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Sodium-ion batteries (SIBs) are undoubtedly the most promising alternatives to lithium-ion batteries
considering the natural abundance, distribution and cost of sodium resources. Still, SIBs face challenges
in the development of suitable anode materials due to the large volume change during sodiation/de-
sodiation, which results in inferior cycling stability. Herein, we synthesized a yolk—shell structured
pyrrhotite (Fe; ,S)@N-doped carbon (FS@NC) through a solution-based method and investigated its
electrochemical properties for use in SIBs as an anode material. The optimized yolk—shell structured
FS@NC with distinctive voids and a core exhibited a high reversible capacity of 594 mA h g~* over 100
cycles at 100 mA g™, excellent rate capability and superior cycling performance compared to core-shell
and pristine Fe;_,S materials. During the charge and discharge cycles, the synergistic effect of the
porous core (Fe;_,S) with empty voids and a defective carbon shell configuration provided a large
electrode/electrolyte contact area and shortened the diffusion path for electrons and sodium ions. It also
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which was confirmed by ex situ SEM and TEM analyses. To demonstrate a practical application, we

DO!: 10.1039/c8ta06667a assembled a sodium-ion full cell with an O3-type NaCog sFeqsO, cathode and a yolk—shell structured
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Introduction

Lithium-ion batteries (LIBs) are pervasive in our daily life and
have evolved into the dominant power sources for various
applications such as portable electronic devices, electric vehi-
cles and large-scale energy storage systems since their discovery
in 1991 due to their high energy density and excellent cycling
stability."” Nevertheless, LIBs have drawbacks such as limited
lithium resources in the earth's crust and the presence of an
uneven distribution of Li deposits. Therefore, increasing cost
will be a critical problem for the development of large-scale
energy storage systems in the future. Sodium-ion batteries
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FS@NC anode, and the results showed superior energy storage performance.

(SIBs) have attracted great attention because Na' ions have
similar electrochemical properties to Li* ions; thus the available
design of LIBs could have been promptly used to hasten the
research on SIBs.>® In addition, SIBs are suitable alternatives to
address all the above issues due to the wide availability of
sodium resources in the earth's crust.” Thus, a lot of efforts have
been devoted for developing SIBs over the past few years.>™°
However, such SIBs experience severe volume changes due to
the large ionic radius of Na' (1.02 A), which restrains the
capacity, rate capability and cycling stability of SIBs. Conse-
quently, the development of electrode materials with long-term
stability, high capacity and good rate capability is critical.”**
Currently, transition metal chalcogenides have attracted
much attention as anode materials due to their impressive
energy storage ability, vast abundance, environmental friendli-
ness and high safety.**' Among them, Fe-based chalcogenides,
especially iron sulfides, have received much attention due to
their availability in nature, low cost and high theoretical
capacity. Nevertheless, use of SIBs with iron sulfides has been
hampered in real applications due to their sluggish kinetics,
low conductivity, sulfur dissolution and large volume changes
during continuous sodiation/de-sodiation cycles.***” Many
studies have been performed to improve the electrochemical
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properties of such iron sulfides. The reaction kinetics of active
materials could be enhanced and the volume changes during
continuous cycles could be mitigated by designing nano-
structured active materials. For example, sodium-ion diffusion,
cycling stability and rate capability could be greatly improved by
anchoring FeS, on reduced graphene oxide nanosheets.”®
Carbon-coated FeS maintained a reversible capacity of
365 mA h g~ after 100 cycles at 0.15C.>® Cobalt-doped FeS,
nanospheres delivered a discharge capacity of 220 mA h g *
even after long cycles at 2000 mA g~ . It is well known that
non-stoichiometric iron sulfide (pyrrhotite, Fe; ,S) could
provide attractive electrochemical performance due to the Fe
vacancy in its octahedral sites. Li et al. reported that a nano-
structured Fe; _,S anode material exhibited a discharge capacity
of 563 mA h g~' over long cycles at 100 mA g~ . Xiao et al.
reported that the CNT-encapsulated Fe; _,S could deliver a high
capacity of 449.2 mA h g~ over long cycles at 500 mA g~ '.3
However, the electrochemical performance needs to be tuned by
constructing novel architectures. One interesting system that
has gained considerable attention is CooSg/Mo0S, yolk-shell
nanostructured spheres for advanced energy storage, which
have intriguing characteristics that are not feasible in their solid
counterparts.®® High discharge capacity and improved reaction
kinetics could be achieved due to the benefits of shorter diffu-
sion length and improved active sites provided by the yolk-shell
architectures, which resulted in an enhanced energy and power
density.*** In addition to the benefits mentioned above, the
yolk-shell nanostructures can also provide an optimized core-
void-shell architecture to endure the severe volume changes
encountered due to sodiation/de-sodiation during continuous
discharge/charge cycles.** The presence of nitrogen atoms in the
carbon shell has many advantages such as enhancing the
electronic conductivity of the material, improving the wetta-
bility of the electrode, introducing more reactive sites and
defects for Na* ions. All these factors synergistically contribute
to an enhanced sodium storage ability, excellent cycling
stability and high rate capability for high performance SIBs.*”*

