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Abstract: Understanding the reaction mechanism is critical yet challenging in heterogeneous catalysis. Reactive
intermediates, e.g., radicals and ketenes, are short-lived and often evade detection. In this review, we summarize
recent developments with operando photoelectron photoion coincidence (PEPICO) spectroscopy as a versatile
tool capable of detecting elusive intermediates. PEPICO combines the advantages of mass spectrometry and
the isomer-selectivity of threshold photoelectron spectroscopy. Recent applications of PEPICO in understanding
catalyst synthesis and catalytic reaction mechanisms involving gaseous and surface-confined radical and ketene

chemistry will be summarized.
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1. Introduction
Active sites on the surface of a solid catalyst accelerate reac-
tion rates selectively in heterogeneous catalysis.[!l Understanding

*Correspondence: Dr. A. Bodi?, E-Mail: andras.boedi@psi.ch; Dr. P. Hemberger?, E-Mail: patrick.nemberger@psi.ch
aLaboratory for Synchrotron Radiation and Femtochemistry, Paul Scherrer Institute, Villigen, Switzerland; °Institute of Chemical and Bioengineering, Department of Chem-
istry and Applied Biosciences, ETH Zurich, Zurich, Switzerland; °Laboratory for Catalysis and Sustainable Chemistry, Paul Scherrer Institute, CH-5232 Villigen, Switzer-

land



NCCR CartaLysis

133

CHIMIA 2023, 77, No. 3

the catalytic reaction mechanism is challenging, because of the
dynamic evolution of the active site during the reaction and the
complex interplay between reactive intermediates, which deter-
mines the product distribution. Therefore, a two-pronged ap-
proach is most promising to unravel the reaction mechanism com-
prising a) monitoring of the active site under reaction conditions
and b) revelation of reaction routes by detecting and identifying
reactive intermediates liberated from the active site. The results
from both are key to optimizing catalytic reactions to obtain high
selectivities and conversion. To monitor the dynamic evolution
of the active sites during the reaction, a series of operando char-
acterization techniques have been developed, such as transmis-
sion electron microscopy (TEM),[2! infrared (IR) spectroscopy, 3!
X-ray absorption spectroscopy (XAS),l*I near-ambient pressure
X-ray photoelectron spectroscopy (XPS),5! Raman,®! X-ray dif-
fraction (XRD),[”l and electron paramagnetic resonance (EPR)
spectroscopy.!®!

In reactions yielding complex products, identifying the re-
action intermediates, especially the weakly surface-bound ones
liberated in the gas phase, is challenging yet fundamentally im-
portant to understand the catalysis mechanism. One of the major
difficulties is that transient intermediates are usually present at
low concentrations and their high reactivity and short lifetime al-
lows them to evade detection by conventional sampling and detec-
tion techniques.! IR spectroscopy can distinguish the adsorbed
reaction intermediates on the catalyst surface through fingerprints
unique to functional groups.['% However, the IR features of differ-
ent species with similar molecular structure or functional groups
often overlap, making the identification of intermediates difficult
or impossible. This has led to a reliance on theoretical predictions
in the study of reaction pathways and mechanisms.[!!] Fortunately,
in addition to IR spectroscopy, there are two emerging techniques
to make the detection of short-lived intermediates possible.['21 The
first one is (quasi) operando solid-state nuclear magnetic reso-
nance (NMR) spectroscopy,['3! which enables the observation of
chemical bonds and their interaction environment with the cata-
lyst surface by analyzing various nuclear constituents ("H, "*C,
170, etc.). With 2-dimensional NMR, the chemical structure can
often be inferred. Another, more direct approach is operando
photoelectron photoion coincidence (PEPICO) spectroscopy,!!4l
which detects the intermediates desorbing from the catalyst sur-
face directly and isomer-selectively by soft photoionization.

