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A B S T R A C T

This study focuses on enhancing the performance of (FeCoNiCrMn)3O4 high-entropy oxide (HEO) anodes for 
lithium-ion batteries (LIBs) by adding polyaniline (PANI) and silver (Ag). The HEO was synthesized using a solid- 
state method, involving ball milling and high-temperature heat treatment, which resulted in a stable spinel 
structure. To further improve its properties, the HEO powder was coated with a PANI-Ag layer via oxidative 
polymerization and the addition of silver nanoparticles, enhancing conductivity and mitigating lithium dendrite 
formation. The HEO-P-Ag composite demonstrated significant improvements compared to the unmodified HEO. 
The initial discharge capacity of HEO-P-Ag was 1050.8 mA hg− 1, while its charge capacity was 711 mA h g− 1, 
both of which exceeded the corresponding values of the bare HEO (827 mA h g− 1 for discharge and 445 mA h g− 1 

for charge). Additionally, the composite also exhibited good rate capability, achieving a reversible capacity of 
265 mA h g− 1 at a rate of 1C. Electrochemical impedance spectroscopy (EIS) confirmed that the PANI-Ag coating 
effectively reduced charge transfer resistance and enhanced lithium ion diffusion. Accordingly, these findings 
indicate that HEO-P-Ag could serve as a promising anode material for high-performance LIBs, delivering high 
capacity, improved rate capability, and stable cycling performance.

1. Introduction

To address the challenges imposed by global warming and keep up 
with societal developments, there is increasing attention on portable 
electric devices, electric vehicles, and hybrid electric vehicles that uti
lize batteries for energy storage [1–3]. Consequently, effort are being 
made to develop battery technologies that provide both high capacity 
and high power to meet the growing demands for energy storage [4]. 
Among the various energy storage methods available, lithium-ion bat
teries (LIBs) stand out as a leading technology for rechargeable energy 
storage and conversion [5,6]. Their high energy density, high power 
density, high output voltage, cost-effectiveness, and long cycle life all 
contribute to their valued performance in the field [7–9]. In fact, among 
the different components of a battery system, anode materials play an 
essential role. The currently available commercial graphite anodes are 
insufficient to fully meet the demands for high-energy LIBs due to their 
relatively low theoretical capacity (372 mA h g− 1) and associated safety 
risks, particularly those related to lithium dendrite formation [10]. 

Consequently, it is essential to focus on the development of novel and 
innovative electrode materials and structures that enhance both theo
retical capacities and charging/discharging rates as alternatives to 
graphite-based materials. Several active materials with higher theoret
ical capacities have been identified as potential replacements for 
graphite. In particular, the design of high-entropy oxides (HEOs) as 
anode materials represents a promising recent development that is 
gaining attention in the field of LIBs [11–15]. Recent investigations have 
demonstrated that elemental synergy within HEOs plays a critical role in 
forming stable, self-assembled metal-oxide nanostructures that facilitate 
both electron transport and Li+ storage. Wang et al. [16] reported a 
(MgCoNiCuZn)O system where the coexistence of a 3D metallic network 
and semi-coherent oxide nanophases enabled high capacity and struc
tural stability. According to Boltzmann Eq. [17] as shown in Eq. (1), 
materials with a ΔSmix ≥ 1.5R are classified as high-entropy [18–20]. 

ΔSconfig = − R

(
∑N

i=1
xilnxi

)

(1) 
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where R represents the gas content, xi represents the mole fractions 
of the metal cations, and N is the number of cation species present in the 
composition. The high configurational entropy of HEOs contributes to 
the microstructural stability, allowing the lattice structure to remain 
stable during extended cycling. This is a major upside, as it results in 
minimal volume changes during operation.

Incorporating conductive polymers, such as polypyrrole (PPy) and 
polyaniline (PANI), with electrode materials has led to significant im
provements in electrochemical performance of anode materials. These 
polymers are gaining attention in the field of rechargeable batteries due 
to their superior electrical conductivity, structural stability, and ease of 
synthesis [21–23]. A noteworthy example is the development of 
Sb2MoO6@PANI nanorods by Yang et al.’s [24] for use as sodium-ion 
battery anodes. This innovation demonstrates improved cycling stabil
ity and rate capability compared to bare Sb2MoO6, attributable to the 
conductive and stable PANI coating. Further, Jeong et al. [25] and Gao 
et al. [26] have incorporated silver (Ag) as a significant additive in the 
structure of anode materials, resulting in enhanced electrochemical 
performance. The incorporation of Ag particles yielded several advan
tages, including ultrafast electron transport, decreased charge and 
capacitance resistance, and effective suppression of Li dendrite forma
tion. Previous research has demonstrated HEO’s potential as an excep
tional anode material for batteries, given its promising characteristics as 
a single-phase solid-solution oxide, although further investigation is 
certainly necessary [27–29].

