
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 6
:5

2:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Mechanochemic
School of Materials Science and Engineering

Gumi, Gyeongbuk 39177, Republic of Korea.

54-478-7769; Tel: +82-54-478-7746

† Electronic supplementary information (E
characterization and electrochemical
10.1039/c6ra26099c

Cite this: RSC Adv., 2017, 7, 10618

Received 31st October 2016
Accepted 3rd February 2017

DOI: 10.1039/c6ra26099c

rsc.li/rsc-advances

10618 | RSC Adv., 2017, 7, 10618–1062
ally induced transformation of
CoO(OH) into Co3O4 nanoparticles and their highly
reversible Li storage characteristics†

Jae-Wan Park and Cheol-Min Park*

A simple synthetic method for the mechanochemically induced transformation of cobalt oxyhydroxides

(CoO(OH)) into cobalt oxide (Co3O4) nanoparticles is developed. Using this method, extremely small and

well-dispersed Co3O4 (3–5 nm) nanoparticles are synthesized and their use as a high-performance

anode for Li-ion batteries is evaluated. The Co3O4 nanoparticle electrode shows excellent

electrochemical performances such as a highly reversible capacity of 1023 mA h g�1 with excellent

cycling behavior over 100 cycles and a superior rate capability of 760 mA h g�1 at an extremely fast

current rate of 3C. This simple mechanochemically induced transformation method for extremely small

and well-dispersed cobalt oxide nanoparticles is highly applicable to the preparation of other metal

oxide nanoparticles for obtaining highly reversible Li storage characteristics.
Introduction

Rechargeable Li-ion batteries have important applications as
alternative green energy-storage systems for high-tech electronic
mobile devices and electric vehicles. Graphite is a common
anode material for Li-ion batteries owing to its relatively low cost
and stable cycling performance; however, it has a limited theo-
retical capacity of 372 mA h g�1 and poor rate capability.1–5

Therefore, alternative anode materials with large capacities and
fast rate capabilities are required for the realization of zero-
emission and next-generation energy storage systems.

As an alternative, transition metal oxides (MxOy, where M
represents Fe, Co, Ni, Mo, etc.) have been suggested as high-
capacity anode materials.6–21 MxOy electrodes show high capac-
ities and undergo interesting conversion/recombination reactions
during Li insertion/extraction, which involve the formation of
Li2O and metal by a conversion reaction during Li insertion and
a recombination reaction to give MxOy during Li extraction.
However, to achieve good electrochemical performance, including
high capacity, fast rate capability, and long cycling behavior,
nanostructured transition metal oxides are required.6–22 Nano-
sized materials can undergo highly reversible recombination
reactions with Li by maximizing their reactivity with Li, mini-
mizing the volume change during Li reactions, and providing
short Li-ion diffusion paths. However, nanostructured metal
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oxides are generally synthesized by complicated chemical
methods, such as co-precipitation, reduction, and sol–gel
processes, which result in poor initial coulombic efficiencies
due to the presence of residual salts or impurities formed
during the synthesis. Thus, the preparation of nanostructured
metal oxides using a simple solid-state method without any
chemical solvents or salts would provide a breakthrough in the
realization of high-performance metal oxide-based anodes.
Among the various solid-state synthetic methods available,
the high-energy ball milling (HEBM) technique is promising
because no impurities are produced during this process, which
is an extremely simple compared with chemical synthetic
methods. The HEBM technique has been applied to the prep-
aration of amorphized Sn/Co/C composites as a commercial
anode material in the Nexelion battery developed by Sony in
2005.23 However, despite the advantageous features of the
HEBM technique, it has not been widely applied to the synthesis
of nanostructured metal oxides because the high energy
generated during the HEBM process affects the mechanical
properties of conventional ceramics, resulting in broken struc-
tures or agglomerated particles.24

