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High-Entropy Alloys and Oxides as Supercapacitor
Electrodes: A Structural and Electrochemical Perspective for

Energy Storage

Oykiim Basgéz, Ahmet Giingér, Omer Giiler,” and Emre Erdem’

This study investigates the performance of high entropy alloys
[Fe;Cr;Mn,NiV, HEA)] and high entropy oxides [(Fe;Cr;Mn,NiV)O,, HEO)] as
electrode materials for supercapacitors. HEA is synthesized through
mechanical alloying, followed by HEO forming via an oxidation process. XRD
results demonstrate HEA comprises both amorphous and crystalline phases,
whereas HEO has an entirely crystalline structure. SEM analyses showed HEA
exhibits larger and irregular particles, whereas HEO displays a smaller and
spherical morphology. EPR analyses revealed significant changes in defect
structures and unpaired electron configurations during the transition from
HEA to HEO. HEA is prone to diffusion-controlled processes due to their
regular structure and strong magnetic interactions; however, HEO exhibits
capacitive behavior based on surface redox reactions and pseudo-capacitive
mechanisms due to their irregular structure and oxygen vacancies. CV
analyses revealed that HEO contributes more capacitive via surface redox
reactions, while GCPL results suggested that HEO demonstrated superior
energy density (40.8 Wh kg~') and power density (14.3 kW kg~"). Impedance
analyses revealed that HEO exhibited reduced internal resistance and
enhanced ion conductivity, whereas HEA demonstrated higher resistance and
diffusion-controlled processes. In conclusion, HEA and HEO exhibit distinct
energy storage mechanisms, and these materials can be optimized for
supercapacitor applications.

1. Introduction

and engineering.'3] High entropy alloys
(HEA) and high entropy oxides (HEO)
are the two types of this material class.[?]
These materials are particularly notable
for their unique combination of mechan-
ical strength, thermal stability, and chem-
ical resistance, making them suitable for
diverse applications.'-*l HEA, composed
of five or more elements, forms a single-
phase solid solution with exceptional me-
chanical strength, chemical stability, and
thermal resistance.**! Upon oxidation,
HEA transforms into HEO, which ex-
hibits a disordered structure, enhanced
surface redox reactions, and capacitive
properties.[**] HEA are widely preferred
in aerospace, automotive, biomedical im-
plants, and wear-resistant coatings due
to their elevated strength, corrosion re-
sistance, and thermal stability.*’) HEO
are used in catalysis, magnetic materials,
sensors, and environmental applications,
especially in fields where chemical stabil-
ity and surface reactivity are essential.[®*]
The different properties of these materi-
als result from the high entropy of mix-
ing and the interactions between ele-
ments facilitated by the combination of
several metal ions within a single phase.

The change in composition between HEA and HEO re-

High entropy materials have garnered significant interest in re-
cent years due to their various applications in materials science

sults in significant changes to the material’s structural, mag-
netic, and electrochemical properties.[!®!1] HEA are prone to
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diffusion-controlled processes because of their regular
structure.'?! In contrast, the disordered structure of HEO
promotes surface redox reactions and improves energy storage
performance via pseudo-capacitive mechanisms.'%!1] These
characteristics provide HEA and HEO intriguing to use as
electrode materials in energy storage devices, particularly
supercapacitors.['*!*] Supercapacitors are energy storage devices
characterized by high power density, extended cycle life, and
rapid charge-discharge capabilities, with their performance
significantly influenced by the electrode materials used.!*>]
There are many studies in the literature on many different
materials such as carbon materials, conductive polymers, transi-
tion metal/metal oxides, metal hydroxides, and nanocomposite
materials for supercapacitor electrodes. These materials have ad-
vantages as well as disadvantages in electrode performance.['”18]
For example, carbon-based electrodes provide high power
density but have low specific capacitance and high cost;!**%]
conductive polymers have good pseudocapacitive properties and
electrical conductivity but poor stability during charge/discharge
process;[2-2] transition metals and metal oxides have higher the-
oretical specific capacitance (100-2000 F g~!) and higher energy
density than carbon materials (200 F g~!) and better chemical
stability than conductive polymers.[?*?°! Therefore, metal/metal
oxides stand out in terms of these properties. However, despite
extensive studies on heterogeneous single metal electrodes,
shortcomings such as low reactivity, poor stability, and relatively
slow electron transfer rate in the redox process generally limit the
development of these catalysts.?¢?’] 3D transition metals are of
increasing interest due to their rich earth resources and low cost,
and their high entropy alloys and oxides have superior properties
to traditional single metals and metal oxides.[?] The advantages
of HEA and HEO, such as having elemental diversity and high
configurational entropy, forming solid solutions instead of in-
termetallic compounds, and therefore being more stable, cause
them to have significantly higher chemical potential and differ-
ent surface electronic properties compared to their traditional
single/mixed metal counterparts.?*3%1 These materials con-
tain different metal cations and interactions between different
cations in their crystal structures, which leads to exciting, new,
and unexpected functional properties.””! The entropy-balancing
effect of compounds with high electron density increases charge
storage capacity while improving cycling stability and other
electrochemical properties.?!l Talluri et al.?!l synthesized the
supercapacitor electrode material based on (CrMnFeCoNi),0,
nanoparticles with CrMnFeCoNi composition by reverse co-
precipitation method. It was observed that it exhibited 239 F g~!
capacitance (2M KOH). In another study,*?! high entropy per-
ovskite oxide Sr(Zr,.,Sn,.,Hf,.,Ti,.,NDb,.,)O; (SZSHTN) was
added to Na,.;Bi,.;TiO; (NBT) lead-free ferroelectric ceramics,
which increased the high-temperature dielectric stability and
energy storage performance. In a study using FeNiCoMnMg
HEA nanoparticles as an electrode, a capacitance of 203 F g™
(6M KOH),**! and in another study using (FeCoCrMnZn);0,
HEO as an electrode, a capacitance of 340.3 F g~! (1M KOH) was
found.*

This work selected the transition metals Fe, Cr, Mn, Ni, and
V for the synthesis of HEA and HEO due to their favorable re-
dox behavior and their oxides’ advantageous charge storage ca-
pabilities. In addition, the study conducted by Sarkar and col-
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leagues stated that the use of “transition metals” (because of
their tendency to form cations in a single-phase structure) is
a critical method for use in electrode materials.*®] The perfor-
mances of Fe,Cr;Mn,NiV-HEA synthesized by the mechanical
alloying method and (Fe;Cr;Mn,NiV)O,-HEO synthesized after
an oxidation process at 1000 °C (by incorporating more than one
metal cation into a single-phase crystal structure) as supercapac-
itor electrode materials were investigated in detail. The electro-
chemical performances of HEA and HEO as supercapacitor elec-
trode materials were compared. HEA is susceptible to diffusion-
controlled processes owing to its regular structure and strong
magnetic connections. In contrast, HEO shows capacitive behav-
ior owing to surface redox reactions resulting from its irregular
structure. Moreover, the interactions between HEO and differ-
ent metal cations form a significant characteristic of the electrode
material.

This study provides a perspective by comparing high-entropy
materials’ alloy and oxide forms, which have recently gained at-
tention for their unique properties and potential applications in
energy storage. Unlike most studies that utilize three-electrode
systems for supercapacitor evaluations, this work employs a two-
electrode system, addressing the gap in real-world application re-
sults and providing more practical insights. The transition be-
tween HEA and HEO was also examined in detail using Elec-
tron Paramagnetic Resonance (EPR) analysis, revealing changes
in defect structures and unpaired electron configurations. These
structural changes were further correlated with their effects on
electrochemical parameters, offering a deeper understanding of
the relationship between material structure and performance.

