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ABSTRACT
To prompt the application of aluminum nanoparticles (ANPs) in combustion as the fuel additive and in chemical synthesis as the catalyst,
this study examines the reaction dynamics of core-shell ANPs under an oxygen atmosphere via Transient Non-Equilibrium Reactive
Molecular Dynamics simulations. Two distinct oxidation modes determined by the competition between the oxide shell melting and core
reaction have been identiﬁed. One is the fast oxidation mode with a high reaction heat release rate, where core Al and ambient O atoms
diffuse into each other to form a homogeneous alumina particle. The other is the moderate oxidation with lower heat release, where only
core Al atoms diffuse into the oxide shell to form a hollow spherical structure. By modeling the shell melting and Al core reaction, a sizederived oxidation model has been proposed to conveniently but accurately predict the ANP reaction dynamics. This work also provides fundamental insight into the synthesis of ANPs that serve as a high energy density fuel and high-performance catalyst.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0015367

Aluminum nanoparticles (ANPs) are recognized as attractive fuel
additives in energetic materials like propellants and explosives,1 owing
to the merits of high energy density, low cost, and safety.2 Meanwhile,
ANPs with a hollow structure have drawn extensive attention in the
catalysis,3,4 energy storage,5 and biomedical areas.6 Understanding the
reaction mechanism is of vital importance for the application of ANPs,
e.g., improvement of metal fuel combustion efﬁciency and manipulation
of the surface to volume ratio and internal void morphology of hollow
metal particles.7 The reaction behaviors of ANPs are generally assumed
to be dominated by the particle radius (R). For example, Rai et al.8
examined the size dependent reactivity and provided a power law relation between oxidation time and R. A melt-dispersion theory was then
proposed by Levitas et al.9 They argued that the ratio of the core radius
to oxide shell thickness was the key factor controlling ANP reaction
rather than the whole particle radius. In the molecular dynamics (MD)
simulation, Li et al.10 observed that the reaction behaviors were the
same for ANPs with a diameter of 26–46 nm, and the reaction rate
accelerated as the ANP size decreased. In the reaction of a smaller size
ANP (core radius: 3 nm; oxide thickness: 1 nm), Chu et al.11 reported
that the reaction initiated from the core-shell interface, and the core Al
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atoms and shell O atoms diffused into each other. While in another MD
simulation (core radius of 5 nm; shell thickness of 2 and 4 nm), Wu
et al.12 reported the formation of hollow structures, which is probably
attributed to the one-direction diffusion of the core atom to the shell.
The aforementioned results illustrate the size-dependent transition of
reaction behaviors. By employing MD simulation, this study provides a
clear understanding of the underlying atomic process and proposes a
convenient and effective method to predict the ANP reaction dynamics
according to its initial conﬁguration.
To examine the size effect on the ANP reaction dynamics,
Transient Non-Equilibrium Reactive Molecular Dynamics (TNERMD)13,14 is performed using the LAMMPS package.15 ReaxFF ForceField16,17 is applied to describe the interactions for the ANP and oxygen, and more detailed information about developments and applications of ReaxFF has been summarized in depth in the literature.18
There are numerous experimental literature studies on the oxidation
of ANPs including tens of nanometers in diameter for energetics9,19,20
and a few nanometers for catalysis.21–23 Recently, the size range of
1–10 nm has received keen interest in ANP oxidation,12,24–27 where the
shell thickness lies in the range of experimental conditions (1–4 nm).9,20
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In this Letter, ANPs with a diameter of 4–14 nm are investigated to
examine the size effect on ANP oxidation behaviors. A series of coreshell ANPs under an oxygen atmosphere are constructed with different
geometric parameters, where the core radiuses (C) are in the range of
1.5–5.0 nm and the oxide shell thicknesses (S) are between 0.5 and
2.0 nm. These cases are denoted as “CS.” To maintain the same ambient pressure of 20 MPa, the numbers of oxygen molecules and box sizes
are varied according to the speciﬁc ANP size. Finally, TNE-RMD is performed by relaxing ANP under the NVE ensemble while thermalizing
the oxygen molecules at 2000 K under NVT ensemble for up to 600 ps.
More details are listed in the supplementary material.
Two different reaction modes are identiﬁed for these ANPs, i.e.,
the fast oxidation (Fast-Ox) and moderate oxidation (Moderate-Ox).
Three cases of C2S1, C2S2, and C5S2 are selected to illustrate the differences. Snapshots of ANPs at representative stages of initial, ignition,
and end of simulation are listed in Fig. 1(a). When the consumption
rate of core Al atoms reaches its maximum, the ANP ignition is
assumed to occur.11 The initial structures present the fcc-Al core and
amorphous oxide shell. After ignition, cases C2S1 and C5S2
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experience fast oxidation, where the core Al atoms react intensely with
the oxide shell and ambient oxygen, turning into an almost homogeneous alumina particle at the end. For the case of C2S2, asymmetrical
voids are observed around ignition, and the ﬁnal structure becomes a
hollow alumina shell. Ambient oxygen molecules are absorbed at the
shell without entering the core to react with Al atoms. The observed
hollow structure is similar to that described in Ref. 12. The hollow
structures have also been found in experiments of ANP28 and Ni–Fe
bimetallic nanoparticles,29 which further validate our observation. It is
seen that as the S increases (e.g., C2S1–C2S2), the reaction mode may
convert from Fast-Ox to Moderate-Ox; as C increases (e.g., C2S2 to
C5S2), the reaction mode turns to Fast-Ox inversely.
The different reaction modes are assumed to be induced by the
speciﬁc physical and chemical properties of the ANP. Hence, detailed
evolution of the ANP micro-structure is examined in Fig. 1(b).
According to Ref. 11, MSD10000 > 0.5 Å is adopted to predict the melting of the Al core and oxide shell. For C2S1 and C5S2, both the core
and oxide are totally melted before the onset of ignition. The core Al
and ambient O atoms diffuse into each other after ignition. For C2S2

