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In this study, pristine MoS, and 1 to 5 wt% FezO4 nanodiamond incorporated MoS, nanoflowers were
synthesized via a facile hydrothermal route to identify the optimal material combination for electrodes in
supercapacitors. The nanostructured composite with 3% FesO4 nanodiamonds exhibited an impressive
specific capacitance of 712 F g~ at 0.3 A g~* current density and remarkable cyclic stability, with 84%
capacitance retention and 103% coulombic efficiency after 10 000 cycles at 2 A g~ current density. The
crystallographic and morphological analyses revealed that the improved electrochemical performance of
the optimum composition could be attributed to the formation of disorder induced surface active sites
and broadening of crystallographic interlayer spacing of MoS, leading to an enhancement in ionic
adsorption, intercalation and surface redox reaction. Additionally, the reduced interface charge transfer
resistance for the optimal composition obtained from the EIS analysis could also contribute towards
specific capacitance enhancement by facilitating the faradaic process. the observed
diminution in capacitance by 50% above the optimum FezO4 content (5%) was attributed to a sudden
drop in electrolytic channel integrity. The power (45-90 W kg™) and energy (2.15-3.70 W h kg™}) densi-
ties of the material obtained from the two-electrode system setup corresponded to the performance
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DOI: 10.1039/d5ma00291e zone of symmetric supercapacitors in the Ragone plot. These findings highlight the FezO4 nanodiamond
incorporated MoS, nanocomposite as a very effective material for high performance supercapacitors,

rsc.li/materials-advances noticeably out-performing other material combinations with different morphologies.

significantly with the time of day, weather conditions, and
seasonal changes, making it challenging to rely on it solely

Introduction

The demand for energy storage and energy conversion from
renewable sources is of great concern due to the rapid devel-
opment of human civilization and the growing global economy.
Proper utilization of renewable energy sources like the sun,
wind, water, and others provides an apparent solution towards
remediation of contemporary energy crisis and environmental
pollution.”” Nevertheless, solar energy availability varies
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for continuous power supply. Wind power is also unpredictable
due to fluctuating wind speeds, which vary with weather
patterns and geographical location, leading to inconsistent
power output from wind turbines. The inconsistency and the
unpredictable nature of these resources throughout the entire
time period create a substantial obstruction towards their
usability and thus cannot fully address our needs. Therefore,
to secure a long-term sustainable energy future, it is essential
not only to rely on renewable sources but also to find alternative
ways to incorporate cutting-edge technologies for energy sto-
rage, such as fuel cells, batteries, and supercapacitors (SCs).*
Among the numerous alternatives, a novel type of electroche-
mical capacitor called supercapacitors have attracted signifi-
cant research attention as a promising energy storage device.
This is due to their enhanced power density, safety, high
charge-discharge rates, superior cycle stability, extended life
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cycle, and the ability to operate with minimal maintenance
costs at low temperatures. These advantageous characteristics
of supercapacitors have drawn significant interest from both
the scientific and technological sectors, recognizing them as a
potential alternative for batteries.®” As a result, supercapacitors
are being widely used in various applications such as smart
door locks, hybrid forklifts, cranes, smart grids, televisions,
UPS (uninterruptible power supply) systems, electric vehicles,
and other electronic devices.>® However, the performance of
supercapacitors relies heavily on the properties of electrode
materials.

Recently, the transition metal oxides have gained attention
as a promising option for developing energy storage device
electrodes due to their diverse compositions, unique morpholo-
gies, larger specific surface area, and higher specific capacitance.
These types of materials are crucial for enhancing the perfor-
mance of supercapacitors, particularly by offering improved
capacitance through nanoscale defect manipulation and sur-
face/interface engineering. Despite these appreciable properties
and potentials, challenges associated with low electrical con-
ductivity, uncontrolled volume expansion and slow ionic diffu-
sion often hinder their peak performance.'®" To address these
issues, researchers have employed numerous strategies, such as
doping, creating multi-cation structures, introducing porous
architectures, and making composites. These strategies aim to
help transition metal oxides overcome their inherent limitations
and play a crucial role in achieving the desired goals in energy
storage technologies.'*'® Nowadays, nanostructured transition
metal dichalcogenides (TMDs) have also attracted significant
research interest as promising materials for supercapacitor
electrodes due to their exceptional structural and electronic
properties.'® Among these, molybdenum disulfide (MoS,) stands
out as a particularly promising candidate owing to its large
surface area, enhanced hydrophilicity, high electrical conductiv-
ity, fast intrinsic ionic conductivity, exhibition of multiple oxida-
tion states and multi-layer formation at the crystallographic
scale.’*>! MoS, features a two-dimensional layered structure
consisting of S-Mo-S atomic tri-layers, where molybdenum (Mo)
and sulfur (S) atoms are strongly bonded by covalent bonds, and
these S-Mo-S layers are held together by weak van der Waals
forces. This unique structure allows for easy intercalation of
ions from the electrolyte into the MoS, interlayers without
any distortion of the crystal structure.”>*® The multi-valence
states of Mo (+2 to +6), and the space between the interlayers
supporting the intercalation of cations provide MoS, with
pseudo-capacitance properties. Nevertheless, the inherent
restacking property, poor conductivity, unstable solid-electrolyte
interface, and side reactions linked to electrolyte decomposition
contribute to low capacitance and limited cyclic stability, poten-
tially limiting its effectiveness as an electrode material.>”>°

Numerous studies have explored the various morphologies
of MoS, nanoparticles, particularly in the context of their use
in composite materials.>**>® Fe;0, (magnetite) is frequently
chosen as a complementary component for MoS, due to its
remarkable magnetic and surface characteristics. The electrical
conductivity of Fe;0, is significantly enhanced by the presence
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of multiple valence states of Fe which enables electron transi-
tion between Fe** and Fe** cations within the octahedral sites.
Composite materials incorporating Fe;O, exhibit outstanding
stability. Additionally, surface functionalization of Fe;0, nano-
particles further improves their stability and increases the
specific surface area.”’° However iron oxide-based materials alone
face inherent limitations due to their sluggish ion diffusion kinetics.
Various types of nanostructures for iron oxide-based electrodes,
such as spheres, buttons, microspheres, octahedra, and nanowires,
have been investigated, showing notable electrochemical perfor-
mance. To address the individual shortcomings of these materials,
iron oxides, particularly Fe;O,, are often combined with MoS, for
electrochemical applications.**=® Such combinations have been
found to significantly improve the electrochemical properties of
the materials.

Sarno et al. introduced a nanostructure composed of uniformly
sized Fe;O, nanoparticles embedded in MoS, nanosheets, achiev-
ing a specific capacitance of 670 F g~ ' at 0.25 A g~ ' and 76%
capacitance retention after 2000 cycles.*® Bayat et al. investigated a
MoS,/Fe;04/PANI composite, where polygon-shaped Fe;O, nano-
particles were dispersed on MoS, sheets, delivering a specific
capacitance of 401 F g~ at 0.5 A g~ " and excellent cycling stability
with 89.3% retention after 5000 cycles.>® Salarizadeh et al. synthe-
sized a ternary hybrid nanocomposite of sheet-like MoS,, sphe-
rical Fe;O,4, and reduced graphene oxide (rGO) via a two-step
hydrothermal process, which yielded a high specific capacitance
of 527 F g~ " at 0.5 mA cm ™ > and 93% capacitance retention after
5000 cycles.*® Similarly, Li et al developed a ternary carbon
nanotube/flower-like MoS,/spherical Fe;O, nanocomposite with
a specific capacitance of 522.7 F g~ ' at 0.5 A g~ ', using a two-step
hydrothermal method.® These studies demonstrate that the
combination of MoS, and iron oxide in a single structure shows
significant promise for high-performance supercapacitor electro-
des, offering benefits such as improved specific capacitance due
to the high redox electroactivity of these two components and a
reduced diffusion path that promotes rapid and reversible far-
adaic reactions.

In this study, diamond-shaped Fe;O, nanoparticles were
incorporated into MoS, to enhance its specific capacitance.
The MoS, particles exhibited flower-like nanostructures,
formed by an assembly of numerous nanopetals in a hierarch-
ical manner. To the best of our knowledge, the diamond-
shaped Fe;0, nanoparticles were integrated hierarchically into
MoS, nanoflowers in this study for the first time. To evaluate
the impact of Fe;O, nanodiamonds on the electrochemical
performance of MoS, nanoflowers, pure MoS, and three nano-
composites of MoS, with 1, 3 and 5 wt% Fe;0, denoted as
MoS,/(1%) Fe304, Mo0S,/(3%) Fe;04, and MoS,/(5%) Fe;0,,
respectively, were synthesized via a simple hydrothermal
method. The performance of these nanocomposites, along with
a pure MoS, nanoflower sample as a reference, was then
evaluated electrochemically to determine the optimal Fe;O,
content for improved electrochemical response and compared
with similar nanocomposites available in the recent literature
to assess the materials’ usability as a high-performance super-
capacitor electrode.
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Materials and methods

Materials

Sodium molybdate dihydrate (Na,MoO,-2H,0) and thiourea
(CH4N,S) were used as precursors for the synthesis of MoS,
nanoflowers. Iron(ui) chloride hexahydrate (FeClz-6H,0), poly-
ethylene glycol (PEG 8000), and hydrazine 64% (N,H,) were
used to prepare Fe;O, nanoparticles. All reagents were obtained
from Merck, India, and were of analytical grade (purity > 98%),
eliminating the need for additional purification. Deionized (DI)
water was used as the solvent during the synthesis processes.
All required nanostructured materials were prepared by adopt-
ing a facile hydrothermal synthesis route.

Synthesis of diamond shaped Fe;0, nanoparticles

To synthesize diamond shaped Fe;O, nanoparticles, 0.028 mol
of FeCl;:6H,O and 0.0003 mol of PEG were dissolved by
magnetic stirring in 80 mL of DI water for 30 minutes. After
that, 9 mL of N,H, was added to the solution dropwise. When
the solution color became dark brown during the addition of
N,H,, it was immediately transferred to a Teflon-lined autoclave
and heated in an oven at 160 °C for 4 hours. The resulting
solution with precipitate was cooled naturally. Using DI
water and ethanol, the precipitate was washed and collected
by centrifuging the solution and then dried in an oven at
60 °C for 24 hours to obtain the diamond shaped Fe;O,
nanoparticles.

Synthesis of MoS, nanoflowers

To synthesize MoS, nanoflowers, 0.0119 mol of Na,MoO,-2H,0
was dissolved in 85 mL of deionized water and stirred vigorously
until a clear solution was obtained. Subsequently, 0.05525 mol of
CH,N,S was introduced into the solution, with continuous stir-
ring for an additional 30 minutes to homogenize the solution.
Once the homogeneity was achieved, the solution was quickly
transferred to a Teflon-lined autoclave and heated at a tempera-
ture of 200 °C for 24 hours in an oven. The resultant suspension
was centrifuged and washed using DI water and ethanol to collect
the precipitate. The collected substance was then dried in an oven
at 60 °C for 10 hours to obtain the MoS, nanoflowers.