2. Experimental Section

2.1. The Synthesis of High Entropy Alloys and Oxides

This  work  produced  Fe,Cr;Mn,NiV  (HEA) and
(Fe;Cr;Mn,NiV)O, (HEO) using supercapacitor electrode
materials. As part of this objective, HEA was first produced
using the mechanical alloying (MA) technique. HEO was sub-
sequently produced using the oxidation of synthesized HEA.
The elements utilized in the initial stage were measured in
appropriate molar ratios. Table S1 (Supporting Information)
displays the purity of the product and brand. The initial powder
mixture that had not been processed at this stage was referred to
as RAW. RAW was employed as a reference value for comparison
in particular calculations. The RAW was then placed in a steel
vessel with a capacity of 80 mL for the mechanical alloying
(MA) process. MA under an argon atmosphere was conducted
using a planetary high-energy ball mill (Retsch PM 100) for 60 h.
The MA process was performed at 400 rpm with a hardened
steel ball-to-powder ratio of 20:1. The grinding device stopped
for 15 min following every 30 min of operation. This aims to
enhance efficiency and reduce heating in the grinding bowl.
Following the production of the HEA, the next stage starts to
produce the HEO. During the second stage, the alloy powders
underwent oxidation at 1000 °C in an air atmosphere for 12 h.
Following the oxidation process, the powders undergo milling at
400 rpm for a duration similar to that of the oxidation. Figure 1
visually illustrates the production method.
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Figure 1. Flow chart of the synthesized HEA and HEO samples.

@Argon atmosphere
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2.2. Thermodynamic Aspects of HEA as Starting Materials for
HEO

Thermodynamic calculations were crucial for assessing the ef-
ficiency of synthesis methods, including MA and oxidation, in
producing HEA and HEO.3®l The enthalpy and entropy values
derived from the HEA’s thermodynamic calculations were used
to classify alloys, an essential process. HEA was characterized by
five or more elements and was defined as a solid solution.”) HEA
was utilized in thermodynamic calculations as it functions as the

initial alloy for HEO. The entropy of mixing (AS, ;) for HEA is
represented by Equation 1:
A S, =-R) ¢lng )

In Equation 2, R is the gas constant (8.314 ] mol~'.K), ¢; is the
atomic ratio (mole fraction) of each component in HEA, and n is
the total number of elements of the alloy. The enthalpy of mixing
of the solid solution can be determined according to the ordered
melt model.

n
AH,;, =-R Z Qijcicj (2)
i=1, i

Here, Q; (= 4AHTY) is the regular melt interaction parame-
ter between elements i and j, ¢, is the atomic percentage of the
i" component, and AH"Y is the enthalpy of mixing of the bi-
nary liquid alloy.?”] The value was calculated using the Miedema
model for atom pairs in the Fe;Cr;Mn, NiV [HEA]. Table 1 shows
the atom pair values between the elements Fe, Cr, Mn, Ni, and V
determined by the Miedema model for the mixing enthalpy cal-
culation.

Single-phase solid solutions in HEA were formed due to the
high entropy of the mixing effect. The high entropy effect can-
not solely solve the formation of intermetallic phases in HEA.
Consequently, the Hume-Rothery rules, which consider valence
electron concentration (VEC), electronegativity, and atomic size
difference (5), were crucial for the design and synthesis of HEA.
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In this context, Q denotes the ratio of mixing entropy to mixing
enthalpy, as calculated by Equation 3, provided below.38]

o- T, AS . 3
B AI_Imix ( )
= Frcaed “

e=[f—(kA/Dcos8)] /4tan O (5)

Crystal sizes were calculated for RAW and HEO samples using
the Scherrer equation®?! in Equation 4. Here, D is the crystallite
size, Kis a constant (K = 0.89), Ais the X-ray wavelength, f is the
full width at half maximum (FWHM) of the diffraction peak, 6 is
the diffraction angle, and ¢ is the microstrain.!**l The lattice strain
values of the samples were calculated using the Williamson-Hall
(W-H) method by considering peak broadening as a function of
20 to obtain size and strain broadening given in Equation 5.14!]

2.3. Characterization Studies of HEA and HEO

The powders obtained were subjected to Scanning Electron Mi-
croscope (SEM), Energy Dispersive X-ray Spectroscopy (EDX),
X-ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS) analyses. Characterization studies of the high entropy al-
loys produced after the MA process were carried out by XRD (X-
Ray Rigaku Miniflex 600) using Cu-Ka (4 = 1.5406 A) radiation

Table 1. Values of atom pairs between the elements Fe, Cr, Mn, Ni, and V
are determined by the Miedema model for the AH mixing enthalpy calcu-
lation.

Fe Cr Mn Ni \
Fe Fe
Cr =1 Cr
Mn 0 2 Mn
Ni -2 -7 -8 Ni
\% -7 -2 -1 -18 v
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Table 2. The specific supercapacitor designs are based on the synthesized
nanocomposites.

Sample Electrode 1 Electrode 2 Electrolyte ~ Separator Type
HEA HEA HEA 6 M KOH  Glass fiber  Symmetric
HEO HEO HEO 6 M KOH  Glass fiber ~ Symmetric

generated at 40 kV and 35 mA. The diffraction angle (26) varied
from 10° to 90° with a step size of 0.02°. SEM evaluated the mi-
crostructural morphology of alloys and oxide at 5 kV (SEM; Hi-
tachi SU3500) equipped with EDX (Oxford AZtech). XPS (Specs-
Flex) analysis using Al-Ka radiation to characterize the oxides
formed (HEO) analyses. Bruker Benchtop EMX Nano EPR spec-
trometer with an integrated reference system for g-factor calcu-
lation and a spin counting unit performed EPR studies. The EPR
spectra were obtained at room temperature using a 9.63 GHz res-
onator, 2 mW microwave powet, and 2 G and 100 kHz modula-
tion frequency and amplitude, respectively.

2.3.1. Electrochemical Characteristics and Supercapacitor
Performances of HEA and HEO

Several analytical approaches, including potential electrochemi-
cal impedance spectroscopy (PELS), cyclic voltammetry (CV), and
galvanostatic charge/discharge (GCPL), were examined for su-
percapacitor performance using a VSM 300 BioLogic potentio-
stat. The produced HEA and HEO components were utilized in
the fabrication of electrodes. The electrolyte used for the studies
was 6 M KOH, with a 0-1 V voltage range. The impedance of
the supercapacitors was assessed over a broad frequency range
from 1 to 10 MHz. The investigation focused on high and low
scanning rates and a broad scanning rate range of 1-200 mV s™!
in the context of CV. The GCPL test assessed current densities
ranging from 0.1 to 2.4 A g~!. The content of the fabricated sym-
metric supercapacitor design and two-electrode setup are given
in Table 2 and Scheme 1, respectively.

The energy density and power density of the manufactured
electrodes have been determined using Equations 6 and 7, re-
spectively. Here, AV (V) is the maximum potential window and
At (s) is the discharging time.

V.

e 1(V)dv

Specific Capacitance (C,) = AV (6)

www.advsustainsys.com

, 0.5 % C, % AV?
Energy Density, E = — ¢ (7)
Power Density, P = __E__ (8)
Y= (a1/3600)

Supercapacitor Fabrication: The electrochemical performance
of high entropy composite materials, produced in alloy and oxide
forms, was evaluated using two-electrode supercapacitor devices
as electrode materials. A slurry was specifically formulated to pre-
pare the working electrode. Carbon black (N330) and polyvinyli-
dene fluoride (PVDF) serve as the active electrode materials for
the slurry, having been ground together in a mortar at an 8:1:1
weight ratio for 10 min. 2 mL of N-methyl-2-pyrrolidone (NMP)
were added, and the mixture was sonicated for an additional
30 min to achieve a homogeneous slurry. The formulation aims
to reach a total solid mass of 100 mg. For coating applications,
the surface of the stainless-steel current collector depicted in
Scheme 1 is treated with ~50 pL of the generated slurry solution.
The functioning electrode was subsequently placed in an 80 °C
vacuum oven overnight. The mass of the electrode material on
the current collector was determined before and during the dry-
ing process. A round glass microfiber filter was positioned be-
tween two stainless steel screws, serving as a separator. ~30 uL
of electrolyte was applied to the filter, which was subsequently
secured and tightened between the screws. The electrolyte con-
sisted of a 6 M KOH solution, and the electrochemical character-
ization was conducted within the voltage range of 0-1 V.

