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Abstract: Nanothermite composites containing metal oxide and metal fuel are 
attracting attention due to their outstanding combustion characteristics.  The 
morphology of metal oxide is important for the performance of nanothermite 
composites.  In this paper, branch-, plate-, sphere-, and hollow sphere-like CuO 
nano/microstructures were synthesized via a facile hydrothermal process.  The 
CuO/Al based nanothermites were prepared via ultrasonic mixing of the as-
obtained CuO products and nano-Al.  The combustion behaviour of CuO/Al based 
nanothermites was analyzed by DSC and laser ignition.  This study shows that this 
nanoscale mixing resulted in a large interfacial contact area and low diffusional 
resistance between the fuel and the oxidizer, and the reaction reflects large energy 
and laser ignition sensitivity. 
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1 Introduction

As developing nanoenergetic materials (nEMs), nanothermites composed of metal 
oxide and metal fuel at the nanoscale have shown better performance in ignition 
and energy release [1-5], and promising applications have been proposed for 
clean primers and detonators, chemical neutralization agents, thermal batteries 
[6], IR flares/decoys [7], in-situ welding and soldering [8], rocket propellants and 
explosives [9], and nanoenergetics on a chip [10].  CuO/Al based nEMs are some 
of the fastest nanothermites with the highest exothermicity in combustion reaction 
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propagation.  Al nanoparticles are one of most commonly used fuels due to their 
ready availability, fast oxidization kinetics [11], high energy density and reactivity 
[12-13].  The role of the oxygen species is not only as a strong oxidizer but also 
as an energy propagation medium that carries heat to neighboring particles [8].  
The shape and surface area of nano/micro-sized CuO can dramatically affect 
the properties and performance [14].  The morphology of the nano-sized CuO 
influences the surface area and oxygen release [15].  This is important for the 
performance of CuO/Al-based nEMs.  CuO/Al bilayer nanofoils, composed of 
a nanolayer of CuO and a nanolayer of Al [16], nanospheres [17], powders [3, 
18-21], nanowires [7, 22-25] or nanorods [26-27] of CuO, mixed with nano/
micro Al as CuO/Al nEMs have been widely studied.  Few studies have focused 
on other shapes of CuO, such as branch, plate and so on.  A recent report further 
confirms that hollow spherical CuO [28] shows enhanced performance in 
combustion behaviour, faster release of oxygen, and excellent gas-generation 
behaviour, associated with larger contact areas and shorter diffusion distances 
between nanosized Al and hollow CuO spheres.

Several methods have been developed to fabricate various CuO morphologies, 
including templating of colloidal particles, thermally annealing Cu film [19, 29], 
solvothermal methods using organic solvents, and physical deposition methods 
[3], etc.  However, multistep processing, the required toxic raw materials, and 
the contamination of the byproducts has limited their exploitation.  However, 
more facile and simple synthetic strategies should still be exploitable. 

In the present work, we demonstrate a facile hydrothermal process for the 
controllable synthesis of branch-, plate-, sphere-, and hollow sphere-like nano/
micro-sized CuO.  Moreover, CuO/Al based nEMs were synthesized via ultrasonic 
mixing of the as-obtained CuO with nano-sized Al.  Laser ignition experiments 
were performed for verifying the influence of these different morphologies on 
the nEMs.  In addition, we have compared their energetic performance in terms 
of the energy release and the laser ignition energy of four CuO/Al composites.  
This interesting hierarchical structure exhibits significantly improved combustion 
performances, and not only maximizes the high heat of thermite reactions, but 
also has the advantage of a low ignition temperature.

2 Experimental

2.1 Materials
Cupric acetate hydrate (Cu(OAc)2·H2O, Cu(OCOCH3)2·H2O) was purchased 
from Alfa Aesar Company.  Ammonia, analytically pure, was obtained from 
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Tianjin Kemiou Chemical Reagent Co. Ltd.  Al nanoparticles (size ~70 nm) 
were purchased from Sigma-Aldrich.  Pure water was obtained from a Millipore 
Milli-Q system. 

