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ABSTRACT: Advancement of the next generation of air-breathing propulsion systems
will require developing novel high-energy fuels by adding high energy-density materials
such as aluminum to enhance fuel performance. We present original measurements,
obtained by exploiting the ultrasonic levitation technique, to elucidate the oxidation of
exo-tetrahydrodicyclopentadiene (JP-10; C,,H,4) droplets doped with 80 nm-diameter
aluminum nanoparticles (Al NPs) in an oxygen—argon atmosphere. The oxidation was
monitored by Raman, Fourier-transform infrared (FTIR), and ultraviolet—visible (UV—
Vis) spectroscopies together with high-speed optical and IR thermal-imaging cameras.
The addition of 0.5 wt % of the Al NPs was critical for ignition under our experimental
conditions occurring at 540 + 40 K. Diatomic radicals such as OH, CH, C,, and AlO were
observed during the oxidation of the doped JP-10 droplets, thus providing insight into the
reactive intermediates. The influence of the Al NPs on the reaction mechanism is

discussed.

Air-breathing propulsion systems rely on the combustion of
hydrocarbon fuels such as of Jet Propellant-10 (JP-10)."*
The exo-tetrahydrodicyclopentadiene molecule (C;oHg;
Scheme 1) represents the major component of JP-10 and is

Scheme 1. Two-Dimensional Structure of the JP-10
Molecule (left); Stick-and-Ball Model of the Molecular
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respectively.

defined by a high volumetric energy (39.6 k] cm™) due to
three five-membered ring moieties incorporated into a single
molecule along with the inherent ring strain energy. This
makes JP-10 not only an attractive fuel for missiles, pulse-
detonation engines, and ramjets"”* but also interesting for the
physical (organic) chemistry, combustion, and theoretical
chemistry communities to explore its decomposition and
oxidation experimentally, theoretically, and in combustion
models.> ™! Exploiting shock tubes,'® flow tubes,”'*™'* and
high-temperature chemical reactors,”'® a detailed under-
standing of the decomposition of pure JP-10 is beginning to
emerge. The unimolecular decomposition (“pyrolysis”) of JP-
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10 leads to smaller hydrocarbon molecules and reactive
transient species, among them aliphatic radicals, resonantly
stabilized free radicals (RSFRs), and aromatic radicals
(ARs),>® which initiate the complex chemistry in the oxidation
of JP-10 based jet fuel. This initial decomposition chemistry,
which is temporarily uncoupled from the oxidation stage,'® is
often dubbed as “delivering the building blocks” for the
oxidation of JP-10.

However, concerns on the limited volumetric energy density
of traditional hydrocarbon fuels of up to only 40 kJ cm™,
which severely constrain the range and hence performance of
air-breathing propulsion systems, are growing. Consequently,
advanced next generation air-breathing propulsion systems
require the development of fuel with higher energy per unit
volume and molecular weight compared to traditional
hydrocarbon fuels. This necessitates development of the next
generation of high energy-density fuel and high energy-density
fuel additives ultimately to enhance the performance and range
of air-breathing propulsion systems. A key approach to increase
the energy density of the liquid fuel is to include solid particle
additives such as high energy-density nanoparticles (NPs)."”"®
Aluminum (Al) holds an energy density of 84 kJ cm™3;"
aluminum NPs have consequently generated intense interest as
a high energy fuel additive, since the addition of aluminum
NPs has the unique potential of improving the performance of
hydrocarbon fuels including JP-10.""">’ The addition of Al
NPs has been shown to improve the performance of JP-10. E
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Figure 1. Photographs of levitated droplets of (a) pure JP-10 and (b) Al/JP-10 levitated in argon.
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Figure 2. (a) FTIR and (b) Raman spectra of pure JP-10. Individual peaks are labeled with v5—vgg, and the peak assignments are compiled in Table

S1.

