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Abstract: Synthesized dihydroxylammonium 5,5’-bistetrazole-1,1’-diolate 
(TKX-50) owes its outstanding application prospects in the field of insensitive 
solid propellants not only to its high energetic performance but also to its low 
mechanical sensitivity. Based  on  the  excellent catalytic activity of  bimetallic 
iron oxides for the thermal decomposition of TKX-50, the catalytic mechanism 
of bimetallic iron oxides (NiFe2O4, ZnFe2O4 and CoFe2O4) for TKX-50 pyrolysis 
has  been  explored. For  this  study, the  decomposition process of TKX-50, 
before  and  after mixing with  the  bimetallic iron oxides  NiFe2O4, ZnFe2O4 
and CoFe2O4 was monitored by in-situ FTIR and gas-phase MS-FTIR instruments. 
Of the different catalysts, ZnFe2O4 gave the best result for  reducing the  initial 
decomposition temperature of TKX-50. Additionally,  the  activation energy 
of functional group cleavage of TKX-50, before and after mixing with ZnFe2O4, 
was  also calculated for  mechanism analysis from  the  results of  the  in-situ 
FTIR  measurements. The  results showed that the  condensate and  the  gas-
phase decomposition products of TKX-50 remained unchanged after mixing 
with different catalysts, while  the  activation energy of  tetrazole ring cleavage 
was significantly reduced. The results of this study will be helpful for the rational 
design of  insensitive solid propellant formulations containing  TKX-50, 
and  for  understanding the  pyrolysis mechanisms of TKX-50 before and  after 
mixing with the efficient catalyst ZnFe2O4.
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1	 Introduction

Synthesizing energetic materials with both high energy and  low sensitivity 
is essential for their application in military and civilian fields [1, 2]. The energetic 
performance and  sensitivity of  energetic compounds greatly influence 
the operational efficiency and survivability of missile weapons [3, 4]. Synthesized 
dihydroxylammonium 5,5’-bistetrazole-1,1’-diolate  (TKX-50) has  attracted 
extensive attention owing to its excellent energetic performance [5-8]:
–	 theoretical density:	 1.918 g·cm–3,
–	 detonation velocity:	 9679 m·s–1,
–	 detonation pressure:	 42.4 MPa,
–	 standard formation enthalpy	 446.6 kJ·mol-1, and
–	 low mechanical (impact and friction) sensitivity.
Replacing nitroamine explosives, including hexahydro-1,3,5-trinitro-1,3,5-
triazine  (RDX) and  octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine  (HMX), 
with TKX-50 not only improves the energetic performance of solid propellants, 
but also avoids the potential risks caused by the introduction of these highly 
sensitive energetic compounds [9-11].

The thermal decomposition mechanism of an  energetic component 
plays an  essential role in  the  combustion performance and  mechanism 
of a solid propellant [12-14]. Consequently, the pyrolysis mechanism of neat 
TKX-50 during heat treatment has  been  studied by  various experimental 
and theoretical methods. Huang et al. [15] studied the thermal decomposition 
performance of neat TKX-50 using TG-DSC and FTIR methods, and the critical 
explosive temperature and  kinetic parameters of TKX-50 were  calculated. 
Additionally,  the  crystal structure transformation and  step-by-step thermal 
decomposition behaviour of  neat TKX-50 were  studied by  in-situ XRD 
and TG-DSC methods, respectively [16]. The results showed that the crystal 
structure was  transformed from that of TKX-50 to  the  intermediate product 
diammonium 5,5’-bistetrazole-1,1’-diolate (ABTOX) under thermal stimulation. 
The results also showed that the thermal stability of neat TKX-50 is close to that 
of hexanitrohexaazaisowurtzitane (CL-20) [17]. 

