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Flower-like cobalt hydroxide [β-Co(OH)2] consisting of nano-
sheet networks has been synthesized by a hydrothermal
method from Co(CH3COO)2·4H2O in mixtures of water and
glycerol/ethylene glycol at 200 °C. The morphology and
phase of the cobalt hydroxide can be controlled by adjusting
the experimental parameters that include cobalt acetate con-
centration and the volume ratio of water to glycerol/ethylene
glycol. The possible formation mechanism of flower-like co-

Introduction

Research into nanomaterials has increased recently due
to their unique electrical, optical, magnetic, and catalytic
characteristics in comparison with the bulk materials. Cur-
rently, inorganic architectures with a hierarchical structure
based on nano units and their specific properties for appli-
cations are attracting much interest in materials chemis-
try.[1–5] For example, the mediator-template assembly of
gold nanoparticles into size-controllable nanostructures has
been reported.[1] The interesting morphological and optical
properties of these nanoparticle assemblies could poten-
tially be exploited for optical sensing applications.[1] CoPt
nanopolypods derived from the assembly of nanorods have
been synthesized by a simple and large-scale-applicable
thermolytic reaction,[2] and high-order superstructures of
zeolite doughnuts with nanoscale building blocks (sheet-like
discs) have been synthesized by a synergic dual-template
method in a one-pot reaction.[3] The controlled construc-
tion of primary building blocks into curved structures pro-
vides another challenge for materials synthesis because of
their potential use in new technological applications.

Cobalt hydroxide [Co(OH)2] has recently received in-
creasing attention due to its important technological appli-
cations. For example, cobalt hydroxide is usually added to
nickel hydroxide electrodes to enhance the electrode con-
ductivity and chargeability,[6,7] and composite materials of
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balt hydroxide is discussed on the basis of experimental re-
sults. Cobalt oxide (Co3O4) flowers have also been obtained
by thermal decomposition of cobalt hydroxide flowers in air
at 400 °C. The products were characterized by powder XRD,
TEM, selected-area electron diffraction (SAED), high resolu-
tion TEM (HRTEM), and field-emission SEM (FESEM).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

cobalt hydroxide and ultra-stable Y zeolite molecular sieves
have shown potential applications in electrochemical capac-
itors.[8] Cobalt hydroxide films show catalytic and reversible
electrochromic properties.[9,10] In particular, Kurmoo has
reported the incorporation of different anions into the
interlayers of cobalt hydroxide to form organic magnetic
materials.[11] The preparation of single-crystalline β-
Co(OH)2 nanosheets is easily achieved because of their in-
trinsic lamellar structures.[12–14] However, there are few re-
ports on the formation of 3D β-Co(OH)2 architectures as-
sembled from nanostructures, except the butterfly-like
nanocrystals of β-Co(OH)2 prepared by an ethylenedi-
amine-mediated route.[15] At present, the synthesis of β-
Co(OH)2 hierarchical nanostructures is still a big challenge
for researchers.

Spinel cobalt oxide (Co3O4), which is an important p-
type semiconductor, has potential applications in sensors,
lithium-ion batteries, and catalysis.[16–19] Furthermore,
Co3O4 nanoparticles show interesting magnetic and field-
emission properties.[20,21] There have been some reports on
the synthesis of cobalt oxide nanocubes, nanorods, nanotu-
bes, hollow spheres, and nanoboxes.[22–27] However, to the
best of our knowledge, there has been no report on the
synthesis of Co3O4 flowers consisting of nanosheet building
blocks.

Here we report a simple hydrothermal approach to the
synthesis of two kinds of β-Co(OH)2 flowers consisting of
nanosheet building blocks by the hydrolysis of cobalt ace-
tate in solvent mixtures containing a polyalcohol and deion-
ized water. Co3O4 flowers are readily obtained by thermal
decomposition of Co(OH)2 flowers in air. These β-Co-
(OH)2 and Co3O4 flowers are expected to have potential
applications in sensors, batteries, and catalysis.
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Results and Discussion

The phase of the as-prepared sample was examined by
XRD. Figure 1(a) shows the XRD pattern of sample 1 pre-
pared in a mixture of water and glycerol. All diffraction
peaks in this pattern can be indexed as a single phase of
the hexagonal brucite-like β-Co(OH)2, which is consistent
with the values in the literature (JCPDS no. 74-1057). The
typical FESEM micrographs shown in Figure 1b–d reveal
that sample 1 consists of relatively uniform flower-like
structures. Each flower-like structure is composed of a net-
work of nanosheet building blocks. The sizes of these flow-
ers are in the range 6–9 µm, and the thickness of the nano-
sheets is less than 100 nm. The above results demonstrate
that β-Co(OH)2 with a flower-like morphology can be pro-
duced using the present synthetic scheme.