Dunn’s Method: The electrochemical performance of the
symmetric device constructed with HEA and HEO compos-
ites has been additionally analyzed using the power law
methodology.***] In the analysis, CV tests were conducted at
scan rates of 1, 3, 5, 7, and 10 mV s7!. The scan rate was de-
termined by factors including minimal ohmic resistance and in-
ductance and the optimal electrochemical properties observed in
earlier studies. The power law (Eq. 9) can be articulated in the
following manner:[#>43]

i) =’ 9)

where i represents the current density (A/g), v denotes the scan
rate (mV/s), and b was a constant. The value of b plays a cru-
cial role in determining the charge storage mechanism of the
device: b value closer to 1 signifies behavior characteristic of an
electric double-layer capacitor (EDLC), where a charge was stored

Separator § Electrolyte

S
Electrpglp 4

Scheme 1. Represent schematic illustration and two-electrode system measurement of the supercapacitor device.
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Table 3. Thermodynamic calculations of the Fe;Cr;Mn, NiV-HEA sample.

AS, AH AS,

mix conf

Q 6%

mix

12,51}/ (mol.K) —3.48 k) mol~" 1.51 6.74 3.44

electrochemically through the reversible adsorption of ions in the
electrolyte, while b value closer to 0.5 indicates battery-like behav-
ior, where a charge was stored via a redox reaction.!***’] The value
of b can be calculated by taking the logarithm of Equation 10 as
shown below:

log (i (v)) = log (k) + blog (v) (10)

3. Results and Discussions

3.1. Structural Properties

The thermodynamic calculations reveal that the Fe,Cr;Mn, NiV-
HEA satisfies the conditions for forming a stable solid solu-
tion, with Q = 6.74 (>1.1) and 6 = 3.44 (<6.6), indicating strong
entropy-driven stabilization and structural homogeneity.*¢! The
results derived from thermodynamic calculations based on the
equations are presented in Table 3. This high Q value suggests
a strong entropy-driven stabilization effect, which is critical for
suppressing the formation of intermetallic phases. The § value,
well below the threshold of 6.6, further supports the structural
homogeneity of the alloy. This demonstrates that the designed
alloy conforms to the required conditions for forming a solid so-
lution associated with the 26 crystalline peak at 44°.

The value of AS_ ¢ is crucial to evaluating the stability of the
phase.*’] The classification of an alloy as HEA is commonly
recognized to occur when the criteria AS_; >1.5 R meet the
criteria.l*®! According to Table 3, the AS_,; value of HEA is 1.51.
Based on this result, it can be concluded that the alloy formed
belongs to the HEA class.[*"]

Figure 2 presents the phases formed in the HEA, the pow-
der mixture before the MA process (RAW), and HEO samples,
as analyzed using the XRD technique. The XRD graph of the
HEA presented in Figure 2a indicates the formation of crystalline
and amorphous phases within the structure. Several parameters,
including crystallite size, influence the shape of the diffraction
peak. With a reduction in crystallite size, the diffraction peaks ex-
hibit broadening. As the crystallite size diminishes, the crystal
diffraction peaks can combine and broaden, resulting in a single
broad diffraction peak, commonly referred to as a halo.[3®] If small
amounts of crystalline phases exist in the structure, weak crys-
talline peaks may overlap with the amorphous peak, resultingin a
single broad peak. A comparable situation is observed in the XRD
graph presented in Figure 2a. The XRD patterns reveal a clear
transition from a mixed amorphous-crystalline structure in the
HEA sample to a fully crystalline structure in the HEO sample
after oxidation. The broad diffraction peaks in the HEA sample
suggest nanoscale crystallites, likely formed due to the prolonged
MA process. In contrast, the sharp peaks in the HEO sample indi-
cate improved crystallinity, which is consistent with the structural
reorganization observed during the high-temperature oxidation
process. This situation is believed to result from applying the

Adv. Sustainable Syst. 2025, 9, 2500201 2500201 (5 of 14)
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Figure 2. XRD patterns of the HEA, RAW, and HEO samples.

60 h MA process to the HEA sample. During the MA process, the
repetitive welding-breaking-welding cycle reduces and reshapes
particle size,*" forming both amorphous and crystalline phases
within the structure. Figure 2b presents the XRD spectrum of
the powder mixture, RAW, before MA, revealing characteristic
diffraction peaks corresponding to Fe, Cr, Mn, Ni, and V. The
XRD results of HEO presented in Figure 2c indicate that the
amorphous structures observed in the HEA sample have fully
crystallized due to oxidation. Different reagents exhibit distinct
crystal structures.’!] During the oxidation process of the HEA
sample at 1000 °C, the chemical formula is observed to be A,O,
((Fe;Cr;Mn,NiV),;0,) for HEO, and the crystal structure transi-
tions to the Fd3m structure due to the interactions among the
components. The graph indicates the JCPDS numbers of the ox-
ide structures corresponding to the 2theta peaks. The absence
of vanadium oxide peaks in the XRD pattern of the HEO sample
suggests that vanadium oxidation is primarily confined to the sur-
face, as supported by the EDS and XPS analyses. This surface ox-
idation may contribute to the enhanced pseudo-capacitive behav-
ior of the HEO material. The phase ratio of the oxide structures
resulting from the HEO oxidation process was determined using
the Rietveld Refinement technique with the Match Program, and
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Table 4. Rietveld refinement result of Fe;Cr;Mn,NiV-HEA and RAW
sample.

Element Phase Ratio [From XRD] % Symmetry
\ 0.8 Im-3m
Cr 13.9 Im-3m
Mn 19.7 1-43m
Fe 29.7 Im-3m
Ni 36 Fm-3m

the findings are presented in Table 4. The phase ratios obtained
from the Rietveld refinement highlight the dominance of Fe and
Ni phases in the HEA structure, with Fe contributing 29.7% and
Ni contributing 36%. This suggests that these elements signifi-
cantly stabilize the alloy’s structure and influence its mechanical
and electrochemical properties. The lower phase ratio of V (0.8%)
may indicate its preferential oxidation during the synthesis pro-
cess, as supported by the EDS results. Furthermore, the crystal-
lite size of the HEO sample (52.852 nm) is significantly larger
than that of the RAW sample (43.228 nm), indicating that the ox-
idation process promotes grain growth and structural reorgani-
zation (refer to Table 5). The lower dislocation density (0.3579 x
10~ nm~?) and higher macrostrain (0.001180) in the HEO sam-
ple suggest improved crystallinity and reduced structural defects,
critical for enhancing ion mobility and surface redox reactions.
Microstructure images for HEA and HEO samples are given
in Figures 3 and 4, respectively. According to the SEM images
for the HEA sample in Figure 3, it is seen that the powder
particles originating from the MA process have flattened and
changed shape and have larger particles compared to the SEM
images given for HEO. The larger and irregular particle mor-
phology of HEA, as observed in SEM, aligns with the mixed
amorphous-crystalline structure revealed by XRD, contributing
to its diffusion-controlled processes. This phenomenon has been
reported in similar studies.’>>3] HEA’s flattened and irregular
particle morphology, resulting from the mechanical alloying pro-
cess, may limit ion mobility and contribute to the dominance of
diffusion-controlled processes in its energy storage mechanism.
This structural characteristic aligns with HEA’s higher charge
transfer resistance during impedance analysis. As a result of the
oxidation process, it is seen that HEO turns into a smaller parti-
cle size and a more spherical form. Additionally, as seen in the
marked region in the SEM image in Figure 4, porosity is observed
in some areas of the structure. The porosity observed in the HEO
structure, as seen in Figure 4, can enhance the material’s electro-
chemical performance by increasing the active surface area avail-
able for redox reactions. This porosity is a critical factor contribut-
ing to the pseudo-capacitive behavior of HEO, as it facilitates ion
transport and surface redox reactions. As seen in the table of EDS
results for HEA, the atomic percentage distribution is partially

Table 5. Structural parameters of synthesized HEO and RAW samples.

Sample Crystallite size [nm] Macrostrain [¢] Dislocation density 6 [1073 nm™?]

HEO 52.852
RAW 43.228

0.001180 0.3579
0.000186 0.5351
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as expected. Fe 30%, Cr 30%, and Mn 20% are close to the ex-
pected values. However, contrary to expectations, Ni and V are
below 10%. The oxidation affinities of the elements in the high
entropy alloy (according to the formation free energy AG® values
of the oxides in the Ellingham diagram) can be listed as V, Mn, Cr,
Fe, and Ni, respectively. According to this order, element V forms
a stronger bond with oxygen and is oxidized more easily. There-
fore, when the EDS results for HEO are examined, it is seen that
the vanadium element increases while the percentages of other
elements mainly decrease.

