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Abstract

To reveal the core mechanism of copper-based materials in catalyzing ammonium perchlo-
rate (AP) decomposition, three copper-based materials with the simplest structures (Cu,
Cu2O and CuO) are selected as research objects. This study systematically investigates their
catalytic performances, gaseous product evolution, kinetic laws, and combustion behavior
in AP decomposition. The results show that all three materials exhibit excellent catalytic
activity, reducing the peak temperature of AP high-temperature decomposition to 325.1 ◦C,
329.9 ◦Cand 337.3 ◦C, respectively, with the catalytic activity order of Cu > Cu2O > CuO.
Gaseous product analysis confirms that both temperature and catalyst type jointly regulate
product distribution. Kinetic analysis shows that the activation energy of Cu and Cu2O
catalytic processes exhibits a three-stage change of “increase-decrease-increase” (related to
their own oxidation), while CuO shows a two-stage change, and the kinetic behaviors of
the three are consistent in the later stage. Combustion experiments indicate that catalytic
activity is positively correlated with combustion efficiency; the Cu-catalyzed system has
the shortest combustion duration (383 ms) and the largest flame area. This study pro-
poses the catalytic process of copper-based materials as “initial property regulation-unified
active species (CuO) action”, providing theoretical support for the directional design of
high-performance copper-based catalysts.

Keywords: copper-based catalyst; ammonium perchlorate; catalytic performance; reaction
mechanism; gaseous product

1. Introduction
Composite solid propellants (CSPs) serve as core power sources in aerospace propul-

sion and weapon launching, where their energy release efficiency and combustion sta-
bility directly determine the overall performance of equipment [1–4]. Ammonium Per-
chlorate (AP) has become the most widely used oxidizer in composite solid propellants
(accounting for 60–90% of the total propellant mass) due to its high oxygen content
(60.1%), appropriate density (1.95 g·cm−3), and excellent chemical stability [5–7]. The
thermal decomposition behavior of AP is the key to regulating propellant combustion

Chemistry 2026, 8, 25 https://doi.org/10.3390/chemistry8020025

https://crossmark.crossref.org/dialog?doi=10.3390/chemistry8020025&domain=pdf&date_stamp=2026-02-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemistry
https://www.mdpi.com
https://orcid.org/0000-0003-2546-9502
https://orcid.org/0000-0002-0265-2438
https://doi.org/10.3390/chemistry8020025


Chemistry 2026, 8, 25 2 of 19

performance—its high-temperature decomposition (HTD) peak temperature typically ex-
ceeds 420 ◦C with a slow decomposition rate, leading to long ignition delay and low burn-
ing rate of propellants [8–10]. Therefore, developing high-efficiency catalysts to achieve
low-temperature and rapid decomposition of AP is a core scientific issue and technical bot-
tleneck for improving the comprehensive performance of composite solid propellants [2].

Among numerous catalysts for AP decomposition, copper-based catalysts have
emerged as a research hotspot due to their outstanding advantages, including excellent
catalytic activity, good environmental compatibility, low cost, and high safety [11–16].
Compared with traditional catalysts such as lead-based and chromium-based ones, the
maximum allowable concentration of copper-based catalysts in the working area is 10–100
times higher, and they cause no significant pollution to the ecological environment after
disposal, conforming to the development trend of “green propulsion” [17–20]. Copper
and its oxides (Cu, Cu2O and CuO), as the simplest active components of copper-based
catalysts, are not only core active units of complex copper-based catalysts (e.g., supported
and composite oxide catalysts) but also exhibit excellent catalytic performance for AP
decomposition, making them ideal research models to reveal the intrinsic mechanism of
copper-based catalysis [21–25]. Extensive research has been devoted to optimizing the
catalytic performance of Cu, Cu2O and CuO. Various morphologies of CuO (spherical,
flower-like, cross-shaped) synthesized by the hydrothermal method reduce the peak tem-
perature by 68–125 ◦C, highlighting the dominant role of specific surface area and active
site exposure [26]. Cubic and derived Cu2O morphologies can lower the peak temper-
ature by 72.7–78.6 ◦C, expanding the morphology-activity correlation of copper-based
catalysts [27–29]. Hu’s team [30] prepared CuO/Cu2O microsphere modified fluorinated
carbon nanosheets, and the experiment proved that the material not only has good AP
catalytic performance, but also can accelerate the combustion of Al powder. Sun’s team [31]
synthesized Al@AP/CuO core–shell structure for its decomposition and combustion per-
formance, and the theoretical calculation results were combined to prove that the AP
adsorption and conversion behavior on the CuO surface is the key to good catalytic and
combustion behavior. Peng’s group [32] prepared CuO microspheres with a particle size
of about 1 µm using HKUST-1 as a precursor, which can reduce the decomposition peak
temperature of AP from 424 ◦C to 338 ◦C.