In this review, we will discuss recent advances in operando
PEPICO spectroscopy at the VUV beamline of the Swiss Light
Source and its applications in detecting elusive intermediates in
the field of heterogeneous catalysis. We focus on four topics: (1)
catalyst pretreatment such as redispersion of metal nanoparticles
(NPs) into single-atom catalysts, (2) catalytic pyrolysis of lignin
model compounds, (3) catalytic alkane activation, and (4) metha-
nol- and methyl-chloride-to-hydrocarbon conversion (Scheme 1).
The main elusive intermediates we detect are radicals and reactive
oxygenates, such as ketenes. We will discuss their role during cat-
alyst preparation and how they help reaction mechanism elucida-
tion. Utilizing our expertise in reactive intermediates, novel sam-
pling, and multiplex synchrotron detection techniques, we study
reaction mechanisms as part of Work Page 3 (WP3, Advanced
Tools) in NCCR Catalysis.

2. Operando PEPICO Spectroscopy

Time-of-flight mass spectrometry is a widely-used analytical
approach for qualitative and quantitative analysis, commercialized
in the early 1960s.151 Among numerous ionization methods, elec-
tron ionization and photoionization are the most suitable to ionize
small gaseous species universally. If more energy is transferred to
the neutral molecule than its ionization energy upon interacting
with the electron or the photon beam, a cation may be formed. In
electron ionization, the large energy spread of thermally produced

Catalyst preparation
or pretreatment

eEPICO

Catalytic Catalytic
pyrplysns of alkane
lignin model activation
compounds

Catalyst®

Methanol and methyl <
chloride to hydrocarbons

Scheme 1. Four recent application areas of PEPICO in the field of
heterogeneous catalysis.

electrons and the broad energy transfer distribution means that
dissociative ionization is difficult to suppress.°®! In photoioniza-
tion, the maximum of the internal energy transfer to the parent
ion is the excess photon energy above the ionization energy (IE).
However, if the photon energy is high, dissociative photoioniza-
tion may readily yield fragments, which can be falsely assigned
to a radical spectral carrier in a reactive mixture. For example,
Li et al. recently reported the detection of methyl radicals (CH,)
in methane activation,!'®l based on the m/z 15 peak in the mass
spectrum but without specifying the ionization energy. Given the
comparable ethane signal in the same mass spectrum (IE(C,H,)
=11.52¢eV vs. IE(CH;") = 9.84 V), the used photon energy must
have exceeded 11.5 eV.['71 Therefore, the reader is left wondering
if the m/z 15 peak could also be due to dissociative ionization
rather than direct ionization of the methyl radical intermediate in
methane activation. This shows why avoiding fragmentation or
being able to distinguish dissociative photoionization from direct
ionization is a prerequisite on the way to fully exploit photoion-
ization mass spectrometry as an analytical tool.

Photoionization mass spectrometry (PIMS) with tunable vac-
uum ultraviolet (VUV) synchrotron light represents a sensitive,
selective and multiplexed detection tool, corresponding to the
first analytical dimension.!'8! Although fragmentation can be sup-
pressed in PIMS by choosing the photon energy judiciously, the
distinction of isobars and isomers relies on differences in ionization
energies and photoionization spectra.l9l These are often marginal,
which often makes the isomer-selective assignment challenging,
especially if more than two isomeric species or isomers with barely
different ionization energies and photoionization spectra contrib-
ute to the signal. Photoelectrons are also emitted besides the photo-
ion during photoionization. Bands in the photoelectron spectrum
(PES) correspond to cation electronic states. The vibrational pro-
gression within a band follows the Franck—Condon principle and
is often isomer-selective.l20] However, the photoelectron signal of
the numerous products and the less intense signal of the intermedi-
ates are hopelessly intermingled when analyzing catalytic reactive
environments with rich chemistry, which makes PES alone futile
as an analytical tool. This limitation can be circumvented by cou-
pling the photoelectron signal with photoion mass-selection, to
record a photoelectron spectrum for each mass-to-charge chan-
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Fig. 1. (@) Scheme of operando PEPICO spectroscopy endstation; (b) photoion and (d) photoelectron VMI; (c) threshold photoionization mass spec-
trum (e) the photoion mass-selected threshold photoelectron spectrum of m/z 42.

nel. Precisely this is done in photoelectron photoion coincidence
(PEPICO) spectroscopy,2!1 when photoelectrons and -ions are de-
tected in delayed coincidence to increase the selectivity of PIMS
and allow for the study of complex mixtures.

