¥® ROYAL SOCIETY
PP OF CHEMISTRY

Energy
Advances

View Article Online

View Journal | View Issue

Effect of Zn/Mn on the supercapacitor behavior of
high-entropy FeCoNiCrZn/Mn alloyf
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High-entropy alloys (HEAs) are emerging as potential electrode materials for energy storage owing to
their unigue multivalent transition states. Herein, we demonstrate the supercapacitor behavior of an HEA
consisting of structural elements (earth abundant metals) iron, cobalt, nickel, chromium, and zinc
(FeCoNiCrzn). The role of zinc as a replacement for manganese in FeCoNiCrZn/Mn was studied. The
highest specific capacitance obtained was ~556 F gt at 5 mV s~* in an aqueous electrolyte. Further, an
asymmetric liquid-state device was fabricated, which demonstrated the highest capacitance of 98 F g~*
at 1 A g~ with a specific energy density of 34.8 W h kg™ at a specific power density of 800 W kg™*.
Detailed microscopy and spectroscopy analyses provided insights into the electrochemical behavior of
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individual elements in the HEA. Experimental observations were further supported by density functional
theory (DFT) calculations, which showed d-band shifts in each individual element and the synergistic
nature of the FeCoNiCrZn HEA compared to its individual nanoclusters.
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Introduction

In the last few decades, the evolution of high-entropy alloys
(HEAs) has attracted the attention of researchers because of
their chemical homogeneity, higher electrocatalytic activity
with multielement framework, and high entropy effects.™?
In addition, two well-known core effects directly impact the
electrochemical reactions in multi-metallic HEAs: the “cocktail
effect”,® where all components of the alloys dangle over the
surface (five or more metallic elements) and are susceptible to
the chemisorption of analytes, and “lattice distortion”,* which
directly alters localized atomic spacing (both available in the
form of tensile and compressive strain due to differences in
atomic radii) and benefits electrochemical activity by providing
an easy electrolytic interaction path for electrolytic ions.> Owing
to the above high-entropy characteristics, these alloys have
found application in electrochemical energy storage,® energy
conversion,”® electrocatalysis,’ gas storage and sensing,'’ elec-
tromagnetic wave adsorption,'’ environment and radiation
protection,'” and Zn-air batteries."® The energy-storage field
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with respect to supercapacitors has been seldom explored with
HEAs. In this regard, it is the right time to develop a novel low-cost
HEA and study its activity towards electrochemical energy storage.
Among different HEA-based supercapacitors, AlCoCrFeNi,"
FeNiCoMnMg,"®  (CrMnFeCoNi);0,,'® rHEO-CNT,"””  HEA-
nitrides,'® and K(MgMnFeCuNi)Fe(CN)s'® have been preferred
for supercapacitor applications. Recently, we have reported the
supercapacitor behavior of an HEA (FeCoNiCrMn) with multi-
structural elements.”® A detailed spectroscopy analysis concluded
that manganese plays a crucial role in supercapacitor behavior
because of its multivalent states. It would be interesting to explore
the supercapacitor behavior of HEAs consisting of the well-
reported element zinc as a replacement for manganese. Therefore,
in this article, FeCoNiCrZn HEA was prepared using induction
melting and subsequent high-energy ball milling to form a flake-
like porous HEA. In-depth structural, morphological, and surface
analyses were performed, followed by three-electrode electroche-
mical analysis. Furthermore, an asymmetric liquid-state device
was fabricated with activated carbon as the negative electrode.
Surface characteristics, such as BET, zeta potential, and pore-size
distribution, were determined as these affect the electrochemistry.
Post-electrochemical analyses, such as XPS and FESEM, were
performed to understand chemical compositional changes and
morphological stability after long continuous cycling processes.
In order to understand the role of zinc over manganese in the
FeCoNiCrZn HEA, we compared spectroscopy and microscopy
analysis results for the HEA before and after the electrochemical
reaction.”® The different electrochemical pathways were com-
pared for FeCoNiCrZn and FeCoNiCrMn. In addition, DFT
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calculations showed that the d-states near the Fermi level were
significantly increased in FeCoNiCrZn HEA compared to in the
individual atom nanoclusters.

Experimental section
Synthesis of FeCoNiCrZn HEA

The aforementioned metals and N-methyl-2-pyrrolidone were
purchased from Loba Chemicals (India). Potassium hydroxide
(KOH), carbon black, activated carbon, and PVDF were obtained
from Sigma Aldrich. Equimolar ratios were measured and induc-
tion melted to synthesize the HEA in a sealed argon environment
at 1350 °C. The melting was repeated three to four times to
ensure a homogeneous mixing of the elements. Additionally, the
ingot was homogenized for 96 h at 1000 °C and furnace cooled.
Later the sample was milled in a vibratory ball mill to form HEA
powders for further usage.

Characterization

Optical images of the single-phase bulk Fe-Co-Ni-Cr-Zn HEA
were taken using a Leica DM2500M, Germany. X-ray diffraction
was performed in the 20 range of 10° to 90° with the aid of a Bruker
d8 Advance instrument (source: Cu Ko radiation of 1.54 A). Field
emission scanning electron microscopy was performed using a
Zeiss Sigma 300 system (Germany). Samples for high-resolution
transmission electron microscopy analysis were prepared on a Cu-
grid 400 mesh (Titan Themis 300 kV, Thermo fisher). X-ray
photoelectron spectroscopy analyses before and after the electro-
chemical measurements were done using a Microprobe PHI Versa
Probe (III) system with Al ko radiation (1486.7 eV). The Litesizer
500 instrument (model BM 10) was used to quantify the particle
size and zeta potential. An iQ2 Autosorb (Quantachrome) Chem-
BET analyzer was used to conduct the Brunauer-Emmett-Teller
(BET) using the N, adsorption-desorption isotherms.

