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1 Introduction

ABSTRACT

Multicomponent metal sulfide materials with a yolk—shell structure and a single
phase were studied for the first time as anode materials for sodium-ion batteries.
Yolk-shell-structured Fe-Ni-O powders with a molar ratio of iron and nickel
components of 1/1 were prepared via one-pot spray pyrolysis. The prepared
Fe-Ni-O powders were transformed into yolk—shell-structured (FeysNigs)oSs
solid-solution powders via a sulfidation process. The initial discharge and charge
capacities of the (FeysNiys)sSs powders at a current density of 1 A-g™ were 601 and
504 mA-h-g™, respectively. The discharge capacities of the (FeysNiys)sSs powders
for the 2" and 100" cycle were 530 and 527 mA-h-g™, respectively, and their
corresponding capacity retention measured from the 2™ cycle was 99%. The
(Feo5Nips)sSs powders had high initial discharge and charge capacities at a low
current density of 0.1 A-g”™, and the reversible discharge capacity decreased slightly
from 568 to 465 mA-h-g™" as the current density increased from 0.1 to 5.0 A-g™".
The synergetic effect of the novel yolk—shell structure and the multicomponent
sulfide composition of the (FeysNips)eSs powders resulted in excellent sodium-ion
storage performance.

materials for SIBs [16-19]. In lithium-ion batteries,
multicomponent metal compounds have been suc-

Non-oxide metal compound materials such as sulfides,
selenides, tellurides, and phosphides have been studied
intensively as anode materials for sodium-ion batteries
(SIBs) [1-15]. However, the large volume change and
severe pulverization of the active materials during
sodiation/desodiation due to the large radius of sodium
ions (1.06 A) limits their application as electrode
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cessfully applied as anode materials [20-23]. These
materials can buffer the volume change by separating
into single metal compounds during cycling. In addi-
tion, the formation of a nanostructure improves the
lithium-ion storage performance of multicomponent
metal compounds. However, nanostructured non-oxide
multiple-metal compound materials have rarely
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been studied as anode materials for SIBs. Zhao and
Manthiram synthesized a BipgsSb;S; solid-solution
anode with a nanorod cluster morphology via a hydro-
thermal reaction [24]. The Biy:Sb; 0¢S;—graphite com-
posite had superior sodium-ion storage performance
as compared to Bi,S;-graphite and Sb,S;—graphite
composites. Choi and Kang synthesized yolk-shell
SnS-MoS, composite microspheres [25]. The synergetic
effect of the yolk—shell structure and uniform mixing
of the 5nS and MoS, nanocrystals resulted in excellent
sodium-ion storage properties. Spray pyrolysis has
many advantages for the preparation of multicom-
ponent materials with yolk-shell structures. Kang
et al. synthesized yolk—shell metal oxide powders
directly with quinary systems using scalable spray
pyrolysis [26]. However, the spray pyrolysis synthesis
of multicomponent metal sulfide materials with a
yolk—shell structure and a single phase as anode
materials for SIBs has not been studied.

In this study, multicomponent metal sulfide materials
with a yolk-shell structure and a single phase were
studied for the first time as anode materials for SIBs.
Yolk—shell-structured Fe-Ni-O powders with a molar
ratio of iron and nickel components of 1/1 and multiple
phases were prepared via one-pot spray pyrolysis.
The prepared Fe-Ni-O powders were transformed
into yolk-shell-structured (FeysNiys)sSs solid-solution
powders via a simple post-treatment process. Yolk—
shell-structured iron sulfide and nickel sulfide powders
and densely structured (FesNiys)sSs powders were
also prepared by sulfidation of the powders obtained
by spray pyrolysis as comparison samples. The elec-
trochemical properties of the prepared samples with
various compositions and morphologies for sodium-ion
storage were studied to show the synergetic effect of
the novel yolk—shell structure and the multicomponent
sulfide composition. The results showed the excellent
sodium-ion storage performance of the yolk-shell-
structured (FeysNiys)sSs powders.

