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In the present work, nano-sized CuO, Co3O4 and CuCo2O4 powders were prepared via different methods such
as co-precipitation, thermal decomposition of oxalate precursor and sol–gel and their catalytic activities towards
thermal decomposition of ammoniumperchloratewere investigated using DSC technique. CuCo2O4 showedbetter
catalytic activity than others and the thermal decomposition temperature of ammonium perchlorate shift down-
ward about 103 °C. The catalytic mechanism was also briefly discussed. TG-DSC, FT-IR, XRD, SEM, TEM and BET
techniqueswere applied for studying of thermal behavior, examination of catalytic activity, spectroscopic, structur-
al, morphological characterization and determination of specific surface area of synthesized powders, respectively.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Inorganic 3d-transition metal oxides have attracted tremendous at-
tention due to their remarkable catalytic, magnetic, optical, electrical
properties and potential application in many fields of engineering and
science [1–3]. Nano-sized Co3O4 and CuO are important inorganic p-
type semiconductors with direct optical band gaps at 3.95–2.13 eV [4]
and 1.4 eV [5] respectively. Cobalt and copper oxide powders have a
wide range of applications in various fields of industry including
anode materials for rechargeable Li-ion batteries [6], gas sensors, solid-
state sensors, ceramic pigments, heterogeneous catalysts, rotatable
magnets, electrochromic devices, magnetic materials and in energy
storage [7–11]. Much efforts have been made to prepare Co3O4 and
CuO nanoparticles, including pulsed laser deposition [12], sol–gel
route [13], chemical spray pyrolysis [14], gel hydrothermal oxida-
tion, ionic liquid-assisted [15], hydrothermal [16], polymeric citrate
[17,18], and the reverse micellar method [19].

Complex oxides (containing two or more types of cations) with
spinel structure are of intense interests in material research because
of their remarkable optical, electrical, magnetic, catalytic properties
and widespread applications in science and engineering. Among

these, spinel cobaltites (MCo2O4; M_Co, Cu, Mn, Ni, Zn, Mg, etc.)
have recently drawn considerable attention by virtue of their superior
physicochemical properties and tremendous potential for many tech-
nological applications, ranging from catalysts and sensors to electrode
materials and electrochromic devices [20].

In this work, the two investigated systems are the spinel cobaltite
with the initial formula MCo2O4 (M_Co(II), Cu(II)). Their normal and
inverse spinel structures with two different crystallographic sublattices
for the cations can be represented by a general formulas A[B]2O4 and B
[AB]O4 respectively; where elements A and B denote divalent and triva-
lentmetallic cations, respectively, and cations inside the parenthesis are
octahedrally and those outside are tetrahedrally coordinated with oxy-
gen ions [21]. In Co2+[Co3+]2O4

2− (Co3O4—normal spinel), the Co3+

cations complete the B sites and the Co2+ cations occupy the A sites
[22,23]. S. Angelov and et al. found that in the case of CuxCo3-xO4

when x>0.2 a transition occurred from a normal to an inverse spinel
[24]. In Cu2+[Co3+]2O4

2− (CuCo2O4-inverse spinel) the Co3+ cations
complete the A sites and half of B sites, and Cu2+ cations occupy B
sites [25] and is a typical John–Teller ion.

Copper cobaltite inverse spinel with the general formula CuxCo3-xO4

(here x=1) is well known for the catalytic activity toward the oxidation
of CO to CO2, alcohol synthesis, automobile pollution control and oxygen
evolution [26–30]. Cubic CuCo2O4 inverse spinel crystals with various
structural/morphological characteristics (i.e., particle size, shape, stoichi-
ometry and cation distribution) have been prepared by diverse synthetic
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routes including nitrate decomposition [3,27], urea combustion [31],
co-precipitation [32–34,57], sol–gel [35,57], hydrothermal [36],
aerosolpyrolysis [37], anodic electrodeposition [38] and so forth.

Ammonium perchlorate (AP) is the main composition in many
propellants. The application of superfine AP can improve the perfor-
mance of propellants to some extent. However, the preparation of su-
perfine AP is very dangerous and difficult, because the material of AP
is a kind of strong oxidant [39]. The activation energy, reaction rate
and pyrolysis temperature of the thermal decomposition of AP are re-
lated to the properties of solid propellants, especially the combustion
rate. The lower the pyrolysis temperature, the shorter the delay time
of propellant ignition, and the higher the combustion rate [40]. The
performances of propellants can be improved further more by adding
a small amount of catalyst in superfine AP.

