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H I G H L I G H T S  

� Al–CuO–nitrocellulose composite is fabricated by aerosol drying process (ADP). 
� NC content strongly affects redox reactivity and electrical insensitivity. 
� ADP provides high-performance nanoscale energetic materials with homogeneous component mixing.  
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A B S T R A C T   

We examined the effect of polymer encapsulation on the insensitivity and thermal reactions of Al and CuO-based 
nanoenergetic materials (nEMs). The nEMs were encapsulated by nitrocellulose (NC) polymer using aerosol and 
solution drying processes for comparison. Severe aggregation and precipitation of Al/CuO reactants in the NC 
matrix were made in the liquid phase during the drying process so that the thermal reactions of the resulting Al/ 
CuO/NC composites was unstable. However, the rapid aerosol drying process in the gas phase resulted in the 
formation of uniformly mixed NC-encapsulated Al/CuO composites. The NC content in the Al/CuO composites 
fabricated in the gas phase strongly affected the thermal reactions by perturbing thermochemical interactions 
between the Al and CuO reactants. Meanwhile, the insensitivity of Al/CuO composites gradually increased with 
increasing NC content. Therefore, the aerosol drying process in the gas phase is suggested as a viable and 
effective method to generate polymer-encapsulated homogeneously mixed nEMs with enhanced insensitivity and 
thermal reaction properties.   

1. Introduction 

Nanoenergetic materials (nEMs) are substances comprising nano
scale fuels (e.g., Al, Si, Mg) and oxidizers (e.g., CuO, Fe2O3, NiO), which 
rapidly generate exothermic energy when ignition is initiated [1–12]. 
However, owing to the high sensitivity to the external stimuli such as 
electrostatic discharge, shock, and friction, the practical applications of 
nEMs have been limited [13]. Therefore, numerous researches have 
been conducted to improve the insensitivity of nEMs by incorporating 

with CNT [14,15], graphene [14], carbon black [16] and carbon 
nanofiber [17], or polymers [18,19]. 

Recently, various polymers are widely applied to nEMs not only as an 
insensitizer but also as binders [6,20], hydrophobic coating agents [20, 
21], surface passivation agents [22–24], and functionalization mediums 
[25]. However, conventional physical mixing processes are inherently 
limited for uniformly dispersing nEMs in polymer binders because the 
relatively long drying and curing processes for polymer binders induce 
the aggregation and precipitation of nEMs with high-surface-energy [26, 
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27]. These problems finally result in the significant degradation of 
combustion characteristics of nEM-polymer composites. 

To fabricate uniform nEM-polymer composites, electrospray and 
electrospinning processes in the gas phase are often employed with the 
advantages of production of uniform particles and capability of aero
solization of precursor solution with relatively high viscosity [28–32]. 
However, the potential risk of unintended explosion exists due to the 
supply of high voltage in the electrostatic charging process, and simul
taneously the relatively low yield rate of the resulting composites is the 

major inherent bottleneck. 
To overcome these difficulties, we propose an easy and viable gas- 

phase aerosol synthesis of polymer-encapsulated nEMs, which have 
relatively high insensitivity and homogeneous mixtures. Briefly, nitro
cellulose (NC), Al nanoparticles (NP), and CuO NPs are used as the 
polymer binder, fuel metal, and oxidizer, respectively. NC is employed 
as an energetic polymer binder that functions as both an abundant 
exothermic energy source and a gas generator during the combustion of 
nEMs. In the present study, an aerosol drying process (ADP) [33–35] is 

Fig. 1. (a) Photograph, (b) SEM, (c) EDS, (d) LRTEM, (e) HRTEM, and (f) EDS images of NC-encapsulated Al/CuO composites fabricated by ADP.  

Fig. 2. (a) Photograph, SEM & EDS images of (b) entire, (c, d) top, and (e, f) bottom side of Al/CuO/NC composite thin film fabricated by SDP.  
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employed to fabricate NC-encapsulated Al/CuO composite particles 
through the rapid drying of the aerosolized precursor solution. Various 
parameters, including NC concentration and drying conditions, are 
systematically examined to explore the insensitivity and thermal re
actions of the resulting NC-coated nEMs (i.e., Al/CuO NPs). 

