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n synthesis of Fe-doped WS2
using neem leaf extract: unlocking large interlayer
spacing for improved capacitance and rapid ion
transport

M. I. Khan,a Ali Mujtaba, *a M. Arslan Nadeem,a Amira Majeed,a Safa Ezzineb

and Dhafer O. Alshahrani c

Iron-doped tungsten disulfide (Fe-WS2) nanoparticles were synthesized via a greenmethod using neem leaf

extract. X-ray diffraction (XRD) confirmed structural changes, with the formation of a hexagonal structure.

The d-spacing is increased by Fe doping (6.05–6.08 Å). Fourier-transform infrared (FTIR) spectroscopy

identified W–S and S–S bond vibrations, crucial for material integrity. The Brunauer–Emmett–Teller

(BET) analysis confirmed the increased surface area and pore radius as a result of enhanced ions

diffusion. The morphology study through Scanning Electron Microscopy (SEM) revealed enhanced

porosity of Fe-WS2, as evidenced by the more granular and disordered structure. UV-vis spectroscopy

(UV-vis) showed a blue shift and an increased energy band gap from 2.48 eV to 2.64 eV, indicating

improved optical properties. Methyl blue (MB) dye adsorption spectra showed that the Fe-WS2 is porous,

and as a result, more electrolyte adsorbs within the electrode. Cyclic voltammetry (CV) and galvanostatic

charge–discharge (GCD) revealed enhanced specific capacitance and energy density. Electrochemical

impedance spectroscopy (EIS) demonstrated a significant reduction in charge transfer resistance and

a substantial increase in the ion diffusion coefficient. These findings underscore the potential of Fe-WS2
for high-performance energy storage devices.
1. Introduction

Among the electrochemical energy storage devices, super-
capacitors have gained much attention due to their excellent
power density, rapid charge–discharge rate, and long cycle life.1

Generally, pseudocapacitors exhibit higher performance than
double-layer capacitors based on the charge-storage mecha-
nism, and the structure of electrode material plays a crucial role
in energy storage. In recent years, transition metal suldes
(TMS) have been reported as emerging electrode materials for
supercapacitor applications due to their excellent electroactive
abilities. Various TMS such as CoSx, Ni3S2, WS2 and CuS have
been used as electroactive materials for supercapacitor appli-
cations.2,3 Among them, WS2 nanoparticles offer several
advantages that make them highly suitable for supercapacitor
applications. One key advantage of WS2 nanoparticles is their
ability to improve the tribological properties of coatings,
enhancing hardness, wear resistance, and reducing friction.
of Lahore, 53700, Pakistan. E-mail:

e, King Khalid University, P.O. Box 9004,

University of Bisha, P.O. Box 551, Bisha

the Royal Society of Chemistry
WS2 is crucial for ensuring the durability and longevity of
supercapacitor electrodes, especially in high-performance
applications where wear and friction need to be minimized to
maintain efficiency. These nanoparticles exhibit excellent
mechanical strength due to their compact size and demonstrate
stability at high temperatures and pressures. Moreover, WS2
nanoparticles enhance the energy storage properties of super-
capacitors.4 By leveraging of WS2 nanoparticles, researchers can
enhance the energy density, power density, and cycling stability
of supercapacitors, making them more efficient and reliable for
various applications.

Wu et al. prepared WS2/CoS2 heterojunction on carbon cloth
and revealed their superior HER activity at all pH.5 Veronika
et al., studied the effects of doping on WS2 and MoS2 both in
theoretically and experimentally and showed that doping
signicantly improved their hydrogen evolution reactivity.6

Zhang et al., used Cr as a dopant in CoP to adjust its electronic
structure, and used DFT calculations to show that Cr doping
reduces Gibbs free energy as the mechanism to promote HER.7

Although WS2 has very good electrochemical properties but
there are some limitations to use WS2 in supercapacitor appli-
cations due to their relatively low electrical conductivity, which
hampers efficient charge transfer.5,6 Although they possess
a layered structure, their surface area is oen less than that of
RSC Adv., 2024, 14, 39727–39739 | 39727
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Fig. 1 Structure of Fe-WS2 material.
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other nanomaterials, limiting their capacitance. Additionally,
WS2 can experience structural instability during repeated
charge–discharge cycles, leading to performance degradation
over time.7 Furthermore, these nanoparticles tend to aggregate,
reducing their effective surface area and accessibility for ions.
To address these issues, doping WS2 with transition metals
enhances its properties for supercapacitors by improving elec-
trical conductivity and increasing surface area, thereby boosting
charge transfer efficiency and capacitance.8 The doped mate-
rials exhibit better structural stability, reducing performance
degradation during charge–discharge cycles.9 Transition metal
doping can also mitigate nanoparticle aggregation, ensuring
greater ion accessibility. This modication ultimately leads to
superior electrochemical performance and longevity in super-
capacitor applications.10 A Ni-doped WS2 electrode was created
by Keshab et al. using the hydrothermal approach, yielding
a capacitance of 144 F g−1 at a current density of 1 A g−1.11

