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Transition metal dichalcogenides such as tungsten disulfide (WS2), a typical 2D layered structure, have attracted
increasing attention as promissing anode materials for ultrafast Li-ion batteries (LIBs), because of their high
theoretical specific capacity and excellent Li-ion diffusion kinetics. Furthermore, the ionic/electrical properties
of WS2, which can improve ultrafast cycling performance, can be effectively enhanced by its unique metallic
phase (1T-WS2). Despite these significant advantages, the application of WS2 anodes is limited by critical issues
such as large volume expansion and poor ultrafast cycling performance, because the control and synthesis of
nano-sized 1T-WS2 crystals is difficult.
Therefore, to improve the ultrafast and ultrastable Li storage of LIBs, herein, a novel architecture comprising
1T-WS2 quantum dots (QDs) embedded in mesoporous carbon nanofibers (PCNFs) with multihollow capillary
bundle-type mesopores is proposed. This novel hierarchical hybrid nanostructure exhibits a high specific ca
pacity (716.5 mAh g− 1 after 100 cycles at 100 mA g− 1) and an outstanding rate capability, because of increased
Li-ion storage sites and fast Li-ion diffusion and significant ultrafast cycling capacity (528.1 mAh g− 1) and longterm cycling stability (87.8% after 1000 cycles) under ultrafast cycling conditions (2000 mA g− 1). The increase in
the Li storage sites is attributed to the high specific capacity due to the well-dispersed 1T-WS2 QDs in the PCNFs;
the increased Li-ion transfer rate is attributed to the high rate capability due to the multihollow capillary bundletype mesopores; the long-term cycling stability is attributed to the WS2 QDs embedded within the PCNFs, which
effectively prevent volume expansion.

1. Introduction
Advancements in high-technology electrical devices (e.g., humanbody assisted robotic suits, military drones, and high-speed electrical
vehicles), necessitate energy storage devices with superior electro
chemical properties, such as high energy density and fast charging,
longer lifetime, and greater safety than conventional devices [1–5]. Liion batteries (LIBs), which are composed of an anode, cathode, elec
trolyte, and current collector, are among the most widely used energy
storage devices; their application in high-technology electronic devices
is limited by insufficient energy density, poor lifetime, and low charging
speed [6–9]. Among the abovementioned components, the anode ma
terial is considered significant for increasing the specific capacity,

ultrafast cycling, and ultrastable cyclability and for its outstanding
contribution to the volumetric and gravimetric energy densities of LIBs.
To date, many studies have been conducted on anode materials such as
SnO2 [10], Fe2O3 [11], Co3O4 [12], and their composite structures
[13,14], to attempt to improve performance or to replace the pure
graphite anode, which exhibits a low theoretical specific capacity (372
mAh g− 1) and poor ultrafast cycling performance [15,16]. However, the
aforementioned materials exhibited rapid capacity decline and poor
ultrafast cycling properties, owing to their large volume expansion and
semiconducting behavior.
Therefore, because of their high theoretical specific capacity and
excellent ion diffusion kinetics resulting from a unique two-dimensional
(2D) layered structure, transition metal dichalcogenides typically
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represented as MX2 (where M = W, Mo, and Co; X = S, Te, and Se) have
recently received increasing attention as a promising anode material
candidate for LIBs [17–21]. The 2D layered structure of MX2 is con
structed by strong covalent bonds that form X–M–X atomic layers, which
are repeatedly stacked together by weak Van der Waals interactions.
Owing to this structural feature, these materials exhibit high Li-ion
diffusion kinetics via a specified pathway through the empty layer be
tween the 2D MX2 layers [22,23]. Among these materials, tungsten di
sulfide (WS2), a typical 2D layered structure, is a promising anode
material for ultrafast LIBs because of its high theoretical capacity of
~432 mAh g− 1 (graphite: 372 mAh g− 1) due to a conversion reaction
(WS2 + 4Li+ + 4e− ↔ W + 2Li2S), and fast Li-ion diffusivity with a large
interlayer spacing of ~0.62 nm (graphite: 0.34 nm) [24,25]. The WS2
structure exhibits two different phases, namely the 1T (metallic octa
hedral structure) and 2H (semiconducting trigonal prismatic structure),
depending on the arrangement of the S atoms in the WS2 structure
[24,26]. While 2H-WS2 exhibits low electrical properties and large
volume expansion, 1T-WS2 exhibits excellent electrical properties and
structural stability, which can provide fast ion/electron transfer under
ultrafast cycling conditions [24,27]. However, achieving control over
the metallic 1T-WS2 phase and its nanosized crystal growth is known to
be difficult. To resolve the aforementioned issues such as the volume
expansion and low ion diffusion rate observed in existing materials, and
to achieve ultrafast and ultrastable performance, the design of novel
architectures for anode materials is essential.
Therefore, this study proposes a unique architecture based on 1TWS2 quantum dots (QDs) embedded in mesoporous carbon nanofibers
(PCNFs) containing novel multihollow capillary bundle-type mesopores
and successfully synthesized it by polymer decomposition and thermal
evaporation. These are formed by the decomposition of poly(methyl
methacrylate) (PMMA) polymer during carbonization, and effectively
provide an ion diffusion passage, which can improve Li-ion storage ki
netics during ultrafast cycling. Furthermore, to enhance the specific
capacity and Li-ion diffusion rate of WS2, well-dispersed 1T-WS2 QDs in
the PCNFs were synthesized by the sulfurization of WO3 QDs. The 1TWS2 structure was successfully synthesized by facilitating the diffusion
route for S into many oxygen defects in the WO3 QDs. This novel ar
chitecture exhibits a high specific capacity, ultrafast cycling perfor
mance, and excellent cycling stability, resulting in increased Li storage
sites, improved Li diffusion rate, and prevented volume expansion.

