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Abstract

The thermal decomposition of ammonium perchlorate (AP) proceeds via a well-
established stepwise mechanism. However, its catalytic decomposition under 
combustion conditions is not yet fully understood. This study investigates and 
clarifies the catalytic decomposition pathway of AP in the presence of Ti3C2Tx, a 
novel two-dimensional (2D) material with unique structural properties. MXene 
was chosen for its exceptional conductivity, large surface area, and layered 
architecture, which provide active sites for redox interactions and enhance the 
thermal decomposition rate of AP. During combustion of AP-based solid rocket 
propellants, MXene acts as a catalyst, promoting more complete and rapid 
oxidation reactions. The combustion products were thoroughly analyzed using 
X-ray phase analysis, and based on the obtained data, stoichiometric equations 
for the potential reaction pathways were proposed. These equations highlight 
the formation of metal oxides and intermediate chlorinated compounds. 
Furthermore, a schematic model illustrating the catalytic action of Ti3C2Tx was 
developed, showing the interaction between AP molecules and MXene’s surface 
functional groups. These findings advance understanding of nanocatalyst 
behavior in energetic materials and offer insights for improving solid-propellant 
performance via MXene incorporation.
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1. Introduction

Two-dimensional layered materials kindling ac-
ademia’s interest are widely used in various fields. 
2D monolayers called MXene are composed of tran-
sition metal carbides/nitrides. MXene differs from 
traditional 2D materials such as graphene and phos-
phorus in their high electronic conductivity, surface 
hydrophilicity, and unique redox properties [1, 2]. 
These 2D carbides possess unique crystal structures 
and external transition metal d-orbital electrons, 

which distinguish them from conventional catalysts 
and energy storage material [3, 4]. Experimental 
and theoretical studies show that electrocatalytic 
activity strongly depends on their structure, con-
ductivity, extreme states, defects, tensile stress, 
etc. [5, 6]. Within this family, Ti3C2Tx has recent-
ly attracted attention in thermal catalysis. Its high 
thermal stability and distinctive structural features 
offer advantages over conventional catalysts. High 
thermal stability and unique structures put MXene 
at an advantage over traditional catalysts [7].

The unique structure of transition-metal car-
bides makes MXene a promising catalyst. Several 
recent studies have shown that this material exhib-
its a catalytic effect on the thermal decomposition 
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of AP [8, 9]. Yang et al. [8] investigated the influence 
of vanadium carbide (V2C) MXene to the combus-
tion of AP-based propellants and established that 
the presence of V2C led to decompose of AP in both 
direct reaction decomposition and catalytic decom-
position. Tang et al. [9] investigated the influence 
of Ti3C2 on combustion behavior of AP without ad-
ditional any fuel and other catalyst in an open en-
vironment combustion test. Moreover, authors 
prepared Ti3C2/AP composites having a sandwich 
structure and different amount of Ti3C2 by a facial 
freeze-drying method. Obtained Ti3C2/AP compos-
ites showed that its combustion is depending on 
content of the Ti3C2. For instance, at 20–40 wt% of 
Ti3C2 self-sustained luminous flame with bright light 
emission were observed. Finally, authors found that 
the Ti3C2 not only improves the pyrolysis reaction 
kinetics of AP based composites, but also increases 
the energy output of the propellants. However, this 
research has been considered MXene as a fuel and a 
catalytic effect has not been thoroughly investigat-
ed. Therefore, it is essential to clarify the catalytic 
mechanisms of Ti3C2Tx in AP decomposition [10]. In 
this work, a series of experiments was conducted to 
study the catalytic thermal decomposition of AP in 
solid rocket propellants containing Ti3C2Tx.