Building on previous studies, this research focuses on the fabrication 
of a HEO/PANI/Ag composite electrode through a simple and scalable 
process. While high-entropy oxides (HEOs) have shown promising po
tential as anode materials for lithium-ion batteries (LIBs), existing 

studies do not systematically explore strategies to overcome their 
inherent limitations, such as poor conductivity and susceptibility to 
structural degradation during cycling. Integrating HEOs with conduc
tive polymers like polyaniline (PANI) and metallic nanoparticles such as 
silver (Ag) presents an innovative approach to enhancing their electro
chemical performance, addressing critical gaps in understanding their 
combined influence on electrochemical behavior. Resolving these 
challenges is essential for advancing high-capacity and durable anode 
materials for next-generation LIBs. Additionally, Liu et al. [30] devel
oped a hollow multishelled HEO architecture exhibiting impressive ca
pacity retention and mechanical integrity under cycling, further 
confirming the potential of structural engineering in HEO-based anodes.

By leveraging the unique properties of PANI and Ag, this study in
troduces a novel HEO-PANI-Ag composite structure aimed at enhancing 
lithium storage performance by improving conductivity, increasing rate 
capability, and stabilizing the electrode during cycling. To systemati
cally optimize its characteristics, this research investigates the effects of 
Ag incorporation on key electrochemical parameters, including charge- 
transfer resistance, lithium-ion diffusion, and cycling stability, 
providing new insights into the design of high-performance anode ma
terials for next-generation LIB applications.

2. Materials and experimental methods

2.1. Chemicals and synthesis process

Fe2O3, Cr2O3, NiO, Co3O4, and MnO2 (all sourced from Merck, ≤ 99 
%) were homogeneously mixed in equimolar ratios to synthesize 
(FeCoNiCrMn)₃O₄. The synthesis process was generally conducted in 

Fig. 1. Schematic illustration of the preparation of (a) HEO, (b) HEO-P-Ag, and (c) half-cell assembly.
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three stages, as illustrated in the schematic shown in Fig. 1.
a) Initially, the mixture was then milled at 250 rpm for 8 h in a ball 

mill. Subsequently, the resulting oxide mixture was heat-treated at 
900 ◦C for 12 h and allowed to cool naturally to room temperature. 
Before synthesis, configurational entropy values were determined using 
Eq. 1. The calculated Sconf value of 1.61R for the synthesized HEOs in
dicates the formation of a high-entropy oxide mixture. A total of 0.5 g of 
synthesized HEO powder was dispersed in 100 mL of deionized water 
using ultrasonic dispersion for 1 h.

b) Following this, the synthesized HEO powder was combined with 
0.15 mL aniline monomer and 0.3 mL of a 50 % phytic acid solution The 
resulting mixture was stirred for approximately 12 h. At that point, 0.2 g 
ammonium persulfate (APS) was added into the mixture, initiating an 
oxidative polymerization reaction under continuous stirring. After 1 h, 
0.095 g of Ag nanoparticles suspended in 10 mL of deionized water was 
incorporated into the mixture. Three hours later, the mixture was 
filtered and washed several times with deionized water and ethanol.

c) The final sample was then dried overnight in a vacuum oven at 
50 ◦C and transferred to an argon-filled glove box for further use.

For the sake of comparison, pure PANI and HEO-PANI (HEO-P) were 
also synthesized following the same procedure.

2.2. Anode preparation and electrochemical measurements

The preparation of the anode involved creating a homogenous slurry 
consisting of 80 wt% active material, 10 wt% carbon black (Super P), 
and 10 wt% polyvinylidene fluoride (PVDF) binder dispersed in N- 
methyl-2-pyrrolidone. This slurry was then applied to copper foil using a 
doctor blade and subsequently dried at 50 ◦C for 24 h under vacuum. 
HEO and HEO-P-Ag served as the active materials, with a loading mass 
of approximately 1.5 mg cm− 2, in the half-cell setup. This configuration 
included a lithium metal foil as the counter/reference electrode and a 
Celgard 2325 membrane (comprising three layers of PP/PE/PP) as the 
separator. The electrochemical properties were examined using CR2032 
coin cells, which were assembled in an argon-filled glove box (SMART 
LINE) that maintained humidity and oxygen levels below 0.1 ppm.

