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ABSTRACT: Large interlayer spacing beneficially allows Na+- and K+-ion storage in
transition-metal dichalcogenide (TMD)-based electrodes, but side reactions and volume
change, which pulverize the TMD crystalline structure, are persistent challenges for the
utilization of these materials in next-generation devices. This study first determines
whether irreversibility due to structural distortion, which results in poor cycling stability,
is also apparent in the case of inorganic fullerene-like (IF) tungsten disulfide (WS2)
nanocages (WS2IF). To address these problems, this study proposes upper and lower
voltage cutoff experiments to limit specific reactions in Na+/WS2IF and K+/WS2IF half-
cells. Three-dimensional (3D) differential capacity curves and derived surface plots
highlight the continuation of reversible reactions when a high upper cutoff technique is
applied, thereby indirectly suggesting restricted structural dissolution. This resulted in
improved capacity retention with stable performance and a higher Coulombic efficiency,
laying the ground for the use of TMD-based materials beyond Li+-ion storage devices.

■ INTRODUCTION
In 1985, the discovery of a highly symmetrical and stable C60−
fullerene hollow nanostructure1 inaugurated a new paragon in
chemistry. Much like C60, layered compounds of TMDs,
generally known as MX2, where M represents a transition metal
hexagonally packed with two X or chalcogen atoms, can also
form hollow cage-like structures using hexagons and triangles
and/or rhombi arranged as symmetric tetrahedron or
octahedron.1 Research initiatives by Tenne et al. have driven
the extensive scalability2 of such zero-dimensional (0D)
nanoparticles for various fields: light−matter interactions,
bulk electrical transport,3 solid lubricants,4 biomarkers, drug
delivery vehicles, coatings for orthodontic wires, and
endodontic files.5 Although the efficacy of nanomaterials
cannot be disregarded, the current literature fails to explore the
electrochemical properties of IF nanophase materials. In
general, nanomaterials (e.g., layered oxides, nano hard carbon,
etc.) present a mechanical advantage over traditional materials
mainly due to their reduced size.6−10 Nanomaterials or
nanostructured electrodes can accomodate large strains
without pulverization as the particle size is equal to or below
the typical crack size during charge storage.11

Many studies have focused on distinct WS2 structures with a
wide dimensional variety for use in rechargeable secondary
alkali-metal-ion batteries, especially Li+-ion storage behavior
inside WS2 nanostructures, including nanosheets,12 nano-
honeycombs,13 nanoflowers,13 nanotubes,14 and onion-like
structures.15 However, investigation regarding electrochemical
charge storage of earth-abundant alkali-metal ions, such as Na+

and K+ ions, is rarely found in the existing literature, especially
for WS2IF structures. Previous investigations have highlighted
the existing drawbacks of WS2, namely, low electronic
conductivity, high molecular weight, nanosheet reaggregation
phenomena, chalcogen species dissolution, and extreme
volume change. These are more apparent during reversible
Na+- and K+-ion storage, because Na+ and K+ ions are bulkier
in size compared to Li-ions and present slower diffusion
kinetics.16,17 Usual strategies to curb the inherent deficiencies
of TMD-based electrodes include hybrid structure formation
with carbon or rhenium18 additives to provide required
conductivity to the nanofillers,19 enhancement of interlayer
spacing,20 and the induction of regional disorder21 to facilitate
higher alkali-metal-ion storage sites. Nevertheless, such
strategies require convoluted synthesis parameters, instigate
impurities within the crystal, and decrease the cell’s overall
performance. Therefore, to enable the practical application of
TMD nanostructures beyond Li+-ion batteries, alternative
engineering strategies are necessary.

This investigation applied upper and lower voltage cutoff
techniques to achieve efficient and reversible electrochemical
storage beyond Li+ ions in 0D WS2IF structures as a
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continuation of a previous study.22 Similar to typical TMD
nanosheets, WS2IFs suffer from volume expansion and
subsequent structural distortion, which lead to inefficient
cycling behavior and capacity fading. Therefore, this study
utilized upper and lower voltage cutoff techniques to suspend
conversion reactions at various stages and observe the
structural evolution via differential capacity with evolving
cycling conditions. Restriction of voltage cutoff plays a crucial
role in maintaining the electrode materials’ structural integrity,
resulting in consistent and reliable capacity.23,24 Although
energy density and specific capacity decrease with the reduced
voltage cutoff (a high upper cut-off), long-term cyclability can
be achieved by limiting voltage cutoff for a wide range of
applications.25−27 Grid energy storage devices or portable
electronics require numerous cycles over the operational
lifetime; hence, ensuring batteries with high cyclability is
crucial for sustainable performance.28−30 Therefore, the
kinetics and subtle differences in Na+- and K+-ion storage
within WS2IFs were further explored by employing rigorous

electrochemical analysis techniques, rendering the preference
of charge storage mechanism: faradaic or nonfaradaic. Results
showed a higher capacity for Na+-ion storage and a higher
Coulombic efficiency for Li+/Na+/K+-ion storage, to preface
future studies of efficient storage within quasi-0D fullerene-like
nanoparticles.

