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As a typical metal sulfide, tungsten disulfide (WS,) with high theoretical capacity has attracted significant
attention as the anode for sodium-ion batteries (SIBs). However, WS, bulk material usually displays poor
rate performance and fast capacity fading in practical applications due to its low conductivity and structural
instability. Herein, we propose an in-situ confinement strategy for synthesizing low-crystallinity and ul-
trafine WS, nanosheets within carbon nanofibers (WS,-CNF) by the simple heat treatment of electrospun
polyacrylonitrile/ammonium tetrathiotungstate (PAN/(NH4),WS,) nanofibers. The low-crystallinity struc-
ture of WS, with ultrasmall size and rich defects can greatly reduce the volume change and shorten the ion
diffusion length. WS, nanosheets are confined in the CNF matrix, which is capable of effectively improving
its electronic conductivity and structural stability. Based on these advantages, the WS,-CNF composite
electrode demonstrates fast and ultrastable Na* storage performance with a high capacity of 182 mAh g~!
after 6000 cycles at 5.0 A g”!. Therefore, this work provides a simple and facile strategy for developing high-
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performance WS, anodes for SIBs.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Due to their advantages of low cost and similar electrochemical
mechanism to lithium-ion batteries (LIBs), sodium-ion batteries
(SIBs) are currently regarded as possible alternatives to LIBs, espe-
cially in the application of large-scale energy storage [1-4]. Never-
theless, because Na® has a larger radius (0.102 nm) than Li*
(0.076 nm), the graphite anode of commercial LIBs is not directly
used in SIBs [5,6]. Therefore, many new anode materials have been
explored for the development of SIBs [7-10].

Currently, metal sulfides have shown great promising as the
anode candidates for SIBs, which exhibit the higher theoretical ca-
pacity than carbon materials and better electrochemical reversibility
than metal oxides [11-14]. Among them, two-dimensional layered
WS, possesses the relatively wide interlayer spacing of 0.62 nm,
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weak interlayer forces and easily broken W-S bonds, which enables
easier Na* insertion and phase-conversion reactions for Na* storage
[15,16]. Theoretically, WS, should be suitable for use in SIBs. How-
ever, the practical application of WS, still exists some problems. Bulk
WS, shows sluggish kinetics on account of long ion diffusion dis-
tance and inferior conductivity. This largely affects its rapid charging
and discharging capability, thereby resulting in unsatisfactory rate
performance [17]. Moreover, WS, with high crystallinity and large
grain size often generates large volume variations during the cycling
process, which causes irreversible damage to electrode materials
and severe capacity fading [18].

To address the above-mentioned issues, the most commonly
used strategy is the rational construction of nanostructures based on
various carbon templates, which can not only inhibit the agglom-
eration of the active materials and but also improve conductivity
[19-21]. For example, a cubic-shaped WS, composite was prepared
by growing WS, nanosheets on the template of a porous carbon
framework, which exhibited a high-rate capability [21]. It can be
benefit from the enhanced electron conductivity and the decreased
size of WS,, giving a fast charge transfer. Zhang et al. synthesized a
MoS,/Mxene composite anchored on the carbonized kapok fiber
(CKF) [22]. The MoS,/Mxene heterostructure could provide rich Na*
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intercalation sites. Meanwhile, the CKF template acted as the sup-
port and relieved the volume effect caused by the phase change to
effectively slow down the collapse of active materials. Therefore, the
MoS,/Mxene/CKF composite delivered higher Na* storage capacity
and rate performance than that of pure MoS,. However, through the
surface-growth way, the active materials were partially combined
with the substrate, which had a limited effect on mitigating the
volume change. Thus, long cycling stability could not be guaranteed.
In this respect, Wu et al. reported the heterogeneous FeS,/WS, hy-
brid confined in the hollow carbon nanobox composite fibers (NB
FeS,/WS,-CNFs) [23]. Owning to the space and interfacial confine-
ment effects, the NB FeS,/WS,-CNFs achieved enhanced structure
stability and a long cycling Na* storage capability of 422.6 mAh g at
0.5 A g after 500 cycles. Mao et al. designed a yolk-heteroshell
structure composite by confining Sn nanoparticles in N-doped C
nanocage and growing ultra-thin MoS, nanosheets on its surface
[24]. It exhibited a highly reversible capacity of 350.6 mAh ¢! at
0.5 A g1 after 500 cycles, which can be attributed to that the N-
doped carbon skeleton could effectively release the mechanical
stress/strain of Sn and MoS, during the repeated charge/discharge
cycles.

