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oNiCuMn)3O4 spinel-high entropy
oxide and green carbon from agricultural waste for
supercapacitor application†

Gobinda Chandra Mohanty, *a Shubhasikha Dasb and Anu Vermab

This article highlights (FeCoNiCuMn)3O4 high-entropy oxide prepared via liquid state induction melting

techniques for supercapacitor application. Nanostructured high entropy oxides have higher active sites

to boost the surface redox process with transition metal cations, such as Fe2+, Mn3+, Ni2+, Co2+, and

Cu+, which helps to improve specific power, long-term cyclic stability, and specific capacitance. Melted

and ball-milled HEA Nps were annealed to form the high entropy oxide, which uses a positive electrode

for supercapacitor application; this results in the highest specific capacitance of 313 F g−1 for a current

rate of 5 mV s−1 for the optimized 3 M KOH electrolyte. The biochar prepared through the pyrolysis of

rice straw biochar shows a maximum specific capacitance of 232 F g−1 for 5 mV s−1. The fabricated

aqueous devices display the highest specific capacitance of 83 F g−1 at 2 A g−1 with a specific energy of

33.4 W h kg−1 at 1700 W kg−1.
Introduction

The working characteristics of an electrochemical capacitor are
strongly inuenced by the properties of the active electrode
material used to fabricate the device, the nature of the electro-
lyte used, and their interaction during electrochemical activi-
ties.1,2 Further, the fabrication of an asymmetric liquid state
device results in higher specic energy with a wide voltage
window and long cyclic stability; these excellent characteristics
of liquid state devices are due to the high ionic conductivity,
electroactivity and high ionic mobility of aqueous electrolytes,
which boost electrolytic interaction.3,4 Various nanomaterials
such as metal oxides, chalcogenides, carbides, and phosphides
are used for supercapacitor application.3 Recently, there have
been studies on high entropy alloys for supercapacitor appli-
cation. High entropy alloys offer multiple active sites to boost
supercapacitive performance.5 Moreover, an inductive effect,
high entropy effect, and lattice distortion effect result in effec-
tive electrolytic ion can participate in electrochemical activi-
ties.6 Various high entropy alloys are used for energy storage
and conversion, energy harvesting, corrosion, and dielectric
applications. The supercapacitor eld with high entropy alloys
has been emerging; however, only few reports are available.
Among them, high entropy nanoparticles, high entropy oxides,
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high entropy alloy-composites as well as high entropy carbides
and nitrides have also been reported.7–9 In this study, we
successfully synthesized (FeCoNiCuMn)3O4 high entropy oxide
through melting, casting and annealing. XRD analysis reveals
the spinel structure and FESEM shows the agglomeration
morphology of the nanoparticles; furthermore, an in-depth
analysis was performed using TEM.

Further oxidation states of quinary elements present in the
high entropy oxide were evaluated using XPS analysis. BET and
hydrodynamic particle size distribution analyses reveal
a specic surface area of 56 m2 g−1 with an average particle
diameter of 400 nm. The prepared electrode shows a maximum
specic capacitance of 313 F g−1 for a current rate of 5 mV s−1

and optimized concentration of potassium hydroxide. In addi-
tion, the rice straw biochar prepared by employing pyrolysis
techniques shows a maximum specic capacitance of 126 F g−1

at 1 A g−1. Next, an aqueous asymmetric device was fabricated
with the help of FCNCM oxide and biochar positive and negative
electrode materials, which shows the highest specic energy of
33.4 W h kg−1 at 1700 W kg−1. In addition, post-XPS studies
show compositional stability even aer continuous cyclic
studies.
Materials and method
Materials

Iron, cobalt, nickel, copper, and manganese were brought from
Loba Chemicals India. Potassium hydroxide, carbon black, and
graphite sheets are brought from Merck India. N-methyl-2-
pyroiodine (NMP) and PVDF were purchased from Loba
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra05204h&domain=pdf&date_stamp=2024-10-24
http://orcid.org/0009-0009-6652-6463
https://doi.org/10.1039/d4ra05204h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra05204h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014046


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

5 
7:

19
:2

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
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Chemicals India. These chemicals were used as received
without further purication.