Transition metal oxyhydroxides (MO(OH), where M repre-
sents a transition metal) have been investigated widely for
electrocatalytic applications.25,26 Additionally, MO(OH) mate-
rials undergo interesting thermal conversion reactions, which
are thermodynamically driven, to form metal oxides (M3O4,
where M represents a transition metal), as shown in eqn (1).27–30

12MO(OH) / 4M3O4 + 6H2O[ + O2[ (1)

For instance, CoO(OH) is transformed into water vapor,
oxygen gas, and Co3O4 in the temperature range of 264–391 �C
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Synthesis of Co3O4 nanoparticles. XRD patterns of (a)
commercially available CoO(OH) powder and (b) Co3O4 obtained by
mechanochemical transformation of CoO(OH) powder. The crystal-
line structure of Co3O4 is also shown as inset in (b).
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under an air atmosphere.27 Similar thermal transformation
reactions have also been observed for other MO(OH), such as
FeO(OH), MnO(OH), and TiO(OH).28–30

Among the various transition metal oxides, cobalt oxides
(Co3O4 or CoO) have been widely investigated as electrode
materials for Li-ion batteries owing to its facile preparation by
various conventional synthesis routes, such as molten-salt
method, urea combustion method, hydrothermal method,
precipitation, template method, virus-enabled synthesis,
ammonia-evaporation-induced method, thermal decomposi-
tion, etc.9,31–39

In this study, we synthesized Co3O4 nanoparticles by
a simple HEBM method, using the thermodynamically induced
conversion reaction of CoO(OH). The mechanochemically
transformed Co3O4 nanoparticles were evaluated for use as
high-performance anodes for rechargeable Li-ion batteries.

Experimental
Samples preparation

Co3O4 nanoparticles were synthesized by a simple HEBM
process. CoO(OH) (Samchun Pure Chemical, 99%, average size:
ca. 5 mm) powder of 5 g was placed in a hardened-steel vial with
a volume of 80 cm3 along with stainless-steel balls (diameter: 3/
8 in. and 3/16 in.) at a ball-to-powder ratio of 20 : 1 by weight.
The vial was assembled in an Ar-lled glove box, and the
CoO(OH) powder was subjected to HEBM (Spex-8000) under an
Ar atmosphere for 12 h.

Materials characterization

The synthesized Co3O4 nanoparticles were characterized using
X-ray diffraction (XRD, DMAX2500-PC, Rigaku), high-resolution
transmission electron microscopy (HRTEM, FEI F20, operating
at 200 kV), and energy-dispersive spectroscopy (EDS) attached to
the HRTEM. Brunauer–Emmett–Teller (BET, 3Flex) surface
area was analyzed by the nitrogen-adsorption isotherm of the
Co3O4 nanoparticles sample. To observe the structural changes
occurring in the active materials of the nanoparticle electro-
des during Li insertion/extraction, ex situ XRD and extended
absorption ne structure (EXAFS) analyses were conducted. For
the ex situ analyses, the electrodes at the selected potentials
were detached from the cells in an Ar-lled glove box and coated
with polyimide tape (Kapton), which served as a protective
lm. The Co K-edge EXAFS spectra for the synthesized Co3O4

nanoparticles electrode were recorded at the 8C (Nano XAFS)
beamline in the 3.0 GeV storage ring at the Pohang Light Source
(PLS), South Korea.

Electrochemical measurements

For the electrochemical evaluation of the synthesized Co3O4

samples, the electrodes were prepared by coating a slurry on Cu
foil substrates. The slurry consisted of the Co3O4 (80 wt%) active
material, carbon black (Denka, 10 wt%) conducting agent, and
polyvinylidene uoride (10 wt%) binder dissolved in N-methyl-2-
pyrrolidone. Each mixture samples were vacuum-dried at 120 �C
for 3 h and then pressed using roll press. The synthesized Co3O4
This journal is © The Royal Society of Chemistry 2017
electrode had a loading of ca. 3.5 mg cm�2. Electrochemical coin-
type cells were assembled in an high purity Ar-lled glove box
using Celgard 2400 separator, Li foil counter and reference elec-
trodes, and 1 M LiPF6 in ethylene carbonate/diethyl carbonate
(EC/DEC, 1 : 1 v/v, Panax Starlyte) electrolyte. To investigate the
electrochemical reaction resistance of the electrodes, electro-
chemical impedance spectroscopy (EIS) was conducted using an
impedance analyzer (ZIVE MP2A, WonATech), and the results
were recorded (amplitude: 5 mV, frequency range: 105 to 10�2

