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ABSTRACT: High-energy-density aluminum nanoparticles
(AlNPs) upon thermal annealing followed by superquenching
result in elevated stress levels in the metallic core and reduced
surface energy at the core−shell interface. Isomer-selective vacuum
ultraviolet-based photoionization mass spectrometry coupled to a
high-temperature chemical microreactor reveals that these stress-
altered AlNPs (SA-AlNPs) exhibit distinctive temperature-depend-
ent reactivities toward catalytic decomposition of the hydrocarbon
jet fuel exo-tetrahydrodicyclopentadiene (JP-10, C10H16) compared
to untreated AlNPs (UN-AlNPs). SA-AlNPs show a delayed
initiation of the decomposition for JP-10 by 200 K relative to the
UN-AlNPs; however, the full decomposition is achieved at a 100 K
lower temperature. Furthermore, there are fewer oxygenated
products that are generated from the alumina surface-induced heterogeneous oxidation process and a larger fraction of closed-
and open-shell hydrocarbons. Chemical insight bridging the reactivity order of SA-AlNPs at low and high temperatures,
simultaneously, is obtained via a detailed examination of the product branching ratios obtained in this study.

1. INTRODUCTION
Aluminum nanoenergetic materials have been the most
commonly used nanometallic fuel additives in propulsion
and pyrotechnic applications owing to their high gravimetric
(32 kJ g−1) and volumetric energy densities (84 kJ cm−3) along
with their affordability.1−7 Aluminum nanoparticles (AlNPs) in
particular are often employed as an efficient additive to single
component hydrocarbon jet fuels, e.g., exo-tetrahydrodicyclo-
pentadiene (JP-10, C10H16)

8 in order to achieve enhanced
performance of volume-limited air-breathing propulsion
systems.9−21 Considering the enhanced specific surface areas
of AlNPs, mass diffusion rates are increased, leading to reduced
ignition delays, ultimately elevating the volumetric energy
densities of traditional hydrocarbon fuels (35−40 kJ
cm−3).14,15

Lately, there have been efforts to harness the maximum
chemical potential energy available in these NPs, leaving no
unburnt fraction, which could affect combustion effi-
ciency.22−25 The goal is to increase the rate of the reactions
associated with AlNPs to achieve greater power. A convenient
way to achieve enhanced power output is to alter the
properties of these NPs by inducing thermomechanical stresses
that also change particle surface energy.26−31 Usually, the
metallic core of the alumina (Al2O3)-coated AlNPs exists
under tensile stress at room temperature. However, when the

temperature is raised to about 673 K, the particle stresses
relax.32 Fast quenching of these AlNPs leads to significant
dilatational lattice strain along with an increase in overall stress
at the core−shell interface along with lowered surface energy;
ultimately, the overall reactivity of the AlNPs is enhanced.
Generally, the aluminum core serves as the primary reactant in
the combustion reactions, whereas the “inactive” alumina shell
inhibits diffusion−oxidation reactions within the core.33−35

However, recently, an active participation of the shell with the
hydrocarbon fuel molecule in the absence of molecular oxygen
has been revealed, initiating a low-temperature (650 K)
heterogeneous oxidation reaction.36 This has fundamental
implications for accelerating the rate of reactions by providing
surface reactions that also promote aluminum-core reaction
pathways. In other words, the alumina shell is no longer an
“inactive” barrier for reaction, instead an active, exoergic
contributor to the generated chemical energy.
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To assess and understand the performance and specific
reactivity of AlNP/JP-10 mixed fuels utilizing both the
untreated (UN) and stress-altered (SA) AlNPs, it is necessary
to decipher the native molecular interaction with the fuel (JP-
10) as a function of the thermal energy of the system. Surface
reactions are dependent upon the chemical as well as physical
properties of the AlNPs in different temperature regimes.
Therefore, the catalytic roles of these AlNPs on JP-10 and their
efficiencies could be addressed only by accumulating
exhaustive product inventories (including radicals), followed
by the quantification of branching ratios, information that is
missing to date. The radical species, in particular, drive the
oxidation of JP-10 at a later stage, thus controlling the overall
efficiency and performance of combustion. Here, we report a
substantial alteration in the temperature-dependent intrinsic
reactivity of alumina-coated AlNPs upon stress-inducing
pretreatment during the catalytic thermal decomposition of
JP-10 at combustion-relevant temperatures employing isomer-
selective identification of the nascent decomposition products
in a chemical microreactor (Scheme 1). The contrasting nature
of reactivities between the two kinds of AlNPs in different
temperature domains is revealed from the distinct character-
istic temperatures of the processes and their respective product
distribution.

