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ABSTRACT: Vacuum ultraviolet photoionization (VUV-PI) mass spec-
trometry offers an isomer-selective and universal ionization with minimal
fragmentation detection of organics in complex chemical systems such as
pyrolysis and combustion. Here, we report a state-of-the-art experimental
setup of a universal catalytic microreactor combined with a molecular beam
to investigate the thermocatalytic oxidation of a heterogeneous system
relevant for probing reactions at gas−solid interfaces. In strong contrast to
traditional off-line analytical methods, this technique is capable of
identifying and quantifying short-lived species (radicals) as well as stable
products to decipher initial reaction steps via the detection of nascent
products. The thermocatalytic oxidative degradation of exo-tetrahydro-
dicyclopentadiene (JP-10), a high energy-density hydrocarbon fuel, over
solid titanium−aluminum−boron reactive mixed metal nanopowder (Ti-Al-B RMNP) is exploited to showcase potential
applications. Overall, some 59 nascent gas-phase products are identified via photoionization efficiency (PIE) curves, including
oxygenated species and hydrocarbons comprising closed-shell molecules and radicals. The critical temperature for complete
oxidative decomposition of JP-10 was lowered by 450 K from 1400 K to 950 K, indicating an efficient thermocatalytic action of Ti-
Al-B nanoparticles on JP-10. The enabling of a universal chemical microreactor along with VUV-PI mass spectrometry broadens the
applicability of this technique to hydrocarbon fuel oxidation and pyrolysis characterization. This isomer-selective sensitive probing
along with the detection of radical transients makes the aforementioned technique superior to other conventional analytical
techniques such as microflow tube and pyrolysis-gas chromatography coupled with mass spectrometry for investigating similar
pyrolysis reactions and comprehensive quantification.

■ INTRODUCTION
High-energy-density hydrocarbon fuels are crucial for
enhanced performances of volume-limited air-breathing
propulsion systems for greater flight range developed in
sophisticated aircraft, racing and jet engines, and military
vehicles.1−5 Owing to the high thermal stability, however, the
use of hydrocarbon fuels faces challenges such as incomplete
combustion and long ignition delay.6,7 Solid nanoadditives,
including metallic nanoparticles such as aluminum (Al), boron
(B), and cerium (Ce), have been previously reported as
enhancing combustion efficiency.5,7−12 These types of
additives can act in various ways such as nucleation sites
during combustion, which can lead to rapid boiling of the fuel
through heat transfer and consequent faster burning rates.
However, the detailed chemistry that occurs during nanofuel
burning is more diverse and cannot be captured at the
mechanistic level by simply quantifying the combustion
efficiency. For example, the use of aluminum nanoparticles
(AlNP) as an additive to high density hydrocarbon fuel exo-
tetrahydrodicyclopentadiene (JP-10) generates gaseous alumi-
num monoxide (AlO) and hydroxyl (OH) radicals at the initial

stages of decomposition and oxidation process, serving as a
precursor to JP-10 oxidation and thus controlling overall
efficiency and performance.10,13 However, the information on
the primary decomposition products of the hydrocarbon (JP-
10) itself could not be identified in these experimental
approaches. Hence, it is highly desirable to develop a novel
analytical technique that can provide a comprehensive
inventory and quantification of the nascent products, which
will enable an improved understanding of the reaction
mechanism for various complex processes occurring in the
presence of such fuel additives.

The majority of the operating principles for monitoring and
diagnosing combustion processes are based on measuring
parameters such as temperature, pressure, flame color imaging,
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ignition delay, and combustion product concentration. The
widely used laser spark emission spectrometry method,
combined with a simple two-component burner that allows
for preliminary mixing of gas and air supplied by the
compressor, is based on measuring the secondary radiation
spectra generated during plasma formation and evolution upon
exposing a gas mixture of fuel and oxidizer to strong laser
radiation.14−16 This approach enables both qualitative and
quantitative analyses of chemicals, including atomic hydrogen
(H), oxygen (O), nitrogen (N), carbon (C), and cyano
radicals (CN) throughout the combustion process. Another
technique is the acoustically levitated fuel droplet combustion
processing system coupled with the time-resolved imaging
(optical and thermal) and spectroscopic (FTIR and flame
spectroscopy) techniques that are used to determine the
ignition delay, ignition temperature, and detection of gas-phase
reaction intermediates and products.17−20 This approach
accurately measures ignition delays and temperatures. It also
detects and quantifies hydrocarbon fuel combustion end
products, carbon dioxide (CO2) and water (H2O), and
identifies key reaction intermediates including hydroxyl
(OH), methylidyne (CH), and aluminum monoxide (AlO)
during the combustion of AlNP-doped JP-10 nanofuel.17,18

Most crucially, the identification of lower concentrations of

nascent polyatomic hydrocarbon radicals generated in a
complex dynamic process in the presence of fuel additives
has been limited by the scope of this technique.

