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Metal sulﬁde materials are promising for the anodes of ultrafast lithium ion batteries (LIBs) for many potential
high-technology devices because of their high electrical conductivity, high theoretical capacity, and chemical/
electrochemical stability resulting from their unique crystal structures. Despite their signiﬁcant advantages,
these materials face an important challenge related to structural degradation, owing to the signiﬁcant volume
expansion of metal sulﬁde under ultrafast cycling conditions. This phenomenon leads to rapid capacity fading
and must be improved for the practical application of ultrafast LIBs. In the present study, a unique architecture of
cobalt sulﬁde encapsulated within anion dual (nitrogen and sulfur)-doped mesoporous carbon nanoﬁbers (referred to as CoS-NS-PCNF) was fabricated via electrospinning and carbonization. The CoS-NS-PCNF exhibited
superb ultrafast cycling performance including outstanding cycling stability (748.6 mAh g−1 with capacity retention of 96.5% at 100 mA g−1 after 100 cycles), a superb ultrafast cycling capacity (550.1 mAh g−1 at
2000 mA g−1), and excellent ultrafast cycling stability (514.6 mAh g−1 with capacity retention of 93.5% at
2000 mA g−1 after 500 cycles). Thus, the novel architecture has signiﬁcant advantages for ultrafast lithium
storage kinetics including a short lithium-ion diﬀusion length, a high ion/electron transfer rate, and eﬀective
prevention of volume expansion.

1. Introduction
With the continuous development of advanced electrical devices
such as electric vehicles, unmanned drones, and human-body-assisted
robot suits, users of electrical devices are demanding the development
of higher-quality energy sources compared with those used in previous
energy storage devices [1,2]. Lithium-ion batteries (LIBs) have been
used in electrical devices because of their signiﬁcant advantages, such
as their superb energy density, long life time, low self-discharge, and
eco-friendliness [3]. Despite these advantages, LIBs have been unable to
satisfy the requirements (including a long operation time and short
charge time) to expand the demand for high-technology devices. In
particular, with the widespread use of electric vehicles around the
world, interest in the characteristics of LIBs, e.g., driving distances
of > 300 miles and charging times of < 10 min, is rapidly increasing
[4,5]. However, owing to the energy storage limitations of anode materials such as graphite, which is commonly used in LIBs, these requirements have not yet been satisﬁed. In addition, the speciﬁc capacity
and charging rate of LIBs are generally limited by the poor
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electrochemical properties of the graphite anode material, which has a
low theoretical capacity (372 mAh g−1) and a low lithium diﬀusion rate
[6].
Thus, various metal-oxide-based materials (Co3O4, SnO2, and
Fe2O3) [7–10] and metal-sulﬁde-based materials (FeS, NiS, and CoS)
[11–14] have been extensively studied as anode materials to overcome
the limitations of graphite. Compared with metal-oxide materials,
metal-sulﬁde-based materials generally have higher electrical conductivity and higher mechanical, thermal, and chemical stability owing
to their unique metal-sulfur bonding structure. Among the metal-sulﬁde-based materials, cobalt sulﬁdes (CoS, CoS2, Co9S8, Co3S4, and
CoSx) have outstanding physical, chemical, electrical, and electrochemical properties as anode materials and a higher theoretical capacity (~500–900 mAh g−1) than commercial graphite [15,16]. Because
of these advantages, cobalt sulﬁdes have been used in various ﬁelds,
e.g., supercapacitors, redox ﬂow batteries, and sodium-ion batteries;
however, they have limitations with regard to the nanomaterial design
and complex synthesis methods. In addition, cobalt sulﬁdes are accompanied by large volume expansion, leading to a low cycling
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and S doping and the mesopores on the CNF, commercial CoS2, commercial CoS2-embedded CNF (CoS2-CNF), and CoS-encapsulated N- and
S-doped CNFs without ZnO nanoparticles (CoS-NS-CNF) were prepared.

