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ABSTRACT: Despite their high gravimetric and volumetric
energy densities, boron (B) particles suffer from poor oxidative
energy release rates as the boron oxide (B2O3) shell impedes the
diffusivity of O2 to the particle interior. Recent experiemental
studies have shown that the addition of metals with a lower free
energy of oxidation, such as Mg, can reduce the oxide shell of B
and enhance the energetic performance of B by ∼30−60%.
However, the exact underlying mechanism behind the reactivity
enhancement is unknown. Here, we performed DFTB-MD
simulations to study the reaction of Mg vapor with a B2O3
surface. We found that the Mg becomes oxidized on the B2O3
surface, forming a MgBxOy phase, which induces a tensile strain in
the B−O bond at the MgBxOy−B2O3 interface, simultaneously
reducing the interfacial B and thereby developing dangling bonds. The interfacial bond straining creates an overall surface expansion,
indicating the presence of a net tensile strain. The B with dangling bonds can act as active centers for gas-phase O2 adsorption,
thereby increasing the adsorption rate, and the overall tensile strain on the surface will increase the diffusion flux of adsorbed O
through the surface to the particle core. As the overall B particle oxidation rate is dependent on both the O adsorption and diffusion
rates, the enhancement in both of these rates increases the overall reactivity of B particles.

■ INTRODUCTION
With the highest oxidative energy density on both gravimetric
and volumetric basis, boron (B) is extremenly attractive as a
fuel component in propulsion systems requiring maximal
energy release rates.1−5 In practice, however, achieving high
energy release rates from B is often impeded by the
unfavorable properties of the oxide shell on B particles.6−9 B
particles oxidize in a shrinking-core manner. When external or
oxidative heating is applied, the boron oxide (B2O3) shell melts
into a nonvolatile liquid at a relatively low temperature (∼720
K) compared to that of the B core, which remains solid during
combustion.10−13 The liquid shell devoid of any physical voids
impedes the diffusivity of oxygen and hence the B oxidation
process.1−4,6,10,14 By contrast, metals with low melting or
boiling points such as Al15−18 and Mg19−21 provide higher
energetic performance, although having an inferior energy
density compared to that of B, as they burn in the vapor
phase.15,17,22−24

One of the strategies to overcome the liquid-phase mass
transfer limitation is to use solid-state borohydrides such as
ammonia borane that can generate gas-phase boron and
hydrogen containing moieties.25,26 Another approach to
circumvent this limitation is to use an additive that will react
with the oxide of boron. From a thermochemical perspective,

the free energies of oxidation of metals such as Mg and Al are
much lower than that of B,27 which implies that metals such as
Mg and Al can reduce B2O3 to elemental B. However, in the
solid state the complete reduction of B2O3 will be inhibited by
slow diffusion processes, and hence it is likely that Mg and Al
will form mixed oxide phases with B on reacting with B2O3.

28

Recent studies on the energetic performance of Al/B and Mg/
B composites prepared through ball-milling, plasma deposition,
or physical mixing have reported an ∼30−60% enhancement
(Figure 1(a)) in the reactivity of B on addition of Al and Mg as
minor components.28−34 The percent enhancement presented
in Figure 1(a) is obtained from calorimetry, pressurization rate,
burn time, or ignition delay measurements. In one of these
studies, the highest enhancement in reactivity, ∼60%, has been
reported for a 10 wt % Mg/B physically mixed nanoparticulate
system.34 A conjecture has been made that the Mg vapor
(Figure 1(b)) generated from the Mg nanoparticle on heating
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reacts with the B2O3 shell to form a mixed Mg−B−O oxide
phase having different physical properties than B2O3, which
somehow enhances the rate of oxidation of B. However,
experimentally probing the actual composition of the mixed
oxide phase along with the exact atomic-scale mechanism
behind the reactivity enhancement of B is nearly impossible.
Hence, atomistic simulations are essential to addressing these
questions.