Computational methodology

To gain further insights, first-principles calculations were car-
ried out using density functional theory (DFT) (details of the
software tools used are mentioned in our previous work>’).
Insights from the d-band center study were used to create the
Fe-Co-Ni-Cr-Zn nanocluster in an equimolar concentration of
the component elements. In order to prevent spurious interac-
tions between the periodic pictures, a vacuum of 10 A was
imposed in each of the three orientations. The Brillouin zone
was sampled at the I" point for all the calculations with a plane
wave cut-off of 450 eV. Using a conjugate gradient method, the
13-atom nanoclusters were totally relaxed until the energy
reached 107" eV and force converged to 0.01 eV A™%.

Results and discussion
Structural and morphological analyses

Fe-Co-Ni-Cr-Zn HEA was synthesized by a simple and cost-
effective induction melting and later the samples were ball
milled, as shown in the schematic representation in Fig. 1(a).
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Fig. 1(b) displays the XRD pattern of the FeCoNiCrZn HEA, with
peaks at 43.66°, 50.85°, and 74.96°, belonging to the (111), (200),
(220) planes, respectively, of the FCC (face center cubic) struc-
ture. Considering the (111) plane, the lattice constant was
calculated to be 3.58 A. Fig. 1(b) inset shows an optical image
of the FeCoNiCrZn HEA bulk sample, which suggests a single
uniform phase formation. Morphological details of the synthe-
sized structure were obtained from the HRTEM images
(Fig. 1(c)—(e)). A thin flake-like morphology along with agglom-
erated regions was observed in the bright-field TEM micrograph
Fig. 1(c). The HRTEM image in Fig. 1(d) shows a thin section
on the flake edge of the sample. The inverse FFT pattern was
derived from the previous figure and is shown in Fig. 1(e). The
inter-planar spacing was around 0.206 nm, corresponding to the
(111) plane in the FCC structure, which was similar to that for
the CrFeCoNiMn structure.”! The SAED ring pattern was also
obtained, as depicted in Fig. 1(e) inset, where we mapped the
corresponding (111), (200), and (220) planes. Fig. 1(g) depicts the
morphology of FeCoNiCrZn HEA powder obtained after ball
milling the bulk. The low-magnification images show the
agglomerated growth of flake-like structures after ball milling.
The particles displayed a uniform morphological wide network
linkage with a porous flake architecture. This quinary HEA
system can provide sufficient active sites, making the internal
surface area of the porous structure accessible for electrolyte
penetration during the electrochemical process. Furthermore,
elemental mapping through EDS showed uniformity over the
morphological distribution of Fe, Co, Cr, Ni, and Zn elements, as
displayed in Fig. 1(g)-(k), respectively.

Chemical compositional analysis

Fig. 2(a) presents the XPS survey spectrum for determining the
actual oxidation state associated with the FeCoNiCrZn HEA
along with the elements mapped. The Fe 2p spectrum in
Fig. 2(a) shows the primary peaks, corresponding to Fe®",
satellite, and Fe’ of Fe 2ps,, respectively, at 711.56, 715.62,
and 718.40 eV. Additional large peaks associated with Fe*" and
Fe®" can be seen at 723.37 and 725.78 eV, respectively.”>?
Similarly, the deconvoluted peaks in Fig. 2(b) are located at
780.65 and 796.64 eV, respectively, and correspond to Co>" and
Co 2py;, of Co 2p;n.>* The satellite peaks of Co 2p are
referenced by other peaks at 784.90 and 802.78 eV.”® In a
comparable manner, Fig. 2(c) displays the Ni XPS peaks. Ni
2ps» and Ni 2p;/, show widely deconvoluted peaks at 855.59
and 873.11 eV, respectively. Ni*" is the oxidation state of nickel.
Additionally, Ni 2p’s satellite peaks at 861.57 and 879.45 eV
demonstrate the mixed valence state of Ni.>® Additionally,
Fig. 2(d) displays Cr’s XPS spectra. The peaks at 588.11 belong
to Cr** and 576.40 and 586 eV, respectively, corresponding to
Cr** of Cr 2p.”’” Further deconvoluted XPS peaks of Zn can be
seen in Fig. 2(e) at 1021.45 (2pz;,) and 1044.59 eV (2pyy),
respectively, corresponding to the Zn>" state of Zn 2p.”®
Fig. 2(f) shows the survey spectrum of the distributed elements.