Although it has been confirmed that copper-based catalysts (whose catalytic essence
is Cu, Cu2O, and CuO) have excellent catalytic effects, three core scientific questions have
not yet been solved. Firstly, the differences in catalytic mechanisms among the three
copper-based catalysts are not yet clear. Currently, most research focuses on improving
the catalytic performance of copper-based catalysts and has achieved excellent research
results [21–25]. However, there is a lack of systematic comparison of the catalytic behavior
among the three catalysts, and the intrinsic correlation between physical and chemical
properties (such as electron transfer ability and reducibility) and catalytic mechanisms
has not been revealed. Secondly, the study confirmed the structure-activity relationship
between the decomposition process and gaseous products. The gaseous products of AP
decomposition (such as N2O, NOx, ClOx) directly affect the combustion efficiency and
exhaust emissions of propellants [33,34], and the regulation laws and mechanisms of the
three catalysts on product composition have not been systematically reported. Thirdly, the
correlation between catalytic kinetics and combustion performance is still unclear. Existing
studies analyze catalytic decomposition or combustion processes in isolation, failing to
establish a complete correlation chain, which hinders the directional design of catalysts.

To promote further research on related issues, it is necessary to fully consider other
variables while studying the differences in catalytic mechanisms, catalytic products, and
combustion of the three basic copper-based materials (Cu, Cu2O, and CuO) in the catalytic
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process, and speculate on the relationship between these differences and the physicochem-
ical properties of the three materials. Efforts should be made to establish a connection
between the properties and performance of copper-based catalysts, providing guidance
for the structural design of copper-based catalysts with better performance in the future.
Based on this idea, this article tested the decomposition temperature, decomposition prod-
uct distribution, decomposition activation energy changes, and laser ignition combustion
process of three catalysts catalyzing AP under the same conditions as much as possible,
and combined DFT calculations to speculate the possible catalytic mechanism. The research
results improve the basic theory of copper-based catalyzed AP decomposition and have
important guiding value for the development of high-efficiency catalysts for composite
solid propellants.

2. Materials and Methods
2.1. Materials and Their Characterizations

High-purity ammonium perchlorate (AP, NH4ClO4, Type II/Class 3) was bought
from Tianyuan Chemical Co., Ltd. (Yancheng, China). Metallic copper (Cu), cuprous oxide
(Cu2O) and copper oxides (CuO) powders were bought from Luoen Company (Wenzhou,
China), and all raw materials were directly utilized without additional purification treat-
ments. X-ray diffraction (XRD) measurements were performed on a Rigaku Smartlab 9 kW
diffractometer (Tokyo, Japan), employing Cu Kα radiation (λ = 1.5406 Å) operated at 45 kV
and 200 mA, with a scanning rate of 8◦ per minute.

2.2. Catalytic Characterizations

AP and each catalyst (Cu, Cu2O, CuO) were accurately weighed and homogenously
mixed with a catalyst mass fraction of 5% [33]. Thermogravimetry-Differential Scanning
Calorimetry (TG-DSC) measurements were conducted to evaluate the catalytic perfor-
mance of the samples, which enabled simultaneous monitoring of mass variation and
heat absorption/release behaviors during the programmed heating process. TG-DSC tests
were performed on a NETZSCH STA-2500 synchronous thermal analyzer (NETZSCH, Selb,
Germany) with a temperature range of 30–500 ◦C and a heating rate of 10 ◦C per minute.
All AP/catalyst composite samples were tested under a high-purity nitrogen atmosphere
to prevent oxidative interference.

Isothermal experiments were carried out to investigate the physicochemical trans-
formations of the reaction system at a fixed temperature. The specific protocol involved
heating the sample to the target temperature at a rate of 10 ◦C per minute, followed by
isothermal holding for a predetermined duration. Thermogravimetry-Fourier Transform
Infrared Spectroscopy (TG-IR) measurements were employed to identify the gaseous de-
composition products of AP/catalyst samples and perform relative quantitative analysis.
The carrier gas flow rate was set to 20 mL·min−1 during the tests, and the infrared detec-
tion was conducted using a Thermo Fisher (Waltham, MA, USA) IS-50 Fourier transform
infrared spectrometer. Gas composition calculation in detail is shown in Supplementary
Materials (Table S1).

2.3. Combustion Tests

The combustion performance evaluations were conducted following the experimental
protocol described in our previous work [35,36]. Specifically, a water-cooled CO2 laser
(Shanghai Yuhong Laser Equipment Co., Ltd., Shanghai, China) was employed to provide
enough energy flux for sample ignition. The laser was operated at a power output of 80
W and a pulse duration of 2 s. Approximately 50 mg of each sample was loaded into an
alumina (Al2O3) crucible for each test.
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During the ignition and combustion processes, an AvaSpec-2048 fiber-optic spectrom-
eter (Avantes BV, Apeldoorn, The Netherlands) was used to record the emission spectra
with a spectral resolution of 0.8 nm. A Phantom M340 high-speed camera (Vision Research,
Wayne, NJ, USA) was employed to capture the chemiluminescence signals at a frame rate of
1000 frames per second. Throughout the tests, high-purity nitrogen (N2) was continuously
injected into the combustion chamber to displace air, ensuring the samples burned in a
0.1 MPa N2 atmosphere.