Synthesis of MoS, nanoflower-Fe;0, nanodiamond composites

To synthesize MoS,/(1 wt%) Fe;zO,4, 0.0119 mol of Na,MoO,-
2H,0 and 0.05525 mol of CH,4N,S were mixed by vigorous stirring
for 30 minutes in 80 mL of deionized water. Subsequently, an
appropriate quantity of pre-synthesized Fe;O, nanodiamonds was
added into the solution and subjected to sonication using a probe
sonicator for 30 minutes to ensure a homogeneous suspension.
The resulting mixture was then immediately transferred to a
Teflon-lined autoclave and placed in an oven, where it was heated
at 200 °C for 24 hours. The resultant material was separated
through centrifugation, subjected to multiple washes with ethanol
and DI water, and then dried at a temperature of 60 °C for
24 hours to obtain the desired composite. Following a similar
procedure, varying amounts of Fe;0, (3 and 5 wt%) were used to
synthesize MoS,/(3 wt%) Fe;O, and MoS,/(5 wt%) Fe;O,4
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nanocomposites, respectively. The synthesis process is schemati-
cally depicted in Fig. 1.

Fig. 2 schematically shows the synthesized nanoflowers of
pure MoS, and MoS,/Fe;0, nanocomposites. The MoS, nano-
flowers are composed of numerous nano-sized petals. In the
nanocomposites, diamond-shaped Fe;O, nanoparticles are
embedded within the MoS, nanoflowers. As the Fe;O, content
increases to 5%, these nanoparticles begin to protrude from the
surface of the MoS, nanoflowers, disrupting the hierarchical
growth of the flower type structures, and the nanopetals
become scattered, resembling a pile of discarded petals.

Electrode preparation

To prepare the working electrodes, the active material’s slurry
was applied to a 0.3 cm® specific area of a glassy carbon
electrode. This slurry was prepared by mixing 96% active
material with 4% polyvinyl alcohol (PVA) and dimethyl sulf-
oxide. The mixture was then subjected to sonication for several
hours. In this method, PVA acts as a binder, containing hydro-
xyl groups that enable hydrogen bond formation between the
glassy carbon electrode and the active material. Dimethyl
sulfoxide serves as a dispersant to achieve uniform slurry,
which can help produce high quality electrodes.

Characterization

For crystallographic characterization, X-ray diffraction (XRD)
patterns of the nanostructured particles (NPs) were recorded
over a 20 range of 10° to 80° using a PANalytical Empyrean
diffractometer equipped with a Cu-Ka X-ray source (/, = 1.54278 A)
operated at 45 kV and 40 mA. The powder samples were placed
on a silicon zero-background holder, with the surface of the
sample precisely aligned with the diffraction plane. A reflection-
transmission spinner module was employed to rotate the sample
at a speed of 60 rpm during pattern acquisition to ensure a
consistent irradiation area at both low and high X-ray incident
angles. The scanning speed was set to 0.041683° per second
under continuous scanning mode. A field emission scanning
electron microscope (JEOL JSM 7600F) operated at 5 kV was used
to examine surface morphologies. Elemental composition was
analyzed by energy dispersive X-ray spectroscopy (EDX). The
micromorphology of MoS,/Fe;O, nanocomposites was investi-
gated using a JEOL JEM 2100 F high-resolution transmission
electron microscope (HRTEM) operated at 200 kV. For sample
preparation, a small amount of ethanol was used to evenly
disperse the active material, followed by 20 minutes of sonica-
tion. After sonication, the sample was placed on a carbon-coated
3 mm Cu grid and dried before being inserted into the transmis-
sion electron microscope for microstructural analysis. The elec-
trochemical performance of electrodes consisting of pure MoS,
nanoflowers and all nanocomposites of MoS,/Fe;0, was evalu-
ated using a CS310 electrochemical workstation (Corrtest) with a
three-electrode configuration, in a 0.5 M aqueous solution of
Na,SO, as the electrolyte. The glassy carbon electrode served
as the working electrode, a 1 cm x 1 cm platinum plate as
the counter electrode, and Ag/AgCl as the reference electrode.
The electrochemical measurements included cyclic voltammetry

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00291e

Open Access Article. Published on 11 June 2025. Downloaded on 8/15/2025 7:45:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

PPT Dried
at 60°C for
24 hours

—_—

- .

Precipitate (PPT)

centrifugation s

Heated at
160° C for 4
hours

[z

Autoclave

M\ﬂ—’g

Transferred
to the
autoclave

MoS,/ (3%) Fezo,
nanocomposite

—

S

77 FeCly-6H,0 + PEG +

MoS,/Fe,0,
Nanocomposites

a0 =

After drying

After drying

View Article Online

Materials Advances

MoS, precursor :
Na,Mo00O,-2H,0+ CH,N,S

Fe,O4 nanodiamonds

Probe Sonicator

MoS, precursor + r\
Fe;O, nanodiamonds

Transferred
to the
autoclave
_#

Autoclave

P

- 6 Heated at 200°C
for 24 hours
PPT Dried
at 60°C for Oven
10 hours
~ 14— centrifugation
- \/

Precipitate (PPT)

Fig. 1 Flowchart of the synthesis process of the MoS,/FesO4 nanocomposite: after preparing diamond-shaped FesO,, it is mixed into the precursor
solution of MoS, nanoflowers in various amounts: 1%, 3%, and 5%, producing MoS,/(1%) FesO4, MoS,/(3%) FezO4 and MoS,/(5%) FezO4 nanocomposites,

respectively.

(CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopic (EIS) analyses. The CV and GCD ana-
lyses were performed within a potential window of —0.2 V to
0.7 V, with scan rates of 20, 40, 60, 80, and 100 mV s ' and
EIS analysis was performed using a sinusoidal bias signal over a
frequency range of 10" to 10° Hz. Furthermore, a symmetric
two-electrode supercapacitor configuration was used to evaluate
the real device performance with an optimized MoS,/Fe;0,
nanocomposite. To prepare the symmetric cell, a slurry of the
active materials was cast on two glassy carbon electrodes,
employed as the anode and the cathode of the supercapacitor.
All other measurement conditions were kept unchanged for the
two-electrode configuration.

Results and discussion
X-ray diffraction (XRD)

Fig. 3 shows the X-ray diffraction (XRD) patterns of MoS,
nanoflowers and MoS,/Fe;0, nanocomposites. The diffraction
patterns observed for the pristine MoS, nanoflower can be
satisfactorily matched with the JCPDS card number 37-1492

© 2025 The Author(s). Published by the Royal Society of Chemistry

and the corresponding peaks can be indexed to the (002), (100),
(102), (006), and (110) reflections. The most prominent peak
in the hexagonal MoS, structure, attributed to the reflection
from the (002) plane, stipulates a regular periodicity along
the c-axis, indicating a well-layered structure along the [001]
direction.**™*?

In the case of MoS,/Fe;0, composites with up to 3% Fe;0,
content, no distinct Fe;0, peak was observed in the diffraction
pattern which could likely be due to the presence of only a
minute amount of Fe;0, nanodiamonds along with their poor
crystallinity. However, a new peak at a 26 value of 36° (marked
with an asterisk (*)) appeared in the diffraction pattern of the
MoS,/5% Fe;0, nanocomposite which corresponded to Fe;O,
nanodiamonds and this peak can be indexed to the (311)
reflection of diamond-shaped Fe;O, nanoparticles, which has
the highest relative intensity among all the (Zkl) reflections
from polycrystalline Fe;0,.** The addition of Fe;0, nanodia-
monds to MoS, results in a small peak shift, observed for the
(002) reflection in Fig. 3, suggesting a small uniform parent
lattice deformation, which could possibly be explained by the
formation of defects due to the incorporation of Fe*'/Fe*" ions
into the MoS, lattice. In fact, the incorporation of Fe;O,

Mater. Adv., 2025, 6, 5126-5148 | 5129
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Fig. 2 The schematic illustration shows the synthesized pure MoS, and MoS,/FezO4 nanocomposites. The MoS, nanoflowers are composed of
numerous nano-petals that are radially aligned and hierarchically grown. FezO4 nanoparticles vary in size. Larger FezO4 nano-diamonds protrude from
the surface of the MoS, nanoflowers due to the presence of an excessive amount of FezO,4, which disrupts the formation of nano-petals and the flowers

appear fragmented, resembling a disordered pile of nanopetals.

nanodiamonds into MoS, nanoflowers could cause both Fe*'/

Fe** and Mo*" ions to migrate across the MoS,/Fe;0, interface
over a limited distance (due to low ionic mobility in solid
phases at low processing temperature) on either side of the
interface leading to the formation of crystal defects as follows:

F32+/Fe3+ in]:%fa)ce CKAO/FCMO + 0 S (1)
0S; oo
2"

MoS2o/ (5%)Fe304

>

<

> Mo S/ (3%)Fe30y4
= ™

n

c

.g Mo Sy/ (1%)Fe3Og4

(002)

(100)

102) (006) (110) Pure MoS»

20 30

40 50 60 70
20(Degree)

Fig. 3 XRD patterns of pure MoS, nanoflowers and MoS,/FezO4 nanocom-

posites. The peak marked with an asterisk corresponds to the (311) plane of

FesO4 nanodiamonds, and this peak appears only in the nanocomposite with

5% FesO4 due to the presence of an excessive amount of FezOg.

10 80
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Mo** Ft?;, Mo}, /Mop, + 2¢ /¢ @

Fe?* /Fe’t in;%rsice Fet /Fe}* + 2¢/ /3¢’ (3)
oSy

bulk
Mo*t 25 Mot + de” (4)
MoS,
On top of that, in the case of material processing carried out
at low temperature (~200 °C) the formation of bulk lattice
defects within the matrix is not unlikely as shown below:

P Mo + V"o + 282 42V (5)
MoS;

Mo*t 4 28%~

The limited migration of Mo** and Fe**/Fe*" ions across the
interface could create both substitutional (eqn (1) and (2)) and
interstitial (eqn (3) and (4)) defects which are accompanied by
generation of free carriers (e ) to maintain the charge neutrality
within a narrow region of the interface giving rise to carrier rich
zones around the contact areas between the two solid phases of
the nanocomposite. Additionally, the possible coexistence of
multivalence state of Fe in magnetite could contribute towards
polaronic type hopping within the bulk of nanodiamonds as
follows:

bulk _
Fe?* FL» Fe** +e (6)
€304

Apart from the above, due to the relative abundance of S
with respect to Mo in the starting MoS, precursor solution, it is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The variations in crystallite size (L), dislocation density (), and
stacking fault (SF) for pure MoS, nanoflowers and 6-MoS,/FezO4 nano-
composites with FezO4 content, obtained from XRD line profile analysis.
The addition of 3% FesO,4 nanodiamonds resulted in the highest disloca-
tion density and stacking fault and the smallest crystallite size.

not unlikely to expect an abundance of S-interstitial compared
to any cationic interstitial within the MoS, lattice.