The specific surface area, pore distribution, electrostatic
interaction (zeta potential), and particle distribution were also
analyzed to test the nature of the samples for the electrochemical
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Fig. 1 (a) Schematic of the synthesis protocol: (i) induction melting and homogenized bulk sample, (ii) pneumatically actuated vibratory ball-milled

sample, (b) XRD pattern; inset shows an optical image of the bulk sample, (c) Bright-field TEM micrograph of the ball-milled sample, (d) HRTEM
micrograph of the milled sample, (e) Inverse FFT; inset shows the corresponding selected area ring diffraction pattern, (f) FESEM image of FeCoNiCrZn
HEA, and (g)—(k) EDS elemental mapping of all the elements Fe, Co, Cr, Ni and Zn, respectively.

activity of the system.*® Multi-point BET analysis was carried out
to determine the specific surface area of the FeCoNiCrZn HEA.
Fig. S1(a) (ESIt) shows the hysteresis loop from N, adsorption/
desorption over the pores of quinary HEA with a BET surface
area of 56.11 m* g '. This high specific surface area of the

2974 | Energy Adv., 2024, 3, 2972-2985

FeCoNiCrZn high-entropy nanostructure is crucial for analyzing
the interaction with electrolyte. Similarly, the pore distribution
over the adsorption volume is shown in Fig. S1(b) (ESIt). The
mesoporous structure (<50 nm) provides for possible interac-
tions with electrolyte ions, boosting the specific energy of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS analysis of Fe—Co-Ni-Cr-Zn HEA. (a) Fe 2p spectrum, (b) Co
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and (f) XPS survey spectrum.
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supercapacitor. The dynamic electrostatic interaction of the HEA
particles was studied based on the zeta potential. The mean zeta
potential was found to be 14 mV for FeCoNiCrZn HEA (Fig. S1(c),
ESIt). The positive zeta potential value signifies a more stable
electrochemical double-layer formation with electrolytic ions.
The average hydrodynamic particle size was obtained from
DLS and was around 628 nm, indicating agglomerated particles
(Fig. S1(d), ESI¥).

Electrochemical performance of the FeCoNiCrZn HEA

The FeCoNiCrZn HEA electrode performance was studied in
optimized 3 M KOH aqueous electrolyte. The CV scans were
taken at a sweep rate of 5-200 mV s ' between the stable
potential window of —0.2 to 0.45 V (0.65 V) (Fig. 3(a)). From the
CV analysis, the curves were neither pure rectangular nor
showed a pure redox faradaic behavior, suggesting the sample
contained both EDLC (capacitive) and faradaic behaviors.*® The
higher cyclic area under the CV curves referred to the synergis-
tic effect of all the quinary elements.

i= ko (1)

The contribution of EDLC and faradaic activities can be
more precisely explained using the power law®' as given by
eqn (1). According to which, the relation between the current
over the scan rate is directly proportional (i = v), which is purely
EDLC, while i = v"/? refers to a purely faradaic nature. Therefore,
the exact value of the proportionality power constant was
calculated through the slope of the graph between log(i) vs.
log(v) providing k,. From Fig. 3(b), the value of k, was estimated
to be 0.71 at 0.3 V. This value suggests a mixed contribution
from both mechanisms of energy storage.

Trasatati’s group>” was the first to measure the distinction
between surface-controlled and diffusion-controlled mechan-
isms for electrochemical processes. The relation between the
voltammetric charge g(v) at a particular scan rate was thus
evaluated from the polygon area under CV. The value of g(v) can
be separated into two types as shown in eqn (2), which
combines (i) gour, Wwhich comes from the outer surface-active
electrode material exposed to the electrolyte, and (ii) gn, which
is due to the inner redox activities associated with pores, grains,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cracks, etc., which is directly proportional to v™*2 The above
relation can be described as*

q(y) = Gout T Gin = Gcapacitive T k31/_1/2 (2)
1

=t kg 3

q(l/) Gtotal N ( )

We then calculated the value of the total charge and the corres-
ponding contribution above g, and g, from the intercept of the
plot total charge and v~ as per Fig. S2(a) (ESI). Further for each
scan rate, the quantified percentage of both mechanisms to the
total charge was as shown in Fig. 3(c). From this, it could be
observed that at a lower scan rate, the major charge accumulation
is proposed to be due to a slow diffusion-controlled process. As
the scan rate increases, the involvement of the surface-controlled
mechanism becomes more dominant. From the above results, it
was noted that the multivalent quinary FeCoNiCrZn electrode had
limited diffusion-controlled processes for ion intercalation and
deintercalation activities, with no changes in the original crystal
structure of the quinary HEA or morphology.

A more detailed current contribution for the voltage instance
can be expressed in terms of a combination of both capacitive
surface-controlled mechanisms with a slow diffusion-control
process concerning the scan rate as**

i= ks + kgt 4)
—2:k5V1/2 + kg (5)

By determining the values of ks and kg, the exact value of the
current response can be easily determined for a lower scan rate.
Here, the current response for both mechanisms could be
differentiated from the overall response, as shown in Fig. 3(d)
and (e). At the scan rate of 5 mV s~ ', a 65% contribution of
slow-diffusion faradaic current and 35% surface-controlled
current were observed. Therefore, electrolyte ions have an
adequate duration for intercalation with the FeCoNiCrZn HEA
quinary framework, showing a significant diffusion-controlled
phenomenon. The specific capacitance was calculated using
eqn (S1) (ESIT) and noted to be 556.3 F ¢~ at 5 mV s~ ', while
further increasing the scan rate for up to 40 times led to the
value of Cs dropping to 52.1%. GCD was performed on
the FeCoNiCrZn HEA electrode between the potential ranges
—0.2 to 0.4 V with a current density of 2-12 A g” !, as shown in
Fig. 3(f). The characteristic behavior of the GCD curves was
nonlinear, which followed the EDLC phenomenon along with
slow faradaic pseudocapacitive associated with the multivalent
FeCoNiCrZn HEA system. So, Cs was evaluated using eqn (S2)
(ESIY), considering a negligible current drop. The maximum
value of specific capacitance was 490 F g * for a current rate of
2 A g~'. With increasing the current rate up to six times, the
capacitance retention value dropped to 80%. This practical
capacitance retention provides good pseudocapacitive nature
to the material, which signifies smooth electron transport
through the porous structure with sufficient electrochemical
interactions. The maximum specific capacitance obtained was
around 490 F g~ for a standard current density of 2 A g~ " in the
three-electrode system, which is comparable to various pure

Energy Adv, 2024, 3, 2972-2985 | 2975


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00376d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 24 September 2024. Downloaded on 3/14/2026 5:59:02 PM.

