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Abstract: Copper oxide nanoparticles have been synthesized by the chemical
liquid deposition method and characterized by means of X-ray diffraction analysis
(XRD), Fourier transform infrared spectroscopy (FT-IR) and scanning electron
microscopy (SEM). The XRD and SEM results showed that the particle size was
between 50 nm and 70 nm. Ammonium perchlorate (AP)-CuO nanostructures
have been prepared by ex-situ mixing of AP and CuO nanoparticles, while
AP/CuO nanocomposites have been obtained by in-situ growth of nano CuO on
the surface of AP. The effect of the nanoparticles on the thermal decomposition
of AP has been examined by differential scanning calorimetery (DSC) and
thermogravimetric analysis (TGA) methods. The results showed that the ex-situ
prepared nanoparticles had better catalytic activity than the in-situ prepared ones.
The effect of the synthesized nanoparticles on the thermal decomposition of AP
in experiments with a AP to CuO ratio of 98:2 was as follows: with the ex-situ
prepared experiments, the decomposition temperature decreased from 428 °C to
348 °C and the heat released increased from 344 J-g7! to 1432 J-g™!, while those
with the in-situ prepared samples exhibited 341 °C and 1317 J-g!, respectively.

Keywords: copper oxide nanoparticles, ex-situ growth, ammonium
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1 Introduction

Nanoparticles of transition metal oxides (NTMO) have attracted a great deal of
attention due to their unique applications in various fields, such as petrochemical,
chemical, catalysts, photo-catalysts, solar cells and gas sensors, and their uses
have increased remarkably since the mid-20" century [1, 2]. Inrecent years, many
researchers have extensively investigated the catalytic activities of many nano
transition metal oxides and associated composites. Ammonium perchlorate (AP)
is known as the most common oxidizer in strategic military weapons and various
solid propellants, and its efficiency in such applications is highly influenced
by various transition metal oxides, especially when in a nano crystalline form
[3]. The catalytic activity of these nano-metal oxide systems on the thermal
decomposition of AP has usually been attributed to the higher surface area of
the nanoparticles, the increase in defects in the nano-structures, and synergistic
effects of the catalyst and support of the nano-composites [4-7].

Thermal decomposition of AP occurs through three well-known sequential
processes [8] and the burning characteristic of AP-based propellants depends
vitally on the decomposition characteristics of AP. This has been widely
studied and attempts have been made to improve it by the use of various types
of additives [9-13]. The DSC curve of pure AP shows one endothermic peak at
around 241.2 °C and two exothermic peaks at 286 °C and 428 °C [14, 15]. The
endothermic peak is due to the solid state phase transition from the orthorhombic
to the cubic phase [14].

The most specific characteristic of the thermal decomposition of AP is that
it occurs in two stages, namely, low temperature decomposition (at 286 °C),
and high temperature decomposition (at 428 °C), commonly referred to as LTD
and HTD, respectively [16]. Since a lower decomposition temperature causes
a higher burning rate, catalysts that reduce the thermal decomposition temperature
of AP are of great interest in the field of propellants [17, 18]. Some important
parameters, such as the type, quantity, and particle size of the catalysts, as
well as the mixing procedure of AP and the catalysts, are all crucial to the final
decomposition temperature [19].

In fact, the catalytic thermal decomposition of AP and AP-based composite
propellants is significantly susceptible to additives such as metal, metal powders,
metal alloys and nano metal oxides. In this respect, different metal oxides such
as CuO, ZnO, Fe,0;, Nd,Os, and Co;0, with different sizes and morphologies
have been studied for this purpose [5, 7, 20-22]. It has been shown that copper(I)
oxide nanocrystals are a suitable additive for catalytic decomposition of AP, and
can significantly reduce the HTD temperature and increase the heat released with
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respect to pure AP [23]. This action of CuO can be considerably improved by
decreasing its particle size to the nanometer scale [24].

Until now, several methods have been developed for the synthesis of NTMOs,
which include microwave [25], hydrothermal [26], reverse microemulsion [27],
melting [28] and the chemical liquid deposition method (CLD). Among these,
the CLD method is a facile and cost effective route for synthesizing NTMOs
that utilizes cheap, nontoxic and environmentally benign precursors [29]. The
CLD method has promising advantages, such as a relatively low calcination
temperature and produces homogenous and pure final materials [30-32].

