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ABSTRACT

As effective and simple approach by which to construct hybrid nanocomposite using ZnS nanoparticles
(NPs) and conducting carbon materials to realize robust ultrafast lithium storage capabilities, we newly
developed tunneled-mesoporous S-doped carbon nanofibers (SCNF) embedded with ZnS NPs through a
one-pot carbonization process via the thiourea effect. This hybrid nanocomposite is unique given its
tunneled-mesoporous CNF structure with well-dispersed ZnS NPs by ZnO sulfurization, offering available
space to accept abrupt structural expansions of ZnS NPs and efficient Li-ion pathways during the elec-
trochemical reaction. Using this material leads to competitive cycling stability and superior rate capa-
bilities. Even at a high current density of 2000 mA g, amazing ultrafast electrochemical performance
outcomes with a high specific capacity (391.8 mAh g~!) and good long-term cycling stability (97.2%) after
500 cycles were noted. These findings are attributed to the synergistic effects of the accelerated the
transportation of Li ions for the ZnS NPs by the internal construction of the tunneled-mesoporous SCNF
and facilitation of the electrical conductivity of the electrode via the S doping effect of the CNF matrix.
Therefore, the proposed approach for a unique hybrid nanocomposite holds great potential regarding the

development of an outstanding anode electrode to enhance the ultrafast lithium storage capabilities.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Lithium-ion batteries (LIBs) have been recognized as a promi-
nent power source for various portable electronic devices, such as
smartphones and laptops, owing to notable characteristics such as a
high energy density, good cycling stability, a low self-discharge
rate, environmental friendliness, and little memory effect [1-5].
Commercially, the energy density of LIBs has reached 150 Wh kg™ ';
however, to use these devices in an electric vehicle intended to
drive at least 300 miles per charge, the energy density of LIBs
should be 300 W h kg~ [6,7]. Furthermore, given the recent large-
scale utilization of LIBs, the exceptional specifications are now
required, specifically greater increases in the rate capability and
cycling stability as well as ultrafast capability [5,8]. To realize these
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performances, the development of anode materials as alternatives
to graphitic carbon and its low theoretical capacity of 372.0 mAh
g ! is an important research objective because the anode elec-
trodes in LIBs play a key role in enabling electric current in the
system [9]. Among various alternative reported thus far, zinc sulfide
(ZnS) has been considered as an ideal anode material due to its high
theoretical capacity (962.0 mAh g=!), high natural abundance,
environmental friendliness, and facile synthesis methods [10].
However, practical lithium storage capabilities have been hindered
by the inherently poor electrical conductivity and serious volume
changes which occur during the Li-ion charge/discharge process,
leading to extremely poor LIB performance outcomes stemming
from the deteriorated structure and resultant electrode pulveriza-
tion, which becomes even graver during ultrafast charging and
discharging [10,11].

To overcome these limitations of ZnS, several strategies have
been introduced in relation to accelerating the kinetics and stability
of the electrode. An effective approach is nanosize the ZnS material
[12—14]. This is useful to alleviate the structural expansion and
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reduce the Li-ion diffusion length due to the increased specific
surface area of this material. In addition, the unique nano-
structuring of nanorods and nanosheets provides transmission
paths for efficient Li-ion transportation, improving the cycling
stability and rate performance of LIBs. A more advanced method
replies on a composite of ZnS nanostructures with conducting
carbon materials (amorphous carbon and reduced graphene oxide)
[15,16]. Such carbon composites allow electrons and Li-ions to
move quickly through the conductive carbon matrix in the vicinity
of the ZnS nanostructures and, at the same time, relaxes the
transformation of the nanostructures during repetitive charging/
discharging. These factors are beneficial for improving the cycle
and rate performances, but such values of the electrochemical
behavior could be unfortunately lost under an ultrafast current rate
during the large-scale utilization of LIBs in the form of rapidly
degrading specific capacity and cycling retention values [9,17].
Recently, a few reports noted that the hybridization of porous
carbon nanostructures having both a large surface area and rapid
rates of electrical conductivity with ZnS is a promising strategy to
realize approach satisfactory ultrafast lithium storage capability
outcomes. Nevertheless, in these studies, a metal-organic frame-
work (MOF) skeleton or a hard template was mostly commonly
used, making the preparation of the hybrid nanostructures highly
complex and expensive, with the resultant performances insuffi-
cient as well [18—20]. Therefore, developing desired hybrid nano-
structures with ZnS and conductive porous carbon materials using
a simple and effective process remains as a great challenge to be
overcome before robust ultrafast LIB performances can be realized.

