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a b s t r a c t

Highly uniform, porous b-Co(OH)2 nanostructures with an appearance reminding of certain spherical

corals were synthesized via a facile, one-step hydrothermal route using ethanol–water mixtures as

solvents. The rough surfaces of the nanostructures consist of numerous randomly distributed,

interconnecting nanoflakes, resulting in a network-like structure with many cavities. The coral-like

product has a high Brunauer–Emmet–Teller specific surface area of 163 m2/g. The diameter of the coral-

like b-Co(OH)2 nanostructures is adjustable from 800 nm to 2 mm. The effects of the ethanol/water

ratio, the Co2 + concentration, the hydrothermal temperature, and the reaction time on the formation of

the coral-like structures were investigated. Cyclic voltammetry and galvanostatic charge–discharge

tests show that the b-Co(OH)2 possesses excellent capacitive properties. This is mainly attributed to the

high porosity, which allows a deep penetration by electrolytes.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Inorganic nanostructures (NSs) with well-defined sizes and
complex morphologies have attracted considerable research
efforts because of their size-, morphology-, and nanostructure-
dependent properties [1]. In particular, hierarchical NSs of
transition metal oxides and hydroxides are a hot topic due to
their attractive structures, large surface-to-volume ratio, and
accessible active interfaces. During the past decade, a wide variety
of hierarchically structured metal oxides and hydroxides [2–4]
have been investigated.

Among the transition metal hydroxides, cobalt hydroxides
[Co(OH)2] have versatile applications in catalysis, as electroche-
mical supercapacitors, in magnetic recording [5–7], and diverse
other fields. For instance, Co(OH)2 is an important electrode
material [5,8] and can be used as an effective additive to improve
the electrochemical properties of nickel hydroxide electrodes [9].
Additionally, Co(OH)2 materials display catalytic and reversible
electro chromic properties [10], are used in sensing applications,
and show potential as organic magnetic materials [11]. Moreover,
b-Co(OH)2 has been investigated as a precursor for the prepara-
tion of cobalt oxide nanomaterials by a thermal conversion
[12,13]. Co(OH)2 is polymorphic and crystallizes into layered
structures with two forms, a- and b-Co(OH)2 [14,15]. The
hydrotalcite-like a-phase is metastable and easily transforms
ll rights reserved.
into the stable brucite-like b-phase in strongly alkaline media.
Owing to its stability and enhanced conductivity when trans-
formed to b-CoOOH [3], b-Co(OH)2 is often selected as an additive
in alkaline secondary batteries.

The properties of Co(OH)2 materials are closely associated with
their microstructures. E.g. their electrochemical capacitance is
significantly influenced by surface area and morphology because
double layer and pseudo capacitances are both interfacial
phenomena and pores allow a rapid transfer of electrolytes
[16,17]. Therefore, much research is devoted to the control of
their microstructure. Diverse synthetic methods, such as solution
precipitation [18], precursor conversions [19], and electrodeposi-
tion [1], have been employed to prepare various NSs of cobalt
hydroxides. Co(OH)2 NSs with different morphologies including
rod [20], needle [21], sheet [22], belt [13], and butterfly like
shapes [20] have been obtained. There are already reports on
three dimensional, hierarchical structures of Co(OH)2, such as
sisal-, dandelion-, and rose-like shapes [23], and flowerlike
hollow core-shell structures [24]. However, a tighter control over
the sizes and fine structure of the Co(OH)2 is still desired, and the
specific surface area is insufficient for many applications, for
example if a high electrochemical capacitance [25,26] is aimed at.

Hydrothermal synthesis is widely employed to prepare various
nanosized inorganic materials [27]. The hydrothermal technique
provides a versatile route to control grain size, particle morphol-
ogy, microstructure, and phase composition via adjusting para-
meters such as temperature, process duration, and pH value
of the solution [28]. The reaction media also play a significant role
[29]. Compared to the conventional hydrothermal/solvothermal
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process, in which usually only a single solvent is used, mixed
solvents allow yet more control via adjusting the type and ratio of
the solvents [30].