et al. demonstrated that adding Al NPs increased the
volumetric energy of JP-10 by 10%, shortened the ignition
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delay times, and increased burn times in the combustion
process.””>* Luo et al. exploited a small-scale reactor to study
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the combustion of JP-10 containing 30—S0 nm diameter Al
NPs”” and found that the aluminum-doped samples resulted in
nearly 10% higher combustion efficiency than pure JP-10
samples. Chen et al. and Liu et al. exploited a laser ignition
system to study the combustion of droplets of JP-10 and JP-10
doped with 80 nm-diameter Al NPs suspended on a silicon
carbide (SiC) fiber.”**® Chen et al. reported that the
combustion of a droplet containing 10 wt % NPs reached a
maximum temperature of 2116 K with a combustion efliciency
of over 99%.”* Liu et al. suggested the following mechanism for
the ignition and combustion processes of JP-10 droplets
containing Al NPs.”> Liquid JP-10 burns during the early
stages of droplet combustion followed by Al combustion in the
later stages, since the oxidation of JP-10 consumes oxygen on
the surface of the droplet and, hence, creates a local oxygen
deficiency within the droplet that prevents the Al from
reacting. As the JP-10 is consumed, the heating causes the
surface Al oxide shell of some NPs to break and therefore small
droplets of Al are ejected in a micro-explosion. After the JP-10
is consumed, oxygen becomes available for Al combustion to
begin within the droplet. However, these studies have not
elucidated the chemical reaction mechanisms, intermediates,
products, and branching ratios and how—on the molecular
level—aluminum NPs influence the combustion properties of
JP-10. This basic understanding of, for instance, the nature of
the (radical) reaction intermediates, products, and rate
constants and how these depend on important parameters
(temperature, pressure, concentration of the additive, particle-
size distribution, droplet size) is critical to develop predictive
combustion models and ultimately to develop the next
generation of air-breathing ramjet and scramjet systems with
superior energy per unit volume and molecular weight
compared to traditional hydrocarbon fuels such as JP-10.

In this Letter, we present original experiments on the
ignition and oxidation of a single droplet of JP-10 with and
without 80 nm-diameter aluminum NPs. The JP-10 droplets
doped with the Al NPs are henceforth denoted by Al/JP-10.
The reactions were conducted by levitating a single droplet of
JP-10 in an ultrasonic levitator, which is enclosed within a
pressure-compatible process chamber interfaced to comple-
mentary Raman, ultraviolet—visible (UV—Vis), and Fourier-
transform infrared (FTIR) spectroscopic probes (Experimental
Methods).”*™** The droplet is viewed by high-speed optical
and infrared (IR) thermal-imaging cameras to monitor physical
changes to the sample in real time including the droplet size
and temperature. The heating of the droplet and ignition are
performed by a carbon dioxide laser. The processing within an
ultrasonic levitator allows us to study the oxidation of a single
droplet in a container-less environment under well-defined
chemical and physical conditions with complementary
spectroscopic probes simultaneously monitoring the chemical
changes of the sample in situ. The apparatus is thus ideally
suited to investigate the dependence of the reactions on the
aforementioned important experimental parameters.

Before the physical and chemical changes of JP-10 and Al/
JP-10 droplets in the oxidation process were investigated, it
was critical to record reference spectra of the unreacted JP-10
and Al/JP-10 droplets (Figure 1). A comparison of the
unreacted reference spectra with measurements during and
after the oxidation enables the newly formed peaks and bands
to be identified. The FTIR and Raman spectra are displayed in
Figure 2; assignments of the individual peaks are compiled in
Table S1. The vibrational spectrum of JP-10 has not been
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reported previously. Theoretical calculations® were therefore
conducted to guide the vibrational assignments of JP-10
(Table S1). Briefly, the absorptions in the infrared spectrum
can be divided into five regions. The highest wavenumber
region of 2800—3200 cm™' is associated with CH and CH,
stretching modes; for example, vs; and v at 2865 and 2942
cm™, respectively, are associated with CH stretching, whereas
Vg at 2913 ecm™! is linked with CH, stretching. The central
region of 1400—1600 cm™" includes the vg, and vgg scissoring
modes of CH, at 1456 and 1468 cm™’, respectively. The
1000—1400 cm™' range reveals CH and CH, wagging and
twisting modes with the wagging modes generally occurring at
higher wavenumbers than the twisting modes. The CH
wagging mode v,; is evident at 1297 cm™', while peaks vy,
V34 Vagy Va3s Vagy and v, are caused by CH, wagging modes. The
peaks labeled vy, v54, v30_32, V35, V35 and vy are associated with
the CH, twisting modes. The wavenumber regions of 700—
1000 and 400—700 cm ™" are connected to the CC stretching
(V12 V13 V1) Vier Va3 Va4) and CCC bending modes (vg, vy,
v}5), respectively. The 400—1000 cm ™" region also contains the
ring modes vg at 528 cm™' (ring twisting), v, at 659 cm™'
(ring rocking), and v,, at 945 cm™' (ring breathing) in
addition to a CH, rocking mode at 816 cm™' (v,). The
Raman spectra are similar to the FTIR spectra in some spectral
regions, but distinct differences arise at other wavenumbers
owing to different selection rules for the two spectroscopic
techniques.”® The key differences include peaks v, and vg,
being more prominent and a decrease in intensities of peaks
V52, V41, and vsg in the Raman spectrum compared to the FTIR
spectrum.

