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ABSTRACT: We present an experimental and theoretical
study of borane−aluminum surface interactions that lead to
rapid production of aluminum nanoparticles when Al balls are
milled in the presence of diborane or pentaborane. Mass
spectrometry was used to probe reactions of the boranes with
aluminum fracture surfaces produced by milling collisions,
which also generate local, transient high temperatures. Density
functional theory was used to examine the interactions
between a model aluminum surface and diborane and
pentaborane, providing insight into the energetics of the first
steps in the process that ultimately enables nanoparticle
production. Further insight into the surface chemistry was
obtained by analyzing the nanoparticles with X-ray photoelectron spectroscopy, scanning transmission electron microscopy with
both electron-energy-loss and energy-dispersive X-ray spectroscopies, and dynamic light scattering. Particles were found to have
fcc aluminum cores, capped by a ∼2-nm-thick shell, rich in both boron and hydrogen. The shell partially protects the aluminum
from air oxidation, and further capping of the particles with organic ligands renders the particles air-stable and confers
dispersibility in hydrocarbon solvents.

1. INTRODUCTION

Micrometer-scale aluminum is extensively used in propellants
and explosives because of its high volumetric heat of
combustion (∼81 kJ/mL, compared to <40 kJ/mL for typical
hydrocarbons).1−5 There is interest in further reducing the
particle size to enhance ignition and combustion rates,6−12 but
the native oxide layer that forms on aluminum upon air
exposure not only retards ignition but also makes up an
increasing fraction of the mass as the particle size shrinks.10,13

We have been exploring the use of mechanical attrition of
aluminum in controlled environments for the high-rate
production of aluminum nanoparticles, with the goal of
producing particles capped with a surface layer that modifies
the oxidation properties.14−16 In this process, solid aluminum
balls are milled together with a liquid or gaseous agent. As
nanoscale cracks form during collisions between the balls, the
milling agent reacts with the crack surfaces, reducing the surface
free energy and thus enhancing crack propagation and particle
production. One observation is that gaseous agents are
particularly effective at both the production of particles and
the production of nanoscale, rather than micrometer-scale,
powder. For example, aluminum milled in liquid acetonitrile
generates a ∼50:50 mixture of micro- and nanoparticles,
whereas upon milling in acetonitrile vapor, only nanoparticles
are produced and at a higher rate.16 The chemistry occurring

during milling can be unusual, because high instantaneous
temperatures are generated in the milling collisions.
In this work, we explore the use of two boranes as milling

agents. There are several reasons that borane-capped aluminum
nanoparticles might be interesting. Boron and boranes are also
high-energy-density materials; thus, adding borane functionality
to the particle surface should not degrade energetics but could
provide a means to control the surface chemistry. Specifically,
we previously showed that hydrogen-terminated boron nano-
particles can be functionalized by both terminal alkenes and
several ionic liquids (ILs), capping the particles with layers that
prevent oxidation upon air exposure and also conferring
solubility in hydrocarbons and ILs.17,18 For alkenes, binding
was attributed to the reaction of the terminal double bond with
a surface B−H group, and the obvious question is whether
aluminum particles produced with boranes might also have B−
H surface groups that could be used to bind capping agents
such as alkenes.
As shown herein, both diborane (B2H6) and pentaborane

(B5H9) act as agents for rapid aluminum nanoparticle
production, although the chemical properties of the particles
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are quite different. Mass spectrometry was used to probe the
chemistry during milling, and a combination of methods was
used to characterize the particle size and surface chemistry. The
particles were found to have aluminum cores with a thin boron-
and hydrogen-rich outer layer that partially protects the Al core
during air exposure. The particles can be further capped with a
ligand layer (1-octene or oleic acid) that binds on the surface,
rendering the particles air-stable. To help understand the
chemistry occurring during milling, as freshly created aluminum
surfaces interact with the boranes, density functional theory was
used to examine the structures and energetics of surface
complexes that are likely to form.

2. EXPERIMENTAL METHODOLOGY
2.1. Borane Reagents. Diborane was obtained as a mixture

in Ar, with a nominal B2H6 concentration of 8.35% (Air
Products). To assess the effects of milling with a higher-
nuclearity boron precursor, a few experiments were performed
with pentaborane (B5H9, Callery Chemical Company). To our
knowledge, pentaborane is no longer available commercially,
but we obtained an old tank that contained a small amount of
liquid pentaborane.
2.2. Particle Production. As produced, the particles

described below are pyrophoric, and all handling and storage
of unpassivated particles was done under inert atmospheres.
Aluminum nanoparticles were produced by mechanical attrition
from 8-mm-diameter aluminum balls using a Retsch PM400
planetary mill operated at 350 rpm (∼25.5g relative centrifugal
force). Aluminum balls (200 g) were added to a 250 mL
tungsten carbide-lined milling jar with a modified stainless steel
lid equipped with valved ports. The ports allow the jar to be
connected to a gas/vacuum manifold inside a N2-filled
glovebox, so that the jar can be filled with the desired milling
reagents and the jar headspace can be sampled periodically
during the milling process. After the Al balls had been added
and the jar sealed, the jar was evacuated to 20 mTorr and
refilled three times with 60 psia of Ar (99.9999%) to remove N2
from the jar. The headspace volume of the ball-filled jar was
∼175 mL.
For diborane experiments, the jar was then evacuated and

pressurized with 60 psia of a nominal 8.35% mixture of
diborane in Ar, sealed, loaded into the mill, and milled for 15
min at 350 rpm, which was found to result in the consumption
of essentially all of the diborane. This evacuation/diborane
introduction/milling process was repeated two to three times to
produce the desired mass of particles. In some experiments, we
first produced particles by milling aluminum balls in diborane
and then remilled the particles in diborane using tungsten
carbide (WC) balls at 300 rpm. The idea was to increase the B/
Al ratio in the particles and reduce the particle size by reacting
additional diborane with a fixed mass of aluminum nano-
particles. Two grams of particles was milled with 120 g of WC
balls under 60 psia of the diborane mixture at 300 rpm.
Because the amount of pentaborane available was small and

neat pentaborane is quite hazardous, our protocol was designed
to minimize handling and disposal. The milling jar was filled
with Al balls, the jar and gas manifold were purged with Ar and
evacuated, and then the jar was connected directly to the liquid
port on the pentaborane cylinder. The expectation was that this
would draw mostly vapor from the nearly empty cylinder, filling
the jar with at least the saturation vapor pressure of
pentaborane (∼200 Torr),19 along with any other gases present
in the tank headspace (e.g., N2, originally used to pressurize the

tank). Initial milling runs were short, and the jar headspace was
sampled to assess the pentaborane consumption rate. For
production runs, the jar was simply milled for 6 h, using a
milling cycle consisting of 10-min milling periods separated by
5-min rest/cooling periods; thus, the total milling time was 4 h.
A series of runs was performed with each borane (five for

diborane, three for pentaborane) to build up a stock of
nanoparticle product. Visually, the amount of product in each
run appeared to be quite consistent, including a mass of loose
powder and additional powder adhering to the balls and jar
walls. The per-run production estimates given below were
determined by weighing the product, including as much of the
powder adhering to the surfaces of the balls and jar walls as
possible. Because processing had to be done in a glovebox,
separation of the adhering material from the balls was quite
tedious and was done for only a single run for each borane. In
other runs, the adhering material was allowed to remain in the
jar for the next run.
Some of the Al balls used in this study had been used in a

previous study of nanoparticle production in acetonitrile
vapor.16 Prior to milling with any new reactant, we cleaned
the balls (and milling jar) by milling them several times with
the new reactant to attrite the surface layer and discarding the
products. Between runs, the balls were stored in the N2
glovebox to minimize surface oxidation. The as-received Al
balls had a uniform 8-mm diameter, but because of particle
attrition during use, the size decreased, and new balls were
added as needed to keep the total mass of Al balls constant at
200 g. Balls smaller than ∼4 mm were removed, so a
distribution of diameters ranging from ∼4 to 8 mm was
typically present. We performed one mill run using a set of new
8-mm-diameter balls to test the effects of ball size and
uniformity on the attrition process. There was no noticeable
change in either the particle mass generated or the reactivity or
other properties of the resulting particles.

