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ABSTRACT: Layered transition metal dichalcogenides (TMDs)
such as tungsten disulfide (WS2) are promising materials for a wide
range of applications, including charge storage in batteries and
supercapacitors. Nevertheless, TMD-based electrodes suffer from
bottlenecks such as capacity fading at high current densities,
voltage hysteresis during the conversion reaction, and polysulfide
dissolution. To tame such adverse phenomena, we fabricate
composites with WS2 nanotubes. Herein, we report on the superior
electrochemical performance of ceramic composite fibers compris-
ing WS2 nanotubes (WS2NTs) embedded in a chemically robust
molecular polymer-derived ceramic matrix of silicon-oxycarbide
(SiOC). Such a heterogeneous fiber structure was obtained via
electrospinning of WS2NT/preceramic polymer solution followed
by pyrolysis at elevated temperatures. The electrode capacity fading in WS2NTs was curbed by the synergistic effect between
WS2NT and SiOC. As a result, the composite electrode exhibits high initial capacity of 454 mAh g-1 and the capacity retention
approximately 2-3 times higher than that of the neat WS2NT electrode.

1. INTRODUCTION
The introduction of the heterostructure into the field of energy
storage is well appreciated due to various advantageous
synergic effects. Unique and composite heterostructures
alleviate the bottlenecks of each building block, furnishing
the overall property by fine-tuning energy band structures,
facilitating ion diffusion kinetics, and perpetuating structural
stability.1 Although two-dimensional (2D) layered materials
are efficacious for energy storage applications, new strategies
such asusing of rolled-up 2D materials and instigating one-
dimensional (1D) nanotubes could bring new initiatives for the
scientific community to delve into the kinds of materials for
energy storage devices.2,3 2D transition metal dichalcogenides
(TMDs) possess a sheet-like morphology that consists of
covalently bonded chalcogen−metal−chalcogen layers, while
the layers are kept together by weak van der Waals (vdW)
forces. This unique structure renders them useful for
application in fundamental and technological disciplines such
as catalysis, energy storage, sensing, and electronic devices.4

Among the various 2D TMDs, WS2 has a lamellar structure
with an interlayer spacing of 0.62 nm between (002) lattice
planes, thus offering suitable space for the reversible insertion
of large-sized ions like sodium, for example.5 Distinctively
tailored nanostructured configurations have recently been
proposed with WS2 materials, and their application has been
widely explored for electrochemical energy storage devices.
Examples include nanoflakes,6 nanosheets,7 nanohoneycombs,8

nanotubes,9 and nanoflowers10 of WS2 to enhance the

performance of energy storage devices, specifically lithium-
ion batteries (LIBs). Unique structures of WS2 have rarely
been studied for sodium-ion batteries (NIBs).11,12 Although
their counterparts, namely MoS2 nanotubes, have been
extensively studied for electrochemical energy storage, electro-
chemical hydrogen storage, and used as field effect transistors,
up-to-date WS2 nanotubes (WS2NTs) have only been studied
in LIBs and NIBs to a muchlesser extent, even though they
establish stable cycling over a wide voltage range.9,13,14

Theoretical calculations indicated that single-wall WS2NTs
are an exclusive type of semiconductor with an explicit band
gap ranging from 0.1 to 1.9 eV, depending on their
diameter.15,16 They become both direct (in the case of a
zigzag) and indirect (in the case of an armchair) band gap
semiconductors controlled by chirality, making them useful for
various technological applications such as next-generation
electronic and optoelectronic devices and high-quality factor
nanoelectromechanical systems.15,17 However, the electronic
properties of multiwall WS2NTs, which are currently produced
in large amounts, are not that different from those of the bulk
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material, that is, having an indirect band gap of ∼1.9 eV.18

Such a small bandgap make them suitable for the next
generation electrochemical energy storage devices.

In spite of its advantageous properties, WS2 based electrodes
suffers from low electronic conductivity, restacking of nano-
sheets, dissolution of chalcogen species, and significant volume
change during repeated charge and discharge cycles.19

Therefore, hybrid structures that amalgamate conductive
carbon networks with the TMDs in which the TMDs provide
numerous active sites and channels for alkali metal-ion
intercalation, have been widely investigated.14 Specifically, in
rechargeable battery applications, an optimal electrode
structure using TMDs should exhibit high electrical con-
ductivity as well as a morphology with sufficient pores and
channels to induce the volume change of TMDs. In addition to
minimizing secondary reactions originating due to the large
surface area of TMDs.20 For alleviating the aforementioned
deleterious properties, heterostructures of WS2NTs and carbon
have been utilized in a recent study, where an improvement in
the electrochemical properties of WS2NTs were observed. The
investigation led by Zdeneǩ and co-workers showed that the
NTs-WS2@C composite electrode sustained a capacity of 152
mA h g−1 after 60 cycles when tested at a current density of 80
mA g−1 in a sodium ion half-cell.21 However, such a capacity is
insufficient to fulfill the need for application in modern
technological devices. An alternative hybridization method to
minimize the shortcomings of TMD-based 1D structures is to
functionalize them with polymer-derived ceramic materials
(PDCs). The rationale behind the functionalization of
WS2NTs with PDCs is that nanotubes possess high mechanical
strength , while the carbon network in PDCs can provide a
conductive pathway and shorten the ion diffusion route.22,24

