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Abstract—Manganese ferrite offers several advantages when employed as an electrocatalytic material for supercapaci-
tors, including outstanding cycle stability and energy capacity. When compared to identical-metal sulfides, specific
capacitance (Cy,) of MnFe,O, remains inadequate. So, using the hydrothermal synthesis technique, partial sulfur doping
of MnFe,O, was achieved to investigate the synergetic effect of oxides and sulfides. Various spectroscopic and micro-
scopic studies demonstrate that adding sulfur atoms into MnFe,O, increases the lattice parameters, which improves
electrochemical performance. At a current density around 2 A g, then calculating MnFe,O, with partial sulfur dop-
ing has a C,, of 1,201.60 F g ', that is greater than 784.0F g ' of pure MnFe,0,. Maximum energy density (E,) of
93.62 Wh kg ' was produced with a power density (P,) of 749 W kg™'. The current study depicts that partial sulfur
doping can enhance the electrochemical behavior of MnFe,O,. As a result, the present work shows more effective in
field of energy storage by enhancing their poor electrochemical performance.
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INTRODUCTION

Supercapacitors have a vital role in fields related to energy stor-
age owing to quick (charge-discharge) rate, exceptional cycle sta-
bility along with higher power density (P,)). Supercapacitors offer a
greater range of potential applications in sectors of electric vehicles,
portable electronics along with grids [1-8]. They can boost energy
consumption efficiency when coupled along with batteries that
requires high energy density (E,). Firm basis on their energy stor-
age mechanism, supercapacitors additionally diversified as electro-
chemical double-layer capacitors (EDLC) along with pseudoca-
pacitors [9-15]. EDLC use electrostatic (adsorption/desorption)
mechanism to store energy, whereas pseudocapacitors are expected
to primarily use faster along with a invertible electrochemical fara-
daic reaction. These two categories of supercapacitors device to be
constrained in their development by their low energy densities
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[16-19].

Research on electrode materials has attracted much interest since
it is an essential aspect that is strongly tied to its energy density.
More and more materials are being developed with outstanding
qualities and a large number of possible applications. Transition metal
oxides (TMOx) and transition metal sulfides (TMS) have drawn
greater attraction because of higher theoretical energy density, low
toxicity, along with abundancy of deposits [20-24]. Transition metal
oxides like iron oxide, manganese oxide and nickel oxide, are rec-
ognized as excellent options for supercapacitor electrode materials,
building on the success of RuO,. This binder-free and freestanding
nickel oxide@Ni Foam anchored porous carbon supercapacitor
electrode was created by Deng et al. via a combination of pyrolysis,
temperature-controlled phase separation along with hydrothermal
reaction. It was determined that the sample had C,, of 152F g
despite being loaded with a relatively large amount of active sub-
stances (1498 mg cm ) [25]. Larger C, around 264F g’ @ 1A g
was exhibited by Ferric oxide@C nanoparticles made by Zheng et
al. used straightforward along with co-precipitation and carbon-
ization technique. Rate capability around 90.1% more than (CV



Partial sulfur doping induced variation in morphology of MnFe,O, 1519

cycle of 5,000) further demonstrated the device's high cyclic stabil-
ity [26]. Xinhua et al. studied (electrochemical properties) related
to MnO, nanoparticles by electrospinning deposition for C,, appli-
cation. Fabricated electrode showed C,, around 645F g at 0.5 A
g ' and showed better stability having more than 20 K cycles [27].
Hydrothermally produced NiO nanoflakes were examined and
reported on by Mali et al. who looked into the impact of urea con-
centration on NiO’s shape. The results showed that NiO's specific
capacitance was highest at ratio of 1:2 (Ni:urea) and sweeping
speed around 10mV s~ [28]. Zhou et al. synthesized (manganese
oxide derived) porous carbon nanofiber electrode via an electro-
spinning approach for energy storage application. Electrochemical
efficiency of MnO,/CN electrode displaying a C,, of 520 F g™ around
0.5A g showed 92.3% rate of capability afterwards 4,000 cycles
under 6.0 M potassium hydroxide [29]. Kai-Hang et al. developed
MnO,/reduced graphene oxide (RGO) nanocomposites via elec-
trochemical deposition approach for energy storage application.
Their electrochemical analysis represents areal specific capacitance
around 14F cm™? at 2mV s [30]. Chen et al. developed C, of
425F g' and displayed better stability above 3,000 cycles for capac-
itive performance [31]. Raj et al. studied electrochemical behavior
related to flower type MnO, and their result revealed that the elec-
trocatalytic material contains the Cs around 160F g @ 1A g
[32].