The catalytic applications of some transition metals and their ox-
ides for the thermal decomposition of AP have been widely studied
[41–44]. To the best of our knowledge, there is no report on the com-
parative investigations of catalytic behaviors of Co3O4, CuO and
CuCo2O4 on the thermal decomposition of AP. Central in this study
is synthesizing maintained nano metal oxides with different methods
and investigation of their catalytic activity on the thermal decomposi-
tion of Ammonium perchlorate.

2. Experimental details

2.1. Materials

All the AR-chemical reagents purchased from Merck and Sigma-
Aldrich and used as received without further purification. In all syn-
thesis methods, metal and M are Co, Cu and (1Co+2Cu).

2.2. Synthesis

2.2.1. Co-precipitation method
The co-precipitation process was carried out at 50 °C with 50 mL

of 0.6 M metal nitrate solution added drop wise to 100 mL of 3.2 M
NaOH solution; 100 mL of H2O2 (50 wt.%) was then introduced drop
wise under constant stirring. The color of mixture changed to dark
brown. In order to avoid the contamination of chloride ion, the
H2O2 was used as an oxidizing agent instead of NaOCl [41]. The
obtained precipitate was filtered, washed with deionized water and
dried in an oven at 110 °C for 24 h. The dried precipitate was ground
and calcined at 350 °C for 2 h.

2.2.2. Oxalate decomposition method
A 0.3 M solution of metal nitrate was prepared by dissolving in etha-

nol. The temperature was raised to 50 °C and after 30 min of continuous
stirring, oxalic acid (OA) was rapidly added to the solution. The molar
ratio M:OA was 1. The system was kept at 70 °C under reflux for 2 h
and a precipitate was obtained; then the acetic acid and some of the eth-
anol were evaporated and the resulting viscous gel was dried at 80 °C
overnight. The dried metal oxalate was ground and calcined at 350 °C
for 2 h. For obtaining pure CuCo2O4 spinel phase instead of CuO/Co3O4

composite in this method, the obtained precipitate for synthesis of
CuCo2O4 was ground and calcined at 850 °C for 2 h.

2.2.3. Sol–gel method
Metal nitrate andmixture of ethyl acetate and citric acid (0.5:0.5 M)

was dissolved in 50 mL of ethanol separately and then mixed with the
molar ratio of Ligand:M=1. Cetyltrimethylammonium bromide
(CTAB) was added to the above mixed solution so that the molar ratio
of CTAB:M was 0.2. The resultant homogeneous solution was continu-
ously stirred for 2 h and the temperature was increased to the boiling
point of the solution. The system was refluxed for 16 h and then con-
centrated to about 1/3 of the initial volume. The residual solution was
kept at 60 °C to evaporate ethanol until gelatin was completed. The

gel was heat treated at 100 °C for 2 h and polymeric citrate-acetate pre-
cursor was gained. Finally, the synthesized precursor was ground to a
fine powder and calcined in air at 400 °C for 2 h.

2.2.4. Catalytic activity tests
AP was selected as a target material for investigation of catalytic

activity of these nano materials. Synthesized nano metal oxides
powders via sol–gel method and AP were mixed in 3:97 mass ratios
to prepare the samples for thermal analysis.

2.3. Characterization

X-ray Diffraction (XRD) patterns were recorded by a Bruker
D8-Advance diffractometer using Cu Kα radiation (λ=1.5406 Å).
Fourier Transform Infrared (FT-IR) spectra were recorded on a
Bruker-vertex70 spectrophotometer in KBr pellets. Surfacemorphology
of product was characterized by using a LEO-1430.VP Scanning Elec-
tronicMicroscopy (SEM)with an accelerating voltage of 15 kV. TEM im-
ages were prepared on a Philips EM208 transmission electron
microscope operated at an accelerating voltage of 100 kV. The BET spe-
cific surface area of the synthesized nano-particles was determined by
nitrogen adsorption at liquid nitrogen temperature on a Sibata
SA-1100 surface area analyzer. The thermal decomposition processes
of the samples were characterized by Differential Scanning Calorimetry
(DSC) using Mettler Toledo DSC823E instrument was used at a heating
rate of 20 °C/min in N2 atmosphere with Al2O3 as reference.
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Fig. 2. TG-DSC curves of Co(C2O4) (oxalate decomposition method).
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Fig. 1. TG-DSC curves of Cu(OH)2 (co-precipitation method).
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3. Results and discussion

