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To  overcome  the agglomeration  of  metal  oxide  (MOX)  nanocatalysts  mechanically  mixed  with  ammo-
nium  perchlorate  (AP)  and  other  additives  of  rocket  propellant,  the  shell–core  nanocomposites  of MOX/AP
have been  synthesized  successfully  by a facile  liquid  deposition  method  at room  temperature.  SEM  anal-
ysis revealed  that  MOX  (M =  Zn,  Co,  Fe)  nanoparticles  were  deposited  on  the  surface  of  AP  particles  as
either a  continuous  thin  layer  or small  clusters.  Owing  to the  existence  of the shell  of  MOX  nanocatalysts,
ZnO/AP,  Co3O4/AP  and  Fe2O3/AP  nanocomposites  showed  excellent  self-catalytic  performances  for  AP
thermal  decomposition:  lowering  the  decomposition  temperature  from  398 ◦C  to  272 ◦C,  285 ◦C, 337 ◦C,
and  increasing  the heat  release  from  584  J g−1 to  1137  J g−1, 1237  J g−1, 1010  J g−1,  respectively.  More-
anocatalysts over,  their  self-catalytic  performances  mainly  relied  on  the  content  of  MOX nanocatalysts,  which  was
controlled  by  the  concentration  of metal  salts  in  the  precursor  solution.  In particular,  ZnO/AP  nanocom-
posites  with  the  mass  ratio  of  ZnO:AP  =  4:100  exhibited  the  best self-catalytic  performance  in decreasing
the  activation  energy  from  154.0  kJ/mol  to  96.5 kJ/mol.  The  MOX/AP  (M  =  Zn,  Co,  Fe)  shell–core  nanocom-
posites  could  have  a promising  application  in  the rocket  propellant  for  improving  the  thermal-catalytic
decomposition  performance  of AP.
. Introduction

As a key energetic material and main oxidizing agent for rocket
echnologies, ammonium perchlorate (AP) continues to inspire
ew research efforts to investigate its thermal decomposition pro-
ess, which is remarkably sensitive to the additives [1,2]. Many
cholars have studied a variety of the additives to enhance their
atalytic properties for AP decomposition. Among these additives,
etal oxides (MOXs) are used widely as a kind of efficient catalysts

ccelerating the thermal decomposition of AP [3–9].
Due to much higher catalysis efficiency of nanoparticles, many

esearchers have turned their attention to MOX nanocatalysts
ather than MOX  microcatalysts to catalyze AP thermal decompo-
ition [10–12].  However, owing to their high surface activity, MOX
anocatalysts are apt to agglomerate so that they are difficult to mix

niformly with AP and other rocket fuel additives by conventional
echanical mixing technology, resulting in a decrease of their cat-

lytic activity [13,14]. To improve the dispersion of nanocatalysts
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in the mixture, ferrocene and its derivatives have also been stud-
ied as catalysts due to their low melting points. They would be
melted into liquid and then evenly coated on the AP surface to form
shell–core structure at the elevated temperatures, effectively pro-
moting the thermal decomposition of AP. Unfortunately, the use
of ferrocene and its derivatives as the high-burning-rate catalysts
results in some setbacks such as their tendency towards migration
in the bulk of the material, their sensitivity towards oxidation by
air and their evaporation loss during processing [15–17].  To over-
come the setbacks, MOX  nanoparticles are expected to form the
external shell instead of ferrocene and its derivatives so that the
shell–core nanocomposites of MOX/AP are produced and may also
avoid the agglomeration of MOX  nanocatalysts and further improve
their catalytic efficiency for the thermal decomposition of AP.