The microflow tube coupled to mass spectrometry, and
equipped with either electron impact ionization (EI) or
chemical ionization (CI), generally faces a significant challenge
in detecting short-lived reaction intermediates.21 Additionally,
the ionizing source used in the instrument may cause
interference by generating additional fragments that have the
same mass-to-charge ratio (m/z) as those of the existing
products. The development of molecular-beam time-of-flight
mass spectrometry (MB-TOF-MS) with a multiphoton
ionization technique has enabled the detection of light
hydrocarbons, polycyclic aromatic hydrocarbons (PAH), and
radicals derived from oxidation and pyrolysis reactions
involving combustion but with the limitation of isomer
separation.22,23 On the other hand, the shock tube method,
when combined with the laser ablation technique, can identify
transient radicals like hydroxyl (OH) and methyl (CH3) along
with the stable intermediates, e.g., methane (CH4), ethylene
(C2H4), iso-butene [CH2�C(CH3)2], and aromatics, along-
side combustion products like carbon monoxide (CO), carbon
dioxide (CO2), and water (H2O).24 However, while these
experimental approaches are highly appropriate for examining

Scheme 1a

a(A) Experimental setup (not to scale) along with the chemical microreactor and tunable vacuum ultraviolet photoionization (VUV-PI) mass
spectrometer. The catalyst-loaded microreactor assembly is depicted on the inset of the scheme showing the silicon carbide (SiC) tube, heating
electrodes, and a temperature readout sensor. (B) Homologous series of stable hydrocarbon products linked to the oxidative decomposition of
common hydrocarbon fuels as a function of ionization energy (IE). The shaded area represents the typical energy scanning range for measuring the
photoionization efficiencies (PIEs) of the resulting species. (C) A representative 3D-plot of the acquired mass spectra as a function of photon
energy (in eV) to extract PIE curves for the decomposition products formed upon thermocatalytic oxidation of a high energy-density fuel, JP-10
(entrained in 20:80% O2:He beam) over Ti-Al-B nanopowder.
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the pyrolysis and oxidation in liquid fuels, they have limited
applicability when it comes to investigating liquid fuels that
contain solid additives, thus not forming homogeneous
mixtures.25,26

The heterogeneous catalytic system carrying out reactions at
the gas−solid interface has garnered significant interest for
enhancing fuel combustion efficiency when solid fuel additives
are present.7,8,10,11 The majority of approaches used to study
the catalytic process in heterogeneous systems only imitate the
necessary circumstances. Specifically, the batch reactor based
pyrolysis-gas chromatography and mass spectrometry (Py-GC/
MS) analysis approach is capable of detecting and quantifying
stable products, but these off-line and ex situ detection tools do
not have the ability to detect short-lived species.27,28 These
reactive intermediates (e.g., radicals) formed in the initial
stages of the catalysis not only are pivotal to decipher the
underlying chemistry but also govern the overall efficiency and
performance of the respective catalysts. In addition, a
comprehensive inventory of the temperature-dependent
products and intermediates is essential to map the
thermocatalytic properties of the catalyst as a function of the
temperature. For the conventional Py-GC/MS methods, the
results vary frequently, necessitating several tests to acquire
reliable findings when dealing with nonhomogeneous samples.

On the other hand, laser-vaporized plasmas and pulsed
supersonic beams, when combined with mass spectrometric
techniques, can only be used to identify the products generated
in clusters and gas-phase reactions.29−32 The development of a
microreactor with catalyst coating on the tube walls,33,34 along
with photoionization35−37 and photoelectron photoion co-
incidence detection,34 allows for the isomer-selective detection
of gas-phase reactive intermediates (radicals) and stable
products. While this technique offers numerous advantages
for examining the mechanistic insights of a heterogeneous
catalytic system, it is constrained by a low conversion efficiency
resulting from inadequate contact time between gaseous
reactant molecules and catalyst surfaces. Though the above-
mentioned analytical approaches detected products generated
under heterogeneous catalytic systems, there is a substantial
scope for improving the sample preparation and derivatization
process to ensure sufficient product concentration for mass
spectrometric detection. To circumvent the caveat of
exhaustive product detection (stable products and radicals)
without large-scale sample preparation and derivatization, we
explored a universal catalytic microreactor in a molecular beam
that warrants optimal effective interactions between gaseous
reactant molecules and catalyst surfaces.

