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Preparation of Butterfly-Like CuO Microstructure via Water Bath Method
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Abstract: Butterfly-like CuO microstructures composed of triangular nanosheets were controllably synthesized via
a water bath heating technique using copper nitrate (Cu(NOs),) as copper source, hexamethylene tetramine (CsH,Ny)
as organic base and deionized water as solvent. The crystal structure, composition and morphology of the as-
prepared products were characterized by X-ray diffraction (XRD), energy dispersive X-ray spectrometry (EDX),
field-emission scanning electron microscopy (FESEM), transmission electron microscope (TEM), high resolution
transmission electron microscope (HRTEM) and selected area electronic diffraction (SAED). The results show that
the morphology of CuO crystals is greatly affected by the dosage of CsHpN, With the increase in the
concentration of C¢HpNy, the morphology of CuO is changed from flyingfish-like, via butterfly-like, to peony-like
microstructure. The formation mechanism of butterfly-like CuO microstructure and the evolution of morphology

are discussed.
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0 Introduction organized and designed hierarchical structures because
of their novel and useful physical properties different

Recently, many efforts have been focused on  from bulk or discrete counterparts!™®. Therefore, it is of
controlled organization of primary building units into great interest for chemists and material scientists to
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controllably prepare hierarchical microstructures with
specific morphology™®.

As an important p-type transition-metal-oxide
semiconductor with a narrow band gap (1.2 eV), CuO
has attracted a great deal of attention owing to their
important applications, such as gas sensors!”, magnetic
storage media®™, heterogeneous catalysts™, supercon-

9 lithium ion electrode materials™'. Many

ductors!
approaches have been developed to prepare CuO
nanomaterials with various morphologies. Ren et al.!™
prepared pricky star-like CuO by the hydrothermal
route in the presence of cationic gemini surfactant.

B synthesized CuO hollow microspheres

Wang et al. !
through hydrothermal method in the presence of CTAB.
Heng et al.™™ prepared CuO with various morphologies
(rod-shaped, spherical, shuttle-shaped and starfruit-
like) using sonochemical and microwave-hydrothermal
technique. Li et al. "™ synthesized well-aligned CuO
nanostructured arrays via a conveninent one-step route

by adjusting the reaction temperature. Yin et al. !

1D CuO

microemulsion method with homogeneous precipitation.

prepared nanorods by the coupling
Li et al.'"! fabricated urchin-like CuO core-shell struc-
ture through a PEG-assisted hydrothermal route. Chen
et al. ™ synthesized mesoporous CuO via thermal
decomposition of CuC,0, precursors. Liu et al. I
prepared CuO nanofibers by decomposing Cu (OH),
using a dielectric-barrier discharge plasma. Deng et
al.™ synthesized cocoon shaped CuO hollow nanostru-
cture by a green and facile microwave-assisted aqueous
process. Allam et al.”"! obtained various CuO nanostru-
ctures by electrochemical technique. Even though the
reported synthetic methods have been proven to be the
successful ways to fabricate CuO with controlled
morphologies, complicated synthetic procedures are
still involved, such as special equipment, high temper-
ature, and post removal of the surfactants. Therefore,
further development of a facile, low temperature and
template-free synthetic method is quite necessary.
Herein, a facile water bath heating route was
developed to fabricate butterfly-like CuO microstru-
ctures composed of triangular nanosheets on a large

scale. This method is simple and green, it does not need

high reaction temperature and long reaction time. The
morphology of CuO crystals are greatly affected by the
of CeHp N, With the
concentration of C¢H,N,, the morphology of CuO is

dosage increase in the

changed from flyingfish-like, via butterfly-like, to

peony-like microstructure.
1 Experimental

1.1 Preparation of the butterfly-like CuO
microstructures
All  chemicals

Shanghai Chemical Reagents Co. and used without

(A.R.) were purchased from

further purification.

In a typical procedure, 6.302 3 g (30 mmol)
hexamethylenetetramine (CsH,N;) was first dissolved
into 50 mL deionized water in a 100 mL conical flask,
and then 10 mL of 0.1 mol :L.™ Cu (NO3), aqueous
solution was added. The molar ratio of C¢H,,N, to
Cu(NOs), was 30. The mixture was magnet stirred for 20
min and subsequently water bath treated at 80 °C for
1 h. The resulting black powder was collected, washed
with anhydrous ethanol and deionized water for
several times and then finally dried in a vacuum at
50 C for 6 h.

