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Synthesis and electrochemical properties of
spherical and hollow-structured NiO aggregates
created by combining the Kirkendall effect and
Ostwald ripeningt

Jung Sang Cho, Jong Min Won, Jong-Heun Lee and Yun Chan Kang*

The Kirkendall effect and Ostwald ripening were successfully combined to prepare uniquely structured
NiO aggregates. In particular, a NiO-C composite powder was first prepared using a one-pot spray pyrol-
ysis, which was followed by a two-step post-treatment process. This resulted in the formation of micron-
sized spherical and hollow-structured NiO aggregates through a synergetic effect that occurred between
nanoscale Kirkendall diffusion and Ostwald ripening. The discharge capacity of the spherical and hollow-
structured NiO aggregates at the 5007 cycle was 1118 mA h g~ and their capacity retention, which was
measured from the second cycle, was nearly 100%. However, the discharge capacities of the solid NiO
aggregates and hollow NiO shells were 631 and 150 mA h g7, respectively, at the 500" cycle and their
capacity retentions, which were measured from the second cycle, were 63 and 14%, respectively. As such,
the spherical and hollow-structured NiO aggregates, which were formed through the synergetic effect of
nanoscale Kirkendall diffusion and Ostwald ripening, have high structural stability during cycling and have
excellent lithium storage properties.

Introduction

Thin-walled, hollow nanopowders have been widely studied
due to their unique nanoscale properties and their applica-
bility to various fields, including energy storage, gas sensors,
catalysts, and magnetic and biomedical applications.’” These
hollow nanopowders can be prepared through the use of both
organic and inorganic templates.'>'*'#2" In recent years, con-
version chemical reactions have been successfully applied to
prepare hollow nanopowders. For example, the Kirkendall
effect, galvanic exchange, and anion exchange, can all result in
the void formation of nanopowders.>*>° Thin-walled, hollow
nanopowders composed of transition metal oxides have been
successfully applied as anode materials for lithium-ion bat-
teries (LIBs) because of their unique structure, which provides
an enhanced surface-to-volume ratio and a reduced transport
length for both mass and charge transport.®%2%3°8 These
characteristics enable these nanopowders to have superior
electrochemical properties such as high specific capacities,
fast rate performances, and long cycle lives. In particular,
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hollow nickel oxide nanopowders that were prepared using
liquid solution processes have also been applied as anode
materials for LIBs.>***’ For instance, Sasidharan et al. pre-
pared nano-sized hollow NiO spheres utilizing a soft-template
self-assembly process that used ABC triblock copolymeric
micelles.*® The hollow NiO nanospheres obtained using this
procedure performed well as an anode material. Huang et al.
synthesized hollow NiO spheres by heating a NiCl,/resorcinol-
formaldehyde (RF) gel under an argon atmosphere and sub-
sequently, in oxygen.>* These hollow spheres had a diameter
of about 2 pm and were composed of NiO particles that were
about 200 nm in diameter. Moreover, they exhibited a good
rate capability. The Kirkendall effect has also been applied for
the preparation of NiO nanopowders.”>***° Tracy et al
observed the transformation of Ni nanoparticles of different
sizes (with average diameters of 9, 26, and 96 nm) under oxi-
dation conditions to hollow (single void) or porous (multiple
voids) NiO through the nanoscale Kirkendall effect.”® By
choosing an intermediate oxidation temperature and by
varying the reaction time, partially oxidized Ni(core)/NiO(shell)
NPs could be controllably synthesized.

