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ABSTRACT: Heterogeneous electrode materials with hier-
archical architectures promise to enable considerable
improvement in future energy storage devices. In this
study, we report on a tailored synthetic strategy used to

create heterogeneous tungsten sulfide/oxide core—shell

nanofiber materials with vertically and randomly aligned
thorn-bush features, and we evaluate them as potential

anode materials for high-performance Na-ion batteries. The
WS, (2 < x < 3, amorphous WS; and crystalline WS,)

WS, + Na* +e «+ NaS, + W

Prisinte WS, fiber  Heter
(WS, : WS,/ WS, phases)

WS, /WO,

WO, surface

nanofiber is successfully prepared by electrospinning and subsequent calcination in a reducing atmosphere. To prevent
capacity degradation of the WS, anodes originating from sulfur dissolution, a facile post-thermal treatment in air is applied
to form an oxide passivation surface. Interestingly, WO; thorn bundles are randomly grown on the nanofiber stem,
resulting from the surface conversion. We elucidate the evolving morphological and structural features of the nanofibers
during post-thermal treatment. The heterogeneous thorn-bush nanofiber electrodes deliver a high second discharge
capacity of 791 mAh g”! and improved cycle performance for 100 cycles compared to the pristine WS, nanofiber. We show
that this hierarchical design is effective in reducing sulfur dissolution, as shown by cycling analysis with counter Na

electrodes.

KEYWORDS: sodium-ion batteries, electrospinning, tungsten sulfide, nanofiber, heterogeneous structure

ecent energy storage trends are focusing on large-scale
Rievices and systems such as electric vehicles, electricity
torage devices for uninterruptible power systems, and
parity matching for renewable energy devices on smart grids."”
To meet the practical and economic criteria for large-scale
systems, Na-ion batteries have been considered due to their
beneficial aspects compared to conventional Li-ion batteries.”
Efforts have been made to realize low-cost batteries by utilizing
abundant and easily accessible Na resources. Further, the
analogous structure and electrochemistry of Na-ion batteries to
those of Li-ion batteries are particularly attractive, as they may
allow application of a Na-ion setup to existing battery
technologies.6
The performance of Na-ion batteries is mainly determined by
the electrode materials, whose properties are influenced by their
diverse composition and versatile morphological character-
istics.””® Due to the larger ionic radius of Na ions (1.06 A) than
that of Li ions (0.76 A), conventional anode materials (e.g.,
graphite, Si) for Li-ion batteries suffer from poor insertion/
extraction kinetics with Na ions, thereby exhibiting lower

capacity and insufficient cycling.”'® Alternatives such as
nongraphitic carbon (e.g., hard carbon and carbon
spheres),”_13 metal alloys (e.g, Sn, Sb, P),"*'® and
intercalation compounds (e.g,, TiO, and Na,Ti;0,)"*™*" have
been considered to improve anode performance. Recently, a
class of metal oxides (e.g., CuO, Fe,O;), known as conversion
reaction anodes, has been considered to capitalize on their
complementary features of (i) higher Na capacity than carbons
or intercalation anodes and (ii) better structural stability than
metal alloys.””~** However, these metal oxides typically provide
low capacity (<400 mAh/g) as representative conversion
reaction anodes for Na-ion batteries.”

In this regard, metal sulfide materials have recently been
considered as high capacity anode materials for Na-ion batteries
because of (i) the large slab space between their 2-D planes, (ii)
their reversible conversion reaction characteristics, and (iii) the
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Figure 1. Schematic illustration of the synthetic strategy used to create the heterogeneous WS,/WO; thorn-bush nanofibers.

higher conductivity of Na,S products (metal sulfides)
compared to Na,O (metal oxides).”*™*° The metal disulfide
(MS,, M = Mo, W) reaction involves intercalation of sodium at
the beginning and a subsequent conversion reaction (MS, +
4Na* + 4e~ — 2 Na,S + M).***' Similarly, amorphous metal
trisulfides (MS;, M = Mo, W) could be considered as high
capacity anode materials due to the structural flexibility of their
glassy phase and the excess sulfur as an active component (MS;
+ 6Na* + 6e” — 3Na,S + M). Moreover, the electronic
conductivity of MS; can be improved by excess sulfur in the
sulfide structure.” To date, however, Na battery performance
of MS; has not been thoroughly reported.