Hz). Cyclic voltammogram (CV) wasmeasured in the range of 0.0–
3.0 V at a scanning rate of 0.05mV s�1 using a SP-240 potentiostat
(Bio-Logic). With the exception of the rate-capability tests, all cells
were tested galvanostatically between 0.0 and 3.0 V (vs. Li+/Li) at
a current density of 100 mA g�1 using a Maccor automated tester,
in which Li was inserted into the electrode on discharging and
extracted from the working electrode on charging.
Results and discussion

The X-ray diffraction (XRD) pattern of commercially available
monoclinic CoO(OH) is shown in Fig. 1a. Considering the
RSC Adv., 2017, 7, 10618–10623 | 10619
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thermodynamic conversion reaction (1) of the transition metal
oxyhydroxides into their oxides, CoO(OH) was subjected to
HEBM processing for 12 h. As conrmed in Fig. 1b, the HEBM
technique completely transformed CoO(OH) into the Co3O4

(JCPDS #42-1467). The synthesized Co3O4 has the cubic crys-
talline structure (space group: Fd�3mZ, a ¼ 8.0835 Å), which has
three-dimensional tetragonal channels along each axis. These
interesting tetragonal channels of Co3O4 enable facile Li storage
and diffusion. The mechanochemically induced transformation
of the CoO(OH) into Co3O4 was caused by the high energy
(temperature > 200 �C and pressure of�6 GPa) generated within
the vial during the HEBM process.24

To clarify in detail the structure and morphology of the
synthesized Co3O4, HRTEM analysis was performed. The TEM
bright-eld and HRTEM micrographs with their corresponding
selected area electron diffraction (SAED) and Fourier transform
(FT) patterns for the synthesized Co3O4 nanoparticles are shown
in Fig. 2a–c. In Fig. 2a, the bright-eld TEM micrograph indi-
cates the presence of nano-sized Co3O4 particles. The HRTEM
image (Fig. 2b) and its corresponding SAED and FT patterns
(Fig. 2c) demonstrate the even dispersion of Co3O4 nano-
particles that are approximately 3–5 nm in size. Additionally, all
d-spacings derived from the SAED and FT patterns exactly cor-
responded to the Co3O4 phase, which conrms that the nano-
particles contain no impurities. The O2 and H2O gases
generated during the HEBM process might act as grinding and
controlling agents to prevent agglomeration, which results in
well-dispersed metal oxide nanoparticles. These results conrm
that the HEBM process is a very advantageous and useful
technique for synthesizing well-dispersed transition metal
Fig. 2 Morphological investigation of Co3O4 nanoparticles. (a) TEM brigh
patterns for synthesized Co3O4 nanoparticles.

10620 | RSC Adv., 2017, 7, 10618–10623
oxide nanoparticles with extremely small sizes using transition
metal oxyhydroxides.

To evaluate the electrochemical performance of the synthe-
sized Co3O4 nanoparticles for use as an anode material for
rechargeable lithium-ion batteries, the electrochemical property
was investigated. The voltage prole of the Co3O4 nanoparticles
electrode is displayed in Fig. 3. The Co3O4 nanoparticles elec-
trode showed high initial discharge and charge capacities of 1205
and 855 mA h g�1, respectively. The discharge (Li insertion)
capacity of the electrode was much higher than its theoretical
capacity of 890 mA h g�1, which was attributed to irreversible Li
reactions associated with the irreversible formation of a solid
electrolyte interphase (SEI) on the surface of Co3O4, kinetic
limitations of electrochemical reaction, partial reduction of the
electrolyte solvent, and interfacial storage.3,40–43 However, the
charge (Li extraction) capacity of the electrode was similar to the
theoretical capacity, which demonstrates that the electrode
undergoes a highly reversible reaction with Li.