stability, poor rate capability, and large irreversible capacity, which
makes them diﬃcult to apply to anode materials in LIBs [17,18].
Thus, combining cobalt sulﬁde with carbon materials (graphene,
carbon nanotubes, and carbon nanoﬁbers) is eﬀective for enhancing the
structural stability by suppressing the volume expansion. Although
various methods for incorporating cobalt sulﬁde into carbon materials
have been investigated, the cobalt-sulﬁde-incorporated carbon materials exhibited a low rate capability and ultrafast cycling performance
because the carbon materials increased the diﬀusion length of Li ions
inserted into the cobalt sulﬁde.
Herein, to eﬀectively design the nanoencapsulation structure of CoS
and to achieve a high rate capability with ultrafast lithium storage kinetics, we fabricated a novel architecture comprising a mesoporous
structure with a minimized lithium diﬀusion length and anion (N and S)
dual-doped carbon nanoﬁbers with a maximized ion/electron transfer
rate as an anode material via a one-pot synthesis of electrospinning.
Nanoencapsulation and a mesoporous architecture with N and S doping
were formed via the decomposition of cysteine polymer and the evaporation of ZnO nanoparticles during the carbonization process. This
type of mesoporous structure with anion doping had synergistic eﬀects,
enhancing the electrochemical performance, which is useful for ultrafast LIBs.
In the anion dual-doped mesoporous structure, the well-dispersed
CoS nanoparticles provide a high speciﬁc capacity owing to the large
number of active sites, which are insertion/desertion sites for Li ions. In
addition, the volume expansion of CoS nanoparticles was signiﬁcantly
suppressed by the encapsulated CoS nanoparticles in the CNF, which
acted as a physical buﬀer layer. Furthermore, the mesoporous structure
with doped N and S atoms in the porous carbon nanoﬁbers signiﬁcantly
reduced the Li-ion diﬀusion length and accelerated the ion/electron
transfer rate, improving the ultrafast cycling performance. As expected,
this novel architecture exhibited an outstanding ultrafast cycling capacity and excellent cycling stability when applied as the anode material of ultrafast LIBs.

2.3. Characterization
The crystal structures and chemical bonding states were analyzed
using X-ray diﬀraction (XRD) with Cu Kα radiation in the 2θ range of
10° to 90° and X-ray photoelectron spectroscopy (XPS) with Al Kα as the
X-ray source. The morphology and structure were examined via ﬁeldemission scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM). To analyze the elements in the samples,
energy-dispersive X-ray spectroscopy (EDS) mapping was performed.
The speciﬁc surface area, total pore volume, and pore-size distribution
were
determined
via
Brunauer–Emmett–Teller
(BET)
and
Barrett–Joyner–Halenda (BJH) analyses using N2 adsorption at 25 °C.
The content of CoS in CNF was investigated using thermogravimetric
analysis (TGA) from 25 °C to 800 °C in air.
2.4. Electrochemical characterization
The electrochemical performances was analyzed using coin-type
cells (CR2032, Hohsen Corporation) comprising a sample (commercial
CoS2, CoS2-CNF, CoS-NS-CNF, or CoS-NS-PCNF), a porous polypropylene membrane (Celgrad 2400) as a separator, and lithium metal
foil (Honjo Chemical, 99.999%) as the cathode, and a 1.2 M LiPF6 solution in a mixture of dimethyl carbonate and ethylene carbonate (3:7)
as the electrolyte. The electrodes were prepared on Cu foil (Nippon Foil,
18 µm; functioned as the current collector) with a paste slurry, which
was composed of 70 wt% sample as the active material, 10 wt% Ketjen
black as the conducting material, and 20 wt% polyvinylidene ﬂuoride
as the binder. The paste-slurry-coated electrodes were dried at 100 °C
for 10 h, and the mass loading of the active material in the electrode
was optimized to 10.2 ± 0.3 mg/cm2. All electrodes were assembled
in a coin-type cell in an argon-ﬁlled glove box with a humidity and
oxygen content of less than 5 ppm. Charge/discharge measurements
were performed using a battery cycler system (WonATech Corp.,
WMPG 3000) in the potential range of 0.05–3.00 V (vs. Li/Li+). The
cycling stability was analyzed for up to 100 cycles at a current density
of 100 mA g−1. The C-rate performance was examined at current
densities of 100, 300, 700, 1000, 1500, and 2000 mA g−1. The ultrafast
cycling performance was measured for up to 500 cycles at a current
density of 2000 mA g−1.

2. Experiments
2.1. Chemicals
Cobalt sulﬁde (CoS2, 99.98%), cobalt phthalocyanine (C32H16CoN,
97%), L-cysteine (C3H7NO2S, 97%), zinc oxide (ZnO, < 50 nm particle
size), polyacrylonitrile (PAN, Mw = 1,300,000), and N,N-dimethylformamide (DMF, 99.8%) were purchased from Sigma-Aldrich.
All chemicals were used without further puriﬁcation.