In this study, we have investigated the reaction of vapor-
phase Mg atoms with a B2O3 surface, through density
functional theory tight binding35−37-molecular dynamics
simulations (DFTB-MD) employing three-body interatomic
interactions based on the Chebyshev Interaction Model for
Efficient Simulation (CHIMES) framework.38,39 DFTB being a
semiempirical model is already less computationally expensive
than DFT.35 The CHIMES framework where the repulsive
part of the DFTB energy functional is fitted to training data by
a linear combination of Chebyshev polynomials further
increases the computational efficiency of simulations of
reactive systems having three-body interactions.38

Based on our simulation results, we show that Mg binds with
the O atoms on the B2O3 surface to form MgBxOy phases. This
results in tensile straining of the O−B bond at the developing
MgBxOy−B2O3 interface. The excess volume created by the
bond length extension is accommodated by an overall surface
expansion. The interfacial boron is reduced and exists in an
undercoordinated state, thereby developing dangling bonds, as
a result of which it is available to particpate in subsequent
reaction with external oxygen. The net tensile strain on the
surface enhances the diffusion flux of adsorbed oxygen through
the B2O3 shell. As the rate of oxidation of the B particles
depends on the sum of the rate of adsorption of the O2 to its
surface and the rate of adsorbed O-ion diffusion through its
shell, the simultaneous enhancement of both of these factors
should enhance the overall oxidation rate of boron.

■ COMPUTATIONAL DETAILS
Semiempirical DFTB with self-consistent charge calculations
has been described elsewhere.38,39 The tight binding model
assumes that electron densities are localized around the atom

Figure 1. (a) Enhancement of the energy release rate of B with Al and
Mg addition as reported by previous experimental studies (α,29 β,33
γ,34 δ,28 and κ31). (b) Schematic of how Mg vapor might manipulate
the oxide shell of B, making the Mg/B composite the best-performing
system.

Figure 2. (a) Visual representation of the B2O3 (001) surface and B−O bond lengths, optimized at 0 K and after equilibration at 2000 K with the
(b) corresponding radial distribution functions. (c) Visual representation of gas-phase Mg above the surface equilibrated at 2000 K and the surface
post-Mg adsorption and representative illustration of the Mg−O and Mg−B bond lengths.
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centers, and the density drops to zero at larger distances from
the nuclei. Assuming a small perturbation in the charge density
n(r) = n(r) + δn, Taylor expansion of the charge density-
dependent Kohn−Sham total energy functional yields an
energy expression which can be broadly divided into three
terms as represented by eq 1:

= + +E E E Etotal band structure Coulombic Repulsive (1)

Eband structure represents all of the occupied electronic states and
is evaluated from the DFTB Hamiltonian. ECoulombic contains
the second-order and third-order long-range charge density
fluctuation terms and is self-consistently evaluated from
precomputed Hubbard U values of each atom. ERepulsive
containing the ion−ion repulsion and the exchange correlation
functional terms represents the bonded interactions in the first
coordination sphere. Parameters of the ERepulsive part consisting
of pairwise and three-body interactions were fitted by using the
CHIMES training set. The CHIMES training set is developed
by repulsive free computations of the DFTB forces and stress
tensor components, which are subtracted from the DFT values
of the same. The sums of the squares of the differences in the
values of force and stress components calculated from DFT
and repulsion free DFTB, respectively, are used to develop an
objective function, from which the parameters for ERepulsive are
obtained. A linear combination of Chebyshev polynomials
accounts for pairwise and three-body interactions and is fed to
the objective function as an input module to obtain the ERepulsive
parameters.
The molecular dynamics simulations were performed in an

NVT ensemble using a Nose−́Hoover thermostat.40 We used a
B2O3 − (001) surface (17.7 × 15.3 Å2) created with total of
320 (B + O) atoms using the coordinates reported by a
previous study41 and optimized at 0 K. Periodic boundary
conditions are applied to the simulation box, and the box
length in the z direction 3 times larger than the thickness of the
simulated surface to avoid wall effects on the vapor-phase
atoms. The optimized surface is annealed at 2000 K to obtain a
minimum-energy state via an NVT simulation. The Mg atoms
were introduced as Mg vapor in the empty space above the
equilibrated surface in the z direction. The magnitudes of the
initial velocities are assigned from the Maxwell−Boltzmann
distribution based on the ensemble temperature, whereas the
direction of the velocities is assigned randomly. The MD

simulation was performed with a time step of ∼0.1 fs and run
over ∼3 ps to allow the Mg to be adsorbed on the B2O3
surface. The self-consistent charge DFTB calculation is
performed to obtain the charge densities of the microstates
formed at every MD step. The entire simulation has been
performed using the DFTB+ package.42 The obtained
trajectory data have been using in-house scripts, and visual
molecular dynamics (VMD) has been used to create visual
representations of the surface from the trajectory data. All of
the time-resolved data presented have been moving averaged
over ∼100 MD steps.

