Preparation of high filling ratio Fe,O;@MWCNTSs composite particles and catalytic
performance on thermal decomposition of ammonium perchlorate
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Iron oxide-filled multi-walled carbon nanotubes (Fe,O3@MWCNTSs) composite particles were produced by a mild and superior physical
absorption method using molten Fe(NO3);9H,O as the precursor. Characterisation of Fe,O3@MWCNTs composite particles was
performed by X-ray diffraction, scanning electron microscopy, transmission electron microscopy and thermogravimetry-differential
scanning calorimetry. The results showed a large number of hematite phase Fe,O; were uniformly filled in the MWCNTs, and the mass
fraction of Fe,O; was about 25.8 wt%. Furthermore, in the presence of 10 wt% Fe,O;@MWCNTs composite particles, the peak
temperature of the high-temperature decomposition of ammonium perchlorate (AP) decreased by 116°C, the peak of the low-temperature

decomposition disappeared and the amount of AP heat released was increased about 200 kJ/mol.

1. Introduction: As an oxidiser, ammonium perchlorate (AP) is a
major component (65-71%) of the propellant [1], of which the
decomposition properties are closely related to the combustion
performance of the propellant. In general, the lower the pyrolysis
temperature of AP, the higher the combustion rate [2-4]. This
characteristic can be obtained by adding a combustion catalyst.

Transition metal oxides as combustion catalysts have significant
catalytic activities in the thermal decomposition of AP, especially in
the nanoscale [5]. The catalytic activities of nanometre-sized Fe,05
in the thermal decomposition of AP have been reported [6]. The
catalytic performance of Fe,Oj3 is very good in rocket propellants,
because of its large specific surface and plentiful reaction centres.
However, nanoFe,0; is prone to agglomeration. It is difficult to
mix nanoFe,O3 with the other components of propellants.
Therefore, it is very important to use nanoFe,O; with good
dispersibility.

As a novel carbon material, carbon nanotubes (CNTs) have
attracted much attention because of their extraordinary physical
and chemical properties, excellent electric conductivity, special
nanostructure and nanoscale. In addition, CNTs have diameters in
the nanometre range and a large internal cavity, so they are consid-
ered to be good carriers [7].

Over the past several years, metal-filled CNTs have attracted
much attention because of their special electronic [8, 9], magnetic
[10-12] and optical [13] properties. These materials can be used
for many important applications in nanotechnology [14—18], cata-
lytics, biomedical sciences [19, 20], memory device technology
[20-25] and as electrode materials in electrochemical devices
[26]. Several studies have reported the preparation of metal-filled
CNTs [27-34] using two-step or one-step methods.
Borowiak-Palen ef al. [35] successfully applied wet chemistry tech-
niques to fill single-walled CNTs (SWCNTs) continuously on a
bulk scale with iron. The magnetic characterisation of the resulting
Fe-filled SWCNTSs revealed ferromagnetic behaviour at room tem-
perature. Schnitzler ez al. [36] reported a direct method for an in situ
synthesis of iron and iron oxide-filled CNTs and bucky-onions,
based on the pyrolysis of ferrocene or a ferrocene—Fe;(CO);,
mixture in a poor oxygen-containing atmosphere. Porous Vycor
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glass and the walls of the quartz tube of the reactor were used as
the growth substrate. However, for Fe- or Fe,Os-filled CNTs, in
addition to the main product of iron or iron oxide, compounds of
iron and carbon, such as Fe;C and Fe;O,, are also formed [26,
36, 37]. Hang et al. [26] used a chemical method to prepare
Fe,0O5-filled CNT material; the discharge capacity was improved
compared to that of nanosized Fe,03-loaded CNTs. The obtained
material contains Fe,O3 and carbon without any side product;
however, the level of filling with the method is not satisfactory.
The present Letter describes a novel approach to the filling of
MWCNTs to prepare high filling ratio Fe,O3@MWCNTSs nano-
composite material. Fe(NO5)3-9H,0, a low melting point metallic
compound, was used as an iron source. This fabrication process
uses the capillary effect to achieve the filling of the nanotubes. In
addition, the catalytic activities of Fe,O3@MWCNTs in the
thermal decomposition of AP were studied. Carbon material, such
as activated carbon, CNT and carbon, is a type of novel catalyst
on the propellant [38]. In addition, Shukla and Leszczynski [39]
found that the nanocomposite catalysts in solid propellant have a
synergistic catalytic effect [40, 41]. Therefore, using MWCNTs
as the carrier of Fe,O3 not only limits the degree of freedom of
nanoparticles, avoiding nanoparticle agglomeration to improve the
dispersibility of Fe,Oj3, but also obtains the nanocomposite catalyst,
which is beneficial for catalysing AP thermal decomposition.