dispersed for 2 h using a homogenizer and sonicated for ligand ex
change. Subsequently, the dispersion and centrifugation were repeated,
as described above, using acetone solvent. Finally, the obtained product
was dried in a conventional dry oven at 50 ◦ C for 5 h to obtain the WO3
QDs.
2.2.2. Preparation of 1T-WS2 QDs embedded in PCNFs with multihollow
capillary bundle-type mesopores
The 1T-WS2 QDs embedded in PCNFs with multihollow capillary
bundle-type mesopores were synthesized by electrospinning, sulfuriza
tion, and thermal evaporation. The following is a description of the
preparation process: First, 3 wt% WO3 QDs, 10 wt% PAN (as the matrix),
and PMMA (as the pore agent) were dissolved in DMF and stirred for 24
h. Three sample of optimized multihollow capillary bundle-type meso
pores were obtained by adding 5, 10, and 15 wt% PMMA polymers. The
prepared solution was drawn into a syringe with a 23-gauge needle.
During electrospinning, the humidity in the chamber was fixed at 5%,
and the feeding rate and voltage were fixed at 0.06 mL h− 1 and 16 kV,
respectively. The position was 15 cm between the needle and the Al
collector. After electrospinning, the PAN-based nanofibers, including
WO3 QDs and PMMA polymer, were placed over the S powder, which
was added to the PAN-based nanofibers at a 1:1 wt ratio. The PAN-based
nanofibers were stabilized and sulfurized at 250 ◦ C for 2 h in air and at
800 ◦ C for 2 h in a N2 atmosphere. The resulting materials are henceforth
referred to as WS2-PCNF5 (prepared by adding 5 wt% PMMA), WS2PCNF10 (prepared by adding 10 wt% PMMA), and WS2-PCNF15 (pre
pared by adding 15 wt% PMMA). Furthermore, as a control, two sam
ples, one obtained using only the PAN polymer (referred to as the
conventional CNFs) and the other by sulfurization of only the WO3 QDs
(referred to as WS2 NPs) were prepared by the same method, as
described above.
2.3. Material characterization
The crystallographic and chemical states were investigated by X-ray
diffraction (XRD) using Cu Kα radiation in the 2θ range of 10◦ –90◦ , and
X-ray photoelectron spectroscopy (XPS) using an Al Kα source. The
structural properties were investigated by field-emission scanning
electron microscopy (FESEM) and high-angle annular dark field
(HAADF) scanning transmission electron microscopy (STEM) along with
energy-dispersive X-ray spectroscopy (EDS) mapping. The pore struc
tures were analyzed using Brunauer-Emmett-Teller (BET) and BarrettJoyner-Halenda (BJH) by N2 adsorption/desorption isotherms at tem
perature of 77 K.

2. Experimental section
2.1. Chemicals
Tungsten chloride (WCl4, 99.9%), ethyl alcohol (C2H6O, 99.5%),
oleylamine (C18H37N, 70%), oleic acid (C18H34O2, 90%), methanol
(CH4O, 99.8%), acetone (CH3COCH3, 99.7%), polyacrylonitrile (PAN,
Mw = 1,300,000), poly(methyl methacrylate) (PMMA, Mw = 350,000),
N,N-dimethylformamide (DMF, 99.8%), and sulfur powder (S, 99%)
were purchased from Sigma-Aldrich. Lithium nickel cobalt aluminum
oxide (LiNi0.8Co0.15Al0.05O2, NCA) was purchased from MTI Korea. All
the chemical reagents were without purification.