As we know, the shell–core nanocomposites fabricated by tem-
plating the organic or inorganic cores exhibit very fine dispersion
and stability, strong interactions at the interface, which are very
beneficial for the properties of the composites [18–22].  For exam-
ple, to overcome the agglomeration of the carbon nanotubes (CNTs)
in Al matrix by traditional mechanical mixing technology, He et al.
have synthesized a novel CNT(Ni)–Al composite, in which the

in situ synthesized CNTs were very homogeneously dispersed in
the Al powders with strong interactions at the interface [23]. In
addition, polystyrene–ZnO composite particles with core–shell or
raspberry-like morphology have been prepared by Agrawal et al.,

ghts reserved.
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Scheme 1. Schematic presentation of in situ synthe

hich showed a finer dispersion and stabilization and provided a
arger number of active sites than the corresponding bulk compo-
ents [24]. However, there have been no reports of the shell–core
anocomposites of MOX/AP because AP is highly soluble in many
olvents and shows poor thermal stability above 150 ◦C. Therefore,
t is still a great challenge to develop a facile method for preparing

OX/AP shell–core nanocomposites.
In this study, AP powders were successfully covered by MOX

anoparticles to form the shell–core structure by a facile liquid
eposition method at room temperature. One of the most impor-
ant characteristics of the preparation is that the MOX nanoparticles
n situ grew and coated homogeneously on the surface of the
P powders. The obtained ZnO/AP, Co3O4/AP, Fe2O3/AP nanocom-
osites all showed excellent self-catalytic effects for the thermal
ecomposition of AP in lowering the decomposition temperature
nd increasing the heat release. Moreover, by adjusting the con-
entration of metal salts in the precursor solution, the thickness
f the shell formed by MOX  nanocatalysts in MOX/AP nanocom-
osites could be changed, accompanied with the variance in their
elf-catalytic performance for the thermal decomposition of AP.

. Experimental procedure

.1. Sample preparation

Zinc chloride (ZnCl2) (98.0%), cobalt nitrate hexahydrate (Co(NO3)2·6H2O)
99.0%), ferric chloride anhydrous (FeCl3) (97%), ethyl acetate (CH3COOC2H5)
99.5%), AP (AR, d50: 140 �m)  and sodium hydroxide (NaOH) (96%), were all pur-
hased from Sinopharm Chemical Reagent Co. Ltd. (China) and used as received
ithout further purification.

Our approach to a novel fabrication process for MOX/AP shell–core nanocom-
osites principally consists of in situ synthesis of MOX  nanoparticles by templating
he AP cores. The selection of solvent is critical in our experiments. In the selected
olvent, AP must be insoluble, but the metal salt can be dissolved. Ethyl acetate
eets the mentioned conditions and is selected as a solvent. A typical preparation

rocedure mainly includes three steps as shown by Scheme 1, and the synthesis con-
itions of different samples are listed in Table 1. In the first step, a certain amount of
eCl3, Co(NO3)2·6H2O, ZnCl2 salt was dissolved in 60 mL  CH3COOC2H5 respectively
o produce the corresponding solution with given concentration. Secondly, 2 g AP
owders were added into the solution as a template, followed by vigorous stir-
ing  to make AP powders distribute in the solution homogeneously. Subsequently,

 desired volume of 0.5 M NaOH solution was added into the above mixture drop by
rop to make sure the metal ions in the solution could react with NaOH completely
o  produce precipitation. According to the principle of heterogeneous nucleation,

he MOX nanocrystals would preferentially be nucleated and then grow up on the
urface of AP, constituting the composites with shell–core structure. Then the prod-
cts were filtered to obtain the nanocomposites and then dried at 80 ◦C in an electric
ven. The color of S1(ZnO/AP), S2(Co3O4/AP) and S3(Fe2O3/AP) nanocomposites was
hite, cyan and tan, respectively. This deposition–precipitation is suggested as a

able 1
he synthesis conditions and self-catalytic properties of MOX/AP samples.

Sample Type of salt Mass ratio
MOX:APa

Concentration
of salt (mol/L)

Volume of 0.
NaOH (mL)

AP – – – – 

S1  ZnCl2 4:100 0.016 4 

S2  Co(NO3)2·6H2O 4:100 0.016 4 

S3  FeCl3 4:100 0.016 6 

S4  ZnCl2 2:100 0.008 2 

S5  ZnCl2 6:100 0.024 6 

a The mass ratio MOX:AP is based on two assumptions: (1) all the Mn+ ions in the soluti
oated on the AP surface.
MOX/AP nanocomposites with shell–core structure.

preparation method for getting highly dispersed catalysts with strong interactions
at the interface between surface catalysts and the support, which is very beneficial
for the catalytic properties of the subsequent composites [25]. In addition, the con-
tent  of MOX  nanoparticles or shell thickness is dependent on the mass ratio of MOX
nanoparticles to AP powders, which can be adjusted by the concentration of the
metal ions in the precursor solution. The ZnO/AP shell–core samples (S4, S5) with
different mass ratios (or shell thickness) were prepared according to the synthesis
conditions given in Table 1.