2. Experimental

2.1. Materials: Pristine large-inner diameter multi-walled CNTs
(MWCNTs) were prepared by the chemical vapour deposition
(CVD) method on a Ni-based catalyst with an inner diameter
of more than 20 nm, thickness of 5 nm and outer diameter of
30-80 nm (Chengdu Organic Chemicals Co. Ltd, Chinese
Academy of Sciences). To remove the catalytic particles,
we separated the MWCNTs, and dissolved the remaining oxide
materials and other unprotected metal particles, and the MWCNTs
were purified by following the procedure as describe elsewhere
[42]: the pristine MWCNTs were ultrasonicated in concentrated
HNO; (68%) for 2h, neutralised with NaOH, filtered, washed
with deionised water, then dried in a vacuum drying oven for 12 h
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and heat treated at 450°C in N, atmospheres for 15 min. All
chemicals, such as Fe(NO3);-9H,0, sodium hydroxide (NaOH)
and concentrated nitric acid (HNOj;) were of analysis reagent
(AR) grade (Chengdu Kelon Chemical Reagent Factory).
Deionised water was prepared in our own laboratory.

2.2. Preparation of filled samples: First, Fe(NO3);-9H,0 (ca. 10 g)
was added into a beaker that was placed in a thermostat water bath
cauldron at 55°C (ca. 8°C above the melting point of iron nitrate
nonahydrate, 47.2°C). The Fe(NOj;); solution was obtained.
Secondly, the MWCNTSs (ca. 0.3462 g) were added to the Fe
(NOs3); and stirred until the MWCNTSs were evenly dispersed in
the solution. Then the mixture was sonicated at 59 kHz for 2 h at
55°C. After that, the mixture was continuously stirred for 36 h at
55°C. To remove the Fe(NO;); that was on the surface of the
tubes, the sample was washed with concentrated HNO3 until the
MWCNTs were well dispersed in the acid. The MWCNTSs were
separated from the mixture using a centrifuge and dried at 40°C
for 6h and then at 120°C for 6 h. Finally, the sample was
heated at 400°C in N, atmosphere for 2h to obtain the
Fe,O;@MWCNTSs composite material.

The samples of AP containing catalysts (Fe,O3;, Fe;O5 + CNTs
and CNTs Fe,0;@MWCNTs) were made by grinding into
powder. The resultant powder was analysed by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).

2.3. Characterisation: Differential scanning calorimetry (DSC) was
studied by the simultaneous thermal analyser (SDT Q600 TA,
USA) in N, atmosphere. The linear heating rate was set to
different timings (5, 10 and 20°C/min) and the range was set
from ambient temperature to 550°C. Thermogravimetry (TG)
was studied in an air atmosphere. The linear heating rate was set
at 20°C/min and the range was set from the ambient temperature
to 800°C. XRD measurements were performed on XRD
apparatus (X’pert PRO PANalytical, The Netherlands) scanning
from 3° to 80° using Cu Ko radiation (A=1.540598 A). The
microstructure of the Fe,O;—MWCNTs composite was observed
by a tungsten filament SEM (Evo 18 Carl Zeiss SMT Pte. Ltd,
Germany). TEM images were measured on a TEM combined
with a high-resolution TEM (HRTEM) (TEM/HRTEM, Tecnai
F20, FEI, operated at 200 kV). Before TEM analysis, samples
were crushed to powder, ultrasonically dispersed in the ethanol
and deposited on a TEM copper grid.

