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Abstract

In these studies we report the catalytic pro�ciency of two Eu and Pr doped  CeO2 nanoparticles on the thermal behaviour 
of powder AP and CSPs samples. A co-precipitation method was used for synthesizing Eu and Pr doped  CeO2 nanopar-
ticles and they were characterized by XRD, FTIR, and SEM with EDX. The catalytic pro�ciency of both Eu and Pr doped 
 CeO2 nanoparticles were investigated by utilizing TG–DSC technique. The FWO, KAS, and Starink methods were used to 
determine activation energies of all catalyzed AP and CSPs samples. The catalytic pro�ciency increased by addition of 
Eu and Pr doped  CeO2 nanoparticles and decomposition temperature decreased in the presence of catalyst. The activa-
tion energy decreased by the addition of Eu and Pr doped  CeO2 nanoparticles in AP and CSPs, the burning rate of CSPs 
found to increase by the addition of Eu and Pr doped  CeO2 nanoparticles. The Pr doped  CeO2 nanoparticles showed good 
catalytic e�ciency on AP and CSPs that reduced the decomposition temperature around 70 °C for AP and 20 °C for CSPs. 
The activation energy of CSPs catalyzed by Pr doped  CeO2 nanoparticles reported 150.12, 147.60, and 146.83 kJ mol−1 
by FWO, KAS, and Starink method respectively which decreases in existence of catalyst in CSPs.
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1 Introduction

The ammonium perchlorate (AP) based propellants and 
their perchlorate explosives are less responsive to com-
motion and environmental changes than dynamite. Due 
to these properties they gained intense attention from 
the researchers. In addition, they have applications in the 
diverse �eld [1, 2]. The AP has de�ned role in the �elds like 
military and aerospace [3–5]. As constitute in the compos-
ite solid propellants (CSPs), role of AP is vital and main oxi-
dizing agents. It has a vast in�uence over the burning per-
formance [1–5] of CSPs. The production of huge amount 
of burning gases from propellants especially associated 
with its burning rate with curtailed time and it is neces-
sary to empower rockets to take o� at faster speeds. The 
chemical stability and slow decomposing pro�le at lower 
temperature makes them suitable composite to elicit 

the better or improve the decomposition traits of AP to 
meet the demand of generate high energy at low tem-
perature. Therefore, The e�ect of AP on the on the ignited 
rate of solid propellant have been established by several 
researches [6–8].

Lanthanide including rare earth elements have brought 
more interest in academic research and industry, by rea-
son their uncommon physical and chemical properties [9]. 
Lanthanide elements have a huge application, because of 
their crucial role for a number of demanding technolo-
gies [10]. Rare metals are possessing exclusive magnetic 
and optical properties related through their f-electronic 
con�gurations [11].

In the redox reactions, the cerium oxides claim as an 
integral part because of it owing the multivalent oxidation 
states with movable oxygen species. The fact is renowned in 
our venture to establish high temperature stable pro�le of 
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burning rate enhancer for the decomposition of energetic 
oxidizer like AP. The cerium oxide considered as one of well 
famous heterogeneous catalyst and it has a characteristic to 
alter the nature of catalyst in three ways. The self-adjusting 
ability makes them suitable in combination with previously 
known noble metals. The doping of cerium oxide with other 
metal provides the synergistic e�ect that is well famous in 
the territory of catalysis. The pro�ciency of cerium is to form 
non-stoichiometric matrix with dopants and it is also able 
to alter the reaction routes [12–16]. In addition, the cerium 
changes between  Ce4+ and  Ce3+ with ease. Further, high 
mobility, storage capacity of oxygen within the lattice and 
profusion of cerium on the planet like properties makes 
them alternative to noble metal.

Since ceria can become non-stoichiometric in the pres-
ence of dopants in its matrix and alter reaction routes 
[12–16]. The doping is crucial technique to enhance the pro-
�ciency of cerium as a catalyst. In doping, two techniques 
employ to enhance the pro�ciency. First, the abstraction of 
cerium accomplish by partial substation of cerium by other 
cations in its crystal lattice. The second way, to develop the 
nanocrystals with generation of surface crystal defects [17, 
18]. The utility of nanofabrication techniques employ to 
assist over the selectivity and the activity of oxide catalysts.