3. Results and Discussion
3.1. Catalytic Performance of Cu, Cu2O and CuO in AP Decomposition

As the simplest copper-based materials, Cu, Cu2O and CuO play a guiding role in the
further development of copper-based catalysts by clarifying their catalytic mechanisms. In
this study, these three materials were selected as research objects to systematically analyze
the differences in their catalytic performance for AP decomposition and the underlying
influencing factors. The test results in Figure 1a show that the XRD characteristic peaks of
the three commercially available copper-based materials are basically consistent with the
standard cards (Cu: 04-0836, Cu2O: 34-1354, CuO: 45-0937), indicating high catalyst purity
without obvious impurities. BET test results reveal slight differences in specific surface
area among the three: CuO has the largest specific surface area, followed by Cu and Cu2O
(Figure S1). Their size distributions of the three materials are shown in Figure S2, and the
results are in line with the BET. The difference in specific surface area is very small and can
be essentially ignored, and its impact on catalytic activity can also be neglected. In addition,
SEM tests were conducted on the three materials to observe their morphology, and the
test results are shown in Figure S3. They show the size in nanoscale. XPS characterization
results (Figure S4) further reveal the surface copper oxidation state characteristics of the
three copper-based materials: the Cu 2p3/2 main peak of the metallic Cu sample is located
at ~932.6 eV, corresponding to the characteristic peak of Cu(0), and the satellite peaks of
Cu2+ near 942 eV and 962 eV are extremely weak, indicating that only a small amount of
oxidized species (Cu(I)/Cu(II)) generated by air exposure exist on its surface, while the
main body remains in the metallic state; the Cu 2p3/2 main peak of the Cu2O sample is
concentrated at ~932.4 eV, with no obvious characteristic satellite peaks of Cu2+, confirming
that the surface is mainly composed of Cu(I) without significant oxidative deterioration; the
Cu 2p3/2 main peak of the CuO sample is at ~934.6 eV, and strong satellite peaks appear
near 942 eV and 962 eV, which are fully consistent with the XPS characteristics of Cu(II),
indicating a uniform surface oxidation state and high purity. These results are consistent
with the high-purity conclusion from XRD characterization, clarifying the initial surface
oxidation state differences (Cu(0), Cu(I), Cu(II)) of the three materials. They provide a
surface state basis for the subsequent oxidative conversion of Cu and Cu2O to Cu(II) (CuO)
during the catalytic process, further verifying the catalytic mechanism of “initial property
regulation-unified active species (CuO) action”. In a word, due to the different valence
states of Cu in Cu, Cu2O, and CuO, the shapes and sizes of their XPS spectral lines will
vary. Therefore, XPS can be used to reflect the differences in chemical states of Cu among
the three materials. From the tested XPS, it can be seen that the XPS of Cu in the three
materials are different, indicating that there are differences in the chemical states of Cu on
the surfaces of the three materials. It can be concluded that the surfaces of Cu and Cu2O
are different from those of CuO and have not been oxidized.

TG-DSC tests were performed on the mixed samples of Cu, Cu2O, CuO with AP, and
the results are shown in Figure 1b,c. All three materials exhibit excellent catalytic effects,
significantly reducing the peak temperature of AP’s high-temperature decomposition: Cu
reduces the peak temperature to 325.1 ◦C, Cu2O to 329.9 ◦C, and CuO to 337.3 ◦C, with the

https://doi.org/10.3390/chemistry8020025

https://doi.org/10.3390/chemistry8020025


Chemistry 2026, 8, 25 5 of 19

catalytic activity order of Cu > Cu2O > CuO. Compared with the pure AP with the peak
temperature of 420.6 ◦C [36], Cu, Cu2O and CuO reduce the peak temperature by 95.5 ◦C,
90.7 ◦C and 83.3 ◦C, respectively. Notably, the DSC curves all show exothermic peaks after
the AP crystal transformation stage (approximately 240 ◦C), which is significantly different
from the decomposition of pure AP [17]. The achieved performances are comparable to the
previous works, as shown in Table S2. Combined with the XRD analysis of the residual
products after the reaction in Figure 1d, it can be seen that both Cu and Cu2O are oxidized
to CuO during the reaction, indicating that all three materials ultimately exert their catalytic
effects in the form of CuO. CuO has a strong adsorption capacity for AP decomposition
intermediates, which can transfer the redox reactions originally occurring in the gas phase
to the catalyst surface [4,28]. The heat released by the reaction is more easily detected
by DSC, thus showing an overall exothermic characteristic. In addition, although the
materials significantly accelerate the decomposition process, the DSC curves still show two
decomposition peaks, indicating that AP still undergoes a two-stage decomposition process
under the action of the three materials, suggesting a transition of the rate-determining step
during the catalytic process.

