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Abstract

Nanoparticles of cupric oxide (CuO) and cuprous oxide (Cu,O) with various morphologies were synthesized by a green sonochemical process
without any surfactants and templates. The Cu,O nanoparticles with the truncated cubic, cubic octahedral and octahedral morphologies were
prepared via the deoxidation of the CuO nanoparticles. The Cu,O and CuO samples were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), and ultraviolet visible absorption spectroscopy (UV—-vis). The experimental results indicate that the molar ratio of
sodium hydroxide to copper sulfate affects the morphology and size of the CuO and Cu,O nanoparticles produced by the sonication. The band
gap energy of CuO nanoparticles was 1.45-1.75 eV, the morphology had a great effect on the optical properties of CuO. The Cu,O nanoparticles
had broad emission peaks at the visible region, and the band gap energy was estimated to be 1.95-2.09 eV. The growth mechanisms of the CuO

and Cu,O nanoparticles are discussed.
Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

Various nano-materials such as nanowire [1], nanoribbon
[2], nanorod [3], nanosheet [4], nanoring [5], nanobelt [6],
nanoflower [7], microsphere [8], by-pyramid [9], and cage [10]
have attracted much attention due to their unique optical,
electrical, magnetic properties and the potential applications in
various nanodevices [11].

CuO and Cu,O are typical transition metal oxide semiconduc-
tors of p-type in the bandgap range 1.8-2.5eV and 1.2-2.0 eV
[12] as promising materials in various applications such as
lithium battery [13—15], gas sensor [16], catalyst [17], photoelec-
trochemical material [18], solar energy system [19], biosensor
[20], and photocatalyst [21]. The CuO nanoflat is a particulate
material in pigment and coating applications, compared to the
other powders with various morphologies, due to its good
adhesive ability, shielding effect, light-reflecting ability and
dispersion property [15]. Also, there are three main advantages
for Cu,O nanoparticle as a photocatalyst, i.e., (i) it is low toxic
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and inexpensive [22], (ii) it can effectively utilize the visible light
[23], and (iii) it can powerfully adsorb the molecular oxygen
[24,25], which scavenges photoelectron to constrain the combina-
tion of electron and hole. Zhu et al. [26] reported that spherical
and octahedral Cu,O nanoparticles can decompose the rhodamine
B 55.68% and 41.16%, respectively.

Since the chemical and physical properties of CuO and
Cu,0O nanoparticles strongly depend on their microstructures
such as the orientation, grain size and morphology [27], CuO
and Cu,O nanoparticles with various morphologies have been
synthesized over the past decades. Some synthesis techniques
are developed to control the microstructures, which include
the chemical vapor deposition method [28], the hydrothermal
method [29], the solution synthesis method [30] and the
electrodeposition technique [31]. However, there are a few
papers to report the sonochemical synthesis of the CuO and
Cu,O nanoparticles, especially green sonochemical synthesis
technique without any surfactants and templates.

The sonochemical synthesis technique is a promising
method for the preparation of various nano-materials such as
metal, oxide, sulfide and carbide [32]. This technique uses the
acoustic cavitation phenomenon for the synthesis due to the
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continuous formation, growth and drastic collapse of bubbles
in solution. When the container with the solution is put in an
ultrasound reactor, high temperature (> 5000 K), high pres-
sure (>20MPa) and high cooling rate (1010 K s_l) are
generated in the collapse of bubbles, accompanying with the
intense shock wave and micro-jet (400 km/h) [33,34]. These
behaviors can prevent the nuclear growth and the secondary
nucleation. The sonochemical technique is more convenient,
economical, effective and environment friendly rather than
the other techniques [35]. Deng et al. [36] synthesized the
hierarchical CuO hollow submicron-sized spheres by the
sonochemical technique with urea as alkali and the decom-
position of CO, as a template.

In this paper, the CuO nanoparticles with various morphol-
ogies were synthesized by a green sonochemical technique
with copper sulfate pentahydrate and sodium hydroxide as raw
materials, without any surfactants and templates. The truncated
cubic, cubic octahedral and octahedral Cu,O nanoparticles
were prepared via the deoxidation of the CuO nanoparticles.
In addition, the morphology evolution of the CuO and Cu,O
nanoparticles were also discussed.

2. Experimental

Analytical grade of reagents were used as raw materials. The
experimental conditions were optimized according to the various
pre-experiment results. In a typical CuO synthesis process, aqueous
solution of CuSOy, - SH,0 (0.1 M) was added into aqueous solution
of sodium hydroxide (0.05 M) in a beaker, and stirred for 10 min
to make the homogeneous precursor solution. The beaker was
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covered with a polyethylene film, and transferred into an ultrasonic
bath (KQ50-DE, Kunshan ultrasonic instrument Co. Ltd., China)
without stirring at 80 °C for 30 min. The reaction mixture was
aged at 25 °C for 12 h. The obtained black precipitate was filtered
by microporous membrane with the pore size of 0.45 pm, and
washed for several times with deionized water and anhydrous
ethanol. The black CuO products were obtained after drying at
60 °C for 12 h.