To further improve the kinetic performance of metal sulfide
materials, reducing the size dimension to the nanoscale and
tailoring their morphologies can afford an increased number of
reaction sites and reduced Na-ion diffusion.””*"**** While
metal sulfides deliver an improved capacity of >700 mAh/g, a
solution is needed for the sulfur dissolution issue originating
from soluble polysulfide intermediates during the Na,S
formation/decomposition process, thereby losing sulfur
components and consequently degrading capacity.”® The
introduction of a protective layer on the surface could improve
cyclability by preventing the dissolution of the intermediates
and consequently the accumulation of the sulfur phase on the
Na counter electrode.”** Similarly, polysulfide shuttling in the
Li—S battery system has been mitigated by encapsulating or
covering the surface of the sulfur cathodes.’* *® While the
coating layers on the metal sulfide nanostructure have been
applied by a postprocess utilizing carbon composite and metal
oxide layers,”** a facile and advanced coating process is

preferred to precisely control the surface layer on the metal
sulfide nanomaterials.

In this paper, we report heterogeneous tungsten sulfide
(WS,)/tungsten oxide (WO;) core—shell composite materials
with thorn-bush nanofiber (NF) structures for an improved Na-
ion battery anode. WS, (2 < x < 3) NFs composed of
amorphous WS, and crystalline WS, phases are successfully
synthesized by electrospinning of ammonium tetrathiotungstate
((NH,),WS,) and poly(styrene-acrylonitrile) (SAN) and
subsequent calcination in a reducing atmosphere (Figure 1).
A post-thermal treatment in air is then carried out to form
metal oxide surfaces on the WS, NFs. Interestingly, we observe
an unexpected morphological change of vertical and random
growth of WO, thorns on the NF surface, and we examine the
structural and chemical evolution of these features after post-
thermal treatment at different calcination temperatures. The
electrochemical performance of the thorn-bush WS, /WO,
core—shell composite NFs is evaluated to assess their potential
as anode materials for high-capacity and long-cycle Na-ion
batteries. We also directly observe precipitated sulfurs on cycled
Na counter electrodes to confirm the reduced degree of sulfur
dissolution resulting from the metal oxide passivation surface.
Our proposed facile fabrication strategy for heterogeneous
nanostructures composed of tungsten sulfide and tungsten
oxide have important implications for energy storage
applications.

RESULTS AND DISCUSSION

Morphological Features. The one-dimensional (1-D)
heterogeneous WS,/WO; NFs can provide improved Na
capacity and fast reaction kinetics for a reversible conversion
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Figure 2. (a) SEM image of the as-spun composite nanofibers of (NH,),WS, precursor with a SAN polymer prepared by electrospinning; (b,
c) SEM images of WS, nanofibers calcined at 700 °C for 6 h under a reducing atmosphere (H,/N,, 10%/90% v/v) at different magnification
levels; SEM images of the postcalcined WS, nanofibers in air at (d, g) 300 °C, (e, h) 400 °C, and (g, i) 500 °C collected at different
magnification levels; (j) schematic diagrams of morphological evolutions of WS, nanofibers during calcination in air.

