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ABSTRACT: NiO nanofibers composed of hollow NiO nano-
spheres with different sizes were prepared by electrospinning method.
The mean size of the hollow NiO nanospheres was determined by
the mean size of the Ni nanocrystals of the Ni−C composite
nanofibers formed as an intermediate product. Porous-structured
NiO nanofibers were also prepared as a comparison sample by direct
oxidation of the electrospun nanofibers. The discharge capacities of
the nanofibers composed of hollow nanospheres reduced at 300, 500,
and 700 °C for the 250th cycle were 707, 655, and 261 mA h g−1,
respectively. However, the discharge capacity of the porous-
structured NiO nanofibers for the 250th cycle was low as 206 mA
h g−1. The nanofibers composed of hollow nanospheres had good
structural stability during cycling.
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■ INTRODUCTION

Transition metal oxides with high capacities have been widely
investigated as alternative anode materials for lithium-ion
batteries (LIBs).1−6 Hollow spheres have been intensively
studied as anode materials owing to their many advantages.7−18

Wang et al. synthesized hollow Co3O4 nanoparticles via an
impregnation reduction method followed by air oxidation.16

The hollow Co3O4 exhibited excellent discharge capacity and
durable performance compared to nonhollow structures. Li et
al. synthesized SnO2 hollow nanopowders by calcining SnO2-
coated PS nanospheres.17 The SnO2 hollow nanopowders
exhibited good electrochemical properties for lithium-ion
storage. Additionally, Lou et al. prepared α-Fe2O3 hollow
nanospheres via a glycerol/water quasi-emulsion-templating
mechanism.18 The hollow α-Fe2O3 spheres exhibited signifi-
cantly improved Li storage capabilities.
Efforts have also been carried out to build one-dimensionally

(1D) structured metal oxides as anode materials.19−24 These
1D geometries allow efficient electron transport and decrease of
lithium-ion diffusion length. Therefore, the application of 1D
geometries to the hollow nanostructure has been considered
attractive for use in LIBs, and various synthetic methods are
being explored.25−31 For example, Chaudhari and Srinivasan
synthesized hollow-structured α-Fe2O3 nanofibers by a simple
electrospinning technique and subsequent calcination proc-
ess.25 Wang et al. synthesized hierarchical NiO microtubes by
calcination of nickel dimethylglyoxime microtubes.26 Han et al.
synthesized hollow nitridated TiO2 nanofibers using a electro-
spinning method.27

NiO, with its outstanding theoretical capacity (∼718 mA h
g−1), chemical and thermal stability, and high abundance, has
been regarded as a particularly promising candidate for
anodes.26,31−36 Various types of nanostructured NiO materials
have been studied to achieve the good electrochemical
properties for lithium-ion storage. Despite these efforts, the
energy density, rate capability, and cycle stability of NiO remain
unsatisfactory among the transitional metal oxides. Here, we
suggest a novel 1D nanostructure composed of hollow NiO
nanospheres as high power anode materials to satisfy the
electrochemical requirements in LIBs. In this study, the
electrochemical properties of nanofibers composed of hollow
NiO nanospheres were compared with those of porous-
structured NiO nanofibers, as anode materials for LIBs. In
addition, the effect of the heat-treatment temperature on the
formation mechanism of the NiO nanofibers was investigated
in detail from the viewpoint of the Kirkendall diffusion effect.

■ EXPERIMENTAL SECTION
Nickel(II) acetate tetrahydrate−polyacrylonitrile (Ni(OCOCH3)2·
4H2O−PAN) nanofibers were synthesized by an electrospinning
method as described in our previous literature.28,29 The solution was
prepared by dissolving 6 g of Ni(OCOCH3)2·4H2O and 4 g of PAN
(Mw, 150,000) in a solution of 50 mL of N,N-dimethylformamide
(DMF) with vigorous stirring overnight. The reduction processes of
the electrospun nanofibers were conducted at 300, 500, and 700 °C for
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5 h under 10% H2/Ar mixture gas. The subsequent oxidation process
was conducted at 400 °C for 5 h in air. For simplicity, the NiO
nanofibers composed of hollow nanospheres formed by reduction at
300, 500, and 700 °C in 10% H2/Ar, and subsequent oxidation at 400
°C in air, are referred to as “Kirkendall-300”, “Kirkendall-500”, and
“Kirkendall-700” nanofibers, respectively. The one-step posttreatment
of the electrospun nanofibers at 500 °C for 5 h under an air
atmosphere produced the porous-structured NiO nanofibers as a
comparison sample.
The electrochemical properties of the nanofibers were analyzed by

constructing a 2032-type coin cell as described in our previous
literature.28,29 The discharge/charge characteristics of the nanofibers
were investigated by cycling within the 0.001−3 V potential range.