The thermal decomposition behaviour, kinetic parameters and  pyrolysis 
mechanism of  neat TKX-50 has  been  systematically studied  [15-20]. 
However, the effects of combustion catalysts, which have a critical influence 
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on  the  thermal decomposition and  combustion performance control of  solid 
propellants, on the decomposition process and pyrolysis mechanism of TKX-50 
are seldom reported and require urgent exploration. The catalytic performance 
of  MFe2O4 (M  =  Ni, Co and  Zn) on  the  thermal decomposition behaviour 
of TKX-50 has  been  studied previously using DSC and TG-DTG  methods, 
and demonstrated that the thermal decomposition peak temperatures and apparent 
activation energies of TKX-50 are clearly reduced after the addition of bimetallic 
iron oxides  [20]. However,  the  catalytic mechanism of  MFe2O4  (M  =  Ni, 
Co and  Zn) for  the  thermal decomposition of  TKX-50 is  still  unclear. 
Therefore, an urgent exploration of the pyrolysis mechanism of TKX-50 before 
and after mixing with bimetallic iron oxides is  required to better understand 
the combustion mechanism of solid propellants containing TKX-50.

In the present work, three kinds of bimetallic iron oxides (NiFe2O4, ZnFe2O4 
and CoFe2O4) were prepared and used for the study of the thermal decomposition 
of TKX-50. The  pyrolysis mechanism of TKX-50, before  and  after mixing 
with the as-synthesized bimetallic iron oxides, during heat treatment was studied 
by  in-situ FTIR and  gas-phase MS-FTIR  methods. Additionally, the  kinetic 
parameters of characteristic group cleavage of TKX-50, before and after mixing 
with the most efficient catalyst ZnFe2O4, were calculated using the Coats-Redfern 
method using the results of the in-situ FTIR measurements. Based on the above 
studies, the  pyrolysis mechanisms of  TKX-50, before  and  after mixing 
with ZnFe2O4, are suggested (Figure 1).

Figure 1.	 Illustration of the pyrolysis mechanism of TKX-50 before and after 
mixing with catalysts
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2	 Experimental

2.1	 Materials 
All of the chemicals used were analytical grade and used without further 
purification. Ferric trichloride hexahydrate (FeCl3·6H2O), nickel chloride 
hexahydrate (NiCl2·6H2O), zinc chloride (ZnCl2), cobalt chloride hexahydrate 
(CoCl2·6H2O), sodium acetate and polyethylene glycol (Mn = 4000) were 
purchased from Aladdin Inc. Ethylene glycol (Sinopharm Chemical Reagent 
Co., Ltd.), ethanol (EA) (Xi’an Chemical Reagent Factory) and distilled water 
were used for sample preparation and treatment. TKX-50 of purity greater than 
99.5% was obtained from Xi’an Modern Chemistry Research Institute.

2.2	 Preparation of MFe2O4 (M = Ni, Zn and Co)
Calculated quantities of FeCl3·6H2O (5 mmol) were  dissolved and  mixed 
individually with NiCl2·6H2O, ZnCl2 and CoCl2·6H2O (2.5 mmol) in ethylene 
glycol (60 mL) under magnetic agitation, respectively. Sodium acetate (3.6 g) 
and polyethylene glycol (1.0 g) were then added to the above three solutions 
and  mixed thoroughly. The  reactants were  transferred to  a  100  mL Teflon-
sealed autoclave and heated at  180  °C for  24 h. After  cooling, the products 
were filtered off and washed several times with distilled water and  absolute 
alcohol, and  then cured at  60  °C in  a  vacuum oven  overnight. The  powder 
obtained was ground for further characterization [20, 21]. Fe2O3 nanoparticles 
with an average particle size of 110 nm were prepared according to the published 
literature [22, 23].

