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Abstract

In this study, copper oxide (CuO) nanoparticles were successfully prepared by ultrasound-assisted ball milling
at a low temperature using Cu(CH;COO), as raw material. The as-prepared CuO nanocrystals were charac-
terized by X-ray diffraction, transmission electron microscopy, UV-visible spectrophotometer and fluorescence
measurements. The results confirmed that the obtained product was single phase CuO with the average par-
ticle size of about 20 nm. The catalytic activity of the sample was testified by quantifying the degradation of
the methylene blue and rhodamine B aqueous solutions with the assistance of H,0,. The experiments showed
that the catalytic performance of CuO, i.e. degradation of methylene blue and rhodamine B aqueous solutions,
reached 100% and 98% within 25 min, respectively. In addition, the results of the relative content of -OH rad-
icals in the aqueous solution proved that the coupling of ultrasound and ball milling remarkably accelerated
the chemical reaction.
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I. Introduction such as hydrothermal [21], solvothermal [22], chemi-
cal precipitation [23], sol-gel method [24], microwave-
assisted [25] and combustion synthesis [26]. However,
a simple, low-temperature and environmentally friendly
way to prepare nanostructured CuO has rarely been re-
ported.

In this work, we directly synthesized single-phase
CuO nanoparticles at low temperature via ultrasound
wave-assisted ball milling. We have already prepared
ferrite powder and other metal oxide nanoparticles by
this approach [27-29]. In addition, we studied the good
catalytic properties of the as-prepared CuO nanoparti-
cles by means of decomposing methylene blue and rho-
damine B aqueous solutions in the presence of H,O,.

In recent years, scientists have become more and
more interested in nano-sized oxides of transition met-
als due to their superior physical and chemical proper-
ties quite different from those of their bulk counterparts
[1-3]. Copper oxide (CuO) is an important p-type semi-
conductor with a narrow band gap varying between 1.2
and 1.8 eV [4]. Due to its unconventional band structure,
it has a wide range of applications in many areas. For
example, CuO has been widely applied in thermal con-
ductivity materials [5], lithium-ion electrode materials
[6,7], optoelectronic device systems [8], glucose sensors
[9], gas sensing [10], CO oxidation [11], eradication of
multi-drug resistant bacteria [ 12], magnetic storage me-
dia [13], solar energy conversion [14], electronics [15]
and a crucial component in high temperature supercon-
ductors [16], photocatalysts [17] etc. Moreover, CuO 2.7 Synthesis of CuO
with its non-toxicity and low cost is extensively used
as a catalyst for oxidative degradation of organic water
pollutants [18-20].

In the past thirty years, a wide variety of methods
have been employed for synthesis of nano-sized CuO,

I1. Experimental

All chemical reagents were analytical-grade
used without further purification. Cupric acetate
(Cu(CH;C0O0),), methylene blue (MB), rhodamine B
(RB), H,0, (30%), terephthalic acid (TPA), sodium
hydroxide (NaOH), potassium dihydrogen phosphate
*Corresponding author: tel/fax: +86 731 88821610, (KH2PO4_) We_re all purChaS_ed from Aladdl.n Ltd.
e-mail: chending @ hnu.edu.cn (Shanghai, China). The experiments were carried out
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in an ultrasonic wave-assisted ball milling device
designed by the authors [27]. 20g of cupric acetate
(Cu(CH;C00),) was used as the raw material and the
reaction medium was deionized water (1000 ml). Mass
ratio of raw material to milling balls (2kg, stainless
steel balls of 2mm in diameter) was 1 : 100. The
frequency of the ultrasound wave was 40kHz. The
stirring speed was constant at 256 r/min and the exper-
iment temperature in the milling pot was kept below
100°C. After a certain time interval, the as-milled
products were taken out, filtered, and dried for about
24h at 50°C. In order to demonstrate the coupling
effect of ultrasound-assisted ball milling, ball milling
without ultrasound and ultrasound treatment without
ball milling were performed respectively on the same
device.

2.2. Characterization

X-ray diffraction (XRD, D-5000 Siemens, Cu Kea,
A = 0.15418 nm, 260 rang 20-80°) was used to con-
firm crystal structure and phase purity of the as-
prepared sample. Transmission electron microscopy
(TEM, JEOL-1230) was used to observe the average
powder particle size and surface morphology. The flu-
orescence intensities of samples processed by three dif-
ferent approaches were detected by a FL-2500 fluores-
cence spectrometer with a scan rate of 300 nm/min at the
room temperature. Terephthalic acid, NaOH and potas-
sium dihydrogen phosphate of analytical grade were
used as a buffer solution. The catalytic activities of the
prepared CuO nanoparticles were analysed by using
UV-visible spectrophotometer (UV-6000PC).

