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Novel 1-D nanostructures composed of porous Fe,Oz/Se composite or subsequently formed hollow Fe,O3
nanorods were introduced. Carbon nanofibers embedded with FeSe, needle-like hanorods were prepared
via the selenization of electrospun nanofibers. During the oxidation process, the faster diffusion rate of Fe
ions (76 pm in size) relative to that of the Se ions (184 pm in size) resulted in nanoscale Kirkendall diffusion
mechanism, thus forming the 1-D nanostructure comprising nanorods composed of Se/voids/Fe,Os as an
intermediate. The complete conversion of FeSe, into Fe,Oz and the combustion of C, which caused
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composite nanorods was 1456 mA h g~* at a current density of 1.0 A g~. The high structural stability of
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Introduction

Over the past decade, porous and hollow nanomaterials with
various morphologies and compositions have been developed
for widespread applications in energy storage, catalysis, gas
sensors, drug delivery, and hydrogen evolution reaction.'”®
Among these, one-dimensional (1-D) nanostructures exhibiting
unique electrical, optical, and magnetic properties have
matured considerably for these potential applications.*™®

For Li-ion battery (LIB) applications in particular, 1-D
nanomaterials offer several advantages over other higher-
dimensional nanomaterials such as enhanced surface-to-
volume ratios and efficient 1-D electron transport along the
longitudinal direction, which enable the materials to interact
more efficiently with Li" ions.1**> Additionally, the introduction
of hollow and porous structures into 1-D nanomaterials
decreases the ion diffusion length and increases the contact
area between the electrolyte and electrode for Li' insertion/
deinsertion.”*™ These structures can accommodate volume
changes during cycling, resulting in excellent electrochemical
properties.*>™**
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In these contexts, various 1-D nanomaterials with hollow or
porous structures have been developed as efficient anode
materials for LIBs with good electrochemical perfor-
mance."***>* Cho et al. exploited the Kirkendall effect to
synthesize bubble-nanorod-structured nanofibers composed of
hollow Fe,O; nanospheres uniformly dispersed in a C matrix.
The nanofibers exhibited a discharge capacity of 812 mA h g™*
during the 300th cycle at a high current density of 1.0 A g~ 1%
Hong et al. introduced fiber-in-tube-structured SnO, nanofibers
with a fiber@void@tube configuration, which improved the
electrochemical properties by reducing the diffusion length of
the Li" ions and improving the structural stability of the
nanotubes during cycling.”* Yu et al. also fabricated a Sn/C
composite structure, namely, Sn@C encapsulated in bamboo-
like hollow C nanofibers, which displayed a high reversible
capacity of 737 mA h g~ after 200 cycles at 0.5C.**

Among the transition metal oxides, Fe,O; has attracted
considerable interest as an anode material for LIBs in recent
years because of its high capacity, low cost, and environmental
friendliness.**> Unfortunately, Fe,O; exhibits low reversible
capacities and frustrating cycle performance due to its low
intrinsic electronic conductivity and large volume expansion
during cycling.>*?® Therefore, many strategies devoted to
improving Fe,0; anode materials are under development.*>?%>°
Despite these efforts, the electrochemical properties of Fe,O;
remain unsatisfactory for LIB applications.

In this study, we propose for the first time two novel hier-
archical 1-D nanostructures, one comprising porous Fe,0;/Se
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composite and the other comprising hollow Fe,O3; nanorods,
prepared by a conventional electrospinning process and by
exploiting a nanoscale Kirkendall diffusion mechanism. The
formation mechanism of the hierarchical 1-D nanostructure
was investigated in detail by tracing the changes in the nano-
fiber morphologies induced by a post-treatment. We expected
that during cycling, the metalloid Se and the resulting FeSe,
formed during the charging process would improve the elec-
trical conductivity of the hierarchical 1-D nanostructure
composed of porous Fe,O3/Se composite nanorods.

