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Abstract—Novel perpendicularly cross-rectangular CuO architectures have been successfully fabricated on a large
scale by a facile microwave-assisted chemical aqueous route. The as-synthesized CuO products were characterized by
X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), transmission electron microscopy
(TEM), selected area electron diffraction (SAED), high resolution transmission electron microscopy (HRTEM) and
UV-vis absorption spectroscopy. An individual CuO microstructure is mainly assembled by two rectangle-shaped nano-
sheets with different sizes, which is perpendicularly intersected through the center. A possible formation mechanism of
perpendicularly cross-rectangular CuO architectures was proposed based on the comparative experimental results. The
prepared CuO nanoarchitectures exhibited excellent photocatalytic activity for the decolorization of Rhodamine B
(RhB) under visible light irradiation. Simultaneously, the prepared CuO products, acting as an additive, also showed
effective catalytic activity on the thermal decomposition of ammonium perchlorate (NH,ClO,).
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INTRODUCTION

Metal oxide nanostructured materials with uniform shape and
size have attracted considerable attention due to their importance
in scientific research and potential applications in the future [1-5].
Cupric oxide (CuO), an important p-type transition-metal semi-
conductor, has received much attention due to its potential applica-
tions in various regions, such as gas sensing [6], catalysts [7], magnetic
storage media [8], superconductors [9], lithium ion electrode materi-
als [10] and field-emission (FE) emitters [11].

Based on the fundamental and practical importance of CuO nano-
materials, many efforts have been directed toward the preparation
of CuO with special morphology to enhance its performance in
currently existing applications. So, a variety of simple and com-
plex structures of CuO have been reported in the literature, such
as nanoparticles [12], nanorods [13], nanowires [14], nanobelts
[15], nanorings [16], nanotablets [17], nanoboxes [18], spindly nano-
crystals [19], dendrite-shaped CuO hollow micro/nanostructures
[20], nanoplatelets with well-aligned arrays [21], rose-like nanoar-
chitectures [22], urchin-like microcrystals [23], perpendicularly
cross-bedded microstructures [24], microscale cog-like superstruc-
tures [25], well-defined cauliflowers [26], and so on. However, experi-
mental trials and growth mechanism studies for CuO special micro/
nanostructures are inadequate. The controlled synthesis of CuO
highly regular patterns and their potential applications are still chal-
lenging in chemistry and materials science.
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We have developed a facile microwave-assisted chemical syn-
thetic route to fabricate novel perpendicularly cross-rectangular
CuO architectures on a large scale. The synthetic method is sim-
ple and environment-friendly, which does not need high reaction
temperature and long reaction time. Such a perpendicularly cross-
rectangular architecture has rarely been reported in the literature.
The influencing factors and growth mechanism of perpendicularly
cross-rectangular CuO architectures in the solution were clarified.
The photocatalytic performance of as-prepared CuO cross-rectan-
gular architectures was studied by degrading Rhodamine B (RhB)
in water under visible light irradiation. And the catalytic property
of the CuO nanoarchitectures on the thermal decomposition of
ammonium perchlorate (NH,CIO,) was also investigated. By com-
paring as-prepared CuO with commercial CuO, a conclusion can
be drawn that as-prepared CuO cross-rectangular architectures
have more stronger ability to quickly photocatalytic degradation of
organic dyes and have more effective catalytic activity on the ther-
mal decomposition of ammonium perchlorate. We think the main
reason is that as-prepared CuO cross-rectangular architectures built
by thin nanosheets may have more active surface sites for catalytic
reaction.