In the Cu,O synthesis process, the solution pH was adjusted
with ammonia, while the above sonication reaction without
stirring at 80 °C for 10 min, the beaker was shifted out from
the ultrasonic bath, and aqueous solution of ascorbic acid
(0.1 M) was added into the beaker with stirring for 10 min.
Then the beaker was reput into the ultrasonic bath without
stirring at 80 °C for 20 min. The orange Cu,O products were
finally obtained after the same post-treatment.

The CuO and Cu,O samples were characterized by X-ray
diffraction (XRD, Philips PW-1710 model X-ray diffractometer,
the Netherlands) using Cu K, scanning electron microscope
(SEM, Nova NanoSEM 430, the Netherlands) and UV/visi-
ble/near infrared spectrophotometer (LAMBDA950, U.S.A).
The solution pH value was determined by a pH meter (PHS-
3C, Shenzhen Dingxin Equipment Co. Ltd., China).

3. Results and discussions

Fig. 1 shows the microstructures and optical property of the
CuO sample prepared at the molar ratio of sodium hydroxide
to copper sulfate (marked as M) of 2.5. Fig. 1(a) is the SEM
image of the CuO sample. The CuO nanoparticles exhibit
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Fig. 1. (a) SEM image, (b) XRD pattern, (c) UV—vis absorption spectrum and (d) (Ahv)*~hv curves of the CuO sample prepared at M 2.5.
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spindle-like structure and the size was estimated to be 300 nm
and 170 nm. Fig. 1(b) is the XRD pattern of the CuO sample.
All peaks in the pattern were assigned to the CuO monoclinic
phase with lattice constants a=0.4686, b=0.3432 and
c=0.5128 nm, which were in good agreement with the
standard data form (JCPDS 05-0661, space group Cyc).
To examine the optical property of the spindle-like CuO
nanoparticles, the optical absorption experiment was carried
out by a UV/visible/near infrared spectrophotometer. A broad
absorption peak at ~375 nm in the UV region was observed
as shown in Fig. 1(c). Fig. 1(d) shows the (Ahu)z—hu curves of
the spindle-like CuO nanoparticles, there was a linear relation-
ship between (Ahv)* and hv in the range of 2.45 to 3.00 eV.
The band gap of the spindle-like CuO nanoparticles was
estimated to be 1.74 eV, according to the prolongation of

linear section. Compared to the bulk CuO (1.2 eV), the blue
shift phenomenon can be attributed to the quantum size effect
[37].

In order to compare the effect of sonication, at M 2.5, CuO
samples were not treated by the sonication under the same
reaction conditions and post-treatments, the morphology of the
samples changed as shown in Fig. 2(b). The particle size is
nonuniform, and part of the CuO particles display spindle-like,
but most of the particles aggregate together, compared with the
CuO samples with the sonication treatment as shown in Fig. 2(a).

To examine the formation mechanism of the CuO spindle-
like structure, a series of contrast experiments were carried out
at various M values under the same other conditions. Fig. 3
shows the SEM images of the CuO samples prepared at M 2.0,
3.0, 4.0 and 5.0, respectively. At M 2.0, the spindle-like and

Fig. 2. SEM images of the CuO samples for M 2.5 treated (a) with sonication and (b) without sonication.

Fig. 3. SEM images of the CuO samples prepared at M (a) 2.0, (b) 3.0, (c) 4.0, and (d) 5.0, respectively.
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flat structures are observed. At M 3.0, the long diameter of the
nanospindle increases to display nanorod with the diameter
and length of approximately 70 nm and 350 nm, respectively.
At M 4.0, however, the structure displays the nanoribbon with
the longer length. At M 5.0, the structure presents irregular flat.
The results indicate that the size and morphology of the CuO
nanoparticles significantly depend on the molar ratio of sodium
hydroxide to copper sulfate.

