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Probing combustion and catalysis intermediates
by synchrotron vacuum ultraviolet
photoionization molecular-beam mass
spectrometry: recent progress and
future opportunities

Zhongyue Zhou, *a Jiuzhong Yang, b Wenhao Yuan,a Zhandong Wang,b

Yang Pan b and Fei Qi *a

Soft photoionization molecular-beam mass spectrometry (PI-MBMS) using synchrotron vacuum

ultraviolet (SVUV) light has been significantly developed and applied in various fields in recent decades.

Particularly, the tunability of SVUV light enables two-dimensional measurements, i.e. mass spectrum and

photoionization efficiency spectrum measurements, affording isomer distinguishment in complex

reaction processes. Many key intermediates have been successfully detected in combustion and

catalysis reactions with the help of the state-of-the-art SVUV-PI-MBMS, promoting the understanding

of the chemical mechanisms. Herein, we present a brief review of the instrumentation of beamline and

PI-MBMS machines at the current synchrotron user facility Hefei Light Source II and exemplify the

advantages of the SVUV-PI-MBMS method with recent applications in combustion and catalysis

research, especially in probing key reaction intermediates. Future opportunities with the next generation

synchrotron light source and bench-top light source have also been discussed.

1 Introduction

Energy is one of the most important issues in the world as it is
the fundamental basis of economy. Fossil energy has been
dominating the world’s energy consumption for a long time
and will remain the most important energy source in the next
few decades. Combustion, as the oldest and most important
form of energy utilization, provides over 80% of global energy
consumption. It is also recognized as the major contributor of
air pollutants including CO2, NOx, SOx, polycyclic aromatic
hydrocarbons (PAH), fine particles, etc.1 Catalysis is recognized
as one of the most important methods in the chemical indus-
try, and it plays a vital role in the production of various
chemicals and fuels. The combustion and pollutant formation
properties as well as the yield and selectivity of catalytic
conversion products are controlled by chemical reactions. To
utilize fossil fuels efficiently and cleanly, chemistry knowledge
is needed to tailor the combustion or conversion properties and

understand the influence of molecular structures of fuels on
their homogenous or/and heterogenous reaction mechanisms.

During the combustion and catalytic conversion of fossil
fuels, hundreds of species ranging from molecules to radicals
can be produced. Convincing chemical mechanism studies of
complex reaction processes such as combustion and catalysis
cannot be performed without laboratory-scale experimental
diagnostics, especially for the measurement of intermediates
that are crucial for the reaction network.2–4 Molecular-beam
mass spectrometry (MBMS) is a well-established method capable
of measuring both radicals and stable reaction intermediates.5–7

In the past few decades, photoionization mass spectrometry
(PIMS) has had a significant impact on the fundamental under-
standing of the chemical processes. Since 2003, MBMS with
tunable vacuum ultraviolet (VUV) light from synchrotron radiation
(SVUV) as an ionization source has been used for combustion
studies, including the combustion machines at the Advanced
Light Source (ALS) in Lawrence Berkeley National Laboratory8,9

and Hefei Light Source (HLS) in National Synchrotron Radiation
Laboratory (NSRL).10 More synchrotron-based MBMS methods
dedicated to combustion research were later developed at other
synchrotron facilities.11 This method is able to record the intensity
of species, not only as a function of the mass-to-charge ratio
(mass spectrum), but also as a function of photon energy
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(photoionization efficiency (PIE) spectrum), providing impressive
isomer-specific measurement capability.7,12 In recent decades,
the application of SVUV-PIMS method has promoted the devel-
opment of various fields including reaction kinetics, combustion
chemistry,13–15 catalysis,16,17 aerosol chemistry,18 planetary and
interstellar chemistry,19–21 etc.

In 2012, the HLS was shut down for upgrading, and a new
light source, named HLS-II, was completed and went into
operation in decay mode in 2014, and was switched into top-up
mode in 2018. During the upgrading period, a new VUV beamline
dedicated to combustion research was constructed, covering the
energy range of 5–21 eV.22,23 In this perspective, we will briefly
review the instrumental concept of the VUV beamline and the
fundamental PIMS method developed since the construction of
HLS-II and exemplify the advantages of the SVUV light-based
PIMS with recent applications in combustion and catalysis
research. In addition, future opportunities with the next genera-
tion synchrotron light source and bench-top high brilliant tunable
light source will be discussed. We hope that this perspective
will serve as a useful roadmap for all researchers who wish to
apply these advanced methods in their research, not limited to
combustion and catalysis.

