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CuO NANOCRYSTALS IN THERMAL DECOMPOSITION OF
AMMONIUM PERCHLORATE
Stabilization, structural characterization and catalytic activities

L.-J. Chen, G.-S. Liand L.-P. Li"

State Key Lab of Structural Chemistry, Fujian Institute of Research on the Structure of Matter and Graduate School of the
Chinese Academy of Sciences, Fuzhou 350002, P. R. China

CuO nanocrystals of different surface areas were prepared. All samples were characterized by X-ray diffraction, transition electron
microscope, thermogravimetry, Brunauer—Emmett-Teller technique, Fourier transform infrared spectroscopy, and Raman spectros-
copy. CuO nanocrystals showed a stable monoclinic structure. With increasing surface areas, the surface hydration became signifi-
cant, which is followed by shifts in infrared frequencies and Raman phonon modes. CuO nanocrystals were explored as an additive
to catalytic decomposition of ammonium perchlorate (AP). AP decomposition underwent a two-stage process. Addition of CuO

nanocrystals led to a downshift of high-temperature stage towards lower temperatures.
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Introduction

CuO is a typical p-type semiconductor with a narrow
bandgap of 1.2 eV and has promising applications in
many fields including catalyst [1], lithium ion batter-
ies [2], magnetic storage [3], semiconductors [4], gas
sensor [5], and solar-energy conversion [6]. The per-
formance of CuO in these applications can be signifi-
cantly improved when the particle sizes are controlled
to vary within the nanoscale regime. For instance, the
catalytic activities of nanocrystals are superior over
the bulk in the thermal decomposition of ammonium
perchlorate (AP) [7].

AP is one of the main oxidizing agents in com-
posite solid propellants, in which AP plays a signifi-
cant role in the burning process [8]. Thermal decom-
position of AP has been extensively studied by taking
advantages of the catalytic activities of additives of
transition metal oxides and metal powders [9, 10].
It is shown that among these catalytic additives, CuO
nanocrystals could be an effective catalyst during AP
decomposition, though their physical dimension
dependences of catalytic activities are still poorly un-
derstood. Luo et al. thought the average size of CuO
has no influence on the thermal decomposition of
AP [11], while Singh et al. concluded that CuO with
larger surface areas can give higher catalytic activity
towards the AP decomposition [12]. A systematic
study of the effects of different sizes (or surface areas)
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of CuO nanocrystals additives on AP decomposition
is necessary to understand the underlying catalysis.

Material stabilization is also a great concern to
the catalytic and many other applications of CuO
nanocrystals. Palkar et al. prepared CuO nanocrystals
by annealing the dehydrated citrate precursor and
freshly precipitated oxalate [13]. They found that
CuO nanocrystals were unstable below 25 nm and
would transform into high-symmetry cubic Cu,O. Al-
cohol-thermal method is facile to synthesize small
size of about 3 nm CuO [14], but during the subse-
quent high temperature reaction, CuO nanocrystals
are always partially reduced to Cu,O or Cu nano-
crystals by ethanol. Consequently, controlled growth
of CuO nanocrystals under an oxidation condition at
low temperature is expected to give high quality
nanocrystals for phase stabilization and large surface
areas, which can provide some information relating to
the fundamental issues of the physical properties and
catalytic activities in thermal decomposition of AP.

In this paper, we used a simple combined meth-
odology involving water-ethanol solvents to stabilize
CuO nanocrystals with a BET surface of 76.5 m* g .
We explored a kinetic control over the surface areas
by high temperature calcinations. Depending on the
surface areas, CuO nanocrystals showed significant
variations in lattice dimension and phonon mode fre-
quencies. When taking as a catalytic additive, CuO
nanocrystals promoted the thermal decomposition of
AP significantly with increasing surface areas.
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Experimental

Chemical reagents of Cu(NO;),:3H,O and NaOH
were used as the starting materials. At room tempera-
ture, 400 mL of 0.25 M Cu(NO;),-:3H,0 in ethanol
was slowly added into 200 mL of 1.25 M NaOH in
ethanol under stirring in a flask to form a black pre-
cipitate. 200 mL water was then added to this mixture.
After ageing for 8 h at room temperature, the precipi-
tated product was washed fully with distilled water
and dried in an oven at 100°C for 6 h. The powder ob-
tained was named as as-prepared sample. CuO
nanocrystals were achieved to have different surface
areas by annealing as-prepared sample at given tem-
peratures at 300, 350, 400, 450 and 700°C for4 hina
flowing O, atmosphere.

