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Morphological Transformation of Co(OH), Microspheres from Solid to
Flowerlike Hollow Core—-Shell Structures
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Abstract: We report, for the first time,
a detailed investigation into the forma-
tion of highly uniform, 3D, flowerlike,
hollow, spherical architectures of
cobalt hydroxide through a facile sol-
vothermal process. Various controlling
parameters were examined, such as
water content in starting materials, re-
action time, cobalt(I) precursor con-
centration, and reaction temperature.

these flowerlike cobalt hydroxide
hollow spheres involves aggregation of
cobalt hydroxide building clusters into
solid spheres and hollowing effect
through subsequent dissolution, diffu-
sion, and re-deposition of the smaller
crystallites under the surface layer

materials
Ostwald
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driven by an Ostwald ripening process.
Metallic cobalt hollow spheres have
also been obtained by thermal decom-
position of cobalt hydroxide flowers in
a mixed gas of Ar+4% H, at 400°C.
The morphology and composition of
the products were characterized by X-
ray diffraction, field-emission scanning
electron microscopy, energy-dispersive
X-ray spectroscopy, and (high resolu-

On the basis of the experimental re-
sults, the formation mechanism of

Introduction

Divalent transition-metal hydroxides, cobalt hydroxides,
have been extensively studied over the last two decades,
owing to their unique physico-chemical properties for elec-
trochemical, magnetic, and catalytic applications. As report-
ed by Li et al., cobalt hydroxide can be used as additives in
nickel hydroxide electrode to improve high-temperature and
high-rate discharge ability beneficially."! The composite ma-
terial of cobalt hydroxide on ultra-stable Y zeolite molecu-
lar sieves shows a potential application as a novel electro-
chemical capacitor with high energy density.”! Electrodepos-
ited cobalt hydroxide films show eletrocatalytic properties

[a] Dr. R. Qiao, R. Qiu, Prof. J. C. Kim

Department of Chemistry, Pukyong National University
599-1 Daeyeon-3-dong, Namgu

Busan 608-737 (South Korea)

Prof. Y. S. Kang

Department of Chemistry, Sogang University

#1 Shinsu-dong, Mapo-gu

Seoul 121-742 (South Korea)

Fax: (+82)-2-701-0967

E-mail: yskang@sogang.ac.kr

Dr. X. L. Zhang

ARC Center of Electromaterials Science

Department of Materials Engineering, Monash University
Clayton VIC (Australia)

[b

—

[c

—

1886

ripening - solvothermal process

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tion) transmission electron microscopy.

for urea oxidation and methanol oxidation in alkaline solu-
tion.”) Kurmoo reported the synthesis of hard magnets
based on layered cobalt hydroxides that incorporate anionic
surfactants” and the interlayer spacings were tunable
through electrodeposition by incorporating long-chain sur-
factant molecules into the interlayer regions.”

It is well known that cobalt hydroxide can be crystallized
into a hexagonal layered structure with two polymorphic
forms, a- and $-Co(OH),. These p-hydroxides are composed
of Co(OH), with a brucite-like structure, which consists of
the hexagonal packing of hydroxyl ions, with Co™ occupying
alternate rows of octahedral sites,” and exhibits a character-
istic pink color, whereas a phases are isostructural with hy-
drotalcite-like compounds that consists of stacked
Co(OH),_, layers intercalated with various anions (e.g. ni-
trate, carbonate, etc.) in the interlayer space to restore
charge neutrality,” and their color also change from pink to
green/blue. Thus, a-Co(OH), has a larger layer spacing than
the brucite-like 3-Co(OH), so that a form has higher elec-
trochemical activity. However, this hydrotalcite-like phase is
metastable and easily transforms into more stable brucite-
like compounds in strongly alkaline media. Accordingly, [3-
Co(OH), is often selected as additives of alkaline secondary
batteries owing to its stability and enhanced conductivity
when changed to $-CoOOH.

