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Harnessing aluminum oxidation energy requires navigating the particle’'s passivation shell composed of
alumina. The shell is a barrier to aluminum oxidation but can also exothermically react with halogenated
species and therefore contribute to the overall energy generated during aluminum particle combustion.
Fluorination reactions with alumina have been studied because fluorine is abundant in binder
formulations that commonly surround aluminum particles in an energetic mixture. However, iodine has
emerged as an alternative halogenated-based binder or oxidizer because iodine gas provides ancillary
benefits such as chemical neutralization of biological agents or sterilization of contaminated
environments. This study used density functional theory (DFT) calculations to evaluate potential reaction
pathways for aluminum-iodine combustion. Relative to fluorinated fragments such as HF and F~, the
adsorption energies associated with HI and |~ are nearly triple the exchange reaction energy available
from fluorination reactions with alumina (—189 and —278 kJ mol™ for HI and |-, respectively). However,
exchange reactions between iodinated species and the alumina surface are energetically unfavorable.
These results explain that through adsorption, alumina surface exothermic reactions with iodine are more
energetic than with fluorine fragments. Experiments performed with differential scanning calorimetry

Received 27th December 2021, (DSC) confirm the higher magnitude of energy generated for iodination compared with fluorination

Accepted 1st April 2022 reactions with alumina. Additionally, strong adsorption energies can promote synthesis of new shell

DOI: 10.1039/d1cp05924f chemistries. Adsorption in solution will promote alumina dissolution and iodine precipitation reactions to
produce hydroxyl complexes and iodinated species synthesized on the surface of the particle, thereby
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Introduction particles (nAl) with fluoropolymers that generated additional

energy from alumina fluorination reactions upon combustion.
The aluminum fuel particle is a multi-layered composite Pantoya and Dean® showed that for nanoscale particles, the
composed of a crystalline aluminum core surrounded by an
amorphous alumina passivation shell which is further sur-
rounded by a loosely bonded hydration layer shown in Fig. 1.

The native oxide layer protects the pyrophoric core from aioiow, | L0, N
spontaneous reaction with surrounding oxygen. The hydroxylated phase | phase phase
outer layer provides active sites to promote exothermic reactions P S D
with alumina. The alumina surface reactions increase 0 o
energy generation potential within energetic formulations. Crouse o o
et al' and Miller et al® encapsulated nanoscale aluminum o (<]
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surface exothermic reaction between alumina and fluorinated
species measurably contributed to the overall energy generated
during a reaction. All of these studies suggest a new way of
thinking: the alumina’s surface exothermic reaction could be
used to tailor energy release of the aluminum fuel particle.

Padhye et al® showed a linear relationship between
increased alumina surface fluorination reactions and increased
main aluminum oxidation reactions. They recognized that
aluminum particles are often in direct contact with fluorinated
binders that hold together an energetic mixture. Padhye et al.’
also showed that terminal -OH bonds on the surface of the
alumina’s outer shell are active sites for exothermic reactions
with fragmented fluorinated species that are common
decomposition products from the fluorinated binders. Density
functional theory (DFT) calculations were coupled with
experimental enthalpy measurements to confirm that increased
surface energy could be achieved from alumina surfaces with
higher concentrations of terminal -OH bonds. In turn, greater
surface exothermic energy resulted in more complete combus-
tion of the core aluminum.

While fluorine is abundant in binder formulations, other
halogenated species also provide opportunities to capitalize on
surface exothermic reactions. Iodine oxides have been widely
studied as an appealing solid oxidizer owing to the abundance
of iodine.® The production of gas phase iodine species can
supplement a reaction by providing a chemical neutralization
strategy.” Todine gas can neutralize spore forming bacteria,
such as Anthrax, and effectively sterilize an otherwise contami-
nated environment. The appeal of carrying iodine gas in solid
form that can be gasified upon reaction prompted the devel-
opment of iodinated binders that could replace or be used in
conjunction with the more common fluorinated binders.®
Additionally, other researchers synthesized iodine rich solid
oxidizers that could also be added to energetic formulations.
One promising iodine rich oxidizer is aluminum iodate
hexahydrate (AIH) [Al(H,0)s(I03)3(HIO;z). Not only does AIH
have a high oxygen balance (+20) but AIH is also highly reactive
when combined with aluminum fuel particles.’