2.3	 Characterization
An in-situ Fourier transform infrared spectrometer (in-situ FT-IR, USA, Thermo-
Fisher, NEXUS  870) was  used to  characterize the  decomposition process 
of TKX-50 before and  after mixing with  different catalysts, at  heating rates 
of 5, 10, 15 and 20 °C·min–1 (air atmosphere, temperature range of 25-465 °C, 
spectral resolution of 4 cm–1, sweep speed of 7.5 files·min–1 and 8 scans·file–1, 
sample mass of 1.2 mg mixed with 250 mg potassium bromide). The samples 
(TKX-50  before and  after mixing with  different bimetallic iron  oxides) 
were  characterized using thermogravimetric analysis-differential scanning 
calorimetry-mass spectrometry-Fourier transform infrared spectroscopy 
(TG-DSC-MS-FTIR) methods for mechanism analysis (Ar flow rate 50 mL/min, 
sample mass of 1.0 ±0.2 mg). The gas phase products were analyzed according 
to the results of MS-FTIR (NETZSCH STA 449C with a TASC 414/4 controller, 
NETZSCH 403C, NICOLET 5700 and CDS pyroprobe 5600 series).
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2.4	 Kinetic calculations
The activation energies for characteristic group cleavage of  TKX-50, 
before  and  after mixing with  ZnFe2O4, were  calculated from the  results 
of the in-situ FTIR measurements at heating rates of 5, 10, 15 and 20 °C·min–1. 
The conversion degree (α) of TKX-50 was calculated using Equation 1.

𝛼𝛼𝛼𝛼 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝑋𝑋𝑋𝑋
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
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where X is the transmittance value at a certain temperature, Max  and  Min 
are  the  maximum and  minimum transmittance values in  the  thermal 
decomposition range,  respectively. The  activation energy of  the  C–C  bond, 
N–O bond and tetrazole ring cleavage were calculated by  the Coats-Redfern 
method (Equation 2). 𝛼𝛼𝛼𝛼 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝑋𝑋𝑋𝑋
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where g(α) is the mechanism function, E is activation energy, T is temperature, 
β is heating rate, R is universal gas constant, and A is pre-exponential factor.

3	 Results and Discussion
	

3.1	 In-situ FT-IR analysis
The FT-IR spectra of TKX-50 before and after mixing with different catalysts 
at  25  °C are  shown in  Figure  2(a), and  the  corresponding absorption peaks 
are  listed in Table  1. As  shown in Table  1, the  absorption peaks at  3220 
and 3084~2500 cm–1 can be attributed to the O–H and NH3

+ stretching vibrations 
of NH3OH+, respectively. The absorption peaks at 1577, 1526 and 1426 cm–1 

are  due to  the  stretching vibrations of  the  tetrazole  ring. The  peaks at  1235 
and 716 cm–1 are due to the stretching vibrations of the N–O and C–C bonds, 
respectively. The FT-IR spectra of TKX-50 before and after mixing with different 
catalysts showed no  obvious  change, indicating  that different catalysts 
would not affect the FT-IR peaks of TKX-50.
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(a)

(b)
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(c)
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(e)

(f)
Figure 2.	 FTIR spectra of: (a) TKX-50 before and after mixing with different 

catalysts at 25  °C, (b) neat TKX-50 at 175-215 °C, (c) TKX-50 
mixed with Fe2O3 at 170-210 °C, (d) TKX-50 mixed with ZnFe2O4 
at 150-200 °C, (e) TKX-50 mixed with CoFe2O4 at 135-195 °C, 
and (f) TKX-50 mixed with NiFe2O4 at 160-210 °C
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Table 1.	 FTIR absorption peaks of the characteristic groups in TKX-50
Wavenumber [cm–1] Vibration type Functional group

