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Abstract
Energetic molecular perovskite with superior decomposition enthalpy and high oxidizing ability is the out coming poten-
tial oxidizer in advanced highly energetic systems. In this study, perovskite DAP-4 was fabricated by molecular assembly 
stagey; multi wall carbon nanotubes (MWCNTs) were employed as a potential catalyst for thermal decomposition of DAP-4. 
Encapsulation method was adopted to develop DAP-4@MWCNTs nanocomposite. MWCNTs experienced superior catalytic 
effect on DAP-4 decomposition. MWCNTs offered an increase in DAP-4 decomposition enthalpy by 37.5%, with decrease 
in its main decomposition temperature by 6 °C. Decomposition kinetics were investigated via isoconversional (model free) 
and model fitting including Kissinger, Kissinger–Akahira–Sunose (KAS), and integral isoconversional method of Ozawa, 
Flyn and Wall (FWO). DAP-4@MWCNTs demonstrated apparent activation energy of 135.3 ± 3.9 kJ/mol compared with 
142.3 ± 4.15 kJ/mol for pure DAP-4 via KAS model. While DAP-4 demonstrated decomposition reaction of first order reac-
tion model  (F1); DAP-4@MWCNTs demonstrated decomposition reaction of third order model  (F3). Moreover, a possible 
catalytic mechanism of MWCNTs via induced holes and electrons to enhance electron transfer ability. This work could 
promote the application of DAP-4 in the field of solid rocket propellant.
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1 Introduction

Due to their distinctive structures and excellent proper-
ties, molecular perovskite has received much attention [1]. 
Energetic molecular perovskite was considered as a potential 
oxidizer in the high-energy solid propellant due to its high 
energy and strong oxidation properties [2–4]. The organic 
fuel cations and inorganic oxidizer anions made up the ener-
getic molecular perovskite with the  ABX3 structure in the 
cell unit. The redox reaction between cations and anions is 
the source of massive energy output [5, 6]. Perovskite expose 
distinctive properties different from conventional CHNO 
organic explosive [7, 8]. Additionally, molecular perovskite 

crystals could experience strong oxidation capability via the 
abundance of  ClO4

− ions [9]. Energetic molecular perovskite 
has a strong capability as a potential replacement compared 
with ammonium perchlorate (AP), the major oxidizer in 
rocket propellant. AP experiences many drawbacks, includ-
ing high ignition threshold, low energy output, and low 
heat release rate [10–13]. Energetic molecular perovskite 
include molecular combination level of inorganic oxidizer 
 (ClO4

−), fuel  (NH4
+), and organic linker  (H2dadco+2) to cre-

ates DAP-4.
Energetic molecular perovskite,  (H2dabco)[NH4(ClO4

−)3]
(DAP-4) is regarded as the significant candidate due to 
its superior decomposition enthalpy, as well as potential 
oxidizing power [14–17]. DAP-4 experienced superior 
detonation parameters including high detonation velocity 
(8.8 km/s), detonation pressure (35.2 GPa), and detona-
tion heat (5.87 MJ/Kg) [18, 19]. These superior detonation 
parameters are advanced compared to common explosive 
in use i.e. TNT, RDX and HMX. Explosive material could 
boost decomposition enthalpy; however their poor oxidation 
capacity could limit their use [20, 21]. Energetic molecular 
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perovskite DAP-4 can expose strong oxidation power due 
to the abundance of  ClO4

− ion, and a high energy output. 
Consequently, DAP-4 could play a dual role in high-energy 
solid propellants as catalyst and high energy dense mate-
rial [22, 23]. DAP-4 exposes high thermal- decomposition 
temperature > 370 oC, as well as high activation energy 
[24, 25]. Novel catalyst particles are required for enhanced 
decomposition. This study reports on the facile synthesis of 
DAP-4 energetic perovskite; multi-wall carbon nanotubes 
(MWCNTs) were introduced into DAP-4 energetic matrix. 
DAP4@MWCNTs nanocomposite was prepared by encap-
sulation method and its performance was evaluated. The 
energetic nanocomposites DAP-4@MWCNTs demonstrated 
excellent combustion performance and synergistic catalytic 
decomposition mechanism compared with virgin DAP-4. 
This superior performance could be ascribed to advanced 
catalytic effect of MWCNTs on DAP-4 decomposition, as 
well as the good intimate mixing between MWCNTs catalyst 
and DAP-4 energetic matrix.

