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Energetic materials are defined as a class of material with extremely high amount
of stored chemical energy that can be released when ignited, alongtesisive light
emission and shock generatioBeveloping new energetic materials with high
efficiency neutralization of biological warfare agents has gained increased attention
due to the increased threat of bioterrorism. The objective of this dissertation
develop new energetic materials with biocidal capabilities and apply them in various
nanothermite systems to explore the relationships between fuel and oxidizer reactions.
Aerosol techniques offer a convenient route and potentially direct route for
preparation of small particles with high purity, and is a method proven to be amenable

and economical to scalg. Here | demonstrate the synthesis of various iodine

oxides/iodic acids microparticles by a direct tep aerosol method from iodic acid.



A previously misidentified phase ofQs hydrate is in fact a new polymorph of HHO
which crystalizes in the orthorhombic space grB@g12:.

Various iodine oxides/iodic acids, includingdk, HIsOs and HIG, were employed
as oxidizers in thermite systems.€elihdecomposition behaviors were studied using a
homemade time resolved temperatyoenp/timeof-flight mass spectrometer (T
Jump/TOFMS). In addition, nareduminum (nAl), nanetantalum and carbon black
were adopted as the fuel or additive in order tly fuhderstand how iodine containing
oxidizers react with the fuel during ignition. The ignition and reaction process of those
thermites were characterized withJlimp/TOFMS. Carbon black was found to be able
to lower both initiation and iodine release tesrgiures compared to those of Al/iodine
oxides and Ta/iodine oxides thermites.

Their mmbustion properties were evaluated in a constalime combustion cell
and results show that nakHI30s has thénighest pressurization rate and peak pressure
and shorst burn time. However, an ignition delay was always present in their pressure
profiles while combusting. To shorten or eliminate this ignition delay, a secondary
oxidizer CuO is incorporated into AlDs system and four different AKDs/CuO
thermites by varying the mass ratio between two oxidizers are prepared and studied in
a constant volume combustion cell. Significant enhancement is observed for all four
thermites and their peak pressures and pressurization rates are much higher ¢fian that
Al/l 20s or Al/CuO. Two other oxidizers also demonstrate similar effects as to CuO on
promoting the combustion performance of AD4.

A novel oxidizer AgFe®@particles vasprepared via a wethemistry method and

evaluated as an oxidizer in alumindbaed thermite system. Its structure,



morphologies and thermal behavior were investigated usiray diffraction, scanning
electron microscopy, TGA/DSCand T-Jump/TOFMS. The results indicate the
decomposition pathways of AgFe®@ary with heating rates frora two-step at low
heating rate to a single step at high heating rgtation of Al/AgFeQOz at a temperature
just above the oxygen release temperatureiganery similar toAl/CuO. However,
with a pressurization rate three times of Al/CuO, Al/Agkgi@lds a comparable result
to Al/hollow-CuO or AI/KCIQW/CuO, with a simpler preparation method.
T-Jump/TOFMS was used to study the ignition and decomposition of -hased
thermites. The ignition behaviors of bare boron nanopowders and -based
nanothermite at various gaseous oxygen pressure were investigated usinguhgT
method. Highheating rate transmission electron microscopy studies were performed
on both B/CuO and B/BDs nanothermites to evaluate the ignition process. | propose
a cosintering eféct between BDs and the oxidizer play an important role in the

ignition process of borebased nanothermites.
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Chapter lintroduction

1.1 Energetic materials

Energetic materials adefined as a class of material with an extremely high stored
chemical energy that can be released when ignited, along with intensive light emission
and shock generatidfi, 2] Once or part of the material ignites, the heat released from
the combustion can be further conducted to adjacEgibnsleadng to continuous
propagation.

Using different categorization methodologies, energetic materials can be classified
into varioustypes. Based on their function, energetic materials comprise explosives,
propellants, pyrotechnics, batteries, etc. The disadvantage with this classification
method is these categories are vaguely defined that the same energetic material can be
classifiedas either an explosive, propellant, or pyrotechnic. A typical example is
gunpowder that consists of a mixture of sulfur, charcoal and potassium nitrate, which
has been employed in the fields of explosives, propellants and pyrotel@rits.

A better way to categorize energetic materials is based on their formulations; they
can be dividd into heterogeneous energetic composite materials where the fuel and
oxidizer are in different molecules and homogeneous energetic materials where both
the fuel and oxidizer exist as one molecule. Take gunpower again for xample, it
contains fuels (sulfurand carbon) and oxidizer (potassium nitrate) in separate
formulations; thus, it is classified as a heterogeneous energetic material. However,
homogeneous energetic materials have both fuel and oxidizer components within one

formulation. In other words, airgjle molecule functionalizes as the fuel and the



oxidizer.. Thus, homogeneous energetic materials usually can achieve a very rapid
energy release due to the lack of the diffusion length between the fuel and oxidizer.
Materials like dynamite, 2, 4,-@initrotoluene (TNT), cyclotrimethylenetrinitramine
(RDX), etc, have been widely studied in energetic fields and used in military
applications. However, homogeneous energetic materials suffer from low energy
density owing to the limitation of their physicalrdgty and extremely high sensitivity

that obstructed their development in energetic sty8ie#\s indicated in Figure 1.1,

the energy densities of homogeneous energeaterials are significantly lower than
those of heterogenous energetic composites materials. D@sdéadlasons, researchers

have devoted their attentiom heterogeneous energetic materialsesenttimes.

200
A [ Gravimetric (kJ/g) B
[ ] Volumetric (kJ/em’) Zt f—
E 150+ T —
E NI pe— _—
E Al
S 100t B
= CL-20 |
g RDX }
E aal HMX |
TNT |
0 0 10 20 30 40 50 O 30 60 90 120 150
- 0 & woe v SN E [kJig] [kJ/em?]
<EREEBENTE ] g Z ‘ ‘
@) Maximum combustion enthalpy

Figure 1.1. (A) Gravimetric and volumetric energy densities of some metals and homogeneous
energetic materials in pure oxygen at stoichiometric conditions.[5] (B) Maximum combustion
enthalpies for some reactive metals and homogenewmugetic materials.[1]

Thermite reactions refer to a redox reaction between a physically mixed metal fuel
and solid metal oxides and have been substantially studied due to their high energy
densities and greater stabiliti@he thermite reaction was firgmployed in welding
especially for joining rail tracks starting in 1899. This thermite welding process

employs an exothermic reaction of aluminum powder and a metal oxide. Researchers



expanded to other reactive metals as a replacement of alumivhioh definesa
thermite reaction in a broad sense. As shown in Figure 1.1, mostbastl energetic
materials feature high energy densities that make them a potential fuel in thermite
reactions. Typically, a thermite reaction undergoes as follows:
A+BO->B+ AO + @aH

where A represents a reactive metal, B
the heat of reaction. The overall reaction is exothermic because the metal oxide on the
product side has a much lower enthalpy of formation th@metal oxide on the
reactant side. As indicated in Figure 1.2, alumirhased thermite reactions have much
higher volumetric energy densities compared to those of homogeneous energetic

materials (e.g. TNT, RDX).
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Figure 1.2. Volumetric and gravimetric densities of energy for some thermites and
conventional high explosivgs]

1.2. Nanothermites

Even though thermites usually feature a high energy density, the slow rates of energy
release caused by the low mass transfer rate between reactants limits their applications.

To increase the mass transfer rate, one obvious method is to reduce thetlsize of
3



reactants and therefore shortening the diffusion length between fuel and oxidizer due
to the increased surface to volume ratio of the raped materials. The length scales

of the nanoparticles are normally distributed in between 1 to 100 nanonigjers.
decreasing the particle size (assuming spherical particles), the ratio of surface atoms to
bulk atoms increases dramatically as indicated in Figure 1.3. As a result, the energy
release rate of the energetic materials is enhanced. Aumann et al firtktdepe
benefits by employing narsized aluminum in thermite systefi$. Since then,
employing nanoparticles in energetic materials has drawn great atfdntiynz11]

Yetter et al reported that nasszed aluminurbased thermites show more thar? 10
increase In reaction rates compared to migiaed thermitef2] Later, researchers
named those energetic materials employing rap® fuels or oxidizers,
nanothermites. By increasing the interfacial contact area between fuels and oxidizers,
the performance of nanothermites is significantly imph By employing
nanostructure in thermite studies, the reactivity of the nanothermites can be tuned easily
by just varying the particle sizes, morphology, composition or packing. In addition, it
has been reported that the ignition temperature of alumlrasad thermite decreases
when the aluminum particle sizes decreases. On the other hand, ignition with high
heating rate by its nature is essentially the point where theheaiing by an
exothermic reaction exceeds heat loss and dinear reaction ev# occurs; therefore,

the initial heat release from thermite reaction should not be affected by oxidizers

particles siz¢12]



bulk atoms

surface atoms

% of atoms in bulk/on surface

n
w
S

0 5 0o 15 20

particie size (nm)

Figure 1.3. Surface to bulk atom ratio for spherical iron crys{als

Nanothermite reactionsccur overextremely short timeeriods (several micro
seconds)13] To be able to probe these fast reactions, ultrafast heating rate diagnostic
tools are neded. By utilizing rapid heating techniques angiitu measurements, the
initiation mechanisms and reaction kinetics of nanothermites have been studied

throughout this dissertation. An overview of these tools is provided in Chapter 2.

1.3. Fuels and thernte reaction mechanisms

In nanothermites, the most commonly studied metal is aluminum because of its
abundance and relatively high reactivity compare with other metals (Figure 1.1).
Moreover, aluminum is often coated with a layer of aluminum oxide dus taigh
reactivity in air and this passivated oxide layer serves as a barrier between the metal
core and the outside oxygen to prevent the aluminum core from further oxidizing in air.
However, once the aluminum core reaches near the melting temperatareditfuse
through the oxide shell and interact with any available oxidizer which leads to
ignition[13] Those unique properties inspired researchers to adopt aluminum into
numerous types of explosives and rocket propelfmtsnproving the reaction heat;

however, the very existence of a passivated oxide layer outside of aluminum leads to



long ignition delays and a slow combustion rate, which limits the performance of
aluminum additives. To solve those probleomsiderableffort has been devoted to
studying the initiation mechanism of alumintbased nanothermites.

As reported, the initiation/reaction of alumindrased nanothermites differ
significantly upon different heating rates. At low heating rate, Trunov et al dismbv
that the oxide shell undergoes phase transitions when heating to abo&e i550hich
the aluminum core and oxygen can transfer through the shell and therefore enables
continuous combustion/reactifhd] The scenarios are much more complicated at high
heating rates, but it is believed that the molten alumirsuessential for ignition. Rai
et al and Nakamura et al reported, about the same time, a hollow apartickeafter
oxidization, which was ascribed to the outward leaking of the aluminum core due to
the concentration/pressure gradient across the[¢bell.6]Later, Sullivan et al used a
high heating rate mioscopy measurement to examine Al/¢v@anothermite and
reported a reactive sintering mechanism is dominating the initiation/reaction of
Al/WOs3 nanothermite, in which initiation occurred at a fuel/oxidizer interface. The
generated heat further melts/sintadgacent particles as heat is conducted away from
the interface and more unreacted materials transfer to the reactive sites to react until no
more material is leffl7] On the other hand, Stamatis et al reported Al/Migited
at a temperature lower than the melting point of aluminum due to an alumina phase
transtion at 500 C[18] It seems the ignition mechanisof aluminumbased
nanothermites is somehow related to the metal oxides. Later, Sullivan et al reported
that a reactive sintering mechanism is occurring early during the combustion of most

aluminumbased nanothermit¢$9]



Jian et al investigated the rolegzs phase oxygen generation from different oxygen
carriers in the ignition of aluminwiased nanothermites, where ignition temperature
is used as the criterion for the onset of the thermite reg@@jrin general, ignition
temperature is defined as the temperature where théesgihg by the exothermic
reaction exceeds heat loss and aseditained reaction occurs. As shown in Figure 1.4,
it turns out the ignition temperature has no clear correlation with the gas phase oxygen
generation. For example, the ignition temperatures of Al/CuO and 28iFe
nanothermites are slightly higher than the oxygen release temperature from the pure
oxidizers indiating gasphase oxygen generated from the oxygen carrier may be the
key for their ignitions. However, the ignition temperature of ABiand Al/SnQ is
lower than the oxygen release temperature of the corresponding oxidizers; in other
words, it can be gted without any available gaseous oxygen, suggesting a condensed
phase reaction mechanism might be dominant here. Along with the fact that the ignition
of Al/Bi203 and Al/SnQ happens slightly below the melting point of aluminum implies
the oxygen and nien aluminum transports in condensed phase may be driving the
ignition/reaction. It is also noted that AI/VWQAI/MoOs and Al/SkOs can be ignited
even though no gaseous oxygen can be released from the corresponding oxidizers upon
heating. Therefore, thgas phase oxygen is only essential for the ignition of certain
aluminumbased nanothermites and a condend®be mechanism seems to dominate
the ignition of other nanothermites. In general, the ignition mechanism of aluminum
based nanothermites can beidi@d into two categories: ga®sndensed heterogeneous

reaction and condensgihase interfacial reaction.
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Figure 1.4. Ignition temperature of Al/oxidizer vs O2 release temperature from bare
oxidizer[20]