Reducing the crystallinity of electrode materials is another ef-
fective strategy for tuning the intrinsic structure and improving the
electrochemical performance. For instance, low-crystallinity VS,
microspheres and amorphous Nb,Os have been demonstrated to
outperform their highly crystalline counterparts for Na* storage
[25,26]. In detail, low-crystallinity or amorphous electrode materials
with highly disordered structures and rich defects are helpful for
intrinsically increasing the ion diffusion rate and relieving expansion
stress. Based on previous researches, metal sulfides confined in the
carbonous templates and the reduced intrinsic crystallinity are two
efficient approaches to improve the Na* storage performance with
fast ions/electrons diffusion rate and stable structure. However, it
still remains a great challenge to synergistically regulate between
the intrinsic crystallinity and physical confinement in constructing
the advanced WS,-based materials for SIBs.

Herein, a rational confinement strategy is adopted to synthesize
low-crystallinity and ultrathin WS, nanosheet-embedded carbon
nanofiber (WS,-CNF) composites via the combination of a simple
electrospinning technique with subsequent heat treatment. The
nanofiber framework precursor can efficiently restrict from the stack
growth of WS, to form the disordered and small-sized structure,
thus achieving abundant active sites, short mass transfer pathways
and small volume strain in SIBs. In addition, WS, nanosheets are
uniformly and firmly confined to the CNF matrix, which can further
suppress the agglomeration of WS, during cycles and reinforce its
structural stability, thereby improving the cycling reversibility of
WS, anode materials. Meanwhile, the excellent electron con-
ductivity of carbon nanofibers also ensures rapid electron transfer
for electrochemical reactions. Therefore, the well-designed WS,-CNF
anode achieves a high reversible capacity of 302 mAh g~! over 100
cycles at 0.1 A g7!, an excellent high-rate capacity of 194 mAh g~! at
5.0A ¢!, and a long-term cycling stability of 182 mAh g~! after 6000
cycles. All the results indicate the feasibility of a confinement
strategy for enhancing the rate and cycling performances of WS,
anode materials for SIBs.

2. Experimental section
2.1. Material synthesis

WS,-CNF composites were synthesized by electrospinning with
subsequent heat treatment. In detail, 1.0 g of ammonium tetra-
thiotungstate ((NH4),WS,), 1.0 g of polyacrylonitrile (PAN, M,,
= 150,000) and 10 mL of N,N-dimethylformamide (DMF) solvent
were mixed in a bottle. After stirring at 25 °C for approximately 10 h,
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a homogeneous solution was obtained for electrospinning. The ap-
plied voltage was 15 kV, the feeding rate was 0.05 mm min~!, and
the spinneret-collector distance was set as 20 cm. The as-collected
nanofiber membrane was first stabilized at 400 °C for 2 h at
2 °C min™! in a reducing atmosphere (Ar/H>, 95%/5%, v/v) and con-
tinually carbonized at 650 °C for 2 h at 5 °C min~!. Finally, the WS,-
CNF composite was obtained. For comparison, pure WS, with high
crystallinity and large grain size, signed as WS;-bulk, was also ob-
tained by directly annealing the as-purchased (NH4),WS, precursor
without an electrospinning process. The CNF membrane was also
prepared by only using the polymer precursor.

2.2. Material characterizations

Morphologies of as-synthesized samples were observed by
scanning electron microscope (SEM, JSM-7500F). The detailed in-
ternal structure of the samples was characterized by transmission
electron microscope (TEM, FEI Talos F200S) equipped with an energy
dispersive spectrometer (EDS). The N, adsorption/desorption mea-
surements were carried out on an Autosorb-iQ instrument. The
surface area was evaluated by Brunauer-Emmett-Teller (BET) theory,
and the pore size was analyzed by Barrett-Joyner-Halenda (BJH)
method. The crystalline structure and composition of the samples
were analyzed by X-ray diffraction (XRD, D/Max2550VB), Raman
(Renishaw inVia-Reflex spectrometer) and X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi). The WS, content in the com-
posite was estimated by thermogravimetric analysis (TGA, 209 F1
Libra) under air atmosphere with 10 °C min™".