EXPERIMENTAL

1. Synthesis

In a typical experimental procedure, 1 mmol Cu(CH,COO),
H,0, 6 mmol NH;-H,O and 3 mmol NaOH were added into a 100
mL conical flask containing 60 mL deionized water under stirring.
The obtained reaction mixture was transferred into a MAS-IT micro-
wave apparatus (power 500 W), and then irradiated for 20 min under
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stirring with the rotation speed of 500 r/min at the refluxing tem-
perature of 80 °C. After cooling to room temperature, the obtained
black products were washed with anhydrous ethanol and deion-
ized water for several times, and then finally dried in a vacuum at
60°C for 6 h.
2. Instrument and Characterization

Microwave-heating was performed on a MAS-II microwave syn-
thesis/extraction reaction workstation (work frequency 2.45 GHz,
power adjustable range 0-1,000 W, Shanghai Sineo Microwave Chem-
istry Technology Co., Shanghai, China). The phase structure of the
as-prepared products was measured on a Theta/Theta rotating anode
X-ray diffractometer (XRD, Rigaku TTR-III, 18 kW, 1=15418 A)
using standard Cu Ko radiation. Field-emission scanning electron
microscope (FESEM) images of the sample were taken on a field-
emission microscope (FEI Sirion 200, 15kV). Transmission elec-
tron microscope (TEM) and high-resolution transmission electron
microscope (HRTEM) images of the samples were performed on
an H-7650 transmission electron microscope and a high-resolu-
tion transmission electron microscope (JEOL JEM-2010). UV-vis
absorption spectrum was recorded on a UV-vis spectrophotome-
ter (PerkinElmer Lambda 950). Thermo-gravimetric (TG) and dif-
ferential scanning calorimetry (DSC) curves were obtained by ther-
moanalysis (NETZSCH STA 409 PC/PG).
3. Photocatalytic Performance

The prepared CuO cross-rectangular architectures were applied
as photocatalyst for the degradation of Rhodamine B (RhB) dye in
the presence of hydrogen peroxide (H,O,). The irradiation was per-
formed by using a 500 W tungsten lamp as a source of visible light.
In the experiment, 100 mg CuO catalyst was added into 60 mL RhB
solution (10 mg/L) under magnetic stirring, and the obtained sus-
pension was magnetically stirred at dark for 30 min to establish an
adsorption/desorption equilibrium state. Afterwards, 1.0 mL H,0,
(30%, w/w) was dropped into the above suspension, and then the
suspension was irradiated by tungsten lamp with constant stirring;
the reaction temperature was kept constant by using a self-made
cooling water recirculation system. At certain time intervals, spe-
cific amount of the solution was taken out and centrifuged to remove
the catalyst. The concentration change of RhB was immediately
detected on a UV-vis spectrophotometer (UV-5500PC).
4. Catalytic Thermal-decomposition of NH,ClO,

Thermo-gravimetric (TG) and differential scanning calorime-
try (DSC) were used to evaluate catalytic activity on thermal-decom-
position of NH,ClO,. The prepared CuO cross-rectangular archi-
tectures mixed with NH,ClO, by carefully grinding in mass ratio
of 4:96. The measurement was in an N, atmosphere heated from
room temperature to 650 °C at a heating rate of 10 °C/min.

RESULTS AND DISCUSSION

1. XRD and EDX Analysis

XRD pattern of the as-synthesized sample is shown in Fig. 1(a).
All diffraction peaks could be easily assigned to monoclinic CuO
(PDE No. 05-0661, a=0.4684 nm, b=0.3425 nm, c=0.5129 nm).
No characteristic peaks from impurities, such as Cu(OH), or Cu,O,
were detected. The strong and sharp reflection peaks suggest that
the products are highly crystalline. Fig. 1(b) is the relevant EDX
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Fig. 1. XRD pattern (a) and EDX result (b) of the CuO sample.

spectrum of the sample, which indicates only the existence of Cu
and O elements in the prepared products (the peak of silicon comes
from the substrate).
2. Morphology and Structure Analysis

The morphology of the CuO product is studied by field emis-
sion scanning electron microscopy (FESEM), as displayed in Fig.
2. One can see that large quantities of uniform perpendicularly
cross-rectangular architectures are present in the products. By care-
ful analysis, we can deduce that most of CuO microstructures are
mainly assembled by two rectangle-shaped nanosheets with differ-
ent sizes, which is perpendicularly intersected through the center.
Exactly speaking, the big nanosheet is the primary body, and the
small one is a secondary generation branch off the central section
of the primary body perpendicularly (inset of Fig. 2(a) and (b)).
The widths and lengths of the primary CuO rectangular nanosheets
are calculated to be 400-700 nm and 2-3 pm, respectively. The thick-
nesses of nanosheets are estimated to be 20-60 nm. Additionally,
two or more small secondary nanosheets growing on the surface
of primary body are also occasionally found in the products (indi-
cated by the black circle in Fig. 2(a)).
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Fig. 2. FESEM images of the prepared perpendicularly cross-rect-
angular CuO architectures.

