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Abstract  

To reduce the size inconvenience of airbag systems employed in human-body protection 

devices while maintaining comparable gas generation performance, a new family of gas-generating 

energetic composites are proposed mixing Al/CuO nanothermite with copper complex 

(Cu(NH3)4(NO3)2) known for its propensity to generate gases (0.03 mol/g) such as N2 , O2 , N2O 

through exothermic chemical decomposition (300 J/g). The aluminum (Al)/Copper oxide (CuO) 

couple, known as the most widely studied nanomaterial for thermite reactions, releasing a high energy, 

mostly heat, through chemical reaction, is employed as a source of heat to trigger and sustain the 

decomposition of Cu(NH3)4(NO3)2 complex. This work permits developing a new family of gas-

generating energetic composites that takes advantage of specific chemical and thermal properties of 

both materials. We demonstrate its capability to tune the pressurization rate, burn rate and pressure 

peak by varying the Al/CuO over Cu(NH3)(NO2)2  mass ratio. The peak pressure of 

Cu(NH3)4(NO3)2/Al/CuO energetic composites reaches 12 MPa/g.cm3 in a close volume, which is 3.3 
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higher than that of traditional Al/CuO nanothermite. They achieve much longer high-pressure duration 

(~ 30 ms). They also exhibit very intense burning with velocity reaching hundreds of m/s in opening 

burning experiments. These new materials appear very promising for green gas generation. 

1. Introduction  

Automobile airbag systems are the widespread micro-pyrotechnical systems introduced in the 

earlies 1970s [1] designed to slow down the movement of the car occupants within milliseconds to 

prevent injury during a collision [2, 3]. Recently, new applicative markets have emerged with the goal 

to prevent personal injuries during extreme sport (skiing, equitation, motorcycling), urban two-

wheelers or to protect the elderly from hips fracture when falling. For these new applicative domains, 

smart inflatable protection devices using compressed CO2 bottles are now available on the market [4-

6]. When the sensors detect a fall, the integrated circuitry triggers the actuator, which then inflates the 

nylon airbag before the impact [7, 8]. However, all commercialized inflator systems are bulky (50 – 

250 cm3), heavy (more than 1 kg), costly, owing to the fact that a tank with compressed gas is 

employed to perform the actuation. 

 Alternatively, gas-generating energetic materials could effectively provide high-energy and 

high-power actuation within a reduced volume (< 50 cm3) thanks to the large amount of stored 

chemical energy they can release quickly. In the context of personal protection, they have to meet 

severe requirements including good performances, moderate temperature (< 300 °C) [9, 10], non-

toxicity of gaseous species, reliability [11], safety when handling and during storage, and low energy 

ignitions. Gas-generating mixtures developed for automobile airbag inflation are mostly based on a 

propellant, such as sodium azide (NaN3) and potassium nitrate (KNO3) that thermally decomposes 

into gases and residues when they are ignited and they have been used for a long time [12]. A series 

of chemical reactions produce N2 to fill the airbag and convert metallic azide which is highly toxic 

[13] even after reaction due to incomplete combustion. To reduce the toxicity, high nitrogen nonazide 

gas compositions are proposed and used in inflating passenger restraint gas inflator bags, where 
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ammounium nitrate, guanidine nitrate, etc, are employed [14, 15]. However, guanidine compound is 

explosive from friction and therefore difficult to handle [16]. In fact, ammonium nitrate was used as a 

gas generator to inflate airbags since 2001 by Takata; however, more than 16 million vehicles were 

recalled worldwide due to a serious safety issue that high moisture may accelerate the decomposition 

of ammonium nitrate and leads to violent explosion of the airbags [17, 18].  

Herein, we consider a new, safe and non-toxic gas-generating materials based on the Werner 

type complexes composed of a metallic cation (Cu, Fe, Co or Mn) bounded to oxidizing anion ligands 

(NO−, NO3
−, NO2

−). Numerous complexes have been successfully synthesized and studied by numerous 

groups such as Cu(NH3)4( NO3)2 [19-22], Co(NH3)6(NO3))2 [23, 24], Mg(NH3)6(NO3)2  [25, 26], 

Ni(NH3)6(NO3)2 [25], Cd(NH3)6(NO3)2 [27], because they are stable and enable the generation of 

abundant environmental friendly gases (N2, O2, N2O) [28] from the thermal decomposition of the 

organic anion at moderate temperature (150 – 220 °C).  In addition, complex compounds usually 

contain fuel (ligands such as ammonia or nitrogen compounds), oxidizer (like nitrates or perchlorate) 

and metal that may act as burn modifier.  