The primary objectives of this investigation were to exploit
the chemical functionalization of 1D WS2NTs with PDCs and
to fabricate a heterogeneous structure of WS2NTs embeded
and wrapped with SiOC fibers. This structure was achieved via
a single-step electrospinning process where WS2NTs and a
liquid-phase organosilicon precursor were utilized during
solution preparation. The as-fabricated non-woven fibermat

was then annealed in a high-temperature pyrolysis environ-
ment to obtain the final form that was then characterized via
microscopic and spectroscopic techniques to confirm the
chemical bonding of the materials. After morphological
characterization, the fibermats were tested as working
electrode in a sodium-ion half-cell at a gradually increasing
current rate. The first-cycle charge capacity of the fabricated
composite electrode was 454.05 mA h g−1 with a coulombic
efficiency exceeding 50%. The composite electrode showed
enhanced capacity retention compared with the neat WS2NTs
and SiOC electrodes (2−4 times higher capacity retention in
subsequent cycles). This is the first known investigation to
report a combination of 1D WS2NTs within SiOC fibers to
create a heterogeneous structure for NIB application.

2. MATERIALS, METHODS, AND
CHARACTERIZATIONS
2.1. Fibermat Synthesis Process. The solution prepara-

tion is the first step in the electrospinning process. Isopropyl
alcohol (IPA) purchased from Fisher Chemical (Lenexa, KS,
USA), preceramic silicon oligomer, 1,3,5,7-tetramethyl, 1,3,5,7-
tetravinyl cyclotetrasiloxane (4-TTCS) purchased from Gelest
(Morrisville, PA, USA), and polyvinylpyrrolidone (PVP) with
an average molecular mass of 1,300,000 g mol−1 purchased
from Sigma-Aldrich (Missouri, MA, USA) were mixed with
sonicated WS2NTs (for 10 min) until a black, homogeneous
solution was obtained. The WS2NTs utilized in this study were
prepared by the method described by Zak and co-workers.23 A
small amount (1 wt % of 4TTCS) of dicumyl peroxide
purchased from Sigma-Aldrich was also mixed with this
solution which worked as a cross-linking agent. The weight
ratio of the 4TTCS/IPA was kept at 1:9, and the weight ratio
of the WS2NTs/4TTCS was 1:5. PVP was mixed at a weight
ratio of 1:3 with 4TTCS, and an 8.5 mL homogeneous black
solution was obtained. As the liquid preceramic silicon
oligomer, 4TTCS, possessed a low molecular weight (<500 g
mol−1), and a linear organic polymer�PVP�was introduced
to ensure that the obtained sol−gel after the solution
preparation process qualified for electrospinning viscosity

Figure 1. Schematic of the synthesis process of the WS2NT/SiOC fibermat from electrospinning to cross-linking to pyrolysis steps through
controlled annealing. The schematic on top shows the predicted structure of 4TTCS, cross-linked 4TTCS, and the pyrolyzed SiOC structure, along
with the WS2NT structure embedded within the SiOC fibers.
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demands (viscosity should be >10 poise). The flowable and
viscous solution was loaded into a syringe with a metallic
needle and connected to a high-power voltage source. The
other end of the voltage source was connected to a roller
collector. With a slow feed rate of 5 mL h−1 and the distance
between the needle and the roller collector kept at 12 cm, the
electrospinning process was initiated with an optimized voltage
of 14 kV. As a result, the as-spun fibermat of about 20 × 20
cm2 was produced, followed by cross-linking the fibermat at
160 °C for 6 h. The final pyrolysis step was carried out in two
stages; first, the fibermat was pyrolyzed at 400 °C for 1 h and
then at 800 °C for 6 h under an inert argon gas environment.
Thus, the black WS2NT/SiOC fibermat was obtained. The
whole fibermat synthesis process is illustrated in Figure 1,
showing the electrospinning to cross-linking to the pyrolysis
process for obtaining the final fibermat. The predicted
structure of SiOC fibers is also illustrated, along with the
structure of the WS2NTs on the same schematic.
2.2. Characterization Techniques. A Carl Zeiss EVO

MA10 scanning electron microscope (SEM) was used to
obtain SEM micrographs of the fibermats at different stages
with a 5−30 kV impinging voltage. A Phillips CM100
transmission electron microscope under an accelerating voltage
of 100 kV was used to obtain further insights into the fibrous
structure. HORIBA Jobin Yvon LabRam Aramis with a He−
Ne laser of wavelength 633 nm and a 17 mW power was used
to obtain the Raman spectra of the pyrolyzed fibermat. A 400
FT-IR spectrometer from PerkinElmer was employed to obtain

the Fourier transform infrared (FTIR) spectra of the samples.
PHI Quantera SXM using monochromatic Al Kα with an
energy of 1486.6 eV was utilized to gather information on the
chemical bonding states of the fibermat for X-ray photo-
electron spectroscopy (XPS). X-ray diffraction (XRD) data
were collected using PANalytical Empyrean with 45 kV, 40 mA
power setting, and a step size of 0.02°.
2.3. Electrochemical Measurements. The working

