FULL PAPERS

DOI: 10.1002/asia.200700264

Cobalt Hydroxide Nanosheets and Their Thermal Decomposition to Cobalt
Oxide Nanorings
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Abstract: We demonstrate herein that
single-crystalline f-cobalt hydroxide
(B-Co(OH),) nanosheets can be suc-
cessfully synthesized in large quantities
by a facile hydrothermal synthetic
method with aqueous cobalt nitrate as
the cobalt source and triethylamine as
both an alkaline and a complexing re-
agent. This synthetic method has good
prospects for the future large-scale pro-

nanostructures

Introduction

Cobalt hydroxide has attracted increasing attention in
recent years because of its novel electric and catalytic prop-
erties and important technological applications.!'* In partic-
ular, cobalt hydroxide can be used to enhance electrochemi-
cal performance when added to nickel oxyhydroxide elec-
trodes (NOEs) by enhancing the electrode conductivity and
chargeability.”! It is well known that cobalt hydroxide has
two polymorphs: a- and f-Co(OH),. These two phases are
all-layered and have the same hexagonal structures, except
that the f form is isostructural with brucite-like compounds
and consists of a hexagonal packing of hydroxy ions with
Co" occupying alternate rows of octahedral sites.! o-
Co(OH),, however, is isostructural with hydrotalcite-like

duction of single-crystalline 3-Co(OH),
nanosheets owing to its high yield, low
cost, and simple reaction apparatus.
Single-crystalline porous
and nanorings of cobalt oxide (Co;0,)
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were obtained by a thermal-decompo-
sition method with single-crystalline (3-
Co(OH), nanosheets as the precursor.
A probable mechanism of formation of
p-Co(OH), nanosheets, porous Co;0,
nanosheets, and Co;O, nanorings was
proposed on the basis of the experi-
mental results.

nanosheets

hydrothermal

compounds that consist of stacked Co(OH),_, layers interca-
lated with various anions (e.g., nitrate, carbonate, etc.) in
the interlayer space to restore charge neutrality. a-Co(OH),
thus has a larger interlayer spacing (>7.0 A, depending on
the intercalated anions) than the brucite-like -Co(OH),
(4.6 A); because of that, the o form has higher electrochem-
ical activity. However, the hydrotalcite-like phase (o-
Co(OH),) is metastable and easily undergoes a phase trans-
formation into the more stable brucite-like compounds in
strongly alkaline media. 3-Co(OH), is often selected as ad-
ditives of alkaline secondary batteries owing to its stability
in alkaline electrolytes and enhanced conductivity when
charged to p-CoOOH."*”

Several chemical and electrochemical methods have been
employed to prepare cobalt hydroxide, for example, forced
precipitation of Co(NOs;),, direct precipitation with liquid
ammonial® and potassium hydroxide,” urea hydrolysis,'"
and electrochemical synthesis.'!! Sampanthar and Zeng'?!
reported the synthesis of butterfly-like f-Co(OH), nanocrys-
tals by the ethylenediamine-mediated approach. Li et al.l¥!
prepared -Co(OH), nanostructures consisting of a mixture
of nanoflakes and nanorods by the CoC,0,2H,0O conver-
sion method. Recently, Liu et al.'" synthesized single-crys-
talline nanosheets of a- and $-Co(OH), by using hexameth-
ylenetetramine as a hydrolysis agent. Hou et al.™> also syn-
thesized single-crystalline f-Co(OH), nanosheets by homo-
geneous precipitation with sodium hydroxide as the alkaline
reagent in the presence of poly(vinylpyrrolidone). Although
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many attempts have been made on the synthesis of cobalt
hydroxides, the control of their morphology, size, and crys-
tallinity still remains a highly sophisticated challenge to ma-
terials scientists and chemists.

Spinel cobalt oxide (Co;0,) is an important magnetic p-
type semiconductor that has been demonstrated to have
considerable application as, for example, solid-state sensors,
ceramic pigments, heterogeneous catalysts, rotatable mag-
nets, electrochromic devices, and in energy storage.'*” Sev-
eral methods have been successfully applied to the synthesis
of Co;0, nanoparticles, such as spray pyrolysis, chemical
vapor deposition, sol-gel techniques, forced hydrolysis, and
so on.***! Recently, a variety of novel shapes such as Co;0,
nanoboxes,” nanocubes,”! nanofibers,” nanorods,?” and
nanotubes™ have been reported. However, as far as we
know, there is no study on the preparation of Co;O, nano-
rings until now.