(cc)

Energy Advances

(az 60.

‘™ 404

-

220

B

c

g 0

$-20 -

—_

=

O—404 ——100 mVs™
——200 mV s

-60 . . ; .
-0.2 0.0 0.2 0.4

Potential (V) vs Ag/AgCI

~
(@)
~—

[ Diffusion Controlled (%)
[ Surface controlled (%)

[ e —

120 -

[
o
1

[=2]
o
1

5

Slale

Charge Contribution (%)

N
o
1

Sl

o

5 10 20 30 50 60 80 100
Scan rate (mVs™)

(e) 10
[]Total area (100%)
8| [1Surface controlled (35%)

o
L

»H

N
L

o
L

, Current density (A g™)

N
1

@5mVs?

-02_ 0.0 0.2 0.4
Potential (V) vs Ag/AgCI

Fig. 3

View Article Online

Paper

'k, value at 0.3 V is 0.71

T T

06 09 12 15 18 21 24
log(v) mVs™

Total area (100%)
8 Diffusion controlled (65%)
‘o
<61
2
G4
3
= 24
(=
e
50
(8]
=21 @5mVs
-02 0.0 0.2 0.4
Potential (V) vs Ag/AgCI
(f) [J2Aag"
G041 [ JaAg’
2 [16Ag"
3 J10Ag"
20.2- [J12Ag"
S
S
0.0
2 i
o
o
_0.2 T T T T T
0 100 200 300 400 500
Time (s)

(a) CV plots for various scan rates and (b) log(/) vs. log(v), (c) Contribution (%) of each mechanism at various scan rates, (d) and (e) Current

contribution at 5 mV s~ for diffusion-controlled and surface-controlled mechanisms and (f) GCD plots at various current densities.

HEAs, composites, as well as oxide-based electrodes. More
specifically, our results were comparable with some similar
HEA-based electrodes, as seen in Table 1.

Further, electrochemical impedance spectroscopy (EIS) mea-
surements of the FeCoNiCrZn HEA electrode were carried out
in the frequency range of 10 kHz to 1 Hz. The Nyquist plot
was fitted by simple equivalent series resistance (ESR) and a
constant phase eliminator (Fig. S2(C), ESIt). The value of R;
obtained from the intercept of the real impedance axis was
around 4.01 Ohm cm 2, with this low series providing less

2976 | Energy Adv., 2024, 3, 2972-2985

resistance for ion interactions.*® The constant phase eliminator
consists of two forms: (a) admittance (Y,), and (b) S, s”, where
the value of n ranges from 0 to 1, and a value closer to 1 value
refers to more capacitive.** For this fitted circuit, ‘n’ was 0.81,
which signifies a combination of both capacitive and faradaic
interactions. In addition to EIS measurements, the cyclic
stability of the FeCoNiCrZn HEA electrode in a three-electrode
system was tested at 10 A g~ for 5000 cycles (Fig. S2(b), ESIt). It
was found that the capacity retention decreased to 85% when
reaching 3000 cycles but further remained stable up to 5000 cycles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the specific capacitance of the HEA-based material reported in this work with other reported HEA-based materials

Potential
Electrode material Synthesis method Morphology Electrolyte window Specific capacitance Ref.
AlCoCrFeNi two-phase  Selective phase Nanoporous structure 2MKOH —0.2t00.5V 700mFcm >at1mAcm > 14
dissolution dissolution
FeNiCoMnMg HEA-NPs/ CTS method Nanoporous structure 6MKOH 0.0t00.8V 203F¢g '@1 mAcm > 15
ACNFs
(CrMnFeCoNi);0, Co-precipitation Quasi spherical 2MKOH 0.0t0045V 239F g '@0.5A¢g" 16
(FeCoCrMnZn);0, Solid-state reaction Irregular particlesand 1M KOH 0.15t0 0.5V 3403 Fg '@0.5A¢g " 35
agglomeration
rHEO-CNT Sol-gel method Connected nanoparticles 1 M H,S0; 0.0t0o 1.0V  157.5Fg 'at1Ag ' 17
in nanotubes
HEA-nitrides Mechanochemical- Nanoflake architecture 1M KOH —1.0t00.0V 230Fg 'at10mvs™' 18
assisted synthesis
HEA-NP@MOL/HCPC Liquid-phase synthesis  Cluster of nanoparticles 1 M KOH —1.0t00.0V 4954Fg 'at0.5A¢g " 25
K(MgMnFeCuNi)Fe(CN); Mechanochemical Agglomeration 1MNa,S0, 02t01.0V  175F g 'at5mVs " 19
HEO/f-CSAC Grinding Cavity-type 1MNaCl 0.0to1.0V 1475Fg 'at1Ag’ 36
microstructure
(TiNbTaZrHf)C powder  Facile electrochemical ~ Spherical nanoparticles 1M KOH -1.0t00.0V 952Fg 'at10 mVs ' 37
process
(VNbTazZrHf)C Direct electro- Dense block structure 1MKOH —0.7to—02V151Fg 'at10 mvs * 38
deoxidation