2.3. Mass Analysis. Gases were sampled from the jar
headspace into a glass vial, which was then connected to a
vacuum system that housed a quadrupole mass spectrometer
(SRS, RGA-200). Gases were leaked into the vacuum system to
a pressure of 1 × 10−7 Torr, as measured by an ionization
gauge, and mass spectra were recorded. The spectra were
corrected by subtraction of a spectrum of the vacuum system
background, taken each day prior to the introduction of
samples. The sensitivity as a function of mass was corrected by
measuring mass spectra for H2, CH4, Ne, ethane, ethylene, and
Ar, correcting for the sensitivity of the ionization gauge to each
gas. Additional details are provided in the Supporting
Information.

2.4. Ligand Coating. To apply a ligand layer, particles were
retrieved from the milling jar and then coated with the ligand
by either simply mixing the ligand and particles by ultra-
sonication or by mix milling. Both procedures resulted in air-
stable particles. As an example of the first procedure, a sample
of particles was stirred with excess oleic acid in a glass vial to
form a homogeneous paste and then ultrasonicated for 30 min,
with all handling done under N2. For mix milling, 1/8-in.
tungsten carbide balls were added to a sample of particles in an
80:1 mass ratio, with 2.5 mL of the ligand added per gram of
particles. The objective was to thoroughly mix the sample and
disrupt weakly bound aggregates while minimizing the creation
of new Al surface area. Different mix-milling speeds and times
were examined, and the sample discussed below was of particles
prepared by milling Al balls in diborane and then subsequently
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capped with 1-octene by mix milling at 300 rpm for 1 h. To
retrieve the particles, 50 mL of hexane was added to the jar
after mix milling, and the jar was then milled for an additional 3
h at low speed (100 rpm) to disperse the particles in the
solvent.
To remove excess capping agent from the particles, samples

were washed by being suspended in hexanes, centrifuged out of
suspension, and then ultrasonically redispersed in fresh
hexanes. This process was executed three times to remove
ligands that were not bound to the particles. All liquid reagents
used in processing of the particles were degassed by freeze−
pump−thaw cycles or by sparging with N2.
2.5. Particle Size and Morphology. Particle size and

morphology were examined by a combination of dynamic light
scattering (DLS) and scanning transmission electron micros-
copy (S/TEM) with energy-dispersive X-ray spectroscopy
(EDS) and electron-energy-loss spectroscopy (EELS). DLS
data were obtained using a NICOMP 380 particle sizing system
with particles suspended in hexane. The Utah JEOL JEM 2800
S/TEM instrument is equipped with dual EDS detectors and
was used to image particles in STEM dark-field mode and to
produce elemental maps. An aberration-corrected S/TEM
instrument with EELS capability was used at Argonne National
Laboratory to examine one sample. Samples for microscopy
were suspended in hexanes, drop-cast onto holey carbon TEM
grids, and then air-dried overnight before analysis.
2.6. X-ray Photoelectron Spectroscopy (XPS). A Kratos

Axis Ultra instrument was used to measure XPS spectra,
probing the surface composition and oxidation states of the
particles. The samples were prepared by being suspended in
hexanes and then drop-cast onto a copper shim to form a thin
layer, which was dried and then placed into the glovebox load-
lock chamber and evacuated to ∼100 mTorr overnight. The
samples were then transferred in air to the XPS instrument and
pumped overnight in the instrument load-lock chamber at
pressures below 10−6 Torr, before being transferred into the
analysis chamber (10−9 Torr) for XPS analysis. Spectra were
collected using a monochromatic Al Kα source (1486.7 eV)
and an analysis area of 300 × 700 μm. Sample charging was
compensated using the instrument’s neutralizer. Data were
analyzed using the CASA XPS program, and the energy scale
was corrected for charging by setting the C 1s peak for
adventitious carbon to 284.5 eV.
2.7. Safety Considerations. As-produced boron/alumi-

num nanoparticles are pyrophoricexplosively so in the case
of particles produced with pentaborane. Therefore, all handling
of such particles was done in a nitrogen-filled glovebox, and the
particles were stored under nitrogen in glass vials that were kept
in the glovebox. For experiments that required air exposure, the
particles were passivated either by the ligand capping
procedures discussed above or by slow exposure to a few
Torr of air in the glovebox load-lock chamber. Until a particular
batch of particles was confirmed to be air-stable, testing was
confined to small samples and done away from combustible
materials. Drying of solvent-wetted particles can result in
ignition after significant delays; thus, potentially particle-
contaminated materials were stored in a fume hood away
from other combustibles until they were thoroughly dry. All
materials were held dry for at least several days while exposed
to air in a fume hood, with stirring to break up aggregates, prior
to disposal as chemical waste. Diborane and pentaborane
themselves are toxic and pyrophoric. Pentaborane, which was

handled neat, required particular caution because it can ignite
and detonate over a wide concentration range in air.

3. THEORETICAL METHODOLOGY

To gain a more detailed understanding of the interactions of
diborane and pentaborane with aluminum nanoparticles,
density functional theory (DFT) calculations were used to
predict and characterize the structures, binding energies, and
reactions of B2H6 and B5H9 on the surface of a large aluminum
cluster. The theoretical approach used here is the same as that
used in previous studies of aluminum nanoparticle generation
utilizing simple amines15 and acetonitrile16 as milling agents.
Briefly, an 80-atom aluminum cluster, which presents a variety
of surface sites and is sufficiently large to have a small, bulk-like
core, was used as a model for the surface of aluminum
nanoparticles. The structures, binding energies, and selected
fragmentation reaction pathways of borane molecules on the
surface of Al80 were computed using the M06 hybrid
metageneralized gradient approximation (meta-GGA) ex-
change-correlation functional20 with a Lebedev quadrature
grid of 99 radial and 590 angular points. The McLean−
Chandler (12s,9p)/[6s,5p] basis set,21 augmented with d-type
polarization22 and diffuse s + p functions,23 was used for
aluminum, and the 6-311++G(d,p) basis24 was used for boron
and hydrogen. For simplicity, this combination of functional
and basis set is hereafter denoted as M06/6-311++G(d,p).
Unless otherwise noted, all reported structures were verified as
local minima or transition states by diagonalization of the
Hessian matrix (i.e., the mass-weighted energy second
derivatives with respect to nuclear displacements). Intrinsic
reaction coordinate (IRC) calculations25 to trace the minimum-
energy pathway connecting each transition state to reactants
and products were completed. Relative energies include zero-
point vibrational energy (ZPVE) corrections, using a factor of
0.98320 to scale the harmonic frequencies. All calculations were
performed using the GAMESS quantum chemistry pro-
gram.26,27

The goal of these calculations was to gain insight into the
chemistry of diborane and pentaborane on the aluminum
nanoparticle surface. Specifically, we wanted to understand the
generation of H2 as a gas-phase byproduct, identify borohydride
species likely to be present on the nanoparticle surface, and
understand the relative reactivity of pentaborane-milled nano-
particles in comparison to the diborane-milled counterparts.
The strategy employed was to first consider physical and
chemical binding of a single B2H6 or B5H9 molecule on the Al80
surface. This was followed by a systematic mapping of reactions
of the physisorbed or chemisorbed molecule on the cluster
surface, including B−H and, in the case of diborane, B−B
fragmentation pathways. Finally, several possible pathways
leading to the formation of H2 were calculated, including
“bimolecular” elimination of H2 from adjacent chemisorbed
species. Of particular interest were the predicted reaction
barriers, with the relative barrier heights taken as qualitative
indicators of reaction probability.