electrodes for Na-ion half-cells were prepared with the
following composition: 70 wt % of the active material
(WS2NT/SiOC fibermat), 15 wt % of carbon black as the
conducting agent (Alfa Aesar, Haverhill, MA, USA), and 15 wt
% of polyvinylidene fluoride (PVDF) as a binder (Alfa Aesar,
Haverhill, MA, USA). A homogeneous slurry was prepared
using the materials mentioned above using 1-methyl-2-
pyrrolidinone (Sigma-Aldrich, Missouri, MA, USA) as a
solvent for PVDF, which was added in a drop wise manner.
A 9 μm thick copper substrate was coated with this slurry and
dried at 80 °C for 18 h for solvent removal. The obtained film
thickness was found to be 125 μm. Circular sections were
obtained from this coating to be used as a working electrode
for the 2032-type coin cell. The reference and counter
electrodes, in this case, were prepared of sodium metal. The
electrolyte used was 1.0 M NaClO4 (Alfa Aesar) in (1:1 v/v)
EC/DMC (anhydrous, 99%, Sigma-Aldrich), and the two
electrodes were separated by a glass separator soaked with
electrolytes. All the tested cells were assembled in a high
precision inert (ultra-high purity Argon) atmosphere, with O2

Figure 2. SEM micrograph of the (a) as-spun WS2NT/SiOC fibermat confirming the fibrous structure of the fibermat; the inset showing the as-
spun fibermat digital camera image; (b) magnified portion of figure (a); (c) magnified portion of the cross-linked WS2NT/SiOC fibermat from
figure (d); (d) cross-linked WS2NT/SiOC fibermat confirming the fibrous structure of the fibermat; the inset indicating the digital camera image of
the cross-linked fibermat; (e) pyrolyzed WS2NT/SiOC fibermat confirming the fibrous structure of the fibermat; the inset showing the digital
camera image of the pyrolyzed fibermat; (f,g) magnified portions of the pyrolyzed fibermat showing the agglomeration of some fibers; (h) EDS
spectra of the WS2NT/SiOC fibermat confirming the presence of the materials within; and the corresponding EDS color map for: (i) W-Lα-1; (j)
S-Kα-1; (k) Si-Kα-1; (l) C-Kα-1,2; and (m) O-Kα-1.
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and H2O contents below 0.1 ppm. The cycled electrodes (after
50 cycles) were de-crimped in the inert atmosphere and
washed with a DMC solvent to dispose of the separators
attached to the electrodes for post-cycling SEM and XPS
analyses.

3. RESULTS AND DISCUSSION
3.1. Microscopic Analysis. This study utilized SEM to test

the geometry of the as-produced fibermats. Morphology
changes of the fibers during the as-spun, cross-linked, and
pyrolyzed states were also investigated using SEM and
compared to specimen weight loss during the annealing
process. Figure 2a shows the fibermat immediately after
electrospinning. The inset on the bottom right of the figure
shows the digital camera image of the as-spun fibermat. The
dark grayish color of the as-spun fibermat indicates primarily
the existence of the WS2NTs in the fibermat structure.
Although occasional clumping of the fibers was observed in the
fibermat (white arrows in Figure 2a,), most of the fibers were
uniform in shape, as shown in the magnified view of the
fibermat in Figure 2b, with only minimal irregularity. No beads
were observed in the fibers from the as spun fibermats. Figure
2c,d shows the SEM micrographs of the cross-linked fibermat.
The digital camera image of the fibermat in the inset of Figure
2d denoted a slight change in the color of the fibermat,
indicating the vinyl polymerization state with a mass loss of
40% and fibermat (linear) shrinkage of approximately 15%.
The magnified SEM figure of the cross-linked fibermat (Figure
2c) also shows minimal fiber irregularity during the cross-

linking stage. In the final pyrolyzed stage, shown in Figure 2e,
occasional clumps of fibers were observed. The clumps of
fibers are readily visible from the magnified Figure 2f. The
individual fibers in the pyrolyzed fibermat were regular in
shape without beads (Figure 2g). The visual appearance of this
pyrolyzed fibermat was fully black, as shown in the inset of
Figure 2e. The weight loss of the final pyrolyzed WS2NTs/
SiOC fibermat from the cross-linking stage was approximately
61%, with a linear shrinkage of 50%. The fiber diameter at the
as-spun, cross-linked, and post-pyrolysis stages was measured
by taking an average of 25 measurements, as denoted in Figure
S1a−c, respectively. A decrease in the average fiber diameter as
a function of pyrolysis temperature was observed from the
measurements (600−800 nm for as-spun fibers, 500−700 nm
for cross-linked fibers, and 400−500 nm for pyrolyzed fibers).
SEM micrographs of the pyrolyzed neat SiOC fibers are
included in Figure S2(a,b), from which the difference between
the neat SiOC fibers and the composite containing the
WS2NTs (Figure 2) can be well understood. The SiOC fibers
were electrospun under the same electrospinning conditions
but nevertheless contained irregularities in the fiber geometry
with beads (shown in magnified Figure S2b). The gradual
decrease in fiber diameter and weight retention of the total
fibermat observed during various stages of decomposition is
further investigated in spectroscopic methods. Fiber diameters
in the final stage of this study correlated well with similar
previous studies.24,25 Figure 2h provides a qualitative chemical
analysis of the fibermats using the energy dispersive spectros-
copy (EDS) technique. The characteristic W-Lα at (8.6 keV)