reaction due to their unique morphological and chemical
characteristics. We synthesized WS,/WO; NF materials by
electrospinning followed by subsequent thermal heat treat-
ments under reducing (H,/N,, 10%/90% v/v) and air
atmospheres. The morphological features of the NFs for a
series of synthesis steps are presented in Figure 2. As-spun
composite fibers of (NH,),WS, and the SAN polymer
exhibited a smooth surface and continuous features with an
average diameter of 300 nm (Figure 2a and Figure S1). With
increased heating times, the fiber shape became tangled and the
fibers merged with each other by burning out the SAN polymer
templates and forming crystalline structures from the
(NH,),WS, precursor (Figure 2b and ¢, Figure S2). We
observe vine-like shapes after calcination at 700 °C for 6 h,
which are related to the typical morphological features resulting
from SAN polymer decomposition.”® We show single NFs
(diameter: 150—200 nm) and bundle diameters ranging from
300 to 500 nm (Figure 2c). The second heat treatment in air
(~10 min) forms an oxide layer on the surface of the sulfide
NFs (Figure 2d and e). Interestingly, nanobranches grow on
the surface during the post-thermal treatment, and the length
and density of these branches increase along with the
calcination temperature from 300 to 400 °C (Figure 2g and
h). The agglomerated bundles of pristine sulfide fibers became

straight and separate during the partial conversion to the oxide
phase. After calcination at 500 °C, which is known to be the
oxide formation temperature, the thorn length decreases and
crystalline grains appear (Figure 2f and i), indicating that a
structural transformation and consequent morphological
conversion occurs. Overall morphological evolution details
during post-thermal treatment in air were summarized in Figure
2.
Thermal Behaviors for First and Second Calcinations.
The thermal behavior of the NFs during calcination was
examined to explain the synthesis mechanism (Figure S3 and
Figure 3a). First, we show thermogravimetric analysis (TGA)/
differential scanning calorimetry (DSC) curves of the as-spun
NFs with increasing temperature in H,/N,, corresponding to
the first thermal treatment (Figure S3). For as-spun fibers, the
first endothermic peak of the DSC curve at 205 °C is related to
the decomposition of the (NH,),WS, precursor and the
formation of WS, phases.”” The oxidation of $*~ of WS~
anions and simultaneous reduction of W to W* occur in this
temperature region to form the WS, phase.””*' However,
partial decomposition or redeposition of the S*~ species cannot
fully reduce the W species, resulting in the existence of the
WS, phase.*’ Due to the decomposition and subsequent
redeposition of the sulfur component, the weight suddenly
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Figure 3. (a) Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) curves of WS, nanofibers with increasing
temperature in air; (b) X-ray diffraction (XRD) patterns of the pristine and calcined WS, nanofibers at 400 and 500 °C; X-ray photoelectron
spectra obtained from the pristine and calcined WS, nanofibers at 400 and 500 °C collected in the (c) W 4f, (d) O 1s, and (e) S 2p.

decreases over 140 °C and is then reversely recovered at 216
°C in the TGA curve. The second endothermic peak at 400 °C
corresponds to the decomposition of the SAN polymers.*
After the decomposition of the SAN, the weight of the NFs was
stably maintained, indicating that there is no further
decomposition reaction. We conducted the second thermal
treatment of the WS, NFs in air to form an oxide surface that
would protect against sulfur dissolution during cell operation.
We show the thermal behavior of WS, NFs with increasing
heating temperature in air (Figure 3a). We observe no weight
difference below 240 °C. However, a slight weight gain (~5 wt
%) is observed from 240 to 450 °C, which corresponds to the
growth of thorns on the sulfide surfaces. We notice a sudden
weight loss of 10 wt % and an exothermic peak begins at 450
°C, indicating a phase conversion reaction of sulfides to
oxides.” ™%