Method
Synthesis of (FeCoNiCuMn)3O4

The synthesis of (FeCoNiCuMn)3O4 was done by annealing the
Fe–Co–Ni–Cu–Mn HEA powder at 550 °C for 10 h in a tube
furnace. Our previous work synthesized Fe–Co–Ni–Cu–Mn HEA
powder. An equimolar mixture of the above respective metals is
taken for an argon-sealed induction melting at 1350 °C for
a series of times to conrm a homogeneous solution; the
mixture was melted several times, which was later subjected to
a homogenized heat treatment for 48 h at 1000 °C. Next, the
solid bulk ingot was parted into several pieces and used for
vibratory ball milling to obtain the FeCoNiCuMn HEA powder.
The XRD HEA bulk, powder, and oxide analysis conrms
a single-phase structure. The XRD pattern reveals a uniform
spinel structure of FCC.

Synthesis of green carbon

The green carbon synthesized from rice straw agricultural waste
was mixed with hematite ore (Fe2O3) in a ratio of 5 : 1. First, rice
straw was cleaned with DI water followed by grinding, then
mixed with hematite and used for pyrolysis at 600 °C for 1 h.
Then, the obtained entity was milled for 2 h to get green carbon,
which was analyzed for further characterization and electro-
chemical studies.

Characterization

An X-ray diffractometer of D8 Advance Bruker was used for the
structural phase analysis. Then, the morphological distribution
of HEA oxide was carried out by Zeiss VP-200 along EDAX and
elemental mapping. Further, in-depth structural characteristics
were obtained with the help of transmission electron micros-
copy of STEM (JEOL 2100F). In addition, the chemical compo-
sitions and oxidation states are evaluated with the help of
ThermoFisher Scientic to make Nexsa base. The Raman and
FTIR analyses were performed using WITec, UHTS 300 VIS,
Germany, and Bruker Alpha II FTIR spectrometer (Bruker
Corporation, Germany), respectively.

Preparation of the electrode

The preparation of the FCNCM oxide electrode follows the ratio
70 : 20 : 10 of the active electrode material, acetylene carbon
black, and PVDF; each entity has a signicant role in the elec-
trode. The slurry is developed with the help of NMP as the
solvent, followed by a mortar pestle grinding and ultra-
sonication for 30 minutes. Then, the mixture solution is care-
fully coated into the 1 cm2 graphite sheet (aer cleaning it with
acetone and battery grade). This follows vacuum drying at 70 °C
overnight and is used for electrochemical testing. A similar
procedure was adopted for the biochar electrode preparation in
which the biochar and binder (PVDF) ratio is around 90 : 10.
Next, the electrochemical workstation Biologic-E Sp200 was
used for the supercapacitor study. Ag/AgCl is used as
© 2024 The Author(s). Published by the Royal Society of Chemistry
a reference, and Pt-wire is used as a counter electrode to make
the three-electrode measurement system available. The opti-
mized mass loading for the respective electrode for the elec-
trode measurement system is around 1 mg. Biochar and
FCNCM oxides are used as negative and positive electrodes to
fabricate the asymmetric device for the two electrode
measurement systems. A perfect asymmetric combination is
approved when a charge-balanced mass loading is applied on
both electrodes.

Results and discussions

In the XRD pattern of (FeCoNiCuMn)3O4 HEO represented in
Fig. 1(a), the peaks referring to the spinel type high entropy
oxide pattern can be well indexed to cubic FeCr2O4 (JCPDS No.
34-0140), suggesting the successful synthesis of the single-
phase spinel structure (FeCoNiCuMn)3O4 with the space
group of Fd�3m. The lattice constant was determined to be a =

3.32 Å from the XRD analysis.10 Fig. 1(b) shows the FTIR spec-
trum of HEO. Fig. 1(c) and (d) shows the FESEM images of the
agglomerated nanostructured HEO. In the lower magnication
image Fig. 1(c), the ne particles are in an agglomerated state,
and at higher magnication, the ne pores are visible, and clear
evidence of a porous structure consisting of (FeCoNiCuMn)3O4

