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Abstract

High-entropy oxides (HEOs) have emerged as promising electrode materials for
supercapacitors owing to their compositional tunability, robust crystal structures, multicomponent
synergistic effects, and excellent structural stability. In this work, spinel-type (FeCoMnCuZn);04
HEO was synthesized via a facile coprecipitation strategy followed by air calcination. The effects
of precipitant type and Na,CO;3; dosage on the phase structure, particle morphology, elemental
distribution, surface valence states, and electrochemical performance were systematically
investigated. The sample prepared with 10 mmol Na,COs exhibited a single-phase spinel structure,
relatively high crystallinity, uniform nanoparticle morphology, and homogeneous multimetal
elemental distribution. XPS analysis confirmed the coexistence of multivalent Fe, Co, Mn, and Cu
species, together with oxygen-vacancy-related defects, which are beneficial for charge transfer and
reversible Faradaic reactions. Benefiting from the optimized microstructure and compositional
synergy, the 10 mmol electrode delivered a specific capacitance of 416.4 F g at 1 A g!' and
retained 207.4 F g! at 20 A g'. Furthermore, an asymmetric supercapacitor assembled using
(FeCoMnCuZn)304 as the positive electrode and activated carbon as the negative electrode

operated stably within a 1.4 V voltage window, achieving an energy density of 46.94 Wh kg'! at



750 W kg'! and maintaining 12.06 Wh kg at 15000 W kg''. After 5000 cycles at 5 A g, a
capacitance retention of 87.23% was retained. This work demonstrates that precipitant-dosage
regulation is an effective strategy for optimizing the microstructure and electrochemical
performance of high-entropy spinel oxides.
Keywords: Supercapacitors; High-entropy oxides; Spinel structure; Coprecipitation; Sodium
carbonate
Introduction

The rapid development of renewable-energy systems, portable electronic devices, and electric
vehicles has created an increasing demand for electrochemical energy-storage devices with high
power density, rapid charge/discharge capability, long cycle life, and reliable safety [1][2].
Supercapacitors have attracted extensive attention because they bridge the performance gap
between conventional dielectric capacitors and rechargeable batteries. According to their
charge-storage mechanisms, supercapacitors are generally classified as electric double-layer
capacitors, pseudocapacitors, and hybrid/asymmetric supercapacitors [3]. Among these systems,
pseudocapacitive and hybrid devices are particularly attractive because reversible Faradaic
reactions can provide higher capacitance and energy density than pure double-layer charge storage.
However, the relatively low energy density and insufficient cycling durability of many electrode
materials still hinder practical application. Therefore, the design of advanced electrode materials
with abundant redox-active sites, rapid ion/electron transport pathways, and stable crystalline
structures remains essential for high-performance supercapacitors [4][5].

Transition-metal oxides, sulfides, nitrides, phosphides, and carbon-based composites have

been widely explored as supercapacitor electrode materials because of their tunable compositions



and diverse charge-storage behaviors [6]. In particular, transition-metal oxides can store charge
through reversible surface or near-surface redox reactions. Nevertheless, conventional
single-metal and binary oxides often suffer from poor intrinsic conductivity, limited active sites,
insufficient phase stability, and structural degradation during repeated charge/discharge processes
[5]. High-entropy materials provide a promising strategy for overcoming these limitations by
incorporating multiple principal elements into a single-phase solid-solution structure. Their high
configurational entropy, lattice distortion, sluggish diffusion effect, and cocktail effect can endow
electrode materials with enhanced structural stability, tunable electronic structures, and multiple
redox centers [7][8].

Among various high-entropy materials, spinel-type high-entropy oxides are particularly
suitable for supercapacitor applications because their AB»O4 frameworks can accommodate
multiple transition-metal cations at both tetrahedral and octahedral sites. The coexistence of
multivalent metal species, such as Fe*'/Fe3*, Co?"/Co*", Mn**/Mn*’, Cu?*/Cu*, and Zn?*, can
facilitate reversible Faradaic reactions in alkaline electrolytes. Meanwhile, oxygen vacancies
generated by charge compensation may serve as additional electroactive sites and accelerate
charge transfer. However, the electrochemical performance of high-entropy spinel oxides is
strongly dependent on the synthesis strategy, precursor homogeneity, particle size, crystallinity,
pore structure, and surface chemical state [9]. Therefore, sol-gel [17,18,19,20], coprecipitation
[11,12,13], hydrothermal [14,15,16], solid-state, combustion, spray-pyrolysis, template-assisted,
and chemical-vapor-deposition methods have been developed to regulate the microstructure and
electrochemical kinetics of HEOs [21,22,23].