Fig. 4 shows the XRD patterns of the CuO samples prepared
at M 2.0, 3.0, 4.0 and 5.0, respectively, all peaks can be
indexed as a monoclinic CuO phase (JCPDS 05-0661, space
group Cyc). There is no significant change in the XRD
patterns.
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Fig. 4. XRD patterns of the CuO nanoparticles prepared at M (a) 2.0, (b) 3.0,
(¢) 4.0, and (d) 5.0.
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Based on these results, the formation mechanism of the CuO
structure is proposed, the main chemical reactions can be
expressed as follows:

CuS0,4+6H,0 — [Cu(H,0)6]**+S03~ (1)
NaOH — Na™+OH"~ 2)
[Cu(H,0)4]**+20H™ — Cu(H,0),(OH),+6H,0 3)
Cu(H,0)4(OH), » CuO+5H,0 4)

In the reaction system, CuSQO, dissociates to release Cu**
and exists as [Cu(HZO)(;]2+ in the aqueous solution [Eq. (1)],
then the [Cu(H20)6]2+ coordinates with OH™, which is derived
from the hydrolyzation of NaOH to form Cu(H,O)4(OH),,
[Egs. (2) and (3)]. The newly-produced Cu(H,0)4(OH),
dehydrolyzes to generate CuO monomers in the alkaline
solution under ultrasonic radiation [Eq. (4)]. The primary
CuO monomers aggregate under the acoustic cavitation, it
can be deemed to be the process of oriented aggregation.
As the nanocrystals grow along (002) plane, the spindle-like
CuO nanostructures are formed [38]. The CuO nanocrystals
still grow preferentially along (002) plane when the sodium
hydroxide concentration (i.e. the M value) increases, resulting
in the generation of nanorod and nanoribbon. However, the
CuO nanocrystals aggregate randomly when the M is greater
than 4.0. Fig. 5 shows the schematic diagram of the formation
of the CuO nanoparticles.

UV-vis absorption spectra of CuO nanoparticles in aqueous
solution is shown in Fig. 6(a)-(d), and Fig. 6 (e)—(f) shows the
curves of (Ahv)2 versus ho for a direct transition of Fig. 6(a)—(d).
The wavelengths of peak and the band gaps of the CuO samples
are summarized in Table 1. The results indicate that the optical
band gaps can be fine-tuned in 1.45-1.75 eV. The highest band
gap is 1.75 eV when M=3.0, which is much wider than the
bulk CuO (1.2 eV).
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Fig. 5. Schematic diagram of the formation of the CuO nanoparticles.
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Fig. 7 shows the SEM images of the Cu,O and CuO
samples prepared at M 2.5, M 3.0, and M 4.0 and pH 11.7,
12.9, and 13.1, respectively. When M=2.5, and pH=11.7, the
CuO are mainly consisted of nanoribbon with some irregular
flat, the corresponding Cu,O with the size of 250-500 nm is of
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truncated cubic morphology. On the other hand, the CuO
nanoparticles mainly display irregular flat with some nanorod
when the M value increases, and the morphology of Cu,O
changes from truncated cubic to cuboctahedron. When
M=4.0, and pH=13.1, the CuO is completely irregular flat,
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Fig. 6. UV-vis absorption spectra ((a), (b), (c),(d) ) and (Ahv)z—hv curves ( (e), (f), (g),(h)) of the Cu,O samples ((a),(e) for M 2.0, (b), (f) for M 3.0, (c), (g) for M
4.0, (d), (h) for M 5.0).

Table 1

The wavelength of the peak and the band gap of the CuO samples.

M value The wavelength of the peak (nm) The band gap (eV)
2.0 431 1.63
3.0 370 1.75
4.0 465 1.60
5.0 500 1.45

Fig. 7. SEM images of the CuO and Cu,O samples prepared at M=2.5, pH=11.7 for (a) and (b), M=3.0, pH=12.9 for (c) and (d), M=4.0, pH=13.1 for (e) and

(f), respectively.
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as shown in Fig. 7(e), and the corresponding Cu,O presents
uniform octahedron, and the edge length is 170 nm as shown
in Fig. 7(f). These results indicate that the sodium hydroxide
concentration (i.e. M) has an effect on the morphology and size
of CuO and Cu,O nanoparticles synthesized.

Fig. 8(a)~(c) shows the XRD patterns of the truncated cubic,
cubic octahedral and octahedral Cu,O nanoparticles, respectively.
Six characteristic peaks for (110), (111), (200), (220), (311) and
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Fig. 8. XRD patterns of the Cu,O nanoparticles ((a) truncated cube, (b)
cuboctahedron, and (c) octahedron).

(@)

—~
T
~

A. Shui et al. / Ceramics International 39 (2013) 8715-8722

(222) planes were observed at 20 29.6°, 36.5°, 42.4°, 61.5°, 73.7°
and 77.6°, respectively, which were in good agreement with the
standard data form (JCPDS 05-0667, space group Pn3m,
a=4.4267 A). No peaks from other materials such as CuO and
Cu can be observed, indicating the high purity of the samples.
There is no significant change in the XRD patterns.