4. RESULTS AND DISCUSSION

4.1. Experimental Results. 4.1.1. Particle Production by
Milling with Diborane. We previously showed that dry milling
Al balls in inert gases or liquids simply polishes them, with no
significant particle generation.14−16 Indeed, it is expected that,
absent a reactive milling agent, particles are likely to be
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destroyed through cold welding into large aggregates or
reattachment to the ball surfaces. Therefore, it was important
to know how rapidly diborane was consumed under milling
conditions, and for this reason, the jar headspace gases were
sampled periodically for mass spectrometric analysis during
initial experiments. Figure 1 compares 70 eV electron impact

ionization (EI) mass spectra of the B2H6/Ar gas mixture as
injected into the milling jar and the headspace gases sampled
after 15 min of milling. To compensate for any differences in
the gas sampling in the pre- and postmilling spectra, both were
normalized to a constant intensity for mass 20 (Ar2+, which was
less likely to be saturated than Ar+).
Consider the premilling spectrum, which was taken to assess

the actual composition of the diborane gas mixture. The
spectrum is dominated by peaks for masses 40, 36, and 20 from
argon and a large peak for mass 2 (H2). There are also
substantial peaks in the ranges of 10−13 and 22−27 Da, which
match the NIST-tabulated (70 eV EI) spectrum for diborane,28

within the signal-to-noise ratio of the experiment. As shown in
Table S1 and associated discussion, the mass 2 peak is
substantially larger than expected from dissociative EI of
B2H6,

29−31 indicating the presence of H2 in the gas mixture,
presumably generated by B2H6 decomposition in the gas tank.
The mass spectrum shows no evidence of species other than Ar,
B2H6, and H2; that is, the decomposition produced no volatile
products other than H2. We previously found that milling
aluminum balls in Ar or H2 atmospheres results in no gas
consumption or particle production;15 thus, the Ar and H2 in
our Ar/H2/B2H6 mixture are simply inert diluents.
As discussed in the Supporting Information, fitting of the

reactant mass spectrum in Figure 1 gave the composition of the
diborane reactant mixture as 4.75% B2H6 and 10.2% H2, with
the balance Ar. This implies that, of the 8.35% diborane present
when the gas mixture was prepared, ∼3.6% had decomposed. If
decomposition were to 2Bs + 3H2, we would expect ∼10.8% H2
in the tank, in reasonable agreement with the observed
composition. In the following discussion, we assume a diborane
content of 4.75% in calculating the boron stoichiometry of our
samples.
In the headspace spectrum after 15 min of milling, the peaks

due to diborane are absent, and the mass 2 intensity has
increased slightly (note the logarithmic scale), indicating

complete diborane consumption by reaction/adsorption on
the aluminum surfaces, accompanied by production of H2.
Complete diborane consumption is desirable from the
perspective of efficient use of a costly reactant, as well as
from safety considerations, allowing the jar headspace to simply
be pumped out after milling. Using the same analysis process as
was used to fit the premilling mass spectrum, we found that the
H2 concentration in the final headspace gas was only 12.1%,
implying that only ∼11% of the hydrogen present in the B2H6
reactant was converted to gaseous H2. Thus, all of the boron
and most of the hydrogen were converted to nonvolatile form,
presumably bound to the nanoparticle products.
Typically, the milling cyclenamely, evacuation of the jar,

filling with fresh diborane mixture, and 15 min of millingwas
repeated to build up the desired quantity of nanopowder. For a
total of two cycles, ∼2 g of dry black powder was recovered,
with additional powder adhering to the balls. Given a 4.75%
diborane concentration in the gas mixture, each filling of the jar
corresponds to 1.4 mmol of diborane; thus, two fillings
introduced ∼60 mg of boron, and the resulting powder should
be ∼3 wt % or ∼7 mol % boron (i.e., the B/Al mole ratio was
∼0.077). For particles with a size equivalent to ∼50-nm spheres
(see below), the surface area would be ∼45 m2/gram; thus, we
estimate that ∼19 B2H6 molecules (∼38 B atoms) were
consumed in creating each square nanometer of particle surface
area. At its bulk density, solid boron has ∼25 B atoms per
square nanometer of surface area, so the diborane consumed
amounts to roughly 1.5 monolayers’ worth of boron, but as
shown by the mass spectrum, the surface layer also contained
most of the hydrogen from the diborane.
Because additional aluminum particles continued to be

produced in repeated cycles of milling Al balls in diborane,
simply running additional fill/mill cycles did not necessarily
result in a significant increase in the B/Al ratio in the product.
Furthermore, the product of this type of milling always includes
some particles newly attrited from the balls, as well as particles
that have been milled for some time after their initial creation.
Therefore, in some experiments, the particles were recovered
after two fill/mill cycles and remilled for 1 h under 60 psia of
the diborane gas mixture using ∼3-mm tungsten carbide balls,
rather than Al balls. Because the headspace volume was greater
with the denser WC balls, the boron mass in the fill was ∼41
mg of boron, increasing the boron concentration to ∼5 wt % or
∼11 mol % (B/Al mole ratio ≈ 0.13).

4.1.2. Particle Production by Milling with Pentaborane. If
the pentaborane fill contained only the vapor pressure, that
would equal ∼2 mmol of B5H9, corresponding to ∼3.5 times as
many boron atoms as were present in a 60 psia fill of ∼4.75%
diborane. Given that the diborane was completely consumed
within 15 min of milling, our first pentaborane experiment was
stopped after 30 min of milling, the jar headspace was sampled
for mass analysis, and then the jar was opened for visual
inspection. The aluminum balls were found to be covered with
dark gray powder that appeared to be damp, indicating that
some liquid pentaborane had been drawn into the jar and was
not consumed within 30 min of milling. The mass spectrum in
Figure S3 shows a pattern of peaks in the 10−64 Da range that
are a good match to the literature spectrum for pentaborane,28

as might be expected given that liquid was present. Mass 28 is
elevated because of residual N2 from the charge originally used
to pressurize the tank, but the spectrum is dominated by a large
mass 2 peak. We were unable to find literature pentaborane
mass spectra extending below mass 10; thus, it is unclear how

Figure 1. Headspace analysis of a diborane-milled sample before and
after milling.
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much of the mass 2 peak comes from the dissociative ionization
of B5H9 and how much is due to the presence of H2 in the gas
tank. In a second set of experiments, the jar was filled as before,
and then the headspace was sampled and analyzed after 1.5 and
2 h of milling, without the jar being opened. As shown in
Figures S4 and S5, pentaborane vapor was clearly still present,
and milling was continued for a total of 4 h, to try to bring the
concentration to a nonhazardous level.
Comparison of the spectra recorded at 0.5, 1.5, and 2 h

provides insight into the tank gas composition. Note that the
H2 signal increased by a factor of >3 and the pentaborane
concentration decreased substantially between the 1.5- and 2-h
samples, demonstrating that milling with aluminum consumed
pentaborane and generated H2, as might be expected from the
analogous behavior of diborane. On the other hand, there was
clearly substantially less N2 and H2 present in the headspace at
1.5 h in experiment two, compared experiment one after 0.5 h.
Our interpretation is as follows. Before the first experiment, the

pentaborane tank must have had a high H2 pressure as well as
some N2, in addition to liquid pentaborane. Because the milling
jar volume was comparable to the tank volume, our initial fill in
the first experiment would have substantially drawn down the
H2 and N2 pressures in the tank, reducing the amounts of both
in the fills for the second and later experiments. The amount of
pentaborane remaining in the tank would also have been lower,
but as will be shown below, it is clear that some liquid remained
and continued to be aspirated into the milling jar.
After a total milling time of 4 h, the jar was opened in the

glovebox for recovery of the milled producta dry black
powder. In several additional milling runs under these
conditions (but without headspace gas sampling), between
2.5 and 3 g of a dry black powder was recovered, with
additional powder adhering to the ball surfaces. If the jar were
filled only with saturated pentaborane vapor, then the fill would
correspond to 0.11 g of boron, and the boron concentration in
the product would be ∼3.7 wt % or ∼9 mol % (B/Al mole ratio

Figure 2. Dynamic light scattering (DLS) data showing the size distributions of diborane-milled aluminum nanoparticles (left) remilled in diborane
with WC balls and (right) milled with 1-octene at 300 rpm.
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of 0.18) As shown below, however, the actual B/Al mole ratio
was substantially higher, again consistent with the fills having a
significant amount of liquid pentaborane.
4.1.3. Reactivity of Diborane- and Pentaborane-Milled