Visakh et al. similarly manufactured a Ni-doped WS2 electrode,
reporting an enhanced capacitance of 204 F g−1 at 1 A g−1.12 By
employing Ru doping to accomplish 2H/1T phase coupling in
WS2 with Na2SO4 as the electrolyte, Pamula et al. were able to
discover an impressive capacitance of 664 F g−1 at 1 A g−1.13

Using hydrothermal synthesis, Milan et al. concentrated on Mn-
doped WS2 microcones and reported a capacitance of 107.79 F
g−1 at 1 A g−1.14

Iron (Fe) atoms intercalate inside the van der Waals gaps,
increasing d-spacing and slightly warping the WS2 lattice.15 By
upsetting the normal stacking order, this intercalation
improves ion transport pathways and promotes charge transfer.
The electrolyte ions intercalate and de-intercalate between the
electrode layers more rapidly as a result of higher d-spacing.16 Fe
increases pore radius and surface area, introducing more active
sites and improving charge storage capacity. Fe doping and
improved electrochemical performance are directly related, as
seen by these structural modications that increase capaci-
tance, energy density, and charge/discharge rates.17

In this study, we reported the Fe doping inuence on WS2
nanoparticles prepared by green synthesis via neem leaf extract.
Biomolecules like polyphenols and avonoids are essential for
lowering iron ions and stabilizing the resulting nanoparticles in
the green synthesis method that uses neem leaf extract. While
avonoids help by forming stabilizing layers surrounding the
nanoparticles, avoiding agglomeration, and guaranteeing
uniform size distribution, polyphenols aid in the conversion of
Fe ions to zero-valent iron through redox processes. In addition
to improving the stability of the nanoparticles, this process
stimulates their electrochemical activity, including capacitance
and ion diffusion, which improves energy storage device
performance metrics.18,19 The Fe doping introduces more active
sites and increases the interlayer layer spacing of WS2, as
a result, more ions can intercalate\de-intercalate and perfor-
mance of supercapacitor will increase (Fig. 1). Electrochemical
properties such as capacitance (Csp), energy density (Ed), power
density (Pd), charge transfer resistance (Rct), and ion diffusion
coefficient (DK+) of iron (Fe)-doped tungsten disulde (WS2)
sample will be improved. Techniques such as XRD, FTIR, BET,
SEM, UV-vis spectroscopy, CV, GCD, and EIS were employed to
39728 | RSC Adv., 2024, 14, 39727–39739
analyze the samples. This study provides a comprehensive
analysis of the effects of Fe doping on WS2, highlighting its
potential for applications in energy storage devices such as
supercapacitors.
2. Experimental details

Fe-doped WS2 was prepared by the green synthesis method. The
green synthesis of 10% Fe-doped WS2 using Azadirachta indica
(neem) leaf extract is employed due to its eco-friendly nature,
cost-effectiveness, and simplicity. Neem leaves contain natural
reducing agents and stabilizers like polyphenols, avonoids,
and terpenoids, which facilitate the reduction of metal ions and
stabilize the nanoparticles. The presence of these biomolecules
aids in forming uniformly dispersed Fe-WS2 nanoparticles with
enhanced surface area and porosity. This improved morphology
results in superior electrochemical properties, such as
increased conductivity, better charge storage capacity, and
enhanced ion diffusion. Consequently, the green synthesis
method not only minimizes environmental impact but also
signicantly boosts the electrochemical performance of Fe-WS2
nanoparticles.19,20

Firstly 9.896 g sodium tungstate (Na2WO4$2H2O), thiourea
(CH4N2S) 2.283 g, and iron nitrate hexahydrate (Fe(NO3)2$9H2O)
1.212 g, were dispersed into 60 mL neem leaves extract solution
at 0.5 M concentration and stirred for 30 min. The mixture was
transferred into a 100 mL Teon-lined autoclave, and kept at
120 °C for 8 hours. Aer the autoclave was cooled down to room
temperature, the samples were washed thoroughly with DIW.
The sample was centrifuged at 5000 rpm for 2–3 times, the nal
sample was dried at 70 °C for 48 hours in the oven. The product
obtained was used as such for further analysis and character-
ized to conrm the composite formation. The XRD data of the
sample was taken using a Rigaku D/MaxIIIC diffract meter with
CuKa radiation at room temperature. The optical properties of
the samples were measured by UV-vis spectra LX211DS. To
check the porous nature of both samples, UV-vis spectra are
obtained by dissolving the material in 0.2 mg Methyl Blue (MB)
with 10 mL distilled water. FTIR spectra were obtained by
spectrometer 7800A.