In this study, with the considerations above and to realize
enhanced ultrafast LIB performances, we newly developed unique
hybrid nanocomposites with tunneled-mesoporous S-doped car-
bon nanofibers (SCNF) and embedded ZnS nanoparticles (NPs)
through a one-pot carbonization process via the thiourea effect.
This approach involves the simple and effective construction of
hybrid nanocomposites by means of original carbonization pro-
cesses to accelerate the formation of tunneled mesopores and the
S-doping effect in the CNF during the sulfurization of ZnO NPs by
the thermal decomposition of thiourea. The hybrid nanocomposites
have synergistic advantages that improve the electrochemical ki-
netics and stability, making them useful for ultrafast lithium stor-
age by LIBs. That is, the tunneled-mesopore CNF structure not only
reduces the Li-ion diffusion pathways for ZnS NPs but also provides
available room for the extensive volume change of the ZnS NPs
during the Li-ion charge/discharge process. Moreover, S-doping in
the CNF can accelerate the electrical conductivity of the electrodes
for efficient charge transportation in LIBs. With the combination of
these unique features, the hybrid nanocomposites deliver stable
rate capability and long-term cycling retention at an ultrafast cur-
rent density (2000 mA/g) as high-performance anode electrodes
for ultrafast LIBs.

2. Experimental
2.1. Chemicals

ZnO NPs (<50 nm in particle size), thiourea (CH4N>S, 99.0%),
polyacrylonitrile (PAN, My, = 150,000), and N,N-dimethylforma-
mide (DMF, 99.8%) were purchased from Sigma-Aldrich. All
chemicals were used without further purification.
2.2. Synthesis of hybrid nanocomposites

The hybrid nanocomposites with the tunneled-mesoporous

SCNF embedded with ZnS NPs were successfully fabricated
through electrospinning with a subsequent carbonization step. To
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prepare the solution for the electrospinning step, 15 wt% ZnO NPs
was dispersed in DMF dissolved with 10 wt% PAN, after which
thiourea acting as a medium to induce the sulfurization of the ZnO
NPs was dissolved in the PAN solution with the dispersed ZnO NPs,
with the added amount of thiourea in the solution adjusted to 2, 3,
and 4 wt¥% in order to optimized the construction of the hybrid
nanocomposites. The electrospinning process was performed by
applying voltage of 13 kV between a needle (23 gauge) and the Al
collector at a distance of 15 cm and with the feeding rate of the
syringe fixed at 0.03 mL h™ .. Additionally, ZnO NPs-embedded PAN
nanofibers with different amounts of thiourea (2, 3, and 4 wt%)
were stabilized at 280 °C for 2 h in air and then calcined at 800 °C
for 2 h. Accordingly, three types of hybrid nanocomposites were
obtained as a result of ZnO NPs sulfurization (herein referred to as
ZnS/SCNF-T2, ZnS/SCNF-T3, and ZnS/SCNF-T4). For comparison, we
prepared bare CNF through the carbonization of PAN nanofibers
without thiourea.

2.3. Characterizations

Differential scanning calorimetry (DSC) measurements and a
thermogravimetric analysis (TGA) were conducted at a heating rate
of 10 °C min~ . The crystal structure was traced by X-ray diffraction
analyses (XRD, Rigaku D/Max 2500V) between 10° and 80° with a
step size of 0.02°. The structures and morphologies were examined
by means of field-emission scanning electron microscopy (FESEM,
Hitachi S-4800) and transmission electron microscopy (MULTI/
TEM; Tecnai G2, KBSI Gwangju Center). The element distribution
was visualized by means of energy-dispersive spectrometry (EDS)
mapping. The surface properties of the specific surface area, the
pore volume, and the average pore diameter were investigated
using the  Brunauer—Emmett—Teller (BET) and Bar-
rett—Joyner—Halenda (BJH) methods by obtaining the corre-
sponding N, adsorption/desorption isotherms at 77 K. Chemical
bonding states were analyzed by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250) using Al K, X-ray sources. The electrical con-
ductivity of the electrode was measured using a Hall effect mea-
surement system (HMS-3000).

