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This paper introduces a new synthesis strategy suitable for the one-step synthesis of hollow 1-
dimensition nanostructures and highly desirable for the simple preparation of well-defined hollow
nanostructures with high product yields using camphene. The viscosity gradient of the jet during the
electrospinning results in the inward movement of the camphene. Subsequently, the sublimation of
camphene generates internal hollow space without further processing. The resulting nanofibers exhibit a
reversible discharge capacity of 956 mA h g~ ! after 400 cycles when applied as anodes for lithium-ion
Hollow structure batteries. The discharge capacities of the nanofibers are 1050, 1024, 937, 796, 643, and 483 mA h g~ ! at
Electrospinning current densities of 0.5, 1.5, 3.0, 5.0, 7.0, and 10.0 A g, respectively. The NiO nanofibers with hollow
NiO structure show high structural stability and shorten the Li*-ion diffusion pathway during cycles, which
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Camphene resulted in excellent lithium-ion storage properties.
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Introduction surface between the active material and the electrolyte promotes

In recent years, the development of technology for controlling
the structure, size, and morphology of the nanomaterials is one of
the key goals for powder synthesis [1-5]. As a unique class of
structured materials, hollow nanostructures have attracted con-
siderable interest owing to their intrinsic characteristics, such as
their thin shell, large internal void, doubled surface area, and
robust stability [6-9]. Therefore, hollow nanomaterials have been
used in various fields, including drug delivery, chemical storage,
gas sensors, catalysis, and energy storage [10-13].

With regard to the anode materials of lithium-ion battery (LIB)
applications, hollow one-dimensional (1D) nanostructures with a
high aspect ratio effectively accommodate the severe volumetric
expansions of active materials upon cycling and prevent the self-
aggregation of the nanoscale subunits, thus leading to improved
capacity retention [14-17]. Additionally, the enhanced contact
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the electrochemical reaction, which induces high rate performance
of LIBs [18-21]. Moreover, the 1D geometry having direct channels
for efficient electron transport along the longitudinal direction
allows the materials to interact efficiently with Li* ions, resulting in
a high power density of LIBs [22-25]. Therefore, hollow 1D
nanomaterials with various compositions have been prepared via
numerous strategies, such as emulsion electrospinning, coaxial
electrospinning, template methods, and heating processes for the
Ostwald ripening effect [26-45]. (summarized in Table S1)

For example, Paik et al. synthesized nitridated TiO, hollow
nanofibers via a coaxial electrospinning method and subsequent
nitridation treatment. This structure exhibited a discharge capacity
of 156 mAhg! at 0.2C and capacity retention of 100% after 100
cycles when used as an anode material for LIBs [34]. Lu et al.
prepared carbon-coated Fe3O, nanotubes with a hierarchical
porous structure by removing the MoOs; template from an
Mo0O3;@FeOOH hybrid. The nanotubes exhibited a high reversible
capacity of 1020mAhg~! and high cycling performance, with
capacity retention of 103% after 150 cycles [38]. Additionally, Kim
et al. fabricated manganese-cobalt oxide hollow nanofibers via
electrospinning and subsequent calcination in air. A high heating
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rate caused fast combustion, resulting in hollow fibers. The hollow
MnCo,04 nanofibers exhibited a discharge capacity of 997 mAh
¢! and a Coulombic efficiency (CE) of 98% after 50 cycles [45].
Even though many hollowing strategies have been proposed,
camphene has not been used as a pore generator in the
electrospinning process for the synthesis of hollow 1D nanofibers.
Although An et al. prepared SnO, hollow nanofibers by heat-
treatment of as-spun fibers containing camphene, the camphene
was not applied as a pore generator [46]. Therefore, as-spun fibers
have totally solid structure, which is due to the similar vapor
pressures of DMF and camphene, no viscosity gradient arose for the
contents in the jet. To demonstrate this, we will investigate in
detail the effect of differences in vapor pressure between solvents
on nanostructure geometry in this study. Generally, the camphene,
which has a melting point of approximately 45 °C has been used as
a freezing vehicle in the freeze-casting method for obtaining pores
in bio-ceramic structures because it can be frozen and easily
sublimed near room temperature [47,48].