Electrodes for supercapacitors were prepared by slurry on Ni
foam. Firstly slurry was prepared by 80% material mixed with
10% activated carbon and 10% binder and stirred for 4 hours.
Spread the slurry onto the Ni foil using a doctor's blade. Place
the coated foil in an oven at about 50 °C for up to 16 hours
(Fig. 2). Electrochemical characterization such as CV, GCD, and
EIS were performed by the electrochemical system (CS350M).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Stepwise formation of the electrode.
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3. Results and discussion
3.1. Structural properties

The crystal structures and phases of the as-synthesized WS2 and
Fe-WS2 samples were determined by XRD analysis depicted in
Fig. 3(a), revealing distinct diffraction peaks corresponding to
specic crystal planes. The pure WS2 sample exhibits diffraction
peaks at 2q values 14.56°, 28.89°, 32.91°, 33.79°, 35.56°, 39.89°,
43.63°, 49.79°, 35.56°, 58.47°, 58.52° and 60.86° respectively at
the corresponding planes (002), (004), (100), (100), (101), (103),
(006), (102), (105), (110), (008), and (112) respectively crystal
planes of the hexagonal WS2 structure, according to PDF# 37-
1942.21,22 The peaks intensities in the Fe-WS2 sample are
reduced and new peaks of FeS are produced at planes 31.15°
(100), 47.71° (102), and 56.68° (110) due to Fe interaction with
‘S’ (PDF card no. 65-5762).23 It might be possible that during the
synthesis process of thiourea, (Fe(NO3)2$9H2O), Na2WO4$2H2O,
some Fe ions might react with ‘S’ in thiourea due to the large
amount of Fe. Therefore, the FeS new compound has been
formed.23 The reduced crystallinity and formation of FeS can
enhance electrochemical properties, as the disturbed structure
increases active sites and conductivity, making Fe-WS2 bene-
cial for supercapacitors by improving charge storage and cycling
stability.24 The Fe-WS2 samples reveal slight shis in the peak
towards smaller angles, at the plane (002) due to the larger ionic
radius of Fe2+ (0.76 Å) compared toW6+ (0.60 Å),24 which showed
the increase in interlayer spacing, according to Bragg's Law. The
calculated d-spacing at the highest peak (002) increased from
6.05 Å to 6.08 Å. The intercalated Fe ions may be produced
electrostatic repulsion due to which the d-spacing is increased.
Increased d-spacing from Fe doping improves supercapacitors
by enhancing the surface area for charge storage, facilitating
faster ion intercalation\de-intercalation, as a result, perfor-
mance of the capacitor is enhanced.25

The crystallite size (D) and the microstrain (3) is computed
using the following Williamson–Hall (W–H) relation:26

b ¼ 0:9l

Dcosq
þ 43tanq (1)
© 2024 The Author(s). Published by the Royal Society of Chemistry
The wavelength and FWHM were denoted by l (1.542 Å) and
b, respectively, in eqn (2). The micro-strain and average crys-
tallite size values were calculated using the slope and intercept
of b cos q vs. sin q plots, as shown in Fig. 3(b). The pure sample's
crystallite size, as determined by the W–H plot, is 27.2 nm. This
crystallite size, however, shrank to 23.9 nm in the Fe-doped
sample. These results imply that the addition of Fe doping
encourages grain contraction, which results in the development
of shorter crystallites.26,33 Additionally, the pure sample's
microstrain (3) is 4.6 × 10−3, while the Fe-doped sample is
−3.10 × 10−3. While the Fe-doped sample has a negative value
indicating compressive strain, the pure sample has a positive
microstrain value showing tensile strain.26 These variations,
which are brought on by differences in the ionic radii between
Fe and W, lead to lower compressive strain.27

The dislocation line density (d), and d-spacing (d), are
observed by the given formulas:28

d ¼ 1

D2
(2)

d ¼ nl

2 sin q
(3)

Here b, q, l and n, are FWHM, Bragg's angle, wavelength, and
diffraction order. Dislocation line density (r) is the measure of
the total length of dislocation lines per unit volume in a crys-
talline material. The calculated DLD increase from 1.35 × 10−12

to 1.75 × 10−12 m−2 (Table 1). Fe doping in WS2 introduces
lattice strain due to the size and valence mismatch between Fe
andW atoms, creating localized distortions.29 This strain energy
promotes dislocation formation as the crystal structure mini-
mizes distortion.30 The increased dislocation density impedes
grain boundary movement, hindering grain growth and result-
ing in smaller grains.31 This process is energetically favorable as
it reduces overall strain energy. Consequently, the material
exhibits enhanced hardness and strength due to the higher
dislocation density and smaller crystallite size.32 The strain (3)
and stress (s) are calculated by given formulas:33,34

