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Metal/oxide nanoparticles are attractive because of their special structure and better properties. The Ni/TiO,
nanoparticles were prepared by aliquid phase chemical reduction method in this paper. The obtained-products were
characterized by inductively coupled plasma (ICP), X-ray diffraction (XRD), high-resolution transmission electron
microscopy (HRTEM) and scanning electron microscopy (SEM). The results show that Ni particles in Ni/TiO,
nanoparticles exhibit better dispersion and the size of most Ni particles is 10 nm or so. The catalytic activity of
Ni/TiO, nanoparticles on the thermal decomposition of ammonium perchlorate (AP) was investigated by simulta-
neous thermogravimetry and differential thermal analysis (TG-DTA). Results show that composite process of Ni
and TiO, can improve the catalytic activity of Ni nanoparticles on the therma decomposition of AP, which is
mainly attributed to the improvement of Ni dispersion in Ni/TiO, nanoparticles. The catalytic activity of Ni/TiO,
nanoparticles increases with increasing the weight ratio of Ni to AP.
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Introduction

Ammonium perchlorate (AP) is the most common
oxidant in composite solid propellants, and its thermal
decomposition characteristics directly influence the
combustion behavior of the solid propellant.® In recent
years, the nano-sized catalysts used for the solid propel-
lants have continuously attracted more interest due to
their better catalytic activity.”® The catalyst style varies
from nano-size metal oxide including Fe;O3;, CuO and
Y2032'4 to nano-sized meta powder including Ni,
Cu-Mg and Ni-Cu.>® Ni nanoparticles exhibit higher
cataytic activity on the therma decomposition of AP
owing to their smaller size and larger specific surface.®®
Unfortunately, unprotected Ni nanoparticles are suscep-
tible to irreversible aggregation in solution due to small
size and magnetism, which will lower their catalytic
activity. One of effective strategies is to support metals
on agproper oxide support, which can prevent aggrega-
tion.

It iswell known that oxide-supported metal catalysts
are avery important class of industrial catalysts that are
closely related with many key technologies in chemi-
cal/petrochemica industries, environmental protection,
chemical sensors and the manufacture of fine and spe-
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cia chemicals.® The metal-support interactions can
affect both catalytic activity and stability.***? TiO, is a
reducible metal oxide with several crystal structures and
oxidation states. Ni/TiO, catalysts have been used for
converting methane into syngas,*® carbon monoxide
hydrogenation®* and p-nitrophenol hydrogenation.*®
However, in the propellant and explosive field, few re-
searches about this kind of metal/oxide nanocomposite
have been reported.

In this study, the Ni/TiO, nanoparticles were pre-
pared by supporting Ni nano-particles on a size-com-
parable TiO, support. The composition, structure and
morphology of the as-prepared Ni/TiO, nanoparticles
were characterized by ICP, XRD, HRTEM and SEM.
The catalytic activity of Ni/TiO, nanoparticles on the
thermal decomposition of AP was investigated by DTA
and TG. Especially, the catalytic activity of Ni/TiO, was
compared with those of the pure Ni and TiO,. In addi-
tion, the content effect of Ni/TiO, nanoparticles on the
decomposition of AP was also discussed. It is found that
composite process of Ni and TiO, can improve the
catalytic activity of Ni nanoparticles on the thermal de-
composition of AP. The catalytic activity of Ni/TiO,
nanoparticles increases with increasing the weight ratio
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of Ni to AP. The mechanism was also discussed in de-
tail.

Experimental

Catalyst preparation

The Ni/TiO, nanoparticles were prepared by a liquid
phase chemical reduction method.™ 1 g of TiO, powder
(Degussa P25 with anatase/rutile crystalline ratio of 8 ©
2 and surface area of 50 m?/g) was impregnated into 20
mL of NiSO, solution (0.25 molsL %) under vigorous
stirring at room temperature for 1 h. Then the resulting
suspension was heated at 80 ‘C and stirred for 30 min.
At Iast, 35 mL of N,H4H,O (nN2H4.HZO/nNi2+:1.5) and
NaOH (ny,on/ny=1.5) mixture solution were added
into the resulting suspension. The suspension was
stirred for 15 min. Then the obtained suspension was
washed thoroughly with distilled water and subse-
guently with 99.9% alcohol (EtOH). Pure Ni was pre-
pared according to the above method without addition
of TiO, support.