2.3. Catalytic tests

The obtained CuO nanoparticles were used as cata-
lyst for the oxidation of methylene blue and rhodamine
B dye with the assistance of H,O,. The concentration
of methylene blue and rhodamine B aqueous solution
were all 100 mg/l. 10 mg of the as-prepared powders
were dispersed in a 250 ml glass flask containing above
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Figure 1. XRD patterns of reaction products prepared by
ultrasound-assisted ball milling after different time

mentioned methylene blue and rhodamine B aqueous
solutions, respectively. Then 15ml of H,O, (30 wt.%)
was added to 100ml aqueous solution of dye in the
glass flask which was transferred into the 65 °C bath
with continuous stirring for 25 minutes. 5 ml of the mix-
ture was removed every 5 minutes and centrifuged to
separate the powders, then diluted with distilled wa-
ter to 50 ml. The solution concentration was analysed
by using UV-visible spectrophotometer (UV-6000PC)
at maximum absorbance wavelengths of 664 nm and
554nm for methylene blue and rhodamine B, respec-
tively. Finally, the degradation efficiency (DE) of the
aqueous solution by catalysed oxidation with H,O, was
calculated using Eq. 1:

pE == 100 (1)

Co

where Cy and C are concentrations of the dye solution
before and after reaction, respectively.

IT1. Results and discussion

3.1. Structural characterization

Figure 1 shows the XRD patterns of Cu(CH;COO),
milled for different time by using aqueous ball milling
with ultrasonic wave, which clearly reveals the evolu-
tion of raw materials during the processing. The re-
sults show that Cu(OH), phase starts to form in the first
6 h, which is marked with the white thombus pattern.
With the reaction continuing, the starting raw materi-
als almost disappeared and the amount of Cu(OH), in-
creased. At the same time, the diffraction peaks of CuO
gradually appeared when the ball milling time was ex-
tended to 12 h. Based on the principle of mechanochem-
istry [30], the continuous collision and abrasion by
stainless steel balls can induce the decomposition reac-
tions of Cu(OH),. Moreover, the ultrasonic waves are
able to substantially reduce the onset temperature of the
decomposition. Generally, the cavitations caused by the
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Figure 2. XRD patterns of reaction products prepared by:
ultrasound radiation (UR), mechanical ball milling (MBM)
and ultrasound-assisted ball milling (UBM)
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Figure 3. TEM image (a) and SAED pattern (b) of as-synthesized CuO nanoparticles by ultrasound-assisted ball milling
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Figure 4. Change of fluorescence intensity as a function of
processing time using three different synthesis approaches

chemical and mechanical effects of ultrasound can result
in the formation, growth and implosive collapse of bub-
bles in a liquid [31]. After milling for 24 h, single phase
CuO with a well-developed XRD pattern is obtained, in-
dicating that Cu(OH), has completely been decomposed
into CuO.

For comparison, the two approaches of ball milling
without ultrasound assistance and ultrasound assistance
without ball milling were studied. According to Fig. 2 it
can be seen that no CuO phase is formed by these two
approaches after 50 h. The result demonstrates the cou-
pling effect of ultrasound assisted ball milling. TEM im-
age and selected area electron diffraction (SAED) pat-
tern of the as-milled CuO nanoparticles for S0h are
shown in Fig. 3. It is observed that the well dispersed
particles exhibit regular and uniform morphology. The
average size of CuO particles is around 20 nm.

3.2. Spectroscopy — evaluation of -OH radicals

The concentration of -OH radicals after different re-
action time can be used as the basis for studying the
coupling effect of ultrasound radiation and ball milling.
The fluorescence intensity of the solution can be used to
quantitatively measure free-radical species by introduc-
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ing radical-sensitive fluorescence indicators, demon-
strating the number of hydroxyl radicals generated in
the system [32]. The stronger the fluorescence intensity,
the more hydroxyl radicals are generated. As shown in
Fig. 4, three curves of fluorescence intensity rise rapidly
during 0-10h with a large number of -OH radicals
quickly generated. However, it was observed clearly that
the fluorescence intensity in the solution of the ultra-
sound assisted ball milling raised faster than that of ball
milling or ultrasound radiation only, demonstrating that
the presence of a coupling effect of ultrasound and me-
chanical forces provides more reaction activation energy
for chemical reaction. After that, the fluorescence inten-
sity decreased in ultrasound assisted ball milling due to
the formation of CuO. The corresponding chemical re-
action equations are listed as follows:

H,0 — -OH+ -H 2)
Cu** +2-OH — Cu(OH), 3)
Cu(OH), — CuO + H,0 4)

Therefore, it is necessary to consume a large amount
of ‘OH for generating CuO. In addition, it is clearly
shown that at the time when fluorescence intensity starts
to drop (Fig. 4, arrow 2 on curve c), CuO begins to
emerge as confirmed by XRD data. Eventually, when
the reaction completes (Fig. 4, near arrow 3 on curve
c), the fluorescence intensity reaches a plateau and the
reaction system is in a state of equilibrium. However,
fluorescence intensity curve of ultrasound radiation or
ball milling only has shown an increasing trend until the
system reached equilibrium. According to the above ob-
servations, it can be concluded that the coupling effect
of ultrasound radiation and ball milling produces a lot
of -OH, which plays an important role in the synthesis
of CuO nanoparticles.

3.3. Catalytic properties

The excellent catalytic activity of the synthesized
CuO nanoparticles was illustrated by its degradation
of methylene blue and rhodamine B aqueous solution
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Figure 5. Time profiles of MB degradation rate:
a) MB + H,0, + CuO nanoparticles, b) MB + H,0,
and ¢) MB + CuO nanoparticles
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Figure 6. Time profiles of RhB degradation rate:
a) RhB + H,0, + CuO nanoparticles, b) RhB + H,0,
and c¢) RhB + CuO nanoparticles
25
(@
Initial solution
20 —— Sminute
— 10minute
— 15minute
c 154 —— 20minute
2 — 25minute
2
2
o 1.0-
<
05
0.0
T T T T
300 400 500 600 700

Wavelength [nm]

in the presence of H,O,. We obtained the concentra-
tion changes of methylene blue and rhodamine B aque-
ous solutions by means of monitoring methylene blue
and rhodamine B absorption at the peak wavelength
664nm and 554 nm, respectively. As shown in Figs.
5 and 6, after 25 minutes of reaction, the degradation
rates with only CuO nanoparticles, for both methylene
blue and rhodamine B, are less than 1%. At the same
controlling conditions, only in the presence of H,O,,
the degradation degrees of methylene blue and rho-
damine B are both about 15% (Figs. 5 and 6). However,
within 25 min of reaction, in the presence of both as-
prepared CuO nanoparticles and H,O,, the degradation
rate of methylene blue and rhodamine B aqueous solu-
tions were 100% and 98% (Figs. 5 and 6), respectively.
This demonstrates that the obtained CuO nanoparticles
showed good catalytic performance. The corresponding
analysis of UV-visible absorption spectra was shown in
Fig. 7. The absorption peaks at 664 nm and 554 nm di-
minished with increasing reaction time, indicating that
the rapid degradation of methylene blue and rhodamine
B solution was attributed to the decomposition of the
dye structure. So far, hydroxyl radicals (-OH) have been
suggested to be an effective oxidant for complete ox-
idising or degrading organic compounds in the aque-
ous solutions [33-36]. In the catalytic test, the reason of
rapid decomposition of methylene blue and rhodamine
B is that CuO nanoparticle as the high activity catalyst
induced H,0, oxidation to generate free -OH radical
species and ultimately promoted the degradation of rho-
damine B and methylene blue molecules. The size of the
as-prepared CuO nanoparticles is about 20nm. Thus,
the presence of high catalytic performance for the sam-
ple should be ascribed to the nanostructure and accom-
panying high surface area. The smaller size and larger
specific surface area increase the contact area between
the catalyst and the H,O, molecules, the more active
sites lead to faster reaction rate, which produces -OH
radical species with a higher speed and finally achieves
the purpose of rapid degradation [37].
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Figure 7. Absorption spectra of methylene blue (a) and rhodamine B (b) solutions in the presence of CuO and H, 0, for
different time intervals
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IV. Conclusions

In the present study, CuO nanoparticles were suc-
cessfully synthesized via ultrasound wave-assisted ball
milling at low temperature. The results showed that ul-
trasound wave is the key factor in facilitating the synthe-
sis of CuO nanoparticles in the process of ball milling.
Combining the mechanochemistry and sonochemistry
for synthesized of nanoparticles is expected to become a
green environmental protection method. In addition, the
as-prepared CuO nanoparticles show good catalytic per-
formance for degradation of Methylene blue and Rho-
damine B.
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