The scheme of the operando PEPICO endstation can be found
in Fig. l1a. Reactants are fed into the preheated reactor containing
the catalyst bed. The inlet pressure of the reactor can be chosen
from below 0.1 bar to ambient pressure depending on the reac-
tor orifice, the amount of added catalyst, particle size, as well as
the loading method. The reactor is placed in a vacuum chamber,
and the effluent expands from the reactor into high vacuum (10~
mbar) to form a molecular beam (MB). The MB travels through the
skimmer to the second, ionization vacuum chamber (10~° mbar).
In the molecular beam, collisions are quickly suppressed and re-
active intermediates (e.g., radicals, ketenes, efc.) are frozen out
and are not quenched after leaving the reactor. These species are
softly photoionized with tunable and monochromatic VUV light to
yield cations and photoelectrons. They are accelerated in opposite
directions and detected in velocity map imaging (VMI) conditions
in delayed coincidence by fast, position-sensitive delay-line de-
tectors (Fig. 1b, d). Ions are also space focused on the detector,
which, thanks to the almost instantaneous detection of the electron,
allows us to record time-of-flight mass spectra (first analytical di-
mension).%! The VMI ion detector also measures the lateral mo-
mentum/velocity of each species, and the resulting 2-dimensional
ion images (Fig. 1b) give rise to the second analytical dimension.
Ton momentum analysis distinguishes direct ionization from frag-
mentation based on the kinetic energy release in the latter. It also
discriminates the thermalized, scattered background signal in the
ionization chamber (RT bckg in Fig. 1b), in which reactive species
may be quenched, from the molecular beam signal (MB in Fig. 1b)
due to direct ionization of the effluent from the reactor. Thanks
to the tunability of the VUV photon energy and the high, in ideal
cases ca. meV, resolution, dissociative ionization can be effectively
suppressed. Together with the known photon energy, VMI photo-

electron kinetic energy analysis delivers complete control over the
photoionization energy balance and represents the third analytical
dimension. By selecting only threshold photoelectrons within less
than, e.g., 5 meV kinetic energy as start signal for the photoion
TOF analysis, high-resolution photoion mass-selected threshold
photoelectron spectra (ms-TPES) are obtained for each cation m/z
channel. The m/z 42 ms-TPES is depicted in Fig. 1e,[?2l which can
be clearly assigned to a mixture of ketene (H,C=C=0) and pro-
pylene. The assignment is based on reference spectra, available
now for a myriad of reactive intermediates(2)] and supported by
Franck—Condon spectral modeling, which can reliably and rou-
tinely predict the vibrational structure of the ground-state band in
the photoelectron spectrum nowadays.!23! PEPICO is a multiplexed
technique and the ms-TPES is obtained for all m/z peaks in Fig. 1¢c
simultaneously by scanning the photon energy and recording the
threshold photoionization matrix.24l Overall, this makes operando
PEPICO spectroscopy a versatile tool to detect isomer-selectively
elusive intermediates and stable products, present in the gas stream
exiting the reactor either because they are weakly bound and de-
sorbed from the catalyst or because they participate in gas-phase
chemistry.[14al

3. Applications of Operando PEPICO Spectroscopy
Universal, sensitive, (isomer-)selective, and multiplexed

PEPICO detection has contributed to numerous topics in hetero-

geneous catalysis since 2017,1241 which we review in the following.

3.1 Redispersion of Metal Nanoparticles into Single-
atom Catalysts

Sintering is one of the main causes of catalyst deactivation[2>]
and is driven by the decreased surface free energy at large par-
ticle size.[201 Redispersion of NPs into single-atoms is a strategy to
maximize the utilization efficiency of metal atoms. For instance,
Pt NPs will redisperse to single Pt-atoms (Pt,) on the CeO, surface
in the presence of O, at temperatures above 800 °C.[27 The mecha-
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nism is hypothesized to involve the formation of volatile PtO,
species from Pt NPs, followed by the migration and atom trap-
ping by the CeO, surface. The redispersion of zeolite imidazolate
framework-8 (ZIF-8) supported noble metal nanoparticles (Pt,
Pd, and Au NPs) into single atoms occurs in an inert atmosphere
above 900 °C.[281 Another low-temperature redispersion method
of Ir and Pd NPs on activated carbon (AC) was realized in the pres-
ence of CO and CH,I at about 325 °C.[2! X-ray absorption spec-
troscopy (XAS) was used to reveal the local coordination environ-
ment of the Ir, and Pd, catalysts, Ir(CO),I,(0-AC) and [Pd(CO)
I,(O-AC)]*". However, the intermediates during the NPs redisper-
sion process under thermal treatment in CO/CH,I are difficult to
capture by standard lab-based characterization techmques

