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l core–shell motif nanowires with
chemically-bonded transition metal sulfide-carbon
heterostructures for efficient sodium-ion storage†

Pengcheng Wei,‡a Jinliang Zhu, ‡*a Yuyan Qiu,a Guifang Wang,a Xingtao Xu, *b

Shaojian Ma,a Pei Kang Shen, a Xing-Long Wu c and Yusuke Yamauchi *bd

Herein, a chemical-vapor deposition-like strategy was developed for the synthesis of versatile core–shell

transition metal sulfide (TMS)@carbon nanowires with chemically-bonded heterostructures and

significantly improved electrochemical performance. The morphological evolution observations revealed

the simultaneous growth of TMS nanowires and their bonding with an ultrathin carbon layer. The

resulting core–shell heterostructured nanowires possessed notable advantages, including fast ion/

electron diffusion rates, improved conductivity, and chemical/mechanical stability, thereby leading to

remarkable reversible capacity, rate capability, and cycling stability for Na-ion storage applications. The

in situ transmission electron microscopy and in situ X-ray diffraction studies for FeS@C demonstrated

the crystalline phase evolution between hexagonal and tetragonal FeS species during the

electrochemical charging/discharging process, clearly indicating the excellent Na-ion storage

performance of FeS@C nanowires. This work provides a new methodology for achieving 1D core–shell

nanoarchitectures, while elucidating the electrochemical reaction mechanism underlying Na-ion storage

in TMS materials.
Introduction

Owing to their superior physicochemical properties, transition
metal suldes (TMSs) are one of the most widely studied inor-
ganic materials in various industrial elds relevant to secondary
ion batteries,1–3 supercapacitors,4,5 and catalysts.6 In particular,
TMSs have been considered as promising anode materials for
sodium-ion batteries (SIBs).7,8 It has been demonstrated that the
morphology and structure of TMS materials can signicantly
affect their sodium-ion storage behaviors,9 which has encour-
aged an increasing number of studies in the eld of TMS
nanoarchitectures,10 for designing, modifying, and
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functionalizing TMS nanomaterials at the atomic/molecular
level. The past few decades have witnessed signicant
advancements in the synthesis and preparation of nano-
architectured platforms with controllable dimensionality,
including 0D nanodots/spheres, 1D nanotubes/wires/rods, and
2D nanosheets.11–13 Among them, 1D nanostructures have
attracted notable attention due to their sophisticated
nanoarchitectures.11,14

Generally, common TMS materials are characterized by
limited electrical conductivity and poor chemical/mechanical
stability in their bulk form, which not only impacts their elec-
trochemical reaction performance, but can also result in severe
volume changes during charge/discharge cycles, eventually
compromising the electrode structure and causing the shed-
ding of the active material.15 Although optimized single TMS
nanostructures could improve the electrochemical performance
of the electrode to some extent,16 this strategy cannot address all
aspects of the challenges discussed above. In this regard,
innovative strategies for achieving 1D core–shell hetero-
structures, especially 1D TMS@carbon heterostructured nano-
wires, are highly desired in the eld of energy storage
applications.17 However, to the best of our knowledge, this
challenge has not been efficiently tackled to date.

In addition to hydrothermal/solvothermal strategies for
general synthesis of TMS@carbon materials,18–20 TMS@carbon
heterostructured materials, especially TMS nanowires coated
with a uniform carbon layer, could also be obtained by other
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) XRD pattern, (B) Raman spectrum, (C) SEM, (D and E) TEM, (F)
HRTEM, and (G) EDS elemental mapping images of FeS@NSC. The
inset of (C) corresponds to the low-resolution SEM image of FeS@NSC.
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two strategies, including (i) the growth of the TMS core with
further carbon coating, and (ii) the synthesis of the TMS pre-
cursor@carbon heterostructure with further suldizing treat-
ment. Unfortunately, these two methods include complicated
multistep reactions, require harsh experimental conditions,
and might liberate toxic H2S gas,21 thus rendering the control of
the nanostructure growth a dangerous and time-consuming
process. In addition, the obtained materials usually exhibit
a carbon coating with uneven thickness and weak bonding
between the TMS and the carbon layer, which is unfavorable for
charge-transfer applications and cannot totally guarantee the
prevention of volume changes during the charge/discharge
process.20–22 Recently, a simple one-step synthesis of Ni3S2
nanowires through low-temperature pyrolysis of a sulfonic acid
group-containing resin with Ni foam was reported.23 Although
some carbon species were also generated with the Ni3S2 nano-
wires, the obtained carbon could not be uniformly covered on
the surface of nanowires. Therefore, obtaining uniform
TMS@carbon heterostructures, especially 1D nanowires,
through a facile, environmentally compatible, and universal
process is still challenging at present and needs to be addressed
as soon as possible.