Now the vacancies and interstitials from reactions (1), (3)
and (4) could contribute to matrix lattice distortion. The
formation of defects could also generate both non-uniform
and uniform lattice strain in the material, potentially leading
to a reduction in the average crystallite size.** This decrease in
size is also evident with the addition of Fe;0, nanodiamonds,
as illustrated in Fig. 4. Nonetheless, Mo*" could also migrate
across the composite interface and could form the crystallo-
graphic defects within the dispersed Fe;O, nanodiamonds as
shown by eqn (2). However, with the volume fraction of the
nanodiamonds being much smaller than that of the MoS,
matrix, any influence of lattice disorder generated within the
relatively small fraction of Fe;0, on the overall microstructure
of the bulk nanostructured composite could be neglected for
the time being. Yet the cationic vacancy V", generated by
Mo*" migration across the interface could add to defect
induced disorder within the MoS, matrix lattice.

Wu et al. hydrothermally synthesized MoS, microspheres
with a flower-like structure, where high-resolution XPS spectra
revealed two core-level Mo 3d peaks at binding energies (BEs) of
229.6 eV and 232.8 eV, corresponding to Mo 3ds/, and Mo 3d3,,
characteristic of Mo(v). Furthermore, the core-level S 2p spectra
at BEs of 162.4 eV and 163.5 eV were attributed to S 2p3/, and S
2Py, consistent with sulfur in the —2 oxidation state.*® Simi-
larly, Li et al. prepared defect-rich MoS, nanoflowers by a
hydrothermal method and identified BEs at 229.1 eV and
232.1 eV in the Mo 3d region, also indicative of Mo(w).
Additionally, S 2p spectral peaks with BEs of 162.3 eV and
163.5 eV were associated with S 2p;,, and S 2p4,,, confirming
the S*~ oxidation state.*® Mizanur et al. developed a MoS,/Mn$S
nanocomposite, with high-resolution XPS spectra showing six
distinct peaks, including two doublets for Mo at 229 eV and
232.15 eV, confirming the presence of Mo(w).*> Pawar et al.
analyzed Fe;O, using XPS, revealing that the Fe 2p;, peak
consisted of two maxima at 710.96 eV and 708.39 eV, whereas

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the Fe 2p,,, peak was deconvoluted into peaks at 722.8 eV and
725.3 eV, indicative of the presence of Fe** and Fe®" species.”’
Similarly, Esfandiari et al. studied the core-level XPS spectra of
Fe;0,, identifying Fe(ur) 2p3/, and Fe(ur) 2p,,, peaks at 711.89 eV
and 725.53 eV, and Fe(u) 2ps,, and Fe(u) 2p;,, peaks at 710.94 eV
and 723.33 eV, respectively, confirming the coexistence of
Fe?" and Fe*" in Fe;0,.*®

The diffraction patterns in Fig. 3 display a significantly high
noise-to-signal ratio. The presence of weak and diffuse XRD
peaks suggests that the synthesized MoS, nanostructure has
poor crystallinity. In such materials, the arrangement of atoms
or molecules lacks long-range order, resulting in significant
disorder over large scales. This poor crystallinity may be due to
the factors such as the size effect, lattice distortion, dislocation
density, and stacking faults that are directly connected to the
formation of lattice defects.*® The average crystallite size (L) of
the sample was determined using the Scherrer formula:

0.944
L= BcosO )

where / is the wavelength of the X-ray used, 0 the incident angle
for an (ki) reflection and f the instrument corrected full-width
at half-maximum of the diffraction peak. Dislocation density ()
of the MoS,/Fe;O, composites was calculated using the follow-
ing equation:

0= 2 (8)
The stacking fault (SF) within the MoS, layered structure was
estimated from the equation below:

D . o)

1
45(3 tan 0)2

Fig. 4 depicts the relationship between the structural para-
meters and the amount of diamond-shaped Fe;0, nanoparticles
in MoS, nanoflowers. The addition of Fe;O, nanodiamonds
results in an initial decrease in the average crystallite size by
~39% for up to 3% Fe;0, in the nanocomposite when com-
pared to pristine MoS,. However, as the Fe;O, content exceeds
3%, the average crystallite size increases by ~54% at 5% Fe;O,
relative to the crystallite size observed for 3% Fe;O, content.
Additionally, Fig. 4 illustrates a variation in the stacking fault,
which reflects the degree of lattice imperfections caused by the
incorporation of diamond-shaped Fe;O, nanoparticles into the
MoS, nanoflowers. The stacking fault exhibits ~17% increment
with the increase in Fe;O, content up to 3% compared to pure
MoS,. The increased stacking fault may result from crystal
imperfections, vacancies, and dislocations within the layered
structure. However, increasing the diamond-shaped Fe;O, con-
tent beyond 3% caused a ~39% decrease in the stacking fault
for the nanocomposite with 5% Fe;0,, which at the same time
led to an increase in the average crystallite size. Fig. 4 also shows
the variation in interface dislocation density caused by the
incorporation of diamond-shaped Fe;O, nanoparticles. The dis-
location density, reflecting the level of defects arising from
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lattice mismatch at the crystallite interfaces, increased by ~15%
for up to 3% Fe;0, nanodiamonds. However, it decreased by
~63% for 5% Fe;0, incorporation compared to the MoS,/(3%)
Fe;0, nanocomposite. The dislocation density and stacking fault
generally indicate the level of imperfections in the prepared
samples. In Fig. 4, both dislocation density and stacking fault of
the MoS,/Fe;0, nanocomposites appear to follow a similar
trend, indirectly suggesting their interdependency. Thus, the
incorporation of Fe;O, nanodiamonds into pure MoS, nano-
flowers causes lattice distortion, resulting in defects like disloca-
tions, stacking imperfections, and point defects as described
before, potentially leading to the formation of openings and/or
interconnected channels for transportation of various charged
species from the electrode surface to the interior. This could
enhance the transportation of electrons and ions within the
electrode. Additionally, structural imperfections within MoS,
crystals may disrupt the crystal lattice arrangement, creating
new active sites that enhance electrochemical performance. The
combined effects of changes in crystallite size, lattice distortion,
and crystal defects can lead to increased effective surface area
through the creation of new active sites, and improved charge
carrier intercalation/deintercalation kinetics during the char-
ging/discharging process.****°°*2 Notably, among all the sam-
ples, the MoS,/(3%) Fe;O, composite shows the smallest
crystallite size and the highest crystal imperfection, which are
likely to contribute to improved charge carrier transportation,
enhancing the overall electrochemical performance.’*"?

Scanning electron microscopy (SEM)

Fig. 5(a) shows an FE-SEM micrograph of Fe;O, nanoparticles.
Due to their diamond-like appearance, these Fe;O, nano-
particles are referred to as nano-diamonds, as illustrated in
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the inset of Fig. 5(a). The Fe;0, particles display two distinct
size distributions, where more than 80% of the particles are
~40-50 nm in size, while the larger particles, making up less
than 20% of the total, range from ~300 to 400 nm. Fig. 5(b)
and (c) display micrographs of pristine MoS, at different
magnifications, revealing a flower-like nanostructure composed
of numerous aligned but curled nano-petals. These nano-petals
are connected in a hierarchical fashion through a common
central core (shown later), forming flower-like structures. A
nanostructure typically refers to an organized formation of
nanoscale sub-units, and in this case, the 2D nano-petals are
arranged in a manner so as to create 3D flower-like patterns.>*
However, as observed in Fig. 5(b), these flower-like structures
tend to form in clusters. The average diameter of the nano-
structured flowers is ~5 to 7 pm, while the average thickness of
the nano-petals is ~18 nm. When Fe;O, nanodiamonds are
added to the MoS, precursor solution, Mo*" ions from the
cationic precursor are likely to be drawn to the surface of the
Fe;0, nanodiamonds due to various forces arising from van der
Waals, cohesive, electrostatic, or other chemical interactions.”
Negatively charged sulfide ions (S>7) from the precursor react
with molybdenum ions (Mo*") on the surface of the Fe;O,
nanodiamonds, resulting in the formation of MoS, nanoflowers.

The 3D porous architecture of the nanoflower includes both
micro-pores (larger pores) and nano-pores (smaller pores).
Micropores provide pathways for the rapid transport of electro-
Iyte ions, while nano-pores offer a large surface area for ion
storage and electrochemical reactions. This hierarchical porous
structure ensures easy access of ions from the bulk electrolyte
to the active sites within the material, which is essential for
high-performance energy storage devices.’®*” In these applica-
tions, electrochemical reactions depend on the active sites on

Fig. 5 FE-SEM micrographs of (a) FesO4 nanodiamonds, (b and c) pristine MoS, nanoflowers at different magnifications where the nanopetals are grown
in a hierarchical manner, (d) MoS,/(1%) FesO4 nanocomposite, (e) MoS,/(3%) FezO4 nanocomposite, and (f) MoS,/(5%) FezO4 nanocomposite. The
micrographs of the MoS,/(1%) FesO4 and MoS,/(3%) FezO4 nanocomposites look similar to pristine MoS, nanoflowers due to low FezO4 content. When
FesO4 content exceeds 3%, the nanodiamonds protrude from the surface of the MoS, nanoflowers causing the nanoflowers to become fragmented, and

thus giving them the appearance of randomly piled up nanopetals.
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the material’s surface to achieve better redox capacity and
faster mass transfer rates. The porous architecture arising from
the nanoflower-like structure of MoS, increases the material’s
specific surface area. A higher specific surface area means more
active sites are available for electrochemical reactions, which
directly contributes to larger capacitance and better energy
storage capabilities.>®>°

Na' ions can be intercalated or extracted not only at the
surface but also within the pores due to the nanoporous
structure of MoS, that allows efficient penetration of the
electrolyte. The unique morphology of the MoS, nanoflowers
consists of structural imperfections, such as dislocations,
stacking faults and point defects within the MoS, nanoflowers,
creating additional pathways for Na' ion diffusion. These
imperfections reduce the energy barrier for ion movement,
allowing ions to travel more freely through the electrode
material. Besides, the nanoflower morphology improves the
contact between the electrode material and the electrolyte.
Better interfacial contact ensures efficient ion exchange and
minimizes the resistance at the electrode-electrolyte
interface.®®®! Fig. 5(d) displays the micrograph of the MoS,/
(1%) Fe304 nanocomposite. Due to the low wt% of Fe;0,, the
micrograph closely resembles that of pristine MoS, nano-
flowers. However, the average thickness of the nano-petals
has slightly increased to ~21 nm. The MoS, nanoflowers
maintain their structure without any noticeable disruption in
nano-petal orientation, even with a higher Fe;0, content (3%),
as shown in Fig. 5(e). Additionally, the average thickness of the

\\

Fig. 6
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nano-petals increases to ~26 nm at 3% Fe;O, content. As can
be seen from Fig. 5(d) and (e), the Fe;O, nanodiamonds are
barely noticeable for up to 3 wt% Fe;O,, whereas from Fig. 5(f),
it can be found that as the amount of Fe;O, nanodiamonds
increases to 5%, some of their larger particles are observed to
protrude on the surface of the MoS, nanoflowers. This hinders
the uninterrupted growth of the nano-petals, leading to notice-
able disruptions in both the bulk and the surface regions.
Consequently, the nanoflowers become fragmented, giving
the appearance of randomly scattered pile of discarded petals,
as depicted in Fig. 5(f). Here the growth of the nano-petals is
uneven, with some growing excessively compared to others,
resulting in significant variation in thickness, ranging from
~18 to 37 nm. The variation of petal thickness is shown in Fig.
SF3 (ESIt).