Fast migration of ions along with electrons present in TMOx is
challenging because of their naturally poor electrical conductivity,
which results in unfavorable electrochemical performance. Bime-
tallic oxides have more conductivity and capacity than single metal
oxides. Bimetallic oxides of the type MnFe,O, (MFO) have an in-
verted spinel structure. Half amount of Fe** ions occupied tetrahe-
dral gaps and remaining half together with all Mn** ions, inhab-
ited octahedral voids. Several scientists discovered the metal Fe,O,
such as NiFe,O, was fabricated by hydrothermal approach via Gao
et al. for energy storage conversion. The greater C,, of 2409F g
and exhibited 128% over 2,000 cycles. Furthermore, the practical
applicability of NiFe,O, was investigated with two electrode sys-
tem. The Ni based spinel exhibited the energy density of 10.15 Wh
Kg™' and P, of 140 W Kg™' [33]. The ZnFe,O, synthesized by Shri-
kant et al. with SILAR strategies. The results revealed that the
ZnFe,0, ex- hibited the C,, of 471 F g under 1 NaOH @ 5mV s~
and exhibited good P, and E, [34]. The CuFe,O, was developed
by Guo et al. for energy storage application. The CuFe,O, nanopar-
ticles exhibited the C, of 473F g @ 40mV s~ under 0.5 M sul-
phuric acid with rate capability of 88.6% over 2,000 cycles. Maitra
et al. synthesized the NiFe,O, via sol gel nanoparticles for capaci-
tive performance. The materials exhibited the Cs of 61 F g and
E, of 41 Wh Kg™' and cyclic retention of 82.91% over 1,000 cycles
[35]. Fei et al. discovered the electrochemical properties of MnFe,O,
for energy storage application. The fabricated materials exhibited
the high capacity of 302.6 mC cm ™ and E, of 68.7 mWh cm ™ hav-
ing a good cyclic stability of 50's [36]. Among ferrites, including
MFe,O, where M=Cu, Ni, Co, or Zn, manganese ferrite (MnFe,O,)
has been reported to display higher capacitance value than other
ferrites [37-39]. The superior properties of MnFe,0, are attributed
to the varied redox state, low cost, abundant availability; high cycling
stability, fascinating magnetic property, high power delivering capa-

bility and greater capacitance value, which make it a suitable can-
didate for supercapacitor application [40-43]. Despite the many
potential benefits, MnFe,0O, exhibited the weak electrical conduc-
tivity that restrict the employment in supercapacitor application.
However, the electrochemical efficiency of manganese spinel fer-
rite was increased by adopting the doping strategy of several chal-
cogenides [44-47].