It is believed that the physical and chemical properties
of the solvent can influence the solubility, reactivity, and
diffusion behavior of the reagents and the intermediate.[28]

In our reaction system, the properties of the mixed solvents
can be easily adjusted by varying the volume ratio of glyc-
erol to water. The volume ratio of glycerol to water (Vg/Vw)
has a great influence on the formation of the product. As
discussed above, a single phase of hexagonal β-Co(OH)2

was obtained when Vg/Vw was 1:3 (sample 1). When Vg/Vw

was adjusted to 1:6.5, however, a mixture of Co3O4 and
β-Co(OH)2 was obtained at 200 °C after 10.5 h [sample 2,
Figure 2(a)]. When the reaction time was prolonged to
24.5 h (sample 3), a single phase of β-Co(OH)2 was ob-
tained (Figure 2b), thus indicating that glycerol can act as
a reducing agent to reduce Co3+ to Co2+, which results in
the transformation of Co3O4 to Co(OH)2. Compared with
the reaction with Vg/Vw = 1:3, it takes a relatively longer

Figure 1. (a) XRD pattern of the obtained β-Co(OH)2 (sample 1); (b–d) FESEM micrographs of β-Co(OH)2 flowers (sample 1) at different
magnifications.
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time to form a single phase of β-Co(OH)2 when using less
glycerol. We also studied the effect of cobalt acetate concen-
tration on the product, with a constant Vg/Vw ratio of 1:3.
When the amount of cobalt acetate was decreased to
0.100 g, a single phase of β-Co(OH)2 with a pink color was
still obtained (sample 4). However, if more cobalt acetate
was used (1.000 g, sample 5), the product was blue, similar
to that of α-Co(OH)2, although the XRD pattern (Fig-
ure 2c) cannot be indexed to that of α-Co(OH)2.

Figure 2. XRD patterns of different samples prepared by hydro-
thermal treatment at 200 °C: (a) sample 2; (b) sample 3; (c) sam-
ple 5.

In order to understand the formation process of β-
Co(OH)2 flowers, the morphologies of samples 3 and 4 were
also examined by FESEM. When using less cobalt acetate
(sample 4, Figure 3a), imperfect flowers assembled from
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Figure 3. (a) FESEM micrograph of sample 4; (b) FESEM micrograph of sample 3; (c) and (d) FESEM micrographs of single flowers in
sample 3; (e) a magnified FESEM micrograph of a flower in sample 3.

nanosheets were observed with dimensions below 7.5 µm,
along with a few single nanosheets. The number of petals
in these flowers is less than those in sample 1, as shown in
Figure 3a. Upon decreasing the volume of glycerol, sam-
ple 3 shows a mixed morphology of nanosheets and flowers.
Two kinds of flowers are observed, as shown in Figures 3c
and 3d, which show that one kind of flower consists of flat
nanosheets and the other of curved nanosheets. The mor-
phology in Figure 3c was not observed in sample 1, so we
suggest that it is due to the lower volume of glycerol used.
The thickness of the nanosheets in the flowers was esti-
mated to be below 50 nm (Figure 3e).

Ethylene glycol (EG) was also used as a co-solvent to
substitute glycerol in order to understand the formation
mechanism of the β-Co(OH)2 flowers. The same experimen-
tal conditions as for the formation of sample 1 were
adopted except for the use of EG instead of glycerol, and a
mixture of β-Co(OH)2 and Co3O4 was obtained, thereby
illustrating that EG cannot completely reduce Co3+ to Co2+

at 200 °C after 10.5 h. A single phase of β-Co(OH)2 was
obtained upon increasing the volume ratio of EG to water
and prolonging the reaction time to 20.5 h (sample 6, Fig-

Figure 4. (a) XRD pattern of sample 6; (b) and (c) FESEM micrographs of sample 6 at different magnifications.
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ure 4a). Surprisingly, a different kind of flower was ob-
served, as shown in the FESEM micrographs of sample 6
(Figure 4). The β-Co(OH)2 flowers look like carnations
consisting of curved nanosheet building blocks. These car-
nations have sizes in the range 5–15 µm.

