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In this study, the authors report a facile synthesis for the formation of nanoscale CoO dots to nanospheres via solution technique at
low temperature and characterized in terms of their morphological, structural, compositional, and thermal properties. The
morphological characterizations of as-synthesized and annealed CoO structures were done by scanning electron microscopy (SEM)
and transmission electron microscopy, which confirmed that synthesized products are very small in size and bears small dots to
spheres such as structures. The surface of nanodots is smooth and clean throughout the whole morphology. The crystalline property
was analyzed with X-ray diffraction pattern and it reveals that the formed structures exhibit small size and clearly consistent with
SEM observation. The compositional and thermal properties of as-synthesized and annealed CoO structures were observed via
Fourier transform infrared spectroscopy and Thermogravimetric analysis, which confirmed that synthesized structures are pure CoO
and showed good thermal stability. Finally, plausible mechanisms for the formation of CoO nanodots to nanospheres are also
discussed.
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Introduction

It is worldwide recognized that superior properties of nano-
materials provided promise a revolutionary and new
approach with a major impact in various innovative applica-
tions. Metal oxides, in particular, provide a fundamental
stepping stone for the development of functional nanomateri-
als. In an oxidative environment, oxides are the lowest free
energy states for most metals in the periodic table and dem-
onstrate applications ranging from semiconductors to insula-
tors.[1] In response to the increasing demands for clean
energy technologies, super capacitors are considered to be the
most promising energy storage and power output technolo-
gies for portable electronics, electric vehicles, and renewable
energy systems operated on intermittent sources such as the
sun and the wind.[2] Among the various candidates as elec-
trode materials of super capacitor, transition metal oxides are
paid special attention. For example, RuO2 and IrO2 exhibited
prominent properties as pseudo capacitive electrode

materials.[3,4] However, high cost of these materials usually
limited them from wide applications. Therefore, scientists
have been developing various cheap alternatives (e.g., NiOx,
CoOx, MnO2.

[5–7] Compared with RuO2, these oxides exhib-
ited lower electrochemical capacitance performance due to
the poor conductivity. Therefore, exploring effective techni-
ques to improve the capacitor performance of these materials
is becoming one of the most active research themes. Mutual
interactions and combination of transition metal oxides give
rise to their superior electrical, magnetic, and catalytic prop-
erties due to complex structure formation.8 Copper–cobalt
oxide thin films have found applications in solid-state optical
gas sensors,[9] solar collectors,[10] and catalysts in electro-
chemical devices.[11] However, the unique catalytic, magnetic,
photonic, and electrochemical properties of these nanostruc-
tured metal oxides are environmentally sustainable. The
screening and synthesis of new nanostructured metal oxides
is a major research topic among various research groups and
extremely challenging, as they do not often conform to the
principles of green chemistry. The utilization of different sur-
factants such as oleic acid, trioctylphosphineoxide, octadecyl-
amine, and trioctylphosphine has been reported lead
differences in reaction pathways and reaction intermediates,
prior to the nucleation, leading to the formation of nanopar-
ticles/dots with very different properties.[12] Replacement of
such synthesis methodologies with environment friendly
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sustainable process provides advantages of easy integration
into biological processes.[13] Materials based on cobalt oxides
has attracted tremendous attention due to its distinct struc-
ture, properties and potential technological application in
many fields such as solid or gas state sensors, magnetic fluids,
catalysts, information storage, imaging, anodes of lithium-
ion batteries and electrochemical properties.[14–19] The prop-
erties requires for these applications are oxidation state and
size dependent. Cobaltous oxide (CoO), an absolutely neces-
sary additive in anode of Ni/H2 and Ni/Cd batteries, is a
low-valence transition metal oxide. The low crystal anisot-
ropy of cobalt also promotes their study them as a model sys-
tem for the effects of size, shape, crystal structure, and
surface anisotropy on their macroscopic magnetic response.
CoO nanocrystals also have been explored as a component of
multioxide catalyst or a single catalyst for hydrodesulfuriza-
tion20 and CO oxidation,[21] synthesized CoO nanocubes, and
electrochemical behaviors.[14] Wang et al.[16] reported the
synthesis of octahedral CoO nanocrystals with sizes of
200 nm or even larger and characterized the electrochemical
performance. Zhang et al.[22] prepared CoO nanocrystals
with various morphologies by turning surfactant concentra-
tion. It is important to mention that pure CoO is difficult to
obtain by a simple chemical route since this approach typi-
cally produces CoO with small amount of Co3O4and Co
metal. CoO nanoparticles were prepared from high-purity
cobalt metal by a laser vaporization controlled
condensation.[23]

In this article, we report a new simple and mild procedure
to synthesize pure CoO nanodots to nanospheres involving
reaction between cobalt acetate tetrahydrate (Ac)2Co.4H2O)
and sodium hydroxide (NaOH) in solvent methanol under
soft solution process. The size and shape of synthesized struc-
tures were controlled by reaction temperature. This study
focuses on the modulation of synthetic parameters and
arrangement of cobalt nanodots to nanospheres.