Scholars discovered about transition metal sulfides: they acquire
greater electrical conductivity and more redox sites as compared
to oxides as their studies progress. Yujin et al. synthesized dual N,
S-doped CoFe,O,@carbon nanotube via hydrothermal procedure
for C,, application. Electrode material related to N,S,_CoFe,0,@
CNTs depicts electrochemical efficiency of 1053.60F g ' at 1A g
under 1M potassium hydroxide electrolyte. Moreover, the rate
retention attained 93.15% @ 30 A g afterwards 5,000 cycles [48].
Partial sulfur doped NiFe,O, was fabricated via hydrothermal ap-
proach by Xicheng et al. for energy storage application. C,, of par-
tial (sulfur doping NiFe,0,) was determined and it was around of
284F g, By of 21.14 Wh kg ™' P, of 375 W kg™ [49]. Jonghyun et
al. fabricated S-doped NiFe-oxide nanostructure using hydrother-
mal-sulfurization technique. After sulfurization, NiFeS-NFs demon-
strated an enhancement in their C, of NFs, afterwards sulfurization
increased in range of 69 to 604 F g ' at 1 A g [50]. C doped ZnFe,O,
was prepared via hydrothermal route for supercapacitor applica-
tion are reported by Lei Li et al. Fabricated electrode displayed C,,
244 F g at very small current density with rate capability around
83.9% [51]. S-doped zinc-nickel-cobalt oxides (S-ZNCO) was pre-
pared by Yajie et al. via hydrothermal treatment along with sulfur-
ization method. It was observed that doping increased active sites
in redox reaction and enhanced C,, of 2919.60F g around 1 A
g . Assembled S-ZNCO-NF//AC device attained higher E, around
72970 W h kg™ at power density of 825.0 W kg™ [52]. Dakshana
et al. made NiCo,S, nanoparticles (NPs) by hydrothermal method
using thiourea and thioacetamid, separately. Electrochemical behav-
ior of NiCo,S,/Ni foam electrode showed higher C, values around
1,051.49 C g compared with NTU-NiCo,S, (690Cg) @ 2A g
In addition, NTA-MnCo,S, held retention around 98% after 10,000
GCD cycles @ 6 A g [53]. Sulfides commonly break down grad-
ually with ongoing charging and discharging in an (alkaline) elec-
trolyte, which has a negative impact on cycle retention.

Herein, partial sulfur doped MFO was synthesized using hydro-
thermal synthesis, bringing together benefits of oxides along with
sulfides. Increasing d-spacing related to lattice plane after partial
sulfur doping has been shown to increase electrochemical perfor-
mance without significantly altering the structure of the lattice. Elec-
trochemical performance of samples was evaluated in three and
two electrode configurations under potassium hydroxide solution.
The electrochemical results revealed the C,, of (1,201.60 F g at
2 A g and rate performance (95.82% at 2 A g') of partial sulfur
doped MFO out- performed the electrochemical behavior of MFO.
Additionally; the two-electrode system that used active carbon (AC)
worked as cathode electrode species, and partial sulfur doped MFO
as (positive electrode) material had a fantastic retention capacitance
rate (94.82%) after 5,000" GCD cycles. Comparatively; partial sulfur
doping technique may improve C,, and (conductivity of oxides), mean-
while decreasing (Sulphur-related) cycle performance deterioration.
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EXPERIMENTAL SEGMENT

1. Fabrication of MnFe,O, (MFO)

First, 50 mL of (DI water) was used to dissolve 0.1 M (0.894 g)
of manganese nitrate (Mn(NO,),-4H,0, Sigma Aldrich, 98%), 02M
(241 @) of ferric nitrate (Fe(NO,);-9H,0, Sigma Aldrich, 99.99%).
0.1M (09g) of D (+) glucose (C;H,,O4 Merck, 97.5%) and 0.1 M
(0.3 ) of urea (CHN,O, Merck 99.0%) The mixture was then stirred
magnetically for nearly 1.5 h. Well combined aqueous solution was
then put into an autoclave lined with polytetrafluoroethylene and
put in electric furnace at 393.15K in vacuum oven for 10 h. Pre-
cursor was then recovered by centrifugation at 10,000 rpm and
rinsed with DI water by suction filtering after naturally cooling at
room temperature. Dried product was then further annealed for
3h at 573.15K and saved for further synthesis and characteriza-
tion purposes.

2. Synthesis of Partial S Doping MnFe,O,

In the typical synthesis, partial sulfur doped MFO (MFO-S) was
produced via hydrothermal process. At first, the as synthesized MFO
was poured into beaker containing 0.1 M (0.39 g) of Na,S solution
in 50 mL of DI H,O, accordingly. This solution was then mechani-
cally stirred and ultrasonically dispersed for 1 h before being trans-
ferred towards the autoclave. At 393.15K for 4h, simple hydro-
thermal reaction occurred. The MFO-S sample was then cleaned
using suction filtration and acquired after drying for 8 h at 333.15K.
3. Physiochemical Characterizations

Structural features, chemical content and elemental valance state
of the produced materials were assessed using X-ray diffraction
(XRD, Advance D8 Bruker), Fourier transform infrared spectros-
copy (FTIR, JASCO 6800) and X-ray photoelectron (XPS, PHI
5300). Morphological characterization was then estimated utilized
as scanning electron microscope and energy-dispersive spectros-
copy (SEM-EDX, Quanta 200 FEG). The specific surface area (SSA)
along with pore size dispersal was then obtained via Brunauer-
Emmett-Teller and Barrett, Joyner, and Halenda method (BET-
BJH, Quantachrome 2200e).