The new method introduced in this study is suitable for the one-
step synthesis of hollow 1D nanostructures and is highly desirable
for the simple preparation of well-defined hollow nanostructures
with high product yields. The new method, therefore, overcomes
the limitations of the previous hollow strategies such as
complications arising from the complex interplay between factors
such as the miscibility, viscosity, and the interfacial tension, etc.
between the solutions used. Moreover, the unintended destruction
of hollow nanostructures during template removal, such as
template methods, can be prevented. In this study, compared
with EtOH, the low vapor pressure of camphene and the phase
separation from polyvinylpyrrolidone (PVP) induces the assembly
of camphene at the center of the 1D structure during electro-
spinning. The sublimation of camphene in the center generates a
well-defined internal hollow space in the structure after the
spinning process, without further processing. In this study, NiO
was selected as the first candidate anode material for applying this
strategy because of its low cost, environmental friendless, and
large theoretical capacity of 718 mAhg~' in LIBs [49,50]. The
detailed formation mechanism of the hollow 1D nanostructures
via the facile strategy using camphene was examined in detail, and

the effects of the morphological features on the electrochemical
properties as an anode material in LIBs were studied. The facile
synthesis strategy introduced in this study is expected to improve
the properties of traditional metal oxides for various applications
that require hollow 1D nanostructures.

Experimental
Sample preparation

Hollow NiO nanofibers were prepared via electrospinning and
subsequent heat treatment. For the electrospinning, the spinning
solution was prepared by dissolving 0.5g of Ni(NOs),-6H,0
(Daejung, 97%), 3.0g of PVP (Alfa Aesar, Mw: 1,300,000), 7.0 g of
camphene (Acros Organics, 75%), and 2.0mL of acetic acid
(Daejung Chemicals and Metals, 99.7%) in 50mL of ethanol
(Duksan, 99.9%) with vigorous stirring overnight. The prepared
solution was loaded into a plastic syringe equipped with a 25-
gague stainless-steel nozzle at a flow rate of 1.0mL h~. The
solution was subsequently ejected and electrospun onto a drum
collector covered with aluminum, while the rotation of the drum
was maintained at 180 rpm. During the electrospinning process,
the applied voltage between the collector and the syringe tip was
20kV. The distance between the tip and the collector was
maintained at 20cm. The resultant as-spun nanofibers were
stabilized at 150°C for 24 h in an air atmosphere. NiO nanofibers
with a hollow structure were obtained after heat treatment at
350°C for 3h in an air atmosphere. As a comparison sample, NiO
nanofibers with a solid structure were prepared via heat treatment
of the as-spun nanofibers obtained from the aforementioned
spinning solution without camphene and oxidized at 600 °C for 5 h.

Characterizations

The morphology of the prepared nanofibers was observed using
field-emission scanning electron microscopy (SEM, Zeiss, ULTRA
PLUS, ZEISS) and field-emission transmission electron microscopy
(TEM, JEOL, JEM-2100 F). Their crystal structures were investigated
using X-ray diffractometry (XRD, D8 Discover with GADDS, Bruker)
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Scheme 1. Formation mechanism of the hollow NiO nanofibers using camphene via the facile two-step strategy.
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with Cu K, radiation (A = 1.5418 A). X-ray photoelectron spectros-
copy (XPS, Thermo Scientific K-Alpha) with focused monochro-
matic Al K, at 12kV and 20mA was used to determine the
compositions of the specimens. The surface areas of the samples
were measured using the Brunauer-Emmett-Teller (BET) method,
with N as the adsorbate gas. Thermogravimetric (TG) analysis was
conducted using a Pyris 1 Thermogravimetric Analyzer (Perkin
Elmer) within a temperature range of 25-700 °C at a heating rate of
10°Cmin~}, in an air atmosphere.