■ RESULTS AND DISCUSSION
Surface Optimization, Equilibration, and Mg Intro-

duction. The B2O3 (001) surface optimized at 0 K (Figure
2(a)) was equilibrated at the simulation temperature (2000 K)
by running an MD simulation in an NVT ensemble. After the
energy minimization (Figure S1, Supporting Information), one
of the equal energy microstates (∼1.1 ps) is chosen as the
relaxed surface, free Mg atoms are introduced above the
surface (Figure 2(c)), and initial velocities are assigned from
the Maxwell−Boltzmann distribution based on the simulation
temperature. The snapshot of the relaxed surface (Figure 2(a))
shows considerable restructuring significantly altering the
ordering and distances between the B and the O atoms. It is
evident from the visual representations that there is no long-
range order in the relaxed surface. The radial distribution
function (Figure 2(b)) of pairwise distances between B and O
at 0 K consists of two strong peaks at 1.3 and 3 Å,
corresponding to the B−O bond distance and the distance of
the B from the O attached to the neighboring B, respectively
(Figure 2(a)). No other peaks exist between 1.4 and 2.9 Å,
indicating the presence of long-range order in the system as
evident from the visual snapshots. Multiple peaks emerge
between 1.3 and 3 Å in the pair-correlation function of the
B2O3 surface equilibrated to 2000 K indicating the absence of
any long-range order. The absence of long-range ordering in
the surface equilibrated to 2000 K makes it an ideal replica of
the realistic B2O3 shell under reaction conditions, which exists
in an amorphous state at room temperature and melts at ∼720
K.1,43

The simulations with the Mg were run for ∼3 ps, which was
sufficient to study the bond breakage and formation on Mg

Figure 3. (a) Radial distribution function of pairwise Mg−O and Mg−B distances showing that the average Mg−O bond length is 1.8 Å and the
average Mg−B bond length is 2.2 Å. (b) Average numbers of B and O occupying the nearest-neighbor sites of Mg are ∼2.2 and ∼2.7, respectively,
indicating the formation of the MgB2.2O2.7 phase.
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attachment to the surface. Figure 2(c) shows the representative
snapshot of a microstate formed by the surface with adsorbed
Mg at picoseconds time scales. The analysis for one particular
Mg from the particular microstate shows that the Mg−O bond
length is 1.9 Å, and the Mg−B bond distance is 2.2 Å. A
representative video of the simulation trajectory has been
included as SV1. Figure S2 contains the visual representation
of the optimized surface, equilibrated surface, and surface with
adsorbed Mg from different angles. For better statistical
interpretation, an analysis over all of the microstates and the
surroundings of all of the adsorbed Mg has been analyzed and
presented in the rest of the article.
Mg Oxidation and Formation of the Mg−B−O Phase.

The radial distribution functions representing the pairwise
distances between Mg−O and Mg−B (Figure 3(a)) show that
the mode of the Mg−O bond distance is 1.8 Å, whereas it is
2.2 Å for Mg−B. This suggests that the Mg prefers proximity
to the O sites over that of the B sites, as expected from
electronegativity differences. Figure 3(b) shows the time
evolution of the occupancy of the nearest-neighboring sites
of Mg by B and O. The average coordination of O (∼2.7)
surrounding Mg is higher than the average of B (∼2.2)
surrounding the Mg, which also indicates that Mg atoms prefer
to be in the vicinity of O over that of B. The nearest-neighbor
distribution also suggests that Mg tends to form the MgB2.2O2.7
phase after reaction with the B2O3 surface.
Figure 4 shows the temporal evolution of the average z-

height and the relative change in the oxidation state of Mg

which eventually becomes adsorbed on the B2O3 surface. The
Mg moves to positions with lower z coordinates as they
approach the surface from the vapor phase, and the value of
the z coordinate becomes constant, indicating their adsorption
on the B2O3 surface. The average oxidation state of the
adsorbed Mg atoms simultaneously increases by +1, which
signifies that the Mg atoms have been oxidized on the B2O3
surface. According to the Mg−B−O phase diagram,44 different
mixed-oxide phases such as MgB4O7, Mg2B2O5, and Mg3B2O6
can form on reaction of Mg with B2O3. In all of these oxide
phases, Mg is bonded to O with an average bond distance of
∼1.7−1.9 Å. Thus, Figures 3 and 4 confirm that the adsorbed
Mg is indeed oxidized on B2O3, with the average bond length
being ∼1.8 Å. Mg-lean systems, upon complete reaction,
should form a MgB4O7 phase. Since the simulated system is
Mg-lean, it tends to form MgB2.2O2.7, which can potentially
evolve into MgB4O7 on reaction completion at longer time
scales.
Rearrangement of B and O in the MgBxOy Phase. To