The electrolyte consisted 1 M lithium hexafluorophosphate (LiPF6) 
dissolved in a volumetric ratio mixture of ethylene carbonate (EC), ethyl 
methyl carbonate (EMC), and dimethyl carbonate (DEC) at a ratio of 
1:1:1. Electrochemical impedance spectroscopy (EIS) was carried out 
using an SP50e Bio Logic electrochemical workstation, operating over a 
frequency range of 0.01 Hz to 100 kHz. Galvanostatic tests were con
ducted at ambient temperature within a voltage range of 0.01–3 V versus 
Li/Li+, utilizing a NEWARE battery testing system at various current 
densities. Cyclic voltammetry (CV) was carried out using a PARSTAT 
3000 A potentiostat over a potential window of 0.01–3.0 V at a sweep 
rate of 0.1 mV s− 1.

2.3. Structural characterization

To investigate the phase and crystalline structure of samples, X-ray 
diffraction (XRD) analysis was performed using a Philips diffractometer 
operating at 40 kV. The experiments employed Cu Kα radiation (λ =
1.5406 Å) to scan the samples at a rate of 0.05◦/s over the 2θ range of 
20–80◦. Further, Fourier-transform infrared (FT-IR) spectra were ac
quired using a Bruker Tensor 27 spectrometer, spanning a wavenumber 
range from 300 to 6000 cm− 1.

Morphological and chemical analyses were performed using scan
ning electron microscopy (SEM, Philips XI30) equipped with an energy- 
dispersive X-ray spectroscopy (EDS, Seron AIS 2300) detector. Addi
tionally, further structural characterization, including morphology, 
high-resolution transmission electron microscopy (HRTEM), EDS, and 
selected area electron diffraction (SAED), was carried out through 
transmission electron microscopy (TEM, JEOL JSM-6710F) at an accel
erating voltage of 300 kV. The morphology and microstructure of the 
HEO and HEO-P-Ag anodes were characterized before and after the 

lithiation/delithiation process using a field-emission scanning electron 
microscope (FESEM, FEI QUANTA FEG-450).

3. Results and discussion

To determine the phase and crystal structure of the raw powder 
mixtures, HEO and HEO-P-Ag, X-ray diffraction (XRD) analysis was 
conducted, as demonstrated in Fig. 2. Upon heat treatment at 900 ◦C, the 
resulting HEO (Fig. 2(b)) was found to exhibit a cubic spinel structure 
corresponding to the Fd3‾m space group (COD No. 9005841), which 
corroborates its high degree of crystallinity and purity. Moreover, the 
XRD pattern of HEO revealed no additional diffraction peaks attribut
able to other transition metal oxide, indicating a high level of phase 
purity. Fig. 2(c) shows that the XRD pattern of HEO-P-Ag closely re
sembles that of the spinel structure. This similarity indicates that the 
crystalline structure remains unchanged after modification with PANI 
and Ag, thereby confirming the stability of HEO-P-Ag powder. Both 
samples displayed similar phase structures characterized by low and flat 
backgrounds, with 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◦. These peaks 
correspond to the (111), (220), (311), (222), (4 0 0), (4 2 2), (5 1 1), (4 4 
0), (6 2 0), (5 3 3), and (6 2 2) planes of the spinel structure. Recent 
studies [31], indicate that the spinel structure facilitates effective 
transport of Li+. Additionally, the presence of oxygen vacancies, 
resulting from various cation valence states within the spinel HEO, en
hances Li+ conduction.

Although lower calcination temperatures can induce spinel phase 
formation in HEOs, a temperature of 900 ◦C was selected to ensure 
complete crystallization, high phase purity, and robust structural 
integrity required for high-performance electrochemical applications. 
This elevated temperature also enhances cationic diffusion and homo
geneity, which are essential for achieving stable entropy-stabilized oxide 
phases [32].