The structures of the samples were examined by
powder X-ray diffraction using Rigaku DMAX2500
X-ray diffractometer with monochromatized CuK,
radiation (A=0.15418 nm). The lattice parameters were
refined by using Retica Rietveld program with peak
positions that are calibrated by internal standard of silica
(99.9% pure). The particle sizes and morphologies of
the samples were determined using TEM on a
JEM-2010 apparatus with an acceleration voltage of
200 kV. The specific surface areas of CuO nanocrystals
were determined from the nitrogen absorption data at
liquid nitrogen temperature using BET technique on a
Micromeritics ASAP 2000 Surface Area and Porosity
Analyzer. Thermal behaviors of the samples were
carried out using thermogravimetric analysis at a
heating rate of 15°C min™ from room temperature to
1100°C in a N, atmosphere and under ambient
atmospheric pressure. Infrared spectra of the samples
were recorded with PerkinElmer IR spectrophotometer
using the KBr pellet technique. Raman spectra were
recorded using a JY-HR800 spectrometer with a He-Ne
laser. The excitation wavelength is 632.8 nm and output
powder is 20 mW.

The catalytic activities of CuO nanocrystals in the
thermal decomposition of AP (180 um) were also stud-
ied using the STA449C thermal analyzer at a heating
rate of 20°C min"' in N, atmosphere over the range of
30-500°C. TG experiments were performed using open
alumina crucible. AP and CuO nanocrystals were mixed
at a mass ratio of 98:2 to prepare the target samples for
thermal decomposition analyses. A total sample mass of
1.5 mg was used in all runs.

Results and discussion

Figure 1 shows the XRD patterns for as-prepared
sample and CuO nanocrystals obtained after calcina-
tions at given temperatures. The diffraction peaks of
as-prepared sample are essentially identical to the

582

as-prepared sample

300°C

450°C

Relative intensity/a. u.

700°C

30 40 50 60 70
20/degree
Fig. 1 XRD patterns of CuO nanocrystals that were obtained
after calcinations at given temperatures. Vertical bars
represent the standard diffraction data from JPCDS file
for CuO (No. 05-0661)

Fig. 2 TEM images of a — as-prepared CuO nanocrystals and
b — those obtained after calcinations at 300°C

standard data for CuO (JCPDS No. 05-0661), while
no impurity peaks such as those from Cu(OH), or
Cu,0 were observed. All these demonstrated the for-
mation of monoclinic CuO nanocrystals. The forma-
tion reaction of as-prepared sample probably pro-
ceeded through a rapid dehydration of Cu(OH), in a
water-alcohol solvent system. TEM images of as-pre-
pared CuO nanocrystals and those after annealing at
300°C are shown in Fig. 2. It is seen that the as-pre-
pared CuO nanocrystals consisted of nanorods, which
transformed into spherical particles after annealing.
With increasing the annealing temperature, XRD line
width became systematically narrowed (Fig. 1).

Particle sizes calculated from XRD line broaden-
ing are not always accurate in particular for the pres-
ent CuO nanorods because many factors such as the
size of coherent diffraction domains, strains, and lat-
tice distortions may be involved. In the following, we
will address the size effects of CuO nanocrystals
using the surface areas.
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Fig. 3 Lattice volume of CuO nanocrystals as a function of
surface areas

