Nano Research 2017, 10(3): 897-907
DOI 10.1007/s12274-016-1346-9

Research Article

CN 11-5974/04

Porous FeS nanofibers with numerous nanovoids
obtained by Kirkendall diffusion effect for use as anode
materials for sodium-ion batteries

Jung Sang Cho'?, Jin-Sung Park’, and Yun Chan Kang' (53)

' Department of Materials Science and Engineering, Korea University, Anam-Dong, Seongbuk-Gu, Seoul 136-713, Republic of Korea
2 Department of Engineering Chemistry, Chungbuk National University, Chungbuk 361-763, Republic of Korea

Received: 14 August 2016
Revised: 18 October 2016
Accepted: 21 October 2016

© Tsinghua University Press
and Springer-Verlag Berlin
Heidelberg 2016

KEYWORDS

iron sulfide,
sodium-ion batteries,
Kirkendall effect,
nanofibers,
electrospinning

1 Introduction

ABSTRACT

Porous FeS nanofibers with numerous nanovoids for use as anode materials
for sodium-ion batteries were prepared by electrospinning and subsequent
sulfidation. The post-treatment of the as-spun Fe(acac)s-polyacrylonitrile composite
nanofibers in an air atmosphere yielded hollow Fe,O; nanofibers due to Ostwald
ripening. The ultrafine Fe,O; nanocrystals formed at the center of the fiber
diffused toward the outside of the fiber via Ostwald ripening. On sulfidation,
the Fe,O; hollow nanofibers were transformed into porous FeS nanofibers,
which contained numerous nanovoids. The formation of porosity in the FeS
nanofibers was driven by nanoscale Kirkendall diffusion. The porous FeS
nanofibers were very structurally stable and had superior sodium-ion storage
properties compared with the hollow Fe,O; nanofibers. The discharge capacities
of the porous FeS nanofibers for the 1 and 150™ cycles at a current density
of 500 mA-g™ were 561 and 592 mA-h-g™, respectively. The FeS nanofibers had
final discharge capacities of 456, 437, 413, 394, 380, and 353 mA-h-g™ at current
densities of 0.2, 0.5, 1.0, 2.0, 3.0, and 5.0 A-g™, respectively.

cathode and anode materials [11-15]. Nanostructured
metal sulfide materials can be synthesized by several

Sodium-ion batteries (SIBs) have been extensively
studied as potential power sources for use in large-
scale devices [1-5]. However, for many applications, the
performance of SIBs must be significantly improved,
for example, by developing more efficient cathode
and anode materials [6-10]. Consequently, significant
research efforts have been put into developing new
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methods and have been studied as anode materials
for SIBs [16-19]. Specifically, iron sulfides (FeS and
FeS,) have been studied as anode materials for SIBs
[20-24]. For example, Hu et al. demonstrated that
FeS, microspheres, which have surprisingly high rate
capabilities and an unprecedented long-term cyclability,
can be used in room-temperature rechargeable sodium
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batteries for intercalation electrochemical reactions by
selecting a compatible NaSO;CF/diglyme electrolyte
and tuning the cutoff voltage to 0.8 V [20]. Lee et al.
showed that FeS-reduced graphene oxide (rGO)
composite powders exhibit superior sodium-ion storage
performance compared with Fe;O,-rGO composite
powders [21]. However, FeS nanofibers have not been
studied for use as anode materials for SIBs.

Electrospinning is a simple and highly versatile
method for the preparation of one-dimensional (1D)
nanostructured materials of various compositions,
and transition-metal oxide and sulfide nanofibers
prepared by electrospinning have been used as anode
materials for SIBs [6, 25-30]. Zhu et al. reported a
self-standing FeS,@carbon fiber cathode with FeS,
nanoparticles either encapsulated in or attached to
interconnected 1D carbon fibers for use in rechargeable
Li-FeS, systems [31]. However, nanostructured FeS
materials treated by electrospinning for use in
rechargeable secondary batteries have not been studied.

In this study, porous FeS nanofibers were prepared
via electrospinning and subsequent sulfidation. The
Fe,O; hollow nanofibers were transformed into porous
FeS nanofibers by a simple sulfidation process. The
formation of porosity in the FeS nanofibers was driven
by nanoscale Kirkendall diffusion. The electrochemical
properties of the porous FeS nanofibers for sodium-ion
storage were compared with those of Fe,O; hollow
nanofibers.