4. Fabrication of Electrocatalytic Species for Electrochemical
Measurements

First, nickel foam was washed using an ultrasonic process at 5
min with 2 M HC], acetone, along with ethanol. The Ni foams were
then proceeded to dry in vacuum for 6h at 60°C. Three-elec-
trode systems electrode materials were created by combining car-
bon black, polyvinylidene difluoride (PVDEF), and MFO or MFO-
Sina9:1:1 ratio. The combination was equally deposited on the
Ni foam that served as the current collector after being evenly dis-
solved in 1-Methyl-2-pyrrolidinone (NMP). Finally; electrode was
dried in vacuum for 10 h at 60 °C. Preparation of positive electrode
for the two-electrode system was exactly the same as described
above, but production of negative electrode required replacing MFO
or MFO-S along with active carbon (AC). The total weight of elec-
trode materials was roughly 2.5 mg for all electrodes.

5. Electrochemical Measurements

Both three-electrode system along with two-electrode system
electrochemical tests were performed on MFO and MFO-S sam-
ples. A PG-STAT 204 electrochemical station (Netherlands) was
used for measuring electrochemical efficiency of hybrid material

June, 2023

and its counterparts under 1.0 M KOH, which served as electro-
lyte. Conventional saturated silver/AgCl electrode was used as
standard electrode in a three-electrode setup, and 1x1 cm” Pt elec-
trode was employed as axillary electrode. The frequency ranges for
impedance measurement were then set to be between 100 Hz and
100 KHz. In two-electrode system, the MFO-S or MFO electrode
was utilized as anode electrode. However, AC electrode employed
as cathode electrode. Following equation was then used to get spe-
cific capacitance of the fabricated material [54].

va
jwlxdv

TN W

In which, C,, represents specific capacitance (F g ), Im IxdV rep-

resents the area, m is mass of electrode materials (g), S is sweeping
speed and V is voltage (V). The experiments using galvanostatic
charge-discharge polarization were also employed for measuring
specific capacitance (C,,), energy density (E;), and power density
(P,) with help of given equation [55].

_ IxAt
P mxAV

@

CpxAV’
E=753 ®)

_ Ex3,600
Pe==5 @
Further GCD data was employed for measuring specific capacity

of all fabricated substances with following relation.
Sp. capacity= Ixt (5)
p- capacity=—"

Herein, Eq. (2), (3), (4) and (5) represent the t=time, I=current (A),
V=potential, m=mass of the conductive substrate, E,=energy den-
sity, C,,=specific capacitance, P,=power density.

Electrochemical active surface area was then used to measure
Cdl by dividing the anodic and cathodic potential. The obtained
Cdl value was converted into ECSA with below Eq. (6) [21,56-61].

ECSA= Ca (6)
C,

EIS technique was then employed to measure resistivity of fabri-
cated material ranging from 100 Hz to 100 KHz @ 0.55 V (Ag/AgCl).
Stability of hybrid substance was then determined around 0.75V
(Ag/AgCl) for 50 h under 2 M KOH with chronoamperometry.

RESULTS AND DISCUSSION

Phase crystallinity of samples before and after partial sulfur dop-
ing was evaluated via XRD analysis, as illustrated in Fig. 1(a). Crystal
phase of MFO present in the diffraction angle at 18.16° 30.24°,
3543°, 43.34°, 54.15°, 57.27°, 63.51° and 74.74° are corresponding
to hkl value of (111), (222), (311), (400), (422), (511), (440) and
(533) displaying the cubic crystal system and their results are well
consistent with the PDF no.: 01-073-1964. The MFO display the
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Fig. 1. (a) XRD diffraction peaks, (b) Magnified XRD diffractogram and (c) FTIR spectra of MFO and MFO-S.

space number of 227, space group of Fd-3m, and crystal lattice
parameter of a=b=c=8.51 A°. Furthermore, the sampless phase did
not change after partial sulfur doping, indicating that the sample’s
makeup was still MFO. By comparing XRD data of fabricated
materials before and after doping of partial sulfur in range of 30.05°
to 29.69° shows a small variation in the angle of diffraction indi-
cates the successful incorporation of sulfur and magnified XRD
diffractogram represented in Fig. 1(b). The average crystallite size
(D) of the MFO and MFO-S of 64 nm and 42 nm was computed
with Debye Scherrer equation as given below [20,62,63].