2.3. Electrochemical measurements

CR2025 half-cells were assembled to test electrochemical per-
formances of the samples. For the preparation of working electrode,
as-prepared sample, Super P and polyvinylidene fluoride with the
mass ratio of 8:1:1 were mixed in the 1-methyl-2-pyrrolidinone
solvent, and then casted onto copper foil with subsequent vacuum
drying at 80 °C for 12 h. Unless otherwise noted, the mass loading of
the active materials on each electrode was about 0.8 mg cm™.
Sodium foil was employed as the counter electrode. Glass fiber (GF/
D, Waterman) was used as the separator. Meanwhile, the electrolyte
(DoDoChem.) was 1 M NaClO, dissolved in ethylene carbonate/di-
methyl carbonate (1:1, v/v) with 5 wt% of fluoroethylene carbonate
additive. Galvanostatic charge/discharge (GCD) measurements for
the assembled cells were performed using the LAND-CT2001A bat-
tery-test system. Electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) tests were carried out on the CHI660E
electrochemical workstation. The voltage range of all the electro-
chemical measurements was controlled in 0.01-3.0 V.

3. Results and discussion
3.1. Morphology and structure of the WS,-CNF composites

The WS,-CNF composites were obtained by heat treatment of
electrospun (NH,4),WS4-PAN precursor nanofibers in a reducing at-
mosphere of Ar/H,, as illustrated in Fig. 1a. During the heat treat-
ment, (NH4),WS, and PAN were converted to WS, and carbon
nanofibers, respectively. As the evolution of the (NH4),WS, phase
was well confined by the PAN phase, ultrafine WS, nanosheets were
in-situ formed and uniformly embedded into the CNF matrix. As
shown in Fig. S1, the as-spun (NH4),WS4-PAN composite nanofibers
exhibit a uniform and interwoven fibrous network with a fiber
diameter of about 170 nm. After high-temperature calcination, the
obtained WS,-CNF composite shows a slight shrinkage with a dia-
meter around 140 nm but still maintains a good fiber shape (Fig. 1b,
c). Compared with the pure CNF (Fig. S2), disordered and ultrafine
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WS,-carbon nanofiber (WS,-CNF)

Fig. 1. Preparation and characterization of WS,-CNF: (a) The synthesis process. (b, ¢) SEM images at different magnifications. The inset of (b) shows an optical photograph. (d, e)

TEM images and (f) the corresponding EDS elemental mappings.

WS, nanosheets, which are marked by yellow circles, are uniformly
dispersed in the CNF matrix (Fig. 1d, e). Moreover, the lateral di-
mension and thickness of these WS, nanosheets are measured as
3.5-5.0 nm and 0.3 nm, respectively. The thickness of 0.3 nm is
identical to the distance between two S layers of WS, thereby in-
dicating its monolayered structure [27,28]. The ultrafine and
monolayered WS, nanosheets exhibit enriched edges and short mass
transfer paths for favorable Na* storage [29,30]. In contrast, pure
WS, shows a micron-sized bulk structure (Fig. S3a, b). The crystal-
line size and order degree of WS, obviously increase, with 4-10
layers and lateral dimensions of 10-30 nm (Fig. S3c, d). EDS ele-
mental mappings further confirm the uniform dispersion of W, S, C,
and N elements in the WS,-CNF composite (Fig. 1f). In particular, the
N element is derived from the pyrolysis of the PAN precursor, which
contains N atoms. Furthermore, the pore structures of WS,-CNF and
WS,-bulk are studied by BET analysis (Fig. S4). The WS,-CNF com-
posite shows a typical type IV isotherm with a surface area of
40.56 m? g~ (Fig. S4a), which indicates a mesoporous structure. The
corresponding pore size distribution of WS,-CNF is measured by BJH
method (Fig. S4b), which is narrow and indicates an average pore
diameter of 3.83 nm. In contrast, the pure WS,-bulk sample shows
the characteristics of a nonporous powdery structure, and the sur-
face area is only 3.18 m? g~!. The large surface area of WS,-CNF can
provide more active sites for Na* storage.