2.4. Electrochemical measurements

Electrochemical performances were measured using coin-type
cells (CR2032, Hohsen Corporation) with the fabricated samples
as the anode, a lithium metal foil (Honjo Chemical, 99.8%) as the
counter electrode, a porous polypropylene membrane (Celgard
2400) as the separator, and a 1.0 M LiPFg solution in a mixture of
dimethyl carbonate-ethylene carbonate (1:1) as the electrolyte. To
fabricate the anode electrode, slurries were prepared by mixing
70 wt% of the prepared samples with 20 wt% of polyvinylidene
fluoride (PVDF) as the binder and 10 wt% of Ketjenblack (Alfa Aesar)
as the conducting material with N-methyl-2-pyrrolidinone. The
homogenized slurries were coated using the doctor blade method
onto a Cu foil (Nippon Foil, 18 mm) and then dried in an oven at
100 °C for 12 h. The mass loading of the active materials on each
electrode was about 15 mg. All coin-type cells were assembled in a
high-purity argon-filled glove box (<5 ppm H,0 and O,).

Charging/discharging tests were performed using a battery
cycler system (WonATech Corp., WMPG 3000) in the potential
range of 0.05—3.00 V (vs. Li/Li") at 25 °C in an incubator. Cyclic
voltammetry (CV) measurements were carried out on a potentio-
stat/galvanostat (Eco Chemie Autolab PGST302 N) at a scan rate of
0.1 mV s~ ! over the potential range of 0.05—3.00 V (vs. Li/Li*). The
cycling stability of the cells was evaluated up to 100 cycles at a
current density of 100 mA g~ .. The rate performance outcome was
examined at current densities of 100, 300, 700, 1000, 1500, and
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2000 mA g~ L The ultrafast cycling capability was examined for 500
cycles at a current density of 2000 mA g~ !. Electrochemical
impedance spectroscopy (EIS) measurements were carried out
using fresh cells over a frequency range of 10°—10-2 Hz while
applying an AC signal of 5 mV.

3. Results and discussion

Fig. 1a shows a schematic of the formation mechanism of the
hybrid nanocomposites consisting of tunneled-mesoporous SCNF
embedded with ZnS NPs using thiourea. During the carbonization
process, the thiourea in the stabilized CNF with ZnO NPs (CNF/ZnO)
acts as multi-functional media, causing mesopores and S-doping
over the CNF as a result of the sulfurization of the ZnO NPs. Upon
the initiation of the carbonization process, the thiourea can func-
tion as an H3S source in the stabilized CNF/ZnO due to its thermal
decomposition, producing H,S, NHs, CS;, and HSCN gases, as
confirmed by the relaxed exothermic peak in the temperature

\J‘ ZnO

PAN nanofibers
with ZnO NPs

@ Hydrogen @ Nitrogen
Thermal decomposition
[Thiourea] - -+ [Hydrogen sulfide]

One-pot Carbonization

@ suitur

Sulfurization of ZnO NPs
——————— » [Tunneled-mesopore and S-doping]

— Stabilized bare CNF
Stabilized CNF/ZnO+Thiourea

20} (b)

10

Heat Flow (uW)
o

220 |

Temperature (°C)

100 200 300 400 500 600 700 800

Journal of Alloys and Compounds 854 (2021) 157206

range of 310—390 °C in the DSC curve compared to stabilized CNF
without thiourea (see Fig. 1b) [21]. In particular, although the DSC
curve of pristine thiourea shows decomposition reaction peak at a
temperature lower than 310 °C, thiourea existing in the PAN fiber is
observed at an increased decomposition temperature of
310—390 °C (Fig. S1). The sulfurization of the ZnO NPs embedded in
the CNF by a chemical reaction with H,S (ZnO + H,S — ZnS + H,0)
then occurs at 480—610 °C, as indicated by the violent exothermic
peak shown in the DSC curve [22,23]. At the same time, tunneled-
mesopores in the CNF can arise due to an oxidation reaction
(2H,0 + C — 2H;3 + COy) in the area surrounding the NPs induced
by the formed H,O0, and the S doping of the CNF occurs due to the
effect of the decomposed —SH molecules [24—26]. To clarify ve-
racity of the multiple effects using thiourea, we used XRD (Fig. 1¢)
of ZnS/SCNF-T3 samples prepared at different carbonization tem-
peratures of 400 and 600 °C in conjunction with the subsequent
SEM results (Fig. S1). While there is no formation of tunneled
mesopores for the 400 °C sample (Fig. S1a) as no triggering of
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Fig. 1. (a) Schematic illustration of the formation mechanism of the hybrid nanocomposites consisting of tunneled mesoporous SCNF embedded with ZnS NPs by the thiourea effect,
(b) DSC curves of stabilized bare CNF and stabilized CNF/ZnO samples with thiourea, and (c) XRD curves of ZnS/SCNF-T3 samples formed at different carbonization temperatures of

400 and 600 °C.