Early studies on the interaction between aluminum particles
and iodine oxides revealed almost all intermediate reactions
are exothermic. Farley et al.'® used DFT to calculate formation
energies of several intermediate reactions involving iodine
fragments with the alumina surface. Mulamba et al'' used
equilibrium thermal analysis to examine surface reactions
between iodine pentoxide and aluminum fuel particles. They
showed a sequence of iodine-aluminum reactions experimentally
that matched DFT predictions for enthalpy made by Farley et al.*
The exothermic potential available in surface reaction provides
motivation for further exploring the interface between iodine
suboxides and the alumina surface surrounding aluminum
particles.

The goal of this study is to identify structure and energetics
for specific iodine-alumina surface interactions. The goal was
accomplished using DFT calculations compared with experi-
mentally measured enthalpies using differential scanning
calorimetry (DSC). This goal extends previous work because
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Fig. 2 Structural details of the five —OH reaction sites of the y-AlL,Oz
surface. Aluminum atoms are in blue, oxygen in red, and hydrogen in pink.
Notation of —~OH groups according to reference.*?

the calculations involve iodine suboxide fragment species
applicable to a wide range of decomposition products from
iodine-based oxidizers. The assumption is that the four primary
decomposition fragments from iodinated oxidizers are I, IO,
HI, and I" and these species can react with different hydroxyl
coordinations on the alumina surface. Five types of surface
hydroxyl groups were identified at y-Al,O; surfaces. The -OH
sites differ by the coordination and linking to two types of Al
atoms in y-Al,Os: i.e., octahedrally (Aly;) and tetrahedrally (Aly)
coordinated. Fig. 2 shows detailed binding of these five -OH
sites: two terminal -OH sites Aly~OH and Aly;-OH (Ia and Ib),
two bridge —-OH sites Aly,~OH-Aly; and Aly,-OH-Aly; (Ila and
IIb), and one edge -OH site (Aly);~OH (I11)."*

The DFT analysis reveals the most reactive surface ~OH sites
that can strongly adsorb iodinated species, promote surface iodina-
tion reactions, and quantify the magnitude of the exothermic
energy from the adsorption process. The experimental mea-
surements of reaction enthalpy support the DFT calculations.
Focusing on iodine surface reactions enables a comparison to
previously published fluorination surface reactions to identify
reaction pathways that are the most energetic for future
synthesis and development of metal fuel particles.

DFT calculations

Two different physical-chemical processes at the alumina surface
were examined to understand the energy of its interactions with
iodine molecules. The first calculations were for adsorption
energy and the second were for exchange reactions.

Adsorption energy

DFT calculations were performed to estimate the adsorption
energy (AE,qs) of the hydroxyl surface complexes formed by the
adsorption of I,, IO, HI, and I" at different active sites on the
alumina surface (Fig. 2). AE.qs was calculated as a difference
between the total energy of product (surface complex) and two
reactants according to reaction (1) where R is equal to I,, IO, HI
molecules, or I anion.
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Y‘A1203—0H +R — 'Y'A1203—OH‘ R (1)

The periodic slab models of y-A,0; surfaces were created
based on the single crystal X-ray diffraction experimental bulk
structure of y-Al,O; as detailed previously."* Two slab models
were required to model five different sites at the (111) surface
terminated by A or B planes. Specifically, Ia and Ila sites in the
slab are terminated with plane A (model slab_A), and Ib, IIb,
and III sites in the slab are terminated with plane B (model
slab_B). Fig. 2 shows all five OH sites with a detailed Al
coordination. Fig. S1 in the ESIf displays complete structures
of two slab models of y-Al,O; surfaces and Table S1 (ESIt)
collects corresponding structural data. Both slab models con-
tained 120 atoms being periodic in the surface directions with a
vacuum of about 35 A in the normal direction to minimize
interactions between the molecules and the surface in the
upper projection. The thickness of the slab models (counted as
the distance between terminal atomic planes of O atoms, Fig. S1,
ESIt) was about 6.8 A (slab_A), and 6.6 A (slab_B), respectively.
The initial distance between adsorbent and adsorbate was set to
~3.5 A for all cases except for the vertical orientation of the ~HI
molecule that was set to 1.5 A (see Fig S2h, ESI{) as the H atom of
HI molecule points towards the surface O atom, it is expected to
form a hydrogen bond. In case of I", cluster models for all five
sites were used because periodic slab models were unsuitable to
predict adsorption energy for charged systems. Similar cluster
models developed from the slab models are described in detail
in our previous work."

Exchange reaction energy

In addition to adsorption energies, DFT calculations were
extended to evaluate exchange reactions between surface hydroxyl
sites with I and HI. Particularly, in exchange reactions the -OH
site at the surface was replaced by iodine according to reaction (2)
where X = H for HI (ie, the exchange reactions were only
performed for HI and 1").