The nano-size materials attained extreme research inter-
est as a consequence to their size e�ect, electronic, optical 
characteristics, the role-played by surface phenomena as 
the reduced size and doped nanomaterials have additional 
synergistic profound e�ect. The metal in oxide form of nano-
particles has exceptional characteristics and their applica-
tions have been contemplated vast �elds like chemistry, 
photonics, biomedicine, and electronics [19–22]. The AP is 
surprisingly responsive to additives of metal oxide, especially 
nanomaterial i.e. thermal decomposition trait of oxidizer 
(AP) will e�ect on burning performance of the CSPs [23–26].

In this paper, to investigate the catalytic role of Eu and 
Pr doped  CeO2 nanoparticles in AP and CSPs, a Eu and Pr 
doped  CeO2 nanoparticles were prepared by a co-pre-
cipitation method. The catalytic pro�ciency of Eu and Pr 
doped  CeO2 nanoparticles on the thermal decomposition 
of AP and CSPs was investigated by TG–DSC techniques. 
The activation energies of catalyzed AP and CSPs were also 
evaluated by Starink, KAS and FWO. Further investigation 
found that Eu and Pr doped  CeO2 nanoparticles promote 
the decomposition of AP.

2  Experimental

2.1  Reagents and chemicals

All metal nitrates were acquired from CDH. NaOH 
was acquired from Merck and Hydroxyl-terminated 

polybutadiene (HTPB), IPDI (Isophorone di isocynate), Di 
Octyle Adipate (DOA) and AP was acquired from National 
chemicals.

2.2  Synthesis of nanoparticles

The synthesis for Eu and Pr doped  CeO2 nanoparticles 
executed by chemical co-precipitation procedure reported 
elsewhere [27]. 0.1 M nitrate solution of A (here A = Eu and 
Pr) and 0.2 M solution of cerium nitrate obtained by addi-
tion of appropriate quantity of water and mixed it. The 
0.5 M NaOH used as alkali media and dropwise addition 
required to o�er the alkali environment for to accomplish 
the metal hydroxide precipitation with continue stirring. A 
metal hydroxides precipitation was occurred at pH 11–12 
and then precipitate washed with water to prepare nano-
particles and keep them free from nitrate ions. The brown 
metal hydroxide was dried at 60 °C in an oven for 5 h and 
then it was calcined at 300 °C for 5 h.

2.3  Characterization

The characterization of all nanoparticles was done by uti-
lizing X-ray Di�raction (Rigaku, mini �ex 600) with CuKα 
radiation (λ = 1.5418) and FTIR spectrum were investigated 
by MB 3000 FTIR spectrometer (ABB Pvt. Ltd., Germany) 
with ATR (horizontal attenuated total reflection). The 
morphology of Eu and Pr doped  CeO2 nanoparticles was 
studied by utilizing Scanning Electronic Microscopy (SEM, 
JEOL JSM-6510 LV) with 25 kV voltages. The crystalline size 
of nanoparticles could be obtained by implementation of 
Scherrer’s equation [28].

2.4  Preparation of CSPs

The preparation of CSPs was mixing of AP and nano-cata-
lyst in 3:1 ratio. This mixture was added in the HTPB of the 
3:1 proportion. Then 20% of IPDI curing agent was added 
in the same proportion to HTPB and 30% DOA as a plasti-
cizer to HTPB. The mixture was mixed for 1 h at 60 °C. Then 
this mixture was casted into aluminum plates includes 
dimensions of 1 × 3 × 10 cm3 and it was kept in an oven 
for 10–15 days at 70 °C [29, 30].

2.4.1  Measurement of burning rate

The propellant samples were cut into small portion includ-
ing dimensions of 0.8 × 0.8 × 9.0 cm3 and the burning rate 
was reliable at ambient pressure through fuse wire tech-
nique [30]. An average of three assessments was taken.
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2.5  Thermal analysis

Thermal analysis of AP with and without adding Eu and 
Pr doped  CeO2 nanoparticles were measured by utiliz-
ing a TG–DSC of Perkin Elmer STA-8000 instrument. The 
samples were noted down 12 mg by 99:1 ratio of AP with 
and without Eu and Pr doped  CeO2 nanoparticles in  N2 
atmosphere (20 ml/min) at 10 °C  min−1 heating rate by 
using platinum crucible. AP based CSPs with and without 
adding Eu and Pr doped  CeO2 nanoparticles was measured 
by utilizing a TG–DSC of TA Instruments SDT Q600, and 
all CSPs samples were noted down 20 mg samples in  N2 
atmosphere (100 ml/min) at 10 °C min−1 heating rate with 
using alumina crucible.