Here, we report a universal catalytic microreactor densely
packed with solid catalyst, titanium−aluminum−boron reactive
mixed metal nanopowder (Ti-Al-B RMNP) to investigate the
thermocatalytic oxidative decomposition of JP-10 utilizing an
in situ diagnostics of single photon vacuum ultraviolet (VUV)
photoionization mass spectrometry (Scheme 1). This combi-
nation of a catalytic microreactor coupled to the molecular
beam system of an existing VUV-PI mass spectrometer enables
us to intricately study the heterogeneous catalysis at the gas−
solid interface by detecting and quantifying individual products
isomer-selectively. The high energy resolution and tunability of
the synchrotron beam allow for the identification of ion signals
from isobaric species with adiabatic ionization energies (IE)
that lie within 0.2 eV of each other, such as 1,3-pentadiene (IE
= 8.6 eV), furan (IE = 8.8 eV), and cyclopentene (IE = 9.0 eV)
at m/z = 68. This capability, applied to the measurement of the

isomeric compositions of catalytically generated combustion
species, could substantially aid the development of improved
kinetic models of combustion and catalytic chemistry.

■ EXPERIMENTAL SECTION
Catalytic Microreactor. The catalytic microreactor is 20

mm long and consists of a 1 mm inner diameter silicon carbide
(SiC) tube with heating electrodes and a temperature sensor
(Scheme 1A, inset). The heating electrodes are made of
molybdenum and are connected to a SiC tube via a thin carbon
plate, allowing heat to be transported from the electrodes to
the SiC tube. A temperature sensor (type C thermocouple,
resistance: 4.3 Ω) is connected in the center of the tube to read
out the temperature in the range from 300 to 2000 K. The Ti-
Al-B RMNP catalyst fills a short length inside the nozzle and is
limited on both sides using glass wool without any hindrance
in the movement of components of molecular beam. The
microreactor is placed just after the valve connected with a
graphite ferrule. The packing length can vary depending on the
catalyst type; here, it was set to about 10 mm for the
thermocatalytic decomposition of JP-10 in the presence of Ti-
Al-B RMNP to prevent molecular mass growths processes that
could arise with longer residence times (longer packing
length). A direct current (DC) power source is utilized to
regulate the temperature of the microreactor with a variance of
about ±50 K under present experimental settings.
Single-Photon Tunable Vacuum Ultraviolet Photo-

ionization (VUV-PI) Mass Spectrometer. The single-
photon tunable VUV-PI mass spectrometer has been described
previously.38 The gas sample was generated by passing a
mixture of helium (He, 99.999% Airgas) and oxygen (O2,
99.99% Airgas) in a volume ratio of 80 to 20% through JP-10
(TCI America; 94%) stored in a stainless-steel bubbler at 298
K. The resulting mixture containing 0.04% of JP-10 was
subsequently injected into the catalyst packed reactor,
maintaining a temperature range of 300−950 K and a total
backing pressure of 500 Torr. After exiting the reactor, the
molecular beam containing the thermocatalytically decom-
posed products was skimmed by a conical skimmer (1 mm in
diameter) located 2 cm downstream of the microreactor; the
supersonic beam traveled an additional 3 cm to reach the
extraction region of the VUV-PI mass spectrometer (Scheme
1A). A quasi-continuous tunable vacuum ultraviolet (VUV)
light (beam size: 0.20 mm × 0.01 mm) from the Advanced
Light Source’s Chemical Dynamics Beamline 9.0.236 was
focused perpendicularly into the molecular beam between the
repeller and extractor electrodes within the photon energy
range 8 to 16 eV to ionize the individual fragments. Resulting
ions were then retrieved by applying a high-voltage pulse of
+200 V for 2.5 μs over 1200 V to the repeller electrode. The
gate pulse duration was adequate to extract ≥80% of the ions
in the interaction zone, thus resulting in sufficient signal
intensity. The ions drifted along a field-free region (1 m long)
before being reflected by double-stage reflectron plates. Finally,
the ions were detected with a time-sensitive chevron
microchannel plate (MCP) detector. The mass discrimination
was calibrated by recording the ion signals for binary mixtures
of propene as a standard (9.7 to 11.75 eV) with nine other
target gases: acetylene, ethylene, methanol, propyne, acetalde-
hyde, ethanol, acetone, benzene, and cyclohexane.39 The
achieved mass resolution (m/Δm) was up to 400. Oil-free
magnetically levitated turbomolecular pumps were used to
avoid any background contamination arising from hydrocarbon
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oil. The source chamber was maintained at a nominal pressure
of 5 × 10−5 Torr during operation by a 2400 L s−1

turbomolecular pump. Two turbomolecular pumps of 1000
and 2000 L s−1 were used for the main test chamber and the
flight tube respectively to achieve pressure as low as 2 × 10−6