2 Experimental
2.1 Sample preparation

Porous FeS nanofibers with numerous nanovoids were
prepared in three steps: the formation of as-spun
precursor nanofibers and two post-treatment steps.
First, Fe(acac);-polyacrylonitrile (PAN) (Fe(acac);~PAN)
composite nanofibers were prepared as precursor
nanofibers by electrospinning. The precursor solution
for electrospinning was prepared by dissolving Fe(acac);
(4.0 g, STREM Chemicals, 99%) and PAN (4.0 g,
Aldrich, My = 150,000) in N,N-dimethylformamide
(DMF, 50 mL, Aldrich, 99%) with vigorous stirring
overnight. The prepared solution was loaded at a
flow rate of 2 mL-h™ into a plastic syringe equipped

with a 25-gauge stainless-steel nozzle. The solution
was subsequently ejected and electrospun onto a
drum collector covered with aluminum foil. During
the electrospinning process, the distance between the
tip and the collector and the rotation speed of the
drum were set to 20 cm and 100 rpm, respectively. The
applied voltage between the collector and the syringe
tip was 25 kV. The resultant Fe(acac);-PAN composite
nanofibers were stabilized at 200 °C in air for 1h.
Then, the first step in the post-treatment process was
performed; the nanofibers were heated to 500 °C for
1h in an air atmosphere, yielding carbon-free Fe,O,
nanofibers. In the second post-treatment step, the
nanofibers were subjected to sulfidation at 400 °C for
8 h in H,S gas, which was generated from thiourea
(HN,NCSNH,, Junsei, 98%) powder and H, gas. For
the sulfidation process, the Fe,O; nanofibers and
thiourea powders were loaded into a covered alumina
boat and placed in a quartz tube reactor; sulfidation
resulted in the formation of porous FeS nanofibers.

2.2 Characterizations

The microstructures of the nanofibers were observed
using scanning electron microscopy (SEM, TESCAN
VEGAS3 SBH) and high-resolution transmission electron
microscopy (HR-TEM, JEOL JEM-2100F) at a working
voltage of 200 kV. In addition, their crystal structures
were examined by X-ray diffraction (XRD, X'Pert PRO
MPD) using Cu K radiation (4=1.5418 A) at the Korea
Basic Science Institute (Daegu). X-ray photoelectron
spectroscopy (XPS) was performed on the nanofibers
using a Thermo Scientific K-Alpha spectrometer with
Al Ka radiation (1,486.6 eV). Thermogravimetric
analysis (TGA, SDT Q600) of the nanofibers was
conducted in air at a heating rate of 10 ‘C-min™. The
carbon-impurity content of the FeS nanofibers was
determined by elemental analysis (ThermoFisher, Flash
EA 2000 Series). The surface area of the nanofibers
was determined using the Brunauer-Emmett-Teller
(BET) method, where N, was used as the adsorbate
gas.

2.3 Electrochemical measurements

The electrochemical properties of the nanofibers were
analyzed using a 2032-type coin cell. The anode was
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prepared by mixing the active material—carbon
black—and sodium carboxymethylcellulose at a
weight ratio of 7:2:1. Sodium metal and microporous
polypropylene film were used as the counter electrode
and the separator, respectively. The electrolyte com-
prised 1 M NaClO, with 5% fluoroethylene carbonate
dissolved in a mixture of ethylene carbonate and
dimethyl carbonate (1:1 v/v). The discharge/charge
characteristics of the samples were investigated by
cycling over a potential range of 0.001 to 3V at
various current densities. Cyclic voltammograms
were measured at a scan rate of 0.07 mV-s™. The size
of the negative electrode containing the nanofibers
was 1.4 cm x 1.4 cm, and the mass loading was
~1.3 mg-em™. The electrochemical impedance was
measured using electrochemical impedance spectros-
copy (EIS) over a frequency range of 0.01 Hz to 100 kHz
after the cell had been fully charged to 3.0 V.

