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a b s t r a c t

Micron-sized Co3O4 hollow powders consisting of size controlled hollow nanospheres are prepared by
applying Ostwald ripening and Kirkendall effect to the spray pyrolysis process. The Co-C composite
powders uniformly dispersed with different sizes of metallic Co nanocrystals are formed by reduction of
the cobalt oxide-carbon composite powders prepared using spray pyrolysis. Subsequent oxidation of the
Co-C composite powders with filled structures forms the micron-sized Co3O4 hollow powders consisting
of size controlled hollow nanospheres. The mean sizes of the Co3O4 hollow nanospheres oxidized from
Co-C composite powders formed at reduction temperatures of 400, 600, and 800 �C are 37, 55, and
73 nm, respectively. The discharge capacities of the Co3O4 powders formed from the Co-C composite
powders reduced at temperatures of 400, 600, and 800 �C for the 300th cycle are 644, 702, and
660 mA h g�1, respectively, and their capacity retentions calculated from the second cycle are 81, 86, and
84%, respectively. The porous-structured Co3O4 powders formed from the Co-C composite powders
reduced at 800 �C show slightly better rate performance than those of the other two samples.

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

Hollow structured materials with high surface areas and large
void volumes have been extensively studied for applications in
various fields including energy storage, gas sensing, and catalysis
[1e9]. Hollow nanopowders with mean sizes <100 nm and unique
properties have been successfully prepared through various liquid
solution processes [10e15]. However, nanopowders with high
surface areas suffer from particle aggregation due to strong van der
Waals forces. Submicron- and micron-sized aggregate micro-
spheres of hollow nanospheres and multi-shelled microspheres,
with intact unique properties and ease of handling, could be used in
place of hollow nanospheres [16e20].

Nanostructured cobalt oxide materials with various morphol-
ogies have been developed for a number of different applications,
including energy storage [21e35]. In particular, hollow structured
cobalt oxide powders have good characteristics for use as anode
materials in lithium-ion batteries (LIBs) [26e35]. Wang et al.
synthesized Co3O4 multishelled hollow spheres using hydrother-
malmethod, and their double-shelled hollow structures delivered a
capacity of 866 mA h g�1 over 50 cycles at a current rate of C/5,
showing good rate capacity [34]. Park et al. prepared multi-shelled
Co3O4 yolk-shell microspheres using a large-scale spray drying
process, with 6, 5, and 4 shells arising from post-treatment at 300,
400, and 500 �C, respectively. Multi-shell cobalt oxide yolk-shell
powders prepared using a simple spray drying process showed
superior electrochemical properties, suitable for use as anode ma-
terials for LIBs [35].

In recent years, microspheres and nanofibers consisting of hol-
low nanospheres were successfully prepared by applying the Kir-
kendall effect [36e39]. Filled-structured microspheres and
nanofibers transformed into hollow nanospheres aggregates by a
two-step post-treatment process. Cho et al. synthesized novel
structures denoted as bubbleenanorod composites, composed of
nanosized hollow Fe2O3 spheres uniformly dispersed in an amor-
phous carbon matrix by introducing Kirkendall effect during elec-
trospinning [38]. The synergetic effects between hollow
nanospheres and the carbonmatrix resulted in superior cycling and
rate performance of the bubbleenanorod-structured Fe2O3-C
nanofibers. Cho et al. employed Kirkendall effect and Ostwald

mailto:yckang@korea.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2016.07.233&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
http://dx.doi.org/10.1016/j.jallcom.2016.07.233
http://dx.doi.org/10.1016/j.jallcom.2016.07.233
http://dx.doi.org/10.1016/j.jallcom.2016.07.233


Fig. 1. XRD patterns of the Co-C composite powders reduced at different temperatures.

Fig. 2. Morphologies of the Co-C composite powders obtained by reduction of the CoO-carbo
image and (b,c) TEM images of the powders reduced at 400 �C and (d) SEM image and (e,f
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ripening in tandem to prepare uniquely-structured NiO aggregates.
The NiO-C composite powder prepared by one-pot spray pyrolysis
was transformed into micron-scale spherical and hollow-
structured NiO aggregates after a second-step post-treatment
process [39].