2.6  Kinetic studies

The three heating rate at 5, 10, and 15  °C  min−1 was 
induced in the DSC investigation. The assessment activa-
tion energy has been calculated by Flynn–wall–Ozawa 
(FWO), Kissinger–akahira–sunose (KAS), and Starink meth-
ods [31–33]. Ozawa, Kissinger and Starink methods based 
on Eqs. 1, 2 and 3, respectively. The activation energy is 
predicted from the value of slope of a graphs lnβ for FWO, 
lnβ/T2 for KAS and lnβ/T1.92 for Starink against 1000/T. 
A series of studies performed with di�erent heating (β), 
where  Tm is the peak temperature of the DSC thermogram.

The values of activation energy  (Ea) and the exponential 
factor (A) can be calculated from the value of slope and the 
intercept respectively.

3  Results and discussion

3.1  Characterization of nanoparticles

The Fig. 1 demonstrates the XRD pattern of  CeO2 systems 
with doped Eu and Pr. The XRD di�ractogram of all the 
powder form samples of Eu and Pr doped  CeO2 systems are 
in concur with the face centered cubic structure of  CeO2 

(1)ln(�) = ln

(

A.Ea

R

)

− 5.331 − 1.0516
Ea

RT
m

(2)ln

(

�

T 2

m

)

= ln

(

AR

Ea

)

−

Ea

RT
m

(3)ln

(

�

T 1.92
m

)

= ln

(

AR0.92

Ea0.92

)

− 0.312 − 1.0008
Ea

RT
m

(JCPDS NO. 34-0394). While considering the XRD patterns, 
the Eu and Pr doped  CeO2 samples demonstrated without 
the forming of secondary phase. The XRD di�ractogram 
of doped  CeO2 peaks stating to lattice planes of fcc and 
abatement noticed in the crystallinity of Eu and Pr doped 
 CeO2 after inclusion of  Pr3+and  Eu3+ions in the oxide lat-
tice. The  Eu3+ and  Pr3+ions acquire the larger ionic radii 
0.1066 nm and 0.1126 nm in contrast to  Ce4+ (0.0970 nm). 
While these ions inserted in the  CeO2 lattice that, swap the 
 Ce4+ ions. Therefore, the deviation in peak position (2θ) at 
lower angle noticed which inferring after the swapping 
of Eu and Pr in  CeO2 lattice [34]. The formation of oxygen 
vacancies in the cerium crystal structure can be e�cient 
by exchange of  Ce4+ ions by  Eu3+ and  Pr3+ ions in  CeO2 sys-
tems [35]. Further, the reduction in the crystallite size can 
be prophesied by the event of broadening peaks in pat-
terns. The assessment of average crystalline size of Eu and 
Pr doped  CeO2 nanoparticles were evaluated by Scherrer 
formula [28, 36, 37]. The crystalline size of Eu and Pr doped 
 CeO2 nanoparticles is 5.02 and 4.40 nm respectively. These 
results are concurs with reported studies [38, 39].

Figure 2 demonstrates the FT-IR spectra of Eu and Pr 
doped  CeO2 nanoparticles. The appearance of two strong 
intense bands detected at 3400 and 1650 cm−1 in the 
spectrum of Eu doped  CeO2 are imputed to stretching 
and bending vibration modes of O–H. Further, the spec-
tra of Pr doped  CeO2 showed 3418 and 1652 cm−1 of two 
bands are imputed to stretching and bending vibration 
modes of O–H group. The bands are noticed because of 
the existence of water on the samples observed physically 
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Fig. 1  XRD di�ractogam of Eu and Pr doped  CeO2 nanoparticles
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[40, 41]. The values of bands observed for stretching and 
bending vibration modes of O–H were slightly higher for 
Pr doped  CeO2in contrast to Eu doped  CeO2 nanoparti-
cles. The advent of new band 879 cm−1 in the spectrum of 
Eu doped  CeO2 and 887 cm−1 in the spectrum Pr doped 
 CeO2 noticed and which indicated the lower double bond 
nature between the Ce–O–Ce group. The advent of new 
band 710 cm−1 in the spectrum of Eu doped  CeO2 and 
720 cm−1 in the spectrum Pr doped  CeO2 noticed and cor-
responding to the Ce–O–Ce chains asymmetric stretching 
vibration of metal oxide networks. The doping of  CeO2 by 
Eu and Pr con�rmed by arrival of new two bands at 620 
and 606 cm−1 detected for Eu doped  CeO2 and Pr doped 
 CeO2 nanoparticles. The two bands appearance at 620 and 
606 cm−1 inferred the symmetrical stretching vibration 
mode of (Ce–O–Ce) or (Ce–O–Eu) and (Ce–O–Pr). [42] In 
addition, doping of Eu and Pr changed the length of the 
M–O bond. These shifts in bands con�rm the consolidation 
of dopant in parent lattice [43].

