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Abstract

Hollow polyhedra and cubes of nanostructured Cu, O particles have been
synthesized by reduction of CuSO, with ascorbate acid in the solution

phase. The nanostructures were obtained when the

cetyltrimethylammonium (CTAB) concentration ranged from 0 to 0.03 M in
the presence of NaOH. Structural characterizations, by means of x-ray
photoelectron spectroscopy (XPS) for measuring Cu valence states and by
electron microscopy for microstructure and chemical analyses, suggest that
most Cu,O nanoparticles are covered with a thin CuO shell arising possibly
from reaction of the adsorbed oxygen on the Cu,O particle surface. The
blue shift is observed as microstructures of Cu, O nanoparticles changed
from cubic to hollow in ultraviolet and visible (UV-visible) absorption
spectra. Both the Cu,O hollow and cubic nanostructures show certain
quantum-confined effects. A cationic CTAB template mechanism is
proposed to interpret the formation of the Cu,O nanoparticles.

1. Introduction

Shape and size are important factors in determining the struc-
tural, physical and chemical properties of nanoparticles [1—
3]. Shape-controlled synthesis of nanoparticles has become
a focus point, as different morphologic nanoparticles could
have different electronic, optic and magnetic properties from
that observed in their spherical counterpart. Semiconductor
nanoparticles have been made in various shapes such as trian-
gles, rods, cubes and tetrapods for potential application and for
quantum confinement studies [4, 5]. Cu,O is a p-type semi-
conductor with a direct bandgap of ~2.17 eV, which makes it a
promising material in the application of solar energy and catal-
ysis [6, 7]. In recent years Cu, O nanomaterials with different
structures have been synthesized by various methods [8—12].
The notable hollow nanostructure is of current interest due
to its possible application in many areas of modern science
and technology, such as catalysis, drug delivery systems, chro-
matography, energy storage and microelectronics [13, 14]. In
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the present work, various nanostructured Cu,O particles were
synthesized by using CTAB as a template through a simple
one-step route. The influence of CTAB concentration on the
structure of Cu,O nanoparticles was investigated.

2. Experimental details

2.1. Materials

Cetyltrimethylammonium (CTAB, ACROS), copper sulfate
(CuSOy4, Beijing Chemicals), sodium hydroxide (NaOH,
Beijing Chemicals) and ascorbate acid (ACROS) were
used. All aqueous solutions were prepared with high-purity
deionized water.

2.2. Synthesis of Cuy O nanoparticles

Nanostructured Cu,O nanoparticles with different structures
were synthesized using an extended solution phase method
originally reported to synthesize nanocubes [8]. In a typical
experiment, a set of solutions were prepared by adding 0.25 ml
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Figure 1. X-ray powder diffraction data of the as-prepared
nanoparticles.

of 0.01 M aqueous CuSO4 to 9.0 ml of aqueous CTAB
solutions with a concentration of 0-0.03 M. Next, 0.50 ml
of 2 0.10 M ascorbate acid solution was added into the Cu®*—
CTAB mixture solutions. The solutions were heated in a water
bath from room temperature to 55 °C, and kept for 5 min at this
temperature. Then, 0.2 ml of a 0.5 M aqueous NaOH solution
was added into the mixture solutions. The solutions were kept
at 55 °C for 5 min, then were removed from heat and allowed to
cool to room temperature for about 30 min. The particles were
separated from the solutions by centrifugation and washed with
deionized water to remove the surfactant.

2.3. Characterization

X-ray diffraction (XRD) data used for structure analysis was
collected using a Rigaku D/max 2500 diffractometer with
Cu Ko radiation. A step scan mode was employed with a step
width of 0.02° and a sampling time of 1 s. A VG-ESCALAB-5
x-ray photoelectron spectrometer with Mg Ko exciting
radiation was used to perform the surface constituent analyses.
An FEI XL30 SEM and an FEI Tecnai F20 TEM were used
to perform the microstructure analysis. A Cary 1E UV-vis
spectrometer was used to perform absorption spectroscopy
analysis.

3. Results and discussion

Figure 1 shows a set of typical XRD data collected from
the as-prepared samples with CTAB concentration in the
range 0-0.03 M. All clear diffraction peaks can be assigned
to the cubic CuyO structure with the lattice parameter of
4269 A (standard PDF data: No. 05-0667). The average
size of the grains comprising the nanoparticles in each sample
have been roughly estimated from the (111) reflection peaks
by using the Scherrer formula; we get 11.8, 7.5, 8.2 and 9.4 nm
corresponding to CTAB concentrations of 0, 0.005, 0.01 and
0.03 M, respectively. The results indicate that the grains
become gradually larger with increasing CTAB concentration
from 0.005 to 0.03 M. However, the average grain size of
nanoparticles prepared without CTAB is apparently larger
than that of nanoparticles prepared with CTAB. Figure 2(a)
shows an XPS spectrum of Cu 2P3,, core level acquired
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Figure 2. Cu 2P3,, XPS data of nanoparticles taken (a) from the
initial surface, identified as the cupric CuO phase, and (b) from the
sample after 2 min 2 keV Ar* sputtering, identified as the pure
cuprous Cu,0O phase.