In this study, we report the synthesis of highly uniform, close
to spherical, coral-like b-Co(OH)2 NSs through a facile, ethanol-
assisted hydrothermal process. This reliably reproducible method
uses only CoCl2, NaOH, and sodium tartrate as reactants without
templates or further auxiliary reagents. The ratio of ethanol to
water (r), the reaction temperature (T), the reaction time (t), and
the CoCl2 concentration (c) are important to ensure the formation
of coral-like NSs. These b-Co(OH)2 NSs exhibit a high specific
capacitance due to their porous structure.
2. Experimental section

2.1. Chemicals and materials preparation

All chemicals were purchased from Nanjing Chemical Reagent
Ltd., are of analytical grade purity, and used as received without
further purification. Deionized water with a resistivity above
18.0 MO cm was used directly from a JL-RO100 Millipore-Q Plus
water purifier. In a typical procedure, 60 mg cobaltous chloride
(CoCl2 �6H2O) (2.5 mM), 0.86 g sodium tartrate (Na2C4H4O6 �

2H2O, 37.5 mM), and 1.00 g sodium hydroxide (NaOH, 0.25 M)
were in this sequence one after another dissolved in ethanol–
water mixed solvent (25 ml ethanol and 75 ml deionized water)
at room temperature (r.t.). The ratio r will always denote the
amount of ethanol divided by the amount of water before mixing,
i.e. r¼1:3 in the typical experiment. The resulting, sandy beige
solution was transferred into a poly(tetrafluoroethylene) (Teflon)-
lined autoclave of 88 ml to fill its volume half full. The autoclave
was put into an oven, maintained at 120 1C for 12 h, and then
allowed to cool to r.t. The black precipitate was collected and
washed with deionized water and ethanol by several centrifuging/
re-dispersion cycles. The product was dried in an oven for 8 h at
40 1C.

2.2. Physical measurements

The phase purity of the products was examined by X-ray
powder diffraction (XRD) with a D/Max-RA X-ray diffractometer
(using CuKa¼1.5418 Å radiation). The size and morphology of the
resulting products were observed by a Hitachi S-4800 field-
emission scanning electron microscope (FE-SEM) at an accelera-
tion voltage of 10.0 kV. Energy dispersed X-ray spectroscopy
(EDS) was performed on the same FE-SEM. Transmission electron
microscopy (TEM) images were taken on an FEI TECNAI F20 TEM
operating at an acceleration voltage of 200 kV. X-ray photoelec-
tron spectroscopy (XPS) was performed in a Thermo VG Scientific
MultiLab ESCA2000 system with a CLAM4 hemispherical analyzer
and at a base pressure below 3�10�10 mbar. Fourier transform
infrared (FT-IR) spectra were recorded with a Varian 3100 FT-IR
spectrometer using a KBr wafer. The specific surface area was
estimated by the Brunauer–Emmet–Teller (BET) method based on
nitrogen absorption–desorption (Micromeritics ASAP 2020). The
desorption isotherm was used to determine the pore size
distribution via the Barret–Joyner–Halender (BJH) method.

2.3. Electrochemical characterization

A working electrode of b-Co(OH)2 was prepared by pressing a
mixture containing 80 wt% b-Co(OH)2 NSs product, 15 wt%
acetylene black and 5 wt% polytetrafluoroethylene (PTFE) binder
onto a nickel grid (1.2�107 Pa) that serves as a current collector
(1 cm2 surface). The typical mass load of electrode material is
5 mg. The electrochemical measurements were done in a three-
electrode system with a platinum foil counter electrode and an
Ag/AgCl reference. The used electrolyte was 2 M aqueous KOH
solution. Cyclic voltammetry (CV) and galvanostatic charge–
discharge (CD) tests employed an electrochemical work station
(CHI-660, Chenhua, Shanghai). CV scans were recorded from 0 to
0.5 V (vs. Ag/AgCl) at different scan rates, and CD cycle tests were
carried out in the range of 0–0.5 V at different currents. All
measurements were carried out at r.t.
3. Results and discussion

Typical FE-SEM images of the as-prepared product (t¼12 h)
are presented in Fig. 1. The image of Fig. 1a indicates that the
obtained particles are almost spherical and have a narrow size
distribution with an average diameter of 1.6 mm. A magnified
image (Fig. 1b) reveals that the particles display an appearance
reminding of certain types of spherical corals. The surfaces show
numerous randomly distributed, interconnecting flakes, resulting
in a network-like structure with many cavities between the
adjacent flakes (Fig. 1c). The flakes have a uniform thickness of
�30 nm. The flake-built NSs are similar to those of flowery
architectures [7,26,31], nano-flake network [32] and loose-packed
nano-flake materials [25]. Different from these reports, the
nanoflakes in our NSs are interconnected instead of being
stacked while at the same the whole structure is rather
spherical. The EDS result (Fig. 1d) shows only the elements Co
and O, and the inset reveals that the atomic percentage of Co
(32.47%) is close to half that of oxygen (67.53%), as is expected
from the Co(OH)2 stoichiometry; both facts indicate a high purity
of the products.