In the present study, the CuO nanoparticles were synthesized by the
chemical liquid deposition method at room temperature and mixed ex-situ
with AP in different ratios. An important feature of the fabrication is the easy
production process and the homogeneous precipitation of CuO nanoparticles.
The CuO nanoparticles obtained exhibited excellent catalytic effects on the
thermal decomposition of AP, in lowering the decomposition temperature and
increasing the heat released. In-situ prepared samples, with similar CuO to AP
ratios, have also been investigated for the catalytic effect of the CuO on the
thermal decomposition of AP. The coating quality and thermal characteristics
of the treated samples have been investigated by means of differential scanning
calorimetery (DSC), X-ray diffraction (XRD) analysis, scanning electron
microscopy (SEM), and Fourier transform infrared spectroscopy( FT-IR)
spectroscopy.

2 Experimental

2.1 Materials and methods

Cu(NOs),-3H,0, ethyl acetate (CH;COOC,Hs, 99.5%), and sodium hydroxide
(NaOH) were purchased from Merck and AP (AR, dso: 140 um) (96%) was
purchased from Fluka. The FT-IR spectra of the samples were recorded on
an FT-IR spectrophotometer (BRUKER TENSOR 27) in the spectral range of
4000-400 cm™! using KBr pellets. The crystal phase structures of the products
were analyzed by X’Pert Pro MPD (PANalytical) X-ray using Cu Ka radiation
(L=1.54 A) in the 20 range from 20° to 70°. Scanning electron microscope
(SEM) images were obtained by an EM-3200 operated at an accelerating voltage
of 25 kV. Differential scanning calorimetery (DSC) measurements of finely
powdered samples were performed using a Perkin-Elmer Pyris 6 DSC calorimeter
at a heating rate of 10 °C-min ! in the temperature range 50-500 °C using alumina
pans. Thermogravimetric (TGA) experiments were carried out using a Stanton
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Redcroft, STA-780 series with aluminum crucibles, at a heating rate of 10 °C-min™"!
in the temperature range 50-600 °C. The samples (about 3 mg) were placed in
sealed aluminum pans under a nitrogen atmosphere at a flow rate of 20.0 mL-min™".

2.2 Preparative procedures

2.2.1 Ex-situ synthesis

For the synthesis of CuO nanoparticles, Cu(NO;),-3H,0 (0.12 g) was dissolved
in ethyl acetate (60 mL) by vigorous stirring until completely dissolved.
Subsequently, a desired volume of 0.5 M NaOH solution was added to the above
solution, drop by drop, to produce precipitation. The product obtained was filtered
off, washed several times with distilled water and dried for about 6 h at 80 °C
in an electric oven. The black CuO nanoparticle samples were characterized by
FT-IR, XRD and SEM analyses. The CuO NP obtained (0.02 g) was added to AP
(1 g) (for AP2) in an acetone medium, stirred for several minutes and then heated
until solvent evaporation had occurred. The powders were dried in an electric
oven at 80 °C for 1 h. The conditions employed are summarized in Table 1.

Table 1.  The synthetic conditions and catalytic properties of the prepared

samples
Sample Metal salt CuO [%] | Method | AT [°C] |HTD [°C] |AH [J-g!]
APO - - - 181 428 344
APl |Cu(NOs),'3H,0O 2 in-situ 84 352 1317
AP2 |Cu(NOs),'3H,0 2 ex-situ 92 348 1432
AP3 CuCl, 4 in-situ 102 359 1072
AP4 | Cu(NO;),-3H,0 4 in-situ 127 356 1009
AP5 | Cu(NO;),3H,0O 4 ex-situ 90 342 1244
AP6 |Cu(NOs),-3H,0 6 in-situ 116 355 817
AP7 |Cu(NOs),'3H,0O 6 ex-situ 84 338 928

AT is defined as the difference between the HTD and LTD values of the AP samples.

2.2.2 In-situ synthesis

In this synthetic procedure, the selected solvent should dissolve the metal salt but
not the AP. For this purpose, ethyl acetate was chosen as the solvent. In the first
step Cu(NOs),-3H,0 (0.02 g) (for AP1) was dissolved in ethyl acetate (30 mL)
to produce the corresponding solution. Then, AP powder (1 g) was added to the
solution as a template, followed by vigorous stirring to distribute the AP powder
homogeneously in the solution. Subsequently, an appropriate volume of 0.5 M
NaOH solution was added to the prepared mixture, drop by drop, to ensure the
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metal ions in the solution had reacted with the NaOH and complete precipitation
had taken place. The products were then filtered off and dried at 80 °C in an
electric oven. A schematic representation of the details is shown in Scheme 1.

