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ABSTRACT: High energy density aluminum nanoparticles (AlNPs) have been at the center
of attention as additives to hydrocarbon jet fuels like exo-tetrahydrodicyclopentadiene (JP-10,
C10H16) aiming at the superior performance of volume-limited air-breathing propulsion
systems. However, a fundamental understanding of the ignition and combustion chemistry of
JP-10 in the presence of AlNPs has been elusive. Exploiting an isomer-selective comprehensive
identification of the decomposition products in a newly designed high-temperature chemical
microreactor coupled to vacuum ultraviolet photoionization, we reveal an active low-
temperature heterogeneous surface chemistry commencing at 650 K involving the alumina
(Al2O3) shell. Contrary to textbook knowledge of an “inactive alumina surface”, this
unconventional reactivity, where oxygen is transferred from alumina to JP-10, leads to
generating cyclic, oxygenated organics like phenol (C6H5OH) and 2,4-cyclopentadiene-1-one
(C5H4O)�key tracers of an alumina-mediated interfacial chemistry. This counterintuitive
reactivity transforms our knowledge of the (catalytic) processes of alumina-coated AlNPs on
the molecular level.

During the past decade, high energy density aluminum
nanoparticles (AlNPs) with a remarkable volumetric

energy density of 84.3 kJ cm−3 have received widespread
attention as affordable and efficient additives to single-
component hydrocarbon jet fuels such as exo-tetrahydro-
dicyclopentadiene (JP-10, C10H16) aiming at a superior
performance of volume-limited air-breathing propulsion
systems.1−12 Intrinsically, these materials offer key advantages
as AlNPs provide higher specific surface areas, reduce ignition
delays, enhance the heat transfer rate, and boost the volumetric
energy densities of traditional hydrocarbon fuels (35−40 kJ
cm−3).6,7 These benefits in turn enable enhanced flight ranges
of aircraft.13−19 In strong contrast to micrometer-sized
aluminum particles, nanometer-sized aluminum particles burn
heterogeneously rather than via vapor-phase oxidation, thereby
bringing the flame toward the surface of the particle and
decreasing the diffusion length.
However, fundamental knowledge of the ignition and

combustion chemistry of JP-10 in the presence of AlNPs is
still in its infancy. These processes have been suggested to be
multistaged considering the presence of a presumed inert
aluminum oxide (Al2O3) passivation layer20−23 surrounding
the metallic aluminum core.24 Recent studies proposed that
the aluminum oxide shell might have a catalytic potential in the
presence of fluorocarbons.21,25,26 Padhye et al. performed
density function theory calculations for a fluorinated hydro-
carbon species and suggested an exoergic interaction between

terminal hydroxyl bonds on the oxide surface layer of AlNPs
and fluoromethane (CH3F).

26 Suspending AlNPs in JP-10
extends this picture.11,12,27 A transformation of the oxide shell
into an exoergic energy contributor could significantly impact
energy generation technologies. Preliminary studies reported a
two-phase model with an early burning of the fuel itself
followed by a rupture of the oxide shell and aluminum
combustion.4,5,28 However, a prior fracture of the aluminum
oxide shell was proposed for combustion of AlNP-doped JP-10
droplets at temperatures of about 2600 K facilitating the
generation of carbon-centered radicals via hydrogen transfer
from chemically distinct carbon−hydrogen (C−H) bonds of
JP-10 to the reactive surface of the aluminum core. The
successive oxidation of these organic radical intermediates
completes the combustion process.10−12

These conflicting studies of AlNP/JP-10 fuel suggest that a
complete chemical and physical understanding at the
molecular level of the role of AlNP additives along with their
oxide layer in the presence of JP-10 has remained highly
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ambiguous. Molecular information on the initial steps to
chemically activate JP-10 in the presence of AlNPs through the
generation of radicals and the determination of the complex
inventory of reactive inorganic and organic transient species
along with stable molecules are not available. These radical
species deliver the building blocks for the oxidation of JP-10 at
a later stage of the oxidation, thus controlling the overall
efficiency and performance of combustion. Finally, the catalytic
role of the presumed inert aluminum oxide layer in the
decomposition and combustion process has remained largely
obscure. The unraveling of this knowledge is critical for the
design of AlNP/JP-10-supported next-generation hypersonic
propulsion systems and the fundamental processes which
control the decomposition of organic molecules in the
presence of oxides and metal nanoparticles.
Here, we report for the very first time a detailed mechanistic

picture of alumina-coated AlNPs in the thermal decomposition
of JP-10 at combustion-relevant temperatures through the
isomer-selective identification of the temperature-dependent
decomposition products in a newly designed chemical
microreactor (Scheme 1) exploiting vacuum ultraviolet single
photon ionization of the radicals and closed-shell molecules
(Supporting Information, Section S1).