Considering all the aspects mentioned above, we designed
and synthesized a porous pyrrhotite core encapsulated by
a nitrogen-doped carbon shell (FS@NC) as an effective anode
material for SIBs in this study. Here, the introduction of
nitrogen creates defects within the carbon material, which
provides numerous active sites and enhances the electronic
conductivity. The acid etching of the Fe; ,S core both creates
void space between the core and shell and forms pores inside
the core, leading to an improved surface area, accommodating
the volume change of the inner active material and promoting
sodium ion diffusion.

Experimental details
Materials

Ferrous chloride (FeCl,), 25% aqueous ammonia (NH,OH),
dopamine hydrochloride (CgH;,NO,-HCI), tris-buffer solution
and thioacetamide (C,HsNS) were purchased from Sigma
Aldrich. Carboxyl methyl cellulose binder, N-methyl-2-
pyrrolidone (NMP, CsHoNO), hydrochloric acid (HCI) and
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ethanol were received from Daejung Chemicals Ltd. De-ionized
(DI) water (resistivity: ~18.0 MQ cm) was obtained from a Milli-
Q water purification system and used throughout experiments.

Preparation of Fe,O; nanoparticles

0.1 g of ferrous chloride was added to 70 mL of ethanol and kept
stirring for few hours. Then, 25% aqueous ammonia was added
into the solution dropwise until the color changes to dark wine.
Afterwards, the solution was transferred to the Teflon-lined
autoclave covered with a stainless steel body and maintained
at 170 °C for 4 h. The autoclave chamber was gradually cooled
down to room temperature. Subsequently, the precipitate was
collected and washed with distilled water and ethanol several
times using centrifugation, and it was dried at 80 °C for 12 h in
a convection oven.

Synthesis of Fe;0,@N-doped carbon core-shell

200 mg of prepared Fe,O; nanoparticles and 80 mg of dopa-
mine hydrochloride were dispersed into 100 mL of tris-buffer
solution with magnetic stirring for 5 h. The resulting product
was collected via centrifugation and washed with deionized
water and ethanol several times and dried at 70 °C for 12 h in
a convection oven. The obtained Fe,O;@PDA core-shell parti-
cles were transferred to an alumina boat and kept at 500 °C for
3 h under an argon atmosphere at a ramping rate of 5°C min ™"
to obtain the Fe;O,@NC core-shell particles.

Preparation of Fe;0,@NC yolk-shell

The prepared Fe;O,@NC core-shell particles were dispersed in
4.0 M HCl solution and stirred for different times (20, 40 and 60
min). Fe;0,4 was etched in an acidic medium to form the yolk-
shell structure. The resulting product was collected via centri-
fugation and washed with deionized water and ethanol three
times. It was then dried at 70 °C for 12 h in a convection oven.

Synthesis of Fe; ,S@NC yolk-shell

The prepared Fe;0,@NC yolk-shell particles were mixed with
thioacetamide (1 : 3 weight ratio) and transferred to an alumina
boat. The sample loaded on the alumina boat was transferred to
a tube furnace for sulfurization. The reaction took place under
an argon atmosphere at 500 °C for 5 h. The same procedure was
followed to prepare pristine Fe; ,S by direct sulfurization of
Fe,O; with thioacetamide.