■ MATERIALS AND METHODS
Morphological and Spectroscopic Characterization.

This study utilized a Hitachi SU8010 scanning electron
microscope to collect scanning electron microscopy (SEM)
images of the neat WS2IF material and the spent electrodes.
The IXRF system was used to obtain the corresponding X-ray
fluorescence (XRF) spectrum, and a Philips CM100 trans-
mission electron microscope was used to obtain the trans-
mission electron microscopy (TEM) images of the bulk WS2IF
material. Raman spectra of the neat material and spent
electrodes were obtained by using a Renishaw inVia Raman
microscope with a 532 nm laser. X-ray photoelectron

Figure 1. (a) SEM micrograph of the agglomerated WS2IF nanoparticles. (b) Magnified view of the fullerene-like WS2 nanoparticles. (c) XRF
spectra showing the characteristic elements present in WS2IF. (d) High-resolution TEM micrograph of the WS2IF. (e) Demagnified view of the
WS2IF nanoparticle cluster. (f) SAED pattern of the individual WS2IF particle. (g) Raman spectra of the WS2IF powder showing the typical
position of WS2 peaks. (h) XRD of of WS2IF nanoparticles. The peaks at 16.5 and 25.6° are likely the result of slight oxidation of particles at the
surface defects during specimen preparation or prolonged storage, and (i) XPS survey spectra of WS2IF nanoparticles.
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spectroscopy (XPS) data were obtained using a Thermo Fisher
scientific instrument equipped with a monochromatic Al anode
Kα (hν = 1486.6 eV) with in situ sputtering of Ar+ at 3.0 keV
for 120 s. X-ray diffraction (XRD) data were collected via a

PANalytical Empyrean instrument with 45 kV, a 40 mA power
setting, and a step size of 0.02°.

Preparation of WS2 IFs. IF nanoparticles of WS2 were
synthesized via the combined sulfurization-reduction solid−gas

Figure 2. GCD curves of the upper voltage cutoff: (a1) NIB 0.01−2.5 V; (a2) NIB 0.01−1.5 V; (a3) KIB 0.01−2.5 V; and (a4) KIB 0.01−1.5 V
half-cells. Differential capacity curves of (b1) NIB 0.01−2.5 V; (b2) NIB 0.01−1.5 V; (b3) KIB 0.01−2.5 V; and (b4) KIB 0.01−1.5 V half-cells.
Differential capacity curves plotted as a function of cycle index for (c1) NIB 0.01−2.5 V; (c2) NIB 0.01−1.5 V; (c3) KIB 0.01−2.5 V; and (c4)
KIB 0.01−1.5 V half-cells.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09758
ACS Omega 2024, 9, 17125−17136

17127

https://pubs.acs.org/doi/10.1021/acsomega.3c09758?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09758?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09758?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09758?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reaction31 of tungsten oxide with H2S/H2 gases at elevated
temperatures of 750−900 °C. A special design of the quartz-
made fluidized-bed reactor was developed for this synthetic
process.2 The size and the shape of the precursor WO3
semispherical nanoparticles (NPs) preprepared via a separate
low-temperature wet-chemistry process were essential for the
success of the following growth of WS2IF. A fast reaction of
H2S and H2 gases with the oxide NP surface leads to the quick
formation of a few closed WS2 layers encapsulating the oxide
core. The oxide core becomes partially reduced to WO3−x and,
subsequently, a slow diffusion-controlled reaction leads to full
replacement of the oxygen with sulfur atoms. This surface-
inward reaction proceeds in a layer-by-layer epitaxial-like
fashion, using the external tungsten sulfide layers as a template,
until the synthesis of the hollow WS2IF NPs is completed.
Therefore, the size and shape of the fullerene-like NPs are
determined by the size and shape of the precursor NPs. The
surface passivation of the oxide NPs by the inert layers of WS2
in the initial stage of the reaction, as well as using a fluidized-
bed reactor providing “boiling” of the powder downstream of
the gases, prevents coarsening of the NPs during their growth.
The majority of precursor tungsten oxide, as well as the IF
NPs, ranges from 150 to 350 nm in diameter being of oval or
polyhedral shape. The presence of a hollow core in the IF NPs
is attributed to the differences in the specific gravity of WS2
and WO3 (7.5 and 7.15 g cm−3, respectively) and to the
described growth mechanism, where the diameter of the WO3
NP dictates the diameter of the external layers of each WS2IF
NP.