Electrochemical measurements

The electrochemical properties of the NiO nanofibers were
analyzed by constructing 2032-type coin cells. The anode was
prepared by mixing the active material, carbon black (Super-P),
and sodium carboxymethyl cellulose at a weight ratio of 7:2:1.
Lithium metal and a microporous polypropylene film were used as
the counter electrode and separator, respectively. The electrolyte
was 1M LiPFg in a 1:1 (vol/vol) mixture of fluoroethylene
carbonate and dimethyl carbonate. The cells were assembled in
a glove box in an argon atmosphere. The discharge and charge
characteristics of the samples were investigated via cycling in the
potential range of 0.001-3.0V. Cyclic voltammograms (CVs) were
measured at a scan rate of 0.1 mV S~! between 0.001 and 3.0 V. The
charge-discharge behavior of the samples was tested at current
densities ranging from 0.5-10.0A g~ ! within the same potential
window of 0.001-3.0V. Electrochemical impedance spectroscopy
(EIS) was performed on the electrode in the frequency range of
100 kHz-0.01 Hz.

Results and discussion

Well-defined hollow NiO nanofibers were prepared using
camphene via the facile two-step strategy described in Scheme 1.
After dissolution in EtOH, the precursors PVP, nickel salt, and
camphene were separated into continuous and dispersed phases
owing to their differences in hydrophobicity. Here, benefiting from
the lactam groups of PVP, the Ni?* ion of nickel salt can be well-
coordinated with PVP molecular chains in a solution [51]. During
the electrospinning, the EtOH solvent having a high vapor pressure
(5.83 kPa at 20°C) evaporated rapidly from the surface of the jet,
forming a shell composed of PVP and nickel salt on the jet surface
while the camphene molecules (vapor pressure at 20°C was
0.33 kPa) migrated to the center of the jet [52]. As the surface
solidification proceeded, the viscosity of the outer layer of jet
increased more rapidly than that of the deeper layer, yielding a
viscosity gradient from the outer layer to the inner layer. This
resulted in the inward movement of the camphene molecules and,
furthermore, their mergence. Finally, the merged camphene
molecules in the center sublimated under ambient conditions,
yielding a well-defined hollow inner space in the nanofibers
without further heat treatment. During the heat treatment, NiO
nanograins were formed from the nickel salt, and concurrently,
PVP was carbonized and then decomposed into CO, gas, yielding
loosely packed hollow NiO nanofibers with interstitial nanovoids.

The as-spun nanofibers obtained by applying the facile
mechanism are shown in Fig. 1. The nanofibers exhibited a smooth
nanofiber surface and had a mean diameter of 600 nm. As shown
the inset image of Fig. 1a, a 120-nm-thick shell layer containing a
hollow inner space was identified after spinning, even though no
further processing was performed on the fractured nanofiber.
During the spinning, the viscosity gradient from the outer layer to
the inner layer due to the evaporation of EtOH solvent from the jet
surface resulted in the inward movement of camphene and its
mergence. Subsequently, the camphene sublimated owing to its
high sublimation feature after spinning, yielding the hollow inner
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Fig. 1. Morphologies and XRD pattern of the Ni(NOs),-6H,O/PVP composite
nanofibers prepared using camphene by electrospinning: (a) FE-SEM image, (b)
XRD pattern.

space in the PVP-nickel salt composite nanofibers. The XRD pattern
confirms that the as-spun nanofibers had an amorphous-like phase
comprising PVP and nickel salt (Fig. 1b). The complete sublimation
of camphene in the structure was confirmed by the absence of the
functional groups of camphene from the FT-IR spectrum shown in
Fig. S1. To confirm the effect of the vapor-pressure difference
between the solvents on the nanostructured geometry, dimethyl-
formamide (DMF) with a low vapor pressure of 0.36 kPa at 20°C
was used as a counter solvent with camphene [53], in which the
difference of the vapor pressures was only 0.03kPa. After
electrospinning, solid nanofibers were obtained, as shown in
Fig. S2. Owing to the similar vapor pressures of DMF and
camphene, no viscosity gradient arose for the contents in the
jet. Therefore, phase separation of camphene and aggregation at
the center of the jet were not achieved.