2.4. Electrochemical measurements
To measure the electrochemical performance of the samples, the
electrodes were prepared using a slurry consisting of 80 wt% samples (i.
e., conventional CNFs, WS2 NPs, WS2-PCNF5, WS2-PCNF10, and WS2PCNF15) as the active materials, 10 wt% polyvinylidene fluoride as the
binder, and 10 wt% ketjen black as a conducting additive. The slurrycoated electrodes were dried at 100 ◦ C for 8 h, and the electrode den
sity was optimized to 11.5 ± 0.2 mg/cm2. Coin-type cells were assem
bled using the prepared electrodes, Li metal foil (Honjo Chemical
Corporation, 99.999%) as the cathode, and a porous polypropylene
membrane (Celgrad 2400) as the separator in the electrolyte (1.2 M
LiPF6 with dimethyl carbonate and ethylene carbonate (3:7)). Further
more, all coin-type cells were fabricated in an Ar-filled glove box under
humidity and an O2 content of <5 ppm. The assembled cells prepared
using the sample were characterized as follows: the electrochemical
kinetics were analyzed by performing electrochemical impedance
spectroscopy (EIS) measurements in the frequency range of 105–10− 2 Hz
at the open-circuit potential; the charge/discharge performances were
investigated using a battery cycler (WonATech Corp., WMPG 3000) in
the voltage range of 0.05–3.0 V (versus Li/Li+); the cycling stability test

2.2. Preparation of the samples
2.2.1. Preparation of WO3 QDs
WO3 QDs were synthesized by ligand exchange and hydrothermal
methods. The following is a description of the preparation process: First,
the solvent, namely 18.6 wt% C18H34O2 was heated at 40 ◦ C for 30 min
and cooled to 0 ◦ C in an Ar atmosphere. Next, 0.68 wt% WCl and a
mixture (12 mL) of C2H6O and C18H37N were added to the above solvent
and stirred for 10 min. The solution mixture was put into a Teflon-lined
stainless-steel autoclave and heated at 180 ◦ C for 3 h. The resulting
product was centrifuged three times at 6000 rpm for 10 min, at 4 ◦ C.
Then, the obtained powder was added to methanol solvent and
2
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Fig. 1. Schematic illustration of formation mechanism of multihollow capillary bundle-type mesopores and 1T-WS2 QDs in PCNFs.

was measured at a current density of 100 mA g− 1 over 100 cycles; the Crate properties were examined at current densities of 100, 300, 700,
1000, 1500, and 2000 mA g− 1; the ultrafast and ultrastable cycling
performances of all the samples were measured at a current density of
2000 mA g− 1 for 1000 cycles. In addition, full cell test was performed
using WS2 NPs//NCA and WS2-PCNF10//NCA in the voltage range of
2.7–4.2 V at current density of 2000 mA g− 1 over 100 cycles; NCA
cathode was manufactured in the same method as the prepared anode.

type (PMMA), owing to their different molecular weights and surface
tensions (Fig. 1a). The separated phases of PAN and PMMA form com
posite nanofibers that exist as individual states with different molecular
weights. As the amount of PMMA gradually increased, the PMMA
polymer was embedded as nanofibers inside the PAN matrix. Second,
during carbonization, the PMMA polymer was thermally decomposed at
temperature of >300 ◦ C to form multihollow capillary bundle-type
mesopores in nanofibers (Fig. 1b), which could provide a diffusion
passage for the Li-ions during the cycling performances [28]. Finally, the
1T-WS2 QDs embedded in the PCNFs were fabricated via sulfurization
by thermal evaporation of the S powder (Fig. 1c). At temperature of
>450 ◦ C, the partial pressure of S in chamber increased due to the
thermal evaporation of the S powder located under the samples during
carbonization (Fig. S1) [29]. When the partial pressure of S is increased
to >− 9 (log (ps2 (g)/atm)), a phase transformation occurs from WO3 to
WS2 (Fig. S2), and the following sulfurization reaction of bulk WO3
occurs [30]:

3. Results and discussion
Fig. 1 indicates a schematic of the steps involved in the formation of
1T-WS2 QDs and multihollow capillary bundle-type mesopores in the
PCNFs. First, the WO3 QDs embedded in the as-spun nanofibers con
sisting of PAN and PMMA polymers were synthesized by electro
spinning. In the prepared solution for electrospinning, PAN and PMMA
polymers undergo phase separation to matrix-type (PAN) and island-

Fig. 2. a XRD patterns of conventional CNFs, WS2-PCNF5, WS2-PCNF10, and WS2-PCNF15, b XPS full scan spectrum consisting of c C 1s, d O 1s, e W 4f, and f S 2p
obtained from WS2-PCNF10.
3
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Fig. 3. FESEM images of a conventional CNFs, b WS2-PCNF5, c WS2-PCNF10, and d WS2-PCNF15.

