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Electrode Materials, Supercapacitor

Interfacial Charge-Transfer Enhancement via High-Entropy
Alloy Regulated MXene Heterostructures for Asymmetric

Supercapacitor Applications

Fenhong Song(®, Ruibo Zhang, Wanlong Chu, Zenggiang Tan, Long Ma, Jing Fan*,

Gang Wang, Qi Qi, and Yang Cao*

MXenes exhibit exceptional chemical properties, which are primarily
attributed to their diverse surface functional groups and tunable elemental
composition. Chemical intercalation is commonly used to address interlayer
stacking and improve MXene conductivity. Meanwhile, high-entropy alloys
(HEAs) are a groundbreaking category of materials with broad compositional
flexibility that provide multiple active sites, facilitating electrochemical redox
reactions in supercapacitors. Synergistically combining MXenes with HEAs
offers significant potential for developing advanced energy storage
technologies. Herein, a CrMnFeCoNi-based HEA was successfully synthesized
and doped with a Ti;C,F, MXene through a hydrothermal approach. In a
single-electrode setup with a 1 m potassium hydroxide electrolyte, the
prepared HEA@MXene exhibited an impressive specific capacitance of

872 Fg ' at a current density of 1 A g '. Moreover, an asymmetric device
constructed from this material exhibited an energy density of 72.66 Wh kg’

application. Constructing asymmetric super-
capacitors (ASCs) with advanced electrode
materials is a predominant strategy to simulta-
neously enhance both energy and power
metrics.””] In this context, the performance of
ASCs is fundamentally governed by the intrinsic
properties and structural design of their elec-
trode materials.*)

The design of high-performance supercapa-
citor electrodes necessitates the optimization of
key parameters, including conductivity, specific
surface area, pore structure, and electrochemical
reactivity, to enhance charge—discharge effi-
ciency and stability.”*! In this pursuit, advanced
materials like MXenes and high-entropy alloys
(HEAs) offer a novel design paradigm. MXenes,
for instance, are prized for their excellent metal-

at a power density of 640 W kg~ . Theoretical investigations using density
functional theory (DFT) revealed that HEA integration enhances MXene
conductivity and promotes hydroxide adsorption in solution, thereby

improving supercapacitor performance.

1. Introduction

The escalating demand for high-performance, fast-response energy stor-
age systems has driven extensive research into supercapacitors. These
devices bridge the gap between conventional capacitors and batteries by
offering high power density and long cyde life.'] However, their
relatively low energy density remains a key limitation for broader
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lic conductivity, hydrophilicity, and mechani-
cally robust layered structures that provide
abundant charge storage sites, making them
promising for long-term, stable operation.l*®’
Meanwhile, HEAs, which comprise five or
more near-equimolar elements, leverage their
configurational entropy and “cocktail effect.””"*!
This results in lattice distortion, a homogeneous distribution of
transition metals, and abundant active sites, which collectively
enhance redox kinetics, conductivity, and cyclability.”]

Notably, the great potential of HEAs has been demonstrated in com-
posites with carbon matrices, such as with carbon nanotubes (rHEA-
CNT)M'*'") or graphene oxide (CrCoFeNi-GO),M'?! for enhanced
supercapacitor performance.[m] Parallelly, the high-entropy concept has
been successfully applied to MXenes, leading to materials known as
high-entropy MXenes, which also show promising electrochemical
properties. (1t
Nb, (Tag ¢C3T, high-entropy MXene for utilization in acidic supercapa-
citors. More innovatively, Ti; Vo 7Cr,Nb; oTag ¢C5T, was employed in
zinc-ion hybrid supercapacitors and lithium-ion batteries, achieving
both high capacity and excellent stability.!"® These studies show that
combining high-entropy materials with MXenes can greatly enhance
electrochemical performance.

In the context of MXene-based composites, the integration of transi-
tion metal oxides has been widely investigated to address MXene
restacking and introduce pseudocapacitance: Fe,O3;@Ti;C, composites
realize expanded interlayer spacing and pseudocapacitive contribution
from Fe’*/Fe** redox reactions, yet their specific capacitance is limited

°] Buman et al.['”! successfully synthesized a Ti,; ;V, ,Cry
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t0213Fg " at 0.5 A g~ ,I""T while Bi,O;-decorated MXene nanocom-
posites alleviate layer agglomeration but suffer from insufficient cycling
stability due to weak interfacial bonding between metal oxides and
MXene substrates.””%) Although such MXene-metal oxide systems can
introduce pseudocapacitance and act as interlayer spacers, their perfor-
mance is restricted by the single redox site of metal oxides, easy
agglomeration of oxide nanoparticles, and poor interfacial electron
transfer.[?"! These limitations that HEAs can be potentially overcome via
their multi-element synergistic effect.