3. Results and discussion: Analysis on the phases of purified
MWCNTs and pristine MWCNTSs were carried out by XRD. The
results are shown in Fig. 1, and demonstrate that the characteristic
d(002)(20=26.4°, 41-1487) peaks of MWCNTs corresponding to
cliftonite are seen in pristine as well as purifitd MWCNTs
samples. This indicates that purifitd MWCNTSs have the same
crystal structure as the pristine MWCNTs, and the MWCNTSs’
structure is not destroyed after acid treatment. In addition, the
peak intensities of the purified MWCNTSs are narrower and higher
than those of the pristine ones. The result implies that the degree
of crystallisation for purified MWCNTSs is superior to pristine
MWCNTSs and the residual amorphous carbon has been removed.

Analysis on the phases and components of the prepared
Fe,O;@MWCNTs were carried out by XRD. Details of the XRD
analysis results are shown in Fig. 2. The diffraction peak assigned
to the (002) plane of MWCNTSs at 26 =26.4° can be clearly distin-
guished. The diffraction peaks at 24.1°, 33.1°, 35.6°, 40.8°, 49.4°,
53.99°, 62.4° and 63.96° correspond to the (012), (104), (110),
(113), (024), (116), (214) and (300) crystal planes of hematite
(JCPDS No. 89-0589), respectively. The results show that
MWCNTSs and Fe,O5 are both contained in the synthetic sample.
In other words, the obtained material contains Fe,O3 and carbon
without any side product.
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Figure 1 XRD spectra of pristine and purified MWCNTs
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Figure 2 XRD spectrum of the Fe;O;@MWCNTs

Fig. 3 shows the SEM images of purifitd MWCNTs and
Fe,O;@MWCNTs. Comparing Figs. 3a and b, we can conclude
that the synthetic samples have been sufficiently washed. Fig. 3¢
is the magnified Fe,O3@MWCNTs morphology. From Fig. 3c, it
can be observed that there is no residual material between the
CNTs and the sample surfaces are smooth. This result indicates
no deposition on the CNTs’ surfaces.

TEM micrographs shown in Fig. 4 illustrate the morphology of
the purifitd MWCNTs (Fig. 4a) in comparison with the
Fe,O;@MWCNTs (Fig. 4b). Fig. 4a shows that there is nothing
in the internal cavity of purified MWCNTs. From Fig. 4b, it can
be clearly observed that most internal cavities of the MWCNTSs
are filled with fine Fe,O3 nanoparticles and the filling is continuous.
In addition, the outer walls of the MWCNTSs are clean, consistent
with the SEM analyses. Based on the visual inspection of the
whole of Fig. 4b, the filling ratio is estimated to be higher than
ca. 90% (volume fraction). Compared to a previous study [43],
the filling ratio is very high. The results of XRD, SEM and TEM
suggest that the Fe,O5; has been uniformly and continuously filled
into the internal cavity of the MWCNTs.

Figure 3 SEM images

a Purified MWCNTs

b Fe,03;@MWCNTs

¢ Magnified Fe,O3;@MWCNTs morphology
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Figure 4 TEM images
a Purified MWCNTSs
b Fe;0;@MWCNTs

To measure the filled amount, analysis of the Fe,O;@MWCNTSs
sample was carried out by TG. Fig. 5 provides the TG curves of
Fe;O3@MWCNTs and MWCNTs. From the curves, it can be
clearly seen that the weight loss of pure MWCNTs is 100% and
the weight loss of Fe;O3;@MWCNTs is 74.2% when the tempera-
ture is less than 700°C. When the temperature rises to more than
700, the MWCNTs will react with air, transform into gases and
leave behind the Fe,;05. So, in the Fe,O;@MWCNTs sample, the
mass fraction of the Fe,O3 is 25.8%. The result indicates that the
filling rate of synthesised Fe,O;@MWCNTs is very high, consist-
ent with the TEM analyses.

Using DSC analyses, five samples, after adding different amounts
of Fe,O3@MWCNTs, were configured to investigate the influence
of Fe,O;@MWCNT nanocomposite catalyst on the thermal
decomposition behaviour of AP. The five samples are as follows:
a (0 wt% Fe;03@MWCNTs + AP), b (1 wt% Fe,O;@MWCNTs
+AP), ¢ 2wt% Fe,03@MWCNTs+AP), d (5 wt% Fe,Os;@
MWCNTs + AP) and e (10 wt% Fe,O3@MWCNTs + AP). The
DSC curves are both in Fig. 6.

