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Anodes
A synthesis strategy for hollow and porous nanofibers comprising hollow NiO (H-NiO) nanospheres
formed via nanoscale Kirkendall diffusion and supported over a porous graphitic carbon matrix (H-
NiO@HNFs) is reported herein to enable the fabrication of advanced anodes for stable lithium-ion batter-
ies (LIBs). The H-NiO@HNFs comprising 1D longitudinal hollow channels ensured efficient diffusion of
charged species via effective electrolyte percolation besides providing sufficient space to accommodate
the large volume variations during repeated cycling. The hollow NiO nanospheres acted as chemical sites
for lithiation and delithiation. Additionally, the H-NiO@HNFs exhibited improved lithium-ion storage
properties, such as reasonable rate capability, stable prolonged cyclability at a high current density
(1.0 A g-1), and a high lithium-ion diffusion coefficient, primarily owing to their enhanced structural
integrity compared to that of filled NiO nanofibers (F-NiO NFs). This facile synthesis approach could
broaden the current understanding of 1D hollow nanostructures decorated with conventional hollow
metal-oxide nanoparticles for various applications.
� 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
Introduction

Lithium-ion batteries (LIBs) remain the dominant power source
for various portable electronics owing to their high available
energy density, low cost, and environmental friendliness [1–3].
The increasing demand for long-life high-performance LIBs has
intensified the development of novel electrode materials with con-
trollable structures and morphologies. Transition metal oxides,
such as oxides of cobalt, iron, nickel, and tin, have been explored
as alternative LIB anode materials to the conventional graphite
anode owing to their high theoretical capacities [4–16]. In particu-
lar, nickel oxide (NiO) has been extensively studied because of its
high theoretical specific discharge capacity (718 mA h g�1), envi-
ronmental benignity, low cost, high chemical stability, and ease
of synthesis [6,17–19]. However, the large volume variations
during electrochemical processes result in pulverization of the
electrode and, consequently, severe capacity fading [20]. Besides,
the stoichiometric NiO is a wide-bandgap semiconductor (Eg = 3.6-
eV) that results in low electrical conductivity (r = 10�13 S cm�1)
[21,22].

The aforementioned issues, especially the severe volume varia-
tion, are being addressed by synthesizing hollow nanostructures
with intrinsic morphologies, such as nanospheres [23], nanofibers
[24], hollow-core–shell [25] and core–hollow-shell nanoparticles
[26], thin shells [27], double-shell hollow microcubes [28], and
multi-shell hollow microspheres [29]. In particular, the one-
dimensional (1D) hollow nanostructure not only guarantees effi-
cient electrolyte percolation via its longitudinal hollow channels,
but also accommodates undesired volume changes, which allevi-
ates the pulverization of electrodes and enables stable electro-
chemical performance [30–32]. Additionally, the 1D hollow
channels decrease the effective diffusion length of the charged
species, thus facilitating efficient charge transport through the
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nanostructure. For example, Alcoutlabi et al. prepared multichan-
nel hollow nanofibers (NFs) comprising TiO2 and carbon by force-
spinning an emulsion precursor solution [33]. As an LIB anode
material, the resulting nanostructure exhibited a specific discharge
capacity of 228.9 mA h g�1 after 100 cycles at a current density of
100 mA g�1. Similarly, Ding et al. employed electrospinning to pre-
pare CoMn2O4 hollow NFs through Ostwald ripening and the nano-
fibers showed a reversible capacity of 526 mA h g�1 after 50 cycles
at a current density of 400 mA g�1 [32]. The low electrical conduc-
tivity of NiO has been addressed by employing it as a composite
with a carbon framework [34–37]. However, a combined strategy
of introducing hollow metal-oxide nanospheres and hollow NFs
as a single entity has not been adopted, to the best of our
knowledge.

Herein, we introduce an effective strategy to prepare 1D porous
and hollow nanofibers with longitudinal hollow channels that
were decorated with hollow NiO (H-NiO) nanospheres, which were
surrounded by a graphitic carbon (GC) layer (H-NiO@HNFs). The
hollow NFs were readily obtained through a one-pot conventional
electrospinning technique using camphene that could sublime
even at ambient temperature during spinning. The camphene
molecules accumulated toward the center of the jet owing to the
viscosity gradient between the outer and inner layers during sur-
face solidification and subsequently sublimated, yielding a well-
defined internal hollow nanostructure. The hollow NiO nano-
spheres that were well supported on the camphene-derived hollow
NFs were similarly formed via nanoscale Kirkendall diffusion dur-
ing heat treatment. Additionally, each hollow nanosphere was sur-
rounded by a GC layer that facilitated rapid charge transfer during
the charge/discharge process, leading to rapid reaction kinetics and
a consequently improved electrochemical performance. Therefore,
the nanostructure design approach presented herein is anticipated
to enhance the current understanding of hollow nanostructures
and enable realization of more sustainable and reliable electrodes
for stable rechargeable-energy-storage systems.
Experimental section