2. METHODOLOGY
2.1. Stress-Alteration Treatment of the Aluminum

Nanoparticles. The AlNPs are processed by a thermal
annealing and quenching treatment,26 where the nanopowder
is loaded into a sealed container instrumented with a
temperature sensor to record powder temperatures during
the procedure. The sealed container is then placed in a furnace
and heated to 600 K at a rate of 10 K min−1, followed by
holding for 20 min to allow the annealing conditions to relax
residual stresses. After removing the container from the

furnace, it is placed into a liquid quenching solution (a
mixture of water, soap, surfactant, and sodium chloride)
designed to rapidly reduce the powder temperature to
ambient�referred to as superquenching. This pretreatment
produces AlNPs with about 40% elevated stress, specifically
increasing the stress at the core−shell boundary from −0.191
to −0.380 GPa, with significant delamination (∼80%
delamination between the core and shell)31 and reduced
surface energy up to 40%.37 Both the UN and pretreated AlNP
samples have a “passivation” layer of aluminum oxide (Al2O3)
around the reactive metallic aluminum core (Scheme 1);
hence, they are suitable to preserve and use under atmospheric
conditions.
2.2. Details of the Catalytic Microreactor. The nascent

gas-phase products formed in the thermal decomposition of
helium-seeded exo-tetrahydrodicyclopentadiene (JP-10,
C10H16) vapor through the SA-AlNP packing at distinct
temperatures from 300 K to 1350 K through the chemical
microreactor36,38−40 (Figure S1) are detected in situ by using
single-photon vacuum ultraviolet (VUV) photoionization (PI)
mass spectrometry.39,41 The experiments were carried out at
the Chemical Dynamics Beamline (9.0.2.) installed in the
Advanced Light Source (ALS) (Figure S1).

In brief, the microreactor was a resistively heated silicon
carbide (SiC) tube of 20 mm length and 1 mm inner diameter,
which was tightly packed with SA-AlNPs of about a length of
10 mm inside the SiC tube. Ultimately, the packing was done
in such a way that the interaction and residence time of the
fuel with the NP surface were maximized for optimum
reactivity. A gas mixture at a pressure of 500 Torr with JP-10
(TCI America; 94%) in helium carrier gas (He; Airgas;
99.999%) was prepared by bubbling helium gas through JP-10
kept in a stainless-steel bubbler at 298 K. The gas mixture was
introduced into the SiC tube where the temperature can reach
up to 1600 ± 20 K as monitored by a type-C thermocouple.

Scheme 1. (a) Catalytic Decomposition of JP-10 Vapor through a Compact Packing of SA-AlNPs in a High-Temperature
Chemical Microreactord

dThe transmission electron microscopy images of the (b) UN- and (c) SA-AlNPs are also presented, showing the alumina shell (marked with the
pair of yellow arrows) and delamination (marked with the red arrow) in the core−shell boundary for the latter.
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After exiting the reactor, the molecular beam containing the
pyrolysis products passed a skimmer and entered a detection
chamber, which housed the Wiley−McLaren reflectron time-
of-flight mass spectrometer. The products were photoionized
in the extraction region of the spectrometer by exploiting
synchrotron quasicontinuous tunable VUV light from the
Chemical Dynamics Beamline 9.0.2 and detected with a
microchannel plate detector. Compared to “hard” electron
impact ionization, “soft” VUV-PI has the unique advantage of
an ideally fragment-free ionization of the neutrals. Further, by
tuning the VUV energy, structural isomers can be identified.