2 WO3 + x S → 2 WO3−
2 WO3−

x

x

+ x SO2

+ (7 − x) S → 2 WS2 + (3 − x) SO2

kinetics with a fast electron transfer rate during the charge/discharge
cycling because of the high Li-ion mobility resulting from the large
interlayer distance and high electrical conductivity. Hence, welldispersed 1T-WS2 QDs in the PCNFs with multihollow capillary
bundle-type mesopores can achieve not only superior specific capacity
but also outstanding cycling stability under ultrafast cycling conditions
by improving the Li-ion storage kinetics.
The crystalline phases of all the samples were analyzed using XRD
(Fig. 2a). The XRD pattern of the conventional CNFs was observed to
have a broad peak at ~24.7◦ , which corresponds to the (0 0 2) plane of
graphite. On the other hand, the diffraction peaks of the samples
composited with the WS2 QDs and the PCNFs showed a broad shape due
to ultrafine size of the WS2 QDs and emitted at ~14.4◦ , ~32.7◦ , ~39.6◦ ,
and ~57.5◦ , corresponding to the (0 0 2), (1 0 0), (1 0 3), and (1 1 0)
planes of the WS2 phase (space group of P63/mmc, JCPDS card no. 080237), respectively [33,34]. This result indicates the complete trans
formation of the WO3 QDs in the PCNFs to the WS2 phase. To demon
strate the chemical bonding states of WS2-PCNF10, XPS analysis was
performed. Fig. 2b shows the full XPS spectrum of WS2-PCNF10 con
taining C 1s, O 1s, W 4f, and S 2p. All spectrum peaks were calibrated
using the binding energy of C 1s (284.5 eV). The C 1s, O 1s, W 4f, and S
2p peaks of WS2-PCNF10 indicate the presence of C, O, W, and S,
respectively, without other impurity phases. The C 1s spectrum of WS2PCNF10 showed typical signals at ~284.5, ~285.3, ~286.3, and

(1)
(2)

In general, it is known that the sulfurization of WO3 is transformed to
a WS2 structure through the W oxysulfide (WOxS2− x) state according to
the W-O-S phase diagram (Fig. S3a). The WS2 phase is divided into 1T
(metallic phase) or 2H (semiconducting phase) structures by the unit cell
of W–O bonds. Generally, the 2H-WS2 is formed during the sulfurization
of bulk WO3, because it is thermodynamically more stable than 1T-WS2
[31,32]. However, the sulfurization reaction of the WO3 QDs directly
results in the formation of 1T-WS2 QDs without an intermediate state,
because of their substoichiometric oxide crystal structure (Magneli
phase WO3− x where 0 < x ≤ 0.1), which contains crystallographic shear
(CS) planes due to O defects (Fig. S3b) [30]. At the atomic level, the CS
planes can provide the diffusion pathway of S atoms to a neighboring O
defect. In particular, the CS planes develop in the regions of edgesharing octahedral units of WO3, which induces the WS2 octahedral
structure (1T-WS2 structure) during sulfurization [30–32]. Thus, the
ratios of the 2H and 1T phases of WS2 synthesized using bulk WO3 and
WO3 QDs were 8.7:1.3 and 0.9:9.1, respectively (Fig. S3c and d).
Moreover, the WS2 synthesized using bulk WO3 is not completely sul
furized because of its large particle size, and hence, some WO3 phase still
remains. The rich 1T-WS2 phase can enhance the Li-ion diffusion
4
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Fig. 4. a Low and b high-magnification STEM images, and c HAADF-STEM-EDS mapping result of WS2-PCNF10.

– O, and O–
– C–O,
~289.0 eV, which correspond C–C, C–(O and S), C–
respectively, as shown in Fig. 2c [35]. The C–S binding state was formed
during the thermal evaporation of the S powder. As shown in Fig. 2d, the
four signals of O 1s in WS2-PCNF10 were indicated at ~531.0, ~532.2,
– O, O–C–O (or
~533.3, and ~535.2 eV, which correspond to the C–
– O, and –COOH binding states, respectively [36]. In gen
C–OH), O–C–
eral, the O-containing binding states in WS2-PCNF10 were formed on the
surface by the oxidation and absorption of C and O, respectively. In
Fig. 2e, the W 4f spectrum of WS2-PCNF10 shows two major peaks at
~32.7 eV for W 4f7/2 and ~34.9 eV for W 4f5/2, indicating the 1T-WS2
octahedral phase (red area) [37]. In addition, two minor peaks at ~33.0
eV for 4f7/2 and ~35.2 eV for 4f5/2 were emitted, indicating the 2H-WS2
trigonal phase (blue area). The contents of the 1T-WS2 and 2H-WS2
phases calculated using the W 4f peak were 92.4% and 7.6%, respec
tively. The W atoms in the 1T-WS2 structure are octahedrally coordi
nated with six S atoms, exhibiting an ABC stacking structure (Fig. S4a)
[31]. In contrast, the W atoms in the 2H-WS2 structure are trigonalprismatically coordinated by six S atoms, exhibiting an ABA stacking
structure (Fig. S4b) [32]. The 1T-WS2 structure exhibits a high ionic/
electronic transfer rate, because of its large interlayer distance and
metallic properties, whereas 2H-WS2 exhibits low electrical properties
owing to its semiconducting phase and large band gap [31,32]. The S 2p
spectra of WS2-PCNF10 exhibited the two doublets (Fig. 2f) [38]. Strong
peaks are observed at ~162.8 eV and ~ 163.7 eV, that correspond to the
W–S binding states. The other couples of peaks observed at ~163.9 and
~165.1 eV are attributed to the thiophenic-S (C–S) and oxidized-S
(C–SOx) binding states, respectively, which are formed during sulfuri
zation process.
The particle size of the WO3 QDs used to synthesize the 1T-WS2 QDs
was ~3.2–7.2 nm (Fig. S5), which is observed to remain unchanged in
the PCNFs after carbonization (Fig. S6). This is because the PCNF matrix
inhibits their growth during the phase transformation of the WO3 QDs
into 1T-WS2 QDs. Fig. 3a–d displays the FESEM images of the conven
tional CNFs, WS2-PCNF5, WS2-PCNF10, and WS2-PCNF15, respectively.
All samples are observed to exhibit an interconnected network structure,
which is capable of effective electron transfer during cycling. While the
conventional CNFs without the PMMA polymer exhibit a smooth surface
with a diameter in the range of ~245.3–266.2 nm, the WS2-PCNF5, WS2PCNF10, and WS2-PCNF15 samples exhibited a rough surface structure