3.1. Characterization of structure and morphology

The thermal behavior of the precursors were investigated by
TG-DSCmethod in temperature range 25–500 °C and their calcination
temperatures were concluded from this method. Fig. 1 shows TG-DSC
curves of copper hydroxide precipitate. According to the TG curve, this
precursor has two weight loss steps. The first weight loss step occurs in
temperature range of 100–180 °C attributed to water removing from
precursor and second dominating weigh loss happens at about
280–320 °C, which is considered to the formation of final copper
oxide. The DSC curve shows two endothermic and exothermic peaks
at 110.24 and 318.54 °C that these peaks certify the obtained results
from TG analysis respectively [45].

Fig. 2 shows thermal characteristics of cobalt oxalate. TG curve
shows two weight loss steps in the temperature ranges of 175–220
and 260–310 °C. The first weight loss corresponds to the evaporation
of crystallized water and formation of anhydrous cobalt oxalate in
this stage. The value of weight loss in this step is about 17.75%,
which is close to the theoretical value. The second weight loss can
be attributed to the decomposition of Co(C2O4) precursor and then
formation of final cobalt oxide. The value of weight loss was found to
be 41.2%, which corresponds to the loss of two moles carbon dioxide
to form the cobalt oxide; the observed weight loss is close to the theo-
retical value (41%). The DSC curve shows two exothermic peaks at
197.02 and 275.14 °C, that these peaks certify the obtained dominant
mass loss results from TG analysis.

TG-DSC curves of acetate-citrate precursor are shown in Fig. 3. Data
extracted from these curves indicate that three-stage weight loss oc-
curred by temperature rising. In TG curve, the first stage in the range
of 50–180 °C is related to hydrated water and unreacted citric acid re-
moving, which is specified by endothermic peak in DSC curve. The sec-
ond weight loss in the range of 180–275 °C is associated to initial
acetate–citrate complex and oxidation of organic materials which cor-
responding to endothermic peak around 210 °C. The last weight loss in
temperature range of 320–400 °C is attributed to Cu\Co acetate–citrate
complex decomposition with the formation of CuCo2O4 which corre-
sponding to the DSC endothermic peak around 375 °C [46].

Room temperature powder X-ray diffraction patterns of synthesized
products by sol–gel route were performed to identify the presence of
crystalline phase in the samples that are shown in Fig. 4. Fig. 4-a
shows the XRD pattern of obtained powder after calcining the copper
citrate-acetate precursor in 400 °C for 2 h. All diffraction peaks in this
pattern could be indexed to a pure monoclinic (Tenorite) crystalline
(space group: C2/c [15]) of CuO with lattice parameters a=4.68370 Å,

b=3.42260 Å, c=5.12880 Å and β=99.540 (ICDD card No. 72-
0629). No obvious peaks of impurities were seen in this pattern such
as Cu2O, Cu, Cu(NO3)2, etc.

Fig. 4-b displays a typical XRD pattern of the nano crystalline
Co3O4. All its diffraction peaks can be readily indexed to a pure face-
centered cubic (fcc) structure (space group: Fd3m [227]) of Co3O4

normal spinel. The XRD pattern of CuCo2O4 is shown in Fig. 4-c. The
diffraction peaks from this sample show a face-centered cubic struc-
ture (space group: Fd3m [227]) of CuCo2O4 inverse spinel. In two
late XRD patterns, no diffraction peaks were seen arising from the
possible impurity phases such as CuO, Cu2O, CoO, CoO2, Cu, Co, etc.