Among all published coordination complexes, the most studied is Cu(NH3)4(NO3)2 (called 

CuC) because of its low decomposition temperature and relatively easy synthesis process. Despite a 

patent that proposes to use a heterometallic Werner complex as a green gas source for airbag 

application [29], the applicative interest of CuC as a gas-generating material remains stalled since its 

exothermic decomposition is not a self-sustained process, which means that the entire mass of the 

complex has to be heated to its decomposition temperature to release the gases requiring a too 

important external source of heat [20].  

This study proposes to incorporate nanothermites into the CuC mixture, to serve as an 

embedded source of heat to drastically reduce the external activation energy needed to decompose the 

complex [11]. In contrast to the coordination complex initiation mode, the nanothermite engages a 
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self-sustained reaction upon hot point initiation. In other words, after being ignited locally, the 

nanothermite is capable of producing enough heat to quickly and entirely heat up the mass of CuC to 

its decomposition temperature, which decomposition leads to gas release and pressure. 

By varying the mass of nanothermite incorporated into the CuC, this study seeks to 

experimentally find the optimized Al/CuO to CuC mass ratio allowing: (i) the lowering of the power 

density budget for initiation, (ii) the self-sustained and total decomposition of CuC to maximize the 

pressure peak, (iii) providing fundamental understanding on the interplay of the two materials. We will 

discuss the combustion events in such CuC/Al/CuO energetic composites, experimentally evidenced 

thanks to coupled thermo-chemical analyses using calorimetry coupled with time-resolved mass 

spectrometry.  Overall, we believe this work opens new perspectives in the field of non-toxic gas 

generating material for micro and mini-airbag applications since this new energetic composites feature 

peak pressure of 12 MPa/g per cm3, which is 3.3 higher than that of traditional Al/CuO nanothermites, 

with much longer high-pressure durations (~ 30 ms), and with the production of safe gases only. 

2. Experimental Section 

2.1. Materials 

The aluminum nanopowders (Al) (80 nm) were purchased from Novacentrix and stored in a 

glove box. The active Al content was 69% by mass, calculated from thermogravimetric analysis before 

use. Copper oxide (~100 nm), copper nitrate trihydrate and 25% aqueous ammonia, purchased from 

Sigma-Aldrich were directly used as received.  

2.2. Synthesis of CuC 

The Cu complex was synthesized according to the literature [21, 22]. In brief, 4.83 g (0.02 mol) 

of copper nitrate trihydrate was dissolved in 10 mL of distilled water followed by addition of 15 mL 

of 25% aqueous ammonia solution (0.24 mol). The mixed solution was kept in an ice bath with 

moderate stirring for one hour and then without stirring for three hours. The final product was separated 

via vacuum filtration and dried in an oven at 70 °C. The yield of the product is ~65% (3.2 g). 
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The X-Ray Diffractometer (XRD) pattern of as-prepared CuC is well correlated to a published 

Cu(NH3)4(NO3)2 crystal structure with a pdf#01-070-195. A very small trace of Cu2(NO3)(OH) was 

also detected in the mixture (labeled in blue in Supplementary Information Figure S1A). The FTIR 

spectrum of synthesized copper complex (Figure S1B) have the same characteristic peaks as to the 

literature [21]. Both XRD and FTIR results prove that copper complex was successfully synthesized 

in this work.  

Scanning Electron Microscopy (SEM) was employed to characterize the copper complex 

particles and the results shown in Supplementary Information Figure S2 indicate that they are 

irregularly cylindrical with an average size about 20 µm in width and 60 µm in length. A zoom-in 

image also shows that the surface of particles is rough, which could be beneficial for further deposition 

of other materials. 

2.3. Preparation of Al/CuC energetic composites 

Mixtures of Al/CuC were prepared using a classic sonication method where Al nanoparticles 

were mixed with CuC with an Al/CuC equivalence ratio of 1.2 in hexane followed by 20 minutes 

sonication (see Eq.1). Then Al/CuC energetic composite was stored in hexane for future 

experimentations. 

4𝐴𝑙(𝑠) + 6𝐶𝑢(𝑁𝐻3)4(𝑁𝑂3)2(𝑠)  → 2𝐴𝑙2𝑂3(𝑠) +  6𝐶𝑢(𝑠) + 27𝐻2𝑂(𝑔) + 6𝑁𝐻3(𝑔) +

12𝑁2(𝑔) + 3𝑁2𝑂(𝑔)                                                                                                                     Eq. 1 

 

2.4. Preparation of CuC/Al/CuO energetic composites 

Different CuC/Al/CuO energetic composites with various mass loadings of Al/CuO 

nanothermite (Table 1) were prepared with an equivalence ratio of 1.2 for both Al/CuC and Al/CuO 

in order to investigate the effect of the nanothermite mass ratio on the pressurization and burn rate. 

Each composite was characterized by the weight percentage of Al/CuO nanothermite, X, ranging from 
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25 to 95%. Note that in a X = 25% (mixture named CuC/Al/CuO_25), the mass of Al/CuO thermite 

and Al/CuC is 100 mg and 300 mg, respectively.  

