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r and combustion of Al
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To explore the effect of potassium perchlorate (KClO4) on Al nanoparticles/MnO2-nanorods nanothermite

systems, in this paper, Al/MnO2 nanothermites with different mass fraction of KClO4 were prepared by

electrospray. The samples were characterized by XRD, SEM, TG-DSC analysis. According to the results of

TG-DSC, the addition of KClO4 seemed to cause no direct improvement on their exothermic reactions.

But the results of activation energy calculations showed that KClO4 could remarkably reduce the

activation energy of nanothermite systems by up to 48.8%. The XRD results indicated that residues

consisted mainly of Mn3O4. The reasons why KClO4 has little effect on thermal properties but makes

a great difference on kinetics were analyzed and discussed. Finally, onset combustion tests were carried

out. The results and findings provide a useful approach to decrease the activation energy and

combustion rate of nanothermites, which may facilitate practical and combustible applications.
1 Introduction

With the development of nanotechnology, researchers continue
to focus on nanothermites as an energetic material which
usually contains both a metallic oxidizer and fuel.1,2 It can
undergo very intense redox reactions in a short period of time,
which could nd applications in ammunition primers,3 nano-
scale welding,4 gas generators,5 as well as energetic additives
in both explosives and propellants.6,7

In the meantime, a wide variety of preparation technologies,
including traditional and emerging methods, have been widely
applied to nanothermite preparation and fabrication. Physical
mixing is the simplest and most common method, but it has
little effect on the agglomeration of nanoparticles. Hosseini and
his co-authors8 focused on the thermal and kinetic analysis of
the effects of agglomeration of CuO on the Mg–CuO thermite
reaction system. They prepared stoichiometric thermite
mixtures by using physical mixing method and ultrasonic
mixing method, and the results showed that the decrease of
agglomeration could effectively reduce the activation energy.
Wang9 chose sol–gel technique to fabricate Al/Fe2O3 nano-
composites. The results indicated that sol–gel method could let
both nano-Al and micro-Al successfully wrapped by amorphous
ring University of PLA, Nanjing, 210007,

cience and Technology, Nanjing, 210094,

g, Northwestern Polytechnical University,

f Chemistry 2019
Fe2O3 nanoparticles. But this method has too many inuencing
factors, such as the amount of water, drop rate, reaction
temperature and gelation process. By the way, some of those
factors are pretty hard to control. Arrested reactive milling
(ARM) is a versatile and useful approach to manufacture
nanocomposites in industrial eld while the products from
ARM usually have uneven particle size distribution, irregular
shape and poor owability.10,11 Recently, several advanced
methods start to be applied into nanothermite preparation,
which could achieve homogeneous mixture with more contact
points between metallic oxidizer and fuel, including RF and
magnetron sputtering,12,13 cold spray,14 thermal evaporation15 as
well as electrospray approach.16,17

In this work, we selected electrospray approach to prepare
the samples, which could break up the liquid solution into tiny
droplets by using electrostatic eld forces. Usually, a high
voltage is applied to the liquid in the tube through a thin glass
or metal tube. A Taylor cone is formed at the end of the liquid
outow tube, and the jet thin line is formed at the end and
atomized, while the droplets are rapidly released from the end
of the thin line. The basis of this phenomenon is that the
amount of charge that can pass through the surface of the
droplet is nite, which can be broken into small droplets under
the action of Coulomb Repulsive Force.18,19

Manganese dioxide (MnO2) has its unique and excellent
electrochemical, catalytic, environmental and also economic
characteristics, which is a signicant materials as battery elec-
trode raw materials.20 But according to famous Fischer's
report,21 MnO2 could be a metallic oxidizer in thermite system,
and theoretically its heat release is pretty high. Therefore, this
RSC Adv., 2019, 9, 41319–41325 | 41319
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Table 1 The details of each precursor

Sample Mass-Al/mg Mass-MnO2/mg Mass-KClO4/mg

I00 40 60 —
II10 36 54 10
III20 32 48 20
IV30 28 42 30

Fig. 1 Schematic diagram of electrospray process.
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work chose MnO2 nanorods as metallic oxidizer to combine
with Al nanoparticles, as nanothermite.