_ KA
"~ Pcosd

@)

Herein, D represents crystallite size (nm), K represents the Scher-
rer constant (0.9 shape factor) A represent wavelength of X-ray
(Cu Ka=1.5046 A®), S is maximum breadth at half maxima of
diffraction pattern (FWHM), and @represents angle of diffraction.

The FTIR spectrum of MFO fabricated materials after and
before partial “s” doping ranging from 400 to 4,000 cm™" are men-
tioned in Fig. 1(b). Strong absorption bands are seen in the spectra
of MFO and MFO-S at 420.8 and 527.2 cm™, that show associa-
tion with vibration modes of the metal atoms in tetrahedral and
octahedral sites, respectively (M,;«<>O and M,,<>O). Addition-
ally, bending vibration of H,O and stretching modes of hy- droxyl
group in absorbed or free H,O induce absorption bands at 1,527.1
and 3437.1cm™ [64]. It is measured that an absorption curve exists

at 1,1226cm™ in MFO-S attributed to bending vibration of the
sulfides group, despite the fact that it does not clearly appear in
MFO.

Chemical make-up along with element valence of MFO elec-
trode materials before and after partial sulfur doping was investi-
gated using XPS analysis (d-f). Wide-scan XPS spectra of MFO
and MFO-S clearly reveal the distinctive Fe, Mn, and O element
peaks, as illustrated in Fig. 2(a). However, a distinct S element peak
may be detected in MFO-S but not in MFO. This demonstrates
that MFO sample was favorably doped with the S element follow-
ing partial sulfur doping. Gaussian fitting was used for acquiring
deconvolutions of all these peaks in the context to precisely exam-
ine dispersal and valence state of the iron, manganese, sulfur and
oxygen elements in samples. The fitted Fe 2p spectra for the two
samples are shown in Fig. 2(b). We are well aware that in spinel
ferrite, transition metal ions fill the tetrahedral and octahedral voids.
In general, octahedral coordination elements have lesser binding
energy than tetrahedral coordination elements. XPS band of Fe
2ps, and Fe 2p,,, may be fragmented into two curves belonging to
Fe™" in B site, as well as Fe’" in A site, as represented in Fig. 2(b).
Fe 2p,, spectra specifically contain peaks around energies of 711.3
(Fe’ in B site) and 714.9 (Fe™* in A site). Additionally, peaks seen
around 720.8, 722.4, 729.5 and 733.1 eV can independently interact
with Fe™* at the B site, and Fe’* in the A site to form curve of Fe
2py,,- To conclude, two samples contain iron in valence states of
Fe’* and Fe™'. The conduction mechanism of MFO may be ex-
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Fig. 2. (a) Wide XPS spectra, (b) deconvoluted Fe 2p, (c) Mn 2p, (d) O 1s and (e) S 2p.
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Fig. 3. SEM image of (a) MFO, (b) MFO-S, (c) EDX spectrum of MFO-S, (d) BET isotherm and (e) Pore size distribution of MFO and MFO-
S, respectively.

plained by the theory of electron hopping, that could be under- chemical performance in supercapacitor application. Peak of Mn