The preparation of single-crystal Co(OH), hexagonal
micro- and nanoflakes is easily achieved by solution meth-
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ods and has been much demonstrated because of their in-
trinsic layered crystal structure.”! Among them, the hydroly-
sis of Co’* ions absorbed in a multilayered polymer network
to form cobalt hydroxide nanocrystals reported by Zhang
etal. is very interesting and worthy of attention.®’! Their
studies suggest that the formation of needlelike a-Co(OH),
and hexagonal $-Co(OH), can be controlled by varying the
reaction environment from nitrogen to oxygen. Nanorod,[’s”)
nanosheet,”® and nanoneedle!™ morphologies have also
been reported, whereas, there are few reports on the forma-
tion of 3D Co(OH), architectures assembled from nano-
structures. Zeng’s group reported the synthesis of butterfly-
like B-Co(OH), nanocrystallites with the assistance of che-
lating agent ethylenediamine.”® Xie and co-workers synthe-
sized sisal-like, dandelion-like, and rose-like Co(OH), archi-
tectures by aggregation of well-arranged nanorods and
nanoflakes.'"!! Yang et al. also reported the preparation of -
Co(OH), carnation-like aggregation assembled by nano-
sheets to reduce the surface energy."” At present, the prepa-
ration of Co(OH), 3D hierarchical structures is still a big
challenge and attraction for researchers.

In this study we report our recent efforts on the synthesis
of 3D flowerlike 3-Co(OH), microspheres with hollow inte-
riors on a large scale through a facile selected-control solvo-
thermal process, without templates in the reaction system.
Analysis of a series of time-dependent experiments that uti-
lized field-emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM) and X-ray diffrac-
tion (XRD), reveals that these flowerlike Co(OH), spheres
are obtained by self-transformation from solid to hollow
core—shell structure after a reaction time of about 8 h. This
transformation proceeds under the driving force of Ostwald
ripening process in which larger crystal particles are essen-
tially immobile and keep growing, while smaller ones are
undergoing mass relocation through dissolving and regrow-
ing.[®! In addition to examining the effects of reaction time
on the morphological control we also studied other synthetic
parameters, such as water content, cobalt(II) precursor con-
centration, and reaction temperature. There are two signifi-
cant features in this work: First, this is the first report of
flowerlike hollow core—shell architectures of cobalt hydrox-
ide, and second, this synthesis process used to prepare
hollow spherical structures in neither template-directed
method nor an emulsion method, is simple and easy-manip-
ulated. The corresponding metallic cobalt hollow spheres
were readily obtained by thermal decomposition of
Co(OH), hollow flowers in mixed gas of Ar+4 % H,.

Results and Discussion

Flowerlike B-Co(OH), hollow microspheres were prepared
under mild solvothermal conditions in a solution containing
CoClL:6H,0, ethylene glycol (EG), NaOH, and distilled
water (see Sample 1 in Table 1 for details). The product ob-
tained after heating at 200°C for 8 h consists of a high yield
of flowerlike hollow microspheres 4+0.5 um in size (Fig-
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Table 1. Detailed experimental parameters for the synthesis of typical
samples and their morphologies.

Sample Reaction system t[h] T[°C] Morphology

1 2 mmol CoCl,-6 H,O+ 8 200°C flowerlike hollow
2.5 mmol NaOH+0.1 mL spheres
H,0+39.9 mL EG
2 2 mmol CoCl,-6 H,O0+ 8 200°C nanoflakes and flow-
2.5 mmol NaOH+0.2 mL erlike aggregations
H,0+39.8 mL EG
3 1 mmol CoCl,-6 H,O, other 8 200°C nanoflakes and solid
terms same as Sample 1 Co spheres
4 3 mmol CoCl,-6 H,O, other 8 200°C hexagonal aggrega-
terms same as Sample 1 tions by nanoplates
5 same as Sample 1 3 200°C solid spheres
6 same as Sample 1 4 200°C flowerlike core-shell
structures
7 same as Sample 1 8 180°C flowerlike core—shell
structures
8 same as Sample 1 8 220°C flowerlike hollow
spheres