However, currently, the application of hollow NiO nano-
powders is limited due to the difficulties of controlling their
preparation and recovering processes. For this reason,
complex, hollow NiO structures are highly desirable and can
provide more tunability by manipulating the structure of the
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hollow materials on the micro- and nano-scale. Moreover,
aggregates of the hollow nanopowders could exhibit the unique
properties of the hollow nanopowders and, as such, could be
efficiently applied to various fields, including energy storage.****

In this study, a method to prepare micron-sized, spherical
and hollow-structured NiO aggregates, which exhibit the
unique properties of hollow nanopowders, was introduced. In
particular, a one-pot spray pyrolysis process that combined the
Kirkendall effect with Ostwald ripening was successfully deve-
loped. The NiO-C composite powder prepared by one-pot
spray pyrolysis was transformed into micron-sized spherical
and hollow-structured NiO aggregates through a two-step post-
treatment process. The electrochemical properties of the
uniquely structured NiO aggregates were compared with those
of solid NiO aggregates and hollow NiO shells prepared using
the same spray pyrolysis process.

Experimental section
Sample preparation

Spherical and hollow-structured NiO aggregates were prepared
using a three-step process. First, a nickel oxide-PVP composite
precursor powder was prepared utilizing a spray pyrolysis
process with a spray solution that consisted of nickel nitrate
hexahydrate [(Ni(NOj3),)-6H,0, Sigma Aldrich] and polyvinyl-
pyrrolidone (PVP) [(CeHoNO),, M,-40 000, Sigma Aldrich]. In
the spray pyrolysis system that was used, droplets were gener-
ated using a 1.7 MHz ultrasonic spray generator that consisted
of six vibrators. The droplets were carried to a quartz reactor
(length = 1200 mm, diameter = 50 mm) using N, carrier gas at
a flow rate of 10 L min~". The reactor temperature was main-
tained at 500 °C. The concentrations of nickel nitrate hexa-
hydrate and PVP that were dissolved in distilled water to
prepare the spray solution were 0.1 M and 20 g L', respect-
ively. The first stage of the post-treatment process involved
heating the nickel oxide-PVP composite powders to 300 °C
under a 10% H,/Ar reducing atmosphere for 10 h to produce
metallic Ni-carbon composite powders. The second stage of
the post-treatment process involved heating the metallic Ni-
carbon composite powders to 300 °C under an oxidizing air
atmosphere for 5 h to produce the final aggregates of hollow
NiO nanospheres. For comparison purposes, hollow NiO shells
were prepared directly with spray pyrolysis using an identical
spray solution as described above but without PVP. The dro-
plets were carried to a quartz reactor using air as the carrier
gas at a flow rate of 10 L min~". The reactor temperature was
also maintained at 500 °C.

Characterization

The microstructure of the powders was observed using field
emission scanning electron microscopy (SEM, Hitachi, S-4800)
and field emission transmission electron microscopy (TEM,
JEOL, JEM-2100F). In addition, their crystal structures were
evaluated through X-ray diffraction (XRD, X’Pert PRO MPD)
using Cu K, radiation (1 = 1.5418 A) at the Korea Basic Science
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Institute ~ (Daegu). X-ray photoelectron  spectroscopy
(XPS, Thermo Scientific K-Alpha), with a focused monochro-
matic Al Ko at 12 kV and 20 mA, was used to analyze the com-
position of the specimens. The surface area of the powders
was determined using the Brunauer-Emmett-Teller (BET)
method, where N, was the adsorbate gas. Finally, thermo-
gravimetric analysis (TGA) was performed using a Pyris 1 TGA
(Perkin Elmer, temperature range = 25-650 °C, heating rate =
10 °C min™", static air atmosphere).

Electrochemical measurements

The electrochemical properties of the powders were analyzed
by constructing 2032-type coin cells. The anode was prepared
by mixing the active material, carbon black, and sodium car-
boxymethyl cellulose (CMC) in a weight ratio of 7:2:1. A Li
metal and microporous polypropylene film were used as the
counter electrode and separator, respectively. The electrolyte
was prepared by dissolving 1 M of LiPF¢ in a mixture of fluoro-
ethylene carbonate and dimethyl carbonate (FEC/DMC, 1:1
v/v). The discharge/charge characteristics of the samples were
investigated by cycling over a potential range of 0.001-3 V at
various current densities. Cyclic voltammograms were
measured at a scan rate of 0.07 mV s, The size of the nega-
tive electrode containing the NiO powders was 1 cm x 1 cm
and the mass loading was approximately 1.2 mg cm™>. Electro-
chemical impedance spectra were obtained by AC electroche-
mical impedance spectroscopy (EIS) with a ZIVE SP1 over a
frequency range of 0.01 Hz-1000 kHz and at a potential
amplitude of 10 mV.