2  Experimental

2.1  Synthesis of DAP‑4

Facile molecular assembly strategy was adopted for DAP-4 
synthesis [26]. Mixed solution of  HClO4, AP, and dabco of 
1 mmol, 0.5 mmol, and 0.5 mmol respectively was devel-
oped via mechanical stirring in batch reactor. The DAP-4 
precipitate was filtered and dried.

2.2  Integration of MWCNTs into DAP‑4

Multi-wall carbon nano tubes (MWCNTs) with outer diam-
eter (30–50 nm), inner diameter (5–15 nm), length 5 µm, 
and specific surface area 120  m2/g were adopted as cata-
lyst for DAP-4. MWCNTs were integrated into DAP-4 via 
encapsulation method; where MWCTs were dispersed into 
the precursor solution during DAP-4 preparation (Fig. 1).

2.3  Characterization of DAP‑4@MWCNTs Composite

SEM, ZEISS SEM EVO 10 MA with EDAX detector, was 
employed to analyze the size and shape of virgin MWCNTs, 
fabricated DAP-4, and DAP-4@MWCNTs nanocomposite. 
EDAX detector was employed to assess the dispersion of 
MWCNTs into DAP-4 via encapsulation method. The crys-
talline structure of DAP-4 was examined over the angle 
range 2Ө from 5 to 65 degrees using Hiltonbrooks X-ray 
diffractometer. The FT-IR spectra were recorded over the 
range 400–4000  cm−1 with 4  cm−1 resolution using JASCO 
spectrometer Model 4100 (Japan).

2.4  Thermal Behavior of DAP‑4, and DAP‑4@
MWCNTs Nanocomposite

The thermal behavior of pure DAP-4, and DAP-4@MWC-
NTs nanocomposite was examined by DSC Q200, by TA.; 
Tested sample was heated to 500 °C at 10 °C  min−1, under 
50 ml  min−1  N2 flow. TGA was used to determine mass loss 
with temperature; the tested sample was heated to 500 °C at 
10 °C  min−1, under nitrogen flow of 50 ml/min.

2.5  Decomposition Kinetics of DAP‑4@ MWCNTs 
Nanocomposite

The impact of MWCNTs on DAP-4 decomposition kinetic 
was evaluated using different models including isocon-
versional (model free) and model fitting. Kissinger, Kiss-
inger–Akahira–Sunose (KAS), and integral isoconversional 
method of Ozawa, Flyn and Wall (FWO) models were 
adopted for decomposition kinetic study [27, 28]. Decompo-
sition kinetic of DAP-4, and DAP-4@CNTs nanocomposite 
was assessed using TGA. The mass loss of tested sample was 
recorded at different heating rates 6, 10 and 12 °C·min−1.

The general form of the basic kinetics equation can be 
written as

Fig. 1  Schematic for integration of MWCNTs into DAP-4
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 where α is the conversion degree (dimensionless); t is the 
time (s); A is the frequency factor  (s−1); E is the activa-
tion energy (J/mol); T is the absolute temperature (K); R is 
the universal gas constant (8.314 J  K−1  mol−1);, and f(α) is 
the differential conversion function. Under non-isothermal 
conditions at a constant heating rate, Eq. 1 can be expressed 
by Eq. 2:

where β is the heating rate (K  s−1) and β = dT
dt

The following fundamental assumptions form the basis 
for isoconversional kinetic methods.

The rate of the reaction is a typical function of tempera-
ture and conversion.
The kinetic parameters (E, and A) are independent of the 
heating rate.
The isoconversional calculations should be performed at 
fixed conversions.

FWO and KAS models were represented by Eqs. 3 and 4 
respectively [29].