Preparation of H-NiO@HNFs

The hollow NiO nanospheres supported on the camphene-
derived hollow NFs with a GC matrix (H-NiO@HNFs) were readily
prepared using a conventional electrospinning technique followed
by a heat treatment, which enabled Kirkendall diffusion. Briefly,
the spinning solution was prepared by sequentially dissolving
camphene (7.0 g; Acros Organics, 75 %), Ni(CH3CO2)2�4H2O (5.0 g;
Daejung, 97 %), and polyvinylpyrrolidone (3.0 g; PVP, Alfa Aesar;
Mw: 1,300,000) in ethanol (50 mL; Duksan, 99.9 %) with continu-
ous stirring overnight. The spinning solution was subsequently
loaded into a plastic syringe pump (12 mL capacity) that was fitted
with a 25-gauge stainless steel needle. The solution was fed
through the needle at a flow rate of 1 mL h�1 onto a rotating drum
(180 rpm) covered with aluminum foil as the collector. The applied
voltage and the distance between the needle and collector were
fixed at 20 kV and 20 cm, respectively. The as-spun Ni-salt/PVP/
camphene nanofibers were stabilized at 150 �C for 24 h in a hot
air oven and subsequently reduced at 400 �C for 3 h in a 5 % H2

atmosphere. A final heat treatment was performed at 400 �C for
3 h in an air atmosphere to obtain hollow NiO nanospheres via
Kirkendall diffusion, which were adequately supported over the
hollow C nanofibers (H-NiO@HNFs). Moreover, a sample with filled
NiO nanofibers (F-NiO NFs), that is, free from camphene and Kirk-
endall diffusion, was prepared for comparison using the aforemen-
tioned electrospinning technique and performing oxidation at
600 �C for 3 h.
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Characterization

The morphologies of the as-prepared nanofibers were investi-
gated by field-emission scanning electron microscopy (FE-SEM;
Ultra Plus, ZEISS) and field-emission transmission electron micro-
scopy (FE-TEM; JEOL, JEM-2100F, KBSI). The crystal structure and
phase of the nanofibers were determined by X-ray diffraction
(XRD; D8 Discover with GADDS, Bruker) using Cu Κa radiation
(I = 1.5418 Å). The bonding and chemical environments of various
elements in the nanofibers were determined by X-ray photoelec-
tron spectroscopy (XPS; Thermo Scientific, K-Alpha) using
monochromatic Al Κa radiation at 12 kV and 20 mA. Raman spec-
troscopy (Horiba Jobin-Yvon, HR800, LabRam) was employed to
investigate the crystalline nature of the carbonaceous materials
in the as-prepared nanofibers. The surface areas of the prepared
nanofibers were estimated by N2 adsorption–desorption isotherm
analysis using the Brunauer–Emmett–Teller (BET) technique. Ther-
mogravimetric analysis (TGA; Pyris 1, Perkin-Elmer) was per-
formed to quantify the carbon content in the prepared nanofibers
in an air atmosphere, unless otherwise mentioned, from room tem-
perature to 600 �C at a step size of 10 �C min�1.
Electrochemical measurements

CR2032-type coin cells were assembled to analyze the electro-
chemical performance of the prepared nanofibers. Working elec-
trodes comprising the prepared nanofibers as the active material,
Super-P as conductive carbon, and sodium carboxymethyl cellu-
lose as a binder in a weight ratio of 7:2:1 were prepared using a
slurry casting method on a copper foil and subsequently dried at
60 �C overnight in a hot air oven to remove the solvent. Metallic-
Li and a microporous polypropylene film were used as the counter
electrode and separator, respectively. LiPF6 (1.0 M) in a blend of
fluoroethylene carbonate and dimethyl carbonate (v/v = 1/1) was
used as the electrolyte. The coin cells were assembled at room tem-
perature in an Ar-filled glove box. The electrochemical perfor-
mance of the prepared nanofibers was evaluated using cyclic
voltammetry (CV) curves, charge–discharge profiles, and the
Nyquist plots obtained via electrochemical impedance spec-
troscopy (EIS). The electrodes with mass loading ca. 1.0 mg cm�2

were used for these tests. The CV measurements were performed
at a scan rate of 0.1 mV s�1. The charge–discharge profiles of the
nanofibers were obtained at various current densities (0.5–10.0 A
g-1), and the voltage window throughout the electrochemical tests
was fixed at 0.001–3.0 V. The EIS data of the samples were col-
lected in the frequency range of 100 kHz–0.01 Hz using a signal
amplitude of 10 mV.
Results and discussion

A detailed schematic of the mechanisms involved in the H-
NiO@HNFs synthesis is shown in Scheme 1. In particular, the dif-
ference in hydrophobicities of Ni salt, PVP, and camphene during
electrospinning resulted in continuous (Ni-salt/PVP) and
camphene-dispersed phases in ethanol (Scheme 1a-①). Addition-
ally, the high vapor pressure of ethanol at ambient temperature
led to rapid evaporation from the fiber surfaces, whereas the low
vapor pressure of camphene molecules directed them toward the
center of the jet stream [6]. This outward and inward diffusion of
different molecules created a viscosity gradient at the outer and
inner surfaces of the jet, which caused coagulation of the cam-
phene molecules into an inner layer that sublimed at ambient tem-
perature, thus forming a well-defined hollow interior space.
Moreover, the strong coordination between the cyclic amide
groups in PVP and the Ni2+ ions in the Ni salt led to the formation