2 Instrumentation of the combustion
facility at HLS-II
2.1 VUV beamline

Since the ionization energies of a large number of organic
molecules (alkanes/hydrocarbons/alkenes/aldehydes, etc.) are in
the range of 6–12 eV (100–200 nm), the VUV light in this range
can directly ionize organic molecules without extensive fragmen-
tation, and the tunability of the light source will afford selectivity
during ionization.25,26 Synchrotron radiation is undoubtedly the
most ideal choice. It is a broadband electromagnetic wave
emitted when charged particles with a relativistic speed travel
in a curved path, which usually occurs in bending magnets,
wigglers, or undulators. A beamline is a set of optical elements
for delivering light from the synchrotron orbit to experimental
endstations. VUV beamlines can be roughly divided into two
types, one with a high energy resolution for spectroscopic
applications and the other with a medium energy resolution
for analytical applications. The combustion beamline (BL03U) at

HLS-II is intended to serve as an ionization source for analytical
experiments via mass spectrometry. As shown in Fig. 1, this
beamline is comprised of an undulator, two toroidal mirrors
(M1 and M2), two switchable plane gratings (G1/G2), and a
multistage gas filter.22 The centre of the undulator is regarded
as the entrance slit, and the broadband radiation from the
undulator is collimated horizontally and vertically by M1 with
the grazing incidence angle of 71 and then diffracted by G1/G2
with an including angle of 1521. The line densities of G1 and G2
are 200 and 400 l mm�1, covering the photon energy range of
5–14 eV and 10–21 eV, respectively. The diffracted light is then
focused by the other toroidal mirror (M2) to the centre of the gas
filter, which is located 5000 mm downstream. All optical elements
are coated with Au. This simple optical system is advantageous to
achieving as high photon flux as possible. As shown in Fig. 2, the
photon flux at the end of the beamline is up to 1013 photons s�1 in
the energy range of 6–13 eV and the energy resolution is approxi-
mately 4000. The gas filter is comprised of 10 differentially
pumped sections, and noble gases such as argon, helium, and
neon are filled to eliminate high-order harmonic radiation.
Experimental endstations are located about 500 mm downstream
from the centre of the gas filter. This layout is beneficial to
avoiding contamination of beamline optics by reaction gaseous
products from the endstations.

2.2 MBMS

Mass spectrometry with molecular-beam sampling has greatly
promoted our fundamental understanding of the chemical
combustion processes in the past decades.5,6,27,28 A typical
molecular beam sampling interface consists of a sampling
probe and a coaxially mounted skimmer, which is capable to
extract gas samples with a free-jet rapid expansion. A collision-
free molecular flow can be formed downstream of the skimmer,
just like freezing the chemical compositions. For the combi-
nation of molecular-beam sampling and mass spectrometry,
the resulting molecular beam enters the ionization region,
where the compounds are ionized for subsequent mass separa-
tion. Fig. 3 shows three examples of the molecular-beam sampling
interface used in the recently developed experimental facilities at
HLS-II. The first case (Fig. 3a) shows the combination of a
pyrolysis reactor with the photoionization mass spectrometer via
a two-stage MBMS interface.29 By changing the sampling cones

Fig. 1 Photograph of the BL03U beamline24 (a) and the undulator on the storage ring (b) at Hefei Light Source II. The red arrows denote the direction of
light. Adapted and reproduced with permission from the China Academic Journal Electronic Publishing House.
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with different aperture sizes to match different reaction pressures,
the pressure in the ionization zone can be kept basically constant,
so that pyrolysis experiments can be carried out in a wide pressure
range from a few Torr to 760 Torr. The second case (Fig. 3b) shows
a high-pressure jet-stirred reactor coupled to SVUV-PIMS with a
three-stage sampling interface.30 A stainless-steel nozzle with an
orifice diameter of 50 mm is used to withstand the pressures in the
reactor (up to 10 bar), and a quartz nozzle and a nickel skimmer

are located coaxially downstream, each stage is differentially
pumped to form a molecular beam. The quartz reactor cannot
act as a pressure-bearing part, instead, a shielding chamber with
the same pressure as the reactor is used to balance the pressure
difference between the reactor and the external environment. The
stainless-steel nozzle is coated with Al2O3 to reduce catalytic
reactions. The third case (Fig. 3c) presents a high-pressure
catalytic reactor coupled to SVUV-PIMS. Different from case 2, to

