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Using the classical molecular dynamics method we simulate the mechanochemical behavior of
small (i.e., core diameter<<10 nm) oxide coated aluminum nanoparticles. Aluminum nanoparticles
with core diameters of approximately 5 and 8 nm are simulated with 1 and 2 nm thick oxide coatings
or shells. In addition to thickness the shells are parametrized by varying degrees of crystallinity,
density, and atomic ratios in order to study their effect on the ignition of nanoparticle oxidation. The
oxide shells are parametrized to consider oxide coatings with the defects that commonly occur
during the formation of an oxide layer and for comparison with a defect free crystalline oxide shell.
Computed results include the diffusion coefficients of aluminum cations for each shell configuration
and over a range of temperatures. The observed results are discussed and compared with the ignition
mechanisms reported in the literature. From this effort we have found that the oxidation ignition
mechanism for nanometer sized oxide coated aluminum particles is the result of an enhanced
transport due to a built-in electric field induced by the oxide shell. This is in contrast to the currently
assumed pressure driven diffusion process. This induced electric field accounts for approximately
90% of the mass flux of aluminum ions through the oxide shell. The computed electric fields show
good agreement with published theoretical and experimental results. © 2010 American Institute of

Physics. [doi:10.1063/1.3247579]

I. INTRODUCTION

Much of the interest in nanoparticles is derived from an
appreciation that chemical/physical properties often vary
from that of the bulk material. Some of these properties,
including increased re:activity,1 can simply be attributed to
the high surface area to volume ratio of nanoparticles; how-
ever, it is known that catalytic activity can be significantly
changed from that of the corresponding bulk.> It is also well
known that metal nanoparticles are pyrophoric and have en-
hanced energy release rates, which make them attractive in
propulsion.4

Virtually all metal nanoparticles will nominally have a
native oxide shell, which for aluminum is ~2—3 nm thick.
Thus any oxidative reaction or vigorous combustion must
proceed by transport of either the aluminum or oxidizer
though the oxide shell. The ignition temperature of oxide
coated aluminum nanoparticles has been observed to de-
crease with particle size, with a minimum temperature
reached for nanoparticles near the melting point of the alu-
minum core.” This suggests to some that a mechanism asso-
ciated with the melting of the aluminum core is responsible
for ignition, whereas in larger particles the ignition tempera-
ture is closer to the melting temperature of alumina, namely,
2327 K. The closeness of the reaction temperature to the
melting point of pure aluminum indicates that the melting of
the aluminum core is the possible initiator of this reaction for
nanoparticles.

YAuthor to whom correspondence should be addressed. Electronic mail:
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It has previously been assumed that either the sudden
decrease in density of the aluminum upon meltingﬁ’7 or the
lower melting temperature of the nanometer sized oxide
shell® is the key to initiation of the oxidation process. How-
ever, in this paper we explore the possibility that built-in
electric fields as opposed to Fickian diffusion drive alumi-
num cations through the oxide shell to the nanoparticle sur-
face where it is possible for the oxidation process to proceed.
Experimentally produced hollow aluminum oxide nanopar-
ticles provide support for this rapid diffusion hypothesis.g’10
These observed hollow oxide shells are an indication that the
oxidation process is driven by the diffusion of aluminum
cations. We will show that field mediated ion-transport is
much faster than Fickian diffusion and will be the dominant
transport process in the initiation of the oxidation of nanoalu-
minum. Anecdotal support for this mechanism comes from
numerous numerical' "% and experimental studies.'>!

Il. SIMULATION APPROACH

In this work we have chosen to use the ReaxFF (reactive
force field) empirical potential from van Duin" implemented
within the GRASP (general reactive atomistic simulation
program) molecular dynamics (MD) application. The Re-
axFF potential has an advantage over traditional empirical
potentials in that it is able to accurately simulate the charge
transfer that occurs during metal oxidation. The other empiri-
cal potential commonly used for this material system is the
Streitz—Mintmire potential;16 however, we chose to use the
ReaxFF potential because it is available within GRASP,
which can be executed in parallel. The Al-O potential pa-

© 2010 American Institute of Physics

Downloaded 12 Feb 2010 to 129.2.19.102. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.3247579
http://dx.doi.org/10.1063/1.3247579
http://dx.doi.org/10.1063/1.3247579