However, most prior efforts have focused on integrating HEAs
with carbon matrices or fabricating high-entropy MXenes, and even
the well-studied MXene-metal oxide composites suffer from intrinsic
limitations. In contrast, HEA@MXene integration can construct
unique synergistic heterostructures that surpass both individual com-
ponents and traditional MXene-based composites. In such heterostruc-
tures, MXene scaffolds inhibit HEA nanoparticle agglomeration and
accelerate electron transport, while HEA particles serve as efficient
spacers to mitigate MXene restacking and provide multi-element
redox sites for enhanced pseudocapacitance, thus overcoming the sin-
gle redox site and weak interfacial bonding issues of MXene-metal
oxide systems. Therefore, this highlights the critical need for system-
atic investigations into the rational fabrication of HEA@MXene het-
erostructures and a fundamental understanding of their interfacial
charge-transfer behavior.

This study reports the first synthesis of an HEA@MXene nanohybrid
via a simple, one-pot hydrothermal process for utilization as an
advanced electrode material in ASCs. The highly conductive MXene
served as a scaffold, enabling the nucleation of HEAs and promoting
the formation of a nanosheet structure, which enhanced the conductiv-
ity of the resulting nanohybrid material. In a single-electrode system
with 1 M KOH electrolyte, the HEA@MXene nanohybrid demonstrated
a high specific capacitance of 872 Fg~' at 1 Ag™". The prepared ASC
device exhibited an energy density of 72.66 Whkg™' and excellent
retention at a power density of 640 W kg™ . Finally, DFT was used to
compute the density of states and the differential charge, providing a
detailed analysis of the functionality of this supercapacitor.

2. Results and Discussion

2.1. Structural, Morphological, and Compositional
Characterization

The preparation steps for obtaining HEA@MXene are schematically
shown in Figure 1a. First, the HEA was prepared by induction melting,
and the particle size was refined by high-energy ball milling. Next, the
HEA powder was composited with a single layer of MXene via a hydro-
thermal reaction to obtain the HEA@MXene composite with a
core-shell structure. XRD analysis of the HEA and HEA@MXene sam-
ples is presented in Figure 1b. The distinct diffraction peaks observed at
43.9°, 51.2°, and 75.4° can be indexed to the (111), (200), and
(220) planes of a face-centered cubic (FCC) lattice, respectively. To
unambiguously confirm the formation of a single-phase solid solution,
Rietveld refinement was performed on the XRD pattern (Figure S1,
Table S1, Supporting Information). The refinement results revealed an
excellent fit with the standard card for an FCC-structured
Fep 4906Mng 553Nig 55, alloy (PDF# 04-006-8209). The pronounced
shift in peak positions relative to any pure constituent metal is attrib-
uted to the significant lattice distortion induced by the incorporation of
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multiple principal elements (Cr, Mn, Fe, Co, Ni) with differing atomic
radii. Both the successful refinement against a single-phase model and
the observable peak shifts conclusively demonstrate the formation of a
monophase FCC high-entropy alloy solid solution.*?] A series of
HEA@MXene composites was synthesized via a hydrothermal method
by combining MXene with varying masses (0.02, 0.05, and 0.08 g) of
HEA. Slow-scan XRD patterns collected over 5-10° for the 5-
HEA@MXene (Figure S2a, Supporting Information) composite clearly
show the characteristic diffraction peak of Ti;C,T, MXene, and the XRD
pattern of bare Ti3C, T, after hydrothermal treatment (Figure S2b, Sup-
porting Information) confirms that mild hydrothermal treatment at
180 °C only induces partial surface oxidation of MXene to TiO, with-
out complete structural conversion, as the moderate temperature
restricts oxidation primarily to the surface while preserving the bulk
Ti3C, Ty framework.”*** At low HEA loadings, the composite is domi-
nated by these TiO, peaks derived from MXene oxidation. Only when
the added mass of HEA precursors reaches 0.08 g do obvious diffraction
peaks assigned to high-entropy alloy oxides emerge, indicating the suc-
cessful formation of well-crystallized HEA oxide phases under this
composition.