The chemical bonding states in the product were characterized
by XPS measurements. The XPS spectra have been referenced to
the C 1s peak at 284.2 eV. The binding energies of the Co 2p3/2
and 2p1/2 states are located at 781.4 and 797.5 eV, respectively,
as illustrated in Fig. 2a (taken from sample shown in Fig. 1). The
Co 2p main peaks have a satellite peak on the higher binding-
energy side, which indicates a divalent state of Co ions in the
product [33]. Compared with XPS established Co(OH)2 binding
energies of 781.3 and 797.3 eV in the literature [13], the Co 2p

lines shifted by 0.1 and 0.2 eV to higher binding energies
(Table 1). The binding energy of the O 1s state being at 531.0 eV
(Fig. 2b) is consistent to the reported value and confirms the
presence of O–H bonds [34].

The presence of the b-phase can be confirmed via FT-IR
spectroscopy as depicted in Fig. 3. A narrow band is located at
3633 cm�1, which corresponds to the nO–H stretching of the OH
groups in the brucite-like structure. A broad band at about
3445 cm�1 is characteristic of the stretching vibration of
interlayer water molecules and of hydroxyl groups hydrogen-
bonded to H2O [31]. The band at 1633 cm�1 corresponds to the
bending mode of water molecules [35,36]. The peaks in the region
of 490–540 cm�1 can be assigned to Co–O stretching vibrations
and Co-OH bending vibrations in the brucite-like structure [37].

A typical TEM image of the product is shown in Fig. 4a. The
particles consist of many flakes distributed around a denser core.
A high-magnification TEM image (Fig. 4b) of an individual particle
displays its loose, network-like structure made from sheets that
reach far into the interior. The HRTEM image in Fig. 4c indicates
that an individual flake has good crystallinity but is not single
crystalline (various domains with different crystallographic
orientations are marked with dashed circles). The distance
between the lattice planes along a certain direction is measured
to be 0.2369 nm, which is in accord with the (101) lattice spacing



Fig. 1. Low- (a) and high-magnification (b,c) SEM images, and EDS spectrum (d) of the coral-like b-Co(OH)2 NSs prepared under typical synthesis conditions (c¼2.5 mM,

r¼1:3, T¼120 1C, and t¼12 h).
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of b-Co(OH)2 (d101¼0.2371 nm). Because of the random
distribution of the flakes and the domains in individual flakes,
an SAED pattern (Fig. 4d) recorded from one particle indicates
its polycrystalline nature. The diffraction rings correspond to
b-Co(OH)2 (JCPDS 30-443).

Fig. 5 shows the morphology evolution of the products over
reaction time t while c, r, and T were kept at 2.5 mM, 1:3, and
120 1C. A sample obtained after a short hydrothermal reaction of
t¼2 h contains dense spheres with diameters of about 150 nm
(Fig. 5a). After 5 h (Fig. 5b), the resulting NSs have an average
diameter of 0.8 mm and small surface flakes formed shells around
the denser cores. After 8, 12, and 16 h of reaction time (Figs. 5c, 5d
and 1c, respectively), the average diameter of the particles
increased to 1.0, 1.6, and 2.0 mm, and the flakes grew gradually
to form a rough, porous surface, resulting in the coral-like
morphology. It can be seen from the insets of Figs. 5b and 5d
that the number density of the flakes at the surface does not
change with reaction time t, which implies that new flakes grow
in between already present ones during the entire growth
process. Thus, the size of the particles is controlled via selecting
t, while the number density of the flakes and the related size of
the gaps (cavities) between adjacent flakes stay uniform and can
be addressed independently from the size by changing other
parameters.