Experimental

One-dimensional nanostructures comprising porous Fe,0;/Se
composite or hollow Fe,O; nanorods were prepared using
electrospinning and a two-step thermal-treatment process.
First, iron(in) acetylacetonate (Fe(acac);)-polyacrylonitrile (PAN)
composite nanofibers were electrospun as precursors. The
electrospinning precursor solution was prepared by dissolving
Fe(acac); (6.0 g, STREM Chemicals, 99%) and PAN (4.0 g, Sigma-
Aldrich, M,: 150 000 g mol ') in N,N-dimethylformamide (60
mL, DMF, Sigma-Aldrich, 99%) with vigorous stirring overnight.
The prepared solution was loaded into a plastic syringe equip-
ped with a 25-gauge stainless steel nozzle. The solution was
subsequently ejected at a flow rate of 2 mL h™" and electrospun
onto a drum collector covered with aluminum foil. During the
electrospinning process, the distance between the tip and the
collector was maintained at 20 cm, while the rotation of the
drum was maintained at 100 rpm. The applied voltage between
the collector and the syringe tip was 20 kV. The resulting
Fe(acac);-PAN composite nanofibers were stabilized at 120 °C
under air for 5 h. Subsequently, the initial post-treatment step
to selenize the nanofibers was conducted at 400 °C for 6 h under
H,Se gas. During the selenization process, the Fe(acac);—PAN
composite nanofibers and commercial Se metal powders were
loaded into a covered alumina boat and placed in a quartz tube
reactor. H, gas flew into the reactor, which reacted with the Se
metal powders to form H,Se gas. The selenization step resulted
in the formation of FeSe,-C composite nanofibers. Subse-
quently, the nanofibers were oxidized under an air atmosphere
at 400, 500, or 600 °C for 3 h. For simplicity, the 1-D nano-
structures composed of Fe,03/Se or Fe,O; nanorods obtained
after oxidation at 400, 500, and 600 °C are referred to as
“Sel.400-0Oxi.400,” “Sel.400-Oxi.500,” and “Sel.400-Oxi.600,”
respectively.

The hierarchical Fe,O; nanofibers with and without metal-
loid Se were observed by field emission scanning electron
microscopy (FE-SEM, S-4800, Hitachi) and field emission
transmission electron microscopy (FE-TEM, JEM-2100F, JEOL).
In addition, their crystal phases were evaluated by X-ray
diffractometry (XRD, X'Pert PRO MPD, PANalytical) using Cu
Ko radiation (1 = 1.5418 A) at the Korea Basic Science Institute
(Daegu). X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha™) with a focused monochromatic Al Ka
beam at 12 kV and 20 mA was used to analyze the composition
of the specimens. The surface areas of the nanofibers were
measured using the Brunauer-Emmett-Teller (BET) method,
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using N, as the adsorbate gas. Thermogravimetric (TG) analysis
was performed using a Pyris 1 TGA (PerkinElmer) at 25-650 °C
with a heating rate of 10 °C min~" under air.

The electrochemical properties of the hierarchical Fe,O;
nanofibers with and without metalloid Se were analyzed by
constructing a 2032-type coin cell. The anode was prepared by
mixing the active material, carbon black, and sodium carbox-
ymethyl cellulose (CMC) at a weight ratio of 7 : 2 : 1. Li metal
and microporous polypropylene film were used as the counter
electrode and the separator, respectively. The electrolyte was
composed of 1 M LiPF, dissolved in a mixture of fluoroethylene
carbonate and dimethyl carbonate (FEC/DMC; 1:1 v/v). The
discharge/charge characteristics of the samples were investi-
gated by cycling over a potential range of 0.001-3 V at various
current densities. Cyclic voltammograms (CV) were measured at
a scan rate of 0.07 mV s . The Fe,Oz-containing negative
electrode measured 1.5 cm x 1.5 cm, and the mass loading was
approximately 1.5 mg cm™ 2. Electrochemical impedance spec-
troscopy (EIS, ZIVE SP1) was performed over an alternating
current frequency range of 0.01 Hz to 100 kHz.