Electrochemical Measurements. The working electrode
for all three cell types was prepared with 70 wt % of the active
material (WS2IF), 15 wt % of carbon black as a conducting
agent (Alfa Aesar, MA), and 15 wt % of poly(vinylidene
fluoride) (PVDF) as a binder (Alfa Aesar, MA). After
preparing a homogeneous slurry by dissolving the materials
in 1-methyl-2-pyrrolidinone (Sigma-Aldrich, MO), acting as a
solvent for PVDF, a coating (125 μm) on top of a 9 μm thick
copper foil was deposited. The slurry coating was dried at 80
°C overnight and punched into 14.29 mm diameter circles as
working electrodes. CR-2032-type coin cells were then
assembled using the working electrode and Li/Na/K metals
as reference and counter electrodes, in the case of LIB/NIB/
KIB cells, respectively. Assembly of the half-cells was
conducted inside a high-precision ultrapure Ar glovebox with
O2 and H2O contents below 0.1 ppm. The electrolyte for the
LIB (lithium-ion battery)/NIB (sodium-ion battery)/KIB
(potassium-ion battery) half-cells consisted of LiPF6/
NaClO4/KPF6 salt in a common solvent: (1:1 v/v) ethylene
carbonate (EC)/dimethyl carbonate (DMC) (anhydrous, 99%
Sigma-Aldrich). A glass separator soaked with an electrolyte
separated the two electrodes in the half-cells. Assembled half-
cells were cycled at a constant 100 mA g−1 current density for
100 cycles in the Arbin BT 2000 test unit. Cyclic voltammetry
(CV) tests were conducted in a CH Instruments electro-
chemical analyzer (model 600 E) at different scan rates. After
cycling the half-cells in specific conditions, cycled electrodes
were decrimped in an inert Ar atmosphere and washed with
DMC solvent to remove the separator fibers attached to the
electrodes for further spectroscopic and microscopic analysis.

■ RESULTS AND DISCUSSION
The morphology of the WS2IF nanoparticles was investigated
by using SEM and TEM. SEM images (Figure 1a,b) of the

WS2IF showed the pure phase of the quasi-spherical
nanoparticles at different magnifications. The XRF spectra
(Figure 1c) of the WS2IF demonstrated the presence of W and
S elements. The high-magnification SEM (Figure 1b) and
TEM (Figure 1d,e) images of the WS2IF showed that the
shape of the fullerene-like nanoparticle was nearly isotropic
and synonymous with the electron micrographs in previously
published articles.2,31 The TEM micrograph (Figure 1d) also
shows the polyhedral and quasi-spherical morphology typical
for multiwalled WS2IF.

32 Here, the nanoparticle exhibits an
onion-like nested arrangement of several closed layers of WS2
with a hollow core. According to TEM, the semispherical
nanoparticles primarily had closed structures with an average
diameter of 100 nm. A selected area electron diffraction
(SAED) pattern (Figure 1f) obtained from one of the WS2IF
nanoparticles showed the characteristic 6-fold hexagonal
symmetrical spot pattern. This pattern represented the (002)
reflection from the WS2 crystal structure, characteristic of the
van der Waals (vdW) plane perpendicular to the electron
beam. The SAED ring pattern proves the curved nature of the
cage-like WS2IF particles.33

Figure 1g shows the Raman spectrum of the WS2IF
nanoparticles. Two intense peaks in the Raman spectrum of
crystalline IF nanoparticles were observed at 349 and 416
cm−1. These peaks were assigned to characteristic E2g

1 and A1g
modes of WS2,

34 corresponding to molecules’ in-plane and
out-of-plane vibrations, respectively.14 XRD was utilized to
confirm the hexagonal phase of WS2IF (Figure 1h). The most
prominent reflection at 14.08° in the XRD pattern was
assigned to the (002) peak, which shifted to lower angles
(higher d-spacing between the layers) as compared to typically
found at 14.32° for neat WS2 nanosheets, indicating strain in
the layered structure of WS2IF nanoparticles.31 The broad
(004), (101), (103), and (112) peaks, characteristic of the
WS2 phase, reflect the small crystalline size of WS2IF
nanoparticles and the high strain in curved WS2 layers.14

Thus, Raman spectroscopy and XRD confirmed the presence
of pristine WS2IF, while the hollow core observed in the TEM
image (Figure 1d) indicates the full conversion of the
precursor WO3 nanospheres into WS2 layered IFs, as followed
from the growth mechanism of these nanostructures.31

However, the XRD pattern of Figure 1h reveals two additional
peaks at 16.5 and 25.6°, which were assigned to the slight
oxidation of particles at the surface defects during sample
preparation or during prolonged storage of the IF nano-
particles under atmospheric conditions, resulting in the
appearance of the WO3·H2O phase (ICDD # 04-01106939).
These peaks exhibit a relatively low intensity and represent
minor oxidation of the nanoparticles. Fortunately, this issue
can be easily resolved by using proper storage and preparation
conditions.