Results and discussion

The characteristics of the powders that were directly prepared
using spray pyrolysis, where the spray solution contained Ni
nitrate hexahydrate and PVP, are shown in Fig. S1.f The XRD
pattern of the powders has small peaks that represent NiO and
a broad peak around 25°, which reveals the formation of amor-
phous carbon. The TG curve shown in Fig. 1Sb} reveals the
steep weight loss that occurred at temperatures between 280
and 410 °C. The high weight loss that was observed at tem-
peratures below 410 °C can mainly be attributed to the
decomposition of PVP and the combustion of amorphous
carbon. The complete conversion of PVP into amorphous
carbon did not occur during the spray pyrolysis process due to
the short residence time of the powders inside the hot wall
reactor, which was maintained at 500 °C. Therefore, the
powders shown in Fig. Sict are the PVP-C-NiO composite.
Moreover, the powders shown in Fig. Slcf have a uniform
debossed structure. Drying of the droplet, which was several
microns in size, produced a PVP-nickel nitrate composite.
Melting of nickel nitrate, which has a low melting temperature
of 56.7 °C, and PVP resulted in phase separation within the
dried powder. In particular, the melted PVP migrated to the
surface of the powder during this segregation. Therefore, the
drying and partial decomposition of the melted PVP formed a
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debossed structure and the decomposition of nickel nitrate
into NiO occurred. Consequently, the PVP-rich shell covered
the nickel oxide-rich core in the powder.

The debossed structure of the precursor powders that was
obtained through spray pyrolysis was maintained after post-
treatment at 300 °C under 10% H,/Ar gas, as shown by SEM
and TEM images (Fig. 1a-d). The high-resolution TEM images
shown in Fig. 1d reveal that the Ni nanocrystals are embedded
within the amorphous carbon matrix. In particular, the car-
bonization of PVP forms the amorphous carbon matrix. The
high-resolution TEM image shown in Fig. 1d shows the single
crystalline structure of the nanocrystals and clear lattice
fringes that are separated by 0.20 nm, which corresponds to
the (111) crystal plane of face-centered cubic (fcc) Ni (JCPDS
card no. 04-0850). Moreover, the XRD pattern of the reduced
powder exhibits the pure crystalline peaks of metallic Ni
(Fig. S2t). The SAED pattern and elemental mapping images
shown in Fig. 1e and f, respectively, also suggest the complete
reduction of NiO into metallic Ni following the post-treatment
process under a reducing atmosphere. The Ni 2p XPS spectrum
of the Ni-C composite powder (Fig. S3at) clearly demonstrates
the existence of metallic Ni at 852.9 eV as well as NiO (Ni**
854.5 eV), which is formed due to the partial surface oxidation
of Ni nanocrystals when exposed to air. Finally, the mean size
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of the metallic Ni nanoclusters observed from the TEM images
was 5 nm.

The post-treatment of the Ni-C composite powders at a
temperature of 300 °C under an air atmosphere produced NiO
powders, which was confirmed from the XRD pattern shown in
Fig. S2.1 The debossed and spherical morphology of the Ni-C
composite powder was well maintained after the post-treat-
ment process, as shown through SEM imaging. However, the
TEM image, which is shown in Fig. 1h, reveals different mor-
phologies compared with that of the Ni-C composite powders.
The filled-structured Ni-C powder, which has a high density,
transforms into hollow-structured NiO aggregates that are
characterized by a high porosity. The TEM image shown in
Fig. 1i displays the ultrafine NiO nanocrystals and hollow-
structured NiO nanopowders, which are indicated by arrows.
The ultrafine Ni nanocrystals transform into hollow NiO nano-
powders through a well-known nanoscale Kirkendall diffusion
process. In particular, the Ni cations diffused outwards more
rapidly than the inward diffusion of oxygen. This is consistent
with the larger ionic radius of 0>~ anions (140 pm) when com-
pared to that of Ni cations (Ni** has a radius of 83 pm). The
complete conversion of metallic Ni single nanocrystals into
the polycrystalline NiO nanopowder results in the empty voids
found within the nanopowder. During the early stages of the