In this study, Co3O4 powders consisting of size controlled hollow
nanospheres were prepared by applying Kirkendall effects to the
spray pyrolysis process. The temperature of the first post-treatment
process (under a reducing atmosphere) determined the size of the
hollow nanospheres formed by Kirkendall effect during the second
post-treatment process (under oxidative conditions). The lithium-
ion storage properties of these Co3O4 powders were also
investigated.
n composite powders at temperatures of 400 and 800 �C under 10% H2/Ar gas: (a) SEM
) TEM images of the powders reduced at 800 �C.



Fig. 3. XRD patterns of the Co3O4 powders with size controlled hollow nanospheres.

Fig. 4. Morphologies, SAED pattern, and elemental mapping images of the Co3O4 powders f
images, (d) HR-TEM image, (e) SAED pattern, and (f) elemental mapping images.
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2. Experimental section

2.1. Sample preparation

Co3O4 powders consisting of size controlled hollow nano-
spheres were prepared by spray pyrolysis and the following two-
step post-treatment process. The CoO-carbon composite powders
were prepared by spray pyrolysis from a spray solution of cobalt
nitrate hexahydrate [Co(NO3)26H2O, Junsei] and poly-
vinylpyrrolidone (PVP) [(C6H9NO)n, Mw-40,000, Aldrich]. The spray
pyrolysis system used in this study is described in our previous
reports. The flow rate of the N2 carrier gas was fixed at 5 L min�1.
The reactor temperature was maintained at 400 �C. The concen-
trations of cobalt nitrate hexahydrate and PVP dissolved in distilled
ormed from the Co-C composite powders reduced at 400 �C: (a) SEM image, (b,c) TEM



Fig. 5. Morphologies, SAED pattern, and elemental mapping images of the Co3O4 powders formed from the Co-C composite powders reduced at 600 �C: (a) SEM image, (b,c) TEM
images, (d) HR-TEM image, (e) SAED pattern, and (f) elemental mapping images.
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water to prepare the spray solution were 0.05 M and 20 g L�1,
respectively. The CoO-carbon composite powders prepared by one-
pot spray pyrolysis were post-treated at 400, 600, and 800 �C under
a 10% H2/Ar reducing atmosphere for 10 h to produce the Co-carbon
composite powders. The Co-carbon composite powders were post-
treated at 400 �C under an oxidizing air atmosphere for 12 h to
produce the carbon-free Co3O4 powders.
2.2. Characterization techniques

The microstructure of the Co3O4 powders was observed using
field emission scanning electron microscopy (FE-SEM, Hitachi, S-
4800) and field emission transmission electron microscopy (TEM,
JEOL, JEM-2100F). In addition, their crystal structures were
evaluatedwith X-ray diffraction (XRD, X'Pert PROMPD) using Cu Ka

radiation (l¼ 1.5418Å) at the Korea Basic Science Institute (Daegu).
The surface area of the powders was determined with the Bru-
nauereEmmetteTeller (BET) method, using N2 as the adsorbate
gas. Thermogravimetric analysis (TGA) was performed with a Pyris
1 TGA (Perkin Elmer, temperature range ¼ 25e650 �C, heating
rate ¼ 10 �C min�1, static air atmosphere).
2.3. Electrochemical measurements

The electrochemical properties of the powders were analyzed by
constructing 2032-type coin cells. The anode was prepared by
mixing the activematerial, carbon black, and sodium carboxymethyl
cellulose (CMC) in a weight ratio of 7:2:1. Li metal and microporous



Fig. 6. Morphologies, SAED pattern, and elemental mapping images of the Co3O4 powders formed from the Co-C composite powders reduced at 800 �C: (a) SEM image, (b,c) TEM
images, (d) HR-TEM image, (e) SAED pattern, and (f) elemental mapping images.
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polypropylene film were used as the counter electrode and sepa-
rator, respectively. The electrolyte was created by dissolving 1 M of
LiPF6 in a mixture of fluoroethylene carbonate and dimethyl car-
bonate (FEC/DMC, 1:1 v/v). The discharge/charge characteristics of
the samples were investigated by cycling over a potential range of
0.001e3 V at various current densities. Cyclic voltammograms were
measured at a scan rate of 0.1 mV s�1. The size of the negative
electrode containing Co3O4 powders was 1.25 cm� 1.25 cm, and the
mass loading was approximately 0.86 mg cm�2.
3. Results and discussion