These experiments reveal an active heterogeneous surface
chemistry of the previously assumed “inert” oxide layer of the
AlNPs not only in the thermal decomposition but also in the
oxidation of JP-10. The initial oxidation of JP-10 over AlNPs
commences at 550 K lower than that of helium-seeded JP-10,29

starting at 650 K. The quantitative decomposition of JP-10 was
observed at 1450 K, which is 150 K lower than that of helium-
seeded JP-10. The oxide layer actively participates in the
oxidation of JP-10 molecules by transferring oxygen to JP-10
and its radicals, producing low-temperature, primarily cyclic
oxidation products such as phenol (C6H5OH), cresol
(CH3C6H4OH), benzyl alcohol (C6H5CH2OH), dimethylphe-
nol ((CH3)2C6H3OH), and 2,4-cyclopentadiene-1-one
(C5H4O). Our findings challenge conventional understanding
that the previously assumed “inert”, chemically nonreactive
oxide layer of AlNPs blocks an efficient oxidation of organic
fuels and AlNPs themselves, whereas the experimental
observations herein provide compelling evidence for a

chemically active oxide layer initiating a facile low-temperature
decomposition of JP-10 eventually leading to an unconven-
tional route to oxygenated JP-10 fragments over AlNPs. These
results provide a fundamental, previously elusive mechanistic
understanding of the (catalytic) role of the oxide layers of
AlNPs in the oxidation of organic fuel such as JP-10, ultimately
leading to the development of advanced air-breathing ramjet
and scramjet systems with superior volumetric energy release.
Mass Spectra. The experiments were conducted in a chemical

microreactor29−31 (Figure S3) by passing helium-seeded exo-
tetrahydrodicyclopentadiene (JP-10, C10H16) over AlNPs at
distinct temperatures from 300 K to 1450 K. The nascent gas-
phase products are entrained in a supersonic molecular beam
and probed in situ with soft photoionization with isomer
selective single photon vacuum ultraviolet (VUV) ionization
followed by a mass analysis of the generated ions in a reflectron
time-of-flight mass spectrometer (Re-TOF-MS).32 By scanning
the photon energy from 8.0 to 10.5 eV and extracting
photoionization efficiency (PIE) curves for distinct mass-to-
charge (m/z) ratios, this technique affords an isomer-selective
identification of both closed-shell species and radical
transients.29 At definite intervals of the experimental temper-
ature range, characteristic mass spectra recorded at a photon
energy of 10.0 eV are compiled (Figure 1A). At 300 K, the
mass spectrum depicts only two peaks of the molecular parent
ion at m/z = 136 (C10H16

+) and of the 13C counterpart at m/z
= 137 (13CC9H16

+). The JP-10 decomposition ratios flowing
through the high-temperature chemical microreactor with and
without AlNPs are depicted in Figure 1B.
Thirteen additional ion counts appear at m/z = 58, 66, 67,

68, 69, 80, 81, 94, 95, 107, 108, 121, and 122 at 650 K. With
the rise of the temperature to 1450 K, the number of mass
peaks increases to fifty-four, thus indicating a critical role of
temperature in the formation of new products. It is important
to highlight that no signal was observed at m/z values
exceeding 136 (C10H16

+) and 137 (13CC9H16
+); this finding

confirms the lack of molecular mass growth processes, which is
a necessary requirement to investigate only the decomposition
and/or oxidation products of individual JP-10 molecules in our
experimental setup. In tandem with the rising complexity of
the mass spectrum with increasing temperature, the intensity of
the molecular parent peak of JP-10 at m/z = 136 (C10H16