Figure 3. (a) SEM micrograph of the dense web of WS2NTs; TEM micrograph of (b) single WS2NT elucidating the nanotube inner and outer
walls; (c) WS2NTs elucidating the length of individual nanotubes; the insets show the distribution plot for identifying the length of individual
WS2NTs; SAED pattern of the (d) WS2NTs showing the tube axis and crystalline nature of the nanotubes with crystal planes denoted; (e)
WS2NT/SiOC fibers where the similar hexagonal pattern of WS2NTs was spotted along with an amorphous ring in the back; (f) TEM micrograph
of the WS2NT/SiOC fibers where the confinement of nanotubes inside the fibers could be identified; (g−i) magnified view of individual WS2NT/
SiOC fibers where the alignment of the nanotubes inside the fibers could be well specified along with the porous feature of the fibers; (j) TEM
micrograph of the WS2NTs/SiOC fibers from which a magnified view (g), and an SAED pattern (e) were obtained.
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and S-Kα (at 2.52 keV) spectral lines were observed in the
fibermat, confirming the presence of the WS2 nanotube
material. In addition, spectral lines for Si-Kα (at 1.97 keV),
O-Kα (at 0.73 keV), and C-Kα (at 0.48 keV) were also
observed, denoting the presence of the set of materials (W, S,
Si, O, and C) that was as per expectation. Notably, the entire
spectra shifted by ∼0.2 keV due to calibration. Furthermore,
the EDS technique resulted in an elemental distribution map of
the fibermat, revealing an even distribution of the desired
elements and the efficiency of the electrospinning technique as
a robust fabrication method.

The SEM micrograph in Figure 3a shows a dense web of
WS2NTs. Figure 3b shows a zoomed-in view (10 nm scale) of

a single multilayered nanotube with the core and the multiwall
structure highlighted. The average length of the nanotubes was
1.2−2.8 μm, as determined from the resulting distribution plot
included on the inset of Figure 3c. Notably, the reduction of
nanotube length, which was initially reported to be 2−20
μm23,26�likely due to the solution preparation process for
electrospinning. A selected area electron diffraction (SAED)
pattern (Figure 3d) obtained from one of the nanotubes of
Figure 3c (marked area in the figure) denotes the three-
dimensional (3D) curvature of the crystal due to the
polycrystalline-like electron diffraction pattern. The sixfold
symmetrical spot pattern reflection indicates the in-plane
hexagonal arrangement of atoms when WS2 layers are

Figure 4. Raman spectra of (a) neat WS2NTs powder showing the typical position of the peaks obtained from the neat material; (b) WS2NT/SiOC
fibermat in the higher wavenumber region confirming the free carbon species (integrated spectra using a Gaussian function); (c) WS2NT/SiOC
fibermat in the lower wavenumber region confirming the presence of the WS2 nanotube material within the fibermat showing the same peaks as the
neat material with subtle differences; (d) FTIR spectra of as-spun, cross-linked, and pyrolyzed fibermats. The spectra from top to bottom illustrate
data obtained from individual pyrolyzed, cross-linked, and as-spun fibermats. The spectral analysis signifies the presence of the precursor polymer,
TMD material, and PVP material in the fabricated fibermat during the cross-linking stage and after the pyrolysis step.
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perpendicular to the electron beam (on the top of the tube
roll). At the same time, the 002 plane denotes the vdW gap
between the layers when they are parallel to the electron beam.
The presence of both orientations was due to the closed
nanotube structure yielding parallel and perpendicular to
electron beam regions of the vdW planes. The red arrow in the
image represents the axis of the nanotube, and multiple spots
in the SAED pattern signify that the multiwall tubular structure
was composed of multi-chiral walls that co-exist in the

experimental condition. These values and conditions matched
well with previous WS2NTs studies.25,27

Figure 3f shows the TEM image of the WS2NT/SiOC
fibermat. The figure also confirms the state when the WS2NTs
can be confined inside the fibers. The enlarged view of this
image (Figure 3g-i) reveals individual WS2NT/SiOC fibers
where the alignment of the nanotubes inside the fibers is well
specified. In addition, some neat nanotubes and stacked
nanotubes were confined inside the SiOC fibers, resulting in a

Figure 5. (a) XPS survey scan of WS2NT/SiOC fibermats representing the presence of individual elements after pyrolysis of the fibermat at a high
temperature; (b) high-resolution S 2p and W 4f XPS spectra of the WS2NT/SiOC fibermat recording the bonding states due to s.o.s. of W and S,
W being bonded with small amounts of O elevating the conductivity of the fibermat; high-resolution: (c) Si 2p XPS spectra; (d) O 1s XPS spectra;
(e) C 1s XPS spectra obtained from the WS2NT/SiOC fibermat confirming the bonding states of the Si, C, and O in the SiOC matrix; (f)
comparative XRD analysis of WS2NT (bottom pattern) and WS2NT/SiOC (top pattern) identifying the crystalline phases of the materials within.
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complex structure (Figure 3j). The enlarged view of the images
(Figure 3g−i) also revealed the presence of some pores in the
fibers. Heterostructures have been identified as a feasible
solution to overcome a large volume change and subsequent
poor electrical connection in TMD materials. In the
heterogeneous fiber structure, the Li+ ions can move freely
along the nanotube material, and the shell of the SiOC fiber
can act as a reservoir to accommodate the ions via
intercalation. The flexible SiOC fiber may also buffer the
volume change induced by the intercalated WS2NTs, thereby
preventing structural disintegration and maintaining a stable
capacity during high-rate cycling conditions. Inevitable pores in
the fibers (black arrows on Figures 3g and 3i) can be useful for
maintaining the anodic performance caused by enhanced
movement of the ions.28 The SAED pattern of WS2 nanotubes
with fibers (Figure 3e) contained the same (hexagonal) spots
as the neat nanotubes and the amorphous rings, proving the
amorphous shape of carbons characteristic of SiOC-phase-
controlling structures.
3.2. Spectroscopic Analysis. This study also used Raman

spectroscopy to decipher the fibermat microstructure and
designate the free-carbon phase from the SiOC fibers and the
WS2NTs materials. Figure 4a shows the Raman spectra of the
neat WS2NTs material. The two intense peaks at 351 and 416
cm−1 (Figure 4a) were assigned to the in-plane mode E2g