Potassium perchlorate (KClO4) is an important energetic
additive in many pyrotechnic compositions for a long time due
to its mild phase transition, moderate sensitivity and fast
ignitability.22–24 Yang and his co-authors25 had prepared the
KClO4/Al/CuO nanoenergetic materials by solvent and non-
solvent method. They tested the reactive pressure from elec-
trical ignition experiments, and the results showed that KClO4/
Al/CuO nanoenergetic materials are more sensitive to be ignited
with much higher burning rate. Clark26 selected silicon as
binder to manufacture exible free-standing Al/MoO3 energetic
lms, and to prevent the phenomenon of thermal instability,
KClO4 was added into the lms. Besides, what needs to be
pointed out is that MnO2, as a kind of transition metal oxide,
could catalyzes the decomposition of KClO4, which will help
release the gaseous oxygen, increase reaction rate and reduce
the activation energy to some extent.27,28

In this work, we used electrospray approach to prepare
nanothermites. At rst, the MnO2 nanorods were synthesized
via hydrothermal method by using reactors. Then, KClO4 was
selected as energetic additive to add into Al nanoparticles/
MnO2-nanorods system with different mass fraction from 0% to
30%, and the thermal properties of samples were characterized,
and kinetics was also calculated. Based on the results, the
possible mechanism were analyzed and discussed. In the end,
the onset ignition and combustion experiments were carried
out to test their combustion performance.
2 Experimental
2.1 Materials

The Al nanoparticles (�100 nm) were purchased from Naiou
Nano Technology Co., LTD. (Shanghai, China). KMnO4 and HCl
were purchased from Lingfeng Chemical Reagent Co., LTD.
(Shanghai, China) to further prepare MnO2 nanorods. KClO4 as
a high-energy additive was purchased by Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

MnO2 nanorods were synthesized via hydrothermal method.
The chemical reaction equation is as follows:

2KMnO4 + 8HCl / 2KCl + 2MnO2Y + 3Cl2 + 4H2O (1)

The amount of KMnO4 should be excessive to ensure that
more MnO2 could be produced rather than MnCl2. First, 1.5 g
KMnO4 was dissolved into 20 mL deionized water. Meanwhile,
1.875 mL HCl was diluted with 10 mL deionized water. Then,
both of two solutions were mixed with intense stirring. Next, the
mixture was poured into a 50 mL Teon-lined stainless steel
autoclave, sealed and maintained at 200 �C for 6 h in muffle
roasting oven. When the autoclave was cooled to the room
temperature, the products were taken out, which was a dark
brown granule. The obtained powder was washed for several
times with deionized water and ethyl alcohol, respectively. Aer
the centrifugal operation, the product was dried at 80 �C for
12 h.
41320 | RSC Adv., 2019, 9, 41319–41325
2.2 Precursor preparation

Each group was controlled at 100 mg. For instance, 36 mg Al
nanoparticles and 54 mg MnO2 nanorods were dispersed in
3mL ethanol, and 10mg KClO4 was dissolved in 2mL deionized
water. Namely, the mass fraction of KClO4 was 10 wt%. Then,
the KClO4 solution was poured into mixed turbid ethanol under
intense ultrasonic conditions. Table 1 shows the details of each
precursor.

2.3 Electrospray process

As shown in Fig. 1, in a typical preparation process, the mixture
precursor was loaded into a 5 mL syringe with a metal at
needle, about 0.43 mm diameter. A syringe pump is introduced
to eject the mixture precursor with a speed of 4.0 mL h�1. The
aluminum foil was set as a receiving board at 15 cm away from
the syringe pump. A high voltage was applied between the
needle and board, about 13 kV.

2.4 Characterization and thermal analysis

The synthesized MnO2 nanorods and reaction products were
characterized by using XRD analysis (Bruker, D8 Advance,
Germany). The morphologies and particle sizes of the samples
were characterized by FE-SEM analysis (HITACHI High-
Technologies corporation, S-4800 II Japan).