Characterization and measurements

The crystal structure was identified by powder X-ray diffraction
using an X-ray diffractometer (D8 Bruker) with Cu Ko radiation
(A = 1.5405 A) in the scan range (26) of 10-100°. Rietveld
refinement of the XRD pattern was performed using a general
structure analysis system (GSAS) to determine the detailed
structural information. The nature of the chemical bonds was
investigated by Raman spectroscopy (Dongwoo optron, MonoRa
780i). The morphologies of the prepared samples were investi-
gated using a scanning electron microscope (NOVA Nano SEM-
450) equipped with energy dispersive spectroscopy (EDS). A
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high-resolution transmission electron microscope (HRTEM,
JEOL, JEM 2100F) and elemental mapping were used to observe
the morphology of the prepared materials. X-ray photoelectron
spectroscopy (XPS) was performed with a spectrometer having
Mg/Al Ko radiation (XPS, VG Multilab ESCA System, 220i). Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
were performed using a CH instrument (CHI600D Electro-
chemical Workshop). The charge and discharge cycling test was
carried out using battery test equipment (WBCS 3000, WonA
Tech Co., Ltd.) at 25 °C.

Electrode preparation and full cell assembly

The viscous slurry was prepared by grinding active materials
(Feq_xS, 70 wt%) with Super-P carbon (15 wt%) and carboxy
methyl cellulose binder (15 wt%) using water. The electrode was
prepared by coating the slurry onto the Cu foil and drying in
avacuum oven at 110 °C for 12 h. The active mass loading in the
electrode was about 3.0 mg cm 2. To evaluate the electro-
chemical performance of the electrode, a CR2032-type coin cell
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was assembled by sandwiching a glass fiber separator (What-
man CAT no. 1823-047) between sodium foil (Alfa Aesar 99%)
and the prepared electrode. A liquid electrolyte with 1.0 M
NaClO, in ethylene carbonate (EC)/propylene carbonate (PC)
(50 : 50 by volume, battery grade) containing 10.0 wt% fluoro-
ethylene carbonate (FEC) as an additive was kindly supplied by
PANAX ETEC Co. Ltd. and was used as received. Karl Fischer
titration using a Mettler-Toledo Coulometer confirmed that the
water content in the liquid electrolyte was less than 20 ppm.
NaCo, sFey 50, cathode was prepared by casting NMP-based
slurry consisting of NaCo, sFeq 50, (80 wt%), Super-P carbon
(10 wt%) and poly(vinylidene fluoride) binder (10 wt%) onto the
Al foil. The resulting electrode was dried in a vacuum oven at
110 °C for 12 h. A sodium-ion full cell was assembled with
a yolk-shell structured Fe;_,S@NC-40 anode and a NaCo -
Fe, 50, cathode using the same electrolyte and separator used
in the half-cell assembly. The mass ratio of active materials in
the anode to those in the cathode has been optimized to
1.0 : 4.3 to obtain the best cycling performance. All the cells
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Fig. 1 Schematic illustration of the preparation of the yolk—shell structured FS@NC and FS@NC-n particles.
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were assembled inside a glove box under an argon atmosphere
and electrochemical measurements were carried out at 25 °C.

Results and discussion

An effective approach was used to enhance the Na-ion storage
and cycling stability of the anode material by designing yolk-
shell structured nanocomposites with a large surface area and
high conductivity. Herein, we facilely designed the selective
etching of N-doped carbon encapsulated Fe, ,S nanoparticles
to form yolk-shell nanoarchitectures (Fe; ,S@NC), as sche-
matically illustrated in Fig. 1. Firstly, the Fe,O; nanoparticles
were prepared by a hydrothermal technique using ferrous

‘ Core-shell to Yolk-shell transformation
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chloride (FeCl,) as a starting precursor. FeCl, was reacted with
an ammonium hydroxide solution under controlled pH to yield
a brown color solution. Under hydrothermal treatment, the
solution was converted to iron oxide (Fe,O;) nanoparticles.
Subsequently, the in situ chemical polymerization of Fe,O3 with
dopamine was carried out to obtain polydopamine-coated
Fe,0; (Fe,O;@PDA), which further underwent an annealing
treatment under an inert atmosphere to obtain Fe;O, particles
encapsulated by nitrogen-doped carbon (Fe;O,@NC). After-
wards, the Fe;0,@NC nanoparticles were subjected to partial
etching of the Fe;0, core using HCI, followed by sulfurization to
form yolk-shell structured Fe; ,S@NC-n (n in Fe; ,S@NC-n
means the etching time in units of min). These kinds of

.