1.2 Chracterization

The phase purity of the as-synthesized products
was examined by XRD using a Philips X' Pert PRO
SUPER X-ray diffractometer (40 kV, 40 mA) equipped
with graphite monochromatized Cu Ka radiation (A=
0.154 06 nm) and solid state X' cellerator. The incident
light divergent slit size is 0.5°. The diffracted beam
anti-scatter slit size and receiving slit size is 2° and 0.1
mm, respectively. The scan rate of 0.02° -s ™' was
applied and the patterns were recorded in the 20 range
of 20°~70°. Field-emission scanning electron micros-
cope (FESEM) images of the sample were taken on a
(FEI Sirion 200, 15 kV)

attached with an energy dispersive X-ray spectrometer

field-emission microscope

(EDX). The transmission electron microscope (TEM)
images of the samples were taken on a H7650
transmission electron microscope with an accelerating
voltage of 100 kV. The high resolution transmission
(HRTEM) and selected area

electron microscope
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electronic diffraction (SAED) were recorded on a high-
resolution transmission electron microscope (JEOL

JEM-2010) with an accelerating voltage of 200 kV.

2 Results and discussion

2.1 Characterization of the butterfly-like CuO

microstructures

Fig.1 (a) shows the XRD pattern of the as-synthes-
ized sample. All diffraction peaks can be assigned to
the crystalline CuO with monoclinic structure (PDF,
No.05-0661, a=0.468 4 nm, 6=0.342 5 nm, ¢=0.512 9
nm). No peak from impurities can be observed in the
XRD pattern of the obtained sample. The strong and

sharp reflection peaks suggest that the products are of

highly crystalline ones. The purity and composition of
the as-prepared sample by EDX analysis are shown in
Fig.1(b). The result exhibits only the presence of Cu
and O elements in products. The molar ratio of Cu:0
obtained from the peak areas is 0.98:1.03, which is in
agreement with stoichiometry of CuO. A peak assigned
to Al is due to background from the aluminum foil.

The morphologies of the as-prepared CuO products
are shown in Fig.2. Fig.2 (a) and (b) indicates that the
products are mainly composed of uniform elegant
butterfly-like microstructures with sizes of 2~4 pwm. The
enlarged image (inset in Fig.2(a)) clearly demonstrates
an individual butterfly-like microstructure. Fig.2 (c)
gives the picture of two butterfly-like particles with
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Fig.1 XRD pattern (a) and EDX result (b) of the as-prepared sample

(a, b) Overview images, (c) Two butterfly-like particles, (d) Enlarged imgage taken from the area marked by a circle in Fig.2(c)

Fig.2 FESEM images for CuO butterfly-like microcrystals
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almost the same size, which interestingly shows us the
backside and abdomen of a butterfly, respectively. One
can see that these butterfly-like structures consist of
many triangular shaped nanosheets with cuspate tip.
The length of the body is 3 pm and the width of the
wing is 1 pm. Fig.2 (d) is a high-magnification image
recorded from the area marked by a circle in Fig.2(c),
which reveals that the width of each nanosheet
gradually decreases from the bottom towards its tip. The
average thickness of these nanosheets is 15 nm.

Fig.3 (a) and (b) show the typical TEM images of
the as-synthesized CuO sample. The butterfly-like

Fig.3 TEM and HRTEM images for

2.2 Growth mechanism and influencing factor

In the present reaction system, hexamethylene
tetramine (C¢H;,N,), a nontoxic, water-soluble, nonionic
tetradentate cyclic tertiary amine™, may not only act as
an organic base but also as a good complexing reagent
to coordinate with metal ions. First, C¢H,,N, coordinates
with metal Cu®* to form [Cu(C4H,N,),]** complexing

23]

cations at room temperature™. Second, under the

condition of water bath heating, the preformed
complexes decompose to release dissociative metal Cu**
ion, and at the same time, CsH,,N; hydrolyzes in
aqueous solution and generates hydroxide anions (OH").
Third, Cu®* in the solution reacts with OH~ to form
copper hydroxide Cu(OH), or tetrahydroxocuprate(Il)
anions Cu(OH)2 (In high concentration of CgH )N,
solution, Cu(OH);>~ may be produced)?!. Finally, the
newly-produced Cu(OH), or Cu(OH),*~ will dehydrolyze
quickly to generate CuO products. The whole reaction
process can be described as follows:

2CH N+ Cu™ = [Cu(C6H12N4)2]2+ @

Ce¢H ,N,+6H,0=4NH;+6HCHO )

microstructures mainly preserve their shapes during the
ultrasonic treatment. Fig.3 (b) is a high-magnification
image recorded from an individual CuO microstructure,
which further confirms that the as-prepared butterfly-
like CuO microstructures are constructed by triangular
nanosheets, agreeing with the FESEM results. Fig.3(c)
shows a typical HRTEM image obtained from an
individual nanosheet. The average distance between the
neighbouring fringes is 0.252 nm, corresponding well to
interlayer spacing of the (002) planes of monoclinic
CuO. The inset is SAED pattern recorded on a piece of

nanosheet, revealing its single crystalline nature.