NaOH, Filter

—

Dry

In-situ AP/CuO

Solution of copper salt

Scheme 1. Schematic representation of applied procedure

2.3 Catalytic activity test

The catalytic activity of the in-situ and ex-situ prepared nanocomposites were
investigated through their performance in the thermal decomposition of AP. The
details of these experiments are summarized in Table 1.

3 Results and Discussion

3.1 Crystalline structure (XRD)
The crystal structure of the CuO nanoparticles was characterized by X-ray
diffraction (XRD) analysis. The XRD pattern of CuO nanoparticles is depicted
in Figure 1. The XRD patterns show that all of the diffraction peaks are in good
agreement with the standard diffraction data for CuO (JCPDS 45-0937), and no
characteristic peaks were observed for other oxides (such as Cu,O or Cu,03).
Also, the average crystallite sizes (D) of the samples were calculated using
the Debye-Scherer Equation 1 from the major diffraction peaks [33]:

D kA
"~ BCosb 1

where k is a constant equal to 0.94, 1 is the wavelength of Cu Ka radiation,
[ is the full width at half maximum height (FWHM) of the diffraction peak in
radians, and @ is the Bragg angles of the main planes. The average crystallite
size estimated by applying the Debye-Scherer equation was about 71 nm.
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Figure 1. XRD pattern of copper oxide nanoparticles

3.2 Microscopic studies (SEM)

The surface morphology of the synthesized CuO nanoparticles was investigated
using SEM analysis. The SEM images of the CuO NPs are shown in Figure 2.
As may be seen, the mean particle size of CuO is about 50-70 nm and the
nanoparticles have good homogeneity, spherical shape and appropriate separation.
However, a few aggregates were also observed, which may be due to aggregation
during the washing step. The particle size estimated from the SEM analysis is in
good agreement with the XRD data. Such a small difference can be explained
in terms of the global picture represented by XRD and the local features
demonstrated by the SEM analysis.

26 KV 40.0 KX 1um KYKY-EM3200 SN:0627

Figure 2. SEM image of copper oxide nanoparticles
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Figure 3. SEM image of AP0 (a), AP1 (b), CuO nanoparticles on the surface
of AP (¢), AP2 (d)

SEM images of pure AP (AP0) and the AP1 nanocomposite are shown in
Figure 3. As may be seen in Figure 3a, the particles in pure AP varied between
20-80 pm, with smooth and clean surfaces. Compared with pure AP, the
surfaces of the in-situ AP/CuO nanocomposites are evenly coated with nano
CuO (Figure 3b) in which nanoparticles can be clearly observed on the surface
of the AP (Figure 3c¢).

The SEM images of ex-situ AP-CuO nanocomposites are depicted in
Figure 3d. It may be observed from these images that the appropriate precipitation
had taken place and that the nanocomposite had been successfully synthesized.
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3.3 FT-IR study

The vibrational properties of CuO NPs were studied by FT-IR spectroscopy
and a spectrum is shown in Figure 4. As may seen, the absorption bands at
3420 cm and 1624 cm ™! can be ascribed to the OH stretching and HOH bending
mode of adsorbed water, respectively [34], with three obvious absorption
peaks around 588 cm™!, 534 cm™! and 435 cm™!' which can be assigned to the
vibrations of the copper(Il)—oxygen bonds [35]. There is also a tiny dip in the
spectrum at 2363 cm™' due to the presence of atmospheric CO, [36]. The FT-IR

spectrum presented in Figure 4 is quite consistent with those of CuO in previous
literature [37].

Transmitance /04

3420

: T - - . : -
3800 3300 2800 2300 1800 1300 800 300
Wavenumber/cm?