1 and
out-of-plane mode A1g, respectively. The intensity ratio of the
E2g

1 peak to the A1g peak for the WS2NTs was approximately
0.91,being close to the bulk WS2 signifying the multi-walled
feature of the nanotubes (more than three layers). Addition-
ally, the frequency difference between the two modes was
approximately 65 cm−1, revealing multilayer nanotubes. These
values correspond well with previous studies.29 The presence
of WS2 nanotubes in the WS2NT/SiOC fibermat was verified
by Raman spectra of 300−480 cm−1 with prominent E2g

1

(350.161 cm−1) and A1g (416.58 cm−1) peaks, shown in Figure
4c. The frequency difference between the two phonon modes
was 66.43 cm−1, which is close to the bulk material. Again, the
intensity ratio of these two modes of WS2NTs in the fibermat
sample was approximately 0.91, which perfectly matched the
bulk material. These two values signify that the use of 1D
material in the SiOC fibermat (using this study’s technique)
advantageously rendered the active material in its raw state.
The longitudinal acoustic phonon mode 2LA(M) mode was
close to the shoulder of the E2g

1 mode in the nanotube
material, therefore was difficult to separate between them.2,30

As shown in Figure 4b, the free-carbon phase of the WS2NT/
SiOC fibermat was revealed by the peak-fitted Raman spectra,
with prominent D and G peaks at 1331.72 and 1590.92 cm−1,
respectively. Although the D peak was due to a disorder
induced in the sample, the G band (E2g symmetry) was
responsible for the in-plane stretching of the sp2 carbon
bonds.31 Deconvoluted Raman spectra revealed T and D″
peaks in the shoulder of D and G bands at 1197.91 and
1481.68 cm−1, respectively, in which the T band signified the
sp2−sp3 carbon−carbon double and triple bonds, and the D″
band signified the amorphous nature of the carbon in the
sample as verified in TEM diffraction pattern studies.32 The
intensity ratio of the D and G bands of the fibermat was 1.1,
revealing the high disorder of carbon induced in the sample.

This study also utilized FTIR to investigate the bonding
complexity and interaction of the various molecules within the
fiber matrix and the polymeric structure of the as-spun, cross-
linked, and pyrolyzed fibermats. The bottom of Figure 4d

shows the FTIR spectra of the as-spun fibermat. In general, the
peaks at 1265−1285 cm−1 caused the −C-N bond from the
PVP molecule, and the peaks in the 1650−1660 cm−1 region
were responsible for the carbonyl group in the molecule. For
the as-spun fibermat sample, strong peaks in the areas noted
were visible, indicating the presence of the PVP molecule in
the as-spun fibermat.33

The FTIR spectra also verified the facile integration of
WS2NTs with the carbon-based groups. For example, for the
as-spun fibermat denoted by Figure 4d, the peaks at ∼650 and
∼1080 cm−1 were responsible for the W−S and S−S bonds,
respectively.34 Multiple peaks from 650 to 800 cm−1

highlighted the samples’ C−S bonds. For example, the peak
at 790 cm−1 was characteristic of C−S−S−C, H−C−S, and
C−S bonds.35,36 These bonds act as a proof of good adhesion
between the WS2NTs and the polymeric matrix, which
enhances mechanical properties36 and may be very important
for providing electrical contact between the WS2NTs and
fibers, thereby accelerating the charge transfer. The strong
absorption from 1000 to 1070 cm−1 indicates Si−O bonds.
The presence of −CH3 deformation and asymmetric stretching
in Si−CH3 bonds occurred in the ∼1261−2961 cm−1 region,
respectively, and the absorption peak at 800 cm−1 indicates the
Si−C stretching vibration.37 All the analysis mentioned above
confirms the presence of a preceramic polymer in the as-spun
fiber morphology, which is in accordance with previous
investigations38 For the cross-linked fibermats (the curve in
the middle of Figure 4d), the peak intensity decreased for both
fibermat samples, indicating a polymerization reaction. Finally,
Figure 4d shows the spectra of the pyrolyzed fibermats (top of
the figure) with Si−O and Si−C bonds and a strong peak at
450 cm−1 that indicates elemental S−S bonds, ensuring the
presence of S from the WS2 molecule even after pyrolysis.