■ RESULTS AND DISCUSSION

The characteristics of the electrospun nanofibers are shown in
Supporting Information (SI) Figure S1. After stabilization at
250 °C for 1 h, the electrospun nanofibers are stable during
posttreatment such that melting of the nanofibers and necking
between the nanofibers do not occur. The stabilized
Ni(OCOCH3)2·4H2O−PAN nanofibers shown in SI Figure
S1a have a mean diameter of 350 nm. TGA of the electrospun
nanofibers (SI Figure S1b) shows complete decomposition of
nickel acetate and the PAN polymer at temperatures below 350
°C. Supporting Information Figure S2 shows the crystal
structures of the electrospun nanofibers reduced at 300, 500,
and 700 °C. The XRD patterns show complete conversion of
nickel acetate into metallic Ni, irrespective of the reduction
temperature. The morphologies of the Ni−C nanofibers
formed at a reduction temperature of 500 °C are shown in
Figure 1. The overall morphology of the nanofibers is
maintained even after the reduction process. However, the
solid structure of the electrospun nanofibers transforms into the
porous structure after reduction. The formation of Ni
nanocrystals during the reduction process, by decomposition
and reduction of nickel acetate and carbonization of PAN,
results in porous Ni−C nanofibers. The TEM images in Figure
1c clearly show the Ni nanocrystals dispersed within the carbon
matrix. The high-resolution TEM image in Figure 1d reveals
the formation of graphitic carbon during the reduction process,
for which metallic Ni nanocrystals act as a catalyst. Figure 1e
clearly reveals the lattice fringes separated by 0.2 nm, which
corresponds to the (111) crystal plane of Ni metal. The
selected area electron diffraction (SAED) pattern in Figure 1f
also reveals the crystalline structure of the Ni metal. The
elemental mapping images in Figure 1g show that the Ni
component is uniformly distributed throughout the carbon
matrix, whereas the oxygen component is scarcely detected.
This also indicates that nickel acetate is completely converted
into metallic Ni nanocrystals during the reduction process.
The Ni nanocrystals uniformly dispersed within the carbon

matrix transformed into hollow NiO nanospheres by the well-
known nanoscale Kirkendall diffusion process, during which the
carbon material was eliminated by combustion into carbon
dioxide. The characteristics of the Kirkendall-300 nanofibers are
shown in Figure 2. The overall structure of the electrospun
nanofibers is well-preserved, even after the oxidation process at
400 °C, as shown in the SEM image. The TEM image shown in
Figure 2c reveals the hollow nanospheres in the size range of
4−9 nm. The shell thickness of the hollow NiO nanospheres is
2 nm. The TEM image shown in Figure 2e clearly reveals the
lattice fringes with an equal interplanar distance of 0.24 nm,
corresponding to the (111) crystal plane of NiO crystal.

The morphologies of the Kirkendall-500 nanofibers are
shown in Figure 3. The Kirkendall-500 nanofibers reveal
morphologies similar to those of the Kirkendall-300 nanofibers.
However, the high-magnification TEM images show that the
hollow nanospheres of the two nanofibers have different sizes.
The hollow nanospheres in the size range of 8−15 nm are
observed in the TEM images shown in Figure 3c,d. Figure 3e
reveals the lattice fringes with an equal interplanar distance of
0.21 nm, corresponding to the (200) crystal plane of NiO
crystal. The SAED patterns shown in Figures 2f and 3f reveal
the formation of pure crystalline phase NiO nanofibers by
posttreatment at 400 °C. The XRD patterns shown in
Supporting Information Figure S3 also reveal that Kirkendall-
300 and Kirkendall-500 are pure crystalline phase NiO
nanofibers.
In contrast, the Kirkendall-700 nanofibers shown in Figure

4a,b have a rough surface due to the larger hollow nanospheres.
The TEM images shown in Figure 4b,c reveal the NiO hollow
nanospheres. However, the TEM image shown in Figure 4d