The morphology segment of nanoparticles was evalu-
ated by utilizing the SEM. SEM image of Eu and Pr doped 
 CeO2 nanoparticles prepared via co-precipitation are 
shown in Fig. 3, The SEM image show the Eu and Pr doped 
 CeO2 nanoparticles consist of agglomerated particles and 
polygonal shape of Eu and Pr doped  CeO2 nanoparticles. 
The SEM image of the annealed Eu and Pr doped  CeO2 
nanoparticles at 300 °C for 5 h demonstrates in the Fig. 3a 
and b. The image for Eu and Pr doped  CeO2 nanoparticles 
(Fig. 3) manifests the as synthesized nanoparticles with 
reasonably uniform size distribution with some unspeci-
�ed reason larger size than that of the grain size obtained 
from XRD analysis. This could be indicant for the forma-
tion of secondary particles by aggregation of the primary 

particles. For the Eu and Pr doped ZnO samples, the par-
ticles seem to be more and more agglomerated, and con-
sequently it is hard to say with greater degree about the 
grain size obtained from the less-resolved SEM images 
(Fig. 3) [44]. EDX was applied to Eu and Pr doped  CeO2 
nanoparticles prepared by co precipitation revealed in 
Fig. 3c and d. The EDX spectra are acquired at low magni�-
cation of the powders shown in Fig. 3c and d. EDX of these 
prepared Eu and Pr doped  CeO2 nanoparticles shows that 
they are pure nanoparticles containing Eu or Pr and Ce.

3.2  The catalytic pro�ciency of nanoparticles on AP

The AP with 1 wt % of Eu and Pr doped  CeO2 nanoparti-
cles was used to explore the thermal enactment at 10 °C 
 min−1 heating rates by using Perkin Elmer STA 8000 instru-
ment. The pure AP also executed with same condition to 
evaluate the catalytic pro�ciency of doped nanoparticle 
systems. In TG thermograms, Fig. 4a reveals the two-stages 
mass loss of pure AP at 285–425 °C temperature range. 
These types of results are also reported for mass loss of 
pure AP [45–47]. In �rst stage segment, 16% mass loss of 
pure AP delivered between 285 and 350 °C of tempera-
ture range which coincides with the conversion of AP into 
intermediate products such as  NH3 and  HClO4. In the sec-
ond stage, 80% of mass loss perceived at 350–425 °C of 
higher temperature with complete decomposition of AP. 
The complete decomposition of AP was rationalized by 
release of volatile product. The results of TG thermogram 
are well coordinated with the derivative thermogravimetry 
(DTG) data shown in Fig. 4b for pure AP with two endo-
thermic peaks was appeared around 307.02 and 390.11 °C. 
Increased endothermic heat requirement in between the 
two exothermic peaks appears as a shoulder in the TG 
graph [48]. While considering TG thermogram of 1 wt% Eu 
doped  CeO2 nanoparticles added with AP in the Fig. 4a, 
it revealed one step mass loss stage with 99.52% of Eu 
doped  CeO2 nanoparticles with AP and the decomposition 
temperature shifted from 285 to 362 °C for it. In addition, 
TG thermogram of Pr doped  CeO2 nanoparticles with AP 
in Fig. 4a established one step mass loss with 98.75% and 
decomposition temperature shifted from 285 to 347 °C for 
it. From TG thermogram in Fig. 4a for the Eu and Pr doped 
 CeO2 nanoparticles depicted that doped  CeO2 nanoparti-
cles have a catalytic accomplishment over the AP thermal 
response. The catalytic pro�ciency of Eu and Pr doped 
 CeO2 nanoparticles have been entrenched by one stage 
decomposition at a lower temperature of quick oxidation 
of the AP.