2.2 Synthesis of nano/micro-sized CuO 
CuO nano/microstructures were synthesized via a hydrothermal process.  
A typical synthesis was as follows: Cu(OAc)2·H2O (0.6 g) and a specified amount 
of ammonia were dissolved in pure water (30 mL), and the solution was stirred for 
10 min.  The solution was then transferred into a 50 mL stainless steel autoclave 
with a Teflon® liner and heated in an oven at 160 °C for 16 h.  After cooling to 
room temperature, the resultant products were isolated via centrifugation and 
washed several times with pure water and ethanol.  Finally, the products were 
dried in air at 80 °C for 3 h.

2.3 Characterization 
The products were characterized via X-ray diffraction (XRD, Bruker D8 
Advance diffractometer with Cu-Kα radiation (λ=1.5406 Å)).  XRD was also 
used to ascertain any alteration in the phases present in the nanothermites before 
and after combustion.  The particle size and morphology were visualized by 
field emission scanning electron microscopy (FESEM, Apollo 300) and high-
resolution transmittal electronic microscopy (HRTEM, Libra 200).  UV-spectra 
were characterized via an Hitachi U-3010 spectrophotometer.  In conjunction 
with SEM imaging, energy-dispersive X-ray (EDX) microanalysis (Bruker AXS, 
Fitchburg, WI, USA) was performed to generate elemental maps. 

2.4 Preparation of nanoenergetic composites
The CuO products were mixed with Al nanoparticles at a mass ratio of 1:0.25, 
and then dispersed in sufficient cyclohexane to make a thick paste.  This slurry 
was then ultrasonicated for 30 min to ensure intimate mixing, the cyclohexane 
was allowed to evaporate off under ambient conditions, followed by a final 
drying step in an oven at 60 °C.

2.5 Thermal analysis and laser ignition 
The heat of reaction of the CuO/Al nEMs was determined by thermogravimetric 
and differential scanning calorimetry (TGA-DSC, NETZSCH STA 449C).  The 
experiment was performed from 30 to 1000 °C at a heating rate of 5 °C/min 
under 99.995% Ar flow.

The laser ignition test system was composed of a high stability Q-switched 
Nd:YAG pulse laser operating at 1064 nm, a power source and a related optical 
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system.  A sketch of the laser ignition measurement system is shown in Figure 1.  
The laser voltage was 300 V, with a pulse width of 8 ns and pulse energies varying 
from 25 to 300 mJ, using a 70 mm condensing lens.  The laser beam diameter 
was 1.5 mm.  Composites were uncompacted into a solid cylinder with 4 mm 
diameter and length 2 mm.

Figure 1. Schematic diagram of the laser ignition system.

3 Results and Discussion

3.1 Structure and Morphology
The morphologies of the as-synthesized CuO are as shown in Figure 2.  Figure 2a 
shows the 3D branch-like nanostructures at an NH4

+/Cu2+ ratio of 4.  The branch-
like CuO nanostructures consist of sub-branched nanorods with diameters of 
about 20-100 nm, which radiate from the sides of the main stem of the branch-like 
CuO nanostructures.  Figure 2b shows that the plate-like CuO nanostructures have 
smooth surfaces with length ~300-400 nm and width ~100-200 nm.  Moreover, 
the CuO spheres with diameters of 300-400 nm were formed when the NH4

+/Cu2+ 
ratio was 2, as shown in Figure 2c.  When the ratio was decreased to less than 1, 
the hollow spherical architecture ranged from 2 to 3 μm in diameter.  A crushed 
microsphere vividly demonstrates a sphere wall with thickness 400 nm and 
consisting of many, mainly aggregated, pieces of small nanorods, as shown in 
Figure 2d.  Figure 2e shows the typical XRD pattern of an as-prepared sample.  
It can be observed that all of the peaks in the diffraction pattern are consistent 
with the monoclinic phase of CuO (JCPDS 48-1548).  No reflected peaks from 
other impurities are detected in the sample, which indicates the high purity of 
the as-obtained CuO products.
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Figure 2. SEM images of (a) branch-, (b) plate-, (c) sphere- CuO, (d) hollow 
sphere-like CuO, and (e) a typical XRD pattern of the as-obtained 
CuO products. 