In this reaction system, ethanol is very important for the coral-
like morphology. The strong influence is expected due to the fact
that above about r¼1:2, sodium tartrate does not dissolve in the
mixed solvent. Without sodium tartrate, the reaction proceeds so
fast that large aggregates of Co(OH)2 precipitate immediately
after the reaction regents are dissolved at r.t. Without ethanol
(r¼0), particles with large sizes and irregular shapes formed, as
shown in Fig. 6a. A ratio of only 1:9 already leads to the formation
of a few coral-like shapes, but the bulk still consists of large,
irregular aggregates (not shown). At r¼1:4, the large aggregates
are absent, however, the porosity of the corals and the
homogeneity of the sample suffers, and the number of flakes
decreased (Fig. 6b). The value of r¼1:3 leads already to difficulties
in dissolving the tartrate at r.t., but it does produce the most
homogeneous product, as is demonstrated by Fig. 1. In addition,
we studied the effect of cobalt chloride concentration c while the
other parameters remained typical (e.g. t¼12 h). At a small
concentration (c¼1.5 mM), the sizes of particles are smaller and
the yield lower. Flake-built structures were still obtained, but the
product’s surfaces do not show a dense layer of flake edges and
enclosed cavities (Fig. 6c). A TEM image shown in the inset
indicates that the particles seem to be constructed by many flakes
radiating out from the rather loose center. Increasing the
concentration, the product does not show the flake-built
structure above about c¼7.5 mM. When c is increased further,
the corals disappear completely and larger dendrites appear
instead (Fig. 6d). The products in Fig. 6a and d does not resemble
those certain, spherical corals that look much like the product
depicted in Fig. 1. We found that 2.5 mM Co2 + is most suitable to
ensure the formation of homogeneously coral-like structures.

In the reaction temperature range of T¼80–180 1C, the
Co(OH)2 particles are all flake-built coral-like structures. Chan-
ging temperature inside this range impacts the purity of the
products. The XRD patterns of the products prepared at different
temperatures are shown in Fig. 7. With otherwise equal
conditions as in the synthesis of the sample shown in Fig. 1, if
the temperature is only 80 1C, the products will not crystallize
well. This can be inferred from the weak main peaks in the XRD
pattern (curve a). When T was increased to 120 1C (curve b), the
peaks’ intensity becomes stronger. All the strong diffraction peaks
can be indexed to a pure hexagonal phase of b-Co(OH)2 according
to JCPDS 30-443, as the 2y scan’s main peaks are at 18.921, 32.981,
37.681, and 58.081, corresponding to the (001), (100), (002), and
(110) diffractions. The b-Co(OH)2 is in the pure brucite-like phase
with lattice parameters of a¼3.18 Å, b¼3.18 Å, and c¼4.65 Å
(JCPDS 74-1057). Only weak impurity peaks corresponding to
Co3O4, which is the oxidation product of cobalt hydroxide, are
observed. Increasing T to 160 1C (curve c) results in yet better
crystallinity, but three relatively weak peaks corresponding to the
(220), (400), and (440) diffractions of cubic Co3O4 (PDF 42-1467)
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Table 1
Binding energies (eV) for pure Co metal, oxides, and hydroxides.

Spectral region Metal Co CoO Co(OH)2 CoOOH Co3O4 NSs product

Co 2p 3/2 778.2a 780.5a 781.3a 780.4b 779.9b 781.4

Co 2p 1/2 793.2a 796.3a 797.3a 802.4b 782.5b 797.5

O 1s – 529.8a 529.6c 529.9c 530.0b 531.0

a From Ref. [31].
b From Ref. [13].
c From Ref. [32].

Fig. 3. FT-IR spectrum recorded from the coral-like NSs shown in Fig. 1.
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[38] also appear. When T was further increased to 180 1C, the
crystallinity became much better, but also more Co3O4 formed
(curve d).

To investigate the porosity of the Co(OH)2 NSs, BET gas-
sorption measurements were carried out. Fig. 8 shows
the nitrogen adsorption-desorption isotherm of the coral-like
b-Co(OH)2 structures depicted in Fig. 1. The isotherm can be
categorized as being of type IV with a distinct hysteresis loop
[39,40], i.e. the pores are mostly in the interior rather than just on
the surface. In other words, these pores should not be confused
with the large (100–150 nm) cavities between the flakes’
edges visible in the SEM images. The BET specific surface area is
163 m2/g. The BJH adsorption average pore diameter of the
b-Co(OH)2 NSs is 14 nm, as can be calculated from the BJH pore
diameter distribution presented in the inset.

Specific capacitance is correlated with the BET surface area and
pore sizes [25]. The high porosity and specific surface area of the
coral-like Co(OH)2 particles promise super-capacitance. The
capacitive behavior of the material was investigated by cyclic
voltammetry (CV) and charge–discharge (CD) cycling. The specific
capacitance (SC) based on CV and CD cycling can be calculated
via [1]

