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Abstract. Chrysalis-like morphologies of CuO have been synthesized in large-quantity via a simple chemical deposition method without the use of any complex instruments and reagents. CuO nanocrystals showed a
different morphology at three different temperatures, 25, 60 and 100°C. The particle size, morphology and
crystal structure of the samples were characterized by transmission electron microscopy (TEM), scanning
electron microscopy (SEM), X-ray diffraction (XRD) and Raman spectra. The catalytic effect of CuO
nanoparticles on the decomposition of ammonium perchlorate (AP) was investigated by STA 409 PC thermal
analyzer at a heating rate of 10°C min–1 from 35 to 500°C. Compared with the thermal decomposition of pure
AP, the addition of CuO nanoparticles decreased the decomposition temperature of AP by about 85°C.
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1.

Introduction

Ammonium perchlorate (AP) is one of the main oxidizing agents that have been used in various propellants. The burning behaviour of propellants is highly
relevant to the thermal decomposition of AP. The
catalysed thermal decomposition of ammonium perchlorate (AP) is remarkably sensitive to metal oxide
additives.1–4 The underlying mechanism of nanoparticle additives in the thermal decomposition of AP
still remains unclear, most likely because of the lack
of a systematic study about the effects of particle
size (or surface area) of CuO nanocrystals on the
catalytic activities. For example, Xu et al5 demonstrated that CuO nanocrystals exhibit a particular
chemical reactivity due to their high concentration
of dislocations and large surface areas. In addition,
the different morphologies of nanocrystals are
expected to have different effects on the thermal
decomposition of AP. Therefore, the synthesis and
fabrication of nanostructures with different morphologies and particle size have attracted much
attention for research. Well-defined CuO nanostructures with different morphology such as nanoparti*For correspondence

cles,6,7 nanoneedles,8 nanoshuttles,9 nanoleaves,10
nanorods,11,12 nanoribbons,13,14 nanowires,15–17 nanoplatelets18 have been synthesized successfully by a
series of methods.
In this paper, CuO nanocrystals were synthesized
by the chemical deposition method. With the different reaction temperature, CuO nanocrystals were prepared to show different morphologies. Moreover, with
an initial reaction temperature varying from 25°C to
100°C, CuO nanocrystals of different particle size and
morphology were synthesized. However, with an initial reaction temperature of 60°C, we found that the
resulting products are monodispersed in large quantity
and exhibit a chrysalis-like nanocrystalline monoclinic structure. The chrysalis-like CuO nanocrystals
were studied as an additive for promoting the thermal
decomposition of ammonium perchlorate (AP). With
the addition of CuO, the thermal decomposition temperature of AP decreased.
2.
2.1

Experimental
Synthesis of sample

All the reagents used in this synthesis were of analytical grade and used as received without further
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purification. The typical reaction process for the
synthesis of CuO nanocrystals include: 0⋅02 M
Cu(NO3)2 solution was prepared by dissolving
Cu(NO3)2⋅2H2O in 500 ml distilled water. Then,
0⋅5 g NaOH was added to the solution under constant stirring at three different temperatures, 25, 60
and 100°C. The reaction lasted for 10 min forming a
blue or black aqueous solution which was then
heated and refluxed with continuous stirring at
100°C for 30 min in a three-necked refluxing pot.
During refluxing, the temperature of the solution
was controlled by manually inserting an adjustable
thermocouple into the refluxing pot. The resultant
precipitates were washed with distilled water several
times and dried at room temperature.

from 35 to 500°C in an argon atmosphere and under
ambient atmospheric pressure.
2.3 Catalytic activity measurements
To evaluate the catalytic activity of the as-prepared
CuO nanocrystals, thermogravimetric and different
tial scanning calorimetric analysis techniques were
applied to investigate the thermal decomposition of
a mixture of NH4ClO4 and as-prepared CuO
nanocrystals from 35 to 500°C under an argon
atmosphere, in which the CuO powders and
NH4ClO4 were thoroughly mixed in mass proportion
of 2 : 98. The measurements were performed on a
STA 409 PC thermal analyzer at a heating rate of
10°C min–1.

2.2 Characterization of sample
The structure and crystal phases were characterized
by power X-ray diffraction (PXRD) with CuKα
radiation, wavelength λ = 1⋅54178 Å (Rigaku D/MaxIIIA). Raman measurement was performed using a
Renishaw 1000 model confocal microscopy Raman
spectrometer. Morphology and structure of the CuO
nanocrystals were characterized using scanning
electron microscopy (SEM, JSM-6480A) and transmission electron microscopy (TEM, PHILIPS CM
200 FEG, 160 kV). The thermal behaviour of the
CuO nanocrystals was determined using a STA 409
PC thermal analyzer at a heating rate of 10°C min–1

Figure 1. XRD pattern of the CuO nanostructures at
different reaction temperature: (a) 25°C; (b) 60°C; (c)
100°C. The (|) vertical lines indicate the position and
relative intensity of 48–1548 JCPDS card file diffraction
peaks for the monoclinic phase.

3.