Fig. 2 (a) Photon flux of the combustion beamline at HLS-II, measured by a photodiode located behind the gas filter. The gas filter was filled with argon
for the 200 l mm�1 grating and neon for the 400 l m�1 grating. (b) Energy resolution of the 200 l mm�1 grating. (c) Energy resolution of the 400 l mm�1

grating. The energy resolution was measured by the adsorption spectra of krypton.22 Adapted and reproduced with permission from the International
Union of Crystallography.

Fig. 3 MBMS apparatus at HLS-II. (a) Pyrolysis reactor combined with PIMS via a two-stage sampling interface.29 (b) High-pressure jet-stirred reactor
coupled with PIMS through a three-stage differential interface.30 (c) High-pressure catalytic reactor coupled to PIMS, A1 is the sketch of the setup, A2 and
A3 show the details of the sampling part and the catalytic reactor, respectively.31 (d) Sketch of the time-of-flight mass spectrometer and the photograph
of the assembly and integrated power supply.22 Adapted and reproduced with permission from Elsevier, the Combustion Institute, AIP, and International
Union of Crystallography.
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balance the pressure in the reactor, a small pinhole with an
inverted cone angle is placed at the front end of the reactor, which
is as close to the sampling nozzle as possible, typically with a
distance of approximately 1–2 mm. As reported by You et al.,
Fischer–Tropsch reactions at pressures up to 1.3 MPa have been
achieved successfully.31

To facilitate the combination with different reactors,
Zhou et al.22 developed a module-designed time-of-flight mass
spectrometer. Fig. 3d shows the sketch of the mass analyser as
well as the photograph of the assembly and integrated power
supply. The mass spectrometer consists of a DC-only ion guide,
which is usually located in the ionization chamber of the
machines shown in Fig. 3a–c, an acceleration electrode stack with
two opposite pulses, a field-free region, a two-stage ion mirror,
and a microchannel plate detector. The total length of the mass
spectrometer is approximately 600 mm, and the operating fre-
quency is 30 kHz. The mass resolution is approximately 2000, and
the limit-of-detection (LOD) is at the level of sub-ppm.

2.3 Qualitative and quantitative measurements

The ion signal of species i recorded via MBMS at temperature T
and photon energy E can be written as

Si(T,E) = CXi(T,E)Disi(E)Fp(E)l(k,T,P) (1)

where C is the constant of proportionality, Xi is the mole
fractions of species, Di is the mass discrimination factor, si(E)
is the photoionization cross-section at the photon energy E,
Fp(E) is the photon flux, l(k,T,P) is the empirical instrumental
sampling function that is the same for all analytes.32,33

Because l(k,T,P) is the same for all analytes and mass
discrimination factor Di can be evaluated experimentally, the
quantitative information of analytes can be obtained when the
corresponding absolute photoionization cross-sections (PICSs)
are known. The ionization cross-section is a function of photon
energy and represents the efficiency of ionization after inter-
action with photons. It is a molecule-specific quantity in
megabarns (1 Mb = 10�18 cm2). PICSs can be measured experi-
mentally. For example, total PICSs of a few hydrocarbons are
measured in the period of 1960s–1990s.34–37 In recent decades,
due to the increasing application of PIMS, the total and partial
PICSs for various molecules have been measured by employing
synchrotron- or lamp-based PIMS.38–46 Yang et al. established
an online database of more than 170 species, including nearly
580 records reported in the literature.47 Nevertheless, the
number of the experimentally determined records for PICSs is
still limited; especially for radicals, theoretical calculations of
PICSs are often necessary.48–52 For example, Zhang et al.53,54

reported the calculations of the near-threshold PICSs of molecules
including o/m/p-cyanotoluene, benzonitrile, and monocyclic sub-
stituted aromatics, providing valuable experience for estimating
the PICSs of organic compounds.