+)
decreases sharply (Figure 1B; red trace). The presence of
AlNPs results in a significant earlier onset of decomposition of
JP-10 at 650 K (red trace) compared to 1200 K without AlNPs
(black trace).29 Furthermore, the complete decomposition of
JP-10 occurred at 1450 K, i.e., 150 K lower than without
AlNPs under otherwise identical experimental conditions.
Overall, the presence of AlNPs essentially shifts the
decomposition curve to lower-temperature regions having
distinct slopes in the range of 1150−1450 K and 650−1150 K
revealing a critical influence of the nanoparticles on the
decomposition and/or oxidation of JP-10.
Photoionization Ef f iciency (PIE) Curves. To achieve an

understanding of the effects of AlNPs on the decomposition
and oxidation of JP-10 at the molecular level, it is imperative to
identify the nature of the decomposition and oxidation
products entrained in the molecular beam. This is accom-
plished through an extraction and detailed analysis of distinct
PIE curves and a comparison of the JP-10/AlNP system with
the helium-seeded pure JP-10 reference system.29 Overall, 57
products (Table S1) were identified in this study33−42 which
can be categorized into four groups: (i) oxygenated closed-

Scheme 1. Thermal Decomposition of JP-10 Explored in a
High-Temperature Chemical Microreactor (Hot Silicon
Carbide (SiC) Tube) through a Compact Packing of 80 nm
Sized Alumina (Al2O3) Coated Aluminum Nanoparticles
(AlNPs)a

aA transmission electron microscopy (TEM) image of the AlNP
showing the Al2O3 shell is shown in the inset.
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shell molecules, (ii) oxygenated radicals, (iii) closed-shell
hydrocarbons (Figure S4), and (iv) hydrocarbon radicals.
Considering the absence of any external supply of molecular
oxygen, the detection of the oxygenated products alone
provides compelling evidence on an active chemistry and
hence oxygen supply from the aluminum oxide layer (Al2O3).
Oxygenated Molecules. At 650 K, the oxidized products

(Figure 2A), such as acetone (CH3COCH3, m/z = 58),
propanal (HCOC2H5, m/z = 58), furan (C4H4O, m/z = 68),
2,4-cyclopentadiene-1-one (C5H4O, m/z = 80), phenol
(C6H5OH, m/z = 94), cresol (CH3C6H4OH, m/z = 108),
benzyl alcohol (C6H5CH2OH, m/z = 108), and dimethylphe-
nol ((CH3)2C6H3OH, m/z = 122), started to form, except
benzaldehyde (C6H5CHO, m/z = 106) which was obtained at
1050 K and higher temperatures. Water (IE = 12.6 eV),43 a
classical combustion product, was also detected in the mass

spectra recorded at 15.4 eV (Figure S5); however, no carbon
dioxide (CO2, IE = 13.8 eV)44 was observed.
Oxygenated Radicals. Phenoxy (C6H5O•, m/z = 93),

methylphenoxy (CH3C6H4O•, m/z = 107), and dimethylphe-
noxy ((CH3)2C6H3O•, m/z = 121) radicals are detected at 650
K along with the oxygenated molecules. However, the formyl
(HCO•, m/z = 29) and ethynyloxy (HCCO•, m/z = 41)
radicals form at elevated temperatures beyond 1050 K (Figure
2(A)). Since no literature PIE curves are available for the
methylphenoxy (CH3C6H4O•) and dimethylphenoxy radicals
((CH3)2C6H3O•), these species are assigned based on the
onset of the ion counts and hence the adiabatic ionization
energy (IE) of the former.40,42 The signal at m/z = 96 can be
tentatively assigned to 2-cyclohexen-1-one (C6H8O, IE = 9.23
eV).45 Besides these organic molecules, our studies also
provided persuasive testimony on the presence of aluminum
monoxide (AlO, IE = 9.6 eV)46 at m/z = 43, once again
ensuring an active participation of the oxide layer. It is
important to highlight that the PIE curve at m/z = 43 cannot
be replicated with the known reference PIE curve of the 1-
and/or 2-propyl radicals (•C3H7; IE = 8.1 and 7.4 eV).
Hydrocarbon Molecules. Although at the initiation of the

