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Recently, transition metal dichalcogenides (TMDs) have attracted considerable attention as anode materials in
ultrafast lithium ion batteries because of their high theoretical capacity and outstanding ion diffusion kinetics.
Despite these remarkable properties, TMDs exhibit fast capacity fading and insufficient Li storage kinetics, owing
to the excessive volume expansion and low electric/ionic transfer rate.

The aim of this study is to reinforce the structural stability and Li storage kinetics of TMDs through the use of
well-dispersed CoS; and WS, ultrasmall particles (USPs) embedded in hierarchical porous carbon nanofibers,
including micro/mesoporous composite sturctures. As expected, this architecture offers a high specific capacity
(718.0 mAh g~ 1) with the capacity retention of 93.4% after 100 cycles at 0.1 A g~* owing to increased Li storage
sites and prevention of volume expansion of CoS; and WSy USPs. In particular, a remarkable fast discharge
capacity (444.5 mAh g~!) with the capacity retention of 90.2% after 1000 cycles are noted. These results are
related to the high number of Li ion storage sites, effective prevention of volume expansion of well-dispersed
CoS, and WS, USPs, short Li ion diffusion length, and favorable Li ion acceptability, which is caused by the
hierarchical porous structure containing meso/micropores.

1. Introduction

Recently, with advancements of high-performance electronic devices
such as electrical vehicles, military drones, and robot suits, research has
been conducted on improving their energy storage properties (e.g., en-
ergy density, power density, charging speed, lifetime, and safety) [1,2].
In accordance with the electronic industry trends, lithium ion batteries
(LIBs) have become the predominant energy source, because of their
high volumetric/gravimetric energy density and long lifetime [3].
However, LIBs still face critical problems related to insufficient energy
density, poor lifetime, and long charging time, and thus cannot be used
in high-performance electronic devices. Regarding these various efforts
have been made to establish anode materials, involving metal oxides
and metal chalcogenides [4-6].

Transition metal dichalcogenides (TMDs) with MXj structures, such
as CoSg, WSy, MoS,, and FeSy, are promising candidates as anode ma-
terials because of their remarkable theoretical capacity, which is caused

by utilizing all oxidation states with conversion reactions [7-12].
Among the TMD materials, CoSg has been used in various energy storage
devices such as LIBs, sodium ion batteries, supercapacitors, and lith-
ium-air batteries, owing to its excellent physical, chemical, and elec-
trochemical characteristics [13]. In particular, CoS is useful as an anode
material in LIBs because of its high theoretical capacity (870 mAh g™1).
However, the fast capacity fading and poor Li storage kinetics of CoS,,
which occur due to large volume expansion and low electrical conduc-
tivity, hinder its applications in ultrafast LIBs [13]. Although WS has a
relatively lower theoretical capacity (432 mAh g~!) than those of other
TMD materials, it exhibits outstanding Li storage kinetics due to its
two-dimentioanl crystal structure [14]. WS, has a typical 2D layered
structure and a large interlayer distance of ~ 0.62 nm compared to the
interlayer distance of graphite (~0.34 nm), which favours Li ion diffu-
sion in the WS structure [14]. However, WS, exhibits low cycling sta-
bility and insufficient ion diffusion rate due to large volume expansion,
low structural stability, and poor electrical conductivity; its use as an
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anode material for ultrafast LIBs is challenging. To solve these problems,
new composite structures on the complexation of well-dispersed TMDs
in hierarchical porous carbon, including mesopores and micropores,
must be designed.

