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ABSTRACT: A lack of clarity in the reaction mechanism of the
aluminum nanoparticle (ANP) severely restricts its effective
applications. By describing the physicochemical evolution of
ANP burning in typical oxidizers (CO, H,O, and O,) at the
nanoscale, three principal reaction modes including physical
adsorption, chemical adsorption, and reactive diffusion were
captured during the reaction. Initially, oxidizer molecules are
physically and chemically adsorbed on the ANP surface until
ignition in which reaction heat plays a more important role in
contrast to heat transfer. Subsequently, partial oxidizer atoms
adsorbed by surface diffuse across the shell to react with the Al
core, presenting the dominant mode of reactive diffusion. It is
assumed that the binding energy between Al and oxidizer atoms
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is in an inverse relation to atomic diffusivity but is positively

correlated to reaction heat, resulting in various ANP structures and heat release rates. Our findings provide design guidelines to
control various oxidizer supplies with respect to the reaction stages to balance the energy release and the residence time of ANP.

1. INTRODUCTION

Aluminum particles, due to their high specific energy density
(31 kJ/g) and abundance on Earth, have been widely used as
energetic materials in many combustion and explosive
systems, such as space propulsion,” underwater propulsion,’
and even internal-combustion engines.”> To meet challenges
in Al particle burning such as ignition difficulty and incomplete
combustion,’ the aluminum nanoparticle (ANP) has been
proposed as an alternative to its microsized counterpart. With a
higher surface-to-volume ratio and shorter diffusion distance,
ANP has excellent physicochemical properties, such as low
ignition temperature and high reaction rate.”

With an intense reaction at the minimal temporal—spatial
scale, the detailed reaction process of ANP is hard to be
captured efficiently in measurements, resulting in the difficulty
in controlling the ANP ignition, reaction, and furthermore
effective energy release. The oxidizer property in the
atmosphere is one of the significant factors to the reaction
process of ANP. In oxygen circumstances, ANP combustion
has been widely investigated due to O, richness in air.*"'
However, an oxygen-deprived occasion is typical in practical
applications. Taking the solid rocket engine as an example,
ANP reacts with propellant products mainly consisting of
carbon dioxide (CO,) and steam (H,O) rather than O,.
Another case is the Mars space exploration mission in which
CO, is the principal constituent of the planet’s atmosphere.
The ANP reaction with CO, provides the major energy for
propulsion.” Besides, in underwater propulsion, H,O is the
primary oxidizer. As a consequence, the clarification of ANP
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reaction mechanisms taking the oxidizers into account is of
great significance.

Over the past decades, considerable efforts have been made
to study the reaction mechanism of ANP, which is strongly
affected by particle size," oxidizer proiperties,14 and environ-
mental temperature and pressure.'”'® Sundaram et al.'’
summarized three possible burning scenarios for ANP. They
pointed out that the mass diffusion across the oxide layer of the
particle and polymorphic phase transformation induce the
ignition, and the reaction may occur at the core—shell interface
or the outer surface of ANP depending on diffusion coeflicients
of aluminum and oxidizer atoms. Meanwhile, Levitas and
Samani'® proposed a melt-dispersion mechanism in which fast
ignition results from the dispersion of small Al clusters in the
oxidizer. These findings have shed some light on the
complexity, but the understanding is far from being complete.
Until now, no scientific consensus on the reaction mechanism
of ANP has yet been reached. To effectively capture the
physicochemical evolution of the microstructure is still a big
challenge.

Recently, reactive molecular dynamics (RMD) calculations
have been employed to examine the oxidation of ANP,"*~**
which are proven to be more powerful and accurate than most
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Figure 1. Number of Al atoms in each shell toward the outer surface (a), temporal variation of R; with respect to bin size (b), and sketch of the

ANP surface region (c).
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Figure 2. Trajectories of collision between ANP and CO, molecules: (a) physical adsorption and desorption of CO,, (b) physical/chemical
adsorption and reactive diffusion, and (c) physical/chemical adsorption of CO, and desorption of CO.