understand the rearrangement of the atoms of O and B
surrounding Mg during Mg−O bond formation, the displace-
ment of the atoms of B and O with respect to Mg is temporally
tracked. Figure 5 shows the displacement, Δr = r(t) − r(0), of
either B or O with respect to Mg as a function of time. Figure
5(a) shows a schematic representing the physical meaning of
Δr. A positive Δr indicates a displacement away from Mg
whereas a negative Δr indicates a displacement toward Mg.
Figure 5(b) shows that on average the B are displaced away
from Mg, whereas there is a net displacement of the O toward
Mg by approximately the same extent. Thus, Mg displaces B
from its previously occupied sites and attracts the O atoms to
form the Mg−O bond in the Mg−B−O mixed oxide phase.
The magnitude of the displacement of the neighboring O and
B atoms toward or away from Mg is comparable to the
ensemble-averaged displacement of all atoms (Figure S3),
indicating that there is a significant extent of directional
displacement of O and B atoms toward or away from Mg.
Bond Strain and Reduction of B at the MgBxOy−B2O3

Interface. It is essential to analyze the evolution of the
oxidation state and the distance of the B initially bonded with
the O that formed the Mg−O bond to understand the
migration of atoms across the MgBxOy−B2O3 interface. Figure
6 shows that the aforementioned average O−B bond distance
increases from ∼1.4 to 2 Å, resulting in an ∼40% bond strain,
whereas the oxidation state of the corresponding B decreases

Figure 4. Decrease in the average z-height and increase in the
Mulliken charge on adsorbed Mg, indicating the oxidation of the
adsorbed Mg atoms on the B2O3 surface.

Figure 5. (a) Schematic explaining the significance of the evolution of Δr as a parameter to understand the directional displacement of B and O
atoms toward or away from Mg. (b) Time evolution of Δr of B and O surrounding Mg shows that the B atoms are displaced away from Mg
whereas the O atoms move toward Mg.
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by 0.4. Figure S4 shows the oxidation states of B, Mg, and O
with increasing z coordinate, at the initial state, and after ∼3
ps, which clearly shows that the oxidation state of B near the
surface where Mg is adsorbed decreases by ∼0.4, implying that
boron is getting reduced at the surface. Hence, the interfacial B
atoms are undercoordinated and exist as immobilized free
radicals (i.e., dangling bonds) ready to participate in surface
reactions.45

The tensile strain in the evolving O−B bond should result in
an excess volume of ∼20 Å3. The excess volume can be
accommodated either by the formation of regions of
compressive strain in other locations of the lattice or by the
expansion of the entire surface.46 In this case, we observe that
the minimum B−O bond distance is ∼1.3 Å, which is the
equilibrium B−O bond distance,47 and hence the possibility of
the existence of compressive strains can be eliminated. Since
the simulated surface is periodic in the x and y directions, a
surface expansion can be registered only in the z direction.
From Figure 7(a) it is evident that the surface expands in the z
direction by ∼0.4 Å, which is approximately the same as that of
the extension of the O−B bond length (∼0.6 Å). Thus, the
excess volume created by tensile straining of the interfacial O−
B bond is accommodated by the overall surface expansion,
which implies that there is an overall tensile strain on the B2O3
surface. The expansion of the interstitial voids due to the

overall tensile strain on the surface should imply an increase in
the diffusivity of adsorbed species through the surface.
Effect on the Oxidation Rate of B Particles. To

summarize, Mg adsorption on the B2O3 surface results in the
formation of Mg-lean MgBxOy phases, which causes a
rearrangement of the B and O atoms surrounding the
adsorbed Mg. The oxygen exchange reaction leading to the
Mg−O bond strains the remnant B−O bond, leading to a
simultaneous reduction of the oxidation state of B (i.e.,
dangling bond formation). The O−B bond distance increase
results in a tensile strain, and the excess volume created is
accommodated by a net expansion of the surface. The B atoms
with dangling bonds are active sites for gas-phase species
adsorption. The net tensile strain on the surface should
enhance the diffusivity of species from the surface to the bulk
as explained by the schematic in Figure 8(a).
According to the Langmuir adsorption model,48 the rate of