Several representative HEO systems have recently been reported for supercapacitor



applications. Talluri et al. synthesized spinel-type (CoCrFeMnNi);O4 nanoparticles by a
reverse-coprecipitation method and demonstrated their potential as pristine spinel HEO electrodes;
the electrode delivered 239 F g at 0.5 A g! and retained 76% of its initial capacitance after 1000
cycles [24]. Zhang et al. prepared HEO electrodes by a dealloying method, achieving a specific
capacitance of 639 F g' at 1 A g' with 80.77% capacitance retention [25]. Yin et al.[26]
introduced polyethylene glycol as a pore-forming agent to construct porous (FeCoCrMnNi)304
high-entropy ceramic powders with a specific surface area of 92.76 m? g!; the optimized electrode
delivered 204 F g! at 0.5 A g’!, and the assembled asymmetric device achieved 53 Wh kg at
400.8 W kg!.

In addition to spinel oxides, other high-entropy structures and morphology-control strategies
have been investigated. Wang et al. developed a MOF-gel method to synthesize porous
La(Mng 2Feo2Co0.2Nip2Cug2)O3 high-entropy perovskite nanoparticles with abundant mesopores;
the optimized electrode exhibited 609.3 F g! at 1 A g!, and the assembled solid-state HEO//AC
device delivered 31.2 Wh kg! with 84.2% capacitance retention after 10000 cycles [27]. Arun and
Jacob investigated spinel-type (MnFeCoNiZn);04 nanoparticles for supercapacitor applications,
confirming the feasibility of Zn-containing HEO electrodes [28]. Despite these advances, several
issues remain unresolved. First, many high-performance HEOs are based on Cr~ and/or
Ni-containing systems, whereas Fe-Co-Mn-Cu-Zn spinel compositions remain insufficiently
investigated. Second, although template-assisted, MOF-derived, and surfactant-assisted strategies
can effectively tailor pore structures, they usually require additional organic templates, multistep
processing, or relatively complex synthesis conditions [27,33]. Third, although the importance of

precipitant selection has been recognized [29,30], the influence of carbonate dosage on precursor



precipitation, crystallinity, particle growth, elemental homogeneity, and electrochemical behavior
has not been fully clarified. Either excessive or insufficient CO3* concentration may alter the
coprecipitation rates of different metal ions, thereby affecting precursor uniformity, final oxide
crystallinity, and ion-accessible active sites. Therefore, optimization of the carbonate precipitation
process provides a simple and effective approach for tuning high-entropy spinel oxide electrodes.

In this work, spinel-type (FeCoMnCuZn);04 HEO was synthesized by a coprecipitation
method, and the effects of precipitant type and dosage on the structural characteristics and
electrochemical performance of the as-prepared HEOs were systematically investigated. An
asymmetric supercapacitor assembled with the optimized HEO as the positive electrode and
commercial activated carbon (AC) as the negative electrode exhibited favorable capacitance,
energy-density, and power-density performance.2. Experimental Section
2.1 Materials

Ferric sulfate hydrate (Fex(SOa4)3:7H20), cobalt sulfate heptahydrate (CoSO4 7H20),
manganese sulfate monohydrate (MnSO4-H20), copper sulfate pentahydrate (CuSO4-5H>0), zinc
sulfate heptahydrate (ZnSO4-7H>0), sodium carbonate (Na,CO3), sodium hydroxide (NaOH), and
sodium bicarbonate (NaHCO3) were used as received without further purification. The exact
hydrate state and purity of each metal salt should be verified and reported according to the
supplier information.
2.2 Synthesis of (FeCoMnCuZn)304

Equimolar amounts of Fe, Co, Mn, Cu, and Zn salts (1 mmol for each metal ion) were
dissolved in deionized water under magnetic stirring to form a homogeneous mixed-metal solution.