ure la). The high-magnification field-emission scanning elec-
tron microscopy (FESEM) image (Figure 1b) shows that the
shell of individual microspheres is approximately 0.8-1.0 um
in uniform thickness, and the external surface of the shell
wall consists of numerous randomly packed nanoflakes with
a radial form (inset of Figure 1b). The phase of the as-pre-
pared sample was identified by XRD measurement, and the
XRD pattern of the final pink product is shown in Figure 2a.
It exhibits a brucite-like phase (JCPDS file no. 30-0443) in
which the 26 scan has peaks at 32.9°, 37.6°, and 58.0°, corre-
sponding to the (100), (101), and (110) diffraction. Mean-
while, there are two peaks at 35.8° and 42.0° correspond to
(111) and (200) diffraction of the CoO phase (JCPDS file

Figure 1. a) Low- and b) high-magnification FESEM images of flowerlike
hollow spheres of -Co(OH), obtained from Sample 1. Insets of a) and
b) show B-Co(OH), suspension by dispersing the product in ethanol and
surface structure, respectively.
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Figure 2. a) The XRD pattern and b) EDS spectrum obtained from the
flowerlike Co(OH), hollow spheres (Sample 1).

no. 09-0402), which was obtained by thermal decomposition
of a few of cobalt hydroxides: Co(OH),—CoO+H,0. EDS
measurement reveals a homogeneous distribution of ele-
ments in the sample (Figure 2b). Os signal comes from the
Os film which was coated onto the sample for FESEM ob-
servation to prevent negative charge build-up on the
sample, and the appearance of Cl signal is caused by the ad-
sorption of Cl™ anions.

In this reaction system, it is believed that water content in
the mixed solvent has a great influence on the morphology
of the product. Hollow flowers could be obtained by using a
Vw/Veg ratio of 0.1:39.9 (V,= volume of water, Vyg=
volume of ethylene glycol). If the Vy,/Vgg ratio was adjusted
to 0.2:39.8 (Sample 2), f-Co(OH), nanoflakes were obtained
and could form irregular flowerlike aggregates to decrease
the high surface energy in the high-concentration areas (Fig-
ure 3a). Upon increasing the Vy/Vgg ratio to 0.5:39.5, 1:39,
and 10:30, we could get nanoflakes with a larger width and
length, which seldom aggregated (Figure 3b—d). It indicates
that Co(OH), crystals prefer to grow into nanoflakes, as a
result of their intrinsic lamellar structures rather than aggre-
gate to form spherical structures, when the viscosity of the
EG/water solvent decreases with increasing water content.

We also studied the effect of cobalt chloride concentration
on the products, with a constant Vy/Vgg ratio of 0.1:39.9.
When the amount of cobalt chloride was decreased to
1 mmol, a mixture of $-Co(OH), nanoflakes and metallic
Co spheres was obtained (Sample 3, Figure 4a). They were
separated by a magnet and characterized by FESEM and
TEM. Two separated morphologies of Co spheres and
Co(OH), nanoflakes, respectively, are shown in Figure b,c.
The 26 scan of the XRD pattern has a peak at 44.5° to cor-
respond to the (111) diffraction of Co cubic structure
(JCPDS file no. 01-1259), thus confirming that EG can act
as a weak reducing agent to reduce Co’* (in Co(OH),) to
Co” (in Co) in alkaline media at high temperature. However,
if more cobalt chloride (3 mmol, Sample 4) was used, the
product contained single phase of 3-Co(OH),, which had a
pink color. As shown in Figure 5, the product morphology
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Figure 3. a) FESEM image of flowerlike aggregation of Co(OH), nano-
flakes obtained by adjusting Vy/Vgg to 0.2:39.8 (Sample 2). b,c) FESEM
images of Co(OH), nanoflakes obtained by increasing Vy/Vgg to 0.5:39.5
and 1:39, respectively. d) FESEM image of Co(OH), nanoflakes obtained
by increasing Vy/Veg to 10:30.