In this study, we reported the fabrication of TMS@NSC (TM ¼
Fe, Co, Cu; NSC¼N,S-doped carbon) nanowires with core–shell 1D
chemically-bonded heterostructured nanoarchitectures using
a one-step chemical vapor deposition (CVD)-like strategy (Fig. S1†).
Different from the previous studies, we introduced sulfur/nitrogen-
containing solid precursors (thiourea formaldehyde resin) instead
of conventional gaseous precursors to provide sulfur and carbon
sources. The pyrolysis of this resin could generate a sulfur-/carbon-
containing gas (e.g., NH2CN, CS2, hydrocarbons, etc.),24which could
then react with metallic foam (Fe, Co, and Cu) to epitaxially grow
1DTMSnanowires; parallelly, an ultrathin carbon layer was formed
on the grown TMS nanowires forming 1D core–shell hetero-
structure. The above two-fold process was dened as a “solid–gas–
solid–liquid–solid” reactionmechanism, where “solid” refers to the
solid resin, “gas–solid–liquid” corresponds to the continuous
process including decomposition of the resin to a sulfur-/carbon-
containing gas, and the reaction of the gaseous precursor with
metallic foam to form carbon-dissolved TMS solid solution, and
the nal “solid” means the generation of the TMS@NSC hetero-
structure aer the dissolved carbon concentration reaches satura-
tion. Intriguingly, a strong C–S–TM bonding interaction was
observed between the carbon shell and the TMS core, which would
considerably benet the reversible conversion reaction of
TMS@NSC nanowires during the electrochemical process. As
a proof of the concept, our FeS@NSC nanowires delivered excellent
Na-ion storage performance in terms of reversible capacity, long-
term cycling stability, and rate performance, thereby highlighting
the signicance of 1D core–shell heterostructure nanoarchitectures
on modular nanomaterials with enhanced electrochemical
performance.

Results and discussion

To demonstrate the unique advantages of the strategy proposed
herein, FeS@NSC nanowires were initially synthesized via our
© 2021 The Author(s). Published by the Royal Society of Chemistry
approach as a rst demonstration. The high compositional
purity of the FeS@NSC nanowires was clearly demonstrated by
their X-ray diffraction (XRD) pattern (Fig. 1A) (JCPDS 65-6841).
Furthermore, the Raman spectroscopy result (Fig. 1B) indicated
the main characteristic peaks of the carbon materials, i.e., the
D-band at �1297 cm�1 and the G-band at �1583 cm�1, along
with peaks assigned to the vibrational bands of Fe–S at �215
and �281 cm�1.25 More importantly, additional peaks at �390
and �475 cm�1 were also detected, which were assigned to the
vibrational bands of the C–S–Fe and S–C bonds, respectively,25

further conrming the strong interactions between the carbon
shell and the FeS core. The scanning electron microscopy (SEM)
and transmission electronmicroscopy (TEM) images (Fig. 1C–E)
revealed that the FeS@NSC nanowires were monodisperse and
wrapped with a 8 nm-thick carbon shell layer. The in situ coated
carbon layer would ideally alleviate the agglomeration problem
caused by the high surface energy of the nano-FeS species
during the synthetic process. In addition, the 1D nanowires
increased the effective electrode–electrolyte contact area,
enabling the electrolyte to access additional active sites on the
electrode, and improved the utilization efficiency of the mate-
rial.26,27 The high-resolution TEM image (HRTEM, Fig. 1F)
illustrates the high crystallinity of the hexagonal FeS, with
a lattice fringe of 0.21 nm corresponding to the (102) lattice
plane. Additional energy dispersive X-ray spectroscopy (EDS)
elemental mapping images (Fig. 1G) indicated a uniform
distribution of carbon elements well wrapped around the single
Chem. Sci., 2021, 12, 15054–15060 | 15055
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FeS nanowire, referring to a FeS content of 90.1 wt% by ther-
mogravimetric analysis (TGA, Fig. S2†) and inductively coupled
plasma-atomic emission spectroscopy. Moreover, nitrogen and
sulfur elements were veried to be successfully doped in the
carbon layer, suggesting plentiful heteroatoms doped in the
outer carbon layer, which might be advantageous for the
improvement of the electrochemical performance.