Figure 1. (a) XRD patterns of the three copper-based materials; (b,c) TG-DSC results of AP catalyzed
by Cu, Cu2O and CuO: (b) TG curves; (c) DSC curves; (d) XRD patterns of residual products after the
AP decomposition catalyzed by Cu, Cu2O and CuO.

By comparing and analyzing the catalytic behaviors of the three materials, it is found
that their performance differences mainly stem from the differences in electron transfer
capacity and reducibility. First, there are obvious differences in the initial decomposi-
tion temperature. The initial decomposition temperature of AP catalyzed by Cu and
CuO is significantly earlier than that catalyzed by Cu2O (Figure 1b), which is directly
related to the electron transfer capacity of the three. Cu is a good conductor, while Cu2O
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and CuO are semiconductors. Moreover, the band gap of CuO (1.2–1.9 eV) is smaller
than that of Cu2O (2.0–2.9 eV) [37,38], resulting in the electron transfer capacity order of
Cu > CuO > Cu2O. The decomposition of pure AP is dominated by the proton transfer
mechanism, and the electron transfer mechanism is difficult to occur [35]. Materials with
electron transfer capacity can open the electron transfer channel and accelerate the initial
decomposition [39]. Therefore, the difference in electron transfer capacity leads to the
difference in initial decomposition temperature. Second, the initial decomposition rate
follows the order of Cu ≈ Cu2O > CuO. This difference is closely related to the reducibility
of the materials. Cu and Cu2O have strong reducibility. After the AP crystal transformation
(before a large amount of HClO4 is generated, no mass change is observed in TG and no
endothermic/exothermic signal in DSC, indicating that the catalyst is not oxidized), they
can undergo redox reactions with HClO4 generated by AP decomposition: on the one hand,
the released heat accelerates the temperature rise on the catalyst surface; on the other hand,
it promotes the forward progress of the reversible reaction of AP decomposition into NH3

and HClO4, thereby accelerating the initial decomposition. In contrast, CuO has weak
reducibility and cannot accelerate the initial decomposition through this pathway, resulting
in a relatively slow initial decomposition rate. In a word, all three copper-based materials
exhibit excellent catalytic performance for AP decomposition, but their catalytic behaviors
are significantly different due to differences in electron transfer capacity and reducibility,
and they all eventually convert to CuO to exert catalytic effects.

To further investigate the differences in catalytic performance of three copper-based
materials towards AP at lower temperatures, isothermal tests were conducted on the mixed
samples, and the results are shown in Figure 2. In the isothermal experiment, the catalytic
activity order of the three materials is still Cu > Cu2O > CuO, which is consistent with
the TG-DSC test results, confirming the rationality of the catalytic behavior (Figure 2a).
Meanwhile, Figure 2c,e show that the colors of Cu and Cu2O change to black after the
isothermal experiment. Combined with the XRD results, it can be confirmed that they
have been converted to CuO, indicating that the conversion of Cu and Cu2O to CuO can
occur at relatively low temperatures, further supporting the previous speculation on the
catalytic process.

3.2. Gaseous Product Analysis of AP Decomposition Catalyzed by Cu, Cu2O and CuO

To clarify the effects of three materials on the decomposition gas products of AP, TG-IR
testing was used to qualitatively analyze the decomposition gas and semi-quantitatively
analyze the NH3 oxidation gas. The semi-quantitative analysis process has been explained
in SI, and the purpose of this method is to compare and analyze the gas products of different
catalysts. Its accuracy is relatively limited, and combined with theoretical calculations,
it reveals the inherent relationship between the evolution law of gas products and the
catalytic mechanism. The analysis results of the gaseous products of copper-catalysed AP
decomposition are shown in Figure 3. The gas signal is detected at 21.5 min, which is
significantly earlier than that of pure AP [36], consistent with the excellent electron transfer
capacity of Cu that accelerates the initial decomposition. Only the N2O signal appears in
the IR spectrum at the initial stage, which is presumably because Cu, as a reducing agent,
is first oxidized by active oxygen, and the initial decomposition products of AP remain
unchanged. The NO2 signal is detected at approximately 22.5 min, which is 1.2 min earlier
than that of pure AP. This is related to the adsorption and conversion of intermediates by
Cu after being converted to CuO: the adsorption capacity of CuO for AP decomposition
intermediates enables the redox reaction between NH3 (reductive) and HClO4 derivatives
(oxidative) to occur on the catalyst surface, providing favorable conditions for the formation
of NO2. Due to the low temperature in the initial stage, the oxidation reaction rate is slow,
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and N2O is accounting for 33.8%. With the increase in temperature, the release rate of
HClO4 accelerates and the oxidation reaction speeds up, leading to an enhanced oxidation
degree of NH3. The proportion of N2 reaches 45.5%, NO2 accounts for 13.5%, while the
proportions of NO and NOCl are only 2.1% and 5.1%, respectively (Figure 3d). Overall, N2

and N2O remain the main products.

