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Abstract

We report a fast method to prepare cobalt oxide (CoO) nanoparticles via urea-assisted auto-combustion synthesis at 300 1C without any post-
heat treatment. The structure and morphology were analyzed by synchrotron X-ray diffraction, field-emission scanning electron microscopy, and
high-resolution transmission electron microscopy. As-prepared cobalt oxide is cubic, with spherical particle size in the range of 20–30 nm.
Electrochemical measurements were performed using the as-prepared powders as the active material for a lithium-ion cell. As an anode for
lithium-ion batteries, the nanoparticles electrode exhibited high discharge capacity and good cycling performance with 98% Coulombic
efficiency. The nanoparticle electrode delivered a second reversible discharge capacity of 855.47 mA h/g and exhibited ∼66% of capacity
retention (565.16 mA h/g) after 23 cycles. The enhancement of the electrochemical performance is attributed to the high specific surface area,
good electric contact between the particles, and easier lithium ion diffusion.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Designing electrode materials with high lithium storage
capacity, rate capability, and long cycling life is still a major
challenge for developing high-performance lithium-ion bat-
teries (LIBs). Graphite is currently used as the anode material
for commercial LIBs, but its capacity is limited to a
theoretical value (372 mA h/g) [1]. More recently, great
efforts have been made toward the synthesis of new nanos-
tructured electrode materials to replace graphite anode in
LIBs, and to meet the growing demand for use in portable
electronic devices and hybrid electric vehicles. In addition,
constructing nanostructured electrode materials can produce
electrochemical performance that could not be achieved in
bulk materials, with benefits of large surface area and short
diffusion paths [2–4]. Various new high-performance anode
materials have been intensively investigated for next-
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generation LIBs [5–8]. Transition-metal oxides, such as
cobalt oxide, nickel oxide, copper oxide, and iron oxide,
have been proposed as promising anode materials because of
their high abundance, low cost, environmental benignity, and
greater Li+-ion insertion/extraction capability in excess of 6
Li per formula unit [9,10]. A high reversible capacity about 2
times larger than those of commercial graphite anodes can be
achieved [5]. More importantly, the mechanism of Li storage
with these transition metal oxides differs from the classical
Li+ ion insertion/deinsertion in graphite anodes or Li alloying
processes in alloy electrodes. Among these transition metal
oxides, cobalt monoxide (CoO) has attracted special attention
due to its higher theoretical Li+-ion storage capacities
(715 mA h/g), and moreover, its electrochemical reaction is
completely reversible ðCoOþ 2Liþþ 2e−↔ Coþ Li 2OÞ
[5,11,12]. However, despite this ultra-high capacity, this
material suffers from poor conductivity, irreversible capacity
loss, and poor cycling stability due to the large volume
changes and stresses during the lithium ion insertion/extraction
processes, which result in significant capacity fading [12–14].
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The nanostructuring of electrode materials with decreased
particles sizes or carbon hybridization has been considered
as an effective approach to enhance the structural stability of
electrode materials [5,15–17]. Decreasing the particle size can
not only alleviate the physical strains, but also improve the
reaction kinetics during the lithium ion insertion/deinsertion
process. However, despite the appeal of synthesizing nano-size
CoO-based anode materials, there are few well-established
facile and scalable one-step methods for synthesis [18]. Also,
the reported synthesis techniques for such nano-sized electro-
des require multiple steps, and are tedious and time-consum-
ing, which significantly hinder the process scale-up.

We present one-step synthesis of CoO nanoparticles by a
simple, facile, and inexpensive urea-assisted auto-combustion
method without any post-heat treatment. This process produces
sub-nanometer-size metal oxide nanoparticles by the self-
generated heat of reaction in a very short reaction time. The
advantage of using urea is that it can form stable complexes
with metal ions to increase solubility and prevent selective
precipitation of the metal ions during water removal. In
addition, the resultant oxide ash after combustion is generally
composed of very fine particles with the desired stoichiometry
linked together in a network structure. The present synthesis is
very helpful to produce highly crystalline sub-nanometer size
particles with distinctive shape and good electrical conductiv-
ity between the particles, which exhibit promise for application
as an anode material in LIBs.