decomposition of JP-10 at 650 K, the major hydrocarbon
product is identified as 1,3-cyclopentadiene (C5H6, IE = 8.5 eV),
with rising temperature beyond 1050 K, a complex pool of
closed-shell hydrocarbons emerged (Figure S4), namely:
acetylene (HC�CH, IE = 11.4 eV), ethylene (H2C = CH2,
IE = 10.5 eV), allene (H2C�C�CH2, IE = 9.7 eV),
methylacetylene (CH3�C�CH, IE = 10.4 eV), propene
(CH3�CH�CH2, IE = 9.7 eV), diacetylene (HC�C�C�
CH, IE = 10.1 eV), vinylacetylene (H2C�CH�C�CH, IE =
9.6 eV), 1,3-butadiene (H2C�CH�CH�CH2, IE = 9.1 eV),
1-butene (H3C�CH2�CH�CH2, IE = 9.6 eV), ethynylallene
(HC�C�CH�C�CH2, IE = 9.2 eV), benzene (C6H6, IE =
9.2 eV), fulvene (C6H6, IE = 8.4 eV), 5-ethenylidene-1,3-
cyclopentadiene/fulvenallene (C7H6, IE = 8.3 eV), toluene
(C7H8, IE = 8.8 eV), 5-methylene-1,3-cyclohexadiene (C7H8,
IE = 7.9 eV), phenylacetylene (C8H6, IE = 8.8 eV),
benzocyclobutadiene (C8H6, IE = 7.5 eV), styrene (C8H8, IE =
8.4 eV), p-xylene (C8H8, IE = 8.5 eV), 1,3,5-cyclooctatriene
(C8H10, IE = 7.9 eV), indene (C9H8, IE = 8.3 eV), 1-ethynyl-4-
methylbenzene (C9H8, IE = 8.5 eV), and indane (C9H10, IE =
8.6 eV). Those hydrocarbons indicated in italics were also
detected in the decomposition of helium-seeded JP-10,29 but
only at temperatures of 1200 K and beyond. Herein, the
detection of molecular hydrogen (Figure S5) may benefit the
ignition and combustion under hypersonic conditions by
acting as a functional heat sink.47

Hydrocarbon Radicals. As a general trend, hydrocarbon
radicals form in noticeable amounts at higher temperatures
exceeding 1150 K (Figure 2(B)). The major species are methyl
(•CH3, IE = 9.8 eV), vinyl (•CH�CH2, IE = 8.3 eV),
propargyl (•CH2�C�CH, IE = 8.7 eV), allyl (•CH2�CH�
CH2, IE = 8.1 eV), cyclopentadienyl (•C5H5, IE = 8.4 eV), and
benzyl (•C7H7, IE = 7.2 eV). Among these, the benzyl radical
was not detected during the pyrolysis of helium-seeded JP-
10.29

Temperature-Dependent Product Yields. The temperature-
dependent abundances along with their branching ratios
allow an extraction of the underlying mechanisms of the
oxidation and decomposition pathways of JP-10 over AlNPs.
The normalized intensities of key species are depicted for the
temperature range from 650 to 1450 K in Figure 3, while

Figure 1. (A) Mass spectra of the products formed upon thermal
decomposition of JP-10 through a packing of aluminum nanoparticles
(AlNPs) recorded at a photon energy of 10.0 eV in the 300−1450 K
temperature range. (B) Decomposition ratios for JP-10 passing
through the high-temperature chemical microreactor with (red trace)
and without (black trace) AlNPs.
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overall branching ratios are visualized in Figure 4 by
accounting for the photoionization cross sections. First,
considering the oxidized products (Figure 3, Figure S6), a

general pattern emerges with bell-shaped temperature-depend-
ent yields with maxima observable in the temperature range of
1050−1250 K; oxygenated radicals carrying the (hydro-

Figure 2. Experimental photoionization efficiency curves (PIE, black traces) for the (A) oxygenated (green reference traces) and (B) radical
products (blue reference traces) formed upon thermal decomposition of JP-10 by aluminum nanoparticles (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. JP-10 fragment implies the photolysis fragment of JP-10 generated upon dissociative photoionization.
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genated) benzene ring such as in the phenoxy (C6H5O•), 1,3-
cyclohexadienyloxy (C6H7O•), methylphenoxy (C7H7O•), and
dimethylphenoxy radical (C8H9O•) already emerge at temper-

atures as low as 650 K, thus highlighting a facile oxidation
process in the absence of AlNPs; recall that helium-seeded JP-
10 in the absence of AlNPs did not decompose at 650 K.29