3. Results and discussion
2.2. Synthesis of anion dual-doped mesoporous carbon nanoﬁbers with CoS
nanoparticles

Fig. 1(a) shows the XRD patterns of commercial CoS2, CoS2-CNF,
CoS-NS-CNF, and CoS-NS-PCNF, which were used to investigate their
crystalline phases and crystallinities. The characteristic diﬀraction
peaks of commercial CoS2 and CoS2-CNF were observed at ~27.9°,
~32.3°, ~36.3°, ~39.8°, ~46.4°, and ~54.9°, corresponding to the
(1 1 1), (2 0 0), (2 1 0), (2 1 1), (2 2 0), and (3 1 1) planes of the CoS2
phase by fabricated commercial CoS2 (space group of Pa3, JCPDS card
no. 41–1471), respectively, without any other phases [19]. The main
diﬀraction peaks of CoS-NS-CNF and CoS-NS-PCNF were observed at
~30.6°, ~35.3°, ~46.9°, and ~54.4°, corresponding to the (1 0 0),
(1 0 1), (1 0 2), and (1 1 0) planes of the CoS phase with the space group
P63/mmc (194) (JCPDS card no. 65–3418), respectively [20]. Because
the ZnO nanoparticles were completely removed by the etching process,
no diﬀraction peaks other than the CoS peaks were observed.
To investigate the chemical states of CoS-NS-PCNF, XPS was performed. The XPS spectrum of CoS-NS-PCNF composed of C 1s, N 1s, S
2p, O 1s, and Co 2p was calibrated using the C 1s binding energy
(284.5 eV). The full XPS spectrum of CoS-NS-PCNF exhibited C 1s, N 1s,
S 2p, O 1s, and Co 2p peaks, indicating the presence of C, N, S, O, and
Co, without any another impurity phases (Fig. S1). As shown in

Dual-doped (N and S) mesoporous carbon nanoﬁbers (PCNFs) with
CoS nanoparticles were synthesized via electrospinning and carbonization. First, 3 wt% C32H16CoN8, 3 wt% L-cysteine, and 10 wt% PAN
were dissolved in DMF followed by stirred for 5 h. Then, to form mesopores on carbon nanoﬁbers (CNFs), 15 wt% ZnO nanoparticles were
added to the prepared solution. Subsequently, the precursor solution
was added to a syringe ﬁtted with a 23-gauge needle. For the electrospinning process, the humidity in the chamber was maintained below
10%. The feeding rate of the syringe pump and DC voltage of the power
supply were applied at 0.05 ml h−1 and 15 kV, respectively. The distance between the aluminum collector and the needle was ﬁxed at
15 cm during the electrospinning process. The as-spun nanoﬁbers were
stabilized at 280 °C for 2 h in air and carbonized at 800 °C for 2 h in a
N2 atmosphere (99.999%). To remove residual ZnO nanoparticles from
the carbonized sample, etching was performed in a 1 M HCl solution for
3 h. After the etching process, the sample was washed several times
with DI-water and dried at 80 °C for 12 h. The resulting material is
hereinafter referred to as CoS-NS-PCNF. To examine the eﬀects of the N
2
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Fig. 1. (a) XRD patterns of commercial CoS2, CoS2-CNF, CoS-NS-CNF, and CoS-NS-PCNF, XPS spectra obtained from (b) C 1s, (c) N 1s, (d) S 2p, (e) O 1s, (f) Co 2p3/2
of CoS-NS-PCNF, and (g) schematic illustration of N and S doping mechanism using decomposition of cysteine polymer.