with diameters in the range of ~258.4–275.6, ~263.1–289.2, and
~288.7–340.6 nm, respectively. Furthermore, unlike the conventional
CNFs, the island-type mesopores (22.4–26.8 nm in size) are formed on
the surface and inside the WS2-PCNF5 (Fig. 3b and insets of Fig. 3b).
Mesopores were formed by the thermal decomposition of the embedded
PMMA islands inside the PAN matrix during carbonization (Fig. S7a).
Remarkably, WS2-PCNF10 indicates a novel architecture of PCNFs
embedded with multihollow capillary bundle-type mesopores with sizes
in the range of 23.5–31.1 nm (Fig. 3c and insets of Fig. 3c). As the
amount of PMMA polymer is increased, its particles were arranged in a
line and thermally decomposed to form multihollow capillary bundletype mesopores (Fig. S7b). This novel architecture could effectively
facilitate a fast Li-ion transfer passage and a short Li-ion diffusion length
during cycling, leading to ultrafast cycling performance [18]. However,
WS2-PCNF15 exhibited a completely destroyed nanofiber structure due
to excessive addition of the PMMA polymer (Fig. 3d and insets of
Fig. 3d), which aggregated inside the PAN and eventually destroyed the
nanofiber structure (Fig. S7c). Thus, optimized 1T-WS2 QDs embedded
in the PCNFs with multihollow capillary bundle-type mesopores were
obtained using 10 wt% PMMA polymers in the electrospinning solution.
To further demonstrate the structure of WS2-PCNF10, STEM and
HAADF-STEM-EDS mapping were performed. As shown in Fig. 4a, WS2PCNF10 indicates the well-dispersed WS2 QDs (dark spots) in the PCNF
(gray area). In addition, the ring patterns corresponding to the (0 0 2),
(1 0 0), and (1 1 1) planes of WS2 QDs were clearly observed in the SAED
patterns, as shown in the inset of Fig. 4a, which indicates the successful
formation of WS2. The WS2 QDs with an interlayer distance of 0.62 nm
in the PCNF shows an ultrafine particle size in the range of 3.1–6.7 nm
(Fig. 4b), suggesting that the WS2 QDs are well formed, without ag
gregation and particle growth during the sulfurization. In addition, in
enlarged TEM image (Fig. S8), the well-dispersed WS2 QDs were uni
formly embedded in the nanowalls of the carbon matrix with the mul
tihollow capillary bundle-type mesopores and the embedded WS2 QDs
are covered with graphitized carbon nanolayer with thickness of
~2.6–5.2 nm each other, which can be useful point to improve Li storage
performance as the result of combined effects to prevent the volume
expansion of the WS2 QDs and smooth Li ion diffusion via the nanowalls.
To demonstrate the distribution of the C, O, W, and S atoms in WS2PCNF10, EDS mapping was carried out (Fig. 4c). All elements (C, O, W,
5
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Fig. 5. a N2 adsorption/desorption isotherms curves, b specific surface area and total pore volume, c pore size distribution between 0.2 and 200 nm obtained from
all samples.