Herein, to improve the cycling stability and Li storage kinetics, we
prepared an architecture of well-dispersed CoS; and WS, ultrasmall
particles (USPs) embedded in porous carbon nanofibers (PCNFs)
comprising microporous and mesoporous composite structures. For this
purpose, electrospinning, polymer decomposition, and sulfurization
were used. The developed architecture exhibits improved specific ca-
pacity and cycling stability owing to the synergistic effect of CoSy and
WS, USPs with carbon, which results in the effective prevention of
volume expansion by carbon composites and an increase in the number
of Li storage sites. Furthermore, to enhance the high-rate charge/
discharge performance, the hierarchical porous structure of PCNFs was
modified using polyvinylpyrrolidone (PVP) and poly(methyl methac-
rylate) (PMMA) polymers with different intrinsic properties. According
to the ion diffusion behaviour in the porous structure, the micropores
and mesopores can effectively provide favourable ion acceptability and
short Li ion diffusion length by high specific surface area during ultrafast
cycling. As expected, this architecture exhibits excellent specific ca-
pacity, outstanding cycling stability, and remarkable high-rate charge/
discharge performance, resulting from the high number of Li storage
sites, prevention of volumetric expansion, and favourable Li ion
acceptability.

2. Experiments
2.1. Chemicals

Cobalt phthalocyanine (C32H;6CoNg, 97%), tungsten chloride (WCly,
99.9%), oleylamine (CigH37N, 70%), ethyl alcohol (CoHgO, 99.5%),
oleic acid (C;8H3402, 90%), polyvinylpyrrolidone (PVP, M,, = 360,000),
poly(methyl methacrylate) (PMMA, M,, = 120,000), polyacrylonitrile
(PAN, M, = 150,000), N,N-dimethylformamide (DMF, 99.8%), sulfur
(S, 99%), cobalt sulfide (CoSz, 99.98%), and tungsten sulfide (WS,
99%) were purchased from Sigma Aldrich. Methanol (CH40, 99.8%) and
acetone (CH3COCHj3, 99.7%) were purchased from SAMCHUN. All
chemicals and reagents were used without purification process.

2.2. Synthesis of CoS2/WS2 USPs embedded in micro/meso PCNFs

CoS2/WSy USPs, embedded in PCNFs comprising of micropores and
mesopores, were synthesized using electrospinning, polymer decompo-
sition, and sulfurization. The synthesis method for WOs is described in
detail in the Supporting Information. First, 3 wt% WO3 USPs, 3 wt%
C32H16CoNg, and 8 wt% PAN were dissolved in DMF. Then, 6 wt% PVP
and 6 wt% PMMA, used as pore—forming agents of micropores and
mesopores, respectively, were added to the prepared solution. For the
electrospinning process, the mixed solution was transferred to a syringe
equipped with a 23-gauge needle. The applied feed rate and voltage
were 0.04 ml h~! and 15 kV, respectively. The humidity was maintained
at 5%. Thereafter, S powder was added at a 2:1 M ratio to the as-spun
nanofibers and placed 1.0 cm below the as-spun nanofibers on the
mesh in a crucible for sulfurization. The as-spun nanofibers were sta-
bilized and carbonized at 230 °C for 2 h in air and at 800 °C for2hina
high-purity Ny atmosphere. The CoS; and WS, USPs embedded in hi-
erarchical PCNFs are hereinafter referred to as CoSo/WS,-HPCNFs. For
comparison, bare CNFs fabricated using only PAN without any other
agents (referred to as conventional CNFs), CoSy/WS; embedded in CNFs
without PMMA and PVP (referred to as CoSy/WS5-CNFs), and CoS,/WSs
embedded in microporous CNFs without PMMA (referred to as CoSy/
WS,-PCNFs) were prepared.
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2.3. Characterization

The structures and morphologies of all samples were investigated
using field-emission scanning electron microscopy (FESEM, Hitachi S-
4800) and transmission electron microscopy (MULTI/TEM; Tecnai Gz,
KBSI Gwangju Center), and energy-dispersive X-ray spectroscopy (EDS).
The porosities and pore structures were analyzed using Bru-
nauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) plots.
The crystal structures and chemical states were examined via X-ray
diffraction (XRD, EMPyrean, Panalytical) in the 26 range of 10° to 90°
using Cu Ko radiation and X-ray photoelectron spectroscopy (XPS, K-
ALPHA+, Thermo Scientific) using Al Ka radiation. A differential
scanning calorimetry (DSC) analysis of the PAN/PMMA/PVP nanofibers
was performed in the temperature range of 25-600 °C under Ny
atmosphere.