For the gaxondensed heterogeneous reaction mechanism, the gaseous oxygen
released from the oxidizer dominates the ignition: eithghbyrelease rate of oxygen
gas from the oxidizer or the reaction kinetics between gaseous oxygen and the
aluminum. Zhou et al evaluated free vs bound oxygen on ignition of bare aluminum
nanoparticles by examining them in various oxygen pressures and doartical
temperature existed for the ignition of aluminum in a gaseous oxygen environment
where increasing oxygen pressure cannot further decrease the ignition temperature
simply because the mobility of aluminum migrating towards the surface has become
the new limiting factor. Thus, the release rate of oxygen gas from the oxidizer (earlier
stage) and the reaction kinetics between gaseous oxygen and the aluminum (later stage)
are both important for understanding the -gasdensed heterogeneous reaction
medianism. Zhou et al also investigated the ignition of Allke Al/Bi-Os and

Al/K 2505 under different oxygen pressyg] It is found that the ignition temperature
8



of Al/Fe20s is higher than that of aluminum in a gaseous oxygen environment when
the same oxygen pressures are applied, indicating the reeatgdmetween aluminum
and bound oxygen from B@s is slower than that between aluminum and free oxygen.
Even though the ignition of Al/E®s is clearly controlled by the ga®ndensed
heterogeneous reaction mechanism based on the result shown in Figtne high
ignition temperature and extremely low reactivity of ABeis due to the relatively

low decomposition rate of E®3, which limits the amount of released gaseous oxygen
that comes in contact with the aluminu22, 23] Sullivan et al also examined f

using high heating rate-situ microscopy and discovered oxygen is being trapped and
bubbles out over a timecale three times longer than that of CuO, suggesting the
insufficient decompsition is limiting the performance of g&s as an oxidizef19] By
increasing the oxygen pressure freacuum to 1 atm, the ignition temperature of
Al/K 2505 deceases from 75& to 610 C suggesting the gaseous oxygen is important
for its ignition. Under the same oxygen pressures, AH#Rs always shows a lower
ignition temperature than that of aluminumgaseous oxygen which implies the rapid
release of oxygen from the oxidizer could significantly increase the local oxygen
concentration and thus favors a lower ignition temperature.

As for the condensed phase interfacial mechanism, it is proposed the
ignition/reaction is controlled by the diffusion of molten aluminum and/or the
condensed phase oxygen transport. The direct contact between the fuel and oxidizer is
essential for ignition in both casgsl, 19] Zhou et al reported that the ignition
temperature of Al/BOs is not affected by the oxygen pressure and argued that the

extremely high oxygen ion conductivity of Bis greatly emhances condensed phase



transport of oxygen and therefore gaseous oxygen would not participate in the
oxidization of aluminunj21] Considering the ignition temperature is very close to the
melting temperature of aluminum, it is reasonable to assume that the condensed phase
oxygen transport and the diffusiai molten aluminum both affect the ignition of
Al/Bi20s. Since the diffusion of molten aluminum has been systematically studied
previously, more efforts are needed to discover what properties make a good oxidizer
in the nanothermite reaction to better wistEnd the condensed phase interfacial
ignition mechanism.

Wang et al systematically studied different AlB3s systems and reported that a
critical oxygen ion conductivity exists for s to oxidize aluminum while aluminum
is in the molten phase and oxygion transport limits the condensed state aOBi
oxidizes thermite ignitiofi24] They also discovered that a larger oxygen vacancy
concentration and smaller metatide bond energy in the oxidizers could give a lower
ignition temperature, which suggests the microscopic properties of the oxidizers might
be the key to understanding the ignition mechanism of alumivased nanothermites.
A later time at the same year, Wang et al employed systematic doped perovskites as
oxidizers in aluminurbased nanothermites and discovered a linear relationship
between average bond energy and electronegativity with ignition tempdge&lFer
the very first time, the tuning of the nanothermite ignition can be fulfilled by simply
manipulating the properties of oxidizers.

Besides aluminum, boron features the highest gravimetric and volumetric energy
densities (Figure 1.1)na the highest maximum combustion enthalpy when reacting

with copper oxide shown in Figure 1.5. Thus, boron theoretically could be an attractive

10



alternative for aluminum. Like aluminum, boron particles also have a passivated oxide
shell, BOs. Since BOs melts at a much lower temperature (46) than the core (2100

C), the burning scenario of boron is very different from aluminum. Upon heating, the
molten BOs shell will surround the outside which prevents the outside oxygen from
diffusing through. Over the last few decades, the ignition and combustion of boron

particles were extensively studied both theoretically and experimentally.
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Figure 1.5. Maximum combustion enthalpy for the reaction of various metals with CuO.

Prentice[26] observed a twstage combustion process for the ignition of boron
particles in air and in oxygesrgon mixtures at atmospheric pressures. The low
temperature stage involves a surface burning process followed by-tetghrature
stage corresponding to gpbhase combustion. Later, Macek and Semjaé]
investigated combustion of boron particles at atmospheric pressure in hot oxidizing
gases of different compositions and found that boron combustion always happens in a
two-stage process verifying what Prentice clainpeelviously. The first short stage

involves the removal of the oxide layer and can be a kinetic and/or diffasidrolled

11



process. The second stage involves the burnout of a bare boron particle and is controlled
by gasphase diffusion of the oxidants. &Hburn time of each stage is found to be
inversely proportional to the oxygen molar ratio and merge as the mole fraction of
oxygen decreases. Macek and Senjgl then studied the combustion of boron
particles at elevated @ssures and found that the lb@mperature stage was
nonreproducible at pressures above ~10 atm. There are contradictory theories about the
mechanisms that dominate species diffusing into the liquid boron oxide layer during
the first stage of boron parted ignition. Glassman et [@9] claimed that boron oxide
produdion during the first ignition stage results from boron diffusion across the oxide
layer rather than oxygen diffusion claimed by Kig§, 31] Yeh and Kud32] later
verifies that the diffusion of dissolved boron into moltaoron oxide dominates the
diffusion process. They also found the boron oxide layer of boron particles changed
from a crystalline to an amorphous structure at elevated temperatures and its chemical
composition was identified as a polymeric vitreous (Bf)nplex through the reaction
between dissolved boron and molten boron oxide. Theoretical models were also
developed by Knip¢33], Mohan and Williamg34] and others to simulate the two
stage combustion of boron patrticles.

The influence of the initial thickrss of the boron oxide layer on ignition and
combustion of boron particles was studied by Ao ¢8%]. They reported the oxide
layer thicknes has little effect on the reactivity of the oxidation of boron particles
below 775 C. With increasing boron oxide layer thickness, the combustion efficiency

decreases, and the time required for complete removal of the oxide layer is longer,
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while the igrtion delay time significantly increases, and the oxide layer removal rate
is increased.

In recent years, more efforts have been devoted to the ignition and combustion of
boronbased thermite systems. As mentioned previously, thermites involve an
exothernic reaction of a metal fuel and a metal oxide. Sullivan &l studied the
readion of naneB/Al/CuO metastable intermolecular composites and reported the
addition of nanoboron to Al/CuO can enhance the reactivity when the boron is less than
50 mol% of the fuel, while no enhancement was observed for 1sized boron. From
both expemental and theoretical results, they speculated that the sensible heating,
removal of the oxide shell and the melting of the boron are all critical for fast reaction.
Liu et a[37] prepared B/CuO nariinermite through a chemistry precipitation method.
They reported an improved thermochemistry behavior of boron particles with a coating
of naneCuO and a lower onset reaction temperature. Recently, Warjg&jtraported
a clear relationship between molecular properties of the oxidizer and ignition
temperature as well as combustion performance of boased nanghermites in
which larger oxygen vacancy concentration and smaller rogjajen bond energy
lead to laver ignition temperatures.

In addition to aluminum and boron, tantal{®8] titaniun{40] and carbof24, 41]
have also been investigated recently for the purpose of expanding the fields of thermite
reactions. Similar to aluminum, tantalum also has a passivatdd layer. However,
tantalum has a very high melting point of about 3@, Avhich rules out the influence
of the melting phase transition in the scope of ignition temperature test. In other words,

the tantalum core would remain immobile at least atpgbiat of ignition, which
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provides us a different scenario to understand the relationship between the fuel and
oxidizer. DelLisio et al investigated the oxidation mechanism of tantalum nanoparticles
at high heating rates and discovered that a rapid cryst#din occurs in the oxide shell

of the tantalum nanoparticles upon heating creates cracks for oxygen to diffuse
through[39] They also conducted similar studies on tantahased nanothermites and
reported their ignition temperatures are independent of metal oxide types because the
oxide shell crystallization can induce reactive sintering of metal oxides followed by the
ignition of the nanothermites. Rehwoldt et al studied the reaction mechanism and
ignition characteristics of titanium nanoparticles and potassium perchlorate thermites
and reported the oxide layer of titanium nanoparticles consists not just amorphous TiO
but also crystalline TiN and titanium oxynitrifg0] The existence of the latter two
compounds make the oxide layer of titanium nanoparticles reactive to some extent.
This exact tianium oxide layer can catalyze oxygen release from the oxidizer and
facilitate oxygen diffusion and thus lead to a much lower ignition temperature
compared to aluminurbased nanothermit¢40] Carbon, as a fuel without a
passivated oxide shell, provides a very valuable perspective in understanding the
ignition/reaction mechanism of thermites. With altimg point as high as 355C,

carbon remains immobile at least at the point of ignition. The direct contact between
carbon and the oxidizer rules out the difficulty for oxygen to go through the oxide layer
and therefore the oxygen transport from thedizar to carbon surface is controlling

the ignition/reactiori24, 42] All aforementioned fuels are used in a way to aid the
understanding of the ignition/reaction mechanisms of nanothermites in this

dissertation.
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1.4. Biocidal energetic materials

A chemical substance that can destroy or inhibit any harmfanism like spores
or bacteria can be considered a biocidé. commonly used method for spore
neutralizatioris by suspending spes in a highemperaturenvironmenbr associated
with chemicalinfluence of the halogegas.Take gunpowder for example, doctors in
ancient China usegunpowder to treat bacterial contaminations, plague and skin
infection due to biocidal effect of sulfur that is part of the ingredienggaimpowder.
Therefore, any energetic materials fesig biocidal functions can be categorized as a
biocidal energetic materiaDver the last decades, researchers have started utilizing
energetic materials in biocidal applications. Developing new energetierials with
high efficiency neutralization of biological warfare agents such as potentially harmful
spores and bacteria has gained increased attention due to the increased threat of
bioterrorism [43-47]. Preliminary laboratory studies have suggested that an ideal
neutralization process should generate not only a high temperature, but also release a
long-lasting biocidal agent such as sulfur or halogen elenié®s4]. Those Ements
are known to be effective biocidgs3] The main limitation of conventional energetic
materials is low neutralization efficiency since the thermal neutralization mechanism
is domirant in this case, with the lack of effective biocidal agent rel¢48p
Therefore, it has been proposed that simultaneously delivering a rapid thermal pulse
with a remnant biocidal agent would prolong the exposure time and improve the
inactivation procesf5]. To endue biocidal function in nanothermites, biatabents
need to be incorporated. Dreizin et al. employed mechanically alloyed aluminum
iodine composites as a fuel in energetic formulations and the initiation and combustion

15



tests in air indicated that higher iodine concentration lowers initiation tatopes and

the combustion temperatures were not substantially dimin{§4édThey also found
improvenents in the pressurization rate and maximum pressure at constant volume
with 15 wt.% and 20 wt.% of21[54]. Furthermore, an effective inactivation of
aerosolized spores has been achieved using &id Al/B/l. composites with 120

wt.% of iodine[56]. Since the fuel in thermites is limited to its composition, the goal
to incorporate biocidal agents into thermites shifts to the oxidizer Ameng all
oxides, halogeftontaining and silvecontaining oxidizers have drawn attention
because of their excellent biocidal properfe60]