Aluminum Particles. The particles produced with the two
boranes were chemically quite different, as shown by their
behavior when exposed to air. Small samples of both the
diborane- and pentaborane-milled materials were exposed in
the glovebox to allow any residual boranes to evaporate and
then sealed in small screw-top glass vials. The vials were
brought out of the glovebox into a fume hood, uncapped, and
poured out. The most pyrophoric particles we had previously
produced were generated by milling Al balls in acetonitrile
vapor, leaving a thin surface layer with an AlnCmNoHp
composition.16 Those particles ignited as they were poured
out of the vial and burned vigorously enough to be completely
consumed as they fell a few centimeters. Particles produced by
milling Al balls in diborane were also found to be pyrophoric,
but ignition and combustion were comparatively slow,
suggesting that the surface layer was less reactive. In fact, the
ignition and combustion behavior was visually similar to that
for unpassivated boron nanoparticles in a similar size range.32

In contrast, the sample produced by milling in pentaborane

deflagrated violently enough to crack the sample vial as the cap
was removed. Given that pentaborane itself reacts explosively
with air, it is possible that the violent reaction resulted from
residual pentaborane vapor, despite our having allowed ∼30
min for residual pentaborane (200 Torr vapor pressure) to
evaporate in the glovebox. Alternatively, it is possible that a
layer of pentaborane might have remained chemisorbed on the
surface or that the surface itself had borane-like B−H
functionalization.
In addition to high reactivity with air, pentaborane-milled

aluminum was found to ignite, sometimes violently, upon
contact with ethanol, acetonitrile, and some ionic liquid (IL)
materials, even under s N2 atmosphere. These materials had all
been degassed by freeze−pump−thaw cycles (ethanol,
acetonitrile) or by prolonged evacuation (ILs) in the glovebox
load-lock chamber and were all compatible with aluminum
powder produced by milling in acetonitrile or diborane vapors.

4.1.4. Particle Size and Morphology. Particle size and
morphology were assessed by a combination of DLS and
electron microscopy. To perform DLS experiments safely on
particles without a hydrocarbon capping layer, diborane-milled
particles were first suspended in degassed hexanes in a
nitrogen-filled glovebox, and then the suspension was exposed

Figure 3. TEM images showing size distribution and crystal structure of boron-coated aluminum nanoparticles. (Diborane−Al nanoparticles remilled
in diborane with WC balls.)
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to air in a fume hood overnight. O2 has solubility in n-hexane of
only ∼2 mM,33 and the idea was to passivate the particles by
slow oxygen diffusion through the hexanes, with minimal
modification or aggregation. Particles passivated in this way
were modestly dispersible in hexanes, with a significant fraction
precipitating out of suspension during the ∼10-min DLS
acquisition time. This approach was not attempted for the more
reactive pentaborane-milled particles, for fear that they would
ignite the hexanes.
To passivate the particles and improve their dispersibility for

DLS analysis, the particles were capped with ligands, as
described above. Oleic acid (OA) binds well to both boron32

and aluminum14 nanoparticles and was found to impart
reasonable dispersibility to the diborane-milled particles.
Alkenes react with B−H-terminated boron nanoparticle
surfaces,18 and because mass spectrometry suggested (Figure
1) that the borane-milled aluminum particles had both B and H
in the surface layer, we also tried capping the particles by
milling a sample of diborane-milled particles with 1-octene,
using WC balls and a milling speed of either 100 or 300 rpm.
Particles milled at 100 rpm with octene were actually less
hexanes-dispersible than uncapped particles, forming clumps

within 1 min; however, the sample produced by milling with
octene at 300 rpm was highly dispersible in hexanes.
Typical DLS results are summarized in Figure 2. The left side

shows results for particles produced by milling Al balls in
diborane, milling them again in diborane using WC balls, and
then passivating them by slow air exposure in hexanes. The
right side shows results for particles produced by milling Al
balls in diborane and then milling them again with 1-octene
using WC balls at 300 rpm for passivation. Each sample was
ultrasonicated briefly just before analysis to resuspend any
sediment, and then the DLS size distribution in panel A was
taken with a 10-min acquisition time. The distributions in
panels B−D were taken sequentially with 10-min acquisition
times, so that panels A−D follow the particle size distributions
for ∼40 min after the initial ultrasonication of the particles prior
to DLS. For the uncapped particles produced with diborane,
the initial DLS distribution (panel A, left) shows two size
modes, with over half the particle mass in the 30−50-nm size
range, but with a substantial mode centered at about 1 μm. The
three subsequent DLS experiments show that the nanoparticle
size mode gradually shifted to larger size and weakened with
time, whereas the micrometer size mode strengthened and

Figure 4. (Top left) STEM image of pentaborane-milled aluminum capped with 1-octene at 300 rpm and EDS mappings of (top right) boron,
(bottom left) aluminum, and (bottom right) carbon.
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shifted to larger size. Given that these particles were found to
be only modestly dispersible in hexanes, the obvious
interpretation is that the primary particles were mostly in the
30−50-nm range, but that they formed micrometer-scale
aggregates that grew with time.
The octene-capped particles showed qualitatively similar

results, with a 30−50-nm size mode that shifted to larger size
and weakened over time and a 2−3-μm size mode that grew
and shifted to larger size. Curiously, even though the octene-
capped particles were far more hexanes-dispersible than the
uncapped particles, the size distribution was dominated by the
micrometer-scale aggregates, even during the initial DLS
experiment. DLS measures the size distribution for particles
that remain in suspension on the ∼10-min measurement time
scale. For the uncapped particles, which precipitated out of the
suspension on a ∼10-min time scale, DLS detected mostly the
nanoparticles along with the fraction of the micrometer-scale
aggregates that remained in suspension. For the octene-capped
particles, aggregation of the primary nanoparticles into
micrometer-size aggregates also occurred, but the aggregates
tended to remain in suspension and, therefore, to dominate the
light scattering. In both cases, DLS suggests that the primary
particles had hydrodynamic radii in the 30−50-nm range.
Figure 3 shows several transmission electron microscopy

(TEM) images for uncapped particles made by milling Al balls
in diborane, remilling the particles in diborane with WC balls,
passivating them in hexanes (i.e., the same particles as in the left
column of Figure 2), and drop-casting them onto a lacey
carbon TEM grid. The images in Figure 3 were taken on a
probe-corrected S/TEM instrument at Argonne National
Laboratory, but because of the low contrast for boron and
aluminum, detailed imaging was difficult. The particles clearly
aggregated during drying, and the primary particles had lateral
dimensions in the 50−200-nm range, but appeared to have a
flattened, flake-like morphology, which might explain why they
appeared smaller in DLS measurements. Aluminum nano-
particles produced by milling Al balls in acetonitrile vapor
(without remilling with WC balls) also appeared to have a
flake-like morphology, as shown by He ion microscopy,16

suggesting that attrition from Al balls tends to produce this
shape. In the higher-magnification images, lattice fringes can be
seen in nanocrystalline regions in the cores of the particles, and
electron diffraction (Figure S7) was consistent with the cores
being fcc aluminum. The high-magnification images also
indicate an amorphous layer 2−5 nm thick on the surface of
the particles.
We also used the Utah S/TEM instrument, which is not

probe-corrected but does have dual-detector energy-dispersive
X-ray spectroscopy (EDS) capability, to image and perform
elemental mapping of a small aggregate of particles adhering to
a strand of lacey carbon on a TEM grid, as shown in Figure 4.
This sample was produced by milling in pentaborane and then
capping the particles with 1-octene by milling with WC balls at
300 rpm. In the TEM image at the upper left, contrast is low,
but the primary particles appear to have had lateral dimensions
in the 50−150-nm range.
4.1.5. XPS, EELS, and EDS Studies of Particle Composition

and Structure. To probe the distributions and oxidation states
of elements in the particles, a combination of X-ray
photoelectron spectroscopy (XPS), electron-energy-loss spec-
troscopy (EELS), and EDS was used, the latter two in
conjunction with S/TEM. EELS was performed at Argonne
National Laboratory on the same sample that was imaged in