2.4. Electrochemical characterization

To investigate the electrochemical performance of the prepared
samples, a mixed slurry comprising of 80 wt% samples, 10 wt% ketjen
black, and 10 wt% polyvinylidene fluoride in NMP solvent was coated
onto a Cu foil (thickness of 18 um) and dried at 100 °C for 9 h. The
densities of all electrodes were optimized to 11.7 4 0.1 mg cm™2. Then,
in an Ar-filled glove box with HoO and O, contents of <5 ppm, a coin-
type cell was manufactured using Li metal (Honjo Chemical, 99.999%)
as the cathode, a porous polypropylene membrane (Celgrad 2400) as a
separator, and prepared electrodes in 1.2 M LiPFg with ethylene car-
bonate and dimethyl carbonate (7:3) as the electrolyte. Electrochemical
impedance spectroscopy (EIS, Autolab, Metrohm) measurements were
recorded in the frequency range of 10% kHz to 102 Hz at 5 mV using an
AC signal to confirm the electrochemical kinetics and electrochemical
resistance. The cycling performances of all samples were measured at
0.05-3.0 V (vs. Li/Li") using a battery cycler (WMPG 3000S, WonATech
Corp.). The cycling stabilities were investigated at 0.1 A g~! over 100
cycles. The rate capabilities were measured at current densities of 0.1,
0.3,0.7,1.0,1.5, 2.0, and 3.0 A g’l. The long-term tests of all samples
were conducted at a current density of 3.0 A g~! over 1000 cycles.

3. Results and discussion

Fig. 1 shows a schematic illustration of the preparation of CoSz and
WS, USPs in PCNFs with micropores and mesopores. The Co and WO3
embedded in the as-spun nanofibers containing PAN, PVP, and PMMA
polymers were fabricated using electrospinning. In a mixed solution of
several polymers, each polymer undergoes phase separation depending
on its viscosity and molecular weight [15,16]. The PMMA polymer with
high viscosity was located to an aggregated state in the PAN matrix,
whereas, the PVP polymer was evenly distributed in the PAN matrix due
to its similar viscosity to that of the PAN polymer (Fig. 1a). Based on the
phase separation caused by the inherent properties of the polymers, the
dispersed polymer in the PAN matrix can lead to the creation of various
types of pores during polymer decomposition and removal. During
carbonization and sulfurization, the PMMA and PVP polymers decom-
posed at temperatures of >320 °C and >450 °C, respectively (Fig. 1b and
1lc, and Fig. S1). Depending on the phase separation and distribution of
the PMMA and PVP polymers, hierarchical porous structures including
mesopores (2-50 nm) and micropores (<2 nm), are formed by the
decomposition of PMMA and PVP, respectively. As a result, the CoSy/
WS,-CNFs (prepared without PMMA and PVP polymers) indicated a
dense CNF structure with low porosity. The CoSo/WS,-PCNF (prepared
with addition of PVP polymer) indicated a microporous structure with a
small separated PVP polymer. On the other hand, CoSy/WS,;-HPCNF
(prepared with addition of PMMA and PVP polymers) indicated a hier-
archical meso/microporous structure by largely agglomerated PMMA
with separated PVP polymers in the PAN matrix. The micropores and
mesopores can improve the accessibility of the electrolyte and reduce
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the Li ion diffusion length, respectively, resulting in an increased rate
capability. Then, the sulfurization reactions of Co (Co + 2S — CoS) and
WO3 (2WO3 + 7S — 2WS, + 3505) occurred due to the reaction of metal
and sulfur, resulting from the sulfurization atmosphere by thermal
evaporation of the S powder at temperatures of >500 °C (Fig. 1d and
Fig. S2). Notably, the use of CoSy can result in a high specific capacity
owing to its outstanding theoretical capacity (~871 mAh g 1) because
CoS, can store 4 M Li* per 1 M CoS,. [13]. In general, the Li storage
mechanism of CoS; is expressed, as follows [17]:
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Micropore '

Fig. 1. Schematic illustration of formation steps of meso/micro pores with well-dispersed CoS; and WS, USPs in PCNFs.