The unit cell's dimension of spinel structure was determined from
d-spacing for the (220) and (311) plans by using the formula of a
cubic lattice:

a0 ¼ d h2 þ k2 þ 12
� �1=2

: ð1Þ

Here h, k and l are the Miller indices. Values of the unit cell's di-
mension ‘a0’ were found to be 8.060 and 8.110 Å for the Co3O4 and
CuCo2O4 respectively. However, a-value observed for Co3O4 is lower
than its corresponding value in literature (a=8.083 Å, ICDD card
No. 42-1462) while for CuCo2O4 is higher than its corresponding
value in literature (a=8.105 Å, JCPDS card No. 37-0878). According
to XRD data, a-value observed for Co3O4 is lower than CuCo2O4;
thus, introduction of Cu increases the a-value. This increase can be at-
tributed to the higher radii of Cu2+ in comparison with Co2+. The
ionic radii of the Cu2+ are 57 pm in the tetrahedral site and 73 pm
in the octahedral site, while Co2+ are 58 pm in the tetrahedral site
and 52.5 pm in the octahedral site. The ions radii difference of the
two sites is 16 pm for the copper ions and 5.5 pm for the cobalt
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Fig. 4. XRD patterns of CuO (a), Co3O4 (b) and CuCo2O4 (c) prepared via sol–gel
method.
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ions. So the increase of a0 can be explained by the accommodation of
Cu2+ at the octahedral sites in the spinel structure [25].

The average crystallite sizes (C.S) of the nanocrystals were calculated
using the Debye–Scherer Eq. (2) from the major diffraction peaks.

C:S ¼ K:λ=β:cosθ: ð2Þ

Where K is a constant equal to 0.9, λ is the wavelength of Cu Kα
radiation, β is the full width at half maximum (FWHM) of the diffrac-
tion peak in radiant and θ is the Bragg angles of the main planes. The
average crystallite sizes of CuO, Co3O4 and CuCo2O4 are 16.5, 19.2 and
18.4 nm respectively.

FT-IR spectroscopy is used as a powerful tool to provide supplemen-
tary on the nature of metal oxides [47]. Fig. 5 shows comparative FT-IR
spectra of CuO, Co3O4 and CuCo2O4. Fig. 5-a shows mid-IR region of
these metal oxides, appeared broad bands about 3400 cm−1 in all spec-
tra are assigned to both νs(O\H) and νas(O\H) [48], and the less inten-
sive bands at 1632 cm−1 are attributed to bending vibration δ(H\O\H)
of hydrated water [9]. The region below 1000 cm−1 shows intensive
band in all spectra which are related to stretching vibration mod of
M\O bond and confirm the formation of metal oxide [23,49]. Fig. 5-b
shows zoomed region of 400–800 cm−1. FT-IR spectrum of CuO shows
abroad band at 525 cm−1. The absorption band of the (CuI\O) appeared
in about 623 cm−1 region which was singlet [50,51], but the absorption
bands of the (CuII\O) appeared in about 430–606 cm−1 regions which

were triplet [39,52]. Hence, the broad band at 525 cm−1 can be attribut-
ed to the stretching vibrations of (CuII\O).

After calcining the cobalt citrate–acetate precursor, a soft black
powder was obtained which its FT-IR spectrum is shown in Fig. 5-b.
The FT-IR spectrum displays two distinct and sharp bands at 580
(ν1) and 667(ν2) cm−1, which are attributed to the stretching vibra-
tion mode of M\O bond and confirm the formation of Co3O4 spinel.
The ν1 band is characteristic of Co3+ vibration in the octahedral
hole, and ν2 band is attributable to Co2+ vibration in tetrahedral
hole in the spinel lattice [23,49,53]. Furthermore, the FT-IR spectrum
of CuCo2O4 reveals two remarkable keen-edge peaks in the range of
800–500 cm−1 which are contribution from the spinel phase. The
spectrum indicates the presence of two-absorption bands ν1 at
573 cm−1 and ν2 at 659 cm−1. The band, ν1, is attributed to the
stretching vibration of Co3+\O2− in the tetrahedral complexes and
the ν2 band to that of Cu2+\O2− in the octahedral complexes. The po-
sitions of these bands confirm the existence of Cu2+ ions entirely in the
octahedral sites and the Co3+ ions in tetrahedral ones [54,55]. This
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Fig. 6. SEM micrographs of CuO (a), Co3O4 (b) and CuCo2O4 (c) prepared via co-
precipitation method.
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spectroscopic data indicates that CuCo2O4 is not a mixture of CuO and
Co3O4 or CuO and Co2O3 but a complexity.

Surface morphology of metal oxides was studied by using Scan-
ning Electron Microscopy (SEM). Micrographs of prepared CuO,
Co3O4 and CuCo2O4 via co-precipitation method are shown in Fig. 6.
The images show that the oxides consist of agglomerated spherical
particles with 20–60 nm average particle size whereas the synthe-
sized nano metal oxide powders via oxalate decomposition route
consist of strong agglomerated particles with narrow size distribution
and no specific shape was observed (Fig. 7). It was noted that the size
as well as the nature of the particles somewhat depends upon the
temperature and the time of calcination treatment.