Structural Features and Phase Information. X-ray
diffraction (XRD) patterns of the pristine and calcined NFs
to identify the crystal structure are shown in Figure 3b. The
pristine WS, NFs show broad WS, peaks related to weak
crystallinity. The peaks disappear after calcination in air,
indicating amorphous WS,/WO; phases. We observe peaks
corresponding to a WOj; phase after calcination at 500 °C. We
also conducted Raman spectroscopy to confirm the atomic
vibration mode in the samples (Figure S4). The pristine WS,
NFs show small Raman peaks related to a weakly crystalline
WS, domain. The peaks disappear after calcination at 400 °C in
air. The absence of Raman spectra is known as the typical
feature of an amorphous sulfide structure because the S—=W—S§
stretching mode is weakened in the case of the amorphous
phase.*' The peaks corresponding to a WO; phase are shown

after calcination at 500 °C. The tendency of the Raman results
fully match the XRD results. To further identify the crystalline
structure, X-ray photoelectron spectroscopy (XPS) was
performed for the NF samples prepared at different heating
temperatures. We present XPS peaks of NF surfaces collected
in the W 4f region. Three different peaks are shown at 33, 36,
and 38.5 eV, corresponding to W*, W*®" and W®,
respectively (Figure 3c).***” This result verifies that the NFs
obtained after the first calcination show the mixed phases of
WS, (W*) and WS; (W®). After calcination in air, the peak
related to W* is diminished, verifying that the WS, phase
disappears from the surface. From the XPS data collected in the
O 1s and S 2p regions, the peak density related to the oxide
phase near 531 eV in O 1s increases, and peaks related to the
sulfur phase in S 2p disappear at the same time (Figure 3d and
e). This observation supports the conclusion that the oxide
surface layer is formed on the sulfide NF backbone by post-
thermal treatment in air. An oxysulfide intermediate phase
could be formed by the calcination process in air as a result of
oxygen diffusion into the sulfide structure.**™>" However, this
reaction may occur quickly, and we could not find any residual
oxysulfide phase in the samples.”*" For the O 1s region,
features related to H,O and oxide (or hydroxide) result from
minor surface contamination by limited exposure to ambient air
for ex-situ characterizations (Figure 3d).”” Because there is no
oxygen content in the pristine WS, nanofiber, the contami-
nation peak becomes relatively higher than the W—O peak
(~531 eV) before post-thermal treatment.

TEM Analysis. To elucidate the crystalline structure and
phase information in more detail, we show transmission
electron microscopy (TEM) images of the pristine WS, and
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Figure 4. (a) TEM image, (b) SAED patterns, and (c) lattice fringe of WS, nanofibers calcined at 700 °C for 6 h under a reducing atmosphere
(H,/N,, 10%/90% v/v); (d, e) TEM images and (f) SAED patterns of postcalcined WS, nanofibers at 400 °C in air; (g) TEM image, (h)
lattice fringe, and (i) SAED patterns of WS, nanofibers postcalcined at 500 °C in air; (j) HAADF image of postcalcined WS, nanofibers at 400

°C in air and element maps of (k) tungsten, (1) sulfur, and (m) oxygen.

heterogeneous WS,/WO; NFs (Figure 4). The single WS, NF
shown has a uniform and dense microstructure with a diameter
of approximately 200 nm, similar to the scanning electron
microscopy (SEM) observations (Figure 4a). Selected area
electron diffraction (SAED) patterns are blurred, but likely
relate to the WS, phase, which is consistent with the XRD
results (Figure 4b). From the magnified image, we find
nanocrystallite (3—5 layers) and dy, edges of the WS, phase
(Figure 4¢).”’ Outside of these regions, we notice the
amorphous features related to the WS; phase. From energy
dispersive spectroscopy (EDS) analysis, the atomic ratio of
sulfur/tungsten is 2.82, indicating that WS,:WS; is approx-
imately 2:8 in the WS, NFs. After calcination at 400 °C, we
observe random growth of numerable nanothorns along the

