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a b s t r a c t

We report here a simple approach to the synthesis of highly dispersed Co3O4 nanocubes in higher yield
by aqueous precipitation method at low temperatures (70–90 ◦C). The nanosized Co3O4 powders were
directly achieved from Co(II) aqueous solution under alkaline and oxidizing conditions. TEM results indi-
cate that the as-prepared Co3O4 has a cubic nanostructure with uniform size of about 20 nm and narrow
size distribution. Powder X-ray diffraction (XRD) and infrared spectrum (IR) results show that the sam-
ples are Co3O4 in spinel structure. The objective Co3O4 nanocubes can be achieved in a wide range of
experimental parameters, which can be preserved as stable suspension in distilled water or ethanol for
several months with no obvious change. Appropriate reaction time and temperature should be controlled
lectrocatalytic materials to get better crystallized Co3O4 nanocubes with perfect cubic appearance and good dispersibility. It is
essential to achieve cubic-like Co3O4 particles by using ammonia as precipitator. The as-prepared Co3O4

nanocubes, combined with PbO2 as electrodes, extend improved electrocatalytic activities and decreased
oxygen evolution potential in electrochemical reactions, so they can be used as potential electrode mate-
rials or electrocatalytic materials. This facile method for the synthesis of Co3O4 nanocubes is a simple and
general process without any seed, catalyst, or template, thus it is promising for large-scale and low-cost

high
production of Co3O4 with

. Introduction

Over the past decades, nanoscale materials, on the development
f nanoscience and nanotechnology, have attracted a great deal
f interests from researchers owing to their shape/size-dependent
roperties [1–4]. Driven by the minimization of the surface energy,
anoscale solids tend to either grow into large particles or aggre-
ate into large coalescences during their formation. To prevent
hese undesired processes and obtain highly dispersed nanomateri-
ls, much research has been performed, such as employing surface
odifying/stabilizing compounds in the constrained preparation or

sing soft colloidal templates to control the growth [5,6]. Research
n this area is motivated by the possibility of designing nanostruc-
ured particles with uniform size and specific shape. Therefore,
ore research efforts were focused on increasing the dispersibility
f nanoscale materials [7–10].

Transition-metal oxides in nanometer size display many inter-
sting size dependent physical and chemical properties [11–14].
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Among these oxides, Cobalt (II, III) oxide Co3O4, a p-type semicon-
ductor ceramic material with a spinel crystal structure (Fd3m), is
known as a promising material that exhibits a wide range of appli-
cations including catalyst, gas sensor, electrochromic device, solar
energy absorber, and magnetic material [15–20]. There are grow-
ing interests to synthesize Co3O4 nanostructures with unique size
and specific shape because of the influences of particle size and
morphology on the properties of materials. Co3O4 with different
morphologies such as nanorods, nanotubes, nanoboxes, nanocubes,
and mesoporous structures have been prepared in literatures
[8,21–25]. Various synthesis routes of spinel Co3O4 have been pro-
posed, such as thermal deposition (300–400 ◦C), chemical spray
pyrolysis (350–450 ◦C), chemical vapor deposition (CVD, 550 ◦C),
hydrothermal method (160 ◦C) [26–29]. All of these methods need
relatively high processing temperatures, thus the production of
nanocrystalline Co3O4 is difficult and inconvenient. In addition to
these, another limitation of most reported methods is the necessity

of post-reaction thermal treatment to the materials for increas-
ing the crystallinity, however the process always leads to particle
aggregation and uncontrolled crystal growth [30].

Herein, we report a simple approach to synthesize highly dis-
persed Co3O4 nanocubes by direct precipitation of Co(II) aqueous
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3.2. Possible reaction mechanism

Based on the analysis results, we knew that a facile aque-
ous method was improved to generate Co3O4 nanoparticles with
Fig. 1. Structural and morphological characterization of Co3O4 nanocubes prepare

olution under alkaline and oxidizing conditions at low temper-
tures. In this work, highly dispersed Co3O4 nanocubes can be
btained under a wide range of reaction parameters. The nanoparti-
les are stable both on morphology and dispersion status whether
hey are powders or dispersed suspensions. The combination of
he as-prepared Co3O4 nanocubes with PbO2 as electrode material
xtended improved electrocatalytic activities and decreased oxy-
en evolution potential as compared to blank PbO2, so they could be
sed as potential electrode materials or electrocatalytic materials

n future applications.