The formation of CuO by the hydrothermal method using Cu(OAc)2·H2O as 
the copper source has been studied in detail.  These CuO nano/microstructures 
were formed through a process of self-assembly.  In the present reaction system, 
the main chemical reactions in the aqueous solution can be formulated as follows:
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Cu(OCOCH3)2·H2O + H2O → Cu2+ + 2CH3COOH + 2OH−

Cu2+ + 2OH− → Cu(OH)2

Cu(OH)2 → CuO + H2O

Re-combination and joining between the precursor particles is destroyed 
to form ions or ionic groups in the solution, and then re-formed as grains at an 
early stage.  The crystals grow freely, the growth habits of each crystal face being 
fully exposed under the hydrothermal conditions.  Furthermore the growth of the 
crystals is unforced, so that the annexing agent significantly affect the crystal 
morphologies.  Ammonia is a good precipitating agent, it can be used as a source 
of alkali, complexing agent or eroding agent under different conditions.  It plays 
a crucial role in the synthesis of the CuO nanostructures.  When the ammonia is 
added to the solution of Cu(OAc)2, the following reactions occur:

NH3·H2O → NH4
+ + OH−

Cu2+ + 4NH3 → [Cu(NH3)4]2+

[Cu(NH3)4]2+ + 2OH− → CuO + H2O + 4NH3

A suggested morphology formation scheme for the CuO nano/microstructure 
is illustrated in Figure 3.  Obviously, when ammonia is in excess, [Cu(NH3)4]2+ is 
first generated by the reaction of Cu(OAc)2 and ammonia [30], and has a sheet-
like structure together with Cu2+ ions, and which then brakes down into CuO 
at high temperature.  Therefore, as shown in route a, the product has a lamellar 
structure when the ratio of NH4

+/Cu2+ is larger than 2.  During the crystal growing 
period, high-index facets usually have fast growth rates, due to the high surface 
energy, and then subsequently disappear.  The nanostructures, such as the branch-
like type, with high-index facets could be obtained in high yields when controlled 
by excess ammonia as the alkali source.  In route b, the bubbles of ammonia 
gas under high-temperature hydrolysis can rapidly provide OH−, which then 
can act as a template together with Cu2+, to precipitate the Cu(OH)2 complexes 
almost at the same time [31].  The Cu(OH)2 complexes maintain uniformity of 
particle size to a certain extent.  When the hydrothermal reaction was carried out 
at a particular temperature, the newly-produced Cu(OH)2 might be decomposed 
and completely converted to CuO by a dehydration reaction.  Small nanoparticles 
might aggregate and crystallize around the surface of the bubbles.  The OH− could 
affect the morphology of the CuO nanostructures through adjustment of the 
interplanar H-bonds.  With crystal growth and Ostward ripening [30], one could 
imagine that the bunched nanowires would interlink around the surface and form 
microspheres when the quantity of nanowires in the solution was large enough.
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Figure 3. Schematic diagram of the effect of different proportions of ammonia 
in the synthesis of different morphologies of CuO; n is the molar 
ratio of NH4

+/Cu2+.

Clearly, the molar ratio of NH4
+/Cu2+ is a crucial factor in the formation of 

the hierarchical CuO nano/microstructures.  When the molar ratio of NH4
+/Cu2+ 

is less than 1, the products are microspheres of diameter 1-2 µm, whilst when the 
molar ratio of NH4

+/Cu2+ was equal to 1, the resulting products are a mixture of 
microspheres and nanospheres.  Thus, an appropriate molar ratio of NH4

+/Cu2+ 

may be favorable for the controlled synthesis of the CuO nano/microstructures.  
At the same time, it is easy to obtain hollow spheres during the process of sphere 
formation because of the etching by ammonia.

The thermal stability of the as-synthesized CuO nanostructure was studied 
via TGA and DSC simultaneously.  Figure 4 shows the TGA-DSC curves of 
a sample.  The weight loss during the temperature range is indicted by I, II, and 
III.  I: the weight loss (1.28%) below 230 °C is ascribed to the removal of the 
physically adsorbed water; the presence of an endothermic DSC peak confirms 
the evaporation of water.  II: the weight loss (3.80%) between 230 and 280 °C 
is assigned to the evaporation of intercalated water molecules; the exothermic 
DSC peak around 270 °C is consistent with the decomposition of residual 
polymer in the as-prepared CuO sample.  These features are consistent with the 
TGA results [32-33];  III: the weight loss from 780 to 850 °C is associated with 
decomposition of CuO into Cu2O (4CuO → 2Cu2O + O2).  Calculated weight 
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loss of 10%, due to incomplete decomposition, the actual weight loss is about 
6.76%.  No significant weight loss was observed between 280 and 780 °C, which 
indicates the thermal stability of the as-prepared CuO.