The addition of the aluminum NPs did not produce any new
discrete peaks in the FTIR and Raman spectra (Figures S1 and
$2). Instead, the aluminum NPs caused a broad background to
appear in the FTIR spectrum from 500 to 1000 cm ™', which is
produced by the Al-O stretching mode of the Al O;
molecules within the outer layer of the NPs.*>™** Similarly,
the addition of the Al NPs caused the Raman peaks to be
superimposed on a broad, structureless continuum which
resembles the spectra of amorphous ALO;.°”*" This
amorphous solid is composed of aluminum oxides with
different bond angles and lengths, which consequently
produces vibrational modes with a large range vibrational
frequencies, thus creating broad bands in the vibrational
spectra.”’ The Al—Al lattice vibrations associated with the
metal core occur at wavelengths below 400 cm™ and so are
not observed in the region of the present Raman and FTIR
spectra.42

After recording the reference spectra, we studied droplet
oxidation. Droplets with typical dimensions of (2.7 + 0.3) mm
X (12 + 0.3) mm were levitated in an oxygen—argon
atmosphere at a pressure of 864 Torr. A carbon dioxide laser
was used to heat and hence ignite the levitated droplet. The
first step was to determine the conditions required to ignite a
pure droplet of JP-10 by varying the percentage of oxygen in
the chamber from 0 to 100% and the laser power. The ignition
was monitored by a high-speed optical camera and an IR
thermal-imaging camera to determine the ignition temperature.
The pure JP-10 droplets were found not to ignite under any
conditions, even when levitated in 100% oxygen and for the
maximum laser power of 34 W. The JP-10 droplet reached a
maximum temperature of 452 + 10 K, which is below the
autoignition temperature (509 K) and the boiling point (458
K) of pure JP-10," before the heating of the gas around the
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droplet caused it to fall out of the trap. However, the addition
of only 0.5 wt % of 80 nm-diameter aluminum NPs caused the
droplet to ignite in a 40% O, and 60% Ar gas mixture at a laser
power of 10 + 1 W, and in a 30% O, and 70% Ar gas mixture
at a laser power of 30 + 2 W. All further investigations on the
oxidation of Al/JP-10 droplets were performed with a 40% O,
and 60% Ar gas mixture at 864 Torr and at the higher laser
power of 21 & 2 W to ensure that the droplet ignited on nearly
100% of attempts. The mean temperature required to ignite
the Al/JP-10 droplets was determined to be 540 + 40 K.

To determine whether ignition is linked to the unoxidized
aluminum within the NPs or the potential catalytic effects of
the aluminum oxide (Al,O,) layer that surrounds the NPs with
thicknesses of 4 + 1 nm,"” experiments were conducted by
adding 0.5 wt % of Al,O; NPs to JP-10 (Figure S3). The
droplets containing the aluminum oxide reached a maximum
temperature of 445 + 8 K and did not ignite, and therefore
ignition of the Al/JP-10 droplets was not initiated by surface
catalysis on aluminum oxides. Al/JP-10 droplets are dark at
visible wavelengths (Figure 1) and consequently might ignite
only because of the resulting increased absorption of heat from
the infrared laser. To test this hypothesis, we doped JP-10 with
0.5 wt % of copper oxide (CuO) NPs, which produced
droplets with a similar dark appearance as the Al/JP-10.
However, the CuO-containing droplet did not ignite and
reached a maximum temperature of only 443 + 8 K before
ejection from the trap, which is significantly lower than the Al/
JP-10 maximum temperature of 540 K. At present, the CuO
measurements therefore do not enable us to exclude the
possibility that increased absorption at the laser wavelength of
10.6 pum, rather than at visible wavelengths, caused the Al/JP-
10 droplet to ignite.