 
Figure 2. (a) TG results of AP catalyzed by Cu, Cu2O, and CuO in isothermal experiments;
(b–e) Photos of crucibles before and after isothermal experiments for Cu and Cu2O: (b) Cu be-
fore isothermal treatment; (c) Cu after isothermal treatment; (d) Cu2O before isothermal treatment;
(e) Cu2O after isothermal treatment.
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Figure 3. Gaseous product analysis results of AP decomposition catalyzed by Cu: (a) TG-IR 3D plot;
(b) TG-IR contour plot; (c) Time-dependent relative content of various gases in TG-IR; (d) Total gas
release proportion.

The release law of gaseous products from AP decomposition catalyzed by Cu2O is
highly similar to that catalyzed by Cu (Figure 4), which is consistent with their similar
catalytic processes—both are first oxidized to CuO before exerting catalytic effects. A large
amount of NO2 is also detected at the end of the reaction, further confirming that the
formation of NO2 is positively correlated with temperature. However, in terms of total gas
proportion, the proportion of N2 in the products catalyzed by Cu2O reaches 61.1%, which
is higher than that in the Cu-catalyzed system (45.5%), while the proportion of N2O is
25.2%, lower than that in the Cu-catalyzed system. This difference originates from the faster
initial decomposition rate of Cu2O: a large amount of AP decomposes at relatively low
temperatures, and the oxidation reaction rate is limited at this time, so the decomposition
products of AP are mainly N2, resulting in a significantly higher overall proportion of N2.

The analysis results of gaseous products from AP decomposition catalyzed by CuO are
shown in Figure 5. N2O is also the initial decomposition product, indicating that CuO only
accelerates AP decomposition through electron transfer capacity in the low-temperature
stage without changing the type of gaseous products. With the increase in temperature,
signals of NO, NOCl, and NO2 are detected successively, which is consistent with the
mechanism of the Cu and Cu2O catalytic systems. Due to the highest peak temperature of
AP decomposition catalyzed by CuO, the oxidation degree of NH3 is significantly enhanced.
The instantaneous proportion of NO2 exceeds 50% in the late stage of the reaction, and
the total proportion of NO and its derivatives (NO, NOCl, NO2) in the total gas reaches
34.8%, which is higher than that in the Cu (20.7%) and Cu2O (13.7%) catalytic systems. This
confirms the speculation that “the higher the temperature, the higher the proportion of NO
and its derivatives”.
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Figure 4. Gaseous product analysis results of AP decomposition catalyzed by Cu2O: (a) TG-IR 3D
plot; (b) TG-IR contour plot; (c) Time-dependent relative content of various gases in TG-IR; (d) Total
gas release proportion.

Figure 5. Gaseous product analysis results of AP decomposition catalyzed by CuO: (a) TG-IR 3D plot;
(b) TG-IR contour plot; (c) Time-dependent relative content of various gases in TG-IR; (d) Total gas
release proportion.
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To theoretically verify the adsorption and conversion mechanism of CuO on AP
decomposition intermediates, density functional theory (DFT) calculations were performed
to investigate the adsorption behavior of the CuO (111) crystal plane on NH3 and HClO4,
and the results are shown in Figure 6. The adsorption energy of the CuO (111) crystal
plane for NH3 is −0.62 eV, and for HClO4 is −1.55 eV, indicating that both intermediates
can be adsorbed on the CuO surface, and the adsorption capacity for HClO4 is stronger.
The electron cloud density diagram shows that the structural stability of HClO4 decreases
after adsorption (Figure 6c,d), making it prone to decomposition and generating active
oxygen. The active oxygen further oxidizes NH3 to form nitrogen oxides with different
valences (Figure 6e,f). This calculation result is consistent with the phenomenon in the
TG-IR test that “the content of high-valent nitrogen oxides increases with the increase in
temperature”, clarifying the adsorption-decomposition-oxidation mechanism of CuO on
intermediates. In a word, in the catalytic AP reaction, HClO4 adsorbs on the surface of CuO
and subsequently decomposes to generate active oxygen species for the NH3 oxidation
process. As the temperature increases, this process accelerates further, the content of active
oxygen species increases, and the degree of NH3 oxidation further increases.