Galvanostatic charge−discharge (GCD) curves (Figure
2a1−a4) and derived differential capacity curves (Figure
2b1−b4) offer insights into various reactions that occur at
the discharging (sodiation/potassiation) and charging (des-
odiation/depotassiation) of the NIB and KIB half-cells. Two-
dimensional (2D) differential capacity curves in Figure 2b1−
b2 demonstrate the multistep first-cycle sodiation process
(Figure 2b1) at 0.01−0.32 and 1.34 V. The combination of
significant peaks and peaks in the shoulder in the 0.01−0.64 V
region may be ascribed to several reactions: insertion of Na+
ions, conversion reaction of WS2IF with Na+ ions into metallic
nanoparticles in the Na2S matrix, and the formation of the
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solid−electrolyte interphase (SEI) layer.35 Most of these
reactions are irreversible and predicted due to the disappear-
ance of the peaks in consecutive cycles. Reversible sodiation of
WS2IF nanoparticles was observed as peaks visible in the
second and third cycles in the 1.34, 2.0, and 2.46 V regions,
thereby indicating the possibility of insertion, conversion, and
SEI layer formation. In the desodiation process, significant
peaks in the 1.7−1.9, 2.27, and 2.5 V regions may be likely due
to the extraction of Na+ ions from the WS2IF particles and the
reconversion of W into WS2.

36 In the cell cycled at 0.01−1.5 V
(Figure 2b2), the same reactions were observed except at 1.5
V, which could be a partial reaction from the 1.7 V peak.

To assess the continuation and structural distortion of the
electrode material, this study also investigated the differential
capacity curves as a function of the cycle index, as shown in
Figure 2c1−c4. Figure S1a1−b2 are derived surface plots from
the 3D differential capacity curves. As demonstrated in the
sodiation and desodiation surface plots in Figure S1a1,a2 for
NIB 0.01−2.5 V cells, all of the peaks disappeared within the
20th cycle, except for peaks in the low-voltage region.
However, NIB cells cycled within the 0.01−1.5 V range
showed peaks at 0.09 V and 1.5 V in the sodiation cycle up to a
prolonged period (Figure S1b1). Similarly, during desodiation
(Figure S1b2), the 0.01 and 0.25 V peaks retained their
intensity through 100 cycles, thereby bolstering this study’s
initial hypothesis: voltage cutoff restricts WS2IF structure
pulverization, even for repeated large Na+-ion insertion/
extraction.

Similar to the sodiation/desodiation process, the potassia-
tion/depotassiation process of the WS2IF electrodes is
demonstrated in the GCD plots in Figure 2a3,a4. Differential
capacity curves derived from the GCD graphs elucidate the
specific reaction at particular voltages. In the first potassiation
process (Figure 2b3), major peaks are observed in the 0.1,
0.83, 1.0, 1.5, and 2.46 V regions. Previous investigations have
assigned the peaks above the 0.75 V region to the intercalation
process and the peaks below the 0.75 V region to a mixture of
reactions from the interaction of K+ ions with the WS2
material, conversion reactions, and the formation of SEI
layers.37−39 Other studies have designated the interaction of K+

ions with WS2-based materials to be purely intercalation-based
since no trace of metallic W was found due to conversion
reaction products.27,40 Although this study refrained from
assigning peaks to certain reactions due to lack of direct
evidence, the peak at 0.1 V for the 0.01−2.5 V cell displayed
the highest intensity, indicating increased electron transfer due
to the SEI layer formation reaction in general. Previous
research where MoS2 was utilized as the anode material with
KPF6 as an electrolyte salt resulted in unstable, potassium
fluoride-deficient, organic species-rich SEI layer formation that
led to poor capacity retention.41

The continuation of the peaks in 3D differential capacity
curves is presented in Figure 2c3,c4. Further elucidation of the
3D differential capacity curves is provided in Figure S2a1−b2
of potassiation/depotassiation processes for two cells cycled at
separate voltage ranges. Figure S2a1,a2 of the potassiation/
depotassiation processes for the cells cycled in the 0.01−2.5 V
range reveals no continuation of reactions from high voltage
ranges; peaks in the 1.0−1.5 V region discontinued after the
10th cycle. The only reactions that continued were in the lower
voltage region (0.01 V peak in the potassiation cycle, which
faded gradually after the 50th cycle, shown in Figure S2a1).
However, when the upper voltage cutoff technique was utilized

for the KIB 0.01−1.5 V cell, the combined peaks in the 0.01−
0.3 V region maintained a similar intensity during the
prolonged process (Figure S2b1). In the depotassiation step,
continuity of the 1.4 V peak was evident due to a partial
reaction from the 1.7 V peak up to the 100th cycle.
Furthermore, the peak at 0.1−0.8 V maintained its intensity
throughout the 100th cycle of the depotassiation process
(Figure S2b2), indirectly indicating structural preservation of
the WS2IF particles in KIB 0.01−1.5 V cells.