stood as electrons hopping among various valences of same ele- 2ps, might get separated into (two deconvolutions) around 641.8
ments. As a result, the presence of Fe’*/Fe’* might improve con- and 642.5¢€V, which corresponded towards Mn’" in octahedral
duction of two samples, which is thought for improving electro- voids (B site) along with tetrahedral voids (A site), respectively, as
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seen in Fig. 2(c). Also included in peak of Mn 2p,, are peaks
around 655.1 €V (Mn" in the B site) and 656.2 eV (Mn** in the A
site). The XPS of oxygen Is as well as its fragmented are men-
tioned in Fig. 2(d). It is believed that the peak at 527.4 eV rep-
resents a normal M-O bond. Additionally, some surface flaws like
hydroxyl groups or oxygen adsorbed on the surface are account-
able for the curve at 528.5 V. In addition, H,O's physical or chem-
ical absorption is responsible for the peak at 530.4 eV. The two
samples were subjected to XPS measurements between 226.7 eV
and 2289 eV for demonstrating successful instigation of element S
via partial sulfur doping. S 2p curve along its deconvolutions of
MFO-S is depicted in Fig. 2(e). The results indicate that MFO
does not exhibit a peak in this range; however, MFO-S has an
apparent peak of sulfur element.

We are all aware morphologies of electrode substances, which
have direct impact on contact area among electrocatalytic species
and electrolyte, are intimately related to their electrochemical char-
acteristics. SEM pictures of the acquired MFO samples before and
after partial sulfur doping are mentioned in Fig. 3(a)-(b). Fig. 3(a)
demonstrates that hydrothermal fabricated MFO exhibited the
agglomerated nanoparticles and partial sulfur doping tuned the
morphology of MFO-S as represented in Fig. 3(b). The tuned mor-
phology provides greater interfacial area with random distribution
of nanoparticles, and resultant increase of the electrochemical effi-
ciency of doped material. Existence of all elements like manga-

0.3
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nese, oxygen, iron, carbon and sulfur elements in the MFO-S shows
the successful formation of the composite measured by energy
dispersive X-ray (EDX) as mentioned in Fig. 3(c).

As is widely known, redox reaction occurring at the surface of
electrode substances serves as mechanism of energy storage for
pseudocapacitors. Contact area among electrode substances and
electrolyte will therefore be impacted by specific surface area, which
will have impact on electrochemical performance. N, adsorption
and desorption spectra of MFO as well as MFO-S are mentioned
in Fig. 3(d). In comparison to sample MFO, whose specific surface
area was determined around 43.2 m* g', sample MFO-S depicts a
greater specific surface area around 6842 m” g, that may be caused
by a little surface fracture during the partial sulfur doping proce-
dure. The average pore diameters of MFO as well as MFO-S, which
are (mesoporous substances) for two samples, are measured by the
Barrett, Joyner, and Halenda (BJH) method 25.23 nm and 82.32 nm,
respectively, according to the results. Pore size distribution curves
of MFO and MFO-S are also mentioned in Fig. 3(e).

1. Electrochemical Analysis

By using three-electrode configure with Pt electrode as axillary,
an Ag/AgCl as standard electrode (along with salt bridge of 3.0 M
KCl as electrolyte) and 1.0 M potassium hydroxide as electrolyte,
electrochemical characteristics of the produced MFO and MFO-S
were examined from —0.1 to 0.8 V (silver/silver chloride), as men-
tioned in Fig. 4(a)-(b). CV analysis shows that, CV polarization
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Fig. 4. Voltammagram of (a) MFO, (b) MFO-S, (c) Plot of C,, vs sweeping speed and (d) plot function of log,, (sweeping speed) vs log;, (peak

current).
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curves of both samples exhibit distinct redox peaks that corre-
spond to the conventional battery-like properties. According to the
following, Eq. (8), the redox processes of Mn™"/Mn** and Fe**/Fe’*
contribute to the redox peaks:

MnFe,O,+H,0+OH —->MnOOH+2FeOOH+¢" 8)

When comparing the CV curves of both samples, the integral area
of the MFO-S exhibited the largest surface area than the MFO,
thus they show high specific capacitance. The C,, of the MFO and
MFO-S are 617.10 and 1,201.62F g estimated with Eq. (1) and
graphical representation with regard to scan rates is illustrated in
Fig. 4(c) and comparison among the reported material is display in
Table 1. Larger C,, of MFO-S was attributed towards larger surface

M. Abdullah et al.

area, enriched active site, diverse morphology and electron donat-
ing effect of sulfur. Additionally, it is believed that determination of
CV contributed towards a reliable method for determining kinet-
ics of electrochemical reactions. Following equation describes the
correlation among scan rate and peak current [65].