Torr. All primary turbomolecular pumps were backed by a 200
L s−1 turbomolecular pump to maintain the vacuum system.
Data Acquisition and Extraction Process. The MCP’s

output signal was collected by a multiscaler (FAST Comtec
P7886) with 15008 channels of 2 ns width. The sweep
duration of 30 μs (15008 × 2 ns) was adequate for ions with
masses below 200 amu, which have flight durations of less than
25 μs. The photon energy was calibrated by measuring the
photoionization efficiency (PIE) spectra of O2 in the energy
range of 12 to 13 eV. The energy resolution, expressed as the
ratio of energy-to-energy width (E/ΔE), was measured to be
400 with an exit slit width of 200 μm. A silicon photodiode
(International Radiation Detectors, Inc. SXUV-100) measured
the current as a function of photon energy, which was then
used to normalize the intensity. A 3D plot with three variables,
m/z, intensity, and photon energy (in eV), was recorded using
home-built LABVIEW software. The PIE spectra were
retrieved from the 3D data by using the following strategy.
The first step gathered a 2D figure with two variables displayed
on the x- and y-axes and a third variable with a set range value.
The third variable range decided the energy range that was
being sliced off from the original 3D data. Essentially, the
“slicing” consists of fixing one variable and plotting the other
two. For example, to extract the PIE curve, the intensity versus
m/z 2D image in a fixed energy range (8.0−11.5 eV in this
case) needs to be obtained first. Then m/z of particular
interest is vertically sliced to extract the PIE curves (Scheme
1B,C). All of the processes were carried out using LABVIEW
software.

■ RESULTS AND DISCUSSION
Mass Spectra. The JP-10 molecule comprises three fused,

strained five-membered ring moieties within a single structure,

exhibiting a high volumetric energy density of 39.6 kJ cm−3.
Figure 1A depicts typical mass spectra of thermocatalytic
oxidative decomposition of JP-10 over Ti-Al-B RMNP catalyst
obtained at defined intervals (100 K) from 300 to 950 K at a
fixed ionization energy of 10.0 eV. The mass spectrum at 300
K shows only four peaks, the most intense of which is at m/z =
136 (parent molecular ion, C10H16

+) and is nearby the weak
13C counterpart at m/z = 137 (13CC9H16

+) and at m/z = 4 and
32. A trace amount of higher harmonic VUV light photoionizes
molecular oxygen (O2) and helium (He), producing peaks at
m/z = 32 (weak) and m/z = 4 (very weak), respectively. By
systematically raising the temperature of the microreactor and
documenting the associated mass spectra, the formation of
products was first observed at a temperature as low as 550 K,
indicating the commencement of thermocatalytic oxidative
decomposition of JP-10. In addition to the mass peaks
observed at 300 K, eight additional peaks at m/z = 66, 67,
68, 80, 94, 95, 107, and 108 emerged. The commencement of
catalytic oxidation of JP-10 was found to be 100 and 200 K
lower than the decomposition of JP-10 in the individual
presence of O2 and Ti-Al-B RMNP (Figure 1B).7,40

As the temperature was raised by 100 K, the number of mass
peaks increased along with the pre-existing mass peaks that
were seen at the starting decomposition temperature of 550 K.
This implies that the products associated with these m/z values
observed at 550 K may determine the feasible disintegration
pathways of JP-10. Upon further increasing the temperature,
the parent JP-10 ion peak disappeared entirely at 950 K, and
the most intense mass peaks emerged at m/z = 15, 42, 52, 54,
66, and 78. Notably, no signal was seen at m/z values higher
than 136 (C10H16

+) and 137 (13CC9H16
+) in any spectra

recorded at a different temperature, excluding the possibility of
molecular mass growth in the context of the current
experimental conditions. The mass spectrum solely can
elucidate the structure of low molecular weight species up to
m/z = 28; however, it is challenging to differentiate isobaric
molecules with large molecular weight that contain more than
two carbon atoms and requires isomer-selective identification.