AlLO;-OH + X-1 — Al,O5-1 + X-OH ()

Reaction energy, AE,, is calculated as the sum of total
electronic energies of products minus the sum of total electronic
energies of reactants, respectively. The iodine surface reactions
described by reaction (2) are like surface fluorination reactions
studied previously.>"?

Note that the calculations for the exchange reactions in
reaction (2) were not performed for site III (Aly;);—~OH because
the hydroxyl group is bound to three aluminum atoms in this
site. Therefore, to break all three bonds is a process highly
energetically unfavorable, thus improbable.

DFT computational details

Prior to calculations, geometry optimizations were performed
for the pristine slab and cluster models, isolated iodine species,
and the formed complexes or reactants. In case of slab adsorption
models, I,, I0 and HI were optimized with different initial
positions to find the most stable configurations. Details about
these initial positions are shown in ESI{ (Fig. S2, ESIt). In short,
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I,, IO and HI were placed in both horizontal and vertical orienta-
tions towards each active site. In the case of the asymmetric
I0 and HI species, two vertical and two horizontal structures
changing the position of the iodine, oxygen, or hydrogen atoms
related to the active site were calculated to determine the most
stable geometries of the formed complexes.

DFT calculations for periodic neutral slab models were
performed with the VASP program suite’*™” using projector
augmented wave (PAW) pseudopotentials,'® with the Perdew-
Burke-Ernzerhof (PBE) functional.'® The cutoff energy for
plane-waves was set to 400 eV. The SCF energy convergence
was set to 107> eV and the convergence criterium for geometry
optimization was also set to 10~> eV. All systems were calculated
in I'-point due to the large size of the unit cells for the slab
models. The cluster calculations were performed using the
Turbomole program® with the PBE functional and the def2-
TZVP basis set.>”* Note that the energy-consistent Stuttgart/
Cologne scalar relativistic pseudopotential ECP28 was used for
iodine*® and its valence electrons were treated with def2-TZVP
basis set. The Grimme DFT-D3 correction for dispersion inter-
actions was used throughout all slab and cluster calculations.>*

Experimental

Experiments focused on differential scanning calorimetry and
thermal gravimetric analysis (DSC-TGA) to quantify heat flow
and mass change under equilibrium conditions. Samples were
prepared by immersing commercial nano-scale Al particles
(nAl) in an iodic acid solution to form nAl particles decorated
with iodates including AIH. X-ray Diffraction (XRD) patterns
were also obtained to confirm the composition of species in
each sample prior to the DSC-TGA analysis. The decomposition
mechanism for AIH and HIO; is discussed such that key
exothermic surface reactions including IO, I,, HI, and I
species can be realized.

Sample preparation

The aluminum particles were procured from Novacentrix (Austin,
TX) with an 80 nm average diameter including a 4-6 nm alumina
passivation shell. In order to partially remove and subsequently
replace the Al,O; shell with AIH, 150 mg of nAl powder was
immersed in an aqueous iodic acid solution. The solution was
composed of iodopentoxide (I,0s) dissolved in ChromeAR™ water.
This procedure is detailed elsewhere® but described briefly below.
The two samples were identified as AI@AIH34 and AI@AIH30.
The designations of 34 and 30 represent AIH concentration
discussed below in the composition analysis. Initial concentra-
tions of 1,05 powder were determined from a balanced chemical
equation, reaction (3), for an equivalence ratio (ER) of 1.1. Next,
the amount of water used for mixing the aqueous iodic acid
solution was determined from a 1,05 to water ratio of 1:1.

10Al + 31,05 — 5Al,05 + 31, (3)

The formation of AIH was shown to be dependent on the pH
of the ijodic acid and nAl solution by Smith et al?®
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Fig. 3 lodinated crystallization on the surface of Al@AIH34 (top) and
Al@AIH30 (bottom). Similar structures appear for both samples.

A polarization mechanism that hydrates the Al,O; surface to
[Al(H,0)¢] was proposed as an essential kinetic step in AIH
formation. Smith et al.?® also demonstrated a dependence on
time for forming AIH. Allowing nAl to stay in the iodic acid
for extended durations lead to higher AIH concentrations.
However, little control was shown between batch variations,
i.e., 78 wt% AIH was reported in Smith et al.>*® and only 6-15%
reported in Gottfried et al® In an attempt to mitigate batch
variations and facilitate chemical interaction between the nAl
and acidic iodic solution, sample containers were sealed in
Paraffin for 24 hours prior to exposure to air drying.

Fig. 3 shows SEM images of the two samples and illustrates
the morphology of the composite particles. The crystalline,
granular structure of the surface is consistent with the mor-
phology of AIH and HIO;, while the core remains Al.