HEO with opened-up geometry is observed, uniquely displaying
a honeycomb analog surface architecture, which is benecial
not only to allow easy penetration of electrolyte ions through its
unfold framework but also to ensure good structural stability
against rapid charge–discharge cycles. These pores and ne
active sites work as epicenters for electrochemical activities.
This multivalent quinary high entropy oxide could show good
capacitive behavior and uniform morphology distribution.
Next, HRTEM analysis was done to get further insight into the
details of HEO Fig. 2(a)–(d). As shown in the gure, the bright
eld image shows the dark area, which is notied as the HEA
region and the shadow white region as the HEO region. Further,
the FFT pattern selection for evaluating the lattice spacing is
around d = 0.254 nm (311). Further corresponding FFT pattern
of HEO with identication of each plane is shown in Fig. 2(d)
respectively.11

Further, XPS studies show multivalent quinary elements
with multiple oxidation states, and each element spectrum
analyzes the oxidation states in Fig. 3(a)–(f). In addition, the XPS
spectrum also shows the presence of all quinary elements.
Starting with the Fe 2p spectrum, 711.03 eV (2p3/2) and 723 eV
(2p1/2) refer to Fe2+, whereas the peaks at 715.50 eV and
732.92 eV, denoted as satellite peaks, represent the mixed
valence state of Fe.12 On further analyzing the Co 2p spectrum,
779.87 eV (2p3/2) and 795.21 eV(2p1/2) refer to Co2+, with addi-
tional peaks at 784.46 eV and 801.75 eV corresponding to the
satellite peaks of Co,13. While analyzing the Ni 2p spectrum,
854.43 and 871.89 eV are Ni2+ peaks of 2p3/2 and 2p1/2, respec-
tively. Furthermore, additional peaks at 860.54 and 879.27 eV
are satellite peaks of Ni 2p.14,15 Next, for Cu 2p, 933.38 eV and
953.28 eV are referred to as Cu+, while other peaks at 941.02,
943.45, and 961.78 eV are mixed valence states of Cu 2p.16,17

Analyzing the Mn 2p spectrum, +3 and +4 states of Mn are
RSC Adv., 2024, 14, 33830–33842 | 33831
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Fig. 1 (a) XRD spectrum of (FeCoNiCuMn)3O4 HEO, (b) FTIR spectrum of HEO, and (c and d) FESEM images of nanostructured FeCoNiCuMn
HEO.
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present; in particular, 641.54, 648.14, 6532.9, and 655.94 eV are
referred to as Mn3+, Mn4+, Mn3+, and satellite peaks, respec-
tively.18,19 The O 1s spectrum shows peaks at 529.36 eV and
530.91 eV, corresponding to OL and OV, respectively.

The BET spectrum of (FeCoNiCuMn)3O4 HEO shows
adsorption, and the desorption spectrum follows the type-IV
trait, as shown in Fig. 3(g). The specic surface area is calcu-
lated to be 53 m2 g−1, which refers to a high specic surface area
resulting in higher specic capacitance. In addition, pore size
distribution corresponds to most of the pores belonging to the
mesoporous region (<50 nm), and these ne pore distributions
over the HEO surface benet higher specic capacitance, as
shown in Fig. 3(h). AFM data is added in the Supplementary
section, Fig. S9.†

Characterizations of RS-biochar

XRD. In the X-the ray diffraction pattern, sharp peaks at
22.1°, 28.9°, and 40° reveal the presence of amorphous carbon
(002) and inorganic substances, including SiO2, as shown in
Fig. 4(a). The high levels of SiO2 in SRB were observed due to low
lignin content. The peak located at 22.1° corresponds to the
graphite (002) bands, according to ref. 20 and 21. The ndings
from FTIR spectra also demonstrated that the transition
33832 | RSC Adv., 2024, 14, 33830–33842
products generated in this temperature range were compatible
with this. These tiny bundles of graphene-like analogs are still
structured in turbostratic disorder and are consequently known
as turbostratic crystallites. In conclusion, the RSB XRD band
patterns are composed of an amorphous material with a weak
crystalline phase.

FTIR. Fig. 4(b) displays the RSB FT-IR spectra. According to
ref. 22, the stretching of C–O and C–O–C bonds revealed the
peaks at 1080 cm−1. For RSB, various peaks (CH2, CH3, and C]
C) between 1440 and 1300 cm−1 were observed, derived from
cellulose, hemicellulose, and lignin.23 The peaks between 1440
and 1300 cm−1 refer to a more active aromatic structure devel-
oped due to the breakdown of cellulose, hemicellulose, and
lignin. Instead, peaks representing aromatic C]C stretching
(1414 cm−1) appeared according to ref. 24.