similar to N-C bonds; however, because S atoms (1.09 Å) have a larger
atomic radius than C (0.91 Å), they prefer a thiophenic binding state
rather than a pyrrolic-N binding state (Fig. S2(b)) [27]. The lattice
distance of graphite (3.40 Å) can be increased to 3.73 Å by the thiophenic-S binding state, which contributes to fast ion intercalation into
graphite [28].
The O 1s spectrum of CoS-NS-PCNF (Fig. 1(e)) exhibited four signals
at ~530.9, ~532.1, ~533.2, and ~535.1 eV, corresponding to the C]
O, O-C-O or C-OH, O-C = O, and –COOH bonds, respectively [29]. The
O-containing bonds in the CNFs were generated on the surface by the
oxidation of C and absorption of O molecules. As shown in Fig. 1(f), the
Co 2p3/2 spectrum exhibited three types of Co(II), Co(III), and satellite
peaks at binding energies of ~779.2, ~781.1, and ~786.8 eV, respectively, conﬁrming the presence of the CoS phase. The crystal structure
of CoS was composed of two Co2+ and two S2− in the unit cell (Fig.
S2(c)) [30]. Co2+ is coordinated with six S2+ ions, which form the CoS6
octahedron sharing face and edge, each other [31]. In particular, CoS
has numerous redox reaction sites and excellent electrical properties
owing to its crystal structure. Fig. 1(g) shows the cysteine decomposition and N and S doping processes during the stabilization and carbonization. The cysteine polymer had a C3H7NO2S molecular structure
with chemical properties of 121 Da (uniﬁed atomic mass unit) and
Hf = −534 kJ mol−1 (latent heat of melting). The decomposition
equation for cysteine is as follows [22,32]:

Fig. 1(b), the C 1s spectrum of CoS-NS-PCNF exhibited typical signals at
~284.6, ~285.4, ~286.4, and ~289.1 eV, corresponding to the C–C, C(O, S, and N), C=(O and N), and O = C-O binding states, respectively
[21]. In particular, the C-N and C-S binding states were formed by N
and S sources provided by cysteine polymers [22]. The N 1s XPS
spectrum of CoS-NS-PCNF (Fig. 1(c)) exhibited three signals at ~398.2,
~399.5, and ~401.0 eV, corresponding to the pyrrolic-, graphitic-, and
pyridinic-N binding states, respectively (Fig. S2(a)) [23].
The N atoms combined with two C atoms located at the edges of the
graphene lattice, forming a pyridinic-N structure. A pyrrolic-N structure
coupled with two C atoms was generated at the graphene lattice plane,
constituting a heterocyclic ring. Pyridinic-N and pyrrolic-N can increase
the number of active sites of graphene by providing N2C bonds, which
are related to broken C–C bonds. The graphitic-N structure is formed by
replacing N atoms with carbon atoms in the graphene lattice. In addition, doped N atoms in the graphene lattice plane form one p-electron
that contributes to the π-system of the carbon structure, which can
improve the electrical conductivity owing to the extra electrons in the
CNFs [23,24].
The S 2p spectrum of CoS-NS-PCNF (Fig. 1(d)) exhibited two signals
at ~164.3 eV and ~169.3 eV, corresponding to the thiophenic-S (C-S-C)
and oxidized-S (-C-SOx-C-) binding states, respectively [25]. Thiophenic-S is formed by one S atom with two neighboring C atoms, which
provides extra electrons via spin-orbit coupling. In addition, an oxidized S bond appeared, which resulted from existing S combined with O
molecules at the edge of the graphene plane [25,26]. S-C bonds are

2C3H7NO2S → 2CO2 + 2H2S + NH3 + C4H7N
3

(1)
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Fig. 2. (a-d) Low and (e-h) high-magniﬁcation FESEM images, and (i-l) schematic illustration of commercial CoS2, CoS2-CNF, CoS-NS-CNF, and CoS-NS-PCNF.

reduced to the Zn and were thermodynamically stabilized. Owing to the
Kirkendall eﬀect, ZnO particles are externally diﬀused and partially
evaporated to form mesopores in the CNFs [34]. Furthermore, the
amount of CoS in CoS2-CNF, CoS-NS-CNF, and CoS-NS-PCNF was
identiﬁed using TGA measurement, as shown in Fig. S4. The CoS2-CNF,
CoS-NS-CNF, and CoS-NS-PCNF exhibit weight losses of 33.5%, 33.8%,
and 34.7%, implying the existence of CoS nanoparticles in CNFs. The
unique mesoporous architecture of CoS-NS-PCNF, including the welldispersed CoS nanoparticles in the PCNFs provided numerous active
sites as well as a short ion diﬀusion length, which can improve the
ultrafast cycling performance.
To further investigate the structure of CoS-NS-PCNF, transmission
electron microscopy with energy-dispersive X-ray spectrometry mapping (TEM and TEM-EDS mapping, Gwangju Center, Korea Basic
Science Institute) was performed (Fig. 3). The CoS-NS-PCNF showed
mesopores in the PCNFs (Fig. 3(a)). In addition, the dark spots in CoSNS-PCNF (Fig. 3(b)) exhibited well-dispersed CoS nanoparticles with
sizes of ~9.8–20.4 nm inside the CNFs. Remarkably, the CoS nanoparticles were encapsulated in carbon (Fig. S5). These results indicate
that a mesoporous structure with CoS nanoparticles was formed by the
reduction and evaporation of ZnO particles due to the decomposition of
the cysteine polymer on the CoS nanoparticles [4,34]. The cysteine
polymer had a C3H7NO2S molecule. The C atoms form a carbon layer on
the surface of CoS nanoparticles via decomposition of the C3H7NO2S
molecule during the carbonization process in a N2 atmosphere [32,33].
According to the EDS results (Fig. 3(c) and S6), all elements (C, N, S,
and Co) were uniformly dispersed, indicating that the CoS nanoparticles and doped N and S atoms were well dispersed in the PCNFs.
To determine the speciﬁc surface area and pore types of the samples, Brunauer-Emmett-Teller (BET) measurements, which were used