To compare Na+- and K+-ion storage with Li+-ion storage,
two LIB cells were assembled and tested at the same
conditions (0.01−1.5 V and 0.01−2.5 V). Corresponding to
GCD, derived differential capacity curves are presented in
Figure S3a1−c2. For the 0.01−2.5 V LIB cell, the first
lithiation cycle includes sharp peaks at 1.7, 0.79, 0.67, and 0.01
V (Figure S3b1). The responses at lower voltage ranges may
be ascribed to a combination of reactions: insertion of Li+ ions
into WS2IF layers, additional conversion reaction of WS2 and
Li+ ions to form W and Li2S matrices, irreversible electrolyte
decomposition, and the formation of solid electrolyte interface
layers.42−44 Except for the 0.01 V peak, the other peaks did not
appear in the second and third cycles, indicating the
irreversibility of the reactions. However, the delithiation curves
present a significant peak at 2.3 V and a shoulder peak at 2.0 V
that possibly originate from the extraction of Li+ ions from the
LixWS2 host. Additional reversible peaks in the second and
third lithiation cycles may be attributed to the further insertion
of Li+ ions into the interlayers of WS2IF.

45 For the LIB cells
cycled at the 0.01−1.5 V range (Figure S3b2), the same
reactions indicated by the same peaks are present as expected.

To further examine the reaction continuity or polarization of
the peaks, individual lithiation/delithiation visible in 3D
differential curves (Figure S3c1,c2) is demonstrated as surface
plots in Figure S4a1−b2. During the lithiation process, the
peaks at 0.75 and 1.25 V diminish in the very early stages (20th
cycle and 40th cycle, respectively). Although the peaks around
1.75−2.25 V continue further, they nevertheless fade out in the
80th cycle for the 0.01−2.5 V cell (Figure S4a1). The only
peak consistent with its intensity is the 1.5 V peak for the
0.01−1.5 V cell. As shown for the LIB 0.01−2.5 V cells (Figure
S4a2), during delithiation, specific reactions at approximately
1.8 V continued only to 20−25 cycles. The only long-term
reaction during continuous cycling appeared at 2.3 V and then
gradually lost intensity, indicating a decrease in the number of
electron transfers and fading after the 80th cycle. In the
delithiation process (Figure S4a2), specific peaks at 1.7, 0.79,
and 0.67 V diminished during the 40th cycle, indicating the
discontinuation of the reactions. Shoulder peaks around 1.5 V
started to fade in the 15th cycle and ceased in the 40th cycle.
As shown, major 2.0 V peaks also gradually faded beginning in
the 20th cycle and disappeared entirely after the 80th cycle.
Slight hysteresis was also demonstrated from the 2.0 V peak.
Only the low-voltage region of the 0.01 V peak continued
through the 100th cycle. The discontinuation of peaks may
nonetheless be ascribed to mechanical stress generation within
the WS2IFs and structure pulverization upon repeated Li+-ion
insertion/extraction.46−48 A possible explanation for reaction
peak discontinuation might be that the structure completely
changes after specific cycles due to repeated cycling; therefore,
no reaction proceeds further because no sites are available.
Comparatively, for the 0.01−1.5 V cell, during lithiation,
cumulative peaks around 0.01−0.6 V maintain their intensity
in Figure S4b1. Specific peaks at 0.01 V during delithiation
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were more prominent (Figure S4b2), and no peak plummeting
behavior was evident. A partial reaction/partial peak (possibly
arising from outside the 1.5 V window) limited to 1.5 V due to
voltage cutoff continues up to the 100th cycle, thereby
indicating the efficiency of a high upper voltage cutoff
technique.

Cycling performances derived from GCD experiments for
NIB and KIB systems were measured at a constant current
density of 100 mA g−1. The specific capacity achieved from
cells at different potential ranges was plotted as a function of
the cycle index (Figure 3a,b), from which the Coulombic
efficiency of the electrode material was also calculated. The
0.01−2.5 V NIB cell displayed a first-cycle charge capacity of
299 mAh g−1 with a Coulombic efficiency of 48.94%, which
greatly exceeded the 0.01−1.5 V cell at 167.65 mAh g−1 with a
Coulombic efficiency of 27.69%. However, the NIB 0.01−2.5
V cell never reached a Coulombic efficiency near 100%,
whereas the 0.01−1.5 V cell reached a Coulombic efficiency
near 100% after 10 cycles. As a result, capacity retention of the
NIB cell with no voltage cutoff technique was much lower (i.e.,
sudden capacity degradation was observed up to the eighth
cycle), which was quickly overtaken by the NIB 0.01−1.5 V
cell in the fifth cycle. These behaviors of the NIB 0.01−2.5 V
cells corresponded to findings from the 3D differential capacity
curves (Figure 2c1,c2) and surface plots (Figure S1a1−b2),
where maintenance of specific peaks for the 0.01−1.5 V cell
was perceived. Notably, this is the opposite characteristic of the
0.01−2.5 V cell. This phenomenon strongly suggests that Na+-
ion insertion/extraction at high voltage ranges may lead to
permanent structure distortion for which lesser capacity is
achieved at prolonged cycling processes, even for WS2IF
nanoparticles that differ from nanosheets. For example, in the
100th cycle, the specific capacity of the 0.01−2.5 V cell was
16.97 mAh g−1, compared to 81.63 mAh g−1 for the 0.01−1.5
V NIB cell.