5.nm

CuO butterfly-like microcrystals

NH3+H20:NH4++OH_ (3)
Cu*+20H" (or 40H")=Cu(OH), (or Cu(OH),*) (4)
Cu(OH), (or Cu(OH),»)=

CuO+H,0 (or CuO+H,0+20H") 5)

To evaluate the effect of organic base concentra-
tion, a series of parallel experiments were performed by
only changing the dose of hexamethylene tetramine
(CeHpN,) and keeping other conditions unchanged,
which was checked with FESEM as shown in Fig.4. The
growth process of butterfly-like CuO and its subsequent
transformation into peony-like microstructure has been
observed with the increase in concentration of C¢H,N,.
When the amount of C¢H,N, is reduced to 5 mmol,
flyingfish-like microcrystals as well as some underdeve-
lopment butterfly-like microstructure are produced (Fig.
4(a)). The inset in Fig.4(a) is a single magnifying
flyingfish-like microcrystal. It shows that the body is
made up of several shuttle-like nanoparticles through
overlaping with each other and the film is comprised of
triangular shaped nanosheets. The obtained CuO
butterfly-like

products take on underdevelopment
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(a) 5 mmol, (b) 15 mmol, (c) 45 mmol, (d) 60 mmol

Fig4 FESEM images of CuO products obtained using different dosages of CsH N,

morphology when the adding amount of C¢H,N, is 15
mmol (Fig.4 (b)). Fig.4 (c) gives the picture of CuO
products when the adding amount of C¢H,N, is up to 45
mmol, indictating that irregular microflowers are
obtained. When the adding amount of CeH;,N, is
increased to 60 mmol, large quantities of beautiful
peony-like CuO microstructures consisting of triangular
petals are found in the products (Fig.4(d)). It should be
noted that these peonies are not spherical but actually
ellipsoidal.

A formation mechanism for CuO butterfly
microstructure and its succeeding evolution influenced
by the concentration of organic base solution is
(Fig.5).
concentration of organic base solution
CeH Ny,

decomposing Cu(OH), and rapidly developed into

described as follows First, at lower
(5 mmol

CuO primary nuclei are produced by

shuttle-like monomers under water bath heating. In
order to decrease the high specific surface energy, some

preformed nanoshuttles tend to pile up plane by plane

through oriented-overlaping to form the body of flying
fish. Due to existing high active sites at the lateral part
of nanoshuttle aggregates, secondary nucleation and
growth of triangular shaped films would take place on
these active sites to form flyingfish-like microcrystal.
Then, increasing the concentration of organic base (15
mmol C¢H,N,), much more CuO substances are prod-
uced by the decomposition of Cu(OH), or Cu(OH),*,
which would lead to second nucleation , and epitaxial
growth not only proceeds at the lateral part but also at
the top and bottom surface of nanoshuttle aggregates.
So, at a proper concentration of organic base solution
(30 mmol C¢H,N,), perfect butterfly-like CuO micro-
structures are formed. Finally, at higher concentration
of organic base (60 mmol C¢H,N,), much more uncoor-
dinated C¢HpoNy exsiting in the solution hydrolyzes to
produce too much OH ™ anions and a supersaturated
solution of Cu(OH),*” might be generated, thus, excessive
CuO products are created rapidly. The pre-obtained

flyingfish-like microstructures quickly develop into
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Nuclei Flyingfish-like
(5 mmol CH, N,)
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Underdevelopment butterfly-like
(15 mmol CH N,)
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Peony-like
(60 mmol C H _N,)
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(30 mmol CH,N,)
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Fig.5 Schematic illustration of the formation process for CuO butterfly-like microstructrue and

its evolution with the increase of dosage of CsH )N,

peony-like clusters of radiating sheet-like nanocrystals
because the second growth may be too rapid to be

separated from the second nucleation.
3 Conclusions

In summary, elegant butterfly-like CuO microstru-
ctures have been fabricated via a water bath heating
technique. FESEM and TEM images show that the size
of as-prepared CuO butterfly-like microstructures is 2~
4 pm and the microstructures are composed of
triangular nanosheets with thickness of 15 nm. The
growth process of butterfly-like CuO microstructure and
the evolution of morphology influenced by the dosage of
organic base were investigated in detail. The synthetic

route is convenient and environment-friendly.
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