Figure 1. Morphologies, SAED pattern, and elemental mapping
images of the Ni−C nanofibers: (a) SEM, (b−d) TEM images, (e)
HR-TEM image, (f) SAED pattern, and (g) elemental mapping
images.
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reveals the yolk−shell structure. Figure 4e clearly reveals the
lattice fringes with an equal interplanar distance of 0.24 and
0.18 nm, corresponding to the (111) and (200) crystal planes
of NiO and metallic Ni crystals, respectively. The SAED and
XRD patterns in Figure 4f and SI Figure S3 also reveal the
formation of NiO−Ni composite nanofibers from the Ni−C
nanofibers reduced at 700 °C. Complete oxidation of the large
Ni nanocrystals did not occur at 400 °C for 3 h. The formation
mechanism of the Kirkendall-700 nanofibers composed of
nanospheres with configuration of Ni@void@NiO is shown in
Supporting Information Figure S4.
The formation mechanism of NiO nanofibers comprising

different sized hollow nanospheres is described in Scheme 1.
The size of the metal oxide hollow nanosphere is determined
by the size of the metal nanopowder. In this respect, Ni−C
composite nanofibers with uniformly dispersed Ni nanocrystals
were prepared with various mean sizes by varying the reduction
temperature of the electrospun nanofibers. The Ni−C
composite nanofibers formed at a low reduction temperature

followed by oxidation, resulted in nanofibers consisting of
hollow NiO nanospheres of a few nanometers in size.
Conversely, the Ni−C composite nanofibers formed at a high
reduction temperature followed by oxidation, resulted in
nanofibers consisting of hollow NiO nanospheres of several
tens of nanometers in size. The detailed formation mechanism
of a NiO hollow nanosphere is elucidated in Scheme 2. The
posttreatment of the electrospun nanofibers under reducing
atmosphere produced nickel−carbon composite nanofibers
(Scheme 2, step ①). The solid Ni nanocrystals were converted
into hollow NiO nanospheres during the subsequent heating
process by the well-known nanoscale Kirkendall diffusion
process. The void formation by Kirkendall effect was first
reported by Aldinger.37 The surface oxidation of Ni nanocrystal
forms an intermediate Ni@NiO core−shell structure (Scheme
2, step ②). Ni cations with small ionic radius diffused outward
more quickly than oxygen anions with large ionic radius
diffused inward. Accordingly, Kirkendall voids were generated
near the Ni/NiO interface (Scheme 2, step ③). Complete

Figure 2. Morphologies, SAED pattern, and elemental mapping
images of the Kirkendall-300 nanofibers: (a) SEM image, (b−d) TEM
images, (e) HR-TEM image, (f) SAED pattern, and (g) elemental
mapping images.

Figure 3. Morphologies, SAED pattern, and elemental mapping
images of the Kirkendall-500 nanofibers: (a) SEM image, (b−d) TEM
images, (e) HR-TEM image, (f) SAED pattern, and (g) elemental
mapping images.
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oxidation of Ni metal resulted in NiO hollow nanosphere
(Scheme 2, step ④).
The XPS spectra in Supporting Information Figure S5 also

indicate incomplete oxidation of the Ni nanocrystals formed at
a high reducing temperature (700 °C). The XPS spectra of the
Ni 2p for the samples after reduction at 300, 500, and 700 °C
clearly demonstrate metallic Ni at 852.9 eV, along with NiO
(Ni2+, 854.5 eV) and Ni2O3 (Ni

3+, 855.8 eV). Nickel oxide was
formed by surface oxidation of Ni nanocrystals. After oxidation
at 400 °C, the Kirkendall-300 and Kirkendall-500 samples show
only Ni peaks for the oxide, with binding energies of NiO
(Ni2+, 854.5 eV) and Ni2O3 (Ni

3+, 855.8 eV), as shown in SI
Figure S4d,e. However, the metallic Ni peak at 852.7 eV
remains for the Kirkendall-700 nanofibers. The Ni/NiO ratio in
the composite nanofibers analyzed from the TOPAS program
based on Rietveld refinement is 76/24. The elemental mapping
images shown in Figures 2g, 3g, and 4g reveal trace amounts of
carbon in the NiO nanofibers. The small amount of amorphous
carbon covering the Ni nanocrystals changed into graphitic

carbon during reduction. The graphitic carbon was not
completely eliminated during the oxidation process conducted
at 400 °C. The TGA curves in Supporting Information Figure
S6 also reveal the formation of NiO nanofibers with low
impurities, irrespective of the reduction temperatures. The BET
surface areas of the NiO nanofibers obtained from the
nanofibers reduced at 300, 500, and 700 °C are 28, 47, and
46 m2 g−1, respectively. The Kirkendall-300 nanofibers with
dense structure have the minimum BET surface area.
The porous NiO nanofibers shown in Supporting

