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ABSTRACT
In this study, ammonium perchlorate (AP)-based molecular perovskite struc-
tural high-energetic materials (H2dabco)[NH4(ClO4)3] (DAP) were fabricated
and their catalytic performance upon the addition of MoS2 nanosheets was
investigated. The DAP samples were succesfully prepared via a self-
assembly reaction and their morphology and structure were characterized
via scanning electron microscopy, X-ray diffractometry, and Fourier trans-
form infrared spectroscopy. The thermal decomposition performance of
a pure DAP sample and of a mixture of DAP with MoS2 nanosheets were
analyzed via differential scanning calorimetry. The results show that DAP
has a high thermal stability at its initial decomposition temperature of
319.8°C, and that its apparent decomposition heat measures 4199 J/g.
This value is higher than for AP (829.7 J/g). Furthermore, the thermal
decomposition peak temperature of DAP upon the addition of 1 wt% and
3 wt% MoS2 nanosheets decreases from 394.4°C to 343.3°C and 328.8°C,
respectively. The investigation of the catalysis thermal performance of DAP
may foster its practical application in composite propellant.
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1. Introduction

The investigation of novel energetic materials with a high-energy and a high-burning rate has
a significant impact on the development of composite propellants, which can be used in ballistic
missiles, tactical missiles, and launch vehicles. (Cao et al. 2018, 2019; Chen et al. 2017, 2018a; Deng
et al. 2017, 2019a, 2019b, 2018; Li et al. 2019) Currently, ammonium perchlorate (AP) is the main
component (> 70%) of the composite propellants. (Li, He, and Peng 2015) In recent years, the
improvement of the thermal decomposition performance of AP has been the focus of several
investigations. The lower initial decomposition temperature of AP was measured in a series of
thermal catalysis decomposition studies where different catalysts such as metals, metal oxides, and
their derivatives were used. (Chaturvedi and Dave 2013; Chen et al. 2018c; Cui and Wang 2016; Yan
et al. 2015) Moreover, nanosized catalysts increase the number of active sites due to their size and
surface effects, and this has a significant effect on the thermal decomposition of AP. (Liu et al. 2004;
Dey et al. 2015)

However, when compared to the addition of a catalyst, the modification of AP substantially
improves the material performance and reduces the content of ineffective components. Chen and
coauthors developed a new type of high-energy molecular perovskite material, (H2dabco)[NH4

(ClO4)3] (DAP), which shows a higher exothermic effect than ammonium perchlorate. (Chen
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et al. 2018b) Moreover, the thermal decomposition of the additional ammonium ions produces
a higher amount of gas, which is beneficial to increase the flight speed of missiles and launch
vehicles. This material can be used as an alternative to ammonium perchlorate to improve propul-
sion. DAP molecular perovskite is a highly symmetrical eight-sided cubic ternary compound. Its
high thermal stability is generated by the Coulomb interaction between the anions and cations in the
molecule. By properly reducing the thermal decomposition temperature of DAP the ignition delay
time of the propellant can be reduced.

MoS2 is a type of transition metal sulfide, which is characterized by a layered structure. The upper
and lower Mo atomic layers and the middle S atomic layer are held together by a weak van der Waals
force and can be stripped into nanosheets. (Zhu et al. 2017) Due to their unique morphological
structure and the tunable thickness of its nanosheets, several investigations of the MoS2 structure
have been carried out in the many different fields. (Ejigu et al. 2017; Mo et al. 2019; Parzinger et al.
2017; Que and He 2016; Srikanta, Subrata, and Pathik 2018) However, no previous report elucidating
the thermal catalysis of MoS2 to energetic materials is present in literature. In this study, MoS2
nanosheets with a large surface area and a high number of edge sites were prepared via a self-
assembly reaction to study the thermal catalysis of energetic material.

The results show that the MoS2 nanosheets may become a new type of catalyst, which effectively
improves the thermal performance of DAPs. The thermal decomposition of DAP was carried out by
adding 1 wt% and 3 wt% MoS2 nanosheets, respectively, and the results show that the thermal
decomposition temperature of the sample decreases.

2. Experimental

Ammonium perchlorate (AP) was purchased from Nanjing Chemical Reagent Co., Ltd. and per-
chloric acid (HClO4) was purchased from Shanghai Wokai Biotechnology Co., Ltd. MoS2, triethy-
lenediamine (DABCO) and N-methyl pyrrolidone (NMP) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd.

2.1. Preparation of DAP

DAP were obtained by a self-assembly reaction in an aqueous solution. 1 mmol triethylenediamine
and 1 mmol AP were sequentially added to 20 ml deionized water. Then 2 mmol 70 wt% perchloric
acid was injected. The mixture was adequately mixed stirred for half an hour at a low rotation speed
of 500 rpm at 35°C. After standing at room temperature for several days, DAP samples were
obtained by filtration and drying.