Thermal decomposition of energetic oxidizer (AP) was 
fascinated by DSC technique. In Fig. 5a, exposes DSC ther-
mogram of pure AP with one endothermic peak and two 
exothermic peaks. The one endothermic peak detected at 
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Fig. 2  FTIR graph of Eu and Pr doped  CeO2 nanoparticles
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243.12 °C that recognized as the crystal structural transi-
tion from orthorhombic to cubic [49].The one exothermic 
peak for the cubic form arrive at 310.30 °C denotes the 
partial extinction of AP at lower temperature decomposi-
tion and another exothermic decomposition peak noticed 
at 395.12 °C denotes the complete AP decomposition at 
high-temperature decomposition. In DSC curves, the 
necessary increment in the endothermic heat obligation 
among the two exothermic peaks which fascinated the 
occurrence of endothermic incident instantly prior to 
second exothermic decomposition peak of AP [48]. Inclu-
sively, two steps of post transition decomposition com-
portment observed for AP and it is good agreement with 
TG and DSC data of AP reported previously [25, 50–53] and 
the endothermic peak noticed in good agreement. The TG 

decomposition pattern of AP within corporation of Eu and 
Pr doped  CeO2 nanoparticles. The TG graphs quite di�er 
in contrast to pure AP. The changes are observed which 
recognized the catalytic trait of doped  CeO2 nanoparti-
cles. While the deal with DSC curves, there is no deviation 
observed in the endothermic peak for Eu and Pr doped 
 CeO2 nanoparticles with AP in compare to pure AP. Fur-
ther, the one intense exothermic peak arose at 340.44, and 
326.89 °C for both Eu and Pr doped  CeO2 nanoparticles 
at the lower temperature of AP revealed in Table 1. The 
DTA data in Fig. 5b are also compatible with DSC data. The 
catalytic pro�ciency of Eu and Pr doped  CeO2 nanoparti-
cles on the decomposition of AP understood by reducing 
the decomposition temperature correlate to pure AP. The 
Eu and Pr doped  CeO2 nanoparticles with AP are e�cient 

Fig. 3  a SEM images and b 
EDX spectra for c  EuCeO2, d 
 PrCeO2 nanoparticles
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to decompose rapidly at lower temperature. Among 
the doped nanoparticles, Pr doped  CeO2 nanoparticles 
exposed excellent catalytic pro�ciency on the decomposi-
tion of AP and decreased the decomposition temperature 
around 70 °C in contrast to pure AP.

3.3  The catalytic pro�ciency of nanoparticles 
on CSPs

The catalytic pro�ciency of Eu and Pr doped  CeO2 nano-
particles on the thermal decomposition of CSPs were 
investigated by utilizing the TA Instruments SDT Q600. The 
Fig. 6 shows the TG curve, it clearly speci�es the mass loss 
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Table 1  Thermal analysis phenomenological data of the AP and AP 
with Eu and Pr doped  CeO2 nanoparticles (1% by wt.)

Samples DSC peak (temp. °C) DTA peak 
(temp. °C)

AP 310.30 310.29

395.12 395.10

AP + EuCeO2 340.44 340.40

AP + PrCeO2 326.89 326.88



Vol.:(0123456789)

SN Applied Sciences (2019) 1:432 | https://doi.org/10.1007/s42452-019-0457-9 Research Article

of CSPs (without nanoparticles) detected at 250–375.43 °C 
temperature range with 97.56% of mass loss. Further, after 
incorporation of Eu and Pr doped  CeO2 nanoparticles in 
the CSPs, TG thermogram clearly stated the decrease in 
decomposition temperature. The enhancement observed 
in the mass loss around 99.31% and 99.69% at lower tem-
perature by incorporation of Eu and Pr doped  CeO2 nano-
particles in CSPs. From TG curve, it can be obvious that the 
Eu and Pr doped  CeO2 nanoparticles are e�cient to boost 
the mass loss of CSPs at a lower temperature.

The DSC results of CSPs with and without Eu and Pr 
doped  CeO2 nanoparticles are demonstrated in Fig. 7. 
In the DSC results, it can found that the decomposition 
beginning at 240 °C. In the CSPs, AP remains in larger pro-
portion. Therefore, AP led to express of its parent decom-
position characteristics. Thus, endothermic AP phase 
transition peak observed at 243.12 °C for pure AP (Fig. 5a) 
which shifted to 247.32 °C for CSPs in Fig. 7. The shifting 
of peak for CSPs owing to the energy is also essential to 
vaporize the other components in CSPs. The �rst exother-
mic peak combine with much stronger second exothermic 
peak was observed at 370.73 °C characterized by very high 
heat release. The event signi�es the extremely increased 
exothermicity of CSP over AP that rapid decomposition 
occurred.