After Reduction

After Oxidation

a

Fig. 1 Morphologies, SAED pattern, and elemental mapping images of (a—f) Ni—-C composite powders obtained by reduction of the as-prepared
precursor powders at 300 °C under 10% H,/Ar gas and (g-1) spherical and hollow NiO aggregates obtained by oxidation of reduced Ni—C composite
powders at 300 °C under air: (a and g) SEM images, (b, c, h and i) TEM images, (d and j) HR-TEM images, (e and k) SAED patterns, and (f and i)

elemental mapping images.
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reduction process that is needed to prepare the Ni-C compo-
site powder, metallic Ni nanocrystals were observed to first
form around the surface of the Ni-C composite powder. These
Ni nanocrystals grow as a result of further reduction through
Ostwald ripening. Therefore, the Ni nanocrystals located at the
center of the Ni-C composite powder are smaller than those
located at the surface. Ostwald ripening also occurs during the
nanoscale Kirkendall diffusion process. The ultrafine NiO
nanocrystals formed at the center of the powder diffuse
towards the outside of the powder by Ostwald ripening.***®
Consequently, the filled-structured Ni-C powders transform
into the hollow and nanostructured NiO powders through the
synergetic effect of nanoscale Kirkendall diffusion and
Ostwald ripening. The high-resolution TEM image shown in
Fig. 1j shows clear lattice fringes separated by 0.24 nm, which
corresponds to the (111) crystal plane of fcc NiO (JCPDS card
no. 47-1049). The XPS spectrum of the NiO powder showed
only Ni peaks for the oxide, with binding energies of NiO (Ni**
854.5 eV) and Ni,O; (Ni** 855.8 eV), as shown in Fig. S3b.T The
SAED pattern and elemental mapping images shown in Fig. 1k
and 1, respectively, also reveal complete conversion of metallic
Ni into NiO by oxidation. In particular, the carbon component
was scarcely detected in the elemental mapping images. There-
fore, complete combustion of amorphous carbon during the
oxidation process resulted in pure nanostructured, hollow NiO
powders. The TGA curve in Fig. S4bf also reveals the formation
of carbon-free NiO powders.

The characteristics of the solid NiO aggregates formed by
the direct oxidation of the precursor powders that were
obtained through spray pyrolysis are shown in Fig. S5.1 The
overall morphology of the precursor powders was well main-
tained even after post-treatment processing at 300 °C. During
the oxidation process, complete decomposition of PVP and
crystallization of NiO resulted in carbon-free polycrystalline
NiO powders that had a filled structure as confirmed by high-
resolution TEM, SAED patterns, and elemental mapping
images (Fig. S5T). The BET surface areas of the NiO aggregates
with solid and hollow structures, are 24 and 23 m* g™, respect-
ively, and their mean crystallite sizes, which were calculated
from the half peak width of the (200) crystal plane using the
Scherrer equation, are 11 and 10 nm, respectively. The NiO
aggregates with solid and hollow structures had well developed
mesopores as shown in Fig. S8.f The detailed mechanism of
formation for the spherical and hollow-structured NiO aggre-
gates, which was estimated from the morphological changes
that occurred during the post-treatment processes, is summar-
ized in Scheme 1.