2 Results and discussion

The formation mechanisms of the yolk-shell-structured
Fe-Ni-O and (Fe(5Nips)sSs powders are described in
Fig. 1. In the first step, i.e., the spray pyrolysis process,
the drying of the droplet formed a composite powder
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(Fig. 1@) consisting of nickel nitrate, iron nitrate, and
sucrose. The decomposition of the nickel nitrate and
iron nitrate and the carbonization of sucrose formed
a NiOx-FeOx-C composite powder (Fig. 1®). The
combustion of carbon at the back of the reactor
maintained at 700 °C produced a carbon-free Fe-Ni-O
powder (Fig. 1®) with a mixed crystal structure of
NiFe,O, and NiO phases [22, 25]. Repetitive combustion
and contraction processes produced the multishelled
Fe-Ni-O yolk-shell powders. The formation of
multishelled metal oxide powders using spray pyrolysis
was well described in a previous study [27]. In the
second step, i.e., the sulfidation process, the Fe-Ni-O
powder was transformed into (FeysNiy5)sSs powder
(Fig. 1®). The yolk-shell structure of the oxide powder
was maintained even after the sulfidation process.
The morphologies and crystal structures of the
Fe-Ni-O powders prepared via the one-pot spray
pyrolysis process are shown in Figs.2 and 3, res-
pectively. The Fe-Ni-O powders had a yolk-shell
structure, with a clear void space regardless of the
size of the powders, as indicated by the scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) images in Figs. 2(a)-2(d). During
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Figure 1 Schematic diagrams of (a) the spray pyrolysis process
applied in the preparation of the carbon-free Fe-Ni—O powders
with a mixed crystal structure of NiFe,O4 and NiO phases and
(b) the sulfidation process.
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Figure 2 (a) SEM image, (b) and (c) TEM images, (d) high-resolution TEM image, (¢) SAED pattern, and (f) elemental mapping images

of the Fe—Ni—O yolk—shell powders.

the spray pyrolysis, a yolk—shell powder was formed
from one droplet by drying and decomposition inside
the tubular reactor. Therefore, the size of the yolk—shell
powder depended on the size of the droplet. The
Fe-Ni-O powders shown in Fig. 2(c) have clear two
shells and one core. The line profile shown in Fig. S1
in the Electronic Supplementary Material (ESM) also
revealed the yolk-shell-structured microsphere. The
high-resolution TEM image shown in Fig. 2(d) reveals
clear lattice fringes separated by 0.26 and 0.21 nm,
which correspond to the (311) crystal plane of face-
centered cubic (fcc) spinel NiFe,O, and the (200)
crystal plane of cubic NiO, respectively [28, 29]. The
selected-area electron diffraction (SAED) and X-ray
diffraction (XRD) patterns shown in Figs. 2(e) and 3
confirm the formation of Fe-Ni-O yolk-shell powders
with mixed crystal structures of NiFe,O, and NiO.
However, the elemental mapping images shown in
Fig. 2(f) reveal the uniform distribution of the nickel
and iron components throughout the yolk—shell powder.
During the spray pyrolysis, the phase separation of
the nickel and iron components within the powder
was minimized. The Fe-Ni-O yolk-shell-structured
microspheres were evaluated by X-ray photoemission
spectroscopy (XPS). To understand the bonding

environment of the elements, the high-resolution
Ni 2p and Fe 2p spectra of the Fe-Ni-O yolk-shell-
structured microspheres were analyzed using a
Gaussian fitting program, and the results are shown
in Figs. S2(a) and S2(b) in the ESM, respectively. As
shown in Fig. S2(a) in the ESM, the Ni 2p spectrum
consists of two spin-orbit doublets that are characteristic
of Ni*, Ni**, and two shakeup satellites. The fitting
peaks at 854.8 and 872.4 eV are assigned to Ni*,
whereas the fitting peaks at 856.9 and 875.1 eV are
assigned to Ni** [30, 31]. In Fig. S2(b) in the ESM,
two main peaks observed at 711.5 and 723.9 eV can
be assigned to Fe2p;, and Fe 2p;p, respectively [30].
The Fe 2p;, peak could be best fitted by two com-
ponents having a minor peak at 710.0 eV and a major
peak at 712.6 eV, which could be ascribed to Fe* and
Fe*, respectively [30]. It is clear that the prepared
Fe-Ni-O yolk-shell-structured microspheres contained
Ni* and Fe*, which are characteristic of NiFe,O, and
NiO phases.

The XRD pattern of the powders obtained after
the sulfidation of the Fe-Ni—O yolk—shell powders is
shown in Fig. 3. Single-phase pentlandite (FeysNiy5)sSs
powders without an impurity phase were prepared
by simple sulfidation at 300 °C.
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Figure 3 XRD patterns of the Fe-Ni—O and (Fe(sNigs)oSg

yolk—shell powders obtained before and after the sulfidation
process.