. Experimental

.1. Synthesis

In our typical synthesis, 40 mL of 0.005 M sodium oleate (SOA)
nd 40 mL of 0.25 M cobalt acetate (Co(CH3COO)2·4H2O) were
ixed together and stirred in a water bath of 90 ◦C. After a certain

olume of 0.75–3 M NH3·H2O was added into the above mixture,
.5 mL of 1.35% hydrogen peroxide (H2O2) was dripped into the
eaction system. The homogeneous solution was dynamoelectron-
cally stirred for ten minutes while the original pink color aqueous
olution gradually turned into black suspension. The color change
f the liquids indicated the oxidation of Co(II) to Co(III) and for-
ation of Co3O4 particles in solution by the uptake of H2O2. The

eaction time was 3–48 h, and afterwards the liquid was removed
rom water bath and allowed to be filtrated. The Co3O4 nanocubes
ere obtained by washing the as-prepared precipitates several

imes with distilled water and then drying them under oven for
ours at 60 ◦C.

.2. Characterization

The shape and size of the Co3O4 nanocubes were characterized
sing a transmission electron microscope (TEM, JEOL-1230). The
rystallographic structure and part information on the chemical
omposition of the Co3O4 nanocubes were identified by powder X-
ay diffraction (XRD) using a Shimadzu model XRD-6000 with Cu
� radiation. The infrared (IR) spectra were recorded on a Nicolet
PC FTIR spectrometer using KBr pellets. UV–vis absorption spec-
roscopy measurements for the Co3O4 nanocubes were carried out
n Bluestar Plus spectrometer using ethanol as a reference solvent.

. Results and discussion
.1. Structural and morphological characteristics

Phase identification of the as-prepared Co3O4 powder was
etermined by X-ray diffraction. Fig. 1a shows XRD pattern of
he representative samples prepared. All the diffraction peaks can
0 ◦C for 5 h: (a) XRD pattern; (b) TEM image. The inset in (b) is a magnified image.

be indexed as cubic Co3O4, which match well with literature
results (JCPDS No. 42-1467). No peaks from other phases were
detected, indicating the pure phase of the sample. Morphologi-
cal characterization of the sample is displayed in Fig. 1b. A large
quantity of uniform Co3O4 nanocubes can be observed in the TEM
image. Closer inspection of the sample (inset of Fig. 1b) reveals
that those nanocubes possess average size of less than 20 nm and
most of nanocubes exist as small aggregates by side attachment
of nanocubes to lower the surface energy. The size of aggregates
is in the range of 100–200 nm. Dispersing experiment results gave
us information that steady suspensions of the Co3O4 nanocubes in
water or ethanol could be preserved for months without obvious
change, which prove excellent dispersibility of the samples.

The formation of Co3O4 is also confirmed with its fingerprint IR
absorptions. Fig. 2 shows the IR spectrum of the sample synthesized
in the presence of SOA. The strong absorption peaks at 665 cm−1

and 573 cm−1 identify the formation of Co3O4 [31]. The broad band
centered at 3393 cm−1 and the peak at 1652 cm−1 is assigned to
O–H stretching and bending modes of water. The absorptions cen-
tered at 2920 cm−1 are assigned to C–H stretching vibrations from
SOA.
Fig. 2. IR spectrum of the Co3O4 nanocubes synthesized in the presence of SOA.
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ple of 5 h (Fig. 4c), Co O particles obtained in shorter (Fig. 4b)
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ood dispersibility at normal atmospheric pressure and low tem-
erature. In this simple procedure, the reaction was going with
everal color changes in aqueous system, from pink at the ini-
ial stage through dark-blue, brown to dark in the end. Therefore
e can judge the stages of the reaction by combining their dis-