Pristine F'S
.

Fig. 2

®

(a) Structural evolution of the FS@NC core—shell to FS@NC yolk—shell with respect to the etching time. TEM images of (b) pristine FS, (c)

FS@NC-O0, (d) FS@NC-20, (e) FS@NC-40 and (f) FS@NC-60. Elemental mapping images of (g) FS@NC-0, (h) FS@NC-20 and (i) FS@NC-40.
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nanoarchitectures can provide high surface area, which enables
efficient pathways for Na-ion penetration. We also prepared the
core-shell structured Fe; ,S@NC by the direct sulfurization of
Fe;O0,@PDA with thioacetamide. The morphologies of the
prepared samples were examined using field-emission scanning
electron microscopy (FE-SEM) and transmission electron
microscopy (TEM). The spherical shaped morphology was
observed for the hydrothermally prepared Fe,O3, as can be seen
in Fig. S1.f A FE-SEM image of Fe;0,@NC particles is also
shown in Fig. S2.1 After acid etching and subsequent sulfuri-
zation, the structural evolution of Fe, _,S@NC with core-shell to
yolk-shell transformation under different etching times is
schematically illustrated in Fig. 2(a). Fig. 2(b), S3 and S4} show
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the FE-SEM and TEM images of the pristine Fe; _,S (i.e., without
NC coating) material. After sulfurization, slight changes from
the spherical-like particles to random nanoparticles were
observed for pristine Fe, ,S particles. Also, the SAED pattern in
Fig. 2(b)(ii) shows clear ring pattern spots, indicating the poly-
crystalline nature of the FS nanoparticles. The core-shell-like
structure was clearly observed after coating the nitrogen-
doped carbon (NC) on the FS particle, as presented in Fig. 2(c)
and S5.1 Here, NC coated on FS was formed by the polymeri-
zation of dopamine, followed by carbonization under an inert
atmosphere. About 25 nm of the NC layer was uniformly coated
on the surface of the FS. The FS@NC particles were subjected to
acid etching for different times to obtain the yolk-shell
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structured FS@NC-n with optimum void space. Here, FS@NC-
0 represents the FS@NC core-shell particles without etching.
Fig. 2(d)-(f) and S6-S81 show the TEM images and SAED
patterns of the prepared FS@NC-20, FS@NC-40 and FS@NC-60,
respectively. It is apparent from the TEM images that the void
space increases as the etching time increases. The images show
both void space between the carbon layer and the FS core, and
the porous FS inside the particle, which is beneficial for
achieving the enhanced electrochemical performance. The
FS@NC-60 particle exhibited the largest void space between the
FS core and the carbon layer. Fig. S6-S8t show the TEM images
of the FS@NC-20, FS@NC-40 and FS@NC-60 particles at
different magnifications. The SAED pattern of FS@NC-60 (i.e.,
after sulfurization) shows the polycrystalline nature with
imperceptible rings, because the NC layer diminishes the bright
FS rings. Fig. 2(g)-(i) present the elemental mapping images of
FS@NC-0, FS@NC-20 and FS@NC-40, respectively. Fig. 2(g)
shows that all the elements such as Fe, S, C and N are uniformly
distributed. Interestingly, the partial etching created the void
space as observed from the TEM images, and the outer coating
layer was distributed by carbon and nitrogen. While the FS core
can deliver a high capacity, the N-doped carbon layer can
improve the electrical conductivity, and the void space can
accommodate the volume changes during the repeated
sodiation/de-sodiation cycles.

The structural and crystalline properties of the synthesized
materials were characterized by X-ray diffraction (XRD) analysis.

