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Abstract

Ammonium perchlorate (AP), as the most commonly used oxidizer in composite solid
propellants, achieving its rapid decomposition at lower temperatures, is one of the key
items used to improve propellant performance. Copper-based catalysts, due to their
good performance in promoting AP decomposition and improving propellant combustion
characteristics, are currently one of the most widely used catalyst types. However, the
catalytic performance of copper-based catalysts for the decomposition of ammonium
perchlorate, including the decomposition products, changes in the kinetic process during
the decomposition, and the combustion process needs further research and clarification in
terms of the influencing factors and mechanisms. Based on this question, to further analyze
the essence of copper-based catalysts and the decomposition mechanism of CuO-catalyzed
ammonium perchlorate, as well as its relationship with particle size, this paper compared
and studied the effects of two different particle size CuO catalysts (small-diameter CuO-5
and large-diameter CuO-L) on the thermal decomposition and combustion performance of
AP. The results indicate that the decomposition of AP catalyzed by CuO mainly includes
two stages: the initial low-temperature decomposition stage accelerated by the electron
transfer mechanism and the subsequent second stage accelerated by the adsorption and
conversion of intermediates by the catalyst. The two stages are controlled by different
properties and are related to the particle size of the catalyst. This work provides in-depth
research on CuO catalysts for the thermal decomposition of AP.

Keywords: composite solid propellants; ammonium perchlorate; CuO; particle sizes;
combustion

1. Introduction

Ammonium perchlorate (AP) is one of the primary oxidizers in composite solid propel-
lants (CSP), and its thermal decomposition characteristics, particularly the decomposition
temperature and rate, critically influence key propellant performance parameters such as
ignition delay, burning rate, and combustion stability [1-3]. The decomposition behavior of
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AP in the presence of catalysts is of the utmost importance for enhancing the efficiency and
controllability of propellants [4-6]. For example, Zheng et al. [7] synthesized hierarchical
Co-based hollow spheres (Co-HSs), and the Co-HSs@AP showed excellent thermal catalytic
performances of AP, owing to their stably hierarchical structures. Thus, to investigate the
relationship between the structure of catalysts and their catalytic performances towards
AP decomposition is highly significant for the advancement of CSP [8-10].

To date, various catalysts, including transition metal oxides (such as Fe;O3, CuO,
vanadium oxides, Co304), MOFs (metal-organic frameworks), HOFs (hydrogen-bonded
organic frameworks), ferrites, and carbon-based materials, have been explored to enhance
AP decomposition [11-18]. Among these, copper oxide (CuO) has attracted substantial
research interest due to its demonstrated high catalytic activity [17,19,20]. Significant efforts
have been dedicated to synthesizing CuO with various structures (e.g., nanoparticles,
nanowires) and composite structures (e.g., supported on other metals). For instance,
Guo et al. prepared CuO/SiO, composites using a wet impregnation method and CuO
nanorods uniformly dispersed throughout SiO, aerogels without agglomeration, which
could effectively improve the thermal behavior of AP, which is reflected in the reduction of
the peak decomposition temperature of AP from 418.7 °C to 341.8 °C [21]. George Tzvetkov
eta al. synthesized CuO/Cu(OH); structures with good AP decomposition properties [22].
The decomposition peak temperature of AP can be reduced by 96 °C, and the heat release
can be increased by 38.6%. However, a critical challenge remains: the specific and isolated
impact of the primary particle size (distinct from morphology or composite effects) on the
catalytic process is often obscured or not systematically investigated [23-25].