The detailed structural characterization of CuO sample was fur-
ther investigated by TEM and HRTEM microscopy, as shown in

Fig. 3. From Fig. 3(a), four edges of a piece of nanosheet are dis-
tinctly observed with respect to an individual CuO cross-rectan-
gular nanocrystal, agreeing with FESEM results. In Fig. 3(b) the
thickness of the center in the same nanosheet is obviously larger
than that of the edge by measurement. It may be suggested that
the secondary nucleation and growth easily tend to take place on
the central section of primary nanosheet, and would lead to the
formation of CuO cross-rectangular architecture. Fig. 3(c) shows a
well-developed cross-rectangular architecture, and the width and
length of primary nanosheet is about 680 nm and 2.60 pm. The
corresponding SAED pattern of the primary nanosheet (inset of
Fig. 3(c)) can be indexed to the [001] zone axis of monoclinic CuO,
indicating that the nanosheet is single crystal nature with a growth
direction of [010]. A typical HRTEM image of the edge of primary
nanosheet is shown in Fig. 3(d), and the average distance between
the adjacent lattice planes is 0.275 nm, corresponding to the (110)
plane, further confirming its growth along [010] direction.
3. Influencing Factors and Growth Mechanism

The effects of NaOH and NH;-H,O on the shapes and sizes of
CuO nanocrystallites have been investigated, as illustrated in Fig.
4. It is found that the introduction of NaOH is indispensable for
the growth of two-dimensional (2D) CuO nanostructures. If no
NaOH is added into the reaction system while keeping other param-
eters constant, the products are mulberry-shaped CuO nanograins
with long diameters of 100-200 nm and short diameters of 50-100
nm (Fig. 4(a)). It can be seen that an individual CuO nanomul-
bery is assembled by numerous tiny nanoparticles. If the dosage of
NaOH is increased to 5 mmol, most of the CuO products are per-
pendicularly cross-rectangular architectures, but a handful of CuO
products have evolved into corn-leaf-like nanosheets with shuttle-
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Fig. 3. TEM and HRTEM images of the perpendicularly cross-rectangular CuO architectures.

Korean J. Chem. Eng.(Vol. 32, No. 11)



2338 H. Hu et al.

200nm

Fig. 4. FESEM images (a)-(b) of the CuO products obtained by only changing the dosage of NaOH: (a) 0 mmol NaOH, (b) 5 mmol NaOH,
FESEM images (c)-(e) of the CuO products obtained by only changing the dosage of NH;-H,O: (c) 0 mmol NH;-H,0, (d) 3 mmol

NH;-H,0, (e) 10 mmol NH;-H,O.

shaped end edge (Fig. 4(b)). In addition, an interesting phenome-
non is that the introduction of NH;-H,O is essential for the sec-
ond nucleation and growth on the pre-generated primary nanosheet.
Fig. 4(c)-(d) and (e) show the morphologies of CuO products syn-
thesized by changing the amount of NH;-H,0 maintaining other
conditions unchanged. If no NH;-H,O is used, the synthesized
CuO products are mainly single rectangular nanosheets; the growth
of second generation is only occasionally found (Fig. 4(c)). When
3 mmol NH;-H,O is added, large quantities of CuO cross-rectan-
gular architectures are produced due to the second nucleation and
growth on the primary rectangular nanosheets (Fig. 4(d)). Fig. 4(e)
shows the morphologies of CuO products obtained with the amount
of 10 mmol NH;-H,O, which suggests that excessive second nucle-
ation and growth probably will take place and lead to the forma-
tion of nanosheet-aggregated leaf-like and flower-like CuO crystallites
(indicated by the white circle in Fig. 4(e)).