Figure 4. FT-IR spectrum of synthesized Copper oxide nanoparticles

3.4 Catalytic activity

The DSC curves of pure AP particles along with CuO treated AP (AP0O-AP7)
are shown in Figure 5 and the synthetic conditions and thermal properties of
the samples are summarized in Table 1. The results show that the thermal
decomposition of pure AP (AP0) occurs in two exothermic stages. The first stage,
with an exothermic peak at 286 °C, is attributed to the partial decomposition of AP
with an initial mass loss of about 30%. In this stage some gaseous intermediates,

such as NH; and HClOy, are formed through partial dissociation and sublimation
[38, 39], as follows:

NH,CIO, == NH, +CIO, === NH, (g) + HCIO, (g) === NH,(s) + HCIO,(s) (2)

Since the reaction between the evolved HCIO4 and NHj; is incomplete at
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low temperatures, some of these species are adsorbed onto the solid surface of
unreacted AP. The first stage of decomposition of AP stops when the surface of
AP is totally covered by adsorbed HC1O,4 and NHs.

As the temperature increases to about 380 °C, the second stage of
decomposition of AP commences in which reactions between the adsorbed
HCIO., NH; and other species lead to complete decomposition of AP and the
production of several final volatile molecules, such as HCI, H,O, N,O, Cl,, NO,
0O,, and NO,. This stage is known as the HTD of ammonium perchlorate and is
accompanied with a mass loss of about 70% [40-42].

The catalytic effect of ex-situ synthesized CuO and in-situ grown CuO
nanoparticles on the surface of AP in the thermal decomposition of AP was
investigated by DSC analysis. The ex-situ AP/CuO nanocomposites with
ratios of 98:2, 96:4 and 94:6 (AP2, AP5 and AP7) show significant reductions
of the high decomposition temperature (HTD) from 428 °C for APO to about
348 °C, 342 °C, and 338 °C respectively, and for in-situ nanocomposites AP1,
AP4 and AP6, the HTD is reduced to 341 °C, 356 °C and 355 °C, respectively.
Furthermore, a pronounced increase in the heat evolved occurs upon treatment
of the AP particles as ex-situ and in-situ nanocomposites, being greater with ex-
situ nanocomposites, and the best result occurring with AP2 with a 98:2 ratio
in the ex-situ nanocomposite, the heat released being 1432 J-g™!. The effect of
the chloride salt of copper, as an alternative to the nitrate salt, was examined
at a ratio of 96:4 (AP3). These results showed that the nitrate salt was a better
precursor, and thus was employed in further experiments. There have been
many studies on the mechanism of the effect of nanoparticles as catalysts in the
thermal decomposition of AP, but this still remains unresolved [24]. However,
from these studies two mechanisms were proposed which are based on the
proton and electron transfer theory and are associated with the LTD and HTD,
respectively [38]. According to the proton transfer theory, decomposition starts
through proton transfer from NH,* to C1O4 (Equation 2) and then further reactions
cause partial decomposition of AP. From the electron transfer theory, the main
decomposition stage, which occurs at higher temperatures, is initiated by electron
transfer from anion to cation which leads to NH; and CIO§ species [43]:

NH; + ClO; — NH? + CIOY 3)

It is believed that this electron transfer reaction is a key step in the thermal
decomposition of AP, which significantly affects the rate and types of relevant
reactions. It is also greatly influenced by the presence of electron mediators
which can facilitate electron transfer from ClO; to NHJ. In this view, the
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catalytic activity of CuO can be attributed to the active d shell of Cu?**(3d°) in
CuO which can be changed into the stable fully-filled 3d-orbital form of Cu*
(3d'%) and the electron transfer can be accelerated as result of concurrent contact
of the copper atom with NH; and C10; according to following equations [44-46]
(Equations 4, 5):

Cu** + Cl10; — Cu* + CIO} (4)
Cu* + NH; — Cu** + NHJ (5)

The ammonium radical could then decompose to ammonia and
a hydrogen atom:

NH} — NH; + H (6)

Atomic H and CIOf interact with each other and produce HCIO,, which can
interact further with H as represented in the following equation:

HCIO, + H — H,0 + CIO} (7)

The ClO; radical can act as an electron scavenger and become converted
to CIO;~ which can react with NHj; in the gas phase resulting in various species
such as O,, N,O, Cl,, NO and H,O [8].

Ammonia formation in the presence of metal oxide nanoparticles can also
be discussed based on proton transfer theory [36], in which reaction of NHy
with surface oxide ions of spinel accelerates NH; formation (Equation 8) and
subsequent reactions.

ONH; + 0% — H,0 + 2NH; (8)

The oxide ions, together with other products of the decomposition of HCIOs,
could then oxidize NH; and complete the decomposition of AP [19].