2.2. Characterization

The morphologies of the MOX/AP shell–core nanocomposites were observed by
field-emission scanning electron microscopy (FESEM FEI Sirion 200) equipped with
an  energy dispersion X-ray spectrometer (EDS), operated at an acceleration voltage
of  20.0 kV, and their chemical compositions were determined by EDS. The crystal
phase structures of the products were analyzed by PANalytical X’Pert PRO diffrac-
tometer (XRD) using Cu K�1 radiation (� = 1.5406 Å) in the 2� range from 20◦ to 70◦ .
There are no signals of other matter except AP in the XRD patterns of the products
because the content of MOX  nanoparticles in the nanocomposites is lower than the
detectable limit of XRD (5 wt%). To study the phase structure of MOX  nanoparticles
by XRD, the nanocomposites were washed with distilled water for several times to
dissolve AP completely and then the remains were MOX  nanoparticles.

2.3. Activity

All as-prepared nanocomposites were characterized by TG–DTA test using Dia-
mond TG/DTA in N2 atmosphere over the temperature range of 30–500 ◦C without
lids to investigate their self-catalytic performance in the thermal decomposition
of  AP. A total sample mass of 3.0 mg was used for all runs. To investigate the cat-
alytic effect of MOX  nanoparticles on AP decomposition, S1 (ZnO/AP), S2 (Co3O4/AP)
and  S3 (Fe2O3/AP) nanocomposites were studied by TG–DTA at a constant heating
rate of 10 K/min to compare their decomposition temperature and heat release. In
addition, to study the influence of the content of MOX  nanoparticles or the shell
thickness on the performance of self-catalytic decomposition, S1 (ZnO:AP = 4:100),
S4 (ZnO:AP = 2:100) and S5 (ZnO:AP = 6:100) were also tested by TG–DTA at a heat-
ing rate of 10 K/min. Furthermore, the activation energies of AP decomposition
with ZnO/AP shell–core nanocomposites (S1, S4, S5) were measured by varying the
heating rates from 2 to 20 K/min.

3. Results and discussion

3.1. Morphology and structure of MOX/AP shell–core
nanocomposites

Fig. 1 shows FESEM images of the uncoated AP and S1 (ZnO/AP),
S2 (Co3O4/AP), S3 (Fe2O3/AP) nanocomposites. The pure AP par-

ticles are uniform with the average diameter of about 140 �m
(Fig. 1a), and the surface of the uncoated AP is very smooth and
clean in the enlarged image (Fig. 1b). Compared with the pure AP,
the surface of all the nanocomposites is rough, indicating that MOX

05 M Decomposition
temperature (◦C)

Heat release
(J/mol)

Ea (kJ/mol) ln A

397 584 154.0 ± 13.9 26.8
272 1137 96.5 ± 15.0 20.0
285 1237 – –
337 1010 – –
276 1131 93.7 ± 22.4 18.4
293 986 142.1 ± 21.0 29.4

on were converted into the MOX  nanocatalysts; (2) all the MOX  nanoparticles were
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Fig. 1. SEM and EDX images of pure AP (a and b) and the as-prepared MOX (M = Zn, Co, Fe)/AP shell–core nanocomposites: (c and d) S1 (ZnO/AP); (e and f) S2 (Co3O4/AP); (g
and  h) S3 (Fe2O3/AP).
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Fig. 2. XRD patterns and SEM images of the as-prepared shells of (a

anoparticles homogeneously grew and coated on the surface of
P to produce shell–core structure as shown in Fig. 1c, e and g.
o obtain the elemental composition of the MOX/AP shell–core
anocomposites, EDS has also been carried out. The results in
ig. 1d, f and h demonstrate that shell–core MOX/AP contains the
lements of N, O, Cl and Zn/Co/Fe, indicating that the shell on the AP
urface may  be MOX  nanoparticles, which can catalyze the thermal
ecomposition of AP.