vertical direction of the NFs. The average length and diameter
of the thorns are 100 and 10 nm, respectively (Figure 4d). The
interplanar spacing of the thorns is 0.39 nm, which corresponds
to the (002) plane of the WO, phase (JCPDS no. 43-103S,
Figure 4e).”> The thorn part exhibits a long-range-ordered
crystal lattice along the axial [001] direction as a single-
crystalline structure. From the SAED patterns, ring patterns of
the WO, phase were mainly found and the WS, phase becomes
blurry, indicating that the sulfide phases are oxidized on the
surface and turn into WO; phases with a thorn structure
(Figure 4f). The split signals around the ring patterns of the
WO; present the typical feature of randomly aligned nanothorn
structures because the transmitting electron beam is diffracted
into random directions near the bunch of nanothorns. We
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Figure S. Charge/discharge voltage curves of (a) the pristine WS, nanofibers and the postcalcined WS, nanofibers at (b) 400 and (c) 500 °C
during the initial three cycles. The electrochemical experiments were carried out at a current density of 100 mA g™'; (d) cycle performance of
the WS, nanofibers and the postcalcined WS, nanofibers at 400 and 500 °C in a voltage window between 3.0 and 0.01 V at a current density of
100 mA g7'; (e) ex-situ XRD patterns of the Na counter electrode after 100 cycles collected from the cells utilizing WS, and WS,/WO,
nanofiber electrodes; (f) schematic illustration of the reaction mechanism during cell operation and photos of Na counter electrodes.

reveal the TEM image of a NF calcined at 500 °C (Figure 4g).
WO; grains were formed throughout the NF, resulting from the
phase conversion reaction corresponding to the TGA/DSC
results (Figure 3a). We notice that the nanothorns become
shortened and particles undergo grain growth in the NFs,
similar to the SEM observations (Figures 2f and i). The
interplanar distance of the NFs calcined at 500 °C was
approximately 0.39 nm, which corresponds to the (002) plane
of the crystalline WO, phase (JCPDS no. 43-103S, Figure 4h).
SAED patterns show the monoclinic characteristics of (020),
(220), and (200) planes with an angle of 90°, which correspond
to the typical WO; crystalline structure (Figure 4i).>’
Amorphous WS; phase and WS, nanodomains are not
identified in SAED patterns. Therefore, to substantiate our
argument that the WO; and WS, phases coexist in the thorn-
bush NFs after thermal treatment at 400 °C, we present
transmission electron microscopy—energy dispersive spectros-
copy (TEM-EDS) elemental mapping carried out using high-
angle annular dark-field (HAADF) imaging (Figure 4j—m). We
show that all the W, S, and O species are uniformly distributed
throughout the fibers. We note that sulfur is observed in the
thorn part as well as the stem, identifying that the amorphous
WS, phase exists as a core part hyperbranched structure (Figure
41). These observations show that the hierarchical NF structure
composed of heterogeneous WS, (core) and WO; (shell) was
successfully synthesized by simple electrospinning and
subsequent thermal treatment control without using complex
synthesis procedures.

Electrochemical Properties. The electrochemical per-
formance of the heterogeneous thorn-bush NFs was evaluated
to assess their potential as an alternative anode material in a
Na-ion cell. We present the charge—discharge profiles of WS,
NFs, WS,/WO; NFs, and WO; NFs, corresponding to pristine,
postcalcined at 400 °C, and postcalcined at 500 °C, respectively

(Figure Sa—c). The Na insertion/extraction reactions occur via
(i) formation of Na,S and metal nanoparticles from metal
sulfides for discharging and (ii) reversible reconstruction to the
original phase from the products for charging.26 The WS, phase
involves two different metal sulfides composed of amorphous
WS; and crystalline WS,. Each WS; and WS, phase reacts with
Na to form the sodium sulfide (Na,S) and W° phases
corresponding to the following reactions:

WS, + 6Na* + 6e” > 3Na,S + W (for WS;)

WS, + 4Na* + 4™ > 2Na,S + W (for WS,)