The FTIR spectra of MXene and HEA@MXene are shown in
Figure 1c. The broad peak at 30003500 cm™ ' was ascribed to the
-OH functional groups on the MXene surface. The H peak near
1630cm™ ' was attributed to H-OH bending vibrations, while the
peaks at 1116 cm™' and 1630 am™ "' corresponded to C-F and C-O
stretching vibrations, respectively. The peak at 625 cm™ ' was ascribed
to Ti-F stretching vibrations (characteristic of MXene materials). In the
FTIR spectrum of HEA@MXene, new peaks at 962 and 504 cm™ ' were
ascribed to metal oxides and metal-fluoride bonds, and the Ti-F bond
peak migrated to 665 cm™'.[**]

Figure 1d shows that BET tests were carried out on the three
HEA@MXene composites. Fach of these materials demonstrates type IV
isotherm characteristics, featuring pronounced H4-type hysteresis loops
across the relative pressure (P/P0) range of 0.4-0.8, indicating a com-
posite pore structure comprising both micropores and slit-like meso-
pores. Among them, the 5-HEA@MXene sample shows the highest
nitrogen adsorption capacity and the most pronounced hysteresis loop,
corresponding to the largest BET specific surface area of 75.09 m” g~ "
This value is considerably higher than those of the 2-HEA@MXene and
8-HEA@MXene samples, which have specific surface areas of only
44.16 and 26.46 m* g~ !, respectively.

The pore size distribution analysis further corroborates these findings
(Figure le). The 5-HEA@MXene sample exhibits a sharp and intense
dv/dD peak in the 2—5 nm mesopore range, signifying a highly con-
centrated and well-developed mesoporous system.” In contrast, the
8-HEA@MXene sample shows a substantially weakened dV/dD peak
and a shrunken hysteresis loop, suggesting that excessive HEA loading
leads to pore blockage or structural collapse, consistent with its drasti-
cally reduced surface area.

As shown in Figure 1f, DOS for HEA, MXene, and HEA@MXene
exceeded 0 at the Fermi level, indicating their metallic conductivity.
Notably, HEA@MXene exhibited significant accumulation near the
Fermi level. To provide a quantitative comparison, the integrated DOS
values near the Fermi level were calculated. The values for pristine
MXene, HEA, and the HEA@MXene composite are approximately 20.0,
43.2, and 67.7 eV, respectively. This clear numerical increase confirms
the enhanced electronic state density in the composite compared to its
individual components. As shown in the partial wave density of states
diagram in Figure 1g, all five metals in the HEA demonstrated strong

© 2026 The Author(s). Energy & Environmental Materials published by
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Figure 1. a) Schematic diagram showing preparation of HEA@MXene; b) powder XRD patterns of HEA, MXene, and HEA@MXene; c) FTIR spectra; d) N,
adsorption—desorption isotherms of HEA@MXene; e) pore size distributions of HEA@MXene; f) DOS of HEA@MXene; g) partial density of states.

electrical conductivity in the HEA@MXene composite, indicating their
practical contributions to the conduction of electrons. The d orbitals of
cobalt offer higher electronic states than those of other metals, thereby
enhancing the overall conductivity of the composite.””] The DOS
values of a material reflect its energy-storage capacity and electronic-
transport performance. When the HEA@MXene heterostructure was
formed, the arrangement and interaction patterns of the electronic
energy levels significantly affected the overall DOS, which was higher
than those of HEA and MXene. This significantly impacted their electri-
cal conductivity.

HEA, MXene, and HEA@MXene samples were analyzed by SEM,
as shown in Figure 2a. After etching, the MXene sample showed a
clear lamellar structure, with the MXene lamellae appearing as
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relatively complete monolayers. As shown in Figure 2b, the prepared
HEA particles had irregular shapes with smooth surfaces. Figure 2c—f
shows a low-magnification SEM image of HEA@MXene; it clearly
shows HEA particles wrapped by MXene nanosheets, visually
confirming a core-shell heterostructure. Figure 2f shows a higher-
magnification view of a single particle, confirming the core-shell
structure of HEA@MXene, with HEA cores encapsulated by MXene
sheets. This well-defined architecture was consistently observed in the
2-HEA@MXene and S-HEA@MXene samples, where the MXene
sheets effectively wrapped the HEA particles. In contrast, the 8-
HEA@MXene sample (Figure 2d) exhibited compromised morphol-
ogy; the MXene surface showed notable wrinkles, and some of
the HEA particles had detached. Based on the laser particle size

© 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 2. a) SEM images of MXene, b) HEA, c) 2-HEA@MXene, d) 8-HEA@MXene, e, f) 5-HEA@MXene; g) elemental mapping of 5-HEA@MXene for Ti, Cr,