In condensed phase, the exothermic reaction occurs 
between AP with HTPB. Therefore, the exothermic peak 
of AP decomposition occurs signi�cantly at a low temper-
ature. In condensed phase reactions of CSPs, the role of 
AP is the rate-controlling step at least in the temperature 
range considered in the present study. The decomposi-
tion of the CSPs mainly altered by AP due to its present 
in major proportion in compare to HTPB [54]. In fact, Sell 

et al. showed that it is possible to fully consume AP and 
majority of HTPB in the temperature range 100–380 °C 
(weight loss 78%), with just 5% mass loss at higher tem-
peratures attributed to enduring HTPB. Major mass loss in 
250–390 °C range concurs with AP. As shown in Fig. 7, the 
complete decomposition of CSPs occurred with second 
exothermic peak related to AP. The AP decomposition have 
tends to release the huge amount of heat.

The shifting of decomposition peak for CSPs at a lower 
temperature around 370.43 °C is associated with exother-
micity of HTPB and AP decomposition which discharge 
the huge amount of heat and enhance the decomposi-
tion rate. The slow preheating of the lower layers of CSPs 
accompanied by above mentioned response and it also 
gain the small quantity of heat release as a segment of 
surface combustion. Overall, the thermal decomposition 
of HTPB-AP system suggest that the burning rate of the 
CSPs could improve.

3.3.1  Burning rate of CSPs

The high temperature fascinates the burning of CSPs with 
sound and �re. The data for burning rates of CSPs with 
and without Eu and Pr doped  CeO2 nanoparticles (1% by 
wt.) were originated as 2.22, 3.08, and 3.52 mms−1 respec-
tively. The increment in the burning rate associated with 
enhancement in the condensed phase reactions during 
combustion of the propellants [55]. In the addition of Eu 
and Pr doped  CeO2 nanoparticles increased the burning 
rate of CSPs. In Table 2 clearly observed that Eu and Pr 
doped  CeO2 nanoparticles increase the burning rate(r) of 
CSPs and it is highest for Pr doped  CeO2 nanoparticles in 
the CSPs. The Pr doped  CeO2 nanoparticles are e�cient 
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to enhance the burning rate of CSPs around 1.59 times. 
Among them, Pr doped  CeO2 nanoparticle as considers 
as the highest enhancer of burning rate than Eu doped 
 CeO2 nanoparticles.

3.4  Kinetics studies

The kinetic studies of AP and CSPs catalyzed by Eu and Pr 
doped  CeO2 nanoparticles have been assessed by three 
different methods viz Flynn–wall–Ozawa (FWO) Kiss-
inger–akahira–sunose (KAS) and Starink methods with 
di�erent heating rate (5, 10, 15 °C min−1) [31–33]. The plots 
of lnβ, lnβ/T2 and lnβ/T1.92 against 1000/T of all samples 
pure AP and CSPs with doped  CeO2 nanoparticles is dem-
onstrated in Fig. 8. From Table 3, it has been calculated 
that the values activation energies of pure AP are 273.58, 
276.23 and 276.47 kJ mol−1 and CSPs activation energies 
values 249.15, 281.35 and 251.57 kJ mol−1 by FWO, KAS 
and Starink methods, respectively. After incorporation of 
Eu and Pr doped  CeO2 nanoparticles, activation energy 
decreased signi�cantly for AP and CSPs. The results point 
out that Pr doped  CeO2 nanoparticles has an excellent 
catalytic pro�ciency in the increase of rate the decompo-
sition of AP and CSPs. In Table 3, it noticeably displayed the 
lower in activation energy for AP, CSPs in the occurrence 
of Eu, and Pr doped  CeO2 nanoparticles. The correlation 
coe�cient (r) is nearby to one for graphs. The activation 
energy is decreased with decreasing the value of exponen-
tial factor as the catalytic pro�ciency increase.

In the DSC based kinetics, activation energy values of 
Kissinger and Starink methods are similar to each another 
and are lower than Ozawa method. These parameters 
could be achieved from the dependence of exothermic 
peak temperature as a role of heating rate. The Kissinger 
correlation can be used to de�ne the relationship among 
decomposition temperature and heating rate [56]. It is 
known that the Eu and Pr doped  CeO2 nanoparticles have 
huge surface area because of their very small size and 
there are many reactive sites over the surface. The promo-
tions of reactions endorsed by Eu and Pr doped  CeO2 nan-
oparticles by absorbing the gaseous reactive molecules on 
their surface in the exothermic decomposition.

As results suggests that Pr doped  CeO2 nanoparticles 
has a greater catalytic pro�ciency of the decomposition 
of AP from intermediate products to gaseous products. 
The activation energy of the decomposition of AP with Pr 
doped  CeO2 nanoparticles reduce clearly at the ending of 
reaction, exhibiting unique kinetic parameters of a self-
increasing reaction.