3 ¼ b cos q

4
(4)

s = C3 (5)

In above expression, bulk Young's modulus (1.46 ± 1010 N
m−2) is denoted by the letter “C”. The calculated strain values
for the pure WS2 and Fe-WS2 increased from 5.21 × 10−4 to 8.93
× 10−4 and stress increased from 7.60 × 106 N m−2 to 1.30 ×

107 N m−2. The increase in strain and stress occurs because Fe
atoms, having a larger atomic radius thanW atoms, create a size
mismatch when incorporated into the WS2 lattice.35 This size
difference causes local distortions in the lattice structure, as the
lattice must expand to t the larger Fe atoms. These distortions
introduce additional internal stresses as the surrounding lattice
adjusts, leading to increased strain within the material.36

Increased strain from Fe doping can enhance pseudo capaci-
tance by creating more active sites for charge storage and
RSC Adv., 2024, 14, 39727–39739 | 39729
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Fig. 3 (a) XRD pattern, (b) relation between grain size, dislocation line density and d-spacing, (c) relation between stress and strain, (d) FTIR graph
of pure WS2 and Fe-WS2.

Table 1 XRD calculated parameters of WS2 and Fe-WS2

Parameter Pure WS2 Fe-WS2

Crystallite size (nm) 27.2 23.9
Dislocation density (m−2) 1.35 × 10−12 1.75 × 10−12

d-spacing (Å) 6.050 6.079
Strain (3) 5.21 × 10−4 8.93 × 10−4

Stress (s) (Pa) 7.60 × 106 1.30 × 107
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enhance the process of electrolyte ions intercalation\de-
intercalation.37

FTIR characterization conrms the successful synthesis and
bonding environments within WS2 and Fe-doped WS2 nano-
structures (Fig. 3(d)). The FTIR spectrum of pure tungsten
disulde (WS2) shows peaks at 775.93 cm−1 and 1411.85 cm−1,
which correspond to specic vibrational movements of the
atoms within the material. The peak at 1625.93 cm−1 is attrib-
uted to the stretching vibrations of tungsten–sulfur (W–S) bonds,
while the peak at 2054.55 cm−1 is associated with sulfur–sulfur
39730 | RSC Adv., 2024, 14, 39727–39739
(S–S) bond stretching. In the case of 10% Fe-dopedWS2, the FTIR
spectrum displays peaks at 782.45 cm−1, 1413.61 cm−1,
1625.27 cm−1, and 2061.07 cm−1. These peaks correspond to
similar vibrational movements as in pure WS2 but exhibit slight
shis due to the incorporation of iron.38 The shis in the W–S
and S–S stretching vibration peaks suggest that Fe doping has
caused changes in the lattice structure and bonding environ-
ment of the WS2, which in turn affects its vibrational proper-
ties.39,40 In the synthesis of Fe-WS2, biomolecules in neem leaf
extract act as natural reducing and stabilizing agents, enabling
the incorporation of Fe ions into the WS2 structure.41 Although
no new peaks appear in the FTIR spectra of Fe-WS2, a reduction
in peak intensity at 782, 1413, 1624, and 2061 cm−1 is observed
compared to pure WS2, suggesting interaction between Fe ions
and the biomolecules.42 This decrease in intensity indicates
effective capping and stabilization by biomolecules, conrming
their role in the Fe doping process.43

Using nitrogen adsorption–desorption isotherms, the Bru-
nauer–Emmett–Teller (BET) approach was used to determine
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 BET analysis (a) pure WS2 (b) Fe-doped WS2 nanostructures.
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the pore size and specic surface area of the pure and Fe-doped
WS2 materials (Fig. 4). According to the IUPAC classication,
the BET analysis of both materials shows Type-IV isotherms,
supporting the surface's mesoporous nature.44 An average pore
radius of 10.31 nm and a surface area of 73.35 m2 g−1 is found
for pure WS2, whereas an average pore radius of 31.47 nm and
a surface area of 104.16 m2 g−1 is found for the Fe-doped
sample. When compared to pure WS2, the BET analysis shows
that the Fe-doped WS2 has a larger pore size. Nonetheless, the
Fe-doped samples with a greater region of hysteresis loop show
an improved pore size distribution.45 As a result, the produced
Fig. 5 (a) SEM image of pure WS2 (b) SEM image of Fe-WS2 (c) 3D imag

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fe-doped sample has a porous structure and larger pore size,
both of which are essential for an effective electrochemical
application.45
3.2. Morphological analysis

The SEM images in Fig. 5(a)–(d) show how Fe doping affects the
morphology of WS2. In Fig. 5(a), pure WS2 appears more crys-
talline with larger grain sizes, indicating well-formed crystal-
lites. In Fig. 5(b), Fe-doped WS2 shows a more granular and
disordered structure, which suggests a decrease in crystal size.
e of pure WS2 (d) 3D image of Fe-WS2.