Initially, as the temperature increases, the CO2 molecules decompose, and then the –C*OOH and –SH groups start to decompose
at > 220 °C. At this time, the decomposed –SH molecules remain in the
CNFs as an S-doping source. The intermediate compound NH2-Cα-C*
formed during the decomposition generates 3-pyrrolidinamine and 2,5Dihydro-1Hpyrrole (C4H7N). Finally, the remaining S in the -SH molecule and N in the C4H7N molecule are doped into CNFs during the
carbonization process (at 800 °C). Thus, dual-doped anions with uniform N and S dopants can be synthesized using the cysteine polymer
[22,32].
Fig. 2 shows (a)–(d) low magniﬁcation, (e)–(h) high-magniﬁcation
FESEM images, and (i)–(l) schematics of the commercial CoS2, CoS2CNF, CoS-NS-CNF, and CoS-NS-PCNF, respectively. The commercial
CoS2 had a size of ca. 74.8–123.6 nm, with a spherical shape (Fig. 2(a),
2(e), and 2(i)). In contrast, CoS2-CNF, CoS-NS-CNF, and CoS-NS-PCNF
had diameters of ~255.9–308.8 nm, ~198.5–238.6 nm, and
~184.0–229.1 nm, respectively, and exhibited interconnected network
structures that facilitated eﬃcient charge transfer, e.g., ions and electrons during cycling (Fig. 2(b)–(d)) [18]. Furthermore, the CoS-NS-CNF
and CoS-NS-PCNF exhibited well-dispersed CoS nanoparticles in the
CNFs compared with the CoS2-CNF without the cysteine polymer.
In general, although CoS nanoparticles are easily aggregated owing
to their unstable state with a high surface energy, in the cases of CoSNS-CNF and CoS-NS-PCNF, the added cysteine polymer improved the
dispersibility of the CoS nanoparticles in the carbon by reducing the
surface energy of CoS [33]. While the CoS-NS-CNF exhibited a smooth
surface (Fig. 2(g) and (k)), the CoS-NS-PCNF exhibited a rough surface
with mesopores (Fig. 2(h) and (l)) owing to the reduction and evaporation of ZnO particles during the carbonization process (Fig. S3) [4].
During the carbonization process, ZnO particles dissolved, were
4

Applied Surface Science 527 (2020) 146895

D.-Y. Shin, et al.

Fig. 3. (a) Low and (b) high-magniﬁcation TEM images, and (c) TEM-EDS mapping images obtained from CoS-NS-PCNF.

Fig. 4. (a) N2 adsorption/desorption isotherms, (b) speciﬁc surface area and total pore volume, (c) BJH pore size distribution between 0.2 and 200 nm obtained from
all samples, (d) schematic illustration of ion/electron diﬀusion mechanism of CoS-NS-PCNF.

for CoS2-CNF, 421.6 m2 g−1 and 0.21 cm3 g−1 for CoS-NS-CNF, and
548.2 m2 g−1 and 0.27 cm3 g−1 for CoS-NS-PCNF (Fig. 4(b)).
The speciﬁc surface area and total pore volume of CoS-NS-PCNF
were approximately 1.30 and 1.29 times larger than those of CoS-NSCNF, respectively, owing to the mesopores formed in the CNFs. Fig. 4(c)
shows the pore volumes and pore diameter distributions obtained using
BJH measurements. The mesopore size of CoS-NS-PCNF was higher
than that of commercial CoS2 and CoS-NS-CNF at 15 nm to 50 nm
because of the mesopores formed by the reduction and evaporation of