The thermal behaviors of both components and thermite
samples were carried out by using TG-DSC (NETZSCH STA
449F3, Germany). The sample mass was about 5 mg and the
heating rates are 5, 10, 15, 20 �C min�1 in corundum crucible,
covering the temperature range from room temperature to
800 �C in argon atmosphere.

3 Results and discussion
3.1 Analysis of synthesized MnO2

In Fig. 2, the synthesized MnO2 was analyzed by XRD. According
to the tetragonal manganese oxide phase (ICDD/JCPDS 44-0141
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XRD pattern of synthesized MnO2.

Fig. 3 FE-SEM image of synthesized MnO2.

Fig. 4 SEM images of nanothermites samples (a) I00 Al/MnO2 nano-
thermite, (b) II10 Al/MnO2 nanothermite/10 wt% KClO4, (c) III20 Al/
MnO2 nanothermite/20 wt% KClO4, (d) IV30 Al/MnO2 nanothermite/
30 wt% KClO4.
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MDI Jade 6.0), the matching degree is pretty high, and the
lattice constants are a¼ b¼ 9.785�A, c¼ 2.863�A, c/a¼ 0.293 and
the space group is I4/m. At the same time, it can be found that
there are no distinct anomalous peaks.

Fig. 3 shows the FE-SEM image of the synthesized MnO2. The
morphologies of synthesized MnO2 are nanorods with variety of
length and thickness. As for thickness, the diameter of the sample
ranges from 40 to 100 nm, and the length of the nanorods is about
1–5 mm. From Fig. 3, the agglomeration phenomenon is not
apparent and noticeable with a good dispersion comparatively.
Fig. 5 Mapping of nanothermites sample (a) II10 Al/MnO2 nano-
thermite/10 wt% KClO4, (b) III20 Al/MnO2 nanothermite/20 wt% KClO4,
(c) IV30 Al/MnO2 nanothermite/30 wt% KClO4.
3.2 SEM and mapping of nanothermites

Fig. 4 shows the SEM images of nanothermites. Fig. 4(a) is the
sample I00 Al/MnO2 nanothermite without KClO4. The spherical
particles are Al nanoparticles, and the nanorods are synthesized
MnO2. From Fig. 4(a), it is found that electrospray method could
effectively reduce the agglomeration behaviour of nano powder
to some extent. In Fig. 4(b)–(d), a large number of Al nano-
particles and MnO2 nanorods directly adhere to the surface of
the KClO4 crystals. Namely, KClO4 crystals, irregular blocks in
Fig. 4, are wrapped by nanopowders, which could increase
contact area of the reaction between fuel and oxides.

In order to test the distribution of the components in those
nanothermites, the Mapping tests were introduced. As shown in
Fig. 5, the green scatter diagram is on behalf of the Al nano-
particles, and the purple one is Mn element distribution, which
represents the MnO2 nanorods. The golden scatter diagram and
blue scatter diagram, the K element and Cl element, respectively,
represent the distribution of KClO4 together. The Al nanoparticles
and MnO2 nanorods are evenly distributed. As for KClO4, with the
increase of mass fraction, the number of golden and blue points
increases gradually.
This journal is © The Royal Society of Chemistry 2019
3.3 Thermal properties analysis

The TG-DSC curve of the pure KClO4 and nanothermites
samples at a heating rate of 20 �C min�1 are shown in Fig. 6. In
Fig. 6(a), clearly, an endothermic peak appears at about 302 �C
which corresponded to the phase change process of KClO4,
from rhombic to cubic structure.22 There is a combination of
endothermic and exothermic peaks at the temperature range
from 590 �C to 650 �C. The endothermic peak is at about 600 �C,
indicating the process of KClO4 melting, and then the thermal
decomposition of KClO4 happens with a sharp exothermic peak
at about 620 �C. At the same time, there is a sharp drop in mass
of about 50% due to the gaseous oxygen release.