Results and discussion

Two one-dimensional (1-D) nanostructures, one comprising
porous Fe,O;/Se composite and the other comprising hollow
Fe,O; nanorods, were prepared by applying a two-step post-
treatment process to the electrospun nanofibers. The forma-
tion mechanism for both types of 1-D nanostructure is
described in Scheme 1. The precursor nanofibers composed of
Fe(acac); and PAN were prepared by an electrospinning process
(Scheme 1-®). Then, Fe;0,-PAN nanofibers were obtained by
stabilizing the as-spun nanofibers. The first post-treatment, i.e.,
the selenization process, produced C nanofibers with
embedded needle-like FeSe, nanorods (Scheme 1-®). The
nucleation and subsequent longitudinal growth of FeSe,
nanocrystals from Fe;O, occurred all over the C matrix during

Selenization

Carbonization
(PAN—C)

S
FeSe, Nanorods-C Composite

FeSe,

Fe(acac);-PAN Composite

+ | Oxidation
Kirkendall Diffusion Process Fe,0;

400°C

- C— T Gm— @: Nanovoid
M‘ . ©@:Scmetal

Dense Fe,0; Nanorods Hollow Fe,O; Nanorods Porous Fe,05/Se Nanorods
-C Composite

Scheme 1 Formation mechanism of the 1-D nanostructure
comprising porous Fe,Oz/Se composite and subsequent hollow Fe,O3
nano-rods by nanoscale Kirkendall diffusion.
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the selenization process. During this stage, a large amount of C
formed from PAN, which interfered with the crystal growth of
the FeSe, nanorods by surrounding the FeSe, nanocrystals.
During the second post-treatment, which was conducted under
an air atmosphere, the FeSe,-C composite nanofibers were
oxidized to produce the porous Fe,O3/Se composite and the
hollow Fe,O; nanorod nanostructures at 400 and 500 °C,
respectively (Scheme 1-® and ®). A nanoscale Kirkendall
diffusion mechanism occurred during the oxidation process.
The oxidation of the FeSe, nanorods in the C matrix at a rela-
tively low temperature of 400 °C produced porous Fe,O;/Se
nanorods with numerous nanovoids via Kirkendall diffusion
process (Scheme 1-®). Fe cation and Se anion diffused
outwards more rapidly than oxygen diffused inwards. Addi-
tionally, the faster diffusion rate of Fe ions (76 pm in size)
relative to that of the Se ions (184 pm in size) resulted in
nanorods composed of FeSe,/Fe,O3, Se/Fe,03, and Se/nano-
voids/Fe, 03, step by step. Therefore, Kirkendall nanovoids were
simultaneously generated near the Se/Fe,O; interfaces in the
structure during the vacancy-assisted exchange of the material
via bulk interdiffusion, which gave rise to coarsening and the
enhancement of pore growth in the nanorods (Scheme 1-®).
During this stage, the C between the nanorods in the structure
decomposed into CO, gas. Eventually, FeSe, completely con-
verted into Fe,O; through a metalloid Se intermediate and the
combustion of C, causing necking between the Fe,O; nanorods
and resulting in the 1-D nanostructure comprising hollow Fe,O;
nanorods (Scheme 1-®), as described in Scheme 1. Finally, the
hollow nanorods transformed into Fe,O; nanorods with filled
structure via sintering at a high oxidation temperature of 600 °C
(Scheme 1-6).

The formation mechanism of the porous Fe,Os/Se composite
and hollow Fe,O; nanorod nanostructures was investigated
through the morphological changes induced by post-treatment
in the composite nanofibers composed of Fe(acac); and PAN.
The nanofibers stabilized at 120 °C under an air atmosphere
showed smooth surface structure with low-crystallinity Fe;O,
phase (Fig. S11) and were transformed into a 1-D nanostructure
with a uniquely hierarchical structure after selenization at
400 °C, as shown in Fig. 1. The low-crystallinity Fe;O, phase and
PAN constituting the nanofibers transformed into FeSe, and C,
respectively, during the selenization process, as confirmed by
XRD (Fig. 1b). As outlined previously in Scheme 1, numerous
needle-like FeSe, nanorods were formed all over the C matrix
during selenization, as indicated by the arrows in Fig. 1a.
Although the selenization process was carried out at 400 °C,
FeSe, nanocrystals formed and grew in the longitudinal direc-
tion, resulting in FeSe, nanorods. The FeSe, nanorods did not
coarsen because the C surrounding the FeSe, disturbed the
crystal growth of the nanorods.