This study also utilized XPS to analyze the surface
characteristics and determine the material’s elements and the
chemical and electronic states of the pyrolyzed sample. Figure
5a shows the XPS survey scan of the WS2NT/SiOC fibermat,
revealing the presence of W, S, Si, O, and C in the pyrolyzed
fibermats with no material contamination within the instru-
ment’s sensitivity. Supporting Information Table ST1 presents
the atomic percentage of the elements in the pyrolyzed
fibermat. The wt % amount of W (3.1%) and S (3.4%) in the
WS2NT/SiOC fibermat showed that the WS2 nanotube could
sustain the high annealing temperature when pyrolyzed with
preceramic polymer material. Moreover, the high amount of
carbon in the fibermat also confirmed the free-carbon phase
after the pyrolysis cycle, which was previously proven by the
Raman spectroscopic analysis. Figure 5b shows high-resolution
W 4f and S 2p spectra of the WS2NT/SiOC fibermat. The
Tougard function was used to subtract the background, and
the spectra were fitted using the Voigt function. Spin−orbit
splitting (s.o.s.) produced two core level peaks for each W 4f
and S 2p, namely 4f7/2, 4f5/2, 2p3/2, and 2p1/2, respectively. For
example, the binding energy of the W 4f spectra (Figure 5b on
the right) showed that the W4+ state represented the 4f7/2 and
4f5/2 bands in 32.3 and 34.3 eV, respectively. The W spectrum
also showed two peaks at binding energies of 35.8 and 37.9 eV,
signifying the W6+ 4f state and indicating a slight amount of
WOx species in the WS2NTs inside the SiOC fibers. Notably,
this WOx species is highly conductive and can increase the
overall conductivity of the fibermat with a free-carbon state.
Furthermore, two well-defined peaks in the S 2p high-
resolution spectra (Figure 5b on the left) were attributed to
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s.o.s. at 162.6 and 163.7 eV, representing 2p3/2 and 2p1/2 core
levels, respectively, corresponding to S2− orbitals. One more
peak was observed in the S 2p high-resolution spectra in the
binding energy of 169.5 eV, indicating sulfur bonded with
carbon from the preceramic polymer. All these peaks agree well
with previous WS2NTs studies.17,39 High-resolution spectra of
the Si 2p, O 1s, and C 1s were also obtained for the pyrolyzed
fibermat, as shown in Figure 5c−e, respectively. Deconvoluted
Si 2p spectra (Figure 5c) showed Si−O and Si−C bonds in
both fibermats, and the C 1s spectra in Figure 5e reveals the
C−Si, C−C, and C�O bonds. The O1s spectra (Figure 5d) of
both fibermats showed the Si−O, Si�O, and C�O bond
states, with dominant SiO2. The results showed that a good
amount of carbon in the sample also bonded with Si, and
individual SiO2 regions were observable, thereby validating the
SiOC microstructure of the pyrolyzed fibermat even after
pyrolysis with WS2 nanotubes.

XRD was utilized in this investigation for phase
identification of the neat WS2NTs and WS2NTs within the
WS2NT/SiOC fibermat. From XRD diffractograms depicted

by Figure 5f, it was apparent that the reflections from WS2NTs
and WS2NTs/SiOC were identical. Both XRD patterns are
identical because the SiOC matrix is X-ray amorphous and
shows no reflections. The most prominent peak for both XRD
patterns originated from the (002) crystalline plane. For the
neat nanotube, the peak is located at 14.28°, which indicates a
shift from the bulk WS2 (14.32°). This shift may have
originated due to the built-in strain in the nanotube lattice,
further indicating that the interlayer spacing increased by a
small amount.40 A group of peaks was identified around the
(002) plane for the WS2NT/SiOC fibermat sample, which is
attributed to the W18O49 phase�the intermediate precursor
residuals created (from WO3, the initial precursor) during the
reduction sulfurization reaction for nanotubes’ synthesis in
their core.41 Thereby, the peaks at 23.23, 24.38, and 27.15° can
be attributed to (002), (200), and (022) planes of crystalline
monoclinic WOx.

42 Among the peaks mentioned above, only
the (200) WOx peak was identified for the neat WS2NTs
sample, which could be introduced during the sample
preparation. For the WS2NT/SiOC fibermat, an increase in

Figure 6. (a) GCD profile of the WS2NT/SiOC composite electrode when tested in a Na-ion half-cell setup; (b) differential capacity curve of the
WS2NT/SiOC composite electrode in a Na-ion half-cell setup derived from the GCD profile, providing information regarding reactions taking
place at different voltages; (c) rate capability test performed for the WS2NT/SiOC, neat WS2NTs, and neat SiOC electrode when tested in a Na-
ion half-cell setup.
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the intensity of the peaks mentioned above was also observed.
The peaks of (100), (101), and (103) planes seem to be
broadened, and this feature corresponds to 3D atomic
positions within the WS2NTs, originating from the network
rotation along the tube axis, much like the carbon nanotubes.
Peaks occurring at higher 2θ angles, such as (006), (110),
(112), (114), and (116), present broad features and are
indicative of the elongated periodic layered structure of the
WS2NTs. Again, the broadening of the peaks can also be
correlated with the submicron size of the WS2NTs. In
summary, the identical spectra of the WS2NTs and WS2NT/
SiOC point that SiOC functionalization of WS2NTs does not
change the crystallinity of the WS2NTs,, and no new crystalline
phases are generated during the pyrolysis process. The above-
mentioned analysis corresponds well with the previous
literature regarding the XRD analysis of the WS2NTs.43

3.3. Electrochemical Analysis. Galvanostatic charge−
discharge curves (GCD) and differential capacity curves
derived from the GCD curves offered insight regarding
reactions at various stages during charging and discharging
cycles. Figure 6a illustrates the GCD profile, and Figure 6b
illustrates the associated differential capacity curves of the
WS2NT/SiOC composite electrode. The cycling data of neat
WS2NTs, neat SiOC, and WS2NT/SiOC composite electrodes
at different current densities are represented by Figure 6c.
Figure S3a depicts the GCD profile of the WS2NTs material
from which the differential capacity curve was obtained, and
Figure S3b shows the material when cycled in a sodium-ion
half-cell. The first sodiation step revealed only one weak peak
at approximately 1.2 V due to the reversible sodium
intercalation into the layers of WS2NTs. This phenomenon
can be described by the following reaction

x xNa WS e Na WSx2 2+ ++
(1)

