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ABSTRACT: A continuous one-pot method was employed to

synthesize yolk-shell and single-crystalline cubic NiO powders . Egg_ T T

in a few seconds. Submicrometer-sized NiO yolk-shell particles = 1000} .

were prepared by spray pyrolysis at 900 °C. Single-crystalline H soow
cubic NiO nanopowders were prepared by one-pot flame spray © £ 60 R e e
pyrolysis from NiO vapors. Particle surface areas of the yolk- g 400\ﬂ
shell and single-crystalline cubic NiO powders as obtained C L0l Nano-cubic
using the Brunauer—Emmett—Teller method were 8 and S m* " © 0 150° Relention = 66%
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g, respectively. The mean crystallite sizes of the yolk-shell- Yolk-shell NiO Coteuamber

structured and cubic NiO powders were 50 and 80 nm,

respectively. The yolk-shell and single-crystalline cubic NiO powders delivered discharge capacities of 951 and 416 mA h g™/,
respectively, after 150 cycles, and the corresponding capacity retentions measured after the first cycle were 106 and 66%,
respectively. The yolk-shell-structured NiO powders showed rate performance better than that of the single-crystalline cubic NiO
nanopowders. Even at a high current density of 1 A g”', the discharge capacity of the yolk-shell-structured NiO powders was as
high as 824 mA h g after SO cycles, in which the current densities were increased stepwise.
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B INTRODUCTION by conventional preparation processes show poor electro-
chemical performances.'” >* In this regard, the characteristics
of NiO yolk-shell powders with a well-defined morphology
have not yet been studied.

Until now, the synthesis of the yolk-shell-structured materials
required multiple steps and long processing times using
techniques such as the etching technique, the technique
involving the use of the Kirkendall effect, Ostwald ripening,
and a soft templating process. In this study, we employed a
continuous one-pot method of spray pyrolysis (Figure S1 of the
Supporting Information) for the rapid synthesis of yolk-shell-
structured NiO powders with high crystallinity for a few
seconds. The electrochemical properties of the single-crystalline
NiO nanopowders prepared by a continuous one-pot method
via flame spray pyrolysis were also investigated (Figure S1 of
the Supporting Information).

Transition-metal oxides with high theoretical capacities have
attracted enormous attention as anode materials for lithium ion
batteries (LIBs) in place of the conventional carbon-based
materials.' > However, most transition-metal oxides suffer from
poor cycle performance because of their low electrical
conductivity and the large change in volume during cycling
(ie., Li* insertion and/or extraction).” > Therefore, transition-
metal oxide powders with varied structures such as hollow, yolk
shell, and nanotubes have been developed to achieve high
reversible capacity, good rate capability, and enhanced cycling
performance.é_15 The intrinsic properties of nanostructured
materials are mainly affected by their morphology and
crystallinity. Because of their unique properties, yolk-shell-
structured (or rattle-type) materials have attracted much
attention for use in essential components of energy storage
devices, as catalysts, and as sensors. These nanostructures have B RESULTS AND DISCUSSION

several advantages such as short Li* diffusion length, increased

electrolyte—electrode contact area, and good tolerance to The mechanisms of formation of yolk-shell and single-
volume expansion and are therefore promising candidates as crystalline cubic NiO powders are shown in Figure 1. In both
energy storage materials. Further, the core part of the yolk-shell cases, several micrometer-sized droplets were fabricated by an
powders increases the energy density and improves the rate ultrasonic nebulizer. In the spray pyrolysis process performed at
performance of the battery materials. The use of yolk-shell- the preparation temperature (900 °C), one yolk-shell-

structured NiO particle was formed per droplet. A dense

structured materials has previously been studied to improve the
carbon—NiO intermediate was formed in the front part of the

cycling performances and rate capacities of anode materi-
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als.
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Figure 1. Schematic diagram of mechanisms of formation of the yolk-
shell and single-crystalline cubic NiO powders by a one-pot gas phase
reaction process.