The XPS analysis provides critical insights into the surface
properties and oxidation states of the elements in HEO, which
are directly related to its electrochemical performance. The de-
convoluted XPS spectra for Fe 2p, Cr 2p, Mn 2p, Ni 2p, V
2p, and O 1s are presented in Figure 5. The analysis high-
lights the oxidation states of the elements and their contribu-
tions to the pseudo-capacitive behavior of HEO. The Fe 2p spec-
trum (Figure 5a) shows peaks at binding energies of 711.45
and 724.8 eV, corresponding to the Fe2p;, and Fe2p, , orbitals,
respectively. Additional peaks at 709.5 and 710.9 eV indicate
the Fe?* oxidation state, while the peak at 713.01 eV corre-
sponds to Fe**. These results confirm the presence of Fe,O,
and Fe;O, components, which contribute to the redox activity of
the material.[>*5°] The Cr2p spectrum (Figure 5b) reveals peaks
at 576.83 and 586.59 eV, corresponding to Cr2p;,, and Cr2p,;,
orbitals of Cr**. Additional peaks at 578.01 and 586.62 eV rep-
resent Cr’* oxidation states. These findings indicate the coexis-
tence of multiple oxidation states, which enhance the material’s
pseudo-capacitive behavior.[*®! The Mn2p spectrum (Figure 5c)
shows peaks at 641.97 and 653.54 eV, corresponding to Mn2p;,
and Mn2p,, orbitals of Mn’*. The fitting process for Mn2p
is complex due to multiplet splitting and the interaction of d-
electrons with valence band holes, which results in additional
peaks. This complexity reflects the material’s structural hetero-
geneity and its ability to support redox reactions.l”%8 The Ni2p
spectrum (Figure 5d) displays peaks at 856.14 and 873.19 eV,
corresponding to Ni2p;;, and Ni2p,;, orbitals. Peaks at 855.34
and 856.8 eV indicate the presence of Ni** and Ni** oxida-
tion states, respectively. Shake-up satellite peaks at 861.21 and
873 eV further confirm the presence of Ni in multiple oxida-
tion states, which enhances the material’s redox activity.>”! The
V2p spectrum (Figure 5e) shows peaks at 516.57 and 530.21 eV,
corresponding to V2p;, and Ols orbitals. Peaks at 516.11 and
517.48 eV indicate the V°* oxidation state. The O1s spectrum
(Figure 5f) reveals three distinct peaks: O; at 530.16 eV (surface
lattice oxygen, O?7), Oy; at 531.3 eV (oxygen vacancies or de-
fects), and Oy, at 532.63 eV (adsorbed oxygen species). The high
oxygen concentration and the presence of oxygen vacancies are
critical for enhancing pseudo-capacitive behavior and surface re-
dox reactions.[%-63] The absence of vanadium oxide peaks in the
XRD pattern (Figure 2) suggests that oxidation occurs primar-
ily on the surface. The presence of oxygen vacancies, as revealed
by the O1ls spectrum, plays a significant role in facilitating re-
dox reactions and improving the electrochemical performance
of HEO.

EPR analysis provides vital knowledge about the magnetic
properties and structural configurations of HEA and HEO ma-
terials, and the obtained EPR spectra of produced samples are
given in Figure 6.1/ The analysis results demonstrate that the
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Element Weight % Atomic %
\Y 6.02 6.42
Cr 30.73 32.11
Mn 21.03 20.8
Fe 33.33 32.43
Ni 8.9 8.24
Total 100.0 100.0

Figure 3. EDX images of the Fe3Cr;Mn,NiV-HEA sample.

g-factors for HEA and HEO materials were determined to be
2.08609 and 2.25916, respectively. These values indicate that both
materials display paramagnetic properties, suggesting the pres-
ence of paramagnetic centers such as free radicals or transi-
tion metal ions within their structures, depending on the devi-
ation of g-factors from g~2.%! The EPR spectrum of HEA ex-
hibits a sharper resonance signal and lower g-factor, indicating
a more isotropic structure and reduced spin-spin interactions.
This regularity in the structure of HEA reassures us about the
predictability of their behavior and highlights the predominance
of diffusion-controlled processes in their energy storage mech-
anism. A higher g-factor and a broader resonance signal were
observed in the HEO material. A higher g-factor shows a strong
crystal field effect within the material and a less regular align-
ment of spins.[! The broad signal width reflects the structural
heterogeneity of HEO and the complexity of spin-spin interac-
tions. This can be regarded as a characteristic that enhances the
tendency of HEO to facilitate redox reactions and exhibit pseudo-
capacitive behavior. The disparities observed in the EPR spec-

Adv. Sustainable Syst. 2025, 9, 2500201 2500201 (7 of 14)

www.advsustainsys.com

Felal2 Crlal2

Sopm

Nilal,2

tra of HEA and HEO materials indicate fundamental differences
in their energy storage mechanisms. HEA are more suscepti-
ble to diffusion-controlled processes due to their regular struc-
ture and strong magnetic interactions. In contrast, HEO demon-
strates a mechanism primarily influenced by capacitive behav-
ior, attributed to their disordered structure and propensity for
surface redox reactions. The results represent that both materi-
als can be optimized for various energy storage applications and
possess significant potential. As a result, in both samples, spin-
spin exchange, or dipolar coupling, is causing a broadening in
the EPR signal. However, alloy and oxide have different g-factor
and linewidth, indicating that paramagnetic ions at different lo-
cations play a role in paramagnetic behavior.

3.2. Electrochemical Performance

The CV curves of HEA and HEO at different scan rates are given
in Figure 7. The CV curves of HEA and HEO exhibit distinct
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Element Weight % Atomic %
0] 31.64 61.29
\Y 12.55 7.64
Cr 4.58 2.73
Mn 15.80 8.92
Fe 26.57 14.74
Ni 8.86 4.68
Total 100 100

Figure 4. EDX images of the (Fe3Cr;Mn,NiV);04-HEO sample.

behaviors, with HEA showing increased current at higher scan
rates due to diffusion-controlled processes, while HEO demon-
strates surface-controlled redox processes, as indicated by its
nearly linear progression at low scan rates.!?%’] This behavior
can be attributed to the structural properties of HEA, as revealed
by XRD and SEM analyses, which indicate a combination of
amorphous and crystalline phases and a more significant, irreg-
ular particle morphology that enhances ion diffusion and charge
transfer. The CV curve shape indirectly reflects crystallinity, with
sharper redox peaks indicating higher crystallinity and broader
peaks suggesting amorphous structures.*7 In this study, the
CV curves of HEA and HEO suggest differences in their elec-
trochemical behavior, which align with the XRD results. The
XRD analysis confirms a transition from a mixed amorphous-
crystalline structure in HEA to a fully crystalline structure in
HEO. The CV curves exhibit a nearly linear progression at low

Adv. Sustainable Syst. 2025, 9, 2500201 2500201 (8 of 14)

scan rates (1-7 mV s7!) and then shift to a more distinct curve as
the scan rate increases (20-200 mV s7'). This behavior is com-
patible with the XRD results, which show that HEO has a fully
crystalline structure. As confirmed by XPS analysis, the smaller
and spherical particle morphology observed in SEM images en-
hances the surface area, enabling surface redox reactions and
pseudo-capacitive behavior. This outcome implies that the redox
processes in the HEO material exhibit reduced kinetics and do
not proceed entirely at low scan speeds.’!! However, the XPS
analysis reveals the presence of oxygen vacancies and multiple
oxidation states in HEO, which are critical for enhancing pseudo-
capacitive behavior and surface redox reactions. The slow kinetics
may result from the low ion diffusion rate within the material’s
structure or the limited number of active sites on the electrode
surface, as suggested by the XPS analysis, highlighting the role
of oxygen vacancies in facilitating redox reactions.
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Figure 5. The deconvoluted XPS spectra of Fe 2p, Cr 2p, Mn 2p, Ni 2p, V 2p, and O 1s electrons for the HEO were obtained due to oxidation from the

HEA.