We show charge—discharge curves of the WS, NF sample for
the first, second, and third cycles between 3.0 and 0.01 V at a
current density of 100 mAh g~' (Figure Sa). The sloping charge
and discharge curves shown are typical of voltage curves of a
reversible conversion reaction.”***>> Unlike crystalline metal
disulfides (e.g, MoS,, WS,),****! the WS, NFs did not show a
distinct plateau at the high voltage region above 1.0 V,
indicating that a one-phase reaction occurs at the beginning of
discharge instead of a typical two-phase intercalation
reaction.”****° Na ions were inserted into a substantial portion
of the amorphous WS; phase in the WS, NFs, and a one-phase
reaction (WS; + Na* + e~ — NaWS;) was exhibited prior to
the subsequent conversion reaction. The sloping feature of the
discharge curves is also associated with a nanosize effect of the
sulfide anodes. Although partially crystalline, the WS, portions
are discretely dispersed in the WS, NFs. Nanocrystallites of
WS, with 3—5 layers (less than 5 nm) offer a reduced
miscibility gap, resulting in the absence of a two-phase reaction
due to the shortened intercalation pathway. Therefore, the
sloping feature of WS, NFs in terms of the one-phase reaction
characteristics likely originates from the amorphous WS; and
nanocrystalline WS, phases. We show that even after oxide
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formation on the surface of the WS, NFs (WS,/WO, NFs) the
profiles are similar, verifying that there is negligible phase
change of sulfide backbone as the main active material (Figure
Sb). Although WO, NF samples obtained after 500 °C heat
treatment in air also show sloping features indicating a
conversion reaction (WO; + 6Na™ + 6e~ < 3Na,O + W),30
the capacity decreases sharply, dropping below 300 mAh g~
after the second cycle (Figure Sc). This sudden decrease is due
to insufficient Na capability into the oxide structure, which
corresponds to the typically low capacity of oxide materials.

The WS, NFs delivered an initial discharge capacity of 1389
mAh ¢! and a second discharge capacity of 790 mAh g/,
indicating that the irreversible capacity loss is 599 mAh g~ and
is mainly related to the solid electrolyte interface (SEI)
formation on the electrode surface. On the other hand, the
WS,/WO; NFs exhibit a lower initial discharge capacity (1213
mAh g™') and a nearly identical second discharge capacity (791
mAh g'). Although the theoretical capacities of WS, and WS,
are estimated as 574 and 432 mAh g7!, respectively,
nanostructured conversion reaction anodes with large surface
area often exceed their theoretical values due to (i) reversible
decomposition of the electrolyte as a side reaction associated
with the formation of an SEI layer and (ii) extra Na*
adsorption—desorption on the SEI corresponding to interfacial
storage.”****” The decreased irreversible capacity loss demon-
strates that the oxide surface layer also stabilizes the SEI
formation and prevents substantial growth of an SEI layer. By
wrapping or surrounding the active material surface with stable
materials, which occurs when the SEI layer growth is stabilized,
the amount of irreversible capacity loss can be lowered.”**’
The stable WO; surface helps to prevent direct contact
between the sulfide and the electrolyte and relieve vigorous SEI
formation as a function of irreversible capacity value. The
consistency of the second discharge capacity between the WS,
NFs and the WS,/WO; NFs suggests that the sulfide portion
was not much reduced in the reaction that formed the thorn-
structured oxides.

The rate capabilities of the samples were examined at
different current densities ranging from 100 to 1000 mA g~
(Figure S6). The WS, NFs deliver a high specific discharge
capacity of S00 mAh g~' (70% of the discharge capacity at 100
mA g') even at a high current density of 1000 mA g~ (Figure
S6a and d). Interestingly, the protective WO, surface layer on
the WS,/WO; NFs does not impede the rate capability at the
high current density of 1000 mA g~ (68% of the discharge
capacity at 100 mA g™') compared to the pristine WS, NFs
(Figure S6a, b, and d). The extended surface area of the thorn-
bush NFs as a result of nanobranch formation provides more
reaction sites for Na ions, and the thin layer of WO; on the
WS, NF backbone can effectively maintain the kinetic
performance. On the other hand, the WO; NFs show a low
capacity value below 250 mA ¢! at 100 mA g™ and a poor rate
capability value at 1000 mA g~ (19% of the discharge capacity
at 100 mA g™') (Figure S6¢ and d). This result suggests that
the sulfide structure offers better Na reaction kinetics in a
conversion reaction than the oxide structure.