AP is one of the most essential oxidizing and en-
ergy materials in solid rocket fuel, which gives rock-
ets muscular strength by releasing large amounts 
of heat and gases [11]. Optimization of the com-
bustion of solid rocket fuels based on AP is of great 
importance in the development of powerful rock-
et engines. Therefore, various catalysts have been 
used for many years to improve AP and ammonium 
nitrate thermal decomposition efficiency, such as 
metals, metal oxides [12, 13], and carbon or car-
bon-based materials [14, 15]. Owing to their large 
surface area, unique layered structure, and excel-
lent electrical conductivity, these 2D carbides have 
been employed as direct catalysts in solid propel-
lant combustion [16-18]. Their spatial architecture 
with abundant active sites and hydrophilic nature 
also makes them highly sensitive to various gases. 
For instance, Ti3C2Tx has been tested for adsorption 
of NH3, H2, CH4, CO, CO2, N2, NO2 and O2 [19]. Hence, 
Ti3C2Tx is a perfect nanostructured substrate that 
accelerates the thermal decomposition of AP during 
combustion. The research included preparation of 
samples of AP-based solid rocket fuel added with 
a multilayer Ti3C2Tx catalyst, the study of the Ti3C2Tx 
catalytic effect on thermal decomposition of AP suc-
ceeded by the analysis of solids after combustion in-
side the chamber.

2. Materials and methods

Our previous paper provided a detailed descrip-
tion of the preparation of Ti3C2Tx powders [20]. In 
short, the required volume of hydrofluoric acid (HF, 
40%) was added to the known mass of Ti3AlC2 (MAX 
phase). The mixture was gently stirred with a mag-
netic stirrer for 18 h at 60 °C. The resulting slurry was 
washed several times with deionized water and then 
vacuum-dried at 80 °C for 24 h.

Samples of AP-based solid rocket propellants in-
corporating MXene at various weight ratios (0%, 2%, 
3%, and 5%) have been synthesized, then fabricated 
into cylindrical shapes, 15 mm high and 8 mm in di-
ameter each. As shown in Fig. 1, the prepared sam-
ples were ignited within a high-pressure chamber 
under argon gas pressures of 1, 20, 40, and 60 atm. 
The heating process was facilitated using a nichrome 
spiral wire. The combustion rate was determined by 
dividing the height of the cylindrical samples (15 
mm in length and 8 mm in diameter) by the time 
required for complete combustion.

To elucidate the structure and composition of the 
catalyst, evaluate the impact of Ti3C2Tx on the ther-
mal decomposition of AP, and characterize the solid 
residues after combustion, the following advanced 
analytical techniques were employed.

Microstructural characterization of the samples 
was conducted using SEM, employing a Quanta 3D 
200i Dual system coupled with a field emission scan-
ning electron microscope, operating at an acceler-
ating voltage of 15 kV. The thermal decomposition 

 
Fig. 1. Schematic version of the pattern on a high-
pressure device: 1 – opening and closing cap; 2 – current; 
3 – heating spiral; 4 – control window; 5 – pressure 
device; 6 – gas inlet and outlet tube; 7 – composite fuel 
in the shape of a cylinder.
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of AP was investigated using a differential scanning 
calorimeter (STA 409 PC/PG, NETZSCH, Germany), 
and conducted under both inert and oxidizing at-
mospheres, with a heating rate of 10 °C/min. X-ray 
phase analysis was performed using a Rigaku mini-
flex 600 X-ray diffractometer. It is based on a physi-
cal phenomenon – diffraction.

3. Results and discussion

As depicted in the SEM images (Fig. 2a and b), the 
Ti3C2Tx exhibits a surface morphology characterized 
by multilayered structural nanoparticles. The ele-
mental composition of Ti3C2Tx, as determined by en-
ergy-dispersive X-ray (EDX) analysis (Fig. 2c), reveals 
the presence of Ti and C, along with trace amounts 
of O, F, and Al in varying proportions. The Tx termina-
tion groups which may include O, F, and Al, or com-
binations thereof, serve as functional surface termi-
nations [21]. Due to its high surface-to-volume ratio, 
the two-dimensional structure of Ti3C2Tx is suitable 
for catalytic applications.

  

 

Fig. 2. Ti3C2Tx MXene's surface structure, composition and morphology: (a), (b) – SEM images, (c) – EDAX image.

In analyzing the combustion of AP-based solid 
propellants, reference was made to the thermal de-
composition data shown in Fig. 3a. A comprehen-
sive discussion of the thermal decomposition of the 
Ti3C2Tx/AP composite is presented in our previous 
paper [20]. In brief, kinetic parameters, such as the 
apparent activation energy and exponential coeffi-
cient were determined using the Kissinger method 
[22]. This approach allows for the calculation of the 
kinetic parameters of thermal decomposition based 
on the values of the decomposition peaks observed 
in the differential thermal analysis (DTA) curve.