Here, mass spectra were recorded in 0.05 eV intervals from
8.00 to 11.50 eV. A set of additional mass spectra was also
measured at 15.4 eV to determine hydrogen and methane
yields having ionization energies of 15.4 and 12.6 eV,
respectively, which cannot be ionized below 11.5 eV. The
photoionization efficiency (PIE) curves, which report the
intensity of a single mass-to-charge ratio (m/z) versus the
photon energy, were extracted by integrating the signal
collected at a specific m/z selected for the species of interest
over the range of photon energies in 0.05 eV increments and
normalized to the incident photon flux. The PIE curves were
then fitted with a linear combination of known PIE curves to
isomer-selectively identify the products. The residence time of
JP-10 in the reactor tube (20 mm) under our experimental
conditions is tens of ms. This would result in typically three to
four (1400 K) collisions of a JP-10 molecule with the helium
atoms in the reactor at 500 Torr. However, as the pressure
drops from 500 Torr to a few Torr at the exit of the reactor,
the actual number of collisions is about one on average.

3. RESULTS AND DISCUSSION
3.1. Mass Spectra. Figure 1 displays characteristic mass

spectra recorded at a photon energy of 10.0 eV at definite
intervals in the experimental temperature range. At 300 K, the
mass spectrum depicts only three peaks; the most intense one
belongs to the molecular parent ion at m/z = 136 (C10H16

+),
followed by the weak features of its 13C counterpart at m/z =
137 (13CC9H16

+) and the helium ion at m/z = 4. The carrier
gas helium is ionized by the traces of high-energy photons
from the synchrotron radiation, which could not be filtered out
completely from the desired excitation beam.

The first appearance of the product peaks occurs at 850 K in
the form of 12 additional mass-to-charge ratios at m/z = 29,
41, 54, 66, 67, 68, 78, 79, 80, 82, 94, and 95. The number of
mass peaks increases with the rise of the temperature to 1350
K, whereas the parent JP-10 ion count also decays; the latter is
barely visible at 1350 K. Molecular mass growth processes
beyond JP-10 are absent as no signal exceeding 136 (C10H16

+)
and 137 (13CC9H16

+) is detected, suggesting only primary
products are detected in the decomposition of JP-10 in our
setup. The JP-10 decomposition ratio curves as a function of
temperature are shown in Figure 2 to map the efficiency of the
SA-AlNPs compared to that of the UN-AlNPs and also in the
absence of NPs. The decomposition ratio is defined as the ratio
of the decomposed fuel to the intact fuel amount, implying that
the full consumption of fuel represented as unity and zero
indicates no reaction. The presence of AlNPs results in
significant earlier onsets of decomposition of JP-10−650 and
850 K for the UN (blue trace) and SA NPs (red trace),
respectively, while decomposition initiates at 1200 K (black
trace) in the absence of any catalyst.36,39 A closer inspection
reveals that the patterns in the decomposition curves for UN-

Figure 1. (a) Evolution of mass spectra consisting of the product
peaks as a function of temperature formed upon thermocatalytic
decomposition of JP-10 through a packing of SA-AlNPs recorded at a
photon energy of 10.0 eV in the 300−1350 K temperature range. The
peaks, magnified 20 times, within the mass range 20−95 amu are
depicted in the inset of the mass spectrum obtained at 850 K. (b)
Comparison of the mass spectra recorded at three distinct
temperatures with a PI energy of 10.0 eV for the thermal
decomposition of JP-10 through UN- (black traces) and SA-AlNPs
(red traces). The molecular structures of the major products
identified from the PIE curves (described later) are also depicted.
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and SA-AlNPs are subtly different. In the former case, two
distinct slopes in the ranges of 650−1150 K and 1150−1450 K
are noted. However, the SA-AlNPs show a monotonically
decaying curve originating around 850 K with a rise in
temperature. The quantitative decomposition of JP-10 is
lowered by 100 and 250 K in the presence of UN- and SA-
AlNPs, respectively, compared to the marked temperature of
1600 K for the gas-phase thermal decomposition. Here, stress-
alteration treatment of the AlNPs leads to two notable
outcomes in the decomposition curves: first, an increase of the
initial decomposition temperature by 200 K and second, a
decrease in the full decomposition temperature by 100 K,
implying distinguishable catalytic reactivities as a function of
temperature in contrast to the uncatalyzed gas-phase
decomposition.
3.2. PIE Curves of the Products. To decipher the