FWO:

(1)
dα

dt
= Ae

−
E

RT f (�)

(2)
d�

dT
=

A

β
e
−

E

RT f (�)

(3)lnβi = ln

(

AαEα

Rg(α)

)

− 5.331 − 1.052
Eα

RTα, i

KAS:

To get the kinetic parameters  (Ea, A) a linear equation is 

obtained by drawing lnβi vs 1000/Tα,i, and ln
(

βi

T1.92
α,i

)

 vs 1000/

Tα,i; where the slope is the effective activation energy  (Ea) 
and the intercept is the frequency factor (A). Where the sub-
script i represents the  ith heating rate; the subscript α is the 
value related to the conversion degree, β is the heating rate; 
and T is the decomposition temperature. Activation energy 
 (Ea) of developed DAP-4@MWCNTs was evaluated from 
Kissinger’s model (Eq. 5)[30, 31].

where  Ea is the activation energy, β is the heating rate,  Tp 
is the decomposition temperature and R is universal gas 
constant.

3  Results and Discussions

3.1  Characterization of DAP‑4, DAP‑4@MWCNTs 
Nanocomposite

Morphology of developed energetic molecular perovskite 
DAP-4 was investigated by SEM. The micro morphology 
of DAP-4 was represented in Fig. 2. SEM micrographs 

(4)ln

(

βi

T1.92
α,i

)

= Const − 1.0008
Eα

RTα

(5)−
Ea

R
=

dln(β∕T2
p
)
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Fig. 2  SEM micrographs of DAP-4
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demonstrated micro particles with cubic shape of 20 µm 
average particle size; this could be attributed to the body-
centered cubic lattice of DAP-4.

The crystalline structure of starting AP and the molecu-
lar perovskite DAP-4 were investigated using XRD dif-
fractogram. AP demonstrated characteristic peaks located 
at 15.4°, 19.4°, 24.7°, 27.4°, 30.1°, 34.4°, and 40.6°; these 
peaks were correlated to the planes (101), (001), (210), 
(211), (112), (121), and (401). XRD pattern of AP was 
found to be in good agreement with International Center 
of Diffraction Data (ICDD) card no. 01–070–0629 [4].

DAP-4 demonstrated a completely different from XRD 
pattern from starting AP. The peaks at 12.11°, 21.1°, 
24.4°, 27.4°, 36.6°, and 38.2° were correlated to the crys-
tal planes (200), (222), (400), (420), (531), and (600) of 
DAP-4 (Fig. 3-a). The structure of DAP-4 was correlated 
to its molecular perovskite  ABX3 structure, which A, 
B, and X represented molecules  H2dabco+2,  NH4

+, and 
 ClO4

− respectively (Fig. 3b)[26].
FTIR spectroscopy was adopted to investigate the 

chemical structure of developed DAP-4 to starting Dabco, 
and AP. FTIR spectra of DAP-4 to starting Dabco, and AP 
are represented in Fig. 4.  ClO4

− could withstand peaks 
at 619 and 1037  cm−1.  NH4

+ from component AP could 
induce peaks at 1409 and 3274  cm−1.

For DAP-4, the main oxidant group  ClO4
− demonstrated 

vibrational peaks at 1079 and 627  cm−1; while  NH4
+ dem-

onstrated peaks at 3445 and 1401  cm−1. The peaks of the 
protonated  H2dabco+2 skeleton at 1116, 890, and 850  cm−1 
demonstrated a clear shifting due to hydrogen bond inter-
actions between protonated  H2dabco+2 and cage-like skele-
ton. Consequently, the ternary molecule perovskite DAP-4 
can experience a stable chemical structure.

Morphology of DAP4@MWCNTs was investigated 
to virgin MWCNTs using SEM. While virgin MWCNTs 
demonstrated average diameters 40 nm, and length of 5 µm 
(Fig. 5a, b); DAP4@MWCNTs demonstrated uniform depo-
sition of DAP4 on the surface of MWCNTs (Fig. 5c, d).