To gure out the catalysis of MnO2 nanorods in KClO4

system, the 80 wt% KClO4/20 wt% MnO2 mixture were prepared
by ultrasonic dispersion method, and then the TG-DSC tests
were carried out at same condition as shown in Fig. 6(b).
Although theMnO2 nanorods as a kind of catalyzer has no effect
on its phase change, still at about 302 �C, MnO2 nanorods could
greatly reduce the temperature of melting and thermal
RSC Adv., 2019, 9, 41319–41325 | 41321
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Fig. 6 TG-DSC curves of pure component and nanothermites (a) pure
KClO4, (b) 80 wt% KClO4/20 wt% MnO2, (c) I00 Al/MnO2 nanothermite,
(d) II10 Al/MnO2 nanothermite/10 wt% KClO4, (e) III20 Al/MnO2 nano-
thermite/20 wt% KClO4, (f) IV30 Al/MnO2 nanothermite/30 wt% KClO4.

Fig. 7 XRD pattern of reaction products.
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decomposition, about 90 �C. As TG curve in Fig. 6(b), remark-
ably, the mass starts to reduce slowly at about 400 �C before
melting point, and the peaks area of melting and thermal
decomposition become small but sharp, which means that
a few KClO4 even decomposes directly at solid state. When
temperature rise to 500 �C, the KClO4 melts down and thermally
decomposes soon. At same time, the mass is lost pretty quickly.
In summary, the MnO2 nanorods could make a signicant
difference to the melting and thermal decomposition of KClO4.

In Fig. 6(c), the TG curve of Al/MnO2 nanothermite goes
down slowly, about 5.5% mass loss, before temperature rises to
350 �C. Based on previous reports,29 some residual solvent are
removed from the nanothermite, including the adsorb and
structural water, residual ethanol. As is known to all, it is
universal for nanomaterials to adsorb some water from air,
especially the hydrothermal synthesized MnO2 nanorods. In the
DSC curve, an obvious exothermic peak appears at 560 �C with
1037.6 J g�1, and then a small endothermic peak at about 660 �C
is the melting of residual Al nanoparticles.

In the next step, the nanothermites with different mass
fraction addition of KClO4 were tested by TG-DSC, as shown in
Fig. 6(d)–(f). All of samples have small endothermic peak at
300 �C due to phase change of KClO4, which means that MnO2

nanorods or Al nanoparticles would not catalyze the phase
change at all, and as for TG curves before 350 �C, they are same
to the results of Al/MnO2 nanothermite because of the desorp-
tion of solvents on the surfaces. But it is noticeable that there is
an inection point near 400 �C in each of three TG curves. The
rate of mass loss is obviously accelerating in the temperature
41322 | RSC Adv., 2019, 9, 41319–41325
range of 390 �C–500 �C because of thermal decomposition of
KClO4 with gaseous oxygen release under MnO2 nanorods
catalysis. But the main exothermic peaks do not appear in this
temperature range but at about 580 �C. Besides, in this
temperature range from Fig. 6(d), the mass loss is about 4%,
and there are 10% and 12% mass loss in Fig. 6(e) and (f),
respectively. According to the results of thermal decomposition
mass loss in Fig. 6(a), the decomposition process of KClO4 will
lead to near 50% mass loss. An approximate calculation shows
that all of KClO4 will decompose before the main exothermic
thermite reaction, and MnO2, as a kind of catalyzer in decom-
position of KClO4, is still MnO2. Namely, to some extent, KClO4

will not involve into main exothermic thermite reaction
between Al and MnO2 directly. Besides, in fact, the main
exothermic peaks in Fig. 6(d)–(f) are lagging a little bit, about
20 �C. From the above, the addition of KClO4 seems to have
a little negative effect on the thermite reaction in Al/MnO2

nanothermite system even though KClO4 is commonly used as
pyrotechnic additive and compositions to support combustion.
3.4 Analysis of reaction products