The comparison of the CV curves of HEA and HEO electrode
materials at a scanning rate of 5 mV s~! distinctly highlights the
variations in the electrochemical behaviors of these materials.
The higher current observed in HEA can be linked to their struc-
tural regularity and strong magnetic interactions. EPR analysis
reveals a sharper resonance signal and lower g-factor indicative
of a more isotropic structure and enhanced diffusion-controlled

——HEA
——HEO

Intensity (a.u.)

g-factor
HEA: 2.08609
HEO: 2.25916
l 1(I)O l 2CI)O ' 3CI)O l 4(I)0
Field (mT)
Figure 6. EPR spectra of HEA and HEO sample and their g-factor values.
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processes. In contrast, as demonstrated by impedance analysis,
the lower charge transfer resistance and enhanced ion conduc-
tivity of HEO contribute to their superior surface-controlled pro-
cesses. This suggests that the HEO material exhibits reduced
charge transfer resistance, resulting in a slower reaction rate on
the electrode surface. Consequently, it is observed that HEA and
HEO electrode materials demonstrate distinct electrochemical
behaviors, with HEA favoring diffusion-controlled mechanisms
and HEO excelling in surface-controlled redox processes, mak-
ing them suitable for different energy storage applications. HEA
exhibits higher current density and rapid redox kinetics, whereas
HEOs are noted for their lower charge transfer resistance and
slower redox kinetics. The variations observed will significantly
influence the suitability of the materials for various applications.

CV data were examined utilizing the Dunn technique to en-
hance comprehension of the electrochemical energy storage
mechanisms in HEA and HEO electrode materials and the ob-
tained results are given in Figure 8.1 This method highlights
charge storage techniques by categorizing the CV curves into
capacitive and diffusive components at different scan rates. In
contrast, the capacitive contribution diminishes as the scan rate
is reduced in both HEA and HEO. As the scan rate is re-
duced, the diffusive contribution increases while the capacitive
contribution diminishes in both HEA and HEO. These differ-
ences align with the structural and compositional characteris-
tics observed in XRD, SEM, and XPS analyses, where HEA ex-
hibits a mixed amorphous-crystalline structure and larger parti-
cle size. At the same time, HEO displays a fully crystalline struc-
ture with smaller, spherical particles and oxygen vacancies. The
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Figure 7. CV curves of HEA and HEO-based designs at different scan rates.

significant diffusive contribution in HEA is supported by their
amorphous-crystalline structure and larger particle size. In com-
parison, the capacitive contribution in HEO is enhanced by their
smaller particle size, spherical morphology, and oxygen vacan-
cies. In HEA electrode material, the capacitive contribution de-
clines from 68.1% ata scanrate of 10mV s™! t0 40.3% at 1mVs~?,
whereas the diffusive contribution rises from 31.9% to 59.7%.
HEA exhibits a dominant capacitive-controlled mechanism at
elevated scan rates, while reduced scan rates allow deeper ion
penetration and redox participation. At a scan rate of 5 mV s7,
HEA exhibits a higher diffusive contribution (60.2%), while HEO
demonstrates a dominant capacitive contribution (67.1%), con-

Voltage (V)

Voltage (V)

sistent with their structural characteristics. These results are
compatible with the diffusive and capacitive contributions ra-
tios observed at various scan rates. The distinct impedance be-
haviors of HEA and HEO directly result from their structural
and compositional differences. With their regular structure and
strong magnetic interactions, HEA exhibits higher resistance and
diffusion-controlled processes. In contrast, the disordered struc-
ture and oxygen vacancies in HEO promote surface redox reac-
tions, resulting in lower resistance and enhanced capacitive be-
havior. The determination of the “b” values for HEA and HEO is
illustrated in Figure S3 (Supporting Information), which shows
the log (i) versus log(v) plots used to calculate these values. The
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Figure 8. Dunn analysis of HEA and HEO-based supercapacitor designs.
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Figure 9. a). Nyquist curves of each synthesized sample, b,c) the Nyquist curves of HEA and HEO before and after CV analysis.

results confirm that HEA exhibits a b = 0.725, indicating a sig-
nificant contribution from diffusion-controlled processes, while
HEO demonstrates a b = 0.757, highlighting the dominance of
surface-controlled pseudo-capacitive mechanisms. The CV analy-
sis highlights that HEA relies on surface and diffusion-controlled
processes, while HEO predominantly exhibits surface-controlled
redox mechanisms Figure 8.

The results of the impedance analysis offered critical insights
into the electrochemical stabilities and kinetic behaviors of HEA
and HEO materials.l’?! Figure 9a illustrates that HEA demon-
strates high internal resistance (high Zre) in measurements con-
ducted before the CV analysis, while HEO performs with de-
creased resistance. The higher Z _ and R, values in HEA are due
to its mixed amorphous-crystalline structure, while the fully crys-
talline structure of HEO enhances ion conductivity and surface
redox reactions.[’”* As observed in SEM images, the larger and
irregular particle morphology of HEA contributes to their higher
R, and diffusion-controlled behavior. Conversely, the smaller and
spherical particles of HEO enhance surface area and ion transfer,
reducing resistance and improving capacitive behavior. In HEA,
a decrease in internal resistance and an improvement in charge
transfer resistance (R,) have been observed in figures taken post-
CV, as indicated by the red circle and blue triangle. This situa-
tion demonstrates that the active sites on the surface become in-
creasingly accessible during CV analysis, enabling ion transfer.
However, the elevated Z . values of HEA suggest that diffusion-
controlled processes remain dominant and that kinetic limita-
tions remain. The low Z and Z;, values of HEO show the ef-
fectiveness of surface redox reactions and their kinetic benefits.
As highlighted by XPS results, the reduced charge transfer resis-
tance (Rct) and enhanced ion conductivity of HEO promote sur-
face redox reactions and pseudo-capacitive mechanisms, which
are reflected in the steeper slope of the impedance curve observed
after CV analysis. EPR results indicate that HEA’s stronger spin-
orbit coupling and regular spin alignment support diffusion-
controlled processes. In contrast, the broader resonance signal
and higher g-factor in HEO reflect structural heterogeneity, en-
hancing surface redox reactions and capacitive behavior. The
lower resistance values and steeper slope in the Nyquist curve of
HEO align with the increased current density and distinct redox
peaks observed in CV analysis. Similarly, the higher R, and Z,,
values of HEA are consistent with their lower current density and
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the dominance of diffusion-controlled processes, as indicated by
CV analysis.

Detailed examination of the Nyquist curves revealed a broader
semicircle in the Nyquist curve for HEA, signifying an increased
charge transfer resistance (R,) for the material. The smaller
semicircle of HEO suggests that surface redox reactions are
more efficient, and that charge transfer occurs with a higher
probability.”*! HEO’s starting point (Zre) is lower than HEA’s,
implying that HEO exhibits lower electrolyte resistance (R).
The steeper slope of HEA in the low-frequency region indicates
an elevated dominance of diffusion-controlled processes in this
material.”* Figure S1 and Table S2 (Supporting Information)
present experimental and modeling results showing that the two
materials exhibit distinct kinetic and diffusion properties. The
equivalent circuit model for HEA demonstrates that diffusion-
controlled processes prevail, as evidenced by a significant charge
transfer resistance (R, = 1659.2 Q) and a Warburg element
(W; = 1122.2 Q s~1/2), indicating more significant kinetic limi-
tations. The equivalent circuit model of HEO reveals a higher de-
gree of capacitive behavior, characterized by a lower charge trans-
fer resistance (R, = 36.4 Q) and reduced diffusion effect (W, =
4915.3 Q s71/2). In contrast, the reduced Warburg element (W, =
4915.3 Q s71/2) in HEO reflects enhanced ion transfer and capac-
itive behavior.l”] The reduced electrolyte resistance (R, = 11.5 Q)
and elevated capacitance values (C; =1.53x 10° F, C, =251.2 X
10~° F) of HEO enhance the efficiency of surface redox reactions
and facilitate ion transfer.”®] Evaluation of these results through
CV and GCPL analyses reveals that HEO displays distinct redox
peaks and increased current density, attributed to reduced charge
transfer resistance and enhanced conductivity. HEA’s elevated
charge transfer resistance and reliance on diffusion-controlled
processes correlate with the reduced current density observed in
the CV analysis and the abbreviated discharge time noted in the
GCPL analysis. Moreover, the significant Warburg component of
HEA suggests that this material exhibits greater kinetic limita-
tions and facilitates ion transfer more readily.