The hollow NiO shell that was used as a comparison was
also prepared using spray pyrolysis. These hollow NiO shells
were directly prepared through spray pyrolysis, which occurred
under an air atmosphere using a spray solution without PVP,
and have hollow and thin-walled structures as shown in
Fig. S6.7 The high evaporation and decomposition rates of the
droplets resulted in the production of the hollow NiO shell.
The thin shell of the hollow powder is composed of ultrafine
NiO nanocrystals as shown in Fig. S6d.t The SAED and XRD
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Scheme 1 Schematic diagram for the detailed mechanism of formation
for the spherical and hollow-structured NiO aggregate.

patterns and the elemental mapping images shown in
Fig. S6d-gt reveal the formation of carbon-free polycrystalline
NiO shells. The BET surface area and mean crystallite size of
the hollow NiO shell are 18 m* ¢”" and 20 nm, respectively.

Next, the electrochemical properties of the hollow NiO
aggregates, which were formed through the synergetic effects
of nanoscale Kirkendall diffusion and Ostwald ripening, were
compared to solid NiO aggregates and hollow NiO shells. The
cyclic voltammogram (CV) curves of the hollow NiO aggregates
for the first five cycles, which had a scan rate of 0.07 mV s,
are shown in Fig. 2a. An intensive reduction peak centered at
0.42 V corresponds to the formation of a partially reversible
solid electrolyte interface (SEI) layer and the initial reduction
of NiO to metallic Ni nanoparticles, which occurs according to
eqn (1).49,50

NiO + 2Li* + 2e~ — Ni + Li,O (1)

An extra shoulder reduction peak at around 0.74 V was
observed following the first discharge. The imperfection of the
NiO lattice of the hollow and nanostructured NiO powders,
which was caused by the low post-treatment temperature of
300 °C, resulted in this extra reduction peak.’’** The main
reduction peak shifted to a higher potential after the first cycle
due to the formation of ultrafine NiO nanocrystals. Two broad
oxidation peaks were observed from the first cycle onward at
around 1.6 and 2.3 V, respectively, due to the oxidation of Ni
nanocrystals to NiO and the subsequent decomposition of the
SEI layer.>' > This process occurs according to eqn (2).
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Fig. 2 Electrochemical properties of the hollow NiO aggregates, which
were formed through the synergetic effects of nanoscale Kirkendall
diffusion and Ostwald ripening, solid NiO aggregates and hollow NiO
shells: (a) cyclic voltammogram (CV) curves of the hollow NiO aggre-
gates for the first 5 cycles, (b) initial charge/discharge curves, (c) cycling
performances at a constant current density of 1.0 A g%, (d) Nyquist
impedance plots after cycling of the hollow NiO aggregates, and (e)
Nyquist impedance plots after cycling of the hollow NiO shell.

Ni+ Li,O « NiO +2Li" + 2e~ (2)

The high degree of overlap that occurs in the CV curves
beginning from the second cycle reveals the excellent revers-
ible lithium-ion storage performance of the hollow NiO aggre-
gates. The CV curves of the solid NiO aggregates and hollow
NiO shells, which are shown in Fig. S9,f are also shaped simi-
larly to those of the hollow and nanostructured NiO aggre-
gates. The initial discharge and charge curves of the three
samples, which were measured at a current density of 1 A g™,
are shown in Fig. 2b. The three samples have long plateaus
during their first discharge due to the conversion of polycrys-
talline NiO to metallic Ni, as described in the CV results.

Additionally, short plateaus at around 0.75 V are observed
in the first discharge curve of the NiO aggregates with hollow
and solid structures that were prepared from the spray solution
with PVP. The long-term cycling performances of the three
samples at a current density of 1 A g~ are shown in Fig. 2c.
Overall, it was found that the hollow NiO aggregates that were
formed using the synergetic effects of nanoscale Kirkendall
diffusion and Ostwald ripening have superior cycling perform-
ance when compared to those of the solid NiO aggregates and
hollow NiO shells. In particular, the hollow NiO shell that was