024901-2

Henz, Hawa, and Zachariah

J. Appl. Phys. 107, 024901 (2010)

FIG. 1. (Color online) Cross sections of some of the oxide coated aluminum nanoparticle models used in this work. (a) 1 nm thick, dense oxide shell. (b) 1
nm thick, crystalline oxide shell. (c) 2 nm thick, amorphous oxide shell. (d) 2 nm thick, dense oxide shell with 2:2.7 Al:O ratio. Blue (dark) spheres represent

oxygen atoms and yellow (light) spheres denote aluminum atoms.

rameter set used in this work comes from a previous effort
that considered the sliding of Al,O5 coatings against Al and
A1203.17 The computational requirement of this software is
high with the largest material system considered here con-
taining nearly 100 000 atoms and requires 96 Intel Wood-
crest processor cores running at 3.0 GHz to be simulated
efficiently.

lll. MODEL DESCRIPTION

Two core sizes are considered here, the smaller of these
consists of a 5.6 nm diameter core of aluminum with either a
1 or 2 nm thick shell of alumina (Al,O3) as illustrated by the
example systems in Fig. 1. The larger model includes an 8
nm aluminum core with a 2 nm thick crystalline oxide shell
(Fig. 2). This model is used to consider scaling effects for the
electric field and diffusivity.

There are four shell configurations considered for each
oxide shell thickness.

(1) A defect free crystalline shell that may result from ex-
tremely slow or high temperature formation. This shell
is modeled by coating a bare aluminum nanoparticle
with a crystalline shell made up of a-Al,O5. Although
the gamma phase of alumina is more prevalent in oxide
coated nanoparticles the alpha form is also observed and
is a limiting case as it is the densest phase that the oxide
shell will form. A dense amorphous shell has an atomic
ratio of 2:3 aluminum to oxygen atoms (i.e., Al,O3).
This shell is formed in the simulation by heating a crys-
talline oxide shell above its melting temperature while
holding the aluminum core atom positions fixed. In this
way the oxide layer melts and then is rapidly cooled and
trimmed in order to obtain a slightly amorphous oxide
layer with the desired thickness.

(2) A dense amorphous shell 10% deficient in oxygen at-
oms, Al/O=2:2.7. This shell may form during a faster
rate of formation or if the environment during formation
was oxygen lean. In the computer simulation this shell is
formed by removing 10% of the oxygen from the previ-
ous dense oxide shell that is at the stoichiometric ratio of
2:3 aluminum to oxygen atoms.

(3) Lastly, a porous amorphous shell with an atomic ratio of
2:3 aluminum to oxygen atoms. This shell has approxi-
mately one-half of the density of the previously de-

scribed dense shell with the same atomic ratio. This
more porous amorphous shell represents oxide forma-
tion that may occur at a very fast rate with a sufficient
supply of oxygen. This oxide shell is formed in the com-
puter simulation similarly to the process used for the
dense shell except that the shell is repeatedly heated to a
higher temperature and rapidly cooled until a much
more amorphous configuration is achieved.

Following the creation and equilibration of the oxide
shell, the model systems were heated at rates of 10'!, 10'%
and 10" K/s in order to determine any rate dependencies.
We found, similarly to Puri and Yang,8 that at rates below
10'? K/s the heating rate appears to have little effect on the
simulation results. This is an important result, as lower heat-
ing rates would increase the number of MD simulation time
steps, which for this work was ~1 fs to maintain energy
conservation, to a level that would be unreasonable with cur-
rent computing capacities. The temperature of the model sys-
tems was raised from 300 to 1000 K and eventually up to
3000 K, which is much higher than the melting point of the
oxide layer. From experimental data available in the
literature® it is expected that some reaction should be ob-
served near the melting point of the aluminum core. At the
melting point of the core the aluminum density decreases
from 2.7 to 2.4 g/cm’, resulting in a volumetric expansion
of about 12%. Melting of the oxide shell requires heating the
nanoparticle to above the melting point of the oxide which is
2327 K for the bulk material or somewhat less for a nano-
particle shell because of the size affect. The results of each of
these efforts are detailed in the following sections.

