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ABSTRACT: A two-step strategy has been developed to
fabricate 3D flower-like Co;0, hierarchical microstructures
assembled by hexagonal porous nanoplates. The synthetic
procedure was described as (1) 3D flower-like a-Co(OH),
microstructures were prepared by a facile surfactant-free low-
temperature hydrothermal process; (2) 3D flower-like Co;0,
hierarchical microstructures were fabricated by annealing the
obtained 3D flower-like a-Co(OH), microstructures. X-ray
diffraction and Raman spectrum analyses demonstrate that the
hierarchical microstructures formed from 3D flower-like a-
Co(OH), microstructures are composed of pure cubic phase
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Co30,. Scanning electronic microscopy demonstrates that the as-prepared Co;O, microstructures exhibit 3D flower-like
hierarchical structures assembled by hexagonal porous nanoplates. Photoluminescence demonstrates that these novel 3D flower-
like Co;0, hierarchical microstructures display a broad strong emission in the visible range of 650 to 800 nm with a peak at
around 710 nm (1.75 V), which is very close to the indirect optical band gap of 1.60 eV for Co;0, thin film. The result indicates
that the photoluminescence emission likely originates from the indirect optical band gap emission. The broad photoluminescence
emission may be resulted from a wide size distribution of porous nanoplates in 3D hierarchical microstructures. These 3D flower-
like Co;0, hierarchical microstructures with unique optical properties may find new potential applications in visible light

emitting materials.

KEYWORDS: three-dimensional hierarchical microstructures, two-dimensional porous nanoplates, low-temperature synthesis,

visible light photoluminescence

1. INTRODUCTION

Inorganic micro- and nanomaterials with controlled size and
shape have recently attracted enormous attention owing to
their strong physical properties for optical, electrical, and
magnetic applications, which are very important for the
development and realization of photoelectronic devices with
high performance.' In addition, the assembly of the nano-
building blocks into favored structures is also very important for
the fabrication of nanodevices with advanced functions.”
Therefore, it is highly desirable to study the physical properties
of inorganic micro- and nanomaterials with controlled size and
shape.

Cobalt oxide (Co;O0,) is one of the most promising
transition metal oxides due to its special structure with the
direct optical band gap of around 2.10 eV and the indirect
optical band gap of around 1.60 eV for thin film,>* and
potential applications in heterogeneous catalysts,® chemical gas
sensors,® lithium-ion batteries”® and magnetic materials,’
quantum tunneling of magnetization,10 supercapacitors,11 and
electrochromic devices.'> Furthermore, it has been reported
that Co;0, micro- and nanostructures with controlled shape
and size exhibit unique physical properties such as optical,
magnetic, field emission and electrochemical properties. These
unique properties are very attractive in the fabrication of
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Co;0,-based high-performance nanodevices.">'* Many efforts
have therefore been inspired to study on the synthesis and
properties of Co;O4 micro- and nanostructures. However, in
recent years, enormous efforts have been mainly devoted to
preparation and potential applications such as catalysts, gas
sensors, and lithium-ion batteries,"~® but there are only a few
reports on the investigations of physical properties such as
optical and magnetic properties of Co;0, micro- and
nanostructures.">'* As is known, the design and fabrication
of Co;0,-based photoelectronic nanodevices with advanced
performance is greatly determined by the physical properties of
Co0;0, micro- and nanostructures. Therefore, it is highly
worthwhile to investigate the physical properties of Co;0,
micro- and nanostructures. Furthermore, the studies on
physical properties of Co;0, micro- and nanostructures can
explore their new potential applications in optoelectronic
nanodevices.

As was reported in the previous works, the shape and size of
the Co;0, micro- and nanostructures have an evident influence
on their properties such as optical, magnetic, electrochemical
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properties, etc.'*'® Thus, the control of the shape and size is a
key issue to study the shape- and size-dependent properties of
the Co;0, micro- and nanostructures. So far, much research
has been done on the synthesis and properties of Co;0, micro-
and nanostructures with controlled morphologies such as
nanocubes,ls nanorods,'” nanosheets,'® nanowires,"’ porous
nanobelts,”® hollow spheres, and flower-like nanostructures.*"?*