For precipitant screening, Na,CO3, NaHCOs3, or NaOH was slowly added to the solution at a



precipitant/total-metal-cation molar ratio of 2:1 to initiate coprecipitation. For Na2COs-dosage
optimization, the Na,COs/total-metal-cation molar ratios were adjusted to 1.8:1, 2.0:1, and 2.2:1,
corresponding to Na,COs additions of 9, 10, and 11 mmol, respectively. After standing for 12 h,
the precipitates were collected by centrifugation, washed repeatedly to remove soluble impurities,
and dried to obtain precursor powders. The obtained precursors were calcined in air at 900 °C for
2 h in a muffle furnace and then naturally cooled to room temperature. The final products were
ground into fine powders for subsequent structural and electrochemical characterization.
2.3 Characterization

The crystal structures of the samples were analyzed by X-ray diffraction (XRD) using a
PANalytical Empyrean diffractometer with Cu Ko radiation (A = 1.54056 A) operated at 45 kV
and 40 mA. Diffraction patterns were recorded over a 20 range of 10-80° at a scanning rate of 5°
min!. The particle morphology, size distribution, agglomeration state, and microstructure were
observed using a Zeiss SUPRA 55 field-emission scanning electron microscope (SEM).
Transmission electron microscopy (TEM), high-resolution TEM (HRTEM), selected-area electron
diffraction (SAED), and energy-dispersive X-ray spectroscopy (EDS) mapping were performed
using a JEOL JEM-2100F field-emission transmission electron microscope. X-ray photoelectron
spectroscopy (XPS) was conducted on an ESCALAB 250Xi spectrometer to determine the surface
elemental composition and chemical valence states.
2.4 Electrochemical measurements

Nickel foam substrates were sequentially ultrasonicated in hydrochloric acid, absolute
ethanol, and deionized water for 10 min each to remove surface contaminants. After drying, the

initial mass was recorded as mj. The HEO powder, BP2000 carbon black, and



polytetrafluoroethylene (PTFE) emulsion were mixed at a mass ratio of 8:1:1 and ground into a
homogeneous slurry. The slurry was coated onto nickel foam and dried at 60 °C for 12 h. The
mass of the dried electrode was recorded as m;, and the effective active-material loading was
calculated as M = (ms - m;) x 0.8. The active-material loading was approximately 2 mg cm™. The
coated nickel foam was pressed with a nickel tab at 10 MPa before electrochemical testing.
Electrochemical measurements were carried out using a three-electrode configuration with
the as-prepared electrode as the working electrode, a Hg/HgO electrode as the reference electrode,
and a platinum mesh as the counter electrode. An asymmetric supercapacitor (ASC) was
assembled using the HEO electrode as the positive electrode, activated carbon as the negative
electrode, 2 M KOH as the electrolyte, and a cellulose membrane as the separator. Cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) were used to evaluate the electrochemical performance.In the three-electrode
and two-electrode systems, the calculation formulas for specific capacitance C (F g') are

respectively [30]
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In the formula, m is the mass of the active material (g), I is the discharge current (A), At is

the discharge time (s), and AV is the voltage range (V).

The energy density (E) and power density (P) are calculated according to Equation [31].
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In the equation, E, P, C, AV, and At represent the energy density (Wh kg!), power density (W



kg), specific capacitance (F g'), voltage window (V), and discharge time (s) of the ASC,
respectively.

To investigate the diffusion of ions and electrons during the charge-discharge process, the
relationship between the peak current (i) of the anode and cathode and the scan rate (v) can be
derived using the following formula [32]:

i=avP &)
logi=loga+blogv (6)

Among them, i is the current density (A g'), v is the scan rate (mV s!), and a and b are
adjustable parameters. The value of b can be calculated from the slope of the linear plot. The
contributions of the capacitive effect and the diffusion-controlled process to the scan rate can be
calculated according to the following formula [33]:

1
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where ki represents the capacitive effect, and ko represents the diffusion effect.
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Figure 1. Schematic diagram of the synthesis strategy for porous HEOs.

3. Results and Discussion

XRD analysis shows that the (FeCoMnCuZn)3;04+ HEOs prepared with different precipitants

exhibit a single-phase spinel structure consistent with the PDF#34-1400 standard card, without

detectable impurity phases. Diffraction peaks located at 26 values of 18.3°, 30.1°, 35.4°, 37.1°,

43.1°, 53.4°, 57.0°, and 62.6° are indexed to the (111), (220), (311), (222), (400), (422), (511), and