Journal of Materials Chemistry A

Fig. S9T shows the XRD pattern of the prepared Fe,O; nano-
particles, which corresponds the rhombohedral crystal struc-
ture and all the peaks were well matched to the JCPDS card no.
89-2810. Also, the XRD pattern of Fe;O,@NC in Fig. S10f
presents the well-defined peaks at 30.1°, 35.5°, 43.1°, 53.5°,
56.9°, 62.7° and 74.0°, where all the diffraction peaks can be
indexed with the cubic phase and matched with the JCPDS card
no. 19-0629. The oxidation states of Fe in Fe;O, plays a major
role in formation of iron deficient pyrrhotite particles. Unlike
the Fe,O;, the cubic phase of Fe;0, contains both Fe** and Fe**
ions. Here, Fe*" ion occupies the octahedral site, whereas the
Fe*" ion occupies both octahedral and tetrahedral sites evenly,
which is responsible for the non-stoichiometric nature of
Fe;_,S. Fig. 3(a) shows the XRD refinement of pristine FS after
sulfurization of Fe;O, with thioacetamide. All the diffraction
peaks can be assigned to Fe,_,S with a hexagonal phase without
any peaks for other phases or impurities. The peaks at 29.8°,
31.3°, 33.8°, 43.8°, 53.1°, 57.4°, 65.2°, 71.1° and 74.5° corre-
spond to the (100), (002), (101), (102), (110), (103), (201), (202)
and (104) crystal planes, respectively.* Fig. 3(b) presents the
crystal structure according to the Fe; ,S refinement data. As
shown, Fe ions reside in the octahedral sites, whereas the S ion
occupies the trigonal prismatic site. Fig. 3(c) compares the XRD
patterns of pristine FS, FS@NC-0 and FS@NC-40 (see Fig. S117
for FS@NC-20, FS@NC-60). The hexagonal phase of FS could be
achieved even under severe processing conditions such as high
temperature carbonization, acid etching and high temperature
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sulfurization. No peaks for carbon were observed apart from the
slight decrease in the intensity of each (%kl) plane; this reveals
that the coated carbon is amorphous.”” Raman spectra in
Fig. 3(d) present three bands at low wavenumbers, which
correspond to pyrrhotite.** After coating N-doped carbon on the
surface of FS, two peaks appear at 1345 and 1570 cm ™', which
are related to the disordered carbon (D band) and graphitic
carbon (G band), respectively. This result further confirms the
presence of amorphous carbon on the surface of FS. All the
peaks in FS@NC-40 slightly shift to a higher wavenumber,
which might be due to many factors such as the synthesis
method, morphology of the material, crystal size, degree of the
structural order and the energy of interaction between the
ions.”” Furthermore, X-ray photoelectron spectroscopy (XPS)
was performed to identify the chemical composition and
valence states of the FS@NC-40, and the results are presented in
Fig. 3(e)-(h). As shown in Fig. 3(e), the high resolution Fe2p
core-level spectrum showed two major regions, Fe2p;, and
Fe2p,/,. Here, the peaks observed at 710.5 and 723.9 eV corre-
spond to Fe**, whereas those at 714.1 and 726.7 eV indicate the
presence of Fe*" in the FS@NC-40 yolk-shell material.**** Two
more peaks were observed as the satellite peaks. The broad
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peaks at 163.8 and 162.6 eV in Fig. 3(f) can be attributed to S2p,,
» and S2pgs),, respectively. The peak at the high binding energy
indicates the presence of oxidized groups (SO,).** The C1s core-
level spectrum can be deconvoluted into three peaks at binding
energies of 283.8, 284.7 and 287.9 eV, which correspond to the
C-C, C-N, C=N bonds, respectively (Fig. 3(g)). The N1s core-
level spectrum in Fig. 3(h) can be resolved into three major
peaks at binding energies of 397.7, 399.3 and 400.3 eV, which
are attributed to the pyridinic-N, pyrrolic-N and graphitic-N
bonds, respectively.*> Further, the elemental contents of the
prepared materials were analyzed using the EDS analysis and
the results are presented in Fig. S12.1 As shown in these figures,
the etching of the inner Fe; ,S core led to a gradual decrease in
Fe and S contents, whereas the contents of carbon and nitrogen
gradually increased with the etching time. According to the TGA
analysis, the amount of carbon was calculated to be 15.2, 18.8,
21.9 and 33.6 wt% for FS@NC-0, FS@NC-20, FS@NC-40 and
FS@NC-60, respectively.