The DTA analysis was conducted at a heating 
rate of 10 °C/min, as depicted in Fig. 3b. In parallel 
with the percentage of Ti3C2Tx increase (2%, 5%, and 
10%) the catalytic effect on AP diminishing takes 
place, mainly, due to enhanced sintering of the 
nanoparticles and an increase in crystal size [23]. 
Consequently, in the considered range the addition 
of 2% Ti3C2Tx yields the most optimal catalytic per-
formance.
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Fig. 3. AP thermal analysis DTA curves: (a) – pure AP; (b) – Ti3C2Tx/AP [20].
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Fig. 4. Graph of activation energy during thermal decomposition of 2% Ti3C2Tx/AP and AP: (a) – low-temperature; 
(b) – high-temperature [20].

The DTA graph of composite mixture (2% Ti3C2Tx/
AP) and of pure AP samples is obtained at a heating 
rate of 5; 10; 20 and 30 °C/min. Using the values at 
the vertices of the graph, in the Kissinger equation 
[18], the activation energy curve can be constructed, 
as shown in Fig. 4.

Figure 4 shows that presence of catalyst Ti3C2Tx 
reduces the decomposition period of AP into inter-
mediates. However, the stage of complete decom-
position occurs at a lower temperature, as compared 
to pure AP-thermal decomposition. This is due to a 
decrease in the activation energy. The decrease in 
activation energy allows the decomposition reaction 
to occur at low temperature, facilitating the com-
bustion of AP.

Based on obtained results, it is possible to state 
that the 2% catalyst percentage is the most effec-
tive one, as compared to others. Figure 5 and Table 1 
show the dependence of the combustion rate on the 
pressure, i.e. sequential increase of pressure, the 

combustion surface and combustion rate. At high-
er chamber pressures and with an optimal catalyst 
fraction of the (Ti3C2Tx) catalyst, the combustion rate 
of the composite solid fuel will increase resulting in 
higher energy release. Notably, as it can be seen in 
Table 1 the rate of combustion at different pressure 
levels increased by 1.5–2 mm/sec, whereas the re-
leased heat rose by 300–400 °С. The elevated com-
bustion rate and the release of high energy could 
potentially enhance the operating conditions of the 
rocket engine [24].

The results of the X-ray phase analysis of 
post-combustion solid products of solid rocket fuel 
samples based on AP in a high-pressure device are 
shown in Fig. 6. According to the obtained data the 
primary catalyst was involved in the combustion 
process of Ti3C2Tx. As a result, substances such as 
TiN, TiO2, TiC are formed, which accelerate the com-
bustion rate of solid fuel.
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Fig. 5. Combustion of composite solid fuel in a high-pressure device.

Table 1. Influence of pressure on combustion rate and heat dissipation

Pressure, 
atm

0-5% Ti3C2 samples
0% 2% 3% 5%

ϑ, mm/sec Т(мах)
оС ϑ, mm/sec Т(мах)

оС ϑ, mm/sec Т(мах)
оС ϑ, mm/sec Т(мах)

оС
1 1.4133 2324 1.9333 2514 1.5 2286 1.325 2015

20 1.1777 2094 1.4882 2448 1.1363 2383 0.9285 2060
40 5.0333 2862 6.1333 3193 4.6666 2933 3.9692 2870
60 6.6 3516 8.4 3820 6.075 3582 4.3666 2862
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Fig. 6. X-ray phase analysis of the combustion products of the samples under different pressures: (a) – 1 atm; (b) – 40 atm.
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This can be attributed to the link between prod-
uct formation and the decomposition pathway of 
AP. The predicted mechanism is summarized by the 
stoichiometric equations given below. Because the 
reaction has a high activation energy, AP requires 
elevated temperatures to decompose, typically ini-
tiating in the range of 200–250 °C. However, this 
temperature range can be insufficient for complete 
decomposition of NH4ClO4, therefore the tempera-
ture can be 300–350 °C or higher. The reaction be-
tween Ti3C2 and O2 takes place at a temperature of 
600–1000 °C or higher. Since this reaction is exo-
thermic and forms titanium dioxide and carbon 
dioxide through the combination of oxygen, it re-
quires very high temperatures. The reaction be-
tween TiO2 and NO is possible in the temperature 
range of 700–1000 °C. High temperature is required 
for a stable and effective reaction.