(440) planes of the spinel structure, respectively. As shown in Fig. 2(a), the sample prepared using
Na,COs exhibits stronger and sharper diffraction peaks than those prepared with NaHCO3; and
NaOH, indicating improved crystallinity. When the Na,COj3 dosage is varied, the 10 mmol sample
shows the strongest diffraction intensity and the narrowest full width at half maximum for the
main (311) peak, suggesting the highest crystallinity. In contrast, the 9 mmol sample shows
weaker and broader peaks, probably because insufficient precipitant leads to incomplete metal-ion
precipitation and poorer precursor homogeneity. Increasing the Na,CO3 dosage to 11 mmol does
not further improve crystallinity, which may be attributed to excessively rapid precipitation at high

COs* concentration, leading to less uniform multication dispersion in the precursor.
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Figure 2. (a) XRD patterns of (FeCoMnCuZn)304 prepared with different precipitants. (b) XRD patterns of
samples with different NaoCO3 addition amounts.
SEM images of the samples prepared with different Na,CO3 dosages are shown in Fig. 3. At
9 mmol, irregular particles with a broad size distribution and pronounced agglomeration are
observed. When the Na,COs dosage is increased to 10 mmol, finer nanoparticles with a more
uniform size distribution and reduced agglomeration are obtained, and the particles are packed in a
relatively loose manner. Further increasing the Na,CO3 dosage to 11 mmol results in significant

particle growth and the formation of regular polyhedral block-like particles with clear crystal



facets and relatively smooth surfaces. Although this morphology suggests improved crystal growth,

the larger particle size and denser packing are unfavorable for electrolyte-ion diffusion and

active-site accessibility.

Figure 3. SEM images of samples prepared with different Na,CO3 dosages: (a, b) 9 mmol, (c, d) 10 mmol, and (e,

f) 11 mmol.

TEM analysis of the 10 mmol sample further confirms its nanoparticulate morphology. As

shown in Fig. 4(a), the sample consists mainly of irregular nanoparticles with partial aggregation,

consistent with the SEM observations. Clear lattice fringes are observed in the HRTEM image

(Fig. 4(b)), indicating good crystallinity. The measured interplanar spacing of approximately 0.296

nm corresponds to the characteristic (220) plane of the spinel structure. The SAED pattern (Fig.

4(c)) displays sharp concentric diffraction rings that can be assigned to the (111), (220), and (311)

planes, demonstrating the polycrystalline nature of the product. EDS elemental mapping (Figs.

4(d-j)) reveals that Fe, Co, Mn, Cu, Zn, and O are homogeneously distributed throughout the

selected region, indicating that no obvious elemental segregation occurred during synthesis.



Figure 4. Characterization of the 10 mmol sample: (a) low-magnification TEM image, (b) HRTEM image, (c)

SAED pattern, and (d-j) EDS elemental maps of Fe, Co, Mn, Cu, Zn, and O.

The surface chemical states of the optimized 10 mmol sample were investigated by
high-resolution XPS. As shown in Fig. 5(a), the Fe 2p spectrum contains characteristic
components associated with Fe?" and Fe’*, together with satellite peaks, confirming the
coexistence of mixed Fe valence states. In the Co 2p spectrum (Fig. 5(b)), the Co 2p3 region can
be deconvoluted into Co** and Co?" components, accompanied by corresponding Co 2p12 peaks
and satellite features. These results indicate that Co exists in mixed Co**/Co3" states. The Mn 2p
spectrum (Fig. 5(c)) reveals the coexistence of Mn*" and Mn*" species, suggesting that reversible
Mn redox transitions may contribute to charge storage. In the Cu 2p spectrum (Fig. 5(d)), the main
Cu 2p32 and Cu 2p1» peaks, along with pronounced shake-up satellite peaks, indicate that Cu is
mainly present as Cu?’. The Zn 2p spectrum (Fig. 5(¢)) shows two characteristic peaks
corresponding to Zn 2p32 and Zn 2p1s, indicating the presence of Zn>*. Although Zn?>" contributes
little direct pseudocapacitance, it can help stabilize the spinel framework and modulate the local
electronic environment. The O 1s spectrum (Fig. 5(f)) is fitted into lattice oxygen (Ov),
oxygen-vacancy/defect oxygen (Ov), and surface-adsorbed oxygen/hydroxyl species (Oc). The

oxygen-vacancy-related component suggests the presence of oxygen defects, which may facilitate



charge transfer and cooperate with multivalent metal species to enhance reversible Faradaic

reactions.
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Figure 5. High-resolution XPS spectra of the 10 mmol sample: (a) Fe 2p, (b) Co 2p, (c) Mn 2p, (d) Cu 2p, (e)

Zn 2p, and (f) O 1s.