Scheme 1. (a) Detailed formation mechanism (①-④) of the camphene-derived 1D hollow GC nanofibers decorated with Kirkendall diffusion induced hollow-structured
spherical NiO nanoparticles, and (b) formation mechanism of hollow nickel oxide nanospheres by Kirkendall diffusion effect in the surface region of a Ni nanosphere.
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of a PVP/Ni-salt-rich shell surrounding the inner camphene layer,
thus forming hollow NFs composed of Ni-salt/PVP after the electro-
spinning (Scheme 1a-②). During the heat treatment in a reductive
atmosphere (5 % H2/Ar) at 400 �C for 3 h, PVP was carbonized to
amorphous carbon (AC), whereas the Ni salt was reduced to metal-
lic Ni nanocrystals that were uniformly distributed throughout the
AC matrix of the hollow NFs (Scheme 1a-③). Moreover, the AC pre-
sent in the vicinity of the metallic Ni crystals transformed into GC
owing to the catalytic nature of Ni. The selective conversion of AC
to GC and the reduction led to the formation of Ni@GC/AC-
composited hollow NFs (Scheme 1a-③), which were further oxi-
dized at 400 �C for 3 h in an air atmosphere (Scheme 1a-④). The
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size of hollow metal-oxide nanoparticles is known to primarily
depend on the size of the metallic nanocrystals, which in turn
depends on the reduction and oxidation temperatures [38]. More-
over, a low treatment temperature guarantees the formation and
homogeneous dispersion of non-agglomerated nanocrystals. Low-
temperature oxidation led to the conversion of solid Ni nanocrys-
tals into uniformly sized, evenly distributed hollow NiO nano-
spheres through a well-known nanoscale Kirkendall-diffusion-
based mechanism (Scheme 1a-④). In particular, the oxidation of
solid Ni nanocrystals yielded an intermediate Ni/NiO core–shell-
type structure, which enhanced the outward diffusion of smaller
Ni cations compared to the inward diffusion of O2 gas molecules
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upon further oxidation (Scheme 1b). This diffusion gradient led to
the formation of Kirkendall voids, which produced hollow NiO
nanospheres upon complete oxidation (Scheme 1a-④). Addition-
ally, the AC in the composite hollow NFs was selectively decom-
posed into gaseous products that remained as GC only in the
matrix. Overall, the hollow NiO nanospheres were successfully
synthesized through Kirkendall diffusion and adequately sup-
ported in the camphene-derived hollow NFs with a porous GC
matrix.

The morphological and phase-related changes of the prepared
nanofibers after each synthesis step were analyzed to comprehen-
sively elucidate the synthesis mechanism. The morphological,
phase, and thermal stability characteristics of the as-spun hollow
Ni-salt/PVP composite nanofibers, which were formed by sublima-
tion of internal camphene and stabilized at 150 �C, are shown in
Fig. 1. FE-SEM analysis (Fig. 1a) revealed a 1D fibrous morphology
with an average diameter of � 700 nm. Moreover, high-
magnification cross-sectional image (Fig. 1b) clearly showed a
well-defined hollow internal surface surrounded by an � 150-
nm-thick outer shell layer primarily consisting of PVP and Ni salt.
The straightforward sublimation of camphene at ambient temper-
ature (25–30 �C) during spinning facilitated the creation of a well-
defined hollow internal structure of the fibers. XRD analysis
(Fig. 1c) suggested that the amorphous-like phase primarily con-
sisted of PVP and Ni-salt. The thermal stability of the stabilized
nanofibers was investigated by TGA in an air atmosphere
(Fig. 1d). The initial weight loss up to 100 �C is due to the removal
of moisture or crystal water from the nanofibers. The second major
weight loss (250–350 �C) is related to the decomposition of PVP
into gaseous products via AC and that of Ni salt into nickel oxide
nanoparticles. No appreciable change in weight was observed until
Fig. 1. Physical characterization of as-spun hollow nanofibers composed of Ni-salt/PVP fo
FE-SEM micrograph, (b) cross-sectional image, (c) XRD pattern, and (d) TG curve.
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600 �C, suggesting complete formation of the pure NiO phase. Con-
sequently, a temperature of 400 �C was selected for heat treatment
to obtain phase-pure hollow NiO nanospheres that were supported
on the camphene-derived hollow NFs.

A simple heat treatment of the stabilized nanofibers was per-
formed at 400 �C in a slightly reductive (5 % H2/Ar) atmosphere
to obtain uniformly distributed metallic Ni nanocrystals decorated
on the hollow NFs (Fig. 2). FE-SEM analysis (Fig. 2a) indicated that
the fibrous morphology of the nanofibers (mean ø = �600 nm)
remained intact even after the heat treatment. The decrease in
nanofiber diameter was due to thermal contraction during heating.
High-magnification FE-SEM analysis (Fig. 2b) further confirmed
that the well-defined hollow NFs were decorated with evenly dis-
tributed metallic Ni nanocrystals throughout the fiber nanostruc-
ture. Additionally, a � 100-nm-thick shell layer was observed.
XRD analysis (Fig. 2c) yielded diffraction peaks corresponding to
the metallic Ni crystal structure. Moreover, the average crystallite
size of the metallic Ni nanocrystals was determined to be � 7 nm
using the Scherrer equation for the (111) diffraction peak. TEM
analysis (Fig. 2d) corroborated these results based on the formation
of well-defined hollow NFs (light grey region) comprising uni-
formly distributed and sparsely packed metallic Ni nanocrystals
(black spots) with � 100-nm-thick shells (dark region). The PVP
in the composite nanofibers transformed into AC during the heat
treatment, which restricted the growth of the metallic Ni nano-
grains surrounding them. Additionally, the nanofibers comprised
mesopores between the Ni nanocrystals (Fig. 2e), which appeared
upon the decomposition of PVP into AC. Moreover, the carbona-
ceous regions in the vicinity of the Ni nanocrystals were effectively
converted into GC owing to the catalytic nature of Ni (Fig. 2f). This
observation is consistent with the high-resolution TEM (HR-TEM)
rmed by sublimation of internal camphene obtained after stabilization at 150 �C: (a)