For heterogeneous catalysts, the particle size of the catalyst affects the number of
exposed catalytic active sites on the catalyst surface, thereby significantly influencing the
catalytic effect, which is crucial for heterogeneous catalysis [26]. As particle size decreases,
the surface-to-volume ratio increases dramatically, leading to a significantly higher density
of accessible active sites where the AP decomposition reaction occurs [27]. This enhanced
exposure of active sites is widely recognized as a crucial factor profoundly influencing
catalytic effectiveness in heterogeneous catalysis [28-30]. Moreover, due to the complex
decomposition process and intermediate reactions of AP, catalysts may accelerate the
decomposition of AP through various means. Therefore, to clarify the potential impact of
catalyst particle size on the catalytic process and mechanism, as well as to provide insights
and benchmarks for subsequent catalyst design and mechanism research, it is necessary to
investigate the relationship between catalyst particle size (exposure of catalytic active sites)
and the catalytic process [31-33].

Based on the above assumptions, this study aims to investigate the catalytic mechanism
of CuO on AP and the influence of particle size on its catalytic process by analyzing
the CuO-catalyzed AP decomposition process. In order to eliminate the influence of
morphology, we chose spherical CuO with particle sizes of 40 nm (referred to as CuO-S)
and 100200 nm (referred to as CuO-L) as catalysts for the catalytic testing of AP. The
catalytic performance was rigorously evaluated through TG-DSC, isothermal TG, and
TG-IR. This work mainly focuses on the thermal decomposition behavior, gas composition,
activation energy, and combustion performance of CuO-catalyzed AP decomposition with
different particle sizes, which have been rarely reported in the literature [19,34,35]. This
work provides a foundation for the rational design of high-performance catalysts based on
particle size control and deepens the understanding of potential catalytic mechanisms.
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2. Results and Discussion
2.1. Characterization of CuO with Different Particle Sizes and Their Thermal Decomposition of AP

Figure la,b shows SEM images of the samples CuO-S (Figure 1a) and CuO-L
(Figure 1b). From the images, it can be observed that the CuO was primarily composed of
spherical particles, with the particle size of CuO-S being approximately 40 nm (Figure 1a)
and that of CuO-L being approximately 100~200 nm (Figure 1b). The SEM results indicate
that the morphologies of the two were basically similar, with only differences in particle
size, which can largely exclude the influence of other factors and meet the experimental
requirements. Figure 1c shows the particle size distribution of CuO with two different
particle sizes, which is consistent with the SEM results. However, due to the presence of
certain agglomeration phenomena, the particle size distribution test values were relatively
large, but it did not affect the relative size of the two. Figure 1d depicts the XRD pattern of
the purchased CuO-S and CuO-L. All diffraction peaks were consistent with the simulation
results of CuO (COD ID 1011148) [36], and there were no impurity phases detected, indi-
cating that the purchased materials were pure CuO. The XRD pattern exhibited relatively
strong diffraction peaks, indicating that CuO has good crystallinity. The above-mentioned
relevant characterizations demonstrate that the purchased CuO-S and CuO-L were pure
CuO and had particle sizes in two ranges. The XPS results (Figure 1e,f) show that the test
data of the two were basically consistent, with obvious Cu?* characteristic peaks. The
BET test results (Figure 1g) show a significant difference in the specific surface area be-
tween the two, with CuO-S having a significantly larger surface area than CuO-L, which is
consistent with the results of SEM and particle size analysis. In addition, UV-VIS testing
and calculation results show that due to size effects, CuO-S had a larger bandgap than
CuO-L (Figure 1h,i), which is consistent with the testing and analysis results in related
papers [37-41].

