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Composite energetic materials are simple mixtures of the fuel
and oxidizer (e.g., thermite). Although composite energetic
materials usually have much higher energy density than
monomolecular energetic materials such as 2,4,6-trinitroto-
luene (TNT), nitrocellulose, cyclotrimethylenetrinitramine
(RDX) etc., they suffer from slow rates of energy release,
limited by the mass transfer rate between reactants. In large
part, the idea of nanoenergetics is to promote intimate mixing
between the fuel and oxidizer by decreasing the length scale.!"
This relatively new class of energetic materials has been
a topic of extensive research and has been investigated for
applications involving gas generators, initiators, propellants,
and explosives as well as propulsive power in micro-/nano-
electromechanical systems (MEMS/NEMS).”! In the most
widely studied nanoenergetic formulations, nanoaluminum
(aluminum nanoparticles) is employed as the fuel because of
its high reaction enthalpy and ready availability, and metal
oxide nanoparticles serve as oxidizers (e.g. Fe,O; CuO,
MoO,).>3! More recently, some other oxidizers, including
KMnO,,*! 1,0, NaClO,,“d have been introduced into
nanoenergetic formulations for their high oxygen content and
strong oxidizing nature. These strong oxidizers also display
very promising gas-generating behavior, however, most of
them have a reduced shelf life compared to metal oxide
nanoparticles, for reasons of light sensitivity or hygroscopic-
ity.] Recently, efforts have been made to encapsulate
perchlorate salt nanoparticles with less reactive metal oxide
layers as a moisture barrier.*] However, perchlorate salts,
particularly potassium perchlorate (KClO,), have raised
environmental and public health concerns during manufac-
ture, transport, and applications, and have been targeted for
elimination from many traditional pyrotechnic formula-
tions.® In a recent report, Moretti et al. introduced periodate
salts as an alternative to perchlorate salts as pyrotechnic
oxidizers because of their low toxicity and hygroscopicities.
Their results show that periodate salt based formulations have
good performance in illumination applications.*! The fabri-
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cation of periodate salt nanoparticles and their applications as
gas generators, however, remains a challenge.

Herein, we present an example of gas generators based on
periodate salts as oxidizers in nanoenergetic formulations. A
simple yet versatile aerosol spray drying approach was
developed to produce periodate salt nanoparticles. The
aerosol spray drying method is a promising method for the
production of salt oxidizer nanoparticles with a high oxygen
content and for the fabrication of salt nanoparticles that are
not accessible by wet-chemistry methods.”) The prepared
periodate salt nanoparticles were then tested as oxidizers in
nanoenergetic formulations with nanoaluminum as the fuel.
These periodate salt nanoparticles exhibit superior reactivity
when evaluated as the oxidizers in nanoenergetic formula-
tions, producing the highest reported gas pressure pulses. Fast
heating scanning electron microscopy and temperature-jump
mass spectrometry techniques were employed to probe the
initiation/reaction mechanisms and provided direct evidence
that gas phase oxygen release is responsible for the initiation
of the periodate nanoenergetic formulations.

The general pathway of preparing periodate salt nano-
particles by using an aerosol spray drying method is illustrated
in Figure 1a (for details see the Supporting Information).
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Figure 1. a) lllustration of preparing periodate salt nanoparticles by
aerosol spray drying. w/ =with. b,c) SEM images of KIO, (b) and
NalO, (c) nanoparticles.

Briefly, periodate nanoparticles were formed thorough an
aerosol “droplet-to-particle” process, whereby precursor
aqueous solutions are continuously atomized to form
micron-sized droplets, and subsequent solvent evaporation
enables the formation of nanoparticles. The size of the
nanoparticles ranges from 50 to 300 nm based on the scanning
electron microscopy (SEM) images (Figure 1b,c) and trans-
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Figure 2. a) Illustration of the combustion cell. b, c) Pressure versus time (b) and normalized optical emission versus time (c) for nanoaluminum-
based energetic formulations with KIO, and NalO, nanoparticles as oxidizers. d) Schematic showing temperature-jump experiment. €) Sequential
snapshots of Al/KIO, nanothermite burning on a fast-heating wire in atmosphere (air).

mission electron microscopy (TEM) images (Figure S2 in the
Supporting Information); the size of the nanoparticles is
mainly dependent on the size distribution of the aerosol
droplets. The prepared nanoparticles were further confirmed
to be single crystal phase of KIO, and NalO, by X-ray
diffraction (XRD) analysis (Figure S3 in the Supporting
Information).

Periodate nanoenergetic formulations were prepared by
mixing oxidizer nanoparticles with nanoaluminum (< 50 nm)
in a stoichiometric ratio shown in Equation (1).