CoS, [pyrite] = CoS [hexagonal] 1 LisS — 1/9Co9Sg [spinel] + 1/9Li,S — COO + 8/
9Li,S (1)

CoS;, undergoes a phase transition with a complex sequential reac-
tion from pyrite to the hexagonal phase upon Li intercalation, which
induces a high irreversible conversion reaction and large volume change
of CoSz. Whereas, WSy can lead to a high rate capability owing to the
high ion diffusion rate resulting from the large interlayer spacing
(~0.62 nm) [14]. As a result, well-dispersed CoSy and WS, USPs in

/300 nm ,

mesopores
b '

{

7100 nm

100 nm

100 5m

Fig. 2. (a-c) Low- and (d-f) high-magnification FESEM images of CoS,/WS,-CNF, CoS,/WS,-PCNF, and CoS,/WS,-HPCNF, respectively.
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PCNFs with micropores and mesopores can realize excellent high-rate
charge/discharge performance by Li ion storage kinetics.

Fig. 2 displays low-magnification (Fig. 2a—c) and high-magnification
(Fig. 2d-f) FESEM images of the CoS2/WS-CNF, CoS,/WS,-PCNF, and
CoS3/WS,-HPCNF, respectively. As shown, all samples have a network-
like structure, which can provide an effective electron transfer during
cycling performance. The CoSy/WS2-CNF indicated a smooth surface
with a diameter of 266.7-285.9 nm (Fig. 2a, 2d). In contrast, the CoSy/
WS,-PCNF (Fig. 2b, 2e) and CoSy/WSy-HPCNF (Fig. 2c, 2f) showed
rough surfaces with diameters of 242.9-265.7 and 249.2-268.6 nm,
respectively. The nanofiber morphologies of the CoSy/WS,-PCNF and
C0S2/WS,-HPCNF were more uniform than that of the CoS;/WS,-CNF,
because CoS; and WS, USPs were well dispersed in the PCNFs, resulting
from the repulsion force by the polymer chains of PVP and PMMA
(Fig. S3) [18]. Furthermore, mesopores were observed on the rough
CoS2/WS2-HPCNF surface compared with the other samples due to the
hierarchical porous structure. This structure including micropores and
mesopores provides a short Li diffusion length and fast ion acceptability,
which can improve the high-rate charge/discharge performance.

To further demonstrate the composite structure of the CoSo/WS»-
HPCNF, the TEM and TEM-EDS mapping results were analyzed. The
CoS2/WS2-HPCNF showed well-dispersed CoS; and WSy USPs in the
PCNFs (Fig. 3a). The USP sizes of CoS; and WS, were 7.2-11.3 and
4.1-6.5 nm, respectively (Fig. 3b). Furthermore, the interlayer spacings
of 2.52 .7\, corresponding to the (210) plane of CoS,, and 6.20 [o\, cor-
responding to the (002) plane of WSy, were clearly observed, as shown
in Fig. 3c and 3d [13,19]. These results are in agreement with the
selected area electron diffraction (SAED) patterns of the CoSy/WSa-
HPCNF, and confirming that mesopores (scale of 2-50 nm) were well-
formed on the surface (Fig. S4) [13,20]. According to the TEM-EDS
mapping results (Fig. 3e), all elements (C, O, Co, W, and S) were uni-
formly dispersed, indicating that CoS; and WS, USPs were embedded in
the PCNFs.