Figure 1. (A) Mass spectra of the products formed upon thermocatalytic oxidative decomposition of JP-10/Ti-Al-B RMNP/O2 recorded at a
photon energy of 10.0 eV in the 300−950 K temperature range. (B) Mass spectra obtained at the initial decomposition temperature under different
experimental conditions: JP-10 with Ti-Al-B RMNP (lower panel), JP-10 with O2 (middle panel), and JP-10 with both Ti-Al-B RMNP and O2 (top
panel). Isomer-selectively identified species at each mass-to-charge ratio (m/z) upon thermal decomposition of JP-10 in the presence of Ti-Al-B
RMNP and O2 are also depicted in the figure (top panel).
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Selective identification and quantification of each species
(closed-shell molecules and radicals) can be executed with a
single-photon tunable VUV-PI mass spectrometer by generat-
ing characteristic photoionization efficiency (PIE) curves,
discussed later.
Decomposition Profile. The major objectives of the

decomposition profile are to provide a better understanding of
the thermal stability of the fuel JP-10 in the presence of the
catalyst Ti-Al-B RMNP. For quantitative analysis, the
decomposition profiles were retrieved using the ratio of
decomposed fuel to intact fuel amount calculated from the
above-mentioned mass spectra recorded at various temper-
atures. It implies that the full consumption of fuel represented
as unity and zero indicates no reaction.

The area of each individual peak of three measurements was
calculated, and the standard deviation was shown as an error
bar to ensure the profile reproducibility. Figure 2 depicts the

plot of decomposition ratios as a function of temperature for
four different sets of reaction conditions: (i) pyrolysis (black
trace; carrier gas, helium), (ii) oxidation (green trace; carrier
gas, helium−oxygen mixture), (iii) catalytic decomposition
(blue trace; catalyst, Ti-Al-B RMNP), and (iv) oxidation in the
presence of Ti-Al-B RMNP (red trace; carrier gas, helium−
oxygen mixture) of JP-10. The overall pattern for the
decomposition ratio curves undergoing thermocatalytic
oxidation is remarkably distinct from the normal oxidation of
JP-10. The presence of Ti-Al-B RMNP resulted in a significant
lowering of the full decomposition temperature for JP-10 by
450 K compared to its oxidation without the catalyst.
Critically, the thermal decomposition of JP-10 begins to
occur at a significantly higher temperature, specifically at 1200
K, while total decomposition occurs at 1600 K.41 These
observations suggest that the Ti-Al-B RMNP exhibits
significant catalytic activity toward thermal decomposition of
the fuel JP-10, thus lowering the full decomposition temper-
ature drastically.

Product Identification and Stability. To investigate the
catalytic effect of Ti-Al-B RMNP on JP-10 oxidation, it is
important to identify the individual products formed during
the thermocatalytic oxidative decomposition process. This was
performed by first extracting the photoionization efficiency
(PIE) curves at each m/z and fitted with characteristic PIE
curves, while for multiple isobaric contributions, linear
combinations of the respective reference PIE curves are used.
These carefully fitted curves ensure the precise quantification
of all products. Altogether 59 products were detected during
the thermocatalytic oxidative decomposition of JP-10 in the
presence of Ti-Al-B RMNP catalyst at complete decomposition
temperature of 950 K. The reaction products can be divided
into two groups, (i) oxidized species and (ii) hydrocarbons,
which include both closed-shell molecules and radicals.

As the number of peaks increases with temperature, it would
be much more straightforward to identify and quantify distinct
isomers at each m/z value recorded at the start of the catalytic
decomposition process at 550 K. At this temperature, the mass
peaks at m/z = 66, 68, 80, 94, 95, 107, and 108 are assigned
with various hydrocarbons in the form of 1,3-cyclopentadiene
(C5H6), cyclopentene/1,3-pentadiene (C5H8), and 1,3/1,4-
cyclohexadiene (C6H8) as well as oxidized compounds in the
form of furan (C4H4O), 2,4-cyclopentadiene-1-one (C5H4O),
phenol (C6H5OH), 1,3-cyclohexadienyloxy radical (C6H7O•),
methylphenoxy radical (C7H7O•), cresol (CH3C6H4OH), and
benzyl alcohol (C6H5CH2OH) (Figure 3A). The mass peak at
m/z = 67 corresponding to the 13C counterpart of 1,3-
cyclopentadiene (13CC4H6) (PIE not shown) is also identified.