horizontal-type reactor by the decomposition of nickel nitrate
hexahydrate and the carbonization of sucrose. Combustion of
the carbon—NiO intermediate produced the core-shell-
structured carbon—NiO/NiO composite powder because of
the incomplete combustion of the carbon component. The
highly crystalline NiO shell formed by combustion of the
carbon—NiO intermediate exhibited weak shrinking character-
istics. However, contraction of the carbon—NiO core during
further heating occurred, which yielded the carbon—NiO@
void@NiO yolk-shell powder."> Subsequent combustion of the
core part produced the final NiO yolk-shell powder with the
distinctive NiO@void@NiO structure. Yolk-shell-structured
NiO powders were prepared directly by spray pyrolysis.
Single-crystalline NiO nanopowders exhibiting a cubic
crystalline structure were prepared by flame spray pyrolysis at
temperatures of >2500 °C. In this case, immediate drying of the
droplet and decomposition of nickel nitrate produced the
microsized NiO powders. Then, complete evaporation of the
microsized NiO powders occurred inside the high-temperature
diffusion flame over 2500 °C, thus yielding NiO vapors. NiO
nuclei were formed by random collisions between the metal
oxide molecules in the vapor state. Finally, single-crystalline
NiO nanopowders were formed by the following sequential
processes: nucleation, growth, and quenching.*®

Transmission electron microscopy (TEM) images of the two
types of NiO powders are shown in Figure 2. The low- and

Figure 2. TEM images of yolk-shell and single-crystalline cubic NiO
powders: (a—c) yolk-shell and (d—f) single-crystalline cubic.

high-resolution TEM images of the yolk-shell-structured NiO
powders are shown in panels a—c of Figure 2. The low-
resolution TEM images clearly show the core and the single
shell. The core size and shell thickness (Figure 2b) were 200
and 75 nm, respectively. The high-resolution TEM (HR-TEM)
image (Figure 2c) shows well-developed crystals of the yolk-
shell-structured powder prepared at a short residence time as
stated above. The rapid exothermic decombustion of the
carbon component comprising the carbon—NiO composite
intermediate increased the temperature of the powder. Highly
crystalline NiO yolk-shell-structured powders were prepared by
one-pot method without post-treatment at high temperatures.
The yolk-shell NiO powder directly prepared by spray pyrolysis
exhibited clear lattice fringes separated by 0.24 nm, as shown in
the HR-TEM image. This value correszponds to the (111)
crystallographic plane of the cubic NiO.** The results of dot
mapping (Figure S2 of the Supporting Information) confirm
the single-shell structure of the NiO yolk-shell particle. The
yolk-shell NiO particle showed a negligible carbon component
in the dot mapping image. The carbon component completely
combusted during the proces of the NiO yolk-shell particle.
The TEM images of the single-crystalline cubic NiO nano-
powders show regular hexahedral morphology (Figure 2d,e).
The high formation temperature and the high cooling rate of
the nanopowders produced a metastable polymorph. The HR-
TEM images of the nanopowders exhibit clear lattice fringes
separated by 0.24 nm and a single-crystalline structure (Figure
2f). The mean size and geometric standard deviation of the
yolk-shell-structured NiO powders were 1 pm and L.,
respectively. The HR-TEM images and selected-area electron
diffraction (SAED) patterns of the core and shell parts were
analyzed. The yolk-shell-structured NiO powders were crushed
by hand for the TEM sample. The HR-TEM images and SAED
patterns showed that the core and shell parts had similar
morphologies and crystal structures. The carbon-like materials
were not detected in the core part of the NiO yolk-shell-
structured powder. The SAED patterns and energy-dispersive
X-ray (EDS) spectrum analysis revealed that the obtained NiO
yolk-shell powder had no impurities and exhibited a polycrystal-
line structure (Figure 3). The Brunauer—Emmett—Teller
surface areas of the yolk-shell-structured and cubic NiO
powders were 8 and S m® g !, respectively. The X-ray
diffraction (XRD) patterns of the two NiO powders matched
the standard nickel oxide peaks (JCPDS 47-1049) (Figure S3 of
the Supporting Information). The mean crystallite sizes of yolk-
shell-structured and cubic NiO powders were 50 and 80 nm,
respectively. The mean crystallite size of the cubic NiO
nanopowders was similar to the mean size of the nanopowders
measured from the TEM images.

Figure 4a shows the cyclic voltammetry (CV) curves of the
electrodes made of the yolk-shell-structured and cubic NiO
powders for the first three cycles at a scan rate of 0.07 mV s™".
The faradic NiO reaction was NiO < Ni/Li,O in this voltage
range.”***?° One cathodic peak was observed at 0.6 V for the
yolk-shell-structured NiO and at 0.3 V for the cubic NiO. The
peak position difference of yolk-shell and cubic NiO powders
during the first cathodic scan was related to the crystallite sizes
and the charge-transfer resistances. Similar results for TiO, and
Co;0, systems have been reported.””*® Two broad oxidation
NiO peaks for the oxidation of Ni nanograins to NiO and the
subsequent decomposition of the SEI were observed.”” The
main reduction peaks shifted to ~1.2 V after the second cycle.
The reduction and oxidation peaks in the CV tests substantially

