changes during the conversion reaction and breaks down during
repeated cycling, leading to the exposure of fresh HEO surface to
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electrolyte and continued SEI formation. As a result, this can lead to
capacity fading and poor coulombic efficiencies. However, the HEO-P
electrode, which features a protective PANI coating, maintains a sta-
ble SEI layer. This layer appears to be effective in preventing agglom-
eration, pulverization, and volume changes of HEO during lithiation/de-
lithiation reactions, thereby avoiding SEI cracking, the formation of
non-conductive impurities, and maintains electrode integrity, thereby
enhancing the rate of mass transfer capability and improving the overall
performance of the electrodes, thereby enhancing both the rate of mass
transfer and conductivity capability of the electrodes, thereby
enhancing the overall capability of the electrodes. To sum up, the
enhanced electrochemical performance of HEO-P is attributed to the
uniform PANI coating layer, which overcomes the limitations of HEOs,
including their poor conductivities and susceptibility to fracture during
volume expansion. The conductive PANI, with its conjugated = electron
system, significantly enhances the conductivity of HEO, serving not only
as a conductive pathway but also as a protective barrier that shields the
HEO surface from in-service degradation. Furthermore, the highly
conductive PANI coating, surrounding each HEO particles, facilitates
efficient lithium ion transfer within the electrode, thereby enhancing the
overall performance of the electrodes.
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Fig. 6. (a) Nyquist plots of HEO (blue) and HEO-P (red) electrodes and (b) their plots of Warburg resistance as a function of inverse square root of angular frequency.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. FESEM images of a) HEO anode before cycling, b, c) after cycling; d) HEO-P anode before cycling (e, f) after cycling.

4. Conclusions

In summary, a high entropy oxide (FeCoNiCrMn)3O4 with a spinel
structure was synthesized via a solid state reaction. Then, a Polyaniline
(PANI) coating layer was deposited onto the HEO particles using a
polymerization method. The PANI-modified powder samples were uti-
lized as anode material for Li-ion batteries. XRD results showed a
structural transformation during milling, resulting in the formation of
the spinel structure with multi-element transition metal oxides. Calci-
nation at 900 °C led to the formation of a single-phase pure spinel HEO.
The HEO anode showed high specific discharge capacity, attributed to
its optimal electron configurations, facile ion diffusion pathways, and
abundant active storage sites derived from its unique mixed-valence
structure, comprising diverse cation radii and multiple metal ele-
ments. The results showed that in HEO-P, the PANI coating layer in
HEO-P significantly enhanced the electrochemical performance of the
anode material by improving its structural stability and inhibiting
excessive SEI growth during cycling. Moreover, the PANI coating
significantly improves the reactions between electrodes and electrolyte.
Upon testing, HEO-P exhibits a high reversible capacity of 964 mA h g~!
at C-rate of C/10 and excellent rate capability performance of 104 mA h
g~ !at C-rate of 1 C. The PANI-modified HEO appears to be a promising
candidate for use as an electrode material in advanced Li-ion batteries.
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