semiempirical methods.”””* However, most of the previous
works focus on combustion characteristics of ANP with O,
after ignition. In our previous work on the room-temperature
ANP burning in the high-temperature O, atmosphere,” four
stages of preheating, melting, fast Al core oxidation, and shell
oxidation were defined to depict the detailed reacting process.
Particular attention has been paid to the temporal variations of
the particle itself, such as density, temperature, and atomic
diffusion to detail its evolution. However, several key questions
remain unanswered, including the physical and chemical
interactions between ANP and oxidizer molecules during the
reaction, the governing reaction mode in each stage, and the
corresponding heat transfer and reaction heat release
characteristics. Such information may significantly advance
the development of ANP-based power systems by improving
ignition quality, shortening the reaction time, prompting
complete ANP burning, and adjusting the heat release rate.
This study aims to obtain an insightful understanding of
reaction and heat/mass transfer mechanisms of core—shell
ANP burning in typical oxidants such as CO,, H,0, and O,.
Attention is focused on the collision of the oxidizer with the
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ANP surface and subsequent diffusion. Burning in a hot
oxidizer atmosphere, the evolution of the ANP microstructure,
heat transfer, and reaction heat release in each stage during the
reaction were examined. Subsequently, the governing param-
eters related to the oxidizer type on the reaction modes,
microstructure evolution, and heat transfer as well as reaction
heat release were clarified. Obtained controlling parameters
and their effects on the reaction proposed in this paper provide
a useful path to improve the efficiency of ANP burning.

2. METHOD

The reactions of ANP in oxidizers were described by the
reactive force field (ReaxFF) at the nanoscale. The detailed
modeling and MD runs can be referred to our previous work.”
RMD simulations and visualizations were conducted in the
LAMMPS package®® and OVITO,”” respectively. Some points
of modeling and MD runs are described here briefly. An ANP
with 2 nm radius for the core and 2 nm thickness for the
amorphous alumina shell”® was established in advance. 2700
oxidizer molecules at 2000 K were modeled to accelerate the
reaction in calculations. A 16 nm X 16 nm X 16 nm box with

https://dx.doi.org/10.1021/acs.jpcc.9b11410
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periodic boundary conditions filling with a given type of
oxidizer molecule and a single ANP was also prepared. Three
samples in one case were provided to meet the statistical
requirements. Typical oxidizers CO,, H,O, and O, were
selected here. Each mixture was simulated in the NVE
ensemble for 160 ps with a time step of 0.2 fs.

As a key element, the ANP surface should be defined
quantitatively. Taking an example in one run, the outmost Al
atom locates at R = 4.25 nm (particle radius, predesigned as 4
nm) because of the convex surface at the end of relaxation.
Obviously, this edge is improper to indicate the surface of a
particle. In this study, one ANP was divided into shells as small
bins. The distributions of Al atoms along the particle radius are
plotted in Figure 1 as an illustration. The radius of the ANP
surface (R,) is defined as the radius of a shell where the Al
atom number is approximately half of the maximum value
across it (Figure 1a). As comparatively analyzed in Figure 1b, a
bin size of 0.5 A is enough to describe R, accurately.
Accordingly, the surface region is represented by the shell
within R; + & (light blue region lying between two dashed
spheres in Figure 1c). A value of § = 1.8 A, which is in the
range of the chemical bond length of AlI-C/Al-H/AI-O, is
sufficient to obtain reasonable results in three kinds of
oxidizers. The sensitivities of § have been examined in terms
of the temporal variations of the surface atom number density
in the Supporting Information (Figure S1).

3. RESULTS

3.1. Reaction Mode. Choosing as a reference, the
characteristics of the ANP reaction in CO,, including collision
details tracked by atom trajectories, evolution of the ANP
microstructure, temporal variation of oxidizer and adsorbed
atoms, and the contribution of heat transfer and reaction, were
first described.

The initial reaction of ANP is the oxidizer molecule
adsorption on the ANP surface via collisions. After first
collision, three typical trajectories were captured as illustrated
in Figure 2.

In Figure 2a, a CO, molecule is attracted by the ANP and
absorbed on the surface for a short while followed by
desorption. Without bond breaking or formation, the physical
adsorption dominates in this stage. In Figure 2b, the initiation
absorption on the surface of the CO, molecule is similar to
that shown in Figure 2a. Unlike repelling, the breaking of a C—
O bond (C—0,) occurs following the surface absorption as
enlarged at the lower-right corner. One O atom (O,) diffuses
into the inner of the nanoparticle, and the left CO (COp)
molecule is still on the surface, indicating the chemical
adsorption. As the reaction proceeds, another C—O bond (C—
Og) breaks and Oy also diffuses inward. Tracking the motion
as displayed by the blue trajectory, one adsorbed atom (O,)
diffuses continually inside even across the shell, which is
defined as the reactive diffusion.”” > Furthermore, rather than
continued breaking of the C—O bond, there is also the surface
repelled CO molecule as illustrated in Figure 2c. The
phenomena of a CO, molecule presenting different adsorption
modes will be explained in Section 3.2.