The typical standardless EDX (area analysis) semiquantita-
tive spectral analysis in Fig. SF1 (ESIt) illustrates the variation
in S/Mo atomic % ratio with the incorporation of Fe;O,
nanodiamonds, as clearly depicted in Fig. SF2 (ESIt). This ratio
appears to increase from ~7.4 to ~13.3 with the addition of
Fe;0, up to 5 wt%, qualitatively indicating an abundance of the
S atom in MoS, nanoflowers. Such plenitude of sulfur could be
accommodated as interstitial defects within MoS, lattice planes
as discussed earlier, and concurrently, a possible accumulation
of sulfur atoms on the surface of MoS, nanopetals cannot be
ignored as suggested by Wu et al.*® It may further be inferred
that this superficial accumulation of abundant unsaturated
sulfur atoms could occur from the presence of an ample

2

dygz) SPacing (nm)
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e
-
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2 3 4 5

1
Fe304 content (wt.%)

(a) TEM image of MoS, nanoflowers. HR-TEM images of (b) pure MoS,, (c) MoS,/(1%) FesO4, (d) MoS,/(3%) FezO4, and (e) MoS,/(5%) FezO4. (f)

Variation of d-spacing as a function of FesO,4 content. Here, the generation of defects due to the possible incorporation of Fe ions into the MoS; lattice
leads to the augmentation of interplanar spacing. Other point defects like S-interstitials and vacant sites could also contribute to enhancing the

interplanar spacing.
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number of defects on the surface of ultra-thin nanosheets of
MoS,, enhancing the stability of the nano petals of MoS,
through decreasing their surface energies.®®® These active
unsaturated atoms may also affect the electronic structure
and modulate the activity of the reactive sites which ultimately
influences the electrochemical properties.®*

Transmission electron microscopy (TEM)

Fig. 6(a) presents the transmission electron microscopic (TEM)
image of pure MoS, nanoflowers, which consist of numerous
nano-petals stacked in a hierarchical manner. These petal-like
nanostructures appear to emerge from the core of the nano-
flower (indicated by a dotted circle in Fig. 6(a)) extending in a
radially outward direction. The nano-petals overlap with each
other at some point due to their curled, wrinkled structures and
are exceptionally thin with slightly varying thicknesses and
partially transparent, as indicated by the varying light contrasts
in different areas. The HRTEM image in Fig. 6(b) displays the
disordered lattice fringes of MoS, nanoflowers, with a lattice
spacing of ~0.62 nm corresponding to the (002) plane of the
hexagonal structure, consistent with JCPDS card no. 37-1492,
and the observed (002) plane of hexagonal MoS, further sug-
gests the growth of hexagonal nanopetals along the [002] crystal
axis.*® The HRTEM images of the nanocomposites, shown in
Fig. 6(c-e), reveal discontinuities in the lattice fringes at the
curled edges, indicating the presence of dislocations and
imperfections in the stacking sequence.*®*® The lattice spa-
cings corresponding to the (002) planes of MoS, are observed to
be ~0.63 nm, ~0.68 nm, and ~0.65 nm for 1%, 3% and 5%
Fe;0,, respectively. This suggests that the addition of Fe;O,
nanoparticles to the MoS, nanoflower significantly increases
the lattice spacing of the nanocomposites, as illustrated in
Fig. 6(f). The incorporation of Fe;O, nanoparticles into the
MoS, nanoflowers can create defects within the MoS, lattice as
described before, leading to an enhancement in interplanar
gaps.®® Furthermore, the observation of expanded lattice
fringes may also suggest the presence of crystal defects, forming
along crystal boundaries as a result of strain relief. Such defects
may provide accessible storage sites, shortening the path for
electrolyte ions. Additionally, the slight broadening of interlayer
spacing can help prevent the crystallographic layers from collap-
sing during fast charge-discharge cycles. The hydrothermally
produced MoS,/Fe;0, nanocomposite, with its nanoporous sur-
face, widened interlayer spacing, and unique nanoflower-nano-
diamond morphology, can lead to an augmentation in specific
capacitance by providing better ion intercalation, more electro-
active sites, and improved electrolyte access, resulting in super-
ior electrochemical properties and higher efficiency.>>**”

The TEM EDX spectra of the MoS, and MoS,/Fe;0, nano-
structured materials are shown in Fig. SF4(a-d) (ESI{). In Fig.
SF4(a) (ESIt), the peaks corresponding to Mo and S elements
come from pure MoS,. In Fig. SF4(b) (ESIf), no Fe peak is
observed for the MoS,/(1%) Fe;0, nanocomposite, which can
be attributed to the very small amount of Fe;0, being added to
MoS,. When 3% Fe;0, nanodiamonds are incorporated into
MoS,, a small Fe peak becomes noticeable in the EDX spectrum
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as shown in Fig. SF4(c) (ESIT), suggesting the presence of Fe;0,
nanodiamonds. However, Fig. SF4(d) (ESI{) exhibits a promi-
nent peak of Fe in the MoS,/(5%) Fe;0, nanocomposite due to a
higher amount of Fe;O, incorporation.

Electrochemical performance analysis

Cyclic voltammetry (CV). Cyclic voltammetry (CV) was per-
formed to examine the charge storage mechanism of pristine
MoS, and diamond-shaped Fe;0, incorporated MoS, nanocom-
posites. Fig. 7(a) presents the CV loops of all the nanostruc-
tured samples for a fixed scan rate of 60 mV s~ . The variation
of the area enclosed by these CV loops with Fe;O, content is
shown in Fig. 7(b). The results clearly show that the CV area
increases with the addition of Fe;O, nanodiamonds, with the
MoS,/(3%) Fe;0, nanocomposite exhibiting the largest area.
This enhancement in area suggests that the inclusion of Fe;0,4
nanodiamonds significantly improves the specific capacitance
of MoS, nanoflowers.®® However, when the amount of Fe;O,
nanodiamonds is raised to 5%, a reduction in the CV loop area
is observed, indicating a qualitative decline in the specific
capacitance of MoS,. Such capacitance deterioration is likely
to be due to the fact that at higher Fe;0, content (~5%), some
Fe;0, nanodiamonds protrude from the surface of the MoS,
nanoflowers, as depicted in Fig. 5(f), disrupting the formation
of nanoflowers. As a result, the flower petals in these regions
become fragmented, and piled-up in a disordered manner,
causing the surface nanoporous channels for the electrolyte
to collapse leading to clogging of electrolyte flow paths within
the materials. Thus, the effective surface area of the MoS,
nanoflowers decreases, culminating in a reduction in specific
capacitance.

Moreover, Fig. 7(c) shows additional CV measurements
carried out on the MoS,/(3%) Fe;0, nanocomposite at different
scan rates, knowing that this composite demonstrates the best
performance. The CV curves consistently exhibit a quasi-
rectangular shape at all scan rates, suggesting that both electric
double-layer capacitance (EDLC) and pseudocapacitance
mechanisms are likely to contribute to the charge storage
process.®® This observation is further validated by analyzing
the slope of the Tafel plot, according to which the relationship
between current and scan rate can be described by the follow-
ing equation:

i=a’ (10)

where i is the working electrode current density, v the scan rate,
and b the Tafel slope. To determine the slope “b”, logi can be
plotted against logv, which should ideally give a straight line
with a slope “b” according to eqn (10) and the value of b
indicates different charge storage mechanisms. Here, b = 0.5
indicates a diffusion-controlled process typically associated
with redox reactions where charge transfer occurs across the
electrode/electrolyte interface, known as the faradaic process,
and gives rise to pseudocapacitance, and b = 1 represents
electric double-layer capacitance (EDLC), indicating capacitive
behavior with charge stored at the electrode/electrolyte inter-
face. Values within the range 0.5 < b < 1 signify a combination

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) CV loops of MoS, nanoflowers and other MoS,/FesO4 nanocomposites obtained at 60 mV s~ scan rate; (b) variation of the area of the CcVv
loops as a function of Fes0, content, calculated from (a); (c) CV loops of the MoS,/(3%) FesO4 nanocomposite at scan rates of 20 to 100 mV s™%; (d)

Tafel's slope (fitted red line — MoS,/(3%) FesOy; fitted blue line — pure MoS,); variation in contribution ratio as a function of scan rates for (e) pure MoS,

and (f) MoS,/(3%) FezO4 nanocomposite.

of both faradaic and capacitive mechanisms, stipulating a
mixed charge storage behavior involving both diffusion-
controlled redox reactions and capacitive storage.”””" In note
S3(A) (ESIt), detailed calculation of the Tafel slope is provided.
The Tafel slopes for MoS, and MoS,/(3%) Fe;0,4 as shown in
Fig. 7(d) were determined to be 0.57 and 0.60, respectively, both
suggesting a charge storage mechanism that combines both the
faradaic and the capacitive processes. A Tafel slope of 0.57
indicates a stronger influence of the faradaic process, implying
that charge storage is more diffusion-controlled with a

© 2025 The Author(s). Published by the Royal Society of Chemistry

capacitive component. Conversely, a Tafel slope of 0.60
indicates a higher capacitive contribution, reflecting a more
balanced combination of faradaic and capacitive behaviors.
Although both materials exhibit mixed charge storage mechan-
isms, the slightly higher value of the Tafel slope for MoS,/(3%)
Fe;0, points toward an increased capacitive behavior com-
pared to MoS, alone.