Mn, Fe, Co, and Ni, and h) EDS patterns image of 5-HEA@MXene.

distribution analysis (Figure S3, Supporting Information), the
HEA@MXene composite exhibits a broad size distribution ranging
from sub-micron to several hundred microns. The differential volume
curve shows a sharp primary peak centered around 9.66 pm, indicat-
ing that the majority of the material consists of fine particles within
an optimal range for electrode fabrication. A secondary, broader pop-
ulation is observed in the larger size regime. This bimodal distribu-
tion is advantageous for electrode performance, where the fine
particles provide a high active surface area, and the coarser particles
contribute to improved packing density and beneficial porosity in the
elecrode film, thereby facilitating electrolyte infiltration and ion
transport.[*®!

EDS was performed to investigate the elemental distribution and
atomic ratios in the 5-HEA@MXene composite. As shown in
Figure 2g, the elemental maps confirm the uniform distribution of
Ti, Cr, Mn, Fe, Co, and Ni across the nanospheres. Further quantita-
tive analysis (Figure 2h) reveals an atomic ratio of approximately

Energy Environ. Mater. 2026, 0, e70426

4 of 11

3:3:1:1:1:1 for these elements. This result confirmed the successful
incorporation and homogeneous dispersion of the high-entropy
alloy components within the composite matrix. Figure S4, Support-
ing Information shows a uniform distribution of Ti, C, and O on
the surface while the layered MXene structure is preserved, confirm-
ing the surface generation of TiO, without damaging the MXene
framework.

The XPS survey spectra of HEA and HEA@MXene are shown in
Figure 3a, confirming the presence of all five HEA elements.”””] The Cr
2p spectra in Figure 3b showed peaks at 577.50€V (2p;,,) and
586.50 €V (2p;,,) corresponding to Cr’* species.*°! The Mn 2p spec-
trum was deconvoluted into contributions from Mn®** and Mn** spe-
cies, with the Mn 2p3/2 and Mn 2p1/2 peaks located at 642.50 eV
and 654.50 eV.*!] The Fe 2p spectra in Figure 3d showed peaks at
710.25 eV and 713.03 eV representing Fe** and Fe** oxidation states,
respectively, and a satellite peak was located at 717.66 eV.1**! Therefore,
these samples had mixed iron valence states. The Co 2p spectra in

© 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 3. XPS analysis of HEA and HEA@MXene: a) survey, b) Cr 2p, c) Mn 2p, d) Fe 2p, e) Co 2p, and f) Ni 2p spectra, g) Ti 2p, h) C 1s, i) O 1s.

Figure 3e showed broad peaks at 780.79 corresponding to Co’*.[**!

Similarly, the Ni 2p spectra in Figure 3f showed peaks at 855.50 eV
ascribed to the Ni**
firmed the integrity of the MXene support. The Ti 2p spectrum
(Figure 3g) showed a dominant peak at approximately 455.0 eV, attrib-
utable to the Ti-C bond, which is a definitive signature of the MXene
structure.**) The C 1s spectrum (Figure 3h) could be fitted with com-
ponents including C-C (284.80 eV), C-O (286.20 ¢V),F**) and criti-
cally, C-Ti (281.90eV), the latter further corroborating the Ti-C
bonding within MXene. The O 1s spectrum (Figure 3i) displayed peaks
corresponding to surface oxygen-containing functional groups such as
-OH and metal-O, typical of MXene.®] Collectively, these XPS results
demonstrate the successful integration of multivalent HEA with the
structurally preserved MXene support. Detailed peak-fitting parameters
and quantitative atomic percentages for all detected elements (Cr, Mn,

oxidation state.**] Furthermore, the analysis con-
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Fe, Co, Ni, Ti, C, and O) are provided in Tables S2-S9, Supporting
Information.

2.2. Electrochemical Performance

The supercapacitor performance of the HEA@MXene electrode was
studied in 1 M KOH solution. The CV curves of the different HEA@M-
Xene electrodes measured at 100 mVs ™' are presented in Figure 4a.
All samples exhibit quasi-rectangular shapes, characteristic of capacitive
behavior. Notably, the 5-HEA@MXene electrode demonstrates the larg-
est integrated area under the CV curve, indicating superior charge stor-
age capacity. This enhanced performance is primarily attributed to its
well-developed porous architecture, wherein the abundant micropores
provide a high density of active sites for ion adsorption, thereby