In Fig. 2a, the XRD pattern of WS,-bulk shows three obvious
diffraction peaks at 26=14.3°, 33.6° and 58.5°, which are well in-
dexed to the (002), (100) and (110) planes of hexagonal WS, (PDF#
08-0237), respectively [31,32]. Compared with WS,-bulk, the weak

characteristic peaks of WS,-CNF are obviously broadened, indicating
the formation of low-crystallinity WS,. Meanwhile, the (002) plane
peak disappears, further confirming its monolayered structure [27].
In addition, a small bump peak at 20=25° is observed for the WS,-
CNF composite, which is assigned to the typical (002) plane of
carbon materials [33]. The crystal structure is further studied by
Raman spectroscopy (Fig. 2b). The WS,-bulk shows two strong peaks
at 351 and 416 cm™?, which arise from the typical in-plane (E} ) and
out-of-plane (A; ¢) vibrational modes of WS, [31]. Nevertheless, the
intensities of the E}; and A; 4 peaks for WS,-CNF distinctly become
weak, indicating that the strength of vibrating groups of WS, per
unit area decreases with reduced crystallinity. In addition, WS,-CNF
exhibits two additional peaks at 1359 cm™ (D-band) and 1595 cm™!
(G-band), which correspond to disordered and graphitic carbon,
respectively [15]. These results further confirm the successful for-
mation of the WS,-CNF composite. WS, content in the WS,-CNF
composite is evaluated by TGA, as shown in Fig. 2c. By increasing the
test temperature in air from 35°C to 800 °C, a residual weight of
93.3 wt¥% is achieved for the pure WS,-bulk sample, which is ac-
companied by the oxidization of WS, into W03 [34]. For the WS;-
CNF composite, the weight loss increases to 62.1 wt%, which origi-
nates from the oxidation of WS, and the decomposition of the CNF
matrix. Thus, the WS, content is calculated to be 66.6 wt% in the
WS,-CNF composite. XPS spectra are conducted to probe the che-
mical composition and valence of WS,-CNF. The distinct signals of
W, S, Cand N elements are detected in survey spectrum of WS,-CNF
(Fig. 2d). In the high-resolution W 4f and W 5p spectra of WS,-CNF
(Fig. 2e), two pairs of peaks at 33.0/35.2eV and 36.1/38.0eV
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Fig. 2. (a) XRD patterns and (b) Raman spectra of WS,-bulk, CNF and WS,-CNF. (¢) TGA of WS,-bulk and WS,-CNF. XPS spectra of WS,-bulk and WS,-CNF: (d) Survey spectrum, (e)
W 4f and W 5p, (f) S 2p, (g) C 1s, and (h) N 1s (i) Schematic illustration of the WS,-CNF structure.

correspond to W** [35]. Moreover, the W 4fs;; and W 5p peaks for
WS,-CNF exhibit a slight shift compared with those of WS,-bulk,

composites

which are associated with the electronic coupling between WS, and

the carbon matrix [32]. In the S 2p spectra (Fig. 2f), the peaks at
162.6 and 163.8 eV are assigned to S*. Meanwhile, other shoulder
peaks at 161.4 and 165.8 eV, which are derived from S=C and S-C,
are observed in the WS,-CNF composite, confirming the covalent
bonding between the carbon matrix and WS, phase [31,36]. From
the C 1s spectrum of WS,-CNF (Fig. 2g), the peaks of C-C, C-N/C-S
and C=0 are detected at 284.8, 286.1 and 289.0 eV, respectively [37].
The existence of a C-N bond indicates N doping into the carbon
lattice along with pyrolysis of the PAN precursor. Furthermore, the N
1s spectrum of WS,-CNF (Fig. 2h) shows three typical peaks at 398.5,
400.3 and 401.4 eV, which are assigned to pyridinic N, pyrrolic N and
graphitic N, respectively. It has been proven that N doping can in-
troduce surface defects and improve the conductivity of materials,
thereby effectively enhancing the Na* storage ability [38,39]. All the
above analyses reasonably prove that the formation of low-crystal-
linity WS, nanosheets is confined to the CNF matrix through stable
S-C bonding, as illustrated in Fig. 2i. With these structural features,
the WS,-CNF composite is expected to be used for high-performance

SIB anodes.