Aer TG-DSC tests, the residues are collected and tested by XRD
to analyze the phase of reaction products. The reactants are
MnO2, Al and KClO4. Therefore, the Mn, Al, O, K and Cl are set
as the possible elements in residues. Clearly, the main
compositions in all of residues are Mn3O4. Besides, the MnO
and Al2O3 are the other compositions in residues of Al/MnO2

nanothermite (I00). As the mass fraction of KClO4 increases, the
crystallinity of Al2O3 decreases drastically and the MnO
composition just disappears directly, as shown in brown box in
Fig. 7. But there is a characteristic peak of Mn8O10Cl3 at 11.6� in
XRD pattern of residue of Al/MnO2/10 wt%-KClO4 nanothermite
(II10). Theoretically, due to the thermal decomposition, the KCl
will be generated from KClO4. In fact, only the Al/MnO2/30 wt%-
KClO4 nanothermite (IV30) sample detects the characteristic
peak of KCl. Namely, the amount of crystallization of KCl might
be very small.
3.5 Activation energy

According to the theoretical background of Kissinger
method,30,31 the TG-DSC tests were carried out under different
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08663c


Table 2 The parameters of peak temperatures at different heating
rates

Samples Formulas Heating rate/K min�1 Tpeak/�C Tpeak/K

I00 Al/MnO2 5 538.3 811.4
10 542.1 815.2
15 551.1 824.2
20 559.0 832.1

II10 Al/MnO2/
10 wt% KClO4

5 541.4 814.5
10 569.8 842.9
15 571.6 844.7
20 583.1 856.2

III20 Al/MnO2/
20 wt% KClO4

5 544.8 817.9
10 562.2 835.3
15 571.8 844.9
20 584.6 857.7

IV30 Al/MnO2/
30 wt% KClO4

5 544.3 817.4
10 562.2 835.3
15 571.1 844.2
20 581.3 854.4

Table 3 Kinetic parameters of the thermal reaction of the
nanothermites

Samples Formulas Ea/kJ mol�1
Correlation
coefficient

I00 Al/MnO2 342.03 �0.9903
II10 Al/MnO2/10 wt% KClO4 175.77 �0.9630
III20 Al/MnO2/20 wt% KClO4 196.69 �0.9927
IV30 Al/MnO2/30 wt% KClO4 207.77 �0.9976

Fig. 9 Schematic diagram of change process.
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heating rates in a range from room temperature to 700 �C, and
the parameters of peak temperatures are listed in Table 2. These
parameters clearly demonstrate that the peak temperatures of
nanothermites reaction are affected by the heating rates and are
increased gradually with the rise of heating rates.

Fig. 8 shows the results of tting linear, and Table 3
demonstrates that the kinetic parameters of the thermal reac-
tion of the nanothermites. The absolute values of correlation
coefficient are all greater than 0.96. The activation energy of I00
sample is calculated about 342.03 kJ mol�1 while the value of
II10 sample is merely about 175.77 kJ mol�1 when the KClO4 is
added 10 wt%. When the mass fractions of KClO4 rise to 20 wt%
and 30 wt%, the activation energy will increase a little, with
196.69 kJ mol�1 and 207.77 kJ mol�1, respectively. Namely, the
addition of KClO4 could signicantly reduce the activation
energy of the nanothermite system by up to 48.8%.
Fig. 8 Plots of ln(b/Tp
2) versus 1/Tp for the nanothermites (a) I00 Al/

MnO2 nanothermite, (b) II10 Al/MnO2 nanothermite/10 wt% KClO4, (c)
III20 Al/MnO2 nanothermite/20 wt% KClO4, (d) IV30 Al/MnO2 nano-
thermite/30 wt% KClO4.