In this work, three-dimensional (3D) flower-like Co,0,
hierarchical microstructures assembled by hexagonal porous
nanoplates were successfully synthesized through annealing the
3D flower-like a-Co(OH), microstructures, which were
synthesized by a facile surfactant-free hydrothermal method.
The structural features of the as-obtained Co;0, hierarchical
microstructures were characterized by scanning electron
microscopy (SEM). Surface morphology observations show
that the as-prepared Co;0, hierarchical microstructures exhibit
3D flower-like structures assembled by dozens of two-
dimensional (2D) nanoplates with a thickness of a few tens
of nanometers. Characterizations of structural features reveal
that 2D nanoplates display hexagonal porous structure.
Furthermore, 3D Co;0, hierarchical microstructures exhibit a
strong broadened photoluminescence (PL) emission in the
visible range of 650 to 800 nm with a maximum peak at 710 nm
(1.75 eV). These Co;0, hierarchical microstructures assembled
by 2D hexagonal porous nanoplates are expected to find new
potential applications in visible emitting materials, as well as
sensors, optics and electronics.

The important novelty in the present study is the first report
of 3D Co;0, flower-like microstructures assembled by 2D
hexagonal porous nanoplates. The as-fabricated 3D Co;0,
flower-like microstructures show unprecedented strong visible
light PL emission when excited with a He—Cd laser at 325 nm.
In addition, this work offers a facile strategy to fabricate 3D
Co;0, flower-like microstructures by annealing the obtained
3D flower-like a-Co(OH), microstructures in large quantity.

2. EXPERIMENTAL SECTION

The 3D Co;0, hierarchical microstructures assembled by 2D
hexagonal porous nanoplates were fabricated by a two-step strategy.
First, 3D flower-like a-Co(OH), microstructures were synthesized by
a facile surfactant-free hydrothermal process. In a typical procedure for
the preparation of 3D flower-like a-Co(OH), microstructures, 0.2
mmol of cobalt chloride (CoCl,-6H,0), 1.0 mmol of sodium chloride
(NaCl), and 1.2 mmol of hexamethylenetetramine (HMT) were
dissolved in 200 mL of a mixture of deionized water and ethanol with
volume ratio of 9:1 to give the final concentrations of 10, 50, and 60
mM, respectively. The reaction solution was stirred for 20 min and
subsequently transferred into a 250 mL Teflon-sealed autoclave,
sealed, and kept at 90 °C for 1 h in a furnace, and cooled to room
temperature. The green precipitates were collected by centrifugation
and subsequently washed with distilled water for several times, and
then air-dried at room temperature.

Second, 3D Co30, hierarchical microstructures were fabricated by
annealing the as-synthesized 3D flower-like @-Co(OH), micro-
structures with the following procedure: the as-synthesized 3D
flower-like a-Co(OH), microstructures were heated in a porcelain
crucible that was placed in the middle of an alumina tube with a
horizontal tube electric furnace at 400 °C for 2 h, and the black
powders were obtained by gradually cooling the heat-treated powders
to room temperature in air.

X-ray powder diffraction (XRD) patterns were obtained on a Rigaku
(Japan) D, 74 rotation anode X-ray diffractometer equipped with the
graphite monochromatized Cu Ka radiation (4 = 1.54178 A),
employing a scanning rate of 0.02° s™" in the 26 range from 10 to 80°.
The structural features such as size and morphology were studied by

416

scanning electron microscopy (SEM, Hitachi S-4800) and trans-
mission electron microscopy (TEM, JEOL-2100), respectively.

The optical properties of the as-obtained nanostructures were
investigated by PL and Raman spectra, which were performed on a
LABRAM-HR confocal laser microRaman spectrometer at room
temperature. The 325 nm line of a He—Cd laser with the capability of
supplying 250 mW was used as the excitation source for the
measurements of the PL and Raman spectra.

3. RESULTS AND DISCUSSION

The composition and crystallinity of the 3D flower-like a-
Co(OH), microstructures, fabricated by using a facile
surfactant-free low-temperature hydrothermal process, were
measured. Figure 1 is a typical XRD pattern of the Co(OH),
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Figure 1. XRD pattern of the as-prepared 3D flower-like a-Co(OH),
microstructures.

precursors prepared by a facile surfactant-free hydrothermal
process through heating the mixed solution of CoCl,, NaCl,
and HMT at 90 °C for 1 h. One can see from the XRD pattern
that several characteristic diffraction peaks are observed. These
diffraction peaks can be easily assigned on the basis of the
crystal structure of a-Co(OH), as reported before.”>** Four
main characteristic diffraction peaks can be indexed to the
(003), (006), (012), and (015) crystalline planes of a-
Co(OH),. The diffraction peaks of S-Co(OH), and cobalt
oxides were not detected in the XRD pattern, indicating that
pure phase a-Co(OH), crystals are successfully synthesized via
the present facile surfactant-free hydrothermal route. As
reported in the previous research works, the pure phase a-
Co(OH), particle is difficult to synthesize compared to the f-
Co(OH), particle, because the a-Co(OH), particle is
metastable and can transform rapidly to the f-Co(OH), durin§
preparation or upon storage in strong alkaline media.”
Therefore, our present study offers a new and facile
surfactant-free hydrothermal route for the growth of stable a-
Co(OH), particle.