Figure 3, namely, particles prepared by milling Al balls in
diborane, remilling the particles in diborane with WC balls, and
then stabilizing them by slow oxidation. EELS was used to
study the edge of one particle shown in Figure 3, and the
spectrum (Figure S6) shows a large aluminum signal at ∼70 eV
and a weak feature from boron near 190 eV, as expected given
the low boron concentration in the sample. The boron peak
was considered to be too weak for quantitation.
EDS elemental mapping was done with the Utah S/TEM

instrument on pentaborane-milled, octene-capped particles, and
Figure 4 shows maps for aluminum, boron, oxygen, and carbon.
The carbon signal is highest at the edges of the particles,
indicating that it mostly originates from the particle surfaces, as
expected for 1-octene-capped material. Conversely, the Al
signal is strongest in the highest-contrast (thickest) regions, as
expected for Al in the particle cores. The boron signal is too
weak to allow resolution of this type of structural detail;
however, it is clear that the B/Al stoichiometry is quite uniform
across the ensemble of particles, as opposed to distinct Al-rich
and B-rich particles.
Although the boron EDS signal was weak, by averaging over

the particles, we found the B/Al mole ratio to be ∼0.37, or
∼0.61 after correction for self-absorption using the Cliff−
Lorimer method, assuming the sample thickness to be 50 nm.34

Note that B Kα line was weak and fell on the shoulder of the
large carbon Kα line originating from the octene coating and
carbon support; thus, both counting statistics and background
subtraction by the EDS software resulted in a large uncertainty
in the boron concentration. For what it is worth, however, the
B/Al ratio from EDS was substantially larger than the ratio
(0.18) that would be estimated from the milling stoichiometry,
if we assumed that only saturated pentaborane vapor was
present in the mill jar. Therefore, EDS also supports the
aspiration of a significant amount of liquid pentaborane into the
jar.
XPS was used to obtain additional insight into the

distribution of boron within the particles, as well as the
oxidation states of both boron and aluminum. Figures 5 and 6
present Al 2p and B 1s spectra for a variety of borane-milled
aluminum samples. Table 1 reports the integrated B 1s and Al
2p intensities for all six samples studied, along with two B/Al
intensity ratios for each. The first is simply the ratio of raw
integrated intensities, and the second is scaled by the

Figure 5. High-resolution XPS spectra of the Al 2p.
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tabulated35 atomic sensitivity factors (ASFs) for B 1s and Al 2p.
The ASF-corrected ratios would give the B/Al stoichiometry if
the samples were homogeneous. Consider the diborane-milled
samples, where the total amount of boron present is well-
known from the milling stoichiometry (7 mol % for particles as-
produced or 1-octene-capped; 11 mol % for particles remilled
with WC balls in diborane, labeled “WC-remilled”). The ASF-
corrected XPS B/Al ratios are 3−4 times higher than the
experimentally determined B/Al stoichiometries, implying that
boron must have been concentrated in the surface layer of the
particles, where it was detected by XPS with enhanced
sensitivity. XPS sensitivity varies with depth as exp(−depth/
EAL), where “depth” refers to the distance below the surface
along the photoelectron detection direction and EAL is the
electron effective attenuation length. Over 85% of the XPS
signal originates within 2(EAL) of the surface, and the high B/
Al XPS ratios imply that a substantial fraction of the boron
must have been in this near-surface layer. The inference of a
boron-rich surface layer is not surprising, given that the
particles were produced by attrition of aluminum particles into
diborane, which reacts with the aluminum surface, as shown
above.
XPS was also used to obtain information regarding the

oxidation states of both B and Al. For diborane-milled samples,
the boron was essentially all oxidized, generating a peak near
the 193 eV binding energy expected for B3+, with essentially no
signal at about 188 eV, where B0 is observed.35 This oxidation
must have occurred when the samples were transferred in air to
the XPS spectrometer, and similar levels of oxidation would
have occurred in the TEM samples. Some signal was observed

for unoxidized boron for the pentaborane-milled particles, both
for particles that were passivated by slow oxidation and for
particles capped with 1-octene. In contrast, pentaborane-milled
particles capped with oleic acid (OA) showed little B0 signal at
about 188 eV. It is not clear why there should be unoxidized
boron in these particles, although it might simply mean that the
boron-rich surface layer was thick enough that it only partially
oxidized upon air exposure.
For all samples, the Al 2p spectra show two peaks. The larger

peaks appearing at 74−74.5 eV in the spectra are in the 73.6−
74.7 eV binding energy range typically reported for Al3+ in
Al2O3

36−39 and are therefore assigned to oxidized aluminum in
the surface layer. The low-binding-energy peaks at ∼71.6 eV are
assigned to Al0 in the particle cores, even though this binding
energy is slightly below the range typically reported for bulk
aluminum (72.0−72.9 eV).39−44

To obtain more quantitative insight into the particle
structure, it is useful to model the XPS spectra using electron
effective attenuation lengths (EALs) obtained using the NIST
EAL program of Powell and Jablonski.45 The model is based on
following observations: TEM shows metallic (fcc) aluminum
cores, capped with an amorphous layer a few nanometers thick.
XPS shows that the surface layer of the air-transferred particles
is oxidized. As shown below, the B/Al XPS ratio implies that
this surface layer is boron-rich, and headspace mass
spectrometry implies that the samples retained significant
hydrogen, presumably also in the surface layer. Therefore, the
model is of metallic Al particles with an oxidized surface layer of
AlnBoHpOx stoichiometry. The EALs in the oxidized layer were
calculated based on B/H/Al ratios determined from the milling
stoichiometry and assuming the presence of enough oxygen
(from air exposure) to fully oxidize the layer. Fortunately, EALs
are weakly dependent on composition, so the assumed
AlnBoHpOx stoichiometry is not critical in the modeling.
Furthermore, the B 1s and Al 2p photoelectrons have similar
kinetic energies (∼1300 and ∼1410 eV, respectively) and thus
have similar EALs. The estimated EALs are 2.3 and 2.7 nm for
Al 2p electrons passing through the aluminum core and the
AlnBoHpOx surface layer, respectively. The EAL for B 1s
photoelectrons within the AlnBoHpOx layer is 2.5 nm. For
ligand-capped particles, the EALs in the hydrocarbon capping
layer are estimated to be 3.4 and 3.7 nm for B 1s and Al 2p
electrons, respectively.
For bulk aluminum capped with an oxidized AlnBoHpOx layer,

we used the Al3+/Al0 XPS intensity ratio to estimate the
thickness of the oxidized layer and the B/Al intensity ratio to
provide insight into the distribution of boron in the samples.
We tested three different models, focusing on the simplest
sample: particles produced by milling in diborane and then
passivated without addition of a hydrocarbon capping layer. For
this sample, the B/Al ratio was well determined from the
milling stoichiometry. The first model treated the sample as
planar bulk aluminum covered by a homogeneous AlnBoHpOx
layer. The thickness of the oxide layer was allowed to vary, with
the total boron content held constant at ∼38 atoms/nm2, as
determined from the milling stoichiometry (see above). To fit
the measured Al3+/Al0 ratio, the thickness of the oxidized layer
needs to be ∼3 nm; however, for a homogeneous AlnBoHpOx
layer of this thickness, the calculated B/Al XPS ratio is only
∼7%, compared to 23% measured for the passivated particles
(Table 1). Evidently, boron was concentrated near the surface,
where it was detected with higher efficiency.

Figure 6. High-resolution XPS spectra of the B 1s region.

Table 1. Boron/Aluminum Ratios Calculated from XPS Data

integrated area from
XPS B/Al ratio

B Al
without ASF
correction

with ASF
correction

B2H6

as-milled 1163.7 4955.1 0.23 0.29
1-octene-capped 2315.6 8784.9 0.26 0.32
WC-remilled 2811.1 10470.7 0.27 0.33

B5H9

as-milled 5645.8 4038.2 1.39 1.70
1-octene-capped 3225.2 6328.2 0.51 0.62
WC-remilled 4431.0 2529.6 1.75 2.13
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Our second model also assumed a planar sample, but with
three layers: a bulk elemental aluminum base layer, capped with
a thin layer of aluminum oxide, and an outer layer of boron
oxide. Because this model puts the boron in the topmost layer,
where XPS sensitivity is highest, it does lead to an increase in
the calculated B/Al XPS ratio to ∼12%still significantly lower
than the measured ratio.
Of course, the particles are not planar, but rather a jumbled

mass of irregular particles with random orientations. For
simplicity, we modeled this situation as a collection of ∼50-nm
spherical particles.46 Such particles are large enough compared
to the EALs that it is necessary to consider only electrons
generated near the surface of the top half of each particle. For
electrons generated near the tops of the spheres, where the
detection direction is normal to the surface, the intensity ratio
is identical to that for a planar model. As the emission position
moves away from the top, however, the path length along the
detection direction becomes greater, which increases XPS
sensitivity to the surface layer, relative to the bulk, thereby
enhancing both the B and Al3+ sensitivities. To fit the Al3+/Al0