Figure 10a presents the specific capacity (mAh/g) values ob-
tained from GCPL analysis, which reflects the charge storage ca-
pability of the materials. This is distinct from specific capacitance
(E/g). The specific capacity (mAh/g) values in Figure 10a reveal
that HEO exhibits a significantly higher capacity than HEA. This
observation aligns with the b = 0.757 value obtained from Dunn
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Figure 10. a) specific capacity of HEA and HEO designs, b) charge/discharge time of HEA and HEO, and c) coulombic efficiency of HEA and HEO

designs at 0.15 A g™,

analysis, indicating that surface-controlled capacitive processes
predominantly govern HEO. The superior energy storage mech-
anisms of HEO, driven by surface redox reactions, are further
supported by the distinct redox peaks observed in the CV analy-
sis. In contrast, the reduced capacity of HEA correlates with the
b =0.725 value, suggesting a more substantial contribution from
diffusion-controlled processes. Furthermore, Figure S3 (Support-
ing Information) illustrates the variation in specific capacity for
HEA and HEO at the end of the initial five and final five cy-
cles. HEO demonstrates superior cycling stability, with minimal
changes in specific capacity, attributed to its surface-controlled re-
dox reactions and pseudo-capacitive behavior. In contrast, HEA
exhibits a more significant decline in specific capacity, reflecting
the limitations of its diffusion-controlled processes and struc-
tural degradation over extended cycling. Figure 10b compares
the charge and discharge profiles of the materials, highlight-
ing the extended discharge time of HEO, which reflects their
greater energy storage capacity. Conversely, the shorter discharge
time of HEA indicates the influence of diffusion-controlled pro-
cesses, which limit ion mobility and energy storage efficiency.
As revealed by impedance analysis, the reduced internal resis-
tance and more stable voltage profile of HEO further emphasize
their kinetic advantages and the effectiveness of surface redox re-
actions. Coulombic efficiency (CE, %) was evaluated over 5000
cycles. The greater stability in Coulomb efficiency of HEO, as
shown in Figure 10c, is attributed to its fully crystalline structure
and the presence of oxygen vacancies, which enhance surface re-
dox reactions and minimize degradation during cycling. In con-
trast, the mixed amorphous-crystalline structure of HEA and its
reliance on diffusion-controlled processes result in higher inter-
nal resistance and fluctuations in Coulomb efficiency over time.
These differences highlight the superior cycling stability of HEO,
making it a more reliable candidate for long-term energy stor-
age applications. Both materials demonstrated high coulombic
activity; however, HEO exhibited superior cycling stability, main-
taining a coulombic efficiency exceeding 95% throughout the
5000 cycles. In contrast, HEA displayed more significant fluctua-
tions in efficiency over time, indicating less stable energy storage
mechanisms. These results suggest that HEO possess more reli-
able and stable energy storage mechanisms, primarily reliant on
surface redox reactions, enabling them to sustain performance
over extended cycles. Additionally, the drop in coulombic effi-
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ciency of HEO at 2000 cycles, as shown in Figure 10c, is attributed
to the gradual degradation of the electrode material during pro-
longed cycling. This includes structural changes such as the par-
tial dissolution of transition metal ions, the formation of passi-
vation layers, or the accumulation of reaction by-products, which
can hinder ion transport and reduce charge transfer efficiency.
Despite this temporary drop, the coulombic efficiency stabilizes
above 95% for the remaining cycles, demonstrating the overall
stability and reliability of the HEO electrode. The GCPL analysis
results, consistent with findings from CV and Dunn analyses,
confirm that HEO exhibits a greater tendency toward surface-
controlled processes, resulting in enhanced capacity and cycling
stability. These characteristics, combined with their reduced in-
ternal resistance and efficient ion transfer, make HEO a more
suitable candidate for high-performance supercapacitor applica-
tions than HEA.

3.2.1. Effect of Transition Between HEA and HEO on Supercapacitor
Electrode Performance

This study investigates the effects of the transformation between
HEA and HEO on the performance of supercapacitor electrodes.
The electrochemical performance parameters in Table 6 demon-
strate the fundamental differences in the energy storage mech-
anisms of HEA and HEO. The specific capacitance of HEO is
2940 F g‘l, which is more than double that of HEA at 141.4
F g!. This difference is related to the tendency of HEO to
promote surface redox reactions and exhibit pseudo-capacitive
behavior. CV and Dunn analyses suggest that HEO provides
67.1% of capacitance, whereas HEA provides only 40.3%. The
irregular structure of HEO, along with its smaller and spher-
ical particle morphology (as confirmed by SEM results) and
the presence of oxygen vacancies (as shown by XPS results),

Table 6. Electrochemical parameters of HEA and HEO design.

Design Specific Capacitance, Energy Density, Power Density,

Fgl Whkg™] Whkg™]
HEA 1414 19.6 1.4
HEO 294.0 40.8 14.3
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enhances the number of active sites, enabling surface redox
reactions, leading to high capacitance. The energy density of
HEO is 40.8 Wh kg~!, which is significantly higher than that of
HEA at 19.6 Wh kg=!. GCPL analyses confirm the high energy
storage capacity and expanded discharge period of HEO. This
shows the efficacy of the energy storage mechanism of HEO,
which is predicated on surface-controlled processes. The de-
creased discharge time of HEA means that diffusion-controlled
processes dominate, and ion mobility is limited. The power
density of HEO is 14.3 kW kg™!, exceeding that of HEA at
11.4kW kg™'. The observed difference is due to the lower internal
resistance (R; = 11.5 Q) and charge transfer resistance (R, = 36.4
Q) values of HEO. Impedance analyses reveal that the ion con-
ductivity of HEO is higher and that surface redox reactions pro-
ceed at faster speeds. The increased charge transfer resistance (R,
= 1659.2 Q) and internal resistance (R, = 7.8 Q) values of HEA
point to diffusion-controlled processes dominate, which suggests
the presence of kinetic limitations. EPR analyses indicate that the
ordered structure of HEA is defined by a lower g-factor (2.08609)
and a more distinct resonance signal. This suggests that HEA
shows strong magnetic interactions and a more ordered spin
structure, making it vulnerable to diffusion-controlled processes.
The higher g-factor (2.25916) and the broader resonance signal
of HEO reveal its disordered structure and tendency to surface
redox reactions. The structural differences enhance the pseudo-
capacitive behavior of HEO. This transformation between HEA
and HEO presents significant benefits for their application as
electrode materials in supercapacitors. The capacitive behavior of
HEO due to surface redox reactions leads to increased energy and
power density, whereas the susceptibility of HEA to diffusion-
controlled processes results in decreased efficiency.

4, Conclusion

This study thoroughly examined the behavior of HEA and HEO
as materials for the electrodes of supercapacitors. Characteriza-
tion studies revealed that HEA has an ordered structure, making
them prone to diffusion-controlled processes. In contrast, HEO
demonstrates capacitive behavior due to their disordered struc-
ture and propensity for surface redox reactions. Electrochemical
analyses indicated that HEO exhibited superior specific capaci-
tance (294.0 F g™!), energy density (40.8 Wh kg~!), and power
density (14.3 kW kg™') compared to HEA. The Dunn analysis
further confirmed that HEO predominantly relies on capacitive
processes, while diffusion-controlled mechanisms mainly drive
HEA. Impedance analyses revealed that HEO exhibits reduced
internal resistance and enhanced ion conductivity, whereas HEA
is characterized by higher resistance and kinetic limitations. EPR
analyses provided critical insights into the structural and mag-
netic differences between HEA and HEO. The ordered struc-
ture of HEA, characterized by a lower g-factor and sharper
resonance signal, promotes strong magnetic interactions and
diffusion-controlled processes. In contrast, the disordered struc-
ture of HEO, with a higher g-factor and broader resonance signal,
supports surface redox reactions and pseudo-capacitive behav-
ior. These findings highlight the significant impact of structural
and magnetic differences on the electrochemical performance of
these materials.
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www.advsustainsys.com

Unlike most studies that utilize three-electrode systems, this
work employed a two-electrode system, providing real-world ap-
plication insights and addressing a critical gap in the field. The
results demonstrate that HEA and HEO exhibit distinct energy
storage mechanisms, suggesting that these materials can be op-
timized for supercapacitor applications. With its superior per-
formance derived from surface redox reactions, HEO is suitable
for applications requiring high energy and power density. At the
same time, HEA may be ideal for applications where diffusion-
controlled processes are advantageous.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

The manuscript was written through the contributions of all authors. All
authors have given approval to the final version of the manuscript.