Figure 6. Adsorption of AP decomposition intermediates on CuO: (a) CuO (111); (b) Electron cloud
density of CuO (111); (c) CuO (111) + HClO4; (d) Electron cloud density of CuO (111) + HClO4;
(e) CuO (111) + NH3; (f) Electron cloud density of CuO (111) + NH3.

To further explore the product differences in the three materials under low-temperature
conditions, isothermal TG-IR tests were conducted, and the results are shown in Figure 7. In
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the Cu-catalyzed system (Figure 7a,b), the N2O peak dominates in the initial stage. With the
extension of isothermal time, the N2O peak gradually weakens, while the peaks of NO2 and
NOCl strengthen. In the late stage of the reaction, the contents of NO2 and NOCl exceed
those of N2O, a phenomenon not observed in the temperature-ramping experiment. Two
reasons are speculated: first, the decomposition rate is slow in the isothermal experiment,
allowing NH3 to be fully oxidized at the Cu active sites; second, the exothermic redox
reaction on the Cu surface forms local hot spots, accelerating the oxidation reaction. The
gas variation law of the Cu2O-catalyzed system (Figure 7c,d) is basically consistent with
that of the Cu-catalyzed system, except that the relative content of N2O is higher in the
initial stage. In the CuO-catalyzed system (Figure 7e,f), the initial gas release amount is
small, and the gradual enhancement of the NO2 peak with isothermal time can be clearly
observed. Since the number of Cu active sites remains unchanged, this further confirms
that the existence of local hot spots accelerates the oxidation of NH3.

 

Figure 7. TG-IR results of isothermal experiments: (a,b) AP catalyzed by Cu; (c,d) AP catalyzed by
Cu2O; (e,f) AP catalyzed by CuO ((a,c,e) are TG-IR 3D plots; (b,d,f) are TG-IR contour plots).
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3.3. Kinetic Study of AP Decomposition Catalyzed by Cu, Cu2O and CuO

To clarify the effect of the three materials on the kinetics of AP decomposition, TG
data under different heating rates were tested, and the activation energy was calculated
using the Ozawa method [40]. The results are shown in Figure 8 and Figure S4. The heating
rate has no significant effect on the catalytic mechanisms of the three materials, ensuring
the reliability of the activation energy calculation. The activation energy curve of AP
decomposition catalyzed by Cu shows a three-stage change of “increase-decrease-increase”
(Figure 8b), which is significantly different from the two-stage change in pure AP [36].
Based on the test results and the relevant definition of activation energy, we speculate
that the trend of activation energy changes is related to the rate determining steps or
reaction pathways during the reaction process. Therefore, we propose follow-up ideas
based on this data. Unfortunately, the details of this reaction process are currently difficult
to capture, so this hypothesis has not been fully proven. In the first stage (α = 0.1–0.3),
the activation energy increases, corresponding to the oxidation process of Cu to CuO: the
rate-determining step gradually changes from the oxidation of Cu consuming HClO4 to
the decomposition of AP into NH3 and HClO4, and the energy required for the oxidation
reaction leads to the increase in activation energy. In the second stage (α = 0.3–0.6), the
activation energy decreases, and the minimum point corresponds to the part where the
decomposition rate slows down in the TG curve, which is related to the adsorption.

Saturation on the AP particle surface, and the rate-determining step changes to the
desorption process of intermediates. In the third stage (α = 0.6–0.9), the activation energy
increases again. At this time, Cu has been completely converted to CuO, and the rate-
determining step becomes the adsorption, conversion, and desorption of intermediates
at the active sites of CuO. The increase in temperature intensifies the oxidation reaction,
leading to the increase in activation energy, which also explains the enhanced oxidation
degree of NH3 at high temperatures. The activation energy curve of AP decomposition
catalyzed by Cu2O also shows a three-stage change (Figure 8d), consistent with the Cu-
catalyzed system, confirming their similar catalytic mechanisms. The only difference is
the α value corresponding to the minimum activation energy, which is related to the faster
initial decomposition rate of Cu2O and more weight loss in the early stage, resulting in an
earlier α value for adsorption saturation. The activation energy curve of AP decomposition
catalyzed by CuO only shows a two-stage change (Figure 8f), lacking the initial increasing
stage, which further confirms that the initial increase in activation energy is related to the
oxidation of the catalyst itself. Its curve trend is consistent with the latter two stages of the
Cu and Cu2O catalytic systems, indicating that after Cu and Cu2O are oxidized to CuO,
their catalytic kinetic behaviors are consistent with pure CuO, which once again verifies
the conclusion that all three materials ultimately exert catalytic effects in the form of CuO.