Fig. 4a shows the BET results of all samples measured by the
adsorption/desorption isotherms of N5. The isotherms of the CoSy/WSo-
CNF and CoS3/WS2-PCNF exhibit type-I curves, implying a microporous
structure (pore size of <2 nm), as per the definition provided by the
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International Union of Pure and Applied Chemistry [21]. In contrast, the
isotherm of the CoS2/WS,-HPCNF shows a type-IV curve, signifying a
mesoporous structure (pore size of 2-50 nm). Furthermore, the specific
capacity and total pore volume of all samples were 320.8 m? g~! and
0.14 cm® g~ ! for the CoS,/WS,-CNF, 440.5 m? g~* and 0.20 cm® g~! for
the CoS,/WS,-PCNF, and 545.7 m? g ! and 0.27 ecm® g™ for the CoSy/
WS,-HPCNF (Fig. 4b). In particular, the specific surface areas of the
CoS2/WS2-PCNF and CoS2/WS,-HPCNF were 1.4 and 1.7 times higher
than that of the CoS,/WS»-CNF, respectively. These results indicate that
the micropores and mesopores were clearly formed by the thermal
decomposition of PVP and PMMA during sulfurization (Fig. 4c). In
addition, according to the BJH data of all samples (Fig. 4d), the meso-
pore volume and distribution in the CoSy/WS,-HPCNF with sizes of
10-30 nm were higher than those in the CoS2/WS,-CNF and CoS2/WS»-
PCNF. The mesopore volume fraction of the CoSy/WS,-HPCNF (38.7%)
was higher than those of the CoSy/WS5-CNF (5.5%) and CoSy/WS,-
PCNF (10.0%) due to the formation of mesopores by the thermal
decomposition of the PMMA polymer. Detailed BET results (specific
surface area, total pore volume, average pore diameter, and pore volume
fraction) are listed in Table S1. The increased mesopore volume and
specific surface area are key points that can dramatically enhance the Li
ion storage kinetics by reducing the ion diffusion length and increasing
the ion acceptability. Thus, the structural properties of all samples were
investigated using FESEM, TEM, and BET analyses.

To determine the crystalline phases of the CoSy/WS,-CNF, CoSy/
WS,-PCNF, and CoSy/WS,-HPCNF, their XRD patterns were obtained
and analyzed (Fig. 5a). The XRD patterns of all samples show complex
peaks of amorphous graphite, CoSz, and WSy phases; the diffraction
peak of amorphous graphite is seen at 24.6°, which corresponds to the
(002) plane with hexagonal structure [22]; the diffraction peaks of CoSy
are seen at 32.4°, 39.9°, 54.8°, 57.7°, and 59.9°, corresponding to the
(200),(211),(311), (222), and (023) planes, respectively, implying a
cubic pyrite-type crystal structure (JCPDS card no. 41-1471) [13]; and
the diffraction peaks of WS, are seen at 14.5°, 32.8°, 33.7°, 39.7°, 57.6°,
and 62.8°, corresponding to the (002), (100),(101),(103),(110), and
(107) planes, respectively, implying a hexagonal structure (JCPDS card
no. 08-0237) [14]. These results suggest that CoS; and WS, USP hybrid

Fig. 3. (a) Low- and (b) high-magnification TEM images, and (c) interlayer distances of CoS; and WS, USPs in CoS,/WS,-HPCNF, respectively. (e¢) TEM-EDS mapping