Compositional analysis

Powder XRD data were collected on a Rigaku MiniFlex II
powder diffractometer operating in continuous 6-260 mode
from 3-60° 20 with Bragg-Brentano geometry. Powders were
mounted on a zero-background holder and the X-ray source was
Cu Ko radiation (A = 1.5418 A) with a current of 15 mA and an
anode voltage of 30 kV. The step size was 0.02° with a collection rate
of 2° min . Diffraction intensities were captured with a D/teX Ultra
1D silicon strip detector. Qualitative and quantitative analyses were
conducted using whole pattern fitting Rietveld refinement with
MDI Jade V9.1.1 software. Three phases were identified: aluminum,
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Fig. 4 The XRD patterns of Al@AIH samples with identified crystalline
species. The weight concentration from whole pattern fitting Rietveld
Refinement analysis of each pattern is provided in table inset, with R-
values of 4.81 and 5.04 for nAl@AIH34 and nAl@AIH30, respectively.

delta hydrogen iodate (3-HIO;), and AIH shown in Fig. 4 with peaks
labelled and wt% composition indicated.

Equilibrium thermal analysis

Differential scanning calorimetric and thermogravimetric
analysis were conducted using a NETZSCH STA 449 F3 Jupiter
simultaneous thermal analyzer (STA). The STA was calibrated with
indium and calcium oxalate for the DSC and TG, respectively. The
melting temperature of indium and weight loss of calcium oxalate
matched the literature value with an uncertainty within + 1%. For
each experiment, powder mass was maintained at 3.5 mg and
loaded in a lidded alumina crucible. A small pin hole in the lid of
the crucible allows gas to escape and therefore register mass
change. An initial argon (Ar) gas purge removed residual oxygen in
the instrument lines. All experiments were performed at a heating
rate of 10 °C min~ " in an Ar environment for temperatures from
30 to 800 °C. All data were processed with NETZSCH Proteus
software to determine onset temperature and enthalpy for fluctua-
tions in heat flow.

Results
Density functional theory results

Optimized structures. Fig. 5 and 6 display the most stable
configurations of all combinations from the geometry relaxation
for both slab and cluster calculations, respectively. Important
interatomic distances are also provided in Fig. 5 and 6. Fig. 5
shows optimized structures for adsorption reactions while Fig. 6
shows optimized structures for exchange reactions. Fig. S3-S7 in
ESIT present all optimized configurations for each I-bearing
moiety on the y-Al,O; active surface sites prior to the optimiza-
tion procedure for more detailed information.

Adsorption reactions. Table 1 shows calculated adsorption
energies for all models investigated. In all cases, iodine species
strongly adsorb to surface ~OH sites. The interactions of I, with
the active sites of y-Al,O; are noncovalent (physisorption). The
interactions of 10 are much stronger than in case of I,, and
are chemisorbed and/or accompanied by a proton transfer.
Particularly, for sites Ia and Ila (I)O-Al bonds are 1.9 A. The
Al atom that bonds with IO is partially withdrawn from the
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4-ALO-1b y-ALO-I1b 7-ALO-I1T y-ALOTa 7-ALO,-IIa

HI

Fig. 5 The most stable structures of the active hydroxyl sites Ib, Ilb, Ill, Ia,
Ila (shown in columns, respectively) on the y-AlLbOsz surface for the
adsorption reactions with iodine species that are indicated in each row.
Selected interatomic distances from slab model calculations are also
shown except for the last row for anion iodine interactions (i.e., p—t) for
which the cluster model was used in the computations.

a) y-Al,O;-1b

b) y-ALO;-IIb

Fig. 6 Optimized structures of the active sites la, Ila, Ib, and Ilb on the
v-AlLOs surface from exchange reactions with Hl and I~ including selected
interatomic distances using cluster models.

tetrahedral position (Alyy), as in the case of terminal -OH (i.e.,
Ia site) a neighboring Alyy is close to the Ia site. On the other
hand, formation of HIO by a proton transfer from the surface is
observed for sites Ib, IIb, and III, respectively. The formed HIO
is bound to the surface by hydrogen bonds (Ib and III sites).
However, for IIb, HIO forms a very strong interaction with the
surface via direct I-O4 binding, where Oy is the oxygen atom
from one surface -OH group.