19624 | Nanoscale, 2015, 7, 19620-19626
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prepared directly by spray pyrolysis, wherein the spray solution
lacked PVP, had good cycling performance during the first 60
cycles. However, thereafter, their discharge capacities suddenly
dropped to 186 mA h g™ for the 140™ cycle. On the other
hand, the discharge capacities of the solid NiO aggregates,
which were prepared from a spray solution containing PVP,
dropped continuously to 453 mA h g™* by the 170" cycle. The
discharge capacity of the hollow NiO aggregates, which were
formed using the synergetic effect of nanoscale Kirkendall
diffusion and Ostwald ripening, was 1118 mA h g~* for the
500™ cycle and their capacity retention measured from the
second cycle was almost 100%. However, the discharge
capacities of the solid NiO aggregates and hollow NiO shells,
which were prepared from the spray solutions with and
without PVP, were 631 and 150 mA h g™, respectively, for the
500" cycle and their capacity retentions measured from the
second cycle were only 63 and 14%, respectively.

Electrochemical impedance spectroscopy (EIS) measure-
ments of the three samples were taken before and after cycling
to investigate the superior lithium-ion storage properties of
the spherical and hollow NiO aggregates that were formed
using the synergetic effect of nanoscale Kirkendall diffusion
and Ostwald ripening. The Nyquist plots that are shown in
Fig. 2d, e and S10t reveal compressed semicircles in the
medium-frequency range, which describe the charge-transfer
resistance (R of the electrode.’*® The thin-walled, hollow
NiO shell prepared directly by spray pyrolysis from a spray solu-
tion lacking PVP had the lowest charge-transfer resistance
before cycling (Fig. S10at), which was due to the high contact
area between the NiO crystals and the liquid electrolyte. The
charge-transfer resistances of the three samples were found to
abruptly decrease after the first cycling due to the formation of
ultrafine nanocrystals. The charge-transfer resistances of the
hollow NiO aggregates, which were formed using the syner-
getic effect of nanoscale Kirkendall diffusion and Ostwald
ripening, increased due to the partial structural destruction
that occurs during the first 50 cycles (Fig. 2d). However, the
low charge-transfer resistance of the electrode was maintained
for another 50 cycles. The low charge-transfer resistances of
the thin-walled, hollow NiO shell prepared directly by spray
pyrolysis were also observed for the first 50 cycles (Fig. 2e).
However, the Nyquist plot shown in Fig. 2e reveals the high
charge-transfer resistance of the thin-walled hollow NiO shell
for the 100™ cycle. The Nyquist plots shown in Fig. S$10bf were
obtained using the solid NiO aggregates that were prepared
from a spray solution containing PVP. In particular, these
results reveal a continuous increase in the charge-transfer
resistances over 100 cycles.

The morphologies of the three samples obtained after 500
cycles are shown in Fig. 3. The structural destruction of the
solid NiO aggregates and hollow NiO shells, which were pre-
pared from spray solutions with and without PVP, that
occurred during repeated lithium insertion and desertion was
found to increase their charge-transfer resistances. However,
the spherical and hollow NiO aggregates that were formed
using the synergetic effect of nanoscale Kirkendall diffusion

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Morphologies of the NiO powders obtained after 500 cycles: (a)
hollow NiO aggregates, (b) hollow NiO shells, and (c) solid NiO
aggregates.

and Ostwald ripening had high structural stability during
cycling and, as such, had excellent lithium storage properties.

Conclusions

The synthesis of spherical and hollow-structured NiO aggre-
gates using the synergetic effect of nanoscale Kirkendall
diffusion and Ostwald ripening was introduced. The precursor
powders were prepared using one-pot spray pyrolysis and were
then transformed into spherical and hollow-structured NiO
aggregates using a simple two-step post-treatment process.
Nanoscale Kirkendall diffusion and Ostwald ripening occurred
during the two-step post-treatment process, which used redu-
cing and oxidizing atmospheres. The spherical and hollow-
structured NiO aggregates had high structural stability during
repeated lithium insertion and desertion due to their unique
structure and showed superior electrochemical properties
when compared with those of solid NiO aggregates and hollow
NiO shells prepared using the same spray pyrolysis process.
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