The two most significant mechanisms have been 
reported for the thermal decomposition of AP. In �rst relies 
on the electron shift as of perchlorate ion to ammonium 
ion and second is proton shift as of ammonium ion to per-
chlorate ion but proton transfer is more acceptable which 
is as follows [57–63]:

The two most important products ammonia and per-
chloric acid are identi�ed in the thermal disintegration 
of AP in previous reports by the researcher [57, 59–63].
The acceptable postulation is that the initial stage of 
AP decomposition path is proton shift. This mechanism 
includes three important steps: Step-1 includes a pair of 
ions in AP lattice. Step-2 includes decay or sublimation 
step that begins with proton move starting the cation 
 NH4

+ to the anion  ClO4
−, then the molecular complex is 

formed and decomposes into ammonia and perchloric 
acid in Step-3. The molecules of ammonia and perchloric 
acid tend to react in the adsorbed layer on the surface of 
perchlorate or desorbs and inspiring relating in the gas 
phase [58].

There is bene�cial impact of catalyst on the oxidation 
of sublimations products of AP decomposition and from 
Table 3, it can be seen that the activation energy kept low. 
The reason behind can be illustrated from the understand-
ing of AP decomposition. The decomposition of AP pro-
ceeds through a proton transfer and consequent develop-
ment of ammonia and perchloric acid [64].

The ammonia formation and sublimation phenomena 
happen in entire process. Further, the magnitude of thermal 
decomposition of AP impeded by ammonia as well as chlo-
rine that cause downtrend of the reaction. It can be describe 
by considering the reaction in the adsorbed layer. Where 
the perchloric acid tends to desorbs more promptly than 
ammonia and ensues inadequate oxidation of ammonia 
takes place. Therefore, impregnate environment of ammonia 
which shelter the crystal surface to interrupt leftover reac-
tion [65, 66]. Such hindrance would consequently desire 
higher activation energies to precede the reaction and this 
obliquity noticed in the decomposition of AP [55, 66].The 
development of porous AP facilitated in exothermic decom-
position and porous AP with higher surface provides �oor 
for adsorption of the gaseous dissociation or decomposition 
products [66]. The formation of side products likes  O2,  N2O, 

NH4ClO4(s) → NH+

4
(I)

+ClO
−

4
→ NH3(s)

(II)

+HClO4(s) → NH3(g)
(III)

+HClO4(g)

Table 2  Burning rate of CSPs with and without Eu and Pr doped 
 CeO2 nanoparticles (1% by wt.)

r* and r are burning rate of CSP with and without Eu and Pr doped 
 CeO2 nanoparticles, respectively

Sample Burning rate (mm/s) r*/r

CSPs 2.22 1

CSPs + EuCeO2 3.08 1.39

CSPs + PrCeO2 3.52 1.59
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 Cl2, HCl, NO, and  H2O and some less stable species occurred 
due to multiple reactions between ammonia and perchloric 
acid [67]. It is highly feasible that these reactions can occur 
not only in the gas phase, but also in the adsorbed state. 

This exert robust deportment in this existing result, the dis-
integration of perchloric acid will occur in the condensed 
phase or possibly in the adsorbed state resulting into the 
development of smaller species (NO,  ClO2,  H2O,  N2O,  NO2 
etc.) and which ultimately withdrawals into the gas phase.
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The absorption of gaseous reactive molecule on the 
surface metal oxide nanoparticles and catalyze the reac-
tion in the proton transfer mechanism noticed. The incre-
ment in the thermal decomposition rate of AP is due to the 
increasing the formation of more holes within the p-type 
semiconducting. The mechanism catalytic e�ciency of the 
catalyst is based on the oxide ion  O2

− on the surface of the 
catalyst. The  O2

− formed throughout decomposition of AP 
and the surface  O2

− of catalysts are likely the proton traps 
during the subsequent reaction [63]:

The capacity of  O2
− formation and gas absorption on 

catalyst surface which are the main reasons to completion 
of AP thermal decomposition. Pr doped  CeO2 nanoparti-
cles surface has produced more  O2

− in the contrast of Eu 
doped  CeO2 nanoparticles. Consequently, it increases the 
AP decomposition more than Eu doped  CeO2 nanoparti-
cles. The  NH3,  H2O and a minor quantity of  N2O and  O2 are 
forming during the low-temperature thermal decomposi-

tion of AP. While in high-temperature thermal decomposi-
tion of AP produces HCl,  H2O,  N2O,  NH3,  Cl2, NO,  O2,  NO2 
and a minor quantity of  ClO2.