In general, the combustion of AP in composite sol-
id fuel in the presence of Ti3C2Tx can be described as

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂4 → 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 −𝑁𝑁𝑁𝑁 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂4 + 𝑄𝑄𝑄𝑄 (R 1)

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂4 → 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁4 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 + 𝑄𝑄𝑄𝑄 (R 2)

4𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻4
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇3𝐻𝐻𝐻𝐻2 2𝐻𝐻𝐻𝐻2𝐻𝐻𝐻𝐻 + 6𝐻𝐻𝐻𝐻2 + 2𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2 + 𝑄𝑄𝑄𝑄 (R 3)

As a result of the exothermic interactions shown 
above, the temperature of the reaction zone rises, 
which causes the redox reaction of Ti3C2Tx, as shown 
below.

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇3𝐶𝐶𝐶𝐶2 + 2𝑂𝑂𝑂𝑂2 → 2𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂2 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 + 𝑄𝑄𝑄𝑄 (R 3а)

The products (TiO2, TiC) formed continue catalyze 
HCIO4 decomposition

4𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻4
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂2,𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

2𝐻𝐻𝐻𝐻2𝐻𝐻𝐻𝐻 + 6𝐻𝐻𝐻𝐻2 + 2𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2 … + 𝑄𝑄𝑄𝑄 (R 3b)

5𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 + 5𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐶𝐶2 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶

𝑁𝑁𝑁𝑁2 + 2𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶2 + 5𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 5𝑁𝑁𝑁𝑁2𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁 + 𝑄𝑄𝑄𝑄

(R 4)

At high-temperatures, TiO2, TiC and NH3 partially 
react to form

6𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 + 2𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂2 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 → 𝑁𝑁𝑁𝑁2 + 𝑁𝑁𝑁𝑁𝑂𝑂𝑂𝑂2 + 9𝑁𝑁𝑁𝑁2 + 3𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 + 𝑄𝑄𝑄𝑄

(R 4а)

As follows from Reaction 1 of AP thermal decom-
position, soon after the formation of the intermedi-
ate molecular complex HClO4, NH3, decomposes as 
shown in Reaction 2. Chloric acid continues to de-
compose in the presence of the catalyst, releasing 
heat and increasing the temperature of the reaction 
zone. At this high temperature, TiOx/C nanosheet 
materials are formed through a redox reaction of 
Ti3C2Tx, as shown in Reaction 3a. The TiOx/C products 
perform an excellent catalytic function in the ther-
mal decomposition of AP at high temperatures (Re-
actions 3b and 4). At the maximum temperature sep-
aration during the full decay period TiOx/C and NH4 
partially react to form TiN (Reaction 4a). Complete 
decay of AP forms O2, N2, N2O, NO, NO2, HCl, Cl2, H2O 
by replacing protons. The products (TiC, TiO2, TiN,) 
formed by oxidation of Ti3C2Tx during AP combustion 
in solid rocket fuels become active catalysts that fur-
ther accelerate the thermal decomposition of AP.

4. Conclusion

The proposed catalytic thermal decomposition 
mechanism of AP incorporates the addition of Ti3C2Tx, 
a compound known for its exceptional thermal and 
reactive properties. This mechanism involves four 
primary and three secondary reactions, illustrating 
the multifaceted role MXene plays in enhancing AP 
decomposition. As temperature increases in the re-
action zone, Ti3C2Tx acts as a catalyst, promoting the 
breakdown of intermediate AP decomposition prod-
ucts. Simultaneously, it engages in reactions with 
the MXene’s own decomposition product-chloric ac-
id-thereby generating additional heat that feeds back 
into the overall decomposition process. This chain of 
reactions leads to the formation of solid-state prod-
ucts such as titanium carbide, titanium dioxide, and 
titanium nitride. These products are instrumental in 
further reducing the activation energy required for 
AP decomposition. Lower activation energy directly 
translates to a reduced threshold of thermal input, 
thereby accelerating the reaction rate and increas-
ing the combustion intensity of the composite solid 
fuel. This enhancement in thermal behavior not only 
improves energy output but also contributes to the 
efficiency and reliability of propellant performance.
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