Accordingly, physisorption, chemisorption, and reactive
diffusion are three principal modes captured in ANP—oxidizer
interaction. Generally, adsorption energy and bond length are
used to differentiate physisorption from chemisorption for a
unimolecular adsorption reaction in density functional theory
(DFT) calculations.**™*° For simplicity, bond length is
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adopted here to differentiate the adsorption mode. During
the reactive diffusion state, the oxidizer atoms diffuse inside
across the shell, yielding their radial positions smaller than (R
— &), which is considered as the criteria to count the number
of inner diffused oxidizer atoms.

The stable bond lengths for physical adsorption (Lyy,) were
calculated with the help of an @-AL,O; (001) slab as an
analogue nanoparticle surface. The stable bond length between
the Al atom from AL,O; and the C atom from CO, is 2.03 A.
As an oxidizer molecule breaks its intramolecular bond and
forms a new bond with the ANP surface, the bond length
becomes shorter than L, indicating the mode evolving from
physisorption to chemisorption.

The reaction modes indicated by absorbed and diffused
oxidizer mol_ecules/ atoms during the four stages of ANP
combustion™ were counted and are plotted in Figure 3a,
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Figure 3. Number evolutions in four stages during the reaction: (a)
numbers of oxidizer molecules indicating physical, chemical

adsorption, and reactive diffusion and (b) molecule/atom numbers
in the ambient condition.

accompanied with temporal evolutions of ambient species
shown in Figure 3b. As indicated in Figure 3a, physical
adsorption dominates in both preheating and melting stages
with a continuous increase. On the contrary, chemical
adsorption accounts for very low proportions in the initial
two stages with a subtle rise. Reactive diffusion occurs at the
late period of melting. After ignition, chemisorption and
reactive diffusion enhance sharply.

In Figure 3b, solid curves and corresponding light-color
areas are the average values of three runs and the error bands,
respectively. CO, molecules are consumed continuously with
an increasing consuming rate after ignition (across the orange
dashed-dot line in Figure 3). CO molecules appear in the
ambient condition in the last stage. Gradually, the CO
production rate (slope of the CO number evolution)
approaches the consumption rate of ambient CO, molecules.
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Figure 4. Radial number density distribution (top) and slice snapshot (bottom) of ANP at the initial state (a), near ignition (b), core runout (c),
and simulation end (d), illustration of C atom distribution (e), and adsorption energy of the CO, molecule on a surface at two statuses (f).

Owing to ultralow adsorption energy,”’ the reaction between
CO and ANP can be neglected.

3.2. Microstructure Evolution. The ANP microstructure
varies as the reaction proceeds, and its evolution is depicted by
the radial distributions of each type of atom number density in
Figure 4a—d. As the density of the core decreases due to the
melting, O atoms in the oxide shell gradually diffuse into the
core. Before ignition, most adsorbed oxidizer atoms locate on
the nanoparticle surface as shown in Figure 4b. After ignition,
both inward diffusion of shell O atoms and adsorbed oxidizer
atoms accelerate, resulting in inward expanding area for both
number densities as illustrated in Figure 4c. The distributions
of Al and O atoms approach to be uniform gradually at the end
of simulation in Figure 4d. Meanwhile, the number density of
adsorbed C atoms shows a slight rise near the nanoparticle
surface. Even though, as the snapshot diagrammed in Figure 4e
illustrated, there are plenty of C atoms featuring reactive
diffusion in the nanoparticle, corresponding to the reaction
mode in Figure 3a.

Returning back to the appearance of CO and the plateau of
the adsorbed molecules in the shell oxidation stage as
described in Figure 3, the effect of the surface adhering C
atom on the surface adsorption energy with a single CO,
molecule was examined, as illustrated in Figure 4f1,f2. A raw
amorphous alumina surface (Figure 4f1) and a configuration
extracted during an RMD running at 100 ps (Figure 4£2) were
prepared. The C atom adhering to the surface brings low
adsorption energy, resulting in adsorption instability. As a
result of CO, dissociation, CO is repelled and another O atom
is adhered to the surface.