FIG. 1. (a) Snapshots of ANPs at the instants of initial, ignition, and end of simulation, (b) distribution of density and MSD10 000 at ignition and atomic distribution around core
run out, (c) temporal variations of ANP temperature, and (d) ignition delay time for ANPs with R ¼ 3 and 4 nm.
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(Moderate-Ox), only the core is melted at the instant of ignition, and
the ﬁnal structure indicates that core Al and ambient O atoms are separated from each other.
Temporal variations of average ANP temperature (Tp) are also
examined [Fig. 1(c)] to demonstrate the reaction characteristics. For
both C2S1 and C5S2 (Fast-Ox), after ignition, Tp rises signiﬁcantly
and the ﬁnal temperatures are higher than ambient temperature (Tgas).
While for C2S2, the particle temperature at ignition (Tig) is much low,
indicating that the particle may not be truly ignited. The temperature
increase is much limited after ignition.
The reaction rates of ANPs with the same R but different C and S
are discussed via the ignition delay times (tig) deﬁned as the duration
from the beginning to the onset of ignition [Fig. 1(d)]. For ANPs with
R ¼ 3 nm, C1.5S1.5 yields a larger tig than C2S1. With increasing S, tig
also increases in the cases of R ¼ 4 nm. The result contradicts with the
reported ANP oxidation theory,8 indicating that it is C and S rather
than the whole particle radius that dominate the reaction dynamics.
Based on Fig. 1(b), the melting of the oxide shell seems to play a
key role in determining the reaction mode, as the phase transition
affects the atomic diffusivity and reaction rate, which leads to different
heat release rates and ﬁnal product. The melting temperature is determined by evaluating the Gibbs free energy of nanostructures in solid
and liquid phases. Here, three kinds of models are employed to analyze
the melting point of oxide (Tm) in the core-shell ANP, where the
major difference lies in the calculation of Gibbs free energy. As shown
in Fig. 2(a), Model I adopts an inﬁnite planar ﬁlm to analogy the
spherical shell,30
!