To demonstrate the effects of the oxidation treatment on the
cycle performance in a Na-ion cell, we present discharge
capacity vs increasing cycle number for the WO;, WS,/WO;,,
and WS, NF materials (Figure Sd). While the WS, NFs show a
high second discharge capacity, the capacity degrades
continuously during cycling. For the post-heat-treated WS,/
WO; NFs, 74% of the second discharge capacity was

maintained after 100 cycles, compared to 44% retention for
the pristine WS, NF electrodes. On the other hand, WO; NFs
obtained from the oxide conversion at 500 °C delivered a
capacity below 100 mAh g~" after 100 cycles. The WO, surface
on the WS, NFs contributes to the capacity value by its own
conversion reaction. However, the main portion of the capacity
of the WS,/WO; NFs comes from the WS, NF stem. The WO,
surface mainly plays a role as a coating layer to prevent sulfur
dissolution, thereby improving the cycle performance.

Ex-Situ Characterizations. To support the conclusion that
the functional oxide coating achieved by this simple thermal
treatment in air helps to restrict the intermediate sulfur
dissolution during the conversion reaction, we examined a Na
counter electrode that had undergone 100 cycles. We show the
ex-situ XRD patterns of a Na counter electrode obtained from
disassembly of a Na-ion cell comprising WS, and WS,/WO;
NF electrodes, respectively (Figure Se). In the case of the WS,
NFs, the main peaks for Na,S and subpeaks for sulfur phases
were found, verifying that sulfur dissolution eventually occurred
during cell operation and that the sulfur components were
deposited on the Na counter electrode. The peaks related to
Na,S correspond to the cubic Li,S phase with the space group
Fm3m.% In the case of the Na counter electrode opposite the
WS,/WO; NFs, sharp peaks related to Na were observed at
38.6° (indexed based on a body-centered cubic structure), and
the Na,S peaks are significantly diminished, with an absence of
sulfur peaks. We show images of the cycled Na counter
electrodes obtained from the cells employing WS, and WS,/
WO; NF electrodes, respectively (Figure Sf). While the Na
electrode for the WS, NF cell appears yellow in color, which is
typical of sulfur components, there was no significant
appearance of yellow on the Na electrode for the WS,/WO;
NF sample. These results confirm that modifying a WS, NF
electrode with an oxide surface layer effectively alleviates sulfur
dissolution. High capacity and improved cycle performance of
Na-ion battery anodes can be simultaneously achieved by the
introduction of hierarchical sulfide NF materials with oxide
surface features.

CONCLUSION

In summary, we report on heterogeneous tungsten sulfide-oxide
(core—shell) NF materials with thorn-bush features and
excellent anode performance for high-capacity, long-cycle Na-
ion batteries. We successfully synthesized mixed sulfide
structures, composed of amorphous WS; and crystalline WS,
phases, via electrospinning of (NH,),WS,/SAN composite
fibers and subsequent calcination under a reducing atmosphere.
To prevent sulfur dissolution during the conversion reaction of
sulfides in a Na-ion cell using such an anode, post-thermal
treatment in air for a short time (~10 min) is conducted to
form an oxide passivation layer. Interestingly, randomly aligned
thorns are grown on WS, NFs as a hierarchical structure,
affording more reaction sites for Na ions. The morphological
and structural evolutions of the NF material during post-
thermal treatment are investigated against increasing temper-
ature. The heterogeneous WS,/WO; NF electrodes delivered a
superb second discharge capacity of 791 mA h g~" with reduced
irreversible capacity loss and showed improved cycle perform-
ance for 100 cycles compared to a pristine WS, NF electrode.
We also substantiate the supposition that an oxide surface on
the NFs relieves the expected sulfur dissolution by observing
the appearance of sulfur on cycled Na counter electrodes. Our
synthesis strategy hints at a simple and functional way to