Table 1. Chemical composition of the different batches of CuC/Al/CuO energetic composites 

Samples 
Al 

(mg) 

CuO 

(mg) 

CuC 

(mg) 

Al/CuO 

(mg) 

Al/CuC 

(mg) 

Total 

(mg) 

Al/CuO 114 286  400  400 

Al/CuC 40  360  400 400 

CuC/Al/CuO_25 59 71 270 100 300 400 

CuC/Al/CuO_50 77 143 180 200 200 400 

CuC/Al/CuO_62 86 177 137 248 152 400 

CuC/Al/CuO_75 96 214 90 300 100 400 

CuC/Al/CuO_82 101 234 65 328 72 400 

CuC/Al/CuO_90 107 257 36 360 40 400 

CuC/Al/CuO_95 111 271 18 380 20 400 

 

2.5. Chemical Analysis  

The morphology, particle size, agglomeration were observed by SEM using a Hitachi S-4800 

(cold FEG) operating at 2.0 kV. The chemical composition of the materials was characterized using a 

SEIFERT XRD 3000 TT XRD with Cu-Ka radiation ( = 1.54059 Å) fitted with a diffracted-beam 

graphite monochromator. The diffraction angle (2) was scanned from 10 to 80°.  

2.6. Thermal analysis                                                                     

The thermal decomposition of the prepared energetic composites was characterized under a 

ramping heating profile at 10 °C/min by : (1) Thermogravimetric/Differential Scanning Calorimetry 

(TGA/DSC) using a Mettler Toledo Thermogravimetric analyzer over a temperature ranging from 

ambient to 700 °C;  (2) Differential Scanning Calorimetry using a NETZSCH DSC 404 F3 Pegasus 

device equipped with a DSC-Cp sensor type S over a temperature ranging from ambient to 1000 °C. 
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Experiments were performed with ~5 mg of composites in platinum crucibles in Ar atmosphere 

(99.998% pure) at a flow rate of 20 mL/min. The traces are normalized by the mass of energetic 

composite material. 

2.7. Thermo Gravimetric/Mass Spectroscopy  

The decomposition of the energetic composites was performed by mass spectrometry (MS, 

equipment Pfeiffer Omnistar 1-200 amu) over a temperature range from ambient temperature to 900 

°C at a heating rate of 10 °C/min. The MS apparatus is coupled with the TGA system described in the 

previous section. All measurements are performed under Argon flowing gas. 

2.8. Closed bomb experiments 

The pressure release is measured in a stainless steel, high pressure resistant cylindrical reactor 

[30]. The dimension of the reactor has a 4 mm inner diameter and is 0.7 mm long (total volume of ~ 9 

mm3).  A stainless spacer (volume of ~25 mm3) was placed between the reactor and the pressure sensor. 

For all other samples, about 13 mg of CuC/Al/CuO powders were packed in a pellet placed in the 

bomb which has a total volume of 25 mm3. The packing densities of the sample filled in all pellets 

were calculated at around 1.5 g/cm3. When positioned in the bomb volume, the final packing density 

drops down to 0.5 g/cm3. A pressure up to 100 MPa can be measured by a high-frequency pressure 

transducer (Kistler 6215 type) on the back of the reactor and connected to a Kistler charge amplifier 

(5018 type). A schematic and a photo of the system are shown in Supplementary Information Figure 

S3. For ignition, a simple NiCr wire was used.  

2.9. Open burning experiments 

The reaction propagation speed of composites was tested with a home-made set-up, where a 

rectangular holder made of polycarbonate with a trench (30 mm long, 1 mm wide and 1 mm deep) is 

used to support the composite material. About 25 mg of powder was loosely deposited in the trench. 

For ignition, a pyroMEMS chip with coating of Al/CuO nanolaminates was used to produce a flame 

to ignite the energetic composite [31, 32]. The mean burn rate was recorded using a high-speed camera 
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SA3 Photron able to capture the visible light perpendicular to the direction of flame propagation of the 

mixture, at a speed of 75,000 frames per second, with a 128 × 32 image resolution [33]. 

3. Results and Discussion 

3.1. Structural characterizations  

The SEM images of Al/CuC energetic materials show that the aluminum nanoparticles with an 

average size of 80 nm are well dispersed on the surface of copper complex rods (Figure 1A). The SEM 

images taken for CuC/Al/CuO_50 energetic composite (Figure 1B) also show a good dispersion of Al 

and CuO nanoparticles around CuC rods. When the nanothermite mass exceeds 50 % in CuC/Al/CuO, 

we notice some areas with only Al/CuO nanothermites (Figure 1B1). As reference, SEM images of 

Al/CuO nanothermites are presented in Figure 1C. Pictures are plotted with a greater magnification ( 

5 compared to other images) to distinguish Al and CuO compounds.  