IV. RESULTS OF RAPID HEATING SIMULATIONS

The simulations in this section were carried out in a
vacuum so that as Al cations move radially outward toward
the oxide surface there are no oxygen molecules available for
oxidation reactions. In simulations discussed later we have
found the diffusivity of Al through the oxide layer to be more
important than oxygen diffusion toward the core. For this
reason we are primarily concerned in this work with the
mechanism by which Al cations reach the surface of the
nanoparticle, therefore limiting the scope of this effort to the
ignition process. Initially, the nanoparticles were heated from
300 to about 1000 K, which is above the core melting point
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FIG. 2. (Color online) Cross section of an 8.2 nm Al core with 2 nm thick
crystalline oxide shell. Yellow (light) denotes Al atoms and oxygen atoms
are blue (dark).

but below the size dependent oxide melting point reported by
Puri and Yang.8 At around 900 K, or slightly below the bulk
melting temperature of the aluminum core, a rapid volumet-
ric expansion of the core is observed indicating that the alu-
minum core has begun to melt. At 1000 K the oxide shell
still remains intact, with no cracking, even when maintained
at that temperature for 100 ps. We do see, however, as illus-
trated in Fig. 2, the initiation of aluminum cation diffusion to
the particle surface.

The results in Fig. 2 show a slightly inhomogeneous
melting of the aluminum core, which is evident in the “1000
K, +0 ps” plot. Some of the less dense faces of the core
begin to melt while the top and bottom remain crystalline,
giving the nanoparticle a slightly elongated appearance. The
plots in Fig. 2 also demonstrate the mechanism by which
oxidation will be initiated at elevated temperatures. The first
observation is that the oxide shell does not crack as one
might expect if diffusion were extremely limited, or the shell
were brittle. This suggests that the shell is more elastic at this
length scale, or the expansion of the aluminum is insufficient
to cause failure in the shell, even at these elevated tempera-
tures. One possible reason for the enhanced elasticity is the
lower coordination of the atoms in the oxide shell as com-
pared to the bulk material,'® which is incidentally also a
contributing factor to the size dependent melting temperature
observed in nanoparticles. In addition, we observe significant
diffusion of the core atoms through the oxide shell, thus
relieving the potentially high internal pressures. The primary
mechanism driving this diffusion is discussed in the follow-
ing sections.

V. ALUMINUM CATION DIFFUSION THROUGH THE
OXIDE SHELL

As observed by us and by others,® at temperatures below
the melting point of the oxide shell there is significant diffu-
sion of aluminum cations through the oxide shell. Computa-
tion of the diffusivity from the mean square displacement
(MSD) of the aluminum cations yields values typically found
for liquids. This was unexpected because these measure-
ments were taken at 600 K, somewhat below the melting

J. Appl. Phys. 107, 024901 (2010)

temperature of the relatively small 5.6 nm aluminum nano-
particle core. Although the MSD data are somewhat noisy
because of the limited simulation time and small nanopar-
ticle sizes, there is an obvious trend of proportionally in-
creasing diffusion rates radially through the shell with in-
creased temperature. To support this observation the radial
diffusivity is compared to the overall diffusivity in Table 1.

The diffusion coefficients in Table I are computed using

Eq. (1),

(1))

=2dD. 1
P (1)

In Eq. (1), the number of dimensions, d, available for atomic
diffusion, is 3 for overall diffusion, and 1 for radial
diffusion.' The use of the bulk diffusion equation is reason-
able since during the time scales considered the movement of
only the atoms initially on the surface are restricted by the
particle boundary.20 For radial diffusion we are only con-
cerned with the MSD directed radially from the center of the
nanoparticle. In Eq. (1), ¢ is the elapsed time and (r*(¢)) is the
MSD of the atoms being tracked. The diffusion coefficients
reported are for all of the core atoms including those near the
center of the nanoparticle. This is important since we would
expect the mechanical and electrostatic effects to be larger
near the core/shell interface, but because of the small sample
sizes available, computing a radial distribution of diffusivity
is unreliable.

By comparing the radial and overall diffusivities in Table
I an interesting trend is observed. As the temperature in-
creases the radial diffusivity becomes a generally more im-
portant portion of the overall diffusivity of aluminum cat-
ions. This result indicates that once the aluminum core has
melted the diffusion of aluminum cations is preferentially in
the radial direction, as compared to the results prior to melt-
ing. This is possibly due to a high pressure gradient near the
core/shell interface pushing atoms out into the shell. Another
possibility is that once the core has melted the atoms are
more mobile so in addition to pressure, any other effects
such as an electric field will increase diffusion. The radial
diffusion data that do not correlate with this observation at
600 K are for the 2 nm thick crystalline oxide shells for both
the 5.6 and 8.2 nm aluminum cores. These configurations
show diffusion rates that are on par with the overall diffusiv-
ity, possibly indicating that one of the drivers of radial dif-
fusion is proportionally stronger for these shell configura-
tions at 600 K. We will show in the following sections that
the electric field is indeed strongest in the 2 nm thick crys-
talline shells.