Fig. 2. Characterizations of hollow nanofibers composed of Ni@GC/AC obtained after the first heat-treatment of the as-stabilized nanofibers: (a,b) FE-SEM micrographs, (c)
XRD pattern, (d-f) TEM images, (g) HR-TEM image, (h) SAED pattern, and (i) elemental dot mapping images.
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image (Fig. 2g), which shows evenly distributed 7-nm-sized Ni
nanocrystals uniformly surrounded by a GC layer. The clear lattice
fringes with a separation of 0.20 and 0.34 nm (Fig. 2g) represented
the (111) crystal plane of the metallic-Ni crystal structure and
(002) plane of the GC, respectively. The selected area electron
diffraction (SAED) pattern (Fig. 2h) reveals well-resolved diffrac-
tion rings corresponding to the crystal structure of metallic Ni
and GC. Elemental mapping analysis (Fig. 2i) indicated uniform dis-
persion of C and Ni in the prepared nanofibers. Overall, the process
of reduction yielded evenly distributed and nanosized metallic Ni
nanocrystals that were uniformly surrounded by GC in the AC
matrix of the camphene-derived hollow NF structure.

A second heat treatment was performed in an air atmosphere at
400 �C for 3 h to synthesize the hollow NiO nanoparticles that were
supported by the GC-matrixed hollow NFs (Fig. 3). During oxida-
tion, the metallic Ni nanocrystals transformed into the hollow
NiO nanospheres via the nanoscale Kirkendall-diffusion-based
mechanism described in Scheme 1a-④. In particular, the oxidation
of solid Ni nanocrystals produced an intermediate Ni/NiO core–
shell-type structure, which enhanced the outward diffusion of
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smaller Ni cations compared to the inward diffusion of O2 gas
molecules upon further oxidation [38]. This diffusion gradient cre-
ated Kirkendall voids, which produced hollow NiO nanospheres
upon complete oxidation. FE-SEM analysis (Fig. 3a and b) indicated
that a 1D fibrous structure with a mean diameter of � 450 nm was
retained, in addition to the well-defined hollow inner surface.
Moreover, the shell layers with the uniformly sized NiO nanoparti-
cles were clearly observed (Fig. 3b). The phase of the decorated
nanoparticles was confirmed by XRD analysis (Fig. 3c), which
showed well-resolved sharp peaks of the crystalline NiO phase
only. Thus, the XRD results indicate complete phase conversion
of metallic Ni into crystalline NiO. The average crystallite size of
the NiO nanoparticles was calculated to be � 4 nm by applying
the Scherrer equation to the (200) diffraction peak. TEM analysis
(Fig. 3d) corroborated the presence of hollow NFs and the NiO
nanoparticles that were evenly dispersed throughout the structure.
High-magnification TEM analysis (Fig. 3e) confirmed the complete
production of the hollow NiO nanospheres with well-developed
Kirkendall voids. Additionally, pores were observed between the
nanospheres because of the removal of AC to the gaseous products.



Fig. 3. Characterizations of H-NiO@HNFs obtained after the second heat-treatment at 400 �C for 3 h in air atmosphere: (a,b) FE-SEM micrographs, (c) XRD pattern, (d,e) TEM
images, (f) HR-TEM image, (g) Raman spectrum, (h) SAED pattern, and (i) elemental dot mapping images.
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The HR-TEM inset image in Fig. 3f shows lattice fringes separated
by a distance of 0.24 nm, which correspond to the (111) crystal
plane of the NiO phase; additionally, the lattice fringe of 0.34 nm
appears corresponding to the (002) crystal plane of the GC, which
surrounds the hollow NiO nanospheres. The crystallinity of the car-
bonaceous products in the prepared nanofibers was analyzed by
Raman spectroscopy (Fig. 3g). The well-resolved low-intensity D
and G bands located at 1323 and 1565 cm�1 with a relative inten-
sity ratio (ID/IG) of 0.78 validated the crystalline nature of the car-
bonaceous products, that is, GC in the prepared nanofibers [39].
The SAED pattern (Fig. 3h) showed diffraction rings corresponding
to the nanocrystalline NiO crystal phase. Additionally, partial com-
bustion of GC occurred during the oxidation heat treatment, so that
a distinct ring pattern corresponding to GC was not observed. Ele-
mental dot mapping analysis (Fig. 3i) indicated a uniform disper-
sion of Ni and O, suggesting the formation of NiO nanoparticles.
Moreover, a sparse distribution of elemental C was observed, sug-
gesting the presence of trace amounts of carbonaceous GC. Overall,
oxidation enabled conversion of the solid metallic Ni nanocrystals
into hollow NiO nanospheres via Kirkendall diffusion, which were
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uniformly wrapped by GC and decorated throughout the
camphene-derived hollow NFs. Furthermore, an additional sample
was synthesized using an identical electrospinning protocol to
optimize the heat-treatment temperature for Kirkendall diffusion.
The as-spun nanofibers obtained after stabilization were reduced
at 400 �C and subsequently oxidized at a higher temperature
(600 �C) for 3 h. The various characterization results of the result-
ing nanofibers, along with the relevant discussion, are provided in
the Supplementary Material (Fig. S1).

