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a b s t r a c t

Hollow SiO2-doped Co3O4 (SieCo3O4) nanospheres with excellent Li-ion storage properties were syn-
thesized via flame spray pyrolysis by applying a nanoscale Kirkendall diffusion process. A solid SiO2-
doped CoO (filled SieCoO) nanopowder was prepared through this process, and then it was transformed
into hollow SieCo3O4 nanopowder by way of a core-shell-structured CoeSiO2 (filled Co@SieCoO)
composite nanopowder. In addition, the direct oxidation of the filled SieCoO nanopowder at 300 �C
under an air atmosphere resulted in the formation of a solid SiO2-doped Co3O4 (filled SieCo3O4)
nanopowder. At a high current density of 2 A g�1, the hollow SieCo3O4 nanospheres exhibited a 150th-
cycle discharge capacity of 971 mA h g�1 and capacity retention of 99.5%, which was measured relative to
the second cycle. However, the corresponding capacity retentions of the filled SieCoO and SieCo3O4

nanopowders were only 82.2% and 71.5%, respectively. The high structural stability during cycling and
high Li-ion conductivity, which are caused by the hollow structure, are responsible for the excellent Li-
ion storage properties of the hollow SieCo3O4 nanospheres obtained through nanoscale Kirkendall
diffusion.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Cobalt oxides have been extensively studied because of their use
in various applications, such as gas sensors, catalysts, magnetic
materials, and energy-storage systems [1e18]. In addition, cobalt
oxide nanostructures, such as nanopowders, nanorods, yolk-shells,
hollow spheres, and nanotubes, have received significant attention
as efficient anode materials for Li-ion batteries (LIBs) because of
their high storage capacity; such materials can store more than
eight Li atoms per formula unit [8e18]. However, the susceptibility
of these materials to capacity fading, which is caused by pulveri-
zation during repeated Li insertion and desertion processes, re-
mains a major drawback [19e23]. Therefore, a simple process for
developing cobalt oxide nanostructures with improved Li-ion
storage properties is needed.

Nanopowders with the desired stoichiometry can be directly
prepared from a precursor solution composed of many elements by
using a flame-assisted droplet-to-powder conversion process,
).
which is commonly known as flame spray pyrolysis (FSP) [24e34].
Single and multi-component metal oxide nanopowders have been
prepared through FSP for various applications, such as catalysts, gas
sensors, phosphors, and magnetic materials [25e28]. The electro-
chemical properties of metal oxide nanopowders prepared via FSP
have also been studied [29,30]. Furthermore, single-crystal metal
oxide nanoparticles that are tens of nanometers in size can be
formed from metal oxide vapors within the high-temperature
diffusion flame at temperatures higher than 2500 �C [31]. Howev-
er, the poor electrochemical properties of such nanopowders,
including poor structural stability during cycling, rendered them
inadequate as anode materials for LIBs [31e34].

Therefore, in this study, hollow SiO2-doped Co3O4 (SieCo3O4)
nanospheres with 10wt% of SiO2 were prepared via FSP by applying
a nanoscale Kirkendall diffusion process. SiO2 was applied to avoid
the aggregation of the metallic Co nanopowder during the post-
treatment process under a reducing atmosphere. The resulting fil-
led SiO2-doped CoO (SieCoO) nanopowder was transformed into
hollow SieCo3O4 nanospheres by way of a core-shell-structured
CoeSiO2 (filled Co@SieCoO) composite nanopowder.
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2. Experimental