To elucidate the growth of TMS@NSC heterostructured
nanowires at the nanometer scale, the formation process of
a typical FeS@NSC nanowire sample from Fe foam was further
investigated. Fig. 2A outlines the key stages of the CVD-like
growth process of the FeS@NSC nanowires at varying temper-
atures, corresponding to the structural evolution observations
shown in Fig. 2B–E from room temperature (abbreviated as rt)
to 750 �C. The formation process is dened as a “solid–gas–
solid–liquid–solid”mechanism, where “solid” refers to the solid
resin, “gas–solid–liquid” corresponds to the continuous process
including decomposition of the resin to a sulfur-/carbon-
containing gas, and the reaction of the gaseous precursor
with metallic foam to form carbon-dissolved TMS solid solu-
tion, and the nal “solid” means the generation of the
TMS@NSC heterostructure aer the dissolved carbon concen-
tration reaches saturation. In detail, the magnied SEM image
of the Fe foam (Fig. 2B) revealed a rough and porous surface
with random Fe rod-like particles, which provided a larger
surface area for the growth of FeS nanowires. The correspond-
ing XRD pattern showed that the initial Fe foam (JCPDS 06-
0696) contained a cubic crystal phase (Fig. 2F). The pyrolysis
process of the resin was then investigated by TGA (Fig. S3A†),
Fig. 2 (A) Key stages of the growth of FeS@NSC by the CVD-like
strategy. (B–E) High-resolution SEM images of Fe foam at (B) rt, (C)
350 �C, (D) 550 �C and (E) 750 �C. (F) Corresponding XRD patterns of
Fe foam at each stage from rt to 750 �C. The inset of (F) shows the
magnified XRD patterns at 40–50�.

15056 | Chem. Sci., 2021, 12, 15054–15060
revealing an apparent mass loss at 90 �C, which was attributed
to the loss of water from the resin (as further conrmed from
the corresponding Fourier transform infrared spectroscopy
(FTIR) results shown in Fig. S3B†). Aer heating to 245 �C,
the resin further decomposed into CS2 and H2S, as indicated by
the peaks at 1541 and 2353 cm�1, respectively, as well as NH2CN
and other hydrocarbons,28,29 indicated by the peaks at 713,
2251, 3271, and 3338 cm�1. At 350 �C (Fig. 2C and F), the
generated CS2 and H2S reacted with the Fe foam, resulting in
the formation of spherical hexagonal FeS (P63/mmc) particles on
the surface of iron foam. Simultaneously, carbon atoms origi-
nating from the generated hydrocarbons dissolved in the
formed FeS and formed the outer carbon layer once the
carbon concentration was saturated, leading to the core–shell
FeS@NSC heterostructure. At 550 �C (Fig. 2D and F), each
spherical particle further grew to form a rod prototype and some
short nanorods, with the lattice plane (102) of FeS shiing to
a lower angle closer to the standard peak, indicating that more
perfect crystalline FeS was obtained. When further increasing to
750 �C (Fig. 2E and F), hexagonal FeS@NSC nanorods (JCPDS
65-6841) further grew into long nanowires with diameters of
70–120 nm.

The versatility of our CVD-like strategy was further demon-
strated by growing TMS@NSC heterostructured nanowires on
other metallic foams, including Co and Cu foams. The XRD,
SEM, TEM, and HRTEM, as well as the EDS elemental mapping
images of the representative samples, further conrmed the
successful formation of other 1D core–shell heterostructures,
including Co9S8@NSC and Cu2S@NSC (Fig. S4 and S5†). These
results implied that the formation of 1D core–shell TMS@NSC
heterostructured nanowires on metallic foams is, in general,
independent of the composition and species of the metallic
substrates.

To highlight the advantageous features of the FeS@NSC
nanowires, other FeS-based nanomaterials were also prepared
for comparison. The XRD patterns of commercial FeS, FeS/NSC,
and NSC samples (Fig. S6†) revealed four dominant peaks
located at 29.9�, 33.7�, 43.2�, and 53.1�, corresponding to the
(100), (101), (102), and (110) lattice planes of the hexagonal
structured FeS, respectively (JCPDS 65-6841). Additionally,
irregularly shaped small particles were observed in the SEM
images of the commercial FeS materials (Fig. S7A and B†). The
corresponding EDS elemental mapping images indicated the
good overlapping of the Fe and S particle distributions (Fig. S7C
and D†). Furthermore, the TEM and HRTEM images of the
commercial FeS sample (Fig. S7E and F†) revealed the inter-
planar distances of 0.21 and 0.26 nm, associated with the (102)
and (101) lattice planes, respectively. The NSC exhibited an
irregular morphology with particle sizes in the range of 1–5 mm
and random distribution of N and S elements (Fig. S8†), indi-
cating the presence of N and S dopants in the obtained matrix.
The obtained FeS/NSC bulk exhibited an irregular morphology
with poor and random contacts between the NSC and FeS
particles (Fig. S9†), revealing that the direct pyrolysis of the
precursors could not achieve 1D core–shell heterostructures.