The TG-DSC results of AP catalyzed by CuO with different particle sizes (CuO-S and
CuO-L) are shown in Figure 2. The results indicate that the difference in CuO particle size
did have a certain impact on the catalytic decomposition of AP, and this impact varied be-
tween the low-temperature decomposition stage and the high-temperature decomposition
stage. Specifically, in the low-temperature decomposition stage, CuO-L decomposition
was more dominant, while CuO-S decomposition had a better catalytic effect in the high-
temperature decomposition stage. In the low-temperature decomposition stage, CuO-L,
which possessed a smaller specific surface area, exhibited a superior catalytic effect. This
phenomenon appeared to be at odds with the prevailing circumstances of heterogeneous
catalysis. It is evident from a comprehensive review of the extant research literature that
the decomposition mechanism of AP in the low-temperature decomposition stage can be
divided into two distinct mechanisms: the electron transfer mechanism and the proton
transfer mechanism [42-44]. It has been demonstrated that the proton transfer mechanism
can play a role in the decomposition of AP itself, while the electron transfer mechanism
is mostly achieved through catalysts [45—47]. It can be concluded from the experimental
phenomena and the test results of the bandgap mentioned above that, due to the narrower
bandgap of CuO-L, its electron transfer ability was stronger than that of CuO-S. This ac-
celerated the electron transfer process during the initial decomposition of AP, ultimately
leading to CuO-L being superior to CuO-S in the low-temperature decomposition stage.
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Figure 1. (a,b) SEM images of CuO with different particle sizes: (a) CuO-L; (b) CuO-S. (c) Particle size
distribution diagram of CuO-L and CuO-S; (d) XRD patterns of CuO-L and CuO-S. (e,f) XPS images
of CuO with different particle sizes: (e) CuO-L; (f) CuO-S. (g) BET results of CuO-L and CuO-S.
(h,i) Direct band gap estimations of CuO with different particle sizes: (h) CuO-L; (i) CuO-S.
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Figure 2. TG-DSC curves of AP catalyzed by CuO-S and CuO-L: (a) TG curves; (b) DSC curves;
(c) 280 °C isothermal experimental TG curve.

As the reaction progressed, the Cu active sites on CuO began to play a role in gas
adsorption and conversion [48]. This process is somewhat closely related to the number
of catalytically active sites on the surface; hence, CuO-S showed a significantly faster
rate in the later stages of decomposition, completing the catalytic reaction at a lower
temperature compared to CuO-L. Figure 2b shows the DSC curve of AP catalyzed by
CuO-S and CuO-L. The particle size had little effect on the crystal transformation of at
about 249 °C. The low-temperature decomposition (LTD) stage increased from 265.7 °C
(CuO-S) to0 282.1 °C (CuO-L) [9]. However, the high-temperature decomposition (HTD)
stage decreased from 341.7 °C (CuO-5) to 332.0 °C (CuO-L). The results of the DSC curve
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(Figure 2b) were basically consistent with the above TG results, that is, CuO-L had a
lower low-temperature decomposition peak temperature, while CuO-S had a higher high-
temperature decomposition peak.

To further validate this viewpoint, this article conducted a 30-minute constant tem-
perature experiment at 280 °C on the AP/catalyst mixed sample to further compare their
catalytic effects. Figure 2c shows the isothermal TG curves of CuO-S/AP and CuO-L/AP,
which further indicates that the main differences lay in their electron transfer capabilities
and the number of exposed catalytic active sites of CuO with different particle sizes. The
advantage of electron transfer capability lay in the faster initial decomposition rate of CuO-
L. Conversely, the increase in catalytic active sites provided a significant advantage in the
subsequent isothermal stage, facilitating the conversion of AP decomposition products and
helping the reaction equilibrium shift to the right more quickly (CuO-S) [34]. The results
correspond with the TG-DSC curves of AP catalyzed by CuO-S and CuO-L in Figure 2.