The electrochemical performance of the obtained electrodes
was investigated. Fig. 4(a) presents the CV curves of the FS@NC-
40 electrode at different scan rates ranging from 0.2 to 1 mvs ™.
A pair of redox peaks (cathodic and anodic) was observed at
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each scan rate. The power law was applied to differentiate the
relative contributions of the diffusion and capacitive-controlled
capacity to the total charge. As shown in Fig. 4(b), the peak
current can be expressed as a function of the scan rate, i, = a x
»?, where ip is the peak current (A), » is the scan rate, a and b are
the adjustable parameters.*® On increasing the scan rate, the
peak shape was well maintained even at a high scan rate,
demonstrating the good electrochemical reversibility of the
material. The calculated “b” values for the cathodic and anodic
peaks were 0.64 and 0.67, respectively, which belong to the
transitional area between the capacitive and diffusion-
controlled behavior.”” Fig. S13t reveals a linear plot between
the peak current vs. square root of the scan rate for cathodic and
anodic processes of the FS@NC-40 electrode. To evaluate the
charge storage behavior, the power law can be modified into the
following relation,
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where kv and k*? are the current contributions from non-
faradaic and faradaic processes. The values of the slope and
intercept from the linear fit of the plot between i,/v"'* vs. v
represent k; and k,, respectively (Fig. 4(c)). The contribution of
capacitive- and diffusion-controlled processes could be calcu-
lated from the above equation, as depicted in Fig. 4(d). At low
scan rates, the contribution of diffusion-controlled process
dominates the charge storage capacity. The diffusion-controlled
process decreases on increasing the scan rate, and the
capacitive-controlled process gradually increases. The unique
structural characteristics and large surface area may partially
account for this enhanced capacitive contribution. Fig. 5(a)
shows the voltage profiles of the pristine FS electrode in the
voltage range of 0.01 to 2.50 V at a current density of 100 mA g~ ".
A high irreversible capacity of 22% was observed due to the
formation of a solid electrolyte interphase (SEI) layer in the first
cycle. A reversible capacity of 607 mA h g~ was obtained in the

Ip =k + leoy'? (1)  first cycle. However, a drastic decline in the capacity was
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different current densities ranging from 50 to 2000 mA g™ 2. (e) Cycling stability of the FS@NC-40 electrode at a current density of 1000 mA g™ 1.
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observed for extended cycling. The cycling stability was greatly
improved in the case of FS@NC-0 (Fig. 5(b)), although the initial
capacity decreased. The FS@NC-40 electrode in Fig. 5(c)
exhibits an enhanced discharge capacity of 594 mA h g~ * with
the help of the yolk-shell architecture. Fig. 5(d)-(f)present the
cycling performance for pristine FS, FS@NC-0 and FS@NC-40
electrodes, respectively (see Fig. S14 in ESIT for FS@NC-20 and
FS@NC-60 electrodes). The pristine FS electrode in Fig. 5(d)
shows a large capacity fading due to the large volume change in
the Fe, _,S electrode during continuous sodiation/de-sodiation.
The capacity fading can be suppressed by coating N-doped

Paper

carbon over the Fe; ,S material, as shown in Fig. 5(e).
Fig. 5(f) depicts the cycling performance of the FS@NC-40
electrode with an improved initial coulombic efficiency of
82.4%. This value is slightly low when compared to the FS@NC-
0 electrode, which can be attributed to the increased surface
area of the FS@NC-40 yolk-shell electrode via a core-void-shell
architecture. Fig. S151 shows the cycling performance of various
electrodes at a high current density of 1000 mA g~ '. Among the
electrodes investigated, the FS@NC-40 electrode exhibited the
best cycling performance in terms of initial discharge capacity
and cycling stability. The electrochemical performance of