Herein we demonstrate that single-crystalline -Co(OH),
nanosheets can be successfully synthesized in large quanti-
ties by a facile hydrothermal synthetic method with triethyl-
amine as both an alkaline and complexing reagent under
mild conditions. The influence of hydrothermal temperature,
reaction time, amount of triethylamine, and concentration
of cobalt nitrate on the size and shape of nanosheets was
carefully investigated. Single-crystalline porous nanosheets
and nanorings of spinel cobalt oxide (Co;0,) were success-
fully obtained by a thermal-decomposition method with
single-crystalline (-Co(OH), nanosheets as the precursor.
The mechanism of formation of porous nanosheets and
nanorings of Co;0O, is also discussed on the basis of the ex-
perimental results. Notably, the current synthetic strategy
can be used to synthesize other metal hydroxide nanosheets
and prepare corresponding metal oxide nanorings by calci-
nation at appropriate temperatures, and it has good pros-
pects for future large-scale applications owing to its high
yields, simple reaction apparatus, and low reaction tempera-
ture.

Results and Discussion
X-ray diffraction (XRD) was carried out to determine the

chemical composition and crystallinity of the as-prepared
products. Figure 1 shows typical XRD patterns of f-
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Figure 1. XRD pattern of the as-prepared B-Co(OH), nanosheets
obtained by using 1.5 mL triethylamine at 180°C for 24 h.

Co(OH), nanosheets prepared by using a 1.5-mL solution of
triethylamine at 180°C for 24 h. All diffraction peaks in this
pattern can be indexed to the hexagonal cell of brucite-like
B-Co(OH), with lattice constants a=3.182 and ¢=4.658 A
(space group: P3ml1 (No. 164)), which are consistent with
the values in the literature (JCPDS 30-0443). The (001)
peak is taller and far narrower than other peaks in the re-
flections, which implies the highly preferentially oriented
growth of the B-Co(OH), nanosheets. Diffraction peaks of
a-Co(OH), or impurities were not observed, which indicates
the high purity of the final products successfully synthesized
under the current experimental conditions.

The size and morphology of the as-prepared product were
examined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The SEM images
(Figure 2a) indicate that a large quantity of hexagonal f3-
Co(OH), nanosheets with good uniformity were achieved
by using this approach. These nanosheets had a mean width
of about 120 nm with little deviation. The inset shows a
high-magnification SEM image. Here, the corners and edges
of the f-Co(OH), nanosheets can be clearly observed. The
average thickness and edge size of these hexagonal nano-
sheets are about 15 and 60 nm, respectively. SEM observa-
tions also indicated that almost 100% of the as-prepared
products are uniform hexagonal 3-Co(OH), nanosheets. Fig-
ure 2b is the representative TEM image, in which the {3-
Co(OH), nanosheets are hexagonal and quasi-hexagonal
with angles of adjacent edges of 120° and widths in the
range 100-170 nm. The inset of Figure 2b shows the selected
area electron diffraction (SAED) pattern of the -Co(OH),
nanosheets, which reveals that the f-Co(OH), nanosheets
are single-crystalline hexagonal structures lying on their
{001} crystal planes, consistent with the XRD result present-
ed above.

High-resolution  transmission electron  microscopy
(HRTEM) provided further insight into the nanostructure
of the as-prepared hexagonal -Co(OH), nanosheets. Fig-
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Figure 2. a) Low- and high-magnification (inset) SEM images of the as-
synthesized 3-Co(OH), nanosheets. b) TEM image of the hexagonal f3-
Co(OH), nanosheets with angles of adjacent edges of 120°. Inset: SAED
pattern of the f-Co(OH), nanosheets taken from an individual hexagonal
nanosheet. ¢) HRTEM image of the individual $-Co(OH), nanosheets.
d) Side view of the hexagonal $-Co(OH), nanosheets. Insets in c) and d):
Further-magnified images showing the crystal lattice.