The procedure of simply mixing catalyst (Ni, TiO;
and Ni/TiO,) and AP was as follows. a certain amount
of catalyst was ground with AP in some alcoholic solu-
tion in an agate mortar, and then dried under vacuum at
room temperature.

Catalyst characterization

The composition of the Ni/TiO, nanoparticles was
analyzed by inductively coupled plasma spectropho-
tometry (ICP), on a Perkin-Elmer Optima 2000DV in-
strument after extraction with nitric acid.

The structures of the as-prepared samples were de-
termined by X-ray diffraction (XRD), on a Bruker D8
advance instrument using Cu Ko radiation (4 =
0.154178 nm) from 20° to 80° (in 26¢) with the scanning
rate of 3° per min.

The micrograph of the Ni/TiO, nanoparticles was
determined by scanning electron microscopy (SEM),
carried out on a JSM-6300 scanning electron micro-
scope. High-resolution transmission electron micros-
copy (HRTEM) was aso employed to investigate the
morphology of the samples, on a JEOL TEM-2100
transmission electron microscope.

The catalytic activity of the as-prepared samples on
the thermal decomposition of AP was measured by si-
multaneous thermogravimetry and differential thermal
anaysis (TG-DTA), with a Netzsch STA 409PC ther-
mal analyzer at a heating rate of 20 K/min from room
temperature to 500 ‘C in N, atmosphere and under
ambient atmospheric pressure.

Results and discussion

Catalyst characterization

The ICP results show that the weight ratio of Ni to
TiO, is29.8%. Figure 1 shows the XRD patterns of pure
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Figure 1 XRD patterns of samples. (a) Pure Ni nanoparticles,
(b) TiO, nanoparticles, and (c) Ni/TiO, nanoparticles.

Ni, TiO, and Ni/TiO,. The XRD pattern of the Ni nano-
particles is shown in pattern (a). Only three characteris-
tic peaks of face centered cubic (f.c.c.) nickel (260=
44.8°, 52.2° and 76.8°) marked by Miller indices (111),
(200) and (220) are observed in the 26 range from 20°
to 80°, which reveals that the as-prepared sampleis pure
f.c.c. nickel. The average particle size of Ni nanocrys-
tals is 8.0 nm determined from the XRD pattern pa-
rameters of the Ni (111) according to the Scherrer equa-
tion.”” The XRD pattern of the TiO, nanoparticles is
shown in pattern (b). The characteristic peaks of anatase
and rutile crystals of TiO, can be seen obvioudly.
Wherein, peaks of 26 =27.5°, 53.8° and 62.8° marked
by Miller indices (110), (210) and (002) belong to the
rutile crystal, and the others peaks of 26 =25.3°,37.8°
and 48.1° marked by Miller indices (101), (004) and
(200) belong to the anatase TiO,. In the pattern (c) of
Ni/TiO,, various crystalline diffraction peaks corre-
sponding to crystaline TiO, are observed, but the char-
acteristic peak of crystalline Ni (typicaly with 2=
44.8°) marked by Miller index (111) is observed. The
XRD measurements show no evidence for any possible
compound formation between Ni and TiO, in the sam-
ple, which shows that the structures of TiO, are well
preserved and the Ni(0) particles exist stably. The aver-
age particle size of Ni in Ni/TiO,sample is 11.6 nm ac-
cording the Scherrer equation.

The representative SEM images of Ni nanoparticles
and Ni/TiO, nanoparticles are shown in Figure 2. As
shown in Figure 2, the dispersion of Ni particles in the
two samples is distinctly different. In Figure 2a, it can
be seen that the Ni particles are aggregated together.
The tendency of aggregation makes single Ni nanopar-
ticles hard to be observed. In Figure 2b, although the Ni
and TiO, particles can not be discerned at this magnifi-
cation, the Ni/TiO, nanoparticles show more loose
structures and Ni/TiO, nanoparticles are better dis-
persed.