The reaction mechanism of ANP in a CO, atmosphere is
summarized as illustrated in Figure 5. The reaction process

Physical absorption Desorption

VVV VVV VVV
2%8,  BoR%. 8%

o l Reactive diffusion

Figure S. Schematic diagram of surface adsorption and reactive
diffusion during the ANP reaction.

principally experiences physisorption, chemisorption, and
reactive diffusion. The adsorbed oxidizer molecules and
nanoparticle surface maintain the relative stability in the initial
mode as physisorption. The reaction mode evolves to
chemisorption when partial adsorbed oxidizer molecules
break parts of chemical bonds. With the help of input energy,
the O atoms in the oxide shell diffuse inward followed by the
inward diffusion of surface adsorbed atoms (route 1). As the
surface C atom concentration increases, the chemically
adsorbed CO, is favorable to be repelled from the surface in
the form of the CO molecule instead of diffusing into the oxide
shell (route 2).

3.3. Heat Transfer and Reaction Heat Release.
Accompanying the ANP—oxidizer interaction, plenty of heat

https://dx.doi.org/10.1021/acs.jpcc.9b11410
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is transferred to ANP in the form of heat transfer and reaction
heat release. It is of vital importance to ANP melting and
ignition. Accordingly, the energy variations of heat transfer
(Quans) to ANP and reaction heat release (Q,.,) were
examined. The heat transfer induced by a temperature
difference is quantified by the variation of oxidizer kinetic
energy (AE,.). Meanwhile, the reaction heat release can be
calculated by potential energy variation of the total system
(AE,,) since the CO, molecular does not decompose before
the reaction. Their rates Qg,,, and Q,,. are given by Q = AE/
(3kBNP), where AE is the energy variation rate, kg is the
Boltzmann constant, and N is the number of particle atoms.

Temporal variations of Qy,, and Q,.,. are plotted in Figure
6. In Figure 6a, the solid curves and the corresponding light-
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Figure 6. Variations of heat transfer and reaction heat release rates (a)
and their integrals (b) in each stage.

color areas are the averaged values of three samples and the

negative value, indicating that the contribution of input energy
by heat transfer shrinks gradually or even inversely. Unlikely,
Queac Tises to the peak near the ignition owing to remarkable
enhancement of chemisorption and reactive diffusion (see
Figure 3a), and it drops thereafter. The contributions of the
two heat sources in each stage are accumulated as shown in
Figure 6b in which error bars are added by short vertical lines.
It can be seen that the low-temperature reaction in terms of
chemisorption takes place before ANP ignition, and such
reaction heat release plays a more significant role.

In the conventional ANP combustion theory, the heating of
the particle is mainly attributed to conduction and radiation
heat transfer.'” New evidence of the principal heat source is
provided here to reveal the importance of the heterogeneous
surface reaction before ignition. The contribution of the
surface reaction is indispensable in the examination of ANP
with a radius of tens of nanometers.

4. DISCUSSION

Changing the oxidizer from CO, to H,0O or O, (denoted as
ANP-CO,, ANP-H,0, and ANP-O,, respectively), similar
reaction processes were observed, indicating that ANP reaction
modes are independent of the oxidizer type in the current
study. However, the participation of three modes at each stage
varies with respect to oxidizer properties, resulting in
subsequently different ANP structures as well as heat release
characteristics. The governing parameters on the reaction
process should be identified, which are significant for effective
control.