Four more peaks were observed in the first cycle sodiation
stage at 0.28, 0.34, 0.52, and 0.64 V due to the irreversible
conversion reaction at medium (0.52 V) voltages and the
formation of the solid electrolyte interface (SEI) layer, as
described by the following reaction

4Na WS 4e W 2Na S2 2+ + ++ (2)

The following sodiation steps revealed new peaks at 1.0,
1.36, and 2.02 V, which decreased in intensity in subsequent
cycles. The peaks at 0.5 and 1.0 V indicated the occurrence of a
reaction in the opposite direction as described by eq 2, while
the other two peaks at 1.36 and 2.02 V were due to the multi-
step extraction of sodium ions from the NaxWS2 matrix, as
proven by previous studies of WS2 nanowires and nano-
flowers.10,11 This electrode in this investigation was also tested
in a rate capability test at an increasing current density that
created a harsh cycling condition for the sodium-ion half-cell.
Specifically, the increasing current density was 100, 200, 400,
600, and 800 mA g−1, and the cells underwent five cycles at
those current densities and then returned to initial conditions
in the subsequent cycles. The first-cycle charge capacity of the
electrode was 419.12 mA h g−1 with a coulombic efficiency of
69.28% due to irreversible reactions in the first cycle. A steep
drop in capacity was recorded when the cell was returned to
the initial cycling condition after high current density values,
indicating low performance of the electrode in high current
rates. The capacity retention of the WS2NT electrode at the
26th, 31st, 36th, and 41st cycles was 55.95, 23.36, 21.42, and

26.6%, respectively. The low-capacity retention of the
electrode was due to irreversible reactions at the electrode
surface (intensification of excessive conversion reaction). This
behavior correlated to the coulombic efficiency of the WS2NT
electrode not being constantly near 100% through the harsh
cycling conditions, potentially indicating a structural change of
the material.

Although silicon-based materials are nearly inactive in NIBs,
recent investigations have found that free-carbon domains in
SiOC can efficiently store Na+ ions. Therefore, the capacity
contribution of the SiOC fiber electrode potentially originates
from the free-carbon domains and nanovoids. Therefore, this
study investigated neat SiOC fibermats in GCD experiments at
the same conditions described in Supporting Information
Figure S3c. The differential capacity curve obtained from the
GCD curves (Supporting Information Figure S3d) showed a
pair of peaks during the sodiation/desodiation process at 0.01
and 0.09 V due to the intercalation of sodium ions in the free-
carbon sites. Conversely, the peak at 0.57 V was due to the
trapping of Na+ ions into the highly active defective graphene
sites, which is irreversible in the following cycles and the
formation of the SEI layer, and the reversible peak at 0.67 V in
the desodiation step was due to sodium intercalation into the
micropores, similar to results of previous studies regarding the
use of SiOC-based materials in NIB setup.44 The first-cycle
charge capacity of the SiOC electrode was 141.59 mA g−1 with
a coulombic efficiency of 42.33%. The capacity retention of the
SiOC fibermat electrode was higher than that of the WS2NT
electrode, with capacity retentions of 96.95, 92.98, 91.30, and
85.80% in the 26th, 31st, 36th, and 41st cycles, respectively. The
coulombic efficiency of the SiOC fibermat electrode was also
more stable than that of the WS2NT electrode, with a slight
deviation of near 100% efficiency in high current densities.

The composite WS2NT/SiOC electrode was tested under
the same conditions in a sodium-ion half-cell setup. Figure 6a
is the GCD profile, while Figure 6b is the corresponding
differential capacity curve for the WS2NT/SiOC electrode. As
observed in Figure 6b, in the first sodiation/desodiation step, a
pair of peaks at 0.01 and 0.08 V are ascribed to sodium
insertion in the disordered carbon phase and micropores
present in the SiOC phase (note that these peaks were
prominent in the neat SiOC electrode also) and to a lesser
extent the carbon black conducting agent present in the
electrode. In addition, similar to the neat WS2NT electrode,
the electrolyte decomposition and formation of the SEI layer
were attributed to the peaks at 0.28, 0.33, and 0.64 V on the
first sodiation step. A small peak at 0.52 V was also observed
on the shoulder of the 0.64 V peak due to the conversion
reaction of the WS2NT material, indicated by eq 2. The first
desodiation step resulted in peaks at 1.35, 1.84, and 2.2 V due
to multi-step deintercalation in the interlayer region and into
the hollow tube core of the WS2NT material.45 One broad
peak at 0.67 V was attributed to the sodium ion’s intercalation
into the SiOC matrix’s micropores. These peaks were
reversible and decreased gradually in intensity during
subsequent cycles. The first-cycle charge capacity of the
composite electrode occurred at 454.05 mA h g−1 with a
coulombic efficiency of 52.85%. Under the same rate capability
conditions at the 26th, 31st, 36th, and 41st cycles, the capacity
retention of the electrode was 96.1, 94, 83.39, and 75.9%,
respectively, which was higher than that of the electrodes
assembled with the neat WS2NT material.
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The disassembled electrodes were further morphologically
analyzed using SEM. The recovered WS2NT/SiOC electrodes
exhibit excellent retention of the fibrous network. No visible
microcracks in the electrodes were found, proving the
structural integrity and minimal stress development within
the cycled electrodes even after cycling at harsh conditions/
incrementally increasing current densities (Figure 7a,b). The
digital camera image of the recovered electrode (shown on the
inset of Figure 7a) showed no visible color change or physical
imperfections of the spent electrode. Some white fibers from
the separators of the cycled cell were visible in the digital
camera image and the SEM micrographs. Figure 7c shows an
enlarged view of the SEM micrographs, illustrating individual
fibers from which a distribution curve extrapolated fiber
diameter. The obtained average fiber diameter of the cycled
electrode was between 600 and 700 nm�suggesting
approximately a 40% size increase compared with the uncycled
pyrolyzed fibermat (shown in Supporting Information Figure
S4). The 40% increase in fiber diameter might have a minimal
effect to the volume change of the whole electrode due to
inter-fiber void spaces. Figure 7d shows the XPS survey scan of
the recovered electrode. Along with the base materials (W, S,
Si, O, and C), Cl and Na (high percentage, 20.47 wt %) were
present, indicating the formation of the SEI layer. Table ST2 in
the Supporting Information section shows the elemental
composition of the spent electrode obtained from the XPS
spectra. The preservation in the wt % ratio of W and S
elements (W = 4.17 wt %, S = 4.69 wt %) compared to the