The SEM images of synthesized metal oxide via sol–gel route using
cetyltrimethylammonium bromide (CTAB) surfactant are shown in
Figs. 8–10. The SEM micrographs of CuO are shown in Fig. 8. The
SEM images indicate that a large quantity of monodispersed nanorod
like CuO with good uniformity was achieved by using this approach.
These nanorods have a mean diameter of about 70 nm with little

Fig. 7. SEM micrographs of CuO (a), Co3O4 (b) and CuCo2O4 (c) prepared via oxalate
decomposition method.

Fig. 8. SEM micrographs of CuO prepared via sol–gel method.

Fig. 9. SEM micrographs of Co3O4 prepared via sol–gel method.
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deviation and length of about 200 nm. Fig. 9 shows representative
SEM images of the prepared Co3O4 samples. Many microparticles,
which have uniform and monodisperse similar spherical morphology,
are observed. This indicates that our synthesis process definitely is
possible for preparation of regular spherical Co3O4 nanostructures
on a large scale. Typical diameter of the micro-spheres is estimated
about 1.1–1.3 μm. The particles are in random arrangement, showing
little aggregation. Fig. 10 shows the low and high magnification SEM
images of ellipsoid like copper cobaltite with radii between 120 and
200 nm. These images also show that the nanostructure has a cluster
formation. In fact, morphology, size, and structure of the final products
were controlled using CTAB surfactant. As can be seen the observed
morphology of copper cobaltite is incorporation of rod and sphere and
it was observed as an ellipsoidal particles.

Table 1 shows the specific surface area, measured by BET method.
The results show that all the synthesized powders by sol–gel method
are highly dispersive.

Transmission electronic microscopy, TEM, was use to get more in-
formation about the shape and crystallite size of synthesized nano
powders. Fig. 11 shows the TEM images of synthesized metal oxides

via sol–gel method. Typical TEM micrograph of CuO (Fig. 11-a)
shows the formation of uniform and monodispersed CuO nanorod
with mean diameter and length about 20 and 70 nm, respectively
which agrees well with the results that are calculated based on XRD
analysis. TEM image of Co3O4 in Fig. 11-b shows Co3O4 nanoparticles
with mean crystallite size about 30–40 nmwith strong agglomeration
and no specific observable shape. It can be seen that a large number of
Co3O4 nanocrystals aggregate together and obtained powder are
spherical cluster-arranged with diameter of about 300–400 nm. On
the other hand, each of the spheres consists of many irregular particles
approximately 30–40 nm and the observed morphology is spherical in
micrometer scale. TEM image in Fig. 11-c shows that the CuCo2O4 nano-
particles have a spherical shape with mean size of about 25 nm, which
is evident that the particle size agrees well with the crystallite size de-
termined from powder XRD measurements. An individual ellipsoidal
nanoparticle with a diameter approaching 200 nm is shown in Fig. 10,
which demonstrates that the CuO nanostructures with ellipsoidal
shapes are composed of several interconnected sphere-like crystallites
with diameter in the range of 18–35 nm.

3.2. Catalytic activity of oxides

The catalytic behavior of the nano-sized powder on the thermal
decomposition of AP was demonstrated by the DSC experiment. The
DSC curves of pure AP and the mixtures of metal oxides with AP are
shown in Fig. 12. The DSC curve of pure AP indicates its thermal de-
composition consists of three stages. In first stage, an endothermic
peak is observed at 247.24 °C, which is ascribed to the crystallographic
transition of AP from orthorhombic to cubic [56]. In the subsequent two
stages, the first exothermic peak appears at 331.14 °C, corresponding
to the partial decomposition of AP and formation of an intermediate
product and the second, also the main exothermic peak, appears at
relatively higher temperature of 443.61 °C, indicating the complete
decomposition of the intermediate product into gaseous products
[39].

Fig. 12 shows catalytic effect of CuO, Co3O4 and CuCo2O4 on de-
composition temperature of AP. DSC endothermic phase transition
peaks of AP in presence of any catalysts appeared in the same position
around 250 °C, indicating no significant impact of these catalysts on
the change of this temperature. However, decomposition stages of
AP notably lowered by addition of above-mentioned nano catalysts
in compared with pure AP. These temperatures and some other crystal
properties of catalysts are listed in Table 1.