When the bulk properties of MBMS are given, the LOD
depends on the high photon flux of a synchrotron beamline.
The tunability of photon energy enables near-threshold ioniza-
tion, which usually causes no/less ion fragmentation and offers
significantly better selectivity when analyzing a mixture. More

importantly, the tunable VUV light allows isomer-specific
measurements by scanning the photon energy in a wide range
to record the PIE spectra. An example of the PIE spectra is shown
in Fig. 4. Note that ethanol and acetaldehyde are unambiguously
identified by their ionization energy at 9.33 eV and 10.23 eV,
respectively. Quantitative composition of these two isomers was
also evaluated by matching the ion signals to the PICS. The solid
lines shown in Fig. 4 indicate a mixture of 40% ethenol and
60% acetaldehyde for the 1-butanol and iso-butanol flames, and
20% ethenol and 80% acetaldehyde for the 2-butanol and tert-
butanol flames. Nevertheless, it should be noted that the number
of isomers increases rapidly with molecular weight, and it is
extremely challenging to rely solely on PIMS to completely distin-
guish all isomers.

3 Combustion chemistry

Comprehensive measurement of intermediates in combustion is
essential for the deep understanding of combustion processes.
The species measurement results also provide necessary experi-
mental data to validate the detailed kinetic model. The SVUV-
PIMS approach has already been used in a great deal of
combustion-related experiments, such as laminar premixed
flames, laminar flow reactor pyrolysis, jet-stirred reactor oxida-
tion, laminar co-flow diffusion flames, shock tubes etc. Herein, we
present three examples of SVUV-PIMS in probing intermediates in
low-temperature oxidation, heavy PAH precursors, and nitrogen-
ous intermediates, most experiments are conducted at HLS-II.

3.1 Reactive low-temperature oxidation intermediates

Low temperature oxidation is a process involving sequential
oxygen addition with the formation of tremendous reactive

Fig. 4 Photoionization efficiency spectra for m/z 44 recorded in four
butanol flames. The flame experiments were conducted with a fuel/
oxygen equivalence ratio of 1.71 and the pressure of 30 Torr. The solid
lines show the composition of ethanol and acetaldehyde based on their
photoionization cross-sections, and dash lines denote the presence of
ethanol and acetaldehyde. The matching of the ion signals to the PICS
shows the isomeric composition: 40% ethenol and 60% acetaldehyde for
the 1-butanol and iso-butanol flames, 20% ethenol and 80% acetaldehyde
for the 2-butanol and tert-butanol flames.55 Adapted and reproduced with
permission from Elsevier/The Combustion Institute.
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species and isomers, which ultimately contribute to two-stage
fuel ignition, knocking, and cool flame in internal combustion
engines.3,14 At 2010, a jet-stirred reactor was coupled with
MBMS at HLS-I for the first time by Battin-Leclerc and
Qi et al.15 and they reported the first direct measurement of
alkyl-hydroperoxides and keto-hydroperoxides during the low-
temperature oxidation process. This result experimentally
examined the conventional two-stage oxygen addition low-
temperature oxidation scheme of alkanes, and the experiment
supported the assumption made in all the detailed low-
temperature oxidation mechanism. In 2016, Wang et al.56,57

observed the highly oxygenated compounds with 4–5 oxygen
atoms during alkane low-temperature oxidation with the help
of SVUV-PIMS at ALS. A third oxygen addition reaction network
was newly proposed and validated to better model autoignition
phenomena and reveal the volatile emissions in combustion
engines. More recently, the delicate conformational kinetics
information during low-temperature oxidation was investigated
experimentally based on the observation of alkenal-hydro-
peroxides and keto-hydroperoxides in low-temperature oxidation
of cyclohexane and alkylcyclohexanes.58–61 Fig. 5a shows a
representative mass spectrum recorded in the low temperature
oxidation of ethylcyclohexane (ECH) conducted in a jet-stirred
reactor.58 The reaction was conducted with the equivalence
ratio (f) of 1.0 at 1 atm and 580 K. The photon energy was fixed
at 10.5 eV during spectrum acquisition. A series of reactive

intermediates, such as cycloalkylhydroperoxides, keto-hydroper-
oxides, alkenal-hydroperoxides, and highly oxygenated molecules
were detected by SVUV-PIMS. The simulated mole fraction profiles
and normalized ion signals shown in Fig. 5b present the
formation and decay of these intermediates. The detection of
cycloalkylhydroperoxides and keto-hydroperoxides verifies that
both the conventional two-stage oxygen addition channels and
the recently reported third oxygen addition channels contribute to
the low-temperature oxidation of ethylcyclohexane. Conformation-
dependent channels are supported by the experimental
observations of keto-hydroperoxide and alkenyl-hydroperoxide
intermediates.