The bonding states of various elements in the prepared H-
NiO@HNFs were determined using XPS profiles (Fig. 4a), which
showed photoelectron signals for the Ni 2p, C 1s, and O 1s s orbital
states. The high-resolution Ni 2p XPS signal (Fig. 4b) showed two
fitted peaks centered at 854.8 and 872.6 eV, corresponding to Ni
2p3/2 and Ni 2p1/2, respectively, in addition to three satellite peaks
(denoted as ‘‘Sat.”) at 861.2, 866.6, and 879.7 eV [40–42]. Further-
more, the deconvoluted Ni 2p3/2 and Ni 2p1/2 spectra showed fur-
ther splitting, suggesting divalent (+2) and trivalent (+3) valence
states for Ni, which is consistent with previously reported results
[43–45]. Similarly, the C 1s XPS signal (Fig. 4c) was deconvoluted



Fig. 4. (a) XPS survey spectrum, (b) Ni 2p XPS spectrum, (c) C 1 s XPS spectrum, (d) O 1 s XPS spectrum, (e) N2 adsorption–desorption isotherms, and (f) BJH desorption pore
size distribution curve.
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into three well-fitted peaks at 284.7, 286.4, and 288.4 eV, corre-
sponding to the C@C, CAO, and C@O bonds in the nanostructure,
respectively [46–48]. The highly intense C@C peak suggested the
presence of GC in the prepared nanofibers. A carbon content
of � 3.0 wt%, primarily in the form of GC, was estimated by TGA
(Fig. S2). The high-resolution O 1s XPS spectrum (Fig. 4d) showed
two peaks corresponding to NiO and CAO bonds at 529.6 and
531.8 eV, respectively [49,50]. The BET surface area of the H-
NiO@HNFs (Fig. 4e) was determined to be 34 m2 g-1 and primarily
attributed to the pores between the NiO nanoparticles that arose
from the removal of AC and the hollow inner space of the nanofi-
bers. This result is consistent with the pore size distribution curve
(Fig. 4f), which showed two closely spaced peaks at 11 and 20 nm,
mainly corresponding to the pores between the NiO nanoparticles.
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The solid (or filled) NiO nanofibers (F-NiO NFs) were also pre-
pared and analyzed in terms of their phases andmorphological fea-
tures for comparison (Figs. S3 and S4). A spinning solution
comprising only Ni salt and PVP was electrospun, and the obtained
nanofibers were stabilized at 150 �C and subsequently heat-treated
in an air atmosphere at 600 �C for 3 h. FE-SEM analysis of the sta-
bilized nanofibers (Figs. S3a and b) revealed a fibrous morphology
(mean ø = 600 nm) with a smooth surface, indicating a well-
composited Ni-salt/PVP matrix. The sample retained its fibrous
morphology (Fig. S3c; average ø = 400 nm) upon oxidation at
600 �C. Additionally, the formation of densely packed, filled large
grains of NiO was confirmed (Fig. S3d). The XRD pattern
(Fig. S4a) displayed sharp and intense peaks that matched well
with those of the NiO phase. Furthermore, the TGA curve
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(Fig. S4b) indicated complete removal of carbonaceous products
from the F-NiO NFs during oxidation. Additionally, the low BET
surface area (1.6 m2 g-1; Fig. S4c), the near absence of pores, and
the pore size distribution curve (Fig. S4d) indicated that the filled
morphology led to porosity-free nanofibers.