The filled SieCoO nanopowder was prepared from the vapors of
cobalt oxide and silicon oxide through a one-pot FSP process. The
FSP system used was composed of a droplet generator, flame
nozzle, quartz reactor, powder collector, and blower. A schematic
diagram of the system used was shown in a previous study [20].
The droplets were generated by a 1.7 MHz ultrasonic spray gener-
ator that consisted of six resonators, and then carried into the high-
temperature diffusion flame by oxygen, the carrier gas. The flame
nozzle had five concentric pipes, and the droplets generated from
the precursor solution were transported to the diffusion flame by
the flow of the carrier gas through the center pipe. The flow rates of
the fuel, oxidizer, and carrier gas were 5, 40, and 8 L min�1,
respectively. Furthermore, the concentrations of the cobalt nitrate
hexahydrate [Co(NO3)2$6H2O, Junsei] and tetraethyl orthosilicate
[Si(OC2H5)4, Samchun] solutions used were 0.08 and 0.005 M,
respectively. A small volume of nitric acid was added in order to
form the clear spray solution. Moreover, ethyl alcohol was added in
order to increase the temperature of the diffusion flame; the vol-
ume ratio of ethyl alcohol to distilled water in the mixed solvent
was 1:3. The filled Co@SieCoO nanopowder was obtained by sub-
jecting the filled SieCoO nanopowder to a reduction process at
500 �C under a 10% H2/Ar reducing atmosphere. The hollow
SieCo3O4 nanospheres were subsequently produced by oxidizing
the filled Co@SieCoO nanopowder at 300 �C for 3 h under an air
atmosphere. The oxidation of undoped and SiO2-doped filled CoO
nanopowders, which were prepared by FSP, at 300 �C under an air
atmosphere produced undoped and SiO2-doped filled Co3O4
nanopowders. For simplicity, the SiO2-doped Co3O4 nanospheres
with hollow and solid structures, and undoped Co3O4 nanopowder
with a solid structure will be referred to as “hollow SieCo3O4” and
“filled SieCo3O4” nanospheres, and “undoped Co3O4” nanopowder,
respectively.

The crystal structures of the powders were investigated via X-
ray diffraction (XRD, X’pert PRO MPD) with Cu Ka radiation
(l ¼ 1.5418 Å) at the Korea Basic Science Institute (Daegu). The
morphologies of the powders were investigated via field-emission
scanning electron microscopy (FE-SEM, Hitachi S-4800) and high-
resolution transmission electron microscopy (HR-TEM, JEOL JEM-
2100F) at a working voltage of 200 kV. The specific surface areas
of the powders were calculated from the Brunauer-Emmett-Teller
(BET) analysis of nitrogen adsorption measurements (TriStar 3000).

The electrochemical properties of the powders were analyzed
by constructing a 2032-type coin cell. The anode was prepared by
mixing the active material, carbon black, and sodium carbox-
ymethyl cellulose (CMC) in a weight ratio of 7:2:1. Li metal, a
microporous polypropylene film, and a 1 M solution of LiPF6 dis-
solved in a mixture of ethylene carbonate and dimethyl carbonate
(FEC and DMC, respectively; 1:1 v/v) were used as the counter
electrode, separator, and electrolyte, respectively. Furthermore, the
discharge/charge characteristics of the samples were investigated
by cycling at various current densities for potentials ranging from
0.001 to 3 V; cyclic voltammogramsweremeasured at a scan rate of
0.07 mV s�1. The discharge/charge characteristics and cyclic vol-
tammograms were measured with a WBCS3000K8. Electro-
chemical impedance spectra were obtained by performing
alternating current (AC) electrochemical impedance spectroscopy
(EIS) at a voltage of 10 mV and frequencies ranging from 0.1 Hz to
1000 kHz (VersaStat 4, Ametek).

3. Results and discussion

The morphology of the filled SieCoO nanopowder prepared via
the one-pot FSP process is shown in Fig. 1. The low-resolution TEM
images (Fig. 1(a) and (b)) show the slightly aggregated and well-
faceted nanoparticles resulting from the high surface energy of
the ultrafine nanopowder, which have sizes of 12e43 nm. The
nanoparticles have a pure crystalline cubic CoO structure, as shown
in the corresponding XRD pattern (Fig. 2). In addition, the rapid
quenching of the nanopowder formed inside the high-temperature
(>2500 �C) diffusion flame produced an oxygen-deficient cobalt
oxide nanopowder. Although the peaks corresponding to the
crystalline structure of the Si component are absent from the XRD
pattern, the TEM image (Fig.1(c)) shows the single-crystal structure
of the nanopowder. In addition, the HR-TEM image (Fig.1(d)) shows
the 0.21-nm-spaced lattice fringes, which correspond to the (200)
crystal plane of cubic CoO. During FSP, the composite nanopowder
is formed by the nucleation and growth of the cobalt oxide and
silicon oxide vapors. However, the phase-separated SiO2 layer is
absent from the HR-TEM image. Nevertheless, the XRD peaks of the
filled SieCoO nanopowder are shifted to slightly higher angles
compared to those of cubic CoO (JCPDS card no. 78-0431). Doping
the CoO crystal structure with Si results in the formation of a filled
SieCoO nanopowder inside the high-temperature diffusion flame.
As the elemental mapping images (Fig. 1(e)) show, Si is uniformly
distributed throughout the CoO nanoparticles.