catalytic effects of the SA-AlNPs at the molecular level,
comprehensive knowledge of the nascent products formed in
the molecular beam requires a detailed analysis of distinct
isomer-selective PIE curves. Overall, the identified products
(Table S1, Figure 1) in this study42−51 belong to the class of
closed-shell hydrocarbons, hydrocarbon radicals, and oxy-
genated species (Figure 3 and Figure 4) including oxygenated
radicals. The detection of the oxygenated products in the
absence of any external supply of molecular oxygen ensures the
active surface chemistry involving the oxygen-atom transfer
from the aluminum oxide layer (Al2O3) to the JP-10 molecule,
as observed in the case of the UN-AlNPs.36

The extensive PIE curve analysis (Figures 3 and 4, S2−S4)
denotes that the most intense mass peaks at the initial
decomposition temperature (850 K) belong to 1,3-cyclo-
pentadiene (C5H6, m/z = 66) and the allyl radical (•CH2−CH
= CH2, m/z = 41), along with the oxygenated species−
ethynyloxy radical (HCCO•, m/z = 41), furan (C4H4O, m/z =
68), and the formyl radical (HCO•, m/z = 29). Two weak
features in the mass spectra at m/z = 94 and 95 correspond to
the oxygenated species: phenol (C6H5OH) and the 1,3-
cyclohexadienyloxy radical (C6H7O•). At an intermediate
temperature of 1050 K, additional peaks appear−especially
with smaller hydrocarbon radicals and molecules (C1−C5
systems) such as methyl (•CH3, m/z = 15), vinyl (•CH�CH2,
m/z = 27), propargyl (•CH2−C�CH, m/z = 39), cyclo-
pentadienyl radical (•C5H5, m/z = 65), acetylene (HC�CH,

m/z = 26), and ethylene (H2C�CH2, m/z = 28). The C7−C9
hydrocarbons like toluene (C7H8), styrene (C8H8), and p-
xylene (C8H10), along with additional oxygenated species, i.e.,
phenoxy radical (C6H5O•), 2-cyclohexene-1-one (C6H8O•),
and methylphenoxy radical (CH3C6H4O•), are also identified.

Raising the temperature to 1350 K results in a complete
decomposition of JP-10 and an enhancement of the product
yield, specifically for the closed- and open-shell hydrocarbons,
such as 1,3-cyclopentadiene (C5H6, m/z = 66), fulvene and
benzene (C6H6, m/z = 78), methyl (•CH3, m/z = 15), allyl
radical (•CH2−CH�CH2, m/z = 41), etc. Although most of
the oxygenated species have been identified from the PIE
curves, their mass peak intensities tend to be very weak. To
ensure comprehensive product detection, mass spectra are also
recorded at 15.4 eV (Figure S5), which revealed molecular
hydrogen (H2, IE = 15.4 eV),52 water (H2O, IE = 12.6 eV),53

and methane (CH4, IE = 12.6 eV)54 as the products at high
temperatures exceeding 1250 K. Figure 5 depicts a compilation
of the major products formed throughout the heating
temperature range (850−1350 K) of the study based on the
mass spectra and PIE curve analysis.
3.3. Trends in the Relative Abundances of the

Products as a Function of Temperature. The relative
abundances of the products probed by measuring the
individual mass peak intensities corresponding to different
temperatures reveal a sharp increase in the intensities for the
closed-shell hydrocarbons and radicals (Figures S6 and S7) as
the temperature is raised. Conversely, the trend for oxygenated
products shows a bell-shaped curve (Figure S8). The highest
values occur between 950 and 1050 K; there is a notable
decline beyond 1050 K. This decline is particularly evident for
mass peaks that do not solely originate from hydrocarbon
molecules or radical species. For instance, the mass peak at m/
z = 41, which originates from ethyloxy and allyl radicals,
exhibits a complex pattern. In contrast to the steep rise for
hydrocarbons, a limiting effect is also noted for p-xylene (m/z
= 106) abundance at 1250 K and possibly arises due to its
decomposition to form toluene and styrene,55,56 both of which
continue a steep rise even above 1250 K. Significantly, the
emergence of hydrocarbon radicals is initiated at 950 K for the
SA-AlNPs as compared to 1150 K for the UN-AlNPs (Figure
S9). To depict the primary pathways leading to dominant
products in a precise quantitative manner, branching ratios are
reported next.
3.4. Temperature-Dependent Product Branching