To obtain the well-defined hollow NiO nanofibers, simple heat
treatment of the as-spun nanofibers was performed at 350°C in an
air atmosphere. The resulting nanofiber morphology is shown in
Fig. 2. The overall 1D nanostructure was well-maintained even
after heat treatment, as shown in Fig. 2a. Moreover, the fractured
nanofiber surface showed that the nanofibers had a well-defined
hollow inner space in the longitudinal direction of the structure.
The diameter of the nanofibers decreased to 200 nm owing to the
thermal contraction during the heat treatment. Additionally, the
thickness of the shell layer was approximately 10 nm. According to
the XRD results shown in Fig. 2¢, the nanofiber had a cubic crystal-
structured pure NiO phase [54,55]. By applying the Scherrer
equation to the (200) NiO crystal lattice, the mean crystallite size of
the NiO nanofibers was calculated as 6.1 nm. Additionally, clear
mesopores between the NiO nanograins composing the shell layer
are observed in the high-resolution TEM (HR-TEM) image of Fig. 2d.
During heat treatment, the PVP in the composite was carbonized,
which prevented the growth of NiO nanograins surrounded by
carbon. Then, the PVP decomposed into CO, gas, forming
mesopores between the nanograins, as indicated by the arrows
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Fig. 2. Morphologies, XRD pattern, SAED pattern, and elemental mapping images of the hollow NiO nanofiber: (a, b) FE-SEM images, (c) XRD pattern, (d, e) TEM images, (f, g)

HR-TEM images, (h) SAED pattern, and (i) elemental mapping images.

in Fig. 2f. These mesopores facilitated the penetration of the
electrolyte in the structure during cycling, promoting the
electrochemical reactions. The HR-TEM image shows that the
shell was composed of NiO nanograins ranging in size from 5 to
6 nm, which is consistent with the crystallite size calculated via
XRD. In the inset image of Fig. 2g, the lattice fringes separated by
0.24nm correspond to the (111) plane of cubic NiO [56]. The
selected-area electron diffraction (SAED) pattern shown in Fig. 2h
confirms the formation of the NiO phase, which is in agreement
with the XRD results shown in Fig. 2c. The dot-mapping images of
the hollow NiO nanofibers indicate that the NiO nanograins were
uniformly formed as a shell layer and that the PVP was completely
decomposed during the heat treatment.

The phase information of the hollow NiO nanofibers was
investigated using XPS, as shown in Fig. 3. The spectrum was
deconvoluted by Gaussian curves to estimate the proportions of
the phases. In Fig. 3a, the survey spectrum reveals the presence of
the elements nickel and oxygen in the structure. The high-
resolution Ni 2p spectrum (Fig. 3b) clearly indicates Ni®* peaks at
854.2 and 871.5 eV and Ni** peaks at 855.8 and 873.2 eV, along with
their satellite peaks [57-59]. The Ni,O3 phase is attributed to the
formation of oxygen-rich nickel oxide, which was presumably due
to the burning of carbon during the heat treatment [60,61].
However, because the pure NiO phase was confirmed in the XRD, it
is assumed that the amount of oxygen-rich nickel oxide was
negligible. Additionally, in the O 1s spectrum, two binding energy
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Fig. 3. XPS spectra and TGA curve of the hollow NiO nanofiber: (a) wide-scan XPS
spectrum, (b) XPS spectrum of Ni 2p, (c) XPS spectrum of O 1s, and (d) TGA curve.
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peaks were observed at 529.8 and 531.5 eV, as shown in Fig. 3c. The
peak at 529.8 eV is ascribed to the typical metal-oxygen bond of Ni-
O [62]. The additional peak at 531.5eV was due to oxygen-rich
nickel oxide [43]. According to the characteristic binding energy
values of nickel and oxygen, we can confirm that NiO was
successfully formed during the heat treatment. The weight loss
was negligible according to the TG curve (Fig. 3d), implying that
the structure was composed of a pure NiO phase without carbon.