3.2  Thermal Behavior of DAP‑4@MWCNTs 
Nanocomposite

Decomposition enthalpy and thermal behavior of DAP-4 
was investigated via DSC. DAP-4 demonstrated two main 
decomposition peaks. The first peak was correlated to 
DAP-4 crystal disorder of  H2dabco+2 at 275 °C. The sec-
ond peak temperature represents the thermal decompo-
sition process of DAP-4 at 399 °C with the evolution of 
4800 ± 2.31 J/g. Integration of MWCNTs into DAP-4 by 
encapsulation demonstrated significant increase in decom-
position enthalpy by 37.5% with decrease in main decom-
position temperature by 5 0C (Fig. 6); while physical mixing 
method (MWCNTs/DAP-4) demonstrated decomposition 
enthalpy of 5400 ± 41 J/g.

This superior performance of DAP-4@MWCNTs nano-
composite could be ascribed to the enhanced contact and 
high homogeneity between MWCNTs and DAP-4 via encap-
sulation method (Fig. 6).

The optimum content of MWCNTs was investigated. 
1 wt% MWCNTs secured the optimum performance with 
decomposition enthalpy of 6600 ± 35 J/g compared with 
5210 ± 17 J/g for 3 wt% MWCNTs (Fig. 7).

Thermal behavior for DAP-4, and DAP-4@MWC-
NTs was investigated via TGA. DAP-4 demonstrated one 
decomposition peak at 399 °C, with a mass loss 99.7%. 
DAP-4@MWCNTs demonstrated shift in the decomposition 

Fig. 3  XRD difractogram of synthesized DAP-4 (a), and perovskite structure (b)
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Fig. 4  FTIR spectra of AP, 
Dabco, and DAP-4

Fig. 5  Morphology of virgin MWCNTs to DAP4@MWCNTs
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temperature to 394 °C, with a mass loss 95.1%. This shift in 
main decomposition temperature confirmed DSC outcomes, 
as well as the catalytic effect of MWCNTs on DAP-4 decom-
position (Fig. 8).

MWCNTs could expose superior catalytic mechanism for 
DAP-4 decomposition. Under exciting heat, the surface of 
each MWCNT generates electrons  (e−) and holes  (h+); elec-
trone-hole generation promote  H+ transfer from protonated 
 H2dabco+2 and  NH4

+ to  ClO4
−. Generated  NH3, dabco, and 

 HClO4 could be absorbed on CNTs surface, and could boost 
decomposition enthalpy (Fig. 9).

MWCNTs could suppoert electron transfer. Conse-
quently  HClO4 could decompose to produce superoxide 
ions  (O2

−); which react with dabco and  NH3 to produce 
 H2O,  N2O, NO,  NO2, and  CO2, with the evolution of heat 
[32]. In the redox cycle, accelerated electron transfer 
could decrease the decomposition temperature and acti-
vation energy of DAP-4.

The significant impact of MWCNTs on DAP-4 combus-
tion was investigated. Combustion of DAP-4@MWCNTs 
was investigated to virgin DAP-4. Due to the intrinsically 
self-propagating nature of DAP-4, a sluggish combustion 
process with a modest flame propagation was preserved in 
(Fig. 10a). DAP4@MWCNTs demonstrated higher bright-
ness and more violent combustion proces (Fig. 10b). It is 
obvious that MWCNTs improved the combustion perfor-
mance of DAP-4.

The significant impact of MWCNTs on DAP-4 decom-
position and its decomposition enthalpy was assessed to 
different catalyst. DAP-4@MWCNTs experienced superior 
decomposition enthalpy of 6600 ± 35 J/g compared to differ-
ent catalysts i.e. DAP-4/C3N4, DAP-4/Fe-C3N4, and DAP-4/
MnO2 (Table 1).

3.3  Kinetic Study of DAP‑4@MWCNTs

Thermocatalytic degradation mechanism of the DAP-4@
MWCNTs was explored to virgin DAP-4 using the TGA. 
Each tested sample was examined at different heating rates 
(Fig. 11).