From the curve of pure AP, three peaks can be clearly observed,
an endothermic peak at 252°C, a low-temperature exothermic peak
at 342°C and a high-temperature exothermic peak at 450°C,
respectively. The endothermic peak is attributed to the crystallo-
graphic transition of AP from orthorhombic to cubic [44, 45].
The low-temperature exothermic peak at 342°C is because of the
partial decomposition of AP and formation of some intermediate
NH; and HCIO,4 by dissociation and sublimation [46]. The high-
temperature exothermic peak at about 450°C is caused by the com-
plete decomposition of AP into volatile products. From the curves
of'a, b, c,d and e, it can be clearly seen that the temperature interval
between the low-temperature exothermic peak and the high-
temperature exothermic peak of AP becomes smaller as the mass
fraction of Fe,O;@MWCNTSs increases. With the addition of
Fe,O3@MWCNTSs increased to 5 and 10 wt%, there is only one
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Figure 5 TG curve of Fe;O3;@MWCNTs and MWCNTs
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Figure 6 DSC curves of adding different amounts of Fe;O3@MWCNTs to
AP

exothermic peak for the curves d and e, at 367 and 339°C, respect-
ively. The exothermic peak after adding 10 wt% Fe,O;@MWCNTs
is even lower than the low-temperature exothermic peak of AP. This
shows that the catalytic performance of Fe;O3@MWCNTSs on the
thermal decomposition of AP is very good. In addition, the endo-
thermic peak at 252°C occurs in all curves, which indicates that
there is no distinct catalytic effect of Fe;O3;@MWCNTs on the
crystal structure transformation of AP, consistent with the previous
study [47].

Table 1 shows that the AT value of adding 2, 5 and 10 wt%
Fe,O3@MWCNTSs is 123, 69 and 50°C, respectively. Gradual
decline in the value of AT indicates that adding
MWCNTs@Fe, O3 can obviously increase the rate of heat liberation
of AP. That is to say, catalyst Fe;,O;@MWCNTs can increase the
decomposition rate of AP. Furthermore, the AH of AP adding 1,
2, 5 and 10 wt% Fe,O;@MWCNTs is 156.4, 258.2, 270.9, 362.4
and 356.4 kJ/mol, respectively. After adding catalyst into AP, the
AH of AP increases significantly compared with pure AP.
Especially, after adding 5 and 10 wt% catalyst into AP, the AH of
AP increases about 200 kJ/mol. The reason may be that the nar-
rower the AP decomposition area, the greater the release.

For the purpose of contrasting the catalytic performance of
Fe,03, MWCNTSs, Fe,O3 + MWCNTSs and Fe,O3;@MWCNTs on
the thermal decomposition of AP, the thermal decomposition tem-
peratures were measured for: a mixture of 10 wt% Fe,O; and AP; a
mixture of 10 wt% MWCNTSs and AP; a mixture of 2.57% Fe,Os,
7.43% MWCNTs and AP; and a mixture of AP and 10 wt%
Fe,O3@MWCNTSs composite particles. Details of the DSC analysis
results are shown in Fig. 7. The curves in Fig. 7 show that the whole
samples have only one decomposition peak. The peak temperature
of adding Fe,0;, MWCNTs, Fe,O3+MWCNTs and
Fe,O;@MWCNTs is at 368, 362, 360 and 339°C, respectively.
This shows that the catalytic performance of Fe;O3;@MWCNTs

Table 1 DSC results of adding different amounts of Fe,O3@MWCNTs to

AP

Samples T;, °C AT, °C Tnax, °C AH, kJ/mol
a (0 wt%) 307-358/432-472 51/40 342/450 156.4

b (1 wt%) 313-407/423-461 94/38 376/443 258.2

¢ (2 wt%) 321-444 123 387 270.9

d (5 wt%) 323-392 69 367 362.4

e (10 wt%) 319-368 50 339 356.4

Note: T is the decomposition temperature; A7 is the decomposition temperature
range; T 1 the decomposition peak temperature; and AH is the heat releases
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Figure 7 DSC patterns of different samples

on the thermal decomposition of AP is better than the catalytic per-
formance of Fe,O;, MWCNTs and Fe,O; + MWCNTs. In other
words, the catalytic performance of Fe,O5; on the thermal decom-
position of AP can be improved by filling with CNTs.