(Zro 5Tio.5Ceo 5Hfy 5)O7 Sol-gel synthesis
FeCoNiCrZn nanoparticle Induction melting,
ball milling

Roughly rice-like

The initial and final charge-discharge curve, inset Fig. S2(b) (ESIt),
at a current density of 10 A g~ showed that the nature of the CV
and GCD displayed very little change, signifying that the mecha-
nism involved with the electrode remained intact even after 5000
continuous charge-discharge cycles.

Asymmetric liquid-state supercapacitor study

The higher energy density, long cyclic performance, along with
wide potential window enables the FeCoNiCrZn HEA and
activate AC to be cast as an ASC device. The mass loading in
both electrodes was determine with the help of the charge
balance equation, expressed as*?

Q' =0Q" (6)
mV,Cs, =m V_Cs_ (7)
+
Lo ®)
m- V+ CS+

where m', V,, Cs;, and m~, V_, Cs_ are the mass loading, stable
potential window, and specific capacitance for the FeCoNiCrZn
and AC electrodes, respectively. Therefore, AC ranged from
—1.0 to 0.0 V, while for the FeCoNiCrZn HEA it was (—0.2 to
0.45) with specific capacitances of 95.66 and 392.61 F g '
(Fig. 4(a)). Putting the respective values in the above eqn (8),
the ratio was found to be ~ 0.37. Therefore, balanced weights of
1.81 mg of AC with 0.5 mg of FeCoNiCrZn HEA were used for
fabricating the negative and positive electrodes, respectively.
Detailed CV, GCD, as well as EIS analyses of the AC electrode
are shown in Fig. S1(d)-(f) (ESIT). This ASC device voltage could
be extended up to 1.6 V without any electrolyte disintegration,
as confirmed from the CV’s potential window of the three-
electrode system. For more detailed understanding of the CV
performance, scans were taken in between 0.8-1.6 V, as shown
in Fig. 4(b). The CV plots (recorded between 5-200 mV s~ ') were

© 2024 The Author(s). Published by the Royal Society of Chemistry

Nanoflake architecture

703.3Fg tat1Ag ! 39
490Fg 'at2Ag! This work

1M Na,SO, —1.0 to 1 V
3MKOH 0.0 to0.5V

pseudo-rectangular, signifying the presence of pseudocapaci-
tive with double-layer ion-adsorption characteristics (Fig. 4(c)).
Also, the ion-interaction characteristics associated with the
HEA framework contributed to a higher current response at
the present scan rate. This was due to the high ionic conduc-
tivity, high ionic mobility, fast reversible redox activities, and
higher ionic feasibility of the liquid-state device. We further
explain the contribution of the individual elements for the
electrochemical interactions.

GCD was studied between the voltage range 0-1.6 V at
3 A g ' and no discontinuity was observed (Fig. 4(d)). The
corresponding charge-discharge cycles were taken between 1-
10 A g, which showed nonlinear characteristics that proved
the pseudocapacitive nature of the material (Fig. 4(e)). The
specific capacitance obtained was 98 F g~ at a current rate of
1 Ag ', and even when increasing the current rate ten times the
capacity retention was around 80% (Fig. 4(f)). This shows the
multivalent and multi-redox active sites’ contribution to the
FeCoNiCrZn HEA and the unique capacity phenomenon of the
ASC device. Using eqn (S3) and (S4) (ESIt), the energy density
and power density of the device were evaluated with specific
energy of 34.84 W h kg~ ' at specific power 800 W kg ', as shown
in Fig. 5(a). In comparison with various reported HEA-based
materials, our device showed stable performance (Table 2).

The cyclic stability of a device can be studied through contin-
uous charge-discharge cycles at 10 A g~ for up to 5000 cycles.
Fig. 5(b) shows the capacity retention along with the coulombic
efficiency with respect to the number of cycles. The capacity
retention was around 83.5% at 5000 cycles, showing the good
capacity retention of the ASC device (initial and final CD in
Fig. S3(d), ESIt). The initial decay is believed to be generated
from the strong intercalation and respective ion absorption of the
ion electrode’s active material. The capacity remained stable when
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Fig. 4 (a) CV curves of AC and HEA for evaluating the charge balance at 50 mV s™%, (b) stability of the CV curves from 0.8-1.6 V at 50 mV s, (c) CV
curves for different scan rates 5-200 mV s, (d) Stability of charge—discharge from 0.8-1.8 V at 3 A g%, (e) charge discharge for different current

densities and (f) Specific capacitance vs. current density.

a stable electrochemical double-layer capacitance developed
across the material. To further understand the contributions from
the individual elements, individual surface oxidation reactions
with aqueous KOH can be explained as follows,

NiO + OH™ — NiOOH + e~
Co0O, + H,O+ e~ — CoOOH + OH

Fe;0, + 20H  — 3Fe(OH), + 2e~

2978 | Energy Adv, 2024, 3, 2972-2985

3Fe(OH), + 20H™ — Fe;0, + 4H,0 + 2e~
CrO(OH) + OH™ — CrO(OH); + e~

ZnO + OH <« ZnOOH + e

The coulombic efficiency was calculated to understand the
capacitive behavior using eqn (9). The initial coulombic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Ragone plot of the ASC device together with various HEA and liquid-state devices, (b) Cyclic stability with respect to coulombic efficiency for

5000 cycles, (c) Nyquist plots as measured and fitted and (d) EIS before and after cyclic stability with the fitted circuit before and after the stability tests for

up to 5000 cycles shown in the inset.