In Fig. 3 an Arrhenius plot of the diffusivity versus tem-
perature is given for each of the oxide shell configurations
used with the 5.6 nm aluminum core in this work. From Fig.
3 we observe that a change in slope occurs near the melting
point of the aluminum core, namely, 1000 K. This indicates
that for temperatures above 1000 K the activation energy
required for cation diffusion is lower than for temperatures
below 1000 K. The increase in activation energy for the 1 nm
amorphous and dense oxygen poor shells is likely due to a
lower melting point for these oxide shells. This is not the
case for thicker or more crystalline shells where the oxide
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TABLE I. Effective diffusion coefficients for core aluminum atoms with various oxide shell configurations. The

effective diffusion coefficients are for general diffusion (D) and radial diffusion (D,,g,)-

Dy Dyygial
Shell thickness Type Temperature (cm?/s*1077) (cm?/s*1077)
1 nm Amorphous 600 K 53 59
1 nm Amorphous 1000 K 420 300
1 nm Amorphous 2000 K 7100 8300
1 nm Dense 600 K 11 4.0
I nm Dense 1000 K 340 280
1 nm Dense 2000 K 1300 1300
1 nm Dense, Al,O, 600 K 2.6 2.1
1 nm Dense, Al,O, 1000 K 380 190
1 nm Dense, Al,O,; 2000 K 6000 6700
1 nm Crystalline 600 K 31 6.7
I nm Crystalline 1000 K 330 240
1 nm Crystalline 2000 K 1000 1300
2 nm Amorphous 600 K 23 4.6
2 nm Amorphous 1000 K 400 320
2 nm Amorphous 2000 K 770 660
2 nm Dense 600 K 8.1 6.9
2 nm Dense 1000 K 360 250
2 nm Dense 2000 K 490 520
2 nm Dense, Al,O, 600 K 4.2 33
2 nm Dense, Al,0,; 1000 K 370 180
2 nm Dense, AL,O, - 2000 K 270 100
2 nm Crystalline 600 K 8.3 7.8
2 nm Crystalline 1000 K 330 190
2 nm Crystalline 2000 K 490 520
2 nm, 8 nm core Crystalline 600 K 6.9 9.9
2 nm, 8 nm core Crystalline 1000 K 190 160
2 nm, 8 nm core Crystalline 2000 K 1300 920

remains in the solid phase and does not undergo any phase
transformation. In the remaining model systems the activa-
tion energy drops once the melting temperature is reached,
indicating a change in diffusion mechanism. The primary
change that occurs at around 1000 K is the melting of the
aluminum core, the associated volumetric expansion, and in-
creased mobility of the aluminum atoms. This expansion is
expected to greatly increase the pressure inside of the core,
and enhance the diffusion of aluminum cations radially out-
ward through the oxide shell (Fig. 4).

VI. INDUCED ELECTRIC FIELD IN OXIDE SHELL

One possible explanation for the computed rapid diffu-
sion of aluminum atoms through the oxide layer is that they
are driven by an induced electric field near the core/shell
interface. The theory that oxidation growth proceeds via mi-
gration of charged particles is not a new one. In fact Carl
Wagner proposed this theory in 1933." In a 1948 paper by
Cabrera and Mott'' the authors developed a theory focused
on the growth of a thin oxide film on metal surfaces that is
driven by an induced electric field. This electric field causes
metal ions to migrate to the surface, increasing the oxide
thickness until the induced field is prevented by the thicken-
ing surface to cause further diffusion of metal cations. The
maximum thickness of the oxide layer that is formed with

this process increases with temperature, up to a critical tem-
perature above which growth of the oxide layer will continue
indefinitely.