2. Experimental

2.1. Materials synthesis

CoO powder was prepared by the urea-assisted auto-
combustion technique, in which cobalt acetate (Co(CH3CO
O)2 � 4H2O; 98.5%, Junsei), nitric acid (HNO3; 60.0–62.0%,
Daejung), and urea (NH2CONH2; 99%, Aldrich) were used as
starting materials. Cobalt acetate was converted into its nitrate
with the help of dilute nitric acid. An aqueous solution of
cobalt nitrate and urea was prepared separately and mixed in
appropriate amounts for controlled combustion [19]. The
mixed solution was evaporated on a hot plate using a magnetic
stirrer at ∼300 1C with constant stirring. During evaporation,
the homogeneously mixed solution became viscous and turned
into a gel, which slowly foamed, swelled and finally burnt on
its own. After the burning started at a single point, it
propagated forward slowly until the whole sample was fully
burnt. The whole process was completed within a few seconds.
The nitrates and urea in the combustion mixture act as an
oxidizer and fuel, respectively.

According to propellant chemistry, for a stoichiometric
redox reaction between a fuel and an oxidizer, the ratio of
the net oxidizing valence of the metal nitrate to the net
reducing valence of the fuel should be unity. Typical valencies
were considered for the most common elements, such as +4
for C, +1 for H, and −2 for O, and the valency for the metallic
element was present in the nitrate, such as +2 for Co. A
valency of 0 is ascribed to N. For example, the equivalent
valency for Co(NO3)2 is +2+[0+(−2� 3)]� 2¼−10, and that
for urea (NH2CONH2) is 0+2+4+(−2)+0+2¼6. The ideal
stoichiometric urea-to-nitrate ratio needed to obtain CoO
powders is thus 10:6 or 1.66:1 [20]. The self-generated heat
should be sufficient to raise the temperature after ignition.
However, it is often insufficient to obtain crystalline powders
[21], possibly because the stoichiometric amount of urea is
insufficient to attain a sufficiently high peak temperature.
Excess urea is thus often used, which may be burned by
reaction with the oxygen from air. Therefore, in the present
study, the urea-to-nitrate ratio was maintained at 20:6 or 3.32:1
to obtain CoO nanoparticles. The relevant equations are as
follows:

Co(CH3COO)2 � 4H2O+2HNO3-Co(NO3)2+4H2O
+2CH3COOH (i)

5Coð NO 3Þ2þ
50
3
NH2CONH2⟹

75
6 O2

CoOþ Co 3O4 þ Co

þ 65
3
N2 þ

100
3

H2Oþ 50
3
CO2 ðiiÞ
2.2. Materials characterization

The structure of the as-prepared powder was identified by
synchrotron X-ray powder diffraction data, which was col-
lected at the 1D high-resolution powder diffraction beamline of
the Pohang Accelerator Laboratory, South Korea. Data were
collected over an angular 2θ range of 20–801 in steps of 0.011.
The incident X-rays were monochromatized to the wavelength
of 1.5476 Å by a double-bounce Si (111) monochromator. The
particles morphology and size were observed by field-emission
scanning electron microscopy (FE-SEM, S-4700 Hitachi) and
high-resolution transmission electron microscopy (HR-TEM,
Philips Tecnai F20 at 200 kV). Before obtaining the HR-TEM
image, the sample was ultrasonically dispersed in ethanol. A
few drops were coated onto a copper grid, and the solvent was
subsequently allowed to evaporate in air at room temperature.