Ao þ Ai ðcs;f  cl;f Þ
;
(1)
Tm;I ¼ T0 1 
qs DHm;ox
V
where T0 is the bulk melting point of alumina, Ao and Ai denote the
outer and inner surface areas of the oxide shell, qs is the solid phase
density, DHm;ox is the latent heat of oxide melting, and ðcs;f  cl;f Þ
denotes the surface free energy difference between solid and
liquid phases. The detailed formula derivations are listed in the
supplementary material.
Model II is a single free surface model proposed by Joshi et al.31
They argued that the inner surface is strictly not a free surface, and by
ignoring the inner surface, it is obtained that
!
Ao ðcs;f  cl;f Þ
(2)
Tm;II ¼ T0 1 
:
Vqs DHm;ox
The predicted Tm values by models I and II are compared with
the MD simulations [Fig. 2(b)]. The thermalized Ceq and Seq (listed in
Table S1) are adopted in Eqs. (1) and (2) to predict Tm. Model I yields
a lower Tm for thin oxide. For example, the predicted value for
C1.5S0.5 is about 600 K lower than the MD result. However, Model II
overestimates Tm for ANPs with S  1 nm. These discrepancies are
attributed to inappropriate treatment with the core-shell interface.
Here, another method denoted as Model III has been constructed,
which introduces an interface energy difference term ðcs;i  cl;i Þ to
improve accuracy,
Tm;III ¼ To 1 

!
Ao ðcs;f  cl;f Þ þ Ai ðcs;i  cl;i Þ
Vqs DHm;ox
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FIG. 2. (a) Illustrations of three melting models. The purple and red curves represent the free surface and core–shell interface, respectively, and (b) melting points
of the oxide shell calculated by MD and three melting models. The dashed line represents the best prediction line. (c) Contour of the predicted shell melting points
based on model III in the S–C coordinate. (d) Variations of the shell melting point
with the shell thickness (C ¼ 4 nm, red rectangular box in (c)) and core radius
[S ¼ 2 nm, purple rectangular box in (c)].

where cs;i and cl;i represent the core-shell interface energy at solid
phase and liquid phases, respectively. The values of interface free
energy are ﬁtted through MD simulations. As indicated in Fig. 2(b),
the predictions by Model III show good agreement with the MD
results over different shell thicknesses. By introducing an interface
energy term, our model corrected the discrepancy to less than 100 K,
which is in contrast to 600 K of Model I and 350 K of Model II.
The contour of Tm predicted by Model III is shown in Fig. 2(c), where
C varies from 1 to 10 nm and S increases from 0.5 to 5 nm. As R
increases, Tm increases from 800 to 2300 K, which is close to the bulk
melting point of alumina (2327 K).32 It seems that Tm is insensitive to
C but strongly dependent on S. Hence, the speciﬁc variations of Tm
with C and S are discussed in Fig. 2(d). For the ANP with C ¼ 4 nm,
Tm increases from 1100 K to 2200 K as S increases from 0.5 to 5 nm.
As the shell melts, the diffusivity of oxygen atoms in the oxide shell is
enhanced, resulting in the rapid increase in the ANP oxidation rate
and ﬁerce heat release. Such an increment is often regarded as the ignition of the ANP, and so the melting temperature of the oxide shell is
also deﬁned as the ANP ignition temperature in this Letter. Recently,
it is reported that the ignition temperatures increase from 1000 to
2300 K as the ANP size in the range of 10 nm to 10 lm,20 and there
has not been a reasonable explanation for the transition of ignition
temperature. We found that the experimental ignition temperature
range agrees well with those predicted by our theoretical models.
Hence, it is reasonable to conclude that the ANP ignition is signiﬁcantly affected by the size-dependent melting of the oxide shell, which
is determined by the core radius and shell thickness.
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After determining Tm, the main question is whether Tp could
reach Tm through both reaction heat release (Qreax) and heat transfer
(Qtrans). According to Ref. 25, Qreax and Qtrans are calculated. The contribution of Qreax is quantiﬁed by qr ¼ Qreax/(QreaxþQtrans). Figure 3(a)
shows qr at the instant of Al core run out, until which most of reaction
heat has been released. For Fast-Ox, qr is larger than 1, suggesting a
negative value of Qtrans. That is to say, the heat transfer direction
changes from the ANP to the environment. For case C2S2, qr is close
to 0.8. For other cases, the contribution of heat transfer is lower than
20%, which generally becomes much weak as the particle temperature
increases. To simplify the calculation, only Qreax is adopted to calculate
the temperature increment until core run out. Thus, the ANP temperature at the instant of core run out (Tcr) is calculated as
Tcr ¼ Tinit þ