and S) indicating the WS2 QDs and PCNFs were uniformly dispersed in
WS2-PCNF10. Therefore, the formation of well-distributed WS2 QDs in
PCNFs with multihollow capillary bundle-type mesopores was
confirmed by FESEM, STEM, and HAADF–STEM–EDS mapping. In
addition, the contents of WS2 in the PCNFs was confirmed to be 30.0%
for WS2-PCNF5, 31.1% for WS2-PCNF10, and 31.3% for WS2-PCNF15,
respectively (Fig. S9).
To analyze the specific surface area and pore structure of all the
samples, BET measurements were performed using the adsorption/
desorption isotherms of N2 (Fig. 5a). The isotherm curve of conventional
CNFs shows type-I characteristics (based on the International Union of
Pure and Applied Chemistry), indicating the formation of micropore
structures with sizes less than 2 nm on their surface [39]. However, the
isotherm curves of WS2-PCNF5, WS2-PCNF10, and WS2-PCNF15 in
dicates type-IV characteristics, corresponding to a mesopore structure
with a size of 2–50 nm. In addition, the specific surface area and total
pore volume of all samples were 385 m2 g− 1 and 0.55 cm3 g− 1 for
conventional CNFs, 464 m2 g− 1 and 0.66 cm3 g− 1 for WS2-PCNF5, 571
m2 g− 1 and 0.85 cm3 g− 1 for WS2-PCNF10, and 480 m2 g− 1 and 0.71 cm3
g− 1 for WS2-PCNF15 (Fig. 5b). The specific surface area and total pore
volume of WS2-PCNF10 are 1.54 and 1.48 times higher, respectively,
than those of the conventional CNFs owing to the multihollow capillary
bundle-type mesopores generated in the PCNFs. On the other hand, the
specific surface area and total pore volume are reduced because of the
damaged nanofiber structure resulting from the excessive addition of the
PMMA polymer. The pore volume with pore diameter distribution of all
samples were obtained from the BJH measurements, as shown Fig. 5c.
The conventional CNFs generally exhibit an overall micropore size of
less than 2 nm, whereas WS2-PCNF5, WS2-PCNF10, and WS2-PCNF15
exhibit increased mesopore volumes of ~25 and ~50 nm, because of

excessive addition of the pore agent, i.e., the PMMA polymer. The novel
architecture of WS2-PCNF10 was thus analyzed by FESEM, STEM, and
BET. Thus, the improved specific surface area with multihollow capil
lary bundle-type mesopores has been verified as a key strategy that can
effectively increase the Li-ion transfer rate and reduce the Li-ion diffu
sion length (Fig. 5d).
To verify the effect of the 1T-WS2 QDs in PCNFs with multihollow
capillary bundle-type mesopores on the electrochemical kinetics, EIS
analyses were performed using fresh coin-type half cells assembled by
all the samples. Fig. 6a exhibits the Nyquist plots of the conventional
CNFs, WS2 NPs, WS2-PCNF5, WS2-PCNF10, and WS2-PCNF15. The
Nyquist plots are separated by two regions, namely the semicircle in the
low-frequency region and the inclined line in the high-frequency region
[18,40]. The semicircular low-frequency part is related to the charge
transfer resistance (Rct), which are ascribed to the interfacial resistance
between electrode and electrolyte. The inclined line in the highfrequency part is attributed to the Li-ion diffusion in the electrode; it
is called as the Warburg impedance. The WS2-PCNF5, WS2-PCNF10, and
WS2-PCNF15 electrodes show a low charge transfer resistance with low
Warburg impedance (Fig. 6b), which is due to the composite structure of
the 1T-WS2 and PCNFs with multihollow capillary bundle-type meso
pores. Furthermore, the electrical conductivity of the conventional
CNFs, WS2 NPs, WS2-PCNF5, WS2-PCNF10, and WS2-PCNF15 electrodes
measured by Hall measurement are 1.07, 0.61, 1.38, 1.52, and 1.44 S
cm− 1, respectively (Fig. S10). Notably, WS2-PCNF10 displays the lowest
charge transfer resistance with low Warburg impedance, resulting from
the effectively increased electrical conductivity as the result of increased
degree of graphitization on the CNF matrix, as confirmed in the Raman
spectra (Fig. S11). Fig. 6c shows the Li-ion diffusion coefficients of the
conventional CNFs, WS2 NPs, WS2-PCNF5, WS2-PCNF10, and WS26
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Fig. 6. a Nyquist plots and b relationship between Zreal and ω− 1/2 in the low frequency calculated by Nyquist plots, and c Li-ion diffusion coefficient values of
conventional CNFs, WS2 NPs, WS2-PCNF5, WS2-PCNF10, and WS2-PCNF15.

PCNF15 calculated from the Warburg impedance, using Eqs. (3) and (4)
[40,41].
+ Rct + Re

(3)

D = (RT)2/2A(n2F2Cσw)2

(4)