Recent theoretical and experimental evidence points to
the importance of the induced electric field described by Ca-
brera and Mott in the oxidation of oxide coated metal nano-
particles. Zhdanov and Kasemo’' recently performed an
analysis of the induced electric field in oxide coated nano-
particles. They found that by considering the size and geom-
etry effect of nanoparticles coated with oxide shells that the
induced electric field will be much stronger than observed in
a flat surface, thus increasing the associated oxidation rate
exponentially in oxide coated nanoparticles. We have also
observed the formation of hollow particles [Ref. 9, Fig. 2.]
during the oxidation of oxide coated aluminum, which we
attributed to the faster diffusion of Al cations. Subsequently
Nakamura et al.'® also observed formation of hollow metal
oxide nanoparticles from oxidation of metals and attributed
the rapid diffusion of metal cations through the oxide shell to
the induced electric field. In the following sections we inves-
tigate the magnitude and effect of the induced electric field
on the oxide coated aluminum nanoparticle system.

In the current simulation effort, rapid diffusion of alumi-
num cations through the oxide layer is observed. An indica-
tor of the strength of the electric field is the radial charge
density. The radial charge density is computed through the
nanoparticle at 2 A radial intervals and is averaged over 100
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FIG. 3. (Color online) Plot showing diffusion of aluminum cations (blue, dark) through the 1 nm thick oxide shell (yellow, light) as the temperature increases

from 300 to 1000 K and held for 100 ps.

ps of simulation time, Fig. 5. Although noisy, which is par-
tially caused by atomic diffusion, it is apparent that there is a
negative charge gradient throughout the oxide shell. This
charge gradient contributes to the out flow of positive
charges, and the mass flux of aluminum cations at the core/
shell interface.

The difference in charge density between the inner and
outer surfaces of the oxide shell indicates that an electric
field is induced, which will drive aluminum cations near the
core/shell interface to the outer surface where they will be
exposed to oxygen and oxidize. An approximate interaction
between an aluminum cation, with the core and shell can be
computed using Gauss’s Law. By assuming the atomic
charges to be distributed approximately homogeneously in

-6
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1nm, Crystalline

-7

In(Al Diffusivity (cm?*/s))
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the shell and the core, the electric field on the surface of the
core can be estimated as the field from a single point charge
at the center of the core, through Eq. (2). If we assume the
charge to be evenly distributed in the oxide shell then the
electric field inside of the shell from the atoms in the oxide
shell is zero,

E _ QCO[’C (2)

daegr®

In Eq. (2), Q.o is the total charge of the core, r is the radial
position of the interfacial aluminum atom of interest, and g
is the permittivity of a vacuum. Using Eq. (2) the electric
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FIG. 4. Arrhenius plot of In(d) vs 1/T, where D is the diffusivity of the core aluminum atoms. The slope of this plot is the activation energy required for
diffusion of aluminum cations and shows an expected decrease above the melting point of the core, at approximately 0.001/K.
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FIG. 5. Radial charge distribution through the oxide shell for a 1 nm (a) thick shell and a 2 nm (b) thick shell.

fields from the various oxide coated models are computed in
Table 1II.

In Fig. 6 the volume between the core surface and outer
surface of the oxide shell is assumed to be a vacuum. For the
purpose of computing the electric field, this assumption is
valid so long as the charges in the oxide shell are distributed
radially only. With a radially distributed charge the electric
field due to the oxide shell is zero everywhere for atoms at
the core/shell interface or inside of the aluminum core. The
most obvious trend observed in Table II is that of the de-

TABLE II. Total charge of aluminum core and associated electric field are
given here for all of the core/shell configurations considered. Note on elec-
tric field units, N/C=0.01 V/m.

QCO]’C E
Shell thickness Type Temperature (C*107'%)  (N/C*10'°)
1 nm Amorphous 600 K 8.28 1.10
1 nm Amorphous 1000 K 5.67 0.75
1 nm Amorphous 2000 K 1.47 0.20
1 nm Dense 600 K 11.4 1.52
1 nm Dense 1000 K 8.86 1.18
1 nm Dense 2000 K 4.01 0.53
1 nm Dense, Al,O, 600 K 7.91 1.05
1 nm Dense, Al,O,4 1000 K 6.38 0.85
1 nm Dense, Al,O,; 2000 K 1.09 0.14
1 nm Crystalline 600 K 12.7 1.69
1 nm Crystalline 1000 K 10.8 1.44
1 nm Crystalline 2000 K 3.04 0.40
2 nm Amorphous 600 K 13.3 1.77
2 nm Amorphous 1000 K 11.9 1.58
2 nm Amorphous 2000 K 4.61 0.61
2 nm Dense 600 K 13.8 1.83
2 nm Dense 1000 K 12.7 1.69
2 nm Dense 2000 K 4.21 0.56
2 nm Dense, Al,O, 4 600 K 11.6 1.54
2 nm Dense, Al,O,; 1000 K 11.1 1.47
2 nm Dense, Al,0,; 2000 K 7.80 1.04
2 nm Crystalline 600 K 15.6 2.08
2 nm Crystalline 1000 K 13.9 1.85
2 nm Crystalline 2000 K 4.39 0.58
2 nm, 8 nm core Crystalline 600 K 439 2.47
2 nm, 8 nm core Crystalline 1000 K 42.6 2.40
2 nm, 8 nm core Crystalline 2000 K 30.4 1.71