The surface areas of CuO nanocrystals were
measured by BET technique. The as-prepared CuO
nanocrystals gave a large surface area of 76.5 m” g .
With increasing the treatment temperatures, surface
areas became smaller, e.g., 40.7 m? g*1 (300°C),
26.6m’> g (350°C), 17.7 m* g’ (400°C), 122 m* g
(450°C), and 2.4 m* g™ (700°C). As for many nano-
crystals, the variations of surface area would usually
change the structural stability and equivalent lattice
dimension [15]. The lattice parameters of CuO nano-
crystals were obtained by structural refinements using
Retica Rietveld program. Figure 3 shows the relation-
ship between the lattice volume and surface areas of
CuO nanocrystals. It is seen that when surface areas
are increased from 2.4 to 76.5 m”> g, the lattice vol-
ume increased from 81.25 to 81.60 A®. The magni-
tude of lattice expansion is smaller than that reported
by Punnoose et al. [16], which demonstrates the low
concentration of lattice defects in our CuO nano-
crystals. With regards to the lattice expansion that oc-
curs within the nanoscale regime, two primary factors
have to be taken into account, namely, valence reduc-
tion and surface dipole-dipole interactions. Valence
reduction can give rise to a lattice expansion because
lower valence ions generally have larger ionic sizes.
Palkar et al. [13] characterized the CuO nanocrystals
obtained by annealing citrate precursors and oxalates,
and found that the resulting CuO nanocrystals con-
tained certain amounts of Cu’. For the present CuO
nanocrystals, the occurrence of Cu” from the reduc-
tion of Cu®" can be eliminated during the dehydration
process of Cu(OH), since high concentration of so-
dium hydroxide in ethanol solution could signifi-
cantly accelerate the decomposition of Cu(OH), [17].
The oxygen atmosphere used during the calcinations
could also suppress the reduction of Cu®". Therefore,
the mixed valence of Cu®" and Cu" can be excluded as
a cause of the distinct structural stability and lattice
variations in CuO nanocrystals.

Surface dipole-dipole interactions can give rise
to a strong negative pressure for the lattice expan-
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Fig. 4 a— TG data of CuO nanocrystals of given surface areas
and b — mass losses of absorbed water as a function of
surface areas. Reference data of CuO nanocrystals pre-
pared directly by hydrothermal method [19] were also
given for comparison

sion [16]. To understand these strong interactions, it
is essential to examine the surface hydration chemis-
try since the large surfaces of nanocrystals are highly
reactive to adsorbed water in changing the surface en-
ergies by forming hydration layers and since the exis-
tence of hydration layer can affect many properties of
nanocrystals [18]. The thermal behaviors of CuO
nanocrystals were investigated by TG technique.
Figure 4a illustrates the TG data of CuO nanocrystals
with different surface areas. From Fig. 4a, it is seen
that CuO nanocrystals underwent a continuous mass
loss (<400°C) and a sharp mass loss (>900°C). With
regards to the continuous mass loss, the thermal effect
that occurred at temperatures below 100°C is associ-
ated with the physisorbed water, while that at temper-
atures higher than 100°C is due to dehydration of the
chemisorbed water. When temperature was increased
higher than 900°C, the relative mass loss is almost a
constant (about 9.67%), which is associated with the
reduction reactions from CuO to Cu,O and a release
of oxygen. Figure 4b shows the mass losses of CuO as
a function of surface areas in comparison with those
of the CuO nanocrystals prepared directly from hy-
drothermal conditions [19]. It is seen that the surface
water contents of CuO nanocrystals increased with
surface area, regardless of the preparation methods.
Nevertheless, the surface water contents for the pres-
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ent CuO nanocrystals are slightly smaller than those
prepared directly by hydrothermal conditions, which
indicates a distinct surface hydration configuration. It
is well known that the surface hydration can lead to a
significant decrease in surface energies [20]. There-
fore, the water layers formed on the surface of CuO
nanocrystals can partially balance the dipole-dipole
interactions and further yield surface structure relax-
ation and changes in lattice dimensions. Since particle
size reduction is generally followed by a larger sur-
face to volume ratio, broken lattice symmetry, and a
high concentration of unsaturated bonds on surfaces,
vibrational properties of CuO nanocrystals can be
varied depending on the surface areas.