by N2 adsorption/desorption isotherms, were analyzed (Fig. 4(a)). The
isotherms of commercial CoS2, CoS2-CNF, and CoS-NS-CNF exhibited
type-I characteristics as deﬁned by the International Union of Pure and
Applied Chemistry. These characteristics are related to micropores with
pore widths of < 2 nm on the surface [35]. However, the isotherms of
CoS-NS-PCNF exhibited type-IV characteristics corresponding to mesopores with pore widths of 2–50 nm at high pressures of P/Po > 0.45
[35]. The speciﬁc surface areas and total pore volumes were 7.1 m2 g−1
and 0.05 cm3 g−1 for commercial CoS2, 254.5 m2 g−1 and 0.13 cm3 g−1
5
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Fig. 5. (a) Nyquist plots and (b) relationship between Zreal and ω−1/2 in the low frequency range of Nyquist plots, and (c) Li ion diﬀusion coeﬃcient of commercial
CoS2, CoS2-CNF, CoS-NS-CNF, and CoS-NS-PCNF.

the excessive volume expansion, which caused rapid capacity fading
[15,16]. Thus, the composition of CoS with carbon is necessary to effectively suppress volume expansion. For this reason, CoS-NS-PCNF
exhibited a higher a speciﬁc capacity (748.6 mAh g−1 with excellent
capacity retention of 96.5%) than commercial CoS2 (speciﬁc capacity of
271.2 mAh g−1 with a capacity retention of 34.5%), CoS2-CNF (speciﬁc
capacity of 508.6 mAh g−1 with capacity retention of 63.6%), and CoSNS-CNF (speciﬁc capacity of 667.6 mAh g−1 with capacity retention of
86.9%). This is attributed to the eﬃcient dispersion of the CoS nanoparticles in PCNF. Furthermore, the cyclic voltammetry (CV) curves and
charge–discharge curves of all samples showed typical electrochemical
behavior, as shown in Figs. S8 and S9, respectively.
Fig. 6(b) shows the rate performance of the commercial CoS2, CoS2CNF, CoS-NS-CNF, and CoS-NS-PCNF at current densities of 100, 300,
700, 1000, 1500, and 2000 mA g−1. With an increase in the current
density from 100 to 2000 mA g−1, while the speciﬁc capacity of
commercial CoS2 rapidly decreased, the composition of CoS with
carbon exhibited an outstanding speciﬁc capacity. However, despite the
combination of CoS with carbon, the CoS2-CNF exhibited low rate
performance owing to the agglomerated CoS nanoparticles in the CNFs.
In contrast, the CoS-NS-CNF and CoS-NS-PCNF exhibited higher speciﬁc
capacities than the commercial CoS2 and CoS2-CNF because of the welldispersed CoS nanoparticles in the N- and S-doped carbon, which can
prevent volume expansion with a high electrical conductivity. In particular, the CoS-NS-PCNF exhibited remarkable rate performance of
822.1–550.4 mAh g−1 with current densities of 100–2000 mA g−1,
which was the highest among the samples (Fig. S10). Furthermore, the
electrochemical performances of CNF and NS-CNF electrodes are shown
in Fig. S11.
These results indicate that the enhancement of the electrochemical
kinetics was primarily due to the eﬃcient improvement of the Li ion
diﬀusion and electron transfer caused by the mesoporous structure and
anion dual doping of the PCNFs [36,37]. This result implies outstanding
electrochemical performance at a high current density compared with
previous reported CoS-based electrodes (Fig. 6(c)) [17,39–47]. Fig. 6(d)
shows the results of ultrafast cycling stability tests of commercial CoS2,
CoS2-CNF, CoS-NS-CNF, and CoS-NS-PCNF at a high current density of
2000 mA g−1 over 500 cycles. Compared with the commercial CoS2
(60.5 mAh g−1 after 500 cycles), CoS2-CNF (140.7 mAh g−1 after 500
cycles), and CoS-NS-CNF (220.2 mAh g−1 after 500 cycles), the CoS-NSPCNF exhibited superb ultrafast cycling performance at a speciﬁc capacity of 514.6 mAh g−1 with a capacity retention of 93.5% after 500
cycles at a current density of 2000 mA g−1.
Fig. 7(a) shows Nyquist plots of commercial CoS2 and CoS-NS-PCNF
obtained from fresh cells evaluated at a current density of 2000 mA g−1
after 500 cycles. The commercial CoS2 exhibited a signiﬁcantly increased resistance with a high Warburg impedance owing to electrode
degradation caused by the volume expansion of CoS nanoparticles.
Even after the ultrafast cycling test at 2000 mA g−1 over 500 cycles, the
resistance and Warburg impedance of CoS-NS-PCNF remained low
owing to the suppression of the volume expansion and the improved