Experimental

Synthesis of Cobalt Oxide (CoO-NDs) Nanodots to

Nanospheres (CoO-NSs)

All reagents were purchased from Sigma–Aldrich and
used without further purification. The synthesis of CoO-
NDs were performed with using cobalt acetate tetrahy-
drate, sodium hydroxide (NaOH) and deionized water.
Cobalt acetate tetrahydrate and sodium hydroxide were
mixed in 50 mL of deionized water to a final concentra-
tion of 10 mM (0.12454 g) and 0.2 M (0.20 g), respec-
tively under constant stirring for 30 min. The pH of the
solution was measured and controlled using ion analyzer
(corning pH meter 430 red, Cole-Parmer, USA) till it
reached up to 12.30. After the complete dissolution, solu-
tion was transferred in to a refluxing pot and refluxed at
90�Cfor 1 h. As the refluxing temperature increases, the
color of the solution changes from dark red to black.
After refluxing, the precipitate was washed to remove the
ionic impurities with methanol, ethanol and acetone

several times, dried at room temperature. The dried as-
grown sample was again annealed (Nabertherm, Inc. New
Castle, DE) at 300�C for 1 h for at a ramp rate of
5�C/min, and was characterized in terms of their struc-
tural and chemical properties. The sample was annealed
to remove the ionic impurities and get pure materials.

Characterization

The morphological observations of black colored as-
grown and annealed powder were made by a scanning
electron microscopy (SEM; JSM-6380 LA, Japan). For
SEM observation, the powder was uniformly spread on
a carbon tape and coated with thin conducting layer of
platinum for 3 s. The crystallinity and phases of the
black colored powder was characterized with X-ray pow-
der diffractometer (XRD; PANalytical XPert Pro, USA)
with CuKa radiation (λ D 1.54178 A

�
) in the range of

20–60� with 6�/min scanning speed. The morphological
properties of as-grown and annealed samples were exam-
ined with the use of SEM at room temperature (Jeol,
JED-2200 series, Japan). For more clarification related
to morphology and crystalline character, the grown
nanostructure of cobalt was analyzed with transmission
electron microscopic measurement (TEM). For TEM
(JEOL JEM-2100F, Japan) measurement, nanostructures
of black cobalt powder was sonicated in an alcohol
(ethanol) solvent for 10–15 min and then a carbon-
coated copper grid (400 mesh) was dipped in a suspen-
sion solution of cobalt nanostructures and dried at
room temperature and structural morphology was ana-
lyzed at 200 kV. The thermal analysis (TGA) was per-
formed using TGA/DSC1 instrument (Mettler Toledo
AG, Analytical CH-8603,Schwerzenbach, Switzerland).
For thermal analysis, about 5 mg of the sample was
loaded into alumina crucibles (Al2O3) in the heating
zone of the TGA. The thermal scanning mode ranges
from ambient temperature to 800�C at a programming
heating rate of 20�C/min under nitrogen gas with flow
20 mL/min. The chemical compositions of as-synthesized
and annealed powder were examined by using Fourier
transform infrared (FTIR; PerkinElmer-FTIR Spectrum-
100) in the range of 400–4000 cm¡1.

Results and Discussion

Morphological Investigation of CoO-NDs and CoO-NSs Via

SEM

To investigate the general morphologies of as-synthesized
and annealed nanopowder were characterized by SEM
and results are shown in Figures 1a and 1b. It is apparent
from the low magnified image as-synthesized particles are
in very small size with an agglomerated form. The diame-
ter of nanodots (CoO-NDs) is in the range of 20 § 5 nm,
whereas each array of nanoclusters is in the range of
2–3 mm. As the powder was annealed at 300�C for 1 h
and cooled at room temperature. The synthetic impurities
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were removed completely and pure CoO-NSs have been
obtained. Figures 1c and 1d exhibit typical low- and high-
magnified images that confirm that CoO-NSs are synthe-
sized in high density and possess small size nanosphere
(NS) structures. The spheres were made by the accumula-
tion of several small nanodots particles. Interestingly, it is
seen that the surface of each nanodots are jointed with
other in such a manner that they make multishaped
sphere structures. The typical diameters of nanorods are

in the range of 45 § 5 nm, while each array sphere is in
the range of 2–3 mm (Figure 1d).