Raman. The distribution and condition of sp2-bonded
carbon in the microstructure of carbon materials can be
assessed using Raman spectroscopy. An understanding of the
carbon structure was gained through the Raman spectroscopy
analysis of RSB. The RSB displayed two broad bands at
1365 cm−1 (D band) and 1595 cm−1 (G band), respectively.
While the G band represents the oscillation of the C]C bond
with the sp2 graphitic carbon framework, the D band represents
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Bright field HRTEM image of (FeCoNiCuMn)3O4 HEO Nps. (b) STEM image of HEO. (c) Evaluation of lattice spacing by inverse FFT HEO
and HEA particles as shown for the HEO with d = 0.254 nm for (311) and d = 0.287 nm for (220). (d) Corresponding FFT pattern of HEO with
identification of each plane.
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the aw and imperfection in the carbon substance. The inten-
sity ratio of the ID/IG ratio was 1, which shows the graphitic
nature of RSB, as shown in Fig. 4(c).

BET and SEM. The BET surface area of RSB was impacted by
temperature. The surface area and pore volume of RSB at 700 °C
were observed to be 6.37 m2 g−1 and 7.39 cm3 g−1 due to
cellulose, lignin degradation, and rapid release of H2 and CH4,
resulting in the amorphous carbon structure and micropores.25

The average pore diameter of RSB was observed to be 4.80 nm.
The SEM image of RSB demonstrates the porous structure, as
shown in Fig. 4(e), which is also conrmed by BET results.

Results and discussion of the
supercapacitor study

The three-electrode supercapacitive analysis of FCMCM oxide
and biochar electrode was carried out in the optimum
concentration of potassium hydroxide. As mentioned in the
introduction section, the previous studies back the selection of
KOH for signicant capacitive performance. Small hydrated
ionic sizes of K+ and OH− ions also facilitate greater ionic
conductivity with an easy diffusion process.26 Hence, all
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrochemical processes are measured using 3 M KOH elec-
trolytes. The curves are represented in Fig. 5(a), which are taken
in stable voltage window ranges from−0.3 to 0.3 V. It is obseved
from CV curves that neither pure redox kinetics observed prove
this high entropy oxide nor a battery kind of material, hence
specic capacitance can be expressed as F g−1 instead
of mA h g−1.

On the other hand, the capacity from CV calculated using
nonlinear equations does not obey pure double-layer kind of
material.27,28 Again, the capacitance for this class of materials
mainly arises from the surface reactions involved with active
electrode materials. These surfaces are mostly surface redox
reactions (including surface intercalation/deintercalation),
termed pseudocapacitive charge storage characteristics.29

Further in higher scanning rate regions, the curves are
becoming less pseudocapacitive, directing a certain percentage
of electrochemical double-layer characteristics observed with
the adsorption of ions on the surface of the active materials.
These two characteristics can be further veried with the help of
power law that can be expressed as;

i = mnn (1)
RSC Adv., 2024, 14, 33830–33842 | 33833
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Fig. 3 XPS spectrum of (a) Fe 2p, (b)Co 2p, (c) Ni 2p, (d) Cu 2p, (e) Mn 2p and (f) O 1s. (g) BET adsorption/desorption spectrum. (h)Pore size
distribution.
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where i,m, and n are current, modiable variables, respectively,
the n value ranges between 0.5 to 1.0, with ‘n’ closer to 0.5
referring to more faradaic characteristics, while b = 1 is called
pure capacitive. For the pseudocapacitive high entropy oxide,
the slope of the plot log(i) versus log(n) will give an ‘n’ value. The
value of n here is 0.78, which is an intermediate stage between
the pure faradaic and pure capacitive phenomena, proving it to
be an excellent supercapacitive material, as shown in Fig. 5(b).
Now, these multivalent cations associated with HEO will be
a hub for these surface redox activities with the transition
between the oxidization states Fe3+/Fe2+, Co2+, Ni2+, Mn4+/Mn3+

during cyclic voltammogram irrespective of scan rates. Now, the
above charge storage process can be simplied by two charge
storage mechanisms named capacitive effect (k1n) and slow
diffusion controlled effect (k2n

1/2).30
33834 | RSC Adv., 2024, 14, 33830–33842
i(n) = k1n + k2n
1/2 (2)

iðnÞ
n1=2

¼ k1n
1=2 þ k2 (3)