Figure 4. TGA/DSC plots of the as-produced CuO.

Figure 5. UV-Visible absorption spectra of the as-obtained CuO products.

3.2 UV-Visible Absorption Spectra
To determine the bandgap of the samples, the UV-visible absorption spectra of the 
as-prepared CuO products with different morphologies were obtained (Figure 5).  
The bandgap energy depends on the morphology of the CuO nanostructures [34-
35].  Several obvious sharp peaks of branch-, plate- and sphere-like CuO were 
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identified at 250, 250, and 240 nm, respectively.  The observed value is in good 
agreement with an earlier result [36], which is considerably blue-shifted from 
the value of 360 nm that was reported by Hong et al. [34] and 375 nm that was 
reported by Xu et al. [37].  The wavelength of the absorption edges (λg) was 
determined by extrapolating the horizontal and the sharply increasing portions 
of the curve to the abscissa at zero absorption [38].  The absorption edges of 
branch-, plate- and sphere-like CuO occur at 910, 900 and 860 nm, respectively.  
The energy bandgap of CuO was found using the following Equation:

g
1240( )
g

E eV
λ

=

The bandgaps of the branch-, plate-, and sphere-like CuO products were 
estimated to be 1.36, 1.38 and 1.44 eV, respectively.  The morphology of the 
CuO nanostructure significantly affects its bandgap.  The well-known quantum 
confinement effects may have caused the blue-shift of the absorption peak and the 
increase in the bandgap.  The observed blue-shift in the bandgap value, compared 
with the bulk CuO value, may be attributed to the quantum confinement effect, 
and the observed bandgap value is in good agreement with an earlier result [39].

3.3 Application in nEMs
The properties of energetic materials are known to be strongly influenced by 
the shape and surface area of nano/micro-sized CuO.  Figure 6 shows the SEM 
images of ~70 nm Al particles mixed with three morphologies of CuO, and 
confirms that the as-produced CuO is completely covered with deposited Al.  Thus 
good dispersive mixing, to ensure powder homogeneity, increasing the contact 
between fuel and oxidizer, is crucial for efficient and reliable combustion [40].  
Therefore, by homogenizing the distribution of Al around the CuO, the rate of 
energy release can be substantially enhanced due to an increase in the contact area. 

Figure 6. SEM images of (a) branch-, (b) plate-, (c) sphere-like CuO, mixed 
with ~70 nm Al particles.
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Figure 7 shows the SEM and TEM images of hollow sphere-like CuO 
mixed with Al particles.  After Al deposition, the average diameter of the 
microspheres was around 3 μm.  Nano-Al is uniformly integrated around the 
CuO, thus enhancing the interfacial contact and reactivity.  The reaction between 
CuO spheres and nano-Al can be complete and the heat energy can be released 
more effectively.

Figure 7. (a) SEM and (b) TEM images of hollow sphere-like CuO/Al.

As shown in Figure 8a, the EDX analysis comfirms the presence of Cu, Al, 
and O elements, with no other impurities.  The compositions of the nEMs were 
further identifed by XRD, as shown in Figure 8b.  Only Al and CuO diffraction 
lines can be seen in the XRD pattern.  There are no peaks for Al2O3, Cu and Cu2O, 
indicating that no signicant reaction between Al and CuO occurs.  This reveals that 
this composite exhibits the characteristics of intermolecular composites (MIC).

Figure 8. (a) EDX analysis and (b) XRD patterns of the CuO/Al based nEMs 
before reaction.