2.3. Electrochemical measurements

Electrochemical experiments were carried out using 2032
coin-type cells assembled in an argon-filled glove box. The
working electrodes were prepared by mixing the active
material (CoO nanoparticles) with super-P and polyvinylidene
difluoride at a weight ratio of 80:10:10 in N-methyl-2-
pyrrolidone to form a slurry. Then, the resultant slurry was
uniformly pasted onto Cu-foil as a current collector with a
doctor blade, and then dried at 120 1C in a vacuum oven and
pressed between stainless steel twin rollers. Afterward, the foil
was punched into circular discs and pressed, and coin cells
were assembled with lithium metal as the counter electrode and
a Celgard 2400 membrane together with glass fiber as a
separator. A solution of 1 M LiPF6 in ethylene carbonate and
dimethyl carbonate (1:1 in volume) was used as the electrolyte.
The cells were kept in a glove box for 12 h before the
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electrochemical measurements. Galvanostatic tests (BTS-
2004H, Nagano, Japan) were carried out on the coin cells
using a programmable battery tester over the potential range of
0.005–3.0 V vs. Li+/Li. Cyclic voltammetric (CV) measure-
ment of the electrode was performed on an AUTOLAB
potentiostat (PGSTAT302N) with a scan rate of 0.1 mV/s
between 0.005 and 3.0 V (vs. Li+/Li). Electrochemical impe-
dance spectroscopy (EIS) measurements of the electrode were
also carried out on the same AUTOLAB potentiostat
(PGSTAT302N). The EIS measurements were performed
before and after the third cycle of CV measurements. A small
AC signal 5 mV in amplitude was used as the perturbation of
the system throughout the tests. EIS was used to measure the
electronic conductivities of the assembled cell using lithium
foil acting as both the counter and reference electrodes.
d200= 2.1 Å

Fig. 2. (a) FE-SEM micrograph and (b) HR-TEM image of as-prepared CoO
nanoparticles.
3. Results and discussion

3.1. Crystal structure and morphology

Fig. 1 shows the synchrotron XRD pattern of the as-
prepared CoO powder. All of the diffraction peaks in this
pattern are in good agreement with the standard crystal-
lographic data for cubic CoO (JCPDS no. 78-0431, space
group Fm3m). More importantly, the sharp peaks in the XRD
pattern suggest a crystalline nature of the as-prepared CoO
powder without any post-heat treatment. In addition to the
major phase of CoO, small amounts of cubic Co3O4 and Co
metal peaks are found as impurity phases. The Co element has
no ability for lithium-ion storage.

The morphology of the as-prepared CoO powder was
studied by FE-SEM, and the recorded image is displayed in
Fig. 2(a). The photograph clearly shows that the particles are
spherical agglomerates, around ∼20–30 nm in size. It is well
known that smaller nanoparticles aggregate into secondary
particles, which is probably due to their extremely small
dimensions and high surface energies. These particles partici-
pate in a conversion mechanism that could be detrimental to
the cycle performance [22]. To further understand the mor-
phology and structure characteristics of the CoO nanoparticles,
HR-TEM was also employed. The HR-TEM picture shown in
Fig. 1. Synchrotron X-ray powder diffraction pattern of as-prepared CoO
nanoparticles.
Fig. 2(b) clearly shows interplanar spacings of 2.4 Å and 2.1 Å
for the (111) and (200) crystal planes, respectively, which are
well matched with the XRD result in Fig. 1. The well-defined
lattice fringes reconfirmed that the as-synthesized nanoparticles
possessed well-pronounced crystalline structures.
3.2. Electrochemical performance