2. Experimental 

Al and CuO NPs (Nanotechnology Co., Ltd.) and NC (Sigma-Aldrich) 
were used as raw materials. The Al and CuO NPs were mixed with a mass 
ratio of Al:CuO ¼ 3:7 (i.e., fuel-to-oxidizer ratio ¼ 1.90) as the optimized 
combustion properties [36] in an ethanol/ether solution using ultra
sonic mixing (400 W, 40 kHz) for 1 h. Subsequently, NC solutions with 
various initial concentrations of 1, 2, 5, 10, 15, and 20 wt% were then 
mixed with the fabricated Al/CuO NP colloidal solutions. For ADP, the 
resulting precursor solution was transferred using a peristaltic pump to a 
nozzle operated at 7 MPa to aerosolize the Al/CuO/NC precursor solu
tion. The generated Al/CuO/NC droplets were rapidly solidified by 
solvent evaporation driven by the hot carrier gas, thereby forming 
composite particles. For comparison, Al/CuO/NC composites were also 
fabricated using a conventional solution drying process (SDP), in which 
the Al/CuO/NC solution was poured into a dish and dried for 24 h at 
20 �C. The Al/CuO/NC composites were characterized using various 
techniques, including a field emission scanning electron microscope 
(FE-SEM, Carl Zeiss, Supra 25, Germany) operated at ~20 kV equipped 
with an energy dispersive X-ray analyzer (EDS, Oxford Instruments, 
INCA, UK), scanning transmission electron microscopy (STEM; FEI, 
Talos F200X) performed at ~200 kV, and differential scanning calo
rimetry (DSC; Setaram, Ltd., Labsys evo) performed at temperatures of 
30–1000 �C at a heating rate of 10 �C min� 1 under Ar flow. For thermal 
ignition tests, the Al/CuO/NC composites were formed into disk-type 

pellets by die-compaction process. Briefly, 100 mg of composites was 
poured into a mold and pelletized into a disk with a diameter of 10 mm 
and a height of ~0.4 mm under a pressure of 300 MPa. The burn rate and 
total burning time of the Al/CuO/NC composite pellets were measured 
using a high-speed camera (Photron, FASTCAM SA3 120 K) at a frame 
rate of 50 kHz. The pressure traces of the composites ignited in a closed 
vessel were measured using a pressure cell tester (PCT) system. It was 
conducted by placing 13 mg of the tested powder in the sealed pressure 
cell and igniting it with a hot tungsten wire at a current of 2 A and 
voltage of 4 V. The explosion pressure was measured using a piezo
electric pressure sensor (113A03, PCB Piezotronics) attached to the 
pressure cell. Simultaneously, the detected pressure signal was ampli
fied and transformed into a voltage signal through a combination of an 
in-line charge amplifier (422E11, PCB Piezotronics) and signal condi
tioner (480C02, PCB Piezotronics). Finally, the signal was captured and 
recorded using a digital oscilloscope (TDS 2012B, Tektronix). The 
electrostatic discharge (ESD) sensitivities of the composites were 
measured using an ESD simulator (Kikuchi, KES4021). The electrical 
energy stored in the 150 pF capacitor with a specific voltage (0–30 kV) 
was instantaneously discharged through a cylindrical wire-type elec
trode to artificially generate an electric spark. The spark energy was 
calculated by formula E ¼ 0.5 CV2, where C is the capacitance of the 
capacitor in farads (F) and V is the voltage in volts (V). The distance 
between the grounded sample stage and spark tip was fixed to ~2 mm. 
The ignition threshold spark energy (ITSE) was determined using the 
“go/no go” method. If ignition and successive explosion occurred at 
specific spark energy, lower spark energy was selected as the ITSE for 
the tested sample. Each kind of sample was tested ~10 times repeatedly. 
The density of the sample powder was 11–17% of theoretical maximum 
density (%TMD) and the relative humidity during testing was fixed to 
~30%. 