K.-W. Sung, B.-R. Koo and H.-J. Ahn

sulfurization occurred, the 600 °C sample (Fig. S1b) reveals the
formation of partially tunneled mesopores in the CNF due to the
presence of the ZnS, which was converted from ZnO. Therefore, it is
expected that the thiourea in the CNF/ZnO can cause the formation
of hybrid nanocomposites with tunneled-mesoporous SCNF and
the embedded ZnS NPs by generating ZnO sulfurization to induce
the tunneled mesopores and the S-doping in the CNF.

Fig. 2a—h display low-magnification and high-magnification
FESEM images of the bare CNF, ZnS/SCNF-T2, ZnS/SCNF-T3, and
ZnS/SCNF-T4 samples, respectively. In the low-magnification
FESEM images shown in Fig. 2a—d, while the bare CNF sample
has a dense and flat surface of a one-dimensional (1D) structure
with a diameter range of approximately 116.01-136.43 nm, the
surfaces of the ZnS/SCNF-T2, ZnS/SCNF-T3, and ZnS/SCNF-T4 sam-
ples appear to be uneven, together with increased diameters
(~162.53—187.76 nm for ZnS/SCNF-T2, ~171.96—202.64 nm for ZnS/
SCNF-T3, and ~175.69—438.94 nm for ZnS/SCNF-T4) in comparison
to the bare CNF sample due to the deformation induced by the
growth of the embedded NPs (~18.76—47.41 nm for ZnS/SCNF-T2,
~21.01—47.52 nm for ZnS/SCNF-T3, and ~26.5—81.79 nm for ZnS/
SCNF-T4). Hence, the 1D structure of ZnS/SCNF-T4, showing
excessive NP growth, became discontinuous, which can have
negative effects on the electron transfer and the Li-ion diffusion
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rate during the charge/discharge process [26]. Moreover, the high-
magnification images shown in Fig. 2e—h clearly show the forma-
tion of tunneled mesopores inside of the uneven CNF, unlike the
bare CNF sample with a dense cross-section. Interestingly, it was
also found that the diameter of the formed tunneled mesopores
and the corresponding distribution both gradually increase as the
amount of thiourea used increases to 3 wt% while maintaining the
1D structure. This can be attributed to the oxidation reaction of the
CNF induced by the growth of the NPs. That is, because using more
thiourea can cause the gradual growth of ZnS NPs as a result of the
recrystallization of ZnO to ZnS, the area of the CNF in contact with
the embedded ZnS NPs to induce the oxidation reaction of the NPs
increases, leading to the internal construction of the tunneled-
mesoporous CNF structure. This unique structure improves the
electrochemical performance by shortening the diffusion pathway
of Li ions and providing available space for the volume expansion of
the embedded ZnS NPs [27]. However, for the ZnS/SCNF-T4 sample,
there is a discontinuous 1D structure as a result of the collapsed
CNF induced by the excessive growth of the ZnS NPs located in it.
The degree of the formation of the tunneled-mesoporous structure
by the thiourea effect is clearly characterized by the BET mea-
surements. As shown in the N, adsorption/desorption isotherms in
Fig. 2i, while the bare CNF exhibits type I characteristics indicating
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the presence of micropores (pore diameter, < 2 nm), there are type
IV characteristics related to the existence of mesopores (pore
diameter, 2—50 nm) for the ZnS/SCNF samples [11,26]. By exten-
sion, in BJH measurements (see Fig. 2j), the tunneled-mesopore
volume in the approximate range of 2.44—43.57 nm was found to
increase from the bare CNF to the ZnS/SCNF-T3 sample but then
decreases at ZnS/SCNF-T4, in good agreement with the SEM results,
indicating that ZnS/SCNF-T3 has a higher specific surface area
(334.37 m? g~ 1) compared to the other samples (31.37 m? g~! for
bare CNF, 82.68 m? g~ ! for ZnS/SCNF-T2, and 203.82 m? g~ ! for ZnS/
SCNF-T4), together with an abundant tunneled-mesopore volume
fraction of 83.32%, as summarized in Table 1, allowing the predic-
tion of a radical improvement of the rate and ultrafast cycling ca-
pabilities for LIBs [13,28,29].