1P:avb ©)

Herein, i, stands for the maximum current (A) and v for sweep-
ing rate (mV s ). usually, b=1 denotes behavior control by capaci-
tance process, while b=0.5 denotes behavior control via diffusion
process. Fig. 4(d) displays plot of log,(i) vs log,o(v), where the slopes
of fitted lines denote values of b. The fact that both samples’ b val-
ues are £0.5 demonstrates that capacitive behavior mostly regulates
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Fig. 5. GCD polarization curve of (a) MFO, (b) MFO-S, (c) C,, plot profile of MFO and MFO-S, (d) Roenge plot of MFO and MFO-S, and

(e) GCD stability curve of MFO and MFO-S electrodes.

Table 1. Comparison among the fabricated materials and reported literature

Specific capacitance (C,,)

Current density

Sr. No. Materials Fg) (A g Electrolytes Ref.
1 N-doped NiCo,0, 2,986.25 2 KOH [66]
2 partial S-doped NiFe,0, 284 1 KOH (67]
3 NiCo,0,@NC 2,000.6 1 NaOH [68]
4 SrFe,0,-NC 895 1 KOH [69]
5 P-doped MnCo,0O, 996.7 1 KOH [70]
6 N-GE/NiFe,O,/PANI (NGNP) 667 5 KOH [71]
7 P-doped NiCo,0,/NiMoO, 2,334.0 1 KOH [72]
8 S, N-doped activated CoFe,0,@CNTs 1,053.60 1 KOH [73]
9 (NG)/CuCr,0, 530.6 0.5 H,SO, [74]

10 S doped MnFe,0, 1,201 2 KOH This work
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the (electrochemical activities) of two samples.

Galvanostatic charge/discharge (GCD) curves of MFO as well as
MFO-S are used to measure the capacitive properties of prepared
substances, as mentioned in Fig. 5(a)-(b). Both GCD samples curves
exhibit evident charging and discharging platforms, proving that
they are typical electrode materials for batteries. The specific capaci-
tances of MFO are estimated to be 784.00, 522.6 and 444.27F g ',
smaller than those of MFO-S, which are estimated to be 1,201.60,
1,014.68 and 91455F g' @ 2, 4 and 5A g ', accordingly as dis-
played in Fig. 5(c). Consequently, C,, of fabricated materials is de-
creased along with increase of the current density; it could be ex-
pected on account of insufficient penetration of electrolyte ions at
surface of electrode substance. The relationship between energy as
well as power density was measured with Egs. (3) and (4), and their
behavior was explored with the Roenge plot. Their result shows
that the power density of the both samples was reduced with rise of
E, as mentioned in Fig. 5(d). Specific capacity of MFO and MFO-
S was found to be 450 and 300 C g "', measured with Eq. (5). The
MFO-S GCD stability cycles show rate capability of 97.01% over
2,500 and 95.82% after 5,000 cycles suggests the stable behavior of
the electrodes, as depicted in the Fig. 5(e).

ECSA techniques were used to identify the surface area of synthe-
sized materials from 0.9 to 1.10V (Ag/AgCl) potential window at
various scanning speeds of 10 to 40mV s, as mentioned in Fig.
6(a)-(b). Cdl analysis of fabricated substance was calculated by

1.0 4
0.8 4

(a)

St
o
1

0.4 1

e
N
N

0.0 -

e
[
N

Current Density (mA Cm)
Lo ¢
>

e e
© o
Ll

0.95 1.00 1.05 1.10

Potential (V vs RHE)

0.90

(b)

——10mVs"
——20mvVs"’
——30mVs"
—— 40mvs"!
—— 50mVs"’

Current Density (mA cm™)
e e o o o 2
o N » [} o« o
g o o

S
)

&
IS

0.95 1.00 1.05
Potential (V vs RHE)

0.90 1.10

Fig. 6. (a)-(b) CV (c)-(d) Cdl profile of MFO and MFO-S.
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dividing the anodic and cathodic potential. The obtained Cdl value
for MFO and MFO-S was 8.71 and 1621 mE respectively, as
expressed in Fig. 6(c)-(d). Further, Cdl value then was used for
computing ECSA of MFO and MFO-S with 217.45 and 405.25
cm™” with the given Eq. (6), respectively.