The morphology and size of the as-prepared a-Co(OH),
particles was estimated by SEM. Figure 2 shows SEM images of
the as-obtained a-Co(OH), particles with different magnifica-
tions. A typical low-magnification SEM image, as shown in
Figure 2a, demonstrates that a large quantity of 3D flower-like
microstructures was achieved. The size along diagonal axis of
3D flower-like microstructures is not uniform ranging from
about 2 to 10 um. Figure 2b is a typical medium-magnification
SEM image of the as-obtained 3D flower-like a-Co(OH),
microstructures, showing that the microstructures are
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Figure 2. (a) Low-magnification SEM images of the as-synthesized 3D flower-like a-Co(OH), microstructures. (b) Medium- and (c) high-
magnification SEM images of 3D flower-like a-Co(OH), microstructures, showing that the as-prepared microflowers are assembled by plate-like
nanostructures. (d) SEM image of an individual microstructure, showing that 3D flower-like microstructures are assembled by many hexagonal

nanoplates.

assembled by plate-like nanostructures. Higher magnification
SEM images, as presented in Figure 2¢, further confirm that the
3D flower-like microstructures are fabricated by self-assembly
of nanoplates with thickness of a few tens of nanometers.
Figure 2d shows a SEM image of an individual microstructure
used to further study the structural features of the 3D flower-
like microstructures. After a careful examination, one can find
that 3D flower-like microstructure is assembled by hexagonal
nanoplates as indicated by arrows in Figure 2d. The results of
XRD and SEM demonstrate that 3D flower-like a-Co(OH),
microstructures assembled by hexagonal nanoplates can be
successfully synthesized via the present facile surfactant-free
hydrothermal method.

Figure 3 is the XRD diffraction pattern of the particles
fabricated by annealing the 3D flower-like a-Co(OH),
microstructures at 400 °C for 2 h in air. The XRD pattern of
the as-obtained particles exhibits several characteristic dif-
fraction peaks that are in agreement with the standard PDF
card (JCPDS 43-1003). One can find from the XRD pattern
that the diffraction peaks are broadened, which may be resulted
from the small size of the prepared particles. Five main
characteristic diffraction peaks can be readily assigned to the
(220), (311), (400), (S11) and (440) planes of the cubic phase
Co,0, crystal with lattice constant a = 8.094 A (JCPDS 43-
1003). The diffraction peaks of other cobalt oxides and
hydroxides are not detected in the XRD pattern. Thus, the
result of XRD clearly demonstrates that the 3D flower-like a-
Co(OH), microstructures can be transformed to pure cubic
phase Co3;0, crystals completely, after being annealed at 400
°C in air for 2 h.

The structural features of the as-synthesized Co;0, crystals
were investigated by SEM. Typical SEM images of the as-
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Figure 3. XRD pattern of the as-fabricated 3D
hierarchical microstructures.

flower-like Co50,

obtained Co;0, crystals with different magnifications are
shown in Figure 4. A typical low-magnification SEM image of
the as-prepared Co;0, crystals demonstrates that a large
quantity of 3D flower-like hierarchical microstructures has been
obtained, as shown in Figure 4a. These 3D flower-like
hierarchical microstructures have diameters of around 2 to 10
um, which is similar to those of 3D flower-like a-Co(OH),
precursors, as shown in Figure 2. Medium-magnification SEM
image, as shown in Figure 4b, demonstrates that the entire
flower-like hierarchical structures were assembled by many 2D
nanoplates. Figure 4c is a typical SEM image of an individual
3D flower-like microstructure, clearly showing that the as-
obtained 3D flower-like microstructure is built by many 2D
hexagonal nanoplates, which is consistent with the morphology
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Figure 4. (a) Low- and (b) medium-magnification SEM images of 3D flower-like Co;0, hierarchical microstructures. (c) SEM image of an
individual microstructure, demonstrating that the nanostructure is assembled by many hexagonal nanoplates. (d) High-magnification SEM image of
an individual nanostructure, showing that the nanostructure is assembled by many porous hexagonal nanoplates. (e and f) SEM image of an
individual 2D hexagonal nanoplate and the corresponding enlarged SEM image, showing that the 2D hexagonal nanoplate exhibits a porous

structure.