inctive colors (see Supporting Information Fig. S1). From XRD
esults of dried powders, which were derived from distinguishing
tages with different colors, we conclude that the whole reaction
rocess from Co(II) to Co3O4 can be described as follows: First,
ink [Co(H2O)6]2+ combined with hydroxide ions in solution to
orm dark-blue precipitates of Co(OH)2 in few seconds at 90 ◦C
fter pouring alkaline solution into Co(CH2COO)2 solution. Sec-
ndly, when oxidizing agent (hydrogen peroxide) was dropped into
he above mixture solution, dark-blue precipitates transformed
hrough brown CoOOH to Co3O4 nanoparticles in several hours.
RD results of the dried powders in different stages can prove our
eduction, as shown in Fig. 3. When the reaction time was 1 h, the
recipitate was Rhombohedral-phase CoOOH (JCPDS No. 14-0673)
s shown in the inset of Fig. 3 [32]. Cubic-phase Co3O4 with less
rystallization formed at reaction time of 3 h (Fig. 3). With pro-
onged reaction time from 3 h to 5 h (Fig. 3), Co3O4 crystallized

ell with narrow peak and increased peak intensity in the pat-
ern. Samples prepared in enough long reaction time as 48 h also
evealed crystal structure of Co3O4 instead of Co2O3 (Fig. 3). The
orresponding TEM micrographs of the four samples were given in
ig. 4, which reveal the morphology variation of particles during

he reaction process. Particle sizes are about 20 nm, keeping sim-
lar from 1 h to 48 h no matter what the crystal structures of the
amples are, while dispersibility status and morphology change a
ittle (see inserted images of Fig. 4 from a to d). From the overview
mages of Fig. 4, we can see the sample Co3O4 of 5 h shows the best

ig. 4. TEM micrographs of samples derived in different reaction time and insets are the
h, 3 h, 5 h and 48 h in turn.
Fig. 3. XRD patterns of samples derived in different reaction time. The reaction time
is 1 h (inset), 3 h, 5 h and 48 h, respectively.

dispersibility with predominant cubic morphology. A quasi-cubic
structure of the precursor CoOOH reveals a self-template process
in our strategy for the evolution of Co3O4 cubes. Compared to sam-
3 4
and longer (Fig. 4d) reaction time tended to form larger aggre-
gates in some scales. This result can be confirmed by the dispersing
experiments of sample powders in water or ethanol medium. The
aggregation of Co3O4 particles in shorter reaction time should arise

corresponding images with high magnification. From (a) to (d), the reaction time is
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ig. 5. Morphological and structural characterization of the Co3O4 sample prepared
d) are XRD patterns, inset in (a) is the corresponding TEM images with high magni

rom the dispersibility status of CoOOH and weak crystallization
f Co3O4 particles. Crystal growth between Co3O4 nanocubes led
o combined aggregates in longer reaction time [33]. Therefore, in
rder to achieve Co3O4 with excellent dispersibility, appropriate
eaction time should be controlled.

.3. Reaction parameters effect

Experiments with varied reaction parameters were performed
ystematically to inspect the key factors for the preparation of
o3O4 nanocubes.

If using NaOH or urea instead of NH3·H2O as the precipitator in
he reaction procedure, on controlling paralleled parameters, we
an find that the reactions slowed in some extent. Fig. 5a and b
hows the image and crystal structure of Co3O4 powders with NaOH
s the precipitator, in which 2 M NaOH was used to adjust pH value
f the primary solution to be 8–9 and the reaction time was 5 h
t 90 ◦C. The TEM image of the product shown in Fig. 5a displays
hat Co3O4 particles were formed in large scale with relatively good
ispersion. High magnification TEM image inserted in Fig. 5a fur-
her gives us precise information that they are quasi-spherical in

orphology with average diameter of less than 20 nm. XRD pat-
ern of the sample (Fig. 5b) reveals that they are Co3O4 in cubic
hase (JCPDS 42-1467), but there is a weak peak located at 47.1◦

signed with *) which was estimated to impurity other than Co3O4,
oO or CoOOH. Irregular Co3O4 nanoplatelets were also obtained
ith concentrated NaOH of 5 M as precipitator in the reaction (see