dx.doi.org/10.1021/am404232x | ACS Appl. Mater. Interfaces 2014, 6, 2312—2316



ACS Applied Materials & Interfaces

Research Article

Figure 3. TEM images, SAED patterns, and EDS spectrum of the
yolk-shell-structured NiO powders: (a) TEM images of core and shell
parts, (b) HR-TEM image of the core part, (c) SAED pattern of the
core part, (d) SAED pattern of the shell part, and (e) EDS spectrum of
NiO powders.

overlapped from the second cycle onward. Figure 4b shows the
charge and discharge curves of the two types of NiO powders
for the first cycles at a current density of 700 mA g~". The first
discharge curves exhibit plateaus at ~0.55 and ~0.30 V for the
yolk-shell-structured and cubic NiO powders, respectively. The
wide potential plateau was replaced by a long slope between 1.3
and 0.5 V from the second cycle onward (Figure S4 of the
Supporting Information). The yolk-shell-structured and single-
crystalline cubic NiO powders exhibited similar initial discharge
capacities of 1200 mA h g~'. However, the initial charge
capacities of the yolk-shell-structured and cubic NiO powders
were 898 and 676 mA h g7!, respectively, and their
corresponding Coulombic efficiencies were 75 and 56%,
respectively. The structural damage of the cubic NiO with
large crystal sizes decreased the initial Coulombic efficiency in
the first cycle. Figure Sa shows the cycle performances of the
two types of NiO powders at a constant current density of 1 C
between 0.001 and 3 V. The yolk-shell-structured and cubic
NiO powders delivered discharge capacities of 951 and 416 mA
h g7', respectively, after 150 cycles, and their corresponding
capacity retentions measured after the first cycle were 106 and
66%, respectively. The discharge capacities of the yolk-shell
NiO slightly decreased from 899 to 821 mA h g from the
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Figure 4. Electrochemical properties of the yolk-shell and single-
crystalline cubic NiO powders: (a) Cyclic voltammograms of the first
to third cycles at a scan rate of 0.07 mV s, (b) Initial cycle profile in
the voltage range of 0.001—3 V at 700 mA g™".

second cycle over the first 60 cycles. After 60 cycles, the
discharge capacities of the yolk-shell NiO increased gradually.
The capacity increase during cycling for most transition-metal
oxide anode materials has been well studied.”*>° However, the
single-crystalline cubic NiO nanopowders did not show any
increase in discharge capacities after 150 cycles. Commonly, the
formation of a polymeric gel-like film over the transition-metal
oxides is promoted by small grain and particle sizes.*’

The rate performances of the yolk-shell-structured and cubic
NiO powders cycled at various current densities (increased
stepwise from 200 mA g™' to 1 A ¢! and then back to 200 mA
g™') are shown in Figure Sb. The yolk-shell-structured and
cubic NiO powders exhibited second discharge capacities of
1304 and 1260 mA h g™/, respectively, at a low current density
of 200 mA ¢'. The yolk-shell-structured NiO powders
exhibited better rate performance than the cubic NiO
nanopowders. The discharge capacity of the NiO yolk-shell
powders was as high as 824 mA h g™' after 50 cycles at a high
current density of 1 A g™'. Clearly, the decrease in the discharge
capacity with an increase in current density was slower in the
yolk-shell powders than in the cubic NiO nanopowders. The
excellent rate performance of the yolk-shell-structured NiO
powders was a direct result of the unique particle structure with
a core@void@shell configuration, which reduced the lithium
ion diffusion distance and facilitated rapid lithium ion diffusion.
Figure 6 shows the TEM images of the anodes of the yolk-shell-
structured and cubic NiO powders after 50 cycles in a fully
charged state. Both samples exhibited a porous structure after
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Figure 5. Cycle properties of the yolk-shell and single-crystalline cubic
NiO powders in the voltage range of 0.001-3 V: (a) Cycle
performances at 700 mA g~!, (b) Rate performances at various
currents.