from a deposited nano-Cu,O sample prepared with CTAB
concentration of 0.03 M. The 2P3,, peak at 933.4 eV and the
shake-up at 943.7 eV (~10 eV away) are in good agreement
with the spectral feature of Cu”* [15, 16]. Then, we milled
the sample by 2 keV Ar* sputtering for 2 min, and got the
other spectrum as shown in figure 2(b). As we can see, the
2P3/, peak shifts down to 932.8 eV with the disappearance
of shake-up, which perfectly fits with the feature of the
Cu* spectrum. These facts suggest that a thin layer of
CuO possibly covers the Cu,O nanoparticles in the as-grown
samples. Further evidence supporting these microstructure
properties was obtained from element mapping observations
which indicate that the surface layer of nanoparticles is rich in
oxygen even in high vacuum. It is also noted that this structural
phenomenon shows certain similarities with the activated
reactive evaporation (ARE) nanophase which suggested that
the stabilization of the cubic Cu,O nanophase is enhanced
by the formation of a monoclinic CuO surface layer [17].
The element mapping analyses of O and Cu were performed
on nanocubes prepared with CTAB concentration of 0.03 M.
The mapping images of Cu,O nanoparticles are shown in
figures 3(a)—(c). The O element mapping image (figure 3(b))
of Cu,O particles shows notable contrast changes depending
on the particle size. This phenomenon is considered to result
from the alternation of the fraction of the surface layers with
high O concentration, this fraction apparently increases with
the decrease of the particle size. Asaresult, uniform contrastin
figure 3(b) is observed on certain small particles. These results
demonstrate that the oxygen concentration is evidently rich on
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Figure 3. (a) Bright-field TEM image of nanocubes prepared with 0.03 M CTAB. Energy filtered images showing the distributions of (b) the

O element and (c) the Cu element in the nanocubes.

Figure 4. SEM images of nanoparticles: (a) prepared without CTAB. (b)—(d) prepared with CTAB concentration of 0.005, 0.01 and 0.03 M,

respectively.

the nanocubes’ surfaces, which is believed to be connected
to the surface oxidizing from Cu,O into CuO, as discussed
above. In addition, we have performed electron diffraction
analysis simultaneously on many particles, and we cannot find
the diffraction rings from the CuO structure; this fact suggests
that the CuO layer is probably amorphous.

Figure 4 is a set of typical SEM images of the Cu,O
nanoparticles prepared at different CTAB concentrations.
The nanoparticles in figure 4(a) prepared without CTAB are
nanocubes of poor size distribution with the edge length
ranging from 20 to 100 nm. However, the nanoparticles
prepared at CTAB concentrations of 0.005, 0.01 and 0.03 M in
general are uniform in size and show up as irregular polyhedra
or nanocubes, as illustrated in figures 4(b)—(d), and the size
of the nanoparticles increases with the increase in CTAB
concentration. In lower concentrations of CTAB (from 0.005

to 0.01 M), the morphology of Cu,O nanoparticles is mainly
irregular polyhedra. On the other hand, it is noted that the
grain shapes of Cu,O nanoparticles change to cubic as the
concentration of CTAB increases up to 0.03 M.

In order to better understand the microstructure of
these nanoparticles, we have performed systematic TEM
investigations on different samples. Figures 5(a)—(d) show a
series of TEM images taken from Cu, O nanoparticles prepared
at different CTAB concentrations. A large fraction of the
nanocubes prepared without CTAB have complex porous
structure (see figure 5(a)). Nanoparticles prepared with low
CTAB concentrations of 0.005 and 0.01 M (figures 5(b) and (c))
show clear contrast changing from the particle edge to the
centre area, which is believed to arise from the evident hollow
nature [18]. These Cu,O hollow nanoparticles are uniform and
have dimensions of 40-60 nm. The wall thickness is estimated
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Figure 5. (a) Porous nanocubes prepared without CTAB. ((b), (c)) Hollow nanoparticles prepared with 0.005 and 0.01 M CTAB,
respectively. (d) Porous nanocubes prepared with 0.03 M CTAB.

Figure 6. ((a)—(c)) Typical SAEDs of individual nanoparticles corresponding to figures S(a)—(d), respectively. (d) A typical HRTEM image
of a nanoparticle, the moiré fringes indicating the adsorbed small particles on the surface.

to be around 10 nm. Moreover, our experimental results the TEM image of the nanoparticles prepared under CTAB
suggest that the sizes and morphologies of the nanoparticles  concentration of 0.03 M. The particles in the present case have
can be controlled by CTAB concentration. Figure 5(d) shows the shape of nanocubes.