Fourier-transform infrared (FT-IR) spectroscopy is a highly valuable 
analytical tool used to evaluate the structure of newly synthesized ma
terials. To confirm the presence of Ag and PANI within the composite 
structure, FT-IR analysis was performed, with the resulting spectra dis
played in Fig. 3. A notable absorption peak observed near 3440 cm− 1 for 
Ag, PANI, and HEO-P-Ag can be attributed to hydroxyl (-OH) groups. 
Particularly, the spectrum profile of HEO-P-Ag differs markedly from 
that of pure HEO, indicating distinct chemical functionalities. The 
characteristic absorption bands of PANI are also observed in the 

Fig. 2. XRD patterns of (a) raw powder mixtures, (b) HEO particles, (c) HEO 
modified by PANI and Ag, and (d) standard XRD pattern of HEO.
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spectrum of HEO-P-Ag, such as N = Q = N, C––C, and C––N stretching 
vibrations at 1575, 1494, and 1292 cm− 1, respectively. Additionally, 
peaks at 1105 and 607 cm− 1 are associated with both in-plane and out- 
of-plane C–H bending vibrations of para-disubstituted benzene rings. 
This further supports the incorporation of conductive PANI into the 
composite. Furthermore, characteristic Ag bands are visible in the HEO- 
P-Ag spectrum, with a peak at 1630 cm− 1 indicating the presence of an 
amide group and a band at 1031 cm− 1 assigned to C–N bonds of 
aliphatic amines in the formed particles [33–35]. The porous structure 
of the PANI layer, combined with the presence of conductive Ag, is ex
pected to significantly enhance the electrochemical performance of the 
anode material.

Figure 4(a) and (b) show the SEM and TEM micrographs of (FeCo
NiCrMn)3O4 after heat treatment at 900 ◦C, revealing numerous parti
cles with diameters ranging from 1 to 10 μm. This appears that particle 
size has increased as a result of the high-temperature thermal treatment. 
Recent research [36] posits that use of nanoparticles as electrodes in 
lithium-ion batteries could significantly enhance the number of active 
sites available for charge storage. This increased accessibility of charge 
storage sites may lead to enhanced capacity, improved high-rate per
formance, and better reversibility. To minimize aggregation effects, 
powders were milled briefly prior to the preparation of the electrodes. 
HRTEM and SAED techniques were employed for a more detailed 
microstructural assessments of HEO. The HRTEM images presented in 
Fig. 4(c-e) reveal lattice spacing measurements of 0.253, 0.201, and 
0.48 nm, which correspond to the (3 1 1), (200), and (1 1 1) lattice 
planes of the spinel structure. The SAED pattern in Fig. 4(f) exhibits 
distinct circular diffraction rings, which indicate the polycrystalline 
nature of the synthesized sample. The diffraction rings corresponding to 
(1 1 1), (2 2 0), (2 2 2), and (0 4 4) planes of a face-centered cubic (FCC) 
structure can be identified from the center to the outer layer in this 
figure aligning with the XRD patterns. Furthermore, TEM-EDS elemental 
mapping was performed within a specific region (Fig. 4(g)), confirming 
a homogeneous distribution of elements, Fe, Co, Ni, Cr, Mn, and O, in the 
high entropy oxide, with no evident elemental segregation observed. 
This finding underscores the critical role of the high-entropy stabiliza
tion effect in establishing a uniform phase.

The elemental distribution was also examined using EDS analyses 
and elemental mappings of HEO and HEO-P-Ag compositions, as shown 
in Fig. 5. The results demonstrated a high degree of uniformity in the 
distribution of Fe, Co, Ni, Cr, Mn, and O elements. Furthermore, the 
presence of Ag, C, and N peaks in the HEO-P-Ag sample confirmed the 
successful and homogenous coverage of HEO particles with PANI and Ag 
in the modified sample.

It is important to note that while equimolar amounts of Fe2O3, Cr2O3, 
NiO, Co3O4, and MnO2 were used in the synthesis process, this does not 
translate to equimolar cation concentrations in the final product due to 
the different stoichiometries of the precursor oxides. Furthermore, 
minor deviations in the measured atomic percentages from the ideal 
values are expected, given the semi-quantitative nature and surface 
sensitivity of EDS. Nonetheless, the TEM-EDS elemental mapping (Fig. 4
(g)) confirms uniform elemental distribution, consistent with high- 
entropy solid solution behavior.