3220 ν O–H
3084-2500 ν NH3

+

1577, 1526, 1426 ν Tetrazole ring
1235 ν N–O
716 ν C–C
814 ν N–H

Additionally, the in-situ FT-IR images of TKX-50 before and after mixing 
with different catalysts at 10 °C·min–1 were characterized, and the corresponding 
FT-IR spectra at  different temperature are  shown in  Figures  2(b)-2(f). 
The  in-situ FT-IR spectra showed that the  intensity of  the  absorption peaks 
decreased with an increase in temperature, indicating that TKX-50 decomposes 
gradually. Additionally,  the  initial pyrolysis temperature of TKX-50 during 
heat treatment was decreased after addition of  the catalysts. Of  the different 
catalysts, the  pyrolysis temperature of  TKX-50 +  CoFe2O4 and  TKX-50 
+ ZnFe2O4 decreased most clearly, which demonstrated the excellent catalytic 
performance of CoFe2O4 and ZnFe2O4. The results are consistent with those from 
our previous study, that is, CoFe2O4 and ZnFe2O4 exhibit excellent performance 
on  reducing the  thermal decomposition peak temperatures of  TKX-50. 
The  synthesized ZnFe2O4 has  the  best effect on  the  thermal decomposition 
of TKX-50, and can effectively reduce the thermal decomposition temperature 
and apparent activation energies of TKX-50 [20].

3.2	 Gas-phase MS analysis
The MS curves of the gas-phase TKX-50 thermal decomposition products 
are  shown in  Figure  3. This  shows that the  main decomposition products 
of TKX-50 are [24]:
–	 NH3 (confirmed by the appearance of m/z = 17 and 15),
–	 H2O (confirmed by the appearance of m/z = 18),
–	 HCN (confirmed by the appearance of m/z = 27 and 26),
–	 N2 or CO (confirmed by the appearance of m/z = 28), 
–	 NO (confirmed by the appearance of m/z = 30),
–	 CO2 or N2O (confirmed by the appearance of m/z = 44), and
–	 NO2 (confirmed by the appearance of m/z = 46).
After the addition of a bimetallic iron oxide (NiFe2O4, ZnFe2O4 and CoFe2O4), 
the pyrolysis products of TKX-50 thermal decomposition showed no obvious 
differences. However, the peak temperature for ion production was quite different, 
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which indicates the catalytic effects of MFe2O4 for the thermal decomposition 
of TKX-50. Additionally, the variation trend for the peak temperature was in good 
agreement with  the  results of  the  in-situ FTIR  measurements, which  also 
confirms the excellent catalytic activity of CoFe2O4 and ZnFe2O4 for TKX-50 
thermal decomposition.

(a)
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(b)
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(d)
Figure 3.	 MS of the ion products from TKX-50 samples decomposed 

at  10  °C·min–1: (a) TKX-50; (b) TKX-50  +  ZnFe2O4, (c) TKX-
50 + CoFe2O4, and (d) TKX-50 + NiFe2O4

3.3	 Gas-phase FTIR analysis
The three-dimensional FTIR spectra of the gas-phase products from the thermal 
decomposition of TKX-50 at a heating rate of 10 °C·min–1 are shown in Figure 4. 
Figures  4(a)-4(d)  show that there was  no  significant difference in  the  peak 
wavenumbers of  the  gas-phase TKX-50 decomposition products on  adding 
the different catalysts. However,  the band at 2237 cm–1 reached a maximum 
at different times, for neat TKX-50 (31.21 min), TKX-50 + ZnFe2O4 (27.82 min), 
TKX-50  + CoFe2O4  (27.81  min) and  TKX-50  + NiFe2O4  (29.18  min), 
which coincides with the results from the in-situ FTIR and MS measurements. 
The gas-phase FTIR spectra of neat TKX-50 and TKX-50 mixed with ZnFe2O4, 
CoFe2O4 and  NiFe2O4 obtained  at  31.21, 27.82, 27.81 and  29.18  min 
are  shown in  Figure  4(e). The  peaks at  2237, 2208, 1306 and  1270  cm–1 