In order to characterize the morphology and inner structure
further, we conducted a TEM analysis of the ZnS/SCNF-T3 sample. In
Fig. 3a, the low-resolution TEM image shows the existence of dark
spots within the CNF with diameters in the range of
195.98—201.78 nm and with transparent regions among them,
indicating that NPs approximately 21.22—39.48 nm in size and
tunneled mesopores in the approximate range of 29.63—43.41 nm
are well dispersed over the CNF. In the enlarged TEM images
(Fig. 3b and c), it was noted that the tunneled mesopores are
located in the areas surrounding the ZnS NPs with a lattice fringe of
0.33 nm corresponding to the (100) plane of a wurtzite structure,
which is evidence that the tunneled mesopores are formed by the
sulfurization of the ZnO NPs to induce the oxidation reaction to the
CNF in contact with the NPs. Furthermore, the elemental distribu-
tion of ZnS/SCNF-T3 as measured by EDS mapping (see Fig. 3d)
clearly shows that Zn and S elements are uniformly dispersed along
the CNF structure, indicating that the ZnS NPs are regularly
embedded in the tunneled-mesopore CNF. These results prove that
the hybrid nanocomposites of the tunneled-mesoporous SCNF
embedded with the ZnS NPs are successfully fabricated during the
sulfurization of the ZnO NPs induced by thiourea. This hybrid
nanocomposite can accelerate the efficient transport of Li ions and
electrons in the active materials for ultrafast LIB performance due
to the shortened Li-ion diffusion pathway caused by the well-
dispersed ZnS NPs in the tunneled-mesoporous CNF, the available
space for the embedded ZnS NPs provided by the tunneled-
mesoporous CNF structure, and the enhanced electrical conduc-
tivity caused by the S doping of the CNF [29].

To probe the variation of the crystal structure by the thiourea
effect, we undertook a XRD analysis of the bare CNF, ZnS/SCNF-T2,
ZnS/SCNF-T3, and ZnS/SCNF-T4 samples. As shown in Fig. 4a, all
samples have in common broad peaks around 25.00° correspond-
ing to the (002) plane of amorphous graphite. Unlike the bare CNF,
the ZnS/SCNF-T2, ZnS/SCNF-T3, and ZnS/SCNF-T4 samples emit
correspondingly sharp diffraction peaks at 26.93°, 28.52°, 30.55°,
47.60°, and 56.44°, providing strong evidence of the formation of
the wurtzite ZnS phase with the (100), (002), (101), (110), and (112)
planes (JCPDS card 36—1450), respectively, via the thiourea effect.
However, ZnS/SCNF-T2 reveals a miner diffraction peak at 36.85°
corresponding to the (002) plane of hexagonal Zn (JCPDS card,

Table 1
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87—0713) formed as a result of the reduction of the remaining ZnO
during carbonization, which may indicate incomplete sulfurization
due to the lack of the thiourea. These results are also confirmed by
the Zn 2p XPS spectra (Fig. 4c). It was noted that the full width at
half maximum (FWHM) of the ZnS peaks is distinguished among
the samples. In addition, the grain sizes of the ZnS NPs (Dz,s) were
calculated using the from Scherrer equation (Egq. (1)) [28]:

Dzns =09 4 / (8 - cosh) (1)