Similar characteristics were observed for the two KIB cells
from Figure 3b, where the first-cycle specific charge capacity
for the 0.01−2.5 V cell was 423 mAh g−1 with a Coulombic
efficiency of 23.47%. A similar Coulombic efficiency was
perceived for the 0.01−1.5 V KIB cell, as highlighted in the
previous section (KPF6 electrolyte degradation). Similar to the
NIB cells, the Coulombic efficiency of the KIB cells with a high
upper voltage cutoff dominated the cell cycled up to 2.5 V,
reaching nearly 100% but at a later stage (after the 20th cycle).

This performance could be connected to the results obtained
from the surface plots (Figure S2a1−b2). Although it has a
higher capacity retention, the 0.01−2.5 V cell demonstrated a
higher specific capacity in the 100th cycle (32 mAh g−1,
compared to 9.43 mAh g−1 of the 0.01−2.5 V cell). However,
the specific charge capacity of the KIB ce.lls was far lower than
the NIB cells, providing overall inefficiency of large K+-ion
storage within closed cage-like structures of WS2IF.

Figure S5 depicts the cycling of two LIB cells at different
voltage ranges under the same conditions as those for the NIB
and KIB cells. The LIB cell cycled within 0.01−2.5 V
demonstrated a specific charge capacity of 349.67 mAh g−1

in the first cycle with a Coulombic efficiency of 42%.
Consistent capacity degradation behavior was observed
starting from the second cycle and perpetuating throughout
the long-term cycling process. Capacity fading of the 0.01−2.5
V cell could be well correlated with observations from the 3D
differential capacity plots, where cessation of specific reactions
occurred, suggesting that structural distortion might be taking
place. First-cycle capacity loss was ascribed to inevitable SEI
layer formation and a combination of side reactions through
which Li+ ions were irreversibly consumed.49 Notably, the
Coulombic efficiency of the 0.01−2.5 V LIB cell was always
60−70%, although the LIB cell cycled at a high upper cutoff
voltage displayed 233.62 mAh g−1 initial capacity with a
Coulombic efficiency of 30.52%. The lower Coulombic
efficiency was correlated with the increased intensity of the
peak attributed to SEI layer formation (Figure S4a1), where
increased Li+-ion consumption was predicted, resulting in a
very high first-cycle specific discharge capacity of 824.69 mAh
g−1 (Figure S3a1). Nevertheless, the Coulombic efficiency of
the 0.01−1.5 V LIB cell was consistently near 100% from the
sixth cycle, resulting in improved capacity retention with no
fading. The better capacity retention was also correlated with
the prolongation of the reaction peaks from the surface plots
shown in Figure S4b1,b2. The GCD and differential capacity
curve shown in Figure S6 along with the cycling stability curve
in Figure S7 exhibited the effect of a lower voltage cutoff
compared to the upper voltage cutoff experiment.

The fast physical charge storage mechanism within the
WS2IF material was studied using CV experiments at various
scan rates.50 The charge storage process typically relies on
different scan rates (ν, mV s−1) in CV experiments, where the
current response (i, amp) fluctuates as a function of voltage

Figure 3. Cycling stability and Coulombic efficiency of (a) NIB 0.01−2.5 V and NIB 0.01−1.5 V half-cells; and (b) KIB 0.01−2.5 V and KIB
0.01−1.5 V half-cells.
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sweeps. Figure 4a1−a4 shows the CV curves for the NIB and
KIB cells cycled at different voltage ranges, respectively, while
Figure S8a1,a2 illustrates the CV curves from the LIB cells
cycled at two different voltage ranges. Five different scan rates,
1, 2.5, 5, 7.5, and 10 mV s−1, were utilized to investigate the

charge storage mechanism. In Figure 4a1,a2, the reduction
peak at 0.53 V can be attributed to the conversion reaction
with residuals of the oxide precursor (WO3 + 6Na+ + 6e− ↔
3Na2O + W).51,52 Similarly, for KIBs in Figure 4a3,a4,
reduction peaks at 0.46 V can be ascribed to the reduction