After the optimum ignition conditions for the Al/JP-10
droplets were determined, the ignition process was monitored
with high-speed optical and IR thermal-imaging cameras. An
optical high-speed video of a representative ignition is available
in the Supporting Information (movie M1). Once the levitated
droplet was heated by laser irradiation, the shape of the droplet
started to distort. Approximately 2 + 1 ms after laser exposure,
gaseous JP-10 was observed to evaporate from the surface of
the droplet and heated aluminum NPs were released. The
droplet ignited after 40 = S ms. The corresponding
temperature temporal profile is displayed in Figure 3. The
temperature profile shows an initial rise from 298 to 450 + 24
K, a more gradual increase to 540 + 40 K, followed by a
sudden jump to a mean maximum temperature of 2580 + 180
K for an average over five ignitions. The first rise reflects the
initial heating of the droplet by the laser. The final, sudden rise
is caused by ignition of the droplet. After ignition, the hot
surrounding gases and the explosive force caused the droplet to
fall out of the trap; the sample continued to burn during the
descent, while the temperature decreased as the sample was
consumed. The spikes in the temperature profile are caused by
heated aluminum NPs or flames randomly moving in or out of
the field of view of the camera. The NP-containing droplets
might ignite because, in contrast to the pure JP-10 droplets
which fell out of the trap at 452 + 10 K, Al/JP-10 droplets
remained trapped at temperatures of 540 + 40 K, which is
higher than the autoignition temperature (509 K) of pure JP-
10.

Raman spectroscopy was utilized to monitor the chemical
changes during droplet ignition. Ignition of the droplet
produced a black-body emission spectrum and an associated
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Figure 3. Temperature temporal profile for the oxidation of an Al/JP-
10 droplet levitated in a 40% O, and 60% Ar gas mixture. The shaded
area represents the range of uncertainty.

bright flash of visible light. Two new peaks occur in the Raman
spectrum with apparent red shifts of 1817 cm™" and 1834 cm™
(Figure S4) superimposed upon the broad black-body
spectrum. The peaks are produced because the black-body
radiation induced atomic emission lines at 588.9 nm and 589.5
nm, which have the same wavelengths as would be produced
by 532 nm photons from the excitation laser being Raman red-
shifted by 1835 cm™' and 1817 cm™, respectively. The
emission doublet is assigned to the *Py,, — S, and *P,,, —
*S,,, transitions of atomic sodium at 589.00 nm and 589.59
nm, respectively.44 Sodium is an inherent impurity in
aluminum particles, and the atomic lines of Na have been
seen previously in the combustion of aluminum.*~**

A UV—Vis spectrometer recorded the emission spectrum in
the 200—1100 nm wavelength range during droplet combus-
tion to gain further insight into the chemistry of droplet
oxidation. We fitted a black-body spectrum to the UV—Vis
data and obtained a mean temperature of 2150 = 290 K. The
lower ignition temperature for the UV—Vis measurements
compared to the value obtained by the IR thermal-imaging
camera of 2580 + 180 K reflects the high sensitivity of the
ignition temperature to small, unavoidable changes in the
experimental conditions and the large variability in the ignition
process. To display the emission peaks with improved clarity,
the UV—Vis spectrum is shown in Figure 4 with the black-
body spectrum subtracted in the region of special interest from
277 to 530 nm. Emissions from the OH, CH, and C, radicals
are known to dominate the spectra of hydrocarbon flames and,
when aluminum is present, AlO also contributes significantly."’
The band centers and vibrational mode assignments for the
prominent, sharper peaks in the UV—Vis emission spectra are
presented in Table 1. The close agreement between the
present band centers and the corresponding reference
wavelengths permits the assignments to be made unambigu-
ously. The peaks at 310 nm and 430 nm are assigned to OH (A
?$* - X M) and CH (A *A - X *I1) transitions, respectively.*’
The Av = +1, 0, and —1 transitions of AIO (A *T* - X 2T¥)
contribute to the three bands centered at 468 nm, 487 nm, and
514 nm, respectively, where Av denotes the change in the
vibrational quantum number, v. The Av = +1 and 0 transitions
of C, (A 3l_[g - X 31,) also contribute to the bands at 468 nm
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Figure 4. UV—Vis emission spectrum of the AI/JP-10 droplet
produced by the ignition. The peak assignments are compiled in
Table 1. The black-body spectrum has been subtracted.