images indicating C, O, Co, W, and S elements obtained from CoS,/WS,-HPCNF.
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WS,-HPCNF.
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composites were successfully synthesized in the PCNFs during sulfuri-
zation. In addition, in the low-angle XRD patterns of all the samples, as
shown in Fig. S5, weak diffraction peaks of CoSo/WS,-HPCNF can be
observed at 0.98°, 1.63°, and 1.87° corresponding to the (100), (110),
and (200) planes, respectively, which were induced by some ordered
mesopores in the PCNFs [23,24]. This result suggests that mesopores in
the CoS2/WS2-HPCNF were clearly formed by decomposition of the
PMMA polymer. Fig. 5b-d show the XPS spectra of the CoSy/WSs-
HPCNF, displaying the peaks of Co 2p, W 4f, and S 2p. All XPS spectra
were calibrated using the binding energy of 284.5 eV in C 1 s. In the full
spectrum of the CoSo/WS,-HPCNF, the C1s,0 1 s, Co 2p, W 4f, and S 2p
peaks are clearly seen without other impurity phases (Fig. S6). Fig. 5b
shows the Co 2ps/» spectrum of the CoSy/WSy-HPCNF. Here, Co’t,
C02+, and satellite peaks appeared at ~ 778.9, ~780.9, and ~ 784.8 eV,
respectively [13]. The Co>" and Co?* peaks correspond to the oxidized-
CoS; phase and the CoSy phase in the PCNFs, respectively. The unit cell
of CoS, comprises one Co?* jon and six S ions, indicating an octahedral
structure, and each unit cell is bound by the sharing of vertices (Fig. S7)
[13]. Moreover, CoS, can lead to an increase in the specific capacity
because of its high theoretical capacity (871 mAh g~!) along with good
half-metal properties [13]. Fig. 5c shows the W 4f spectrum of the CoSy/
WS,-HPCNF. Here, two peaks at ~ 32.6 and ~ 34.8 eV can be seen,
corresponding to W 4f; 5 and 4fs,,, respectively [19,20]. The W 4f; /5
and W 4fs/» spectra were divided into two areas, one in which major
peaks of 1 T-WS,, (red area) are seen and the other where minor peaks of
2H-WS;, (blue area) are seen. The WS, structure comprises a unit cell,
constituting one W2" ion and six $% ions, which are stacked to form the
ABC (1 T-WSy) or ABA (2H-WSy) structure (Fig. S8) [19,20]. In partic-
ular, the 1 T-WSy phase exhibits high electrical/ionic conductivity
owing to the metallic properties of the 1 T structure, which can improve
the high-rate charge/discharge performance [14,19]. In contrast, 2H-
WS, exhibits low electrical conductivity due to its large band gap, and
thus demonstrates a semiconducting property [14,19]. In particular, the
contents of the 1 T-WS; and 2H-WS, phases were calculated to be 94.7%
and 5.3%, respectively, using the W 4f spectrum. Fig. 5d displays the S
2p spectrum of the CoSy/WS,-HPCNF. The S 2p spectrum shows three
peaks at ~ 162.9, ~163.8, and ~ 167.5 eV, corresponding to S 2ps/2, S
2p1/2, and C-SOy, respectively [13]. The S 2p3/5 and S 2p;,» peaks
indicate the formation of Co-S and W-S bonds, implying the presence of
CoS; and WS, phases. The C-SOx state formed by oxidized-S on the PCNF
surface during the sulfurization process. Therefore, the CoS; and WSy
phases in the PCNFs were demonstrated via the XRD and XPS analyses.

To further investigate the electrochemical kinetics according to the
pore structure of all samples, EIS analyses were performed using fresh
cells fabricated by the CoSy/WS2-CNF, CoSy/WS2-PCNF, and CoSy/WSo-
HPCNF. Fig. 6a shows the Nyquist plots of all the samples. The Nyquist
plots have semi-circular forms in the high-frequency region, followed by
lines slanted-upward in the low-frequency region. The semi-circular
parts are attributed to the charge transfer resistance (Rc), which is the
electrical resistance at the interface between the electrode and the
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electrolyte [25,26]. The slanted-line parts are related to the Li ion
diffusion impedance in the electrode materials, called the Warburg
impedance [27]. In the EIS data, the R value and Warburg impedance
of the CoS2/WS,-HPCNF were significantly lower than those of the
CoS2/WS,-CNF and CoSy/WSo-PCNF. This result suggests that the hi-
erarchical porous structure of the CoSy/WSy-HPCNF can effectively
provide fast charge transfer kinetics and short ion diffusion length.
Furthermore, the Li ion diffusion coefficients could be calculated using
the slanted-line parts from the Nyquist plots of all samples in the low-
frequency region with the following equations [28]:

Zr = 0,0 "?+ R+ R. (2)

3

where R, is the bulk resistance in the cell, involving all components
of the electrolyte, separator, and electrode; oy, is the Warburg imped-
ance coefficient related to the Li ion diffusion resistance; D, R, and T are
the Li ion diffusion coefficient, gas constant, and temperature, respec-
tively; and A, n, F, and C are the electrode area, the number of electrons
per molecule, Faraday constant, and the concentration of Li ions,
respectively. The o, values of the CoS2/WS,-CNF, CoSy/WS,-PCNF, and
CoS,/WS,-HPCNF were determined as 23.7, 15.6, and 12.0 Q cm?s 12
respectively (Fig. 6b). The D values of all samples were calculated using
ow- As seen in Fig. 6¢, the Li ion diffusion coefficients of the CoSy/WS,-
CNF, CoS2/WS»-PCNF, and CoS2/WS,-HPCNF were 0.6 x 10'12, 1.4 x
10'12, and 2.4 x 1012 cm? s’l, respectively. The increased Li ion
diffusion coefficient of the CoSy/WS,-HPCNF electrode compared with
those of the CoSy/WS,-CNF and CoS,/WS5-PCNF electrodes, which
result from the hierarchical porous structure of the CoS; and WSy hybrid
composites can dramatically improve the ionic diffusion kinetics by
short Li ion diffusion length and ion acceptability at high-rate charge/
discharge conditions.