For deprotonation of HI in sites Ib, IIb, and III (Fig. 5k, 1 and
m), the proton is abstracted by oxygen in the alumina surface

This journal is © the Owner Societies 2022
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Table 1 Adsorption energies and final processes in the adsorption reac-
tion of iodine species reacting with five —OH active sites of y-Al,Oz surface

Species Active sites AEqqs (k] mol™) Final reaction

1, v-Al,O5-1b —64.63 Physisorption
v-Al,O3-1Ib —60.75 Physisorption
v-Al,O;-1a —54.01 Physisorption
v-Al,O5-11a —33.12 Physisorption
v-Al,O5-111 —110.72 Physisorption

10 v-AL,O5-1b —109.55 Chemisorption/HIO
v-Al,O3-1Ib —187.30 Chemisorption/HIO
v-Al,O;-1a —97.66 Chemisorption/Al-O-1
v-Al,O5-11a —115.52 Chemisorption/Al-O-1
v-Al,O5-111 —141.82 Chemisorption/HIO

HI v-Al,O3-1b —167.53 Chemisorption/HI
v-AlL,O5-1Ib —188.53 Chemisorption/HI
v-Al,O0;-1a —59.81 Physisorption
v-Al,O5-11a —60.30 Physisorption
v-Al,O3-111 —226.85 Chemisorption/HI

I v-Al,O;-1b —187.06 Physisorption
v-Al,O;-11b —278.25 Physisorption
v-Al,O05-1a —183.51 Physisorption
v-Al,O5-11a —120.94 Physisorption
v-Al,O3-111 —228.91 Physisorption

and calculated adsorption energies are very high (Table 1).
Conversely, for Ia and Ila, no proton transfer was observed,
and corresponding adsorption energies are much lower than
Ib, IIb, and III. The HI molecule forms hydrogen bonds with
surface -OH groups where HI is the proton donor and surface
-OH sites are proton acceptors. In the case of a charged
complex such as I, surface -OH groups interact as proton
donors with I" through strong hydrogen bonding with H---I
distances in a range of 2.0-2.8 A (Fig. 5p-t).

The interactions of I species are not solely with the active
-OH site but also due to the surface morphology and arrange-
ment of different ~OH surface sites because neighboring ~-OH
groups can cooperate in the adsorption. For example, this is the
case for IIb (Fig. 5q) where the interaction of I" is observed
along with the hydrogen atom from neighboring III resulting in
a IIb adsorption energy of —275.25 kJ mol " for I adsorption.
However, I reconnects to -OH on III in the vicinity of IIb
(distance of ~3 A). Stronger adsorption (i.e., higher adsorption
energy in absolute value) achieved in the calculation for IIb
compared to III can be explained by a cooperative effect of IIb
and III -OH sites interacting with the I" anion.

The AE,qs values calculated according to reaction (1) pre-
sented in Table 1 show that all the adsorption reactions are
energetically strongly favorable. Ia (Al,—OH) and Ila (Al,~OH-
Aly,) are the less reactive sites for all adsorption processes of
iodine species. Note that for these two sites reactions with 10
and I are more energetic. In the reaction with IO, the oxygen
atom of this molecule forms a covalent bond (chemisorption)
with the Al atom from the y-Al,O; surface (Fig. 5i and j). The
strongest adsorption reactions are between site IIb (Aly,~OH-
Aly;) and 17 (AE.qs = —278.25 kJ mol ™), followed by site III
((Aly));-OH) and I™ (AE,qs = —228.91 k] mol '), and HI (AE,qs =
—226.85 k] mol ). In the case of HI, a chemisorption process is
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observed for sites Ib, IIb, and III, in which the hydrogen atom
from HI is abstracted by an oxygen atom from the surface -OH
groups (note that for III, the abstraction of H' is by IIb in the
vicinity of III). The adsorption processes labelled as physisorption,
and chemisorption were categorized not only on the base of
energetic criteria but also on geometrical. In chemisorbed cases
some original bonds were broken, and some new bonds were
created (e.g, proton transfer from iodine species to surface
formed new surface OH group).

Exchange reactions. Table 2 summarizes the energy results
for the exchange reactions, i.e., reaction (2), for four -OH sites
on the y-Al,O; with I and HI. These two iodine species were
selected to understand if I" species can react by a similar
mechanism as F~ species shown previously* with four ~OH
sites on y-Al,O3. Thus, the purpose was to see if I can replace
surface ~-OH groups to make direct Al-I binding as F~ replaces
—-OH to make direct Al-F binding.

The exchange reactions are not energetically favorable. For
all -OH sites, reaction energy (AE,) both with HI and I~ are
highly positive (except Ib and HI for which the -OH group is
bound only with one aluminum atom and shows the lowest
positive reaction energy for both I and HI). In contrast, for
reactions of Ila (Al,-OH-Aly;), where two Al-OH bonds are
broken, the reaction energies are the highest.