At low temperature:

At high temperature:

NH4ClO4 ↔ NH3 − H − ClO4 ↔ NH3 − HClO4 ↔ NH3(a)

+ HClO4(a) ↔ NH3(g) + HClO4(g)

2NH
+

4
+ O

−

2
→ H

2
O + 2NH

3

NH4ClO4 → NH
+

4
+ ClO4

NH
+

4
+ ClO4 → NH3 + HClO4

4HClO4 → 2ClO3 + 2ClO + 3O2 + 2H2O

2NH
3
+ 2O

2
→ N

2
O + 3H

2
O ↔ NH

4
NO

3
+ H

2
O

4HClO4 → Cl2 + 5O2 + 2ClO2 + H2O

2Cl2 + 2H2O → 4HCl + O2

The particles of AP and Eu and Pr doped  CeO2 nanopar-
ticles existing together and expected interaction between 
the decomposition product and Eu and Pr doped  CeO2 
nanoparticles noticed. The hydrogen boding or coordina-
tion types of interaction take place among the ammonia, 
perchloric acid as well as other decomposition products 
with doped nanoparticles by the reserved Lewis acid sites. 
Further interaction may also increase because the disas-
sociate species are captured and not e�ortlessly liberated 
into surrounding. The adsorption and interaction types of 
event generate the intermediates and may endorse the 
interruption of ammonia as well as the active perchloric 
acid to smaller species resulting in an alteration in the 
reaction equilibrium. The faster rate of interruption is 
associated with surface reaction. Finally, inclusive rate of 
decomposition will alter which is mainly administrated 
by the sublimation at these temperatures. Therefore; the 
possible abstraction of dissociation products at a faster 
rate would inspire the dissociation of AP. Hence, this cata-
lytic interaction and consequent equilibrium change as 
expected may have elicited in the lowering of Ea values for 
the catalyzed decomposition. Also activation energy may 
be interrelated to bond energy data [68] and is generally 
considered as a measurement of the energy obstacle to 
a regulating (rate limiting) bond split or bond redistribu-
tion step [69]. The lowering of activation energy values 
depends on the generation of oxidizing species with low 
bond enthalpies. Therefore, interaction of doped Eu and 
Pr doped nanoparticles with such species contributed to 
lowering of activation energies.

2NH3 + 2ClO2 → N2O + Cl2 + 3H2O

N
2
O + O

2
→ NO + NO

2

Table 3  Thermo-kinetics data of AP, AP with Eu and Pr doped  CeO2 nanoparticles and AP based CSPs, CSPs with Eu and Pr doped  CeO2 
nanoparticles using Ozawa, Kissinger and Starink methods

Samples FWO KAS Starink

Ea (kJ/mol) ln A  (min−1) R2 Ea (kJ/mol) ln A  (min−1) R2 Ea (kJ/mol) ln A  (min−1) R2

AP 277.58 4.05 0.995 276.23 16.00 0.995 276.47 12.49 0.995

AP + EuCeO2 183.73 3.94 0.997 183.07 10.96 0.997 182.03 8.84 0.997

AP + PrCeO2 136.26 3.83 0.996 133.42 8.18 0.996 132.75 6.78 0.996

CSPs 252.15 4.04 0.998 251.35 14.70 0.998 251.57 11.57 0.998

CSPs + EuCeO2 152.28 3.85 0.993 149.73 9.07 0.992 148.95 7.44 0.992

CSPs + PrCeO2 150.12 3.85 0.999 147.60 8.96 0.999 146.83 7.36 0.999
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4  Conclusion

The Eu and Pr doped  CeO2 nanoparticles were synthesis 
through chemical co-precipitation process. The catalytic 
impact of Eu and Pr doped  CeO2 nanoparticles were evalu-
ated using TG–DSC techniques. The thermal decomposi-
tion temperature of AP has decreased due to the catalyst, 
it was reduced around 70 °C and it is fast decomposition 
of AP at lower temperature. Pr doped  CeO2 nanoparticle 
was more e�cient than others and the thermal decom-
position temperature of AP based CSPs shifts descending 
around 20 °C and burning rate of CSPs was also increased 
by addition nanoparticles. The activation energy decreased 
with decreasing the value of exponential factor (A) as the 
catalytic activity increases. Pr doped  CeO2 nanoparticle is a 
good catalyst than Eu doped  CeO2 nanoparticle in the CSPs.
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