 

Figure 1. SEM images of Al/CuC (A), CuC/Al/CuO_50 (B) and Al/CuO (C). 

 

The XRD patterns of five different energetic composites shown in Figure 2 indicate the 

compositional information: CuC, CuO and Al are detected in all samples containing nanothermite.  
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Figure 2. XRD patterns of Al/CuC, CuC/Al/CuO_82, CuC/Al/CuO_75 and CuC/Al/CuO_50. 

 

3.2. Pressure measurement  

All prepared energetic composites were characterized in the closed bomb with a packing 

density kept at around 0.5 g/cm3 for all samples (Table 2). We obtained pressure outputs (see typical 

temporal pressure traces plotted in Figure 3) for all cases except for: 

- Pure CuC and Al/CuC, no self-sustained reaction occurs for these two samples even with a 

continuous local heating through the NiCr wire.  

- CuC/Al/CuO_50 and CuC/Al/CuO_25 could not be completely ignited. We suppose that 

the heat applied from the wire was insufficient to bring these two samples to their 

decomposition temperature before the wire breaks after several milliseconds. To support 

this theory, a lighter was used as the heat supplier and we observed violent reactions for 

these two mixtures after being heated. Interestingly, the moment the plastic pellet started 

melting, ignition happened. It implies that all CuC/Al/CuO energetic composites could be 

ignited as long as there was enough heat supply to the system. Thus, the ignition pathway 

employed in this test has its limit for these two compositions in which the CuC initiation 
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mode dominates, i.e. heating of the whole material at the nominal decomposition 

temperature. 

Among all other composites, the highest output pressure (Table 2) is generated by 

CuC/Al/CuO_75 with ~ 6 MPa, a value more than three times of Al/CuO taken as reference here. Note 

that Al/Bi2O3 being among the thermite couples generating the highest pressure has a peak pressure of 

only 1.3 times of Al/CuO [30]. Thus, the CuC/Al/CuO_75 composite, significantly outperform 

Al/Bi2O3 and Al/CuO in terms of pressure generation. Even for CuC/Al/CuO_95, where 5% by weight 

of Al/CuC was mixed with 95% of Al/CuO, its peak pressure still performs two times that of the 

traditional Al/CuO nanothermite.  

In addition, the pressurization rates (the slope between two points: the peak pressure point and 

the point where it reaches 5% of peak pressure on pressure traces in Figure 3) of these four 

CuC/Al/CuO energetic composites are much faster than that of Al/CuO. The highest value, ~70 kPa/μs, 

is now obtained with CuC/Al/CuO_95.  

Another interesting point has to be noted from Figure 3: it seems both CuC/Al/CuO_75 and 

CuC/Al/CuO_82 not only feature relatively higher peak pressure but also show much longer durations 

(30 ms) at maximum pressures than other samples (~5 ms) tested in this work. It might become an 

attributing factor for airbag applications. 

Table 2. Closed bomb test results of different CuC/Al/CuO composites. Each sample was tested at 

least three times and mean values are reported. 

Sample 
Pmax  

(MPa) 

Pressure rise rate  

(kPa/μs) 

Packing 

Density 

(g/cm3) 

Al/CuO 1.8  0.2 11  0.1 0.48  0.1 

CuC/Al/CuO_95 3.7  0.2 69  6 0.44  0.1 

CuC/Al/CuO_90 3.5  0.1 45  4 0.48  0.1 

CuC/Al/CuO_82 4.0  0.3 36  10 0.48  0.1 
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CuC/Al/CuO_75 5.9  0.2 41  8 0.51  0.1 

CuC/Al/CuO_50 
No ignition 

 

0.51  0.1 

CuC/Al/CuO_25 0.50  0.1 

 

 

Figure 3. Temporal pressure traces of CuC/Al/CuO energetic composites and traditional 

Al/CuO nanothermite as reference. 

 

As summary of pressure tests, the optimized composition is established with 75% loading of 

nanothermite by weight into CuC. Also note that pressure results are obtained at very low compaction 

(only 0.5 g/cm3, i.e. ~ 8% TMD). These results also show that the composite can be adapted to different 

scenarios: relatively low peak pressure but high pressurization rate or relatively high peak pressure but 

low pressurization rate can be used accordingly.  

 

3.3. Open burning experiments  
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The propagation speeds of all CuC/Al/CuO energetic composites were also investigated and 

the results are reported in Table 3. In this experiment the densities of the energetic powders inside the 

trench were kept at around 0.8 g/cm3 for all tested samples. 