3.2 PAH precursors

Another nice example of utilizing SVUV-PIMS is the identification
of PAH precursors. As PAH is an important emission of combus-
tion and significantly contributes to environmentally hazardous
soot particles, chemistry of PAH formation has attracted great
interest over the past few decades. The extensive efforts have
yielded four chemical mechanisms to explain the formation of
PAH, including hydrogen-abstraction acetylene-addition (HACA),62

hydrogen-abstraction vinylacetylene-addition (HAVA),63 phenyl-
addition dehydrocyclization (PAC),64 and clustering of hydro-
carbons via radical chain reactions (CHRCR).65 However, PAH
formation and soot inception processes are not yet fully understood.
The formation mechanism of polycyclic aromatic hydrocarbons

Fig. 5 Important intermediates detected during the low temperature oxidation of ethylcyclohexane (ECH). (a) Mass spectrum recorded at 10.5 eV and
580 K. (b) Mole fraction profiles of highly oxygenated intermediates recorded at 10.0 eV, the symbols represent the normalized ion signals and the lines
represent simulation. The oxidation reaction conditions: pressure—1 atm, residence time—2 s, f—0.5, 1.0, 2.0, inlet fuel mole fraction—1%.58 Adapted
and reproduced with permission from Elsevier/The Combustion Institute.
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(PAHs) and soot particles is extremely complex with many different
types of reactions. In recent years, the application of SVUV-PIMS
has previously revealed numerous undetected PAH precursors,
especially resonance stabilized radicals whose occurrence may shed
further light on specific reaction pathways for the formation of
PAHs and soot.

A notable progress is the very recent works reported by
Jin and co-workers.66,67 In the regard of PAH formation, they
proposed a radical efficient PAH growth pathway named as
CBAC, wherein the propargyl radical reacts with butadiyne to
form larger radicals containing newly fused aromatic rings.
Fig. 6 illustrates the mass spectrum and PIE curves of critical
intermediates undergoing the continuous addition reaction of
butadiyne with propargyl.66 The peak at m/z 89 (C7H5) is likely
to represent the fulvenallenyl radical (C5H4CCH), which is
attributed to a dominant intermediate formed from the additon
reaction of butadiyne to propargyl. The fulvenallenyl radical
undergoes the H-addition reaction, which yields fulvenallene
(C5H4CHCH) or its isomers, which generates a peak at m/z 90.
Peaks are also observed at m/z 139 and m/z 140, which account
for the combined molecular weights of fulvenallenyl (m/z 89) and
butadiyne (m/z 50). The peak at m/z 139 (C11H7) is attributed to the
product of butadiyne addition to the fulvenallenyl radical, and
the signal at m/z 140 (C11H8) is due to hydrogen addition to
C11H7. The proposed CBAC mechanism does not depend on the
continuous replenishment of free radicals. For the mechanism of
soot inception, they reported the theoretical and experimental
identification of key reaction products including phenyl-
acenaphthylene, acenaphthylene, phenyl-pyrene, and pyrene
in 1-naphthyl/phenyl-acetylene and 4-phenanthryl/phenylacety-
lene reaction systems, elucidating the self-consistent hydrogen-
abstraction phenylacetylene-addition (HAPaA) mechanism.67

3.3 Nitrogenous intermediates

Fuel-nitrogen conversion chemistry is an active subject of com-
bustion chemistry research.68 The prediction of NOx formation
from the combustion of nitrogenous fuels deserves a comprehen-
sive identification of intermediates formed. In addition, as a

potential carbon-free fuel, ammonia has attracted great atten-
tion in recent years; combustion chemistry of pure ammonia as
well as blends of syngas or hydrogen-enriched methane with
ammonia deserves renewed attention. During the combustion of
nitrogenous fuels and fuel mixtures, different kinds of inter-
mediates can be formed, including not only hydrocarbon inter-
mediates and oxygenated intermediates but also nitrogenous
intermediates.1,68,69 To get a comprehensive understanding of
stable products generated, several different diagnostic methods
are usually combined to obtain the quantitative information of
different products. Recently, SVUV-PIMS has been used to
achieve a comprehensive detection of intermediates, especially
unstable nitrogenous intermediates produced in the combustion
of nitrogenous fuels, ammonia, ammonia/hydrocarbon mixtures
and NOx/hydrocarbon mixtures. For instance, Yuan et al.70