Ratios. The individual product branching ratios at three
distinct temperatures, representing the initiation, intermediate,
and full decomposition temperatures for both the thermal
decomposition events of JP-10 over SA- and UN-AlNPs
(Figure 6) have been evaluated by documenting the mole
fraction (concentration) of a particular product.36,40

The initial phase reveals significant differences in terms of
product distribution between the two cases. For instance, the
branching ratios of the predominant oxidation products−
phenol (17.5 ± 0.1 versus 4.9 ± 0.7%), 1,3-cyclohexadienyloxy
radical (17.9 ± 0.2 versus 3.1 ± 0.6%), 2,4-cyclopentadiene-1-
one (11.4 ± 0.1 versus 0.6 ± 0.2%)−have been lowered when
compared between UN-AlNPs versus SA-AlNPs, with no larger
oxygenated species, e.g., dimethylphenoxy radical and
dimethylphenol, detected even at 850 K for the latter.
However, smaller oxygenated radicals such as ethynyloxy
(4.7 ± 0.4%) and formyl radicals (2.0 ± 0.1%) tend to form
exclusively in the SA-AlNPs case−similar to the remarkably

Figure 2. Decomposition ratio curves for JP-10 passing through the
high-temperature chemical microreactor packed with SA-AlNPs (red
trace), UN-AlNPs (blue trace), and without (black trace) AlNPs.
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Figure 3. Experimental PIE curves (black traces) for the (a,b) closed-shell hydrocarbons (olive and blue reference traces) and (c) radical products
(blue reference traces) formed upon catalytic decomposition of JP-10 by the SA-AlNPs along with the experimental errors (gray shaded area)
originating from the measurement errors of the photocurrent by the photodiode and a 1-σ error of the PIE curves averaged over the individual
scans. In case of multiple isomeric contributions, individual reference PIE curves are presented, and the overall fitted curve is depicted by the red
trace.
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enhanced production of the closed-shell hydrocarbon mole-
cules and radicals. Primary 5-carbon thermal decomposition

products40 such as 1,3-cyclopentadiene (C5H6) and cyclo-
pentene (C5H8) are unambiguously favored, as evident from

Figure 4. Experimental PIE curves (black traces) for the oxygenated products (green reference traces) formed upon thermal decomposition of JP-
10 by the SA-AlNPs along with the experimental errors (gray shaded area) originating from the measurement errors of the photocurrent by the
photodiode and a 1-σ error of the PIE curves averaged over the individual scans. In the case of multiple isomeric contributions, individual reference
PIE curves are presented, and the overall fitted curve is depicted by the red trace.

Figure 5. Predominantly formed products including closed-shell hydrocarbons, hydrocarbon radicals, and oxygenated species with their
corresponding m/z values in parentheses during the thermocatalytic decomposition of JP-10 in the temperature range 850−1350 K by the SA-
AlNPs.
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the branching ratios of 27.2 ± 0.9 and 13.0 ± 0.6%,
respectively. Hydrocarbon molecules like fulvene (C6H6),
benzene (C6H6), 1,3-butadiene (C4H6), and 1,3-pentadiene
(C5H8) only form at this temperature for SA-AlNPs. At the
low-temperature range (650−950 K), there is no significant
yield of the open-shell hydrocarbon species in the presence of
UN-AlNPs, and the SA NPs yield a noticeable amount of allyl
(10.7 ± 0.6%) and ethyl (3.6 ± 0.1%) radicals at 850 K.