8 Al 4+ 3KIO, — 3KI 4+ 4AL0;, (1)

The relative reactivity of the periodate nanoenergetic for-
mulations was evaluated using a combustion cell (Figure 2a),
from which temporal pressure rise and optical emission
information can be obtained for the reaction in a small closed
vessel. The pressure rise and optical emission of nanoener-
getic reactions with synthesized periodate nanoparticles as
oxidizers in the combustion cell are shown in Figure 2b,c, and
peak pressure, pressurization rate and full width at half
maximum (FWHM) burn time are summarized in Table 1,
along with CuO nanoparticles (<50 nm) as the reference
material.**! All pressure profiles show a rapid rise, which

Table 1: Results obtained in the combustion cell with nanoenergetic
formulations with different oxidizer nanoparticles.?

Oxidizer (w/AINPs, P... Pressurization rate FWHM burn
$=1) [MPa]  [MPa pus™] time [us]
KIO, NPs 3.8 2.4 ca. 124
NalO, NPs 4.0 2.6 ca. 124

CuO NPpst* 0.7 0.06 ca. 170

[a] The pressurization rate (dP/dt) is defined as the initial slope of the
pressure curve. FWHM burn time is defined as the full-width half-
maximum of the optical emission curve obtained in the combustion cell
tests. The results are the average values of three experiments.

occurs in a few microseconds, with peak pressures as high as
approximately 4 MPa (Figure 2b), and average pressurization
rates of 2.4 and 2.6 MPaps™' for KIO, and NalO, NPs
(Table 1) respectively. Both the maximum pressure achieved
and pressurization rate of AI/KIO, and Al/NalQ, significantly
outperform CuO NPs (normally used as a standard; Table 1).
We also compared the results with energetic formulations
comprising aluminum nanoparticles and as-received KIO,
and NalO, (ca. 100 pm; see Figure S7 in the Supporting
Information); for the formulations with NPs we found a very
significant increase in the maximum peak pressure (> 60x)
and pressurization rate (>1000x), thus emphasizing the
importance of employing nanosized oxidizers to improve the
reactivity. In comparison to the reported values of pressur-
ization rate for other nanoenergetic systems, for example,
1)2.0 MPaps™! for AI/KMnO,*! and 2)0.77-2.4 MPaps™!
for AIVKCIO,+ CuO,*! periodate nanoenergetic formula-
tions deliver the highest values. Since we tested all the
samples at a fixed mass of 25 mg, AIVKIO, and Al/NalO,
nanoenergetic formulations demonstrate the highest pressur-
ization rates per mole of Al considering the relatively high
molecular weight of periodate salts.

The normalized optical emission traces for periodate-
based nanoenergetic formulations (Figure 2¢) show that the
burning time for both KIO, and NalO, systems are roughly
the same approximately 124 us, which is much longer than the
pressure-rise time, thus suggesting the burning behavior is
rate limited by the aluminum, since the pressure rise is
primarily due to oxygen release.[’! The similar pressurization
rates and burning time of KIO, and NalO, imply, not
surprisingly, that they have a similar reaction mechanism,
which we will further explore later herein. Additionally, we
found that the burning time of periodate salt based nano-
energetic formulations are shorter than of Al/CuO nano-
thermite (ca. 170 ps; Table 1). In the periodate systems, the
gas contributing to the pressurization is mainly formed
through oxygen release from periodate salts decomposition,
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which should enhance the burning rate of nanoaluminum.
This point has been previously confirmed by Glumac and co-
workers in the combustion of nanoaluminum in a pressur-
ized oxygen environment. It has been found that the burning
time of nanoaluminum can be significantly reduced, in some
cases by 4 x, in a pressurized environment.

High-speed imaging experiments of periodate nanoener-
getic formulations in open air ignition (see Movie 2) and rapid
wire ignition (Figure 2d,e, and details in Figure S8 in the
Supporting Information) show that periodate salt nanopar-
ticles demonstrate much more violent reactions and brighter
emission than CuO nanoparticles, thereby indicating much
faster energy release and pressurization rate for periodate
nanoenergetic formulations. While we have not spectroscopi-
cally evaluated the emission, it is quite possible the enhanced
brightness could in part be attributed to alkali atomic
emission. Indeed the work of Moretti et al. has shown that
incorporation NalO, into pyrotechnics greatly enhances
luminous efficiency and its potential application as the
illuminant.*! We should expect that with the more vigorous
reaction expected using the nanomaterials, that this property
would be significantly more enhanced and our combustion
cell results do show a 15-30 x increase in optical emission
(Figure S7a) as compare to the micron-sized material (Fig-
ure S7c¢).

Wire ignition experiments were employed to determine
the ignition temperature of the nanoenergetic formulations at
high heating rates (ca. 5x10°Ks™') by applying a rapid
heating pulse, as illustrated in Figure 2d. The measured
ignition temperature of AI/KIO, and Al/NalO, nanoenergetic
formulations are 950 K and 880 K (Figure S8 in the Support-
ing Information), respectively, which are lower than the
ignition temperature of Al/CuO nanothermite (ca.
1040 K).'! We note that for Al/NalO, nanoenergetic for-
mulations, the ignition temperature is even lower than the
melting point of aluminum (933 K).