In contrast, thermocatalytic decomposition of JP-10 in the
presence of Ti-Al-B RMNP at a commencement temperature
of 750 K resulted in just two mass peaks at m/z = 66 and 68,
which correspond to 1,3-cyclopentadiene (C5H6) and cyclo-
pentene/1,3-pentadiene (C5H8), respectively. The formation
of cyclopentadiene (c-C5H6, m/z = 66) and cyclopentene (c-
C5H8, m/z = 68) is attributed to a ring-opening mechanism
involving intense C−H activation by Ti-Al-B RMNP followed
by sequential C−C bond cleavages and dehydrogenation.40 It
has been found that the catalyst has a significant impact on
catalytic activity and selectivity due to its unique structural
arrangement of the constituent atoms.40 Furthermore, cyclo-
pentene (c-C5H8) can undergo isomerization to 1,3-
pentadiene (C5H8) in the gaseous state at the specified
temperature.

To rule out the individual influence of oxygen, the product
formations at the commencement temperature for oxidative
decomposition of JP-10 without a catalyst (650 K) are
analyzed as well. The identified product distributions for both
JP-10s oxidative decomposition, with and without a catalyst,
consistently contain five- and six-membered cyclic hydro-
carbons, oxygenated molecules, and radicals. It is worth noting
that the commencing temperature for the oxidative decom-
position of JP-10 with the Ti-Al-B RMNP catalyst is 100 K
lower than that of JP-10 without the catalyst.

Recent electronic structure studies revealed that JP-10
pyrolysis is primarily initiated by C−H bond cleavages, which
result in the formation of six distinct JP-10 carbon-centered
(C10H15

•) radicals, followed by strained C−C bond
rupture.24,41 Note that the intramolecular hydrogen rearrange-
ment in JP-10 radicals is considerably hampered by their fused
ring structure, resulting in each primary hydrogen abstraction
reaction launching a distinct decomposition pathway with a
distinctive set of products. These reactions are highly

Figure 2. Decomposition ratio profiles for JP-10 passing through the
high-temperature chemical microreactor packed with (red and blue
traces) and without (olive and black traces) Ti-Al-B RMNP. Oxygen
(O2, 20%) mixed with helium (He, 80%) is utilized for the oxidation
(red and olive traces) process. Efficient decomposition is achieved in
the presence of both Ti-Al-B RMNP and O2 (red trace).
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endoergic, requiring around 400 kJ mol−1, which aligns with
the first decomposition temperature of JP-10, 1200 K.41 In
presence of the Ti-Al-B catalyst, the Ti atom exhibits an ideal
geometrical compatibility with the structure of JP-10,
facilitating the concurrent activation of numerous (3, 4, or
even 5) C−H bonds inside a single molecule with a reduced
energy barrier of 83 kJ mol−1 - revealed exploiting a model
cluster of the mixed nanoparticles based on the comprehensive
experimental characterizations.40 This decrease in the energy
barrier is also reflected in the experimentally recorded
temperature at which the decomposition begins, which is
750 K.

Under catalytic oxidation conditions in the presence of the
Ti-Al-B RMNP, the commencing decomposition temperature
reduces to 550 K. Even this value is lower than that of JP-10
oxidation without any catalyst (650 K). The early onset in the
starting decomposition temperature suggests an existence of a
more favorable decomposition pathway for JP-10 by further
lowering the energy barrier of C−H bond activation. This, for
example, may be due to surface bound reactions of JP-10 and
molecular oxygen on the Ti-Al-B catalyst, where the Ti-Al-B
RMNPs likely bring the reactant molecules, JP-10 and oxygen,
closer, resulting in an energetically favorable hydrogen
abstraction from JP-10. Eventually, the hot Ti-Al-B RMNP
surface can react with molecular oxygen too, producing boron
monoxide (BO), aluminum monoxide (AlO), and titanium
monoxide (TiO) species, among which BO and AlO represent
a highly reactive pool of radicals capable of abstracting atomic

hydrogen from JP-10 through low-energy transition states, with
an energy requirement as low as approximately 5 kJ mol−1.20

These result in the formation of C10H15 radicals alongside the
hydrogen abstraction products boron hydroxide (HBO),
aluminum hydroxide (AlOH), and titanium hydroxide
(TiOH), respectively. Previous electronic structure theory
calculations revealed that TiO-initiated reaction channels are
highly endoergic, in the range of 204−248 kJ mol−1; thus they
cannot compete with energetically favorable BO- and AlO-
mediated pathways.20 As soon as a C10H15 radical is formed,
the oxidation reactions may proceed further via addition of
molecular oxygen to the available radical sites, followed by
isomerization and/or fragmentation of reactive, oxygenated
intermediates, yielding oxygenated as well as hydrocarbon
species.20