Solid NiO nanofibers were prepared for comparison of the Li*-
ion storage properties with the hollow nanofibers. For this, as-spun
nanofibers (Fig. S3) obtained from the solution containing nickel
salt and PVP without camphene were heat-treated at 600°C in an
air atmosphere. The complete removal of the carbon formed from
PVP in the structure was achieved above 600 °C due to the solid
structure. The morphology of the resulting nanofibers is shown in
Fig. 4. The SEM image of the fractured surface in Fig. 4b confirms
the solid nanostructure. The nanofiber was compactly composed of
NiO nanograins, as shown in Fig. 4c and d. The lattice fringes, as
well as the SAED and XRD patterns in Fig. 4d-f, confirm the
formation of cubic-structured NiO [54,55]. The mean crystallite
size of the solid NiO nanofibers was calculated as 25.2nm by
applying the Scherrer equation to the (200) lattice, which is higher
than that of hollow NiO nanofibers. According to the dot-mapping
images, the solid NiO nanofibers did not contain carbon. The BET
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Fig. 4. Morphologies, SAED pattern, XRD pattern and elemental mapping images of
the solid NiO nanofibers: (a, b) FE-SEM images, (c) TEM image, (d) HR-TEM image,
(e) SAED pattern, (f) XRD pattern, and (g) elemental mapping images.

surface areas of the hollow and solid NiO nanofibers shown in
Fig. S4 were 61 and 4.8 m? g~ !, respectively. The hollow inner space
and the interstitial nanovoids between the NiO nanograins induced
a large BET surface area of the hollow NiO nanofibers.

The Li*-ion storage properties of the hollow NiO nanofibers as
an anode material were compared with those of solid NiO
nanofibers, as shown in Fig. 5. The CV of the hollow NiO nanofibers
for the first five cycles at a scan rate of 0.1 mV s~ ! over the potential
range of 0.001-3.0V (vs Li*/Li) is shown in Fig. 5a. In the first
cathodic scan, the initial peak around 0.89V as a shoulder is
attributed to the imperfection of the NiO nanograins formed by the
low heat-treatment temperature of 350°C [63]. The following peak
at 0.48V was due to the electrolyte decomposition to form the
solid electrolyte interphase (SEI) layer and the reduction of NiO to
nickel, accompanied by the formation of amorphous Li,O [63-65].
After the second cycle, the reduction peaks were shifted to a higher
potential of 0.98V owing to the formation of an ultrafine NiO
nanocrystal during the cycle [63-65]. In the anodic scan, two broad
reversible peaks at 1.45 and 2.23 V were observed, which were due
to the decomposition of the SEI layer and the subsequent oxidation
of nickel to NiO, along with the decomposition of Li,O [63-65]. The
good overlapping of the cathodic/anodic peaks from the second
cycle onward reveals their excellent reversibility during the
repeated lithiation/delithiation processes. The CV curves of the
solid NiO nanofibers are similar to those of the hollow ones
(Fig. S5).

The initial charge-discharge profiles of the hollow and solid NiO
nanofibers at a high current density of 2.0A g~! are shown in
Fig. 5b. The profiles of the samples are consistent with the CV
results. The initial discharge capacities of the hollow and solid NiO
nanofibers were 1174 and 898 mA h g, respectively, and their
corresponding initial CEs were 72.9% and 64.4%, respectively.
Compared with the solid nanofibers, the hollow NiO nanofibers
shortened the Li*-ion diffusion pathway and reduced the resis-
tance of the electrolyte, which prevented the polarization in the
active material, leading to a significantly higher initial discharge
capacity. The cycling performances of both nanofibers at a current
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density of 2.0 A g~ ! are shown in Fig. 5¢. The hollow NiO nanofibers
exhibited excellent cycling performance even at a high current
density. The hollow NiO nanofibers delivered a reversible specific
discharge capacity of 956 mA h g~! after 400 cycles, and the
corresponding CE was steadily maintained at >98.7%. The hollow
architecture effectively accommodated the severe volume varia-
tion of NiO nanograins upon cycling and prevented the self-
aggregation of the nanoscale subunits, leading to improved
capacity retention even at the high current density. In contrast,
a continuous decrease in capacity to 416 mA h g™! after 100 cycles
was confirmed in the solid NiO nanofibers because of the failure to
withstand the large volume variations during the repeated cycles.