The pentlandite (FeysNiy5)sSs powders had a clear
yolk-shell structure, as confirmed by the SEM and
TEM images shown in Figs. 4(a)—4(c). Ultrafine nano-
crystals less than 50 nm in size comprised the shell
part, as indicated by the TEM image shown in Fig. 4(c).

~ ]
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The high-resolution TEM image shown in Fig. 4(d)
reveals clear lattice fringes separated by 0.30 nm, which
correspond to the (311) crystal plane of the pentlandite
(FeysNips)eSs powder. The SAED pattern and elemental
mapping images shown in Figs. 4(e) and 4(f), respectively,
confirm the formation of a highly uniform (FeysNigs)sSs
powder without an impurity phase and with com-
positional homogeneity.

The chemical state and molecular environment of
the (FeysNigs)eSs yolk—shell powders were characterized
by XPS, as shown in Fig. 5. The XPS survey spectrum
in Fig. 5(a) confirms the presence of Ni, Fe, O, and S
signals. In the Fe 2p spectrum of the powders, which
is shown in Fig. 5(b), small peaks arose at binding
energies of 710.1 eV for Fe 2p;, and 723.6 eV for Fe
2p1, which are ascribed to the Fe* states in the Fe 2p
spectrum of the FeS phase [32, 33]. The peaks with a
higher binding energy located at 712.5 eV for Fe 2p;,
and 725.8 eV for Fe 2p;;, can be assigned to oxide-
related Fe®* ions, which is characteristic of iron oxide
(Fe;Oy) [32]. The (FeysNigs)sSs surface was converted
with iron oxide (Fe;O,) because of the high reactivity
of metal sulfide with oxygen. In the Ni 2p spectrum
(Fig. 5(c)), the major peak at 855.3 eV and its associated
satellite (861.0 eV) are those of Ni* bonded to sulfur
[34-36]. The binding energies at 852.6 and 870.0 eV can

Figure 4 (a) SEM image, (b) and (c) TEM images, (d) high-resolution TEM image, (¢) SAED pattern, and (f) elemental mapping images

of the (Fey sNij 5)9Sg yolk—shell powders.
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Figure 5 XPS spectra of the (Fe( sNig 5)eSg yolk—shell powders:
(a) survey scan, (b) Fe 2p, (c) Ni 2p, and (d) S 2p.

be assigned to the characteristic peaks of Ni;S, [36].
The other peak at 857.7 eV implies the presence of
NiSO; [35]. There is clear evidence for SO,* in the S 2p
spectrum shown in Fig. 5(d). The oxidation peak is
intense in the nickel and iron signals, which is ascribed
to both adsorbed contamination and the presence of
sulfates as oxidation products. This is confirmed by
the signal of the sulfur S 2p high-resolution spectrum
at binding energy values higher than 167 eV. Polysulfides
are chains of sulfur atoms of varying lengths. The sulfur
atoms in the center of the chain can be distinguished
from those at the end of the chain. In the S 2p spectrum,
161.7 and 163.7 eV are assigned to terminal sulfur
and central sulfur, respectively [37]. The core-level
band of the S 2p region is observed, and the peaks at
160.7 and 162.7 eV correspond to S 2p;, and S 2pip,
respectively, which are characteristic of sulfide [37].
The electrochemical properties of the yolk-shell-
structured Fe-Ni-O and (Fe(sNiys)sSs powders for
sodium-ion storage were investigated via cyclic
voltammetry (CV) and galvanostaticcharge/discharge
tests in the potential range of 0.01-3 V vs. Na/Na".
The cyclic voltammograms of the (Fe;sNiys)sSs and
Fe-Ni-O powders during the first five cycles at a
scan rate of 0.1 mV-s™ are shown in Figs. 6(a) and 6(b),
respectively. The first cathodic scan of the (FeysNiys)eSs
powders shows one sharp peak and one small reduc-
tion peak at 0.67 and 0.32 V, respectively. The sharp
reduction peak at 0.67 V with the largest current