To investigate the formation process of CuO cross-rectangular
architecture, time-dependent experiments were performed, main-
taining other conditions unchanged. When the microwave irradi-
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ating time is reduced to 5 min, a good deal of thin rectangular CuO
nanosheets and a handful of underdeveloped cross-rectangular
architectures are observed in the products (Fig. 5(a)). Fig. 5(b) shows
the morphology of CuO products when the reaction time is 10 min,
indicating that abundant CuO cross-rectangular architectures have
been produced.

On the base of influencing factors and time-dependent experi-
mental results, a possible formation mechanism of the perpendic-
ularly cross-rectangular CuO architectures is described as follows,
as shown in Fig. 6. In the initial stage of the reaction, Cu** ions
would coordinate with NH; and OH to produce [Cu(NH;),]** and
[Cu(OH),J* complexes Eq. (1)-(2). By the dehydration of preformed
[Cu(OH),]*” under microwave irradiation Eq. (3), CuO nuclei come
into being and rapidly grow into nanoparticles. Then, CuO rect-
angular nanosheets are formed with further 2D growth of CuO
nanoparticles along [010] direction. Finally, secondary nucleation
and growth would occur at high-energy central site of larger lying
nanosheets under the attack of [Cu(NH,),]*" in the solution. Thus,
perpendicularly cross-rectangular CuO architectures are success-
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Fig. 5. FESEM images of CuO products obtained at different growth
stages: (a) 5 min, (b) 10 min.

fully acquired.
Cu™* +4NH, <> [Cu(NH,),]** 1)
Cu**+40H —>[Cu(OH),]* @
[Cu(OH),]* »CuO+H,0+20H 3)

4. Photocatalytic Performance

Fig. 7(a) shows the UV-visible absorption spectrum of as-pre-
pared CuO cross-rectangular architectures. One can see that there
is a wide absorption ranging from 250 to 800 nm with the absorp-
tion peak mainly locating at 400-500 nm. It is suggested that the
prepared CuO architectures may have photocatalytic activity on
the degradation of organic dyes under visible light.
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Fig. 6. Schematic illustration of the formation process of the perpendicularly cross-rectangular CuO architectures.
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The photocatalytic activities of the prepared CuO cross-rectan-
gular architectures were evaluated by the oxidation and decolor-
ation of a model organic pollutant Rhodamine B with the assistance
of H,O, under tungsten lamp irradiation. Fig. 7(b) presents the time-
dependent absorption spectra of RhB aqueous solution in the pres-
ence of as-prepared CuO and H,O,, indicating that the maximum
absorption peak at 554 nm decreases gradually with the extension
of illumination time. No new absorption bands appear in either
the ultraviolet or visible region, demonstrating the mineralization
of RhB on the as-prepared CuO catalyst. About 99% of the RhB
was completely decomposed in 120 min. Fig. 7(c) shows the deg-
radation rate (C/C,) at different intervals under different condi-
tions, where C, is the initial concentration of RhB and C, is the con-
centration of RhB at different illumination time. Comparison exper-
iments were performed to investigate the mechanism of photocat-
alytic degradation in the present system. For the blank experiment
in the absence of CuO and H,0,, direct photolysis of RhB could
almost be neglected. Only in the presence of CuO was about 5%
RhB decomposed in 1 h, possibly due to the fast recombination of
photogenerated electron-hole pairs in CuO crystals. Only in the
presence of H,0, was the degradation rate 15% in 1h. It is sug-
gested that H,O, may to some extent combine with photons and
generate -OH radicals, which can oxide RhB molecules. However,
the degradation rate of aqueous RhB over as-prepared CuO can
reach 97% within 1h in the presence of H,O,. For comparison, the
degradation process of RhB over commercial CuO was also detected
under the same conditions with as-prepared CuO; only about 39%
RhB was decomposed in 1 h. The kinetics of RhB degradation was
quantitatively studied by applying the pseudo-first-order model
[27,28]: In(C,/C,)=kxt, where C, is the initial concentration of dye,
C, is the dye concentration in the solution, t is reaction time, and k
is the apparent first-order rate constant. Fig. 7(d) shows the linear
plot of In(C,/C,) versus photocatalytic reaction time t. The rate con-
stant of RhB degradation over as-prepared CuQO cross-rectangular
architectures is estimated to be 0.05564 min™', obviously greater
than that over the commercial CuO (0.00778 min ™).