Among all halogens, iodine stands out owing to its strong neutralization effect.
Different methods have been reportedificorporating elemental iodine into energetic
materialg56, 61-:63]. To incorporate halogens into energetic materials, one can either
directly add halogens into the system or assemble halogens into the oXi@&iers.
Wang et al. incorporated solid iodine into Al/CuO thermite systems and found that the
Al/CuOl/I2 thermite reaction rate was significantly decreased with increasing the iodine
content[62] Guerreo et al also showed that mechanical incorporation of iodine into
aluminum severely decreases the reaction rate of Al/metal oxide mixtures and even
resulted n f ail ed JAFg®f63]i on of Al Al

Another approach is to use iodinentaining oxycompounds that can release Hl or
l2 when used as an oxidizg4] lodine-containing oxycompounds can be broken
down into two main categories: metal iodates and iodine oxides/iodic acids. The metal
iodates, AglQ@,[48, 65] Bi(103)3,[66] Cu(I0s)2,[55] Fe(IGs)s [55] etc., have been

previously investigated. One issue with employing metal iodates in thermites is that
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part of the producea Vvapor (all for AgIQ) may reat with the product metal particles

to form corresponding metal iodides, which lowers the effective iodine content in the
metal iodateébased thermite systems. Unfortunately, there are only a limited number of
iodine oxides/iodic acids which are relativetgble and obtainable. These inclugas)

1409, HI30s, HIO3, HslOs, etc[67-69] Among these compound2Os (~76% iodine

mass fraction), is the most studied in thermite sys{éts7073] In these studies,
aluminum particles with different sizes were chosen as the fuel due to its high reaction
enthalpy, thermal conductivity and availability. With reported propagation velocities
of up to ~2,000 m/s for loose batlilled nAl and nao-scaled 10s (~10 nm), $Os

shows its high potential in alumindbased thermites as an extremely aggressive
oxidizer[73] Constant volume combustion tests also show nAl/miighe outperforms
traditional aluminurrbased thermites such as Al/Ca@d Al/FeOzs.[72] A pre-ignition
reaction was proposed as the tgm trigger in which ionic 405 fragments diffused

into the alumina passivation shell of aluminum to create some reactive complexes
exothermically{59, 71] However, this mechanism is far from clear as Smith et al
reported that a prignition reaction was not found for aluminum/nano crystallp@s |
reaction in contrast to nano amorphot@3s)[74]

Recently, Smith et al reported that a 150% increase in flame speed was found for
Al/amorphous 409 compared with AlAOs indicating kOs has more reactive potential
than bOs as an oxidizer when combined with alumin{ifB] Other iodinecontaining
oxy-compounds have received comparatively much less attention due to their relatively
lower iodine content and availability. Nevertheless, their iodine content is still much

higher than metal iodates or gedates on a per massdi® This is particularly so for
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HI30s, which has an iodine content of ~75% (similar 40slwith 76 wt% iodine).
Currently, no comparative study examining how the aforementioned iodine
oxides/iodic acids perform as oxidizers in thermites system is aleailetis gives me
motive to address this issue in this dissertation.

As for silver, it has been pointed out that silver exhibits biocidal properties in the
forms of metallic Ag particles and silver ions in a humid environrf#§jtSince most
of the products of thermite combustion tend to be primarily in the conderase44
metallic silver particles are normally the focus. As indicated by Moronef/&{ ahd
Smetana et f8], small particle sizes are necessary for silver particles to perform well
in biocidal activities. To deliver not only a high thermal event but also a large amount
of small silver particles as the active biocidal siteslccdne very useful for biocidal
applications.

When it comes to silvecontaining oxidizers, Ag> was the obvious choice to be
considered as an oxidizer in an aluminbased thermite system. In 2010, Clark et
al[79] investigated the combustion performance and biocioisitias of both Al/kOs
and Al/AgO thermites using a homemade biocidal reaction chamber. They concluded
Al/l 20s thermite exhibited significant spore neutralization owing to the generation of
large amounts of iodine gas. Al/AQ, on the other hand, underforms in various
aspects due to the poor reactivity of28g In 2011, Russell et [80] further studied
the flame propagation behaviors of Ak and Al/AgO thernites using mechanical
impact and thermal initiation. The results show that AlAdeatures a lower average
flame propagation by about 2.5 times in thermal ignition tests but produce much more

energy than AIH4Os in impactdriven ignition tests. They alsrgued that the energy
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release of the thermite reactions is significantly enhanced by reducing the sizes of the
oxidizer particles. In the same year, Sullivan pt&linvestigated the performance of
AglOs as an oxidizer in aluminwbased thermite because it decomposed:tarnd b
gases and O andrédicals when heated at an ultigh heating rate. Silver was not
observed in the mass spectra probably because the temperature was not high enough to
reach the adiabatic flame temperature and thus could not vaporize silver. However,
Al/AglO3 considerablyoutperformed Al/CuO in pressurization rate due to many
gaseous products released from Agliwever, its high combustion performance was
mitigated by the fact that the reaction products were found to form Agl instead of
elemental silver and iodine, thabstructing its usage in biocidal applications.

Sullivan et gl4] subsequently synthesized nafg20 particles and investigated
its reactivity as an oxidizer in biocidal energetic systems since it produces high yields
of antimicrobial silver as one of the combustion products. Thaydfthat AgO alone
performs poorly in terms of pressurization rate and burn time, but its performance is
significantly improved when combined with one more reactive oxidizer, such ag AglO
or CuO. The morphology of the final products was also studied ratidated that
abundant active sites of silver particles were sacrificed since some silver particles were
trapped within the interior of other products, which might affect its biocidal activity to
some extent.

In addition to halogens and silver, sulfurshalso been considered as biocides for
spores. Different sulfucontaining compounds, such as sulfur diof@déand sulfuryl
fluoride[82] have been studied and indicates effective bactericidal properties. Various

sulfur-containing salts have also been prepared and incorporated into alutraseoh
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nanothermites and demonstrated superior combustion performance and release of

potential bocidal active agent83, 84]

1.5. Scope of the Dissertation

As discussed in the previous sections, nanotherwiiteis greapotential n various
energetic applications because they offer high energy densities and high reaction rates.
By employing biocidal agents within the system, they can be the potential solution to
counterfeit the threat of bioterrorism. The objective of this dissemtad to develop
new energetic materials with biocidal capabilities and apply them in various
nanothermite systems to explore the relationships between fuel and oxidizer reactions.

The work done in this dissertation will be discussed in eleven cha@teapier 1
provides a detailed literature review on nanothermites and biocidal materials. The
detailed information about the higieating rate characterization tools and bulk
combustion test are included in Chapter 2. Chapter 3 and 4 present studies on
preparations and characterizations of various iodine oxides/iodic acids as well as the
scaleup methods. Chapter 5 and 6 investigate the initiation/reaction mechanisms and
bulk combustion performance of iodigentaining nanothermites. Chapter 7 focuses
on shatening the ignition delay and further improving the combustion performance of
Al/l 20s nanothermites. A new silv@ontaining oxidizer and its performance in
nanothermites are discussed in Chapter 8. Chapter 9 investigates the ignition and
reaction mechaem of bororbased nanothermites. A summary of my works and

recommendations for future work are presented in Chapter 1
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Chapter 2Experimental Methods

Overview

As discussed in Chapter 1, a thermite ignition/reaction by its nature is essentially
the pointwhere sehlheating by exothermic reaction exceeds heat loss and product
formation occurs. It should be noted that the light emission of +hatdd thermites
aligns well with the product release profile based on our previous [d«&k.
Considering this processccurss within afew millisecondsrequires characterization
methoda that operateon similar time-scale. For this specific purpose, Temperature
jump Timeof Flight Mass Spectrometry {Jump TOFMS) is employed here for
studying thermite ignition mechanism since it can provide an-hig¢ia heating rate
(>1C €/s). A brief introduction about this ethod is included in this chapter. In
addition, constant volume combustion cell technique is included here as well since bulk
combustion performance is equally important for thermite characterization as to the

ignition mechanism.

2.1. Temperaturgump Time-of Flight Mass Spectrometry ((Dump

TOFMS)

Throughout this dissertation, -Jump TOFMS has been used to study the
decomposition behaviors of bare oxidizers and ignition mechanisms of thermites
reactions. Typically, a ~1 cm long platinum wire (76 um inthjidvith a thin coating
of oxidizer or thermite samplis rapidly jouleheated to about 1200 &ith a 3 ms

pulse at a heating rate of 10/s. Different current pulssvarying from 2 to 20 ms
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could be applied to the wire. The current and voltage sigmaie recorded using an
oscilloscope by measuring the resistance data of the wire while heating. And the
temporal temperature on the wire was calculated according to the CdlMadar

Dusen equation that correlates resistance and temperature of tij¢] wire.

When studyng the ignition mechanism of thermites reaction, another analytical
technique is required in order to acquire the ignition point. To achieve this goal; a high
speed camera (Vision Research Phantom v12.0) was employed to record the
combustion on the wire ding heating. The camera is triggered at the same time as the
T-jump power supply. An external pulse generator is employed here to account for
synchronization of optical and wire temperature data. Ignition temperatures of thermite
reactions in vacuum weraeeasured from the correlation of optical emission from high
speed imaging and temporal temperature of the wire and were further analyzed in

combination with the temporal mass spectra. Each experiment was repeated 3 times.

To analyze the gas species relelafsem the thermite reaction, a R. M. Jordan style
linear timeof-flight mass spectrometry (TOFMS) is integrated with tijamp system
was employedecause it can be pulsed at high rates allowing for sufficient temporal
resolution between adjacent speckmure 2.1 is a schematic image of this integrated
system. The gas species produced from the thermite combustion are ionized by an
electron gun (operating at 70 eV and 1 mA). An electronic gate is pulsed at 10 kHz,
which accelerating ions into the elactfield-free region of the TOFMS. lons are
detected using a microchannel plate dectector and data is recorded on an oscilloscope

operating in sequence mode with a 100 Ms/s sampling rate. MATLAB scripts allowed
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for simultaneous data processing on the twstibpe. The detailed information of the

scripts could be found in a dissertation by Jeffery B. DeLisio.[5]

Basic approach:
76 ym Pt wire

coated and rapidly
MCP Detector 4

heated.
— Current Pt or Ir wire
AAA Tunable heating
TOF Tube pulse 2-20 ms

o lon Extraction Assembly i) ions photons
Observation Window T-Jump Probe
Observation Window

Gate Valve _ Optical Emission

Sample Loading Chamber Main Features:
/ '1;\) w7 > High heating rates ~106K/s
(e » Time resolution ~100 us
A - » Temp. vs. time information
Electron Gun R, S > Observation window (PMT, high
Tonization Chamber g L T— speed camera)

Tartio e > Iridium wire-> higher Temp. (>2000 K)

Figure 2.1. Schematic illustration of Jump/TOFMS system. This figure is a modification to
one inreference.

2.2. Constant volume combustion cell

A customized constant volume combustion cell is employed to evaluate the bulk
thermite combustion performance. Figure 2.2 shows a schematic illustration of the cell.
25 mg of thermite powders was loadeddesthe cell (constant volumB13 cn¥) and
ignited by a resistively heated nichrome wiiihe temporal pressure and optical
emission from the thermite reaction wesmultaneously measured using a
piezoelectric pressure sensor and a photodetector, respectively. The pressure and
optical data were collected on an oscilloscope. By plotting the data, pressurization rate,
maximum pressure and burn time can be obtained and used foatevalaf the

combustion performance. Pressurization rate is calculated by dividing the first peak
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pressure by the corresponding time. Burn time is defined as the full width of the half
maximum of the optical profile. Since 25 mg of sample are used for rech
combustion product can be collected afterwards for-pastbustion characterization.
In order to collect freshly condensed combustion product, a dsidgecarbon tape
could be placed inside the cell during combustion cell test and later remoreth&o

cell and examined in SEM for morphology information.

L poo

:: Pressure Optical
/ 1 sensor sensor
Fiber 1

optics ,‘;ﬁi(: In-line charge ’ ‘ Signal ]
—— . M amplifier conditioner
Ni wire coil
Sample

Figure 2.2 A schematic illustration of the combustion cell.
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Figure 2.3 Pressure and optical traces obtained from the combustion cell. The sample used is
Al/CuO.
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Chapter 3:Aerosol Synthesis of Phase Pure lodine/lodic

Biocide Microparticles

Overview

High iodine containing oxides are of interest as biocidal components in energetic
application requiring fast exothermic reactions with metallic fuels. Aerosol techniques
offer a convenient route and potentially direct route for preparation of small particles
with high purity, and is a method proven to be amenable and economical toscale
Here | demonstrate the synthesis of various iodine oxides/iodic acids microparticles by
a direct onestep aerosol method from iodic acid. By varying temperature and humidity,
| produced nlk@srHIs@shra BOsas getermamediby-Xay diffraction.
U-HIOs3, a previously unknown phase, was confirmed in this work. In addition, scanning
electron microscopy was employed to examine the morphology and size of those
prepared iodine oxides/iodic acids particles and thdteeshow that all particles have
an irregularly spherical shape. Thermogravimetric/differential scanning calorimetry
measurement results show that Bl@@hydrates endothermically to 3@k, and then

1205, and lastly 40s decompose intazland Q.