Similar to pressure test, no propagation was observed for CuC and Al/CuC composites. Neither 

does CuC/Al/CuO_25. These facts indicate the weight percentage of nanothermite must reach a certain 

level to guarantee a self-propagated system. With 50% (by weight) addition of Al/CuO nanothermite, 

CuC/Al/CuO_50 demonstrated a burn rate of around 2 m/s but only 2/3 of the composite in the trench 

has propagated, suggesting that a bad thermal transfer within the composite might be the cause of the 

poor propagation behavior similar to the pressure tests (has the lowest thermal conductivity, see 

Supporting Information Table S1). Another possible cause might be the breakup, crystal transition and 

phase transition of CuC absorbing too much heat to maintain steady propagation. 

All the other composites exhibit very intense burning (See snapshots in Supporting Information 

Figure S4) with steady flame propagations. When the weight percentage of the nanothermite raised to 

75%, the burn rate reaches the highest value among all tested samples, ~141 m/s, 4 times higher than 

traditional Al/CuO nanothermite giving a burn rate of ~36 m/s in this experimental condition. As seen 

in previous section, CuC/Al/CuO_75 also features the highest peak pressure generation. However, 

further increasing the mass loading of nanothermite decreases the burn rate dramatically rather than 

enhancing it. With 90% by weight of nanothermite addition, the burn rate drops to almost a half of the 

peak value. And it finally reaches the same burn rate as to Al/CuO when the weight percentage 

increases to 95%. We deduce that there is a compromise between the heat produced by the 

nanothermite and thermal properties varying with nanothermite percentage as the thermal conductivity 

decreases with nanothermite loading : 56 W.m-1K-1 for CuC/Al/CuO_75 against 66 W.m-1K-1 for 

CuC/Al/CuO_95, thus a decrease of 18% (see Supporting Information Table S1). 

To fill the huge gap between a burn rate of 141 and 3 m/s, CuC/Al/CuO composite with 62% 

loading of nanothermite was prepared and tested afterwards. A burn rate of 137 m/s was obtained, 
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slightly slower than that of CuC/Al/CuO_75. Similar to CuC/Al/CuO_50 and CuC/Al/CuO_25, no 

ignition was found in the pressure test of CuC/Al/CuO_62. However, both CuC/Al/CuO_50 and 

CuC/Al/CuO_62 show steady propagations after being ignited. And CuC/Al/CuO_62 features the 

second fastest burn rate. It resonates with the previous discussion that ignition of the composites can 

only happen when enough heat is supplied in the system and a certain amount of nanothermite loading 

(> 62%) is required for a continuous and fast propagation. 

 

Table 3. Summary of burn rates of different CuC/Al/CuO energetic composites. Each test 

was done at least 3 times and mean values are reported. 

Samples Burn rate (m/s) Density (g/cm3) 

Al/CuO 36 ± 5 0.8 

CuC/Al/CuO_95 40 ± 5 0.7 

CuC/Al/CuO_90 64 ± 10 0.7 

CuC/Al/CuO_82 79 ± 15 0.9 

CuC/Al/CuO_75 141 ± 25 0.8 

CuC/Al/CuO_62 135 ± 25 1.0 

CuC/Al/CuO_50 3 ± 1 0.8 

CuC/Al/CuO_25 No propagation  

 

As summary, the composite featuring the fastest burn rate is those containing 75% loading of 

nanothermite by weight into CuC. It also features the highest-pressure output.  

 

3.4. Post-combustion products characterization  

Reaction products and residues from burn rate tests of all CuC/Al/CuO energetic composites 

were collected and examined by SEM. As shown in Figure 4, giving analysis for Al/CuO, 
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CuC/Al/CuO_75 and CuC/Al/CuO_50 samples, there are mainly two populations of product particle 

sizes, demonstrating the similar combustion behaviors between Al/CuO and CuC/Al/CuO composites. 

One has relatively larger dimension with a spherical shape and another with a dimension as small as 

~50 nm but highly aggregated. EDS measurement results shown in supporting information Figure S5-

S7 indicate that the larger ones are alumina particles with a coating of copper particles, and smaller 

ones are copper metal aggregates (might also contain cuprous oxide particles since oxygen signal was 

also found in these area).  

In addition, there are much less residues collected after the burning of CuC/Al/CuO energetic 

composites compare to Al/CuO (Figure S8). The whole trench was covered by products with a color 

of dark red for Al/CuO, however, only a very thin layer of residue with a light grey were observed on 

the trench of other CuC/Al/CuO composites. Thus, most of the products produced from these 

composites are gaseous species, which is in accordance with the fact that they outperform Al/CuO in 

pressure generation test.  
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Figure 4. SEM images of residues products from Al/CuO (A), CuC/Al/CuO_75 (B) and 

CuC/Al/CuO_50 (C). 

3.5. Understanding the reactions in CuC/Al/CuO energetic composites 

To fully understand the combustion events of the CuC/Al/CuO energetic composites 

composite, all samples were thermally and chemically analyzed upon ramping (10 °C.min-1) using 

calorimery (TGA/DSC) coupled with time-resolved mass spectrometry.  