detected dozens of species in the oxidation experiments of
propene doped with NOx, including major products, hydrocar-
bon intermediates, carbonyl intermediates and nitrogenous
intermediates, as shown in Fig. 7. Some critical nitrogenous
intermediates were also detected and identified, along with
nitrous acid (HONO), nitromethane (CH3NO2), 3-nitrosopropene
(C3H5NO) and 3-nitropropene (C3H5NO2). The identification of
these species provides key evidence for the direct recombination
reactions of alkyl radicals with NOx, i.e. C3H5NO2 is the product of
the reaction of allyl with NO2, while CH3NO2 is produced from the
reaction of CH3 with NO2. Moreover, the unambiguous detection
of these reactive nitrogenous intermediates of large molecules
shed light on the research of interaction chemistry between CH,
CHO species and NHx, NOx species, which has greatly improved
the understanding of the nitrogen chemistry. The methods can be
also extended to atmospheric chemistry research, which also
involves complex reactions of hydrocarbon species, oxygenated
hydrocarbon species and nitrogenous species.

4 Catalysis research

Catalysis is directly applied in around 80% of the production of
important industrial chemicals, among which heterogeneous

Fig. 6 Photoionization mass spectra and PIE curves of critical intermediates in the C3H3I/C4H2 reaction. (a) 0.16% C3H3I and 99.84% Ar; (b) 16.64% C4H2

and 83.36% Ar; (c) 0.16% C3H3I, 16.64% C4H2, and 83.20% Ar. All mass spectra were obtained at the photon energy of 8.5 eV. PIE curves for (d) m/z 89, (e)
m/z 90, (f) m/z 139, and (g) m/z 140.66 Reproduced with permission from the American Chemical Society.
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catalysts are often preferred for their advantages of easier
recovery and recycling in industrial production. In addition to
the conventionally recognized surface intermediates on the
catalysis surface, part of the heterogeneous catalytic reactions
also involves reactive and unstable gas-phase intermediates,
which are crucial for the fundamental understanding of the
catalytic reaction mechanism and guiding the catalyst design.
Probing the reactive intermediates of heterogeneous catalytic
reactions in the gas phase is challenging, while the recent
application of SVUV-PIMS offers a promising approach. The first
report is the application of SVUV-PIMS at HLS-I in monitoring the
gas phase products in oxidative coupling of methane (OCM) over
Li-doped MgO, demonstrating the existence of alkyl radicals as
speculated previously.71 This method shows unique advantages in
the process analysis of catalytic reactions, which is further high-
lighted with recent advances in OCM and oxidative dehydrogena-
tion of ethane (ODHE),72 syngas conversion,16 and methanol-to-
hydrocarbon (MTH)17 reactions in the following section.

4.1 Gas-phase reactive radicals in OCM and ODHE reactions

OCM has attracted great interest because of its potential to
produce value-added products from natural gas, biogas, etc.
Mechanistic investigation of OCM reactions is necessary for
developing efficient catalysts and designing proper reactors.
A radical-involved mechanism has been proposed,73–76 but
there is a lack of experimental evidence for radicals such as
ethyl radicals and peroxide radicals due to their high reactivity
and very low concentration. This study is far from a compre-
hensive understanding of the mechanism. Distinct progress is

the direct measurement of a series of gas-phase reactive inter-
mediates including methyl radicals, ethyl radicals, methyl
peroxide radicals, ethyl peroxide radicals, methyl hydroperoxide,
and ethyl hydroperoxide during OCM and ODHE reactions over
Li/MgO catalysts.72 Fig. 8A shows the photoionization mass
spectrum of the OCM products on the basis of 5.6%-Li/MgO at
750 1C. This mass spectrum was recorded at a photon energy of
10.6 eV, which is sufficient to get the molecule–ions of the
intermediates. The assignment of reactive intermediates was
further confirmed with PIE spectra (Fig. 8B–G), especially the
peroxide radicals that have long been considered as important
intermediates in OCM reactions. Similar radicals were also
observed in ODHE reactions.72 Secondary reactions of these
reactive intermediates in the gas phase are also elucidated by
adjusting the distances between the catalyst bed and the
molecular-beam sampling nozzle. These observations greatly
improved the understanding of OCM and ODHE mechanisms.