where Dz is the grain size of ZnS, 1 is the wavelength of the X-rays,
g is the FWHM, and 4 is the Bragg angle. Based on the (100), (002),
(101), (110), and (112) planes, the average grain sizes of the ZnS NPs
are ~37.94 nm for ZnS/SCNF-T2, ~43.98 nm for ZnS/SCNF-T3, and
~50.61 for ZnS/SCNF-T4. Furthermore, TGA measurements were
taken to investigate the ratio of the composed materials of all
samples, as shown in Fig. 4b. Compared to showing the complete
weight loss of bare CNF as a result of the burning of carbon, there is
decreased weight loss from ZnS/SCNF-T2 (58.12%) to ZnS/SCNF-T4
(30.87%), which demonstrates that the tunneled-mesopore vol-
ume fraction was increased by the thiourea effect, burning the
carbon during the sulfurization and S-doping steps, as shown in the
BET results. To confirm the chemical bonding states of all of the
samples, an XPS analysis is utilized. In the C 1s XPS spectra of all
samples showing four characteristic peaks at approximately 284.5,
286.0, 287.6 and 288.9 eV corresponding to the C—C, C—O/C—N/
C—S, C=0, and O—C=0 bonding states (Fig. 4d), it was noted that
the peak area ratio of C—O/C—N/C—S to C—C gradually increases
from ZnS/SCNF-2 (0.38) to ZnS/SCNF-T4 (0.43), indicative of
increased S-doping in the CNF [30,31]. The S 2p XPS spectra shown
in Fig. 4e exhibit four characteristic peaks at approximately 161.2,
161.7, 162.9 and 163.7 eV corresponding to ZnS 2psj3, ZnS 2p1p2,
C—S—C 2p32, and C—S—C 2p1 for ZnS/SCNF-T2, ZnS/SCNF-T3, and
ZnS/SCNF-T4, while there is no emission of the characteristic peaks
by the bare CNF. Herein, the increased peak intensities of
thiophenic-S from the bare CNF to ZnS/SCNF-T4 are indicative of an
accelerated S-doping effect in the CNF once more, thus resulting in
a gradual increase of the electrical conductivity of the electrodes
(3.04 S cm™! for bare CNF, 463 S cm™! for ZnS/SCNF-T2, and
5.88 S cm~! for ZnS/SCNF-T3), as the thiophenic-S with one S atom
between two C atoms provides extra electrons by spin-orbit
coupling, as shown in Fig. 4f [27]. In the Raman spectra, the ID/IG
ratios of all samples gradually increased from 1.0 for bare-CNF to
1.09 for ZnS/SCNF-T4 without a band shift, as shown in Fig. S3.
Because the formation of atomic defects due to C—C bonds are
broken by the replaced S atoms, the order degree of the carbon
structure is decreased [32,33]. However, despite the stronger S-
doping effect for ZnS/SCNF-T4, the electrical conductivity
(5.65 S cm™!) of this sample is lower than that of the ZnS/SCNF-T3
sample, likely due to the discontinuous 1D structure induced by the
excessive growth of ZnS NPs. Therefore, the hybrid nanocomposites
of the tunneled-mesoporous SCNF embedded with the ZnS NPs
fabricated with thiourea at 3 wt% have optimum electrical con-
ductivity due to the synergic effect of the higher S-doping and the

Specific surface area, total pore volume, average pore diameter, and pore volume fraction of the bare CNF, ZnS/SCNF-t2, ZnS/SCNF-t3, and ZnS/SCNF-t4 samples.

Samples Sger [m? g7 Total pore volume (p/po = 0.990) [cm® g~'] Average pore diameter [nm] Pore volume fraction

Vmicro (%) Vmeso (%)
Bare CNF 31.37 0.06 1.94 88.73 11.27
ZnS/SCNF-T2 82.68 0.21 5.20 52.16 47.84
ZnS/SCNF-T3 33437 0.44 10.02 16.68 83.32
ZnS/SCNF-T4 203.82 0.32 6.33 34.64 65.36
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Fig. 3. (a) Low-resolution and (b and c) enlarged TEM images of ZnS/SCNF-T3, and (d) EDS mapping results of C, S, and Zn elements.

sophisticated 1D network structure of the CNF matrix, which
clearly supports the accelerated ultrafast electrochemical perfor-
mance outcomes [26,34].