In the above relation, the evaluation of k1 and k2 will simplify
the relation between the controlled effect and the controlled
effect's current response from the total current response. Now,
the total voltammetric charge under a voltammogram can be
evaluated from the integral area, which is directly related to the
scanning rate (n), Q(n) = Q(total) = Qcapacitive + k3n

−1/2, by plot-
ting the graph between the total charge with respective n−1/2,
and the Y-axis intercept, which is nothing but Qcapacitive, which
can be evaluated easily.31 Fig. S1† shows the exact value of the
calculated surface-controlled effect, which, on further subtrac-
tion from the total charge, will give a diffusion-controlled effect.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) XRD, (b) FTIR, (c) Raman spectra, (d) RSB (biochar), (e) SEM image and (f) EDX analysis.
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Hence, the relative percentage contribution of Qs and Qd are
shown in Fig. 5(c). It is demonstrated that in lower scanning
voltammograms, there is enough time duration available for
electrolytic ions to participate in the pseudocapacitive surface
Fig. 5 (a) CV curves at various scan rates; (b) ‘b’ is calculated at 0.3 V. (c)
scan rates. (d and e) Surface and diffusion controlled portion over a total c
rates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
redox activities like surface intercalation/deintercalation while
increasing the scanning rate, and there will be less pseudoca-
pacitive redox activities. Further, the higher current response in
this quinary high entropy oxide electrode is believed to have
Percentage of surface controlled and diffusion controlled for different
urrent response at 50mV s−1. (f) Charge–discharge at different current

RSC Adv., 2024, 14, 33830–33842 | 33835
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originated from each transitional oxide; for example, Fe andMn
oxides have more redox activities in the negative potential
window, while capacitive materials Ni and Co oxides have redox
activities in the positive potential window, with the latter
contributing to higher specic capacitance. Fig. 5(d) and (e)
show the separation of surface-controlled and diffusion-
controlled from the total charge at 30 mV s−1.

Now, the GCD pattern follows the same nonlinear charge–
discharge in Fig. 5(f). This HEO electrode shows moderate
coulombic efficiency, proving the participation of all quinary
transition metallic cations in the electrochemical activities. The
pseudocapacitive characteristics will dominate in the lower
current rate charging discharging while increasing the current
rate surface-controlled characteristics. The following are more
ion adsorption characteristics on the active surface of the
electrode. The gcd cures follows pseudocapacitive characteris-
tics, the gravimetric capacitance for this curves will be evaluated
using an equation as shown in supporting equation data. The
highest value of specic capacitance obtained was 313 F g−1 for
a current rate of 5 mV s−1; while increasing the current density
to 200, the capacitance was obtained at around 96 F g−1. In
addition, electrochemical impedance spectroscopy is also
measured in between the frequency range of 1 Hz to 10 kHz. The
cyclic stability of this HEO electrode three-electrode measure-
ment is veried with the help of a current density of 10 A g−1 up
to 7500 incessant charge–discharge cycles. As represented in
Fig. 6(a), in the initial 2000 cycles, capacity retention will
continuously decrease. However, on further increasing the
cycles, it remains stable at 92% even aer 7500 cycles, which
Fig. 6 (a) Cyclic stability up to 7500 cycles at 10 A g−1, (b) CV before and
stability tests.

33836 | RSC Adv., 2024, 14, 33830–33842
signies an excellent supercapacitive material for long-term
practical durability. This FeCoNiCuMn HEO can be compared
with existing literature reports on the high entropy-based
supercapacitors such as (FeCoCrMnNi)3O4,

32 (FeCoCrMnZn)3-
O4,33 and (CrMnFeCoNi)3O4,34 which demonstrated the specic
capacitance of 332.2 F g−1 at 0.3 A g−1, 340.3 F g−1 at 0.5A g−1,
239 F g−1 at 0.5A g−1, respectively. Recently, Zhang et al.35