The kinetic parameters of the thermal decomposition of AP are
calculated by the Kissinger [48] method in the following equation

Ln(B/T,

max) = LH(R*A/EQ) - Ea/RTmax (1)
where f is the heating rate (°C/min), Tp,.x is the most rapidly de-
composing temperature (K) and R is the gas constant. The result
is shown in Table 2. The E, of AP has reduced from 310.3 to
81.4 kJ/mol, which indicates that the catalyst has catalysed the
thermal decomposition of AP.

It can be seen from the above experimental results that
Fe,O;@MWCNTSs composite material significantly catalyses the
low-temperature as well as the high-temperature exothermic
process of AP decomposition. The process of AP decomposition
is very complex. The low-temperature decomposition is a solid—
gas heterogeneous reaction, dissociation and sublimation process,
whereas the high-temperature decomposition of AP is a gas-phase
reaction [49]. These processes mainly contain four decomposition
steps [50, 51]: (a) negative charges transfer from C10,~ to NH,"
(ClO,~ +NH," <> NH, + Cl0,); (b) positive charges transfer from
NH; to ClO4~ (ClO4~ +NH4 < NH;+HCIO,); (c) ClO4~ de-
composition (ClOz < CIO3 + 0O); and (d) NH; oxidation (NH3 +
20 < HNO + H,0). As is well known, the reason why the low-
temperature decomposition of AP is terminated is that the early de-
composition generated NH; covers the activation centre of the AP.
This ‘deactivation’ of NHj; is because it inhibits H' transfer [51].
When adding a small amount of composite catalyst
Fe,O;@MWCNTs, the excellent adsorption performance of
CNTs will adsorb a part of NH; to delay this ‘deactivation’. That
is why the low-decomposition temperature of AP is delayed
when the added amounts of composite catalyst are 1 and 2%.
However, CNTs have extraordinary physical and chemical proper-
ties, and excellent electric and thermal conductivity. Fe,O5 is a
transition metal oxide and N-semiconductor with many valence
states. Owing to their exceptional -electronic characteristics

Table 2 Thermal decomposition kinetic parameters of samples

Samples E,, kJ/mol LnA4
a (0 wt%) 310.3 84.0
e (10 wt%) 81.4 29.3

Note: E, is the thermal decomposing activation energy (kJ/mol) and 4 is
the pre-exponential factor.
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composite catalysts could offer accelerated electrons, speeding up
the decomposition processes [52] and the oxidation—reduction
process [53]. In addition, CNTs with excellent adsorption perform-
ance can adsorb HC1O,4, which can form a metal perchloride com-
pound with Fe,O;. This compound is very unstable and easily
decomposes, and will decrease the E, of AP [54]. What is more,
Fe,0O5 evenly dispersed in MWCNTs can offer more effective
active sites for decomposition, thus further accelerating the
catalysis process. So, with the increase in the amount of
Fe,O3@MWCNTs used, the decomposition temperature of AP
gradually decreases.

4. Conclusion: A simple physical absorption method is used to
prepare  Fe;,Os@MWCNTSs nanocomposites. This wet filling
method is mild and superior. Using this method can obtain a
high fill rate of the samples. The obtained Fe,O3;@MWCNTs
nanocomposites with smooth surfaces are uniformly filled by
25.8 wt% Fe,05. Based on the visual inspection of all TEM
images, the filling yield was estimated to be ca. 90%, higher than
that of previous work [43]. The Fe,O;@MWCNTSs composite
material exhibits excellent catalytic performance on the thermal
decomposition of AP, compared with that of the samples
containing simple mixtures of Fe,O3; + AP, MWCNTs+ AP and
Fe,O5 + MWCNTs + AP. After adding 10% Fe,O;@MWCNTs,
the peak temperature of AP decomposition decreased by 116°C
compared with AP, and the amount of AP heat release increased
about 200 kJ/mol. The E, of AP had reduced from 310.3 to
81.4 kJ/mol. Using this method not only improves the dispersion
of Fe,O3 nanoparticles, but also obtains a good catalytic effect
on the thermal decomposition behaviour of AP. This will make
better use of the MWCNTs and Fe,O; in catalytic science.
Moreover, it may also be useful in various important applications
in nanotechnology, biomedical sciences and memory device
technology.
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