Since the detected intermediates for the redispersion of Pd and
Ir NPs by PEPICO spectroscopy are similar,[2°0-30] we focus on
the latter. The redispersion is initiated by the homolytic cleavage
of H,C-I, which is observed already at low temperatures by the
detectlon of I' (im/z 127) and CH,’ (m/z 15, Fig. 2a). By compar-
ing the temperature-dependent I (Fig. 2b) and CH,?%! signals,
the latter shows up only above 790 K, much hlgher than I" (605
K). This is mainly because of the formation of C,H, (m/z 30)
and C,H, (m/z 28) at low temperatures, which consumes CH,".
Other CH -mediated products are also observed, such as CH, OH
(m/z 32) and CH,COI (m/z 170, Fig. 2a). More 1mportantly, the
Ir(CO),1 complex (m/z 402 and 404) is also identified in the gas
phase (F1g 2a). It was found that Ir NPs cannot redisperse in
N,/CH,I without CO,%! suggesting CO and CH,[ participate in
the dlsperswe process of Ir NPs together by the formatlon of an
Ir(CO), I complex (0 <n <m<4). The Ir(CO), I complex binds
AC surface oxygen to form Ir, (Fig. 2¢). According to models of
Ir(CO)L(O-AC), Ir(CO),I(0O-AC), Ir(CO),I(O-AC), and Ir(CO).I,
the last is most likely to escape from the surface, which explains
why only Ir(CO),l is found in the gas phase by PEPICO detection
(Fig. 2¢). Moreover, the detection of gaseous Ir(CO),I also ac-
counts for the slight metal leaching during the dispersion process.
Overall, CO and I' will react with the metal atoms together at a
gently elevated temperature to form volatile metal complexes. The
formed Ir-containing complex is mobile, which can be trapped
again on the surface by the surface oxygen on AC.
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Fig. 2. (a) Photoionization mass spectrum, (b) temperature dependence
of the I* signal during dispersal of Ir NPs with CO/CH,l; (c) model of
Ir(CO),I(O-AC). Reproduced from ref. [29a,30] with permission. Copyright
2020 Elsevier Inc.

3.2 Catalytic Pyrolysis of Lignin Model Compounds

Lignocellulosic biomass is a cheap and abundant carbon-neu-
tral feedstock for producing renewable value-added chemicals
and biofuels.[3'l Among the main conversion techniques, namely
pyrolysis, gasification, and biochemical treatment, pyrolysis is
the most economically feasible.[321 Bio-oil, the liquid product
from biomass fast pyrolysis, has a low H/C ratio and high oxygen
content compared to crude oil.33 Bio-oil has to be upgraded by
deoxygenation to be used as a replacement for gasoline and die-
sel.34 An alternative is to upgrade the pyrolysis vapors prior to
quenching to decrease the oxygen content over a solid catalyst in
catalytic fast pyrolysis (CFP).[351 To understand the elementary
reaction steps and the role and interaction of functional groups in
the catalytic pyrolysis of biomass, the CFP of a series of lignin
model compounds, among them methoxyphenol and benzenediol
isomers, were studied using PEPICO detection. In 2017, the cata-
lytic pyrolysis of guaiacol (3) in Fig. 3a over an H-USY zeolite
catalyst was analyzed by both GC/MS and PEPICO24 detection.
Fulvenone (15) was found to be the key intermediate, produced by
demethylation of guaiacol to catechol (6) and subsequent intramo-
lecular dehydration. 15 is responsible for the formation of phenol
(7) and cyclopentadiene (12). Cyclopentadiene (12) and fulvene
(14) could only be detected by PEPICO spectroscopy because
they do not survive in GC/MS sampling.