Fig. 3(a) shows the first and second discharge (lithium
insertion) and charge (lithium extraction) curves of the CoO
nanoparticles at a constant current density of 0.1 mA/cm2 with
fixed voltages between 0.005 and 3.0 V. The voltage trends are
indicative of typical CoO characteristics [5,12]. During the
initial discharge, the first voltage that appears at ∼1.4 V
(24.47 mA h/g) is associated with the lithium storage in
CoO. The second flat, long discharge voltage located at
∼0.8 V can be ascribed to the conversion reaction between
CoO and Li ðCoOþ 2Liþþ 2e−↔ Coþ Li 2OÞ [23], where
a plateau region sets in and continues until a discharge capacity
of 830.1 mA h/g is obtained, which corresponds to a con-
sumption of 2.32 mol of Li per mole of CoO. The third slope is
observed at a cut-off voltage of 0.005 V, with a total first
discharge capacity of 1159.03 mA h/g, corresponding to a
consumption of 3.24 mol of Li per mole of CoO, which could
be attributed to the interaction of nano-sized Co particles with
the electrolyte for the formation of a solid electrolyte interface
(SEI) layer [24]. According to the equation, the discharge
process should consume 2.0 lithium per CoO, but the experi-
mental value of CoO nanoparticles is 3.24 lithium. The first
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Fig. 3. Electrochemical performances of the as-prepared CoO nanoparticles electrode. (a) Discharge/charge voltage profiles between 0.005 and 3.0 V at the current
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0.1 mV/S and (d) electrochemical impedance spectroscopy plots of as-prepared CoO nanoparticles before and after CV measurement in the frequency range
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charge profile of the CoO nanoparticles shows a strong
polarization between 0.0 and 1.85 V followed by a voltage
plateau at ∼2.0 V. These results could be attributed to the
interactions between nano-sized Co and the electrolyte, and the
oxidation of nano-sized Co particles with Li2O, correspond-
ingly [25]. The first charge capacity (Li+ deinsertion) is
846.13 mA h/g (2.37 mol of Li). The irreversible capacity loss
during the first discharge and charge cycle is about 312.9 mA
h/g, because of the incomplete decomposition of SEI and Li2O,
and other factors such as the intrinsic nature of the material and
kinetic limitations due to current density [26]. After the first
discharge, the 0.8 V discharge plateau no longer appears any-
more in the second cycle, suggesting a heterogeneous reaction
mechanism of lithium insertion and extraction [27,28]. More-
over, the discharge capacity of the CoO nanoparticle electrode
decayed to 855.47 mA h/g in the second cycle. Possible
reasons for this could be incomplete conversion reaction and
irreversible lithium loss due to the formation of an SEI layer
[29]. Previous studies have also confirmed that nano-sized
cobalt has significant catalytic activity and gives new im-
petus to the decomposition of Li2O and the SEI [30]. A
reversible charge capacity of 814.47 mA h/g was achieved in
the second cycle. The observed capacities are significantly
higher than the theoretical capacities of bulk CoO (715 mA
h/g) and commercially used graphite anode (372 mA h/g).
However, the obtained capacity of the present CoO nanopar-
ticle electrode is comparable to the reported data, which may
be attributed to the smaller size, high surface area, and high
activity of the nanostructured materials [13,31]. It is also
reasonable to suggest that the CoO nanoparticle electrode
provides more reaction sites on the surface, and the small
diameter provides a short diffusion length for Li+ ion diffu-
sion, which could enhance the charge transfer and the
electrochemical reactions [31].
Fig. 3(b) shows the discharge/charge capacity profile vs.

cycle number of the CoO nanoparticle electrode at a constant
current density of 0.1 mA/cm2 for 23 cycles. The specific
capacity decreased from 1159.03 mA h/g to 565.16 mA h/g
after 23 cycles, which is equivalent to 49% of the initial
capacity, and the Coulombic efficiency is maintained at nearly
∼98%, indicating good cycleability of the CoO nanoparticle
electrode. A possible reason for the good cycling performance
of the nanocrystalline CoO electrode is the high degree of
crystallization of the material, which results in the reduction of
the number of lattice defects, and facilitates the lithium ion
insertion and extraction processes. More importantly, the
presence of metallic Co greatly increases the electronic
conductivity of the electrode materials, and supports the
decomposition of Li2O and the SEI [32]. Remarkably, the
observed discharge/charge capacity and cycle number values
are not much lower than those reported for CoO nanoparticles,
but the synthesis adopted in the present study is cost-effective
and simple, and does not require any post-heat treatment, in
contrast to previously reported alternatives [25,31].
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Fig. 3(c) shows the first three CV curves of the CoO
nanoparticle electrode in the range of 0.005–3.0 V with a scan
rate of 0.1 mV/s at room temperature. The CV curves are in
good agreement with those previously reported for CoO
anodes [33]. In the first cycle, two kinds of cathodic peaks
appear: a smaller one at 0.71 V and a larger one at 0.48 V,
which respectively correspond to the reduction (lithiation) of
CoO and the formation of an SEI layer produced below 0.8 V
[12,32,34]. In addition, broad peaks located at about 1.31 V
during the anodic scan may be attributed to the decomposition
of the SEI [35]. The additional anodic peak at 2.02 V can be
attributed to the reaction between Co and Li2O. Compared to
the initial cycle, a decrease in peak intensity could be observed
with a shift of the lithiation (cathodic) peak from 0.71 V to
higher potentials of 1.1 V and 0.93 V in the second and third
cycles, respectively. This can be attributed to the newly formed
Li2O, Co products, and reproduced CoO phase, which should
be completely amorphous after the first lithiation process
[5,32,34]. In general, an amorphous insertion phase will result
in the loss of the voltage plateau characteristic for lithium
insertion and extraction, in contrast to the initial crystalline
CoO [32,34,36,37]. Similar CV results for CoO nanoparticles
electrodes were also observed by Wang et al. [13] and Do et al.
[38]. The disappearance of the large cathodic peak at 0.48 V in
the second cycle indicates that a complete SEI film can be
formed on the electrode surface after the first cycle, confirming
the almost complete lack of irreversible lithium loss for the SEI
film during the following cycles.