To further investigate the microstructure of MOX  nanoparticles
n the AP surface, the MOX/AP nanocomposites were washed by
istilled water for removing AP. Fig. 2 shows SEM and XRD patterns
f the MOX  (M = Zn, Co, Fe) nanoparticles. XRD patterns show that
he phase of the shell in S1, S2 and S3 samples is ZnO, Co3O4 and
e2O3 respectively, and all diffraction peaks are in good agreement
ith the standard diffraction data for the ZnO (JCPDS 36-1451),

o3O4 (JCPDS 09-0418) and Fe2O3 (JCPDS 33-0664), respectively.
lso, it is observed that the ZnO nanoparticles display a good
rystallinity while the other two do not. SEM analysis revealed
hat the size of MOX  (ZnO, Co3O4, and Fe2O3) particles is about
) S1 (ZnO/AP), (c and d) S2 (Co3O4/AP) and (e and f) S3 (Fe2O3/AP).

approximately 100 nm.  Both the ZnO and Fe2O3 nanoparticles are
uniformly granular, and Co3O4 nanoparticles are flower-like.

In addition, the content of MOX  nanoparticles or thickness
of the coating shell can be tuned by the concentration of the
metal ions in the precursor solution. As shown in Fig. 3, with a
lower Zn2+ concentration, sparser ZnO nanocrystals (S4) can be
obtained on the surface of AP; with a higher Zn2+ concentration,
the AP particles were completely covered with the denser ZnO
nanocrystals (S5) to produce the shell–core structure. The results
suggest that the shell thickness or the content of ZnO nanoparti-
cles is increased with an increase of Zn2+ concentration, which may
have an important influence on the self-catalytic properties of the
nanocomposites.

3.2. The self-catalytic activity of MOX/AP composites for thermal

decomposition of AP

The self-catalytic properties of MOX/AP (M = Zn, Co, Fe)
nanocomposites in the thermal decomposition of AP were
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Fig. 3. FESEM images of (a) S4 (ZnO

nvestigated by TG–DTA measurements at a heating rate of
0 K/min. Fig. 4 shows the DTA and TG curves of pure AP and the
s-prepared nanocomposites. All DTA curves show an endothermic
eak at about 245 ◦C, which is attributed to the crystal transfor-
ation of AP from orthorhombic to cubic phase. For the uncoated
P, there are two obvious exothermic peaks centered at about

98 ◦C and 397 ◦C, which correspond to the low-temperature
ecomposition (LTD) and high-temperature decomposition (HTD),
espectively. As shown in the TG curve, 30% weight loss at LTD

ig. 4. (a) TG and (b) DTA curves of pure AP, S1 (ZnO/AP), S2 (Co3O4/AP) and S3
Fe2O3/AP).
2:100) and (b) S5 (ZnO:AP = 6:100).

indicates the partial decomposition of AP and 70% weight loss at
HTD means the complete decomposition of AP. It is well established
that LTD involves a heterogeneous process which includes proton
transfer in the AP subsurface to yield NH3 and HClO4 [1,2,26], the
capture of HClO4 by proton trap ClO3 in the defect-bearing site of
the lattice, and finally the decomposition of HClO4 and reaction
with NH3. Alternatively, HTD is associated with the simultaneous
dissociation and sublimation of AP to HClO4(g) and NH4(g). The total
process can be expressed as follows:

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

+ HClO4(a) (LTD) (1)

NH3(a) + HClO4(a) ↔ NH3(g) + HClO4(g) (HTD) (2)