Data Availability Statement

Research data are not shared.

Keywords

electrochemical performance, electrode, high entropy alloys, high entropy
oxides, supercapacitor

Received: February 21, 2025
Revised: March 29, 2025
Published online: April 17, 2025

[1] D. Kumar, Prog. Mater. Sci. 2023, 136, 101106.
[2] A.S.Sharma, S. Yadav, K. Biswas, B. Basu, Mater. Sci. Eng., R 2018,
131, 1.
[3] M. Fu, X. Ma, K. Zhao, X. Li, D. Su, iScience 2021, 24, 102177.
[4] W. Steurer, Mater. Charact. 2020, 162, 110179.
[5] O.T. Onawale, P. V. Cobbinah, R. A. Nzeukou, W. R. Matizamhuka,
Materials 2021, 14, 3065.
6] P. Patel, A. Roy, N. Sharifi, P. Stoyanov, R. Chromik, C. Moreau, Ma-
terials 2022, 15, 3699.
[71 A. Sharma, Coatings 2021, 11, 372.
[8] S.Sen, M. Palabathuni, K. M. Ryan, S. Singh, ACS Energy Lett. 2024,
9, 3694.
[9] A.Salian, S. Mandal, Crit. Rev. Solid State Mater. Sci. 2022, 47, 142.
[10] A. Sarkar, B. Breitung, H. Hahn, Scr. Mater. 2020, 187, 43.
[11] S.S. Aamlid, M. Oudah, . Rottler, A. M. Hallas, J. Am. Chem. Soc.
2023, 745, 5991.
[12] X.Tong, ). Zheng, S. Xue, S. Guo, ACS Sustainable Chem. Eng. 2023,
11, 10203.

© 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

85U8017 SUOWIWOD BA1TE81D 8|qeo! dde 8y} Aq peusenob afe Sa1e O 8sN J0 S9INJ 10} ARIq1T 8UIUO A8|IAN UO (SUOTIPUOD-PUR-SLLIBI WD A8 | M Ake.q Ul |Uo//Sthiy) SUORIPUOD pue swie 1 8y} 89S *[9202/0T/02] Uo Ariqiauljuo A8|iM Py 80UspIAT sUeIy0D Aoxin | Aq T0Z00SZ0Z NSPe/Z00T OT/I0p/W0d" A3 1M AeIq 1 puljuo"peoueApe//:sdny Wwolj pepeo|umod ‘9 ‘SZ0Z ‘98729952


http://www.advancedsciencenews.com
http://www.advsustainsys.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[13]
(14]
[15]
(6]

(17]
(18]

19
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]

(29]

(3]
31
32
33]
(34]
35]
(36]
(37]

(38]
(39]

(40]
[41]
[42]

43]

[44]

Adv.

ADVANCED
SUSTAINABLE
SYSTEMS

Q. He, ). Li, W. Liu, J. Zhang, K. Wang, ). Liu, ). Hui, H. Zhang, J. Power
Sources 2024, 619, 235207.

A. Amiri, R. Shahbazian-Yassar, J. Mater. Chem. A 2021, 9, 782.

J. H. Chae, X. Zhou, G. Z. Chen, Green 2012, 2, 41.

D. Majumdar, M. Mandal, S. K. Bhattacharya, Emergent Mater. 2020,
3, 347.

S. Najib, E. Erdem, Nanoscale Adv. 2019, 1, 2817.

Y. Wang, L. Zhang, H. Hou, W. Xu, G. Duan, S. He, K. Liu, S. Jiang, J.
Mater. Sci. 2020, 56, 173.

A. Giingér, G. Akgl, F. Bakan-Misirlioglu, E. Erdem, Phys. Scr. 2024,
99, 035959.

M. Ozge, A. Colak, A. Giingor, M. B. Akturk, E. Erdem, R. Geng,
Nanoscale 2023, 16, 719.

M. O. Alas, A. Giingér, R. Geng, E. Erdem, Nanoscale 2019, 17,
12804.

A. Giingor, F. Bakan-Misirlioglu, R. Geng Alturk, E. Erdem, J. Energy
Storage 2024, 76, 110143.

A. Giingdr, S. G. Colak, M. O. Alas Colak, R. Geng, E. Erdem, Elec-
trochim. Acta 2024, 480, 143924.

R. Liang, Y. Du, P. Xiao, J. Cheng, S. Yuan, Y. Chen, ]. Yuan, |. Chen,
Nanomaterials 2021, 11, 1248.

D. Wu, H. Han, X. Hong, S. Tao, S. Xu, B. Qian, L. Wang, X. Chen, P.
K. Chu, J. Alloys Compd. 2020, 846, 155720.

L. Z. Miao, Y. X. Guo, Z. Y. Liu, Y. Li, J. Zhu, L. Wu, Chem. Eng. J. 2023,
467, 143451.

P. Saren, A. De Adhikari, S. Khan, G. C. Nayak, J. Solid State Chem.
2019, 271, 282.

Y. Deng, T. Wang, Q. Sun, J. Guo, ). Sun, G. Liu, L. Wang, D. Wang, S.
Zhang, J. Alloys Compd. 2024, 1004, 175879.

A. Sarkar, Q. Wang, A. Schiele, M. R. Chellali, S. S. Bhattacharya, D.
Wang, T. Brezesinski, H. Hahn, L. Velasco, B. Breitung, Adv. Mater.
2019, 37, 1806236.

Z.Yao, Y. Chen, X. Wang, K. Hu, S. Ren, . Zhang, Z. Song, N. Ren, X.
Duan, Nat. Commun. 2025, 16, 1.

B. Talluri, M. L. Aparna, N. Sreenivasulu, S. S. Bhattacharya, T.
Thomas, J. Energy Storage 2021, 42, 103004.

S. Zhou, Y. Pu, X. Zhao, T. Ouyang, J. Ji, Q. Zhang, C. Zhang, S. Sun,
R. Sun, J. Li, D. Wang, J. Am. Ceram. Soc. 2022, 105, 4796.

X. Xu, Y. Du, C. Wang, Y. Guo, . Zou, K. Zhou, Z. Zeng, Y. Liu, L. Li, J.
Alloys Compd. 2020, 822, 153642.

B. Liang, Y. Ai, Y. Wang, C. Liu, S. Ouyang, M. Liu, Materials 2020, 13,
5798.

A. Sarkar, L. Velasco, D. Wang, Q. Wang, G. Talasila, L. de Biasi, C.
Kiibel, T. Brezesinski, S. S. Bhattacharya, H. Hahn, B. Breitung, Nat.
Commun. 2018, 9, 1.

J. Xiong, Coatings 2024, 14, 869.

F. Tian, L. K. Varga, N. Chen, ]. Shen, L. Vitos, Intermetallics 2015, 58,
1.

A. Bhakar, M. Taxak, S. K. Rai, J. Appl. Crystallogr. 2023, 56, 1466.

M. Prashanth, R. Karunanithi, S. RasoolMohideen, S. Sivasankaran,
Ceram. Int. 2021, 47, 22924.

M. A. Abbas, W. M. Sadek, S. A. Ibrahim, Trans. Indian Inst. Met. 2024,
77,1661.

S. Dutta, S. Chattopadhyay, A. Sarkar, M. Chakrabarti, D. Sanyal, D.
Jana, Prog. Mater. Sci. 2009, 54, 89.

M. Salanne, B. Rotenberg, K. Naoi, K. Kaneko, P. L. Taberna, C. P.
Grey, B. Dunn, P. Simon, Nat. Energy 2016, 1, 16070.

J. Xiao, Q. Li, Y. Bi, M. Cai, B. Dunn, T. Glossmann, J. Liu, T. Osaka, R.
Sugiura, B. Wu, J. Yang, |. G. Zhang, M. S. Whittingham, Nat. Energy
2020, 5, 561.