Fig. 3. (a) Schematic and (b) snapshots of ignition and combustion of Al/CuO/NC (20 wt%) composite pellets NC fabricated by SDP and ADP. (c) Burn rates and (d) 
total burning times of Al/CuO/NC composite pellets with various NC contents. 
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3. Results and discussion 

Fig. 1a–f shows photographic, SEM, low-resolution TEM (LRTEM), 
high-resolution TEM (HRTEM), and energy-dispersive X-ray spectros
copy (EDS) images, respectively, of the Al/CuO/NC composite particles 
with 10 wt% NC fabricated by ADP. SEM and TEM images present that 
Al and CuO NPs with an average diameter of ~80 nm are strongly bound 
and encapsulated by thin layers of NC. The EDS images reveal that Al 
and CuO NPs were homogeneously distributed in the composite 
particles. 

The Al/CuO/NC composite fabricated by SDP was formed into a thin 
film of ~10 μm in thickness, as shown in Fig. 2a–f. The SEM analyses for 
the thin film formed show that various pores and NC webs were formed 
on the top side, and denser particle clusters were formed in the bottom 
side. The SEM and EDS analyses confirmed that Al and CuO NPs were 
precipitated in the bottom of NC matrix. This suggests that Al and CuO 
NPs were found to be non-homogeneously distributed in the depth di
rection because of the aggregation and precipitation of Al and CuO NPs 
under SDP. 

Thermal ignition tests were performed to examine the effect of NC 
encapsulation on the thermal reactions of the ADP-fabricated Al/CuO 
composites. For thermal ignition testing, the composites were formed 
into disk-type pellets and ignited by a tungsten hotwire igniter (Fig. 3a). 
The densities of composite pellets were calculated to be ~79–96 %TMD 
and ~71–82 %TMD for the cases of ADP and SDP, respectively (see 
Fig. S1 in the Supporting Information). The ADP-fabricated pellet had 
higher density due to more homogeneous mixing of NC polymer and Al/ 
CuO NPs. And the differences in mixing states of composite pellets 
fabricated by both ADP and SDP seemed to strongly affect the flame 
propagation of the ignited composite pellets. Fig. 3b shows the 
sequential still images of the ignition and flame propagation of Al/CuO/ 
NC (20 wt%) composite pellets fabricated by ADP and SDP, respectively, 
captured using a high-speed camera. For ADP-fabricated NC (20 wt 

%)-encapsulated Al/CuO composite pellet, considerable amount of 
combustion gases was generated with stable flame propagation. How
ever, for the case of SDP-fabricated Al/CuO/NC (20 wt%) composite 
pellet, unstable flame propagation was occurred due to the non-uniform 
component mixing. Fig. 3c and d shows the burn rates and total burning 
times of Al/CuO/NC composites with various NC contents, as deter
mined by high-speed camera snapshot analyses (see Fig. S2 in the Sup
porting Information). The burn rate decreased and the total burning 
time increased for increasing NC content. This was because the diffusion 
distance between the Al and CuO NPs increased by the greater thickness 
of the NC coating layer, which eventually suppressed the redox and 
thermochemical reactivity of the Al and CuO NPs. 

Fig. 4a and b shows the DSC data and total exothermic heat energies 
of the composites fabricated by ADP and SDP. Two major exothermic 
peaks, attributed to the thermal decomposition of NC at ~170–230 �C 
and the redox reaction between Al and CuO NPs at 520–610 �C, were 
clearly observed (Fig. 4a). The resulting total exothermic heats of the Al/ 
CuO/NC composites were determined by integrating both peaks 
(Fig. 4b). Overall, the total exothermic heat was decreased with 
increasing NC content because of the increasing diffusion distance be
tween the Al and CuO NPs. In addition, the gas byproducts of thermal 
decomposition of NC (e.g., CO, CO2, NO, etc.) could oxidize Al NPs to 
some extent, which resulted in reducing the heat release from the Al/ 
CuO redox reaction occurred at 520–610 �C. We also observed that the 
total exothermic heat for ADP-fabricated composites with NC content of 
1–5 wt% slightly increased. This was presumably because the gases 
generated by thermal decomposition of NC disintegrated Al/CuO com
posites so that they actively made redox reactions later in the combus
tion process [18]. The ADP-fabricated composites generated greater 
total exothermic heat than the SDP-fabricated composites because of the 
component homogeneity. Fig. 4c shows the pressurization rates of the 
Al/CuO/NC composites measured using the PCT system. The pressuri
zation rates were determined by dividing the maximum pressures by the 