In order to initiate the nanoscale Kirkendall diffusion
mechanism, a second post-treatment step to oxidize the FeSe,-
C composite was carried out at 400, 500, or 600 °C under an air
atmosphere. The conversion of FeSe, into Fe,O3; occurred
during the oxidation process, which was confirmed by XRD
(Fig. S2t). By applying the Scherrer's equation to the (104)
crystal plane of the hexagonal Fe,O; peak, the mean crystallite
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Fig. 1 Morphology and crystal structure of the 1-D nanostructure
FeSe,—C composite nanofibers obtained after selenization at 400 °C:
(a) SEM image and (b) XRD pattern.

sizes of the 1-D nanostructures post-treated at 400, 500, and
600 °C were calculated to be 16, 28, and 39 nm, respectively. The
changes in the morphology of the FeSe,/C composite nanofibers
during the oxidation as a function of the post-treatment
temperature are shown in Fig. 2-6. During oxidation at
temperatures between 400 and 600 °C, the C component in the
FeSe,/C composite fibers decomposed, and necking occurred
between the adjacent Fe,O; nanorods. Accordingly, the three
samples (Sel.400-Oxi.400, Sel.400-Oxi.500, and Sel.400-Oxi.600)
exhibited similar 1-D nanostructure morphologies consisting
of numerous nanorods, regardless of the oxidation tempera-
ture, as shown in the SEM and low-resolution TEM images in
Fig. 2. However, the high-resolution TEM (HR-TEM) images
shown in Fig. 3, 5 and 6 demonstrate in further detail that the
internal structure of the nanorods constituting the 1-D nano-
structures varies with the oxidation temperature.

The HR-TEM images (Fig. 3a-c) of the Sel.400-Oxi.400
nanofibers revealed clear nanovoids, which were formed by
nanoscale Kirkendall diffusion, embedded within the nano-
rods. A nanovoid that is smaller than 5 nm in diameter is shown
in the inset image of Fig. 3c. The selected area electron
diffraction (SAED) pattern shown in Fig. 3d revealed the mixed
crystalline structure of Fe,0; and metalloid Se phases. However,
the Se phase with relatively small crystals was not detected in
the XRD analysis in Fig. S2.1 The FeSe, phase was not observed
in the SAED or XRD patterns of the Sel.400-Oxi.400 nanofibers.
Therefore, FeSe, completely converted into Fe,O; even at the
post-treatment temperature of 400 °C. The iron component of

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Morphologies of the 1-D nanostructures comprising nanorods
obtained after selenization at 400 °C and subsequent oxidation at (a
and b) 400, (c and d) 500, and (e and f) 600 °C.

FeSe, moved out to the outer surface of the nanorod, where it
reacted with oxygen gas to form Fe,O;. However, the partial
removal of metalloid Se, which was formed by the different
diffusion rates of Fe and Se ions during the nanoscale Kirken-
dall diffusion, left remaining metalloid Se within the nanorods
with nanovoids. Therefore, the nanorods constituting the
Sel.400-Oxi.400 nanofibers exhibited a mixed structure of crys-
talline Fe,O; and metalloid Se phases. The elemental mapping
images shown in Fig. 3e reveal the uniform distribution of
metalloid Se throughout the 1-D nanostructure. Carbon was
also detected in the elemental mapping image. The visible
grayish color of the nanofibers also confirmed the existence of
residual carbon in the Sel.400-Oxi.400 nanofibers. The incom-
plete elimination of metalloid Se within the nanorods was
further demonstrated by the metalloid Se peak with a binding
energy of 55.5 eV in the XPS Se spectrum, as shown in
Fig. 4a.*** The additional Se-O peak with binding energy of
58.6 eV was attributed to SeO, formed by reaction of diffused-
out Se component and oxygen gas.*” In the Fe 2p spectrum
(Fig. 4b), the main peaks were observed at binding energies of
711.3 eV (Fe 2psj,) and 724.1 eV (Fe 2p;5,), which are charac-
teristic of Fe,03.°>*" Furthermore, in the C 1s XPS spectrum
(Fig. 4c), peaks corresponding to sp,-bonded carbon (C-C),
epoxy and alkoxy groups (C-O), and carbonyl and carboxylic
(C=0) components were observed at 284.2, 286.5, and 288.0 eV,
respectively.®® The peak corresponding to the C-C bond
exhibited the highest intensity, indicating the formation of