Based on the above tests, we have speculated on the catalytic mechanism based on
relevant research results and test data from this work (there is currently no direct evidence
to prove it). Overall, in the first stage of Cu and Cu2O, the oxidation process of Cu and
Cu2O is the rate-determining step of the reaction. In addition, the physical and chemical
processes that occur also include the decomposition of AP into NH3 and HClO4 through
electron (only Cu) or proton transfer, as well as their desorption on the AP surface and
adsorption on the catalyst surface, and subsequent redox reactions. In the first stage
of Cu and Cu2O, which is also equivalent to the first stage of CuO, the desorption of
NH3 and HClO4 on the surface of AP gradually becomes the determining step. At the
same time, the decomposition of AP and subsequent oxidation-reduction reactions on the
catalyst surface and gas phase are still occurring. In the final stage, the desorption process
significantly accelerates, and the decomposition process of AP becomes the determining
step. Subsequent redox reactions still occur widely in the gas phase and catalyst surface.
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Figure 8. Kinetic calculation results of AP decomposition catalyzed by different materials: (a,b) AP
catalyzed by Cu: (a) TG results under different heating rates; (b) Activation energy vs. reaction
conversion degree; (c,d) AP catalyzed by Cu2O: (c) TG results under different heating rates; (d) Ac-
tivation energy vs. reaction conversion degree; (e,f) AP catalyzed by CuO: (e) TG results under
different heating rates; (f) Activation energy vs. reaction conversion degree.

In addition, to verify the accuracy of the Ozawa method in calculating the variation
in activation energy, we used another iso-conversional method, the Vyazovkin method,
for supplementary calculations [41]. The calculated trend of activation energy variation is
shown in Figure S5. There is indeed a difference in the activation energy values calculated
by the two methods, but the change pattern of activation energy and the location of extreme
points are basically the same. Therefore, it can be considered that the activation energy
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change pattern calculated in this article is reliable and independent of the activation energy
calculation method.

3.4. Combustion Performance of AP Catalyzed by Cu, Cu2O and CuO

To explore the effect of the three materials on the AP combustion process, combustion
experiments were conducted using laser ignition combined with high-speed photography
technology [35], and the results are shown in Figures 9–11, respectively. It should be noted
that the combustion duration is affected by factors such as particle packing mode, resulting
in limited repeatability. The focus of the analysis is on the common characteristics of the
combustion process. The combustion duration of AP catalyzed by Cu is 383 ms (Figure 9).
Compared with pure AP [36], the combustion process has two significant differences: first,
the flame area is significantly larger. This is because Cu accelerates AP decomposition,
increasing the generation and diffusion rates of gas, thereby expanding the range of gas-
phase redox reactions; second, the flame brightness changes from bright yellow-green
(pure AP) to dark yellow. There are two possible reasons: on one hand, Cu promotes the
reaction of intermediates on the catalyst surface, weakening the gas-phase reaction; on
the other hand, Cu accelerates the release of active oxygen from HClO4, enhancing the
oxidation degree of the gas phase, converting the reducing flame to an oxidizing flame,
and obvious outer flame structure appears at the flame edge. In addition, a white flame
core is observed during the combustion process (Figure 9b,c), which is presumably caused
by the incompletely reacted active intermediates generated by the rapid decomposition of
AP. Some samples continue to burn after being ejected from the crucible, with very little
residue, confirming that Cu can improve the combustion efficiency of AP.

 

Figure 9. Combustion process of AP catalyzed by Cu (different time points): (a) 4 ms; (b) 24 ms;
(c) 98 ms; (d) 188 ms; (e) 252 ms; (f) 304 ms.
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Figure 10. Combustion process of AP catalyzed by Cu2O (different time points): (a) 2 ms; (b) 17 ms;
(c) 67 ms; (d) 104 ms; (e) 198 ms; (f) 392 ms.

 

Figure 11. Combustion process of AP catalyzed by CuO (different time points): (a) 3 ms; (b) 44 ms;
(c) 125 ms; (d) 181 ms; (e) 291 ms; (f) 409 ms.

The combustion duration of AP catalyzed by Cu2O is 424 ms (Figure 10). The combus-
tion process and flame structure are basically consistent with the Cu-catalyzed system. The
flame is also dark yellow with a white flame core, and the samples continue to burn after
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being ejected. This further confirms that Cu and Cu2O have similar catalytic mechanisms,
both accelerating AP decomposition and combustion through oxidation to CuO.

The combustion duration of AP catalyzed by CuO is 517 ms (Figure 11). The flame
remains dark yellow throughout the combustion process, and there is no violent combustion
stage observed in the Cu and Cu2O catalytic systems. This difference originates from the
lack of reducibility of CuO, which cannot accelerate the initial decomposition by consuming
HClO4 through redox reactions. The gas release rate is relatively gentle, resulting in a
more stable combustion process, which once again confirms the correlation between the
decomposition process and the combustion process.