270



Morphologies and microstructures of nano-sized CuO particles using a CTAB template

488

Intensity

300 400 500 600 700 800
Wavenumber (nm)

Figure 7. UV-visible absorption spectra of different morphologic
Cu,O nanoparticles.

Selected area electron diffraction (SAED) observations
have been performed for checking the crystal structures of
the Cu,O nanoparticles in each sample. Figure 6(a) shows
a typical SAED pattern taken from a porous particle as
shown in figure 5(a); it is found that these nanoparticles in
general are composed of grains aggregated randomly. With
the introduction of CTAB, the crystallization of nanoparticles
becomes gradually better. Figure 6(b) is a typical SAED
pattern of a hollow nanoparticle prepared at low CTAB
concentration which indicates a highly preferred (111)
orientation texture structure; nanocubes prepared at high
CTAB concentration (0.03 M) are found to be well crystallized
along the (001) orientation. The broadened and streaked
diffraction spots demonstrate the presence of a high density of
structural defects in the crystal. It is also noted that additional
weak diffraction spots (see the arrowheads in figures 6(b)
and (c)) commonly appear in the electron diffraction patterns,
these weak spots actually arise from small particles adsorbed
on the nanoparticle’s surface, as also revealed in the HRTEM
image of figure 6(d). This image clearly exhibits the presence
of moiré fringes due to the superimposed nanocrystals which
were not incorporated into the nanoparticle completely.

The UV-visible absorption spectra for understanding the
properties of atomic coupling within the nanoparticles have
also been measured briefly as shown in figure 7. These
UV spectra were taken from different morphologic Cu,O
particles dispersed in aqueous solution. A broad absorption
peak at about 488 nm (2.54 eV) corresponds to Cu,O hollow
nanoparticles prepared at CTAB concentration of 0.005 M.
When the CTAB concentration increased to 0.03 M, the
absorption peak shifted to 498 nm (2.49 eV), implying
that cubic nanoparticles have relatively stronger Cu, O—Cu,0
interaction due to the improvement of crystallization of
Cu,0 in the cubic nanoparticles. Comparison with bulk
Cu;0 (Egpuk = 2.17 eV), CuyO hollow nanoparticles
(Eg hollow = 2.54 €V) and cubic nanoparticles (Egcupe =
2.49 eV) both show much larger blue shift effects in connection
with the quantum-confined effects arising from the low
dimensional nanocrystals comprising the hollow or cubic
Cu,O particles [19].

Figure 8 shows a schematic illustration of a possible
mechanism for the formation of hollow nanoparticles. The
surfactant (CTAB) molecules, within the aqueous solution
of low CTAB concentration, primarily form a monolayer
structure, then the monolayer structure changes progressively
into micelles as the solution is gradually heated (step (a)).
The Cu?* ions (from solution) form Cu—Br ligands (Br~ from
CTAB) by electrostatic interactions and are dispersed in the
outward end of the micelles. This leads to the migration
of Cu* ions from the surrounding solution and enrichment
of the surface of the micelles (step (b)). The ascorbic acid
reduces Cu?* ions to form Cu,O nuclei on the surface of the
micelles as NaOH solution is added into hot solution (step (c)).
Then, the growth of the nuclei was continued by addition of
Cu, O containing species to the surface of the Cu,O particles,
which formed a compact Cu,O layer on the surface of the
micelles (step (d)). On the other hand, the nucleated particles
always evolve into polyhedral particles mirroring the crystal
structure, so hollow polyhedral nanoparticles assembled by
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Figure 8. Schematic illustration of the formation of hollow nanoparticles.
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smaller particles are produced. With the increase of CTAB
concentration adequate surfactant CTAB caps the surface of
the Cu,O particles because a large amount of CTAB exists in
the solution, which confines the reaction and forms uniform
cubic nanoparticles that mirror the fundamental cubic crystal
structure of the cuprite unit cell [8]. In comparison with the
porous nanocubes prepared without CTAB, the CTAB acts as
a template as well as a surfactant to enhance the incorporation
of the Cu,O nuclei formed in the solution.

4. Conclusions

Various morphologic Cu,O nanoparticles have been synthe-
sized using a simple solution phase route. When prepared with-
out CTAB, porous Cu,O polycrystalline nanocubes formed
with an edge length ranging from 20 to 100 nm. In low CTAB
concentration, well-defined hollow Cu,O irregular polyhedral
nanoparticles formed with a preferred (111) orientation; with
an increase of CTAB concentration to 0.03 M, nanocubic Cu, O
formed with a (001) orientation and highly uniform in size.
The prepared Cu,O nanoparticles are capped by a thin CuO
shell, which was formed by the adsorbed oxygen modifying
the Cu,O surface layer and can enhance the stability of the
Cu, O nanoparticles. UV-visible absorption spectra indicate
both the hollow and cubic Cu,O nanostructures have blue shift
effects.
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