The variation of each mode during the reaction is
summarized in Figure 7. Physisorption dominates in the
preheating stage. As the reaction proceeds, the dominant mode
evolves to chemisorption and reactive diffusion in that order. It
should be pointed out that the reactive diffusion results from
oxidizer atoms transferring toward the inner, which indicates
the evolutions of the ANP microstructure. As illustrated in
Figure 8, in the case of ANP-CO, C atoms lie in the
outermost shell with a small number density. As for ANP-H,0O,
large amounts of H atoms diffuse into the inner zone of ANP.
These behaviors are assumed to be correlated to diffusivity of
specific oxidizer atoms. Here, the diffusivity (D) of oxidizer
atoms after ignition were calculated by the following

error bands, respectively. Q. initially decreases until a equation’®
ANP-CO, ANP -H,0 ANP-0,
(7]
K
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o =¥~ Chemisorption
1S =@~ Reactive diffusion
-
o
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Figure 7. Numbers of adsorbed oxidizer molecules counted at the end of each stage indicating different reaction modes.
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where N is the number of atoms, r,(t) is the position of atom i
at the time instant ¢, and r,(0) is the initial position of atom i.
The term [r,(t) — r,(0)] represents the displacement of atom i
after a time interval of t. Each value is listed in Table 1.

Table 1. Atomic Diffusivity during Shell Oxidation

system atom type D (A*/ps)
ANP-CO, O from CO, 0.18376
C from CO, 0.10488
ANP-H,0 H from H,0 1.94865
O from H,0 0.04668
ANP-O, O from O, 025141

The diffusivity of the C atom is lower than that of the O
atom in the ANP-CO, system, and that of the H atom is
significantly higher in the ANP-H,O system, directly resulting
in different intensities of reactive diffusion (as shown in
Figures 7 and 8) through governing the atomic diffusion
behaviors of oxidizer atoms. Similar diffusion features of C, H,
and O atoms were also reported in a recent RMD simulation
on ANP/ethanol combustion®” in which the H and O atoms
diffuse into ANP more easily than the C atoms. These findings
support that the diffusivity of the oxidizer atom is positively
correlated to the reactive diffusion.

As indicated in Figure 7, in each stage, the proportion of
dominant reaction mode varies with the oxidizer, which may
lead to the differences in energy release. Hence, the
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characteristics of heat transfer and reaction heat release during
an ANP reaction are investigated, as illustrated in Figure 9.

Q{rans Qreac
Preheating
Melting
Core oxidation

Bl + Shell oxidation

N -

T T T T T
1000 500 0 500 1000
Q (K)

Figure 9. Heat transfer and reaction heat release in each stage in
different oxidizers.

Heat transfer turns to negative from the melting stage,
indicating heat transfer from ANP to the environment. In
addition, Q. is higher than Q,, throughout the four stages in
the reaction, further indicating its significance as addressed in
Section 3.3. As for the effect of oxidizers, Q.. varies slightly
both in preheating and melting stages, while its value presents
significant differences after ignition. The value of Q,,. in ANP-
H,O shows a distinct decrease from the core oxidation stage in
which reactive diffusion evolves to being dominant, probably
attributed to the formation of Al-H bonds after H atoms
diffusing inside the ANP. Namely, the binding energies
between Al and oxidizer atoms may significantly influence
Qreac‘

At the ANP surface, Al atoms generally have higher binding
energies with oxidizer atoms than those of O atoms.*” Hence,
the Al atoms at the surface dominate the diffusion behaviors of
oxidizer atoms.*’ Accordingly, the binding energies of Al-C,
Al-0O, and Al-H bonds are calculated by ReaxFF to be
168.21, 131.23, and 46.37 kcal/mol, respectively, using a
similar method mentioned in the literature.”' These values
have a good agreement with those obtained by DFT and
ReaxFF calculations.”"** It is observed that the binding energy
of the AlI-H bond is much lower than those of the other two
ones, resulting in the lowest Q,.,. of ANP-H,O during core and
shell oxidation. However, even though with the highest binding
energy in the Al-C bond, the formation of CO molecules (as
shown in Figure 3 described in Section 3.1) decreases the total
number of Al-C bonds. Owing to this secondary reaction in
the case of ANP-CO,, Q. after ignition is lower than that in
ANP-O,. In addition, a higher binding energy generally leads
to a higher energy barrier for atomic diffusion, ™ which may
explain the high diffusivity of H atoms and the low values of C
atoms in reactive diffusion.

It should be noted that the reactive diffusivity shown in
Figure 7 is positively correlated to atomic diffusivity of the
oxidizer but is inversely correlated to the binding energy with
the Al atom. A high binding energy generally yields large Q..
but also a higher energy barrier to impede atomic diffusion.