ZR = σwω−

1/2

structure that can effectively suppress its volume expansion and boost
ionic/electronic conductivity to design an anode material suitable for
ultrafast LIBs. Therefore, the combination of WS2 and PCNFs could be a
key strategy to effectively overcome these critical issues. For this reason,
the specific capacities after 100 cycles are 638.5 mAh g− 1 (capacity
retention of 81.5%) for WS2-PCNF5, 716.5 mAh g− 1 (capacity retention
of 91.2%) for WS2-PCNF10, and 569.0 mAh g− 1 (capacity retention of
75.6%) for WS2-PCNF15, respectively. These results can be attributed to
the well-dispersed 1T-WS2 QDs embedded in the PCNFs, resulting from
prevention of volume expansion and improvement in the electrical
conductivity, which can be confirmed by the unique behavior of the CV
curves (Fig. S12), pseudocapacitances (Fig. S13), and charge/discharge
voltage curves (Fig. S14) for WS2-PCNF5, WS2-PCNF10, and WS2PCNF15. However, as WS2-PCNF15 does not completely suppress the
volume expansion of 1T-WS2 because of the externally exposed WS2 due
to the collapsed PCNFs, the decrease in its specific capacity is greater
than that of WS2-PCNF5 and WS2-PCNF10. To verify their high-rate
properties, the rate performances of all electrodes were measured at
different current densities, namely 100, 300, 700, 1000, 1500, and 2000
mA g− 1 (Fig. 7b). While the specific capacities of WS2 NPs and con
ventional CNFs exhibit a rapid decrease in their specific capacities with
increasing current density (100 to 2000 mA g− 1), WS2-PCNF5, WS2PCNF10, and WS2-PCNF15 maintained an outstanding specific capacity,
regardless of the current density; among these, WS2-PCNF10 exhibits the
highest specific capacity of 820.4–528.1 mAh g− 1, for the studied cur
rent density range (i.e., 100–2000 mA g− 1). In addition, the electro
chemical performances of WS2-CNF (prepared by the 0% PMMA acting
as pore forming agent) was measured at current density of 100 mA g− 1
(Fig. S15), which is confirmed to show unnoted cycling capacity (616.5

where σw and Re are the Warburg impedance coefficients related to the
Li-ion diffusion resistance in the electrode material and the bulk resis
tance related to all component resistances (electrolyte, separator, and
electrode) in the overall cells, respectively; D, R, T, and A are the Li-ion
diffusion coefficient, gas constant, temperature, and area of the elec
trode, respectively; n, F, and C are the number of electrons per molecule,
the Faraday constant, and the concentration of Li ions, respectively.
Among all samples, the Li-ion diffusion coefficient (D) of WS2-PCNF10 is
observed to be the highest (10.6 × 10− 13 cm2 s− 1), while those of WS2
NPs (2.2 × 10− 13 cm2 s− 1), conventional CNFs (4.6 × 10− 13 cm2 s− 1),
WS2-PCNF5 (6.2 × 10− 13 cm2 s− 1), and WS2-PCNF15 (7.9 × 10− 13 cm2
s− 1), respectively. This implies that the optimized multihollow capillary
bundle-type mesopores of WS2-PCNF10 effectively boosted the ultrafast
Li storage kinetics during cycling due to the short Li diffusion lengths.
Fig. 7a displays the cycling stability of all electrodes obtained in the
voltage range of 0.05–3.0 V (versus Li/Li+) at a current density of 100
mA g− 1 over 100 cycles. After the charge/discharge cycling, the con
ventional CNFs are observed to exhibit a low specific capacity of 279.1
mAh g− 1 (capacity retention of 84.3%), which almost remains constant
between 10 and 100 cycles. However, the specific capacity of WS2 NPs
rapidly drops to 255.8 mAh g− 1 (capacity retention of 37.0%) after 100
cycles because it undergoes structural degradation by large volume
expansion and poor electrical conductivity. Thus, we propose a complex
7
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Fig. 7. a cycling stability measurement at current density of 100 mA g− 1 during 100 cycles, b C-rate performance at current densities of 100–2000 mA g− 1, c specific
capacity and capacity retention with increasing current densities of all samples, d competition of specific capacity measured at various current densities with
previously reported WS2-based anode materials in LIBs, and e long-term cycling test at ultrafast cycling condition of 2000 mA g− 1 up to 1000 cycles.

mAh g− 1 after 100 cycles) and rate-capability (34.5% for 2000 mA g− 1/
100 mA g− 1) when compared to those of WS2-PCNF10. These results can
highlight that optimized multihollow capillary bundle-type mesoporous
in the CNF structure cause activation of electrochemical performances
by accelerated Li-ion diffusion for the WS2 QDs in them. As the result,
the capacity retention of WS2-PCNF10 at 2000 mA g− 1 (63.3%, when
compared with 100 mA g− 1) is higher than that of WS2 NPs (27.2%),
conventional CNFs (35.4%), WS2-PCNF5 (39.0%), and WS2-PCNF15
(48.7%) as shown in Fig. 7c. This result shows an outstanding cycling
performance at various current densities compared with the previously
reported WS2-based electrodes (Fig. 7d) [42–50]. Furthermore, Fig. 7e
exhibits the results of the long-term cycling test of all electrodes
measured under ultrafast cycling conditions (2000 mA g− 1). Compared
with the WS2 NPs (40.0 mAh g− 1 after 1000 cycles), conventional CNFs
(47.3 mAh g− 1 after 1000 cycles), WS2-PCNF5 (194.6 mAh g− 1 after