RSC Adv., 2024, 14, 39727–39739 | 39731
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This aligns with XRD results, where Fe doping typically leads to
broader peaks, indicating smaller crystallite sizes.28,46 The
granular and disordered structure of the Fe-doped sample
enhanced porosity observed in the SEM image. In Fig. 5(c) and
(d), the 3D SEM images provide further insight into the surface
topography. Fig. 4(c) shows the 3D surface of pure WS2, which
appears less rugged and has fewer peaks and valleys, consistent
with lower porosity.38 On the other hand, Fig. 5(d) reveals the 3D
surface of Fe-WS2, characterized by a highly uneven, rough
structure with a greater number of voids and pores. This
increased porosity upon Fe doping is crucial for enhancing the
performance of supercapacitors. The porous structure allows
for better accessibility and distribution of electrolyte ions
within the material, facilitating faster ion diffusion and greater
surface area for charge storage. This ultimately contributes to
improved electrochemical performance in supercapacitor
applications, where high surface area and efficient ion transport
are critical.38
Fig. 6 (a) UV absorption graph, (b) Tau'c graph, (c) graph between electr
Fe-WS2.

39732 | RSC Adv., 2024, 14, 39727–39739
3.3. Optical properties

The UV-vis spectroscopy analysis of WS2 and Fe-WS2 reveals
signicant insights into their optical properties and electronic
structures, as shown in Fig. 6(a). The maximum absorbance for
WS2 is observed at a wavelength of 438 nm, while for Fe-WS2 it
shis to 430 nm, indicating a blue shi due to Fe doping. The
blue shi in the UV-vis absorption spectrum indicates that Fe
doping in WS2 alters the electrical structure and increases the
band gap. The interactions between the Fe (3d) and W (5d)
orbitals are responsible for this shi. The band structure is
essentially changed by the localized states that the Fe (3d)
orbital states introduce close to the conduction band edge.47

Moreover, according to the quantum connement concept, the
decreases in the crystallite size lead to an increase in the energy
band gap.48 The observed blue shi is caused by both quantum
connement and the electronic interaction between the Fe
and W subshells, which validates the inuence of Fe doping on
onegativity refractive index and extinction coefficient of pure WS2 and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the optical characteristics of WS2.49,50 The band gap energy (Eg))
was determined using the Tau'c equation.51

(ahn)2 = A(hn − Eg) (6)

Here a is the absorption coefficient, h is Planck's constant, n is
the frequency of the incident light, A is a constant and Eg is the
band gap energy. The bandgap energy for WS2 is found to be
2.48 eV, and for Fe-WS2, it increases to 2.64 eV, as shown in
(Fig. 6(b)). Fe doping in WS2 increases the energy bandgap due
to the introduction of Fe atoms into the lattice, which affects the
electronic structure.29 The Fe atoms create additional impurity
states within the band structure, resulting in a wider bandgap
which perturbation leads to an increase in the energy required
for electron transitions from the valence band to the conduction
band.52 Electronegativity values for the samples were also
calculated, resulting in 0.667 for WS2 and 0.709 for Fe-WS2. The
refractive index ‘n’ and extinction coefficient ‘k’ are related to
the real and imaginary parts of the dielectric constant the
following equations:53,54

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

A

Bþ Eg

�2

þ 1

s
(7)

K ¼ n

Dx*g
(8)

The constants “A” and “B” for semiconductor material in the
above relation have values of 13.6 and 3.4, respectively. The
calculated n for pure WS2 and doped Fe-WS2 is 2.48 and 2.44
respectively, while the value of K for WS2 and Fe-WS2 are 2.185
to 2.194 respectively (Fig. 6(c)). The decrease in refractive index
aer Fe doping is due to changes in electronic polarizability.55

Fe introduces defects and impurity states that disrupt the
electronic distribution, reducing the material's ability to
polarize in response to an electric eld.56 This leads to a lower
refractive index, as the material's interaction with light is
altered. The increase in the k with Fe doping arises from the
Fig. 7 UV absorption graph of pure WS2 and Fe-doped WS2 in MB.