The morphologies of the cobalt oxide-carbon composite pow-
ders prepared by one-pot spray pyrolysis are shown in Fig. S1. The
decomposition of cobalt nitrate and carbonization of poly-
vinylpyrrolidone (PVP) under N2 formed cobalt oxide-carbon
composite powders with cubic-phase CoO as shown in Fig. S2.
Scanning electron microscopy (SEM) images of the cobalt oxide-
carbon composite powders shown in Fig. S1a and b revealed
spherical shapes and waved structures. The transmission electron
microscopy (TEM) images shown in Fig. S1c and d revealed filled
structures with ultrafine nanocrystals dispersed within the carbon
matrix. The elemental mapping images shown in Fig. S1e revealed
uniform distributions of the Co and C components all over the
composite powder. The CoO-carbon composite powders were post-
treated at 400, 600, and 800 �C under 10% H2/Ar gas to form the
metallic cobalt-C composite powders. The X-ray diffraction (XRD)
patterns shown in Fig.1 confirmed the formation of Co-C composite



Fig. 7. Characteristics of the Co3O4 powders with size controlled hollow nanospheres:
(a) TG curve, (b) N2 adsorption-desorption isotherms, and (c) pore size distributions.
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powders by a complete reduction of CoO into metallic Co, inde-
pendent of the reduction temperature. The mean crystallite sizes of
the metallic Co of the Co-C composite powders post-treated at 400,
600, and 800 �C as calculated by Scherrer's equation were 37, 39,
and 45 nm, respectively. The crystal growth of metallic Co occurred
at high reduction temperatures.

The morphologies of the Co-C composite powders post-treated
at 400 and 800 �C are shown in Fig. 2. The spherical shapes and
filled inner structures of the precursor powders were maintained
even after reduction. Additionally, the carbon component pre-
vented aggregation of the powders during the reduction process.
The Co-C composite powders post-treated at 400 �C had ultrafine
Co nanocrystals below 30 nm dispersed within the amorphous
carbon matrix as shown by the TEM images in Fig. 2b and c.
However, the TEM images of the Co-C composite powders post-
treated at 800 �C shown in Fig. 2e revealed grown Co nano-
crystals above 66 nm. The Co nanocrystals shown in Fig. 2f were
uniformly coated with graphitic carbon formed by the metallic
cobalt catalyst.

The Co-C composite powders obtained at various reduction
temperatures were post-treated at 400 �C under ambient air. The
XRD patterns of the powders shown in Fig. 3 revealed the pure
crystal structure of the cubic Co3O4 phase. Complete oxidation of
metallic Co into Co3O4 occurred during the oxidation process,
irrespective of the metallic Co nanocrystal sizes. However, the XRD
patterns with broad peaks indicated the formation of ultrafine
Co3O4 nanocrystals by oxidation.