Figure 6. TEM images of the yolk-shell (a) and single-crystalline cubic
(b) NiO powders after the S0th cycle with a fully charged state.

cycling. The yolk-shell-structured NiO powders maintained
their overall morphology after cycling, but the cubic NiO
nanopowders nearly lost their original morphology, as shown in
panels a and b of Figure 6. The Nyquist impedance plots
obtained before cycling and after 50 cycles are shown in panels
a and b of Figure 7, respectively. The semicircle diameter
obtained before cycling in the medium-frequency region for the
cubic NiO was slightly larger than that in the case of the yolk-
shell NiO, as shown in Figure 7a. The charge-transfer resistance
(Ry) of the cubic NiO electrode was larger than that of the
yolk-shell-structured NiO electrode because of the former’s
larger grain and particle sizes. Furthermore, the same semicircle
diameter for the yolk-shell NiO electrode was maintained after
cycling. In contrast, the semicircle diameter for the cubic NiO
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Figure 7. Nyquist impedance plots of the yolk-shell and single-

crystalline cubic NiO powders (a) before cycling and (b) after the S0th
cycle with a fully charged state.

0

increased after cycling. The cycling-induced structural destruc-
tion of the cubic NiO nanopowders with large mean crystallite
sizes decreased the cycling performance. Poizot et al
demonstrated that transition-metal oxides showed good
electrochemical properties at a certain optimal particle size.'
The yolk-shell-structured NiO powders with a small crystallite
size showed high initial charge and discharge capacities and
high capacity retention because of their structural stability
during cycling. The peculiar structure of the yolk-shell NiO
powders with a core@void@shell configuration also improved
the structural stability during cycling.

B CONCLUSIONS

In summary, the electrochemical properties of the NiO yolk-
shell powders prepared by the one-pot method as an anode
material for LIBs were compared to those of the single-
crystalline cubic NiO nanopowders prepared by high-temper-
ature (>2500 °C) flame spray pyrolysis. Repeated combustion
and contraction of the carbon—NiO composite formed as an
intermediate inside the reactor maintained at 900 °C produced
the NiO yolk-shell powder with a distinctive NiO@void@NiO
structure. Single-crystalline NiO nanopowders with a cubic
crystalline lattice structure were formed directly from the NiO
vapors by nucleation, growth, and subsequent quenching. The
structural destruction of the cubic NiO nanopowders with a
large mean crystallite size (80 nm) from the first cycle resulted
in an irreversible, high initial capacity loss during the first cycle
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and poor cycling performance thereafter. However, the yolk-
shell-structured NiO powders with a small crystallite size (S0
nm) showed higher capacities and good capacity retention even
at a high current density of 1000 mA g~ because of their
excellent structural stability.

B EXPERIMENTAL SECTION

Synthesis of Yolk-Shell and Single-Crystalline Cubic NiO
Powders. Yolk-shell-structured and single-crystalline cubic NiO
powders were directly prepared by spray pyrolysis and flame spray
pyrolysis, respectively, from their corresponding aqueous spray
solutions. A schematic diagram of the ultrasonic spray pyrolysis
system used for the NiO yolk-shell-structured powders is shown in
Figure Sla of the Supporting Information. An aqueous spray solution
was prepared using nickel nitrate hexahydrate [Ni(NO;),-6H,0
(Junsei)]. The concentrations of aqueous solutions of nickel nitrate
hexahydrate and sucrose were 0.2 and 0.7 M, respectively. A schematic
diagram of the flame spray pyrolysis system used for the preparation of
single-crystalline NiO nanopowders exhibiting a cubic crystalline
lattice structure is depicted in Figure S1b of the Supporting
Information. A detailed structure of the flame spray pyrolysis system
was presented in our previous work.>®

Characterizations. The crystal structures of the NiO powders
were investigated by X-ray diffraction (X’pert PRO MPD) using Cu
Ka radiation (1 = 1.5418 A) at the Korea Basic Science Institute
(Daegu, Korea). Morphological characteristics were investigated using
HR-TEM (JEOL-2100F) at a working voltage of 200 kV. The specific
surface area of the NiO powders with various shapes was calculated
using Brunauer—Emmett—Teller (BET) analysis of nitrogen adsorp-
tion (TriStar 3000). The experimental description for electrochemical
measurements of the powders was previously described.>'

B ASSOCIATED CONTENT
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Schematic diagram of the spray pyrolysis process, dot mapping
images, XRD patterns, initial charge and discharge curves of the
yolk-shell-structured and single-crystalline cubic NiO powders,
cycle performance at an operating temperature of 60 °C, SEM
images of the yolk-shell-structured NiO powders before and
after cycling, SEM images of the NiO powders prepared under
various conditions, and nitrogen adsorption—desorption
isotherms. This material is available free of charge via the
Internet at http://pubs.acs.org.
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