Fig. 4. (a) DSC results, (b) total exothermic heats, and (c) pressurization rates of Al/CuO/NC composites fabricated by ADP and SDP. (d) ITSE of NC-encapsulated Al/ 
CuO composites with various NC contents fabricated by ADP and SDP (Insets: Still images of spark ignition tests for NC-encapsulated Al/CuO composites fabricated 
by ADP). 
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pressure rise times. For ADP composites, the pressurization rate was 
gradually increased with increasing NC content up to 10 wt%, because 
considerable combustion gases were generated by the thermal decom
position of NC [37]. However, for excessive NC contents of >15 wt% 
added to Al/CuO, the pressurization rate was significantly decreased 
because the increased diffusion distance between Al and CuO decreased 
the redox reactivity. For SDP composites, the pressurization rate was 
gradually decreased by increasing the NC content because of the inho
mogeneous mixture formation in the Al/CuO/NC composites. Fig. 4d 
shows the ESD sensitivities of the NC-encapsulated Al/CuO composites 
fabricated by ADP and SDP. As the NC content increased, the ignition 
threshold spark energy (ITSE) increased because of the increased 

electrical resistivity of the NC-encapsulated Al/CuO composites [14,19]. 
For NC contents of >5 wt%, the ITSE value of ADP-fabricated samples 
was more than ~10 mJ, exceeding the spark energy generally generated 
by human body activity (~8.3 mJ) [38]. This suggests that the insensi
tivity of Al/CuO composites for practical applications can be sufficiently 
increased by NC polymer encapsulation via ADP. However, the 
Al/CuO/NC composites fabricated by SDP showed lower ITSE than ADP 
at NC contents of �5 wt% due to non-uniform NC coating. The ITSE was 
then abruptly increased at NC contents of �10 wt%, and the ignition did 
not occur even at the possible maximum spark energy of ~67.5 mJ in the 
ESD system. This suggests that the SDP-fabricated thick NC layer pro
tected the surface of Al/CuO composite thin film from electric spark 

Fig. 5. (a) Schematic of thermal reactions of NC-encapsulated Al/CuO composite particles, (b) SEM images of NC-encapsulated Al/CuO composite particles with NC 
contents of 0, 1, and 10 wt% after combustion. XRD patterns of Al/CuO composite particles with NC content of (b) 0 wt% and (c) 10 wt% before and after combustion. 
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energy input when sufficient amount of NC contents (�10 wt%) was 
provided. 

Based on these experimental observations, we propose the following 
thermal reaction mechanism depicted in Fig. 5a. When the NC- 
encapsulated Al/CuO composites were heated, the thermal decomposi
tion of NC began at ~170 �C. The Al/CuO/NC composite matrix then 
swelled with the combustion gas generated by NC thermal decomposi
tion, causing cracking. When the temperature was further increased 
above ~520 �C, the Al/CuO composites experienced rapid redox re
actions. Cracked composite particles with AlxOy and Cu intermediates 
were generated by the coalescence of Al/CuO composites with higher 
NC contents. SEM and X-ray diffraction (XRD) analyses for residual 
particles after combustion reactions, as shown in Fig. 5b–d, clearly 
showed that composite particles with AlxOy and Cu intermediates and 
significant cracking were generated by the coalescence of Al/CuO 
composites with higher NC contents. 

4. Conclusions 

We investigated the thermal reactions and insensitivity of NC- 
encapsulated Al/CuO composites fabricated using ADP. The NC- 
encapsulated Al/CuO composites fabricated by ADP had homogeneous 
mixtures of the Al/CuO/NC components that yielded much better 
resulting thermal reactions, including burn rate, pressurization rate, and 
exothermic heat energy, than those of composites fabricated by con
ventional SDP. In addition, the ESD insensitivity of the composites 
fabricated by ADP significantly increased with increasing NC content in 
the Al/CuO composites because of the increased NC coating layer 
thickness. The ADP method proposed in this study allows an easy, 
viable, and stable fabrication of nEMs with enhanced thermal reactions 
and insensitivity. 
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