The results of DSC experiments are presented in Figure 5. The DSC traces of CuC and Al/CuO 

nanothermite are also included (Figure 5a and 5h) as references and details on the CuC thermal 

decomposition (TGA/MS spectra) can be found in Supporting information (Figure S9 and S10). The 

DSC trace of CuC features two endothermic peaks: first one at ~120 °C might correspond to the 

evaporation of the physically absorbed water molecules. The second endotherm at ~ 210 °C could be 

correlated to the melting of the copper complex [21] and/or the desorption of the physically absorbed 
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ammonium. Indeed, a sharp NH3 peak in the mass spectroscopy spectrum of CuC is observed in the 

same temperature range (Figure S10). The exothermic peak located at around 270 °C corresponds to 

the rapid decomposition of the copper complex (concomitant with mass loss seen on the TGA curve 

in Figure S9) along with releases of N2, N2O, H2O and NH3 gases (detected on the MS spectra in Figure 

S10). Based on the XRD analysis (Figure 6) of the residues from the DSC experiments, the leftover 

powders are copper oxide particles that is the only solid product from the decomposition of copper 

complex. Not only the CuC acts a gas generator but it also decomposes into an oxidizer that further 

enables nanothermite kind of reaction with Al. Indeed, when Al nanoparticles are added into CuC 

(Al/CuC, Figure 5b), a small exothermic peak appears between 500 and 600 °C that is located within 

the Al/CuO redox reaction region proving that Al reacts with CuO originated from the decomposition 

of the copper complex.  

However, the decomposition of CuC needs to be initiated first, then the decomposition product 

CuO could react with Al nanoparticles. Therefore, an extra heat supply is required to launch Al/CuC 

reaction, hence the addition of nanothermite into CuC. Different thermal behaviors are observed 

depending on the quantity of incorporated nanothermite. CuC/Al/CuO composites with 50 and 75% 

of nanothermite in weight (Figure 5c-d) exhibit three major exothermic peaks: one at low temperature 

(< 270 °C) corresponding to the decomposition of CuC and two at high temperatures (~575 and 780 

°C) corresponding to the two-steps redox reaction between Al and CuO with an onset at ~ 530 °C [34]. 

Several endothermic peaks are also observed corresponding to the evaporation of the physically 

absorbed water molecules (~180 °C), the desorption of NH3 molecules (~220 °C) and the melting of 

CuC (~220 °C) and Al (~660 °C).   

When the quantity of nanothermite is greater than 75% (Figures 3e-g), these exothermic peaks 

corresponding to Al/CuO redox reactions remain prominent and all located at around 575 and 780 °C. 

However, the onset decomposition temperature of CuC is shifted toward lower temperatures: 190 °C 

for CuC/Al/CuO_82 against 260 °C for pure CuC (see detailed values in Table 4). This effect again 
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could be associated with the added nanothermite in the system having a higher thermal conductivity 

compare to CuC (Table S1), thus improving the heat transfer efficiency of CuC.    

A very small exothermic peak located at around 450 °C is detected for all CuC/Al/CuO 

composites with different intensities (see arrows in supporting information Figure S12 in close-up 

views). Since there is no more copper complex left at this temperature based on the TGA/DSC/MS 

results of copper complex and Al/CuC, and no such peak is observed in Al/CuO or Al/CuC, this 

exothermic peak is likely to be an outcome from a pre-reaction between aluminum and copper oxides 

(that include not only commercial CuO but also CuO originated from CuC).  
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Figure 5. DSC curves of CuC/Al/CuO energetic composites with different weight percentage 

of Al/CuO in argon environment.  

 

All information derived from DSC analysis are summarized in Table 4 with the corresponding 

heats of reaction (H). Since the peak corresponding to the decomposition of CuC (270 °C in Figure 

3a) is shifted to lower temperatures in DSC curves of other CuC/Al/CuO composites, the total heat of 

reaction for the decomposition of CuC is calculated by integrating the corresponding exothermic peak. 
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A temperature range from 400 to 900 °C is used for the calculation of the heat of reaction of Al/CuO. 

The data are all normalized by the sample mass.  

First, the decomposition step of CuC remains exothermic with or without the presence of 

nanothermites in the system. However, the intensity of this exothermic peak, ∆H, decreases 

dramatically with increasing weight percentage of nanothermite in the system.  Indeed, it is 250 J/g 

and only 15 J/g for 50% and 95% of Al/CuO mixed with Al/CuC, respectively. This is in accordance 

with calculations shown in Table 4, where the corresponding calculated ∆H (∆Hth) of the 

decomposition of CuC is decreasing with the increasing of the incorporated nanothermite due to the 

decrease of CuC weight percentage inside composites.  