upporting Information Fig. S2). When 50 mL of 2 M urea solution
as substituted for ammonia as precipitator in the process, the
eaction did not happen immediately even at temperature of 90 ◦C.
ecause the pH value of the primary solution was 6.0 at the begin-
ing, Co(II) would not precipitate immediately. Precipitator as OH−

ppeared in solution only when urea was heated at 90 ◦C for a while
nd afterwards precipitation happened. There were few precipi-
g NaOH (a, b) and urea (c, d) as precipitator. (a) and (c) are TEM images and (b) and
n.

tates appeared in solution when the reaction took place at 90 ◦C for
5 h. This revealed that the formation of Co3O4 slowed down in a
large scale with urea as precipitator instead of NH3·H2O. We pro-
longed the reaction time to 10 h in order to obtain the objective
products, the terminal point of the reaction was determined on
observing the faded color of the filtrate. The morphological charac-
terization of the sample is given in Fig. 5c, a large quantity of Co3O4
nanoparticles are accompanied by some nanorods and nanoflakes
of tens of nanometers. Fig. 5d of XRD pattern shows the pure phase
of the sample. All the diffraction peaks are indexed to cubic phase
Co3O4 (JCPDS 42-1467). From these results, we can conclude that
the variety of precipitator strongly influences the morphology of
the objective materials.

Temperature-dependent experiments were done by manipulat-
ing the reaction temperature from 25 ◦C to 90 ◦C. The experimental
phenomena showed that at temperature lower than 70 ◦C we can-
not obtain Co3O4 as products. Co3O4 phase appears when the
temperature was increased to be higher than 70 ◦C. The intensities
of all Co3O4 peaks in XRD detection were enhanced with an increase
of the reaction temperature, which means that the crystallinity of
Co3O4 gets higher. XRD results of the samples prepared at differ-
ent temperatures are shown in Fig. 6a. Further TEM detection to
the Co3O4 samples of 70 ◦C and 90 ◦C gave us results that sample
of 90 ◦C (Fig. 1d) preserves obvious cubic-like structure compared
with sample of 70 ◦C (Fig. 6b) with the situation of similar particle
sizes of the two samples. The sample of 70 ◦C has similar morphol-
ogy to the sample prepared in shorter reaction time (such as 3 h, see
Fig. 4b), which reveals that shorter reaction time and lower reaction
temperature resulted in less crystallization of samples, which is

also manifested by the unobvious cubic appearance of the samples.
In our strategy, we select the reaction temperature to be 90 ◦C for
achieving better crystallized Co3O4 with perfect cubic morphology.

Furthermore, we investigate the effects of the concentra-
tion of reagents, the amount and type of surfactants (SOA,
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Fig. 6. XRD patterns of the as-synthesized products obtained at differe

olyvinylpyrrolidone (PVP), sodium dodecyl sulfate (SDS), hex-
decyltrimethylammonium bromide (CTAB)) taking ammonia as
recipitator. According to the results of the experiments, we found
hat these reaction parameters had little effect on the morphology
nd particle size of final products (see Supporting Information Fig.
3). Hence, we can obtain highly dispersed Co3O4 samples under a
elatively wider range of reaction parameters.

.4. Application performances

.4.1. Suspension properties
In order to directly inspect the suspension properties of samples,

e dispersed our samples into water by ultrasonic treatment and
ept them untouched for time. Fig. 7 gives the dispersing pictures of
amples modified with four different surfactants (from left to right,
he surfactant used is SOA, PVP, SDS and CTAB in turn) in distilled
ater on dependence of preserving time. All the suspensions of the
our samples present good dispersing status even after 3 months’
ime. This is beneficial to the applications of samples in the filed of
ptics and electrochemistry.

ig. 7. Dispersing pictures of samples prepared with different surfactants in distilled
ater on dependence of preserving time. In picture from left to right, the dispersed

amples are modified with SOA (3%), PVP (3%), SDS (3%), CTAB (3%) in turn for 3
onths.
ction temperatures (a), and TEM micrograph of the sample of 70 ◦C (b).