The chemical compositions of the FeS@NSC nanowires and
FeS were initially studied by FTIR spectra in the range of 250–
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) CV curves of FeS@NSC; (B) charge/discharge curves of
FeS@NSC at 0.1 A g�1; (C) charge capacities and corresponding
coulombic efficiencies at 0.1 A g�1; (D) rate capacities for current
densities in the range of 0.05–10 A g�1 between 0.01 and 3 V (vs. Na+/
Na); (E) charge capacities of FeS@NSC, FeS, FeS/NSC, and NSC
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2000 cm�1 (Fig. S10†), revealing an obscure band at 1100 cm�1

(attributed to the vibrations of Fe–S–C/S–C), two bands at 886
and 607 cm�1 (corresponding to the vibrations of S–O and Fe–S,
respectively),30 and one band at 1620 cm�1 (attributed to the
vibration of –C]O).31 The X-ray photoelectron spectroscopy
(XPS) spectrum of the FeS@NSC nanowires (Fig. 3A) further
revealed the details of their chemical compositions. The Fe 2p
spectrum (Fig. 3B) exhibited a signicant peak which was
assigned to the C–S–Fe bonds between FeS and the carbon
shell,32,33 indicating the strong FeS–carbon shell interaction
generated via our CVD-like strategy. In addition, other peaks
attributed to Fe 2p3/2 and Fe 2p1/2 (ref. 34 and 35) were observed.
The S 2p spectrum exhibited an obvious peak assignable to the
C–S–Fe bonds (Fig. 3C), which was consistent with the Fe 2p
spectrum (Fig. 3B). Besides, four additional peaks were attrib-
uted to Fe–S and C–S bonds, and the peak assigned to the
oxidation groups formed by S2� in air36,37 was also observed at
a higher binding energy. In the C 1s spectrum (Fig. 3D), the four
peaks were characteristic of the C–C, C–S–Fe/C–S, C–N, and
C]N bonds, respectively.38,39 The successful doping of nitrogen
and sulfur atoms into the carbon matrix not only improved the
conductivity of the material, but also catalyzed the oxidation of
polysuldes in sodium-ion batteries, thereby inhibiting their
dissolution and decelerating the capacity fading.40,41

To comparatively evaluate the sodium-ion storage perfor-
mance of our fabricated FeS@NSC nanowires, FeS, NSC, and
FeS/NSC were also investigated using a half-cell battery with
a Na-based counter electrode. Fig. 4A and S11–S13† present the
cyclic voltammetry (CV) curves of the samples in a voltage
window of 0.01–3 V (vs. Na+/Na) at 0.1 mV s�1. For the FeS@NSC
nanowires (Fig. 4A), the cathodic peaks at �0.82, �0.41, and
�0.17 V of the 1st cathodic curve were assigned to the electro-
chemical redox reaction of FeS and Na+ to form Fe and Na2S,
Fig. 3 (A)The full XPS spectrum, and high resolution XPS spectra of (B)
Fe 2p, (C) S 2p, and (D) C 1s of FeS@NSC.

composites at 5 A g�1; (F) charge capacities of the FeS@NSC
composite at 10 and 20 A g�1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
and inuence of the solid electrolyte interphase (SEI) lm.36 The
two peaks at 1.37 and �1.74 V of the rst anodic curve were
attributed to the transition of Fe and Na2S to NaxFeS and FeS
during the desodiation process,34 which then appeared at�0.92
and �0.35 V, respectively, in the following three cathodic
curves, corresponding to the sodiation process. Moreover, a pair
of reduction/oxidation peaks which appeared at �0.03 and
0.06 V were attributed to the Na+ insertion/extraction processes
in the carbon matrix, respectively,42 a behavior which was
consistent with the results of the NSC sample (Fig. S12†). The
2nd to 4th CV cycles overlapped well, indicating the excellent
cyclability of FeS@NSC. In contrast, the reduction peaks of FeS
and FeS/NSC at 0.92 V were not visible. This was ascribed to the
poor kinetics of the reaction of FeS and FeS/NSC with Na+,
resulting in an incomplete reaction with sodium ions and
a considerably lower specic capacity than that of FeS@NSC.
Fig. 4B illustrates a comparison of the 1st, 2nd, 50th, and 150th
cycles of the galvanostatic charge/discharge proles of the
FeS@NSC electrode at a current density of 100 mA g�1. The
Chem. Sci., 2021, 12, 15054–15060 | 15057

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc04163k


Fig. 5 (A) Schematic illustration of in situ TEM experiment during the
sodiation process; (B–E) TEM images of FeS@NSC during different
sodiation/desodiation processes: (B) initial stage, (C) sodiation, (D)
desodiation, and (E) sodiation; (F) in situ XRD patterns of the FeS@NSC
electrode after the initial discharge; (G) atomic model of the phase
change of FeS@NSC during the discharge and charge processes.
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obtained constant-current charge/discharge platform was
consistent with the oxidation/reduction peak of the CV curve.