2.2. Analysis of Gas Products from AP Decomposition Catalyzed by CuO with Different Particle Sizes

The TG-IR were carried out to analyze the composition of the gases of the CuO-S/AP
and CuO-L/AP, and their results are shown in Figures 3 and 4, respectively. The initial
decomposition product of CuO-S was N,O, demonstrating that CuO-S accelerated the
decomposition process of AP through its electron transfer capability at the initial stage of the
reaction (Figure 3a—c). As the decomposition reaction progressed, the system temperature
rapidly rose, and subsequently, signals of NO, NOCI, and NO; emerged. This may be
attributed to the accelerated oxidation of active oxygen species due to the temperature
increase, which aligned with the previous decomposition mechanism of AP catalyzed by
other catalysts [7,35]. Furthermore, due to the high peak temperature of AP decomposition
catalyzed by CuO-S, it can be observed that the proportion of NO; increased rapidly in the
later stages of the reaction, and it even reached an instantaneous proportion of over 50% in
the later stages (Figure 3c). This confirms that under the influence of copper-based catalysts,
there is a significant correlation between the degree of oxidation of NH; oxidation gas and
temperature. Within an appropriate temperature range, the higher the temperature, the
higher the proportion of NO and its derivatives (Figure 3d). The proportion of NO and
its derivatives in the total gas output significantly increased. The above results indicate
that, as the reaction progressed and the catalytic active sites came into play, the increased
number of catalytic active sites of CuO-S enabled better gas adsorption and conversion.
Consequently, the oxidation degree of gas products, particularly those from NHj oxidation,
significantly increased (Figure 3d). An increase in the number of catalytic active sites
benefitted the oxidation of N-containing gases to higher valence states. The exposure of
more active sites facilitated heat accumulation and the formation of local hotspots. It can
be inferred that the generation of NO; at this time was also related to the formation of
local hotspots. Ultimately, an analysis of the proportion of total NHj3 oxidation gases in AP
decomposition revealed a further decrease in the proportion of Ny and an increase in the
production of NO; gas.

The test results of CuO-L further verified the above analysis (Figure 4). Compared
to the results of CuO-L (Figure 4) and compared to CuO-S (Figure 3), the degree of NHj3
oxidation in the system of CuO-L was lower than that of CuO-S. Due to the fewer cat-
alytically active sites exposed in CuO-L compared to CuO-S, both the production and
proportion of NO, decreases significantly. In the graph depicting the proportion of total
NH; oxidation gas decomposed by AP, it can be observed that even though CuO-L had a
higher peak temperature for decomposition, theoretically contributing to a higher degree
of NHj3 oxidation in the system, the oxidation degree was still lower than that catalyzed by
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Figure 3. Analysis results of gas products from AP decomposition catalyzed by CuO-S: (a) TG-IR 3D
diagram; (b) TG-IR mapping diagram; (c) diagram of relative content changes of each gas over time
in TG-IR; (d) diagram of total gas release proportion.

The isothermal experiments of AP catalyzed by CuO-S and CuO-L were studied by
TG-IR, as shown in Figure 5. The results further demonstrate the adsorption and conversion
processes of gas products on catalytic active sites. For CuO-S, the gas products during
the isothermal process were mainly NO, and NOCI, proving that there was a significant
correlation between the composition of gas products and the number of active sites during
the isothermal process. The gas production during the isothermal experiment of CuO-L
was basically similar to that of CuO-S, except for a decrease in gas production during
the isothermal process. This is consistent with the weaker catalytic efficiency of CuO-L
compared to CuO-S in catalyzing AP during the isothermal process. Based on this, it can
be speculated that the catalytic mechanism of CuO on AP in the later stage was mainly to
enhance the adsorption and conversion processes of the initial decomposition products
of AP, HCIO4, and NH3, thereby breaking the phenomenon of slow decomposition rate
caused by the similarity of reaction products during the decomposition of pure AP at this
temperature and ultimately achieving a decrease in the peak decomposition temperature.
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2.3. Kinetic Study of AP Catalyzed by CuO with Different Particle Sizes