As summarized in Figure 10, temperatures at melting point
and core ignition are independent of the oxidizer. Since before
core oxidation, the reactive diffusion is very weak (see Figure

https://dx.doi.org/10.1021/acs.jpcc.9b11410
J. Phys. Chem. C 2020, 124, 3886—3894
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Figure 10. ANP average temperatures with error bars (short vertical
lines) at the end of preheating, melting, and shell oxidation stages
indicating the melting point, ignition, and final temperatures,
respectively.

7), and the inner structure of ANP is rarely affected by the
oxidizer (Figure 4 and Figure S2). The final temperature at the
end of simulation increases as the oxidizer varies from H,O to
0, via CO,.

As one of the key factors in controlling, the ANP ignition
delay time, that is, total durations of preheating and melting
stages in this study (as shown in Figure 11), should be paid

Ignition delay time Q.eac after ignition
0,
0,+C0,
0,+H,0
I Preheating [ Core oxidation
Melting I Shell oxidation
T T T T T T T
100 50 0 500 1000 1500 2000
t (ps) Qreac (K)

Figure 11. Ignition delay time indicated by overall durations of
preheating and melting stages (left part) and reaction heat release
after ignition (right part) in different oxidizers.

attention. In practice, it is ideal for fully utilizing the released
heat during ANP burning in combustors or engines with a
shorter ignition delay time and longer residence time.
According to the fact that the preheating duration generally
dominates the ignition delay time over melting, the preheating
should be primarily accelerated.

Based on Figures 7 and 9, the oxidizer with strong
physisorption will shorten the preheating duration. This
point can be supported by Figure 11 and Figure S3. The
pure O, atmosphere yields a longer duration in the preheating
stage owing to the relatively weaker physisorption (as shown in
Figure 7). By replacing half of the O, molecules by CO, with
stronger physisorption, the heat transfer is enhanced by the
newly added CO, (ANP-O, + CO,), which shortens the
preheating duration, clearly reducing the ignition delay time.
By adopting H,O as the substitute (ANP-O, + H,0), the
preheating duration further decreases owing to the strongest
physisorption of H,O. On the other hand, we pursue high heat
release ultimately, which is governed by core and shell
oxidation (see Figure 9). Q. after ignition indicates that O,

3892

or a mixed oxidizer of O, and CO, (with high binding energy)
should be adopted to yield more reaction heat.

Adopting H,O or CO, in the early stage can shorten the
ignition delay time. After ignition, employing the oxidizer with
higher Al-binding energy may improve the heat release. By
identifying the dominant reaction mode and corresponding
heat transfer as well as reaction heat release characteristics in
each stage, this study provides a guideline to manipulate the
ANP reaction effectively.

5. CONCLUSIONS

The mechanism of the core—shell ANP reaction in a hot
gaseous oxidizer (typically CO,, H,0, and O,) was identified
by examining the physical and chemical interactions between
ANP and oxidizer molecules, evolution of the ANP micro-
structure, and heat and mass transfer processes. Three modes
including physical as well as chemical adsorption at the surface
and subsequent reactive diffusion inside the ANP were
captured and categorized by the reaction routine. The results
illustrate that physisorption dominates the reaction in the
preheating stage. Gradually, the dominant mode evolves to
chemisorption and reactive diffusion in that order from melting
to shell oxidation stages. It is found that the reactive diffusivity
is positively correlated to diffusivity of the oxidizer atom but is
inversely correlated to the binding energy with Al. In addition,
the binding energy is positively correlated with reaction heat
release, and it presents an inverse relation to atomic diffusivity,
resulting in various ANP structures in different oxidizers.

Reaction heat release plays a dominant role in prompting
ignition of ANP at the scale discussed in the current study. The
ANP temperatures at core melting and ignition are
independent of oxidizer properties; however, the durations
for preheating and melting stages vary with the oxidizer.

This study focuses on the physicochemical reaction process
between ANP and oxidizer molecules along with the heat and
mass transfer characteristics, which may prove to be highly
useful for a variety of applications. The key parameters on ANP
ignition and heat release rate, as well as evolution of the ANP
microstructure, are derived. It provides an available guide to
direct manipulation of the ANP reaction process by, for
example, adjusting the oxidizer components, prompting ANP
ignition, and improving the heat release rate. Furthermore, the
present simulation and characterization methods can be
extended to the case of metal nanoparticle reactions with
oxidizers and hydrocarbons/alcohols, which consist of C, H, O,
and even other elements.
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