Fig. 7a shows the cycling stability performance of all samples
measured at the current density of 0.1 A g~! in the voltage range of 0.05
to 3.0 V up to 100 cycles. For the conventional CNF electrode, the low
specific capacity of 282.6 mAh g~ ! with the capacity retention of 73.0%
remained virtually constant between 20 and 100 cycles (Fig. S9). On the
other hand, because of the structural collapse of CoS; and WSy resulting
from extreme volume expansion during cycling, the specific capacities of
the commercial CoS; and WS;, electrodes swiftly reduced to 385.5 and
261.1 mAh g~! with capacity retentions of 51.6% and 39.1% after 100
cycles, respectively (Fig. S10). Therefore, we proposed the introduction
of a hierarchical porous structure of a carbon matrix having micropores
and mesopores, which can significantly relieve the structural degrada-
tion by volume expansion of CoS; and WS,. As a result, the cycling
stabilities of the CoSy/WS2-CNF, CoSy/WS2-PCNF, and CoSy/WSs-
HPCNF electrodes are improved compared with those of the commercial
CoS; and WS, electrodes. After 100 cycles, the CoS2/WS5-CNF electrode
exhibited the low specific capacity of 500.8 mAh g~* with the capacity
retention of 72.1% due to a large structural change caused by
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diffusion coefficient, obtained from C0S5/WS,-CNF, CoS,/WS,-PCNF, and CoS,/WS,-HPCNF.
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(d) ultrafast cycling stability test at 3.0 A g~! during 1000 cycles.

agglomerated CoS; and WS, USPs in the CNFs. Nevertheless, the specific
capacities of the CoSy/WSy-PCNF and CoSy/WS,-HPCNF electrodes
were 620.6 mAh g~ and 718.0 mAh g~! with capacity retentions of
86.6% and 93.4%, respectively, because of the well-dispersed CoS; and
WS, USPs in the PCNFs. These results suggest that the cycling stability of
the samples is primarily attributed to the efficient suppression of the
volume expansion of the CoS; and WS, USPs. In addition, the coulombic
efficiency of the CoSy/WS2-HPCNF electrode is rapidly increased to
>99% over five cycles compared with the CoSy/WS,-CNF (94.5%) and
Co0S2/WS5-PCNF (96.9%) electrodes due to increased electrical/ionic
conductivity. To demonstrate the rate capabilities of the CoS,/WS,-CNF,
CoS2/WS2-PCNF, and CoS2/WS,-HPCNF electrodes, their rate perfor-
mances were measured at the current densities of 0.1, 0.3, 0.7, 1.0, 1.5,
2.0, and 3.0 A g~ ! (Fig. 7b). With an increase in the current density from
0.1to3.0A g_l, the specific capacity of the CoSy/WS5-CNF electrode
rapidly decreased from 775.3 to 283.8 mAh g ™!, whereas, those of the
C0S3/WS5-PCNF and CoS5/WS2-HPCNF electrodes were 790.4-357.2
and 840.6-488.4 mAh g}, respectively. These results suggest that the
hierarchical porous structure leads to an improvement in the Li storage
kinetics under ultrafast cycling conditions, caused by short diffusion
lengths and favorable Li ion acceptability. The capacity retentions and
capacity error percentage of all electrodes measured at the current
density of 0.1-3.0 A g~ are shown in Fig. S11 and Table S2. They imply
an outstanding rate performance compared with those of previously
reported CoSy- and WS,-based materials (Fig. 7¢) [29-36]. Fig. 7d dis-
plays the ultrafast cycling stability test results of the CoSy/WS,-CNF,
Co0S2/WS5-PCNF, and CoSy/WS,-HPCNF electrodes measured at the
current density of 3.0 A g~! over 1000 cycles. Compared with the CoSy/
WS,-CNF (291.0 mAh g~ ! with capacity retention of 51.6%) and CoSy/
WS,-PCNF (372.6 mAh g~ with capacity retention of 79.6%) elec-
trodes, the CoSy/WS2-HPCNF electrode exhibited the outstanding fast
discharge capacity of 444.5 mAh g~! with the capacity retention of
90.1% after 1000 cycles. This superior high-rate charge/discharge per-
formance is mainly ascribed to the beneficial Li ion diffusion, which
results from the use of a hierarchical porous structure with micropores