© 2024 The Author(s). Published by the Royal Society of Chemistry
introduction of new electronic states or modications to exist-
ing ones.57 This enhanced absorption is linked to the changes in
the electronic structure induced by Fe doping.58,59

The UV-vis study lies in demonstrates that Fe-doping in WS2
introduces a blue shi in the UV-vis absorption prole, indi-
cating an increased band gap.60 This change enhances the
material's adsorptive properties and porosity, crucial for
supercapacitor performance.60 Fig. 7 displays the UV-vis
absorption spectra of pure WS2 and Fe-doped WS2 in MB. At
595.13 nm and 654.17 nm, the absorption peak intensity for Fe-
WS2 is signicantly lower than that for pure WS2, indicating
high adsorption capacity. This large absorption suggests that
Fe-WS2 has enhanced adsorptive properties, likely due to
increased porosity. The higher porosity facilitates greater elec-
trolyte absorption, which is crucial for improving ion transport
and charge storage capabilities.61 These properties are advan-
tageous for supercapacitors, as they can enhance the device's
energy storage performance and efficiency by allowing more
active sites for electrochemical reactions and improving overall
conductivity.

3.4. Electrochemical properties

The WS2 and Fe-WS2 nanoparticles and the electrochemical
behaviors propose their applications as advanced electrode
materials for high-performance supercapacitors. The energy
storage performance of the WS2 electrode was also evaluated by
CV, GCD, and EIS measurements with 1 M KOH in 100 mL
electrolyte solution. The CV plots of the WS2 electrode and Fe-
WS2 are shown in Fig. 8(a) and (b). The CV proles of the Fe-WS2
nanocomposites show an improved current response within the
range of 5–50 mV s−1, indicating a greater capacitance. With
increasing the scan rates, the area of the CV curve is enhanced,
and the anodic and cathodic peaks shi in more positive and
negative directions.62 Even at higher scan rates, CV curves show
undetectable changes in the shape, indicating that the Fe-WS2
electrode is favorable for rapid reversible redox reactions
(Fig. 8(c)). The specic capacitance (Cs) (F g−1) and energy
density (E) (W h kg−1) were determined from the CV curves by
using the equations below.63

Csp ¼ Aarea

nDVm
(9)

Ed ¼
Cs �

�
Vmax

2 � Vmin
2
�

7:2
(10)

As a function of current density, the Cs values of the pure
WS2 electrode from the plots were about 194.8 F g−1, 105.6 F
g−1, 62.2 F g−1, 51.5 F g−1, 43.18 F g−1, and 36.42 F g−1 at scan
rate 5 mV s−1, 10 mV s−1, 20 mV s−1, 30 mV s−1, 40 mV s−1, and
50 mV s−1 respectively (Fig. 8(c)). The specic capacitance of Fe-
WS2 at scan rate 5 mV s−1, 10 mV s−1, 20 mV s−1, 30 mV s−1,
40 mV s−1, and 50mV s−1 respectively is 324.7 F g−1, 176.1 F g−1,
103.7 F g−1, 85.9 F g−1, 71.9 F g−1, and 60.7 F g−1 obtained
correspondingly (Fig. 8(c)). The increase in specic capacitance
with Fe doping in WS2 is primarily due to the introduction of
additional active sites and defects, which enhance charge
RSC Adv., 2024, 14, 39727–39739 | 39733
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Fig. 8 (a) CV curves of pure electrode, (b) CV curves of doped electrode, (c) CV curves at 5 scan rate of both sample, (d) specific capacitance, (e)
energy density of pure WS2 and Fe-WS2.
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storage capacity.64 The larger atomic radius of Fe compared
to W causes an expansion in the lattice (increased d-spacing),
allowing easier ion intercalation and faster ion diffusion.
Furthermore, Fe doping improves the electronic conductivity of
WS2 by providing more pathways for charge carriers.65 These
factors collectively contribute to the increased specic capaci-
tance observed in the CV curves. The curves suggest improved
charge storage capability due to the synergy between WS2 and
Fe-WS2. The calculated energy density values of pure WS2 at
5 mV s−1, 10 mV s−1, 20 mV s−1, 30 mV s−1, 40 mV s−1, and at
50 mV s−1 scan rate are 17.3 W h kg−1, 9.3 W h kg−1,
5.5 W h kg−1, 4.4 W h kg−1, 3.8 W h kg−1 and 3.2 W h kg−1

respectively. Similarly, the values of energy density of Fe-WS2 at
5 mV s−1, 10 mV s−1, 20 mV s−1, 30 mV s−1, 40 mV s−1, and at
50 mV s−1 scan rate is 28.8 W h kg−1, 15.6 W h kg−1,
9.2 W h kg−1, 7.6 W h kg−1, 6.3 W h kg−1 and 5.3 W h kg−1

respectively (Fig. 8(d)). The increase in energy density with Fe
doping in WS2 involves the interaction and bonding changes
within the material.66 Fe atoms, with their larger atomic radius,
replace W atoms in the lattice, causing an expansion and
introducing strain. This results in more active sites and defects,
which enhance charge storage. The presence of Fe improves the
electronic structure and conductivity of WS2 by altering the
distribution of electrons and creating more pathways for charge
carriers.67 These chemical changes collectively enhance ion
intercalation, storage capacity, and overall energy density.