are derived from N2O, and the bands at 2355, 2320 and 668 cm–1 are attributed 
to  CO2 from TKX-50  decomposition. Additionally,  the  bands at  3341, 3277 
and 713 cm–1 are attributed to the HCN from TKX-50 decomposition. The peaks 
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around 3700  cm–1 and  the  peak at  2115 cm–1 are  caused by  H2O and  CO, 
respectively [25]. As confirmed by the results of the in-situ FTIR and gas-phase 
MS-FTIR  measurements, the  initial decomposition temperature of TKX-50 
was clearly reduced after adding MFe2O4 (M = Zn, Co and Ni). Of the different 
catalysts, the  initial decomposition temperature of  TKX-50  +  CoFe2O4 
was  decreased by  the maximum degree, which  also confirmed the  excellent 
catalytic activity of CoFe2O4.

(a)
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(b)

(c)
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(d)

(e)
Figure 4.	 Three-dimensional gas-phase FTIR spectra at a  heating 

rate of  10  °C·min -1 (a)  TKX-50, (b)  TKX-50  +  ZnFe2O4, 
(c) TKX-50 + CoFe2O4, (d) TKX-50 + NiFe2O4, (e) gas-phase FTIR 
spectra of TKX-50 mixed with MFe2O4 
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3.4	 Kinetic analysis of characteristic group cleavage
The conversion degree (α) of the C–C bond, N–O bond and tetrazole ring of neat TKX-
50 and TKX-50 + ZnFe2O4 were calculated using the transmittance data at heating 
rates of 5, 10, 15 and 20 °C·min–1 according to Equation 1, and the corresponding 
curves are shown in Figure 5. Of  the various mechanism functions, the g(α) 
in Equation 3 is suitable, which is consistent with previous studies. As shown 
in  Equation  3, the  decomposition of  the  characteristic groups is  controlled 
by a two-dimensional diffusion mechanism, and the decomposition reaction obeys 
a Jander equation of n = 1/2. The activation energies for the characteristic groups, 
calculated  according to  Equation  2  (α  =  50-85%), are  listed in  Table  2. 
For neat TKX-50, the activation energy of N–O bond cleavage is lower than 
the cleavage of the tetrazole ring and the C–C bond, the correlation coefficient (r) 
being greater than 0.98, indicating the accuracy of these results. After the addition 
of ZnFe2O4, the activation energies for the tetrazole ring, C–C bond and N–O bond 
cleavage decreased  clearly, and  the  activation energy for  the  tetrazole ring 
was reduced to the maximum degree, demonstrating the excellent catalytic effect 
of ZnFe2O4 on the cleavage of the tetrazole ring.

𝛼𝛼𝛼𝛼 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝑋𝑋𝑋𝑋
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

           (1)  

ln 𝑔𝑔𝑔𝑔(𝛼𝛼𝛼𝛼)
𝑇𝑇𝑇𝑇2

= ln �𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
� − 𝛽𝛽𝛽𝛽
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(a)
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(b)

(c)
Figure 5.	 Conversion curves for the characteristic groups of TKX-50 before 

and  after mixing with  different catalysts: (a)  C–C  bond located 
at 719 cm–1, (b) N–O bond located at 1235 cm–1, (c) tetrazole ring 
located at 1526 cm–1
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Table 2.	 Kinetic parameters for the thermal decomposition of the characteristic 
groups of TKX-50 obtained by the Coats-Redfern method