synthesized (FeCoCrMnNi)3O4 by dealloying techniques,
showing 639 F g−1 at 1 A g−1 in 3 M NaOH but with poor cyclic
stability just up to 1000 cycles. In addition, various high entropy
composites such as rHEO-CNT,36 HEO/f-CSAC,37 NiCuFeCoMn-
carbonate, HEA-NP@MOL/HCPC display specic capacitances
of 157.5 F g−1 at 1 A g−1, 147.5 F g−1 at 1 A g−1, 1241 F g−1 at
3 A g−1, 203 F g−1@1 mA cm−2 respectively. Comparison of
various HEA-based materials with the prepared high entropy
oxide electrode Table 1. The above literature analysis shows that
this economical induction of melted and ball-milled high
entropy oxide emerges as an excellent supercapacitive material
irrespective of composite combination or synthesis protocol for
high entropy alloy-based materials. Fig. 6(c) shows the Nyquist
plot with tted data with Rs and CPE with no change of Nyquist
plot shape behavior aer stability while Fig. 6(d) shows nyquist
plot before and aer the stability.

The same electrochemical protocol was followed for the
green carbon derived from agricultural waste; three electrode
measurements demonstrated the same electrolyte concentra-
tion of KOH with an active material mass loading of 1 mg. The
cyclic voltammetry curves are measured with a stable potential
window of −1.0 to 0.0 V against Ag/AgCl between scan rate
after stability tests, (c) Nyquist plot, (d) and Nyquist plot before and after

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ranges from 5 to 200 mV s−1. As shown in Fig. 7(a), CV curves,
the plot log(i) versus log(n) will give an ‘n’ value. The value of n
here is 0.82, which is the intermediate stage between the pure
faradaic and pure capacitive phenomena but closer to the
capacitive behavior of green carbon electrode, which is purely
EDLC type Fig. 7(b).

Moreover, gcd plots are also recorded between the 1 A g−1 to
7 A g−1, as shown in Fig. 7(e). The CV curves are mostly inclined
towards the rectangular, while in the lower scanning region,
a little edge of pseudocapacitive characteristics is observed. Now,
quantifying surface-controlled characteristics from the total
charge plot, as shown in supporting Fig. S2(a)†, can quantify
both mechanisms. Fig. 7(c) connects the percentage of surface
and diffusion kinetics charges with total charges. This will give
more ability to understand how surface contribution dominated
over increased scanning rate. For a scanning rate of 30 mV s−1,
the percentage contribution of Qs and Qd is 62% and 38%,
respectively, as shown in Fig. 7(d). The evaluation of specic
capacitance at 1 A g−1 shows 126 F g−1, while at a current rate of
7 A g−1, the capacitance decreases to 61.73%. The higher CV
areas in the green carbon electrode's negative potential window
(−1.0 to 0.0) suggest an excellent negative electrode material for
supercapacitor application. Fig. 7(f) shows the Nyquist plot for
green carbon electrodes. Fig. S2(b) and (c)† shows the cyclic
stability of the biochar electrode at 7 A g−1 up to 7500 cycles,
green carbon electrode, an initial and nal GCD also attached.
Fig. S2(d)† shows the initial and nal Nyquist plots. A compar-
ison of RS-biochar with various biochar-based supercapacitors
from agricultural waste is shown in Table S1.†

Study of asymmetric liquid state devices

The supercapacitor characteristics of both FeCoNiCuMn HEO
and biochar-C can be further analyzed when there is an asym-
metric supercapacitive combination. The asymmetric devices
have signicant importance due to their high specic energy,
wide voltage window, and high cyclic stability. Hence, the
asymmetric device is demonstrated with FCNCM oxide as the
positive and biochar-C as the negative electrodes, respectively.
The maximum device efficiency will be observed when charge
balance loading is employed on respective electrodes.45,46

q+ = q−

m+V+Cp+ = m−V−Cp−

The required mass loading is evaluated at 50 mV s−1 with
a voltage window of −0.3 to 0.3 (HEA oxide) and −1.0 to 0.0 V
(biochar) with a specic capacitance of 250 F g−1 and 151.36 F g−1;
putting these values in the above charge balance equation, the
ratio of 0.86 is obtained. This implies that 1 mg of biochar and
0.86 mg of HEA oxide coated on a graphite sheet enables the
desired asymmetric electrodes. This asymmetric device was tested
in an aqueous 2 M potassium hydroxide solution. Various mass
ratios are considered for further optimization; the HEO : biochar
ratios of 0.5 : 1, 1 : 1, 1 : 0.5 and 0.85 : 1 are considered in mg, and
different cells are constructed, as shown in Fig. S4–S7.†
RSC Adv., 2024, 14, 33830–33842 | 33837
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Fig. 7 (a) CV at different scanning rates, (b) ‘b’ value at −0.3 V, and (c) distinction of surface and diffusion controlled kinetics to the total charge.
(d) Amount of charge in the respective CV, (e) GCD at different current densities, and (f) Nyquist plot.