The results indicate that direct chemical replacement of
—OH sites by I” is not probable (in contrast to F~ investigated
by Padhye et al.”). The observation that iodination reactions are
not energetically favorable compared with fluorination reactions
(reaction (2)) can be explained by a large ionic radius of I" such
that forming a direct Al-I bond is not preferred due to steric
repulsion of neighboring -OH sites and much stronger Al-OH
bonds compared to potential Al-I bond. Al-I bond distances are
~2.5-2.8 A (Fig. 6). Thus, this bond is much weaker than the
strong AI-OH bond in the range of 1.73 to 1.88 A.

Experimental results

The nAl particle shells were altered using an iodic acid solution
to transform the alumina surface into mainly ATH and HIO,
(Fig. 3a and b). Both AIH and HIO; decompose into iodinated
fragments, such that the DFT analysis summarized in Tables 1
and 2 can be extended toward experimental data. The decorated
nAl particles were examined for mass loss and heat flow with
data shown in Fig. 7a and b, respectively.

Table 2 Reaction energies of final processes in the exchange chemical
reaction (egn (2)) of OH replacement by I~ and HI reacting with four
different —OH active sites of g-Al,O3 surface

Species Active sites AE, (k] mol™") Final reaction

I 382.78
538.70
489.57

577.36

v-Al,O4-Tb
v-Al,O5-11b
v-Al,03-1a
v-Al,O5-11a

ALOs~OH + I — ALOs-I1+ OH™

HI v-ALO,-Ib
v-Al,O5-11b
v-Al,03-1a
y-ALO,-1la

10.73
166.65
117.52
205.32

AL,O;~OH + HI — ALO5-I + H,0
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Fig. 7a indicates three steps of mass loss. A summary of
endothermic and exothermic events is provided in Fig. 7b. The
first step of mass loss agrees with previous work®>® and
corresponds with decomposition of the water ring in AIH
beginning at 110 °C in nAI@AIH30 and 120 °C in AI@AIH34.
Reactions (4)-(7) show intermediate reactions in the AIH
decomposition process with removal of water and pronated
species as the first step. The phase of each species is indicated
such that mass loss can be ascribed to the vapor phase species
in the reactions.

[Al(H,0)5](103)3(HIO;), — Al(I03)3(HIO;), + 6H,0,

4)
Al(I03);(HIO5), — Al(I0;);(1,05) + H,0)  (5)
2
Al(103);(1:05) — Al(103); -+l + Oay) (6)
1 3 15
A](IO3)3—> §A1203 + Elz(v) + ?Oz(v) (7)

Mass loss occurring in the first step (onset 112 °C for
AI@AIH30 and 120 °C for AI@AIH34) corresponds to the
endothermic event (labelled 1) in Fig. 7b. Decomposition of
HIO; follows with an onset 332-337 °C (i.e., reaction (5))
and corresponds to the first indication of an exothermic

~
| Onset: 121 °C T
Mass Loss: 2.1% \
Onset: 332 °C \___
S Mass Loss: 9.5% Onset: 463 °C
9 | Onset: 121°C Mass Loss: 36.5%
5 Mass Loss: 1.9% y
5 Onset: 336 °C Al@ATH30
2 Mass Loss: 6.1% —
s 20%
Onset: 465 °C AIGAIH34
Mass Loss: 33.1% G
0 100 200 300 400 500 600 700 800
Temperature °C
b) . .
Onset: 501 °C
Area: 142 Jig // A@ATH30
=] C ) N7 e
, Onset: 427 °(
5 Wig Area: 91 J/g
| Onset: 292 °( o
Arca: 133 J/g / Al@AIH34
] : ©
€1 (¢) 19 o Z Onset: 499 °C
z \','“1 e - Onscl: 424 °C  Area: 147 J/g
ol Area: 61 J/g
= /j Onsct: 293 °C
v Arca: 121 Jig
] 7/ Onset: 118 °C
Area: 113 J/g
0 100 200 300 400 500 600 700 800
Temperature °C
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pre-ignition reaction (PIR), i.e., labelled 2 in Fig. 7b. Because
the PIR is exothermic, the DFT results in Tables 1 and 2 suggest
that the PIR results from adsorption reactions with decompos-
ing iodine species and any remaining Al,O; shell, but not
exchange reactions. Another possibility is that the initial
Al,O; shell is completely consumed in the formation reactions
for ATH and HIOj;, such that upon AIH and HIO; decomposi-
tion, the pyrophoric Al core is exposed thereby facilitating
exothermic reactions. The observation in Fig. 7b of a slow
and constant increase in heat flow suggests that the pyrophoric
Al core is supplying a consistent source for exothermic
heat flow.