The electrochemical impedance results of the CoO(OH) and
synthesized Co3O4 electrodes were plotted and compared in
Fig. 4. The Co3O4 nanoparticles electrode showed a smaller
semicircle than CoO(OH), conrming the higher electrical
conductivity in the Co3O4 nanoparticles electrode. The smaller
electrochemical reaction resistance in the Co3O4 nanoparticles
electrode was attributed to the mechanochemically induced
transformation of CoO(OH) into Co3O4 nanoparticles with well-
dispersed and extremely small sizes. The nitrogen-adsorption
isotherm of the Co3O4 nanoparticles, which had a BET surface
area of 85.33 m2 g�1, which also supports the well-dispersed
and extremely small sized Co3O4 nanoparticles.
t-field and (b) HRTEM images with their corresponding SAED and (c) FT

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Electrochemical performance of Co3O4 nanoparticles elec-
trode. Galvanostatic voltage profile of Co3O4 nanoparticles electrode
(current density: 100 mA g�1, voltage window: 0.0–3.0 V).

Fig. 4 Electrochemical impedance of Co3O4 nanoparticles electrode.
Electrochemical Nyquist plots of CoO(OH) and Co3O4 nanoparticles
electrodes.

Fig. 5 Electrochemical reaction mechanism of Co3O4 nano-
particles electrode. (a) DCP for the first and second cycling and (b)
Co K-edge EXAFS results during the first cycle for Co3O4 nano-
particles electrode.
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Fig. 5a and S1 in ESI† show the differential capacity plots
(DCP) and CV results for the rst and second cycles of the Co3O4

nanoparticles electrode, respectively. The DCP of the Co3O4

nanoparticles electrode showed a large peak at approximately
0.9 V during discharging and a broad peak at approximately
2.0 V during charging (Fig. 5a), which coincided well with the
CV results (Fig. S1†). The DCP and CV results demonstrate that
the Co3O4 nanoparticles electrode underwent one-step electro-
chemical reaction with Li during discharging and charging.

To elucidate the reaction mechanism of the Co3O4 nano-
particles electrode, ex situ XRD analyses (Fig. S2 in ESI†) were
carried out at the selected potentials indicated in the DCP result
(Fig. 5a). However, no distinctive phases were observed in the ex
situ XRD spectra, which conrms that the electrodes were
amorphized by reaction with Li. Therefore, to investigate the
reaction mechanism in the amorphized electrode, Co K-edge
This journal is © The Royal Society of Chemistry 2017
EXAFS spectra were recorded for the synthesized Co3O4 nano-
particles electrode at the 8C (Nano XAFS) beamline in a storage
ring of 3.0 GeV at the Pohang Light Source (PLS), South Korea.
Fig. 5b shows the Fourier transformed k-weighted Co K-edge
EXAFS spectrum of the Co3O4 nanoparticles electrode during
the rst cycle. The main peaks observed for the Co3O4 nano-
particles corresponded well the Co–O (�1.5 Å) and Co–Co (�2.5
Å) bonds of pristine Co3O4 (Fig. 5b-t0).44 In the fully discharged
state at 0.0 V (Fig. 5b-t1), the Co–O (�1.5 Å) and Co–Co (�2.5 Å)
peaks disappeared, and the only the Co–Co (�2.2 Å) peak of Co
metal was observed, which conrms that Co3O4 was trans-
formed into Li2O and Co by a conversion reaction during dis-
charging. However, some recent studies demonstrated that
intermediated LixCo3O4 phases can be formed at the low
current densities during rst Li insertion.32,45,46 In contrast,
when the electrode was in the fully charged state at 3.0 V
(Fig. 5b-t2), the Co–O (�1.5 Å) and Co–Co (�2.5 Å) peaks of
Co3O4 clearly reappeared, which demonstrates the full recom-
bination of Co3O4 nanoparticles during Li extraction. Therefore,
on the basis of the EXAFS results, the Co3O4 nanoparticles
RSC Adv., 2017, 7, 10618–10623 | 10621
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electrode underwent the following conversion/recombination
reactions during discharging/charging, respectively.