1000 cycles), and WS2-PCNF15 (170.3 mAh g− 1 after 1000 cycles), WS2PCNF10 displays a significantly superior specific capacity of 470.6 mAh
g− 1 with a capacity retention of 87.8% after 1000 cycles at a current
density of 2000 mA g− 1. These results clearly indicate that the hierar
chical hybrid structure can improve Li-ion diffusion kinetics and prevent
the volume expansion of WS2 during ultrafast cycling. In addition, as
revealed in Fig. S16, this guides that the full cell test of WS2-PCNF10//
NCA electrode showed higher cycling stability (capacity retention of
68.1%) after 100 cycles at 2000 mA g− 1, when compared to that of WS2
NPs//NCA electrode (45.5%). Furthermore, the Nyquist plots of WS2
NPs and WS2-PCNF10 obtained after an ultrafast cycling test over 1000
cycles, indicate that former exhibits a considerably increased resistance
with poor Warburg impedance due to the degradation of the electrode
caused by the extreme volume expansion of WS2, as shown in Fig. 8. In
contrast, the Warburg impedance of WS2-PCNF10 remains low due to
8
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electrode exhibits great potential as an anode material for ultrafast and
ultrastable LIBs.
4. Conclusion
This study proposes a novel architecture comprising well-dispersed
1T-WS2 QDs in PCNFs (WS2-PCNF10) with multihollow capillary
bundle-type mesopores, which can improve ultrafast and ultrastable
cycling performance and successfully synthesized by electrospinning,
polymer decomposition, and thermal evaporation. The multihollow
capillary bundle-type mesopores effectively reduce the short Li-ion
diffusion length, thereby providing a fast Li-ion transfer passage dur
ing ultrafast cycling. Therefore, this novel architecture indicated a high
Li-ion diffusion coefficient (6.2 × 10− 13 cm2 s− 1) and electrical con
ductivity (1.52 S cm− 1). Furthermore, the improved electrochemical
performance of WS2-PCNF10, which includes a high specific capacity of
716.5 mAh g− 1 with a capacity retention of 91.2% at 100 mA g− 1 after
100 cycles, excellent high rate capacity of 528.1 mAh g− 1 at 2000 mA
g− 1, and ultrastable cycling stability of 470.6 mAh g− 1 with a capacity
retention of 87.8% after 1000 cycles, has been attributed to the multi
functional effects of WS2-PCNF10: First, the high specific capacity can be

Fig. 8. Comparison of Nyquist plots obtained from the initial and 1000th cycles
at 2000 mA g− 1 for WS2 NPs and WS2-PCNF10.

Fig. 9. Schematic illustration of the three main effects on WS2-PCNF10 for boosting ultrafast lithium storage performances.

attributed to the increased Li storage sites due to the well-dispersed 1TWS2 QDs in the PCNFs; second, the improved ultrafast cycling perfor
mance can be attributed to the multihollow capillary bundle-type mes
opores in the PCNFs; and third, the outstanding cycling stability is due to
the combination of 1T-WS2 QDs with the PCNFs, which effectively
suppressed the volume expansion of the WS2 QDs. Thus, the proposed
novel architecture of WS2-PCNF10 as an anode material is an effective
strategy for boosting the ultrafast and ultrastable cycling performance of
LIBs.

the effective prevention of the volume expansion of 1T-WS2. Moreover,
the FESEM analysis performed by disassembling the cell after the longterm test under ultrafast cycling conditions, showed that while the
surface of the WS2 NPs electrode is destroyed due to volume expansion
of WS2 NPs, the surface of WS2-PCNF10 electrode remains unchanged,
owing to the improved structural stability (Fig. S17). Furthermore,
while there is increased size of the WS2 NPs to the diameter of 15.3–18.3
nm (6.4–10.2 nm for original condition), WS2-PCNF10 notes to maintain
the similar QD size (5.2–8.5 nm, while 3.1–6.7 nm for original one)
together with even no deformation of overall structure, which is clear
evidence that composite structure can effectively prevent volume
expansion of embedded WS2 QDs (Fig. S18).
This study designed a novel architecture of well-dispersed 1T-WS2
QDs in PCNFs with multihollow capillary bundle-type mesopores that
exhibited improved specific capacity, ultrafast cycling performance, and
cycling stability. The outstanding Li storage performance can be
attributed to the following three main effects (Fig. 9): (I) high specific
capacity, which is attributed to the well-dispersed 1T-WS2 QDs in the
PCNFs that provide high Li storage sites (Fig. S19a); (II) outstanding
ultrafast cycling performance, which is attributed to the multihollow
capillary bundle-type mesopores embedded in the PCNFs, that provide a
short Li-ion diffusion length with a fast Li-ion diffusion passage
(Fig. S19b); and (III) superior cycling stability, which is related to the
combination of 1T-WS2 QDs with PCNFs that prevents the volume
expansion of the WS2 QDs (Fig. S19c). Thus, the novel WS2-PCNF10
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