ure 2¢ shows a typical image of an individual hexagonal {3-
Co(OH), nanosheet with a mean width of about 120 nm and
edge length of about 65 nm. The inset of Figure 2c¢ displays
a magnified part of the image. The interlayer spacing was
calculated to be about 0.27 nm, which corresponds to the in-
terlayer distance of the (100) crystal plane in -Co(OH),.
Figure 2d shows a side-view HRTEM image of an individual
B-Co(OH), nanosheet with a thickness of about 15 nm. The
well-resolved lattice fringes in the nanosheet can be clearly
observed, which confirms that the nanosheets were formed
with a single-crystalline structure. Further magnification
clearly shows that the interlayer spacing is about 0.46 nm
(Figure 2d, inset), which corresponds to the interlayer dis-
tance of the (001) crystal plane of brucite-like -Co(OH),
and shows that the growth direction of 3-Co(OH), is along
the (001) crystal plane.

To confirm the morphology of the as-prepared product
further, a tilted-angle investigation was carried out to obtain
the TEM images from different viewing angles. Some of the
nanorod-like p-Co(OH), structures were virtually hexagonal
nanosheets in shape, as shown by the areas marked with a
circle in Figure 3. Figure 3b is a perpendicular view of the
-Co(OH), nanocrystals with a perfect rodlike shape. When
the copper grid was tilted through —10-20°, parts of the rod-
like pattern disappeared, and the hexagonal sheetlike pat-
tern appeared gradually. When it was tilted to 20°, nearly
hexagonal nanosheets resulted (Figure 3d). Furthermore,
the hexagonal sheetlike pattern can theoretically transform
into the rodlike pattern because the two patterns are just a
result of the different viewing angles of the same product.
Such a transformation can also be clearly seen in Figure 3.
This behavior means that the as-prepared products are
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Figure 3. TEM images of the as-prepared [-Co(OH), nanosheets
observed at different angles: a) —10°, b) 0°, ¢) 10°, d) 20°.

indeed hexagonal $-Co(OH), nanosheets, which agrees well
with the SEM results.

Furthermore, further studies suggested that hydrothermal
temperature, reaction time, amount of triethylamine, and
concentration of cobalt nitrate all influence the size and
morphology of B-Co(OH), nanosheets. For example, the size
of the Co(OH), nanosheets was small and the crystallinity
was poor at low temperature, whereas the average size and
crystallinity of the nanosheets gradually increased with ele-
vation of hydrothermal temperature. Figure 4a shows a typi-
cal TEM image of the product prepared at 100°C over 24 h.
Here, the hexagonal and quasi-hexagonal nanosheets can be
clearly observed in addition to some nanoparticles. When
the reaction temperature was elevated to 140°C, the final
products were mostly made up of nanosheets with widths in
the range 60-140 nm (Figure 4b). When the reaction time
was decreased to 2 h, the product formed consisted of nano-
sheets with widths in the range 70-150 nm as well as some
nanoparticles with a mean size of 15 nm (Figure 4c). Fig-
ure 4d shows the TEM image of products obtained by using
a 0.5-mL solution of triethylamine at 180°C for 24 h, which
clearly shows the nanosheets as fine hexagons with widths in
the range 100-260 nm. Generally, the size and morphology
of the B-Co(OH), nanosheets could also be manipulated by
changing the concentration of cobalt nitrate. Figure 4e
shows the TEM image of products prepared by using
0.5 mmol Co(NO;),:6H,0, in which hexagonal Co(OH),
nanosheets with a mean length of about 100 nm and a thick-
ness of about 10 nm can be clearly observed. Furthermore, a
few large nanosheets were also found. When the concentra-
tion of cobalt nitrate doubled, that is, when 2 mmol Co-
(NOs),-6H,0 was used, the length and thickness of the hex-
agonal Co(OH), nanosheets were about 150 and 15-20 nm,
respectively (Figure 4 f). However, further elevation of the
cobalt nitrate concentration to five or ten times the original
resulted in morphologies of the hexagonal nanosheets that
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Figure 4. a—c) TEM images of hexagonal -Co(OH), nanosheets synthe-
sized by using 1.5 mL triethylamine at different reaction temperatures
and time: a) 100°C, 24 h; b) 140°C, 24 h; c) 180°C, 2 h. d) TEM images
of hexagonal 3-Co(OH), nanosheets synthesized by using 0.5 mL triethyl-
amine at 180°C for 24 h. e-f) TEM images of hexagonal B-Co(OH),
nanosheets synthesized by using different cobalt nitrate concentrations at
180°C for 24 h: ) 0.5 mmol; f) 2 mmol.

tended to be irregular (see Supporting Information, Fig-
ures S1 and S2), which implies that the nucleation and
growth behavior were out of kinetic control.”””!