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Morphologies, SAED pattern, and elemental mapping images of
the Sel.400-0Oxi.400 nanofibers: (a and b) TEM images, (c) HR-TEM
image, (d) SAED pattern, and (e) elemental mapping images.
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Fig. 4 XPS (a—c) and TG (d) analysis of the Sel.400-Oxi.400 nano-
fibers: (a) Se 3d spectrum, (b) Fe 2p spectrum, (c) C 1s spectrum, and (d)
TG curve.

graphitic carbon. The TG curve of the Sel.400-Oxi.400 nano-
fibers shown in Fig. 4d showed two-step weight loss. The first-
step weight loss below 310 °C was attributed to elimination of
metalloid Se through SeO,. The stepwise weight loss between
370 and 530 °C was attributed to combustion of carbon
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material. The slow outward diffusion rate of metalloid Se by
nanoscale Kirkendall diffusion resulted in the stepwise weight
loss in the TG analysis. The sublimation temperature of SeO, is
known as 315 °C.** The Se and C contents in the Sel.400-Oxi.400
nanofibers were estimated as approximately 5 and 7 wt% from
the TG analysis.

The morphologies of the Sel.400-Oxi.500 nanofibers are
shown in detail in Fig. 5a-c. HR-TEM images confirmed the
hollow structure of the Fe,O; nanorods formed by the complete
conversion of FeSe, into Fe,O; and the elimination of metalloid
Se through nanoscale Kirkendall diffusion. The diameter of the
Fe,0; nanorod and the corresponding shell thickness were
about 48 and 15 nm, respectively, as determined from the TEM
image shown in Fig. 5c. The inset HR-TEM image shown in
Fig. 5c revealed clear lattice fringes separated by 0.252 nm,
which correspond to the (110) crystal plane of the hexagonal
Fe,O; phase. The SAED and XRD patterns and the TG curve
shown in Fig. 5d, S2 and S3a,T respectively, also revealed the
formation of phase-pure Fe,O; nanorods without impurities. Se
and C were not observed in the elemental mapping images
shown in Fig. 5e.

The densification and sintering of the hollow Fe,O3; nanorod
nanostructure occurred at the highest oxidation temperature of
600 °C, as shown in Fig. 6a-c. The hollow Fe,O; nanorods
shrank and densified, which slightly decreased the mean
thickness of the nanorods constituting the Sel.400-Oxi.600
nanofibers. The thickness of the Fe,O; nanorods after oxida-
tion at 600 °C was about 40 nm in Fig. 6¢c. The HR-TEM image

012104 Fe205

. (110)
L,

= (024

N,

o

Fig.5 Morphologies, SAED pattern, and elemental mapping images of
the Sel.400-Oxi.500 nanofibers: (a and b) TEM images, (c) HR-TEM
image, (d) SAED pattern, and (e) elemental mapping images.
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Fig.6 Morphologies, SAED pattern, and elemental mapping images of
the Sel.400-0Oxi.600 nanofibers: (a and b) TEM images, (c) HR-TEM
image, (d) SAED pattern, and (e) elemental mapping images.

demonstrated the well-faceted crystal structure and the clear
lattice fringes separated by 0.270 nm corresponding to the (104)
lattice plane of hexagonal Fe,03, as shown in Fig. 6d. The SAED
and XRD patterns and the TG curve shown in Fig. 6d, S2 and
S3b,t respectively, also revealed the formation of phase-pure
Fe,0; nanorods with high crystallinity. Similar to the results
of Sel.400-Oxi.500 nanofibers, Se and C were not observed in the
elemental mapping images shown in Fig. 6e. The BET surface
areas of the nanorod nanostructures obtained after selenization
at 400 °C and subsequent oxidation at 400, 500, and 600 °C were
39, 73, and 29 m> g~ ', respectively (Fig. S41). The complete
elimination of metalloid Se increased the BET surface area of
the Sel.400-Oxi.500 nanofibers. However, densification during
sintering decreased the BET surface area of the Sel.400-Oxi.600
nanofibers.