4.2 Key intermediates in syngas conversions

Another interesting application of SVUV-PIMS is probing the
key intermediate, ketene, in syngas (CO + H2) conversion.

Fig. 7 Experimental (symbols) and simulated (lines) mole fraction profiles
of the nitrogenous intermediates in the oxidation of propene/NOx: (a)
3-nitropropene (C3H5NO2), (b) 3-nitrosopropene (C3H5NO), (c) nitrous
acid (HONO), and (d) nitromethane (CH3NO2). A flow reactor with
0.7 cm inner diameter and 22 cm heating length was used, and the
average residence time is in between 0.3 and 0.5 s in the investigated
temperature range. GM2 represents the gas mixture of propene/NOx with
f = 0.23 and NO/NO2 ratio = 0.3497; GM3 represents the gas mixture of
propene/NOx with f = 1.35 and NO/NO2 ratio = 1.782.70 Reproduced with
permission from Elsevier/The Combustion Institute.

Fig. 8 (A) Gas-phase products of the OCM reaction catalysed by 5.6%-Li/
MgO at 750 1C, the mass spectrum was acquired at the photon energy of
10.6 eV and with a catalyst bed of 137 mm obtained from the sampling
nozzle of the mass spectrometer. (B–G) Photoionization efficiency spectra
of the reactive intermediates.72 Reproduced with permission from the
American Chemical Society.
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Fischer-Tropsch synthesis (FTS) is an extensively investigated
technique to directly convert syngas into light olefins, but this
process suffers from low selectivity (58% for C2–C4) and serious
carbon deposition.77 Jiao et al.16 reported the unprecedented
high selectivity on the basis of a novel OX-ZEO process, as high
as 80% for C2

Q–C4
Q and up to 94% for C2–C4 with the CO

conversion of 17%. SVUV-PIMS at HLS-II was used to detect the
gas-phase intermediates and products in syngas conversion
over ZnCrOx. A series of products were observed in mass
spectra, among which the most important intermediate ketene
was identified by comparing the mass spectra recorded at
different photon energies (Fig. 9). Based on the experimental
observation and DFT calculations, a unique ketene-involved
mechanism was proposed, in which CO and H2 are activated on
the partially reduced oxide surface (ZnCrOx) with the formation
of ketene, and ketene was transported in the gas phase to the
active sites of MSAPO, where they were converted into olefins.
This mechanism indicates the activation of syngas, and the
production of olefins is activated by different active sites, which
is quite different from the surface polymerization of CHx inter-
mediates in the generally accepted FTS reaction mechanism.

4.3 Key intermediates in MTH reactions

The MTH process is another important route to produce light
olefins and aromatics. The MTH reaction mechanism involves
olefin- and aromatic hydrocarbon-based cycles which are con-
nected by hydrogen transfer (HT) and cyclization reactions.
Recent studies indicate that formaldehyde (HCHO) may act as
an important intermediate and was thought to be generated
from MeOH in the MeOH-induced HT pathway and participate in
the formation of some oxygenic coke precursors.78,79 Therefore,
knowledge of the behaviour of HCHO during the MTH reaction is
important for understanding the HT pathway. Recently, Wen
et al.17 successfully detected formaldehyde as a reactive inter-
mediate in the MTH reaction over HSAPO-34 and HZSM-5 at the
pressure of 266.6 Pa (Fig. 10). Thanks to the excellent signal
response of SVUV-PIMS to formaldehyde, despite the extremely

low equilibrium concentration of formaldehyde, the evolution of
formaldehyde and other products during the complete reaction
process of MTH can be observed in real time. The formation
trends of formaldehyde and methane were found to be similar
during the MTH process over HSAPO-34, and the yields were
closely related, indicating that they are produced by the dispro-
portionation of methanol, and the existence of Y2O3 was proven
to help decompose formaldehyde and improve the conversion
efficiency to hydrocarbons. While for HZSM-5, the yield of for-
maldehyde was found to affect the formation of dienes, aromatics,
coke, and ethylene, which revealed the involvement of formalde-
hyde during the entire aromatic hydrocarbon-based cycle.