The morphologies of the cobalt oxide powders formed by
oxidation are shown in Figs. 4e6. The spherical morphologies and
non-aggregation characteristics of the Co-C composite powders
formed at various reduction temperatures were maintained after
oxidation to form the cobalt oxide powders shown in the SEM
images in Figs. 4a, 5a and 6a. However, the inner structures of the
powders were strongly changed after oxidation. The low resolution
TEM images shown in Figs. 4b, 5b and 6b revealed hollow-
structured cobalt oxide powders. The filled-structured Co-C com-
posite powders transformed into the hollow-structured Co3O4
powders after oxidation. The Co component located within the
center region moved to the outer region during oxidation by awell-
known Ostwald ripening process [40e42]. The Co3O4 nanocrystals
initially formed near the surface of the Co-C composite powders,
and grew by consuming the Co component located in the center
region of the powders. The micron-sized hollow powders consisted
of hollow-structured ultrafine nanopowders as shown by TEM in
Figs. 4c, 5c and 6c. The ultrafine Co nanocrystals were transformed
into hollow-structured Co3O4 nanospheres by a well-known
nanoscale Kirkendall diffusion process [43]. Small Co cations
diffused more rapidly to the surface of the cobalt oxide shell than
the oxygen gas diffused inward, thereby resulting in the formation
of empty voids. The size of hollow-structured Co3O4 nanospheres
was dependent on the size of metallic Co nanocrystals. Therefore,
higher reduction temperatures resulted in Co3O4 powders con-
sisting of larger-sized Co3O4 hollow nanospheres. The mean sizes of
the Co3O4 hollow nanospheres consisting of powders formed from
Co-C composite powders reduced at 400, 600, and 800 �C were 37,
55, and 73 nm, respectively. The high resolution TEM images shown
in Figs. 4d, 5d and 6d revealed clear lattice fringes separated by
0.24 nm, which corresponds to the (311) crystal plane of cubic
Co3O4 phase [44]. The SAED patterns shown in Figs. 4e, 5e and 6e
confirmed the formation of phase-pure Co3O4 powders by oxida-
tion. Complete elimination of the carbon component occurred
during the oxidation process to form the bare Co3O4 powders as
shown in the elemental mapping images in Figs. 4f, 5f and 6f. The
thermogravimetric (TG) curve of the Co3O4 powders formed from
the Co-C composite powders reduced at 400 �C (Fig. 7a) also
confirmed the complete elimination of carbon during the oxidation
process. The N2 adsorption and desorption isotherms and BJH pore
size distributions of the Co3O4 powders formed from the Co-C
composite powders obtained at different reduction temperatures
are shown in Fig. 7b and c, respectively. The BrunauereEmmette-
Teller (BET) surface areas of the Co3O4 powders formed from the
Co-C composite powders reduced at 400, 600, and 800 �C were 4.8,
12.6, and 17.0 m2 g�1, respectively. The well-developed mesopores
of the Co3O4 powders formed from the Co-C composite powders
reduced at 800 �C (Fig. 7c) resulted in a higher BET surface area. The
hollow-structured Co3O4 nanospheres consisting of micron-sized
powders formed by nanoscale Kirkendall diffusion process had a
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gas impermeable dense shell structure. Therefore, the differences
in BET surface areas and BJH pore size distributions of the powders
formed from the Co-C composite powders were due to the different
networking structures of the Co3O4 hollow nanospheres. The
oxidation of Co-C composite powders consisting of large-sized
metallic Co nanocrystals formed porous Co3O4 powders, in which
large-sized Co3O4 hollow spheres were loosely connected. The
formation scheme of the Co3O4 powders consisting of size
controlled hollow nanospheres is described in Scheme 1.

The electrochemical Li-ion charge and discharge behaviors of
the Co3O4 powders consisting of size controlled hollow nano-
spheres were investigated by cyclic voltammetry (CV) and galva-
nostatic dischargeecharge cycling in the voltage range of
0.001e3 V versus Li/Liþ. The cyclic voltammetry (CV) curves of the
Co3O4 powders formed from the Co-C composite powders reduced
at 400 �C for the first five cycles at a scan rate of 0.1 mV s�1 are
shown in Fig. 8a. The sharp reduction peak observed at 0.84 V in the
first cathodic sweep was attributed to the conversion (faradic) re-
action between Co3O4 and Liþ, which led to the formation of
metallic Co and Li2O [45]. The one broad oxidation peak observed at
around 2.0 V was attributed to the oxidation of metallic Co to Co3O4