Table 2 Comparison of the device reported in this work with some recently reported liquid-state devices

Energy density  Power density

Electrode material Specific capacitance (F g~')  Electrolyte Whkg") W kg™ Cyclic stability Ref.
Mn;(PO,), GF//AC 28Fg lat1Ag " 6 M KOH 7.6 360 96% after 10k cycle 43
ZNCO//AC 1139Fg *at1Ag? 6 M KOH 35.6 187.6 90% after 3k cycles 44
ZNCP-NF//AC 181.6 C g71 at 0.2 A g71 3 M KOH 37.59 856.52 92.68% after 5k cycles 45
MnO,/rGO//AC 4525 F g 'at0.25 Ag " 1 M Na,SO, 25.14 250 — 16
Ni-Co-PO,//AC 1628 Fg 'at1Ag " 3 M KOH 32.5 600 80.4% after 5k cycles 47
CaCu,03//AC 4041 Fg lat1Ag! 3 M KOH 11.8 362.5 94% after 10k cycles 48
AgCoS@CNT//AC 65Fg tat1Ag " 1 M KOH 32 750 82% after 5k cycles 49
Ni,Co;_,P_,s//AC 1158 Fg 'at1A g} 2 M KOH 31.52 700 98.3% after 10k cycles 50
NiC0,0,@MnO,//AC 112 F g at 1 mA cm > 1 M NaOH 35 163 71% after 5k cycles 51
CoMoO,@NiMoO,//AC — 2 M KOH 28.7 262 99% after 3k cycles 52
FeCoNiCrZn//AC 98Fg lat1Ag" 3 M KOH 34.8 800 83.8% after 5k cycles This Work

efficiency was 83.8%, and after 5000 cycles, it was 101.16%. The
value of coulombic efficiency greater than 100% for the aqu-
eous asymmetric device was due to the undesirable side reac-
tions associated with the FeCoNiCrZn HEA electrode with fast
redox kinetics.>® This higher coulombic efficiency and highly
reversibly CV (fast kinetics) indicated a pseudocapacitive
behavior.>* An EIS study was performed for the device in the
frequency range between 5 kHz to 100 MHz, as shown in
Fig. 6(d). The fitted circuit matched the experimental data,
see Fig. 6(e). The value of R; was evaluated from the x-axis
intercept, as 3.09 Q, which defines the lower value of series
resistance along with a constant phase eliminator (CPE) Q.
The fitted circuit showed the good penetration of electrolytic
ions deep in to the electrode material. The constant phase

© 2024 The Author(s). Published by the Royal Society of Chemistry

eliminator was due to various factors, such as the electrolyte’s
nature, porosity, and slow diffusion, and disorder activities
related to the electrochemical process.>®> Additionally, Nyquist
plots were also plotted after 5000 cycles in Fig. 6(c) along with
the fitted circuit Fig. 6(f), which showed that the nature of the
frequency response or impedance characteristics remained
unaltered (Additional device studies are described in detail in
the ESIY).

The chemical composition for the post-electrochemical
activity was probed and detailed XPS analysis was done to
study the morphological structural changes in the electrode
material. Fig. 6(a)-(f) show the XPS results after 5000 cycles of
intercalation-deintercalation. The post XPS studies showed
that the products after electrochemical interaction retained

Energy Adv, 2024, 3, 2972-2985 | 2979
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spectrum, (e) Zn 2p spectrum, (f) XPS survey of all the elements and (g) and

their original composition with the surface oxidation state
formation. Fig. 6(a) depicts the Fe 2p spectrum. Major peaks
emerged at 711.56, 715.62, and 718.40 eV, representing Fe’*,
satellite, and Fe® of Fe 2ps,, respectively.1 Other large peaks existed
at 723.37 and 725.78 eV, corresponding to Fe’* and Fe™,
respectively.” Fig. 6(b) shows deconvoluted peaks at 780.65 and
796.64 eV, corresponding to Co>* and Co 2p;, of Co 2psp,
respectively.® Other peaks at 784.90 and 802.78 eV corresponded
to the satellite peaks of Co 2p.* Fig. 6(c) shows the XPS peaks of Ni.
Ni 2p;, and Ni 2p,, have substantially deconvoluted peaks at
855.59 and 873.11 eV, respectively. The oxidation state of Ni was
Ni**.> Furthermore, the satellite peaks at 861.57 and 879.45 eV of Ni
2p indicated a mixed valence state of Ni. Similarly, Fig. 6(d) shows
Cr’s XPS spectrum. The peaks at 576.40 and 586 eV belonged to
Cr*" of Cr 2p, whereas the peak at 588.11 corresponded to Cr°".°
Fig. 6(e) shows that XPS peaks of Zn emerged at 1021.45 (2ps,) and
1044.59 eV (2py,), corresponding to the Zn>" state of Zn 2p. The
large oxygen peak was related with the elements as a result of the
spontaneous surface oxidation of quinary elements during ball
milling with air." We also observed an increased intensity of oxygen
peaks, associated with the redox reaction of multiple HEA elements
present in the sample. A few peaks which were not to here referred
were due to the mixed oxidation state of the elements along with
satellite peaks. The peak intensity was increased and broadened for
Fe 2p,,,. Whereas satellite peaks were less evident with the Co 2p