Now, pseudocapacitance may result from processes like
underpotential deposition, intercalation, and surface redox
reactions. The mechanism of underpotential deposition
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involves the adsorption or desorption of alkali cations at the
electrode/electrolyte interface through a surface process,
such as

(Mosz)surface +Na' +e” < (MOSZ'Na)surface (11)

In the case of highly disordered materials, this underpoten-
tial deposition process has the most significant contribution.
During underpotential deposition, Na* ions get attracted to the
surface of the MoS, nanostructures from the electrolyte
solution at a potential lower than the equilibrium value for
the deposition to occur, as the presence of surface defects tends
to suppress the deposition potential below its equilibrium
value. This results in the formation of a thin layer of Na" ions
on the defect rich MoS, surface. This dynamic interaction at the
interface contributes to the overall charge storage mechanism
by influencing the surface electrochemical behavior of the
MoS, nanostructures.””

The second mechanism, known as the intercalation process,
involves the insertion of the alkali cations (Na") into the layered
structure of MoS, from electrolyte and/or extraction of the
alkali cations (Na") from the layered structure of MoS, to the
electrolyte. In this structure, layers of molybdenum atoms
are sandwiched between layers of sulfur atoms, forming its
crystallographic framework. During charging, alkali Na“ ions
penetrate into the space between the consecutive sandwich
structures of MoS, atomic layers from the electrolyte without
causing any noticeable dimensional distortion of the overall
crystal lattice. Conversely, during discharging, these ions are
released back into the electrolyte. Thus, the intercalation and
deintercalation processes are facilitated by the layered structure
of MoS,.”>7® This reversible movement of ions enhances the
charge storage capacity of the supercapacitor by utilizing the
space within the layered structure. The intercalation process
can be represented by the following equation:

(MOSZ)interlayer space + NaJr +te < (MOS_SNa)intercalation
(12)

The intercalation/de-intercalation process is favored by both
the pristine MoS, and the MoS,/Fe;O, nanocomposites during
the fast and reversible successive surface redox reactions. In the
presence of magnetite, the Fe** ions can get oxidized to Fe*" by
donating electrons, and to balance this positive charge, sulfate
ions from the electrolyte intercalate into the layered structure of
MOoS,. Simultaneously, Na" and H" ions from the solution also
intercalate in between the MoS, layers to accept the donated
electrons.”” These processes result in the formation of conju-
gates, as shown in the following equations:

2Fe"0 + SO, « (FeM0)'s0,> (Fe™0)" + 2¢~  (13)

MoS, + H" + Na' + 2e” = MoS - SHNa (14)
So, from the above discussions, it can readily be inferred
that the presence of magnetite nanodiamonds not only
enhances the ionic intercalation through the layered structure
but also expedites the redox process following the intercalation.
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Now, the equation given below can be used to investigate the
reaction kinetics:

i =k + k' (15)

2 corre-

Here, kv represents the capacitive current and k"
sponds to the current from a diffusion-controlled process. k;
and k, are constants, and v (mV s~ ') is the scan rate. Now

eqn (15) can be rearranged to a form as given below:

ﬁ = k' + ky (16)

Now, using eqn (16), both k; and k, can be obtained from the
slope and y-intercept of the iv"/* vs. v'/* plot, respectively.
In Supplementary note S3(B) (ESIt), the detailed analysis of
current contribution is provided. Fig. 7(e and f) shows that as the
scan rate increases, the capacitive contribution of the materials
increases, while the diffusion contribution decreases.”®”® This
phenomenon arises from the fact that a significant decrease in
the speed of potential sweep across the electrode at lower scan
rates provides an ample amount of time for the diffusion of
electrolyte ions or molecules to occur. However, when the scan
rate is increased, the potential sweep becomes too fast for the
ionic diffusion to occur, resulting in a reduction in diffusion
contribution to current density. On the other hand, the double-
layer capacitor undergoes charging and discharging due to the
alternation of voltage in cyclic voltammetry measurements, result-
ing in a capacitive current response. When the scan rates are high
(100 mV s™'), a more noticeable contribution of capacitive current
is observed, as at high scan rates the potential changes rapidly,
requiring the electric double layer at the electrode/electrolyte
interface to charge and discharge quickly. This leads to an
enhancement in capacitive current arising from an escalated rate
of electrode surface charge accumulation (charging) and deaccu-
mulation (discharging) at elevated scan rates.*

Achieving an optimal balance between capacitive and
diffusion contributions is vital for ensuring effective energy
utilization, rapid energy distribution, stability and a prolonged
lifespan for the energy storage devices. When capacitive pro-
cesses are more significant than diffusion-controlled ones, the
system’s ability to store energy becomes restricted, leading to a
diminution in overall energy density. If diffusion processes are
too dominant, the supercapacitor may experience slow charge-
discharge rates and struggles to meet high-power demands.
Therefore, the MoS,/(3%) Fe;0, nanocomposite, as shown in
Fig. 7(f), is more likely to achieve a better balance between
capacitive and diffusion currents than pure MoS, nanoflowers,
leading to improved energy storage, higher energy and power
densities, and overall better performance.

The CV responses of the MoS,/(3%) Fe;0, nanocomposite
electrode in Fig. 7(c) exhibit a gradual transition towards a
more spindle-shaped loop as the scan rate increases from 20 to
100 mV s '. At slow scan rates, the electrolyte ions have
sufficient time to diffuse towards the electrode surface, allowing
them to thoroughly penetrate the porous MoS, nanoflowers and
fully utilize the active surface sites within the nano-petal struc-
ture. This extensive interaction enables a large amount of charge

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to be stored, thereby increasing the material’s specific capaci-
tance. On the other hand, at faster scan rates, the time available
for the electrolyte ions to reach the inner nanoporous surface of
the MoS, nanoflowers becomes limited. Consequently, the ions
are limited to interacting solely with the active sites that are
easily reachable on the outer surface. Hence the inner structure
is not fully utilized for storing charges, culminating in a decre-
ment in overall capacitance.®” Furthermore, at high scan rates,
the electrode potential undergoes rapid alteration, causing the
potential to shift suddenly, and hence the electrode faces
difficulties in achieving equilibrium, which leads to polarization.
This polarization effect hinders the charge transfer between the
surface of the electrode material and the electrolyte, causing the
capacitance to fall.®*8

Galvanostatic charge-discharge (GCD)

Among all electrochemical measurements, galvanostatic char-
ging-discharging (GCD) can be used directly to determine
the charge storage capacity of a material. The GCD technique
more closely mimics the real-world applications and provides
more accurate quantitative information compared to the CV
measurement of any material. Fig. 8(a) shows the GCD curves of
all samples at a current density of 0.3 A g~ * within a potential
window of —0.2 to 0.4 V. A pseudocapacitive charge storage
mechanism can be identified by the deviation of the GCD curve
from the usual symmetrical triangular-shape. According to
eqn (12)-(14), the intercalation of Na' ions from the electrolyte
into the space between the atomic layers of the crystal structure
may lead to pseudocapacitive behavior.*°

Fig. 8(b) depicts the GCD curves of the MoS,/(3%) Fe;0,
nanocomposite at different current densities. The specific capa-
citance of the nanocomposite, as determined from the GCD
curves, decreases as the current density increases (as shown in
the inset of Fig. 8(b)). The observed pattern of decreasing specific
capacitance at higher current densities is a common phenom-
enon. At very low current densities, ions in the electrolyte have
sufficient time to diffuse and reach all the active sites of the

a Pure MoS,
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>
S
-
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o
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Fig. 8
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electrode, allowing for the complete insertion and extraction of
ions within the electrode material. This allows the electrode to
utilize its full capacity to store charge, leading to a higher
specific capacitance.®> Conversely, at higher current densities,
the limited time available for ionic diffusion prevents ions from
effectively reaching all the active sites of the electrode interior,
permitting only the outer surface regions of the electrode to
contribute to the capacitance, rather than the bulk of the
material. This restricted ionic movement and incomplete utiliza-
tion of the electrode’s active sites lead to a reduction in specific
capacitance.®®

Fig. 9 illustrates the changes in specific capacitance and
discharge time of nanostructured MoS, and MoS,/Fe;O, com-
posites obtained from the GCD measurements (Fig. 8(a)) at a
current density of 0.30 A g~ '. The specific capacitance (Cy,) was
determined by applying the following equation:

I x At
CSpimXAV

17)

where m is the mass of active materials (g), At the discharge time
(s), I the discharge current (A), and AV the potential window (V).
Fig. 9(a) shows that the specific capacitance of MoS, nanoflowers
with up to 3% Fe;0, nanodiamond incorporation increases to a
value of 712 F g~ ', which is approximately three times higher
than that of the pure MoS, nanoflower. However, beyond this
weight percentage, the specific capacitance drops by ~50%. On
the other hand, Fig. 9(b) shows that the MoS,/(3%) Fe;0,
nanocomposite also exhibits the longest discharge time of
1423 seconds, compared to 517 seconds for pure MoS,, 890
seconds for MoS,/(1%) Fe;0,, and 730 seconds for MoS,/(5%)
Fe;0,. This extended discharge time suggests that the MoS,/
(3%) Fe;0, nanocomposite supports the most effective Na* ion
insertion into the nanostructure. The highest specific capaci-
tance of the MoS,/(3%) Fe;0, composite can be attributed to its
smaller crystallite size, increased dislocation density and dis-
order, which is evident from the gradual increase in the stacking
faults in MoS, as the Fe;O, content increases up to 3%, as

0.4](b) Eroo] ~_
= %eoo
(&) 3
<°’ Esoo
0.2
< 03 04 05 0.6
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8
=
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-0.2+ v v v Y
0 1000 2000 3000 4000 5000
Time(sec)

(a) GCD curves of MoS, nanoflowers and MoS,/FesO4 nanocomposites at a specific current density of 0.30 A g~* (IR-drop of all electrode

materials is indicated by black vertical lines); (b) GCD curves of the MoS,/(3%) FesO4 nanocomposite at different current densities (the inset shows the
specific capacitance variation of the MoS,/(3%) FesO4 nanocomposite as a function of current density).
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(a) Specific capacitance of the samples versus FesO4 content, with the MoS,/(3%) FesO4 nanocomposite exhibiting the highest specific

capacitance; (b) discharge time of the samples relative to FesO,4 content, as determined from the GCD curves shown in Fig. 8(a).

illustrated in Fig. 4. The increased structural distortion, leading
to numerous defects and disordered regions, could in turn
enhance the effective surface area and redox reaction sites. Apart
from that the gradual expansion of lattice spacing in MoS,/Fe;0,
nanocomposites with up to 3% Fe;0, incorporation as shown in
Fig. 6(f) improves the material’s charge storage capabilities by
generating more space between the parallel atomic planes,
facilitating an efficient Na' ion intercalation within the elec-
trode. Additionally, the increase in effective surface area due to
the enhanced surface-defect induced disorder improves the
material’s electric double-layer capacitance (EDLC), associated
with the storage of charge at the interface between the electrode
and the electrolyte. This increased effective surface area facil-
itates more efficient ion adsorption and desorption processes,
thereby enhancing the overall energy storage capacity of the
device.®”"®°

Nevertheless, the crystallite size increased significantly when
the Fe;O, content exceeded 3%, leading to a decline in capacitive
performance during GCD measurements, as depicted in
Fig. 9(a), compared to the MoS,/(3%) Fe;O, nanocomposite.
Moreover, the collapsed nanoporous electrolytic channels in
MoS,/(5%) Fe;O, by the protruding Fe;O, nanodiamonds as
described previously could contribute significantly towards the
observed reduction in specific capacitance by blocking effective
percolation of the electrolyte into the bulk and thus diminishing
the effective electrode/electrolyte contact area or available active
electrode surface sites.