Vibrational properties of CuO nanocrystals were
studied by IR and Raman spectra. CuO belongs to the
C,,°(C 2/c) space group with two molecules involving
in a primitive cell. Therefore, there are 12 vibration
modes, in which six modes are infrared active, three
are acoustic modes, and three are Raman active.
Figure 5a shows infrared spectrum of CuO
nanocrystals with a surface area of 76.5 m* g '. Be-
sides the strong absorptions at 3420 and 1624 cm ' for
surface hydration and those at 1471, 1358, 847 and
779 cm' for COZ and HCO; ions, three complex
peaks centered at 429, 502 and 591 cm ' were ob-
served. According to the assignments in literature
[21], both absorption bands located at about 502 and
429 cm ' are associated with the transverse optical vi-
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Fig. 5 a — Infrared spectrum of CuO nanocrystals with a sur-
face area of 76.5 m* g, and b — enlarged infrared spec-
tra of CuO nanocrystals of given surface areas

584

bration modes (TO), while the absorption at 591 cm ™'
is associated with longitudinal optical vibration mode
(LO). As indicated by the enlarged infrared spectra of
CuO nanocrystals (Fig. 5b), with decreasing surface
areas from 76.5 to 2.4 m> g ', TO modes shifted to-
wards lower frequencies with a shift of about 31 and
50 cm ', respectively (see dashed line in Fig. 5b),
while the LO mode showed a slight red shift of about
9 cm ', To understand the nature of these abnormal
vibrational properties, it is essential to recall the force
constant model.

According to this model, the frequencies of lat-
tice vibrations are a function of the lattice dimension
and bonding nature. Investigations on many oxide
nanocrystals have concluded that the lattice expan-
sion is generally followed by an increase in ionicity of
metal-oxide bond [13]. The nature of chemical bond-
ing between metal and oxygen in oxide lattice can be
measured by the frequency difference, A(TO-LO),
between transverse and longitudinal optical vibration
modes. For the present CuO nanocrystals, the values
for A(TO-LO) is increased by 40 or 59 cm™' with in-
creasing surface areas, which indicates the ionicity
enhancement of chemical bonds of Cu-O in CuO
nanocrystals. Similar results have been reported in
spinel oxide materials [22].

Relative intensity/a. u.

76.5m2 g1

300 400 500 600 700 800
Raman shift/cm™!

Fig. 6 Raman spectra of CuO nanocrystals of given
surface areas

Figure 6 shows the Raman spectra of CuO
nanocrystals of different surface areas. Three peaks at
about 297, 346 and 633 cm ' were observed for CuO.
The peak at 297 cm' is assigned to A4, mode, and
peaks at 346 and 633 cm ' to B, modes [23]. With in-
creasing the surface areas, Raman peaks showed a de-
crease in peak intensity, broadened width, lowered
frequency (Fig. 6). According to the formula of
Gruneisen constant, y= —dlnw/dInV, the shift of
Raman peaks is associated with the variations in lat-
tice dimension via the following equation:

AV
Ao=-yo, 7 e)

0
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where y is the Gruneisen constant, @y is the Raman
peak position of the bulk, Vj is the lattice volume of
the bulk, and AV is the variation of lattice volume un-
der the external fields such as high pressures. The val-
ues of y are all positive for these three modes (one 4,
mode and two B, modes) of CuO [24]. As shown in
Fig. 3, for the present work, AV is positive as the lat-
tice dimension increased with increasing surface ar-
eas. All these explain the frequency shift of the
phonon modes towards lower frequencies at larger
surface areas.

The confinement effect is another important factor
that influences the Raman spectrum. The first-order
Raman spectrum /(w) can be described as follows [25]:

co.p)

4’k )
w—w(k ) +(T,/2)?

1(w9=j[

where w(k) is the phonon dispersion relation, [y is the
natural full line width, and ¢(0,k) is the Fourier coeffi-
cient that describes the phonon confinement which
can be written as:

C (k)| =exp(=k>L* /16n°) (3)

where L is the average size of nanocrystals. As the
particle size is reduced into the nanoscale regime, the
large effect on the Raman peaks is the crystal momen-
tum conservation rules. This allows phonons with
wave vector ‘k‘: k''£27/ L to participate in the first-or-
der Raman scattering [26] (k' is the wave vector of the
incident light). The phonon dispersion near the zone
center has to be considered since the phonon scatter-
ing will not be limited to the center of the Brillouin
zone. As a result, the Raman spectra are broadened
and downshifted as increasing surface areas.