The third step of mass loss is also exothermic (labelled 3 in
Fig. 7b) with an onset temperature ranging from 422-427 °C
and corresponds to a second exothermic peak that may involve
iodine-oxide fragments reacting with the particle surface. The
fourth step begins at 463-465 °C and coincides with a larger
exothermic reaction that may correspond with consumption of
the Al core and liberation of gas phase species (see Fig. 7a and
the exotherm labelled 4 in Fig. 7b). At the Al melting tempera-
ture of 660 °C, a very small endotherm is observed suggesting
that the Al was nearly completely consumed in the low tem-
perature (ie., < 660 °C) reactions. The marginally small
indication of melting is also consistent with the upward trend
in the heat flow data (Fig. 7b) indicating exothermic energy
generated nearly continuously throughout the equilibrium
experiment.

All nAl@AIH samples exhibit an endothermic reaction
followed by three exothermic reactions. The endothermic reac-
tion is attributed to the decomposition of the water ring in the
ATH molecular structure at 110 °C® that occurs between 110 and
120 °C.>”*® While the exothermic heat flow gradually increases,
three peaks are noteworthy. The events labelled 2 and 3 may
correspond with surface reactions while the largest peak
labelled 4 may correspond with consumption of remaining
core Al. All of this exothermic behavior is suggestive that the
Al,O; passivation shell is consumed or compromised. Without
the shell barrier, the core Al more easily reacts with iodate
fragments producing energy and exhibiting the gradual
increase in heat flow seen in Fig. 7b. When compared to a
mixture of pure AIH particles combined with nAl particles in
Kalman et al.,”® the decorated nAl particles (nAI@AIH) here
all have earlier onset temperatures for exothermic reactions
revealing the limiting effects of the alumina shell.

Discussion

Calculated adsorption energies of I-species show very strong
adsorption at y-Al,O; surfaces with five different -OH sites
(Table 1). Exchange reactions at y-Al,O; surfaces with I and HI
are energetically unfavorable (Table 2) due to very high positive
reaction energies. In contrast, DFT calculated exchange reac-
tion energies for similar reactions with F~ and HF and the same
-OH sites on y-Al,0;>*? indicate fluorination surface reactions
are favorable and exothermic. A direct comparison between the
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results here and those found for F~ and HF is summarized in
Fig. 8.

The overall characteristics of the exchange reactions in Fig. 8
are similar. The most energetically favorable reactions for
fluorinated species occur at y-Al,O3 Ib and Ia surfaces (terminal
hydroxyl coordination).” For I species, all reaction energies are
positive and there are no energetically favorable reactions. For
I” species, adsorption reactions are up to three times more
energetically favorable than F~ species exchange reactions.
Therefore, surface adsorption reactions with iodine should
produce measurably more heat than with fluorine.

Another consideration is that the strong adsorption energies
of iodine species shown in Fig. 8 can enhance the dissolving
process of y-Al,O3 surfaces in an acidic environment. During
the synthesis of AIH on the nAl particles, the strong adsorption
reactions in an acidic environment would be followed by
precipitation that would explain formation of a thin AIH layer
formed at the surface (see Fig. 3). This acid-base precipitation
reaction is different from those in which Al,O; surfaces are
functionalized by fluorocarbon species through carboxylic acid
exchange reactions'° that are energetically favorable. In the
case of fluorinated self-assembled monolayers (SAM), the
alumina shell remains intact with fluorocarbons attached. In
the case of AIH formation, new iodinated shell chemistries
replace (or partially replace) the existing alumina shell. By
reducing or mitigating the alumina shell, the diffusion barrier
is reduced and exothermic reactions with the core can proceed
with less resistance.

To expand the DFT results toward experimental data, a
summary of halogenated oxidizers interacting with Al,O; on
nAl particle surfaces is presented in Table 3. The distinction
between iodinated and fluorinated oxidizers is a measurable
increase of the PIR and decrease in onset temperature for
iodinated oxidizers.