At the intermediate temperature (1050 K), the total
branching ratio of the oxygenated products combined is
much greater than the hydrocarbon products for the UN-
AlNPs, revealing the peak of oxygen insertion reaction
efficiency.36 On the contrary, diminished product branching
ratios for the oxygenated species at the same temperature are
noted for SA-AlNPs; e.g., branching ratios of phenol
(C6H5OH) and 1,3-cyclohexadienyloxy (C6H7O) radicals
have been lowered from 17.5 ± 0.1 to 2.8 ± 0.3% and 17.9
± 0.2 to 0.9 ± 0.1%, respectively, with the rise in temperature
from 850 to 1050 K. However, radicals such as methyl (4.1 ±
0.2%) and cyclopentadienyl (2.8 ± 0.1%) also initially form
along with the allyl (9.5 ± 0.8%) and ethyl (3.1 ± 0.2%)

radicals already identified at 850 K, all of which are absent at
the identical temperature and conditions using the UN-AlNPs.

The general product distribution patterns look similar in
both types of AlNPs and only of the pure JP-10 at the terminal
temperatures depicting the complete decomposition (1350,
1450, and 1600 K for SA-AlNPs, UN-AlNPs, and without NPs,
respectively) of the parent JP-10. The key common
observations for the AlNP cases are the decaying branching
ratios for the oxygenated products and the facilitated yield of
closed- and open-shell hydrocarbons compared to that of the
intermediate temperature (1050 K). The dominant products
for all of the events are 1,3-cyclopentadiene, fulvene, and
benzene. However, the C1−C3 hydrocarbon molecules and
radicals are found to be more abundant for the SA-AlNPs than
for the UN NPs, e.g., an increase of branching ratios for allyl
(1.7 ± 0.2 to 8.5 ± 0.7%) and methyl (2.2 ± 0.1 to 8.7 ±
0.3%) radicals. On the flipside, the yield of water (∼2%) has
been found to be greater for the UN-AlNPs than that of the
SA-AlNPs. In the pyrolysis of pure JP-10, additionally, ethylene
was found to be one of the most contributing products,
indicating extensive fragmentation of the primary decom-

Figure 6. Individual branching ratios of the species obtained in the thermocatalytic decomposition of JP-10 by SA-AlNPs (shaded area) compared
to those of the UN-AlNPs at three respective temperature regions of interest−initial decomposition, intermediate, and complete decomposition of
parent JP-10. The product branching ratios for the full decomposition of pure JP-10 is also presented at the top for reference. The error bars are
evolved due to the uncertainties determined by averaging the recorded PIE curves.
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position products in the gas phase due to the excess thermal
energy in the microreactor (1600 K).
3.5. Effects on Reactivity due to Stress-Altering

Treatment. Based on the altered reactivity of the SA-AlNPs
in reference to the UN-AlNPs, it is important to understand
the temperature-dependent functionalities and native reactive
interactions of the NPs toward the JP-10 molecule. The
alumina-coated UN-AlNPs revealed a distinct three-stage
catalytic role toward the decomposition of JP-10,36 consisting
of a low-temperature heterogeneous oxidation of the fuel on
the alumina shell, the generation of aluminum monoxide
(AlO) enhancing the primary hydrogen abstraction from the
JP-10 molecule at the medium temperature range (1050−1250
K), followed by a simultaneous gas-phase unimolecular
thermal decomposition of JP-10 at the high-temperature
regime along with the AlO-induced channel. The initiation
of the low-temperature decomposition is plausibly driven by a
low-energy barrier oxygen insertion step occurring from the
oxide shell of AlNPs to the JP-10 molecule. Quantitatively, this
step possesses a shortened energy barrier (≪400 kJ mol−1)
than that of the homolytic C−H cleavage of pure JP-10 in the
gas phase.40 The monooxygen-substituted JP-10 species then
can undergo facile C−C cleavages to produce a hydrocarbon
and an oxygenated species, and this justifies their simultaneous
emergence.

The initial phase of the decomposition of JP-10 occurs at a
200 K higher temperature for the SA-AlNPs as compared to
that of the UN-AlNPs, indicating a slower initial reactivity of
the former in the low-temperature regime. This delayed
initiation (850 K) for the SA-AlNPs could be directly
correlated with the reduced surface energy. The pretreated
particles possess an elevated stress level (presented by the
yellow curved lines in Scheme 2) due to the change in the
metal microstructure and the void shrinkage in the aluminum
core,57 which results in reduced surface energy compared to
that of the UN particles. This lowering of the surface energy
leads to diminished adhesion of JP-10 molecules, affecting the
residence time on the surface, hence producing reduced
surface reactivity for the SA-AlNPs at the initial temperatures.
The identical order of reduced reactivities has also been
observed previously for the preignition reaction at the surface

of SA-Al particles in the presence of molecular oxygen, where
Shancita et al. showed that a thicker oxide film was generated
for the UN particles, indicating that a greater extent of
heterogeneous reaction originated from a higher surface energy
compared to that of the SA particles.37,58