Figure 3. Temperature-dependent (A) abundances of oxygenated products and (B) comparison between the abundances of the hydrocarbon
radicals formed upon thermal decomposition of JP-10 with aluminum nanoparticles (AlNPs) (blue trace) and without AlNPs (black trace) along
with the plot of relative peak intensities at the normalized scale for the (C) hydrocarbon radicals and (D) aluminum monoxide (AlO) as products
due to pyrolysis of JP-10 by AlNPs. The y-error bars are due to the experimental errors of the mass peak intensities evaluated by averaging recorded
mass spectra at 10 eV, while the x-error bars are associated with the measurement errors of the temperature of the microreactor.
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Overall, the major products obtained are furan (C4H4O, 7.3 ±
0.2%), 2,4-cyclopentadiene-1-one (C5H4O, 7.2 ± 0.2%),
phenol (C6H5OH, 12.6 ± 0.3%), 1,3-cyclohexadienyloxy
(C6H7O•, 20.9 ± 0.2%), and the dimethylphenoxy radical
((CH3)2C6H3O•, 6.4 ± 0.1%) at 1050 K.
Second, the temperature-dependent pattern of the hydro-

carbon radicals (Figure 3B,C) is quite distinct from the
oxygenated products (Figure 3A). Here, formation of the
hydrocarbon radicals commences at elevated temperatures
from 1150 K. However, the yields of the oxygenated radicals
decline with rising temperature, while those of the hydro-
carbon radicals essentially increase up to the highest
temperature of 1450 K. Similar to the decomposition curve
of JP-10 (Figure 1B), the temperature-dependent radical yields
are shifted toward lower temperature in the presence of AlNPs.
At 1450 K, the cyclopentadienyl radical (•C5H5) was found to
be the major contributor (5.5 ± 0.3%) followed by methyl
(•CH3, 2.2 ± 0.1%) and propargyl (•C3H3, 2.0 ± 0.8%). The
dominant hydrocarbon products are 1,3-cyclopentadiene
(C5H6, 20.3 ± 0.6%), benzene (C6H6, 13.9 ± 0.5%), and its
isomer fulvene (C6H6, 7.8 ± 0.3%) at 1250 K; the benzene-to-

fulvene isomerization is favored at 1450 K as reflected from the
enhancement of the fulvene-to-benzene ratio of 0.6 ± 0.2%
versus 1.1 ± 0.4%. Third, the production of aluminum
monoxide (AlO) commences at about 950 K and increases
monotonically as the temperature rises to 1450 K. The overall
carbon-to-hydrogen (C/H) ratio calculated for the temper-
ature range of 650−1450 K remains unchanged quantitatively
as depicted in Figure 5A. This demonstrates mass conservation
in the product distribution and, as a result, thorough detection
of the products. The temperature-dependent oxygen uptake
coefficients to oxygenated products are shown in Figure 5B.
Given that the oxygen incorporated into the oxygenated
products can originate only from the aluminum oxide layer, the
uptake coefficient (Supporting Information, Section S2)
reveals a maximum oxygen atom transfer efficiency of 0.44 ±
0.09 at 1050 K, which correlates with a peaking of the yields of
the oxygenated products at that temperature (Figure 3A).
The aforementioned findings suggest that the presence of

AlNPs exhibits at least three distinct oxidation and
decomposition regimes of JP-10 with multifaceted reaction
pathways involving the aluminum oxide surface and the gas-