Galvanostatic cycling between 0.01 and 3.0 V vs. Li/Li+ was con
ducted on coin cells at room temperature to evaluate the lithium storage 
performance of HEO-P-Ag, HEO–P, and HEO electrodes. The discharge/ 
charge curves for the HEO-P-Ag, HEO-P and HEO samples at a C-rate of 
C/10 (where 1C = 2 A g− 1) can be observed in Fig. 6 (a-c). Each sample 
exhibits slopes rather than plateaus during the discharge process, which 
are related to the multiple-step reaction mechanisms characteristic of 
HEOs. HEO-P-Ag demonstrated an initial discharge capacity of 1050.8 
mA h g− 1 and a charge capacity of 711 mA h g− 1, both of which surpass 
those of HEO-P and HEO. For HEO–P, the discharge and charge ca
pacities were 965 mA h g− 1 and 612 mA h g− 1, respectively, while HEO 
showed 827 mA h g− 1 for discharge and 445 mA h g− 1 for charge.

The coulombic efficiency of HEO-P-Ag was 67.66 % during the first 
cycle, a result of electrolyte decomposition, irreversible solid-electrolyte 
interphase (SEI) film formation, and structural rearrangement. Howev
er, the coulombic efficiency increased to approximately 80 % from the 
second cycle onward, demonstrating excellent reversible lithium storage 
capabilities of HEO as an anode material for LIBs. The initial capacity 
loss during the first few cycles arises from irreversible processes, 
including SEI formation, structural changes in the HEO particles, and 
lithium trapping. These effects, common in conversion-type anodes, are 
amplified by early-cycle volume changes. The PANI-Ag coating plays a 
key role in mitigating this degradation, leading to greater structural 
stability and improved efficiency in subsequent cycles.

The rate properties of the electrodes were evaluated at C/10, C/5, C/ 
3, C/2, and 1C as illustrated in Fig. 6(d-f). As expected, HEO-P-Ag 
exhibited better rate capability compared to HEO-P and HEO. Specif
ically, HEO-P-Ag achieved a reversible capacity of 529 mA h g− 1 at C/5 
and a specific capacity of 252 mA h g− 1 at 1C. Upon resetting the C-rate 
from 1C to C/5, the capacity reverts to 328 mA h g− 1, indicating the 
structural stability of the HEO-P-Ag electrode and its ability to accom
modate significant changes in current density. The discharge–charge 
curves of HEO-P showed a capacity of 459 mA h g− 1 at C/5 and 181 mA 
h g− 1 at 1C, while HEO showed 174 mA h g− 1 at C/5 and 45 mA h g− 1 at 
1C. The improved rate performance can be attributed to the efficient 
charge transfer characteristics of the structurally stable HEO-P-Ag 
electrode. The rate performance of electrode materials is significantly 
influenced by their electronic conductivity and diffusion pathways. The 
impressive rate capability of HEO-P-Ag can be attributed to the 
enhanced electrical conductivity derived from the PANI layer, which 
improves the charge transfer and storage properties of HEO. The intro
duction of a small amount of atoms, such as Ag, into the electrode ma
terial increases the Li+ ion diffusion coefficient (DLi+ ). Consequently, the 
design of HEO-P-Ag as a promising anode material leads to improved 
electronic conductivity and a greater number of electrochemically active 
components compared to HEO.

To evaluate the long-term cycling stability of the HEO-P-Ag elec
trode, additional galvanostatic cycling was conducted at a current 
density of 200 mA g− 1 for 150 cycles (Fig. 6(g)). The electrode main
tained a stable capacity of over 400 mA h g− 1 throughout the test, 
indicating minimal capacity fading. This result confirms the excellent 
structural robustness and electrochemical durability of the Ag–PANI 
coating.

To further investigate the redox behavior and reaction kinetics of the 
HEO-P-Ag electrode, cyclic voltammetry (CV) measurements were 
conducted at a scan rate of 0.1 mV s− 1 for the first three cycles, as shown 
in Fig. 6 (h). The CV curves display multiple anodic and cathodic peaks 

Fig. 3. FTIR spectra of (a) Ag, (b) PANI, (c) HEO, and (d) HEO-P-Ag.
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associated with Li+ insertion and extraction. During the first cathodic 
scan, a strong and well-defined peak appears at approximately 0.55 V, 
corresponding to the stepwise reduction of transition metal oxides, and 
SEI formation. In the anodic scan, the current rises steadily around 
1.0–1.2 V, and broad overlapping oxidation peaks between 1.2 and 2.5 V 
can be ascribed to the reversible oxidation of Fe, Co, Ni, Cr, and Mn to 
their respective oxides. From the second cycle onward, the CV curves 
exhibit significant overlap, indicating excellent electrochemical revers
ibility and stable Li+ insertion/extraction behavior.