2980 | Energy Adv., 2024, 3, 2972-2985

(h) FESEM of the electrode before and after cyclic stability tests.

peaks. Co 2p,, also showed a reduction compared to the pre-
electrochemical measurements. The Ni XPS peaks were quite stable
and remained unaltered. The Cr 2p;,, peaks showed a broadened
peak post-processing. The intensity of the Zn 2p,, peak was
reduced and the satellite peaks were more prominent after con-
tinuous intercalation-deintercalation. Fig. 6(f) shows the XPS sur-
vey spectrum used to identify the accurate oxidation state
associated with FeCoNiCrZn HEA, as well as the elements mapped.
Fig. S6(a) (ESIt) shows a large oxygen peak, which occurred from
the spontaneous surface oxidation of quinary elements during ball
milling in the presence of air. The O 1s spectrum was split into two
subpeaks for lattice oxygen (OL, M-O in metal oxide) (529.4 eV) and
surface adsorbed oxygen (Ov) (532.4 eV). Fig. S7 (ESIt) shows the
HRSTEM image in the HAADF mode, which clearly shows a thin
oxide layer. We also confirmed the thin oxide layer in the observed
diffraction patterns. After 5000 cycles, FESEM analysis (Fig. 6(g) and
(h)) of the FeCoNiCrZn HEA electrode revealed its original structure
with minimal change, highlighting its morphological stability even
after continuous GCD cycles.

Coulombic efficiency (%) = % x 100
c

_ ff)d[ddt (9)

; x 100
o ledt

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where, Qq4, Q. are the amount of charge associated with discharging
and charging durations, respectively, and j([)d <14 or cdt refers to the
respective integral area in the charge-discharge plots. Energy
efficiency is a critical parameter to evaluate the performance of
energy-storage devices. While the coulombic efficiency can be
deduced from the data along the x-axis of the i~V curve, energy
efficiency utilizes the information of both the x- and the y-axes.
HEA-based supercapacitors have a low coulombic efficiency due to
variables such as charge redistribution, parasitic faradaic reactions,
and ohmic leakage between electrodes. Using quinary elements
offers synergistic and high entropy effects, resulting in a modest
coulombic efficiency. Based on the above specifications, HEA-based
supercapacitive materials have a modest energy efficiency. Energy
efficiency is defined as the ratio of electrical energy drawn out from
a device to the electrical energy required to put the energy-storage
device back into the same state of charge. Voltage efficiency is
defined as the ratio of discharge voltage to charge voltage of the
energy-storage system. Fig. S5 (ESIf) schematically shows the
charge/discharge time and voltage of the different energy-storage
systems as well as their recovered and stored energy.

E, NAZLG
Energy efficiency (%) = E_d x 100 = M x 100

= 10
c CIVedt (10)

Theoretical studies

In order to further understand the contribution of each indivi-
dual element, we used a d-band center approach. The FeCo-
NiCrZn HEA nanocluster has 13 atoms. Hence, it can be made
equimolar when three units of three elements each and two
units of two elements each are present. The electronic con-
tribution of a metal increases when its d-band center is closer

1.°® The order of closeness of individual

to the Fermi leve
elements with respect to the Fermi level is Cr > Ni > Fe >
Co > Zn (Table 3). Hence, the ratio of the elements in the
nanocluster is Cr:Ni:Fe:Co:Zn: 3:3:3:2:2.

The supercapacitance of a material is enhanced with
increased d-states near the Fermi level.>>*” Density of states
calculations showed that the d-states near the Fermi level were
significantly increased in random FeCoNiCrZn HEA compared
to the individual atom nanoclusters (Fig. 7). The redistribution
of the electronic d-states was a maximum for the case of Ni and
Co below the Fermi level, which indicates that Ni and Co make
more contributions to the HOMO, whereas Fe has more hybri-
dized d-states above the Fermi level, therefore, the LUMO has
more contribution from Fe. The possible enhancement in the
supercapacitance in HEA products could be understood from
theoretical computations. Through these computations, we
aimed to gain insights into the possible mechanism. However,
the calculation was small-scale and did not consider several
other factors which can affect supercapacitance, such as defect
states, surface planes, surface area, redox mechanisms and
other charge-state contributions. Most of the metals used in
the current HEA will form a thin protective oxide layer, which
will protect against further oxidation at room temperature. As a
result, we did not observe oxide peaks in XRD and TEM.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Average d-band centres

S. no. Element d-Band centres (eV)
1 Cr —0.95
2 Fe —-1.59
3 Ni —-1.17
4 Co —-1.71
5 Zn —6.29

The surface oxide was very clear from XPS, but the metal state
qualitatively confirmed that the thickness of the oxide layer was
not very high. Hence the oxide layer (<5%) cannot affect the
properties drastically. We did not include the oxidized HEA states
in the theoretical calculations, as this is part of another study.