3.2. Electrochemical sodium-ion storage performance of the WS,-CNF

To investigate Na* storage performance of WS,-CNF, CV mea-
surements are firstly carried out (Fig. 3a). In the first cathodic scan, a
strong cathodic peak at ~1.07V is observed. This is related to the
formation of a solid electrolyte interface (SEI) layer on the electrode
surface and Na* insertion to form NaxWS; [40,41]. Subsequently, the
cathodic peak at ~0.54V is associated with the conversion reaction
of NaxWS, into Na,S and W [42]. The anodic peaks at 1.83 and 2.18 V
are corresponding to the extraction of Na* and reversible reversion
reactions to form WS,. The sodium-ion storage mechanism of WS,-
CNF is further confirmed by ex-situ XRD analysis (Fig. S5), which is
consistent with the reported literature [15,39]. Compared with the
CV curves of WS,-bulk (Fig. S6), WS,-CNF exhibits obviously broa-
dened redox peaks, implying a broad distribution of energy levels in
the low-crystallinity WS, particles [43]. In the following cycles, the
redox peaks of WS,-CNF almost overlap, indicating excellent elec-
trochemical reversibility. In contrast, WS,-bulk shows an obvious
variation and shift in profiles, demonstrating the inferior cycling
stability on account of the structural degradation and polarization.

Figs. 3b and S7 display the charge/discharge curves of the two
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electrodes at 0.1 Ag™!. Initial discharge/charge capacities of 860/ discharge test of the pure CNF electrode is carried out under the
319mAhg! and 527/372mAhg™' are obtained for WS,-CNF and same conditions to obtain initial discharge/charge capacities of 460/
WS,-bulk, with the initial Coulombic efficiency to be 37.1% (WS,- 197 mAh g~! (Fig. S8a). Based on the WS, mass, the initial discharge/
CNF) and 70.6% (WS,-bulk). For comparison, a galvanostatic charge/ charge capacities of WS,-CNF are calculated to be 1061/380 mAh g™
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Compared with the highly crystalline WS,-bulk, the low-crystallinity
WS, in the WS,-CNF composite contributes to a higher capacity,
which originates from its increased active sites for Na* storage.
However, the low initial Coulombic efficiency value of WS,-CNF is
caused by the formation of a stable SEI layer [44], which leads to a
large irreversible capacity loss. Encouragingly, the stable SEI layer
can effectively protect the electrode from adverse side reactions
with electrolyte, thus enhancing the electrochemical reversibility of
the material [45]. Obviously, the WS,-CNF electrode shows over-
lapped charge/discharge curves in the subsequent cycles and the
Coulombic efficiency rapidly rises to 96.7% at the 10th cycle, con-
firming the high reversibility of its sodiation/desodiation process.
After 100 cycles (Fig. 3¢), WS,-CNF maintains a discharge capacity of
302 mAh g~ with a capacity retention of 94.7%, much superior to the
WS,-bulk electrode (26 mAh g~! with a capacity retention of 6.9%).
The capacity of CNF remains 186 mAhg™' after 100 cycles with a
retention of 94.4% (Fig. S8b). The cycling stability of WS,-CNF is
significantly improved, although the introduction of CNF slightly
decreases the initial capacity. This is reasonably attributed to the
confinement effect of the CNF matrix. As illustrated in Fig. 3d, low-
crystallinity WS, reduces the volume expansion effect, while the
buffer layer of the CNF matrix further reinforces its structural sta-
bility. The morphologies of the electrodes after cycling reveal that
the integrity of WS,-CNF is well maintained (Fig. 3e, f), while WS;-
bulk appears to agglomerate and crack (Fig. 3g, h).