Based on the experimental results, the possible reaction process
is proposed as follows. First, under the irradiation of tungsten lamp,
photogenerated electron-hole pairs are simultaneously generated at
conduct band (e ;) and valence band (h'y3) in CuO crystal Eq.
(4). Then, as an excellent electron trapping agent, H,O, can com-
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Fig. 7. (a) UV-visible absorption spectrum of as-prepared CuO cross-rectangular architectures, (b) time-dependent absorption spectra of
RhB aqueous solutions in the presence of CuO and H,O, under visible-light irradiation, (c) degradation rate of RhB at different
intervals under different conditions, (d) the first-order kinetic plots for the photodegradation reaction of RhB.

bine with photogenerated electrons (€ ;) and produce -OH radi-
cal Eq. (5) [29]. And at the same time, the recombination rate of
the photogenerated electron-hole pairs is largely decreased. Finally,
h'y and -OH can effectively oxidize and decompose the RhB mol-
ecules in the water Eq. (6).

CuO+h—>h'yzt+e
H,0,+eqs—>-OH+OH
h*ys OH+RhB—>CO,+H,0

5. Catalytic Thermal-decomposition of NH,CIO,
Ammonium perchlorate (NH,CIO,, AP), an important inorganic

(Buwimw) moyy jesH

Temperature (°C)

Mass (%)

energetic compound, has been intensively studied due to its wide-
spread applications in explosives, pyrotechnics and solid rocket pro-
pellants [30]. As a potential effective and inexpensive catalyst, CuO
micro/nanostructures have been extensively studied on the ther-
mal decomposition of AP [31-37]. The catalytic property of the
as-prepared CuO cross-rectangular architectures for the decompo-
sition of AP was evaluated using the reported simultaneous ther-
mal analysis system, as shown in Fig. 8(a). An endothermic peak
located at 246 °C is assigned to the reversible crystallographic tran-
sition of AP from low-temperature orthorhombic to cubic struc-
ture with no associated weight loss [38]. Two exothermic peaks at
314 and 335 °C were observed, which are attributed to the low tem-
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TG DSC [ 46
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L14 3
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Fig. 8. TG-DSC curves of the mixture of (a) as-prepared CuO and NH,CIO, and (b) commercial CuO and NH,ClO,.
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perature decomposition (LTD) and high temperature decomposi-
tion (HTD) of AP. In Fig. 8, the two decomposition steps almost
blend into one process, which is similar to the reported CuO hol-
low spheres [33]. The decomposition temperature of AP in the mix-
ture of as-prepared CuO and AP system is largely lower than that
of pure AP (LTD 347 °C, HTD 425°C) [33]. The catalytic activity
of as-prepared CuO cross-rectangular architectures on the ther-
mal decomposition of AP is almost similar to the peanut-shaped
CuO hollow architectures [39]. For comparison, the catalytic prop-
erty of commercial CuO for the decomposition of AP was also per-
formed under the same conditions, as shown in Fig. 8(b). A low
temperature peak at 323 °C and a high temperature peak at 344 °C
are detected, which are slightly larger than that of as-prepared CuO.
The experimental results also demonstrated the good catalytic activ-
ity of the as-prepared CuO cross-rectangular architectures for the
thermal decomposition of AP,

CONCLUSIONS

Perpendicularly cross-rectangular CuO architectures composed
of nanosheets have been controllably synthesized by a convenient
microwave-assisted chemical approach using Cu(CH,COO),-H,0,
NH;-H,O and NaOH as reactants in the solution. HRTEM and
ED results both demonstrate that the growth orientation of an indi-
vidual nanosheet is [010]. The formation mechanism of perpen-
dicularly cross-rectangular CuO architectures was discussed based
on the assembly of CuO nanosheets. The prepared CuO cross-rect-
angular architectures showed excellent photocatalytic activity for
degrading Rhodamine B (RhB), and had effective catalytic activity
on the thermal decomposition of ammonium perchlorate (NH,ClO,).
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