Py

‘ (002)
. N (200)
i

\' -

5 1/nm

5 1/nm

Fig. 7 FE-SEM images of (a) cross-section and (b) surface of the pristine FS electrode before cycling, (c) cross-section and (d) surface of the
pristine FS electrode after cycles. FE-SEM images of (e) cross-section and (f) surface of the FS@NC-40 electrode before cycling, (g) cross-section
and (h) surface of the FS@NC-40 electrode after cycles. (i) Photo images of the pristine FS and FS@NC-40 electrodes after cycles with sonication
in ethanol. (j and k) TEM images at different magnifications and (1) the SAED pattern of the pristine FS electrode after cycles. (m and n) TEM images
at different magnifications, (o) HR-TEM image and (p) SAED pattern of the FS@NC-40 electrode after cycles.
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different electrodes was further investigated by AC impedance
measurements before and after cycling, and the resulting AC
impedance spectra are shown in Fig. 5(g)-(i). All the electrodes
showed a depressed semicircle in the high and medium
frequency regions, whereas a straight line was observed in the
low frequency region. A high-frequency intercept of the real axis
is attributed to the electrolyte resistance (R.), and the over-
lapped semicircle in the high to middle frequency range arises
from the resistance due to Na' ion migration through the
surface film formed on the electrode (Ry) and charge transfer
reaction at the electrode-electrolyte interface (R.), and finally
the low frequency region is related to the sodium ion diffusion
within the electrode. These spectra could be fitted by using the
equivalent circuit given in Fig. S16.1 The R, values were slightly
increased for all the electrodes after cycling. On the other hand,
there was a drastic increase in Ry and R, with cycling in the
pristine FS electrode, which can be attributed to the loss of
conductivity of the electrode by severe volume change and
occurrence of cracks within the pristine FS electrode.”® In
contrast, both Ry and R.; were decreased after cycling in the

Journal of Materials Chemistry A

FS@NC-0 and FS@NC-40 electrodes, which demonstrated that
the coating of N-doped carbon on the Fe, ,S particles improved
the conductivity of the electrode and cycling stability. The
FS@NC-40 electrode exhibited the lowest R after cycling,
which can be ascribed to the void-shell architecture with high
surface area that accommodates the volume change of the FS
core during cycling.

The rate capabilities of the various electrodes were evaluated
at different current densities ranging from 50 to 2000 mA g . As
shown in Fig. 6 and S17,1 the FS@NC-40 electrode exhibited the
best rate performance among all the electrodes. The discharge
capacity of the pristine FS electrode significantly dropped to
lower values at high current densities (Fig. 6(a)), whereas the
FS@NC-0 electrode exhibited a discharge capacity of
303 mA h g~ " (Fig. 6(b)), and the FS@NC-40 electrode delivered
a discharge capacity of 470 mA h g~ (Fig. 6(c)) even at a high
current density of 2000 mA g~ *. These results confirmed that the
designed FS@NC-40 electrode exhibited excellent rate capability
compared to the pristine and other electrodes. Ex situ FE-SEM
analyses of the electrodes were performed, and the results are
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presented in Fig. 7(a)-(h). Before cycling, the cross-sectional and
surface images of the pristine FS electrode show smooth and
uniform morphologies on a Cu current collector. However, the
electrode was detached from the current collector and the elec-
trode thickness was significantly increased after cycling due to
the volume expansion of the active material with extensive
cracking. In contrast, the FE-SEM images of the FS@NC-40
electrode show less volume expansion and little cracks on the
surface of the electrode, which demonstrates its excellent
volume accommodation and good adhesion to the current
collector. The cycled electrodes were immersed into ethanol and
kept in a bath with sonication. Fig. 7(i) presents the photo
images of the pristine FS and FS@NC-40 electrodes after
sonication. Due to the large volume expansion and large cracks
on the surface of the electrode, the pristine FS electrode
materials were peeled off into the solvent, whereas no disso-
lution of the electrode materials into the solvent was observed
in the FS@NC-40 electrode. Fig. 7(j)-(1) show the TEM images
and SAED pattern of the pristine FS electrode material. The
structural degradation of the active materials was observed. In
contrast, the volume strain on the FS particles in the FS@NC-40
electrode was well controlled by the presence of a void and N-
doped carbon shell, as shown in Fig. 7(m) and (n). The HR-
TEM image in Fig. 7(o) shows the presence of the FS particle
with carbon materials and the SAED pattern in Fig. 7(p) pres-
ents the slight cloudy pattern of FS due to the addition of
a conducting agent.
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The charge storage mechanism was further investigated by
performing ex situ XRD analysis, and the results are presented
in Fig. 8(a) and (b). At open circuit voltage, all the diffraction
peaks were related to the Fe, ,S, and two additional peaks at
50.3° and 74° correspond to the Cu foil. After sodiation, the
sharp peaks completely disappeared, and the obtained results
were similar to the previous reports based on metal sulfides,
suggesting that a conversion-type reaction occurred. The
peaks related to Fe;_,S were not observed at 0.01 V, and the
peaks corresponding to sodiated Fe; ,S were subsequently
observed around 31° and 35°. In the fully de-sodiated state,
three more peaks appeared at 27.6°, 29.0° and 48.2°, which are
related to Na,CO;. During the process, Fe particles were
generated during the conversion reaction, which was
confirmed from the peak at 43°.*° Based on the above results,
the sodium storage mechanism for the prepared Fe;_,S
materials can be given as follows.