WS2/SiOC pyrolyzed fibermat suggests the safeguarding effect
of SiOC fibers toward WS2NTs. Figure 7e,f shows the high-
resolution XPS spectra of the W4f and S2p plots, respectively.
W 4f spectra were deconvoluted into four individual peaks:
WCl6 (36.9 eV), Na0.1WO3 (35.6 eV), S/W (31.1 eV), and
W−S (33.2 eV),46−49 stipulating the undergoing reaction and
formation of the SEI layer. On the other hand, only the S−Na
(160.6 eV) bond was present in the S 2p spectra�most likely
arising from a conversion-type reaction with Na ions.50

The synergistic effect of the composite electrode was evident
from the differential capacity curve, in which the peaks
associated with SEI layer formation and conversion reaction of
the WS2NT electrode decreased in intensity for the composite
electrode. Since all the cells were synthesized, assembled, and
tested under identical conditions, the assumption was that
SiOC prevented such conversion reactions and provided
additional storage sites for the material. In addition, because
SiOC is amorphous and does not chemically bond with
WS2NTs, as shown via spectroscopic and microscopic analyses,
the structure of the neat material (WS2NTs) did not change.
The SiOC material also potentially prevented the agglomer-
ation of TMDs and the dissolution of polysulfides into the
electrolyte, as evidenced by the increased capacity retention at
high current densities. When the current density returned to
the initial values of 600, 400, 200, and 100 mA g−1, the
recovered capacity was 259.38, 256.04, 289.07, and 294.94 mA
h g−1, respectively. The capacity values of the composite
WS2NT/SiOC electrode in the cycles mentioned above were

Figure 7. SEM micrograph of (a) the recovered electrode after cycling showing structural integrity, inset showing the digital camera image; (b)
cycled electrode (enlarged view); (c) cycled electrode showing individual fiber geometry still intact; (d) XPS survey scan of the cycled electrode
showing individual elements present within; high-resolution XPS spectra of (e) W 4f and (f) S 2p showing the chemical bonding of W and S
elements.
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2.96, 4.02, 3.68, and 2.85 times higher, respectively, than the
capacities of the half-cell assembled with the WS2NT electrode
in the same cycles. The superior performance of the WS2NT/
SiOC electrode (due to the SiOC matrix, which induces stable
cycling of Na+ ions) compared to similar TMD-based
composite electrodes is illustrated in Table ST3. Therefore,
the composite electrode’s symbiotic behavior reinforces the
claim that the SiOC functionalization of the active sulfur-based
TMDs in appropriate proportions may prevent polysulfide
dissolution in an electrochemical cell.

4. CONCLUSIONS
This is the first work to study WS2NTs confined within SiOC
fibers to form a heterogeneous structure that provides stable
cycling performance in high current densities in a Na+-ion half-
cell configuration. The hybrid composite structure was
achieved via single-step electrospinning followed by pyrolysis
at elevated temperatures. Microscopic (SEM and TEM) and
spectroscopic (Raman, FTIR, and XPS) techniques were
utilized to identify materials within the heterostructure, the
materials’ chemical bonding states, the evolution of the fibrous
structure during various annealing stages, and the existence of
the free-carbon domain within the SiOC fibers. The
crystallinity of the WS2NTs was well preserved within the
heterostructure (proven by XRD and SAED analyses),
confirming the facile chemical functionalization of the
nanotubes. When tested in a sodium-ion half-cell, the
composite electrode showed increased stability at high current
densities and robust capacity retention (approximately 2−3
times higher than the capacity of the neat WS2NTs) at
subsequent cycles. The improved electrochemical performance
of the heterostructure with the post-cycle analysis of the
electrode confirms the authors’ initial hypothesis that the SiOC
fibers might protect the WS2NTs from negative occurrences to
an extent, such as capacity degradation, volume expansion,
irreversible conversion reaction, and polysulfide dissolution,
and contribute to the fabrication of better-performing
electrodes for room temperature NIBs.
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