The filled SieCoO nanopowder prepared by FSP was post-
treated at 500 �C for 3 h under a reducing atmosphere (10% H2/
Ar). The post-treated powder has a mixed crystal structure that
consists of metallic Co and cubic CoO phases, as shown in Fig. 2.
Therefore, because of the formation of metallic Co, which has a low
melting point, the well-faceted filled SieCoO nanoparticles that
were prepared directly by FSP are transformed into spherical
nanoparticles (Fig. 3(a) and (b)) during the reduction process. The
TEM images (Fig. 3(b) and (c)) show the core-shell structure of
these nanoparticles. Furthermore, HR-TEM images of the cores and
shells of the nanoparticles (Fig. 3(c)) show clear 0.17- and 0.21-nm-
sized lattice fringes, which correspond to the (200) crystal planes of
metallic Co and cubic CoO, respectively. The phase separation of the
Co and Si components during the reduction process of the nano-
powder results in the formation of a core-shell structure, i.e., the
reduced metallic Co accumulates in the core, whereas the un-
changed SiO2, which has a low interaction strength, moves towards
the surface of the nanoparticles. The SiO2 layer plays a key role in
preventing the aggregation of the metallic Co nanoparticles during
the reduction process, which have a low melting point. Exposing
the core-shell-structured Co@SieCoO nanoparticles to an air at-
mosphere after the reduction process causes the surface oxidation
of the ultrafine nanopowder. During oxidation, the Co cations
diffuse outwards into the amorphous SiO2 layer and form CoO
nanocrystals by combiningwith oxygen anions that diffuse inwards
into the SiO2 layer. Therefore, the nanoparticles shown in Fig. 3(c)
have a core-shell structure with a filled Co@SieCoO configuration;
the CoOeSiO2 shell is 5 nm thick. The CoO nanocrystals are
embedded within the amorphous SiO2 layer that covers the
metallic Co nanoparticles. The selected-area electron diffraction
(SAED) pattern (Fig. 3(d)) also shows the structure of the filled
Co@SieCoO nanoparticles and the mixed crystal structure of
metallic Co and CoO. In addition, the core-shell-structured nano-
particles have an average size of 21 nm, as determined from the
TEM image.

The nanopowder obtained via the reduction process was post-
treated at 300 �C under an air atmosphere. As the corresponding
XRD pattern in Fig. 2 shows, the oxidized nanopowder has a pure
cubic spinel Co3O4 structure (JCPDS card no. 42-1467). The filled
Co@SieCoO nanoparticles were transformed into hollow SieCo3O4
composite nanospheres (Fig. 4(aec)) via a nanoscale Kirkendall
diffusion process. The SAED pattern shown in Fig. S1 also confirms
the formation of hollow SieCo3O4 composite nanospheres after the



Fig. 1. TEM and elemental mapping images of the filled SieCoO nanopowder prepared by FSP: (aec) TEM, (d) HR-TEM, and (e) elemental mapping images.

Fig. 2. XRD patterns of the nanopowders prepared by FSP before and after the post-
treatment process.
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oxidation process. The hollow shell is composed of ultrafine
nanocrystals that are less than 10 nm in size, as revealed by the TEM
images (Fig. 4(b) and (c)). Moreover, the 0.24-nm-spaced lattice
fringes (Fig. 4(d)) correspond to the (311) crystal plane of the cubic
spinel Co3O4 structure. The corresponding elemental mapping
images (Fig. 4(e)) show that Co and Si are uniformly distributed
over the surface of the hollow nanospheres. This is indicative of the
formation of a solid solution of cobalt oxide and silicon oxide. The
void spheres formed by nanoscale Kirkendall diffusion are indi-
cated by the arrows in Fig. 4(e). Scheme 1 describes in detail the
mechanism governing the formation of the hollow SieCo3O4
nanospheres via the nanoscale Kirkendall diffusion process. The
small Co cations diffuse towards the surface of the CoOeSiO2 shell
more rapidly than the oxygen anions diffuse inwards, thereby
resulting in the formation of a CoO layer; the Co2þ cations and O2�

anions have ionic radii of 75 and 140 p.m., respectively. A Co3O4
layer then forms via the further oxidation of CoO during the
diffusion process. In addition, metallic Co is fully transformed into
cobalt oxide, and the SiO2-doped Co3O4 structure produces the
hollow SieCo3O4 nanospheres; the nanospheres have a mean size
of 42 nm, as determined from the TEM image. On the other hand, a
filled SieCo3O4 nanopowder (Fig. 1 and Fig. S2) was formed
through the direct oxidation of the filled SieCoO nanopowder,
which was prepared by FSP, at 300 �C under an air atmosphere. This
nanopowder is composed of ultrafine Co3O4 nanocrystals, as shown
in the TEM image (Fig. S2(b)), that result from the oxidation-
induced transformation of the SiO2-doped CoO single crystals.
The oxidation of the undoped CoO nanopowder, which was also
prepared by FSP, at 300 �C under an air atmosphere produced an
undoped Co3O4 nanopowder with a solid structure, as shown in
Figs. S3 and S4. The filled and hollow SieCo3O4 nanospheres, and
undoped Co3O4 nanopowder hadmean crystallite sizes of 10.9,14.6,
and 13.1 nm, respectively, as calculated from the half-width of the
(311) peak by using the Scherrer equation.

The electrochemical properties of the SiO2-doped Co3O4 and
CoO nanopowders were investigated via cyclic voltammetry (CV)
and galvanostatic charge/discharge measurements in order to
determine their suitability for Li-ion storage. The CV curves of the
first four cycles (Fig. 5) were obtained at a scan rate of 0.07 mV s�1

over voltages ranging from 0.001 to 3 V. At approximately 0.5 V in
the first cathodic sweep, the filled SieCoO nanopowder exhibits a
sharp reduction peak because of the conversion reaction between
CoO and Liþ, which produces metallic Co and Li2O [35,36]. The
hollow and filled SieCo3O4 nanopowders exhibit sharp reduction
peaks at approximately 0.9 V in the first cathodic sweep. These



Fig. 3. TEM images and SAED pattern of the filled Co@SieCoO nanopowders post-treated at 500 �C in a 10% H2/Ar atmosphere for 3 h: (a, b) TEM images, (c) HR-TEM image, and (d)
SAED pattern.
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peaks result from the conversion reaction between Co3O4 and Liþ,
which leads to the formation of metallic Co and Li2O [37,38]. The
sharp reduction peaks in the curves correspond to the dominant
voltage plateaus that occur at approximately 0.6 and 1.0 V in the
first discharge curves (Fig. 5(d)) of the SiO2-doped CoO and Co3O4
nanopowders, respectively. Furthermore, the oxidation peaks of the
SiO2-doped Co3O4 and CoO nanopowders at approximately 2.1 V
are attributed to the oxidation of metallic Co to CoO and the
decomposition of Li2O [35e38]. Broad reduction peaks are present
at approximately 0.9 and 1.2 V from the second cycle onwards of
the SiO2-doped Co3O4 and CoO nanopowders. These peaks are
attributed to the insertion of Liþ into CoO and the conversion re-
action between CoO and Liþ that forms metallic Co and Li2O,
respectively. The strong overlapping of the CV profiles from the
second cycle onwards (Fig. 5(c)) is evidence of the superior cycling
ability of the hollow SieCo3O4 nanospheres obtained through
nanoscale Kirkendall diffusion. The hollow and filled SieCo3O4

nanopowders exhibit initial discharge capacities of 1106 and
1139mA h g�1, respectively, at a high current density of 2 A g�1; the
corresponding initial Coulombic efficiencies are 75.7% and 82.4%,
respectively. The filled SieCoO nanopowder exhibits initial
discharge and charge capacities of 1103 and 834 mA h g�1,
respectively. The high, initial, irreversible capacity loss of the filled
SieCoO and SieCo3O4 nanopowders is attributed to the loss of
structural stability during the first cycle; this loss stems from the
significant volume changes that accompany Li insertion and
desertion processes. Fig. 6(a) compares the cycling performance of
all three SiO2-doped samples at a high current density of 2 A g�1.
Fig. 6(a) shows that the hollow SieCo3O4 nanospheres obtained
through nanoscale Kirkendall diffusion exhibit superior cycling
performance compared to that of the filled SieCoO and SieCo3O4
nanopowders. The capacity fade of the solid nanopowders is
attributed to their gradual destruction following repeated Li in-
sertions and desertions. Moreover, the hollow SieCo3O4 nano-
powder has a maximum 150th-cycle discharge capacity of
971 mA h g�1 and capacity retention of 99.5%, which was measured
relative to the second cycle. However, the filled SieCoO and Sie-