© 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 4. Electrochemical analysis of HEA@MXene electrode: a) CV curves for 2-HEA@MXene, 5-HEA@MXene, and 8-HEA@MXene; b) CV curves of 5-
HEA@MXene at different sweep speeds; c) log (1) versus log(v) plot; d) contribution of diffusion control and surface control to overall charge storage
behavior at 20mV's™; e) contribution of Q, and Qq at different scan rates; f) GCD curves for 2-HEA@MXene, 5-HEA@MXene, and 8-HEA@MXene; g) GCD
curves of 5-HEA@MXene at different current densities; h) Nyquist plot for the three-electrode system; i) cyclic stability in three-electrode system; j) work
function diagram; k) differential charge density diagram; I) comparison chart of adsorption energy changes.

contributing to its outstanding capacitive properties.[39] Figure 4b  shape was observed, indicating electric double-layer capacitance (EDLC)
shows the CV curves of HEA@MXene from 0.0 to 0.6 V at scan rates of ~ and pseudocapacitance charge-storage mechanisms. The original curve
5-100mVs '. Good chemical stability was observed within this  shape was maintained across all scan rates, suggesting good reversibil-
potential window (anhydrous splitting). A typical distorted rectangular ~ ity. Moreover, the CV curve area and current distribution increased
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with increasing scan rate, indicating the notable contribution of pseu-
docapacitance to the electrochemical charge storage properties of this
electrode. The charge storage capacity of pseudocapacitive materials can
be effectively characterized by a power-law relationship,*”! as shown
in Equation (1):

I=a (1)

The parameters a and b are adjustable constants used to characterize
the charge-storage kinetics of electrode materials. This kinetic relation-
ship can be categorized into two primary mechanisms: surface-
controlled dynamics (I~v) and diffusion-controlled dynamics
(1=v~'"?), which collectively govern the electrochemical performance
of Faraday electrodes.'*') The value of parameter “b” typically ranges
from 0.5 to 1. As shown in Figure 4c, the HEA@MXene electrode had
a b value of 0.68 at a potential of 0.5 V. This suggested that the mecha-
nism for charge storage in the HEA@MXene electrode included both
surface-controlled rapid Faradaic reactions and slower pseudocapacitive
redox reactions driven by diffusion.**) Specifically, the intercalation
and deintercalation of K* ions in HEA@MXene occurred through mul-
tivalent reactive sites, which were distributed across the surface and
internal regions of the electrode. This significanty enhanced its specific
capacitance performance.*’]

The significant pseudocapacitive properties of HEA@MXene mate-
rials during charge storage can be ascribed to their unique mesopor-
ous structures. In addition to shortening ion diffusion pathways,
these mesoporous structures also mitigate volume expansion associ-
ated with the insertion and withdrawal of ionic species, thereby fur-
ther enhancing ion transport.** Simultaneously, the effective contact
area between the electrode and electrolyte is enhanced, further boost-
ing charge storage efficiency. In summary, the nanostructured
HEA@MXene design provided this electrode with suitable porosity,
enhancing its performance. Notably, HEA@MXene showed a signifi-
cantly improved specific capacitance and enhanced ion transport
capacity.

At low scan rates, electrolyte ions interact extensively with electrode
materials and can penetrate deeply into their internal regions, where
they engage in redox reactions at polyvalent active sites. This behavior,
primarily driven by intercalation/deintercalation dynamics between
conductive K* ions and the electrode surface, results in a heightened
current response dominated by diffusion-controlled mechanisms. Nota-
bly, at a scan rate of 20mV s~ the contributions of diffusion-
controlled and surface-controlled mechanisms to the charge storage
behavior of HEA@MXene were 44.7% and 55.3%, respectively, as
depicted in Figure 4d,e. This suggests that the electrolyte ions were
engaged in slower, diffusion-controlled processes, thereby augmenting
the charge storage capacity. As the scanning rate increased, the interac-
tion time between the electrolyte ions and the electrode decreased, lim-
iting diffusion control and favoring the surface-controlled mechanism.
Overall, the delicate balance between diffusion control and surface con-
trol enabled HEA@MXene to exhibit outstanding charge storage capa-
bilities across various scan rates.

Figure 4{ displays GCD curves of HEA@MXene composites with dif-
ferent HEA contents. The GCD profiles reveal that the 5-HEA@MXene
sample exhibits high reversibility and a notably longer discharge time,
demonstrating excellent electrode conductivity. To further investigate
the electrochemical performance of the 5-HEA@MXene electrode mate-
rial, GCD measurements were performed within the potential window
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of 0-0.6 V at current densities ranging from 0.8 to 5 A g_l, as shown
in Figure 4g. The charge-storage properties of HEA@MXene were
influenced by capacitive effects and Faraday redox reactions acting
together rather than by Faraday reactions alone. At a conservative cur-
rent density of 0.8 A g~ ', the material demonstrated an impressive spe-
cific capacitance of 893 F gfl, HEA@MXene still retained 78.9% of its
initial specific capacitance, confirming its good electrochemical
performance.