of 3D flower-like a-Co(OH), precursors. Figure 4d is a typical
high-magnification SEM image of a single flower-like
hierarchical microstructure further used to exam its structural
features. Interestingly, one can clearly find that the as-fabricated
3D flower-like hierarchical microstructures are composed of
many hexagonal porous nanoplates. Figure 4e,f is a SEM image
of an individual 2D hexagonal nanoplate and the corresponding
enlarged SEM image used to study its structural feature. The
enlarged SEM image clearly demonstrates that 2D hexagonal
nanoplate exhibits porous structure.

The structural feature of the fabricated 3D flower-like Co;0,
microstructures was further studied by TEM. Figure S shows
TEM images of the flower-like microstructures with different
magnifications. Figure Sa demonstrates that the flower-like
microstructures are built by 2D thin porous hexagonal
nanoplates. The porous structural feature of the 2D nanoplates
is further confirmed by a higher magnification TEM image of
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an individual hexagonal nanoplate, as shown in Figure Sb. One
also can see from Figure Sb that the porous nanoplate is easily
broken during the preparation of the TEM sample. Thus, the
results of XRD, SEM, and TEM demonstrate that the novel 3D
flower-like Co;0, microstructures assembled by many 2D
porous hexagonal nanoplates can be successfully fabricated by
the present strategy.

It is desirable to give a rational interpretation for the roles of
NaCl and HMT in the formation of the 3D a-Co(OH), flower-
like microstructures. As was reported in the previous
literature,”">* HMT decomposed into formaldehyde and
ammonia in aqueous deposition baths. In addition, it also has
been reported that NaCl can be used to increase the rate of
nanoparticle self-assembly;*® these works offer us reasonable
suggestions for the roles of NaCl and HMT, and the growth
mechanism of 3D a-Co(OH), flower-like microstructures.
During the hydrothermal process at 90 °C, HMT gradually
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Figure 5. (a) Low- and (b) high-magnification TEM images of the as-
fabricated 3D flower-like Co;0, microstructures.

decomposes into formaldehyde and ammonia in the reaction
aqueous, then the newly formed ammonia reacts with water to
produce OH™. Second, Co*" reacts with OH™ to form a-
Co(OH), crystal nuclei, the newly formed a-Co(OH), crystal
nuclei grow into 2D plate-like nanocrystals with the aid of
NaCl. In addition, the layer structural feature of a-Co(OH),
crystal also makes it nuclei to grow into 2D plate-like
nanocrystals. Finally, the plate-like a-Co(OH), nanocrystals
assemble to form 3D flower-like microstructures by spiral
assembly with the assistance of NaCl. In the growth of 3D a-
Co(OH), flower-like microstructures, the HMT offers OH™ by
releasing ammonia in the reaction aqueous. NaCl may assist the
plate-like @-Co(OH), nanocrystals to assemble into 3D flower-
like microstructures, although the exact role of NaCl is not very
clear and need to study further. The chemical reaction for the
formation of flower-like a-Co(OH), microstructures can be
formulated as*®

(CH, )N, + H,0 — 6HCHO + NH, (1)
NH, + H,0 < NH*" + OH~ @)
Co’* + 20H™ — Co(OH), 3)

The study of the optical property of the Co;O, micro- and
nanostructures is very important for the design and fabrication
of Co;0,-based nanodevices. On the other hand, it has been
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demonstrated that Co;0, micro- and nanostructures with
controlled shape and size exhibit unique physical properties. In
this study, we have used Raman and PL spectroscopy to
estimate the optical properties of the as-obtained 3D flower-like
Co;0, hierarchical microstructures assembled by hexagonal
porous nanoplates. In addition, the composition and structural
features of the as-prepared hierarchical microstructures were
further identified by Raman spectroscopy, because Raman
spectroscopy, a nondestructive characterization technique, is an
effective method for the studies of the vibrational properties
and microstructure features of micro- and nanostructures.>>'
Figure 5 shows a typical Raman spectrum of the as-obtained 3D
flower-like Co;0, hierarchical microstructures assembled by
hexagonal porous nanoplates. The spectrum was taken with a
LABRAM-HR confocal laser microRaman spectrometer using a
325 nm He—Cd laser as the excitation source at room
temperature. One can find that only one Raman peak at about
580 cm™' is observed. The peak can be indexed to the F32g
mode of the crystalline Co;0,.°>**> No vibrational modes of
CoO* are detected in the Raman spectrum of the as-obtained
3D hierarchical microstructures. Thus, on the basis of the
results of XRD and Raman spectrum, it is reasonable to
conclude that the as-prepared 3D flower-like hierarchical
microstructures assembled by hexagonal porous nanoplates
are pure cubic phase Co;0,.