3 Results and discussion

The formation mechanism of the porous FeS nanofibers
with numerous nanovoids is illustrated in Scheme 1.
The post-treatment of the as-spun Fe(acac);-PAN
(Scheme 1(a))
atmosphere yielded hollow Fe,O; nanofibers. The

composite nanofibers in an air
carbonization of PAN and the decomposition of
Fe(acac); yielded Fe;O,-C composite nanofibers
with a filled structure, as an intermediate product
(Scheme 1(b)). The combustion of carbon and oxidation
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Scheme 1 Formation mechanism of the porous FeS nanofibers
with numerous nanovoids.

of Fe;O, produced Fe,O; nanofibers. In this stage,
Ostwald ripening resulted in the hollow Fe,Os
nanofibers (Scheme 1(c)). Ultrafine Fe,O; nanocrystals
that formed at the center of the fiber diffused toward
the outside of the fiber via Ostwald ripening.
Consequently, the filled-structured Fe;O,~C fibers
transformed into hollow and porous Fe,O; nanofibers.
Subsequent sulfidation of the hollow Fe,O; nanofibers
at 400 °C under H,S gas produced porous structured
FeS nanofibers with numerous nanovoids (Scheme 1(d)).
Ultrafine nanovoids formed by nanoscale Kirkendall
diffusion were uniformly distributed throughout the
FeS nanofiber structure.

A detailed mechanism for the formation of nanovoids
by nanoscale Kirkendall diffusion is shown in
Scheme 2. The metallic Fe thin layer was first formed
over the Fe,O; nanocrystal by reduction during the
sulfidation process (Schemes 2(a) and 2(b)). Fe cations
with a small ionic radius (Fe*: 76 pm) diffused
outward more quickly than H,S gas diffused inward.
Accordingly, Kirkendall voids were generated near the
Fe/FeS interface during vacancy-assisted exchange of
the material via bulk interdiffusion (Scheme 2(c)).
The reduction of Fe,O; into Fe and the subsequent
complete conversion of Fe into FeS through Kirkendall-
type diffusion transformed the hollow Fe,O; nanofibers
into porous FeS nanofibers with numerous nanovoids
(Scheme 2(d)).
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Scheme 2 Detailed mechanism for the formation of nanovoids
in the surface region of the Fe,O; shell of the nanofibers by
nanoscale Kirkendall diffusion.
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The formation mechanism for the porous FeS
nanofibers was investigated based on the morphological
changes that occurred during the post-treatment
process. The morphology and crystal structure of the
stabilized electrospun nanofibers obtained by post-
treatment at 200 *C under an air atmosphere are shown
in Fig. S1 (in the Electronic Supplementary Material
(ESM)). The nanofibers had a uniform morphology
with a filled structure, as shown in Fig. S1(a) (in the
ESM). Partial decomposition of Fe(acac); during the
stabilization process led to the formation of ultrafine
Fe;O, nanocrystals, as confirmed by the XRD analysis
shown in Fig. S1(b) (in the ESM).

The morphologies of the Fe,O; nanofibers formed
by post-treatment of the stabilized electrospun nano-
fibers at 500 °C in air for 1 h are shown in Fig. 1. The
SEM and TEM images shown in Figs. 1(a)-1(c) reveal
the hollow and porous morphologies of the Fe,O;
nanofibers. The temperature-dependent morphological
changes to the nanofibers were investigated to confirm
the formation mechanism of the hollow morphologies
of the Fe,O; nanofibers. The Fe,O;-C composite
nanofibers formed at 400 °C were filled, rather than
being hollow, as shown in Fig.S2 (in the ESM).
Therefore, the Fe,O;-C composite nanofibers with filled
structure were formed as an intermediate product
during the formation of the hollow Fe,O; nanofibers
at 500 °C. The filled nanofibers were transformed into
the hollow Fe,O; nanofibers by Ostwald ripening.
The diameter and shell thickness of the nanofibers, as
shown in Fig. 1(c), are approximately 130 and 20 nm,
respectively. The HR-TEM image shown in Fig. 1(d)
shows clear lattice fringes separated by 0.25nm,
corresponding to the (110) lattice plane of Fe,O;. The
XRD patterns, selected-area electron diffraction (SAED)
patterns, and elemental-mapping images shown in
Fig. S3(a) (in the ESM), and Figs. 1(e) and 1(f), res-
pectively, confirm the formation of carbon-free Fe,O,
nanofibers with no impurity phases after post-treatment
at 500 °C.