For ZnO/AP and Co3O4/AP nanocomposites, a significant dif-
ference for AP decomposition with and without catalysts was the
disappearance of HTD, which should be associated with the reduc-
tion in the concentration of NH3(a) and HClO4(a) [4],  and there
was only one exothermic peak which was significantly reduced.
However, it was  found that Fe2O3/AP nanocomposites did not
shift the LTD exothermic peak and showed a weak endothermic
peak much closer to the LTD peak that was observed for pure AP,
which was consistent with the previous report [3]. Furthermore, all
kinds of MOX/AP nanocomposites could dramatically decrease the
decomposition temperature of AP and increase the heat release.
As shown in Table 1, the shell–core nanocomposites of ZnO/AP,
Co3O4/AP, Fe2O3/AP led to a significant reduction of decompo-
sition temperature from 398 ◦C to 272 ◦C, 285 ◦C, 337 ◦C, and an
increase of heat release from 584 J g−1 to 1109 J g−1, 1237 J g−1,
1010 J g−1, correspondingly. The result clearly indicates that these
MOX/AP nanocomposites have a good self-catalytic performance
for the thermal decomposition of AP, and the order of self-catalytic
activity observed during thermal ignition is shown as follows:
ZnO/AP > Co3O4/AP > Fe2O3/AP. Intrinsically, the thermal decom-
position of AP is closely associated with the chemical nature of
the nanocrystal additives [27], although there still remain some
unsolved issues. The different influences of MOX/AP nanocompos-
ites in self-catalytic reactions involving charge transfer may be
connected with the different electrical properties of the additives
[28,6].

In particular, for the ZnO/AP nanocomposites, AP could be
decomposed at a temperature as low as 272 ◦C, which is much lower
than those catalyzed by ZnO twin-cones, single-cage ZnO nanorod-
assembled superstructure, and other additive such as Fe2O3, Co3O4,

and metal Ni recently reported in the literature [3–5,29,30].  In fact,
the in situ synthesized MOX  nanocatalysts are homogeneously dis-
tributed on the surface of AP to overcome the MOX agglomeration
for the conventionally mechanical mixture. On the other hand, the
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ig. 5. DTA curves of pure AP, S1 (ZnO:AP = 4:100), S4 (ZnO:AP = 2:100) and S5
ZnO:AP = 6:100).

as reactant molecules produced by the decomposition of AP can
irectly contact with active site of the catalysts to cause adsorption
eaction i.e. the catalytic active center can take part in the reac-
ion, thus markedly enhancing the self-catalytic activity of ZnO/AP
anocomposites in the thermal decomposition of AP [31].

As reported previously [5,32],  thermally catalytic decomposi-
ion of AP is also highly dependent on the amounts of catalyst

oaded. The self-catalytic activities of ZnO/AP nanocomposites with
ifferent mass ratios of ZnO nanocatalysts to AP powders from
:100 (S4) to 6:100 (S5) were investigated by DTA measurements.
he DTA curves (Fig. 5) show that only one obvious exothermic peak

Fig. 6. DTA curves of (a) S1 (ZnO:AP = 4:100), (b) S4 (ZnO:AP = 2:
mpounds 513 (2012) 213– 219

was observed for S1 (ZnO:AP = 4:100) and S5, comparing with two
exothermic peaks for pure AP and S4. According to data in Table 1,
increasing or decreasing the content of ZnO nanocatalyst in the
composites will both lead to an increase of decomposition temper-
ature and a decrease of heat release, thus reducing the self-catalytic
activity [32]. Specifically, S1 exhibits the best self-catalytic perfor-
mance in decreasing the maximum AP decomposition temperature
to 272 ◦C and increasing the decomposition heat to 1137 J g−1 with-
out lids.