Additionally, in Fig. 8(a), a rapid drop in potential can be
observed at the beginning of the discharging phase, indicating
energy dissipation caused by internal resistance.”® The MoS,/
Fe;04 nanocomposite electrodes exhibit relatively small abrupt
potential drop (IR drop) compared to the pure MoS, electrode,
indirectly suggesting that the incorporation of Fe;O,4 into MoS,
nanoflowers results in higher conductivity or reduced internal
resistance. The decrease in internal resistance could be partly
attributed to the development of structural imperfections
(vacancies and interstitials), the presence of Fe;O, with
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multiple oxidation states and narrow conducting pathways
generated by the possible cation exchange across the MoS,-
Fe;0, interface, as discussed before. The enhanced conductivity
could improve charge transportation dynamics within the sys-
tem. It has also been suggested that incorporation of Fe;O,
nanodiamonds into pure MoS, decreases the self-discharging
phenomenon, leading to a minimal voltage drop and an increase
in discharge time.”"

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopic (EIS) analysis can
provide additional evidence to support the influence of con-
ductivity and internal resistance on the specific capacitance
trend of nanocomposites. The EIS measurements were con-
ducted to assess the resistive characteristics and gain insights
into the charge transfer mechanisms of both pure MoS, and
composite electrodes. The fitted Nyquist plots for all samples
are shown in Fig. 10, highlighting different regions that corre-
spond to charge transfer-limited and diffusion-limited pro-
cesses in the supercapacitor. Conventionally, a high-frequency
semicircle and a low-frequency inclined line can be differen-
tiated by the knee frequency, as shown in Fig. 10.

In the high frequency region, the intersection of the semi-
circle with the real impedance axis with a non-zero value
represents the equivalent series resistance (R;) which is a
combination of the interfacial resistance between the electrode
and the current collector, the intrinsic ionic electrolyte resis-
tance, and the internal resistance of the electroactive
materials.”” In the high-to-medium frequency range, the semi-
circle corresponds to a parallel combination of the constant
phase element (CPE) and the charge transfer resistance (R.).
The CPE signifies the non-ideal capacitive behavior of the
electrochemical system. In the low frequency region, the
straight line, inclined to the Z'-axis of the Nyquist plot, repre-
sents the Warburg impedance (Z), which describes the impe-
dance associated with the ionic diffusion in the electrolyte. An
equivalent Randle’s circuit, as shown in the insets of Fig. 10,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 EIS spectra of (a) pure MoS, nanoflowers; (b) MoS,/(1%) FesO4 nanocomposite; (c) MoS,/(3%) FesO4 nanocomposite; and (d) MoS,/(5%) FezO4
nanocomposite electrodes. The solid lines indicate the fitted data. The inset of all graphs shows equivalent Randle’s circuit with which the experimental
EIS data were fitted to extract the values of different electrical components of the circuit.

was adopted to simulate the experimental EIS spectra using Z
View software, to extract various electrical components of the
circuit.

According to the fitting circuit, the MoS,/(3%) Fe;0, com-
posite exhibits a rather low Ry value among all the nanocom-
posites as shown in Table 1. This could be attributed to the
optimum incorporation of Fe;0, nanodiamonds. However, in
the case of magnetite, above the Verwey transition temperature
(>120 K), the density of states at the Fermi level is non-zero,
and it conducts electricity effectively behaving like a zero-band-
gap material.”®> Thus, Fe;O, behaves like a metal at room
temperature, where conductivity arises from electron hopping
between Fe** and Fe’" ions in its inverse spinel structure.’*
Now, depending on the extent of interdiffusion of ions across
the solid interface, two common scenarios may arise. On the

Table 1 Fitted values of Randle's circuit elements for pure MoS, and
MoS,/FezO4 nanocomposites

Electrode Rs (Q) R (Q) Zy (Q)
Pure MoS, 6.7 5.9 18.09
MoS,/(1%) Fe;0, 9.2 3.2 23.79
MoS,/(3%) Fe;0, 7.3 1.8 11.56
MoS,/(5%) Fe;0, 7.5 3.83 11.93

© 2025 The Author(s). Published by the Royal Society of Chemistry

one hand, the work function of the Fe;O, phase could be
considerably greater than that of MoS,, and on the other hand,
the work function of the Fe;O, phase could be smaller than or
very close to that of MoS,, if not smaller. Now, in the case of
predominant migration of Fe**/Fe®" ions across the interface to
the MoS, phase, some extra free carriers are expected to be
generated within the MoS, lattice causing the Fermi level of
MoS, to rise above that of Fe;O,. In such case, the chemical
equilibrium is attained through migration of free carriers
across the interface to level-off the Fermi energy levels of the
two phases in contact, and consequently, a Schottky-type inter-
face potential barrier could form at the Fe;0,-MoS, interface.
On the other hand, in the case of predominant migration of
Mo*" ions into the Fe;0, lattice, some extra free carriers are
expected to be generated within the magnetite lattice causing
its Fermi level to rise above that of MoS,. In such case, to
establish chemical equilibrium, the Fermi levels of both phases
are levelled off through transfer of electrons from Fe;O, to
MoS, near the interface region causing the band to bend in
such a way that pure ohmic contact is generated between the
two phases. Now, following the EIS study of the nanocomposite
system as depicted in Fig. 10, it can be reasonably inferred that
no strong Schottky type potential barrier could have formed at
the Fe;0,~MoS, interface, as no prominent feature other than a
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single semicircle, a linear inclined slope and a high frequency
intercept at the real axis of the Nyquist plot obtained from the
extrapolation of the semicircle, consecutively associated with
the electrode-electrolyte interfacial charge transfer process,
Warburg diffusion and the internal resistance, could be
observed in support of an interface potential barrier. However,
the formation of a pure resistive contact at the interface can
readily be justified by considering it as a contributor towards
the overall series resistive component Ry in the EIS spectra.
Nonetheless, it is not unlikely that a weak Schottky potential
could have formed at the interface, the effect of which is
approximately similar to that of the resistive effect. Therefore,
the presence of dispersed Fe;O, nanodiamonds in MoS, nano-
flowers act like localized regions of conductive sinks, which
could effectively reduce the equivalent series resistance (Ry), as
observed from the EIS data in Table 1, particularly for the MoS,/
(3%) Fe304 sample. The lower R, indicates minimal energy loss
during electron flow through the bulk of the material system,
indirectly indicating an improved bulk electrode material con-
ductivity under the assumption that the electrode-collector
contact resistance remains unchanged. Such enhanced bulk
electrode conductivity not only facilitates faster electron trans-
fer but also supports improved discharging behavior through
reduction in linear potential drop as indicated by the reduced
IR loss in the GCD response of MoS,/Fe;0, nanocomposites
compared to pure MoS, nanoflowers (Fig. 8(a)).”>

The diameter of the semicircle of the Nyquist plot is directly
related to the charge transfer resistance (R.) at the interface
between the electrode and the electrolyte. The MoS,/(3%) Fe;0,
nanocomposite exhibits the smallest semicircle diameter, sig-
nifying the lowest R. (1.8 Q) compared to both pristine and
other nanocomposite samples as shown in Table 1. It has
already been argued that introducing diamond-shaped Fe;O,
nanoparticles into MoS, nanoflowers can create a synergistic
effect by enhancing the specific surface area, defect induced
active surface sites and lattice interlayer spacing of the nano-
composites which in turn can promote charge transfer across
the interface between the electrode and the electrolyte, causing
the nanocomposite to surpass pure MoS, in terms of electro-
chemical performance.’® The lowest R, value of the MoS,/(3%)
Fe;0, nanocomposite suggests that 3% Fe;O, content is opti-
mal for improving the charge transportation across the elec-
trode/electrolyte interface. However, increasing the Fe;O,
content beyond this level causes random fragmentation of the
MoS, nanopetals which accumulate in the form of discarded
piles of detached petals partly blocking the nanoporous chan-
nels and hence the active surface sites deeper inside the nano-
flowers for redox reaction to occur, as discussed in the previous
sections. These blockages could also hamper the Na" intercala-
tion process and lead to an increase in charge transfer
resistance.

In the Nyquist plot, all the 3-electrode systems display a
slope between 45° and 90° in the low-frequency range, indicating
a combination of capacitive and diffusion-controlled
behaviors.”” From Table 1, it is evident that the MoS,/(3%)
Fe;0, 3-electrode system has the lowest Warburg impedance
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(Z4) of 11.56 Q compared to the other systems, suggesting that
the given system has a superior ionic diffusion transportation
capability than others. This observation indirectly suggests that
an efficient ionic intercalation through the broadened crystal-
lographic interlayer spacing of the MoS,/(3%) Fe;0, composite
renders a steeper ionic gradient in the electrolyte, by effectively
limiting any type of ionic charge accumulation at the electrode-
electrolyte interface. This in turn allows for an enhanced ionic
diffusion drive through the electrolyte and thus lowers the
Warburg impedance to some extent that contributes towards
the improved specific capacitance of the sample. Hence, the EIS
result is also consistent with the CV and GCD analyses, demon-
strating that the nanostructured composites have lower resis-
tance for charge migration between the electrolyte and the
electrode compared to pristine MoS, nanoflowers.