I ym

Figure 4. a) TEM image of a mixture of 3-Co(OH), nanoflakes and Co
microspheres obtained by adjusting CoCl, to 1 mmol (Sample 3). Inset of
a) XRD pattern of this mixture. b,c) FESEM and TEM images of Co mi-
crospheres and Co(OH), nanoflakes obtained by separation, respectively.
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Figure 5. a) Low- and b) high-magnification FESEM images of hexagonal
aggregation of nanoplates obtained by adjusting CoCl, to 3 mmol
(Sample 4).

was hexagonal aggregation of nanoplates. Figure 5b shows a
high-magnification FESEM image of such a single structure.
This hexagonal aggregation is a layered assembly of numer-
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ous nanoplates. These plates are arranged at progressively
increasing angles to the radial axis and highly directed to
form arrays in the regular fashion, which also results in a
concave central part and minimizes the total-surface energy
by reducing exposed areas.

To further investigate the formation process of flowerlike
Co(OH), microspheres with hollow interiors, the intermedi-
ate products with different precipitation durations were
studied in detail by TEM, FESEM, and XRD analysis of
structures isolated from the reaction mixture maintained at
200°C. Figure 6 shows detailed time-dependent evolutions
of morphology and crystallinity. A sample obtained after
1.5 h of reaction, which contains nanosized colloidal parti-
cles, can be seen in Figure 6a. When the reaction time was
prolonged to 3h (Sample 5), as shown in Figure 6b and
inset, a high yield of solid microspheres with diameters of
about 2 um grew from the nanosized colloidal spheres. After
4 h of reaction, the diameters increased to about 3 um, and
it was also found that small surface flakes formed shells on
the solid cores, creating a core-shell structure (Figure 6c,
Sample 6). Interestingly, these cores shrunk over time to
form a sphere-in-sphere structure,'* which had a continu-

-
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20 30 40 50 60 70
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Figure 6. TEM and FESEM (insets) images of the cobalt hydroxide spheres prepared for a) 1.5, b) 3, ¢) 4, d) 6, e) 8, f) 10, and g) 15 h, showing morpho-
logical transformation from self-aggregation to solid spheres, and then to hollow flowers. h) XRD patterns of products obtained from different reaction

stages. The scale bars shown in b)-g) are all 10 pm.
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ously reducing innersphere size (Figure 6d). From the high
magnification image of individual broken sphere (inset of
Figure 6d), it can be seen clearly that interior void between
core and shell has increased. The innerspheres disappeared
completely after 8 h of reaction and created a hollow core
structure (Figure 1 and Figure 6¢). The nanoflakes grew fur-
ther over time to form a flowerlike prickly surface. If the re-
action time was prolonged further to 10 h and 15 h, the out-
side-sphere diameters also increased to 4.2 pm and 5.2 pm,
respectively (Figure 6f,g). XRD patterns of the samples ob-
tained at different stages (Figure 6h) display the gradual in-
crease of the crystallinity of 3-Co(OH), products. By using
the Scherrer-Debye formula for an estimation of progres-
sive crystallite growth, we found that the size of the crystal-
lite formed in this process was increased from 10.5 to
35.1 nm.