" The results presented in this chapter have been published in the following journal article: Wu, T.;
SyBing, A.; Wang X.; Zachariah, M. RAerosol Synthesis of Phase Pure lodine/lodic Biocide
Microparticles. J Mater Res 2017, 32 (4), $&35.
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3.1. Introduction

In recent years, the interest in developing new energetic materials with biocidal
capabilities [1,2] has drawn increased attentioh3BThe motivation for this is based
on evidence that conventional energetic materials, which employ a thermal
neutralization mechanism are not sufficiently efficiént_aboratory studies have
demonstrated that the addition of a biocidal component can significant enhance
neutralization through a synergistic mechanism20b Therefore, it has been
proposed that sinitaneously delivering a rapid thermal pulse with a remnant biocidal
agent would prolong the exposure time and improve the inactivation process.[21] Both
halogens and silverontaining energetic materials have been explore@{Q2vith the
halogens offeng the most promise due to their excellent biocidal properties.[25]
Various methods have been used for incorporating halogens into energetic materials.
One approach is through directly introducing halogens into the system, and the other is
by incorporatinghalogens into the oxidizers.[25,26] Thus, iodire compounds that
can release HI oe bre the ideal candidates for biocidal energetics.[27]

lodine (V) oxide, as one of the iodiwentaining oxides with ~76% iodine mass
fraction, has been recently dtad as an oxidizer with aluminum fuel.[28] In this case,
various metals (primarily aluminum) are mixed witdd to form a thermite system
whose combustion properties were studied32p The first paper concerning the
reactivity between aluminum ang0s was published by Ivanov et al in 1980 in which
a global reaction mechanism between iodine gas and fuels was proposed [29] and
confirmed in a later work.[32bOs has received considerable interest because it is an
extremely aggressive oxidizer with alumm with reported propagation velocities up
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to ~2,000 m/s for loose bathilled nanealuminum and nanecaled 1Os (~10 nm).[31]

In addition, constant volume combustion tests on ffdfmicro-120s thermite exhibits
the highest pressurization rate and shertest burn time relative to other aluminum
based traditional thermites such as Al/CuO and AZB32]

Moreover, oxoacids of iodine, such as Hiihd HEOs, have been investigated in
the recent decades. Until now, two polymorphs of iodic acid, thelsteH10t)[33,34]
and met-HI©®%[3b]hdvebeen reported and wellaracterized. However, more
evidence 1is requir ed-HOs:g35]Mieerthermal behavier ofe x i st er
HIOs was studied via thermogravimetric/differential scanning caldrym@ G/DSC)
and the result shows three decomposition steps upon heating in air: the dehydration of
HIOs3 into HIsOs at 100 €, the dehydration of HOs into 1205 at 210 € and the
melting/decomposition of:0s at 400 €3, It also reveals that®s would be slowly
converted to the initial hydrate $@s and later to the final hydrate Hi@nder ambient
environment. Furthermore, the crystal structure ofCsllwas determined to be an
adduct HIQA20s, which are connected by hydrogen bonds.[37]

Aerosol techniques offer a convenient route and potentially direct route for
preparation of nanesized or micresized particles with high purity, and is a method
proven to be amenable and economical to sgalédlong with the fact that decreasing
the size of oxiger particles can improve the burn rate of thermite,[32] in this dtudy
develop a synthesis approach to prepare various iodine oxides/iodic acids
microparticles based on aerosol spray pyrolysis (ASP) using commercial iodic acid

(HIO3) as the starting matial, because of its water solubility and ready
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availability.[38] The decomposition behavior of iodine oxides/iodic acids was also

studied using low heating rates with TG/DSC.

3.2. Experimental Details

3.2.1. Materials

lodic acid (HIQ) (99.5 wt %) purbased from Sigm&ldrich were directly used as
received. All the other chemicals were of analytical grade and used as purchased

without further treatment.

3.2.2. Preparation of various iodine oxide/iodic acid particles via aerosol
spray pyrolysis

Smaltsized particles of oxides were obtained via aerosol spray pyrolysis (ASP). In
general, 100 mL iodic acid aqueous solution (10 mg/mL) were sprayed into small
droplets (~1 um in diameter) with a homemade pressure atomizer (~35 pounds per
square inch (@) pressure air) and passed through a sgeadiffusion drier (silica
gels were regenerated at ~50 € or 80 € in order to prepare different products) to
remove water and are then passed through a tube furnace for chemical conversion. The
tube reactoconsisted of a ~ 1.9 cm diameter alumina tube with a heated length of ~40
cm. The furnace temperature was-H®=xot at
120s, respectively with a residenH@andi me
120s, silica-gels were regenerated at 50 Cf i n d -HIOR @an be Gbtained within a
large range of temperature from 210 to 250 €. In additiosQdwas obtained with a

tube furnace temperature ~250 € and sitigals regeneration temperature ~80 €. The
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final product was collected on a Millipore membrane filter (0.4 um pore) and
characterized by scanning electron microscopy (SEM, Hitachif(BBEGSEM) and

powderxr ay di ffraction ( XRD, Bruker D8 Advanc

3.2.3. Insitu heating XRD measurent

In-situ heating XRD was performed using a Bruker C2 diffractometer with a
Vantec500 2D detector with 2d ranging from
and the sample was heated via an Anton Paar DHS 1100 grdphitehot stage with
a heaing rate of 10 €/min under air conditiorl. collected patterns at 26, 100, 200,

300, 400, and 500 € and also collected a final pattern at 30 € after the sample was
cooled. At each temperature, we collected twemliOnut e fr ames at 20 a
Integraing and merging the two frames together gave us a final powder diffraction

pattern from 9.50 to 500 2d.

3.2.4. Thermogravimetric/differential scanning calorimetry (TG/DSC)
measurement

TGA and Differential Scanning Calorimetry (DSC) were conducted usiBD &
Q600 (TA instruments) equipped with a TA Discovery MKSBBR12004 Micro
Vision 2 mass spectrometer. The analysis was performed under a 100 thargon
flow with ~ 1.0 mg samples placed into an alumina pan and heated from room

temperature up to 550 at a rate of £ min in argon atmosphere.
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3.3. Result and discussion

lodic acid (HIQ) is a white solid at room temperature and is often used as the
starting material for preparing iodim®ntaining materials due to its ready availability,
high solulility in water, and that with controlled dehydration yields iodine oxides.

Atomized aqueous Hl&droplets in air were passed through a siieh diffusion
dryer to produce solid Hi§particles, which were then directly passed through the tube
furnace at a desired temperature to form various iodine oxide/iodic acids (Figure 3.1).
In order to determine what temperature should be run for silica gels regeneration,
thermal analysis was coacted on a fully hydrated silica gel and the result is shown in
Figure 3.2. The black line represents the mass change of the silica gel with increasing
temperature. From thlsote that silica gel reaches its fully dehydrated state after 15%
weight loss ater loss). Assume a fully dehydrated silica gel has a weight of 85 mg, it

could absorb 15 mg of water to reach its fully hydrated state (100 mg weight).

Silica-gel diffusion Tube Furnace
ke - Sampling Filter

= ..........|=> ﬂ =2 Exhaust

TRTE T o

o009 00

N8l e G i | Gas
180 - 400°C
i [ Ve Drying 1) Drying, AT D
v'rE‘ff witls Y ) Drying, Py
. HIO 2} Decomposition
Atomizer 3 \ Hzﬂ Nanoparticles
Aerosol droplet
“Droplet to Particle” Process

Figure 3.1. Aerosol spray pyrolysis to synthesizarious iodine oxides/iodic acids.
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For silica geh=ss mgregenerated at 50 and 80 €, they could absorb 4.4 mg and 8 mg
of water, respectively, to reach their fully hydrated state based on the TGA result in
Figure 3.2. Since silicgels obtained from diffrent regeneration temperature have
different waterabsorbing capabilities, siliegels regeneration temperature also play an
important role in the aerosol route. In this work, regeneration temperatures of ~50 and

80 € were used to obtain different prodsdo change the water absorbing properties.
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Figure 3.2. The TGA and DSC curves of a fully hydrated silica gel under argon environment
at a heating rate of 5 €/min.

Since iodic acid droplets pass through the tube furnace where the thermal event
occurs] use TGA/DSC results to determine set points for the furnace. Figure 3.3 shows
the TGA and DSC curves of iodic acid under air environment with a heating rate of 5
€/m in, which indicates that there are three decomposition steps: the dehydration of

HIOs to HIsOs at ~120 €, dehydration of HOs to 120s at ~210 € and the
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decomposition of20s at 380 €. Thus, £Os and HEOs could be obtained via thermal
treatment at 21380 € and 120210 €, respectively. The thermal behavior of HHO

under argon was very similar to the air case and the detailed information is shown in

Figure S3.1.
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Figure 3.3. TGA and DSC curves of HIO-3 under air environment at a heating rate of 5
C/min.

The residence time for a droplet in the aerosol reactor is about 1 second, which is
obviously much shorter than that in the TGA ramp time. To obviaseeffiect,l ran
the furnace temperature higher than what the TGA would indicate in order to speed up
the kinetics. To validate the phases indicted in the [TiGAitu hotstage XRD was ran
the HIGs powder at a heating rate of 10 €/min from room temperator500 € in air.

From Table3.1, 105 and HEOs could be obtained at 36800 € and 206300 €,
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respectively. The XRD patterns of Hi@t different temperatures are provided in

Figure S3.2.

Table 3.1. The chemical composition of HIO3 duringsitu heating XRD test at different
temperatures in air.

Temperature (C) 26 100 200 300 400 500
Product(s) HIOs HIOs, HIsOs HIsOs 1205 1205 l2+ O

3.3.1. Preparation of20s

1205 [Figure 3.4(c) was obtained when the tube furnace was set att88& which
is consistent with the TGA result in Figure S3.1. TGA and DSC curve®sfHigure
3.4(d)] show the characteristically endothermic decompositiofOsfitito I2and Q at
~360 € which alsoproves the formation ok0s. The small weight loss at ~210 €
indicates that small amount ofds product is probably rehydrated intod®k during
the collection process and preparation for TGA/DSC test. The SEM images [Figure
3.4(a}(b)] show that4Os particles are irregularly spherical and some large aggregates
are also observed in those images indicating that some sintering/coalesctesmresn be
particles takes placeCrystalline compositions o0f20s determinedby Rietveld

refinement indicate th&% of the productehydrates intot-HIOs.
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Figure 3.4. SEM image (a and b), XRD pattern (c), TGA and DSC (Ar, 5 €/min) (d) ef as
prepared0s.

3.3.2. Predmration of @

Based on the thermal behavior of HJ®Is0s could be obtained when the tube
furnace was set at 120 €. Considering the short residence time within the whole
aerosol process and the difference between theoretical and experimental temperatures
for preparing 40s, the furnace temperature for syrdtseeof HeOs was set higher at
210250¢€.

The XRD [Figure 3.5(a)] of aprepared iodine oxide were consistent with an XRD
pattern previously identified agQeA 20 PDF#450872), with no indication of any

other iodine oxides/iodic acids. Likgds particles, the SEM images [Figure 3.5(c) and
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3.5 (d)] s w® t pattifdl es are irregul arly

sintering/coalescence between particles. This is also confirmed because the resulting
particles are larger than expected based on thial idroplet size and concentration
used and were nominally ~ 400 nm in diameter.

The proposed structure implies thatzkHcould be removedia vacuum drying.
However, TGA/DSC and XRD results shown in Figure S3.3 and Figure 3.5(b)
indicated surprisingly that there were no changes after vacuum drying. Moreover, the
TGA and DSC results of®sA  201dhown in Figure S3.3 are very similar to those of
HIOs (Figure S3.1), and this similar behavior was further confirmed wisitin
heating XRD (Table 3.2). Given that the previous report proposed the fors@gfa |
xH20 without any chemical composition or any crystal structure information [40] lead

us toconjecture that the proposed formula may be in error.

Table322.The chemical ©4mpds idtuirsitumeptiriy XRDI test at
different temperatures in argon environment.