A GCD investigation was conducted on WS2 electrode. The
study involved varying current densities ranging from 0.8 to
2.0 A g−1 within a potential window of 0–0.5 V, in a 1 M KOH
39734 | RSC Adv., 2024, 14, 39727–39739
solution. Fig. 9(a) and (b) displays the GCD curves of pure WS2
and Fe-WS2 samples respectively. The formulas below were used
to determine the Csp (F g−1), Ed (W h kg−1), and Pd (W kg−1).68

Csp ¼ Idtd

mðv2 � v1Þ (11)

Ed ¼ Csp DV
2

7:2
(12)

Pd ¼ E � 3600

td
(13)

Here Id represents the discharge current, td represents the
discharge duration, m represents the mass put on nickel foil,
and DV is the applied potential window. The calculated capac-
itance from GCD for pure WS2 at current density 0.8 A g−1,
1 A g−1, 1.2 A g−1, 1.4 A g−1, 1.6 A g−1, 1.8 A g−1, and at 2 A g−1

are 89.52 F g−1, 85.71 F g−1, 88.57 F g−1, 93.33 F g−1, 99.04 F g−1,
107.14 F g−1, and 104.76 F g−1 respectively. Similarly for Fe-WS2
the specic capacitance at current density 0.8 A g−1, 1 A g−1,
1.2 A g−1, 1.4 A g−1, 1.6 A g−1, 1.8 A g−1, and at 2 A g−1 are 97.14 F
g−1, 97.61 F g−1, 97.14 F g−1, 93.33 F g−1, 114.28 F g−1, 115.71 F
g−1, and 114.28 F g−1 respectively (Fig. 9(c)). Fe doping expands
theWS2 lattice, increasing surface area and creating more active
sites for charge storage.69 This expansion improves ion diffu-
sion by allowing easier ion movement. Enhanced electronic
conductivity from Fe reduces internal resistance and facilitates
efficient charge transfer.70 These physical changes collectively
lead to a higher specic capacitance. The calculated energy
density from GCD for pure WS2 at different current densities is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) GCD curves of Pure WS2 (b) GCD curves of Fe-WS2 (c) capacitance of pure and Fe-doped sample (d) energy density of pure and Fe-
doped sample (e) power density of pure and Fe-WS2 sample.
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0.8 A g−1 (7.89 W h kg−1), 1 A g−1 (7.56 W h kg−1), 1.2 A g−1

(7.81 W h kg−1), 1.4 A g−1 (8.23 W h kg−1), 1.6 A g−1

(8.74 W h kg−1), 1.8 A g−1 (9.45 W h kg−1), and 2 A g−1

(9.24 W h kg−1) respectively. Similarly the energy density for Fe-
WS2 at different current densities is 0.8 A g−1 (8.57 W h kg−1),
1 A g−1 (8.61 W h kg−1), 1.2 A g−1 (8.57 W h kg−1), 1.4 A g−1

(8.23 W h kg−1), 1.6 A g−1 (10.08 W h kg−1), 1.8 A g−1

(10.21 W h kg−1), and 2 A g−1 (10.08 W h kg−1) respectively,
(Fig. 9(d)). Fe atoms expand the lattice, creating more space for
ions and increasing storage capacity. This lattice expansion
improves ion intercalation by allowing ions to enter and exit
more easily.71 Enhanced electronic conductivity from Fe doping
reduces resistance, facilitating more efficient charge transfer.72

These physical changes collectively enable higher energy
storage and delivery, resulting in increased energy density. The
calculated power density from GCD for pure WS2 at different
current density rate is 0.8 A g−1 (604.8 W kg−1), 1 A g−1 (756 W
kg−1), 1.2 A g−1 (907.2 W kg−1), 1.4 A g−1(1058.4 W kg−1),
1.6 A g−1(1209.6 W kg−1), 1.8 A g−1(1360.8 W kg−1), and 2 A g−1