Naturally, we would expect that the superior gas-generat-
ing behavior and relative low ignition temperatures should be
related to the properties of periodate oxidizer nanoparticles
upon heating. Since KIO, and NalO, nanoparticles behave
similarly, we only present KIO, results in the following
(NalO, results are in the Supporting Information). Temper-
ature-jump time-of-flight mass spectrometry'™” was used to
measure the species that formed at different stages during the
decomposition of KIO, nanoparticles under rapid heating (ca.
3 ms, heating rate ca. 5x10° Ks™'; Figure 3a,b). The back-
ground spectrum in Figure S10b in the Supporting Informa-
tion shows H,O, N,, and a small amount of O,. Unlike the
decomposition of KClO,, which proceeds in a single step
(Figure S11b in the Supporting Information), KIO, appears
to decompose in two stages. In the first stage at relatively low
temperature <800 K (Figure 3a), O, is the only species
detected, while O,, K, and small amount of I are seen at
higher temperatures>900 K (Figure 3b). The temporal
oxygen release profile in Figure 3¢ shows two regimes as
demarked in the figure, which are highly reproducible in
repeated experiments. We observed an onset temperature for
oxygen release of ca. 740 K, which is also the onset decom-
position temperature of KIO, nanoparticles. The second stage
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Figure 3. a,b) Selected mass spectra obtained from rapid heating of
KIO, nanoparticles. c) Temporal profile of oxygen release upon heating
KIO, nanoparticles. Measured data points (0) and a curve fitted to
these data points (—) are shown. d) Thermogravimetric/differential
scanning calorimetry (TG/DSC) curves of KIO, nanoparticles.

of decomposition shows an increase in oxygen starting at ca.
900 K, which also corresponds to the first appearance of
potassium.

The decomposition of KIO, nanoparticles at low heating
rate was studied by thermogravimetric analysis (TGA) with
simultaneous heat flux by differential scanning calorimetry
(DSC; Figure 3d). KIO, decomposes in two steps in Fig-
ure 3d, which is in agreement with the temperature-jump
measurements at a high heating rate in Figure 3a—c, and
previous thermoanalytical studies at a slow heating rate.''! As
seen from Figure 3d, KIO, begins to decompose to KIO; and
O, (ca. 7% weight loss) exothermically at 570 K, while
a second endothermic decomposition step begins at 780 K, to
form KI and O, (ca. 20% weight loss). Different from most
metal oxide decompositions, which are endothermic, period-
ate decomposition is exothermic, which presumably is
responsible for the relatively low ignition temperature.
Indeed we find that perchlorate nanoparticle decomposition
is also exothermic, but through a single-step decomposition
(Figure S11b,c).

To further explore initiation mechanisms of periodate
nanoenergetic formulations, we rapidly heated them to
1173 K at 10°Ks™" in a hot-stage SEM; images before and
after heating are shown in Figure 4a,b for AI/KIO,. Quite
surprising, and unlike our prior SEM studies with thermite
mixtures (Al/CuO, Al/WO;),™? we found that no obvious
fuel-oxidizer reaction is apparent, with only the nanoalumi-
num left on the sample holder after rapid heating (more
evidence shown in Figure S14 in the Supporting Information).
Considering the fact that the microscope experiments per-
formed with high heating rates were carried out in high
vacuum, we employed the temperature-jump wire heating
experiments for AI/KIO, with in situ high-speed imaging and
mass spectrometry. These results showed that there was very
little if any burning on the wire in contrast to the very violent
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Figure 4. a,b) SEM images of Al/KIO, nanoenergetic formulations
before and after rapid heating to 1173 K at 10° Ks™' and holding for
1 ms. ¢) High-speed imaging of Al/KIO, nanoenergetic reaction in
vacuum (T-Jump/MS) and at atmospheric pressure (air).

burning at atmospheric pressure in air (Figure 4d) and argon
(Figure S9a in the Supporting Information) environments.
Further mass spectrometry results (Figure S15 in the Sup-
porting Information) showed spectra similar to the neat
periodate nanoparticles. Since the decomposition of KIO,
nanoparticles, i.e., oxygen release, commences at 740 K
(Figure 3¢), it is reasonable to conclude that oxygen released
from the oxidizers in vacuum escapes from the composite
energetic sample before reaching its ignition temperature.
The results imply that the reaction mechanism of periodate
salt based nanoenergetic formulations differ from those of
metal oxide nanothermites,'” and gas phase oxygen is critical
to the ignition and burning of periodate nanoenergetic
formulations. We must emphasize this is the first direct
evidence of the contribution of gas-phase oxygen on the
ignition and combustion of nanoenergetic formulations.

In summary, periodate salt nanoparticles were prepared
through an aerosol spray drying process; these nanoparticles
demonstrate highly reactive properties when formulated into
an aluminum-based nanoenergetic material. Several in situ
techniques at high heating rates suggest that exothermic
decomposition of periodate salts contributes to the low
ignition temperature of their nanoenergetic formulations.
We also show direct evidence to support that direct gas phase
oxygen release from the oxidizer decomposition is critical in
the ignition and combustion of periodate nanoenergetic
formulations.
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