and mesopores. Furthermore, after long-term tests at the ultrafast
cycling condition of 3.0 A g~! over 1000 cycles, Nyquist plots of all
samples were obtained via EIS analysis (Fig. 8a). The CoSy/WS,-CNF
electrode showed a sharply increased resistance and poor Warburg
impedance owing to the large volume expansion of agglomerated CoSy
and WS, USPs in the CNFs. In contrast, even after the high-rate charge/
discharge condition at 3.0 A g~! over 1000 cycles, the resistance and
Warburg impedance of the CoSy/WS,-HPCNF remained low because of
the effective prevention of volume expansion of CoS; and WS, USPs as
they were well-dispersed in the PCNFs (Fig. 8b). Thus, in the present
study, the performance improvement can be ascribed to three main ef-
fects (Fig. 9). First, the well-dispersed CoSs and WS, USPs in the PCNFs
provide a high number of Li storage sites, leading to increased specific
capacity. Second, the composite structure of carbon with well-dispersed
CoSy/WSy USPs efficiently prevents volume expansion related to
outstanding cycling stability. Third, the hierarchical porous structure
with meso/micropores provides a short Li ion diffusion length and
favorable Li ion acceptability, leading to remarkable high-rate charge/
discharge performance with fast Li storage kinetics. Therefore, we
believe that the CoS;/WS,-HPCNF electrode has a prodigious potential
as an anode material in ultrafast LIBs.

4. Conclusions

We successfully fabricated well-dispersed CoS; and WS, USPs
embedded into PCNFs (CoS2/WS,-HPCNF) with a hierarchical porous
structure containing micropores and mesopores; for this purpose, elec-
trospinning, polymer decomposition, and sulfurization were employed.
Specifically, we proposed a porous structure of CoS; and WSy USPs,
which can lead to improved high-rate charge/discharge performance.
This architecture exhibited an outstanding Li diffusion coefficient (2.4
x 1012 ecm? s71), which is due to an increase in the number of ion
diffusion sites, resulting from a high mesopore volume fraction (38.7%).
The improved performance of the CoSy/WS,-HPCNEF, i.e., high specific
capacity of 718.0 mAh g ! at 0.1 A g~! after 100 cycles (capacity
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Fig. 9. Schematic illustration of two dominant effects on CoS;/WS,-HPCNF for boosting high-rate charge/discharge performances.

retention of 93.4%), outstanding fast discharge capacity of 488.4 mAh
g ' at 3.0 A g}, and ultrafast cycling stability of 444.5 mAh g~ at 3.0 A
g1 after 1000 cycles (capacity retention of 90.2%), was attributed to
three main factors: (I) the high specific capacity due to well-dispersed
CoS; and WS, USPs embedded into PCNFs, leading to an increase in
the number of Li storage sites; (II) the outstanding cycling stability due
to the composite structure of carbon with CoS;/WS, USPs, leading to the
prevention of volume expansion of CoS; and WSy USPs; and (III) the
remarkable high-rate charge/discharge performance related to the hi-
erarchical porous structure containing micro/mesopores, which can
reduce the Li ion diffusion length and enhance the Li ion acceptability.
Therefore, these findings indicate that the CoS2/WS; hybrid composite
with a hierarchical porous structure is a promising anode material for
use in ultrafast LIBs.
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