Table 1 provides a comparative overview of HEO-P-Ag and other 
recently reported high-entropy oxide-based anode materials. While the 
others show competitive performance, HEO-P-Ag demonstrates superior 
capacity and rate capability. This enhanced performance stems from the 
synergistic contribution of the conductive polyaniline (PANI) coating 
and well-dispersed silver (Ag) nanoparticles. The PANI layer forms a 
flexible, conductive network that enhances electron transport and 
buffers mechanical stress from volume changes during cycling. Mean
while, Ag nanoparticles significantly reduce charge-transfer resistance 
and accelerate lithium-ion diffusion across the electrode–electrolyte 

interface. Together, these effects lead to better electrochemical kinetics, 
more stable SEI formation, and suppressed electrode pulverization. This 
structural integrity and fast ion/electron transport enable the HEO-P-Ag 
composite to maintain high capacity and stability, making it a strong 
candidate for high-performance lithium-ion battery applications.

Electrochemical impedance spectroscopy was employed to further 
evaluate the improved electrochemical performance of HEO-P-Ag in 
comparison to HEO, with a focus on electrical conductivity and Li+

transfer behavior. Fig. 7(a) illustrates the Nyquist plots for the HEO-P- 
Ag, HEO–P, and HEO electrodes prior to cycling, with frequencies 
measurements spanning from 0.01 Hz to 100 kHz. Each Nyquist plot 
exhibits a semicircle in the medium-high frequency region and a straight 
line in the low-frequency region. The semicircle represents the imped
ance of the SEI film (RSEI) and the charge transfer resistance (Rct), while 
the straight line corresponds to the Warburg impedance (Zw), which is 
associated with Li+ diffusion in the electrode. An equivalent circuit was 
used to simulate the Nyquist plots. As shown in this figure, the semicircle 
diameter of HEO-P-Ag is significantly smaller than that of HEO-P and 
HEO, indicating a reduced charge-transfer resistance in HEO-P-Ag. The 

Fig. 4. (a) SEM image, (b) TEM image, (c) SAED pattern, (d-f) HRTEM images, and (g, h) elemental mapping images of the HEO particles.
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practical values of charge transfer resistance are 74.34, 227.60, and 
362.70 Ω for HEO-P-Ag, HEO–P, and HEO, respectively. Notably, the 
HEO-P-Ag electrode exhibits the lowest charge transfer impedance 
among the three samples, indicating that the introduction of Ag into the 
HEO structure effectively reduced Li+ transport barrier. Fig. 7(b) illus
trates the relationship between the real resistance (Z’) and the inverse 
square root of frequency (ω-1/2) for HEO-P-Ag and HEO electrodes prior 
to cycling. Previous reports [45] have shown that a low slope in the 
fitted curve is indicative of rapid Li-ion diffusion within electrode ma
terials, which can enhance the lithium storage performance of HEO-P- 
Ag.

The diffusion coefficient (DLi+ ) of Li+ into the electrodes can be 
estimated using Eqs. (2) and (3) [46–50]: 

DLi+ =
R2T2

2A2n4F4C2σ2
w

(2) 

Zreal = Rs +Rct +σwω− 1/2 (3) 

where R is the gas constant, T is the test temperature, A represents the 
electrode area, n is the number of electrons transferred per molecule, F 
represents the Faraday constant, C is the concentration of lithium ion in 
the electrolyte, RS is the ohmic resistance of the battery system, Rct is the 
charge-transfer resistance, ω represent the angular frequency, and σw is 
Warburg coefficient, determined by the slope of the fitting linear of Z’- 
ω-1/2.

The lithium-ion diffusion coefficients and impedances are summa
rized in Table 2. HEO-P-Ag exhibits a lithium-ion diffusion coefficient 
approximately 2.73 times higher than that of HEO, representing a sig
nificant achievement. With an impedance of 74.34 Ω and a lithium-ion 
diffusion coefficient of 22.63 × 10− 16 cm2 s− 1, HEO-P-Ag outperforms 
both HEO-P (227.60 Ω, 14.33 × 10− 16 cm2 s− 1) and HEO (362.70 Ω, 
8.28 × 10− 16 cm2 s− 1).