Fig. 8 (a) Stability of CV at 50 mV s−1 for the asymmetric device. (b) CV at different scan rates. (c) Stability of charge–discharge at 3 A g−1. (d)
Charge–discharge at different current rates. (e) Specific capacitance vs. current density. (f) Ragone plot for the asymmetric device.
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Starting with Fig. 8(a), the voltage range stability of this device
tested at 50mV s−1 for various voltage points ranges from 1.0 V to
1.6 V, and it is observed that there is no disintegration of CV over
increasing voltage, proving a wide voltage stability through
33838 | RSC Adv., 2024, 14, 33830–33842
asymmetric combination. Next, the CV curves are taken in
different scanning rates ranging from 10 to 200mV s−1, as shown
in Fig. 8(b) with a voltage window of 0.0 to 1.6 V. The curves seem
quasi-rectangular, miming the pseudocapacitive characteristics
© 2024 The Author(s). Published by the Royal Society of Chemistry
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through the asymmetric combination. Again, more linearity was
observed in the lower scan rate, which easily matched the three
electrode characteristics. The dominance of slow diffusion-
controlled faradaic characteristics results in nonrectangular
CVs with the increasing scanning rate; the dominance of surface-
controlled characteristics is observed with less surface redox
phenomena. These supercapacitive asymmetric characteristics
are also observed in the charge–discharge phenomena. As shown
in Fig. 8(c), the voltage stability was also tested for gcd curves at
a current rate of 3 A g−1 with a voltage window of 0.0 to 1.6 V. The
curves are continuous with nonrectangular characteristics,
proving signicant asymmetric aqueous supercapacitive device
stability. Hence, all gcd traces are recorded with the help of
a current rate ranging from 0.5 to 10 A g−1, as shown in Fig. 8(d).
Charge discharge traces associated with the lower current rate
become more plateau-like with slow diffusion-controlled surface
redox characteristics of surface intercalation activities.

In contrast, in the higher current rate region, the curves
become less faradaic with more triangular characteristics. From
the nonlinear characteristics of charge–discharge, the specic
capacitance value is calculated at 2 A g−1 as 83 F g−1, further
loy on the current rate, it drops to 56% of the initial value, as
shown in Fig. 8(e). With this capacity excellence, evaluating the
respective specic energy and power from the discharge portion
for the respective scan rate is very convenient. Now, this hybrid
asymmetric device's highest specic energy of 33.4 W h kg−1 is
obtained by consuming a specic power of 1700 W kg−1. The
obtained specic energy can be more comparable with various
liquid state asymmetric devices, as shown in Fig. 8(f). Among
the different liquid state devices, (FeCoCrMnNi)C47 (high
Fig. 9 XPS analysis after cyclic stability test of the (FeCoNiCuMn)3O4 HE
respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
entropy carbide symmetric) shows 3.8 W h kg−1 at a specic
power of 1466.7 W kg−1 for the 1 M KOH electrolyte, FeCo-
NiCrMn//AC30 (asymmetric) shows 21 W h kg−1 at 307 W kg−1

for 3 M KOH electrolyte, microwave synthesized Cu-doped
MnO2 with asymmetric combination of activated carbon48

shows 77.78 W h kg−1 at a power density of 1000 W kg−1 for 1 M
Na2SO4 electrolyte, MnO2/rGO//AC shows 25.14 W h kg−1 at
250 W kg−1, CaCu2O3//AC49 shows 11.8 W h kg−1 at 362.5 W
kg−1, AgCoS@CNT//AC50 shows 32 W h kg−1 at 750 W kg−1, and
the NiTe2–Co2Te2@rGO//AC51 HSC device shows a specic
capacitance of 51 W h kg−1 at 800 W kg−1 for 1 M KOH elec-
trolyte. Additionally, specic energy and specic power of
different mass loading electrodes are analyzed in detail Fig. S8.†
For mass rations, we have analyzed the log(specic energy) vs.
log(specic power) plot according to the equation, log(specic
energy) = b log(specic power) + a. All four types of mass ratio
loadings are 1 : 0.5, 1 : 1, 0.5 : 1, 0.85 : 1, respectively, of HEO and
biochar. For HEO : biochar ratio, 1 : 1, slope −0.51, intercept =
2.91 and R2 value obtained is 0.94; for ratio 0.5 : 1, slope =