According to DSC data, these nano catalysts effectively could be
decreased first and second decomposition temperature of AP, also as
shown in Table 1, CuCo2O4 was more effective than others and the
thermal decomposition temperature of AP shifts downward about
103 °C.

3.2.1. Mechanism of thermal decomposition of AP
Based on studies in recent years [58–66], two major mechanisms

have been proposed for the thermal decomposition of ammonium
perchlorate. First: electron transfer from perchlorate ion to ammonium
ion, which is as follows:

ClO
−
4 þ NH

þ
4 →ClO

0
4 þ NH

0
4:

NH
0
4→NH3 þ H:

ClO
0
4 þ ClO

−
4 ¼ ClO

−
4 þ ClO

0
4:

Fig. 10. SEM micrographs of CuCo2O4 prepared via sol–gel method.

Table 1
Catalytic activity results of as-synthesized nano-sized metal oxide powders via sol–gel
method.

Sample Catalyst properties AP thermal decomposition
temperature (°C)

Crystal size
(nm)a

Surface area
(m2 g−1)b

Phase
trans.

First stage Second
stage

Pure AP – – 247.24 331.14 443.61
AP+CuO 16.5 61.3 ~247 325.72 353.14
AP+Co3O4 19.2 56.2 ~247 316.14 351.54
AP+CuCo2O4 18.4 53.4 ~247 308.43 340.83

a Calculated using the Scherrer's formula on the diffraction peak ofmaximum intensity.
b From BET equation.
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HClO4 þ H→H2O þ ClO3:

Second: proton transfer from ammonium ion to perchlorate ion,
which is as follows:

NH4ClO4ðsÞ→NH
þ
4 þ ClO

−
4 →NH3ðsÞ þ HClO4ðsÞ→NH3ðgÞ þ HClO4ðgÞ:

For first mechanism, it is proposed that rate-controlling step is the
electron transfer [61,42], and since, CuO, Co3O4 and CuCo2O4 are p-
type semiconductor and they have effective sites (positive holes on
catalyst surface) for accepting released electron from perchlorate
ion. Thus, these catalysts accelerate the electron transfer.

e
−
oxide þ ClO

−
4 →Ooxide þ ClO

−
3 →1=2O2 þ ClO

−
3 þ e

−
oxide:

Where e−oxide is a positive hole in the valance band of the oxide
and Ooxide is an abstracted oxygen atom from oxide. It is well
known that this mechanism involves two crucial steps: (1) ammonia
oxidation and (2) dissociation of ClO4

− species into ClO3
− and O2. In

the first step, metal oxides exhibit high and stable catalytic activity to-
ward ammonia oxidation and in the second step metal oxides accept
the donated electron from ammonia oxidation, which may promoted
the dissociation of ClO4

− species into ClO3
− and O2 [61].

CuCo2O4 plays better catalytic role than others on AP thermal de-
composition. What is reason for that its excellent catalytic role? The
presence of a partially filled-3d orbital provides a good explanation
of this mechanism. Cu2+ and Co3+ are all in the presence of a partially
filled 3d-orbital. In comparison with single and binary metal oxides, in

CuCo2O4, both Cu2+ (3d9) and Co3+ (3d6) can easily accept the re-
leased electron from ClO4

− to form stable full-filled 3d-orbital Cu+

(3d10) and Co2+ (3d7) cations [59–60].

Cu
2þ þ ClO

−
4 →Cu

þ þ ClO4

Co
3þ þ ClO

−
4 →Co

2þ þ ClO4:

This is one possible reason that CuCo2O4 exhibits stronger catalyt-
ic activity than probably CuO and Co3O4, which shows that CuCo2O4

has a positive synergistic catalytic effect [59]. In addition, we pro-
posed that the existence of lattice defects in the CuCo2O4 (Cu2+

John–Teller effect) in comparison with Co3O4, probably creates posi-
tive holes and electrons. In the decomposition process of AP, CuCo2O4

provides a bridge for transferred electrons from perchlorate ions to
the ammonium ions better than other two metal oxides [62].