Series of kinetic triplets can be obtained via the isocon-
versional pathways (FWO, and KAS equations), via the plots 
of α (the conversion rate)-T (Fig. 12).

The lnβi vs 1000/Tα,i, and ln
(

βi

T1.92
α,i

)

 vs 1000/Tα,i, curves 

corresponding to FWO, and KAS methods over the range of 
α = 0.05 ~ 0.95 with a step size 0.05 are represented in 
Fig. 13.

FWO and KAS isoconversional plots displayed quite 
similar behavior, indicating that close  Ea values from the 
straight lines slope. Generally, the high decomposition tem-
perature as well as high activation energy of DAP-4 mol-
ecules could be resulted from the columbic attraction forces. 
The existence of MWCNTs significantly enhanced the ther-
mal decomposition of DAP-4 due to the low energy barrier 
of DAP-4@MWCNTs. The activation energy  (Ea) values 
with α was calculated based the FWO, and KAS equations 
as represented in (Fig. 14).

Eα values of DAP-4, and DAP-4@MWCNTs demon-
strated change with α; this indicated multiple decomposi-
tion pathways. Ea was found to increase at the reaction start 
(α = 0: 0.1). Ea value begins to decrease with increase in 
α, till α equal 0.65. Subsequently,  Ea value was found to 
increase with further increase in α, till α equal 0.95. KAS, 
and FWO demonstrated same trend in both DAP-4, and 
DAP-4@MWCNTs which confirmed their results. Kissinger 

Fig. 6  Thermal behavior of DAP-4 with CNTs using DSC by encap-
sulation, and physical mixing

Fig. 7  Impact of MWCNTs content on DAP-4 decomposition 
enthalpy
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model was applied for DAP-4, and DAP-4@MWCNTs as 
represented in Fig. 15.

The obtained  Ea values were compared to FWO, and KAS. 
 Ea values, from the Kissinger model, were found to be sim-
ilar to values obtained by both KAS, and FWO models. A 

Fig. 8  TG and DTG curves 
of DAP-4 (a), and DAP-4@
MWCNTs (b)
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summary of calculated  Ea values using different models FWO, 
KAS, and Kissinger were tabulated in Table 2.

DAP-4@MWCNTs presented a most distinguishing 
decrease in activation energy of the decomposition process 
of DAP-4, revealing the highest catalytic activity of CNTs on 
DAP-4 decomposition.

3.4  Catalytic Degradation Mechanism

The common pyrolysis mechanism function and the corre-
sponding model relationships are represented in (Table 3) [35].

The corresponding model function represented in Table 3 
into Eq. 6; the final pyrolysis reaction model determined by 
Coats–Redfern (CR) method.

Fig. 9  Schematic of the thermal 
decomposition mechanism of 
DAP-4 catalyzed by MWCNTs

Fig. 10  The ignition and combustion processes of DAP-4 (a), and DAP-4@MWCNTs (b)

Table 1  Comparative investigation for catalytic effect on DAP-4 
decomposition

Catalyst system Mass Decomposition 
temperature 
(°C)

Heat 
release 
(J/g)

Refs

DAP-4 — 399 4800 Current study
DAP-4@MWC-

NTs
1 394 6600 Current study

C3N4/DAP-4 5 383.2 4302 [33]
Fe-C3N4/DAP-4 5 319.2 4583 [33]
MnO2/DAP-4 5 344 2958 [34]
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 where g(α) is the integral version of the pyrolysis reaction 
mechanism.
[

In
(

g(�)

T2

)]

− 1∕T  curves for DAP-4@CNTs and virgin 
DAP-4 decomposition by the CR method are demonstrated 
in Fig. 16.

It’s verifying that the CNTs experienced change in DAP-4 
decomposition mechanism from  F1 (first order reaction 
model) to  F3 (third order reaction model).