The thermal behavior of the hexagonal 3-Co(OH), nano-
sheets oxidized to spinel Co;0O, was investigated with ther-
mogravimetric analysis (TGA) and differential scanning cal-
orimetry (DSC) in the temperature range 25-800°C
(Figure 5). The gradual mass loss in the range 25-150°C can
be attributed to evaporation of the adsorbed triethylamine
and water species on the nanosheet surfaces. The major
weight-loss profile exhibits a well-defined decrease between
150 and 400°C with an inflection point at about 170°C. The
weight loss was measured to be about 13.7% over and
above that of the adsorbed triethylamine and water species,
in good agreement with the theoretical value (13.6%). The
DSC curve shows an endothermic peak at 172 °C, which cor-
responds to the dominant mass loss.

Cobalt oxide can be obtained by a thermal-decomposition
method with cobalt hydroxide as the precursor, on the basis
of the TGA and DSC results. Single-crystalline porous
nanosheets and nanorings of cobalt oxide (Co;0,) were se-
lectively obtained by calcination of as-prepared hexagonal
B-Co(OH), nanosheets obtained by using a 1.5-mL solution
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Figure 5. DSC and TGA curves of the hexagonal 3-Co(OH), nanosheets.

of triethylamine at 180°C for 24 h in air at 400 and 600°C,
respectively, for 2 h. Figure 6 shows the XRD patterns of
the porous Co;O, nanosheets and Co;O, nanorings. All the
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Figure 6. XRD patterns of porous Co;O, nanosheets (A) and Co;O,
nanorings (B) obtained by calcination of as-synthesized $-Co(OH), nano-
sheets in air at 400 and 600°C, respectively, for 2 h.

reflections in the XRD patterns can be indexed to the pure
face-centered-cubic phase (space group: Fd3m (No.227)) of
spinel cobalt oxide with lattice constant a=8.065A
(JCPDS 74-1657). No impurity peaks were observed, which
indicates that brucite-like Co(OH), was completely convert-
ed into the spinel structure Co;O, by calcination in air at
400 and 600°C for 2 h. When the calcination temperature
was increased, the diffraction peaks became taller and much
narrower, thus showing that the crystallinities of the samples
were improved.
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Figure 7. a) TEM image of porous Co;O, nanosheets. Inset: SAED pattern of the porous Co;O, nanosheets taken from an individual nanosheet, which
indicates that each porous nanosheet is a single crystal. b) TEM image and SAED pattern (inset) of Co;0, nanorings. c) HRTEM image of an individual
Co;0, nanoring. Inset: higher-magnification image of Co;O, nanoring obtained from a selected area in c). d) and e) N,-adsorption-desorption isotherms
of porous Co;0O, nanosheets (d) and Co;0, nanorings (e). Squares =adsorption, inverted triangles =desorption. f) The first discharge curve of the Li—
Co;0, cells made by the as-prepared porous Co;O, nanosheets (filled squares) and Co;O, nanorings (empty circles) at a current density of 100 mA g~

Inset: cycle performance of the Li—Co;0, cells at a current density of 100 mA g~' at room temperature.