These results suggest that the Ag-modified PANI coating not only 
improves the conductivity of the HEO-P-Ag electrode materials but also 
accelerates charge transfer. The synergistic interaction between the 

Fig. 6. Electrochemical Li+ storage performance of spinel-based electrodes: (a)–(c) Initial charge–discharge curves at C/10 for HEO-P-Ag, HEO–P, and HEO, 
respectively; (d), (e) galvanostatic charge/discharge curves of HEO-P-Ag and HEO-P at various current densities; (f) rate capabilities of HEO and HEO-P-Ag electrodes 
at different specific currents; (g) long-term cycling performance of HEO-P-Ag at 200 mA g− 1; (h) cyclic voltammetry curves of HEO-P-Ag for the first three cycles at 
0.1 mV s− 1.
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high-entropy oxide material and the Ag-modified PANI surface signifi
cantly enhances the electrochemical properties of HEO-P-Ag. It is always 
of crucial importance to take syntergitic reaction when it comes to 
charge transfer [51–53]. Additionally, the exceptional electrical con
ductivity of HEO-P-Ag is instrumental in achieving its high capacity and 
superior rate performance. Future studies will incorporate X-ray 
photoelectron spectroscopy (XPS) to probe the detailed chemical 
bonding states and oxidation changes of Ag and PANI on the HEO sur
face. This advanced surface characterization will allow for a more 
comprehensive understanding of the synergistic interactions, particu
larly in terms of the anchoring effect and conductive network formation.

To further examine the changes in surface morphology, coin-type 
half cells were disassembled after 30 cycles, and the HEO and HEO-P- 
Ag electrodes were extracted, cleaned with acetone, and dried for 
FESEM analysis. Fig. 8 clearly displays the evolution of the surface 
morphology for both the HEO and HEO-P-Ag anodes. Initially, as shown 
in Fig. 8(a) and (d), the pristine HEO and HEO-P-Ag anodes present 

relatively smooth surface structures. However, a closer examination 
reveals that the recycled HEO electrode, shown in Fig. 8(b) exhibits 
significant cracking and fragmentation from a continuous film to island- 
like structures. This indicates that long-term cycling-induced stresses 
significantly affect the surface morphology of the HEO anode. The 
increased spacing between cracks may lead to a loss of contact between 
the electrode and the current collector, which could contribute to a 
reduction in capacity. However, as illustrated in Fig. 8(e) and (f), the 
morphology of HEO-P-Ag remains largely stable, with no evidence of 
catastrophic pulverization. This stability can be attributed to the 
anchoring effect of the Ag-modified PANI layer. This suggests that the 
HEO-P-Ag structures are effectively preserved during charge/discharge 
processes, owing to the addition of the external PANI-Ag layer. More
over, the primary role of the thin PANI-Ag layer is to isolate the elec
trolyte from the HEO particles, which reduces side reactions between 
these components, promotes the formation of a stable SEI layer, and thus 
increasing Li utilization. Given that HEOs function as conversion-type 
anodes, their conversion mechanism involves a reaction with Li that 
produces the corresponding reduced metals and Li2O. Subsequently, 
lithium oxide can decompose into metal and oxygen, facilitating Li 
cycling and providing significant reversible capacity at suitable 
potentials.

The reaction mechanism of the discharge-charge process can be 
summarized as Reactions (4) and (5) [13]: 

M2O3 +MO2 +4Li+→3MO+2Li2O, (4) 

MO+ Li+→M+ Li2O (5) 

(M = Fe,Co,Ni,Cr and Mn).

Additionally, as depicted in Reaction (6), electrolyte (LiPF6) interacts 
with trace amounts of water during charge and discharge cycles, 
resulting in the formation of non-conductive LiF impurities. The exces
sive accumulation of LiF within the SEI impedes Li+ transport and in
creases resistance. Furthermore, HF dissolves transition metals present 
in HEO and reacts with Li2O, as shown in Reactions (6) and (7): 

LiPF6 +H2O⇌LiF+POF3 +2HF (6) 

Table 1 
Comparison of electrochemical performance of HEO-based anode materials for 
LIBs.

Material Method Specific 
capacity 
(mA h 
g− 1)

Rate 
capability 
(mA h g− 1)

Ref.