The hollow Fe,O; nanofibers shown in Fig. 1 were
transformed into porous FeS nanofibers containing
numerous nanovoids after sulfidation at 400 °C for 8 h,
as shown in Fig. 2. The XRD pattern shown in Fig. S3(b)
(in the ESM) indicates that the Fe,O; was completely
converted into FeS nanofibers by sulfidation. The

(012) (10%) 44
2l (113)
. 5’ /// — (116)|E

Figure 1 Morphologies, SAED pattern, and elemental-mapping
images of the Fe,O; nanofibers after post-treatment at 500 °C for
1 h: (a) SEM image, (b) and (c) TEM images, (d) HR-TEM
image, (e) SAED pattern, and (f) elemental-mapping images.

hollow inner space of the nanofibers disappeared after
sulfidation, as confirmed by inspection of the SEM
and TEM images in Figs. 1 and 2, respectively. However,
the ultrafine nanovoids that formed inside the FeS
nanofibers remained, as shown in Figs. 2(c) and 2(d).
The HR-TEM image of Fig.2(e) shows clear lattice
fringes separated by 0.27 nm, corresponding to the
(112) lattice plane of FeS. The SAED pattern and
elemental-mapping images shown in Figs. 2(f) and 2(g),
respectively, confirm the complete transformation of
Fe,O; into FeS nanofibers by the simple sulfidation
process. The N, adsorption and desorption isotherms
and Barrett-Joyner-Halenda (BJH) pore-size distri-
butions of the Fe,O; and FeS nanofibers are shown in
Fig. 54 (in the ESM). The BET surface areas of the
hollow Fe,O; and porous FeS nanofibers were 60 and
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5m*g™, respectively. The hollow Fe,O; nanofibers
exhibited well-developed mesopores between the
nanocrystals. In this study, the Fe,O; hollow nanofibers
were transformed into porous FeS nanofibers, and
the formation of porosity in the FeS nanofibers was
driven by the nanoscale Kirkendall diffusion effect.
The ultrafine nanovoids formed by nanoscale Kirkendall
diffusion were mostly trapped in the dense shell
structure, without gas-permeable open pores. Therefore,
the porous FeS nanofibers formed by nanoscale
Kirkendall diffusion had a low BET surface area
compared with the hollow Fe,O; nanofibers.

(110) (112) (114) (300)

Figure 2 Morphologies, SAED pattern, and elemental-mapping
images of the porous FeS nanofibers containing numerous
nanovoids after sulfidation at 400 °C for 8 h: (a) and (b) SEM
images, (c) and (d) TEM images, (¢) HR-TEM image, (f) SAED
pattern, and (g) elemental-mapping images.

The chemical state and molecular environment
of the porous FeS nanofibers were characterized by
XPS. The XPS survey spectrum of the FeS nanofibers
shown in Fig. 3(a) contains signals corresponding to
Fe and S. In the Fe 2p spectrum of the FeS nanofibers,
which is shown in Fig. 3(b), small peaks arose at
binding energies of 708.4 eV for Fe 2p;, and 721.5 eV
for Fe 2p,,. These peaks are ascribed to Fe* states in
the Fe 2p spectrum of the FeS phase [21, 32, 33].
Additionally, peaks observed at binding energies of
710.6 eV for Fe 2p;, and 723.4eV for Fe 2p;, are
ascribed to Fe’ states that are characteristic of iron
oxide (Fe;O,) [33-35]. The FeS surface was converted
into iron oxide (Fe;O,) because of the high reactivity
of FeS toward oxygen. In the S 2p spectrum of the
porous FeS nanofibers shown in Fig. 3(c), the core-
level band of the S 2p region is observed, and peaks
at 161.8 and 160.8 eV, which are characteristic of FeS,
correspond to S 2p;, and S 2psy, respectively [21, 32, 33].
The thermogravimetric curve of the porous FeS
nanofibers shown in Fig. 3(d) reveals one-step weight
gain and two-step weight loss at temperatures below
600 °C. The partial conversion reaction of FeS into
FeSO, resulted in a weight increase at temperatures
less than 400 °C [36-38]. The steep weight loss around
370 °C is attributed to the decomposition of FeS into
Fe,O;. The final weight loss around 540 °C is attributed
to the decomposition of FeSO, into Fe,O;. Carbon
was not detected in the elemental analysis of the FeS
nanofibers, as shown in Table S1 (in the ESM).