Temperature (C) 26 100 200 300400 500
fid0A 208 .
Product(s) fid0A 2081 H130s 1205 l2+ Op
HI30s
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Based on its powder XRD pattetrfind a distorted octahedral crystal system, space

groupV which consists of I®ions with three 4O bonds with distances of 1.78,

1.80 and 1.92 A, and threeQ contacts with distances of 2.51, 2.76 and 2.76 A. This
reveals that the correct assignment of the phase is actually a previously unreported
phase of HIQ which| refer to agi-HIOs. The detailed crystal informatias included
in Chapter 41In addition, the difference between XRD patterfgire S3.4) of as
p r e p aHlGxs dnd asreceived HIQ also suggests a new phase BIO

Thus, instead of obtaining ks, as the TGA radts would suggedto b t aHIOs U
which indicates that the decomposition pathways ofsHihOr GA (slow heating) and
ASP (fast heating) are di fHiOeis metastable ath i s
elevated temperatures and at slow heating conweli®4. The ASP process enables a
rapid ther mal ramp and r a-plOgdwhighagpeacstio t o
be quite stable at room temperature. In fags lwas obtained when the furnace

temperature was raised to above 300 C.
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Figure 3.5. XRD pattern (a), TGA/DSC (b) and SEM images (c and d) qirapared 40sA
xH20 after vacuum drying treatment.

3.3.3. Preparation of HDs

Based on the result in Figure 313am expecting to obtain HOs by thermal
treatment of HI@at temperature between 120 to 210 € in air. Therefore, we annealed
HIOs at different temperatures in air for one hour and it turns out that WS fully
dehydated to HiOs at 150260 € (Figure S3.4). Surprisingly, HDs was obtained
after only two minutes annealing at ~165 € (Figure S3.4), which indicates that the

dehydration of HI@is fast and also suggests ASP is a promising method to prepare

HI130s.
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Prevbus r es ul t-HOsgtna than tHsast the product when the tube
furnace was set between 210 to 250 € with sHgels regenerated at ~50 €.
Considering HiOs is a dehydrated product of HiQhe failure to prepare ks might
be caused by theelatively weak dehydrating capacity of the originalget Again,

1205 was appeared when the tube furnace was increased to 300 € or above. This
suggested that tuning the tube furnace temperature alone could not ob@airArdm

the previous discussiohknow that the silica gel regeneration temperature also affects
the aerosol synthesis and might be employed to manipulate the hydrating ability of the
setup.| found that regenerating the silica gel at ~80 € rather thad& would form

HI30s as confirmed by XRD [Figure 3.6(a)] in a single step with a tube furnace
temperature of ~250€C. The TGA shown in Figure 3.6(b) indicates two decomposition
steps: one is the dehydration o84 to 1205 at ~210 € with an experimentakeight

loss of 1.2% (theoretical weight loss, 1.8%; impurities, ~6%); another is the
decomposition of20s at ~360 €, both of which are endothermic as determined by
DSC. Si miIOsatihe SEM images of BOs in Figure 3.6(cXd) show that
particlesare irregular spheres due to sintering/coalescence between particles during
preparation.Crystalline compositions ofls0s determinedby Rietveld refinement

indicate tha®% of the productehydrates intot-HIOs.
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Figure 3.6. XRD pattern (a), TGA/DSUQb) and SEM images (c and d) ofmepared HIOs.

& Ran under argon environment at a heating rate of 5 €/min.

3.4. Conclusions

I n summary

t hr e e-HI®3 HIfOxrandebO®st wene ohdathedovia s |,

ASP as summarized in TalBe3. Both temperature and humidity control in silica gel

preparation were necessary to obtain all three products withoupqestssing, for

temperatures not listed in Tal8e3, either mixtures (HI@HI30s /120s) or no product

was collected.
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Table 3.3. Summarizing the parameters of ASP for preparing different product.

Parameters | Products 1205 U-HIO 3 HI30s
Silica Gel Regeneration Temperature (€) 50 50 80
Furnace Temperature (€) 350400 210250 ~250

This study demonstrates a facile and environmentally friendly aerosol spray
pyrolysis method to prepare various iodine oxides/iodic acids using a single precursor
HIOs. By tuning the furnacéemperature and the humidity | was able in a single step
to produce n-dl@syH:Psharad 2@ aspletarngnediby XRD. TGA and
DSC results show that HKOdehydrates to HOs, and then 205, and lastly 105

decompose endothermically intoand Q.

3.5. Supplemental Information

TGA and DSC curves of HIO, in Ar
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Figure S31. TGA and DSC curves of Hi{under argon environment at a heating rate of 5
€/min.

41



26C -
________ HIO, EGraphlt. —100C Graphite
-HIO,
------- HI{0; e
Ehat ]
T T T : T — T * —T H — - i : i
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
26 (°) 26 (%)
200.0 Graphite ¢ Graphite
-------- HI,0, i
PDF#52-0318 1,0, i
T T T — T T T 1 1 - ! T
10 15 20 25 30 35 40 10 15 20 25 30 35 40 45
20 (%) 20 (%)
_____ B Graphite 77""“50DC Graphite
PDF#52-0319 1,0, PDF#52.0319 1,0,
JL_ﬁJ — : L ~
T T T - T T T —T T — T T T T
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
20 (%) 20 (°)

Figure S32. The XRD patterns of HIgat different temperatures.
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Table S31. Listed hkl values for each phase in each XRD pattern.

PDF#220338 LOs

PDF#21-1126 HIsOg

2d (U hklvalues 2d (U hklvalues

21.29 -111 22.72 112
1.87 -102 23.14 020
22.9 002 23.58 200
24.4 210 26.27 103
24.71 -211 27.16 -121
26.67 102 28.03 022
28.13 -112 35.26 123
28.77 -302 36.88 -222
28.96 012 43.71 321
29.06 211
29.94 -212
33.86 -312
33.99 400
35.02 -402
37.04 212
37.3 021
38.5 410
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Chapter 4Crystal structure of a new polymorph of iodic acid,

U-HI1O3.

Overview

A new pol ymor pHiOssynthasined Vviacaerasal spthy pyrolysis was
characterized with powder-Ray diffraction and its crystal structure was solndohd
that a previously misidentified phase @D hydrate is in fact a new polymorph of

HIOs which crystalizes in the orthasmbic space group21212:.

4.1. Introduction

As one of the iodates (MEDwhere M = H, NH*, alkali ions, etc), HI®@has
been of interest due to its potential application as an opticallimear material.
[1-3 ] The cr y s tphase obiddiracidowasfirsteepartéd in(1941 and
crystalizes in the orthorhombic space gr&@pP212:12:.[4] The structure is held
together by hydrogen bonds and relatively weak intermolecular iodine oxygen
bonds. More recently, neutron powder diffractiorvatious temperatures were
able to more precisely determine the position of hydrogen atoms in the crystal
structure.[1] Decreased intarolecular distances and-l@0 an gl -HI®s o f
were observed with decreasing temperature. In 2005, a new metastable,

cent osymmetri c p ol y midli®spwas abthined wadreactiona c i

" The results presented in this chapter have been published in the following journal\driicle;

U

d ’

Zavalij, P.Y.; Zachariah, M.RCrystal structte of a new pol yfitOg fydam of i odi c

powder diffraction Powder Diffraction 2017 32(4) 26264.
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between HIOs and Cr(ClQ)s in aqueous solution, which crystalizes in the
orthorhombic space groupbca This phase is stabilized by hydrogeonded

(H103)2 dimers.[5]

Thermal decompason of iodic acid in air can lead toe@s or HIsOs
depending on temperature.[6] Gas phase aerosol techniques offer a convenient
route and potentially direct route for preparation of small particles with high
purity, and is a method proven to be amenailnlé economical to scal.[7-

10] In Chapter 31 found a new polymorpbf iodic acidcould be obtained with
silica-gels regenerated at ~50 € and the furnace temperature at ~210 €.[11]

Here, its crystal structure is reported for the first time.

4.2. Expeimental and structure determination

lodic acid (FHIO3) (99.5 wt %) purchased from Sigrdddrich was directly
used as received. All the other chemicals were of analytical grade and used as

purchased without further treatment.

Smalls i z ed p a4HIO} wele enlstainedfvia @erosol spray pyrolysis
(ASP). In general, 100 mL iodic acid solution (10 mg/mL) were sprayed into
small droplets (~1 um in diameter) with a homemade pressure atomizer (~35 psi
pressure air) and pass through a siieh diffusion drier(silica-gels were
regenerated at ~50 €) to remove most of the water, and are then passed through
a tube furnace for chemical conversion. The tube reactor consisted of a~ 1.9 cm
diameter alumina tube with a heated length of ~40 cm. The furnace temgeratur

was set at ~ TRIQ@30vithA &sidence taomb of abiout 1 seécoind.
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f i nd -HIO3 eah bewbtained within a large range of temperature from 180
to 250 €. The final product was collected on a Millipore membrane filter (0.4
um pore) and chacterized by powder Xay diffraction (XRD, Bruker D8

Advance using Cu KU radiation).

The asprepared samples were characterized by powdeayXdiffraction.
Di ffraction pattern was me a s-Brenarb usi ng
geometry on Bruker D8 Adnce powder diffractometer equipped with incident
beam Sol | dilterandLynkEye posion sémsitive detector. Data were
collected from 14U to 130U 2d with a st

1 sec per step (total exposure time of 1860 ger step).

The powder pattern was indexed in the orthorhombic crystal system and
reflection conditions pointed to B2:12:2: space group symmetry. This phase
matched a previously reported faDbA 20 HPDF#00045-0872) (Table 4.1).

Il n t hisAtlDde waAs designated to refer to
amorphous 409 according to the paper that published its XRD result.[12]
However, the 400A  20Heference provides only composition and powder
pattern and motivated our consideration of detemmgi rigorously the crystal

structure.

The crystal structure was solved from the integrated intensities obtained from
a LeBail full pattern decomposition by a charge flipping method using an XT
program from ShelX software.[13he crystal structure (Figerd.1) was refined
by Rietveld method using the Topas software.[14] The refinement revealed a

presence of preferred orientation with a MaBbillase parameter of 0.75(1).
48



Hydrogen atom was positioned from geometric considerations at the lor@est |
bond abng the shortest oxygesxygen contact line as it was observed in other
structures of iodic acid. It was refined as riding on the attached O Hien®.|
would like toacknowledgdahe hdp from Dr. Peter Zavalij onadving, refining

andanalyzingthe crystaktructure

Table4.1.X-Ray di f f r ac t-HOsmandh@A t0PDR000460872)i

U-HIOs 1200A  20H
2 ¢hic 0) dcalc (A) | |obsii Cobs (A) |obsiii
16.494 5.37 7
21.022 4.222 100 4.19 m
23.534 3.777 66 3.75 S
24.642 3.61 11 3.59 VW
25.585 3.479 22
25.818 3.448 13 3.46 m
28.982 3.078 4
31.760 2.815 49 2.81 S
33.344 2.685 18 2.68 m
34.337 2.609 7 2.61 w
37.667 2.386 3 2.39 VW
39.039 2.305 4 2.31 VW
40.293 2.236 3 2.24 VW
42.797 2.111 4 2.12 VW
43.886 2.061 11 2.055 m
44.826 2.02 11 2.015 m
45.672 1.985 5 1.98 m
47.538 1.911 7 1.905 m
48.143 1.889 6 1.882 m
49.144 1.852 12 1.847 m
49.414 1.843 13 1.837 m
50.527 1.805 6 1.803 m
52.570 1.739 4 1.737 w
53.079 1.724 4 1.72 m
54.760 1.675 7 1.672 m
0] deacT d-spacingcalculated from lattice parameters obtained from Rietveld
refinement.
(i) Normalized observed integrated intensities as obtained from the Rietveld
refinement.

(i)  Observed intensity denoted as m = medium, s = strong, vw = very weak, w =
weak(Wikjord et al.,1980)
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4.3. Discussion

This crystal structure determination shows that the actual chemical
composition of A0sA 20k HIO3 which could also be written ag0i10A 228.
This new polymorphic modi ficat-H@n of

(CCDC#1526768

Details of the crystal structure determination are shown in Table 4.2. The

atomic parameters are listed in Table 4.3. Selected interatomic distances and
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bond ankglOse HiDe, f[ 1)O:[5] and HOs[15] are shown in Table

V.