Fe,_,S +2Na* +2¢~ —

Na,S + Fe; Na,S + Fe « Na,Fe,_,S, + 2Na™ +2¢~  (2)

A schematic illustration of the sodiation and de-sodiation
process for the pristine Fe; ,S and yolk-shell structured
Fe; ,S@NC-40 electrodes is shown in Fig. 8(c) and (d). The FS
particle started to change in volume during continuous cycles,
which caused severe structural damage, resulting in poor
cycling stability. On the other hand, the FS particle
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(a) A sodium-ion full cell assembled with FS@NC-40 anode and NaCoq sFeq sO, cathode. (b) Charge and discharge curves of the sodium-

ion full cell at 50 mA g~* based on the anode material and (c) its cycling performance.
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encapsulated by N-doped carbon can control the large volume
expansion and provide good cycling stability. The electro-
chemical performance is compared with the results recently
reported on other metal sulfide-based anode materials for SIBs
in Table S1 of the ESI.{ The benefit of the yolk-shell structured
FS@NC-40 material can be explained as follows. First, the N-
doped carbon coating on the surface of the Fe; ,S particle
improves the electronic conductivity of the electrode. Second,
the highly porous nature of the Fe, ,S core inside FS@NC-40 (as
compared to the core-shell structured FS@NC-0 particle)
provides more active sites and higher surface area. Third, the
void space can furnish enough space for buffering the volume
expansion of the inner FS core.>*>*

To explore the practical use of the prepared material as an
anode for SIBs, a sodium-ion full cell was assembled with the
FS@NC-40 anode and NaCo, sFe, 50, cathode (see Fig. S18F
for cycling performance of the cathode half-cell). Fig. 9(a)
shows a schematic illustration of the fabricated full cell.
Fig. 9(b) presents the galvanostatic charge and discharge
curves of the sodium-ion cell in the voltage range of 0.1 to
3.6 V at a constant current density of 50 mA g~ based on the
mass of the FS@NC-40 anode. An initial discharge capacity of
500 mA h g~' was obtained based on the mass of the active
FS@NC-40 material. Excellent cycling stability was achieved
with negligible loss of specific capacity, as shown in Fig. 9(c).
Such a large capacity and good cycling stability are attributed
to the superior electrochemical performance of the FS@NC-40
anode and NaCo,sFe, 50, cathode. Overall, the yolk-shell
structured FS@NC-40 material provided attractive electro-
chemical performance, including high specific capacity, good
capacity retention and superior rate capability.

Conclusions

In summary, the yolk-shell structured Fe,_,S encapsulated by
N-doped carbon was designed and synthesized for use as an
anode material in sodium-ion batteries. The yolk-shell struc-
tured FS@NC-40 material exhibited a high discharge capacity of
594 mA h g at 100 mA g~ ', good cycling stability at low and
high current rates and excellent rate capability. The superior
performance of the FS@NC-40 yolk-shell electrode was attrib-
uted to the fast sodium ion diffusion due to the porous core that
provides more active sites, the enhanced electrical conductivity
and the efficient accommodation of the volume expansion of
the inner Fe, ,S core. It was also demonstrated that the
sodium-ion full cell assembled with FS@NC-40 anode and
NaCo, sFe( 50, cathode exhibited good cycling performance in
terms of reversible capacity and cycling stability. Our study
demonstrates the excellent potential of the Fe; ,S@NC yolk-
shell material for high performance sodium-ion storage
applications.
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