The electrochemical performances of the LIBs are examined
using galvanostatic charge/discharge tests. In Fig. 5a, the increased
specific discharge capacities at the first cycle of the ZnS/SCNF
electrodes compared to that of the bare CNF electrode are
remarkable due to the participation of the ZnS NPs with a high
theoretical specific capacity of 962.0 mAh g~! (vs. 578.0 mAh g~!
for the bare CNF electrode) upon the electrochemical reaction [10].
Compared to the other ZnS/SCNF electrodes (1457.9 mAh g~! for
ZnS/SCNF-T2 and 1012.0 mAh g~! for ZnS/SCNF-T4), the ZnS/SCNF-
T3 electrode is shown to deliver higher specific discharge capacities
(1627.2 mAh g~ ') at the first cycle. This stems from the optimized
thiourea effect to induce the complete formation of ZnS NPs in the
CNF without excessive NP growth, as confirmed by the SEM (Fig. 2)
and XRD results (Fig. 4a). The galvanostatic charge/discharge
voltage profiles clearly produce definite two voltage plateaus in the
discharge process of the first cycle at 0.75 V, attributed to the
reduced reaction of the ZnS (ZnS + Li* + 4e~ — LiyS + Zn) in the
voltage range of 0.01-0.4 V, corresponding to the further sequential
lithiation reaction of Zn to form the LiZn phase (Zn — LiZng —
LiZn) and contributing to SEI layer formation at the ZnS NPs to
cause an irreversible capacity and low Coulombic efficiency (41.3%
for the bare CNF electrode, 46.8% for the ZnS/SCNF-T2 electrode,
51.9% for the ZnS/SCNF-T3 electrode, and 47.1 for the ZnS/SCNF-T4
electrode), as previously reported [35,36]. Among these, the
initial Coulombic efficiency of ZnS/SCNF-T3 shows the highest
value, possibly due to the internal construction of the tunneled-
mesoporous CNF structure, which enhances the efficient Li-ion
transport of the ZnS NPs [37—39]. With reversible operation of
the electrochemical behavior of all electrodes after reaching 100.0%
Columbic efficiency at eight cycles, the ZnS/SCNF-T3 electrode
shows superb cycling retention (90.7%) with a high discharge ca-
pacity of 654.2 mAh g~! after 100 cycles compared to the ZnS/
SCNF-T2 electrode (89.7% with 497.4 mAh g~ 1) and the ZnS/SCNF-
T4 electrode (85.8% with 4279 mAh g~!). This performance
outcome indicates that the optimized tunneled-mesoporous 1D
structure with a superb specific surface area very is highly effec-
tively improves the electrochemical stability due to the provision of

available space for the extensive volume change of the ZnS NPs
during the Li-ion charge/discharge process. Fig. 5b presents the rate
performance outcomes of LIBs acquired at various current densities
from 100 to 2000 mA g~ ' and then at 100 mA g\ When the
applied current density is gradually increased from 100 to
2000 mA g~ !, the capacity retention of the ZnS/SCNF-T3 electrode
(63.2%) is best compared to those of the bare CNF (34.1%), ZnS/
SCNF-T2 (53.9%) and ZnS/SCNF-T4 electrodes (39.8%). When the
current density returns to 100 mA g~ !, the ZnS/SCNF-T3 electrode
also shows strong reversibility with a discharge capacity of 97.2% at
the original 100 mA g~! in comparison with the other electrodes
(94.7% for the bare CNF electrode, 95.1% for the ZnS/SCNF-T2 elec-
trode, and 80.5% for the ZnS/SCNF-T4 electrode). The amazing rate
capability of the ZnS/SCNF-T3 electrode can be ascribed to the
efficient transport of Li ions and electrons via the hybrid nano-
composites composed of well-dispersed ZnS NPs and the tunneled-
mesoporous structure of the SCNF, even showing an outstanding
value of an ultrafast current density of 2000 mA g~ compared to
those of ZnS-based composites reported previously (see Fig. 5d)
[40—45]. In addition, this may be expandable to ultrafast cycling
performance at a high current density of 2000 mA g~ ! for LIBs used
in practical products, as shown in Fig. 5c. After 500 cycles,
compared to the other electrodes (86.3% for the ZnS/SCNF-T2
electrode and 51.9% for the ZnS/SCNF-T4 electrode), the ZnS/
SCNF-T3 electrode displays remarkable ultrafast performance in
the form of stable cycling retention of 97.2% with a high specific
capacity of 391.8 mAh gL The excellent ultrafast cycling capability
is attributed to the synergistic effects in the hybrid nanocomposites
via the thiourea, i.e., the formation of complete ZnS NPs in the CNF
matrix to realize the high specific capacity, the internal construc-
tion of the tunneled-mesoporous CNF structure to provide available
space for the volume expansion of the embedded ZnS NPs during
the Li-ion charge/discharge process and efficient Li-ion diffusion,
and the improvement of the electrical conductivity by the S doping
in the CNF matrix to accelerate the electrochemical kinetics of the
electrode. Additionally, we undertook the quantification of the
capacitive behavior (kyv) and diffusion control (k,v'/2) capacitance
using the CV curves with various scan rates (v) corresponding to 2,
3,5,7 and 10 mV s~ (Eq. (2)) [38,39].
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i (V) =kyv + kov'2 (2)