| Nano Res. 2017, 10(9): 3178-3188

intensity is attributed to the following reaction:
(FegsNigs)eSs + 16Na* + 16e” — 4.5Fe + 4.5Ni + 8Na,5S
[38, 39]. The small peak at 0.32 V is attributed to the
decomposition of the electrolyte and the formation of
a solid electrolyte interface layer on the surface of the
(FeosNigs)eSs electrode [38, 39]. The broad oxidation
peaks observed between 1.1 and 2.2 V in the anodic
scans of the (FeysNiy5)eSs powders are mainly attributed
to the formation of NiS, and FeS, from metallic nickel
and iron nanocrystals and Na,S [38—41]. The formation
of ultrafine NiS and FeS nanocrystals during the first
cycle resulted in the reduction peak shifting to a high
potential from the second cycle onward, as shown
in Fig. 6(a) [42]. The morphologies and SAED pattern
of the yolk—shell (Fe,sNiy5)sSs powders obtained after
the first discharge and charge processes are shown in
Figs. S3 and 54 in the ESM, respectively. The ultrafine
metallic Ni and Fe nanocrystals were formed during
the first discharge process, as confirmed by the TEM
images and SAED pattern shown in Fig. S3 in the
ESM. The Ni and Fe nanocrystals transformed into
the ultrafine NiS and FeS nanocrystals after the first
charge process, as shown in Fig. 54 in the ESM. The
(FeysNiys)sSs nanocrystals, which are several tens of
nanometers in size, transformed into the ultrafine
NiS and FeS nanocrystals after the first discharge and
charge processes, as confirmed by the TEM images
and SAED pattern. After the first cycle, the reduction
and oxidation peaks in the CV tests overlapped
substantially, indicating the stable performance of the
(FeosNiys)eSs powders under repeated Na* insertion
and extraction. However, the Fe-Ni-O yolk-shell
powders did not exhibit distinct reduction and oxidation
peaks in the CV curves, as shown in Fig. 6(b). The
XRD patterns of the yolk—shell-structured Fe-Ni-O
powders obtained after the first discharge and charge
processes are shown in Fig. S5 in the ESM. NiFe,O,
and NiO crystal phases were observed even after
the first discharge and charge processes. The result
revealed the poor sodium-ion storage performance
of the Fe-Ni-O powders. The initial discharge and
charge curves of the (Fe5Niy5)sSs powders at a current
density of 1 A-g™ are shown in Fig. 6(c). A clear plateau
around 0.67 V is observed in the initial discharge
curve of the (FeysNiy5)sSs powders, which was due to
the formation of Ni, Fe, and Na,S [38, 39]. However,
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the initial discharge curve of the Fe-Ni-O powders
did not show a plateau. The results of the initial
discharge and charge curves of the two samples agree
well with those of the CV curves. A sufficient con-
version reaction of the Fe-Ni-O powders with Na*
did not occur during the discharge process. The initial
discharge and charge capacities of the (FeysNigs)sSs
powders were 601 and 504 mA-h-g”, respectively,
and their corresponding initial coulombic efficiency
was 84%. The discharge capacities of the (Fey5Niys)sSs
powders for the 2™ and 100™ cycles at a current density
of 1 A-g™" were 530 and 527 mA-h-g™, respectively, as
shown in Fig. 6(d), and their corresponding capacity
retention measured from the 2™ cycle was 99%.
The discharge capacities of the (FeysNips)sSs powders
remained constant during the first 30 cycles and then
slightly increased with increasing cycle number. The
reason for the capacity increase of the (FeysNijs)sSs
powders during the cycling is explained by the
following impedance spectra. The rate performances
of the Fe-Ni-O and (Fe,sNiy5)sSs powders are shown
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in Fig. 6(e), where the current density increases stepwise
from 0.1 to 5 A-g™! and then decreases to 0.1 A-g™. The
(FeosNigs)eSs powders had high initial discharge and
charge capacities at a low current density of 0.1 A-g™,
and the reversible discharge capacities decreased
slightly from 568 to 465 mA-h-g™ as the current density
increased from 0.1 to 5.0 A-g™. The discharge capacity
of the (FeysNiy5)sSs powders well recovered when the
current density was returned into 0.1 A-g™ after cycling
at high current densities. However, the Fe-Ni-O
powders had extremely low discharge and charge
capacities even at a low current density of 0.1 A-g™.
The electrochemical impedance spectra of the Fe—
Ni-O and (FeysNiys)sSs powders obtained before and
after 1, 10, 50, 80, and 100 cycles are shown in Fig. 7.
The Nyquist plots indicate compressed semicircles
in the medium-frequency range of each spectrum,
which describe the charge-transfer resistance (R.) for
both electrodes [43, 44]. Before cycling, the two yolk-
shell-structured powders had similar charge-transfer
resistances of ~700 Q. Generally, metal sulfide materials
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and (c) after cycling of Fe—Ni—O.