Figure 4h compares the Nyquist plots of HEA@MXene composites
with different HEA contents. The 5-HEA@MXene sample exhibits the
most favorable charge transport characteristics. Equivalent circuit fitting
reveals the smallest semicircle diameter in the high-frequency region,
corresponding to a charge-transfer resistance (Ry) of only 0.454 €,
indicating the lowest interfacial charge-transfer resistance.”** In com-
parison, the R, values for 2-HEA@MXene and 8-HEA@MXene are
0.939 Q and 1.678 Q, respectively. This trend clearly demonstrates the
optimal synergistic effect between HEA and MXene, achieved in the 5-
HEA@MXene composition.

The capacity retention of HEA@MXene was evaluated through con-
secutive GCD cycles at 2 A g~ ', as shown in Figure 4i. After
10 000 cycles, approximately 83.85% of the initial capacity was
retained. To comprehensively assess the rate capability and long-term
stability, further cycling tests were conducted at a higher current den-
sity of 5 A g~ ' for 10 000 cycles (Figure S5, Supporting Information).
The detailed capacitance retention percentage and Coulombic efficiency
at intervals of 1000 cycles under different current densities are summa-
rized in Table S10, Supporting Information. FESEM images of the
coated electrode before and after 10 000 GCD cycles at 5 A g~ " are
shown in Figure S6, Supporting Information. It is observed that a
hydroxide layer was grown on the original morphology of HEA, while
the underlying structural integrity of the particles was not significantly
disrupted. This indicates remarkable morphological stability even after
prolonged cycling, which is consistent with the high capacity retention.
The work function is a physical quantity describing the attraction or
repulsion of electrons on a material surface. As shown in Figure 4j,
HEA@MXene exhibited a low work function, indicating an enhanced
ability to transfer electrons from the electrode to the electrolyte.!** This
accelerated charge transfer is associated with redox reactions, leading to
a pronounced boost in pseudocapacitance and overall enhanced super-
capacitor performance.[*”]

The differential charge density analysis in Figure 4k reveals a local-
ized charge accumulation at the MXene-HEA interface, indicative of a
specific and stable electron interaction. The presence of a charge trans-
fer of 0.155 e~ across the interface confirms a moderate yet robust
bonding configuration. This optimized interfacial electronic structure
contributes to the excellent mechanical and electrochemical stability of
the electrode, effectively mitigating degradation during prolonged
cycling and ensuring outstanding capacity retention. Moreover,
adsorption is a fundamental step in electrochemical reactions, and the
binding capacity between the electrode material and electrolyte ions
directly governs its electrochemical performance. The adsorption ener-
gies of OH™ ions on the pristine MXene and the HEA@MXene com-
posite were calculated to be 0.35 and —2.10eV, respectively, as
summarized in Figure 4l. The significantly more negative adsorption
energy of the composite indicates a thermodynamically favorable,
stronger binding interaction with OH™ ions, further demonstrating
that the formation of a heterojunction enhances the electrode mate-
rial’s affinity toward the electrolyte.

© 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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2.3. Performance of ASC

ASC was fabricated using HEA@MXene as the cathode and activated
carbon (AC) as the anode to evaluate further HEA@MXene's perfor-
mance (Figure 5a). Figure 5b shows the CV curves of this HEA@MXe-
ne//AC device, obtained at 30 mVs ™" over different voltage windows,
with stable operation and no discontinuities observed. Thus, the device
operated up to 1.6V. Next, CV curves were obtained over 5-—
100 mV s~ " within the stable voltage window of 0-1.6 V, as shown in
Figure 5c. These CV curves maintained their near-rectangular shape
with no signs of electrolyte decomposition. The unmistakable features
in the CV curves indicated that the HEA material exhibited clear pseudo-
capacitive behavior. GCD tests were carried out from 0.8 to 1.6 V at a
rate of 2 A gfl, and as depicted in Figure 5d, there were no sharp
spikes or interruptions in the data. Figure 5e demonstrates that the

composite delivered a specific capacitance of 204.35F g ' at 0.8 A g~
1

and maintained 71.4% capacitance retention at 5 A g~ ', as measured

from GCD curves over the range 0.8-5 A g~ '. The Nyquist plot of the
ASC device is depicted in Figure 5f. The fitting results showed R and R,
values of 3.372Qcm > and 0.807 Qcm %, respectively. After
10 000 cydles, the value of R; slightly increased by 0.37 Q cm™?, while
the change in R, was negligible.