Results and discussion

3.1 Crystal structure and morphology of the
as-synthesized CuO
The structure and chemical composition of all CuO
samples synthesized in this work are confirmed with
XRD. A typical XRD pattern of all CuO samples is
shown in figure 1. The major peaks located at 2θ
values of 30–70° correspond to the characteristic
diffractions of monoclinic phase CuO (SG: C2/c;
a0 = 4⋅688 Å, b0 = 3⋅423 Å, c0 = 5⋅132 Å, β = 99⋅50°;
JCPDS 48–1548). No other peak is observed belonging to any impurity, such as Cu(OH)2, Cu2O, indicating the high purity of the obtained products.
Figure 2 shows the same magnification for SEM
image of all CuO samples synthesized in this work.
When the initial reaction temperature varied from
25°C to 100°C, CuO nanocrystals with different particle sizes are synthesized. With an initial reaction
temperature of 25°C, a large number of CuO flower
nanostructures agglomerates formed which are shown
in figure 2a. When the initial reaction temperature
increased to 60°C, well organized and homogenous
chrysalis-like CuO nanostructures formed as shown
in figure 2b. With a further increase of temperature,
the morphology of CuO nanostructures changes
slightly. When the initial reaction temperature
reached 100°C, the particle sizes of the CuO nanostructures becomes smaller and their length shorter,
as shown in figure 2c.
Figure 3 shows a different magnification for the
TEM image of a sample with an initial reaction temperature of 60°C. Figures 3a and b show the repre-
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sentative TEM images of the as-prepared CuO
aggregates. From figure 3a it can be seen that the
product is composed of mostly (~95%) chrysalislike aggregates. As seen in figure 3b, aggregates

1079

are 80–100 nm in breadth and 200–250 nm in
length. With careful observation, figure 3c shows
that the sample is composed of relatively uniform
small particles. A high resolution TEM (HRSEM)
image of nanoparticles, as shown in figure 3d, the
lattice spacing of 0⋅25 nm corresponds to a d spacing of [110] crystal planes. The corresponding FFT
pattern (inset in figure 3d) is consistent with the
HRTEM observation.
Raman spectroscopy, has been widely used as a
sensitive probe to investigate the microstructure,
namely the local atomic arrangement and vibration,
of the nano-sized materials.19,20 Figure 4 shows the
Raman spectra of the as-prepared chrysalis-like CuO
nanocrystals. The Raman spectra reveal three main
phonon modes in the top of the chrysalis-like CuO
nanocrystals, at 276, 327 and 608 cm–1. The Raman
peaks are also broadened; the peak at 276 cm–1 can
be assigned to the Ag mode, while the peaks at 327,
608 cm–1 can be assigned to the Bg modes. No Cu2O
modes21 are present, demonstrating the single phase
property of our chrysalis-like CuO nanocrystals.
3.2 Catalytic properties of the CuO chrysalis-like
nanostructures

Figure 2. The same magnification SEM image of the
CuO nanostructures at different reaction temperature: (a)
25°C; (b) 60°C and (c) 100°C.

To study the catalytic properties of the chrysalis-like
CuO nanocrystals, the thermal decomposition of the
mixture of as-prepared CuO and NH4ClO4 is studied.
As shown in figure 5b, the thermal decomposition of
pure AP is divided into two exothermic phases: a
lower temperature exothermic phase between 310
and 350°C, and a higher temperature exothermic
phase between 360°C and 400°C. Figure 5a shows
the DSC curve of the mixture of as-prepared CuO
and NH4ClO4 which displays two peaks at 244⋅4 and
313⋅8°C. It is clear that the addition of nano-sized
CuO to AP slightly decreases the crystallographic
transition temperature of AP, incorporates two small
separated exothermic peaks of AP into a strong exothermic peak of AP, and drastically reduces the temperature of the second exothermic peak, indicating a
strong catalytic activity on the thermal decomposition of AP.
Further catalytic effect of nano-sized CuO on AP
thermal decomposition is carried out by TG. The TG
curves for pure AP and AP in the presence of CuO
nanoparticles are shown in figure 6. Figure 6a
exhibits only one weight loss step and figure
6b exhibits two weight loss steps, which correspond
to the exothermic peaks of the DSC curves. The
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Figure 3. a–c, The different magnification TEM image of the sample with an initial reaction
temperature of 60°C; (d) HRTEM image of the sample showing the difference between two
lattice fringes, which is about 0⋅25 nm. Corresponding FFT pattern (inset) is consistent with
the HRTEM observation.

onsets of thermal decomposition of the two samples
are about 300°C, while the end temperatures are
about 326 and 411°C, respectively. Adding 2 wt.%
CuO nanoparticles allows a decrease of the decomposition temperature of AP by 85°C. These data indicate that addition of CuO nanostructures in AP
lead to a significant reduction of the final decomposition temperature of AP.
4.

Figure 4. The Raman spectrum of the chrysalis-like
CuO nanocrystals.

Conclusion

In conclusion, chrysalis-like morphologies of CuO
have been synthesized in a large-quantity via a simple
solution process without the use of any complex instruments and reagents. CuO nanocrystals showed a
different morphology at three different temperatures,
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Figure 5. DSC curves for: (a) AP + chrysalis-like CuO
nanocrystals; (b) pure AP.

Figure 6. TG curves for: (a) AP + chrysalis-like CuO
nanocrystals; (b) pure AP.

25, 60 and 100°C. However, the optimal conditions
to prepare chrysalis-like CuO are as follows: At an
initial reaction temperature of 60°C, we found that
the resulting products are monodispersed in large
quantity and exhibit a chrysalis-like nanocrystalline
nature of monoclinic structure. Moreover, the addition of nano-sized CuO merges two exothermic
peaks of AP (ammonium perchlorate) thermal
decomposition into one peak, greatly reducing the
high temperature decomposition peak, and drastically increasing the apparent decomposition heat of
AP. Hence, there is a great potential for the use of
nano-sized CuO in catalytic decomposition of AP.
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