Information Figure S7 have over morphologies similar to
those of the Kirkendall-300 and Kirkendall-500 nanofibers.
However, SI Figure S7c shows the TEM image of the solid NiO
nanocrystals with a mean size of 23 nm composing the porous
nanofiber. The high-resolution TEM image, SAED and XRD
patterns, and elemental mapping images shown in SI Figure S7
reveal the formation of pure phase NiO nanofibers by direct
oxidation of electrospun nanofibers.
The electrochemical properties of the nanofibers composed

of hollow NiO nanospheres are compared with those of the
porous-structured NiO nanofibers in Figure 5 and Supporting
Information Figures S8, S9, and S10. The CV curves obtained
for the four samples are shown in SI Figure S8 for the first five
cycles at a scan rate of 0.07 mV s−1. A distinct reduction peak
around 0.42 V is observed in the first cathodic sweep of the four
samples due to the reduction of NiO to metallic Ni and the
formation of amorphous Li2O.

26,31−33 However, the reduction
peak of the NiO−Ni composite nanofibers obtained from the
Ni−C nanofibers reduced at 700 °C was shifted to a high-
voltage range around 0.51 V, because metallic Ni in the
structure provides a highly conductive medium for electron
transfer.35,36 The Kirkendall-300 and Kirkendall-500 nanofibers
and the porous-structured NiO nanofibers have higher
reduction peak intensities in their first cathodic sweep than
that of the Kirkendal-700 nanofibers. The initial discharge curve
of the NiO−Ni composite nanofibers at a current density of 1
A g−1 also reveals the lowest initial discharge capacity, as shown
in Figure 5a. The inactivity of the Ni component in the NiO−
Ni composite nanofibers results in a low lithium-ion storage
property. The main reduction peak of the four samples shifts to
a higher potential after the first cycle due to the formation of
ultrafine nanocrystals during the first cycle. The two broad
oxidation peaks, due to the oxidation of Ni to NiO and the
subsequent decomposition of the SEI layer, are observed from
the first cycle onward at around 1.6 and 2.3 V, respec-
tively.26,31−33 The good overlapping of the reduction and
oxidation peaks of the nanofibers composed of hollow
nanospheres from the second cycle onward reveals their good
reversible lithium-ion storage performances. The initial
discharge capacities of the Kirkendall-300, Kirkendall-500,
and Kirkendall-700 nanofibers observed in Figure 5a are
1000, 998, and 584 mA h g−1, respectively, and their
corresponding initial charge capacities are 766, 729, and 381
mA h g−1, respectively. The porous-structured NiO nanofibers
have slightly lower initial discharge and charge capacities than
those of the Kirkendall-300 and Kirkendall-500 nanofibers as
shown in Figure 5a. The cycling performances of the four
samples at a current density of 1 A g−1 are shown in Figure 5b.
The nanofibers composed of hollow nanospheres have superior
cycling performance compared with that of the porous-
structured NiO nanofibers. The discharge capacities of the
Kirkendall-300, Kirkendall-500, and Kirkendall-700 nanofibers
for the 250th cycle are 707, 655, and 261 mA h g−1,

Figure 4. Morphologies, SAED pattern, and elemental mapping
images of the Kirkendall-700 nanofibers: (a) SEM image, (b−d) TEM
images, (e) HR-TEM image, (f) SAED pattern, and (g) elemental
mapping images.
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respectively. However, the discharge capacities of the porous-
structured NiO nanofibers for the second and 250th cycles are
721 and 206 mA h g−1, respectively. The capacity retentions of
the Kirkendall-300, Kirkendall-500, and porous-structured NiO
nanofibers measured from the second cycle were 96, 90, and
29%, respectively. Figure 5c shows the rate performances of the
four samples with a stepwise increase in the current density
from 0.1 to 3.0 A g−1. The discharge capacities of the
Kirkendall-500 nanofibers showing the best rate performance
decrease from 787 to 636 mA h g−1 when the current densities
increase from 0.3 to 3.0 A g−1. In comparison, the discharge
capacities of the porous-structured NiO nanofibers decrease
from 816 to 530 mA h g−1 when the current densities increase
from 0.3 to 3.0 A g−1.
Electrochemical impedance spectroscopy measurements of