TEM

The structures morphology of grown nanostructures of cobalt
was further identified via TEM equipped with high-resolution
TEM (HR-TEM). Figures 2a and 2b show the low magnifi-

Fig. 1. Typical low and high (a,b) magnified SEM images of as-grown cobalt oxide nanodots and spheres (c,d) of cobalt oxide
annealed at 300�C for 1 h.

Fig. 2. (a,b) Low- and (c) high-magnification TEM image of cobalt oxide nanostructures and (d) their corresponding HR-TEM
image, which presents the lattice variance between two fringes are about »0.230 nm.
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cation transmission electron microscopic images, where as
Figure 2c shows high magnified image of cobalt oxide nano-
powder. Several nano shaped particles (NPs) are seen at low
magnification (Figures 2a and 2b). The size of each nano
shaped particle is in the range of 25–30 nm. The high magni-
fication (Figure 2c) image shows the particles having smooth,
aggregated surfaces, which is clearly consisted with observed
data of SEM images. The crystalline character of grown
nanostructures was observed with HR-TEM (Figure 2d)
shows the lattice fringe between two adjacent planes is about
0.230 nm, which is closely related to previously published lit-
erature.[24–26] The size, shapes and crystalline property of
grown nanoparticles observed from TEM analysis (Fig-
ures 2a and 2b) and are in consistent with X-ray diffraction
(Figure 3) pattern and SEM images (Figure 3).[24–26]

XRD

Figure 3 shows typical XRD patterns of grown and annealed
nanodots obtained at the previous synthetic conditions. Well-
defined dominant diffraction reflection peaks are seen in the
observed XRD spectra, which are related to the face centered
cubic structures (JCPDS card No. 071-1178) and are well
matched with cobalt oxide. The as-grown sample peaks at 2u
angle of 37.53 and 43.77 can be assigned the major lattice
scattering plane 111 and 200 for CoO crystal (Figure 3a), the
data are in agreement with previously published literature of
pure cobalt oxide.[27,28] The crystal size was found to be 20 §
5 nm, which matches the results obtained from SEM. The
sharp diffraction peaks indicates that as-synthesized CoO
particles exhibit good crystallinity, while the qualitatively
broader peak widths indicate that particles have a smaller
size. As compared to the as-grown CoO particles, in the
annealed (Figure 3b), the peaks become sharper and intensity
rises, respectively. As we know that sharper peaks in XRD
patterns mean bigger crystal grains. Only one peak in XRD
defines that obtained crystals are single crystalline and highly
pure oxide crystals (Figure 3b). Thus, there is no evidence for
existence of crystalline impurities based on XRD.

Compositional Analysis by FTIR Spectroscopy

To determine the chemical composition of as-synthesized
CoO-NDs and CoO-NSs. plots in Figure 4a and 4b are the
FTIR absorption spectra of as-grown and annealed CoO
structures, respectively. In as-grown structures (Figure 4a),
the strong absorption at about 1742 cm¡1 is attributed to the
typical absorption of C D O stretch vibration of saturated
acetate ions. The peak at 1047 cm¡1 can be indexed to C–O–
C symmetric stretch vibration, while slight broad strong peak
at 1255 cm¡1 is of C–O–C asymmetric stretch vibration. The
presence of small absorption band at 1623 cm¡1 can be
related with bending vibration of absorbed water and surface
hydroxyl[28] while peak appeared at 3525 cm¡1 is related to
the O-H stretching mode.[29,30] No other absorption band
related with any other functional group was detected in the
FTIR spectrum which reveals that annealed CoO nano-
spheres possess good purity without any significant impurity
(Figure 4b). The absorption band observed near 530 cm¡1 is
may be due to the presence of metal–oxygen bond which con-
firm the formation of CoO-NSs.[31] The presence of small
peak at 885 cm¡1 was generally observed in the FTIR spec-
trum, if the samples are measured in air.[32]

TGA

The thermal decomposition of as-synthesized (CoO-NDs)
and annealed (CoO-NSs) have been examined by TGA, per-
formed under nitrogen flow(20 mL/min), at a heating rate of
20�C/min. The TGA curve shows three stages of weight loss
in terms of temperature (Figure 5a). The first step starts at
125�C and is completed at 165�C with a weight loss of
14.94%. The second and major one begins at 165�C and is
completed at 345�C with 23.87% weight loss followed by final
and small weight loss at 454�C, resulting in a residue amount-
ing to 28.90% of the initial weight loss (Figure 5b). The
annealed nanostructures were stable and very less mass loss
was observed as compared to as-grown nanostructures. As

Fig. 3. X-ray diffraction pattern (XRD) of synthesized cobalt
oxide nanodots: (a) as-grown(b) annealed powder of cobalt
oxide nanospheres prepared at 300�C.