To study the activation energy of AP catalyzed by CuO-S and CuO-L, the TG curves
at different heating rates were tested, and the results are shown in Figures 6a and 6c,
respectively. These TG curves indicate that the heating rate did not affect the catalytic
mechanism of CuO-S and CuO-L for AP. This is in line with the Arrhenius formula (the
temperature rate increases, the reaction slows). According to the F-W-O formula [36],
the activation energies were calculated at different reaction rates. Figures 6b and 6d,
respectively, show the activation energy curves of AP catalyzed by CuO-S and CuO-L. For
CuO-S (Figure 6b) and CuO-L (Figure 6d), the value of « was about 0.2 for CuO-S to the
extreme point, whereas this value was about 0.28 for CuO-L. This agrees well with how
CuO-S showed a significantly faster rate in the later stages of decomposition. After the
extreme point, the decomposition behavior of AP catalyzed by CuO-S and CuO-L continued
until the end of the reaction, and the activation energy slowly increased. Generally, the
variation patterns of the activation energies of the two were basically consistent, further
verifying that the particle size did not significantly affect the decomposition mechanism of
CuO catalyzing AP. Based on this, it was further verified that the catalytic decomposition
mechanism of AP was mainly related to the composition or surface structure of the catalyst,
while the morphological characteristics of the catalyst mainly affected the expression of the
mechanism [24]. The main difference lay in the position of the extreme points (Figure 6b,d),
which was consistent with the position of rate changes in the TG curves (Figure 6a,c).
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Figure 6. Kinetic calculation results of AP decomposition catalyzed by CuO-S and CuO-L: (a) TG
curves of AP catalyzed by CuO-S at different heating rates; (b) the change in activation energy of
AP catalyzed by CuO-S with reaction conversion rate; (¢) TG curves of AP catalyzed by CuO-L at
different heating rates; (d) the change in activation energy of AP catalyzed by CuO-L with a reaction
conversion rate.
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8 112 ms

2.4. Combustion Performances of CuO-S/AP and CuO-L/AP

Finally, the combustion experiments were conducted on mixed samples of CuO-S
and CuO-L with AP. The combustion experiment apparatus used is based on the previous
report [49]. The test results are shown in Figures 7 and 8, respectively. Among them, the
flame duration of CuO-S was 416 ms, while that of CuO-L was 725 ms. From the perspective
of the flame, the flames catalyzed by the two catalysts for AP combustion were similar,
but the flame area of CuO-S was larger and the flame color was brighter, which may be
related to its faster decomposition rate and gas release rate. In addition, in the flame of
CuO-L, the phenomenon of some particles being blown up due to the large amount of gas
generated in the crucible could be observed, further indicating that during the catalytic
combustion of AP, a large amount of gas could be generated in a short period of time.
Overall, there was no significant difference in the flame structure and combustion process
among these two CuO catalysts, which to some extent indicates that they shared similar
catalytic mechanisms, in line with the above discussion.

[\l 16 ms

Figure 7. The combustion experiment of AP catalyzed by CuO-S: (a) 2 ms; (b) 16 ms; (c) 44 ms;
(d) 112 ms; (e) 186 ms; (f) 305 ms.

[l 16 ms

Figure 8. Cont.
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Figure 8. The combustion experiment of AP catalyzed by CuO-L: (a) 2 ms; (b) 16 ms; (c) 44 ms;
(d) 112 ms; (e) 186 ms; (f) 305 ms.

3. Materials and Methods
3.1. Catalysts

Nanometer-sized copper oxide 1 (CuO, with a particle size of approximately 40 nm,
99.5%), named as CuO-S, and nanometer-sized copper oxide 2 (CuO, with a particle
size ranging from 100 to 200 nm, 99.5%), named as CuO-L, were purchased from Luoen
Company (Wuhan, China). Ammonium perchlorate (NH4ClOy, Type 11, Class 3), denoted
as AP, was purchased from Tianyuan Chemical Co., Ltd. (Taiyuan, China) All reagents
were used without any further purification. The preparation of the AP/CuO sample: AP
and CuO samples were weighed and mixed at a mass ratio of 5% catalyst [7].