To further study the influence of the mass ratio of MOX  nanocat-
alysts to AP powders on the self-catalytic properties for the thermal
decomposition of AP, pure AP, S1, S4 and S5 were investigated by
DTA test at different heating rates from 2 to 20 K/min, respectively.
As shown in Fig. 6, the decomposition temperature of AP with
or without ZnO catalysts is dependent on the heating rate and a
slight increase in the temperature of both LTD and HTD process was
accompanied with the increase of heating rate. The kinetic param-
eters for AP decomposition with ZnO/AP nanocomposites could be
calculated from the exothermic peak temperature dependence as
a function of heating rate. The relationship between decomposi-
tion temperature and heating rate can be described by Kissinger
correlation:

ln

(
ˇ

T2
p

)
= ln

(
AR

Ea

)
− Ea

RTp
(3)

In this correlation,  ̌ is the heating rate in degree Celsius per minute,
Tp is the peak temperature, R is the ideal gas constant, Ea is the
activation energy, and A is the pre-exponential factor. Accord-

ing to Eq. (3),  the term ln ˇ/T2

p varies linearly with 1/Tp, yielding
the kinetic parameters of activation energy from the slope of the
straight line and of pre-exponential factor from the intercept [4].
Fig. 7 shows the experimentally measured ln ˇ/T2

p versus 1/Tp with

100) and (c) S5 (ZnO:AP = 6:100) at different heating rates.
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ig. 7. Dependence of ln(ˇ/Tp) on 1/Tp for AP, S1 (ZnO:AP = 4:100), S4
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nd without ZnO additives. As shown in Table 1, for pure AP, the
ctivation energy of HTD was calculated to be 154.0 ± 13.9 kJ/mol,
hich is close to the value previously reported in literature [5].  In

he presence of ZnO/AP nanocomposites, the activation energy of
P decomposition became as small as Ea = 93.7 ± 22.4 kJ/mol with
4 (ZnO:AP = 2:100), 96.5 ± 15.0 kJ/mol with S1 (ZnO:AP = 4:100) or
42.1 ± 21.0 kJ/mol with S5 (ZnO:AP = 6:100). It is seen that the
ctivation energy is increased with an increase of the content of
nO nanocatalysts in the nanocomposites. The increased activation
nergy for AP decomposition is caused by the kinetic compensation
ffect [33]. However, the activation energy of AP decomposition
s not the only parameter that describes the decomposition pro-
ess, the value of pre-exponential factor should also be considered.
or the reaction system in which compensation effect affects the
ecomposition behavior significantly, the value of ln A is 26.8,
8.4, 20.0, 29.4 for pure AP, S4, S1 and S5, respectively. Usually,

 smaller value of ln A means better catalytic activity of the cata-
ysts. Obviously, S4 and S1 show better catalytic activities towards
P decomposition than S5. It can be concluded that increasing the
roportion of the MOX  nanocatalyst in the nanocomposites will
ffect its catalytic effect. In addition, both the activation energy
nd pre-exponential factor of S4 and S1 are basically the same, but
here are two exothermic peaks for S4 while only one exothermic
eak is observed for S1 in the DTA curves as shown in Fig. 5 so
hat S1 can show more concentrated heat release than S4. There-
ore, ZnO/AP nanocomposites with the mass ratio of ZnO:AP = 4:100
S1) exhibited the best self-catalytic performance in the thermal
ecomposition of AP.

. Conclusion

The shell–core nanocomposites of MOX/AP (M = Zn, Fe, Co) were
uccessfully synthesized by a facile liquid deposition method at
oom temperature for enhancing their self-catalytic properties in
he thermal decomposition of AP. The in situ synthesized MOX
anoparticles were coated on the surface of AP homogeneously to

orm shell–core structure for avoiding the agglomeration of MOX
anocatalysts during the mechanical mixing process. It was found

hat all the ZnO/AP, Co3O4/AP, Fe2O3/AP nanocomposites showed
ignificant self-catalytic effects in lowering the decomposition tem-
erature and increasing the heat release. Moreover, the content
f MOX  nanoparticles or the shell thickness could be adjusted by

[
[

[
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changing the concentration of metal salts in the precursor solu-
tion, accompanied by the variation of the self-catalytic properties
of the MOX/AP nanocomposites. Also, the TG/DTA results of ZnO/AP
nanocomposites with different mass ratios indicated that ZnO/AP
nanocomposites with the mass ratio of 4:100 exhibited the best
self-catalytic performance in the thermal decomposition of AP. This
work could provide an effective method for preparing MOX/AP
shell–core nanocomposites to improve the dispersion of the MOX
nanocatalysts in the mixture, and then enhance the performance
of rocket propellants.
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