Fig. 4. FTIR spectra of synthesized cobalt oxide (a) as-grown
(Co-NDs) and (b) annealed (Co-NSs) at 300�C.
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can be seen in thermogram (Figure 4b) that at 345�C weight
loss was 10.94%, whereas it increases to 13.04% at 454�C.
The obtained clearly justified that grown and annealed nano-
structures are stable at higher temperature. These results are
in good agreement with XRD and FTIR studies from both
the as-grown and annealed samples.

Possible Proposed Mechanism for the Formation of Cobalt

Oxide Nanodots to Nanospheres

The soft chemical reaction synthesis is a technique by which
we can prepare various types of materials such as metal
oxide, composite, organic-inorganic etc, at a relatively low
temperature, consists of hydrolysis of the constituent molecu-
lar precursor and subsequent poly condensation for the

synthesis of various types of metal oxides. When an aqueous
solution of salt cobalt (Co(Ac)2.4H2O) reacts with alkali
(NaOH) under an aqueous medium and precipitate out of the
solution. On the basis of their synthesis and characterization
of the prepared materials such as XRD pattern, FTIR, SEM,
and thermal analysis a simple chemical reaction mechanism
has been developed. We have discussed here, the formation
mechanism of cobalt oxide nanodots (Co-NDs) to nano-
spheres (Co-NSs) grown at a very low refluxing temperature
(~90�C) and annealed at 300�C for 1 h, respectively. Initially,
when the solution of cobalt acetate tetrahydrate was dis-
solved under constant stirring a dark red colored was formed
and alkali (0.2M NaOH) was poured drop by drop, the color
of solution was changed to ultimately wine red colored. At
this time the pH of solution was measured, which reached
12.3. The wine red solution of cobalt acetate tetrahydrate
(Ac)2Co.4H2O) and sodium hydroxide (NaOH) was trans-
ferred to two-necked refluxing pot and refluxed at 90�C for
1h on hot plate. As the reaction proceeds with increase of
temperature, wine colored solution changes to black colored
within 15–20 min. During the precipitation/solution process,
sodium hydroxide played an important role in nucleation
and growth of nanodots. In solution hydroxyl (OH¡) ions
from sodium hydroxide reacts with acetate chain of cobalt
and form cobalt hydroxide(Co(OH)2) and sodium acetate
(CH3COONa)as Eq. 1. As the temperature of refluxing pot
increases and reached to their optimum level hydroxide mole-
cule of cobalt changes to oxide form and makes cobalt oxide
(CoO) as Eq. 2. The small dots are formed in black solution
(Figure 5a). The bigger dots are cobalt oxide dots where as
smaller dots are hydroxide molecule of CoO (Figure 6a). In
solution, as the refluxing temperature rises, hydroxide mole-
cule changes to oxide molecules. The nanodots was purified
with solvents such as methanol, ethanol and acetone dried at
room temperature and further annealed to improve crystal-
linity and quality of material at 300�C for 1 h (Figures 6b
and 6c). At high temperature the small dots were colloids
with each other and form a giant molecule of nanodots

Fig. 5. Thermogravimetric analysis of the decomposition of (a)
as-synthesized and (b) annealed cobalt oxide with over the tem-
perature range 25–800�C.

Fig. 6. Possible proposed mechanism for the formation of CoO-NDs to Co-NSs.
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(Figure 6d). This giant morphology having sphere like mor-
phology and forms spheres of cobalt oxide (Figure 6d). In
this experiment, we have observed that refluxing and anneal-
ing time are very important parameters for the formation and
stability of the nanostructures because at optimum refluxing
time, nanostructures are stable but when the refluxing or
annealing time is exceeded, the molecules gets merged with
each other and form diverse shaped nanostructures.

Co CH3COOð Þ2 ¢4H2O C 2NaOH

! Co OHð Þ2 C 2CH3COONa C 4H2O (1)

Co OHð Þ2 !CoO C H2O (2)

Conclusions

We have controlled a reaction parameter to fabricate pure
CoO-NDs to CoO-NSs with nearly uniform shape and parti-
cle size by reaction between cobalt acetate and sodium
hydroxide in an aqueous media. The synthesized nanostruc-
tures were characterized with standard characterization tech-
niques such as XRD pattern, SEM, and TEM equipped with
HR-TEM for morphology. The composition and thermal sta-
bility of prepared materials were analyzed within detail in
terms of their morphological, structural, compositional, and
optical properties.
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