An analysis of the impedance response can differentiate
between the contributions of Li+ ion migration through the surface
film, the charge transfer through the electrode/electrolyte interface,
and the solid-state diffusion of Li+ ions in the anode [39]. In the
impedance spectroscopy, the high-frequency semicircle is attrib-
uted to the SEI film and/or contact resistance, while the semicircle
in the medium-frequency region is assigned to the charge-transfer
impedance at the electrode/electrolyte interface. The inclined line
at an approximate angle of 451 to the real axis corresponds to the
lithium-diffusion process within the electrodes [40]. Fig. 3(d)
presents the EIS spectra obtained before and after the third cycle
of CV measurements for the CoO nanoparticle electrode. It is clear
that the impedance responses of the cell after the CV measurement
differ from that of the fresh cell. The fresh cell shows large
impedance with a single depressed semicircle, followed by a
Warburg contribution on the low frequency side, which could be
due to improper wetting of the electrode by the electrolyte. With
the cycling of the cell, due to aging as well as continuous
electrochemical interaction, the wetting of the electrode must have
improved the electrochemical characteristics of the cell, resulting
in diminished charge transfer resistance. Therefore, after CV
measurement of the CoO electrode, the shape of the impedance
spectra changed completely, and two semicircles were observed.
The semicircle in the high-frequency range (SEI film resistance)
and the semicircle in the middle frequency range (charge-transfer
resistance) were separated. The results of the fitting analysis
indicate that the SEI film and charge-transfer resistances were
30.5 Ω and 24.7 Ω, respectively. The latter value obtained is much
less than the charge transfer resistance (53.5 Ω) of the fresh cell,
which is most probably due to the facile charge transfer at the
nano-scale CoO wall/electrolyte interface and the large reduction
in the charge-transfer impedance. This reduction of the charge
transfer resistance is beneficial to the enhancement of the electron
kinetics in the electrode. This agrees well with the results of the
electrochemical measurements.

4. Conclusions

Nano-sized CoO powder was synthesized via facile and fast
urea-assisted auto-combustion synthesis at 3001 C without any
post-heat treatment. The as-synthesized CoO powder were
characterized using synchrotron XRD, FE-SEM and HR-TEM
techniques. The FE-SEM image clearly showed that the
particles are spherical agglomerates, around ∼20–30 nm in size.
The as-synthesized nanoparticles were used as an anode material
for Li+-ion battery, which exhibited an initial discharge capacity
of ∼1159.03 mA h/g at a current density of 0.1 mA/cm2. More
importantly, 49% of the initial capacity (565.16 mA h/g) could
be retained after 23 cycles. The enhanced electrochemical
characteristics of the CoO nanoparticle electrodes arise from
their relatively high specific surface areas, good electric contact
between the particles, and easier lithium ion diffusion. More-
over, the synthesis process is simple and versatile, and could be
extended to other metal oxide anode materials used in LIBs
applications. Additional intensive research is being carried out
to improve the discharge capacity of nanostructured CoO, and
will be communicated in the near future.
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