Cyclic stability

Long-term cyclic stability is crucial for any supercapacitor
based device. The MoS,/(3%) Fe;O, nanocomposite demon-
strated the highest specific capacitance compared to all other
samples in this study. Thus, it was subjected to repeated GCD
measurements to evaluate its capacitance retention capability
and coulombic efficiency over 10000 cycles, as depicted in
Fig. 11. The calculations of capacitance retention and coulom-
bic efficiency were performed using the following equations:

. . th cycle capacit:
Capacitance retention (%) = Aoy CapaCaEe 100 (18)
Istcycle capacitance
. . 1di
Coulombicefficiency, n= ~discharee 100 (19)
tchargc

In eqn (19), tgischarge Tefers to the time duration the system
requires to release its stored energy or discharge, while Zcparge
represents the time needed to fully charge the system. As shown
in Fig. 11, the MoS,/(3%) Fe;O, nanocomposite electrode
retained 84% of its initial specific capacitance after 10000
charge-discharge cyclic loading at a current density of 2 A g™/,
demonstrating good cyclic stability. Fig. 11 also shows that after
5000 cycles, the coulombic efficiency is ~94%, which rises to
103% after 10000 cycles. This level of retention at the given
current density suggests that the system preserves a significant
portion of its energy storage capacity even after extensive cycling,
which is a rather desirable feature for practical applications.
However, a monotonic reduction in capacitance retention is
observed in Fig. 11. As the system undergoes repeated char-
ging-discharging cycles, the mechanical stress associated with
repeated cycling can lead to the collapse of the electrode
structure and separation of active materials from the electrode.
Such deterioration in structural integrity reduces the effective
contact area between the active material and the electrolyte,
which is essential for efficient interfacial charge transfer and
energy storage. As the contact area decreases, the capacitance of
the system decreases, resulting in a decrease in performance.
The materials’ detachment not only reduces the effective area for
charge transfer but also results in the dissolution of active

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Long-term cyclic stability performance showing capacitance
retention and coulombic efficiency of the MoS,/(3%) FezO, nanocompo-
site sample measured at a current density of 2 A g% over 10 000 cycles.

materials into the electrolyte and alters its ionic transportation
property. Nonetheless, as the contact between the electrode and
the current collector weakens due to electrode disintegration, the
system becomes less efficient at storing and releasing charge,
leading to a drop in specific capacitance.***”

The efficiency value obtained from eqn (19), expressed as
percentage, reflects how effectively the system utilizes the
charge collected during the charging process. A higher coulom-
bic efficiency indicates better performance, as more of the
input energy is retained and made available during the dis-
charging phase. Fig. 11 shows that after 4000 cycles, the
coulombic efficiency is ~95%, which rises to 103% after
10000 cycles, highlighting the exceptional stability of the
MoS,/(3%) Fe;0, composite. Here, the electrode’s exceptional
cycling stability and high efficiency can be attributed to its long-
lasting structural integrity and improved ionic diffusion within
the pores over time.”®°® Overall, the nanocomposite’s advanta-
geous morphological and structural features contribute to its
stability, as evidenced by the analyses.
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The comparative analysis of MoS,/Fe;O, based composites
reveals the superior performance in the current study, which
employs a hydrothermal synthesis route to create defect-rich
MoS, nanoflowers with 3% diamond-shaped Fe;O, nano-
particles as shown in Table ST1. This work achieves a specific
capacitance of 712 F g~ ' at 0.3 A g~ ', which outperforms the 2D
MosS, sheets with polygonal-shaped Fe;0,, the flower-like MoS,
with spherical Fe;O,, the sheet-like MoS, with nonuniform
spherical Fe;0, and the MoS, nanosheets with uniform sized
Fe;0, nanoparticles exhibiting specific capacitances of 401 F
g (at0.5A¢g 1),¥5227Fg ' (at0.5A¢g "), 527 Fg ! (at
0.5 mA cm >)** and 670 F g~ " (at 0.25 A g~ 1), respectively. In
terms of capacitance retention, our optimized material also
outperforms by retaining 94% after 5000 cycles (84% after
10000 cycles), compared to 89.3% after 5000 cycles for the
Fe;04/Mo0S,/PANI composite synthesized by a hydrothermal
method and 76% after 2000 cycles for the MoS,/Fe;0, compo-
site synthesized via thermal decomposition. The distinctive
defect-rich nanoflower morphology combined with Fe;O, nano-
diamonds provides numerous active sites, as discussed pre-
viously. This contributes to the exceptional electrochemical
properties observed in the current study, establishing it as
one of the most promising candidates among the most recently
developed MoS,/Fe;O, based nanostructured composites in
terms of both specific capacitance and long-term stability.

To investigate the reduction of capacitance retention, EIS
measurements were performed before and after the cycling test.
Fig. 12 shows the Nyquist plots for Mo0S,/(3%) Fe;0, before and
after the cycling test. The extracted data from the fittings (using
ZView software) shown in Table ST2 (ESIT) reveal that Rg, Re
and Z, increased by 8.2%, 27.8% and 1.3%, respectively,
following the long-term GCD cyclic loading process. Here the
noticeable rise in R suggests a reduced efficiency of interfacial
charge transfer due to structural degradation. Over an extended
cyclic loading, however, the mechanical damage of the network
of microstructural channels limits the availability of active
redox sites by restricting the specific surface area of the inter-
faces, causes loss of disintegrated active electrode material and

6 6
N (a) Rs CPE w : (b) Rs CPE w
45 Ret 44 Ret
§, 3 Experimental EIS Spectrum g— 3 Experimental EIS Spectrum
N ) Model Fitting il ) Model Fitting
2+ 24
14 14
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Fig. 12 EIS spectra of MoS,/(3%) FezO, (a) before and (b) after the cyclic stability test. The solid lines indicate the fitted data. The inset of all graphs shows
equivalent Randle’s circuit with which the experimental EIS data were fitted to extract the values of different electrical components of the circuit.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv,, 2025, 6, 5126-5148 | 5141


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00291e

Open Access Article. Published on 11 June 2025. Downloaded on 8/15/2025 7:45:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Paper

Table 2 Comparison of specific capacitance and capacitance retention of the recently reported MoS, and MnO, based supercapacitor electrodes

Specific capacitance

Electrode Synthesis route Electrolyte (Fg™ Capacitance retention Ref.
Fe;0,/MnO,/RGOs Hydrothermal 1 M Na,SO, 775Fg tat0.5Ag " — 100
CNTs/MoS,/Fe;0, Hydrothermal 6 M KOH 522.7Fg tat05A¢g " — 35
Fe;0,/Mo0S,/PANI Hydrothermal 3 M KOH 401Fg 'at05Ag " 91% after 4000 cycles 33
MoS,/MnS Hydrothermal 0.5M Na,SO, 351Fg 'at03Ag " 78% after 4000 cycles 32
rGO/CNT/MnO, Hydrothermal 1MNa,SO, 319Fg 'at0.5Ag" 89% after 3000 cycles 101
MnO, nanospheres/carbon  Freeze-drying 1 M Na,SO, 255Fg 'at0.5A¢g " 83% after 1000 cycles 102
nanoparticles/graphene
MnO,/PPy/rGO Sonication-induced assembly 0.5 M Na,SO, 404Fg 'at0.25A¢g " 92% after 4000 cycles 103
of aqueous dispersions
MnO,/(3%) Fe;0, Hydrothermal 0.5M Na,SO, 459Fg 'at03Ag " 75% after 4000 cycles 49
Mo0S,/MnO, Hydrothermal 0.5 M Na,SO, 199.12F g 'at0.04 Ag ' 95% after 4000 cycles 31
MoS,/(3%) Fe;0,4 Hydrothermal 0.5 M Na,SO, 712Fg 'at03Ag " 95% after 4000 cycles;  This work

hampers ionic diffusion, thereby enhancing the resistive con-
tributions from all three electrical components, with a conspic-
uous increment in electrode-electrolyte charge transfer
resistance. This increase in post-cycling R.. hinders faradaic
activity by slackening the interfacial electron transfer kinetics.

Additionally, Table 2 presents some recently reported elec-
trochemical data for various MoS, and MnO,-based electrodes
with different structural and morphological characteristics.
Here, our MoS,/(3%) Fe;0, shows the highest specific capaci-
tance and % capacity retention among the reported nanocom-
posites. The superior capacitive performance clearly indicates
that the hydrothermally prepared MoS,/(3%) Fe;O, nanocom-
posite is a very suitable candidate material for high-
performance supercapacitor electrodes.'®%*%!

Two electrode system

Two-electrode systems are preferred over three-electrode systems
in practical device applications. Therefore, a prototype super-
capacitor was made using the optimized MoS,/(3%) Fe;0,4
nanocomposite as the electrode material, to evaluate its perfor-
mance for real-world applications under symmetrical two-
electrode configuration. In this setup, the MoS,/(3%) Fe;0,
nanocomposite served as both the anode and cathode material.
The electrolyte was 0.5 M Na,SO, solution. The Whatman filter
paper acted as a separator, preventing direct contact between the
two electrodes, and the electrolyte ensured ionic connectivity
between them. Fig. 13 depicts the schematic diagram of the
charge storage mechanism in a symmetric two-electrode system,
where the charge storage process combines electric double-layer
capacitance (EDLC) and pseudocapacitance. The pseudocapaci-
tance contribution may arise from intercalation, underpotential
deposition, and surface redox reactions, during charging,
whereas these processes are reversed during discharging.
When an external voltage is applied to charge the electrodes,
Na* and SO,> ions of the electrolyte solution move towards the
respective electrode surfaces. The positive ions (Na*) migrate
towards the negative electrode (cathode) and negative ions
(SO,>") migrate towards the positive electrode (anode). Some of
these ions get adsorbed onto the electrode surfaces, forming a
layer called the inner Helmholtz plane (IHP). The adsorption of
electrolyte ions on the surface is significantly influenced by the
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presence of surface vacancies, as suggested by eqn (1) and (5). The
cationic vacancies (V""y,) at the surface of the electrode function
as negatively charged sites that attract positively charged Na* ions,
effectively stabilizing the double layer, as follows:

MOSz + VWMO tee 4-1\JaJr — MOSZ s (V””Mo)(4Na+) (203)

on the other hand, the anionic vacancies (V§*) at the surface of
the anode act as positively charged sites interacting with SO,>~
ions, facilitating the formation of a double layer as follows:

MoS; + Vg -804 — MoS; -+ (V§") (SO4") (20b)

The IHP is marked by high density of ions resulting from
strong electrostatic interactions between the electrode surface and
various charged species in the electrolyte. This region consists of
highly ordered solvent molecules and ions due to higher electro-
static force, which are crucial for forming the electric double layer
(EDL) and facilitating reversible redox reactions. The outer Helm-
holtz plane (OHP) lies beyond the IHP, which consists of ions that
are less tightly bound to the electrode surface compared to those
in the IHP. This layer serves as a transitional region between the
bulk electrolyte and the IHP. Ions adsorbed in the IHP are closely
bound, leading to charge separation physically, creating an area of
high capacitance. The IHP and OHP together form the electric
double layer (EDL), which stores higher energy near the electrode
surface region. The diffuse layer, extending from the OHP to the
bulk electrolyte, contains more mobile ions that are less influ-
enced by the electrode surface. The diffuse layer, although not
directly contributing to energy storage processes, plays a vital role
in creating and maintaining the necessary conditions for pseudo-
capacitance or EDLC.