The energy and power densities of the ASC were evaluated using

Equations (2) and (3), respectively.[***"]
I)Vvdt
E= —3f6 (2)
.6m
E
== 3)

At power densities of 0.64, 0.80, 1.20, 1.60, 2.40, and
4.00 kagfl, the ASC had energy densities of 72.66, 65.51, 59.25,
59.16, 47.87, and 46.78 Whkg™', respectively. Among high entropy-
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based supercapacitive materials, FeNiCoMnMg HEA-NPsACNFs!*"]
exhibit an energy density of 21.7 Wh kgfl. Furthermore, when com-
pared with various reported asymmetric supercapacitors, such as 3D-F-
NCO@Nf//IPD-C  (43.71 Whkg™' at 800 Wkg™'),°’" Fe,0,-C
(23.30 Whkg™" at 750 Wkg™"),[°*! the performance advantage of the
HEA@MXene//AC device is evident. The Ragone diagram in Figure 5g
consolidates this comparison, clearly demonstrating that this asymmet-
ric supercapacitor outperforms both the pristine HEA material and typi-
cal metal oxide-based counterparts in terms of energy and power
density. The corresponding performance comparison is summarized in
Table S11, Supporting Information. This indicates that the HEA asym-
metric supercapacitor has a higher energy storage capacity and a faster
rate of energy release, making it potentially more suitable for high-
power applications that demand long-term stability.

The cycling performance of the ASC was evaluated through consecu-
tive GCD cydles at 5 A g~ ', as depicted in Figure Sh. During the first
1500 charge/discharge cycles, the capacitance retention gradually
declined to 95.32%. A steady decline in capacitance was observed from
3000 to 5000 cycles, with a capacitance retention of 92.61%. Com-
pared to typical oxide structures, the HEA@MXene electrode exhibited
a higher mass loading due to its predominantly metallic matrix. After
several cycles, the electrode structure degraded slightly, but stability
was maintained throughout the process. After 10 000 cycles, 80.68%
of the capacitance was retained.

3. Conclusions

This study reports a novel electrode material comprising HEA and
MXene to enhance the energy density of supercapacitors. In a single-
electrode setup with a 1 M potassium hydroxide aqueous electrolyte,
HEA@MXene achieved a specific capacitance of 872Fg ™' at 1 A g™ ',
indicating its exceptional performance. DFT calculations revealed that
incorporating HEA significantly increased the DOS near the Fermi level,
promoted interfacial charge transfer, and enhanced the adsorption
energy of OH ™ ions, thereby explaining the enhanced electrochemical
performance. An asymmetric supercapacitor assembled using HEA@M-
Xene demonstrated exceptional performance, with an energy density of
72.66 Whkg™' at a power density of 640 Wkg™'. This asymmetric
supercapacitor also demonstrated stable cycling performance during
continuous charge—discharge at 5 A g~ ', retaining approximately
80.68% of its capacity after 10 000 cycles. The mild synthesis condi-
tions, tunable morphology, and enhanced regulation of electronic
structure offer new insights into the design of high-performance elec-
trode materials for next-generation supercapacitors via high-entropy
alloy integration.

4. Experimental Section

Preparation of HEA@MXene: Commercially available anhydrous chromium
trichloride (CrCls), anhydrous manganese chloride (MnCl,), anhydrous ferric chlo-
ride (FeCls), cobalt trichloride hexahydrate (CoCl,-6H,0), anhydrous nickel chlo-
ride (NiCl,), acetylene black, lithium fluoride, hydrofluoric acid (5 wt%), and N-
methyl-2-pyridone (NMP) were purchased from Shanghai Maclin Biochemical
Co, Ltd. MAX powder (300 mesh) was purchased from FoShan XinXi Technology
Co, Ltd. All chemicals were of analytical grade and did not require further
processing.

Synthesis of HEA: Cr-Mn-Fe-Co-Ni HEA was prepared by sealed induction
melting using CrCls, MnCl,, FeCls, CoCl,-6H,0, and NiCl, as raw materials®> A
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0.2 mmol equimolar mixture of chromium, manganese, iron, cobalt, and nickel
was sealed under argon and induction melted at 1350 °C. The resulting ingot was
melted and solidified several times to achieve uniformity. To achieve further
homogenization, the product was calcined at 800 °C for 3 hours in a tube fur-
nace, with a heating rate of 5°C min~" under a continuous N, flow.