and the decomposition of Li2O [46]. From the second cycle onward,
the reduction peak shifted to a higher potential at around 1.1 V due
to the conversion of Co3O4 crystals into the ultrafine nanocrystals
during the first cycle [47]. The Co3O4 powders formed from the Co-
C composite powders reduced at 400, 600, and 800 �C had similar
shapes in their CV curves as shown in Fig. 8a and Fig. S3. The three
samples also had similar shapes in their initial discharge and charge
curves obtained at a current density of 1 A g�1 (Fig. 8b). The
lithium-ion storage in the Co3O4 powders occurred by non-faradaic
and faradaic reaction mechanisms [48]. The long plateau region in
the initial discharge profile at a voltage of approximately 1 V was
attributed to the faradaic reaction process. In addition, the pseudo-
capacitive process appears as a sloping voltage feature until the end
of discharge [48]. The initial discharge capacities of the Co3O4
powders formed from the Co-C composite powders reduced at 400,
Scheme 1. Schematic diagram for the formation mechanism of the C
600, and 800 �C were 1033, 1099, and 1046 mA h g�1, respectively,
and their corresponding initial Coulombic efficiencies were 72, 75,
and 76%, respectively. The high irreversible capacity loss during the
first cycle of the transition metal oxide materials due to the irre-
versible structural damage and the formation of organic polymer
film has been well known [49]. Degree of irreversibility during the
first cycle has been effectively reduced by prelithiation of electrode
material by Hassoun et al. [50]. Lopez et al. reported that the large
irreversibility observed in the first discharge of crystalline oxides
could be minimized by forming the thin film electrode [51]. The
cycling performances of the three samples at a current density of
1 A g�1 are shown in Fig. 8c. The three samples had similar cycling
performances irrespective of the Co3O4 hollow nanosphere size.
The discharge capacities of the three samples werewell maintained
during the first 150 cycles, and then decreased slightly during the
next 150 cycles. The discharge capacities of the Co3O4 powders
formed from the Co-C composite powders reduced at 400, 600, and
800 �C for the 300th cycle were 644, 702, and 660 mA h g�1,
respectively, and their capacity retentions calculated from the
second cycle were 81, 86, and 84%, respectively. The rate perfor-
mances of the three samples are shown in Fig. 8d, in which the
current density is increased step-wise from 0.5 to 10 A g�1. The
three samples had excellent rate performances and showed high
capacities even at an extremely high current density of 10 A g�1.
However, the porous-structured Co3O4 powders formed from the
Co-C composite powders reduced at 800 �C showed slightly better
rate performance than those of the other two samples. The final
discharge capacities of the Co3O4 powders formed from the Co-C
composite powders reduced at 800 �C at current densities of 0.5,
1.5, 3, 5, 7, and 10 A g�1 were 830, 767, 715, 664, 621, and
581 mA h g�1, respectively. The discharge capacities decreased
slightly as the current density increased. Additionally, the three
samples showed good capacity recovery properties when the cur-
rent density returned to 0.5 A g�1, even after cycling at high current
densities.

Electrochemical impedance spectroscopy (EIS) measurements
o3O4 powders consisting of size controlled hollow nanospheres.



Fig. 8. Electrochemical properties of the Co3O4 powders with size controlled hollow nanospheres: (a) CV curves, (b) charge-discharge curves, (c) cycling performances, and (d) rate
performances.
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of the three samples before and after cycling were performed to
explain their superior lithium-ion storage properties. The Nyquist
plots shown in Fig. 9 reveal compressed semicircles in themedium-
frequency range, which describe the charge-transfer resistance (Rct)
of the electrode [52,53]. The three samples had similar charge-
transfer resistances after 50 cycles due to their similar structural
stabilities during cycling. The SEM images shown in Fig. S4 reveal
the morphologies of the three samples obtained after 50 cycles. The
Fig. 9. Nyquist plots of the three sample
spherical morphologies of the three samples were well maintained
after cycling, independent of the sizes of the Co3O4 hollow nano-
spheres present. The hollow structure of the micron-sized Co3O4
powders formed by Ostwald ripening accommodated the huge
volume change during cycling. Additionally, the Co3O4 hollow
nanospheres formed by nanoscale Kirkendall diffusion improved
the stability of the internal structure of the micron-sized Co3O4
powders during cycling.
s (a) before and (b) after 50 cycles.
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4. Conclusions

Micron-sized hollow powders consisting of size controlled
Co3O4 hollow nanospheres were prepared by a second-step post-
treatment process on CoO-C composite powders obtained by one-
pot spray pyrolysis. Ostwald ripening during oxidation of the Co-
C composite powders resulted in micron-sized powders with hol-
low structures. The shell region of the hollow powders consisted of
ultrafine Co3O4 hollow nanospheres formed by nanoscale Kirken-
dall effects during oxidation of metallic Co nanocrystals. The mean
sizes of the ultrafine Co3O4 hollow nanospheres were determined
by the mean sizes of the metallic Co nanocrystals uniformly
dispersed within the carbon matrix. The micron-sized hollow
powders showed excellent lithium-ion storage performances in-
dependent of nanosphere size. The strategy developed in this study
could be efficiently applied in the preparation of micron-sized
hollow metal oxide powders consisting of ultrafine hollow nano-
spheres for a number of different applications, including energy
storage.
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