creasing core charge and electric field strength with increas-
ing temperature. This is likely due to the fact that as shown
in Table I, diffusivity increases as temperature increases, and
smears the boundary between the core and shell. Another
observed trend, albeit weaker, is an increase in the electric
field as the shell becomes thicker, and more organized. So in
going from an amorphous 1 nm thick shell to a 2 nm thick
crystalline shell we observe a 100% increase in the electric
field strength. This observation is supported by the analysis
of Zhdanov and Kasemo.”'

A more accurate method of computing the electric field
at each ion in the core and shell is to use Coulomb’s Law and
to sum the discrete contribution from all of the neighboring
charges. Using this method is straight forward since there are
finite numbers of discrete charge carrying atoms. In Fig. 7
the computed electric field, using Eq. (3), is plotted at each
of the core aluminum atoms,

_a
der’

E é,. (3)

In Eq. (3) é, is the radial unit vector coming from the neigh-
boring atom and ¢ is the charge associated with the neigh-
boring atom. Summing each of these vectors for all of the
core atoms gives the results as shown in Fig. 7 for 600, 1000,
and 2000 K.

The electric field plotted in Fig. 7 is within one order of
magnitude of the simple model results, tabulated in Table II,
which assumes a homogeneous charge distribution in the
core and oxide shell. The direction of the computed electric
field indicates that the mass flux due to the electric field is
directed out through the oxide shell rather than acting to
randomly rearrange the atoms. The positively charged alumi-

Al ion near

Positively charged
core surface

core, Qeore

For simple model
assume radially
distributed charge
between shell and
core

Negatively charged
shell

FIG. 6. (Color online) Schematic of assumed charge distributions affecting
electric field around core surface aluminum atoms.
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FIG. 7. (Color online) Electric field (N/C) at each of the core Al atoms in
the nanoparticle core computed using Coulomb’s Law. These results are for
the 5.6 nm core with a 2 nm thick crystalline shell. Note the generally radial
direction of the field.

num atoms will therefore be preferentially directed toward
the outer surface of the oxide shell, where they will come
into contact with oxygen ions and oxidize.

With the diffusion coefficients previously computed and
the electric field results computed here it is possible to ana-
lyze the mass flux due to concentration gradients (J,), the
electric field (J,), and the internal pressure (J,). The relative
magnitude of the effect of the electric field on Al ion diffu-
sion can be computed using the Nernst—Planck equation. The
Nernst-Plank equation is given in Eq. (4),%

dC zFDCd

J=-piE _#DPCAP (4a)
dx RT dx

J=Jy+J,+J.. (4b)

If we assume a zero molar concentration of Al cations in the
shell and the bulk concentration at the interface then the
parameters for Eq. (4a) are given as the following:

C=0.1 mol/cm’,

dCl nm

=1.0 X 10° mol/cm®,
dx

R=8.314 C V/mol K,

F=96485 C/mol. (5)

The electric field computed in Table II is the negative of the
charge gradient do/dx.

The convective flux, J,. in Eq. (4) is the drift velocity of
metal ions through the core/shell interface due to constant
force acting on the ions. The force on these ions comes from
the pressure gradient, which is due to the expanding alumi-
num melt. When considering J, only the radial drift velocity,
and therefore the radial pressure gradient, in Eq. (4a) is con-
sidered so that J,. can be rewritten as C (Df,/kgT), where f,
is defined as

fr=_ﬂ/=_vval- (6)
Jar

In Eq. (6), Vp is the pressure gradient in the radial direction
and v, is the solubility of Al in the Al,O5 network.” The
maximum pressure gradients observed in the simulations
range from less than 1 GPa/nm at 600 K to 2 GPa/nm at
1000 K and above. For the solubility of Al in Al,0; we have
assumed a value that comes from previous analysis of oxy-

J. Appl. Phys. 107, 024901 (2010)

gen and Al diffusion through Al,O5 and should therefore be
a reasonable value. Assuming a value of about 0.02 nm? for
the solubility of Al, v,, it is possible to estimate the mass
flux due to each term in Eq. (4). The diffusivity due to the
drift velocity is directly proportional to v,; but variations
here by less than one order of magnitude and would have
little effect on the results in Table III.