The electrochemical properties of the three 1-D nano-
structures, i.e., the porous Fe,03/Se composite (Sel.400-Oxi.400)
and the hollow and dense pure Fe,O; nanorods (Sel.400-Oxi.500
and Sel.400-Oxi.600, respectively) for Li* ion storage are shown
in Fig. 7. The normalized CV curves of Sel.400-Oxi.400 are
compared with those of Sel.400-Oxi.500 and Sel.400-Oxi.600 for
the first five cycles at a scan rate of 0.07 mV s~ in the 0.001-
3.0 V range, as shown in Fig. 7a and b and S5a.f A distinct
reduction peak at around 0.7 V is observed in the first cathodic
sweep of the three samples due to the reduction of Fe,O; to
metallic Fe and the formation of amorphous Li,0, as well as the
decomposition of organic electrolyte to form a solid electrolyte
interphase (SEI) layer.>>” However, an extra reduction peak at

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Electrochemical properties of the 1-D nanostructures
comprising porous Fe,Oz/Se composite, hollow and dense Fe,O3
nano-rods (Sel.400-Oxi.400, Sel.400-Oxi.500, and Sel.400-0Oxi.600):
(@) CV curves of the Sel.400-0Oxi.400, (b) CV curves of the Sel.400-
Oxi.500, (c) first discharge—charge curves at a current density of 1.0 A
g% (d) cycling performances and coulombic efficiencies of Sel400-
Oxi.400, and (e) rate performances.

1.8 V was only observed for the Sel.400-Oxi.400 sample due to
the formation of Li,Se through the reduction of metalloid Se in
the porous Fe,0;/Se nanorod structure.®® During the charging
process, oxidation of Fe into Fe;O, and Fe;O, into Fe,O;
occurred at around 1.6 and 1.8 V, respectively, in both the Fe,0;
and porous Fe,0;/Se nanorod structures. Also, during charging,
Fe was selenized to FeSe, at around 1.8 V in case of the porous
Fe,03/Se nanorod structures.*®**' However, it was difficult to
distinguish the peak for selenization of Fe to FeSe, from the CV
curves. From the second cycle onward for Sel.400-Oxi.400, the
peak at 1.8 V disappeared, and a new reduction peak emerged at
1.3 V. The new reduction peak was attributed to the reduction of
FeSe,, which formed due to the reaction of monocrystalline Fe
and Li,Se.*® Therefore, the electrochemical reaction mechanism
of the Fe,03/Se nanorod structure for Li-ion storage can be
summarized as follows.
First discharge process:

Fe,O5 + 6Li* + 6e~ — 2Fe + 3Li,O (1)
Se + 2Li* + 2¢~ — Li,Se (2)

Charge process:
Fe + xLi,Se — FeSe, + xLi" + xe~ (3)

2Fe + 3Li,O — Fe,03 + 6Li" + 6~ (4)

This journal is © The Royal Society of Chemistry 2017
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Subsequent discharge processes:
Fe,O; + 6Li" + 6e~ — 2Fe + 3Li,O (5)
FeSe, + xLi* + xe~ — Fe + xLi,Se (6)

The main reduction peak at around 0.7 V of the three
samples shifts to a slightly higher potential after the first cycle
due to the formation of ultrafine nanocrystals during the first
cycle.*** From the third cycle onward, all reduction and
oxidation peaks of three samples remained unchanged, indi-
cating the good reversibility of the electrochemical reactions.