2.2. Preparation of MoS2 Nanosheets

The MoS2 nanosheets sample was fabricated by liquid ultrasonic exfoliation. 20 mg MoS2 was added
to 20 ml of NMP solution and sonicated by a centrifuge for several days. The unpeeled MoS2 was
removed by low-speed centrifugation at 2000 rpm, and then centrifuged at a high speed of
10,000 rpm to obtain a MoS2 nanosheets solution. The NMP solvent was removed by washing
several times with ethanol, and dried at 60°C to obtain MoS2 nanosheets sample.

2.3. Sample Characterization

Scanning electron microscopy (SEM) images of all samples were obtained on a Zeiss Sigma microscope.
The crystal structure data of DAP, AP and DABCO samples were tested by a DX-2700 X-ray diffract-
ometer (XRD) with Cu-Kα radiation (40 kV, 30 mA). Fourier transform infrared (FT-IR) spectrometer
of DAP, AP and DABCO samples were recorded in the wavenumbers range from 4000 to 500 cm−1 with
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a Nicolet IS50. X-ray photoelectron spectrometer (XPS) were obtained by an ESCALAB 250 photoelec-
tron spectrometer. Raman spectra was collected using a Raman spectrophotometer.

2.4. Catalytic Activity Measurements

Catalytic thermal performance test of MoS2 for DAP was obtained by Netzsch STA449F3. The
MoS2 nanosheets were uniformly mixed with DAP at a ratio of 1 and 3 wt%, respectively. The
treated sample was dried and subjected by differential scanning calorimetry (DSC) at different
heating rates of 5, 10, 15, 20°C·min−1 at a temperature range of 40–500°C in an argon atmosphere
of 80 ml·min−1.

3. Results and Discussion

3.1. Characterization of the DAP Sample

The DAP SEM image Figure 1(a) shows that the sample presents a cubic morphology with
dimensions in the 300–500 μm range. The XRD patterns of the DAP, AP, and DABCO samples
are shown in Figure 1(b). The position of the diffraction peaks in DAP are different from AP and
DABCO, implying the formation of new crystal. The diffraction peaks are located at 21.15°, 24.50°,
27.50°, 36.65°, and 37.15° and they correspond to the (222), (400), (420), (531), and (600) planes,
respectively (CCDC No. 1528108). (Chen et al. 2018b)

As Figure 1(c) shows, the FTIR spectrum of AP presents four strong absorption peaks: the
features located at 3276 and 1410 cm−1 can be attributed to the stretching and the bending
vibrations of the ammonium ions, whereas the peak at 620 and 1037 cm−1 are attributed to the
stretching vibration of the ammonium perchlorate anion. The FTIR spectrum of DABCO presents
the stretching and the anti-symmetric stretching vibrations of CH2 at 2864 and 2932 cm−1. The
swing vibration and the scissor vibration of C-H are observed at 1317 and 1460 cm−1, respectively.
(Liu et al. 2016) The peaks located at 1055 and 770 cm−1 are assigned to the stretching vibrations
of C-N and C-C, respectively. A similar pattern is present in the FTIR spectrum of DAP. However,
a significant red shift can be observed due to the formation of ligands, which stabilize the
structure.

3.2. Characterization of the MoS2 Nanosheets

The SEM image of the MoS2 nanosheets is shown in Figure 2(a). The MoS2 sample was stripped into
thin nanosheets with 10 nm thickness, 200 nm width, and 500 nm length. X-ray photoelectron
spectroscopy measurements were carried out to characterize their structure. Figure 2(b) shows the
3d3/2 and 3d5/2 characteristic peaks, which are located at 229.2 eV and 232.4 eV, respectively, indicating
the existence of Mo4

+. Figure 2(c) shows the Raman spectrum of the nanosheets: the two features

Figure 1. DAP SEM image (a) and XRD pattern (b), FTIR spectrum (c) of DAP, AP and DABCO samples.
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located at 388 cm−1 and 406 cm−1 can be assigned to the characteristic peaks of the 2H phase of MoS2.
These observations further demonstrate the successful preparation of the MoS2 nanosheets.

3.3. Thermal Catalytic Performance of MoS2 Nanosheets in DAP

The DSC curves show the thermal decomposition of AP and DAP Figure 3(a) measured with
a heating rate of 10°C·min−1. The thermal decomposition curve of AP presents two exothermic
peaks, which are located at 307.9°C and 441.5 °C. However, DAP presented only an exothermic
process with an exothermic peak, demonstrating that AP and DAP were two different sub-
stances. The result shows that the initial thermal decomposition temperature of DAP (319.8°C) is
much higher than the initial thermal decomposition temperature of AP (273.98°C). The apparent
decomposition heat of AP with two exothermic peaks was 829.7 J/g, while the apparent decom-
position heat of DAP is 4199 J/g, which indicates that DAP is more advantageous in terms of
energy.