Figure 4. Overall branching ratios of the species obtained in the thermal decomposition of JP-10 by aluminum nanoparticles (AlNPs) in the
temperature range from 650 to 1450 K. The error bars are evolved due to the uncertainties determined by averaging the recorded photoionization
efficiency curves.
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phase AlO radical: a low-temperature oxidation regime
(650−1050 K) driven by an aluminum oxide surface-mediated
oxidation of JP-10, a medium-temperature regime (1050−
1250 K) which acts as a transition phase depicting a switch
from heterogeneous to homogeneous reaction path initiated by
gas-phase reactions of aluminum monoxide (AlO) along with
facile hydrogen abstraction from JP-10 and successive
decomposition of these JP-10 radicals to hydrocarbon radical
fragments, and a high-temperature regime (1250−1450 K)
driven by the unimolecular decomposition of JP-10 by collision
with helium atoms and contributions from gas-phase reactions
initiated between JP-10 and aluminum monoxide (AlO).
These three regimes are summarized in Scheme 2.
In the low-temperature regime, the detection of oxygenated

radicals and molecules at temperatures as low as 650 K in the
presence of AlNPs reveals a temperature-dependent active
oxygen chemistry of the aluminum oxide layer going hand in
hand with a transfer of oxygen from the inorganic oxide layer
to the organic, oxygen-containing radicals and molecules.
Considering the lack of any aluminum oxide species in the gas
phase at these low temperatures, aluminum monoxide (AlO)
radicals cannot be involved in any gas-phase oxidation process
from 650 to 950 K. Consequently, the oxygen incorporated in
the gas-phase products�at least in the above-mentioned
temperature range�must originate from the aluminum oxide
layer. This necessitates a surface-mediated oxidation of
adsorbed JP-10 molecules on the aluminum oxide layer in
the low-temperature decomposition and oxidation stage of JP-

10. Overall, the low-temperature regime from 650 K to about
1050 K is characterized by a facile oxidation process of JP-10
driven by the aluminum oxide surface.
The emergence of aluminum monoxide radicals (AlO) hints

to a gas-phase chemistry initiated by aluminum monoxide
radicals in the medium-temperature regime commencing at
about 1050 K. The release of aluminum monoxide (AlO) into
the gas phase might be driven by the melting of the aluminum
core beyond 933 K48 leading to the expansion of the core,
inducing significant stress on the alumina oxide shell49−51

causing it to rupture, hence accumulating aluminum oxide shell
material along with aluminum nanodroplets. Alternatively, the
exposed reactive aluminum core could abstract oxygen from
the oxygenated organics. Since in the blank experiment, i.e.,
heating AlNPs over a temperature range from 300 to 1450 K,
no gas-phase aluminum monoxide radicals (AlO) were
observed, the abstraction of oxygen from the oxygenated
organics by the exposed reactive aluminum core represents a
plausible route of formation of aluminum monoxide. Note that
previous studies suggest that aluminum monoxide only forms
at high temperatures exceeding 2000 K.52 Once released into
the gas phase, previous electronic structure calculations
disclosed facile hydrogen abstraction pathways from gas-
phase JP-10 by aluminum monoxide radicals (AlO)27 followed
by unimolecular decomposition of the initial hydrocarbon
radicals generated to the detected hydrocarbon radicals and
molecules (Figure 2B and Figure S4).29 The reactions of
aluminum monoxide radical (AlO) with JP-10 (C10H16) to
form six distinct JP-10 carbon-centered radicals (C10H15) plus
aluminum monohydroxide (AlOH) are exoergic by 52−98 kJ
mol−1 and are initiated by the formation of van der Waals
complexes in the entrance channel, which are weakly stabilized
by 8−48 kJ mol−1.27 These long-range complexes undergo
hydrogen atom abstraction through transition states located
only between 4 and 20 kJ mol−1 above the separated reactants.
Even at 1050 K, these low-lying transition states can be
overcome easily yielding van der Waals complexes between the
JP-10 radical (C10H15) and aluminum monohydroxide (AlOH)

Figure 5. (A) The C/H ratio for the pyrolysis of JP-10 by aluminum
nanoparticles (AlNPs) in the temperature range from 650 to 1450 K.
The dashed line represents the expected ratio maintaing the mass
balance. (B) Temperature-dependent oxygen uptake coefficients from
aluminum oxide shell to oxygenated molecules and radicals. The
errors consist of the errors generated in the calculation of branching
ratios of the products and quantification of the alumina (Al2O3)
content in the aluminum nanoparticles (AlNPs).