It is clear that the growth process is neither surfactant-as-
sisted nor template-directed for the formation mechanism of
the flowerlike $-Co(OH), hollow microspheres, because no
surfactants or templates were used in the reaction system.
On the basis of the above evaluation of the time-dependent
morphology and crystallinity, it is believed that Ostwald rip-
ening process should be the main driving force for these
transformations. This process is associated with a progres-
sive redistribution of matter from the interior to exterior of
the microspheres. The formation process of the hollow flow-
ers is illustrated in Scheme 1. In the initial stage, Co(OH),
colloids are produced and aggregated to solid microspheres
to decrease the surface energy (Step 1). Over the course of
the reaction the concentration of the reactants in the sur-
rounding solution decrease so that supersaturation falls over
time and a chemical equilibrium between the solid-liquid in-
terfaces is established. Meanwhile, the smaller interior crys-
tallites are still in nonequilibrium state. In this process, the
exterior crystallites will serve as starting points to attract the

Scheme 1. Schematic illustration of the formation of $-Co(OH), hollow flowers through the Ostwald ripening
process. The Co(OH), samples at different growth stages were prepared for b) 3 h, ¢)4h, d) 6 h, ¢) 8 h, and

f) 15 h, respectively.
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smaller metastable crystallites underneath the surface layer.
These smaller crystallites that remain out of the equilibrium
with the surrounding solution are easily dissolved and dif-
fused outwards. As a consequence, the supersaturation in-
creases above the solubility product of the exterior layer in
the solution which results in secondary deposition of inor-
ganic products on the exterior surface and divides the solid
spheres into two discrete regions to form a core-shell struc-
ture. Owing to the flakelike growth habit of $-Co(OH),, the
new deposition process results in surface nanoflakes
(Step 2). The void space between the outer shell and the
inner core will be enlarged and the core region will be trim-
med down to smaller size because of the gradual mass diffu-
sion when a longer reaction time is applied (Step 3). In the
final stage, the inner core is completely consumed through
this dissolution-recrystallization process (Step 4 and 5), in
the meanwhile the sphere size increases perceptibly, as the
core dissolves progressively to produce a hollow structure.
In particular, the increase of crystallinity and the growth of
crystal size with the reaction time can also indicate that Ost-
wald ripening is an underlying mechanism in this hollowing
process.

In this system, reaction temperature is proposed to be not
a crucial parameter affecting product morphology and com-
position. Its effect on product is just to change the ripening
rate of this flowerlike product. With a constant reaction
system same as Sample 1, if the temperature was decreased
to 180°C (Sample 7), as shown in Figure 7a, we got a flower-
like core-shell product that matches Sample 6, which was
obtained at 200°C after 4 h. If the reaction temperature was
raised to 220°C, flowerlike hollow spheres with a diameter
of about 5 um were obtained (Sample 8, Figure 7b). The sur-
face of the hollow spheres consisted of radially prickly nano-
flakes, the same as the product obtained at 200°C after 15 h.
Thus, it can be confirmed that, if maintaining a constant re-
action system, the reaction tem-
perature can control the ripen-
ing rate, the higher the temper-
ature the faster the rate.

Metallic cobalt is obtained by
thermal conversion of the f-
Co(OH), flower precursor. The
XRD pattern of residual prod-
uct obtained following heating
at 400°C for 2 h in Ar is shown
in Figure 8a. A mixture of Co
(JCPDS file no. 89-4308) and
CoO (JCPDS file no. 75-0393)
is formed and reveals that a
redox reaction has taken place.
We propose that this process is
caused by thermal decomposi-
tion of ethylene glycol. Ethyl-
ene glycol is a neutral solvent
with two -OH bonds and is gen-
erally referred to be a capping
agent. Therefore, it can be

Chem. Eur. J. 2009, 15, 1886—1892
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Figure 7. a,b) (insets) FESEM images of flowerlike $-Co(OH), products
obtained from Sample 7 and Sample 8 by changing reaction temperature
to 180° and 220°, respectively.
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Figure 8. a,b) XRD patterns of decomposed residues of cobalt hydroxide
flower precursor obtained following heating in Ar and in mixed gas of
Ar+4 % H,, respectively.