Fig. 4C demonstrates that the rst charge/discharge capacity
of the FeS@NSC electrode was 892.8/611.6 mA h g�1, and the
initial coulombic efficiency was 68.5%. Aer 150 cycles, the
FeS@NSC sample retained a specic capacity of 575.0 mA h g�1,
corresponding to a capacity attenuation rate of 94.0%. The
reversible specic capacities of the FeS/NSC, FeS, and NSC
samples in the 150th cycle were 373.9, 354.1, and 95.8 mA h g�1,
respectively. This downgrade was ascribed to a combination of
various factors, such as reactions with surface functional
groups, formation and stabilization of the SEI lm, and the
irreversible intercalation of Na+. As the current density
increased from 0.05 to 0.1, 1, 5, and 10 A g�1, the FeS@NSC
electrode delivered decreasing capacities of 615.1, 596.5, 551.5,
443.7, and 337.7 mA h g�1, respectively (Fig. 4D). More impor-
tantly, when the original current density of 0.05 A g�1 was again
reintroduced, the FeS@NSC electrode rapidly attained
a capacity of 601.3 mA h g�1, indicating that 97.8% of the
capacity was effectively recovered. However, at the same current
density, the specic capacities of the FeS/NSC, FeS, and NSC
electrodes were signicantly lower than that of FeS@NSC. These
results further veried that the rate capability of FeS could be
effectively improved via in situ coating with a nitrogen-/sulfur-
double-doped carbon layer.

As illustrated in Fig. 4E, the FeS@NSC electrode exhibited
a reversible capacity of 378.6 mA h g�1 aer 1000 charge/
discharge cycles at 5 A g�1. In contrast, the FeS/NSC, FeS, and
NSC electrodes exhibited notably lower capacities aer 400
cycles (85.7, 82.6, and 47.6 mA h g�1, respectively). The
FeS@NSC anode delivered the reversible specic capacities of
309.3 and 261.7 mA h g�1 at the rates of 10 and 20 A g�1

(Fig. 4F), respectively. Aer 2000 cycles, the FeS@NSC electrode
successfully retained the specic capacities of 273.2 and
247.8 mA h g�1 at 10 and 20 A g�1, respectively, corresponding
to the capacity retention rates of 88.3% and 94.7% and capacity
attenuation rates of 0.0058 and 0.0027% per cycle, respectively.
Simultaneously, compared with recently reported iron sulde-
based materials and other metal suldes, the FeS@NSC nano-
wires not only had an advantageous synthesis procedure, but
also exhibited both superior reversible capacity and higher
cycling stability (Table S1†). This was due to the fact that the
prepared 1D FeS nanowires with in situ formed N,S double-
doped carbon layer provided a stable one-way electron trans-
port path, consequently reducing the charge transport resis-
tance, improving the conductivity and dynamics of the
electrode, and achieving a high current charge/discharge
performance.43 This phenomenon was also evidenced by the
typical Nyquist curves obtained by the electrochemical imped-
ance spectroscopy (EIS) analysis of the four samples (Fig. S14†).