adsorption of gases on a surface depends on the fraction of
surface coverage as rads = kadsP(1 − θ), where kads is the
adsorption rate constant, P is the partial pressure of the gas-
phase reactant, and θ is the fraction of surface coverage. For a
fully oxidized B2O3 surface, θ should ideally be 1, and hence
the rate of adsorption of gas-phase O2 should be null.
However, a B2O3 surface cannot practically exist as a pure
B2O3 phase, as surface reconstruction (Figure 2(a)) always
leads to uncoordinated atoms. For the sake of practical clarity,
let us assume that a B2O3 surface has 99% O coverage.
Consider a case with 10% (by number) adsorbed Mg. Given
that the Mg forms an MgB4O7 phase on complete reaction,
each Mg should pull one O out of the B2O3 phase, resulting in
an ∼18.5% reduction in the number of O atoms in the B2O3
phase. This will create dangling bonds for ∼19.4% of B,
thereby reducing θ to 0.81. In principle, this could provide an
enhancement of ∼19× in the O2 adsorption rate. (Figure
8(b)). It is well known that the interstitial diffusional flux (J) of
a particular species scales linearly with the product of the
diffusivity (D) and the interstitial volume increment relative to
the volume of the diffusing atom (v0, J ≈ Dν0), given that the
gradient in strain remains constant.46 Neglecting the fact that
D is also influenced by the lattice strain to avoid complication,
a bond length extension from 1.3 to 2.0 Å resulting in an ∼20
Å3 volume increment should increase the flux of O atoms
(radius ∼152 pm49) by 4×. Apart from the intrinsic reaction
kinetics, the rate of oxidation of solid particles in gas-phase
oxygen depends on (i) the rate of adsorption of gas-phase

Figure 6. Time evolution of the O−B bond length at the MgBxOy−
B2O3 interface, where the O is bonded to Mg, and the relative change
in Mulliken charge on the respective B, showing that the length of the
O−B bond extends with time and the attached B is reduced.

Figure 7. (a) Time evolution of the O−B bond length extension at the MgBxOy−B2O3 interface, where the O is bonded to Mg and the linear
expansion of the surface is in the z direction. (b) Schematic explaining how the surface expands to accommodate the excess volume created by the
extension in the O−B bond length, which results in an overall tensile strain.
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oxygen to the particle surface and (ii) the rate of diffusion of
the adsorbed oxygen through the oxide shell to the particle
interior.50 Hence, for a B particle with a B2O3 shell, exposure
to Mg vapor will result in the creation of immobilized B
radicals at the surface of the oxide shell which will act as active
centers for gas-phase O2 adsorption, thereby increasing the rate
of O2 adsorption. Additionally, the Mg incorporation also
results in a net tensile strain on the B2O3 surface, leading to an
enhancement in the diffusivity of adsorbed O through the
oxide shell. The combination of these two factors will
simultaneously increase the rate of oxidation of the B particles.

■ CONCLUSIONS
We have computationally explored the reaction of vapor-phase
Mg with the B2O3 surface using DFTB-MD simulations based
on the CHIMES framework. We found that Mg becomes
oxidized on the B2O3 surface to form the MgB2.2O2.7 phase,
with the Mg−O bond length being 1.8 Å, which can potentially
evolve into stoichiometric MgB4O7 phase on complete
reaction. During the formation of the MgBxOy phase, there is
a net displacement of B atoms away from Mg and O atoms
toward Mg. As the Mg atoms pull the O atoms from B across
the MgBxOy−B2O3 interface, a tensile strain develops in the
B−O bond and the bond length is extended by ∼0.6 Å. We
found that the surface expands along the z direction by ∼0.4 Å
to accommodate the excess volume created by the straining of
the interfacial bond, indicating the development of a net tensile
strain. Simultaneously, B atoms at the interface are reduced to
immobilized free radicals with dangling bonds that can act as
active centers for gaseous O2 adsorption, leading to an
enhancement in the molecular oxygen adsorption rate on the
surface. The tensile strain on the surface will increase the
diffusion flux of adsorbed O atoms through the surface. As the
rate of B-particle oxidation depends on both the oxygen
adsorption rate and oxygen diffusion flux through the boron
oxide shell, the enhancement of both of these rates will
increase the overall oxidation rate of B particles. Hence, our
findings provide sufficient mechanistic understanding of the
enhancement in the oxidative energy release rates from B in
the presence of Mg, as observed in previous experimental
studies.
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