The combustion process of the composite propellant was affected by the thermal decomposi-
tion characteristics of ammonium perchlorate. To improve the combustion of the composite
propellant, different catalysts were often added to the AP. As shown in Table 1, the catalyst can
decrease the exothermic peak temperature of AP, while giving a higher apparent decomposition
heat. However, it was still lower compared to the thermal decomposition of DAP without and
with MoS2 nanosheets.

In order to study the effect of a catalyst on the thermal decomposition of DAP, 1 wt% and 3 wt%
MoS2 nanosheets were added to the DAP sample. The thermal decomposition curves of pure DAP
and a mixture of DAP and MoS2 nanosheets are shown in Figure 3(b). The thermal decomposition

Figure 2. SEM image (a), XPS spectra (b), and Raman spectra (c) of the MoS2 nanosheets.

Figure 3. (a) DSC curves of the thermal decomposition of AP and DAP, and (b) DSC curves of a pure DAP sample and a mixture of
DAP with 1 wt% and 3 wt% MoS2 nanosheets, respectively, recorded at a heating rate of 10°C·min−1.
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peak temperature of DAP decreases to 343.3°C and 328.8°C upon the addition of 1wt% and 3 wt%
MoS2 nanosheets, respectively. This shows that as the quantity of MoS2 nanosheets in the DAP
sample increases, the exothermic its peak temperature decreases.

The DSC curves Figure 4(a-c) of thermal decomposition of pure DAP and a mixture of DAP and
MoS2 nanosheets at different heating rates of 5, 10, 15, 20°C·min−1 were obtained. The apparent activation
energy Ea, an important parameter of the thermal decomposition reaction, was obtained according to the
peak temperature value of the thermal decomposition (Table 2) and Kissinger equation (1).

Table 1. Comparison of catalytic activity of different catalysts reported on the thermal
decomposition of AP and peak temperature Tp and apparent decomposition heat
ΔH of DAP sample.

Sample Tp (°C) ΔH (J·g−1) Reference

g-C3N4 (10%) 384.4 1362.6 Li et al. 2015
Ni powder (4%) 364.3 1320 Liu et al. 2004
(3,5-DNB)2Co (4%) 318.5 942 Zhao et al. 2016
rGO/CuFe2O4 (3%) 329.1 1523.5 Wang and Zhang, 2018
g-C3N4/rGO/MnO2 (2%) 364.8 1669.2 Xu et al. 2017
Fe2O3/rGO/MnO2 (1%) 380.8 1897.5 Dey et al. 2015
DAP 394.4 4199 This work
DAP+3% 328.8 2692 This work

Figure 4. DSC curves of pure DAP (a) and a mixture of DAP with 1 wt% (b) and 3 wt% (c) MoS2 nanosheets at different heating
rates (5, 10, 15 and 20°C·min−1). Dependence of ln (β/TP

2) on 1/Tp (d) for DAP and a mixture of DAP with 1 wt% and 3 wt% MoS2
nanosheets. Lines in the Figure 5d display the linear fitting result of the tested data.
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WhereTp is the peak temperature, β is the heating rate,R is the ideal gas constant (8.314 J·mol−1·K−1),A is
frequency factor, and Ea is the activation energy.

As shown in Figure 4(d), experiments measured different heating rates β, plotting ln (β/Tp
2)

versus l/Tp, and the activation energy Ea can be obtained from the slope of the line. As shown in
Table 2, the activation energy Ea of DAP (205.4 kJ·mol−1) decreased to 160.4 kJ·mol−1 and
170.9 kJ·mol−1 with the addition of 1 wt% and 3 wt% MoS2 nanosheets, which revealed that
MoS2 nanosheets is a type of excellent thermal catalyst for the thermal decomposition of DAP

4. Conclusions

In this work the DAP samples were prepared via a self-assembly reaction. A morphological and the
structural characterization were carried out and the results show that the samples present a cubic
morphology. DAP has a high apparent decomposition heat, which is higher than the value measured
for AP (829.7 J/g). The addition of 1 wt% and 3 wt% MoS2 two-dimensional nanomaterials
significantly decreases the thermal decomposition peak temperature of DAP from 394.4°C to
343.3°C and 328.8°C, respectively. These observations show that DAP can be used as a high energetic
material in composite propellants in a variety of applications.
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