Given that the low-temperature dissociative oxidation of JP-
10 is solely governed by the alumina shell of the AlNPs
involving a heterogeneous oxygen atom transfer to the fuel
molecule, it thus indicates that the SA-AlNPs do not have the
requisite surface energy (or chemical potential) at 650 K,
hence providing a less reactive or less energetically favorable
alumina surface for the activation of the JP-10 molecule. The
initial product formation and their quantitative distribution
disclose diminished branching ratios of oxygenated products
(80.2 and 17.8% for UN- and SA-AlNPs, respectively), and
they decrease with the rise in temperature for the SA-AlNPs,
unlike for the UN-AlNPs, where the oxygenated products
collectively (including water) exceed the hydrocarbon
products up to a temperature of 1050 K. This observation
also substantiates the suppressed heterogeneous oxidation
chemistry on the alumina shell and indicates other contributing
reaction channels through thermocatalytic C−C/C−H bond
cleavages, favoring the formation of hydrocarbon molecules
and radicals.

The temperature-dependent decomposition profile of JP-10
in the presence of SA-AlNPs depicts a sharp monotonic decay
(Figure 2) beyond the initial decomposition phase, suggesting
a more efficient catalytic activity for the pretreated AlNPs with
an increase in temperature. Bello et al. showed that due to the
enhanced tensile stress of the core material for the SA-AlNPs,
some delamination occurs at the interface of the crystalline
metallic core and amorphous alumina shell, whereas for the
UN-AlNPs, the oxide layer has been found to be fully adhered
to the core.31 As the temperature approaches the melting point
of aluminum (933 K), depending on the stress level and
delamination in the core, fractures and the removal of
delaminated parts of the shell are likely to happen, leading to
the formation of a large number of tiny cracks in the alumina
layer. Such a phenomenon is negligible in the UN-AlNPs,
where the extent of shell failure is the least, and with the more
or less intact oxide shell, a larger share of oxygenated products

Scheme 2. Temperature-Dependent Mechanism of Action on the Thermal Decomposition of JP-10 by the (a) SA-AlNPs in
Comparison with the (b) UN-AlNPs Involving Different Modes of Predominant Heterogeneous Surface−Gas Phase Reactions
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has been formed even up to 1050 K.36 In the SA-AlNPs, the
molten aluminum leaks through the holes created in the
thinner oxide layer and occupies a significant surface area of
the alumina shell (Scheme 2)�explaining the less available
reactive oxidizer surface, yielding a decreased amount of
oxygenated species compared to that of the UN-AlNPs. In
contrast, the early release of molten aluminum provides a large
specific surface area-to-volume ratio and acts as an excellent
heat conductor (thermal conductivity of AlNPs = 237 W m−1

K−1)59 compared to the insulator material, alumina. This
enhanced surface area and superior heat transfer by the
metallic aluminum increase the contact time with the JP-10
vapor and facilitate the extent of thermal energy transfer to the
parent molecule for the initial C−H bond cleavage to occur at
lower temperatures.

Upon approaching the terminal decomposition temperature
(1350 K), the Al core expands further with simultaneous
widening of the cracks, resulting in a larger passage of molten
aluminum, which effectively covers the whole oxide layer
surface for the SA-AlNPs. Hence, at elevated temperatures, the
metallic aluminum can react with the alumina shell, trans-
forming it into a suboxide-dominated layer.60−62 As aluminum
monoxide (AlO) has not been detected in the gas phase here,
unlike in the case of UN-AlNPs, it is possible that the transient
suboxides (AlO, AlO2, and Al2O2) remain chemisorbed on the
alumina wrapping the NPs,63 followed by reactions with the
adsorbed JP-10 at the interface. By abstracting the hydrogen
atom from one of the C−H bonds of the parent molecule, it
can form C10H15 radicals, which serve as the precursors of the
closed- and open-shell hydrocarbons.19,36 For example, AlO
reacts with JP-10 (C10H16) to form six distinct JP-10 carbon-
centered radicals (C10H15) and aluminum monohydroxide
(AlOH), which are exoergic in the range of 52 to 98 kJ mol−1