Fig. 13 shows that electrolyte ions can intercalate between
the crystallographic layers of the MoS,/(3%) Fe;0, nanocom-
posite, which is known as ion intercalation. Defects such as
vacancies increase the number of active sites available for
intercalation. The defect sites can strongly interact with incom-
ing ions, facilitating their adsorption and subsequent interca-
lation. Sulfur and molybdenum vacancies (according to eqn (1)
and (5)) can enhance electrolyte ion intercalation by providing
additional entry points and diffusion routes within the materi-
al’s layered structure. The subsequent electrode REDOX reac-
tions can be expressed as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 A schematic representation of the charge storage mechanism of a two electrode symmetric supercapacitor. Under an applied voltage, Na* and
SO,%~ ions migrate toward the respective electrodes, forming two distinct regions: the inner Helmholtz plane (IHP), which is located directly adjacent to
the electrode surface, and the outer Helmholtz plane (OHP), which extends further into the bulk electrolyte. The interaction between these planes
establishes the basis of the electric double layer capacitance (EDLC). Additionally, the porous, defect-rich structure with slightly widened interlayer
spacing of the MoS,/(3%) FesO4 electrode provides better electrode—electrolyte interaction, enhancing the charge storage capacity through processes
like ion percolation and intercalation, surface adsorption, and redox reactions. These mechanisms contribute significantly to the pseudocapacitance of
the system. The combination of EDLC and pseudocapacitance mechanisms underpins the overall charge storage process, allowing for enhanced energy
storage performance.

2— —
Cathode: (MOS:)(interlayer space) T XNa* + xe~ — Na,MoS, (MOSo)intertayer + XS04~ — MO0S,(SO4)y + 2xe™ (21¢)

21a
(213) Reversible surface redox reactions have a great influence on
the overall charge storage process. The vacancy defects could
Anode: 2Fe'O + (M0S,)interlayer + S0.% — create under-coordinated atoms around the defect site, which
(Fe0)"'s0,> (Fe™O)" + 2e (21b) are chemically more active. These atoms can strongly interact
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with reactants, making the surface more reactive for redox fast and reversible processes at the electrode surfaces. Conse-
processes. Vacancies alter the local electronic density of states, quently, the total capacitance is derived from the combined
often creating localized defect states. These can lower the contributions of both electric double-layer capacitance (EDLC)
activation energy for electron transfer during redox reactions, and pseudocapacitance mechanisms, enhancing the overall
enhancing the reaction rate. Additionally, the diffuse layer energy storage capability.

facilitates the necessary conditions for these surface redox However, the charging process is reversed during dischar-
reactions by providing a stable ionic environment that supports ging. When the potential applied to the electrode is reduced

0.5
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Fig. 14 Electrochemical performance of a symmetrical two electrode system: (a) CV loops at various scan rates ranging from 20 mV s~ to 50 mV s™%; (b)
Tafel's slope indicates the charge storage mechanism to be a combination of EDLC and pseudocapacitive processes; (c) variation in the diffusion and
capacitive contribution ratio as a function of scan rate; (d) GCD curves at different current densities; (e) variation of specific capacitance as a function of
current density; and (f) Ragone plot showing the energy and power densities of symmetric supercapacitors based on various electrode materials. Each
colored data point represents a specific material reported in recent supercapacitor research.
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during the discharging process, the Na“ and SO,>~ ions that
were previously intercalated into the MoS,/(3%) Fe;0, lattice
and participated in the surface redox reactions are released
back into the electrolyte solution, which can be shown simply
by reversing eqn (20) and (21), associated with a reverse redox
reaction, deintercalation and surface desorption processes.

Now, the electrochemical measurements with two electrode
configuration (in Fig. 14) were performed within the same
potential window (—0.2 to 0.6 V) adopted for the three-
electrode system. The measurements were carried out at differ-
ent scan rates ranging from 20 to 100 mV s~ " in a 0.5 M Na,SO,
aqueous electrolyte. The CV loops of the MoS,/(3%) Fe;0,
electrode, as shown in Fig. 14(a), maintained their shape even
at high scan rates, indicating the material’s excellent reversi-
bility and high-rate capability in the case of two electrode device
application. The CV loops of the MoS,/(3%) Fe;O, material
exhibit a consistently stable quasi-rectangular shape across the
entire potential range, regardless of the scan rate, indicating
that the mechanisms of both electric double-layer capacitance
(EDLC) and pseudocapacitance may be active in the charge
storage process.®® Additionally, in order to understand the
charge storage mechanism of the electrodes, the value of Tafel
slope ‘b’ (according to eqn (10)) was calculated, which was
found to be 0.59 as shown in Fig. 14(b). The value is compar-
able to those observed for the three-electrode system, suggest-
ing a charge storage mechanism that combines both the
faradaic and the capacitive processes. To comprehend the
reaction kinetics, both capacitive and diffusive current contri-
butions were determined as shown in Fig. 14(c) following
eqn (16). The figure demonstrates that as the scan rate
increases, the capacitive contribution of the synthesized sam-
ples increases, while the diffusion contribution decreases. At
100 mV s~ ', the diffusive and capacitive current contributions
are 74% and 26% respectively, illustrating a balance between
these two contributions. This balance is crucial for under-
standing the electrochemical mechanisms and optimizing the
performance of supercapacitor devices.

GCD measurements were conducted to determine the spe-
cific capacitance, as well as the power and energy densities of
the synthesized materials under two electrode configuration.
The following equations were used to calculate the specific
capacitance (Csp) of a single electrode, along with the energy
density (E) and power density (P) of the two-electrode system:

2x I x At
—1 _
Co (Feg™) = mx AV (22)
v Csp x (AV)? x 1000
1\ _ P
E (Whkg!) = 8 % 3600 (23)
P(Wke') = EXTltOOO (24)

Fig. 14(d) shows the charging and discharging curves for
MoS,/(3%) Fe;0, nanocomposite electrodes at various current
densities, from which the specific capacitance values were
determined and it can be found that they decrease with the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increase in current density, as shown in Fig. 14(e). The max-
imum capacitance observed is 296 F g~ " at a current density of
0.3 Ag . The operational efficiency of energy storage devices is
critically influenced by their energy density (E) and power
density (P). The Ragone plot in Fig. 14(f) illustrates the energy
and power densities of various reported supercapacitor sys-
tems, with each data point representing a distinct electrode
configuration. The CuCo,S,-MoS, composite (red diamond)
exhibits an energy density of ~3.65 W h kg™" and a power
density of ~87 W kg™ "."** In comparison, CuCo,S, (blue star)
displays a significantly lower energy density (~0.65 W h kg™ ") while
maintaining a comparable power density.” The CeyoZr,,0, elec-
trode (green triangle) achieves an energy density of ~1.13 Wh kg™
and a power density of ~112.5 W kg™, while CeO, (purple circle)
shows slightly lower energy (~0.68 W h kg ") at the same power
level.'® Notably, the sulfur-doped carbon and graphene composite
(yellow diamond) delivers a relatively high energy density of
~5 W h kg™" at a power density of ~20 W kg™ .'% The MoS,/
(3%) Fe;0, composite investigated in this study, represented by
black dotted markers, demonstrates energy densities of 3.7, 2.67,
and 2.15 W h kg™ " at corresponding power densities of 45, 67.5,
and 90 W kg~ and these points very closely resemble the obtained
results from the present-day studies and reflect the efficient
performance level of various symmetric systems. Therefore, the
improved performance of the MoS,/(3%) Fe;0O, electrode provides
strong evidence for the material’s supercapacitive capabilities.

Finally, we have fabricated a coin cell device using the
optimized MoS,/(3%) Fe;0, nanocomposite electrode as shown
in Fig. SF5 (ESIT). To showcase its practical utility, the device
was successfully employed to power an LED lamp. A series of six
photographs have been included for illustration: the first image
captures the moment the lamp is initially turned on, while the
subsequent images display the lamp remaining continuously
illuminated at 30, 60, 90, 120, and 150 seconds, respectively.
This demonstration clearly reflects the reasonably good energy
storage and delivery capabilities of the MoS,-(3%) Fe30,
nanocomposite-based device.

Conclusion

In this work, pristine MoS, and 1-5 wt% Fe;0, nanodiamond
incorporated MoS, nanoflowers were synthesized by a simple
hydrothermal route to evaluate and optimize the amounts of
the two nanostructured components in the nanocomposite that
would deliver an optimized electrochemical performance for
high performance supercapacitor electrodes. The XRD analysis
confirms the successful formation of the desired material, with
the highest level of crystallographic defect induced disorders
for an optimum combination of 3 wt% Fe;O, incorporated
MoS, nanocomposite. The SEM micrographs revealed distinct
morphological changes leading to fragmentation and random
piling up of MoS, nanopetals hampering the radial alignment
of the petal like formations at higher Fe;O, content. TEM
analysis revealed that the nanostructured composite maintains
a hierarchical structure, with the interlayer spacing of MoS,
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increased by ~10% for an increase in Fe;O,4 content from 0 to 3
wt%, which is followed by a sudden drop in the spacing beyond
the given composition limit. The comprehensive crystallo-
graphic and morphological analyses predicted a superior elec-
trochemical performance of the nanocomposite with 3 wt%
Fe;0, compared to other synthesized nanostructured materi-
als. In a three-electrode system, the MoS,/(3%) Fe;O, nano-
composite electrode demonstrated an impressive specific
capacitance of 712 F g~ " at 0.3 A g ', along with excellent cyclic
stability, retaining 84% of its initial capacitance after 10000
cycles. The incorporation of Fe;O, nanodiamonds significantly
boosted the electrochemical performance of MoS, nanoflowers
through the formation of a defect-rich crystal structure, provid-
ing more active sites and allowing a greater number of electro-
lyte ions to interact with both the outer surface and nanoporous
interior of the composite. The increased interlayer spacing with
Fe;0, nanodiamond incorporation allowed more efficient
penetration of electrolyte ions into the electrode materials
enhancing the overall capacitive response of the MoS,/Fe;0,
nanocomposite. The electrochemical performance of the
nanostructured composite reached its maximum at 3 wt% of
Fe;O0, nanodiamonds. The lowest charge transfer resistance
observed for this composition significantly contributed towards
a more efficient faradaic process, enhancing the specific capa-
citance. With further incorporation of Fe;0, (5 wt%) beyond
this limit, excess nanodiamonds hindered the uninterrupted
growth of MoS, nano-petals causing the nanoporous channels
for electrolytic ions to collapse along with a reduction in MoS,
interlayer spacing, restricting the electrode/electrolyte interface
area and the ionic intercalation/deintercalation process. In the
case of a two electrode system with the optimized composition
mimicking the real devices, the charge storage mechanism
involved both capacitive and faradaic processes similar to the
three-electrode counterpart. The kinetics study of the opti-
mized nanocomposite showed certain balance between capaci-
tive and diffusive contributions of current, which is crucial for
device optimization. The energy and the power densities of the
optimized nanocomposite were found to fall within the region
of symmetric supercapacitors in the Ragone plot. Conse-
quently, the MoS,/(3%) Fe;O, nanocomposite emerged as the
optimal combination, outperforming a plethora of nanocom-
posites in terms of electrochemical responses, reinforcing its
effectiveness as a high-performance supercapacitor electrode
material.
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