XPS ratio, the total thickness of the oxidized layer decreases to
∼2 nm, giving a B/Al XPS ratio of 17%. The fact that this
model result is still somewhat lower than the observed ratio
(23%) is not surprising. The particles are actually rough, and
any nanoscale asperities will tend to enhance the contribution
of the surface layer to the XPS spectrum. We conclude that the
particles were coated with an oxidized layer on the order of ∼2
nm thick, with boron concentrated near the surface. For
reference, planar bulk boron surfaces form a native oxide layer
upon air exposure that is ∼0.4 nm thick, small enough
compared to the EAL that B0 is easily seen through the oxide
layer in XPS.47 For pure bulk aluminum, the thickness of the
native oxide layer is ∼3−4 nm,13 and for some aluminum alloys,
it can be up to 10−15 nm thick.48 Therefore, we can conclude
that boron in the surface layer does provide modest protection
to the aluminum particle cores, but that the extent of oxidation
is still much greater than for pure boron.
Based on this XPS estimate of a 2-nm-thick oxidized layer on

50-nm-equivalent-diameter particles, we estimate that the
volumetric energy release that would result from oxidizing
the particles would be ∼73.8 MJ/L, corresponding to ∼88% of
the theoretical energy release from pure unoxidized aluminum
combustion.
For the diborane-milled samples, the raw B/Al XPS intensity

ratio is 0.23 for particles as-prepared by milling Al balls,
increasing to 0.27 for the particles remilled with WC balls in
diborane. The stoichiometries calculated from the diborane fills
are 7 and 11 mol %, that is, remilling adds ∼50% more boron,
whereas the increase as measured by XPS is only ∼20%. Milling
of ductile materials such as aluminum14 is expected to result in
significant working and cold welding of nascent boron-coated
particles, which would tend to mix boron deeper into the
particles or to trap boron in buried interfaces between
aggregated particles, in either case reducing the XPS-accessible
fraction. It is not clear, however, why WC milling with 1-octene
to add a hydrocarbon capping layer also leads to an increase in
the B/Al ratio to 0.26, even though no additional diborane was
used. B/Al XPS ratios up to 8 times higher were observed for
the pentaborane-milled samples, compared to the diborane-
milled materials, providing further evidence that there must
have been significant liquid pentaborane present in the jar fills,
increasing the boron concentration and/or the thickness of the
boron-rich surface layer. The substantially lower ratio for the

octene-capped pentaborane-milled sample is probably due to
the way this sample was prepared. 1-Octene was mix-milled
with a sample of particles and WC balls, and then the resulting
hexanes-dispersible particles were repeatedly centrifuged out of
suspension and resuspended in fresh hexanes to remove excess
1-octene. Some small particles could not be centrifuged out,
and these might have carried away some of the boron-rich
surface layer of the as-prepared particles.
We showed that, for B−H-terminated boron nanoparticles

produced by milling boron powder in H2, air oxidation can be
prevented by capping the particles with alkenes such as 1-
octene.18 For borane-milled aluminum particles, the enhanced
hydrocarbon dispersibility after mix milling with 1-octene
indicates that the surface does become hydrocarbon-capped;
however, the alkyl layer clearly has little effect on surface
oxidation. After air exposure, the boron is entirely oxidized, and
the Al3+/Al0 ratio is quite similar to that for particles without
the organic ligands. The estimated thickness of the oxidized
layer is still ∼2 nm, and from the C/Al ratio, we estimate that
the organic capping layer was 1−2 nm thick, including any
adventitious carbon on the surface.49 To compare the
effectiveness of different ligands, pentaborane-milled particles
were capped with both oleic acid (OA) and 1-octene, and their
XPS spectra are compared to those of uncapped, passivated
particles in Figures 5 and 6. The aluminum spectra of all
samples are similar, with a large Al3+ peak at ∼74.5 eV and a
smaller Al0 peak at ∼72 eV. Again, this similarity tends to
suggest that the ligand coatings have little protective effect on
the aluminum surface, as Chung et al. observed for alkyl-
substituted epoxide-capped aluminum nanoparticles.50 There
was, however, a significant reduction in the B0/B3+ ratio for the
OA-capped particles, presumably due to formation of B−O
bonds during interactions with the carboxylate group on OA.
As an initial probe of the oxidation properties of the ligand-

capped particles, a sample of pentaborane-milled, oleic acid-
capped particles was first exposed to air for several hours and
then shipped under N2 to Johns Hopkins University. The
sample was introduced into a surface analysis instrument, and
the Al 2p and B 1s XPS spectra were recorded. The sample was
then heated to 300 °C to destabilize the ligand layer, re-
examined by XPS, then exposed to 1 × 10−5 Torr of oxygen at
300 °C, and examined again by XPS. The results, summarized
in Figures S8 and S9, show two main effects. Both the B 1s and
Al 2p peak intensities increased substantially after 300 °C
heating, indicating decomposition/desorption of a significant
fraction of the ligand layer, resulting in less attenuation of the
signals from underlying boron and aluminum. The intensities
increased further after O2 exposure, suggesting that oxidation
removed additional ligand material. There were also changes in
the oxidation state of both elements. The Al3+/Al0 ratio
changed from ∼3.9:1 to ∼12:1 after heating and to ∼19:1 after
O2 exposure. The B3+/B0 ratio changed from ∼5.5:1 to 10:1
after heating, with no further change after O2 exposure. The
increase in oxidation state after heating in a vacuum is
attributed to some combination of reaction with the ∼10−8
Torr of H2O in the chamber background and reaction with O
atoms in the ligand carboxylate groups as the ligand layer
decomposed and desorbed. Regardless of the source, it is clear
that the ligand layer at least partially protected the underlying
boron and aluminum from air oxidation.

4.2. Theoretical Results. 4.2.1. Chemisorption of B2H6. In
the following discussion, all energies given in the text are
ZPVE-corrected, unless otherwise noted, and both the
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electronic and ZPVE-corrected values are generally given in the
figures. DFT calculations of a single diborane molecule
interacting with various sites on the Al80 cluster revealed that
B2H6 weakly binds to the cluster surface by physisorption
(henceforth denoted as B2H6:Al80) or chemisorption (denoted
as B2H6−Al80), as shown in Figures S10 and S11, respectively.
Physisorption, defined here as preserving the diborane reactant
bonding, has binding energies ranging from −3 to −5 kcal
mol−1 relative to separated diborane and Al80. In the
chemisorbed structures, one or more bonds in diborane are
broken, and the binding ranges from being slightly endothermic
(+2 kcal mol−1) to being exothermic by 8 kcal mol−1 (Figure
S11.) The variation in binding energies is due in part to the
multiple binding motifs of boron and hydrogen to the cluster
surface; that is, both boron and hydrogen can form bridging or
terminal bonds to the cluster surface. Another contributing
factor is the local heterogeneous structure (i.e., “roughness”) of
the Al80 cluster surface, which is likely similar to the surfaces
formed by fracturing in the ball-milling process. Conversion of
physisorbed B2H6 to a chemisorbed species is predicted to cross
a barrier of only 11−12 kcal mol−1, as seen in the two
computed reaction pathways shown in Figures S12 and S13.
The barrier for the reverse process is similarly modest (7 kcal
mol−1), indicating that interconversion between physisorbed
and chemisorbed species should readily occur under the ball-
milling conditions, where instantaneous local temperatures
during ball collisions can reach >1000 K.51