(6)��

(

g(�)

T2

)

= ��

(

AR

�E�

)

−
E�

RT

4  Conclusions

Energetic molecular perovskite DAP-4 was developed via 
facile molecular assembly strategy. The potential impact 
of MWCNTs for DAP-4 decomposition was investigated. 
DAP-4 was deposited on the surface of CNTs via encapsula-
tion method. The integration of 1 wt% MWCNTs in DAP-4 
energetic matrix resulted in significant increase in decom-
position enthalpy from 4800 ± 2.31 J/g to 6600 ± 35 J/g; 
furthermore the main exothermic decomposition tempera-
ture was decreased from 399 °C to 394 °C. The significant 

Fig. 11  TGA thermograms of pure DAP-4 (a), and DAP-4@MWCNTs nanocomposite (b)

Fig. 12  α-T curves of DAP-4 (a), and DAP-4@MWCNTs (b) with different heating rates
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Fig. 13  Global kinetic profiles of the pure DAP-4, and DAP-4@MWCNTs

Fig. 14  Ea vs. α curves of DAP-4 (a), and DAP-4 @MWCNTs (b)
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impact of CNTs on DAP-4 kinetic decomposition was inves-
tigated via isoconversional analysis based FWO, KAS, and 
Kissinger method. DAP-4@CNTs experienced decrease in 
DAP-4 activation by 7 kJ/mol. Thermal catalytic mecha-
nism for DAP-4@MWCNTs decomposition was proposed. 
It is likely that MWCNTs could secure combination of holes 
and electrons to enhance its electron transfer ability. MWC-
NTs altered DAP-4 decomposition mechanism from  F2 (first 
order) to  F3 (third order) model.

Fig. 15  Activation energy of DAP-4 (a), and DAP-4@MWCNTs (b) using Kissinger method

Table 2  Kinetic parameters for DAP-4, and DAP-4@MWCNTs

Samples Methods Ea/(KJ/mol) Log(A/s−1)

DAP-4 FWO 148.43 ± 4.16 20.98 ± 3.09
KAS 142.3 ± 4.15 16.55 ± 4.50
Kissinger 140.66 ± 0.44 15.72 ± 0.69

DAP-4@MWCNTs FWO 140.5 ± 4.10 19.2 ± 1.53
KAS 135.3 ± 3.90 16.3 ± 5.45
Kissinger 133.8 ± 0.43 15.55 ± 0.69

Table 3  The common pyrolysis 
reaction models

Reaction mechanism F (α) g (α)

D1(diffusion in one dimension) 1/2α−1 α2

D2 (diffusion in two dimension) [– ln(1 – α)]−1 [(1 – α)ln(1 – α)] + α
D3 (diffusion in three dimension) 3(1 – α)2/3/2[1– (1– α)1/3] [1 – (1 – α)1/3]2

D4 (diffusion in four dimension) 3/2[(1 – α)−1/3–1] (1 – 2α/3) – (1 – α)2/3

F1 (First order) 1 – α – ln(1 – α)
F2 (second order) (1 – α)2 (1 – α)−1– 1
F3 (third order) (1 – α)3 [(1 – α)−2– 1]/2
F4 (Fourth order) (1 – α)4 [(1 – α)−3– 1]/3
A2 (Avarami-Erofe’ve n = 2) 2(1 – α)[– ln(1 – α)1/2] [– ln(1 – α)]1/2

A3 (Avarami-Erofe’ve n = 3) 3(1 – α)[– ln(1 – α)2/3] [– ln(1 – α)]1/3

A4 (Avarami-Erofe’ve n = 4) 4(1 – α)[– ln(1 – α)3/4] [– ln(1 – α)]1/4

CA (Contracting area) (1 – α)1/2 1– (1 – α)1/2

CV (Contracting volume) (1 – α)2/3 1– (1 – α)1/3

P1 (powder law) 4α3/4 α1/4

P2 (powder law) 3α2/3 α1/3

P3 (powder law) 2α1/2 α1/2

P4 (powder law) 2/3α−1/2 α3/2

R1 (Zero-order) 1 α
R2 (Phase-boundary managed reaction) 2(1 – α)1/2 [1 – (1 – α)1/2]
R3 (Phase-boundary managed reaction) 3(1 – α)2/3 [1 – (1 – α)1/3]
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