Figure 7a shows a typical TEM image of the porous
Co;0, nanosheets obtained by calcination of the as-pre-
pared -Co(OH), nanosheets in air at 400°C for 2 h. As
with the B-Co(OH), nanosheets, the porous Co;O, nano-
sheets also consist of hexagonal and quasi-hexagonal struc-
tures with sizes ranging from 80 to 150 nm. However, under
careful observation, the Co;0, nanosheets were found to be
composed of many pores with a mean diameter of 3 nm.
The inset of Figure 7a is an SAED pattern taken from an
individual Co;0, nanosheet; the pattern consists of many
spots, which shows that each porous Co;O, nanosheet is a
single crystal. All spots are identified as diffractions from
spinel Co;0,. It is interesting that the as-prepared -
Co(OH), nanosheets could be converted into Co;O, nano-
rings by calcination in air at 600°C for 2 h. A typical TEM
image of the Co;0, nanorings is shown in Figure 7b. It is
clear that some of the Co;O, nanocrystals exhibit ringlike
structures with an average size of about 100 nm. The inset
shows an SAED pattern taken from a mass of the Co;0,
nanorings; the pattern reveals the satisfactory crystallinity
of the sample, which can be indexed to the face-centered-
cubic phase of spinel Co;0,. A typical HRTEM image of an
individual Co;0, nanoring is shown in Figure 7c. The mag-
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nified image (inset) shows that the nanoring is structurally
uniform with an interlayer spacing about 0.46 nm, which cor-
responds to the value of the (111) lattice plane of spinel
Co0;0,. The Brunauer-Emmett-Teller (BET) method with
nitrogen adsorption was carried out to investigate the sur-
face-area data of the as-prepared Co;O, samples, which is
critical for their technological application. The N,-adsorp-
tion—desorption isotherm of the as-prepared Co;O, can be
categorized as type IV with a distinct hysteresis loop. The
BET surface-area data was calculated to be about
18.153 m*g ! for the porous Co;O, nanosheets (Figure 7d)
and 13.734 m?’g~! for the Co;0, nanorings (Figure 7¢).
Figure 7t shows the initial discharge curve and the cycle
performance of the Li-Co;0, cell made by the as-prepared
Co;0, at a current density of 100 mA g™ at room tempera-
ture. The porous Co;O, nanosheets had the most initial in-
sertion capacity at 1301 mAhg™', and their capacity came to
about 1011 mAhg™' after the second cycle. Subsequently,
the discharge capacity of the Li—Co;0, cell appeared to in-
crease slightly, which usually proceeds with the activation
process for the electrochemical reaction of lithium. The as-
prepared porous Co;O, nanosheets exhibited excellent cy-
clability. After 21 cycles, the as-prepared porous Co;0,

Chem. Asian J. 2008, 3, 732 -738
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nanosheet electrode maintained a capacity of 1001 mAhg*,
which corresponds to about 99 % of the second discharge
capacity. The initial capacity of the as-prepared Co;0,
nanorings reached 1298.7 mAhg™!, whereas the capacity
dropped rapidly to 676 mAhg™" after 21 cycles. The capacity
retention of the porous Co;O, nanosheets was much better
than that of the Co;O, nanorings, which can be ascribed to
the surface area and crystallinity of the samples. The porous
Co,;0, nanosheets have a larger surface area and higher va-
cancy owing to poor crystallinity, which probably makes the
lithium ions easy to extract and insert into the porous Co;0,
electrode and results in the increase in recharge ability.>"!
On the basis of the experimental results, a probable mech-
anism of formation of the hexagonal 3-Co(OH), nanosheets,
porous Co;0, nanosheets, and Co;O, nanorings is proposed.
The formation of the hexagonal f-Co(OH), nanosheets may
mainly comprise two processes: 1) formation of -Co(OH),
crystal nuclei and 2) subsequent crystal growth from these
nuclei to form hexagonal nanosheets. Triethylamine may
play a key role in the crystal-growth process. Triethylamine
was used both as an alkaline reagent to provide an alkaline
environment and as a complexing reagent to influence the
morphology of the final products. Our experimental results
suggest that triethylamine may provide strong kinetic con-
trol over the growth rates of various faces of $-Co(OH), by
being selectively adsorbed on the crystal planes, which re-
sults in the formation of hexagonal B-Co(OH), nano-
sheets.’!! However, it is still not clear how triethylamine in-
fluences the growth of the different crystal planes of (-
Co(OH),. We also used diethanolamine and triethanolamine
as alkaline and complexing reagents to prepare Co(OH),,
but the morphology of the final products was irregular (see
Supporting Information, Figures S3 and S4). The spinel
Co;0, nanorings may begin with the nanopores at the core
of the hexagonal B-Co(OH), nanosheets. The crystal struc-
ture of the hexagonal $-Co(OH), nanosheets includes Co—
OH layers and counter anions between the Co—OH layers.
With elevated calcination temperature, the Co—OH layers
are converted into cobalt oxide through pyrolysis and dehy-
dration. Thus, the spaces of the OH layers and counter
anions are converted into nanopores. With elongation of re-
action time, the hexagonal [3-Co(OH), nanosheets gradually
dehydrate and shrink and are finally converted into porous
Co;0, nanosheets and nanorings at different calcination
temperatures.”” The calcination temperature is especially
important in the formation of Co;O, nanorings. It is difficult
to obtain Co;O, nanorings at low calcination temperature,
whereas the products of Co;0, obtained at 400°C for 2 h
were mostly made up of nanosheets with porous structures.
Hou et al.™ also prepared porous Co;O, nanosheets by
thermal decomposition of hexagonal 3-Co(OH), nanosheets
in air at 450°C for 5 h. Our synthetic strategy could be em-
ployed to fabricate porous nanosheets and nanorings of
other metal oxides by calcination of the corresponding
metal hydroxide nanosheets under appropriate conditions.
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Conclusions