The CuO/Al powders were characterized by DSC to quantitatively determine 
the heat flow and onset temperature of the exothermic reactions (Figure 9).  
The heat flow profiles of Al with branch-, plate-, sphere-like CuO based nEMs 
are very similar, and are shown in Figure 9a.  There are three major peaks 
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associated with the thermite reaction in each curve.  The first (exothermic) 
peak, with an onset temperature at approximately 587 °C, is 433 °C lower than 
that of the microscale CuO/Al based nEMs (1040 °C) [7].  The reduced onset 
temperature is caused by the reaction between the CuO nano/microstructures 
and nanosized-Al based on the enhanced solid-solid diffusion mechanism [3, 
19].  The low reaction temperature is very attractive for many applications that 
require energetic materials with low ignition temperatures, such as actuation, 
propulsion, power and so on.  The second (endothermic) peak at 660 °C is caused 
by the melting of the remaining Al, thereby indicating that some Al nanopowder 
was still present after the thermite reaction.  The peak near 800 °C probably 
corresponds to the dissolution of CuO in the Al melt [41].  The DSC plot of 
Al with hollow sphere-like CuO is shown in Figure 9b, the strong exothermic 
reaction, with a heat release equal to 1000 J/g, is higher than the 962.9 J/g that 
was reported by Kim et al. [22].  The heat release of the four morphologies of the 
CuO/Al based nEMs is shown in Table 1.  The high heat release is promoted by 
the higher surface energy associated with the mesopores and micropores in the 
sphere shells.  The performance of the compounds can be improved by adjusting 
the dimensions of the CuO powder and by adjusting the amount of Al to obtain 
a stoichiometric reaction [7].

Figure 9. DSC plots of (a) Al with branch-, plate-, sphere-like CuO based 
nEMs, and (b) Al with hollow sphere-like CuO based nEMs.

Table 1. The heat released by the four morphologies of CuO/Al based nEMs

CuO morphology Branch-
like

Plate-
like

Sphere-
like

Hollow sphere-
like

First onset temperature, [°C] 589 586 588 592
Heat released, [J/g] 879 890 831 1000
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The ignitability of nEMs is an extremely important performance parameter.  
Compared to conventional electric spark ignition, laser ignition reduces 
emissions, gives faster ignition, and more stable combustion [42, 43], allowing 
the possibility of cavity ignition [44] and multi-point ignition [45].  Because 
thermite reactions are diffusion-controlled, decreasing the diffusion distance 
could potentially give decreased ignition times and increased reaction rates [3]. 

As Table 2 shows, the minimum laser ignition energy of the different 
morphologies is only 25 mJ, which confirms that the reflection coefficient is 
smaller than for micron-sized energetic materials.  The laser energy required for 
ignition is dependent upon pre-ignition reactions, phase change/decomposition 
temperatures, confinement, and laser absorbance [46].  An early theoretical 
study showed that particle absorbance changes are based largely on particle size 
and that submicron metal particles absorb more energy than nanoparticles [47].  
A loose powder mixture contains voids, producing gaps in the continuous flow 
of energy to form the thermal percolation network.  Thermal percolation can 
cause “hot-spots” to form by the limited heat transfer away from the ignition 
zone [48].  Nano-sized particles can also reduce the oxygen release distance.

Table 2. The laser ignition energy of the four morphologies of CuO/Al 
based nEMs

Laser energy, [mJ] 25 40 70 140 200 250 300
Branch-like × × √ √ √ √ √
Plate-like √ √ √ √ √ √ √

Sphere-like × × × √ √ √ √
Hollow sphere-like √ √ √ √ √ √ √

Figure 10. (a) XRD patterns of the CuO/Al based nEMs after reaction and 
(b) SEM image of the combustion products.
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XRD confirmed that CuO was transformed into elemental Cu, while the Al 
was oxidized to Al2O3 after testing (as shown in Figure 10a).  Figure 10b shows 
the SEM image of some of the combustion products.  Great changes have taken 
place in the morphology of the product after combustion, due to the highly 
energetic impact of the combustion reaction between nano Al and CuO [3] and 
the high local temperature generated [11].

4 Conclusions

In summary, branch-, plate-, sphere-, and hollow sphere-like nano/micro-sized 
CuO have been successfully synthesized via a simple hydrothermal process by 
using cupric acetate as a reagent in the presence of ammonia.  The performance 
of CuO/Al based nanothermite composites, prepared via ultrasonic mixing of the 
as-obtained CuO products with ~70 nm Al, is more effective as the interfacial 
area is substantially increased over conventional thermite composites.  The higher 
combustion behaviour of hollow sphere- and nanoplate-like CuO based energetic 
composites can be attributed to a larger contact area and shorter diffusion distance 
as compared with the nanobranch-like CuO based composites.
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