The size and dispersion of the Ni/TiO, nanoparticles
were also measured by HRTEM and one typical photo-
graph is shown in Figure 3. Small particles represent
clusters of the active Ni metal and large particles repre-
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Figure 2 SEM images of (a) pure Ni nanoparticles and (b)
Ni/TiO, nanoparticles.
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Figure3 HRTEM image of Ni/TiO, nanoparticles.

sent TiO, particles. As shown in Figure 3, the active
metal clusters are clearly visible and are homogeneously
dispersed on the surface of TiO, particles. The size of
most Ni is 10 nm or so.

Effect of composite processing of Ni and TiO, on the
thermal decomposition of AP

To assess the effect of composite processing of Ni
and TiO, on their catalytic activity on the therma de-
composition of AP, four samples including pure AP, AP
in the presence of TiO, (weight ratio TiO, . AP=2%),
AP in the presence of Ni nanoparticles (weight ratio
Ni : AP=2%) and AP in the presence of Ni/TiO,
nanoparticles (weight ratio Ni : AP=2%) were pre-
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pared. The DTA and TG results for these samples are
shown in Figures 4 and 5.
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Figure 4 DTA curves for decomposition of different AP sam-
ples. (&) Pure AP, (b) AP+TiO,, (c) AP+Ni, and (d) AP+
Ni/TiO, nanoparticles.
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Figure5 TG curvesfor decomposition of different AP samples.
(@ Pure AP, (b) AP+TiO,, (c) AP+Ni, and (d) AP+NI/TiO,
nanoparticles.

From Figure 4, we notice that the DTA curve for
thermal decomposition of pure AP shows three events.
The endothermic DTA peak at 253.8 “C represents the
transition from orthorhombic to cubic AP. There are
two exothermic peaks on DTA curve of pure AP, which
are at 307.3 and 435.5 C. These two peaks are denoted
as low-temperature exothermic peak and high-tempe-
rature exothermic peak, respectively. The low exother-
mic peak corresponds to the partial decomposition of
AP and the formation of an intermediate. During this
process, decomposition and sublimation would first take
place asfollows:

NH,CIO, = NH} + ClO; = NH;(g) + HCIO4(0)
= NHj3(s) + HCIO,(s)
Then, the degradation of HCIO,4(g) and the oxidation

of NH3(g) by the products of HCIO4(g) degradation
would happen. The high exothermic peak corresponds
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to the complete decomposition of the intermediate
products to volatile products. Both oxidation of NH3 by
ClO; in gas phase and decomposition of AP on solid
surface would take place in this step.™®

However, the DTA curves for decomposition of AP
in the presence of pure TiO,, pure Ni and Ni/TiO,
nanoparticles show noticeable differences in the de-
composition patterns of AP. The endothermic peak
nearby 253 ‘C appearing in all samples exhibits similar
shape, indicating that additives have little effect on the
crystallographic transition temperature of AP. However,
dramatic changes for the exothermic peaks of AP de-
composition have been observed for al samples.

In curve b, it is found that the low-temperature exo-
thermic peak of AP in the presence of TiO; is shifted to
higher temperatures and the high-temperature exother-
mic peak has a little change, which means that TiO,
shows little catalytic activity on the thermal decomposi-
tion of AP. In curve c, the high-temperature exothermic
peak of AP in the presence of Ni is shifted to lower
temperature, which indicates pure Ni exhibits catalytic
activity on the thermal decomposition of AP effectively.
Whereas in the case of Ni/TiO, nanoparticles (curve d),
Ni lowers the peak temperature of high temperature de-
composition of AP by 40.9 “C, which means that Ni in
Ni/TiO, nanoparticles can further lower the peak tem-
perature of high temperature decomposition of AP by
6.3 ‘C with the same weight ratio of Ni to AP. The
results indicate that composite processing of Ni and
TiO, nanoparticles can improve the catalytic activity of
Ni nanoparticles. The Ni/TiO, nanoparticles exhibit the
best catalytic activity on the thermal decomposition of
AP.