During discharging: Co3O4 / LixCo3O4 / Co + Li2O (2)

During charging: Co + Li2O / Co3O4 (3)

The conversion (2) and recombination (3) reactions during Li
insertion and extraction in transition metal oxide-based elec-
trodes are well known.6–21,31–39 The Co3O4 nanoparticles
synthesized by a mechanochemically induced conversion reac-
tion showed full recombination reactions without any residual
non-recombined Co metal, as conrmed by the EXAFS results,
which contributed to their highly reversible reactions with Li.

Fig. 6a compares the cycling performances of the Co3O4

nanoparticles electrode and a mesocarbon microbead (MCMB)
graphite electrode. The Co3O4 nanoparticles electrode showed
high reversibility and very stable capacity retention with a high
capacity of 1023 mA h g�1 over 100 cycles. These characteristics
are much better than those of previously reported various nano-
structured Co3O4 electrodes, such as nanocage, nanotube, mes-
oporous, needle-like, self-stacked nanosheet, and multishelled
Fig. 6 Cycling performance and rate capability of Co3O4 nano-
particles electrode. (a) Cycling performance of the Co3O4 nano-
particles electrode and an MCMB-graphite electrode at a cycling rate
of 100 mA g�1, and (b) rate capabilities of the Co3O4 nanoparticles
electrode and an MCMB-graphite electrode at various C rates.

10622 | RSC Adv., 2017, 7, 10618–10623
hollow sphere electrodes.36,47–53 The excellent cycling performance
of the Co3O4 nanoparticles electrode is attributed to the prepa-
ration of extremely small and well-dispersed Co3O4 nanoparticles,
which allowed fully reversible conversion/recombination
reactions during repeated discharging/charging and accom-
modated large volume changes of the active materials during
repeated cycling. The rate capabilities of the Co3O4 nano-
particles electrode were evaluated as a function of the C rate, as
shown in Fig. 6b and S3 in ESI,† in which C is dened as full use
of the limited charging capacity, 900 mA h g�1, in 1 h. The
reversible capacities of the Co3O4 nanoparticles electrode at
a high current rate of 3C were 760mA h g�1 corresponding to ca.
86% of the initial charge capacities. The Co3O4 nanoparticles
electrode showed better rate capabilities than the MCMB
graphite electrode. This improved rate capability was ascribed
to the short diffusion path obtained by the preparation of
extremely small and well dispersed nanoparticles of Co3O4 (3–5
nm) by the mechanochemically induced transformation reac-
tion, which leads to fast Li ion diffusion rates.

Conclusions

In summary, we synthesized extremely small and well-dispersed
Co3O4 (3–5 nm) nanoparticles by a simple mechanochemically
induced transformation of the CoO(OH). The synthesized Co3O4

nanoparticles electrode showed highly reversible Li reactions,
and their conversion and full recombination reactions during
discharging and charging were clearly demonstrated using
EXAFS analyses. The Co3O4 nanoparticles electrode showed
excellent electrochemical performance with a highly reversible
capacity of 1023 mA h g�1 over 100 cycles and a fast rate capa-
bility of 760 mA h g�1 at a high current rate of 3C. Based on
these results, this mechanochemical synthetic method for
extremely small and well-dispersed cobalt oxide nanoparticles
is highly applicable to the preparation other oxide nanoparticles
for obtaining high-performance electrode materials for
rechargeable Li-ion batteries.
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