SCCV ¼Q=ðm� potential rangeÞ ð1Þ

SCCD ¼ IDt=ðmDUÞ ð2Þ

Here, Q is anodic charge, I is the discharge current, Dt is the
discharge time corresponding to the voltage difference (DU), and
m is the electrode’s active material mass. Fig. 9 shows typical CV
curves of the Co(OH)2 electrode prepared from the sample shown
in Fig. 1, which were measured at scan rates of 5, 10, 20, and
50 mV/s. The shape of CV curves reveals that the capacitance
characteristic is distinguished from that of the electric double-
layer capacitance in which the shape is normally close to an ideal
rectangular shape [39]. There are two pairs of redox peaks in the
potential ranges of 0–0.25 and 0.25–0.4 V, indicating a
pseudocapacitive behavior. This suggests that the capacitance is
partially due to a Faradic reaction, which is an electrochemical
adsorption/desorption or redox reaction at the interface between
electrode material and electrolyte [39]. The voltammetric current
gradually increases with the increase in the scan rate. They
depend approximately linearly on the scan rate, as determined at
various potentials.

Fig. 10a shows the CD characteristics of the coral-like Co(OH)2

particle electrode in the 0–0.5 V potential range in 2 mol/L KOH at
various specific current densities. The CD curves’ symmetry
implies a reversible reaction in the electrode material. There are
two voltage regions that can be distinguished during the
charging: Below about 0.3 V, the time dependence of the
potential is linear, indicating the double-layer capacitance [41].
Above 0.3 V, the dependence is non-linear, indicating again the
typical pseudo-capacitance behavior [41].

The variation of SCCD with the specific current Im is shown in
Fig. 10b. The values of the coral-like Co(OH)2 material at a specific
current Im of 0.5, 1.0, and 2.0 A/g are SCCD¼248, 225, and 197 F/g,
respectively, as calculated from Eq. (2). That SCCD decreases with
increasing current is because the efficiency of redox reactions



Fig. 4. TEM images (a, b), HRTEM image (c), and SAED pattern (d) of the coral-like b-Co(OH)2 NSs (from the same sample shown in Fig. 1).

Fig. 5. FE-SEM images of the products prepared from different reaction times t of 2 h (a), 5 h (b), 8 h (c), and 16 h (d) while other conditions (c¼2.5 mM, r¼1:3, and

T¼120 1C) remained.
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Fig. 6. SEM images of the product obtained without ethanol (a), r¼1:4 (b), c¼1.5 mM (c), and c¼10 mM, while other conditions are the same as the typical synthesis. The

insets of a, b are SEM images with higher magnifications; the inset of c is a high-magnification TEM image of an individual particle.
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decreases at high currents [1]. With Im increasing to 1.0 and 2.0
A/g, the specific capacitance of coral-like b-Co(OH)2 remains to be
high at 90.73% and 79.5% of the capacitance at 0.5 A/g. This
demonstrates the stability of the capacitance at high currents,
which makes it attractive for many applications.
The reported specific capacity of flowery b-Co(OH)2 materials
at 5, 20, and 30 mA/g were 279, 174, 67 F/g, respectively
[26]. Although the specific currents in our measurements are
much higher, the specific capacity is still comparable to that
of the flowery b-Co(OH)2. The specific capacity of the coral-like
b-Co(OH)2 is much higher than that of Co(OH)2 nanoparticles
[26,42], Co(OH)2-combined carbon-nanotube arrays [43], and



Fig. 9. Cyclic voltammetry (CV) curves at different scan rates within a potential

window of 0–0.5 V vs. Ag/AgCl.
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CoOOH nanoflake films [17]. The obtained high specific capaci-
tance is attributed to the high specific surface area of the porous
nanostructure. High surface area allows interfacial phenomena
(double layer and redox reactions) and pores provide channels for
the electrolyte OH� ions’ diffusion [44].
4. Conclusions

Porous coral-like b-Co(OH)2 NSs are synthesized via a
template-free, one-step hydrothermal route using ethanol–water
mixtures as solvents. The surfaces of the coral-like structures
show numerous randomly distributed, interconnecting nano-
flakes, resulting in a network-like structure with many cavities
between the adjacent flakes. The diameter of the particles can be
controlled by the reaction time t without altering the density of
the flake structure. The optimal reaction parameters leading to
homogeneously coral-like b-Co(OH)2 particles include an ethanol/
water ratio of r¼1:3, a reaction temperature of T¼120 1C, and a
Co2 + concentration of c¼2.5 mM. The b-Co(OH)2 NSs have a large
specific surface area and many pores, which facilitates the
penetration by electrolytes and thus contributes to the excellent
capacitive properties. The high specific capacity of 248 F/g is only
little depressed by high currents. The capacitance can likely be
improved upon in follow-up studies, which makes these materials
interesting candidates for supercapacitors.
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