3.4.2. Optical properties
Optical absorption property of the typical SOA modified Co3O4

nanocubes was investigated at room temperature by UV–vis spec-
troscopy (Fig. 8a), two absorption peaks appear in the wavelength
ranges of 200–300 nm and 350–550 nm. As has been investigated
in the literatures [4,34,35], the first band gap can be assigned to
O2−–Co2+ charge transfer process while the second one concerns
O2−–Co3+ charge transfer. Co3O4 is a p-type semiconductor and
the absorption band gap Eg can be determined by the following
equation:

˛hv = K(hv − Eg)n (1)

where hv is the photo energy, ˛ is the absorption coefficient, K is
a constant relative to the material, and n is either 1/2 for a direct
transition or 2 for an indirect transition. Here n is 1/2 for Co3O4
sample. The plot of (˛h�)2 versus h� is shown in Fig. 8b. The value
of hv extrapolated to ˛ = 0 gives an absorption band gap energy Eg.
Two absorption peaks in Fig. 8a give two Eg values for the sample.
The determined Eg for the Co3O4 nanocubes (∼20 nm) prepared in
the present work is 1.77 and 3.37 eV (�Eg = 1.6 eV).

3.4.3. Electrocatalytic activities
In order to characterize electrocatalytic activities of the sam-

ples, steady-state current density-potential experiments were
performed using combined Co3O4 particles and PbO2 powders as
electrodes through an electrochemical deposition route. The molar
ratio of Co3O4 to PbO2 is 1:100. Here we chose typical Co3O4
nanocubes (SOA as surfactant) and PVP induced Co3O4 particles
as examples to characterize the electrocatalytic activities. Fig. 9
shows the steady-state current density-potential curves in 1 mol/L
of NaOH electrolyte while the electrode materials contain Co3O4
particles with two modifications, electrode of blank PbO2 powder
was also used for comparison. Compared with the initial potential
for oxygen evolution of 0.65 V on blank PbO2 powder electrode,
the potentials are reduced to 0.57 V and 0.53 V derived from Fig. 9b
and c on the electrodes of combined oxides of Co3O4 and PbO2, the
presence of small amounts of Co3O4 in electrodes greatly decreased
oxygen evolution potentials, thus improved the electrocatalytic
activities of the electrodes. Electrode with 3% SOA modified Co3O4

nanocubes (Fig. 9c) exhibits higher electrocatalytic activity than the
one with 3% PVP modified Co3O4 particles (Fig. 9b), even though the
two Co3O4 samples have similar morphology and particle size. This
reveals that surface status of Co3O4 nanocubes influences electro-
chemical properties of electrode materials.



Y. Li et al. / Chemical Engineering Journal 166 (2011) 428–434 433

Fig. 8. (a) UV–vis absorption spectrum of the typical Co3O4 nanocubes in the prese
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ig. 9. Steady-state current density–potential curves in 1 mol/L NaOH on electrodes
ontaining blank PbO2 (a) and combined oxides of PbO2 and Co3O4 (b, c). Electrode
aterials: (a) PbO2, (b) PbO2 + Co3O4 (3% PVP), (c) PbO2 + Co3O4 (3% SOA).

. Conclusions

We have demonstrated a facile synthesis of highly dispersed
o3O4 nanocubes in aqueous phase at low temperature. The
anometer Co3O4 powers were directly precipitated from Co(II)
queous solution under alkaline and oxidizing conditions. Co3O4
anocubes can be achieved under a wide range of reaction param-
ters, which can be preserved as stable suspension in aqueous and
thanol medium for several months. Appropriate reaction time and
emperature should be controlled to get better crystallized Co3O4
anocubes with perfect cubic appearance and good dispersibility.
H3·H2O as precipitator is essential to achieve cubic-like Co3O4
articles. Electrodes containing Co3O4 nanocubes with varied mod-

fication all show perfect electrocatalytic activities compared to
lank PbO2, thus they can be used as potential electrode materials
r electrocatalytic materials.
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