The prepared H-NiO@HNFs were used as the working electrode
in a CR2032-type coin cell and subjected to various electrochemi-
cal characterizations to validate their structural superiority (Fig. 5).
The assembled cells were initially subjected to CV for five cycles in
the voltage window of 0.001–3.0 V (vs Li+/Li) at a voltage ramp rate
of 0.1 mV s�1 (Fig. 5a). The small hump appearing in the first catho-
dic scan (0.83 V) corresponds to imperfections in the NiO nano-
grains due to the low-temperature heat treatment at 400 �C
[9,38]. The subsequent strong peak at 0.43 V is due to the reduction
of NiO to metallic Ni and the electrolyte decomposition that
formed a solid electrolyte interphase (SEI) layer, in addition to
the formation of amorphous Li2O [38]. However, the cathodic peak
at 0.43 V shifted to a higher potential of 1.03 V after the second
cycle owing to the formation of ultrafine NiO nanocrystals during
the redox process [38]. In contrast, the anodic scan showed two
broad oxidation peaks at 1.46 and 2.26 V, which can be assigned
to partial decomposition of the SEI layer and the subsequent oxida-
tion of metallic Ni to NiO, in addition to the decomposition of Li2O
[9]. Furthermore, the overlapping CV profiles after the first cycle
suggested the occurrence of highly reversible redox processes in
the H-NiO@HNFs. The CV profiles of the F-NiO NFs (Fig. S5) showed
similar redox characteristics. The CV profiles were further vali-
dated by conducting charge–discharge tests at a current density
of 1.0 A g-1 (Fig. 5b). The H-NiO@HNFs displayed a discharge capac-
Fig. 5. Electrochemical properties of H-NiO@HNFs and F-NiO NFs: (a) CV curves of H-N
charge curves at a constant current density of 1.0 A g-1, (c) cycling performance at 1.0 A
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ity of 1298 mA h g�1 and a Coulombic efficiency (CE) of 70.9 %.
Additionally, the presence of well-distinguished charge–discharge
plateaus is consistent with the CV results. In contrast, the F-NiO
NFs exhibited a lower discharge capacity of 1115 mA h g�1 and a
CE of 65.3 %. The trace amount of GC in the H-NiO@HNFs improved
their electrical conductivity by functioning as an electron-
transporting pathway, and the hollow NiO nanospheres enhanced
the Li-ion-transport kinetics, which led to their higher CE [51].
The high discharge capacity of the H-NiO@HNFs was due to the
presence of a hollow internal structure that not only provided
short diffusion pathways for Li-ions, but also guaranteed more
space to absorb the severe volume stress generated during the
charge–discharge processes. Moreover, efficient electrolyte perco-
lation enabled by the hollow longitudinal channels and numerous
voids diminished the polarization effects. These results are consis-
tent with the fact that the H-NiO@HNFs exhibited a lower polariza-
tion potential (DV = 1.54 V) than that of the F-NiO NFs (1.88 V).
Therefore, the CV and initial charge–discharge results confirmed
the enhanced electrochemical performance of the H-NiO@HNFs,
which was primarily due to superior wetting of the electrodes
and effective absorption of the severe volume stress generated dur-
ing redox reactions.

The structural merits of the H-NiO@HNFs were further verified
based on their cycling performance at 1.0 A g-1 (Fig. 5c). The H-
NiO@HNFs displayed an initial discharge capacity of 1298mA h g�1,
which stabilized at 861 mA h g�1 upon continuous cycling for 250
cycles. Additionally, the capacity increased up to approximately
110 cycles because of the kinetically activated electrolyte decom-
position and the formation of a polymer-gel-like thin film owing
iO@HNFs at 0.1 mV s�1 in the voltage window of 0.001–3.0 V, (b) initial discharge/
g-1, and (d) rate capability test.
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to the pseudocapacitive properties of NiO [52]. This phenomenon is
frequently observed in conversion-reaction-based anode materials
[53]. The cycling performance results indicate that the H-
NiO@HNFs retained � 92 % of their capacity (measurements con-
ducted after the 2nd cycle) with an average capacity decay rate
of only 0.03 %. A high CE of 99.8 % indicated the occurrence of
highly reversible electrochemical processes in the cell. In contrast,
the F-NiO NFs displayed an initial discharge capacity of
1115 mA h g�1, which monotonically decreased to 462 mA h g�1

up to the 250th cycle and subsequently plateaued, showing a
capacity retention of � 60 % and an average capacity decay of
0.16 % per cycle. The high capacity retention and low capacity fad-
ing of the H-NiO@HNFs are primarily due to the effective accom-
modation of volume variation and the diminished polarization
effects compared to those of the F-NiO NFs; this is because the
filled architecture could not accommodate the volume variation
and consequently enabled continuous capacity attenuation during
the prolonged cycling.

Furthermore, rate capability tests were performed to authenti-
cate the structural advantages of the H-NiO@HNFs at different cur-
rent densities (0.5–10 A g-1; Fig. 5d). The H-NiO@HNFs exhibited
initial discharge capacities of 1239, 921, 679, 486, 408, and
336 mA h g�1 at current densities of 0.5, 1.5, 3.0, 5.0, 7.0, and
10.0 A g-1, respectively. Additionally, the H-NiO@HNFs
retained � 96 % of their capacity (i.e., 895 mA h g�1 from the
2nd cycle) at the aforementioned current densities when the cur-
rent was reversed to 0.5 A g-1 In contrast, the F-NiO NFs exhibited
lower initial discharge capacities of 1077, 694, 586, 458, 358, and
282 mA h g�1 at current densities of 0.5, 1.5, 3.0, 5.0, 7.0, and
10.0 A g-1, respectively. Moreover, they retained only 78.6 % of
their capacity (i.e., 735 mA h g�1) when the current was reversed
to 0.5 A g-1. The improved rate capability of the H-NiO@HNFs is
Fig. 6. Electrochemical reaction dynamics analysis of H-NiO@HNFs: (a) CV curves obtain
and (c) CV curves with the capacitive fraction shown by the red region at a scan rate of 2.0
different scan rates.
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due to the presence of the hollow architecture, which acts as a
1D longitudinal channel for faster electron transport, and the inter-
stitial nanovoids between the hollow NiO nanoparticles, which
enable superior wetting of the electrode via efficient electrolyte
percolation, thus guaranteeing rapid Li+-ion diffusion processes.
Similarly, the availability of sufficient space improves the volume
expansion tolerance of the electrode, particularly at high rates
and during prolonged cycling. In contrast, the dense nanostructure
in the F-NiO NFs does not provide sufficient space to absorb the
volume stress and consequently collapses (as discussed later),
resulting in slow reaction kinetics. Moreover, the obtained electro-
chemical performance in the present work is comparable to the
previous works, as presented in Table S1.