Fig. 9(a)—~(c) are the UV-vis absorption spectra of the Cu,O
samples with different morphologies ((a) truncated cube,
(b) cuboctahedron and (c) octahedron). The characteristic absorp-
tion peaks due to the surface-plasmon resonance (SPR) of Cu,O
colloids [39] are observed at about 430 nm, 480 nm, and 470 nm,
respectively. The results indicate that the Cu,O nanoparticles are
sensitive to the visible light owing to the conductivity of Cu,O
powder. Fig. 9(d)—(f) shows the (Ahv)2 versus /v curves for the
truncated cubic, cubic octahedral and octahedral Cu,O nanopar-
ticles, respectively. The band gap of the Cu,O nanoparticles is
about 1.92-2.09 eV, indicating the obvious red shift, compared
with that of bulk Cu,O (2.17 eV) [40]. This is because the optical
absorption is affected by the morphology and crystallinity of
Cu,0 [41]. The wavelengths of peak and the band gaps of the
Cu,0O samples are summarized in Table 2.

Table 2
The wavelength of the peak and the band gap of the Cu,O samples.

Cu,O The wavelength of the peak (nm) The band gap (eV)
Truncated cube 430 1.95
Cuboctahedron 480 1.92
Octahedron 470 2.09
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Fig. 9. UV-vis absorption spectra ((a), (c), (e) ) and (Ahv)z—hv curves ((b), (d), (f) )of the Cu,O samples ((a), (b) for truncated cube, (c), (d) for cuboctahedron,

(e), (f) for octahedron).
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Fig. 10. The schematic illustration of the morphology evolution of cuprous oxide nanoparticles.

When appropriate ammonia is added to the aqueous solution
of sodium hydroxide, the same precipitate is obtained after
the aqueous solution of CuSO,-5H,O is mixed with them
[Eq. (3)]. The CuO is also formed after the sonication reaction
for 10 min [Eq. (4)], and is reduced to Cu,O by ascorbic acid
[Eq. (5)]. However, the excess ammonia can cause the
precipitate dissolving, and the tetra ammine-copper (II) forms
[Eq. (6)].

2CuO+C6H806 g Cu20+C6H606+H20 (5)
Cu(H,0)4(OH),+4NH; — [Cu(H,0)>(NH3)4]3 +2H,0
+20H" (6)

As shown in Fig. 7, the formation rate of Cu*tis a key
factor when the ascorbic acid is excess in the process.
Actually, the change of Cu* supersaturation degree is the true
reason of Cu,O morphology variety [42]. According to the
crystal theory, the morphology of nanocrystal depends on the
relative growth rate of different crystal planes [43]. When
the (111) plane grows relatively fast, the morphology of Cu,O
displays cube, when the (100) plane grows relatively fast, it
displays octahedron [44]. In an aqueous solution system, the
main growth modes of nanocrystal are the dislocation growth
and the two-dimensional growth, which exists in a relatively
high supersaturation system and an extremely low super-
saturation system, respectively [45]. The (111) plane must
grow via the two-dimensional mode [46]. So, different
morphologies of Cu,O can be obtained by controlling the
formation rate of Cu®*, which decides the Cu™ supersaturation
degree. When M=2.5, the formation rate of Cut is slow,
resulting in the Cu™ supersaturation degree in the solution is
also relatively low and situated at the two-dimensional mode.
That is to say, that the (111) plane grows relatively fast, and
the morphology of Cu,O tends to be cube. At the same time,
the excessive ascorbic acid corrodes the nanocube along (111)
planes, and the H* etches the area with high surface energy
firstly, such as corners, to form the truncated Cu,O nanocubes.
With increasing the M value, the formation rate of Cu’*
accelerates and the Cu™ supersaturation degree in the solution
rises. In this case, the dislocation mode becomes dominant,
the (110) plane grows fast and the morphology of Cu,O varies

from truncated nanocube to cuboctahedron and further
becomes octahedron. Fig. 10 shows the schematic illustration
of the morphology evolution of cuprous oxide nanoparticles.

4. Conclusions

The cupric oxide (CuO) and cuprous oxide (Cu,O) with
various morphologies (i.e., nanospindle, nanorod, nanoribbon,
and nano octahedron, etc.) were synthesized by a green
sonochemical process without any surfactants and templates.
The truncated cubic, cubic octahedral and octahedral Cu,O
nanoparticles could be prepared via the deoxidation of CuO
nanoparticles. The optical properties of CuO and Cu,O samples
were affected considerably by the morphology. The growth
mechanism of the CuO nanoparticles could be attributed to the
sonohydrolysis-oriented aggregation-Ostwald ripening process.
The morphology evolution of the cuprous oxide nanoparticles
was due to the dislocation growth and two-dimensional growth
modes. The experimental results indicate that the sodium
hydroxide concentration has an impact on the morphology
and size of CuO and Cu,O nanoparticles synthesized.
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