It is known that the optical property of semiconductor
micro- and nanomaterials, including band gap determination,
impurity levels and defect detection, and recombination
mechanisms of photoinduced carries in semiconductor micro-
and nanoparticles, is widely investigated by PL spectroscopy. A
typical room temperature PL spectrum of the as-prepared 3D
flower-like Co;0, hierarchical microstructures assembled by
hexagonal porous nanoplates is shown in Figure 6, showing that
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Figure 6. Room-temperature Raman spectrum of the as-synthesized
3D flower-like Co;0, hierarchical microstructures under the 325 nm
laser excitation.

the as-obtained hierarchical microstructures emit stably visible
light at room temperature, when excited with a 325 nm He—Cd
laser. One can clearly see that the PL spectrum exhibits a strong
emission in the visible light range of 650 to 800 nm centered at
about 710 nm, which corresponds to an energy of 1.75 eV. The
value is very close to the indirect optical band gap of 1.60 eV, as
reported for Co;O, thin film.>* Thus, the PL peak of the as-
prepared 3D flower-like Co;0, hierarchical microstructures
likely originates from the indirect optical band gap emission.>*
In addition to strong visible light emission, the emission peak in
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PL spectrum of the obtained hierarchical microstructures is
broadened significantly as shown in Figure 6. It has been
demonstrated that the size and morphology of the micro- and
nanocrystal have a great effect on its energy band gap.”® In the
present case, the as-obtained 3D flower-like Co;0, hierarchical
microstructures assembled by hexagonal porous nanoplates
display a wide distribution in diameter. These structure features
make the as-obtained Co;0, hierarchical microstructures to
exhibit a distribution of the energy band gaps, which is
responsible for the broad emission in the PL spectrum. Similar
broad PL emission feature has been reported in Co;0,
nanorods®® and nanowires.”” The unique optical properties
exhibited by the as-achieved 3D flower-like Co;0, hierarchical
microstructures assembled from hexagonal porous nanoplates
may make these micromaterials to find new potential
applications in visible light emitting materials (Figure 7).
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Figure 7. Room-temperature PL spectrum of the as-synthesized 3D

flower-like Co;0, hierarchical nanostructures under the 325 nm laser
excitation.

4. CONCLUSIONS

3D flower-like Co;0, hierarchical microstructures assembled
by hexagonal porous nanoplates have been successfully
prepared by annealing the 3D flower-like @-Co(OH), micro-
structures, which were synthesized through a facile and simple
surfactant-free hydrothermal method. The composition and
crystallization phase of the as-obtained Co;0, hierarchical
microstructures were studied by X-ray diffraction and Raman
spectrum. The results demonstrate that the as-prepared
hierarchical microstructures are composed of pure cubic
phase Co;0,. The structural features such as morphology and
size of the obtained hierarchical microstructures were studied
by scanning electronic microscopy and transmission electron
microscopy. The results show that the as-prepared Co;0,
microstructures exhibit novel 3D flower-like hierarchical
structures assembled by hexagonal porous nanoplates and
display a wide distribution in diameter. Photoluminescence
investigation shows that these novel 3D flower-like Co;0,
hierarchical microstructures built with hexagonal porous
nanoplates exhibit a broad strong emission in the visible
range of 650 to 800 nm with a peak at around 710 nm (1.75
eV). The value is very close to the indirect optical band gap of
1.60 eV for Co;0, thin film; therefore, the photoluminescence
peak likely originates from the indirect optical band gap
emission. An ununiform shape and a wide size distribution of
porous nanoplates in 3D hierarchical microstructures may
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result in a broad photoluminescence emission. The unique
optical properties demonstrated by the as-obtained 3D flower-
like Co;0, hierarchical microstructures may lead them to
potential applications in visible light emitting materials.
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