The rate performances of WS,-bulk and WS,-CNF electrodes are
compared in Fig. 4a. WS,-CNF exhibits superior capacities of 315,
302, 279, 252, 225 and 194 mAhg~' from 0.1 to 5.0 Ag™"'. When the
current reverts to 0.1 Ag™!, WS,-CNF rapidly recovers to a stable
value of 311 mAh g™}, indicating its enhanced tolerance for fast so-
diation/desodiation. In addition, the WS,-CNF electrode exhibits si-
milar voltage curves at various current densities (Figs. 4b and S9)
and still maintains a large capacity retention of 61%, even at 5.0 Ag™!
(Fig. 4c), further verifying its small electrochemical polarization. The
WS,-CNF electrode also retains a capacity of 182 mAh g™! after 6000
cycles at 5.0 Ag™! (Fig. 4d). Moreover, the cycling performance of the
WS,-CNF anode with a higher loading is further tested (Fig. S10).
When the mass loading increases to ~2.0 mgcm™2, WS,-CNF still
performs efficiently and delivers a reversible capacity of 151 mAh g™
after 3000 cycles at 5.0 Ag™! (Fig. S10a), with a high areal capacity of
0.3 mAh cm™ (Fig. S10b). Therefore, the as-prepared WS,-CNF anode
can realize stable Na* storage process even at a high loading amount.
Compared with other WS,-based anodes in SIBs (Fig. 4e and Table
S1), the WS,-CNF anode shows outstanding high-rate and long-cy-
cling performances.

3.3. Exploring the kinetic behavior of WS,-CNF

To further explore the reason for the excellent rate performance
of WS,-CNF, EIS measurements are conducted. Fig. 5a displays
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Nyquist plots of the electrodes and the equivalent circuit diagram.
The fitting results show a smaller charge-transfer resistance (R.) for
WS,-CNF (138 Q) than WS,-bulk (217 Q). Moreover, the diffusion
coefficient (Dy,") is calculated based on Eq. (1-3) [46,47].

w=2nf (1)
Z'=R+ow 12 (2)
Dna' = 0.5 R?T?/S*n*F*C%6? (3)

S is the contact area between the electrode and electrolyte. n and
C is the number of transferred electrons and molar concentration of
Na*, respectively. R, T and F are standard constants. The value of ¢ is
determined by the slope of Z' vs. » '/ (Fig. 5b). Thus, Dna* of WS,-
CNF is calculated to be 6.76 x 1071® cm? 57!, being larger than that of
WS,-bulk (3.26 x 107" cm? s71). These results confirm the improved
kinetics in the WS,-CNF electrode, which are ascribed to the rich
active sites derived from the low-crystallinity WS, nanosheets and
the favorable electron pathway provided by CNF (Fig. 5¢). CV tests at
various scan rates are performed to further study the electro-
chemical behavior of WS,-bulk and WS,-CNF electrodes (Fig. 5d, e).
The measured response current (i) and scan rate (v) comply with Eq.
(4), in which the b value can estimate the electrochemical behavior
[48]. The b value is determined from the plot of log(i) vs. log(v). As
displayed in Fig. 5f,, the cathodic b-value of WS,-CNF is 0.97, being
close to 1, which indicates that the Na* storage process is dominated
by surface pseudocapacitive behavior. For the WS,-bulk electrode,
the b value is 0.56, being near 0.5 and suggesting a diffusion-
dominated Na* intercalation process. Based on Eqs. (5, 6) [40,48], the
capacities from diffusion-/capacitive-controlled process can be
quantitatively distinguished.

i=avb (4)
i=kyv + kov'? (5)
W2 = 12 (6)

As calculated, a capacitive contribution of 31.0% is obtained for
WS,-bulk at 0.5 mV s™! (Fig. 5g), while that of WS,-CNF is as high as
68.3% (Fig. 5h). Increasing the scan rates, the capacitive contribu-
tions of WS,-CNF gradually rise and are always higher than those of
WS,-bulk. These results prove that rapid Na* uptake and release
occur on the surface of WS,-CNF, which further explains the reason
of excellent rate performance.

4. Conclusions

In summary, the WS,-CNF anode material for SIBs was facially
synthesized via a universal electrospinning technique. Low-crystal-
linity and small-size WS, nanosheets were uniformly and stably
confined in the conductive CNF matrix. The unique architecture of
WS,-CNF can alleviate the volume expansion effect during the cy-
cling process, accelerate Na*/electron transport and enhance the
pseudocapacitive contribution. Consequently, the WS,-CNF anode
displays high-rate performance of 194 mAhg™' at 5.0Ag™! and an
ultralong cycling life of 182 mAh g after 6000 cycles. The remark-
able performance makes WS,-CNF anodes a great potential for ad-
vanced SIBs, while this work also provides an innovative path for the
development of other electrode materials.
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