Fig. 7(a) displays the outcomes of experiments using electro-
chemical impedance spectroscopy (EIS) on MFO and MFO-S. Curve
fits of semicircles in high frequency regions are used to derive the
charge transfer resistances (R,) as well as equivalent series resis-
tances (R) of two sample The results show that contact ohmic resis-
tance of electrolyte-electrode interface can be marginally increased
due to partial sulfur doping (R; of MFO and MFO-S are 0.95 Q2 and
0.5Q), accordingly. Meanwhile, conductivity as well as electrolyte
accessibility of active substances, is represented by the R, values of
1.1Q and 0.9Q for MFO and MFO-S, respectively. In addition,
MFO-S has a steeper performance vs MFO in the low frequency
domain, revealing superior capacitive behavior and reduced ion dif-
tusion resistance. Long term stability related to MFO-S electrode
was calculated with chronoamperometry @ 0.75V (Ag/AgCl), as
expressed in Fig. 7(b). Results indicate that MFO-S showed small
change in the current density of the electrode material in first few
hours and then was gradually stable up to 50 h as compared to the
IrO, as benchmark. The cyclic stability of the electrode material
showed also very stable behavior over 5,000 cycles with minor shift-
ing in the current density, and their results are well consistent with
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the result of CV stability cycles and chronoamperometry, as shown
in Fig. 7(c). Structural stability is a crucial parameter indicating the
efficiency of the electrode material. Their results indicate the MFO-
S shows stable behavior with little fluctuation in the base line and
reduction in intensity; as expressed in Fig. 7(d).
2. Two Electrode Analysis

A two-electrode system was constructed using the acquired MFO-
S as anode electrode substance and active carbon as cathode elec-
trode substance that concerns further examining electrochemical
performance of the created MFO-S sample via CV curves at mul-
tiple scan rate, as mentioned in Fig. 8(a). The findings demonstrate
that the voltage windows for MFO-S/AC may vary, ranging in
—0.1 to 0.8V, indicating that the operating voltage window of the
material is widely applicable to practical applications. MFO-S/AC
exhibited the specific capacitances of 700.27, 514.82, 414.74 and
389.61 F g ' at sweeping speed ranging from 5 to 30mV s C,, of
MFO-S calculated from GCD analysis are 979.97, 694.25 and 914.55
Fg'@2,4,and 5A g, as depicted in Fig. 8(b). As illustrated in
Fig. 8(c), P, along with E, of samples was estimated employing
GCD curves. The Roenge plot shows the relationship between P,
of 749 W kg ' and maximum E, of MFO-S/AC is 76.35 Wh kg,
as mentioned in Fig. 8(d). The stability cycle of MFO-S/AC @ 1 A
g ' over 5000 cycles is depicted in Fig. 8(e). It can be perceived
from the result that MFO-S/AC steadily decreases to its capacity
retention of 97.44% over the course of the first 2,500 cycles, while
rate capability over the course of the next 5,000 cycles is up to 94.8%.
It is evident that the sample’s capacity retention exhibits the same
trend as MFO-S/AC, growing at first before stabilizing. All of these
good results show that MFO-S/AC has great electrochemical per-
formance and can be used in many different ways.

CONCLUSION

The hydrothermal synthesis method was employed to produce
MFO with partial sulfur doping. Morphology of MFO sample
changed little after partial sulfur doping. C,, of MFO-S was calcu-
lated around 1,201.62F g in three-electrode system at @ 2 A g
that was higher in comparison to specific capacitance of MFO,
which was 7840 F g'. Additionally, in a two-electrode system, C,,
of 979.97F g, a maximum E, of 76.35 Wh kg™ was achieved at
P,0f 749W kg™ @ 2 A g . Two and three electrode GCD stability
curve shows the 95.82% and 94.82% rate capability after 5,000
cycles, respectively. Our results suggest that partial sulfur doping of
MnFe,0, might enhance its electrochemical performance. In con-
clusion, this study offers a workable solution to the weak electro-
chemical activity of oxide-based spinel and significantly expands
the application of oxides for supercapacitors.
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