On the other hand, heat release or energy release is one of the most important
properties of the thermal decomposition and combustion of AP and AP-based
solid composite propellants. Catalysts always play a key role in the heat releasing
processes of propellants. Due to the higher surface to volume ratio of nano
particles, nano-catalysts are likely to exhibit much higher catalytic efficiency
than micro catalysts [47].
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Figure 5. DSC and TGA curve of AP0-AP7 (a), and TGA curve of APO,
API1 and AP2 at heating rate of 10°C-min~! sample mass 3 mg; N,
atmosphere

Although many investigations have been carried out on the catalytic
improvement of the thermal decomposition properties of AP particles by different
nano-additives and two major mechanisms, involving electron transfer from
perchlorate ion to ammonium ion and proton transfer from ammonium ion to
perchlorate ion, have been proposed for the thermal decomposition of AP [20-22],
the mechanistic studies on the effect of nano-additives on thermal decomposition
of AP have rarely been performed [48]. However that may be explained by
two proposed approaches. Firstly, the higher surface area of nano relative to
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micro particles results in less sputtering of the particles during decomposition.
This causes less mechanical loss and more efficient heat transfer within the
nanocomposite, causing high heat release. Another reason for the higher heat
release may be attributed to the efficient combustion of NH; with chlorine oxides
in the presence of CuO nanoparticles involved in Equations 3-8 [48, 49].
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Figure 6. Variation of decomposition released heat (a), HTD temperature (b)
and difference between HTD and LTD (c) for pure AP (APO) and
treated samples

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland



164 A. Eslami, N. M. Juibari, S. G. Hosseini, M. Abbasi

The TGA curves of APO along with AP1 and AP2, which are the best
catalyzed samples, are shown in Figure 5b. It may be observed that the
thermal decomposition of the catalyzed samples occurs at a lower and narrower
temperature range, especially in the second step. So, we can attribute any
improvement in the thermal decomposition of AP mainly to the action of copper
oxides nanoparticles.

The variations in the thermal decomposition properties of pure AP and the
treated samples are shown in Figure 6. As may be seen in Figure 6a, the heat
of decomposition of AP2 is higher than those of the others, and, according to
Figure 6b, the decomposition temperature for AP1 is lower than that of the other
samples. The differences between HTD and LTD are shown in Figure 6c.

In order to obtain a better view of the catalytic activity of the prepared CuO
nanoparticles, the results of this study were compared with literature reports.
As shown in Table 2, the prepared CuO nanoparticles exhibited good catalytic
activity in decreasing the HTD temperature and increasing the heat released from
AP compared to previously reported copper oxide nanoparticles.

Table 2.  Catalytic activity of the different synthesized CuO nanoparticles
on the thermal decomposition of treated ammonium perchlorate

particles
No. | AP/Metal ratio | Method of synthesis” | HTD [°C] Reference
1 100:0 - 428 This work
2 100:2 Electrochemical 360 [23]
3 100:3 Sol-gel 353 [43]
4 100:1 Commercial 359 [50]
5 100:2 Commercial 348 [50]
6 100:3 Commercial 347 [50]
7 100:2 Deposition 364 [51]
8 100:2 CLD (ex-situ) 348 This work
9 100:2 CLD (in-situ) 341 This work

*CLD: chemical liquid deposition method

In summary, based on the experimental results that are represented in
Figures 5 and 6 and Table 1, the ex-situ prepared CuO nanoparticles, have
a slightly better catalytic effect on the thermal decomposition of ammonium
perchlorate than the in-situ prepared ones.
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4 Conclusions

Ex-situ and in-situ AP-CuO nanocomposites were successfully synthesized by
a facile chemical liquid deposition method at room temperature and evaluated for
their catalytic properties on the thermal decomposition of AP. The results showed
that ex-situ nanocomposites have a better effect on the thermal decomposition of
AP. SEM images showed that the synthesized CuO NPs were uniformly coated
on the surface of AP in the in-situ experiments. It was found that both in-situ
and ex-situ AP-CuO nanocomposites have good catalytic activity in lowering the
thermal decomposition temperature and increasing the heat released and that the
ex-situ samples have a slightly better catalytic effect than the in-situ ones. The
DSC results indicated that the ex-situ AP/CuO nanocomposite (AP2), which has
a 98:2 AP to metal weight ratio, exhibits the highest catalytic activity.
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