4.2.2. Fragmentation of B2H6. One possible means for
chemisorbed diborane to fragment on the aluminum surface is
by B−H bond scission to form chemisorbed B2H5 and H
fragments, that is, B2H6−Al80 → B2H5−Al80−H. Relative to
separated Al80 + B2H6, the enthalpies of chemisorbed B2H5 and
H range from +6 to −13 kcal mol−1, as illustrated in Figure S14.
The local minima shown in Figure S14 reveal that B2H5 can
bind to the Al80 surface through monodentate or bidentate
configurations, where the former is less stable than the latter. A
saddle point connecting chemisorbed diborane and bidentate
B2H5 and H fragments was located and is shown in Figure S15.
The barrier of 13 kcal mol−1 for this pathway should be easily
traversed under ball-milling conditions. A similar saddle point
leading to the formation of monodentate chemisorbed B2H5
and H was also located and is shown in Figure S16, with a
higher barrier of 20 kcal mol−1. In addition, a saddle point
connecting physisorbed diborane with chemisorbed B2H5 and
H (B2H6:Al80 → B2H5−Al80−H) was located, with a
corresponding barrier of 30 kcal mol−1, as illustrated in Figure
S17.
Chemisorbed B2H5 can undergo a second B−H fragmenta-

tion step, namely, B2H5−Al80−H → B2H4−Al80−2H. As
displayed in Figure S16, the relative enthalpies of B2H4−
Al80−2H range from 0 to −11 kcal mol−1. (Note that B2H4−
Al80−2H is more stable than chemisorbed B2H4 + gaseous H2,
as shown by comparing Figures S18 and S19.) A saddle point
for the second B−H fragmentation was located and is shown in
Figure S20. The barrier is 18 kcal mol−1, which is 5 kcal mol−1

larger than the barrier for the initial B−H fragmentation step
(see Figure S15.) Subsequent B−H fragmentations leading to
the formation of chemisorbed B2H3, B2H2, B2H, and B2 were
not considered.
A second fragmentation pathway of chemisorbed diborane is

cleavage of the B−B bond to form two chemisorbed BH3
fragments, that is, B2H6−Al80 → H3B−Al80−BH3. Relative to
separated Al80 + B2H6, the enthalpies of H3B−Al80−BH3 range

from −5 to −23 kcal mol−1, as shown in Figure S21. Therefore,
H3B−Al80−BH3 is more stable on average than chemisorbed
diborane B2H6−Al80, which has binding energies ranging from
+2 to −8 kcal mol−1, indicating that B−B fragmentation is an
energetically favorable process. Likewise, H3B−Al80−BH3 is
more stable on average than B2H5−Al80−H (with binding
energies ranging from +6 to −13 kcal mol−1), indicating that
B−B fragmentation leads to more stable products than B−H
scission. As shown in Figure S20, the barrier for B−B
dissociation is 18 kcal mol−1, slightly larger than the barrier
of 13 kcal mol−1 for B−H fragmentation (Figure S15) but still
readily accessible under ball-milling conditions. Therefore, it is
plausible that both B−B and B−H fragmentation readily occur
on the aluminum surface.

4.2.3. Formation of H2. H2 is the primary gaseous byproduct
of Al milling in the presence of diborane (Figure 1), although it
is clear that much of the hydrogen in diborane is retained in the
surface layer. Several possible reactions leading to the formation
of H2 were investigated. One possible route to the formation of
H2 is through direct elimination from chemisorbed B2H6,
namely, B2H6−Al80 → B2H4−Al80 + H2, as illustrated by the
reaction pathway shown in Figure S23. The electronic-only
surface (i.e., excluding ZPE corrections) shows a two-step
process proceeding through two transition states connected by
a metastable reactive intermediate in which the departing H2 is
weakly complexed to one of the boron atoms. However, upon
inclusion of ZPE corrections, the second transition state
becomes lower in energy than the metastable intermediate,
indicating that H2 elimination is actually a single-step process,
with an endothermic reaction enthalpy of +4 kcal mol−1 and a
barrier of only 16 kcal mol−1. An energetically less favorable
pathway for unimolecular elimination of H2 from chemisorbed
diborane, with a barrier and reaction enthalpy of +30 and +29
kcal mol−1, respectively, resulting in the formation of
chemisorbed BHBH3 (B2H6−Al80 → BHBH3−Al80 + H2),
was located and is shown in Figure S24.
A second unimolecular H2 elimination mechanism, B2H4−

Al80 → B2H2−Al80 + H2, was investigated. Two distinct reaction
pathways were found for this process, as shown in Figures S25
and S26. This mechanism is considerably less favorable than the
direct H2 elimination from diborane illustrated in Figure S23, in
terms of both reaction endothermicities (+23 vs +20 kcal
mol−1) and barriers (38 vs 35 kcal mol−1). Unimolecular H2
elimination from chemisorbed BH3, with a second chemisorbed
“spectator” BH3 fragment, was also considered and found to
have a large barrier of 41 kcal mol−1, as shown in Figure S27.
There are many possible “bimolecular” routes to H2

formation involving the elimination of H2 from neighboring
chemisorbed fragments. In the above discussion of diborane
decomposition, it was shown that B−B and B−H bond
fragmentations are energetically accessible, suggesting the
possible presence of H, B2H5, B2H4, BH3, and perhaps smaller
B2Hx and BHx species as well, chemisorbed on the aluminum
surface along with the parent B2H6. In principle, H2 could be
generated by bimolecular elimination from any pair of these
fragments. Although a comprehensive investigation of all
possible bimolecular H2 elimination pathways is beyond the
scope of the present study, a subset of these routes was mapped
out. One of these is the reaction B2H6−Al80−2H → B2H5−
Al80−H + H2, shown in Figure S28, where a second spectator
chemisorbed H atom was included to preserve a closed-shell
electronic state for consistency. This pathway encounters a
barrier of 30 kcal mol−1 and is endothermic by 2 kcal mol−1. As
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shown in Figure S29, the reaction B2H5−Al80−H → B2H4−Al80
+ H2 crosses a barrier of 32 kcal mol−1 but is exothermic by 5
kcal mol−1. The bimolecular elimination reaction B2H4−Al80−
2H→ B2H3−Al80−H + H2 (see Figure S30) has a larger barrier
of 38 kcal mol−1, as well as a larger reaction endothermicity of
+16 kcal mol−1. Finally, three saddle points (not shown) with
barriers ranging from 41 to 44 kcal mol−1 for the formation of
H2 through the reaction BH3−Al80−2H → BH2−Al80−H + H2
(which has not been confirmed by IRC calculations) were
located. Several additional bimolecular elimination pathways
were investigated but found to have significantly larger barriers
than the pathways cited above, such as the formation of H2
from H3B−Al−BH3, as shown in Figure S31. These are not
discussed further. Finally, as shown in a previous study,14

recombination of H atoms adsorbed on Al80 to form H2 has a
barrier of 25 kcal mol−1 and is endothermic by 4 kcal mol−1. A
summary of the computed barriers and reaction enthalpies for
all of the pathways leading to formation of H2 is provided in
Table 2. The data in Table 2 show that unimolecular

elimination of H2 from chemisorbed diborane has the smallest
energy barrier (16 kcal mol−1) of all of the H2-producing
reactions considered.
In summary, the kinetically most favorable route to the

generation of H2 in the milling of Al with diborane involves two
steps: (1) chemisorption of diborane, which crosses a barrier of
11−12 kcal mol−1 (Figures S12 and S13), followed by (2)
unimolecular elimination of H2, which has a barrier of 16 kcal
mol−1 (Figure S23). Additional pathways that should be readily
accessible under the ball-milling conditions include B−H
fragmentation (barrier of 13 kcal mol−1; Figure S15) and B−
B fragmentation (barrier of 18 kcal mol−1; Figure S22). In
general, diborane is predicted to be highly reactive with
aluminum under milling conditions, consistent with the rapid
consumption observed.
4.2.4. Chemisorption of B5H9. Similarly to diborane,

pentaborane interacts weakly with the aluminum surface by
either physisorption or chemisorption, as displayed in Figures
S32 and S33, respectively. For physisorbed pentaborane, the

binding energy ranges from −5 to −7 kcal mol−1. The relative
energies of chemisorbed pentaborane range from slightly
endothermic (+4 kcal mol−1) to exothermic by 14 kcal
mol−1. Conversion of physisorbed B5H9 to a chemisorbed
form crosses a barrier of 29 kcal mol−1, as shown in Figure S34.
It is important to note that this barrier is significantly larger
than the 11−12 kcal mol−1 barrier for the chemisorption of
diborane (Figures S12 and S13), indicating that pentaborane is
more resistant to chemisorption than diborane. This is
consistent with the lower rate of consumption of pentaborane
observed in the milling experiments.