The sodium-ion storage performances of the porous
FeS nanofibers with numerous nanovoids were com-
pared with those of the hollow Fe,O; nanofibers.
Cyclic voltammograms (CVs) of the FeS nanofibers
taken during the first seven cycles at a scan rate of
0.1 mV-s™ in the voltage range of 0.001 to 3V are
shown in Fig. 4(a). The first cathodic scan of the FeS
nanofibers contains a sharp peak at 0.77V and a
broad peak around 0.13 V. The first reduction peak at
0.77V is attributed to the formation of Na,FeS
[21, 22, 39] and the formation of a solid electrolyte
interphase (SEI) by electrolyte decomposition [40].
The second broad peak at 0.13 V is attributed to the
formation of Fe and Na,S [21, 22, 39]. The formation
of ultrafine nanocrystals during the first cycle resulted
in broad reduction peaks from the second cycle

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 3 XPS spectra and TGA of the porous FeS nanofibers:
spectrum, and (d) TGA.

onward [41, 42]. The oxidation peaks observed at 1.41
and 1.83 V are attributed to the formation of Na,FeS
and FeS, respectively [21,22, 39]. Additionally, the
small peak at 0.13 V is attributed to sodium extraction
from nanopores in the FeS nanofibers [43, 44]. The
charge and discharge curves of the FeS nanofibers
for the 1% and 2™ cycles, which were obtained at a
constant current density of 500 mA-g™, coincide well
with the CV curves. A distinct plateau around 0.77 V,
due to the formation of Na,FeS and SEI by electrolyte
decomposition, is observed in the first discharge
curve, as shown in Fig. 4(b). However, the plateau
is observed at ~0.11 V in the second discharge curve
of the FeS nanofibers. The initial discharge and
charge capacities of the porous FeS nanofibers were
561 and 456 mA-h-g™, respectively. In comparison,
those of the hollow Fe,O; nanofibers were 527 and
328 mA-h-g™!, respectively. The initial Coulombic
efficiencies of the porous FeS and hollow Fe,O; nano-
fibers were 81% and 62%, respectively. The porous
FeS nanofibers maintained their stable reversible
discharge capacities of ~442 mA-h-g™ at a constant
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current density of 500 mA-g™ during the first 30 cycles,
as shown in Fig. 4(c). Then, the discharge capacities
steadily increased to 592 mA-h-g? for the remaining
120 cycles. The discharge capacities of the porous
FeS nanofibers increased gradually during cycling,
primarily because of the formation of a polymeric
gel-like film on the active material resulting from
electrolyte degradation, which has been observed
in other transition metal oxides [45-47]. Generally,
although the initial surface area was relatively low,
after the first sodiation reaction, the FeS was converted
into nano-grain metal particles in the Na,S matrix.
Therefore, the surface area greatly increased. Moreover,
owing to the conversion characteristic of FeS, a fresh
metal surface was generated in every cathodic process.
Subsequently, electrolyte decomposition occurred to
form SEI films, which resulted in a gradual capacity
increase [45—47]. The porous FeS nanofibers had high
Coulombic efficiencies above 98% from the 3™ cycle
onward. The discharge capacities of the porous FeS
nanofibers and hollow Fe,O; nanofibers for the 150"
cycle were 592 and 147 mA-h-g”, respectively. The
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Figure 4 Electrochemical properties of the porous FeS and hollow Fe,O; nanofibers for sodium-ion storage: (a) CV curves for the
porous FeS nanofibers, (b) 1% and 2™ charge/discharge curves at a constant current density of 500 mA-g™', (c) cycle performance at a
constant current density of 500 mA-g', and (d) rate performance at different current densities.

porous FeS nanofibers showed superior sodium-ion
storage performance compared with that of the hollow
Fe,O; nanofibers. The porous FeS nanofibers had good
rate performance, as shown in Fig. 4(d), in which the
current density increases in a stepwise manner from
0.2 to 5.0 A-g™. The FeS nanofibers had final discharge
capacities of 456, 437, 413, 394, 380, and 353 mA-h-g"
at current densities of 0.2, 0.5, 1.0, 2.0, 3.0, and 5.0 A-g™,
respectively. In addition, the discharge capacities
of the FeS nanofibers recovered well, increasing to
510 mA-h-g™ when the current density returned to
0.2 A-g™ after cycling at high current densities. On
the other hand, the hollow Fe,O; nanofibers had final
discharge capacities of 214, 164, 143,126,115, and
97 mA-h-g™ at current densities of 0.2, 0.5, 1.0, 2.0, 3.0,
and 5.0 A-g™, respectively.