The differences in combustion performance of the three copper-based materials are
directly related to their catalytic mechanisms. A unified catalytic process can be sum-
marized: Cu (good conductor + reducibility) and Cu2O (reducibility) first accelerate the
initial decomposition through electron transfer or redox reactions, and then are oxidized
to CuO; CuO (semiconductor) accelerates decomposition through electron transfer in the
low-temperature stage and accelerates the reaction through adsorption-conversion of inter-
mediates in the high-temperature stage. This process provides a clear direction for the struc-
tural design of copper-based materials: copper-based materials with both excellent electron
transfer capacity and reducibility are expected to exhibit better catalytic performance.

4. Conclusions
In conclusion, this work takes three basic copper-based materials (Cu, Cu2O, and CuO)

as research objects, and systematically clarifies their catalytic performance differences in
AP decomposition through multi-dimensional characterizations and performance tests.
The key conclusions are as follows: (1) All three copper-based materials exhibit excellent
catalytic activity for AP decomposition, and their catalytic performance follows a consistent
order of Cu > Cu2O > CuO. Specifically, Cu, Cu2O, and CuO reduce the peak temperature
of AP high-temperature decomposition from 420.6 ◦C (pure AP) to 325.1 ◦C, 329.9 ◦C,
and 337.3 ◦C, with temperature reductions of 95.5 ◦C, 90.7 ◦C, and 83.3 ◦C, respectively.
(2) The catalytic process of the three materials follows a unified mechanism of “initial
property regulation-unified active species action”. Cu (a good conductor) and CuO (a
narrow-bandgap semiconductor) have stronger electron transfer capabilities (in the order
of Cu > CuO > Cu2O), which can open the electron transfer channel for AP decomposition
and significantly advance the initial decomposition temperature. Cu and Cu2O, with
strong reducibility, can react with HClO4 generated in the initial stage of AP decomposition
through redox reactions, accelerating the initial decomposition rate (Cu ≈ Cu2O > CuO). In
the medium- and high-temperature stages of the reaction, both Cu and Cu2O are completely
oxidized to CuO. Finally, the three materials exert their catalytic effects through the unified
active species CuO, which reduces the decomposition peak temperature by adsorbing AP
intermediates (NH3 and HClO4) and mediating surface redox reactions. (3) The correlation
law of “catalyst type-temperature-gaseous product composition” was revealed. In the
initial decomposition stage, N2O is the main product of all three catalytic systems. As the
temperature rises, the oxidation reaction of NH3 mediated by CuO intensifies, leading to
an increase in the proportion of high-valent nitrogen oxides such as NO, NOCl, and NO2.
The proportion of such products in the CuO-catalyzed system reaches 34.8%, which is
significantly higher than that in the Cu (20.7%) and Cu2O (13.7%) systems. Isothermal TG-
IR tests further confirm that the local hot spot effect can accelerate NH3 oxidation, enabling
the formation of high-valent nitrogen oxides even under low-temperature isothermal
conditions. DFT calculations verify that the CuO (111) crystal plane has a strong adsorption
capacity for HClO4 (adsorption energy: −1.55 eV). After adsorption, the structural stability
of HClO4 decreases, and it is prone to decomposition to generate active oxygen, providing
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thermodynamic conditions for NH3 oxidation. (4) Both catalytic kinetics and combustion
performance are directly related to the catalytic mechanism. Due to their own oxidation
process, the activation energy curves of Cu and Cu2O catalytic processes show a three-
stage change of “increase-decrease-increase”, which is consistent with the adsorption
saturation process. CuO has no initial oxidation step, so its activation energy shows a
two-stage change, and its kinetic behavior is highly consistent with that of Cu and Cu2O
after they are oxidized to CuO. Combustion performance tests show that catalytic activity is
positively correlated with combustion efficiency. The Cu-catalyzed system has the shortest
combustion duration (383 ms) and the largest flame area, while the CuO system has the
most stable combustion process (duration: 517 ms), which confirms the regulatory effect
of initial decomposition rate on the combustion process. The research results improve the
basic theory of copper-based catalyzed AP decomposition and have important guiding
value for the development of high-efficiency materials for composite solid propellants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemistry8020025/s1, Section S1. Gas Composition Calculation,
including Table S1. Correction factor for main gas products of ammonia oxidation; Section S2.
Activation Energy Calculation; Section S3. Supplementary Figures (Figure S1. Nitrogen adsorption–
desorption isotherms of the three materials. Figure S2. The size distributions of the three materials.
Figure S3. SEM images of three catalysts: (a) Cu; (b) Cu2O; (c) CuO; Figure S4. XPS spectra of (a) Cu;
(b) Cu2O; (c) CuO; Figure S5. DTG diagrams tested at different heating rates: (a) Cu; (b) Cu2O;
(c) CuO; Figure S6. Changes in activation energy of three catalysts calculated using Vyazovkin
method: (a) Cu; (b) Cu2O; (c) CuO); Section S4. Supplementary Table (Table S2. Performance of this
work compared with the previously reported materials. Section S5. References [11,18,40–48] are cited
in the Supplementary Materials).
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