On the basis of the above results, we can propose a for-
mation mechanism for the β-Co(OH)2 flowers. First, the
hydrolysis of cobalt acetate results in the formation of OH–

ions (CH3COO– + H2O � CH3COOH + OH–), which pro-
vide a basic environment for the formation of cobalt hy-
droxide. Sheet-like Co(OH)2 forms as a general morphology
due to its layered structure. In addition, glycerol/EG can
act as a reducing agent. In the absence of glycerol or EG,
only Co3O4 nanocubes are obtained. Co3O4 is formed by
the oxidation of β-Co(OH)2 by oxygen in the autoclave and
is then reduced by glycerol/EG to form a single phase of β-
Co(OH)2. Besides acting as a reducing agent, glycerol/EG
could coordinate to the cobalt ions to form complexes in
solution,[29,30] which decreases the free Co2+ concentration
in solution and results in the slow generation of β-Co-
(OH)2. This coordination between cobalt ions and glycerol/
EG may be favorable for the formation of the flower nuclei,
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resulting in the formation of flower-like β-Co(OH)2.
Furthermore, glycerol helps to generate a highly viscous
and stable mixture solution, which favors the stable growth
of nanosheets and the formation of β-Co(OH)2 flowers with
nanosheets as building blocks. As discussed above, a higher
Vg/Vw ratio favors the formation of flowers consisting of
curved nanosheets instead of those with flat nanosheets
(samples 1 and 3), thus indicating that the higher viscosity
caused by glycerol can prohibit the aggregation of nano-
sheets and promotes the formation of flowers with curved
nanosheets. Qian et al.[31] have reported the synthesis of
copper nanowires by a complex-surfactant-assisted hydro-
thermal reduction process in a mixture of water and glyc-
erol. The high viscosity shows a good effect on prohibiting
the aggregation of copper particles and results in a rela-
tively stable suspension. One of the keys to the formation
of these flower structures is the use of cobalt acetate as the
cobalt source without the addition of any base. The slower
hydrolysis of acetate and the complexation of cobalt ions
with glycerol/EG are favorable for the formation of these
superstructures. In the presence of glycerol, when NaOH is
added to the solution (sample 7), only irregular nanosheets
are formed (Figure 5). Although glycerol provides a viscous

Figure 5. (a, b) TEM micrographs of the obtained β-Co(OH)2

nanosheets of sample 7; the inset of (b) is the corresponding SAED
pattern.

Figure 6. (a) TEM micrograph of an individual β-Co(OH)2 nanosheet of sample 4; (b–d) the corresponding SAED patterns taken at
different irradiation times; (e) HRTEM image taken of the individual nanosheet corresponding to the SAED pattern of (d).
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environment, the introduction of a strong base (NaOH)
could accelerate the reaction and prevent the formation of
flowers. However, in the presence of EG, the viscosity is not
as high as with glycerol, therefore the nanosheets tend to
self-assemble to reduce the surface energy in the mixture of
EG and water, and follows a layer-by-layer growth style so
that hierarchical carnation structures are formed.

TEM was used to study the crystal structure of β-
Co(OH)2. Figure 6a shows a single nanosheet of sample 4.
The SAED pattern (Figure 6b) of this nanosheet exhibits a
hexagonal symmetry, thus indicating that the surface of the
nanosheet is the (001̄) plane of β-Co(OH)2, and the direc-
tion along the thickness of the obtained β-Co(OH)2 is [001̄;
the c axis of hexagonal β-Co(OH)2]. The SAED pattern
changes rapidly under electron irradiation to give another
set of diffraction patterns that are close to the original one
that show elongated diffraction spots rather than bright
dots, thereby indicating the coexistence of two different spe-
cies (Figure 6c). The inner set of hexagonal diffraction spots
is still due to β-Co(OH)2, and the outer set of diffraction
spots corresponds to CoOOH. The electron beam is also
along the [001̄] direction of hexagonal CoOOH (JCPDS no.
26-1107). A similar SAED pattern has been reported for a
mixture of β-Co(OH)2 and CoOOH.[32] The diffraction
pattern of β-Co(OH)2 vanishes after prolonged irradiation
by the electron beam and another set of SAED patterns
(Figure 6d) is obtained, which shows the coexistence of Co-
OOH and Co3O4. The diffraction dots indicated by the
white arrows show a hexagonal symmetry and can be inde-
xed to the SAED pattern of a cubic Co3O4 phase (JCPDS
no. 80-1541) with the incident electron beam along the [111]
direction. This phenomenon implies that the thin β-
Co(OH)2 nanosheets synthesized using the current method
are not stable under electron beam irradiation and that pro-
longed exposure of the sample to the electron beam during
the TEM observation will destroy the structure of β-
Co(OH)2, resulting in the formation of Co3O4 nanopar-
ticles with sizes of 1–4 nm, as shown in the high-resolution
TEM (HRTEM) image of Figure 6e. The interplanar dis-
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tance of the crystal fringes with an angle of 60° is 2.84 nm,
which is consistent with the (2̄02) and (02̄2) planes of a
cubic Co3O4 phase.

Co3O4 is obtained by thermal conversion of the β-
Co(OH)2 flower precursor at 400 °C after 3 h. Figure 7
shows the XRD pattern of the product. All the diffraction
peaks can be indexed to a single phase of a cubic Co3O4,
which matches well with the reported data (JCPDS no. 80-
1541). No peaks from the β-Co(OH)2 precursor are ob-
served in the XRD pattern, thus indicating the complete
transformation of β-Co(OH)2 to Co3O4.