Preparation of HEA@MXene: Ten miilliliters of MXene (~5 mgmL™") was cen-
trifuged at 6000 rpm for 10 min to collect the precipitate. The MXene precipitate
was then added to 20 mL of deionized water and magnetically stirred for 10 min.
Next, 0.75 mL of a 1 m HCl solution was added, and stirring was continued for an
additional 30 min until the mixture turned into a clear, transparent, light-yellow
solution (with a pH of approximately 2). Aliquots of the resulting solution were
transferred to 100 mL Teflon-lined autoclaves, followed by the addition of 0.02,
0.05, and 0.08 g of HEA powder (corresponding to HEA-to-MXene mass ratios of
approximately 0.4:1, 1:1, and 1.6:1, respectively, based on 0.05g of MXene). The
suspensions were then sonicated for 30 min, and the hydrothermal reaction was
performed at 180 °C for 24 h.

After naturally cooling to room temperature, the black products were col-
lected by centrifugation at 8000 rpm for 10 min. The collected precipitates were
sequentially washed three times with 0.1 m HCl solution (20 mL each), deionized
water (20 mL each, until the supernatant reached pH ~ 6), and anhydrous etha-
nol (20 mL each) to remove residual ions and by-products. Finally, the purified
solids were transferred to a vacuum drying oven and dried at 60 °C for 12 hours,
yielding the final products denoted as 2-HEA@MXene, 5-HEA@MXene, and 8-
HEA@MXene, corresponding to the initial HEA mass added.

Material characterization: Crystal structures were analyzed via X-ray dif-
fraction (XRD) using a Panalytical Empyrean diffractometer with Cu Ko radia-
tion within the 20 range of 5° to 80°. The morphologies and elemental
distributions of the samples were evaluated using scanning electron micros-
copy (SEM) on an Apreo 2C. Elemental composition and valence states were
studied using X-ray photoelectron spectroscopy (XPS) with a Thermo ESCA-
LAB 250Xi. Nitrogen adsorption—desorption analysis was used to obtain the
Brunauer—-Emmett—Teller (BET) specific surface area and pore structure of the
materials. Fourier transform infrared spectroscopy (FTIR) was utilized to study
surface functional groups.

Electrochemical measurements: The electrochemical evaluation of the super-
capacitor materials was performed on a Metrohm instrument. Each electrode
was prepared with 80% active material (HEA@MXene powder), 10% carbon black
as the conductive agent, and 10% PVDF as the binder. These components were
combined into a slurry using N-methyl-2-pyrrolidone (NMP) as a solvent. The
slurry was ground with a mortar and then sonicated for 30 min to achieve unifor-
mity. Next, the slurry was coated onto pre-cleaned (acetone-washed) nickel foam
sheets (1 2 cm? area, 0.2 mm thickness), and the sheets were dried overnight at
60 °C under vacuum. A three-electrode system was utilized for the electrochemi-
cal tests. The coated nickel foam was used as the working electrode, an Ag/AgCl
electrode served as the reference, and a platinum wire functioned as the counter
electrode. The mass of active material (HEA@MXene) coated on each nickel foam
electrode was approximately 2.0 mg. All specific capacitance, energy density, and
power density values reported are calculated based on the mass of the active
material.

Computational methodology: DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP)5 The electron projection aug-
mented wave (PAW) pseudopotential was used to describe electron-ion interac-
tions. The Perdew—Burke—Ernzerhof (PBE) generalized gradient approximation
(GGA) was adopted to describe electron exchange and correlation effects*) A
Monte Carlo special quasirandom structure (MCSQS) was used to avoid extreme
asymmetry or highly repetitive structures by randomly assigning different ele-
ments to different lattice positions, while ensuring that the local structure of the
system changed regularly.[“] The Monte Carlo method was used to optimize the
structure, ensuring that the atomic arrangement reached thermodynamic equilib-
rium. With this method, various configurations were effectively simulated, yielding
stable, low-energy structures. In simulations examining hydroxyl adsorption, a
15 A vacuum layer was introduced along the c-axis to avoid interactions between
adjacent layers. The Brillouin zone at the R point was utilized to monitor
nanocluster relaxation. For DOS calculations, a 6 X6 X 1 Monkhorst-Pack grid
was used. An energy cutoff of 500 eV was used for plane-wave selection. The con-
jugate gradient method was iterated until convergence, with the energy and force
criteria reaching 1075 eV and 001 eV A", respectively.

© 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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