As shown in Fig. S3c, the pseudocapacitive contribution of ZnS/
SCNF-T3 exceeds that of the bare CNF with an increase in the scan
rate, which may be related to effect of the tunneled-mesoporous
structure with efficient ion diffusion pathways and S-doped CNF
with increased electrical conductivity to accelerate the electro-
chemical double-reaction of Li ions and electrons into the ZnS NPs.
This result can function as a potential factor in the improved ul-
trafast capability [38,39]. To confirm the electrochemical kinetics
regarding Li-ion diffusion for the hybrid nanocomposites, EIS
measurements were taken. In Fig. 5e, the lower charge transfer
resistance (R¢) of the ZnS/SCNF-T3 electrode compared to the other
samples is readily apparent, and the R value in this case remains

unchanged after ultrafast cycling of 500 cycles (see Table S1); this is
directly related to the superb electrical conductivity of the elec-
trodes together with the fastest Li-ion diffusion rate, also proved by
the Warburg impedance coefficients (o), as the Warburg imped-
ance was estimated using sloping lines in the low-frequency range
according to the following equations (Eqgs. (3—4)) [26,27,46—49],

Zreal = Re + Ree + waq/z (3)
Dy = R’T? | 2A%n*F*C?0,, (4)
where Dy; is the Li-ion diffusion coefficient, R is the gas constant, T is

the temperature, F is the Faraday constant, and C is the molar
concentration. In the relationship between w 12 and Zyreal, the
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obtained in the low frequency range at the open-circuit voltage.

obtained ¢, values for the bare CNF, ZnS/SCNF-T2, ZnS/SCNF-T3,
and ZnS/SCNF-T4 electrodes are 32.4, 31.1, 26.6, and 29.3 Qcm? s~/
2, respectively. The value of the Li-ion diffusion coefficient as
calculated from gy, is 3.0 x 10713 for the bare CNF electrode,
3.6 x 10713 for the ZnS/SCNF-T2 electrode, 4.8 x 10~ '3 for the ZnS/
SCNEF-T3 electrode, and 4.0 x 107! cm? s~ for the ZnS/SCNF-T4
electrode, confirming that the Li-ion diffusion coefficient of the
ZnS/SCNF-T3 electrode shows the best value and indicating the
decreasing reactive resistance of the Li ions and electrons of the
electrode itself during the ultrafast electrochemical reaction.
Therefore, the hybrid nanocomposites of tunneled-mesoporous
SCNF embedded with the ZnS NPs can be suggested as a potential
candidate to accelerate the ultrafast cycling performance of LIBs.

4. Conclusion

In summary, we developed unique hybrid nanocomposites of
tunneled-mesoporous SCNF embedded with ZnS NPs through a

one-pot carbonization process using the thiourea effect. During
carbonization, the thermal decomposition of the thiourea induced
the sulfurization of the ZnO NPs in the CNF due to the chemical
reaction with the formed HsS, which played important roles in the
formation of the tunneled mesopores and in S-doping over the CNF
embedded with the ZnS NPs. Upon the optimization of the thiourea
effect during the carbonization process, the hybrid nanocomposites
fabricated with 3 wt% thiourea (ZnS/SCNF-T3) presented a
tunneled-mesoporous CNF structure with a superb specific surface
area and well-dispersed ZnS NPs internally. This also provided
available space for the abrupt volume expansion of the ZnS NPs
with a high specific capacity and efficient Li-ion diffusion during
the electrochemical reactions. As a result, the ZnS/SCNF-T3 dem-
onstrates competitive and superb cycling retention (90.6% with a
high discharge capacity of 654.2 mAh g~! after 100 cycles) and
stable rate capability compared to the other samples. In addition,
even at an ultrafast current density (2000 mA g~ 1), the reversible
specific capacity reached 391.8 mAh g~! with sustained cycling
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stability of 97.2% after 500 cycles, mainly due to the combined ef-
fects of the three unique characteristics of the hybrid nano-
composites, i.e., the desirable discharge capacity caused by the
well-dispersed ZnS NPs in the CNF matrix and the available space
for volume expansion of the embedded ZnS NPs, the shortened Li-
ion diffusion pathway of the ZnS NPs due to the internal con-
struction of the tunneled-mesoporous CNF structure, as well as the
accelerated electrical conductivity of the electrode by the S doping
effect of the CNF matrix. Therefore, the novel construction of the
unique hybrid nanocomposites presented here offers a potential
approach by which to develop an effective anode material using
ZnS for improving the ultrafast Li storage capabilities of LIBs.
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