Scheme 2. Distinct Stages of Thermal Decomposition of JP-
10 by Aluminum Nanoparticles (AlNPs) Involving
Heterogeneous Surface−Gas-Phase Chemistries along with
the Fate of the Alumina Oxide Layer and the Aluminum
Core as a Function of Temperature
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strongly stabilized by −71 to −109 kJ mol−1 prior to forming
the separated JP-10 radical (C10H15) and aluminum mono-
hydroxide (AlOH) products. The gas-phase formation of these
radicals initiates a complex chain of their decomposition,
yielding eventually the experimentally detected hydrocarbons
along with their radicals (Figures 4).29

As the temperature exceeds 1250 K, that is, in the high-
temperature regime, the mass spectra of the decomposition
products of JP-10 in the presence of AlNPs (Figure 1, Figure
S7) are nearly identical to those of helium seeded JP-10 at
temperatures of 1500 K, except for the appearance of a few
oxygenated products and enhanced decomposition of JP-10 for
the present system. However, at 1450 K the oxygenated
products diminish significantly. These findings suggest that at
temperatures near and exceeding 1450 K, the gas-phase
processes are driven largely by decomposition of JP-10 induced
by collision with helium atoms (He) from the carrier gas along
with facile reaction of aluminum monoxide (AlO) with JP-10.
The latter channel may account for the higher extent of
degradation of JP-10 in comparison to the existing gas-phase
pyrolysis of pristine JP-10.
Overall, our study of the decomposition and oxidation of

exo-tetrahydrodicyclopentadiene (JP-10, C10H16) in the
presence of aluminum oxide (Al2O3)-coated aluminum
nanoparticles (AlNPs) reveals three distinct, temperature-
dependent phases with diverse roles of the AlNPs to the
underlying chemistry. The low-temperature regime is driven
by surface-mediated heterogeneous reactions between JP-10
and the oxide layer of the AlNPs leading to JP-10 radicals
along with oxygenated degradation products. The medium-
temperature regime is essentially a transition phase from
heterogeneous to the homogeneous gas-phase reaction path-
way involving aluminum monoxide (AlO) with JP-10 forming
distinct JP-10 radicals, which then undergo decomposition to
hydrocarbon molecules and their radicals. Finally, in the high-
temperature regime, the decomposition dynamics of JP-10 are
largely driven by the high-temperature collisions with the
helium atoms and from facile gas-phase reactions initiated
through the abstraction of hydrogen from JP-10 by aluminum
monoxide (AlO). The decline of the yields of the oxidized
products with rising temperature above 1050 K likely resulted
from their lower thermal stabilities, the lack of available
oxidizer due to a transition from a heterogeneous surface
chemistry (low-temperature regime) to homogeneous gas-
phase chemistry (medium-temperature regime), and/or
collision-induced thermal decomposition with helium. Hence,
the key advantage of AlNP additives to JP-10 is not only
limited to lowering the operational temperature of jet engines
by at least 150 K for a complete decomposition of JP-10 to
occur but also the facile and robust applicability in engine
environments, where essentially no pretreatment to remove the
alumina passivation layer is required. The immediate next
undertaking in this area of study is to address the reactivity and
efficiency of alumina-coated AlNPs in the decomposition of JP-
10 in synthetic air, that is, in the presence of molecular oxygen,
mimicking the air-breathing propulsion system. It is also of
fundamental interest to determine how the AlNPs without any
coating would influence the decomposition chemistry of JP-10.
To summarize, the work presented here represents a very

first step toward the systematic understanding of the
decomposition of JP-10 molecules in the presence of AlNPs.
Intuitively, the active oxygen chemistry can further be
facilitated by substituting the presumed “inert” alumina shell

through a layer of more reactive, oxygen-releasing oxidizer
material. Recent research suggests that aluminum iodate
hexahydrate ([Al(H2O)6](IO3)3(HIO3)2; AIH) could act as
such a replacement of the aluminum oxide layer of AlNPs with
AIH liberating oxidizers such as oxygen (O2) and iodine (I2)
upon its decomposition at temperatures as low as 600 K.53−57

Therefore, a series of comparative systematic studies of the
thermal degradation of JP-10 in the presence of AIH-coated
AlNPs is warranted to untangle the complexity of surface-
mediated reactions which dictate the actual course of the
decomposition dynamics.
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