Next, we explored the microstructural and morphological
evolution of the FeS@NSC composite during the sodiation/
desodiation processes using in situ TEM and in situ XRD
(Fig. 5). The FeS@NSC electrode and metallic Na/Na2O were
xed on the Mo and W tips to act as the working and counter
electrodes, respectively, as shown in Fig. 5A. The corresponding
morphological evoluations of a single FeS@NSC nanowire
15058 | Chem. Sci., 2021, 12, 15054–15060
conrmed through in situ TEM observations could be seen from
ESI movie 1–3.† Fig. 5B shows the TEM image of a single
FeS@NSC nanowire before sodiation; the selected area electron
diffraction (SAED; Fig. S15A†) image shows clear diffraction
rings for the (101), (102), and (202) planes of hexagonal FeS
(denoted as h-FeS). During the sodiation process, the diameter
of the nanowires increased from 72 to 81 nm (Fig. 5C), corre-
sponding to a low volume expansion rate of �12.5%, revealing
that the generated carbon shell signicantly inhibited the
volume expansion of FeS during the sodiation process. The
corresponding electron diffraction analysis result (Fig. S15B†)
shows rings of Fe and Na2S with a cubic crystal structure.
Intriguingly, instead of the original h-FeS phase, a new crystal-
line phase of tetragonal FeS (t-FeS) was formed aer the des-
odiation stage in the 1st cycle, as shown in Fig. 5D and S15C.† In
the subsequent charge/discharge cycle, the t-FeS phase was
converted into “Fe + Na2S” (Fig. 5E and S15D†), and the pres-
ence of t-FeS was conrmed by TEM analysis aer 150 cycles
(Fig. S16†), indicating the high reversibility of t-FeS during the
sodiation/desodiation cycles which favors long-term cycling.
The overall electrochemical process has also been conrmed by
in situ XRD observations (Fig. 5F), demonstrating the phase
transformation from h-FeS to “Fe + Na2S” (Fig. 5G). Notably,
compared with commercial Fe, which exhibited numerous
crushed and aggregated small particles aer cycling (Fig. S17†),
FeS@NSC retained its structural pattern of core–shell nano-
wires aer 150 sodiation/desodiation cycles, indicating its
excellent structural stability during extreme cycling processing.
The excellent capacity, superior rate performance, and ultra-
high cycling stability of FeS@NSC could be attributed to its
unique architecture and phase transition, as FeS@NSC
provided: (i) a highly stable structure, owing to the strong
interaction of C–S–Fe bonds between the carbon shell and FeS;
(ii) fast Na+ diffusion kinetics enabled by the 1D co-axial
FeS@NSC nanowires; (iii) a large contact area between
© 2021 The Author(s). Published by the Royal Society of Chemistry
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FeS@NSC and the electrolyte; (iv) fast electron transport and
buffering of volume variations, originating from the
uniform N,S double-doped carbon shell; and (v) the crystalline
phase transition of the h-FeS nanowires during the 1st cycle and
the high reversibility of t-FeS in the subsequent cycles.

Conclusions

In summary, we developed a universal strategy to synthesize 1D
core–shell TMS@NSC heterostructured nanowires by employ-
ing a CVD-like technique and using a solid phase resin and
metallic foam as the precursors. The growth and sodiation/
desodiation processes of FeS@NSC were characterized in
detail. Intriguingly, it was revealed for the rst time that FeS
nanowires in FeS@NSC underwent a crystalline phase transi-
tion from h-FeS to highly reversible t-FeS during the 1st charge/
discharge cycle, as detected by in situ TEM and in situ XRD. In
addition to the crystalline phase transition, the unique and
advantageous nanostructure and in situ-generated C–S–Fe
bonds between FeS and the carbon shell signicantly benetted
the electrochemical performance of FeS. As a result, FeS@NSC
delivered a high reversible capacity of 611.6 mA h g�1 and
retained a capacity of 575.0 mA h g�1 aer 150 charge/discharge
cycles at 100 mA g�1. At a current density of 20 A g�1, FeS@NSC
exhibited a reversible specic capacity of 261.7 mA h g�1 and
a capacity of 247.8 mA h g�1 aer 2000 charge/discharge cycles,
corresponding to a capacity decay rate of 0.0027% per cycle and
a capacity retention rate of 94.7%. Stemming from its universal,
facile, cost-effective, and efficient features, our proposed
strategy paves the way for the effective synthesis of core–shell
carbon in situ-coated metal suldes for advanced energy storage
applications.

Data availability

The data that support the ndings of this study are available
within the article and its ESI,† or from the corresponding
authors on reasonable request.

Author contributions

J. Zhu, X. Xu and Y. Yamauchi: supervision and funding
acquisition. They designed the project, designed the experi-
ments and edited the manuscript. P. Wei, J. Zhu and Y. Qiu
performed the synthesis, characterization and electrochemical
measurements, as well as wrote the rst dra of themanuscript.
G. Wang, S. Ma, P. K. Shen and X.-L. Wu provided critical advice
during the manuscript writing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (51962002 and 91963118) and JST-ERATO
© 2021 The Author(s). Published by the Royal Society of Chemistry
Yamauchi Materials Space-Tectonics Project (JPMJER2003). X. X
is grateful for nancial support from the JSPS postdoctoral
fellowship for overseas researchers (20F20338). This work was
performed in part at the Queensland node of the Australian
National Fabrication Facility, a company established under the
National Collaborative Research Infrastructure Strategy to
provide nano and microfabrication facilities for Australia's
researchers.
Notes and references

1 G. Fang, Z. Wu, J. Zhou, C. Zhu, X. Cao, T. Lin, Y. Chen,
C. Wang, A. Pan and S. Liang, Adv. Energy Mater., 2018, 8,
1703155.

2 X. Li, K. Li, S. Zhu, K. Fan, L. Lyu, H. Yao, Y. Li, J. Hu,
H. Huang, Y.-W. Mai and J. B. Goodenough, Angew. Chem.,
Int. Ed., 2019, 58, 6239–6243.