4.2.5. Fragmentation of B5H9. Because B−B fragmentation
of chemisorbed pentaborane is likely to be a complex, multistep
process, it is not considered here. In regard to B−H
fragmentation, several possible B5H8−Al80−H conformers of
the products of B−H bond dissociation in chemisorbed
pentaborane are shown in Figure S35 and range in energy
from +2 to −16 kcal mol−1, relative to separated B5H9 + Al80.
Two reaction pathways for this process are shown in Figures
S36 and S37. In the former (latter), the barrier and reaction
enthalpy are 16 (36) and −16 (+3) kcal mol−1, respectively.
Note that the barrier of 13 kcal mol−1 for the analogous B−H
fragmentation of chemisorbed diborane (Figure S15) is slightly
smaller, suggesting that chemisorbed pentaborane is somewhat
less reactive than chemisorbed diborane. A reaction pathway
directly connecting physisorbed pentaborane and chemisorbed
B5H8 and H (B5H9:Al80 → B5H8−Al80−H), with a barrier of 30
kcal mol−1, was also located and is displayed in Figure S38.
B5H8−Al80−H can undergo B−H fragmentation to form

B5H7−Al80−2H. Several conformers of the latter are shown in
Figure S39, which range in energy from +8 to −15 kcal mol−1.
(Note that B5H7−Al80−2H is generally more stable than
chemisorbed B5H7 + molecular H2, as shown by comparing
Figures S39 and S40.) The structures and energies of additional
multiply fragmented species B5H6−Al80−3H, B5H5−Al80−4H,
and B5H4−Al80−5H are shown in Figures S41−S43, but are not
discussed further. Representative saddle points and IRCs for
B5H8−Al80−H → B5H7−Al80−2H and B5H5−Al80−4H →
B5H4−Al80−5H are displayed in Figures S44 and S45,
respectively. The respective barriers are rather large, 45 and
37 kcal mol−1, respectively, providing evidence that B5Hx
chemisorbed fragments of pentaborane are less susceptible to
additional B−H fragmentation steps than B2Hx fragments of
diborane.

4.2.6. Formation of H2. Because milling of Al in the
presence of pentaborane again produces H2 as the primary
gaseous byproduct, an investigation of potential pathways
leading to the formation of H2 from chemisorbed B5H9 and
some of its fragments was performed, in analogy to the reaction
pathways of H2 formation arising from chemisorbed diborane.
Figures S46 and S47 show saddle points and IRCs for the
unimolecular elimination of H2 from chemisorbed pentaborane.
The respective barriers for this reaction are 39 and 45 kcal
mol−1, substantially higher than the computed barrier of 16 kcal
mol−1 for unimolecular H2 elimination from chemisorbed
diborane, as shown in Figure S23. A bimolecular pathway
leading to the elimination of H2 from chemisorbed B5H8 and H
moieties, shown in Figure S48, has a barrier of 39 kcal mol−1,
which is somewhat larger than the corresponding barriers of 30
and 32 kcal mol−1 found for the elimination of H2 from
chemisorbed B2H5 and H (Figures S28 and S29.)
In summary, pentaborane is predicted to adsorb to aluminum

surfaces but to have higher barriers, and hence slower kinetics,

Table 2. M06/6-311++G(d,p) Barriers and Enthalpies of
Reaction (kcal mol−1) for the Generation of H2

reactant(s) ΔH† ΔHrxn

Unimolecular
B2H6−Al80 15.9 3.6

29.7 28.7
B2H4−Al80 38.4 23.0

35.4 19.8
BH3−Al80 40.7 9.6

Bimolecular
B2H6−Al80−H 29.9 1.8
B2H5−Al80−H 31.5 −4.7
B2H4−Al80−H 37.6 7.2
BH3−Al80−BH3 59.4 20.2

61.7a 22.1a

BH3−Al80−H 41.0a 15.4a

43.6a 15.4a

44.3a 15.4a

B2H6−Al80−B2H6 33.4a −11.7a

B2H5−Al80−B2H5 63.3a n/a
H−Al80−H 25b 4b

aNot confirmed by IRC calculations. bFrom ref 14.
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for chemisorption and fragmentation compared to diborane.
This might explain why substantially longer milling times were
required for complete consumption of the borane fill for
pentaborane compared to diborane, although the higher
loading of pentaborane is presumably also a factor. DFT
predicts that the kinetically favored route for the formation of
H2 in the ball milling of Al in the presence of pentaborane is
chemisorption, followed by B−H fragmentation, and then
recombination of chemisorbed H atoms to form H2. The
predicted barriers for pentaborane chemisorption and sub-
sequent B−H fragmentation are 29 kcal mol−1 (Figure S34)
and 16 kcal mol−1 (Figure S36), respectively. As shown in a
prior study,14 the barrier for the recombination of two
chemisorbed H atoms to form H2 is 25 kcal mol−1, which is
smaller than the barriers for the unimolecular (39 kcal mol−1;
Figure S46) and bimolecular (39 kcal mol−1; Figure S48)
elimination of H2 considered in the present study.
4.2.7. Relative Energetics of Diborane and Pentaborane

Reactions. The relative reactivity of diborane compared to
pentaborane is illustrated in Figure 7, which is a composite plot
of the lowest-barrier reaction pathways for chemisorption,
initial B−H fragmentation, and unimolecular elimination of H2.
It is clear that the barriers for all three fundamental reactions
are smaller for diborane than for pentaborane. This is
consistent with the faster consumption of diborane observed
in the ball-milling experiments.

5. CONCLUSIONS
In this work, milling of aluminum balls in boranes was shown to
be an efficient method to produce boron−aluminum nano-
particles that can easily be capped to render the particles
dispersible in hydrocarbons. High-resolution TEM images and
EDS mapping data showed a boron-rich outer layer on an
aluminum core, and mass spectrometry showed that the outer
layer also contained most of the hydrogen originating from the
borane reactant. XPS showed that these particles, with or
without an organic capping layer, had an oxidized surface layer
with an AlnBoHpOx stoichiometry, but with a layer thickness

(∼2 nm) that was significantly lower than that of the native
oxide layer that forms on bulk aluminum; that is, the boron-rich
layer appears to provide partial protection against oxidation.
The particles produced with pentaborane had substantially
higher boron content and were also substantially more reactive
upon sudden air exposure. Particle energy contents, thermal
oxidation properties, and the effects of particle loading on
ignition of hypergolic propellants are currently under
investigation.
DFT calculations comparing the behaviors of diborane and

pentaborane on the surface of Al80 predict diborane to be more
highly reactive with aluminum than pentaborane. The barrier
for chemisorption of pentaborane (29 kcal mol−1) was found to
be more than twice as large as that for diborane (11−12 kcal
mol−1). Furthermore, chemisorbed diborane undergoes unim-
olecular elimination of H2 with a barrier of 16 kcal mol−1,
whereas the corresponding process for pentaborane has a
barrier of 39 kcal mol−1. In fact, for pentaborane, the kinetically
preferred mechanism of H2 generation is recombination of
chemisorbed H atoms. These results are qualitatively consistent
with the observed fast consumption of diborane during milling
and the difference in behavior of Al milled in diborane versus
pentaborane. That is, the pentaborane-milled materials retain
the intrinsic explosive characteristics of pure pentaborane when
exposed to air, suggesting that the pentaborane remains more
intact during the milling process, apart from B−H fragmenta-
tion subsequently leading to H2 formation.
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Figure 7. M06/6-311++G(d,p) intrinsic reaction coordinate (IRC) traces for chemisorption (blue circles), initial B−H fragmentation (red squares),
and unimolecular elimination of H2 (black triangles) of diborane (solid data points) and pentaborane (open data points) on the surface of the Al80
cluster.
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Zheleva, Z.; Criado, J. M.; Delogu, F.; Dutkova,́ E.; Gaffet, E.; Gotor,
F. J.; et al. Hallmarks of Mechanochemistry: From Nanoparticles to
Technology. Chem. Soc. Rev. 2013, 42, 7571−7637.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b03583
J. Phys. Chem. C 2017, 121, 14176−14190

14190

http://webbook.nist.gov
http://srdata.nist.gov/xps/
http://dx.doi.org/10.1021/acs.jpcc.7b03583