Large surface areas always contribute to the cata-
lytic activities. Here, we investigated the surface area
dependence of the catalytic activities of CuO nano-
crystals by TG-DTA. TG curves for pure AP and mix-
tures of AP with CuO nanocrystals of different surface
areas are shown in Fig. 7. The decomposition of pure
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Fig. 7 TG curves for: a — pure AP, b— AP+CuO (2.4 m* g ™),
¢ — AP+CuO (40.7 m*g™"), and d — AP+CuO
(76.5 m* g ). Inset shows the SEM image of AP
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Fig. 8 DTA curves of pure AP and mixtures of AP with CuO
nanoparticles of given surface areas

AP is generally centered at temperatures from 329 to
434°C. Addition of CuO nanocrystals in AP led to a sig-
nificant reduction of the ending decomposition tempera-
ture of AP. With increasing the surface area from 2.4 to
76.5 m* g, the ending decomposition temperatures of
AP decreased from 361 to 344°C.

Figure 8 shows the differential thermal analysis
(DTA) curves of pure AP and mixtures of AP with
CuO nanoparticles of given surface areas. For pure
AP, an endothermic peak was observed at about
250°C, which is assigned to the crystallographic tran-
sition of AP from orthorhombic to cubic [10]. With
increasing the temperatures, AP underwent two com-
plicated decomposition stages [10], i.e., a low temper-
ature stage at 329.3°C and a high temperature stage at
435.5°C, which are followed by two exothermic
peaks. These two decomposition stages are consistent
with those of 80 um AP but are apparently different
from the single step for 1.1 um AP [10]. Such an ob-
servation clearly indicates a size effect since as indi-
cated by SEM image in inset of Fig. 7, AP used in this
work has a large particle size of 180 pm. All CuO
nanocrystals have no significant impacts on the phase
transition of AP and low-temperature decomposition
stage of AP (7, as shown in Fig. 8), but the high-tem-
perature decomposition stage of AP (7}, as shown in
Fig. 8). With increasing the surface area from 2.4 to
76.5 m> g, the high-temperature decomposition
stage showed a downshift from 84.9 to 96.6°C. The
significant surface area dependence of catalytic activ-
ity of CuO nanocrystals in AP decomposition discov-
ered in this work is different from the previous litera-
ture report [11], since for the latter case, particle sizes
are concluded to have no impacts on the catalytic ac-
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Fig. 9 DTA curve for the as-prepared CuO nanocrystals with a
surface area of 12.2 m* g'. For comparison, DTA data
of the samples of similar surface area that were pre-
pared directly by hydrothermal conditions [19] were
also given

tivities. On the other hand, the catalytic activities of
nanostructure CuO is superior over the nanostructure
Ni or Al, which only slightly lowers the peak temper-
ature of the high-temperature decomposition
stage [10]. Apparently, large surface areas of CuO
nanocrystals played the key role in enhancing the cat-
alytic activities in the thermal decomposition of AP,
which is probably because the high-temperature ther-
mal decomposition stage of AP takes place on the sur-
face including the adsorption and desorption of sur-
face species [27].

As stated above, large surface areas also give
rise to a significant surface hydration. To investigate
the influence of surface hydration on the catalytic ac-
tivities of AP, we compared the DTA curves for the
samples of this work with those of similar surface ar-
eas [19] prepared directly by hydrothermal method.
As illustrated in Fig. 9, the water contents on both
samples are different: the as-prepared sample had a
water content of 0.32 W%, which is 6 times lower
than that of 2% when sample was prepared using hy-
drothermal conditions. Interestingly, the high-temper-
ature decomposition stage (7, as shown in Fig. 9) in
presence of these two samples remained almost the
same. Therefore, the surface hydration on the samples
has no apparent impacts on the thermal decomposi-
tion of AP.

Conclusions

This work reported on the stabilization, structural
characteristics, and catalytic activities of CuO
nanocrystals. CuO nanocrystals were prepared to
have distinct surface areas by high temperature treat-
ments. All CuO nanocrystals were terminated with
surface hydration. With increasing the surface areas,
surface hydration became significant, which is fol-
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lowed by shifts and broadening of Raman and infra-
red spectra. The changes in surface areas did not alter
the structural stabilities of CuO nanocrystals, instead,
the lattice dimension became increased with surface
areas owing to the positive Gruneisen parameters. De-
pending on the surface areas, CuO additives enhanced
the thermal decomposition of AP, while the impacts
of surface hydration could be ignored.
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