From the final column in Table III, listing the ratio of J,
to J, it is apparent that in all cases except for two, over 90%
of the mass flux through the oxide shell is due to the induced
electric field present at the core/shell interface. The excep-
tions to this 90% observation are the 1 nm amorphous and 1
nm dense Al,O,5 shells at 2000 K, which from previous
analysis appear to have undergone a phase change at this
temperature. This illustrates the importance of considering
the electric field in the oxide shell for any oxidation analysis
of the oxide coated aluminum nanoparticle system. Another
interesting trend is that the importance of the electric field in
diffusion increases, as both the shell thickens and the tem-
perature decreases. The trend associated with temperature is
expected since diffusion without an electric field is strongly
temperature and pressure dependent, and at low temperatures
diffusion would be very slow without an electric field. The
trend associated with shell thickness requires some more
thoughtful analysis. By considering the computed electric
fields in Table II, we observe that the magnitude does indeed
increase with shell thickness while the overall mass flux de-
creases, Table II and Fig. 8.

In Fig. 8 we observe some interesting trends not neces-
sarily apparent in Table III. For nanoparticle systems at 600
and 1000 K the degree of crystallinity in the oxide shell does
not appear to have a noticeable effect on the mass flux of the
aluminum cations through the oxide shell. This result is in-
teresting because we can conclude that the reaction rate for
oxide coated aluminum nanoparticles in this size range will
not be dependent on how the coating was formed or upon its
thickness, up to 2 nm.

The most apparent trend in Fig. 8 is that the mass flux of
aluminum atoms through the shell at 2000 K decreases with
increasing shell crystallinity and thickness. This result is
likely due to the increased dependence of total mass flux on
the concentration gradient and drift velocity terms in Eq. (4)
as opposed to being solely due to the electric field. This
decreased mass flux is observed as lower values in the last
column in Table III for 2000 K versus 600 and 1000 K. Since
the heating rate required to reach 2000 K before an appre-
ciable amount of the core has diffused into the shell is so
high, greater than 10'> K/s, we would not expect this to be
an experimentally observable result without some sort of
very rapid heating method.

Vil. FORMATION OF HOLLOW ALUMINUM OXIDE
SHELLS

Recent experimental efforts by Rai et al.’ and Nakamura
et al."’ have both observed the formation of hollow alumi-
num oxide nanoparticles as a result of the oxidation of oxide
coated aluminum nanoparticles. In the work by Rai et al’ we
observed the formation of hollow spheres of aluminum oxide
subsequent to the oxidation of aluminum nanoparticles at
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TABLE III. Diffusion coefficient and mass flux computed at 600, 1000, and 2000 K for all shell configurations
with the 5.6 nm core unless noted. The last column labeled ratio J,:J, is the fraction of the total mass flux due
to the induced electric field, with the balance due to the concentration gradient and drift velocities.

J D Ratio

Shell thickness Configuration Temperature (mol/cm? s) (cm?/s*107%) J,:J
1 nm Amorphous 600 K 4.20 1.97 0.98