The influence of precipitant type on the electrochemical performance of (FeCoMnCuZn);04

was evaluated in a three-electrode system. As shown in Fig. 6(a), the Na)COs-derived sample

exhibits the largest integrated CV area and the highest peak current density among the samples,

indicating superior charge-storage capability. GCD curves collected at 1 A g (Fig. 6(b)) further

confirm this trend. The specific capacitances of the samples prepared with Na,CO3, NaHCOs3, and

NaOH are calculated to be 416.4, 234.8, and 233.0 F g, respectively. The Na,COs-derived sample

shows the longest discharge time and the highest specific capacitance. EIS analysis (Fig. 6(c))

shows that the NaCOs-erived sample has the lowest solution resistance and a smaller

charge-transfer resistance, indicating improved electron transport and interfacial charge-transfer

kinetics.The effect of Na,CO3 dosage was further examined. As shown in Fig. 6(d), the 10 mmol



sample exhibits a significantly larger CV area than the 9 and 11 mmol samples at 100 mV s,
demonstrating the highest charge-storage capacity [35]. The GCD results (Fig. 6(e)) show that the
specific capacitances of the 9, 10, and 11 mmol samples at 1 A g'are 316.4,416.4, and 119.6 F g,
respectively. The 10 mmol sample therefore exhibits the best electrochemical performance. The
Nyquist plots (Fig. 6(f)) reveal Rs values of 0.56, 0.49, and 0.64 Q for the 9, 10, and 11 mmol
samples, respectively. The lowest Rs value of the 10 mmol sample indicates favorable

electrode/electrolyte interfacial contact and faster charge transport [39].
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Figure 6. Electrochemical comparison of samples prepared with different precipitants and NaCO3 dosages:
(a) CV curves of samples prepared with different precipitants at 100 mV s, (b) GCD curves at 1 A g™, (¢) Nyquist
plots, (d) CV curves of samples prepared with different Na2CO3 dosages at 100 mV s, (e) GCD curves at 1 A g,
and (f) Nyquist plots.
The electrochemical behavior of the 10 mmol sample was further investigated at different
scan rates and current densities. The CV curves recorded from 5 to 100 mV s (Fig. 7(a)) show

distinct redox peaks, indicating Faradaic pseudocapacitive behavior. With increasing scan rate, the



redox peaks are retained with only slight shifts, suggesting good rate response with moderate

polarization at high scan rates [38]. The GCD curves (Fig. 7(b)) show clear voltage plateaus and

reasonable symmetry at different current densities, further confirming the pseudocapacitive

charge-storage mechanism. The discharge time decreases with increasing current density because

ion diffusion and redox reactions become kinetically limited at high rates. [40] The Nyquist plot of

the 10 mmol sample (Fig. 7(c)) shows an R value of 0.49 Q, a small semicircle in the

high-to-medium frequency region, and a steep line in the low-frequency region, indicating low

internal resistance, fast charge transfer, and favorable ion diffusion kinetics.

Rate performance analysis (Fig. 7(d)) shows that the electrode delivers 416.4 F g at 1 A g!

and retains 2074 F g' at 20 A g!, corresponding to 49.8% capacitance retention. The

charge-storage kinetics were analyzed using the relationship between peak current and scan rate.

The b-values of the anodic and cathodic peaks are 0.6714 and 0.6789, respectively, indicating that

the charge-storage process involves both diffusion-controlled and capacitive contributions.

Quantitative separation (Fig. 7(f)) shows that the diffusion-controlled contribution ratios at scan

rates of 100, 80, 50, 20, 10, and 5 mV s are 43.8%, 51.1%, 61.4%, 71.6%, 75.1%, and 76.6%,

respectively. Thus, diffusion-controlled processes become more pronounced at lower scan rates,

whereas capacitive behavior contributes more strongly at higher scan rates. This mixed storage

mechanism is associated with the crystallinity and compact structure of the 10 mmol sample,

which support bulk redox reactions while maintaining surface-accessible capacitive sites.
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Figure 7. Electrochemical performance and kinetic analysis of the 10 mmol sample: (a) CV curves at different scan

rates, (b) GCD curves at different current densities, (¢) Nyquist plot, (d) rate performance, (e) relationship between

peak current and scan rate, and (f) capacitive/diffusion-controlled contribution at different scan rates.