Second, we note that all experimental ∆H values are much lower than the calculated ones 

(∆Hth). Based on the calculation results on heat of reaction of Al/CuO of all composites listed in Table 

4, CuC/Al/CuO_95 was expected to be the one that generates the highest energy output. However, the 

maximum heat of reaction is experimentally reached when 75% of Al/CuO nanothermite is 

incorporated into the Al/CuC system. It is also noted the CuC/Al/CuO_75 features the smallest 

difference between experimental and calculated ∆H. We suggest two possible reasons:  

(1) Both aluminum and copper oxide being much better heat conductors than CuC, one reason 

would be simply that the heat produced by the CuC decomposition is quickly absorbed and 

evacuated by the nanothermite present in the system. The thermal conductivity of the 

composite improves with increasing nanothermite loading (See Table S1 for detailed 

information regarding thermal properties of each composites).   

(2) The second reaction (Al/CuO) can be simply the incompleteness of the reactions. 

Considering CuC has already fully decomposed into CuO at 400 ᵒC, its effect can be 

excluded here. Since all experiments were conducted under the same conditions, 

human/machine errors should be theoretically identical. Thus, the divergence between 

calculated and experimental results could be resulted from the mixture itself at this 
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temperature range (> 400 ᵒC). Therefore, residues from DSC measurement were collected 

and examined by XRD method and the results are presented in Figure 6. All data is 

summarized in supporting information Table S3. The residues collected from Al/CuC and 

CuC/Al/CuO composites, after being heated to such temperature, contain a mixture of 

copper metal (Cu), cuprous oxide (Cu2O), and/or copper oxide, which indicates an 

incomplete redox reaction between aluminum and copper oxide originated from the 

thermite and decomposition of CuC. By analyzing each curve in Figure 6, the XRD results 

do support this theory based on the following evidence. Firstly, both CuC/Al/CuO_75 and 

CuC/Al/CuO_50 have five XRD peaks corresponding to the presence of copper metal 

(labeled as spade), three more than the other CuC/Al/CuO composites.  And the peak 

intensities of CuC/Al/CuO_75 and CuC/Al/CuO_50 are much stronger, indicating more 

copper products and therefore higher reaction completion. Secondly, Cu2O signals were 

found in all CuC/Al/CuO composites, indicating incomplete Al/CuO reactions. Thirdly, no 

signal related to CuO was detected in the residues of CuC/Al/CuO_75 and 

CuC/Al/CuO_50, however, it was found in all the other CuC/Al/CuO residues implies 

serious incompletions. Hence, it is reasonable to say that the degree of completion of 

Al/CuO redox reaction in CuC/Al/CuO_75 and CuC/Al/CuO_50 is much higher than the 

other CuC/Al/CuO composites. Due to the incompletion, all experimental ∆H values are 

lower than the corresponding ∆Hth. And a much lower ∆H value was experimentally 

obtained for CuC/Al/CuO_82, CuC/Al/CuO_90 and CuC/Al/CuO_95 because of their 

significant low degrees of completion. In accordance with the theoretical results, 

CuC/Al/CuO_75 shows a higher experimental ∆H than CuC/Al/CuO_50 while suffering 

the same amount of ∆H deviation. Moreover, CuC/Al/CuO_75 does outperform all the 

others in gas generation and burning rate experiments according to section 3.2 and 3.3. 
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Table 4. Summary of the experimental Tonset and H for each reaction for pure CuCCs, Al/CuC., 

Al/CuO, and Al/CuO/CuC. energetic composites with different Al/CuO vs Al/CuC. mass ratios. The 

data are all normalized by the mass of the sample mass and have a deviation of ± 5ᵒC. Negative values 

are exothermic processes. 

Samples 

1: Decomposition of CuC 
Pre-

reaction 
2: Al/CuO reaction 

Tonset 

(oC)  

ΔH 

(J/g) 

ΔHth 

(J/g) 

ΔHth- ΔH 

(J/g) 

Tonset 

(oC) 

Tonset 

(oC) 

ΔH 

(J/g) 

ΔHth 

(J/g) 

ΔHth- ΔH 

(J/g) 

CuC 257  -795 --- --- --- --- --- --- --- 

Al/CuO --- --- --- --- --- 530 -4071 4072a --- 

Al/CuC 265 -1118 --- --- --- 534  -1453 --- --- 

CuC/Al/CuO_50 257 -253 -358 105 443 531 -2483 -2763 280 

CuC/Al/CuO_75 240 -57 -179 122 451 527 -3196 -3417 222 

CuC/Al/CuO_82 192 -16 -129 113 456 532 -2540 -3601 1061 

CuC/Al/CuO_90 195 -28 -72 44 445 533 -2390 -3810 1422 

CuC/Al/CuO_95 200 -15 -36 21 445 532 -2777 -3941 1164 

a: theoretical ∆H from a previous publication [30]. 
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Figure 6. XRD analysis results of residues from DSC measurements 

 