The superior sodium-ion storage performance of
the porous FeS nanofibers is supported by EIS analysis,
as shown in Fig. 5. Nyquist plots of the porous FeS

nanofibers and hollow Fe,O; nanofibers cells before
and after 1, 30, 50, and 100 cycles were obtained by
deconvolution with a Randle-type equivalent-circuit
model (Fig. S5(d) in the ESM) [48-50]. The equivalent-
circuit model describes the electrochemical-reaction
steps, including sodium-ion migration through the SEI
layers, the charge-transfer reaction, and the kinetics
of sodium-ion diffusion through the active material
[51-53]. The medium-frequency semicircle in the
Nyquist plots is attributed to the charge-transfer
resistance (R.) between the active material and the
electrolyte, and the low-frequency region corresponds to
the sodium-ion diffusion process within the electrodes
[54-56]. The R of the porous FeS nanofibers was
246 Q), which is lower than that of the hollow Fe,O,
nanofibers: 429 Q) before cycling, as shown in Fig. 5(a).
The ultrafine FeS nanocrystals and the high electrical
conductivity of FeS compared with the Fe,O; phase
resulted in the low R of the porous FeS nanofibers

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 5 Nyquist impedance plots of the porous FeS and hollow
Fe,0; nanofibers: (a) Nyquist impedance plot of the nanofibers
before cycling, (b) Nyquist impedance plots of the porous FeS
nanofibers after cycling, (c) Nyquist impedance plots of the
hollow Fe,O; nanofibers after cycling, and (d) equivalent-circuit
model used for alternating-current impedance fitting.

[57, 58]. The R values of the porous FeS nanofibers
after 1, 30, 50, and 100 cycles (shown in Fig. 5(b)) were
151, 96, 85, and 86 Q, respectively. The formation

(a) Hollow Fe,0, nanofibers

o

Figure 6 Morphologies of (a) hollow Fe,O; nanofibers and (b) porous FeS nanofibers after 100 cycles.

Nano Res. 2017, 10(3): 897-907

of ultrafine FeS nanocrystals during the first cycle
reduced the charge-transfer resistance. The further
decrease in R, over the remaining 50 cycles is
attributed to the gradual activation of the porous FeS
nanofibers. The R values of the hollow Fe,O; nanofibers
after 1, 30, 50, and 100 cycles, as shown in Fig. 5(c),
were 119,130, 154, and 162 O, respectively. The R
values of the hollow Fe,O; nanofibers increased
significantly because of the structural destruction
during repeated sodium-ion insertion and desertion.
The results of the EIS analysis are evidence of the
structural stability of the porous FeS nanofibers during
the repeated sodium-ion insertion and extraction
processes. The presence of nanovoids in the structure
improved the structural stability of the samples.

The morphologies of the two samples obtained
after 100 cycles are shown in Fig. 6. The hollow Fe,O;
nanofibers had been broken into several pieces after
cycling (Fig. 6(a)). The large volume change during the
repeated sodium insertion and desertion destroyed
the fiber morphology. However, the overall morphology
of the porous FeS nanofibers was maintained, even
after 100 cycles at a current density of 500 mA-g™
(Fig. 6(b)). The numerous nanovoids in the FeS nano-
fibers accommodated the large volume change due

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2017, 10(3): 897-907 905

to the repeated sodium insertion and desertion. In
summary, the porous FeS nanofibers were highly
structurally stable and had superior sodium-ion storage
properties compared with hollow Fe,O; nanofibers.
The electrochemical properties of the iron-sulphide
anodes for sodium-ion batteries reported thus far
and the electrochemical properties of the iron are
summarized in Table 52 (in the ESM). In this study,
the porous FeS nanofibers with numerous nanovoids
showed superior electrochemical properties for
sodium-ion storage compared with iron-sulphide
materials reported in the literature. This is because the
porous FeS nanofibers have high structural stability
during repeated sodium insertion and desertion.

4 Conclusions

Porous FeS nanofibers prepared by a simple two-step
post-treatment process were studied for use as anode
materials for sodium-ion batteries. The first post-
treatment step of the electrospun nanofibers was to
heat the fibers in an air atmosphere, producing
carbon-free, hollow Fe,O; nanofibers by Ostwald
ripening. In the second step, the hollow Fe,O; nanofibers
were sulfidated in H,S gas, forming porous FeS
nanofibers with numerous nanovoids. The Kirkendall
effect played a key role in the formation of the porous
FeS nanofibers. The porous FeS nanofibers were very
structurally stable and had superior sodium-ion storage
properties compared with the hollow Fe,O; nanofibers.
The simple fabrication process introduced in this study
can be applied to the preparation of transition-metal
sulfide nanofibers with various compositions for wide
applications, including energy storage.
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