Sample
Tetrazole ring N–O bond C–C bond

Ea 
[kcal·mol–1] r Ea 

[kcal·mol–1] r Ea 
[kcal·mol–1] r

TKX-50 49.7 0.992 38.7 0.998 69.7 0.997
TKX-50/
ZnFe2O4

13.0 0.988 13.9 0.991 18.9 0.995

3.5	 Decomposition mechanism analysis
The decomposition mechanism of TKX-50 before and after mixing with ZnFe2O4 
was  analyzed based on  the  results of  the  in-situ FTIR and  gas-phase MS-
FTIR measurements. The  thermal decomposition of TKX-50 can be divided 
into several processes, including  protonation, hydroxylamine  (NH4OH) 
decomposition, cleavage of  the  tetrazole ring and  the  formation of  stable 
products (shown in Figure 6). Initially, proton transfer results in the formation 
of  1,1’-bistetrazole diol  (BTO) and  hydroxylamine. Then  hydroxylamine 
decomposes to generate the gaseous products, H2O, NH3 and N2O, at a temperature 
below 150 °C [26]. Subsequently, the generated NH3 reacts with BTO to form 
diammonium 5,5’-bistetrazole-1,1’-diolate (ABTOX), which has been confirmed 
by  previous studies  [27,  28]. Finally,  BTO decomposes to  N2, NO, N2O, 
HCN, HN3, CO, CO2 and other polymeric residues. This process corresponds 
to the first decomposition peak of TKX-50, accompanied by rapid heat release. 
The dissociation of ABTOX into BTO and NH3 corresponds to the initial step 
of the second stage of TKX-50 decomposition. As in the first stage of TKX-50 
decomposition, the BTO formed is decomposed into stable products [29, 30].

As is shown in Table 2 and Figure 1, the BTO formed from neat TKX-50 
decomposition follows the sequence of N–O bond, tetrazole ring and C–C bond 
cleavage. The  addition of  ZnFe2O4 has  an  obvious effect on  the  thermal 
decomposition mechanism of TKX-50. The  calculated results indicated that 
the  ZnFe2O4 plays a  significant role in  the  cleavage of  the  tetrazole  ring, 
and obviously reduced the activation energy of tetrazole ring cleavage. As shown 
in Table 2, the activation energies of tetrazole ring, N–O bond and C–C bond 
cleavage are clearly reduced after the addition of ZnFe2O4. Besides, the cleavage 
order of the characteristic groups changed after the addition of ZnFe2O4 (Figure 1). 
In addition, the MS-FTIR results showed that the gaseous products from TKX-50 
decomposition did not change significantly on mixing with the MFe2O4 (M = Ni, 
Zn, Co) samples. Therefore, the catalytic effect of MFe2O4 (M = Ni, Zn and Co) 
on  the  thermal decomposition of TKX-50 is  mainly due to  the  influence 
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on the reaction kinetics [31]. Additionally, the reduction of the initial decomposition 
peak temperature confirmed the catalytic effects of MFe2O4 (M = Ni, Zn and Co) 
on TKX-50 thermal decomposition. The excellent catalytic activity of ZnFe2O4 
can be attributed to the synergistic effects between Zn and Fe, which is conducive 
to the cleavage of the tetrazole ring of TKX-50 [32]. 

Figure 6.	 Proposed thermal decomposition mechanism of TKX-50 + ZnFe2O4

4	 Conclusions

♦	 The catalytic mechanisms of MFe2O4 (M  =  Ni, Co and  Zn), prepared 
via a facile one-pot solvothermal method, on the thermal decomposition 
of TKX-50 were studied by in-situ FTIR and gas-phase MS-FTIR methods.

♦	 The in situ FTIR and gas-phase MS results showed that the  MFe2O4 
used could  effectively promote the  thermal decomposition of TKX-50, 
and  that ZnFe2O4 exhibits the  best catalytic activity for  TKX-50 
thermal  decomposition. The  activation energies for  the  characteristic 
group cleavages of TKX-50, before and after mixing with multi catalysts, 
were calculated and used for mechanism analysis.

♦	 The results showed that the decomposition of  characteristic groups 
is  controlled by  a  two-dimensional diffusion  mechanism, and  that 
the activation energies for tetrazole ring cleavage is reduced to the maximum 
degree by the addition of ZnFe2O4. Additionally, the addition of the catalyst 
has no obvious effect on the gaseous decomposition products of TKX-50. 

♦	 The excellent catalytic activity of ZnFe2O4 for TKX-50 thermal 
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decomposition can be attributed to the reduction of the activation energy 
of tetrazole ring cleavage. 
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