Table 1. Vibrational Mode Assignments of the Bands in the
Emission Spectrum in the 270—530 nm Wavelength Range
of JP-10 Containing 80 nm-Diameter Al Nanoparticles

band ref. vibrational
center” wavelength” quantum numbers
(nm)  molecule (nm§ transition W, v")
309.8 OH 309.0 AT XTI (0, 0)
4304 CH 4314 A?A-XTT (0, 0)
468.3 AIO 467.2 A’TFoXTt (2, 1)
C, 471.5 AT, - XTI, 2, 1)
486.7 AIO 486.6 AT X2 (1, 1)
5139 AlO 5102 AT -XE* (1,2)
AlO 5123 A’ZF X3t (2,3)
C, 512.9 AT, - X°TT, (1, 1)
C, 516.5 AT, - XTI, (0, 0)

“Uncertainty of +1.0 nm. bReference 49.

and 514 nm, respectively. There was no evidence for emissions
from atomic C, H, O, or Al across the 200—1100 nm range.

Finally, the FTIR spectrometer was used to identify the
gaseous products emerging after the oxidation of the Al/JP-10
droplet (Figure S; Table S3). These data provide evidence for
the production of carbon dioxide (CO,) and water (H,O).
Considering that no carbon monoxide was detected, we can
conclude that molecular oxygen is the excess reactant in the
oxidation of JP-10 and the aluminum NPs (Supporting
Information). Bands a and b centered at 3714 cm™' and
3612 cm™', respectively, are both produced by the vi(a,") +
v5(6,") combination mode of carbon dioxide (CO,). Band ¢
centered at 2349 cm™' can be attributed to the asymmetric
stretching of carbon dioxide (v3(6,")); band e at 669 cm™" is
connected to the CO, bending mode (v5(7,)).*° Lastly, band
d is associated with water (H,O) and is assigned to OH
bending (v,(A")).>!

In conclusion, we explored the ignition and the oxidation of
Al/JP-10 droplets levitated in an oxygen—argon atmosphere by
exploiting Raman, FTIR, and UV—Vis spectroscopies along
with high-speed optical and infrared thermal-imaging cameras.
The identification of the diatomic radicals OH, CH, C,, and
AlO from the UV—Vis emission spectra helps better
understand the initial steps in the oxidation chemistry. The
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labeled a—e. The wavenumbers and assignments of bands a—e are
compiled in Table S3. The unlabeled bands are linked to JP-10.

addition of only 0.5 wt % of 80 nm-diameter Al NPs to JP-10
enabled ignition, which suggests that these NPs are critical in
the ignition and initial chemistry of the igniting droplet.
Considering that the ignition temperature of 540 + 40 K is
higher than both the boiling point and autoignition temper-
atures of JP-10, JP-10 likely combusts before the NPs. This
conclusion is consistent with previous studies on the ignition
and combustion of Al/JP-10 nanofluids.”*** In the present
study, the high-speed optical and IR cameras revealed that JP-
10 evaporated from the surface of the droplet and heated
aluminum particles were ejected from the droplet. Ignition of
the JP-10 could occur via one of three possible mechanisms.
The simplest mechanism involves direct laser ignition of the
JP-10 vapor. In this process, the Al NPs act only to increase
heat transfer from the IR laser, which enables the Al/JP-10
droplets to remain acoustically trapped as the temperature of
the droplet surpasses the ignition temperature of JP-10,
whereas the droplets of the pure JP-10 or droplets doped
with Al,O; and CuO did not reach the boiling point before
being ejected from the trap. The second oxidation mechanism
involves the Al NPs acting as a catalyst. In this mechanism, the
Al Oj; outer shell fractures because of the heating and then the
JP-10 adsorbs onto the surface of the exposed aluminum core,
which possibly leads to the formation of highly reactive AIH
species via hydrogen transfer reactions from a carbon—
hydrogen bond of the JP-10 to the aluminum. These Al-H
bonds can then be readily oxidized, as evident from the
flammability of aluminum hydrides.”> Furthermore, the
hydrogen atom transfer from the carbon to an aluminum
atom would generate carbon-centered radicals, which can be
more readily oxidized than the C—H bonds of JP-10. A third
potential mechanism would involve the initial oxidation of
aluminum NPs. Starik et al.>* and Smirnov et al.”' proposed a
chain mechanism for the combustion of aluminum doped n-
decane fuels which can be applied to Al/JP-10. The oxidation
is initiated by the formation of aluminum atoms in the gas
phase, which react with molecular oxygen to produce highly
reactive atomic oxygen and aluminum oxide (AlO)—as
observed in the present study—in an exoergic reaction (AH
= —15 IJ mol™").>* The atomic oxygen then reacts rapidly to
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produce, by hydrogen abstraction from JP-10, a carbon-
centered radical remaining on the JP-10 molecule along with a
hydroxyl radical (OH), both of which react with other species
and thus continue the chain of reaction.