Table42. Details of the crysHGl structure deter mi

Formula HIOs

Lattice constants, A a= 8.44504(13)
b = 6.95785(13)
C = 4.49753(10)

Cell volume, & 264.272(9)
Density 4421
Formula weight 175.91
Number of formula units 4
Crystal system, space group OrthorhombicP212121
Temperature of measurement Room temperature
Diffractometer Bruker D8 Advance
Radiation, wavelength CuKU radiati on, 1
Absorption coefficient, cr 93.256
FO00,electrons 312
Number of reflections 284
R values, % Rexp= 3.09

pr = 6.56

Rp =5.10

RBragg: 1.22
Goodness of fit 2.122

9

Table 4.3. Atomic coordinates and isotropic displacemera r a met e r-KlOs( j 2) of @

Atom @ Site x/a y/b zlc Biso

11 4a | 0.27820(7) 0.23062(12) 0.0264(2) 0.79(5)
01 4a | 0.3414(16) 0.4389(14) 0.274(3) 0.62(13)
02 4a  0.3542(15) 0.0372(16) 0.255(3) 0.62(13)
03 4a  0.0873(7) 0.254(2) 0.1678(16) 0.62(13)
H1 4a  0.440511 0.444325 0.282977 0.92(19)

DeltaHIOs crystalizes in the orthorhombic space gré&2p:12:. Figure 4.2(a
b) show t he c rHOswithdachsodirme atent-8oordaates fvith U

oxygen atoms (D1 = 1.904, 1102 = 1.811, 1103 = 1.741), and all four atoms
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form trigonal pyramid with iodine atoms in the apex and 3 oxygen atoms in the

base. One of the® contacts of 2.49 A between molecuieake spiral chain

along the z direction (Figure 4.2(a)), and two more lefAgdontacts of ~2.76 A

bind the chains in x and y directions into a thde@aensional framework (Figure

4.2(b)). O1H1...02 hydrogen bond links HkOnolecules into a zigag chain

along the y direction, which make it unique as compared with other two
polymorphs of HIG Two neighboring molecules are in a mirror position along

with xy plane. ThreeD b onds and three | é0 contacts

octahedra.

52



Figure42. T h e st r uHiQs showing: ¢af a laiyer in ab plane with chaindéhded

along b axis and (b) corresponding polyhedral
contacts and das h e dntatid. Red, bluelandryreysballs representl é O ¢
oxygen, iodine and hydrogen atoms, respectively
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Al 3 iodic acid struct ur e ssmalecules, and
and therefore by arrangen#Ot sifmitlhaerilry h
HIOs structure, hydrogen bonds link molecules into azag chains (Fig. 4.3)a
Ho we v e-HIOsihydrogen bonds form (HI€: pair as shown in Fig. 3(b).

Figure 4.3(c) shows that ks molecule is an adduct of both HH@nd kOs
moieties that are connected by a hydrogen bond.[15] Interestingly, the hydrogen
bond-HiOns tir uct ur e i s sHI® moblecule andrboth aeen gt h t

-

sl ightly s ho-HOsand HtOa sdructuresh a t of U

(c)HIO0s( i n xz plane) structures. Blue dotted
lines show | €0 contacts. Red and grey ball
respectively. The pink and yellow pyramids in (c) represg&idnd HIQ, respectively.

Figure43.The pol yhedr al r-HiQe,r e (sHiEgn (bathtinizpptanepand (a) U
|
S

54



EachIQpy r a mi

d f or ms 3 |

(Table 4.4) which along with 30 bonds form & i

contact is positioned acros€l bond so that @ é O

for not more than 17° This isrtie for all HIG structures as well as H&nd

e o i

storted

anagl

Nt er mo |l

e devi

ecul

ar

octahedr a.

ates f

120s molecules in HOs structure. There is also correlation, at least qualitatively,

between length of-O

bonds

and

bond corresponds to longer contact and vigsare

Table44.Sel ect ed

i nterat omi ¢ -HQ;zim tompadsensto ( j )

corresponding geometries of similar compounds.

opposite |

e O

and

Atom labels U-HIO3 UHIOs  2-HIOs H130s
(this work) (HIO4 20s)

Distances, 11-01 1.904(12) 1.896(2) 1.873(2) 1.880(3)
A 11-02 1.811(12) 1.812(2) 1.791(2) 1.792(2)

11-O3 1.741(6) 1.783(1) 1.804(2) 1.790(3)
Valence 01-1-02 97.7(5) 97.63(7) 100.1(1) 93.73(12)
angles, °  01-1-03 88.6(6) 93.86(6) 96.4(1) 95.07(12)

02-1-03 101.0(6) 100.92(7) 101.3(1) 99.16(13)
Contacts, 11...02 2.493(12) 2.504(2) 2.694(2) 2.545(2)
A 11...07 2.757(11) 2.760(2) 2.689(2) 2.593(3)

11...03i 2.754(6) 2.889(1) 2.753(2) 3.123(3)
Contact  0O1-l...02 168.9(5) 174.47(7) 174.26(8) 176.39(11)
angles, °  02-...071 169.6(5) 166.49(6) 171.49(8) 177.44(11)

03...03" 171.8(5) 163.28(7) 168.17(9) 163.16(9)
H bond O1-H1..02" 2.663(18) 2.718(2) 2.665(3) 2.744(4)
length, A

(i) 1/2-x,-y,-1/2+z; (i) 1/2-x,1-y,-1/2+z; (iii)) 1/2+x,1/2-y,-z; (iv) 1-
x,1/2+y,1/2z

cont a

ancg



4.4. Conclusion

A new pol ymor ph -HEOS8 whicb cnystallizes cin the d
orthorhombic space group2:2:2:, was obtained via a reproducible aerosol
spray pyrolysis method using iodarid solution as the precursdkb initio
crystal str uct urphasedreveats rthat previousio knowo f

14090.XH20 phase is actually HI©O

4.5. Supplemental Information

Si nce t he-HIO$aRd theicdrrespoading data for Figdre are too
large to be included in this thesis, for those who are interested in these data could

find them online with the link provided below.

https://www.cambridge.org/core/journals/powdkdifraction/article/crystal

structureof-anewpolymaph-of-iodic-acid-hio3-from-powdekr

diffraction/7E9176F241D23CB1246A9F905FC00930#frslipplementary

materials
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Chapter 5Performance of iodine oxides/iodic acids as

oxidizers in thermite systein

Overview

lodine oxides are of interest as biocidal components in energetic application such as
thermites due to their high energy release and biocidal agent delivery. In this study,
various iodine oxides/iodic acids, includingds, HIsOs and HIG, were employed as
oxidizers in thermite systems. Their decomposition behaviors were studied using a
homemade time resolved temperatyuenp/timeof-flight mass spectrometer (T
Jump/TOFMS), which identified a single step decomposition for all oxides at high
heating rates~(1(® K/s). In addition, both naraluminum (nAl, ~80 nm) and nano
tantalum (nTa, <50 nm) were adopted as the fuel in order to fully understand how
iodine containing oxidizers react with the fuel during ignition. The ignition and reaction
process of nAbaed and nT@dased thermites were characterized with T
Jump/TOFMS, and theiroenbustion properties were evaluated in a constalime
combustion cell and compared to a traditional thermite system (nAl/CuO). The ignition
temperatures of nAbased thermitessing these oxidizers were all very close to the
melting point of aluminum (~660 €), which suggests that the mobility of the aluminum
core dominats the ignition/reaction and the gaseous oxygen released from the
decomposition of the oxidizer does not papte in the ignition until the molten

aluminum is available. Unlike nAdased thermites, the ignition temperatures of-nTa

" The results presented in this chapter have been published in the following journal\¥riicle;
Wang, X.; Zavalij, P.Y.; Delisio, J.B.; Zachariah, M.Rerformance of iodine oxides/iodic acids as
oxidizers in thermite system€ombustion and Flame 2018 191 33®.
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based thermites alewer than the oxygen release temperatures from the corresponding
bare oxidizers. All nTdased thermites ignitgatior to the release of gas phase oxygen.

In this case, a condensed phase reaction mechanism is proposed to dominate the
ignition process. Moreovecpmbustion cell tests resuBow that nAla-HI30s has the

highest pressurization rate and pga&ssure and shortest burn time, and since it also
has an iodine content of ~75% as high2&% bn a per mass basis, this material may

be a very promising candidate in biocidal application.

5.1 Introduction

High efficiency neutralization of biologicalarfare agents has become a major
research focus within the United States, in addition to many other countries, due to the
increased threat of bioterrorism-T]. Preliminary laboratory studies have suggested
that an ideal neutralization process should&@iomot only a high thermal but also leng
lasting biocidal agent release-18]. The main problem with conventional energetic
materials is low neutralization efficiency since a thermal neutralization mechanism is
dominant in this case [8]. Therefore, iash been proposed that simultaneously
delivering a rapid thermal pulse with a remnant biocidal agent would prolong the
exposure time and improve the inactivation process [15]. Haldggsed energetic
materials show the most promise because of their ertdllecidal properties [16]
when compared to silvaontaining energetic materials F1B]. To incorporate
halogens in energetic materials, one can either directly add halogens into the system or
assemble halogens into the oxidizers [16, 20]. Wang etneabrporated iodine

molecules into Al/CuO thermite systems and found that the Al/Gtii@fimite reaction
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rate was significantly decreased with increasing the iodine content [21]. Guerreo et al
also showed that mechanical incorporation of iodine into alumiseverely decreases
the reaction rate of Al/metal oxides mixtures and even resulted in failed ignition of
A | 2 &0:[22]. In addition, Dreizin et al employed mechanically alloyed aluminum
iodine composites as a replacement of aluminum as a fuel vadditi energetic
formulations and the ignition and combustion tests of those fuels in air indicated that
higher iodine concentration lowers ignition temperatures but did not affect the
combustion temperatures substantially [14]. They also found improveméetss of
pressurization rate and maximum pressure at constant volume with 15 wt.% and 20
wt.% of Iz [14]. Furthermore, an effective inactivation of aerosolized spo/@s
achieved using Algland Al/B/l composites with 120 wt.% of iodine [16].

Another approach is to usedinecontaining oxycompounds that can release HI or
l2 when used as an oxidizer [23]. lodioentaining oxycompounds can be broken
down into two main categories: metal iodates and iodine oxides/iodic acids. The metal
iodates, AgDs [8, 24], Bi(10s)3 [25], Cu(IGs)2 [15], Fe(I)s [15] etc., have been
previously investigated. One issue with employing metal iodates in thermites is that
part of the producea Vvapor (all for AgIQ) may react with the product metal particles
to form caresponding metal iodides, which lowers the effective iodine content in the
metal iodateébased thermite systems. Unfortunately, there are only a limited number of
iodine oxides/iodic acids which are relatively stable and obtainable. These in€@sde |
1409, HI30s, HIO3, HslOs, etc [2628]. Among these compoundsQk (~76% iodine
mass fraction), is the most studied in thermite systems3329In these studies,

aluminum particles with different sizes were chosen as the fuel due to its high reaction
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enthalfy, thermal conductivity and availability. With reported propagation velocities
of up to ~2,000 m/s for loose batlilled nAl and nanescaled 10s (~10 nm) [32], $Os

shows its high potential in alumindbased thermites as an extremely aggressive
oxidizer. Constant volume combustion tests also show nAl/rhe outperforms
traditional aluminurrbased thermites such as Al/CuO and AdG=[33]. A pre
ignition reactionwas proposed as the ignition trigger in which ionfOslfragments
diffused into the alumina passivation shell of aluminum and to create some reactive
complexes exothermically [31,34]. However, this mechanism is far from clear as Smith
et al reported that preignition reaction was not found for aluminum/nano crystalline
[20s reaction in contrast to nano amorphot@sicase [35].

Recently, Smith et al reported that a minimum of 150% increase in flame speed was
found for Al/amorphoussO9 compared with AlAOs indicating kOs has more reactive
potential than40s as an oxidizer when combined with aluminum [36]. Other iodine
containing oxycompounds have received comparatively much less attention due to
their relatively lower iodine content and availabili§evertheless, their iodine content
is still much higher than metal iodates or-pmtates on a per mass basis. This is
particularly so for HiOs, which has an iodine content of ~75% and very close to the
76% for bOs. Currently no comparative study examigihow the aforementioned
iodine oxides/iodic acids perform as oxidizers in thermites system is available.
Moreover, we have recently reported that iodine oxides/iodic acids with different
particlesd sizes can be pr e(@8R) erdhermala ei t he

treatment [37,38], making a variety of these materials readily available.
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Most of the focus on reactive studies of oxidizers has focused on Aluminum as the
fuel. Aluminum has a passivating alumina shell that stabilized the matenmabgerda
conditions. However once the aluminum core reaches near the melting temperature, it
can diffuse through the oxide shell and interact with any available oxidizer leading to
ignition [39]. To explore the fuel melting aspect of ignition, we also egpilo the
paper tantalum as a fuel because it has a melting point of ~3000 €, and thus would not
be melted at the point of ignition.