3 Y. Xiao, D. Su, X. Wang, S. Wu, L. Zhou, Y. Shi, S. Fang,
H.-M. Cheng and F. Li, Adv. Energy Mater., 2018, 8, 1800930.

4 W. Liu, H. Niu, J. Yang, K. Cheng, K. Ye, K. Zhu, G. Wang,
D. Cao and J. Yan, Chem. Mater., 2018, 30, 1055–1068.

5 G. Yilmaz, K. Yam, C. Zhang, H. Fan and G. Ho, Adv. Mater.,
2017, 29, 1606814.

6 Y. Guo, J. Tang, Z. Wang, Y.-M. Kang, Y. Bando and
Y. Yamauchi, Nano Energy, 2018, 47, 494–502.

7 A. S. Nagelberg and W. L. Worrell, J. Solid State Chem., 1979,
29, 345–354.

8 J. Li, J. Li, D. Yan, S. Hou, X. Xu, T. Lu, Y. Yao, W. Mai and
L. Pan, J. Mater. Chem. A, 2018, 6, 6595–6605.

9 X. Ma, X. Xiong, P. Zou, W. Liu, F. Wang, L. Liang, Y. Liu,
C. Yuan and L. Zhang, Small, 2019, 15, 1903259.

10 Y. Guo, T. Park, J. Yi, J. Henzie, J. Kim, Z. Wang, B. Jiang,
Y. Bando, Y. Sugahara, J. Tang and Y. Yamauchi, Adv.
Mater., 2019, 31, 1807134.

11 X. Xu, J. Tang, Y. Kaneti, H. Tan, T. Chen, L. Pan, T. Yang,
Y. Bando and Y. Yamauchi, Mater. Horiz., 2020, 7, 1404–
1412.

12 Q. Li, X. Xu, J. Guo, J. P. Hill, H. Xu, L. Xiang, C. Li,
Y. Yamauchi and Y. Mai, Angew. Chem., Int. Ed., 2021, DOI:
10.1002/anie.202111823.

13 J. Guo, X. Xu, J. P. Hill, L. Wang, J. Dang, Y. Kang, Y. Li,
W. Guan and Y. Yamauchi, Chem. Sci., 2021, 12, 10334–
10340.

14 Z. Ding, X. Xu, J. Li, Y. Li, K. Wang, T. Lu, M. S. A. Hossain,
S. Zhang, L. Pan and Y. Yamauchi, Chem. Eng. J., 2021, DOI:
10.1016/j.cej.2021.133161.

15 S. S. Zhang, J. Mater. Chem. A, 2015, 3, 7689–7994.
16 X. Guo, H. Gao and G. Wang, Chem, 2020, 6, 334–336.
17 J. Zhu, Z. Chen, L. Jia, Y. Lu, X. Wei, X. Wang, W.Wu, N. Han,

Y. Li and Z. Wu, Nano Res., 2019, 12, 2250–2258.
18 K. Zhang, H.-J. Kim, X. Shi, J.-T. Lee, J.-M. Choi, M.-S. Song

and J. H. Park, Inorg. Chem., 2013, 52, 9807–9812.
19 X. Gao, B. Wang, Y. Zhang, H. Liu, H. Liu, H. Wu and S. Dou,

Energy Storage Mater., 2019, 16, 46–55.
20 J. Xiang and T. Song, Chem. Commun., 2017, 53, 10820–

10823.
Chem. Sci., 2021, 12, 15054–15060 | 15059

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc04163k


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

0/
01

/2
02

6 
9:

48
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
21 Y. Xu, J. Sun, Y. He, J. Li, J. Xu, Y. Sun, J. Liao and X. Zhou,
Sci. China Chem., 2021, 64, 1401–1409.

22 Z. Lu, N. Wang, Y. Zhang, P. Xue, M. Guo, B. Tang, X. Xu,
W. Wang, Z. Bai and S. Dou, ACS Appl. Energy Mater., 2018,
1, 6234–6241.

23 J. Li, P. K. Shen and Z. Tian, Int. J. Hydrogen Energy, 2017, 42,
7136–7142.

24 T. Ahamad and S. M. Alshehri, J. Therm. Anal. Calorim., 2012,
109, 1039–1047.

25 A. K. Haridas, J. Heo, X. Li, H.-J. Ahn, X. Zhao, Z. Deng,
M. Agostini, A. Matic and J.-H. Ahn, Chem. Eng. J., 2020,
385, 123453.