Figure 4. CV curves of (a1) NIB 0.01−1.5 V, (a2) NIB 0.01−2.5 V, (a3) KIB 0.01−1.5 V, and (a4) KIB 0.01−2.5 V half-cells. Capacitive and
diffusion-controlled contribution ratios for different scan rates of (b1) NIB 0.01−1.5 V, (b2) NIB 0.01−2.5 V, (b3) KIB 0.01−1.5 V, and (b4) KIB
0.01−2.5 V half-cells.
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peak of WO3−x.
53 In the framework of this analysis,

examination of the CV profiles enabled quantitative differ-
entiation of two charge storage mechanisms: nonfaradaic
surface capacitive effects and faradaic diffusion-controlled
insertion processes,54 according to eq 1.

= +i V k k( ) 1 2
1/2 (1)

The rearrangement of eq 1 established a relationship in
i(V)/ν1/2 vs ν1/2 plots because k1 (slope) and k2 (y-axis
intercept) follow a linear behavior, as shown in Figure S9a1−
b3, for six cell types cycled at different voltage ranges at fixed
potentials, neglecting minimal peak shifts. Notably, k1ν and
k2ν1/2 in the equation denote the surface capacitive and
intercalation-based diffusive charge storage process, respec-
tively, as illustrated in Figure 4b1−b4 for NIB and KIB cells
cycled at two different potential ranges as a function of
employed scan rates. The 31, 22, 16, 14, and 12%
contributions for the NIB 0.01−1.5 V cells (Figure 4b1) and
the 10, 6, 5, 4, and 3% contributions for the NIB 0.01−2.5 V
cells (Figure 4b2) were from diffusive processes at scan rates of
1, 2.5, 4, 7.5, and 10 mV s−1, respectively. Finally, the 37, 27,
21, 18, and 16% contributions for the KIB 0.01−1.5 V cells
(Figure 4b3), and the 43, 32, 25, 22, and 19% contributions for
the KIB 0.01−2.5 V cells (Figure 4b4) were from diffusive
processes at scan rates of 1, 2.5, 4, 7.5, and 10 mV s−1,
respectively. Although the LIB cells cycled at 0.01−1.5 V
displayed 49, 38, 30, 26, and 23% pseudocapacitive
contributions (Figure S8b1,b2), the cell cycled at 0.01−2.5 V
demonstrated 69, 58, 49, 44, and 41% for scan rates of 1, 2.5, 4,
7.5, and 10 mV s−1, respectively.

To summarize, an increase in the capacitive contribution as a
function of gradually increasing scan rate was common to all
six cells, as previously observed for electrodes with fast reaction
kinetics. As the scan rate increases, alkali-metal ions generally
experience decreased periods of complete diffusion inside the
electrode material. Therefore, the cations prefer a surface-
adsorption-based storage mechanism rather than the formation
of a solid solution. Dominance in the capacitive contribution
was observed from the NIB, KIB, and LIB cells cycled at high
upper cutoff voltages.55−57 As shown in the charge−discharge
curves, high cutoff voltages yielded less capacity than the other
cells, meaning the alkali-metal ions had less time to interact
with the host WS2IF electrode. Study results revealed that
some of the reactions (intercalation and conversion) for the
LIB and NIB cells exceeded the 0.01−1.5 V range, as 2D and
3D differential capacity curves, proving that high cutoff
voltages may suppress specific reactions. Finally, the cage-like
WS2IF semispherical nanoparticles may also significantly
impact the charge storage mechanism, as shown in a previous
study.14 Future research efforts must corroborate this
conclusion, which is currently underway. The height of the
anodic peak (1.5 V) in the negative current axis for the 0.01−
1.5 V KIB cell was pronounced, indicating more electrons are
transferred due to partial reactions than the complete reaction
of the 0.01−2.5 V cell, thereby indirectly affirming the initial
hypothesis of this study that a high voltage cutoff extends
protection of the WS2IF structure. This technique could be
explored with a combination of composite structure formation
to realize the full potential of voltage cutoff experiments since
some composite structure formation techniques have been

Figure 5. Structural characterization of the spent (cycled) NIB and KIB electrodes. (a−d) Digital camera image. (a1−d1) SEM micrographs
showing structural integrity of the spent electrodes after cycling. (a2−d2) XRF spectra of the electrodes identifying the characteristic elements.
(a3−d3) Raman spectra showing the distinctive peaks obtained for the spent electrodes. (a4−d4) XPS survey scan of the electrodes representing
the presence of individual elements after cycling.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09758
ACS Omega 2024, 9, 17125−17136