For the second mechanism, the primary detected products in the
experiments by different researchers were ammonia and perchloric
acid [60–64]. This allowed the assumption that the primary stage of
AP's thermal decomposition process is proton transfer. This mecha-
nism involves three crucial steps: Step (I) involves a pair of ions in
AP lattice. Step (II) involves decomposition or sublimation step that
starts with proton transfer from the cation NH4

+ to the anion ClO4
−,

then the molecular complex is formed and decomposes into NH3

and HClO4 in Step (III). The molecules of NH3 and HClO4 either react

ba

c

Fig. 11. TEM micrographs of CuO (a), Co3O4 (b) and CuCo2O4 (c) prepared via sol–gel method.
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in the adsorbed layer on the surface of perchlorate or desorbs and
sublime interacting in the gas phase [58]:

Ið Þ IIð Þ IIIð Þ
NH4C1O4↔NH3 � H � C1O4↔NH3 � HC1O4

↕
NH3 að Þ þ HC1O4 að Þ

↕ ↕
NH3 gð Þ þ HC1O4 gð Þ:

In the basis of proton transfer mechanism, during the higher tem-
perature decomposition step, nanoparticles absorb the gaseous reac-
tive molecules on their surface and catalyze the reaction. The
creation of more holes within the p-type semiconducting catalysts is
responsible for enhancing the decomposition rate of AP. The mecha-
nism of catalytic action is based on the presence of superoxide ion
O2− on the surface of catalysts. The O2− species formed during AP's
decomposition and the surface O2− species of catalysts are likely
the proton traps through the following reaction [39,65]:

2NH
þ
4 þ O

2−→H2O þ 2NH3:

It is known that the specific surface area, shape and particle size of
catalysts are so important factors for proton transfer mechanism and
previous studies have shown that by increasing of specific surface
area the catalytic efficiency has enhanced. Based on our results, the
obtained BET data show that the specific surface areas of synthesized
catalysts are approximately equal, and then it seems that the ability of
catalysts in O2− creation and gas absorption on their surface, which
caused motivation and completion of AP thermal decomposition, is
plausible for this reason. CuCo2O4 in comparison with CuO and
Co3O4 can produce more O2− species on its surface and accelerate
the AP thermal decomposition more than others [66].

As a whole, the catalytic roles that metal oxide additive play in the
AP decomposition are still not fully understood.

AP is supposed to have thermal decomposition with chain reaction
mechanism as thoroughly scrutinized by YU Zongxue's group [40],
and they proposed a mechanism for the decomposition of AP. At
low temperature, the products of thermal decomposition of pure AP
are NH3, H2O and a small amount of N2O and O2. During the high-
temperature stage of AP's decomposition, HCl, H2O, N2O, NH3, Cl2,
NO, O2, NO2 and a small amount of ClO2 are formed. Based on this
mechanism we propose the following route (proton transfer) for
the decomposition of AP:

1 At low temperature:

NH4ClO4→NH
þ
4 þ ClO4

NH
þ
4 þ ClO4→NH3 þ HClO4

4HClO4→2ClO3 þ 2ClOþ 3O2 þ 2H2O

2NH3 þ 2O2→N2O þ 3H2O↔NH4NO3 þ H2O:

2 At high temperature:

4HClO4→Cl2 þ 5O2 þ 2ClO2 þ 2H2O

2Cl2 þ 2H2O→4HClþ O2

2NH3 þ 2ClO2→N2O þ Cl2 þ 3H2O

N2O þ O2→NO þ NO2:

4. Conclusions

In this work, we synthesized nano-sized CuO, Co3O4 and CuCo2O4

powders via different methods including co-precipitation, thermal
decomposition of oxalate precursor and sol–gel. Different thermal
analysis techniques including TG-DSC and DSC were applied for
studying thermal behavior of precursors and some spectroscopic
methods such as FT-IR, XRD, SEM and TEM were used for studying
structural characteristics of synthesized nano metal oxides. Interpre-
tation of obtained results from XRD, SEM and TEM studies certified
the formation of nano sized particles of these oxides. The catalytic ac-
tivities of as-synthesized metal oxides on thermal decomposition of
AP were tested. CuCo2O4 showed better catalytic activity than others
and shifted the AP thermal decomposition temperature downwardly
to about 103 °C. Two mechanisms based on proton and electron
transfer processes have also been proposed for AP decomposition in
the presence of nano-sized powder oxides.
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