In this paper| examine the performance of various iodine oxides/iodic aci@s,(l
HI30s and HIQ) as oxidizers in nAbased and nFhased thermites system. lodine
containing oxides/acids were prepared via an ASP method following procedures in our
previous work [37]. Timeesolved temperatwjemp timeof-flight mass spectrometer
(T-Jump/TOFMS) was used to study the igmtand decomposition of nAlased and
nTabased thermites. A higépeed camera simultaneously captured optical emission
from the ignition/reaction of the thermites allowing for the ignition time, and
corresponding ignition temperature. In addition, cortstalume combustion cell tests

were performed on aluminutmased thermites.

5.2. Experimental Details

5.2.1. Materials

The aluminum nanopowders (nAl) (Alex, ~80 nm) were purchased from
Novacentrix. The active Al was 81 % by mass, determined by TGA. -Natsdum
powders (nTa, <50 nm) were purchased from Global Advanced Metals, with 70% of
the mass. lodic acidc{HIO3) (99.5 wt %), lodine Pantoxidec-(20s), CuO
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nanoparticlesr-CuO, <50 nm) and micreized CuO powders @@uO) purchased

from SigmaAldrich were directly used as receivelicd r epr esent s Cc 0 mme
pr odunoc taymodi riie p r e ss@ledasd micascaled sizes, respectivihll

other chemicals were of analytical grade and were used as purchased witheut furth

treatment.

5.2.2.Preparation of iodine oxides/iodic acids particles

Smaltsized (<1 pm) particles of oxides includ&asHlOs, a-HI30s anda-120s were
synthesized via aerosod sppaygspeyd orl sAfSdrssa o A .
to HIOs with adelta phase. Detailed information on the ASP synthesis method has
been previously described [37]. Briefly, 100 mL iodic acid solution (10 mg/mL) were
aerosolized (~1 um in diameter) with a homemade pressure atomizer (~35 psi pressure
air) and passed thugh a silicagel diffusion drier to remove water. The dry particles
are then passed through a tube furnace for chemical conversion. The furnace
temperature was set at ~HG6OralaOs tbspecBvEle AC t o
with aresidencetime@ b out 1 s e c-bll®dand akEQs, rsilicdoels were U
regenerated at 50 €I f i n d -HI®s @an belobtained within a large range of
temperature from 210 to 250 €. In addition}30s was obtained with a tube furnace
temperature ~250 € with ailica-gel regeneration temperature of ~80 €. The final
product was collected on a Millipore membrane filter (0.4 um porefOdilas also
prepared via thermal treatment of commercial $40~180 € and labeled asHI30s.

The final product was charadteed by scanning electron microscopy (SEM, Hitachi,
SU-70 FEGSEM) and powder Xay diffraction (XRD, Bruker D8 Advance using Cu

KU radiation).
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5.2.3. Preparation of thermites

Physically mixed stoichiometric mixtures of nAl and nTa withlIOs, c-HIO3, a-

HI30s, t-HI30s, a-120s, ¢-1205, and CuO were based on the following equations. The
mixtures were sonicated in dry hexane for 30 minutes and left uncapped at room
temperature in a loyressure desiccator to evaporate the solvent. All of the samples
employd in this work were stored in a sealed desiccator for future use. Below we list
the stoichiometric relations used to prepare the mixture ratios and the associated
enthalpy of reactions.

T!ig (/) ©) ¢! 1 +( ,YHmeoreica=-2413 KI/mol

oc!lip() 9w p@!/l+0(,YHteoretica=-20721 KI/mol

pm! io) ©0) vu!l ,YHeoreica=-6740 KI/mol

¢! 1o# 09 o# O! 1/, YHeoretica= -1109 KI/mol

pcdhmn()ov) @4 A +v (,YHeoretica= -9059 KJ/mol

ocdbm(/) Oph p@4/A+v (,YHieoretica= -26515 KI/mol

C4A)/ ©O) 4 A, YHmeoreica= -1745 KJ/mol

5.2.4. XRay Diffraction (XRD) measurement and Rietveld refinement

The asprepared samples were characterized by powdarayX diffraction.
Diffraction pattern was me aBantar®deomnesry ng Cu
on Bruker D8 Advance powder diffractometer equipped with incident beam Soller slits,

N i -filtler and LynxEye position sensitive detector. Data were collected from 10%0
90U 2d with a step size of 0.01578U0 and <co

time of 180 sec per stefd)he crystal structures were refined by Rietveld method using
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the Topas dtware [38].Here Iwould like toacknowledgehe hdp from Dr. Peter

Zavalij onrefining anddeterminingthe ciystalinformationof different thermites

5.2.5.T-Jump/TOFMS measurement and hggeed imaging

The decomposition of each oxide listed above was investigated using T
Jump/TOFMS [8]. Typically, a ~1 cm long platinum wire (76 um in width) with a thin
coating of oxidizer sample was rd}y joule-heated to about 1200 € by a 3 ms pulse
at a heating rate of ~1@/s. The current and voltage signals were recorded, and the
temporal temperature of the wire was determined using the Call&f@ataiDusen
equation [40]. Spectra were collecteddat ms intervals. The detailed experimental
setup has been previously described [8, 40].

In order to experimentally determine the ignition temperature for each thermite, a
high-speed camera (Vision Research Phantom v12.0) was used to record the optical
emssion from combustion on the wire during heating. Ignition temperatures of
thermite reactions in vacuum were measured from the correlation of optical emission
from high speed imaging and temporal temperature of the wire and were further
analyzed in combation with the temporal mass spectra. Each experiment was repeated

3 times.

5.2.6. Combustion Cell Test

Combustion properties of themites were evaluated in a consilmhe combustion
cell, with simultaneous pressure and optical emission measuremettis. study, 25
mg of thermite powders was loaded inside the cell (constant volDir8cn¥) and
ignited by a resistively heated nichrome wiiihe temporal pressure and optical

64



emission from the thermite reaction were measured using a piezoelectric gressur
sensor and a photodetector, respectivdiyre detailed information on the combustion
cell test can be found in our previous publicatio@s 40] Each experiment was

repeated at least 3 times.

5.3. Results and Discussion

Various iodine oxides/iodic ad$ were prepared via ASP using a previously
described synthesis method [37]. All of thepsspared iodine€ontaining oxides
includinga-120s, U-HIO3 anda-HI30s have an average patrticle size of about 1 pm with
a relatively wide size distribution [37]. SEM images, XRD patterns and TGA/DSC
results argresentd in Chapter 3 and {87, 38]. Commercial20s and HIG (labeled
as c-120s and c-HIO3) andt-HI30s preparedvia thermal treatment of-HIOs were
employed as comparisons. The average patrticle siz¢-06 andc-HIO3z are ~30 pum
andt-HIs0s particles have an average size ~4 yun (Figure S5.1). To verify the actual
compositions ot-120s, c-HIO3 andt-HI30s, XRD ard TGA results shown in Figure
S5.2 and Figure S5.3 indicate tleaitllOs is pure HIQ, c-1205 has mostly hydrated
(~80%) to HEOs and tHI30s is pure H§Os. As control experiments, naisized (<
50nm) and micresized (<5 pum) CuO were also includedtims work.

T-Jump/TOFMS (3 ms, heating rate ~5XkD/s) was employed to study the initial
events of bare oxides or thermites under rapid heating rates, enabling us to probe the
reaction process on a time scale close to that of a combustion eventSElgyrghows
the temporal evolution of elemental iodine andi®m a-HI30s during rapid heating.
lodine and Qare released at approximately the same temperature (~475 €) indicating

that it could be a good candidate for a molecular iodéheasing oxidier. The single
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peak in the species vs. time plots of both lodine andsuggests that a orstep
decomposition 0&-HI30s.

To further explore its decomposition, timesolved mass spectra from rapid heating
of a-HI30s at 0.81.5 ms are shown in Figure 5.1Bor mass spectra taken at t<1.1 ms
(before the decomposition of the oxidizer)@ (m/z 18), OH (m/z 17) and (m/z
28) are attributed to the background. Above the decomposition temperature (>1.2 ms),
/ and I' are detected in addition to1Q /,) , and bO". The appearance of these
species implies that the high heating rate decomposition pathway does not go directly
to the thermodynamic end product of molecular iodine and oxygen under the conditions
of this experimental setup. The temporal peodf those oxygettontaining species is
shown in Figure S5.4 in whigh has the highest signal intensity. All other iodine

oxides/iodic acids have similar tinmesolved mass spectra as depicted in Figure S5.5.
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Figure 5.1. Representative plot showing the temporal profile of oxygen and iodine upon
heating aHI30g when heated at ~5xP@/s (A); time -resolved mass spectra ofOs (B).
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To evaluate the performance of tbeine oxides/iodic acids as oxidizers in thermite
systems, physical mixtures with nAl were made with 30 minutes sonication of nAl and
iodine oxides/iodic acids in dry hexane. To indicate whether the mixing process has
any influence on iodine oxides/iodicids, XRD and TGA were performed and results
of iodine oxides/iodic acids before and after mixing shown in Figure S5.6 and Figure
S5.7. To be more specific about the exact compositions of each sample in Figure S5.6,
Rietveld refinement was run for all tkd&kD patterns and the results are shown in Table
5.1. Almost for all the samples except fot20s, a small portion of the original
compounds either changed to another phase or dehydrated. As the most hygroscopic
one among those samples|-@ made the mds changes (~25% dehydr
HIO3). Due to the sensitivities of those iodioentaining compounds to water, those
minor changes could be resulted from preparation, characterization and/or handling. In
addition, the TGA results shown in Figure S5.7 shmwdiscernable effect of the
thermite preparation process on the hydration state of the iodine oxides/iodic acids. As
an example, the SEM images eH&O0s and Al/aHI30s shown in Figure S5.8 further
indicate that the mixing procedure does not influehegptrticle size or morphologies

of the iodine oxides/iodic acids.
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Table 5.1. Crystalline compositions of all the samples employed in Figure S6 determined by
Rietveld refinement of the corresponding XRD paftern

Samples Crystalline Phases Samples Crystallirtl)e Phases
a-HI20g A Al/a-H130s e
t-HI30s 100% HBOs Al/t-HI30s 18730/2%?:%33
-HIOs 1 0 0 %ilO3 Al -HIDs ff;ﬂgﬁ
c-HIOs 81 190/:/ ;'1'333 Al/c-HIO3 725%?/ ‘:é'&
T T Y
C-1205 100% HEOs Al/c-120s 100% HEOs

a detailed results of Rietveld refinement are included in electronic supporting
information as an appendix.

b aluminum signal was found in all Alased samples and its composition ratio is
excluded here for comparison purpose.

¢ PDF# 010753387 HEOs[27]

¢ XRD i nf eHlIOseotld be found if [39]

e PDF #01-079-1633 HIG:[41]

" PDF #01:082-2225 bOs[42]

Figure S5.9 shows some selected temporal snapshots of Hiell&ls thermite
reaction under vacuum of the-jdmp/TOFMS chamber. Optical emission from
reaction was first observed at 1.65 ms, corresponding to a wire temperature of ~664 €,
indicating ignition of nAlla-HIsOs thermite. Overall, the optical emission of rel/

HI30s is not very strong [39] which suggests lower heat generation from thieas&bd
thermite [43]. These snapshots also provide an alternative method to roughly determine
burn time, calculated to be ~1.2 ms, and will be discussed more in the combustion test
results.

From the Fjump TOFMS resultd, found that the bara-HI30s releases oxygen at
~475 € when heated at ~510° €/s. Under the same heating condition, the raAl/

HI30s thermite showed oxygen appearance at ~575 € and thus 18@@er than the
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oxygen release temperature of the bare oxidizer (Figure 5.2A). This result is quite
different from the most of Al/metal oxides thermites where oxygen release from the
metal oxide is not influenced by the presence of aluminum fuel [44]. One exckption
know of is Al/Bi20Os, which releases oxygen at a temperature that iSG0@wer than
that of the bare BD3[45]. This effect is the opposite of nAlHI30s. In this case, the
interaction between the iodine ionsasHI30s and the alumina shell of the fuel ghi
form stable aluminaxy-halides that delay the decomposition of the oxide [31, 46].