To evaluate its practical application potential, the 10 mmol (FeCoMnCuZn);04 sample was

used as the positive electrode and activated carbon was used as the negative electrode to assemble

an ASC. As shown in Fig. 8(a), the CV curves of the positive and negative electrodes show

complementary potential windows, enabling the construction of a device with an extended

operating voltage. CV curves measured at different voltage windows (Fig. 8(b)) show that the

enclosed area increases as the voltage window expands. However, when the voltage window

exceeds 1.4 V, obvious polarization is observed, suggesting possible side reactions such as

electrolyte decomposition. Therefore, 1.4 V was selected as the stable working voltage window.

The CV curves of the ASC at scan rates of 5-100 mV s (Fig. 8(c)) retain similar shapes with

increasing scan rate, indicating good electrochemical reversibility and rate response. The

remaining redox features suggest that the charge-storage behavior arises from the combined



contribution of pseudocapacitance from the HEO positive electrode and electric double-layer

capacitance from the AC negative electrode [37]. The GCD curves collected from 1 to 20 A g

(Fig. 8(d)) show good symmetry and nonlinear profiles, further confirming the coexistence of

Faradaic redox reactions and double-layer charge accumulation. The ASC delivers a device

capacitance of 172.4 F g' at 1 A g and retains 44.3 F g at 20 A g' (Fig. 8(e)). EIS analysis (Fig.

8(f)) gives Rs and Rct values of 0.38 and 0.23 Q, respectively, indicating fast charge-transfer

kinetics and low ion-transport resistance.

The Ragone plot (Fig. 8(g)) shows that the ASC delivers energy densities of 46.94, 18.83,

16.86, 15.17, 13.22, and 12.06 Wh kg at power densities of 750, 1500, 2250, 3750, 7500, and

15000 W kg'!, respectively. These values compare favorably with several reported high-entropy

and related transition-metal oxide devices, including (FeCoCrMnNi)C//(FeCoCrMnNi)C (3.8 Wh

kg! at 14667 W kg') [41], NiCoFe,04/AC (6.4 Wh kg' at 19047 W kg') [42],

HEO/f-CSAC//HEO/f-CSAC (3.55 Wh kg at 862.5 W kg') [43], (MnFeCoNiZn);04/AC (7.9

Wh kg at 750 W kg') [44], CosV208//AC (6.19 Wh kg at 320 W kg'') [45], NiosCuo20/AC

(16.45 Wh kg! at 759.51 W kg')[46], and Lag 4Sro.sMnO3//AC (16.0 Wh kg at 929 W kg ) [34].

Cycling tests (Fig. 8(h)) show that the device retains 87.23% of its initial capacitance after 5000

cycles at 5 A g, indicating good cycling stability and structural durability under the present

testing conditions [36].

Spinel-type (FeCoMnCuZn);04 HEO was successfully synthesized through a coprecipitation

method followed by air calcination. The effects of precipitant type and Na,CO3 dosage on the

structure and electrochemical performance were systematically investigated. XRD results

confirmed that single-phase spinel structures were obtained using different precipitants, among



which Na,CO3; was more favorable for improving crystallinity. Na,COs-dosage optimization

showed that the 10 mmol sample possessed relatively high crystallinity, uniform nanoparticle

morphology, and homogeneous multimetal elemental distribution. Insufficient precipitant led to

incomplete precipitation, whereas excessive precipitant promoted rapid precipitation and particle

coarsening. XPS analysis revealed multivalent Fe, Co, Mn, and Cu species together with

oxygen-vacancy-related defects, which contributed to enhanced pseudocapacitive reactivity and

charge-transfer capability. The optimized electrode delivered 416.4 F g' at 1 A g and retained

207.4 F g'at 20 A g''. The assembled (FeCoMnCuZn);04//AC ASC achieved an energy density of

46.94 Wh kg at 750 W kg! within a 1.4 V voltage window and retained 87.23% capacitance after

5000 cycles at 5 A g These results demonstrate that carbonate-precipitation regulation is a

feasible and low-cost strategy for tailoring high-entropy spinel oxide electrodes for supercapacitor

applications.
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Figure 8. Electrochemical performance of the (FeCoMnCuZn)304//AC asymmetric supercapacitor: (a) CV curves
of the positive and negative electrodes at 100 mV s™!, (b) CV curves under different voltage windows, (¢) CV
curves at different scan rates, (d) GCD curves at different current densities, (e) rate performance, (f) Nyquist plot,
(g) Ragone plot, and (h) cycling performance over 5000 cycles at 5 A g™
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