As the temperature increases, the chemical complexity of the
products increases. This pattern aligns with our prior
findings.7,10,11,41 At this elevated temperature, the major mass
peaks are relatively low molecular weight at m/z = 15, 41, 42,
54, 66, and 78 are assigned as methyl radical (•CH3), allyl
radical (•C3H5), ethynyloxy radical (HCCO•), propene
(C3H6), 1,3 butadiene (C4H6), 1,3-cyclopentadiene (C5H6),
and benzene/fulvene (C6H6). Unstable enols which cannot be
traced by traditional GC or GC-MS methods, such as ethenol/
vinyl alcohol (C2H3OH) and propen-2-ol (C3H5OH) are also
detected at 950 K in this study (Figure S2). Figure 3B shows
the PIE curves of the major products produced under
otherwise identical experimental conditions at a decomposition

Figure 3. (A) The PIE curves of the listed products that were identified at an initial temperature of 550 K upon thermocatalytic oxidative
decomposition of JP-10 by Ti-Al-B RMNP. (B) PIE curves of the dominant products generated at the complete decomposition temperature of 950
K under identical conditions. The color code is as follows: experimental PIE curves (black traces), the isomer-selectively detected hydrocarbons
(blue and cyan traces), oxidized (magenta traces) products, and the total fitted curve (red traces).
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Table 1. Compilation of Products along with the Precursor (JP-10) and Their Ionization Energies (I.E.) Identified in the
Thermocatalytic Oxidative Decomposition of JP-10 over the Ti-Al-B RMNP
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Table 1. continued
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temperature of 950 K. A notable characteristic is the presence
of complex radicals and low molecular weight hydrocarbons.
This might be due to the extent of thermal energy transfer to
the parent molecule exceeding the endoergic (∼400 kJ mol−1)
pyrolysis pathways of JP-10. The species at m/z = 16
(methane, CH4), 18 (water, H2O), and 26 (acetylene, C2H2)
with the ionization energy higher than 11.5 eV were identified
from the mass spectra recorded at an energy of 15.4 eV (Figure
S1). Figures S2 and S3 show the remaining PIE’s for oxidized
species and hydrocarbons, respectively. All of the identified
species are listed in Table 1.

Figure 4 shows a normalized intensity plot for the major
oxygenated and hydrocarbon species detected in this study to
evaluate the product formation and stability at different
temperatures. The mass peaks at m/z = 58, 94, 107, and
121, which correspond to oxidized products, exhibit bell-
shaped temperature-dependent yields with maxima observed in
the temperature range of 650 ± 100 K. However, the trend in
the temperature-dependent abundances of hydrocarbons,
which include radicals and closed-shell species, differs greatly
from that of the oxidized products and is more favorable at
higher temperatures. This suggests that catalytic oxidation and
pyrolysis are competing processes at elevated temperatures
within the range of 650 to 950 K.
Temperature-Dependent Relative Product Yields. In

order to visualize the quantitative product distribution over the
entire temperature range, the bar charts of the branching ratios
of each product formed during the thermocatalytic oxidative
decomposition of JP-10 with Ti-Al-B RMNP are shown at
three different temperatures: initial (550 K), intermediate (750
K), and complete decomposition (950 K) temperatures
(Figure 5A). The respective individual branching ratios are
calculated by accounting for the photoionization cross section,
σi(E), and the mole fraction, Xi(T), of the individual species by
the following equations.

R
X T
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i i (2)

where Si(T,E) is the normalized ion intensity, and (Di) is the
mass discrimination factor. The mass discrimination factors
were taken from ref 42 and determined to be (mi)0.51±0.11. The
data obtained at 15.4 eV were used to calculate the branching
ratios of methane, water, and acetylene.

At the initial decomposition temperature (550 K) of JP-10
(Figures 5A and S4), the most notable primary products that
form are 1,3-cyclopentadiene (C5H6, 27.6 ± 1.1%), 1,3-
cyclohexadienyloxy radical (C6H7O•, 18.45 ± 0.75%), phenol
(C6H5OH, 9.85 ± 0.80%), and 2,4-cyclopentadiene-1-one
(C5H4O, 4.8 ± 0.8%). Other minor products include
cyclopentene (C5H8), 1,3-pentadiene (C5H8), furan
(C4H4O), the methylphenoxy radical ((CH3)C6H4O•), cresols
(CH3C6H4OH), and benzyl alcohol (C6H5CH2OH). Almost
equal quantities of the hydrocarbon and oxygenated products
are generated. All of these are cyclic species with the exception
of 1,3-pentadiene (C5H8). As the temperature rises, the open-
chain oxygenated and hydrocarbon species dominate the
product spectrum (Figure 5A).