Even though the oxygen release temperature fromastAllZOs thermite increased
in comparison to the neat oxide, it is still lower than its ignition temperature €664
In fact, it is sufficient close to aluminum melting point to reasonable argue that
aluminum mobility into aluminum oxide is the initiation process. Clearly gaseous
oxygen release fromHI30s at ~575 € did not initiate ignition. [47]. In fact, Al/BOs,
Al/SnO, Al/AglOs, Al/CuO and AI/KCIQ also ignited in vacuum at about the melting
temperature of aluminum no matter what the oxygen release temperature is [44]. In
addition, the ignition temperature of n&lHI30s thermite in Ar environment with a 1
am pressure was also obtained and it was decreased ~30 € compared with that in
vacuum. Considering the experimental uncertainty 50 €, it is reasonable to say
that the ignition temperatures of n&lHI30s in vacuum and 1 atm Ar are roughly the
same, which again implies the importance of the melting phase transition of aluminum
fuel.

If I consider Al/CaQO4, which has an ignition temperature of ~1095 €, and is higher
than its oxygen release temperature and the melting point of aluminum [44]. In this

case, the generated gas phase oxygen also has no correlation with its ignition. However,
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the nAla-HIsOs ignited right after the aluminum melteMly group memberdave
previously investigated the ignition of nAl in an oxygen environment and found that
the ignition temperature decreased with increasing@ssure and dropped below the
melting point of bulk aluminum at >7.4 atm [47]. Why then doesaAlls0s thermite
ignite at the melting point of aluminum? Obviously, the partial pressure dtiihg
the ignition of nAla-HI30s thermite under vacuum is much lower than 7.4 éttrnas
beenshown in prior work that the oxygen concentration in solid oxidizérsl¢*
mol/n?) is much higher than that in gas (100 mot/far 18 atm Q gas)[47]. Thus, in
vacuum, the oxygen pressure around the fuel is likely very high. This is also supported
by the combustion cell tests where a high pressurization rate is obskevegration.
Moreover, the local gas phase oxygen released from the oxidizer has a much higher
temperature than the freex @ the pressurized ignition temperature tests described
above. Both factors suggest that the gas phase oxygen from the oxidizealso play
a role in the ignition of thermites.

Time-resolved mass spectra taken at 0.1 ms intervals from a-AidOs thermite
reaction is shown in Figure 5.2A. Asxpected, , I"and) peaks were first observed
at a time of about 1.3 ms (~588, which is prior to ignition, and earlier than [Gnd
) |/ species appeared. At the ignition temperaturé,d@d) / concentration also
diminished, which implies that those intermediate iodinemute species also took
part in the aluminum combush [33].

Reactions between solids are by their nature limited by the movement of component
reactive species or fragments. To further investigate the role of these oxidizers in the

thermite reaction, a fuel was chosen that unlike aluminum would be ineraidéast
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at the point of ignition. Aluminum was replaced with tantalum as a means to potentially
tweeze out the relationship between iodine and oxygen release with ignition. Similar to
aluminum, tantalum also has a native oxide shelt@f)a However, tatalum has a

very high melting point of about 3017 €, which rules out the influence of the melting
phase transition in the scope of ignition temperature test, which reaches a maximum
wire temperature of ~1208C. Sequential snapshots of the raFBllsOs thermite
reaction during rapid heating under vacuum were captured using a high speed camera
and are shown in Figure 5.3. In contrast to aAll3Os, the nTaa-HI3Os reaction is
surprisingly much more vigorous with strong light emission. The images in Fagiire

also show that multiple ignition points appeared after ignition and propagate toward
each other to ignite the whole thermite. The burn time ofaf&Osis roughly 1.7

ms, which is longer than that of nAiHI30s. In addition time-resolved mass spectra

of the nTaa-HI30s thermite reaction (Figure 5.2B) shows that its oxygen and iodine
release temperatures are ~450 €, which is very close to those o&ihtiaOs (~475

€). However, nTaa-HI30s thermite ignited at ~400 € (0.9éns) prior to the oxygen
release from the bare oxidizer (~475 €) and Figure 5.2B also shows neither oxygen
gas nor elemental iodine are detected before the ignition, which suggests a condensed
phase reaction mechanism was dominant. While, considering-thatp/TOFMS has

a temperature measurement uncertainty of ab80t€ [44], it would be also possible

that a very small amount of the oxidizer starts decomposing around the ignition
temperature that ignites the thermite. As to the condensed phase mechdrds been

found that cracks on in the oxide shell are formed when tantalum is rapidly heated to
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above 500 € due to the amorphous to crystalline phase change of the oxide shell [48].

However, the ignition of nTafHI30s occurs ~100 € earlier than thiphase change.
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Figure 5.2. Time-resolved mass spectra of nAltH;0s (A) and nTa/aHI30s (B).
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Figure 5.3. Sequential snapshots of nTa&0g thermite burning on a high rate heatingx(5
10° °C/s) Pt wire under vacuum, captured by a kégeed camera. The labels in each image
are the time elapsed after triggering.

The performance of all the iodine oxidesimdcids (-HIOs, c-HIOs, a-HI30s, t-
HI30s, a-120s andc-1205) as an oxidizer using nAl or nTa as the fuel are summarized
in the following figures. Figure 5.4 shows the relationship between iodine and O
release temperature in neat iodine oxides/iodicsa@dd the ignition temperature of
nAl-based and nFaased thermites. For all iodine oxides/iodic adified that oxygen
and iodine occur at the same temperature which suggests iodine oxides/iodic acids

directly decomposed into iodine and oxygen at high heating rate.
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Figure 5.4. 1 and Q release temperatuie neat iodine oxides/iodic acids, and the ignition
temperature of corresponding nB&sed and nFaased thermites under vacuum. Error bars
correspond to at least two measurements. The orange dashed line stands for a perfect
correlation.

All oxidizers whea reacting with aluminum ignited about their oxygen release
temperature. Moreover, they all ignited around the same temperature under vacuum,
and at approximately the melting point of aluminum 660 €. Those results indicate that
the ignition of nAlbased hermites is dominated by the melting of aluminum.
Aluminum could then react with oxygen released from the oxidizer, but more likely
since this experiment is conducted in vacuum, reacts heterogeneous with the oxidizer,
once aluminum becomes mobile.

In cortrast to aluminum, when tantalum was employed as the fuel, alba3ed

thermites ignited at temperatures lower than the oxygen release temperatures relative
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to their corresponding neat oxidizers. Clearly, in this case a condensed phase reaction
mechanisms dominant [44]DelLisio et alhave previously found that the 2% has a
preferred orientation during crystalline oxide growth and this crystallization upon rapid
heating result in cracking of the oxide shell that may enhance oxygen diffusion [48].
Since this is below the melting point of tantalum the oxygen from the decomposition
of iodine oxides/iodic acids diffuse through the@acracked or weakened shell to the
tantalum core. Moreover, even thouglilsOs anda-120s has a significantly smaller
paricle size tharc-HI30s or c-120s, their ignition temperatures are essentially within
the measurement uncertainty which implies that particle size of the oxidizer is
relatively unimportant and that the reaction of tantalum and gaseae@ibuted to
the ignition, in agreement with the ignition of nAl/potassium oxysalts energetic
composites [49].

To investigate the combustion performance of iodine oxides/iodic acids as oxidizers
in nAl-based thermites at 1atm, constant volume combustion cell tests \werenpd
on each thermite and the results are summarized in Table 5.2sltadaopper oxide
outperforms micresized copper oxide due to the huge difference between their particle
sizes [50]. Given the fact that all iodine oxides/iodic acids includeisrwtbrk have
average particles size larger than 1 pm (~1 pmigflOs, a-HI30s anda-120s; ~4 pm
for t-H130s; ~30 pm for c-HIO3 andc-120s), micro-sized copper oxide was chosen to
be the control experiment.

Table 5.2 shows that those iodine oxides/iodic acids prepared via ASP outperform
the corresponding commercial samples, with a shorter burn time and higher maximum

pressure and pressuriian rate. In addition-HI3Os has better performance than
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1205, but since they are both really 3@k the difference in performance can probably

be attributed to the smaller particle sizé-bli 30s. Similar to the nansized and micro

sized CuO, partle size plays a very important role in combustion. In our previous
work, we attributed the pressurization to the oxygen release from the oxidizer particles
[43]. For nAl/micreoxidizer thermites, the decomposition of the oxidizer is the rate
limiting stepthat results in the delay of the pressure rise [33, 43]. Thus, the particle size
of the oxidizer is crucial for a thermite to perform well in combustion cell test because
smaller particle size guarantees shorter diffusion length and higher specific avetace

and therefore faster heat transfer and shorter the delay time for pressure rise [51]. In
other words, the decomposition reaction of commercial iodine oxides/iodic acids that
have larger particles size is the rammiting step during nAlbased therntes
combustion, which results in slower thermite reaction rate and thus relatively poor
performance in terms of pressurization rate [50]. Given the fact the only difference
between commercial and aerosol synthesized iodine oxides/iodic acids is the particl
size, it is reasonable to conclude that the higher pressurization rates and maximum
pressures are resulted from the faster heat transfer owing to the higher contact area with
employing smaller sized oxidizer particles. However, ignition with high heaaiteg

by its nature is essentially the point where the-lselting by exothermic reaction
exceeds heat loss and a fimear reaction event occurs. In this case, the initial heat
release from thermite reaction was not affected by oxidizers particlemnsizbus the
ignition temperature is independent on particles size, which is consistent with our

previous reports [51,52].
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In addition, the fact thatHI3Os outperformsc-HIOs and a-HI30s outperformsi-
HIOsimply that HeOs is a better oxidizer. In fadhe pressurization rate and maximum
pressure of the nAdfHI30s thermite reaction are ~450 Kpa/ms and ~384 Kpa, which
is significantly above the other oxidizers evaluated, and indicate thaths is the
best gas generator in this study. The aAll30s thermite reaction shows the highest
peak optical emission and the shortest burn time, demonstrating it outperforms others
in heat generation rate. Figure 5.5 shows the direct comparison between the pressure
and optical trace of nA#+CuO and nAla-HI30s. Based on the combustion behavior,
a-HI30s seems to warrant further attention for biocidal applications since it features
both highpressure generation and energy release and has almost the same iodine
content as20s on a per mass basia@: ~76%; HIQ: ~72%; HkOs: ~75%). In a prior
work it has been reported [53] thals showed increased reactivity with a polar solvent
treatment. SincexOs likely hydrated to form HOs and HIG in the polar solvent, it is
reasonable to conclude that the results were showing@sdtyidrates outperformOs
in a flame speed test. This is consistent \withresults.

Table 5.2. Combustion cell test data for nAhsed thermites with different oxidizers. Each
sample was repeated at least three times. All the ngrhlaee a deviation at ~25.

Oxidizers Peak Pressurization  Burn Peak optical
(nAl, stoichiometric)  Pressure rate (Kpa/ms) time emission
(Kpa) (ms) (Volts)
n-CuO 405 5653 0.31 2.24
m-CuO 162 157 1.60 2.70
t-HI1O03 281 166 1.39 6.09
c-HIOs3 104 6 12.7 0.41
a-120s 293 207 1.29 7.52
C-1205 156 31 2.49 2.88
a-HI30s 384 450 0.96 11.7
t-HI30s 214 175 1.25 7.79
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5.4. Conclusions

In this study, various iodine oxides/iodic acids, includaOs, a-HI30s and U-
HIOs, were prepared based on the aerosol route publishetbysk, and were
employed as the oxidizer in thermite systems. Their decomposition behavior was
studied using Fump/TOFMS, which identified a single decomposition step for all
oxides at high heating rates compared with the pstdips process at low hawggf rate.
The ignition temperatures of nMlased thermites are all ~650 € which is at the
melting point of aluminum (~660 €). This suggests that the mobility of the aluminum
core is dominating the ignition/reaction while the gaseous oxygen releasethéom
decomposition of the oxidizer does not participate in the ignition until the molten
aluminum was available. Unlike nMlased thermites, the ignition temperatures ofnTa
based thermites alewer than the oxygen release temperatures from the corresgond
bare oxidizers. In this case, a condensed phase reaction mechanism is proposed to
dominate the ignition process. Combustion tektsv that nAlA-H130s has théhighest
pressurization rate and peak pressure and shortest burn time, and since it afso has
iodine content of ~75% which is as high #3slon a per mass basis, this material may

be a very promising candidate in biocidal application.
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5.5. Suppementallnformation

10.0kV 10.7mm x4.00k SE(U) 10.0um

t-H130s
Figure S51. The SEM images of-0s, ¢-HIO3; and tHI30s.
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Figure S52. The XRD patterns of-€,0s, ¢-HIOz; and tHI30s.
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Figure S53. The TGA curves ot-1,0s, ¢-HIO3 and tHI30s.

Figure S54. Representativplot showing the temporal profiles of oxygen and upon
heating aHI:0g when heated at ~5.0°€/s.
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