In summary, we have developed a simple method for the
synthesis of single-crystalline hexagonal B-Co(OH), nano-
sheets in large quantities by choosing triethylamine as both
an alkaline and a complexing reagent under mild conditions.
This novel synthetic method can be carried out to synthesize
other high-quality hydroxide nanosheets, and it should have
potential applications in future large-scale syntheses owing
to its high yield, simple reaction apparatus, and low reaction
temperature. Notably, single-crystalline porous Co;O,4 nano-
sheets and Co;O, nanorings were selectively obtained by
thermal decomposition of the single-crystalline (3-Co(OH),
nanosheets in air at 400 and 600°C, respectively, for 2 h.
This strategy may become a general method for the fabrica-
tion of porous nanosheets and nanorings of other metal
oxides by calcination of the corresponding metal hydroxide
nanosheets under appropriate conditions.

Experimental Section

All chemicals used in this work, such as aqueous cobalt nitrate (Co-
(NO3),-6H,0) and triethylamine, were analytical-grade reagents from the
Beijing Chemical Factory, China. They were used without further purifi-
cation.

Synthesis

In a typical procedure, Co(NOs),-6H,O (0.291 g, 1 mmol) was placed in a
50-mL teflon-lined autoclave and dissolved in deionized water (20 mL)
to form a pink solution at room temperature. Triethylamine (0.5-1.5 mL)
was then added dropwise with magnetic stirring, and the solution imme-
diately turned black. Next, the autoclave was filled with deionized water
up to 80% of the total volume and, after 10 min of stirring, sealed and
maintained at 100-180°C for 2-24 h without shaking or stirring. The re-
sulting products were filtered and washed with deionized water and anhy-
drous ethanol several times, and finally dried under vacuum at 60°C for
4 h. As-prepared cobalt hydroxide was calcined to produce porous nano-
sheets and nanorings of Co;0, in air at 400-600°C for 2 h.

Characterization

The samples obtained were characterized on a Brucker D8-advance
powder X-ray diffractometer with Cuy, radiation (A=1.5418 A). The op-
eration voltage and current were kept at 40 kV and 40 mA, respectively.
The size and morphology of the as-synthesized products were determined
at 20 kV by an XL30 S-FEG scanning electron microscope and at 160 kV
by a JEM-200CX transmission electron microscope and a JEOL JEM-
2010F high-resolution transmission electron microscope. SAED was fur-
ther performed to determine the crystallinity. DSC and TGA were car-
ried out with a NETZSCH STA-449C simultaneous TG-DTA/DSC appa-
ratus at a heating rate of 10 Kmin~' in flowing air. A nitrogen-adsorption
system (Coulter SA 3100 plus) was employed to record the adsorption—
desorption isotherm at the liquid-nitrogen temperature of 196°C. The
electrochemical properties of the as-prepared Co;O, as cathode were
evaluated by using two-electrode cells with lithium metal as anode. The
cathode was prepared by compressing a mixture of Co;O,/acetylene
black/polyvinylidene fluoride (PVDF) with a weight ratio 75:15:15. The
cathode was dried for 24 h at 80°C in a vacuum oven and cut into a disk
(1.0 cm?). The electrolyte solution was 1M LiPF, dissolved in a 1:1 mix-
ture of ethylene carbonate/diethyl carbonate. The cell was assembled in
an Ar-filled glovebox with porous polypropylene (Celgard 2500) as a sep-
arator. The electrode capacity was measured by a galvanostatic charge/
discharge experiment with a current density of 100 mA g™ at a potential
between 0 and 3.0 V.
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