17132

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09758/suppl_file/ao3c09758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09758/suppl_file/ao3c09758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09758/suppl_file/ao3c09758_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09758?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09758?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09758?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09758?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shown to enhance the capacity and stabilize the electro-
chemistry of TMD-based nanomaterials.58,59

The upper voltage cutoff (2.5 and 1.5 V) electrodes were
disassembled after cycling and analyzed using characterization
techniques shown in Figure 5. Digital camera images of the
recovered spent electrodes after cycling are shown in Figure
5a−d. The spent electrodes, particularly the NIB 0.01−2.5 V
electrode, showed partial disintegration during the disassembly
process. The white substance on the electrodes was the
residual waste of the glass fiber separators used to assemble the
cells. However, the spent electrodes showed no visible color
change or imperfections. The presence of glass fibers from the
separator was confirmed by SEM images (Figure 5a1−d1) of
the spent electrodes. SEM images of the 0.01−2.5 V electrodes
showed more microcracks compared to the 0.01−1.5 V
electrodes, revealing the structural integrity and minimal stress
development within the 0.01−1.5 V electrodes during cycling.
Figures 5a2−d2 and S10 present a qualitative elemental
analysis of the spent electrodes and neat electrodes
characterized by the XRF technique, respectively. Character-
istic peaks for W and S spectral lines were observed for all of
the electrodes, suggesting the existence of individual elements
like W and S after cycling. In addition, characteristic peaks for
the electrolyte used in different cells (i.e., Na and Cl for NIBs,
K and F for KIBs) were identified by the XRF. Cu peaks,
originating from the Cu foils, were also detected. The
elemental compositions obtained from the XRF spectra of
spent NIB and KIB electrodes are summarized in Tables ST1
and ST2, respectively.

This study also utilized Raman spectroscopy to determine
the spent electrode microstructure and to designate the WS2
phase from the carbon structure. Figure 5a3−d3 shows the
Raman spectra of the electrodes after cycling. Two intense
peaks at ∼1350 and ∼1599 cm−1 were assigned to the D and G
carbon vibrations bands, respectively.60 For the 0.01−2.5 V
spent electrodes (Figure 5a3,b3), additional Raman spectrum
for crystalline WO3 was observed. Intense peaks at 924, 808,
and 305 cm−1 corresponded to the stretching vibrations of the
bridging oxygen and were associated with W−O, W−O−W
stretching (ν), and O−W−O bending (δ) vibrational modes,
respectively.61 In contrast, the 0.01−1.5 V spent electrodes
(Figure 5c3,d3) showed Raman peaks at 349 and 416 cm−1,
which correspond to the in-plane mode E2g

1 and the out-of-
plane mode A1g for WS2IF, respectively.

34 These results also
suggest that WS2IF electrodes were oxidized at a higher voltage
window (0.01−2.5 V), contributing to degradation of the cells.
The Raman spectra of the 0.01−1.5 V NIB cells are similar to
the spectrum of the neat electrode before cycling (Figure S11).
Figure 5a4−d4, which shows the XPS survey scan of the spent
electrodes, highlights the presence of C, O, Cl, F, and Cu
elements, as well as the base materials of W and S, indicating
SEI layer formation. Similar characteristics were also apparent
from the postcycling analysis of the LIB cells, presented in
Figure S12a−b4.

■ CONCLUSIONS
This research is the first work to study beyond Li+-ion storage
behavior of a nanocage-like WS2IF structure. Morphological
and chemical characteristics of WS2 nanoparticles were studied
via SEM, TEM, XRF, Raman spectroscopy, XPS, and XRD.
This study also sought to determine whether the reduced
alkali-metal-ion storage of traditional TMD-based materials is
similar for 0D WS2IF structures. Results showed that side

reactions and significant volume changes led to structural
distortion. This study also explored the upper and lower
voltage cutoff techniques to limit certain reactions. Upper
voltage cutoff led to stable capacity with minimal capacity
fading and higher Coulombic efficiency gain at prolonged
cycling conditions for Li+-/Na+-ion storage. Although K+-ion
storage in the upper voltage cutoff range resulted in a higher
Coulombic efficiency, no significant benefit of higher capacity
gain was apparent. Therefore, this study utilized 3D differential
capacity curves and derived surface plots, where reactions for
0.01−2.5 V cells ceased after the 20th cycle, indicating
structural pulverization that resulted in capacity fading, also
detectable from postcycling analysis. In addition, a lower
voltage cutoff with an optimal upper voltage range yielded
significantly reduced capacity gain because some reactions
were restricted, resulting in less electron transfer. The CV
experiments revealed that all three systems (LIB/NIB/KIB)
with a high upper voltage cutoff displayed preference in the
nonfaradaic charge storage mechanism, regardless of ion size.
This study lays the groundwork for the use of TMD-based
composites combined with a suitable voltage cutoff during cell
cycling for next-generation electrochemical energy storage
devices.
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