Further, OH species were adsorbed on each individual atom
nanocluster and the same atom in the HEA nanocluster
(Fig. S8, ESIT). It was observed that Cr had the maximum
change in adsorption energy as calculated by eqn (11). How-
ever, Zn showed the least change in adsorption energy of OH
species. Fig. S9 (ESItT) shows the difference in adsorption energy
of OH on each element of the HEA nanocluster and the
individual element nanocluster.

E.qs(OH) = E(OH + nanocluster) — E(nanocluster)

— (E(H,0) — 0.5 x E(H,)) (11)

Zn contribution in the FeCoNiCrZn/Mn HEA

In continuation of one of our previous works on FeCoNi-
CrMn,*® we replaced manganese with zinc in this study. We
observed a higher specific area with a porous flake-like mor-
phology distribution. The specific capacitance of FeCoNiCrMn
was ~386 F g ' and we observed a ~140% improved capaci-
tance of 556 F g~ for this work (@50 mV s~ ). This improved
capacitive behavior of the FeCoNiCrZn quinary HEA was attrib-
uted to transition between the oxidation states during the
intercalation/deintercalation process. This was observed with
the chemical integrity of the sample being analyzed previously
in XPS studies (Fig. 6). Further probing into the binding energy
shifts in the material, we could see that the Mn states (Fig. 8a)
observed were shifted after cycling, whereas the Zn element
showed very little change in its peak, as seen in Fig. 8b. Also,
from theoretical studies we were able to observe a similar trend
in the d-band shifts of the elements. We compared the k, value
for the same potential at 0.3 V, whereby k, was 0.65 for
FeCoNiCrMn and 0.71 for FeCoNiCrZn. In comparison with
the d-band analysis, the replacement by zinc resulted in a
higher reactivity of the capacitive elements, such as Fe, Co,
Ni, which was further reflected in the specific capacitance
results. When both alloys were compared for their electroche-
mical activity, they mimicked similar surface-controlled and
diffusion-controlled processes for different scan rates. But as
shown in Fig. 8(c), the diffusion-controlled process had the
edge in FeCoNiCrMn, while for FeCoNiCrZn HEA, the surface-
controlled process was more dominant due its higher specific
surface area as well as tuned morphology. The diffusion- and
surface-controlled processes contributions for both the HEAs

Energy Adv., 2024, 3, 2972-2985 | 2981
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Fig. 7 d-States of Cr, Fe, Ni, Co, and Zn in CrFeNiCoZn HEA (a), (c), (e), (9)
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for various rates can be seen in Fig. 8(d). Compared to our
previous study on FeCoNiCrMn as a supercapacitor, the replace-
ment of Mn with Zn led to a significant difference in the density
of states near the Fermi level (Ey) for Co and Cr. Zn has a
maximum number of d electrons, due to which the difference
between the d-band center and Fermi level is extremely large. In
addition to that, the availability of d-states near the Fermi level is
low (Fig. 8(e)-(h)). When Zn is introduced in a HEA system, the

2982 | Energy Adv, 2024, 3, 2972-2985
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and (i) and in the individual nanocluster (b), (d), (f), (h) and (j).

resulting density of states near the Fermi level is reduced as a
direct consequence of shifting the d-band center. Therefore, the
supercapacitance is modified in Zn-incorporated HEA systems.

Conclusions

The current study demonstrated the large-scale synthesis of
FeCoNiCrZn HEA by induction melting and grinding. The HEA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Pre and post XPS analyses of (a) Mn and (b) Zn. (c) 'k," value for FeCoNiCr (Zn and Mn) HEA at 0.3 V. (d) Diffusion- and surface-controlled process
contributions for both the HEAs for various rates. DOS of FeCoNiCrMn (e) and (g) and FeCoNiCrZn (f) and (h).

was then been utilized to fabricate an asymmetric supercapa-
citor device. The flake-like porous HEA’s morphology, composi-
tional, and structural characteristics resulted in a specific
capacitance of 556 F g ' at a 5 mV s ' scan rate (CV), while
for 2 A g~ current density, it was around 490 F g~ " (GCD). For
practical application, the HEA was fabricated as a liquid-state
asymmetric (ASC) device. DFT study showed that the contribu-
tion of the d-band electron near the Fermi level enriched the

© 2024 The Author(s). Published by the Royal Society of Chemistry

supercapacitive kinetics of this FeCoNiCrZn HEA. The oxida-
tion states and the d-band shifts contributed to the electro-
chemical activity in the material. Post-electrochemical
characterizations showed the morphological and chemical
stability of the material for long cycling of the device. Better
electrochemical performance was observed for Zn inclusion in
place of Mn in the high-entropy FeCoNiCrZn. Due to the
asymmetric combination, the ASC device could endure for up
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to 1.6 V without electrolyte decomposition. The energy density
obtained was around 34.8 W h kg™' at 800 W kg . Such
combined experimental and theoretical studies can help to
build high-performance supercapacitors consisting of HEA
materials.

Abbreviations

HEA High entropy alloy

XPS X-ray photo electron spectroscopy

XRD X-ray diffraction

FESEM Field emission scanning electron microscope

HRTEM High resolution transmission electron microscope

Ccv Cyclic voltammetry
GCD Galvanostatic charge discharge
EIS Electrochemical impedance spectroscopy

Cs Specific capacitance
NMP  N-Methyl-2-pyrrolidene
PVDF  Polyvinylidene fluoride
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