1 nm Amorphous 1000 K 11.97 13.6 0.96

1 nm Amorphous 2000 K 53.45 424.0 0.83

1 nm Dense 600 K 3.03 1.03 0.99

1 nm Dense 1000 K 11.49 8.33 0.97

1 nm Dense 2000 K 35.18 110.8 0.93

1 nm Dense, Al,0,; 600 K 2.13 1.03 0.98

1 nm Dense, Al,O,; 1000 K 8.06 7.88 0.96

1 nm Dense, Al,O,; 2000 K 46.27 426.0 0.78

1 nm Crystalline 600 K 5.08 1.55 0.99

1 nm Crystalline 1000 K 14.72 8.75 0.98

1 nm Crystalline 2000 K 35.58 147.0 0.91

2 nm Amorphous 600 K 3.31 0.97 0.99

2 nm Amorphous 1000 K 18.49 10.0 0.98

2 nm Amorphous 2000 K 23.73 65.2 0.94

2 nm Dense 600 K 1.26 0.35 0.99

2 nm Dense 1000 K 6.13 3.11 0.98

2 nm Dense 2000 K 11.34 33.8 0.93

2 nm Dense, Al,O, 600 K 3.69 1.23 0.99

2 nm Dense, Al,O,; 1000 K 7.99 4.58 0.98

2 nm Dense, Al,O, 2000 K 5.27 8.38 0.96

2 nm Crystalline 600 K 7.83 1.94 0.99

2 nm Crystalline 1000 K 15.06 6.98 0.98

2 nm Crystalline 2000 K 6.81 19.6 0.93

2 nm, 8 nm core Crystalline 600 K 17.27 3.59 0.99
2 nm, 8 nm core Crystalline 1000 K 24.31 8.61 0.99
2 nm, 8 nm core Crystalline 2000 K 31.27 30.8 0.98

about 727 K. We expected that these hollow oxide shells are
produced by the outward diffusion of aluminum through the
oxide shell as opposed to inward diffusion of oxygen. This
observation is supported here by the high measured diffusion
coefficients for aluminum cations and mass flux due to the
electric field in the nanoparticle.

In order to better compare the inward diffusion of oxy-
gen versus the outward diffusion of aluminum we have simu-
lated a 5.6 nm aluminum core with a 2 nm crystalline oxide
shell in a high density oxygen gas as shown in Fig. 9. The
diffusion of oxygen ions through the shell has the potential to

60

50

40

20

10 I I .*
0 [ - m B

Shell Thickness and Crystallinity
¥ 600K 1000K ™ 2000K

Mass Flux (mol/cm?*s)
w
o

FIG. 8. (Color online) Plot of mass flux vs temperature and shell
configuration.

FIG. 9. (Color online) Cross section of oxide (green) coated aluminum core
(blue, dark) showing surrounding oxygen (red) atoms. Higher rates of dif-
fusion for aluminum cations is observed by aluminum atoms moving radi-
ally outward into the oxide shell atoms while adsorbed oxygen atoms remain
on the outer surface or desorb from the shell. (a) and (b) are at 600 K and
represent 10 and 100 ps of simulation time, respectively. (c) and (d) are at
1000 K, after 10 and 100 ps, respectively.
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limit the mass flux of aluminum cations emanating from the
core, producing reactions inside of the oxide shell and at the
core/shell interface as opposed to on the nanoparticle sur-
face. Oxidation in the core would potentially increase the
internal pressure of the nanoparticle from volumetric expan-
sion resulting in mechanical failure of the oxide shell, but
would be unlikely to result in the hollow shells observed by
Rai et al.’

In Fig. 9 it is apparent that the diffusivity of aluminum
cations through the oxide shell is observably higher than the
diffusion rate of oxygen anions toward the core. This result
indicates that oxidation will occur on or near the outer sur-
face of the oxide shell rather than at or near the core/shell
interface. By the oxidation reaction occurring on the outer
shell surface an outward growth of the oxide shell is ob-
served which ultimately results in a hollow aluminum oxide
shell as observed experimentally.9’10 One effect that may
limit the mass flux of oxygen atoms into the oxide shell is
that at higher temperatures the sticking probability of the gas
molecules is lower than for temperatures <623 K.

VIil. CONCLUSIONS

For small oxide coated aluminum nanoparticles we have
found that ignition of the oxidation process is likely to occur
by rapid diffusion of aluminum cations through the oxide
shell as opposed to mechanical failure or melting of the shell,
for heating rates as high as 10'2 K/s. The high level of
measured aluminum cation diffusivity is driven not only by
the volumetric expansion of the aluminum core, but prima-
rily by the induced electric field in the oxide shell. This
enhanced diffusivity due to the induced electric field is sup-
ported by theoretical analysis of the Cabrera—Mott effect for
oxide coated nanoparticles.21 Oxidation initiation by rapid
diffusion of aluminum ions to the nanoparticle surface is in
agreement with published experimental efforts that have ob-
served the formation of hollow aluminum oxide
nanoparticlc:zs.g’10 Diffusion of oxygen ions into the shell has
also been considered but does not contribute appreciably
when compared to the flux of aluminum to the nanoparticle
surface.
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