the added ZnO nanoparticles. These results are in good agreement with
the SEM and TEM results. The high speciﬁc surface area and high
mesopore distribution of CoS-NS-PCNF are key factors that are wellknown to reduce the Li ion diﬀusion length and improve the Li ion
penetration [36,37]. Furthermore, doped N and S atoms with mesopores in CoS-NS-PCNF can accelerate the fast electron transfer and
enhance the penetration of the electrolyte, resulting in ultrafast energy
storage performance (Fig. 4(d)).
To evaluate the electrochemical kinetics of the Li ions and electrons,
electrochemical impedance spectroscopy (EIS) was performed using
coin-type cells comprising commercial CoS2, CoS2-CNF, CoS-NS-CNF,
and CoS-NS-PCNF. Fig. 5(a) shows Nyquist plots of all the samples at
the open-circuit potential in the frequency range of 105 to 10−2 Hz. In
the high-frequency region, the semicircle corresponds to the charge
transfer resistance (Rct) between the electrode and electrolyte. In the
low-frequency region, the inclined line (referred to as the Warburg
impedance) is attributed to Li ion diﬀusion in the electrode [38].
Among the samples, CoS-NS-PCNF had the lowest Rct and Warburg
impedance. The low Rct is attributed to the formation of extra electrons
associated with p-electrons in the π-system by N and S doping [23,25].
Owing to the electrical behavior of the samples, the electrical conductivity was 2.5 × 102 S cm−1 for commercial CoS2, 3.2 × 102 S
cm−1 for CoS2-CNF, 7.4 × 102 S cm−1 for CoS-NS-CNF, and 7.9 × 102
S cm−1 for CoS-NS-PCNF (Fig. S7). The Warburg impedance of the CoSNS-PCNF was clearly reduced because the mesoporous structure with
doped N and S atoms provided a short Li ion diﬀusion length and wide
ion diﬀusion pathway (Fig. 5(b)). As shown in Fig. 5(c), the Li ion
diﬀusion coeﬃcients of all the electrodes were obtained from the lowfrequency slopes of the EIS data using Eqs. (2) and (3) [5,38].

Z real = R e + R ct + σw ω−1/2

(2)

D= R2T 2/2A2n4F 4C2σw 2

(3)

where Re and σw represent the bulk resistances corresponding to the
resistance of the components (electrode, electrolyte, and separator) in
the cell and the Warburg impedance coeﬃcient corresponding to the
resistance of Li ion diﬀusion in the material, respectively. D, A, and n
represent the Li ion diﬀusion coeﬃcient, electrode area, and number of
electrons per molecule, respectively. R, F, and C represent the gas
constant, Faraday constant, and molar concentration of Li ions, respectively. The Li ion diﬀusion coeﬃcient was larger for the CoS-NSPCNF electrode (1.72 × 10−12 cm2 s−1) than for other samples
(0.39 × 10−12 cm2 s−1 for commercial CoS2, 0.62 × 10−12 cm2 s−1 for
CoS2-CNF, and 0.90 × 10−12 cm2 s−1 for CoS-NS-CNF). This suggests
that the mesoporous structure of CoS-NS-PCNF with doped N and S
atoms improved the ultrafast Li storage kinetics of LIBs owing to short
lithium diﬀusion lengths and fast ion/electron transfer rates.
Fig. 6(a) shows the cycling stability of the charge/discharge performance measured at a low current density of 100 mA g−1 over 100
cycles in the voltage range of 0.05–3.0 V (vs. Li/Li+). After the cycling
stability test, the commercial CoS2 exhibited a low speciﬁc discharge
capacity of 271.2 mAh g−1 with capacity retention of 36.1% owing to
6
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Fig. 6. (a) Cycling stability test at current density of 100 mA g−1 up to 100 cycles, (b) rate-performance at current densities of 100–2000 mA g−1, (c) competition of
high-rate performance with previously reported CoS-based anode materials in the LIBs, and (d) ultrafast cycling stability at current density of 2000 mA g−1 up to 500
cycles.