DHr dnAl  DHm;c mc
;
cs ms þ cc mc

(4)

where Tinit is the initial ANP temperature, DHr is the reaction
enthalpy, DHm,c is the latent heat of core melting, ms and mc are the
mass of the initial shell and core, respectively, and cs and cc are the speciﬁc heat of alumina and Al, respectively.
As shown in Fig. 3(b), the predicted Tcr (䊊) agrees well with the
MD result in Moderate-Ox. For Fast-Ox, Eq. (4) overestimates Tcr (䉲)
because of ignoring the heat transfer effect. By simply counting the
heat loss through heat transfer between the ANP (assuming Tp ¼ Tcr)
and environment (Tgas), a modiﬁed Tcr (r) can be obtained, which
coincides very well with MD simulation.
Finally, the models of shell melting [Eq. (3)] and reaction heat
release [Eq. (4)]) are employed to quantitatively predict the reaction
mode. The boundary between fast and moderate modes is determined
by Tcr and Tm , which are ﬁrst calculated by the ANP geometry and
environmental conditions. If Tm > Tcr, where the particle temperature
at the instant of core run out is lower than the melting point of oxide
shell, the reaction mode is Moderate-Ox. It indicates that the ANP
reaction heat is insufﬁcient to melt the oxide shell and the reaction is
moderate, yielding a hollow structure. However, if Tm  Tcr, the oxidation mode is Fast-Ox. The MD results are also mapped in Fig. 4 for
validation (3 for Fast-Ox and 䊊 for Moderate-Ox), conﬁrming that
the current theoretical model can well predict the reaction mode. The
boundary between the two modes can be plotted with a linear ﬁt of
S ¼ 1.03C þ 0.4 (dashed line). The modiﬁed Tcr improves the prediction for ANPs with large C and S, as indicated by the grey band along
the boundary.

FIG. 4. Phase diagram of the reaction modes based on the proposed model. FastOx and Moderate-Ox modes are marked by 3 and 䊊 for MD simulations.

As R increases, the boundary between the two modes approaches
M ¼ C/S ¼ 0.97. Since S generally lies in 1 < S < 5 nm, the reaction
mode for ANPs with C > 5 nm is dominated by the Fast-Ox. Previous
studies mainly focus on the size of aluminum core, and the effects of
the oxide shell are less concerned. However, the present model shows
that the oxidation dynamics of the ANP is determined by the competition between core ignition and oxide shell melting. Moreover, the transition of ignition temperature in experiments also validates the
dominant role of core ignition/shell melting competition.20 Thus, we
believe that the current theoretical model is applicable to estimate the
oxidation behaviors of larger ANPs.
In summary, the reaction dynamics of ANPs with different core
and shell sizes has been investigated via TNE-RMD simulations. Two
reaction modes of fast and moderate oxidation are observed, which
yield homogeneous and hollow structures, respectively. The reaction
mode is determined by the competition between the oxide shell melting and Al core reaction. Based on the ANP conﬁguration, two models
are constructed to predict the oxide melting point and estimate the
heat release of the core Al reaction. A size-derived model has been
proposed, which provides a convenient but accurate method to predict
the reaction dynamics of ANPs based on its initial geometry, i.e., core
radius and shell thickness. By tuning the shell thickness and core
radius, which directly relate to the shell melting and exothermic reaction, the transition between weak- and intense-exothermic oxidation
can be achieved. The proposed model reveals the oxidation mechanism derived from the initial particle conﬁguration, providing a guideline for the synthesis of high-performance metal fuels and catalysts.
See the supplementary material for the detailed description of
ANP conﬁgurations and MD simulation settings and theoretical models of shell melting and core oxidation.

FIG. 3. (a) Contribution of reaction heat release to ANP heating for Fast-Ox (blue
column) and Moderate-Ox mode (red) and (b) comparison between Tcr (Tcr) calculated by Eq. (4) and MD.
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