The hollow NiO nanofibers also exhibited an excellent rate
property, as shown in Fig. 5d. The discharge capacities of the
hollow NiO nanofibers were 1050, 1024, 937, 796, 643, and 483 mA
h ¢! at current densities of 0.5, 1.5, 3.0, 5.0, 7.0, and 10.0A g/,
respectively. The hollow nanostructure and the interstitial nano-
voids between the NiO nanograins provided easy accessibility of
the electrolyte into the electrode, promoting the Li*-ion diffusion
kinetics. Furthermore, the 1D geometry having direct channels for
efficient electron transport along the longitudinal direction
allowed the active materials to interact more efficiently with Li*
ions, yielding the high rate performance of the hollow NiO
nanofibers. When the current density was returned to 0.5A g, the
discharge capacity recovered well to 1208 mA h g~!, implying that
the Li*-ion storage performance of the hollow NiO nanofibers was
not degraded after operation at the high current densities. The
electrochemical properties of the product prepared in this study
was also compared with other NiO materials previously reported in
Table S2. Compared with the previously reported materials, hollow
NiO nanofibers exhibited the enhanced cycling stability at high
current density.

EIS was performed to investigate the Li*-ion storage kinetics of
the hollow NiO nanofibers compared with those of solid NiO
nanofibers. Nyquist plots of the samples before and after the 1st
and 50th cycles were obtained via deconvolution with a Randle-
type equivalent-circuit model, as shown in Fig. 6. The medium-
frequency semicircles in the Nyquist plots are attributed to the
charge-transfer resistance (R.) between the active material and
the electrolyte [66,67]. The R value of the hollow NiO nanofibers
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Fig. 6. Nyquist impedance plots of the hollow and solid NiO nanofibers: (a) before
cycling, (b) after cycling of the hollow NiO nanofibers, (c) after cycling of the solid
NiO nanofibers, and (d) equivalent circuit model used for AC impedance fitting.

was 62 (), which is significantly lower than that of the solid NiO
nanofibers (481 ()) before cycling, as shown in Fig. 6a. The hollow
nanostructure with ultrafine nanocrystals resulted in the low R¢; of
the sample. The R, values for both types of nanofibers decreased
after the first cycle owing to the formation of ultrafine nanocrystals
during the first discharge and charge processes [68]. After 50
cycles, the hollow NiO nanofibers maintained their low R, value (8
)), indicating the high structural stability of the sample during the
repeated Li*-ion lithiation/delithiation processes, as shown in
Fig. 6b. The hollow space and the interstitial nanovoids in the shell
layer improved the structural stability of the sample. Additionally,
the easy accessibility of the electrolyte into the electrode and the
short diffusion length for Li* ions reduced the charge-transfer
resistance. However, the R, value of the solid NiO nanofibers
significantly increased to 21 ) after 50 cycles owing to the
structural destruction during cycling.

Conclusions

A new strategy suitable for the one-step synthesis of hollow 1D
nanostructures using camphene via electrospinning was intro-
duced. During electrospinning, EtOH evaporated rapidly from the
surface of the jet, yielding a gel shell composed of PVP and nickel
salt on the jet surface, while the camphene molecules migrated to
the center of the jet. The viscosity gradient from the outer layer to
the inner layer resulted in the inward movement of the camphene
molecules. The sublimation of camphene in the center yielded a
well-defined hollow inner space in the nanofibers. Subsequent
heat treatment resulted in the formation of loosely packed hollow
NiO nanofibers with interstitial nanovoids. The hollow nanofibers
exhibited superior electrochemical properties for Li*-ion storage
owing to their improved the structural stability and shortened the
Li*-ion diffusion path, allowing the penetration of the electrolyte
into the structure during repeated Li* lithiation/delithiation
processes. The facile synthesis strategy introduced in this study
is expected to improve the properties of traditional metal oxides
for various applications that require hollow 1D nanostructures.
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