Furthermore, the generation of low molecular weight
compounds including hydrocarbons and oxygenated species
is more prominent at complete decomposition temperature in
the presence of a Ti-Al-B RMNP catalyst (Figure 5B),
indicating that at high temperatures, the catalyst Ti-Al-B also
facilitates ring disruption of initially formed five- or six-
membered cyclic compounds and radicals. Thus, the critical
temperature for the complete oxidative decomposition of JP-10
was reduced from 1400 to 950 K due to an enhanced efficiency
of the Ti-Al-B RMNP catalyst.

Isomer selective identification and quantification of
thermocatalytic oxidative decomposition products, including
stable molecules and short-lived radicals, in each desired
temperature range could greatly contribute to the construction
of improved kinetic models of combustion chemistry.
Although VUV-PI mass spectrometry is an ultrasensitive
technique for identifying closed-shell and radical products

Figure 4. Temperature-dependent relative abundances probed as the respective mass peak intensities for two major types of products: oxygenated
and hydrocarbons. The structures of the identified species at the corresponding m/z are also depicted within the panel.
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isomer-selectively, the use of synchrotron light source can be a

constraint due to the limited availability and accessibility

issues. Alternatively, a VUV light source with an energy

resolution of 0.001 eV generated by nonlinear four-wave

mixing in a gaseous medium, such as xenon or neon, or a

specially designed hollow-core fiber can be used.43,44

■ CONCLUSIONS

In summary, we have demonstrated how a chemical micro-
reactor tightly packed with solid nanocatalyst (Ti-Al-B
RMNP)-coupled tunable vacuum ultraviolet photoionization
(VUV-PI) mass spectrometer can be used to untangle
thermocatalytic oxidative decomposition chemistry of high
energy-density hydrocarbon fuel JP-10. The approach not only
detects and quantifies stable products but also possesses the

Figure 5. (A) Overall branching ratios of the products evaluated in the thermocatalytic oxidative decomposition of JP-10 by Ti-Al-B RMNP at
three distinct temperatures: initial (550 K), intermediate (750 K), and complete decomposition (950 K) temperature. (B) Comparison of the
branching ratios for the oxidative decomposition of JP-10 with (bottom panel) and without (top panel) Ti-Al-B RMNP at complete decomposition
temperatures of 950 and 1400 K, respectively. The shaded area (bottom panel) represents the efficient formation of lighter hydrocarbons during
oxidation.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c04691
Anal. Chem. 2025, 97, 22846−22857

22855

https://pubs.acs.org/doi/10.1021/acs.analchem.5c04691?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04691?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04691?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04691?fig=fig5&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c04691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


capability to identify short-lived closed-shell transient species
and radicals central to the decomposition, which cannot be
identified by classical analytical techniques involving chroma-
tography. The temperature-dependent product distributions
are unambiguously identified by exploiting isomer-selective
PIE curves. The primary products consist of cyclic, oxidized
species such as 2,4-cyclopentadiene-1-one (C5H4O), phenol
(C6H5OH), 1,3-cyclohexadienyloxy radical (C6H7O•), furan
(C4H4O), cresols (CH3C6H4OH), benzyl alcohol
(C6H5CH2OH), and methylphenoxy radical ((CH3)C6H4O•)
along with the five-membered cyclic hydrocarbons, 1,3-
cyclopentadiene (C5H6) and cyclopentene (C5H8). Aside
from the primary cyclic products, benzene/fulvene (C6H6),
toluene (C7H8), propene (C3H6), and 1,3-butadiene (C4H6)
are also detected at elevated temperature (750 K). At the
highest temperature (950 K), the generation of low molecular
weight compounds including hydrocarbons and oxygenated
species is more prominent in the presence of the Ti-Al-B
RMNP catalyst, indicating that the catalyst also facilitates ring
disruption of the initially formed five- or six-membered cyclic
compounds and radicals. The critical temperature for complete
oxidative decomposition of JP-10 was lowered by 450 K from
1400 K to 950 K, suggesting an efficient catalytic action of Ti-
Al-B RMNP on JP-10 oxidation. Enabling a universal chemical
microreactor on VUV-PI mass spectrometer broadens the
technique’s applicability to study hydrocarbon fuel oxidation
and pyrolysis characterization. This makes the technique
superior to other conventional analytical techniques such as
microflow tube and pyrolysis-gas chromatography coupled
with mass spectrometry for investigating hydrocarbon pyrolysis
via product detection and quantification.
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