Figure 7. XRD pattern of Co3O4 (sample C1).

After the thermal conversion from β-Co(OH)2 to Co3O4,
the two kinds of flower-like morphology of β-Co(OH)2

were almost sustained and Co3O4 flowers were obtained. In
addition, a few single nanosheets were also observed, as
shown in Figure 8a,b. A single nanosheet is shown in Fig-
ure 8c, from which one can see that the surface of this
nanosheet is not smooth. The SAED pattern of this nano-

Figure 8. (a) FESEM micrograph of Co3O4 (sample C1); (b) FESEM micrograph of Co3O4 (sample C6); (c) TEM micrograph of an
individual nanosheet (sample C1) and (d) the corresponding SAED pattern; (e) HRTEM image of this individual Co3O4 nanosheet.
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sheet, which was taken by focusing the incident electron
beam along the [111] zone axis, reveals a single crystal
structure that can be indexed to cubic Co3O4, consistent
with the XRD results. The HRTEM image of the nanosheet
shows that the spacing between clear lattice fringes with an
angle of 60° is 0.284 nm, which is consistent with the (2̄02)
and (02̄2) planes of a cubic Co3O4.

Conclusions

We have demonstrated a facile strategy to synthesize two
kinds of β-Co(OH)2 flowers consisting of nanosheets as the
building unit. Glycerol or ethylene glycol serves as a co-
solvent and also a reducing agent in this reaction system.
Both the volume ratio of glycerol/EG to water and the con-
centration of cobalt acetate affect the phase and mor-
phology of the product. Co3O4 flowers can be obtained by
a simple thermal conversion of the β-Co(OH)2 flower pre-
cursor in air; the flower-like morphology can be preserved
during the thermal conversion process. β-Co(OH)2 nano-
sheets are not stable under electron beam irradiation and
are transformed into CoOOH and Co3O4. This simple syn-
thetic method, which does not use any surfactant or tem-
plate, may be extended to the synthesis of other materials
with novel morphologies.

Experimental Section
All reagents were of analytical grade and were purchased and used
as received without further purification. In a typical procedure, co-
balt acetate [Co(CH3COO)2·4H2O] (0.25 g) was dissolved in a mix-
ture of deionized water and glycerol (30 mL) with a volume ratio
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Table 1. Detailed experimental parameters for the synthesis of some typical samples (at 200 °C for all samples).

Sample Reaction system Time [h] Phase Morphology

1 0.25 g Co(CH3COO)2·4H2O + 7.5 mL glycerol + 22.5 mL H2O 10.5 β-Co(OH)2 flowers
2 0.25 g Co(CH3COO)2·4H2O + 4 mL glycerol + 26 mL H2O 10.5 β-Co(OH)2 + Co3O4 –
3 0.25 g Co(CH3COO)2·4H2O + 4 mL glycerol + 26 mL H2O 24.5 β-Co(OH)2 flowers and nanosheets
4 0.10 g Co(CH3COO)2·4H2O + 7.5 mL glycerol + 22.5 mL H2O 10.5 β-Co(OH)2 imperfect flowers
5 1.00 g Co(CH3COO)2·4H2O + 7.5 mL glycerol + 22.5 mL H2O 10.5 unknown –
6 0.25 g Co(CH3COO)2·4H2O + 20 mL ethylene glycol + 10 mL H2O 20.5 β-Co(OH)2 carnations
7 0.25 g Co(CH3COO)2·4H2O + 7.5 mL glycerol + 17.5 mL H2O + 5 mL NaOH (1 ) 10.5 β-Co(OH)2 nanosheets

of 3:1 at room temperature, and the solution was then transferred
into a Teflon-lined, 40-mL autoclave and maintained at 200 °C for
10.5 h. It was then cooled to room temperature. This sample was
denoted as sample 1. The product was then collected by centrifuga-
tion and washed with deionized water and absolute ethanol repeat-
edly, then dried in air at 60 °C. The detailed experimental param-
eters for the synthesis of some typical samples are listed in Table 1.
Co3O4 samples were obtained by thermal decomposition of β-
Co(OH)2 flowers (samples 1 and 6) in a tubular oven at 400 °C
after 3 h in air. The obtained Co3O4 samples are denoted as sam-
ples C1 and C6, respectively.

Powder XRD data were collected on a Rigaku D/max 2550 V X-
ray diffractometer with high-intensity Cu-Kα radiation (λ =
1.54178 Å) and a graphite monochromator. The morphology was
studied with a JEOL JSM-6700F field emission scanning electron
microscope (FESEM). TEM, SAED, and HRTEM images were
obtained using a JEOL JEM-2100F field emission transmission
electron microscope.
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