The electrochemical kinetics in the cells were further analyzed
by acquiring CV profiles at different voltage scan rates (0.1–
2.0 mV s-1) in the voltage window of 0.001–3.0 V (Fig. 6a). The peak
current (i) values during the reduction/oxidation processes were
plotted against the respective scan rates (v) to differentiate
between the surface- and diffusion-controlled reaction processes
based on the following power-law relationship [5,48]:

i ¼ avb ð1Þ

log ið Þ ¼ b log vð Þ þ log að Þ ð2Þ
where the variables a and b establish the surface- or diffusion-

controlled nature of the process. The reaction process involved is
capacitive or diffusion-controlled when b tends to 1.0 or 0.5,
respectively [48]. The b values are generally determined using
the slope of the log(i)–log(v) plots for different redox peaks in
the CV curves. The b values corresponding to the different redox
peaks of the H-NiO@HNFs and F-NiO NFs are shown in Fig. 6b
and S6b, respectively. The b values for the three different redox
ed at various scan rates, (b) current response (i) vs scan rate (n) at each redox peak,
mV s�1, and (d) bar charts showing the percentage of the capacitive contribution at
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peaks of the H-NiO@HNFs were 0.70, 0.94, and 0.76, implying a
capacitive-controlled process. In contrast, the reaction dynamics
of the F-NiO NFs (Figs. S6a and b) showed marginally lower b val-
ues, also indicating a capacitive-controlled redox process, but to a
lesser extent. Typically, the reaction kinetics of an electrode mate-
rial are closely related to the degree of the surface-controlled or
capacitive effects, implying that a higher percentage of
capacitive-controlled processes leads to enhanced transport kinet-
ics. Therefore, the capacitive- and diffusion-controlled processes
were separated from the total charge stored in the electrode mate-
rial for quantitative analysis using the following equation [48]:

i ¼ k1v þ k2v1=2 ð3Þ
where k1v and k2v

1/2 represent the capacitive and diffusion con-
tributions, respectively, and k1 and k2 are constants determined
from the slope and intercept of the i(V)/v1/2–v1/2 curve, respectively
[48]. The surface-controlled or capacitive contribution factor (i.e.,
k1v) for the H-NiO@HNFs was � 91 % at a scan rate of 2.0 mV s�1

(Fig. 6c, red). Similarly, the hollow nanostructure showed relatively
high proportions of the contribution from capacitive-controlled
processes at all investigated voltage scan rates (Fig. 6d). In contrast,
Fig. 7. (a-d) Nyquist impedance plots and (e-g) FE-SEM images of H-NiO@HNFs and F-NiO
after 50th cycle, (d) relationships between the real part of the impedance (Zre) and x�1
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the F-NiO NFs exhibited a lower percentage of surface-controlled
reaction contributions (Figs. S6c and d), even at a high scan rate
of 2.0 mV s�1 (85 %). These results further confirmed the kinetically
favored redox processes in the H-NiO@HNFs, which resulted in
rapid Li-ion transport owing to the superior electrode wetting via
the hollow structure and the efficient mitigation of volume varia-
tion during electrochemical processes.

The Nyquist plots of the assembled cells in a fully charged state
were obtained using EIS measurements; the data were adequately
fitted using a deconvoluted Randle-type equivalent-circuit model
(Fig. S7) to elucidate the excellent Li-ion storage properties of the
H-NiO@HNFs, as shown in Fig. 7. Furthermore, the measured resis-
tance values of the two prepared structures were summarized in
Table S2. The Nyquist plots for the fresh cells (Fig. 7a) showed anal-
ogous electrolyte resistance (Re) values (19–26 X), indicating sim-
ilar electrode–electrolyte interface reactions. However, the charge-
transfer resistance (Rct) values for the H-NiO@HNFs and F-NiO NFs
were 173 and 317 X, respectively (Fig. 7a). The filled morphology
of the F-NiO NFs led to poor electrolyte infiltration, which hindered
charge transfer and led to a high Rct value. Furthermore, a substan-
tial decrease in Rct for both samples was observed after the first
NFs obtained after 100th cycles at 1.0 A g-1: (a) before cycling, (b) after 1st cycle, (c)
/2 of the samples obtained after 50th cycles, (e, f) H-NiO@HNFs, and (g) F-NiO NFs.
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cycle owing to the formation of ultrafine NiO nanocrystals in the
structures [37,54]. The higher Rct of the H-NiO@HNFs is attributed
to its higher surface area than that of F-NiO NFs, which led to a
slightly larger polarization [55,56]. The H-NiO@HNFs exhibited
lower Rct value (25 X) after the 50th cycle (Fig. 7c) compared to
that of the F-NiO NFs (48 X), confirming the rapid redox kinetics
and superior electrode integrity of the H-NiO@HNFs. To further
validate the EIS results, the real part of the impedance (i.e., Zre)
was plotted as a function of x�1/2 in the low-frequency region
(Fig. 7d) and analyzed (x = 2pf; angular frequency). The H-
NiO@HNFs showed a less steep slope at low frequencies, indicating
higher Li-ion diffusivity in the hollow nanostructure than in the F-
NiO NFs. These results confirmed the aforementioned electrochem-
ical results. To verify the EIS results, Li-ion diffusion coefficients
(DLi