The results of the initial discharge and charge curves ob-
tained at a current density of 1.0 A g~ shown in Fig. 7c were in
good agreement with those of the CV curves. A long plateau at
approximately 0.7 V appeared in the initial discharge curves of
all three samples due to the reduction of Fe,O; to metallic Fe.
The nanostructure composed of the porous Fe,03/Se composite
nanorods exhibited an extra plateau at approximately 1.8 V in
the initial discharge curve because of the formation of Li,Se
through the reduction of metalloid Se. The two 1-D nano-
structures comprising pure Fe,O; nanorods (Sel.400-Oxi.500
and Sel.400-Oxi.600) exhibited similar curve shapes, irre-
spective of their morphologies. The initial discharge capacities
of Sel.400-Oxi.400, Sel.400-Oxi.500, and Sel.400-Oxi.600 were
1458, 1303, and 1193 mA h g~ ', respectively, and their corre-
sponding charge capacities were 1112, 1080, and 938 mAh g *,
respectively. The Sel.400-Oxi.400 nanofibers showed the highest
initial discharge and charge capacities due to their unique
architecture containing numerous nanovoids under 5 nm in
diameter at a high current density of 1.0 A g~ .

The cycling performance of the three samples at a constant
current density of 1.0 A g~ is shown in Fig. 7d. The 1-D nano-
structures composed of porous and hollow nanorods (Sel.400-
Oxi.400 and Sel.400-Oxi.500, respectively) exhibited superior
cycling performance to that of the 1-D nanostructure comprising
dense nanorods (Sel.400-Oxi.600). The structural degradation
caused by repeated Li insertion/deinsertion in the Sel.400-
Oxi.600 nanofibers sharply decreased the discharge capacities
after 100 cycles. The discharge capacities of Sel.400-Oxi.400 and
Sel.400-0xi.500 increased during the first 370 and 128 cycles,
respectively. The discharge capacities of Sel.400-Oxi.400, Sel.400-
0xi.500, and Sel.400-0xi.600 during the 400™ cycle were 1456,
1187, and 458 mA h g™, respectively. The theoretical capacity of
Fe,0; as anode material for lithium ion battery is ca. 1005 mA h
g~ '. The extra capacities of Sel.400-Oxi.400, Sel.400-Oxi.500 may
be due to the reversible growth of the polymeric gel-like film by
the kinetically activated electrolyte degradation of alkyl
carbonate electrolytes.***® The initial coulombic efficiency of
Sel400-0xi.400 was 76%, and it increased quickly, close to an
average value of 99% in the following cycles in Fig. 7d. The rate
performances of the porous Fe,0;/Se and hollow Fe,O3; nanorod
nanostructures are shown in Fig. 7e, with the current density
increasing stepwise from 0.2 to 20.0 A g~ ' and with 10 cycles
performed at each step. The two types of nanofibers exhibited
excellent rate performances. The uniquely structured nanorods
with numerous nanovoids (~5 nm) and hollow inner spheres
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decreased the diffusion distance and increased the diffusion
rate of Li" ions. Moreover, FeSe, which has a higher electrical
conductivity than that of Fe,0;, formed during charge-
discharge process, thus enhancing the rate property of the
porous Fe,O3/Se nanorod nanostructure (Sel.400-Oxi.400). The
final rate capacities of the 1-D nanostructures with porous
Fe,0;/Se nanorods were 1094, 959, 872, 796, 747, 696, 624, and
553 mA h g~ ! at current densities of 0.5, 1.5, 3.0, 5.0, 7.0, 10.0,
15.0,and 20.0 A g~ ', respectively. The discharge capacities of the
Sel.400-0Oxi.400 and Sel.400-Oxi.500 nanofibers recovered well to
1002 mA h g™ ' as the current density returned to 0.5 A g~ ' after
80 cycles at high current densities.