3.2. Materials Characterizations

X-ray diffraction (XRD) measurement was recorded on a Rigaku (Singapore) Smart-
lab 9 kW diffractometer. The diffractometer was tested under ambient temperature and
pressure conditions of 45 kV, 200 mA, and Cu Kol (A = 1.5406 A), with a scanning speed
of 10 °/min. Scanning electron microscopy (SEM) images were taken using Zeiss Mer-
lin Compact (ZEISS, Jena, Germany), and before shooting, the sample was treated with
platinum plating to enhance its conductivity, with an acceleration voltage of 5 kV.

3.3. Catalytic Performance Characterizations

Thermogravimetry—differential scanning calorimetry (TG-DSC) (NETZSCH STA-2500,
Selb, Germany) was used to analyze the quality changes and heat absorption and release of
samples under a programmed heating system. TG-DSC analyses from 30 to 500 °C were
tested on a German NETZSCH STA-2500 synchronous thermal analyzer using a 10 °C/min
heating rate. For AP/catalyst mixed samples, the testing atmosphere was nitrogen.

The constant temperature experiment was used to observe the physical and chemical
changes that occur in the system at a certain temperature. The specific procedure uses a
heating rate of 10 °C/min to raise the temperature to the specified temperature 280 °C
and then maintains a constant temperature for 30 min. Thermogravimetry—infrared spec-
troscopy (TG-IR) testing was used to analyze the decomposition products of AP/catalyst
samples and for relative quantitative comparison. The carrier gas flow rate decreased to
20 mL-min~!. The IR instruments were Thermo Fisher and IS-10 Fourier transform infrared
spectrometers.

The kinetics were calculated based on TG data: if the total mass lost by the sample
during the TG process is « = 1, then « is calculated based on the mass loss at different
temperatures to obtain the a-T curve. Among them, « represents the degree of reaction. In
order to further obtain the T value under a specific «, quadratic interpolation is used to
process a-T [50].

f(x0) = afi_1 +bfi+cfi
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(XO — xl) X (XO — xl+1)
(x1-1—x7) X (X1 — x141)
p— (X0 —x11) X (%0 — x141)
(x1 —x1-1) X (x1 — x141)
(x0 — x1-1) X (x0 — x1)
(X141 — x1-1) X (X141 — x7)
After obtaining the -T curve, the E, values of the reaction at different « values were
obtained using the OZAWA method [51].

a =

C =

log B = —% —2.315 +log$ —log G(xpm)

3.4. Combustion Experiments

The A water-cooled CO; laser manufactured by Shanghai Yuhong Laser Equipment
Co., Ltd. (Shanghai, China), in China was used to generate enough flux to ignite the sample.
The laser operates at a power of 80 W and a pulse duration of 2 s. Approximately 50 mg of
the sample was used in each test, which was placed in an Al,O3 crucible. During ignition
and combustion, the AvaSpec-2048 fiber-optic spectrometer from Avantes BV in Apeldoorn,
The Netherlands was used to record the emission spectrum of the sample with a resolution
of 0.8 nm. The American Phantom M340 high-speed digital camera was used to record the
chemiluminescence emission at a speed of 1000 frames per second. During the test, N, was
injected into the combustion chamber to create an N, environment, thereby displacing air
and allowing the sample to burn in a 0.1 MPa N, atmosphere.

4. Conclusions

In summary, this study comprehensively tested the decomposition process and prod-
ucts of CuO catalyzed AP, analyzed the catalytic mechanism of CuO on AP at different
decomposition stages, and established a direct relationship between catalyst properties
and catalytic processes by comparing the different catalytic processes of CuO with dif-
ferent particle sizes. The initial decomposition of AP was accelerated and controlled by
the electron transfer mechanism of CuO, which was related to the conductivity of the
catalyst. The subsequent decomposition was achieved through the adsorption and con-
version of intermediates by the catalyst, which was related to the number of exposed
active sites on the catalyst. This difference will affect the composition of NHj3 oxidation
gas products and the flame changes during AP decomposition but has little effect on the
overall catalytic mechanism. This work provides guidance for the structural design of AP
decomposition catalysts.
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