The experimentally observed exothermic energy in surface
reactions (PIR) with iodinated species is measurably higher
than fluorinated species. The DFT calculations in Tables 1 and
2 suggest that iodine-alumina interactions are adsorption and
not exchange reactions. In fact, from the data in Table 3, the
average fluorinated PIR energy is 30 J g ' and the average
iodinated PIR from AIH decomposition is 118 J g~ *, which is a
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Fig. 8 Comparison of exchange reaction energy (eqn (2)) for F~> and I-
species (this study) for four y-Al,Osz surface sites.
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Table 3 Comparison of exothermic PIR energy and onset temperature for various halogenated surface reactions with alumina

Literature Reaction description PIR (J g') Onset temperature (°C)
Pantoya and Dean®  Various particle sizes of Al,O; mixed with PTFE 11-36 372-418

Padhye et al.’ 80 nm Al with amorphous or crystalline Al,O; shells mixed with PTFE 36-64 428-435

McCollum et al.* Self-assembled monolayer of PFPE over nAl particles with amorphous Al,O; shells  7-30 313-316

Mulamba et al.** Mixtures of Al,O; with 1,05 and nAl with L,O5 14-20 300-318

Smith et al.** Mixture of 80 nm Al and 1,05 dispersed in non-polar and polar carrier fluids 58-183 288-367

Kalman et al.*® Mixture of 80 nm Al and ATH 101 274

Bhattacharia et al.>®* 80 nm Al particle coated with AIH and B-HIO; 135 280

This study 80 nm nAl coated with ATH and 8-HIO3 at two weight concentrations 101-133 290

293% increase and compares well to the relative increase of
300% resulting from the DFT adsorption calculations.

However, after adsorption, further processes differ for F~ and
I species. In the case of F~ species, the aluminum fluorination
reactions continue because exothermic exchange reactions
facilitate further bond breaking. For I" species, the continuing
processes are different. In iodic acid, strong adsorption would
promote dissolving the Al,O; surface and facilitate formation of
Al(H,0)s complexes that can further precipitate in a reaction with
I0; anions forming AIH. The highly energetically unfavorable
exchange reactions with iodine and the AI-OH surface help explain
why the formation of ATH is favored in an iodic acid solution. More
precisely, iodine species interact with the hydroxylated alumina
surface to promote AIH formation rather than consumption of core
Al Continuous exothermic heat flow in Fig. 7b suggests iodate
species consumed the original alumina shell such that when the
iodate species decompose, the pyrophoric Al core is exposed to
oxidizing species and continuously liberates exothermic energy.
Another possibility is that the transformed or partially transformed
shell includes defect sites that facilitate Al core oxidation
throughout the equilibrium reaction. Wren et al.>* propose a defect
mechanism for the growth of an Fel,O, layer on stainless steel
surfaces resulting from I, gas absorption. They explain that
accelerated absorption reactions result in many defect sites that
act as a semi-conductor facilitating migration of oxygen and iodine
gas to the metal iron core. In a similar way, oxygen may diffuse
through a defected shell barrier and into core aluminum resulting
in a continuous rise in exothermic heat flow measured in Fig. 7.
In fact, other studies on aluminum nitride (AIN) substrates for
improved semi-conducting materials have also shown similar
results.*®>® Dopants and impurities have been used to promote
bonding mechanisms towards crystallization of AIN and directly
support the credibility of the physical mechanism revealed in the
present study.

Conclusions

Density functional theory (DFT) calculations of surface
adsorption and exchange reactions between iodinated species
and the alumina surface surrounding aluminum particles were
performed. The results show that all types of surface hydroxyl
groups on y-Al,O;z are energetically very favorable for adsorp-
tion of all iodine species, but not favorable for exchange
reactions. The calculations show that adsorption energies are
highest for HI and I~ in the range of —60.0 to —278 k] mol ",

1508 | Phys. Chem. Chem. Phys., 2022, 24, 11501-11509

followed by 10 (—98 to —187 kJ mol '), and I, (—33 to
—111 kJ mol™"). The calculated exchange reaction energies
for replacement of OH group by halogen species show the
reaction of I and HI are extremely energetically unfavorable
in contrast to previous work that showed F~ species surface
reactions are favorable.

Results from the DFT analysis indicate two important
findings observed in experiments. First, alumina surface reac-
tions with I-species on aluminum particles that exhibit high
exothermic energy result from adsorption reactions and cannot
occur from exchange reactions. Second, the release of very high
adsorption energies from iodine species with Al particles can
enhance dissolution of the alumina surface and facilitate
precipitation of iodinated species, such as aluminum iodate
hexahydrate (AIH).

The experimental results reveal AIH decomposition was
accompanied by continuous exothermic reaction, suggesting
that the original alumina shell was replaced with AIH. Then,
upon AIH decomposition, the pyrophoric Al core continuously
oxidized and liberated heat. Another possibility is defects
within the transformed shell facilitate oxygen diffusion to the
core Al liberating heat throughout the equilibrium experiment.
Both scenarios demonstrate the limiting effects of the alumina
shell. These results indicate that through adsorption reactions
more energy can be harnessed from iodine-species and alu-
mina to (1) produce new passivation shell chemistry and/or (2)
exploit exothermic surface reactions with Al particles.
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