A. M. Afzal, N. Muzaffar, M. W. Igbal, G. Dastgeer, A. Manzoor, M.
Razag, S. M. Wabaidur, E. A. Al-Ammar, S. M. Eldin, J. Appl. Elec-
trochem. 2024, 54, 65.

Sustainable Syst. 2025, 9, 2500201 2500201 (14 of 14)

(4]
[46]
[47]

48]
[49]

[50]
[51]

[52]
53]

[54]
(53]

[56]

[57]
[58]
[59]
(60]

[61]

(62]
(63]
(64]
(65]
(66]
(67]
(68]
(69]

[70]

71

[72]
[73]

[74]
[75]

[76]

www.advsustainsys.com

K. M. Albalawi, M. Al-Dossari, A. M. Saeedi, R. H. Althomali, G. F. B.
Solre, M. Sadig, S. U. Asif, J. Energy Storage 2024, 104, 114576.

Y. D. Wu, Y. H. Cai, X. H. Chen, T. Wang, J. J. Si, L. Wang, Y. D. Wang,
X. D. Hui, Mater. Des. 2015, 83, 651.

L. Hatzenbichler, S. Zeisl, H. Clemens, D. Holec, Intermetallics 2023,
158, 107893.

D. B. Miracle, O. N. Senkov, Acta Mater. 2017, 122, 448.

Y. F. Yang, F. Hu, T. Xia, R. H. Li, J. Y. Bai, . Q. Zhu, J. Y. Xu, G. F.
Zhang, J. Alloys Compd. 2025, 1010, 177691.

A. Kumar, A. Singh, A. Suhane, J. Mater. Res. Technol. 2022, 17, 2431.
D. Pankratova, S. M. Giacomelli, K. Yusupov, F. Akhtar, A. Vomiero,
ACS Omega 2023, 8, 14484.

D. Zhang, D. La Zara, M. J. Quayle, G. Petersson, ). R. Van Ommen,
S. Folestad, ACS Appl. Bio Mater. 2019, 2, 1518.

T. Liu, B. Vansaders, ). T. Keating, S. C. Glotzer, M. J. Solomon, Lang-
muir 2021, 37, 13300.

T. Yamashita, P. Hayes, Appl. Surf. Sci. 2008, 254, 2441.

Q. Ai, Z. Yuan, R. Huang, C. Yang, G. Jiang, ). Xiong, Z. Huang, S.
Yuan, J. Mater. Sci. 2019, 54, 4212.

J. C.R. Aquino, F. H. Aragén, ). A. H. Coaquira, X. Gratens, V. A. Chitta,
I. Gonzales, W. A. A. Macedo, P. C. Morais, J. Phys. Chem. C2017, 121,
21670.

M. E. Amano, |. Betancourt, M. ]. Arellano-Jimenez, |. L. Sdnchez-
Llamazares, C. F. Sanchez-Valdés, J. Solgel Sci. Technol. 2016, 78, 159.
E. Adil, Y. Li, Z. Gao, Y. Dong, D. Li, Y. Chen, Y. Fu, D. He, J. Li, Sci.
China Technol. Sci. 2024, 67, 499508.

M. Cheng, H. Fan, Y. Song, Y. Cui, R. Wang, Dalton Trans. 2017, 46,
9201.

G. Silversmit, D. Depla, H. Poelman, G. B. Marin, R. De Gryse, J.
Electron Spectrosc. Relat. Phenom. 2004, 135, 167.

S. Venkateshalu, J. Cherusseri, M. Karnan, K. S. Kumar, P. Kollu, M.
Sathish, J. Thomas, S. K. Jeong, A. N. Grace, ACS Omega 2020, 5,
17983.

S. Jain, J. Shah, N. S. Negi, C. Sharma, R. K. Kotnala, Int. J. Energy Res.
2019, 43, 4743.

J. Gan, X. Lu, J. Wu, S. Xie, T. Zhai, M. Yu, Z. Zhang, Y. Mao, S. C. I.
Wang, Y. Shen, Y. Tong, Sci. Rep. 2013, 3, 1.

M. G. Bakker, B. Fowler, M. K. Bowman, G. S. Patience, Can. J. Chem.
Eng. 2020, 98, 1668.

H. Kaftelen, K. Ocakoglu, R. Thomann, S. Tu, S. Weber, E. Erdem,
Phys. Rev. B 2012, 86, 014113.

M. Buldu-Akturk, O. Balcl-Gaglran, E. Erdem, Appl. Phys. Lett. 2022,
120, 153901.

H. L. Girard, H. Wang, A. D’Entremont, L. Pilon, J. Phys. Chem. C
2015, 779, 11349.

Y. Gao, A. M. Nolan, P. Du, Y. Wu, C. Yang, Q. Chen, Y. Mo, S. H. Bo,
Chem. Rev. 2020, 120, 5954.

H. Ishitobi, H. Doki, S. Shiraishi, H. Tsukada, Y. Hatakeyama, R.
Obata, N. Nakagawa, J. Electrochem. Soc. 2023, 170, 010536.

S. S. Nkabinde, Z. B. Ndala, N. P. Shumbula, T. Kolokoto, O. Nchoe,
G. N. Ngubeni, K. P. Mubiayi, N. Moloto, New J. Chem. 2020, 44,
14041.

N. Elgrishi, K. J. Rountree, B. D. McCarthy, E. S. Rountree, T. T.
Eisenhart, J. L. Dempsey, J. Chem. Educ. 2018, 95, 197.

V. Vivier, M. E. Orazem, Chem. Rev. 2022, 122, 11131.

S. B. Aziz, R. T. Abdulwahid, M. H. Hamsan, M. A. Brza, R. M.
Abdullah, M. F. Z. Kadir, S. K. Muzakir, Molecules 2019, 24, 3508.

D. V. Ribeiro, ). C. C. Abrantes, Constr. Build. Mater. 2016, 111, 98.
D. Qu, G. Wang, ). Kafle, ). Harris, L. Crain, Z. Jin, D. Zheng, D. Qu,
G. Wang, |. Kafle, ). Harris, L. Crain, D. Zheng, Z. Jin, Small Methods
2018, 2, 1700342.

Z. Deng, Z. Zhang, Y. Lai, J. Liu, J. Li, Y. Liu, J. Electrochem. Soc. 2013,
160, A553.

© 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

85U8017 SUOWIWOD BA1TE81D 8|qeo! dde 8y} Aq peusenob afe Sa1e O 8sN J0 S9INJ 10} ARIq1T 8UIUO A8|IAN UO (SUOTIPUOD-PUR-SLLIBI WD A8 | M Ake.q Ul |Uo//Sthiy) SUORIPUOD pue swie 1 8y} 89S *[9202/0T/02] Uo Ariqiauljuo A8|iM Py 80UspIAT sUeIy0D Aoxin | Aq T0Z00SZ0Z NSPe/Z00T OT/I0p/W0d" A3 1M AeIq 1 puljuo"peoueApe//:sdny Wwolj pepeo|umod ‘9 ‘SZ0Z ‘98729952


http://www.advancedsciencenews.com
http://www.advsustainsys.com

	High-Entropy Alloys and Oxides as Supercapacitor Electrodes: A Structural and Electrochemical Perspective for Energy Storage
	1. Introduction
	2. Experimental Section
	2.1. The Synthesis of High Entropy Alloys and Oxides
	2.2. Thermodynamic Aspects of HEA as Starting Materials for HEO
	2.3. Characterization Studies of HEA and HEO
	2.3.1. Electrochemical Characteristics and Supercapacitor Performances of HEA and HEO


	3. Results and Discussions
	3.1. Structural Properties
	3.2. Electrochemical Performance
	3.2.1. Effect of Transition Between HEA and HEO on Supercapacitor Electrode Performance


	4. Conclusion
	Supporting Information
	Conflict of Interest
	Author Contributions
	Data Availability Statement

	Keywords


		2025-06-16T12:58:46+0530
	Preflight Ticket Signature