(FeNiCrMnMgAl)3O4
Solid-state 
reaction

555.79 @ 
200 mA 

g− 1

436.11 @ 1 
A g− 1 [37]

(NiMnCrCoFe)3O4 Hydrothermal
527.9 @ 5 

A g− 1
568 @ 5 A 

g− 1 [38]

(FeCoNiCrMn)3O4
Solid-state 
reaction

612.3 @ 
500 mA 

g− 1

600 @ 2 A 
g− 1 [39]

(FeCoNiCuZnMgO1-x)
Solution 

precursor plasma 
spraying

820.1 @ 
100 mA 

g− 1

247.3 @ 2 A 
g− 1 [40]

(MgFeCoNiZn)O
Solid-state 
reaction

820 @ 50 
mA g− 1

304 @ 0.5 A 
g− 1 [41]

(TiFeCoNiZn)3O4
Solid-state 
reaction

805 @ 50 
mA g− 1

246 @ 0.5 A 
g− 1 [41]

(CrMnCoNiZn)3O₄ Sol–gel
1388 @ 
100 mA 

g− 1
96 @ 2 A g− 1 [42]

(MgTiZnNiFe)3O4
Solid-state 
reaction

424.7 @ 
100 mA 

g− 1

93.6 @ 1 A 
g− 1 [43]

(CrNiMnFeCu) 3O4 Hydrothermal 800 @ 50 
mA g− 1

480 @ 2 A 
g− 1 [44]

Ag-PANI@ 
(FeCoNiCrMn)3O4

Solid-state 
reaction

1050.8 @ 
200 mA 

g− 1

252 @ 2 A 
g− 1

This 
study

Fig. 7. (a) Nyquist plots of HEO electrodes and (b) plots of Z’ versus ω-1/2.

Table 2 
The list of RS, Rct, slope values, and DLi+ of HEO, HEO–P, and HEO-P-Ag.

Sample HEO HEO-P HEO-P-Ag

RS 1.81 2.16 2.37
Rct 362.70 227.60 74.34

Slope value (σw) 255.25 194.07 154.45
DLi+ (cm2 s− 1, × 10− 16) 8.28 14.33 22.63
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Li2O+2HF→2LiF+ 2H2O (7) 

The formation of cracks and eventual rupture of the SEI leads to an 
increased contact area between the electrolyte and material, causing 
unstable SEI and the byproduct HF. The PANI-Ag layer offers several key 
advantages that enhance performance. Firstly, this thin layer serves to 
minimize direct contact between the electrolyte and material, thereby 
preventing the continuous accumulation of poorly conductive impu
rities. Furthermore, the reduced resistance of HEO-P-Ag in EIS (Fig. 7
(a)) indicates that there are fewer non-conductive components in the 
SEI. Secondly, the PANI-Ag layer plays a crucial role in facilitating 
electron transport between materials and effectively encapsulates 
refined HEO, thereby enhancing its overall stability and performance.

The observed morphological stability of the HEO-P-Ag electrode can 
be attributed to the mechanical buffering capability of the PANI layer, 
which accommodates the strain associated with volume fluctuations 
during charge/discharge cycles. Additionally, the presence of Ag 
nanoparticles reinforces the coating and improves its adhesion to the 
HEO surface, thereby further suppressing structural degradation. This 
synergistic effect helps maintain particle integrity, limits crack forma
tion, and sustains electrode–electrolyte contact over prolonged cycling.

4. Conclusions

In this study, high-entropy oxide (HEO) anodes were synthesized 
using a conventional solid-state method, resulting in a single-phase 
spinel crystal structure with potential applications in lithium-ion bat
teries (LIBs). X-ray diffraction (XRD) analysis confirmed the successful 
formation of single-phase (FeCoNiCrMn)3O4 at 900 ◦C. Additionally, 
HEO-P-Ag was fabricated by modifying the surface of HEO with poly
aniline (PANI) and silver (Ag). The combined effects of the spinel 
structure and the PANI-Ag layer facilitated ion/electron transfer while 
reducing damage to the electrode material caused by volume expansion 

during cycling. Consequently, HEO-P-Ag demonstrated exceptional 
lithium storage properties, outperforming HEO in both cycling stability 
and rate capability. Specifically, HEO-P-Ag displayed a high reversible 
capacity of 1050.8 mA h g− 1 at a C-rate of C/10. Furthermore, it ach
ieved a reversible capacity of 265 mA h g− 1 at a high C-rate of 1C. The 
EIS results, including Rct, and DLi+ , revealed that the presence of the 
protective PANI-Ag layer significantly enhanced electron/ion transport 
kinetics in HEO-P-Ag.

Overall, this study offers valuable insights into the development of a 
promising anode material characterized by high reversible capacity, 
long-term cycling stability, and excellent rate performance for LIB 
applications.
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