anion dual-doping in the CNFs exhibited ultrafast cycling performance.
The improvement of the ultrafast cycling performance is ascribed to
three main eﬀects (Fig. 8): (I) the high speciﬁc capacity is attributed to
the well-dispersed CoS nanoparticles in the PCNFs, which provided
numerous active sites (Fig. S14(a)); (II) the outstanding cycling stability
is attributed to the encapsulated CoS nanoparticles in the PCNFs, which
prevented and relieved the stress caused by volume expansion (Fig.
S14(b)); and (III) the superb ultrafast cycling performance is ascribed to
the mesopores with doped N and S atoms in the PCNFs, which provided
an excellent fast electrochemical reaction between the CoS nanoparticles and Li ions owing to the reduced Li ion diﬀusion lengths and
fast ion/electron transfer rates (Fig. S14(c)). Thus, we believe that the
novel CoS-NS-PCNF electrode has great potential as an anode material
for ultrafast LIBs.

electrical conductivity. In general, CoS nanoparticles are subjected to
extreme stress under ultrafast cycling conditions owing to their accelerated volume expansion [48]. Nevertheless, for CoS nanoparticles
encapsulated in PCNFs, the carbon matrix suppresses the volume expansion of CoS nanoparticles. In particular, the empty spaces around
the CoS nanoparticles eﬀectively relieve the stress caused by volume
expansion (Fig. 7(b)) [49,50]. In addition, after 500 cycles at current
density of 2000 mA/g, the surface morphology of commercial CoS2 is
severely destructed with surface crack due to high volume expansion of
commercial CoS2 (diameter of commercial CoS2 increased from
~74.8–123.6 nm to ~106.4–160.2 nm), as shown in Fig. S12. On the
other hand, the CoS-NS-PCNF electrode displayed a surface structure
similar to the initial state due to increased structural stability. Although
the CoS nanoparticles are slightly increased (~14–28 nm), their structure is still maintained with well-dispersed CoS nanoparticles, as shown
in Fig. S13.
Thus, in this study, CoS-NS-PCNF with mesoporous structures and

Fig. 7. (a) Comparison of Nyquist plots obtained from the initial and 500th cycle for commercial CoS2 and CoS-NS-PCNF at current density of 2000 mA g−1, (b)
schematic illustration of degradation mechanism of commercial CoS2 and CoS-NS-PCNF.
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Fig. 8. Schematic illustration of the three main eﬀects on CoS-NS-PCNF for improving ultrafast lithium storage performances. Schematic illustration of ion diﬀusion
and electron transport in CoS-NS-PCNF with three main eﬀects for ultrafast LIBs.

4. Conclusions

Appendix A. Supplementary data

We successfully synthesized CoS nanoparticles encapsulated in
anion dual-doped mesoporous carbon nanoﬁbers (CoS-NS-PCNF) as an
anode material via electrospinning and carbonization. Speciﬁcally, we
proposed a unique architecture consisting of encapsulated CoS nanoparticles in N- and S-doped PCNFs, which can improve the ultrafast
cycling performance. The CoS-NS-PCNF exhibited the highest speciﬁc
surface area (548.2 m2 g−1), with a total pore volume of 0.27 cm3 g−1.
In addition, the novel electrode exhibited an improved Li ion diﬀusion
coeﬃcient (1.72 × 10−12 cm2 s−1) and increased electrical conductivity (7.9 × 102 S cm−1). The signiﬁcantly improved electrochemical performance of CoS-NS-PCNF, including the high speciﬁc
capacity (748.6 mAh g−1 with capacity retention of 96.5% at a current
density of 100 mA g−1 after 100 cycles), superb high-rate capacity
(550.4 mAh g−1 at a current density of 2000 mA g−1), and excellent
ultrafast cycling stability (514.6 mAh g−1 with capacity retention of
93.5% at a current density of 2000 mA g−1 after 500 cycles) was attributed to three main factors. First, the high speciﬁc capacity was
caused by the increased number of active sites resulting from the welldispersed CoS nanoparticles. Second, outstanding cycling stability was
related to the suppression of the volume expansion by the encapsulated
CoS nanoparticles in the carbon. Third, the excellent ultrafast cycling
performance is attributed to the reduced Li ion diﬀusion length as well
as the fast electron transfer rate due to the well-distributed mesopores
and the doped N and S atoms in the PCNFs. The unique architectures
developed in this study are promising candidates for the anode materials of ultrafast LIBs.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsusc.2020.146895.
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