+) were calculated from Fig. 7d using the following equation
[57]:

DLiþ ¼ 0:5R2T2

A2F4C2r2
W

ð4Þ

where R is the gas constant, T is the temperature, A is the electrode
area, C is the Li-ion concentration, F is the Faraday constant, and rW

is the Warburg impedance factor. The DLi
+ value for the H-

NiO@HNFs (4.61 � 10�14 cm2 s�1) was almost four times greater
than that of the F-NiO NFs (1.20 � 10�14 cm2 s�1), indicating
enhanced Li-ion diffusion and consequently improved redox reac-
tion kinetics during the electrochemical processes. The higher diffu-
sion coefficient for the H-NiO@HNFs further confirmed the
structural robustness of the prepared hollow nanostructures, which
enabled the high mechanical integrity of the electrode and guaran-
teed endurance to repeated cycling. The morphologies of all the
electrodes that were cycled 100 times (1.0 A g-1) were examined
to confirm their structural robustness (Fig. 7e–g). FE-SEM analysis
of the cycled H-NiO@HNFs (Fig. 7e and f) indicated that the nanos-
tructures maintained their hollow morphology in addition to the
continuous fibrous structure. High-magnification FE-SEM analysis
(Fig. 7f) confirmed the high structural integrity of the prepared
nanostructure. Furthermore, ex-situ XRD and XPS analysis were car-
ried out for the cycled electrode (Fig. S8) to support the above
results. The presence of pure NiO phase in the XRD pattern
(Fig. S8a) even after prolonged cycling again suggests high struc-
tural integrity of the H-NiO@HNFs. Besides, high intensity peaks
corresponding to the Cu current collector are also evitable. Further-
more, the XPS survey spectrum (Fig. S8b) of the cycled electrode
display photoelectron signal corresponding to the F 1s and Li 1s
at a binding energy of 685.1 and 55.8 eV, respectively, along with
the Ni 2p, O 1s, and C 1s s signals [58–60]. The presence of Li 1s
peak strongly indicates the existence of LiF/Li2CO3 (Fig. S8c) that
formed due to electrolyte decomposition and subsequent formation
of solid electrolyte interface, as reported previously [59–61].
Besides, the deconvoluted peak at 54.8 eV is attributed to the Li
intercalation into the GC [62]. Likewise, the deconvoluted C 1s spec-
trum (Fig. S8d) also indicates the presence of various bonds that
corresponds to different species usually present in SEI layer
[59,61,63–65]. In contrast, the post-cycling morphology of the F-
NiO NFs (Fig. 7g) suggested that the nanofibers could not withstand
the severe volume variation during continuous cycling, which led to
a complete collapse of the fibrous structure owing to its non-porous
nature. These results validate the structural superiority of the H-
NiO@HNFs, which not only provided 1D longitudinal hollow chan-
nels for the efficient diffusion of charged species, but also ensured
effective electrolyte percolation. Moreover, the highly porous
nanostructure comprising hollow NiO nanoparticles and hollow
nanofibers provided sufficient space to accommodate the large vol-
ume variations during repeated cycling. Overall, the system con-
taining hollow nanoparticles that were synthesized via a
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Kirkendall-diffusion-based mechanism and adequately supported
on camphene-derived hollow NFs exhibited high structural integ-
rity and superior electrochemical performance.
Conclusion

A novel synthesis strategy was designed to obtain porous
nanostructures comprising hollow NiO nanospheres that were
coated with GC via nanoscale Kirkendall diffusion and supported
over camphene-derived hollow NFs; the nanostructures were
applied as advanced anodes for stable LIBs. The hollow nanostruc-
ture guaranteed sufficient space to effectively accommodate the
stress induced by severe volume variations, in addition to facilitat-
ing efficient wetting of the electrode through superior electrolyte
percolation. The hollow NiO nanospheres acted as chemical sites
for lithiation and delithiation. Enhancements in the overall electro-
chemical performance, such as reasonable rate performance and
stable prolonged cycling, were achieved owing to the novel struc-
tural design. For instance, H-NiO@HNFs exhibited an initial dis-
charge capacity of 1298 mA h g�1, which stabilized at
861 mA h g�1 at the 250th cycle (�92 % of the capacity measured
after the 2nd cycle), even at a high current density of 1.0 A g-1;
moreover, an average capacity decay rate of only 0.03 % and a high
CE of 99.8 % were achieved. Therefore, the synthesis strategy
reported herein is anticipated to provide substantial insight into
the facile development of new hollow nanostructures for various
energy-storage-related applications.
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