linked on the surface of Co(OH), crystallites. This capping
material can be decomposed thermally by a calcination at
high temperature, which results in the reduction of a part of
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Co?* to Co’. The other parts were converted into cobalt
oxide. If this calcination process is carried out in a mixed
gas of Ar+4% of H,, we can get metallic Co residue with
two different crystal structure, cubic (JCPDS file no. 15—
0806) and hexagonal (JCPDS file no. 89-4308) (Figure 8b).
The FESEM image in Figure 9 shows the spherical morphol-
ogy of Co, and the high-magnification image (inset of Fig-
ure 9a) indicates that these products have preserved the
hollow core structure. The shell consists of Co nanoparticles
and amorphous wirelike nanostructures, which should be the
residue of decomposed organic compounds (Figure 9b,c,
SAED data not shown). The existence of oxygen in the
EDS analysis was a result of oxidation by air.

d)

® o
Ho
Weight% Atomic%

Co 9772 7157
Os 0 728 2243

®

T T v T T

1 2 4 6 8 10 12 14
Energy / keV

Figure 9. a—c) (inset) FESEM images of metallic Co hollow spheres ob-
tained by thermal conversion of $-Co(OH), flower precursor in mixed
gas of Ar and 4% H,. d) EDS spectrum of Co hollow spheres.

Conclusion

In summary, we have presented a high-yield synthesis of
flowerlike hollow spheres of 3-Co(OH), through a selected-
control solvothermal route for the first time. Although
hollow spheres have been previously been prepared by two
main preparative categories: 1) template-directed synthesis
and 2) emulsion synthesis,!"”! the approach described herein
based on the morphologically confined process of Ostwald
ripening could be significant in terms of the ease of prepara-
tion and the cost of these process. In addition, cobalt hollow
spheres were correspondingly obtained by thermal decom-
position of Co(OH), flower precursors through the redox
reaction caused by decomposition of organic compounds
and the presence of 4% of H,. Potentially, the superpara-

www.chemeurj.org — 1891


www.chemeurj.org

CHEMISTRY

Y. S. Kang et al.

A EUROPEAN JOURNAL

magnetic behavior of Co allows these hollow spheres to be
used as directed materials in biotechnology.

Experimental Section

Materials preparation: All chemical reagents were of analytical grade
and used as received without purification. In a typical procedure,
CoCl»6 H,O (2 mmol), and NaOH (2.5 mmol) were dissolved in mixed
solvent of ethylene glycol (40 mL) and distilled water (from 0.1 mL to
10 mL) under vigorous stirring to form a homogeneous solution. The so-
lution was quickly transferred into a stainless steel autoclave with a
Teflon liner of 60 mL capacity, and heated in an oven at 200°C (180°C or
220°C) for different reaction times ranging from 1.5 to 15 h. After the
autoclave was air-cooled to room temperature, the resulting pink precipi-
tates were collected by centrifugation. By washing with anhydrous etha-
nol for several times, the pink powders then were dried in a vacuum at
60°C for further characterization. Table 1 summarizes the synthesis pa-
rameters for the samples.

Metallic cobalt hollow spheres were obtained by thermal decomposition
of flowerlike cobalt hydroxide hollow spheres in a mixed gas of
Ar+4 % H,. Cobalt hydroxide was heated to 400°C for 2 h at a heating
rate of 3°Cmin ', and then cooled to room temperature. The gray-black
product was collected for the following characterization.

Characterization: The XRD patterns of the synthesized cobalt hydroxide
samples were characterized by using an X-ray diffractometer (X'Pert-
MPD, Philips) with Cuy, radiation. The microstructures and composition-
al information of the samples were studied by using a field-emission scan-
ning electron microscope with energy-dispersive X-ray spectroscopy
(FESEM/EDS, JEOL JSM-6700F), transmission electron microscope
(TEM, HITACHI, H-7500), and high-resolution transmission electron mi-
croscope and the corresponding selected area electron diffraction
(HRTEM/SAED, JEOL JEM-2010).
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