This journal is © The Royal Society of Chemistry 2019
According to the activation energy calculation results, there
are several possible reasons as follow. Firstly, before the ther-
mite reaction occurs, the KClO4melts rst and it could wraps up
nanothermites components, including the agglomerations, and
then the thermal decomposition of KClO4 occurs dramatically
and sharply with lots of gaseous oxygen release, which could
disruptive the agglomeration of Al nanoparticles and MnO2

nanorods. Namely, to some extent, this process is equivalent to
dispersing the nanothermite system again more even, just like
secondary mix. Besides, the amount of gaseous oxygen release
will be good for the thermite exothermic reaction, which has the
effect of supporting combustion, as shown in Fig. 9. Thirdly,
according to the TG-DSC results, the process of KClO4 thermal
decomposition is exothermic, and the main thermite reaction
occurs next, which could be a kind of pre-ignition. Therefore,
the activation energy of system is reduced by about 48.8% for
the above possible reasons.
3.6 Onset combustion tests

The combustion properties of samples were ignited by heating
wire experiments and recorded by high-speed photography. The
diameter of heating wire was 0.1 mm. The 20 mg samples were
ignited by a rapid heating wire at a current of 1 A. The high-
speed photography took 20 000 pictures per second. In
Fig. 10, when the samples are just ignited and red, we set it as
the starting time, denoted as 0 ms. The next photo is 50 ms later.
At about 1 ms later, the intensity of combustion reaches the top
with extremely bright re. And then the re begins to weaken
and reduce gradually. At the same time, noticeably, the
combustion energy of samples is concentrated during the
ignition and burning processes with only a few sparks ying
away.
RSC Adv., 2019, 9, 41319–41325 | 41323
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Fig. 10 Onset combustion tests of samples recorded by high-speed
photography, (a) I00 Al/MnO2 nanothermite, (b) II10 Al/MnO2 nano-
thermite/10 wt% KClO4, (c) III20 Al/MnO2 nanothermite/20 wt% KClO4,
(d) IV30 Al/MnO2 nanothermite/30 wt% KClO4.
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Comparatively, as the mass fraction of KClO4 increases, the
intensity of ames decreases gradually. At 1 ms, the ame of I00
sample almost lls the whole photo while the ame of IV30

sample takes up only a third of the photo. At 2 ms, the differ-
ence between the ames of I00 and IV30 samples is much more
striking. Remarkably, at 9.5 ms, the ame of I00 sample is still
clear and strong while that of IV30 sample is extinguished and
disappeared. As for II10 and III20 samples, the decreasing trend
of size of ames is also obvious.

Although the mass fraction of KClO4 from 10 wt% to 30 wt%
could reduce the content of Al/MnO2 nanothermite, which will
reduce the thermite reaction time to some extent, the addition
of KClO4 will also signicantly increase the combustion rate of
the samples due to its combustibility.
4 Conclusions

In this paper, the effect of KClO4 on Al/MnO2 nanothermites
system was studied. The Al nanoparticles/MnO2-nanorods
nanothermites with various mass fraction of KClO4 (from 0 wt%
to 30 wt%) were prepared by electrospray method. According to
the SEM and Mapping results, the distribution of nanothermite
components was homogeneous on the surface of KClO4 block.
All of KClO4 would be decomposed rst before the thermite
reaction occurred from the results of TG-DSC analysis. As for
main exothermic peak of thermite reaction, the addition of
KClO4 had no directly positive effect on the heat release. Even
worse, the main exothermic peaks with different mass fraction
of KClO4 were lagging a little bit, about 20 �C. The residues were
41324 | RSC Adv., 2019, 9, 41319–41325
collected and tested by XRD, and the main phase was Mn3O4.
However, the introduced KClO4 could drastically decrease the
systematic activation energy by up to 48.8%. The possible
reasons and mechanism of the effect of KClO4 were analyzed.
Due to the thermal decomposition, the nanothermites compo-
nents are mixed more evenly without obvious agglomerations.
Also, the process of KClO4 thermal decomposition is
exothermic, which could be a kind of pre-ignition. In the end,
the onset combustion tests were carried out and recorded by
high-speed photography. Clearly, the nanothermites samples
with KClO4 additive have much higher combustion rates with
the sacrice of heat energy, which is corresponding with the
results of TG-DSC.
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