have higher electrical conductivities than oxide
materials. In this study, the sulfidation process decreased
the surface area of the yolk-shell-structured powders.
Therefore, the contact area of the powders with
the liquid electrolyte decreased after the sulfidation
process. The two compensating effects resulted in
similar charge-transfer resistances for the two samples
before cycling. The charge-transfer resistance of the
(FeosNiys)sSs powders decreased to 55 Q after the first
cycle because of the formation of ultrafine nanocrystals
during the first discharge and charge processes.
The further decrease of the charge-transfer resistance
after 50 cycles revealed the stepwise activation of the
(FeosNigs)eSs powders over the 50 cycles. Therefore,
the discharge capacities of the yolk-shell-structured
(FesNiys)sSs powders continuously increased as a
function of the cycle number from the 2™ cycle onward,
as shown in Fig. 6(d). However, capacity fading due
to the partial structural damage of the yolk-shell-
structured (FeysNiys)sSs powders offset the capacity
increase due to stepwise activation during the cycling.
The charge-transfer resistance of the (FeysNips)eSs
powders increased to 42 Q after the 80™ cycle and
it remained constant over an additional 20 cycles, as
shown in Fig. 7(b). Therefore, the (Fe,sNiys)sSs powders
had good cycling performance during the 100 cycles,
as shown in Fig. 6(d). Slow and stepwise activation
occurred in the yolk-shell-structured Fe-Ni-O powders,
as confirmed by the Nyquist plots shown in Fig. 7(c).
The charge-transfer resistance decreased from 722 to
156 Q during the first 50 cycles. However, the structural
destruction of the Fe-Ni-O powders during repeated

TSINGHUA
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sodium-ion insertion and extraction processes increased
the charge-transfer resistance to 364 Q after the 100™
cycle.

The electrochemical properties of the yolk-shell-
structured (Fey5Niys)sSs powders were also compared
to those of single- and multi-component sulfide
powders with dense structures (denoted as Fe-S@D,
Ni-S@D, and Fe-Ni-S@D) and single-component
sulfide powders with a yolk—shell structure (denoted
as Fe-S@Y and Ni-S5@Y). Metal sulfide powders with
dense structures were prepared by sulfidation of the
metal oxide powders with dense structures, which were
prepared from the spray solution without sucrose.
The yolk-shell-structured Fe-S@Y and Ni-S@Y powders
were prepared by sulfidation of the Fe-O@Y and
Ni-O@Y powders with yolk—shell structures obtained
by spray pyrolysis. The morphologies of the metal
sulfide powders with dense and yolk-shell structures
are shown in Fig. 56 in the ESM. The initial discharge
and charge curves and cycling performance of powders
with different compositions and morphologies at a
current density of 1 A-g™ are shown in Fig. S7 in the
ESM. The initial discharge capacities of the Fe-S@D,
Ni-S@D, and Fe-Ni-5@D powders were 375, 467, and
458 mA-h-g™, respectively, and their discharge capacities
for the 80™ cycle were 351, 293, and 439 mA-h-g”!,
respectively. However, the initial discharge capacities
of the Fe-S@Y, Ni-S@Y, and Fe-Ni-S@Y powders were
426, 563, and 601 mA-h-g™, respectively, and their
discharge capacities for the 80" cycle were 351, 293,
and 439 mA-h-g™', respectively. The multicomponent
metal sulfide powders had higher discharge capacities
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than the single-component metal sulfide powders,
irrespective of their morphologies. In addition, the
yolk—shell-structured metal sulfide powders had
superior sodium-ion storage performance as compared
to the dense-structured powders with the same com-
position. The morphologies of the (Fe;5Niy5).Ss powders
with dense and yolk-shell structures obtained after
50 cycles are shown in Fig. S8 in the ESM. The spherical
morphology of the yolk-shell powders was completely
maintained even after cycling as shown in Fig. S8(a)
in the ESM. On the other hand, the spherical morphology
of the powders with a dense structure was destroyed
after cycling, as shown in Fig. S8(b) in the ESM. The
yolk—shell-structured (Fe;sNiys)sSs powders with
high structural stability during cycling exhibited
good characteristics as anode materials for SIBs. The
synergetic effect of the novel yolk-shell structure and
multicomponent sulfide composition resulted in
the excellent sodium-ion storage performance of the
yolk-shell-structured (Fe,sNiy5)eSs powders.