The TG curves for pure AP, AP in the presence of
TiO,, AP in the presence of Ni nanoparticles and AP in
the presence of Ni/TiO, nanoparticles are shown in Fig-
ure 5. All the samples exhibit two weight loss steps,
corresponding to the exothermic peaks of the DTA
curves. The onsets of thermal decomposition of the four
samples are all at about 289 °C, while the end tempera-
tures are about 449, 440, 427 and 403 C, respectively.
The sequence of therma decomposition speed of these
samples is as follows. AP in the presence of Ni/TiO;
nanoparticles> AP in the presence of pure Ni>pure AP
in the presence of TiO,>AP. In addition, the weight
loss of AP in the presence of Ni/TiO, nanoparticles at
low-temperature decomposition is the biggest, indicat-
ing that composite process of Ni and TiO, can make
more AP be decomposed at the low-temperature de-
composition stage.

Combining the above results, although TiO, exhibits
nearly little catalytic activity on the thermal decomposi-
tion of AP, the composite process of Ni and TiO, may
play an important role in the improvement of catalytic
activity of Ni nanoparticles on the thermal decomposi-
tion of AP.

Lletal.

Effect of the weight ratio of Ni to AP on the decom-
position of AP

The effect of the weight ratio of Ni to AP on the de-
composition of AP was also investigated. Four samples
of AP in the presence of Ni/TiO, nanoparticles were
prepared, in which the weight ratios of Ni to AP are 1%,
2%, 4% and 6%, respectively. The results are shown in
Figure 6. It can be seen that with weight ratio of Ni to
AP increasing from 1% to 6%, the peak temperatures of
high temperature decomposition of AP obviously de-
crease by 26.3, 40.7, 52.4 and 73.0 ‘C, respectively,
indicating that the therma decomposition rate of AP is
accelerated with increasing the weight ratio of Ni to AP.
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Figure 6 DTA curves for decomposition of AP as catalyzed by
Ni/TiO, nanoparticles with different weight ratios of Ni to AP. (a)
1%, (b) 2%, (c) 4%, and (d) 6%.

It was proposed that the rate of controlling step in
thermal decomposition of AP was the electron transfer
from ClO; to the NH; .*° That is to say, catayst
which can provide a bridge for the transfer of electrons
from the CIO; to the NHj;, can accelerate the de-
composition rate of AP. According to this theory, the
reductive capability of TiO, is not enough for the trans-
fer of electrons from the CIO,; tothe NH; , athough
TiO, is a reducible metal oxide with severa crystal
structures and oxidation states.

Nano-sized Ni crystal contains many defects over
crystal lattice. Atoms on the defects are not saturated
and tend to become steady by absorbing electrons onto
its surface. Ni nanoparticle provides a bridge for the
transfer of electrons from the CIO, to the NHj,
which makes the activation energy of thermal decompo-
sition reduced, so the decomposition temperature of AP
is decreased and the decomposition rate of AP acceler-
ated. The Ni/TiO, nanoparticles exhibit the best cata-
Iytic activity on the decomposition of AP, which may be
mainly attributed to the improvement of Ni dispersionin
Ni/TiO, nanoparticles.

Conclusion

The Ni/TiO, nanoparticles were prepared and their
catalytic activities on the therma decomposition of AP
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Ni/TiO, nanoparticle

were also investigated. The results show that Ni parti-
cles in Ni/TiO, nanoparticles exhibit better dispersion
and the size of most Ni metal is 10 nm or so. XRD
measurements show no new material formation between
Ni and TiO,. The composite process of Ni and TiO, can
improve the Ni catalytic activity on the thermal decom-
position of AP, which is attributed to the improvement
of Ni dispersion. Increasing the content of Ni/TiO,
nanoparticles can improve the catalytic activity of
Ni/TiO, nanoparticles on the thermal decomposition of
AP.
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