Co3O4 nanopowders have corresponding capacity retentions of
only 82.2% and 71.5%, respectively. Fig. 6(b) shows the rate per-
formance of the nanopowders for stepwise increases in the current
density (0.5e3 A g�1), with 10 cycles performed at each step. The
hollow SieCo3O4 nanopowder achieves reversible discharge ca-
pacities of 1062, 1022, 981, 938, 900, and 853 mA h g�1 after 10
cycles at current densities of 0.5, 1, 1.5, 2, 2.5, and 3 A g�1, respec-
tively. That is, the capacity decreases slightly as the current density
increases from 0.5 to 3 A g�1. In addition, with a value of
1060 mA h g�1, the capacity almost completely recovers when the
current density is returned to 0.5 A g�1. The hollow SieCo3O4
nanospheres also have superior cycling and rate performances
compared to those of the solid, undoped, Co3O4 nanopowder, as
shown in Fig. 6 and Fig. S5.

The superior Li-ion storage properties of the hollow SieCo3O4
nanopowder compared to those of the other nanopowders was also
confirmed by EIS analysis before and after 1 and 10 cycles. The
compressed semi-circle in the high-medium frequency region of
the Nyquist plots (Fig. 6(cee)) represents the charge-transfer



Fig. 4. TEM images of the hollow SieCo3O4 nanospheres obtained after an oxidation time of 3 h in an air atmosphere: (a, b) TEM, (c) HR-TEM, and (d) elemental mapping images.

Scheme 1. Schematic diagram showing the formation mechanism of the hollow SieCo3O4 nanospheres via the nanoscale Kirkendall diffusion process.
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resistance (Rct) of the electrode [39e41]. As Fig. 6(c) shows, the
filled SieCoO nanopowder has a lower Rct value before cycling than
that of the SieCo3O4 counterpart. The Rct values of all three samples
decrease after the first cycle (Fig. 6(d)) because of the conversion of
the nanopowders to ultrafine nanocrystals. Furthermore, Fig. 6(e)
shows that the nanopowders that maintain a high structural sta-
bility during the repeated Li insertion and desertion processes have
low Rct values, which are similar to that of the filled SieCoO
nanopowder after 10 cycles. However, the Rct value of the filled
SieCo3O4 nanopowder increases after 10 cycles. Furthermore, the
steep line in the low-frequency region shown in Fig. 6(d) and (e) is
indicative of the high Li-ion conductivity of the hollow nano-
powder. Therefore, the high structural stability during cycling and
high Li-ion conductivity, which are caused by the hollow structure,
are responsible for the excellent Li-ion storage properties of the
hollow SieCo3O4 nanospheres obtained via nanoscale Kirkendall



Fig. 5. CV, initial charge, and initial discharge curves of the three samples: (a) CV curves of the filled SieCoO nanopowder, (b) CV curves of the filled SieCo3O4 nanopowder, (c) CV
curves of the hollow SieCo3O4 nanopowder, and (d) initial charge and discharge curves of the three samples.

Fig. 6. Cycling and rate performances, and Nyquist plots of the three samples: (a) cycling performances, (b) rate performance, (c) Nyquist plots before cycling, (d) Nyquist plots after
1 cycle, and (e) Nyquist plots after 10 cycles.
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diffusion.
4. Conclusions

The mechanism governing the formation of hollow SieCo3O4

nanospheres by applying a nanoscale Kirkendall diffusion process
was investigated. Solid metallic Co nanoparticles that were covered
with a SiO2 layer, which was formed as an intermediate product,
were transformed into hollow SieCo3O4 nanospheres. The SiO2
layer was formed during the reduction process, and it played a key
role in the preparation of the aggregate-free, hollow, SieCo3O4
nanospheres. The hollow SieCo3O4 nanospheres exhibited high
structural stability, high Li-ion conductivity, and superior electro-
chemical properties for Li-ion storage compared to the filled
SieCoO and SieCo3O4 nanopowders. More importantly, the simple
process applied in this study is generally applicable to the prepa-
ration of SiO2-doped, hollow, metal oxide nanopowders from solid,
SiO2-doped, metal oxide nanopowders formed by a FSP process.
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