5 Future outlooks

It is very clear that the high photon flux and tunability of SVUV
light can afford great selectivity and sensitivity, as well as the
isomer-specific capability that is not present in conventional light
sources. The combination of SVUV-PIMS and molecular-beam
sampling approach has greatly advanced the understanding of
combustion and catalytic chemistry, as well as many other fields.

Recently, Hefei Advanced Light Facility (HALF), a fourth-
generation synchrotron light source with a diffraction-limited
storage ring, has been proposed and its construction has
been started.80 The radiation will hold the characteristics of
transverse coherence and ultra-low divergence angle, which
facilitates obtaining smaller light spots with much higher photon
intensity at the experimental endstation. This will provide new
opportunities for innovation of synchrotron-based experimental
methods with higher sensitivity, higher repetition rate, higher
spatial resolution and suitable for harsher reaction conditions.
Future applications will focus on energy chemistry-related fields,

Fig. 9 Photoionization mass spectrum of products in syngas conversion
over ZnCrOx by SVUV-PIMS at 9.72 eV. The insets display the signals of
m/z = 42.01 (ketene) and m/z = 42.05 (propene) detected at 9.72 and 11.40 eV,
respectively.16 Adapted and reproduced with permission from AAAS.

Fig. 10 Photoionization mass spectrum of the products of the MTH
process recorded at 11.0 eV. The inset shows the PIE spectrum of the
product with m/z 30.17 Reaction conditions: HSAPO-34 was used as a
catalyst; the reaction temperature was 450 1C; the pressure was 2 Torr; the
methanol weight hourly space velocity was 11.74 gmethanol gcatalysts

�1 h�1.
Adapted and reproduced with permission from Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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such as combustion chemistry at high pressures, homogeneous
and heterogenous catalytic chemistry, and aerosol chemistry. Life
science and interstellar chemistry will also be covered.

While synchrotron VUV beamlines offer significant advan-
tages over conventional light sources, the access to beam-time at
synchrotron facilities is highly competitive and restricted, which
is perhaps the greatest limitation in utilizing such advanced
approaches. From this point of view, mass spectrometry with
conventional VUV light sources will continue to be an essential
topic. Actually, VUV light sources including lamps and lasers
have already been extensively used for PIMS but are not compar-
able to synchrotron radiation in terms of high photon flux and
tunability. It is difficult for conventional lamp-based light
sources to achieve high photon flux, except for a light source
named electron beam pumped excimer light (EBEL), which can
deliver a photon flux of up to 3 � 1017 photons s�1.81,82 Several
typical wavelengths such as 122 nm, 124 nm, and 126 nm can be
obtained by replacing the gas filling. Zimmermann’s group has
carried out a large number of impressive applications with EBEL.
On the other hand, lasers can also generate VUV light through
four-wave mixing, high-harmonics and nonlinear optics but it
suffers from the limited gaps of tunability and time-consuming
operation. Notable progress is the recently developed VUV light
sources based on optical soliton dynamics in large-core hollow
capillary fibres (HCFs).83,84 For example, Travers and co-workers
reported the efficient generation of VUV pulses in the range of
110–400 nm through resonant dispersive-wave emission
(RDW).84 The biggest advantage of this technology is the simul-
taneous achievement of continuous tunability and high intensity
on a bench-top light source. The energy is reported approxi-
mately 1 mJ in the range of 107–121 nm, and 13 mJ near 180 nm
(Fig. 11). These superior characteristics may enable the resolu-
tion of isomers beyond the ability of current synchrotron-based
photoionization facilities, which is essential for serving the
broader scientific community.
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Combust. Inst., 2021, 38, 795–803.

71 L. Luo, X. Tang, W. Wang, Y. Wang, S. Sun, F. Qi and
W. Huang, Sci. Rep., 2013, 3, 1625.

72 L. Luo, R. You, Y. Liu, J. Yang, Y. Zhu, W. Wen, Y. Pan, F. Qi
and W. Huang, ACS Catal., 2019, 9, 2514–2520.

73 S. Arndt, G. Laugel, S. Levchenko, R. Horn, M. Baerns,
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