(1512 W kg−1) respectively in (Fig. 8(e)). The power density for
Fe-WS2 at different current density rate is 0.8 A g−1 (604.8 W
kg−1), 1 A g−1 (756 W kg−1), 1.2 A g−1 (907.2 W kg−1),
1.4 A g−1(1058.4 W kg−1), 1.6 A g−1(1209.6 W kg−1),
1.8 A g−1(1360.8 W kg−1), and 2 A g−1 (1512 W kg−1) (Fig. 9(e)).
Fe doping enhances the energy density and capacitance of WS2
by improving ion intercalation and electrochemical activity, but
the power density remains unchanged due to similar charge
and discharge rates in both pure WS2 and Fe-WS2. This indi-
cates that while Fe doping improves energy storage capacity, the
rate at which energy can be delivered remains consistent.72,73
© 2024 The Author(s). Published by the Royal Society of Chemistry
The Nyquist plots of the pure WS2 and Fe-WS2 are displayed
in Fig. 10(a) and (b). Fig. 10(c) displays both samples Nyquist
plots aer GCD. The Nyquist plot displays an inclined line at the
lower frequency region, which is associated with the Warburg
diffusion impedance (Wo).14 The semicircle at the higher
frequency region suggests the solution resistance (Rs) at the rst
intercept point, and the remaining value of the x-intercept at the
second point indicates the charge transfer resistance (Rct).14 In
the higher frequency range, the arc diameters of both electrodes
were smaller, which is comparable to the characteristics of
combining the pseudocapacitive and usually rapid kinetic
diffusion processes. A narrower arc can be seen in the higher
frequency area of the Fe-doped Nyquist plot. Table 2 shows the
computed decreased values of Rs and Rct for Fe-doped electrode
as compared to the pure sample. The higher conductivity
brought about by the addition of Fe ions, the greater the
disorder, or the decreased contact resistance between the elec-
trode material and Ni foam might all be responsible for this
outcome.14 The ion diffusion coefficients from EIS are calcu-
lated by the following relation given below:74

DKþ ¼ R2T2

2A2n4F 4C2sw
2

(14)

The symbols A, F, n, R, T, and C represent specic quantities:
A denotes the electrode area, F stands for Faraday's constant,
which is equal to 96 500 C mol−1, n represents the number of
reactive electrons per chemical formula, R denotes the gas
constant, which has a value of 8.314 J mol−1 K−1, T represents
the testing temperature, which is measured at 300 K, and C
RSC Adv., 2024, 14, 39727–39739 | 39735
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Fig. 10 (a) Nyquist plots before and after of pure WS2, (b) Nyquist plots before and after of Fe-WS2 (c) Nyquist plots after GCD of pure and Fe-
WS2.

Table 2 The Calculations of resistance and ion diffusion coefficient
from EIS measurements for WS2 and Fe-WS2

Samples Label cycling Rs (ohm) Rct (ohm) DK+ (cm2 s−1)

WS2 Before 1.17 1.40 8.54 × 10−11

Aer 1.24 1.26 8.47 × 10−11

Fe-WS2 Before 1.15 1.36 4.41 × 10−10

Aer 1.25 1.19 2.11 × 10−10
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represents the molar concentration of K+ ions, which is The
linear slope, sw represents the connection between the
frequency and the real component of impedance. The calcu-
lated value of ion diffusion coefficient (before) for pure WS2 is
8.54 × 10−11 and for Fe-WS2 4.41 × 10−10, similarly (aer) for
pure WS2 is 8.47 × 10−11 and for Fe-WS2 is 2.11 × 10−10. Aer
Fe doping in WS2, ion diffusion increases due to the enhanced
d-spacing, which provides more space for ionmovement. Due to
enhanced d-spacing the process of electrolyte ion
intercalation\de-intercalation enhanced. Increased ion diffu-
sion due to Fe doping in WS2 enhances the charge–discharge
39736 | RSC Adv., 2024, 14, 39727–39739
efficiency and capacitance of supercapacitors, leading to
improved energy and power density. Moreover, it has been
noted that the synthesized Fe-WS2 electrochemical performance
is positively impacted by the presence of impurities such FeS.
Improved conductivity is shown by the EIS ndings, which show
a reduction in Rct. This improvement could result from FeS-
facilitated conductive route creation, which improves ion
diffusion and charge transfer.75 Moreover, adding FeS could
change the WS2 electrode electronic structure, which might
improve energy storage capacity and raise the density of states
at the Fermi level. These structural alterations highlight the
intricate relationship between impurity phases and Fe-WS2
overall electrochemical characteristics.72

4. Conclusions

The Fe-doped WS2 nanoparticles synthesized through an eco-
friendly green synthesis method demonstrate signicantly
enhanced electrochemical properties, making them highly
promising for supercapacitors applications. The structural
analysis formation of hexagonal structure and enlarge interlayer
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07012g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 1
1:

01
:4

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
spacing. FTIR conrmed the presence of essential W–S, and S–S
bonds. The BET analysis conrmed the increased surface area
and pore radius as a result of enhanced ions diffusion. The
morphology study through Scanning Electron Microscope
(SEM) revealed that enhanced porosity of Fe-WS2, as evidenced
by the more granular and disordered structure. Methyl blue
(MB) dyed adsorption spectra showed that the Fe-WS2 is porous,
and as a result, more electrolyte adsorb within the electrode.
Electrochemical tests such as CV, GCD, and EIS showed greater
cycling stability, which is critical for long-term supercapacitor
performance. These ndings highlight the potential of Fe-
doped WS2 as an advanced electrode material in energy
storage technologies.
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