The sodium-ion storage performance of the current
yolk—shell-structured (Fe,sNiy)sSs powders was com-
pared to that of chalcogenide materials with various
morphologies reported in previous studies, and the
results are summarized in Table S1 in the ESM. The
yolk—shell-structured (FeysNiys)sSs powders with high
electrical conductivity and unique morphology showed
superior sodium-ion storage performance at high
current densities as compared to that of chalcogenide
materials with various morphologies.

3 Conclusions

Multicomponent metal sulfide solid-solution powders
were prepared for the first time by applying a spray
pyrolysis process and a subsequent single-step
sulfidation process. The yolk-shell structure of the
Fe-Ni-O powders prepared by spray pyrolysis was
well maintained even after complete sulfidation for
(FepsNigs)eSs solid-solution powders. Electrochemical
impedance spectroscopy and galvanostatic charge/
discharge tests revealed the stepwise activation of
the (FeysNips)sSs powders with high crystallinity over
50 cycles at a high current density of 1A-g™. The
yolk-shell-structured (FeysNiy5)sSs powders exhibited
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superior sodium-ion storage performance as compared
to the Fe-Ni—O powders with a similar morphology.
However, the yolk-shell-structured (Fe;sNis)sSs
powders did not show excellent cycling stability
during long-term cycling over 100 cycles. The structural
stability of the multicomponent metal sulfide solid-
solution powders with a yolk-shell structure should
be further improved in terms of repetitive Na* insertion
and extraction processes by applying carbon materials
for application as anode materials for SIBs. The
strategy employed in this study can be applied in
multicomponent yolk-shell-structured metal sulfide
powders for a wide range of applications, including
energy storage.

4 Experimental

(FepsNigs)eSs solid-solution powders were prepared
by spray pyrolysis and subsequent sulfidation. Yolk—
shell-structured Fe-Ni-O powders with a molar ratio
of iron and nickel components of 1/1 were prepared
via one-pot spray pyrolysis using a spray solution
with sucrose as the carbon source. The preparation of
the yolk—shell metal oxide powders via spray pyrolysis
and sulfidation is described in our previous article
[25]. During the spray-pyrolysis process, the reactor
temperature was maintained at 700 °C. Air was used
as the carrier gas at a flow rate of 5 L-min™. The
aqueous spray solution was prepared using nickel
nitrate hexahydrate [Ni(NO;),6H,O], iron nitrate
nonahydrate [Fe(NO5);-9H,0], and sucrose (C;,H»O1y).
The total concentration of the nickel and iron com-
ponents dissolved in distilled water was 0.5 M. The
concentration of sucrose used as the carbon source
was fixed at 0.5 M. The sulfidation process was con-
ducted at 300 °C for 6 h in H,S gas, which was formed
from commercial thiourea powders by hydrogen gas.
For the sulfidation process, the Fe-Ni-O powders and
thiourea powders were loaded into a covered alumina
boat and placed in a quartz-tube reactor.

The crystal structures of the two yolk—shell-structured
samples were investigated using XRD (X'Pert PRO
MPD) with Cu Ka radiation (A = 1.5418 A) at the Korea
Basic Science Institute (Daegu). XPS (Thermo Scientific
K-Alpha) with focused monochromatic Al Ko at 12 kV
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and 20 mA was used to analyze the compositions of
the specimens. The morphologies of the nanofibers
were characterized using SEM (TESCAN VEGA3-SB)
and field-emission TEM (JEOL, JEM-2100F) at a
working voltage of 200 kV.

The electrochemical properties of the two yolk—shell-
structured samples were analyzed by constructing
a 2032-type coin cell. The anode was prepared by
mixing the active material, carbon black, and sodium
carboxymethyl cellulose at a weight ratio of 7:2:1.
Sodium metal and a microporous polypropylene film
were used as the counter electrode and the separator,
respectively. The electrolyte was 1 M NaClO, (Aldrich)
dissolved in a mixture of ethylene carbonate and
dimethyl carbonate (EC/DMC, 1/1 v/v), to which 5 wt.%
fluoroethylene carbonate was added. The discharge—
charge characteristics of the samples were investigated
by cycling the cells in a 0.01-3 V potential range at
various current densities. Cyclic voltammograms were
measured at a scan rate of 0.1 mV-s™. The dimensions
of the anode were 1 cm x 1 cm, and the mass loading
was ~1.2mg-cm™ The electrochemical impedance
spectra of the nanofibers were obtained over the 0.01 Hz
to 100 kHz frequency range at room temperature with
a signal amplitude of 5 mV.
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