EIS was carried out to explain the superior cycling and rate
performances of the 1-D nanostructures with porous Fe,0s/Se
nanorods. The Nyquist impedance plots of the samples obtained
before and after cycling under a fully charged state are shown in
Fig. 8. The medium-frequency semicircles in the Nyquist plots of
the electrodes are assigned to the charge-transfer resistance
(Rct)-**° The porous Fe,03/Se and dense Fe,O3; nanorod nano-
structures exhibited lower R values of 49 and 51 Q than that of
hollow Fe,0; nanorods (68 Q) before cycling, as shown in Fig. 8a.
The metalloid Se and graphitic carbon with high electrical
conductivities in Fe,05;-Se and high crystallinity of dense Fe,O5
nanorods resulted in low R, values before cycling. The R values
of the three samples decreased after the first cycle owing to the
formation of an amorphous structure, as shown in Fig. 8b-d.
The R, values of the porous Fe,O3/Se nanorod nanostructure
changed slightly from 15 Q during the 50 cycle to 18 Q during

(32 Before cycling (bzo After cycling

—e— Sel.400-0xi.400 |/ —e—1st ’/
—=— $e1.400-0x1.500 | —a—50th
80 {—a— Se1.400-0xi.600 J 60| —4—150th !
- / / . v—200th /
E 60 E ¥/
s S 40 }/
N 40 Ji N J
20 . 29 7
0 0
0 20 40 60 80 100 0 20 40 60 80
(C) Z'(ohm) (d) Z'(ohm)
After cycling After cycling
80 80
—u— 1st —e—1st /
—e—50th = 50th | /
60, —+—150th 60/ ——150th [ /
- —v—200th - —v—200th /
E : /
S 40 S 40 /
£ = !
N N / /
20 / 20 / 4
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0 20 40 60 80 0 20 40 60 80

Z'(ohm) Z'(ohm)

Fig. 8 Nyquistimpedance plots of the 1-D nanostructures comprising
porous Fe,Oz/Se composite, hollow and dense Fe,Os nano-rods
(Sel.400-0xi.400, Sel.400-0Oxi.500, and Sel.400-Oxi.600): (a) before
and after cycling of (b) Sel.400-0Oxi.400, (c) Sel.400-0Oxi.500, and (d)
Sel.400-0Oxi.600.
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the 200" cycle, as shown in Fig. 8b. However, the R value of the
dense Fe,0; nanorod nanostructure increased abruptly from 17
Q to 46 Q from the 50™ to the 200™ cycle due to the structural
destruction during repeated Li" ion insertion and deinsertion
processes, as shown in Fig. 8d. The electrochemical properties of
the 1-D nanostructure composed of porous Fe,03/Se composite
nanorods were compared with those of the nanostructured iron
oxide and chalcogenide materials reported in the literatures, and
the results were summarized in Tables S1 and S2.} The Fe,O3
anode materials without carbon contents had low discharge
capacities in spite of short cycle numbers. However, the 1-D
nanostructure composed of porous Fe,0;/Se composite nano-
rods prepared in this study showed superior electrochemical
properties for lithium-ion storage compared to those of other Fe
related materials reported in the literatures even at a higher
current density. Thus, the unique porous architecture not only
offers the advantages of 1-D nanostructures but also effectively
accommodates the volume changes of Fe,O; due to its nano-
voids. This structure also decreases the diffusion distance of Li*
ions and increases the diffusion rate of Li" ions during the
cycling process. The metalloid Se phase and the resulting FeSe,
formed during cycling improved the electrical conductivity of the
Fe,O; in porous Fe,03/Se composite nanostructure. Therefore,
this nanostructure resulted in superior electrochemical proper-
ties during long-term cycling.

Conclusions

Novel 1-D nanostructures, one comprising a porous Fe,03/Se
composite and the other comprising subsequently formed
hollow Fe,O; nanorods, were prepared by exploiting a nano-
scale Kirkendall diffusion mechanism during post-treatment
after the electrospinning process. The different diffusion rates
of Fe and Se ions and oxygen gas in the structure led to Kir-
kendall diffusion, which is a key factor in the formation of the
Fe,03/Se composite and hollow Fe,O3; nanorod nanostructures.
The porous Fe,03/Se nanorod nanostructure exhibited superior
electrochemical properties for Li-ion storage by improving the
structural stability and electrical conductivity during repeated
Li insertion/deinsertion processes. This facile synthetic method
could be widely applied in the design and synthesis of novel
intermetallic compounds in various applications, such as
catalysis, gas sensors, and hydrogen evolution reactions, as well
as anode materials for LIBs.
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