http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b06538/suppl_file/nn5b06538_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b06538/suppl_file/nn5b06538_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b06538/suppl_file/nn5b06538_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b06538/suppl_file/nn5b06538_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b06538/suppl_file/nn5b06538_si_001.pdf
http://dx.doi.org/10.1021/acsnano.5b06538

fabricate heterogeneous sulfide/oxide nanostructures that
enable further improvement in battery performance and may
find a use in other applications as well.

METHODS

Material Synthesis. Ammonium tetrathiotungstate ((NH,),WS,),
styrene acrylonitrile (M,, = 130 000), sulfur, and N,N-dimethylforma-
mide (99.8%) as precursor chemicals were purchased from Alfa Aesar
(Ward Hill, MA, USA). All chemicals were used without further
purification. WS, nanofibers were synthesized by a one-step
electrospinning technique using a single nozzle. The precursor
solution was prepared by dissolving the (NH,),WS, (1.607 g) and
the SAN (1.7 g) into DMF (8 g) and stirring overnight at 50 °C. The
precursor solution was loaded into a syringe with a metal needle, and
the electrospinning process was carried out with the following
parameters: applied voltage, 20 kV; feeding rate, 10 yL/min; needle
size, 23 G; distance between the metal needle and collector, 15 cm;
humidity, <10%; temperature, ~30 °C. WS, NFs were obtained by
annealing the as-spun mat at 700 °C for 6 h with a heating rate of 10
°C/min under a reducing atmosphere (H,/N,, 10%/90% v/v). SAN
was burnt away during the annealing treatment, and the (NH,),WS,
precursor was converted into the WS, phase composed of WS, and
WS;. Post-thermal treatment was conducted at different calcination
temperatures for a short time (<10 min) with a heating rate of 10 °C/
min in air to form an oxide layer on the WS, NFs.

Material Characterization. The surface morphology of the
samples was analyzed using a scanning electron microscope (Hitachi
SU-70). A transmission electron microscope (FEI, Tecnai Osiris at
200 kV) equipped with an energy dispersive spectrometer was used to
obtain information on the atomic distributions and internal micro-
structure of the samples. The crystal structure of the samples was
examined by means of X-ray diffraction (Rigaku, D/MAX-RC). A
surface analysis to verify the chemical structure of the sulfide and the
oxide surface layer after postheat treatment in air was carried out with
X-ray photoelectron spectroscopy. XPS measurements were performed
at Brookhaven National Laboratory on a Specs Phoibos 100 MCD
analyzer under ultra-high-vacuum (2 X 107'° Torr) conditions. The
phase evolution mechanism was elucidated using thermogravimetric
analysis (TA Instruments QS0) and differential scanning calorimetry
(PerkinElmer DSC?7).

Electrochemical Characterization. The electrode was fabricated
on copper foil using a casting slurry consisting of 80 wt % active
material, 10 wt % carbon (Super-P), and 10 wt % polyvinylidenedi-
fluoride binder in N-methyl-2-pyrrolidone. The electrode was then
dried under vacuum at 75 °C prior to cell assembly. Half-cells were
assembled in an argon-purged glovebox with the prepared electrodes.
A Na—metal foil was used as the counter electrode. One molar sodium
perchlorate (NaClO,) in polycarbonate and a glass microfiber filter
(13 mm diameter, Whatman Co. Ltd.) were used as the electrolyte and
the separator, respectively. All of the potentials refer to Na/Na*. All
electrochemical experiments were performed at room temperature.
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