Overall, the oxidation of JP-10 doped with Al NPs is a
complex problem with the present work representing a first
step toward a systematic elucidation of the underlying reaction
pathways and mechanisms. Further experimental and theoreti-
cal studies, such as investigating the dependence of the
oxidation on the aluminum particle size and droplet diameter,
are clearly required to better understand these processes.
Ideally, future investigations will involve pulsed femtosecond
Raman and infrared spectroscopy” combined with our
ultrasonic levitation apparatus to trace the initial bond rupture
processes in real time and, hence, untangle whether the
oxidation occurs by the carbon—hydrogen bond rupture
processes followed by hydrogen transfer to the aluminum
(second mechanism) or by the initial oxidation of aluminum
NPs (third mechanism).

B EXPERIMENTAL METHODS

The oxidation of exo-tetrahydrodicyclopentadiene (JP-10) and
aluminum-doped JP-10 droplets was studied using the
ultrasonic levitator apparatus at the University of Hawaii at
Manoa.’*** Briefly, the apparatus consists of an ultrasonic
levitator enclosed in a pressure-compatible process chamber.
The levitator includes a piezoelectric transducer and a concave-
shaped reflector. The transducer oscillates at 58 kHz and the
resulting sound wave reflects between the transducer and
reflector, thereby creating a standing wave. The sound waves
produce acoustic radiation pressure, which levitates a sample
slightly below one of the pressure nodes of the standing wave.
The droplets were injected into the levitator using a microliter
droplet deposition system consisting of a syringe and needle.
The Al/JP-10, AL, O;/JP-10, and CuO/JP-10 droplets were
prepared by mixing 0.5 wt % of NPs with JP-10 (BOC
Sciences, > 98%). The AL, O; NPs (40 nm, > 98%) were
purchased from Skyspring Nanomaterials, Inc.; the CuO NPs
(80 nm, 99%) were acquired from US Research Nanomateri-
als, Inc. The levitated droplets were oblate spheroids with a
mean horizontal diameter of 2.7 + 0.3 mm and a mean vertical
diameter of 1.2 + 0.3 mm. The droplets were levitated in an
atmosphere containing argon (Airgas, 99.9999%), oxygen
(Airgas, 99.999% purity), or an oxygen—argon mixture at a
total pressure 864 Torr.

The aluminum NPs were prepared at Texas Tech University
with an average diameter of 80 nm and consist of a 4 nm
amorphous aluminum oxide shell surrounding an aluminum
crystalline core.* Figure S5 shows transmission electron
microscope (TEM) images of the powder and a single particle
to illustrate the core—shell particle structure. The Al NPs were
imaged using a Hitachi H-9500 TEM operating at 300 kV. To
record the TEM images, the powder was suspended in ethanol,
sonicated, and deposited on a Lacey Formvar film stabilized
with a carbon support film, both of which are supported by 400
mesh Cu grids (Ted Pella, product no. 01885). The particle-
size distribution was determined using a dynamic or static
light-scattering particle-size analyzer (AccuSizer 780 SIS).
Figure S6 shows the volume-weighted size distribution of the
Al NPs. Roughly 25 vol % of the sample has a diameter less
than 50 nm, 50 vol % is between 50 nm and 90 nm, and 25 vol
% is greater than 90 nm.
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The oxidation of JP-10 was monitored with Raman, Fourier-
transform infrared (FTIR), and ultraviolet—visible (UV—Vis)
spectroscopies. The Raman spectra were collected in situ using
a Q-switched Nd:YAG laser emitting at a wavelength of 532
nm; the Raman-shifted photons backscattered from the droplet
were collected with a HoloSpec f/1.8 holographic imaging
spectrograph equipped with a PI-Max 2 ICCD camera from
Princeton Instruments. The UV—Vis spectra were also
collected in situ in the wavelength region of 200—1100 nm
using a StellarNet SILVER-Nova UV—Vis monochromator and
a fiber-optic probe. The FTIR spectra were collected in
transmission mode using a Nicolet 6700 FTIR spectrometer
from Thermo Scientific.

B ASSOCIATED CONTENT
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