−0.23, intercept = 2.31 and R2 value obtained is 0.92; for the
ratio 1 : 0.5, slope = −0.17, intercept = 1.94 and R2 value ob-
tained is 0.93; and for the ratio 0.85 : 1, slope = −0.149, inter-
cept = 1.49 and R2 value obtained is 0.94. Hence, compared to
other mass ratios, clearly, the rate of decrease of energy density
with an increase of power density is lesser in the mass ratio of
0.85 : 1.

Aer evaluating the specic energies for this aqueous
asymmetric device, cyclic stability is tested at 5 A g−1 up to 7500
cycles Fig. S3(a).† The initial decay obtained for the device was
until stable interaction was formed with HEA and KOH
O electrode (a) Fe 2p, (b) Co 2p, (c) Ni 2p, (d) Cu 2p, (e) Mn 2p and O 1s

RSC Adv., 2024, 14, 33830–33842 | 33839
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electrolyte. With the remaining cycles, capacity retention
remains stable at up to 3000 and slowly decays for 7500 cycles.

Aer testing the stability of the electrode employed for the X-
ray photoelectron spectroscopy analysis, peak positions changed
slightly. At the same time, the original oxidation states remain
dominant in Fig. 9. Concerning the Fe 2p spectrum, as shown
above, the peaks at 707.86, 712.84, 717.92, and 724.41 eV corre-
spond to Fe3+, Fe2+, Fe3+, and Fe2+, respectively. Similarly, for Co
2p, peaks remain unaltered while the intensity is slightly varied.
Next, for Ni 2p, splitting multiple peaks results in Ni3+, Ni2+, and
satellite peaks, respectively. In addition, the Cu 2p peaks are also
labeled as Cu+, while for Mn 2p, Mn3+ and Mn4+ are dominant.

Similarly, the rise in oxygen intensity is due to deep inter-
action with the KOH electrolyte. Further, these multiple peak
splitting and intensity changes result in good intercalation and
deintercalation of K+ and OH− ions with multivalent quinary
cations. Moreover, this HEA architecture can also prove the
change of states from Mn+ to Mm+. This higher specic capaci-
tance with higher CV response can be plotted as the synergism
effect of various elements of the HEA framework.

Enriching the detailed analysis for the FeCoNiCuMn HEO
electrode, impedance analysis was employed with cyclic voltam-
metry and galvanostatic charge–discharge. This impedance spec-
troscopy is recorded between 10 000 Hz to 1 Hz frequency range
with the same electrolytic concentration. Fig. S3(b)–(e)† shows that
the Nyquist plot behaves like a pseudocapacitive characteristic
with no pure semicircle, proving an excellent pseudocapacitive
asymmetric combination. The tted circuit behaved like a modi-
ed Randel's circuit. In addition, the Bode plot and capacitive
impedance plot over the frequency range were also calculated.

Conclusions

The above studied (FeCoNiCuMn)3O4 spinel type high entropy
oxide for supercapacitor applications possesses good potential,
and the multivalent oxidation states evolved due to higher
specic capacitance. Again, ne mesoporous distributed
morphology and agglomerated nanostructure further add
a higher impact on supercapacitor properties. Briey analyze
the result of supercapacitor study at 3 M KOH solution around
shows a specic capacitance of 313.16 F g−1 while for 1 A g−1

around 143.33 F g−1. In addition, green carbon is also prepared
from the catalytic annealing of rice straw biochar, which has
good performance in the negative potential window of around
232 F g−1 at 5 mV s−1 while for 1 A g−1, the value is around 126 F
g−1. Now, using HEO as a positive electrode and green carbon as
a negative electrode, the fabricated aqueous asymmetric device
shows the highest specicity of 83 F g−1 at 2 A g−1. Further, their
specic energy and power were deconvoluted around
33.4 W h kg−1 and 1700 W kg−1, respectively. Moreover,
synthesizing both HEO and green carbon electrodes from
agricultural waste using a green synthesis protocol provides
researchers with a wide range of opportunities.
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