the four samples were performed to explain the superior

lithium-ion storage properties of the nanofibers composed of
hollow NiO nanospheres. The Nyquist plots display com-
pressed semicircles in the medium-frequency range, which
describe the charge-transfer resistance (Rct) of the elec-
trode.38−40 The precise values of Rct are calculated from a
simulated equivalent circuit. The NiO−Ni nanofibers com-

Scheme 1. Formation Scheme of the NiO Nanofibers Comprised with Different Sized Hollow Nanospheres

Scheme 2. Formation Mechanism of a Hollow NiO
Nanosphere in the Nanofiber by Kirkendall Diffusion Effect
and Its Chemical Conversion Process in the Surface Region
of a Sphere

Figure 5. Electrochemical properties of the four samples: (a) initial
charge/discharge curves at a constant current density of 1.0 A g−1, (b)
cycling performances at a constant current density of 1.0 A g−1, and
(c) rate performances.
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posed of large hollow nanospheres show the lowest Rct of 82.4
Ω before cycling, as shown in SI Figure S9a. The Rct of the four
samples abruptly decrease after the first cycle due to the
formation of ultrafine nanocrystals during the first discharge
and charge processes. The Rct of the nanofibers obtained by the
nanoscale Kirkendall diffusion process increase slightly from
13.4 to 18.6 Ω for Kirkendall-300, from 24.4 to 33.3 Ω for
Kirkendall-500, and from 20.7 to 26.8 Ω for Kirkendall-700 as
the number of cycles increases from first to 100th cycle, as
shown in SI Figure S9b−d. In particular, the Rct of the
nanofibers obtained by the nanoscale Kirkendall diffusion
process for the 50th and 100th cycles are almost the same.
However, the Rct of the porous-structured NiO nanofibers
increase steadily from 23.0 to 74.1 Ω during the 100 cycles, as
shown in SI Figure S9e. The structural destruction of the
porous-structured NiO nanofibers during cycling increases the
charge-transfer resistances during cycling. On the other hand,
the nanofibers composed of hollow nanospheres have high
structural stability during rcycling due to their accommodation
of large volume changes during cycling. To support this proof
obviously, the morphologies of the nickel oxide nanofibers
obtained after 200 cycles are shown in SI Figure S10. The
nanofibers (Kirkendall-300 and Kirkendall-500) composed of
hollow NiO nanospheres maintained their original morpholo-
gies well even after long-term cycling as shown by TEM images.
In the case of “Kirkendall-700” composed of large spheres with
mixed phases of Ni and NiO, the structure also maintained its
morphologies to some degree. However, the structure of the
NiO nanofiber with porous structure was not observed in the
TEM images obtained after cycling.

■ CONCLUSIONS
In this study, metal oxide nanofibers composed of hollow
nanospheres with various sizes were prepared by employing the
nanoscale Kirkendall diffusion process to metal−carbon
composite nanofibers. The new strategy was applied in the
preparation of NiO nanofibers composed of hollow nano-
spheres. Changing the reduction temperature of the electro-
spun nanofibers produced Ni−C composite nanofibers with Ni
nanocrystals of various sizes. The Ni−C composite nanofibers
formed at a low reduction temperature (300 °C) resulted in
NiO nanofibers consisting of hollow NiO nanospheres a few
nanometers in diameter after the nanoscale Kirkendall diffusion
process. However, the Ni−C composite nanofibers formed at a
high reduction temperature (700 °C) resulted in NiO−Ni
nanofibers consisting of yolk−shell nanospheres with diameters
of several tens of nanometers after the nanoscale Kirkendall
diffusion process. The NiO nanofibers with smaller hollow NiO
nanospheres showed superior cycling performance for lithium-
ion storage compared to that of the porous-structured NiO
nanofibers formed by the same electrospinning process. The
strategy introduced in this study could be applied to the
preparation of metal oxide nanofibers composed of hollow
nanospheres with controlled sizes for wide applications
including energy storage.
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