with a low barrier of the transition states spanning 4 to 20 kJ
mol−1 above the separated reactants.64 Besides the catalytic
thermal conductivity by aluminum, there could be comple-
mentary chemical activation of the hydrocarbon fuel65,66 (JP-
10) molecules by the metal itself. Aluminum can abstract the
hydrogen atom from JP-10 to form C10H15 radicals via
endothermic pathways18 with reaction enthalpies of 102−142
kJ mol−1, and these channels are accessible with the abundant
thermal energy available for the mentioned temperature range
in the reactor. The closed-shell nascent hydrocarbon products
can also undergo hydrogen atom abstraction, followed by
dissociation on the surface to form smaller (C1−C4)
hydrocarbon molecules and radicals, as realized by the greater
branching ratio of the species for SA-AlNPs (36.4%) than that
of the UN-AlNPs (20.6%).

At the maximum temperature (1350 K) and beyond, the
NPs are thermodynamically driven to sinter,60 thus producing
characteristically larger particles with a lesser surface area,
which limits the heterogeneous chemical interactions with the
gas-phase hydrocarbon to some extent. Simultaneously, in this
temperature range, the gas-phase decomposition channel of JP-
10 involving collisions with helium atoms of the carrier gas also
contributes significantly.36,40 These two complementary
reaction channels, overall, drive the reaction sequences to
attain a lowered full decomposition temperature. In this high-
temperature range, the formation of the simplest five-
membered cyclic hydrocarbons can occur in the gas phase
via the C−C bond β-scission of the hydrogen-abstracted JP-10
(C10H15) radicals, followed by ring opening and isomerization

leading to cyclopentyl (C5H7) and cyclopentene (C5H8) with a
barrier of only 168 kJ mol−1.40

4. CONCLUSIONS
To summarize, the present work represents distinct reactivities
of AlNPs upon stress-altering treatment toward the hydro-
carbon jet fuel, JP-10, by probing the stable products as well as
the intermediates formed in situ, both qualitatively and
quantitatively. The pretreated AlNPs exhibit delayed initial
reactivity in the low-temperature regime compared to that of
the UN particles owing to the decreased surface energy in the
former, leading to diminished reactivity of the alumina shell.
Throughout the temperature range (850−1350 K), a smaller
fraction of the oxygenated products provides evidence on the
suppressed reactivity of the alumina layer�the sole source of
oxygen. The imperfections generated in the alumina shell near
the melting point of aluminum due to the elevated stress level
allow the leakage of the molten core material instead of violent
spallation, and the exposed molten aluminum layer serves as an
excellent heat conductor to supply the thermal energy for the
initial decomposition of JP-10. Moreover, the released metallic
core is supposed to form an interfacial suboxide layer upon
reacting with the alumina shell, which facilitates the hydrogen
atom abstraction from the C−H bonds of JP-10, enhancing the
decomposition of the precursor. The early onset of the full
decomposition of the fuel by SA-AlNPs with 100 and 250 K
lower temperatures compared to the UN-AlNPs and the
pyrolysis without any additive, respectively, is a consequence of
extensive surface-mediated dissociative fragmentation, which is
supported by the detection of a large fraction of small-sized
open- and closed-shell hydrocarbons at the high-temperature
ranges. This study offers an in-depth understanding of
temperature-dependent intrinsic catalytic interactions between
metal NPs (AlNPs) and hydrocarbon fuel molecules (JP-10)
and also evokes an understanding of the diverse surface
properties of these particles to elucidate associated reaction
behaviors. Overall, the pretreatment of the SA-AlNPs has been
found to be a cost-effective method for making them more
efficient and suitable than the UN-AlNPs for application in air
breathing propulsion systems as jet fuel additives. The results
here motivate further investigations involving metal particles to
provide insights on reaction mechanisms that contribute to
energy conversion in different environments.
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