Finally, mass spectrometry analyses of all prepared energetic composites upon heating (with a 

heating rate of 10 °C.min-1) under argon atmosphere reveal that mass losses (starting at ~250 °C and 

finishing before 300 °C) are accompanied with the release of different species (N2, N2O, H2O and NH3 

gases). As shown in Figure 7 (MS spectra for CuC, Al/CuC and CuC/Al/CuO_50 at ambient 

temperature and several temperatures around 100, 220, 240, 260, 270, 280 and 300 °C) the type of 

gaseous species are the same whatever the quantity of Al/CuO incorporated into the CuC material. In 

accordance with the TGA/DSC results, these energetic composites materials begin to release N2O and 

N2 at around 250 °C and finish before 300 °C. For all three cases, water molecules are detected from 

the beginning to the end, indicating the presence of water molecules inside the mass spectrometer 

chamber. Due to this reason, it is difficult to differentiate the source of the H2O signals. Looking at 

intensities of NH3 in all three graphs, a common path was noticed that NH3 reaches its peak release at 

a temperature between 220-250 ᵒC, earlier than the peak release of N2O and N2, indicating desorption 

of NH3 happens prior to the full decomposition of CuC that was verified previously by DSC results 

(Figure 5). The fact that NH3 peaks are shown in all temperature range implies that there are lots of 
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NH3 molecules attached on/in the composite materials (probably on CuC) considering excess 

ammonium was used during the synthesis of CuC. In fact, the signal intensities of NH3 and H2O are 

stronger than the other two species according to the MS spectra of CuC shown in supporting 

information Figure S5. 

 

Figure 7. Mass spectra of CuC, Al/CuC and CuC/Al/CuO_50 energetic composites at various 

temperatures in argon environment. 
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Altogether these DSC + MS results experimentally demonstrate that the presence of CuC does 

not affect the chemical nanothermite reaction although it significantly influences the burning of the 

composite. We deduce that at low heating rates the CuC decomposition and heat from thermite reaction 

work sequentially based on a 3 sequential reactions chemistry summarized below: 

Peak at 270 °C: 

2𝐶𝑢(𝑁𝐻3)4(𝑁𝑂3)2(𝑠) → 2𝐶𝑢𝑂(𝑠) + 9𝐻2𝑂(𝑔) + 2𝑁𝐻3(𝑔) + 4𝑁2(𝑔) + 𝑁2𝑂(𝑔)          Eq. 2 

Peak at 575 °C: 

2𝐴𝑙 (𝑠) + 6𝐶𝑢𝑂 (𝑠) → 𝐴𝑙2𝑂3(𝑠) + 3𝐶𝑢2𝑂(𝑠)                                                                      Eq. 3 

Peak at 780 °C: 

2𝐴𝑙 (𝑠) + 3𝐶𝑢2𝑂 (𝑠) → 𝐴𝑙2𝑂3(𝑠) + 6𝐶𝑢(𝑠)                                                                             Eq. 4 

Different from DSC experiment where event lasts more than hours, in close bomb and burn 

rate experiments, the combustion event finishes on a time scale of  milliseconds and occurs at a very 

high heating rate [35]. Therefore, combine with the results from closed bomb and burn rate 

experiments, here we suggest that at a high heating rate, CuC/Al/CuO composites likely undergo a 

different sequential reaction: (1) Al/CuO ignites locally and propagates; (2) heat generated by Al/CuO 

reaction promotes the decomposition of CuC; (3) CuO product from CuC decomposition either 

participates in Al/CuO reaction or is splashed out by gaseous products before contacting with Al.  

4. Conclusions 

In this work, for the first time, a coordination complex Cu(NH3)4(NO3)2, was mixed with a 

thermite to build a novel gas generator system with versatile and exquisite properties in term of gas 

generation and associated rising time. The decomposition temperature of CuC was located at around 

270 °C according to its DSC result. NH3, N2O and N2 were identified to be the gaseous products from 

its decomposition. Since without external heat, CuC cannot initiate and sustain its decomposition, 

Al/CuO nanothermite was incorporated to act as the complementary heat source upon initiation of the 
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whole material. The optimized weight percentage of Al/CuO nanothermite allowing the self-sustained 

decomposition of CuC, faster burn rate and maximum boost on peak pressure is 75%. These new 

energetic composites feature peak pressure of 12 MPa/g.cm3, which is much higher that traditional 

Al/CuO nanothermite. It has to be noted that the incorporation of nanothermite into the complex lower 

the decomposition temperature of CuC to 190 °C instead of 260 °C. We also experimentally proved 

that by simply tuning the weight percentage of incorporated Al/CuO nanothermite, different heat of 

reactions, pressure outputs and burn rates can be obtained. Analysis of residues showed that the 

majority of the combustion products is in the gas phase considering only a thin layer of soft grey 

product left after.   
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