26 G. Zhou, L. Xu, G. Hu, L. Mai and Y. Cui, Chem. Rev., 2019,
119, 11042–11109.

27 C. Cheng and H. Fan, Nano Today, 2012, 7, 327–343.
28 J. Zhu, Y. Li, S. Kang, X. Wei and P. Shen, J. Mater. Chem. A,

2014, 2, 3142–3147.
29 J. Madarász, P. Bombicz, M. Okuya, S. Kaneko and G. Pokol,

J. Anal. Appl. Pyrolysis, 2004, 72, 209–214.
30 L. Zhou, J. Liu and F. Dong, Spectrochim. Acta, Part A, 2017,

173, 544–548.
31 S. Das, B. Krishna Chandra, R. Molla, M. Sengupta, S. Islam,

A. Majee and A. Bhaumik, Mol. Catal., 2020, 480, 110650.
32 M. Jing, Z. Chen, Z. Li, F. Li, M. Chen, M. Zhou, B. He,

L. Chen, Z. Hou and X. Chen, ACS Appl. Mater. Interfaces,
2018, 10, 704–712.
15060 | Chem. Sci., 2021, 12, 15054–15060
33 J. Zhu, P. Wei, Q. Zeng, G. Wang, K. Wu, S. Ma, P. K. Shen
and X.-L. Wu, Small, 2020, 16, 2003001.

34 D. Li, Y. Sun, S. Chen, J. Yao, Y. Zhang, Y. Xia and D. Yang,
ACS Appl. Mater. Interfaces, 2018, 10, 17175–17182.

35 D. Yang, W. Chen, X. Zhang, L. Mi, C. Liu, L. Chen, X. Guan,
Y. Cao and C. Shen, J. Mater. Chem. A, 2019, 7, 19709–19718.

36 Y. Liu, W. Zhong, C. Yang, Q. Pan, Y. Li, G. Wang, F. Zheng,
X. Xiong, M. Liu and Q. Zhang, J. Mater. Chem. A, 2018, 6,
24702–24708.

37 Y. Yao, J. Zheng, Z. Gong, Z. Ding, J. Zhang, W. Yu,
D. A. M. Bengono, H. Li, B. Zhang and H. Tong, J. Alloys
Compd., 2019, 790, 288–295.

38 C. Zhang, D. Wei, F. Wang, G. Zhang, J. Duan, F. Han,
H. Duan and J. Liu, J. Energy Chem., 2021, 53, 26–35.

39 X. Li, T. Liu, Y.-X. Wang, S.-L. Chou, X. Xu, A. Cao and
L. Chen, J. Power Sources, 2020, 451, 227790.

40 L. Du, Q. Wu, L. Yang, X. Wang, R. Che, Z. Lyu, W. Chen,
X. Wang and Z. Hu, Nano Energy, 2019, 57, 34–40.

41 F. Pei, T. An, J. Zang, X. Zhao, X. Fang, M. Zheng, Q. Dong
and N. Zheng, Adv. Energy Mater., 2016, 6, 1502539.

42 Y. Li, Y.-S. Hu, M.-M. Titirici, L. Chen and X. Huang, Adv.
Energy Mater., 2016, 6, 1600659.

43 R. Zang, P. Li, X. Guo, Z. Man, S. Zhang, C. Wang and
G. Wang, J. Mater. Chem. A, 2019, 7, 14051–14059.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc04163k

	One-dimensional coretnqh_x2013shell motif nanowires with chemically-bonded transition metal sulfide-carbon heterostructures for efficient sodium-ion storageElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc04163k
	One-dimensional coretnqh_x2013shell motif nanowires with chemically-bonded transition metal sulfide-carbon heterostructures for efficient sodium-ion storageElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc04163k
	One-dimensional coretnqh_x2013shell motif nanowires with chemically-bonded transition metal sulfide-carbon heterostructures for efficient sodium-ion storageElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc04163k
	One-dimensional coretnqh_x2013shell motif nanowires with chemically-bonded transition metal sulfide-carbon heterostructures for efficient sodium-ion storageElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc04163k
	One-dimensional coretnqh_x2013shell motif nanowires with chemically-bonded transition metal sulfide-carbon heterostructures for efficient sodium-ion storageElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc04163k
	One-dimensional coretnqh_x2013shell motif nanowires with chemically-bonded transition metal sulfide-carbon heterostructures for efficient sodium-ion storageElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc04163k
	One-dimensional coretnqh_x2013shell motif nanowires with chemically-bonded transition metal sulfide-carbon heterostructures for efficient sodium-ion storageElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc04163k
	One-dimensional coretnqh_x2013shell motif nanowires with chemically-bonded transition metal sulfide-carbon heterostructures for efficient sodium-ion storageElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc04163k