Free methyl radicals were also detected and were established
to be derived from the methoxy group of guaiacol by "*C label-
ing. The numerous methylation products, including methyl-
cyclopentadienes (13), can therefore be rationalized based
on the abundance of surface methyl species. In the CFP of the
three benzenediol isomers (4,5,6) over H-ZSM-5, only catechol
yields fulvenone ketene (15) by intramolecular dehydration (Fig.
3b).1301 Thus, fulvenone formation is driven by the proximity of the
vicinal hydroxyl groups. The presence of this fulvenone-mediated
reaction route also results in higher catechol catalytic reactivity
compared to other two isomers. Analogously, the three methoxy-
phenol isomers (1,2,3) were also catalytically pyrolyzed, and
the highest reactivity was found in the ortho-substituted guaia-
col (3).371 Additionally, PEPICO identified the naphthalene (17)
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Fig. 3. (a) Reaction routes in the CFP of lignin model compounds, deter-
mined by GC/MS and PEPICO; (b) ms-TPES of representative intermedi-
ates in catechol CFP. Figure 3(b) is reproduced from ref. [36] with permis-
sion from the Royal Society of Chemistry.
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formation route by cyclopentadiene (12) dimerization yielding
dicyclopentadiene (16) as one of the key early intermediates in
coke formation.

Overall, while GC/MS only detects stable species, PEPICO
spectroscopy identified fleeting catalysis intermediates and the
fulvenone route in the catalytic pyrolysis of lignin model com-
pounds. By studying the conversion of stable intermediates as re-
actants, such as 2-cyclopeten-1-one (11), phenol (7), cyclopenta-
diene (12), efc.,3%] the catalytic mechanism could be refined, fur-
thering our understanding of the CFP process. More specifically,
the fulvenone-mediated reaction route was found to be limited to
the ortho-isomers 3 and 6, and is the driving force of their higher
catalytic pyrolysis activity.

3.3 Alkane Functionalization

In addition to the use of natural gas as a non-renewable energy
source,381 the selective production of olefins, alcohols, aromatics
etc. from alkanes, the major constituent of natural gas, is alluring
in the transition from the fossil to the renewables era.3l However,
in the absence of feasible valorization approaches for inert C,_,
alkanes, large amounts of gaseous oil extraction by-products are
flared. Catalytic alkane activation can in fact be realized at moder-
ate temperatures.?l In methane oxybromination over (VO),P,0,
and EuOBr catalysts, bromine radicals were observed already at
lower temperatures than methyl radicals.*!] Combined with den-
sity functional theory calculations and kinetics data, a gas-phase
CH, activation route was identified, which proceeds by surface
oxidation of HBr to Br’, which desorbs and activates CH . in the
gas phase to CH,’ directly (Fig. 4a). The analogous reaction path-
way was also verified in methane oxybromination over Pd/SiO,.[42!
However, chlorine radicals (CI°) can only be found in small con-
centration with HCl and O, as reactants, and the signal disappears
in oxychlorination when CH, is co-fed. The absence of CI" is due
to rapid CH, activation. Furthermore, based on the halogen evo-
lution rate in HX oxidation and methane oxyhalogenation, gas-
phase chemistry is dominant in CH, oxybromination and marginal
in oxychlorination.
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Fig. 4. Surface and gas-phase alkane activation mechanism in (a) meth-
ane oxyhalogenation, (b) ethane and propane oxyhalogenation over dif-
ferent catalysts; (c) Peak areas of various species as a function of tem-
perature in ethane oxychlorination and oxybromination; (d) ms-TPES of
C,H,* and C_H,’ in propane oxybromination. (c) is adapted with permis-
sion from ref. [43]. Copyright John Wiley & Sons, Inc. (d) is reprinted with
permission from ref. [45]. Copyright 2020 American Chemical Society.

Ethane oxybromination and oxychlorination were also com-
pared over FePO,.*3 Similarly to the methane results, the large
Br* and Br, signals were in contrast to the absence of the CI and
Cl, peaks (Fig. 4c). Prompt-gamma activation analysis (PGAA), a
surface-coverage quantification technique,# indicated high sur-
face Cl density (4.1 mmol mol_ ") at 723 K, which decreased to
3 mmol ;mol_ " at 773 K. The surface Br density was 2.5 mmol-

5mol, "' at 663 K, and Br vanished from the surface at 723 K.
Thus Br escapes the surface and participates in the gas-phase re-
action route, while ethane oxychlorination only contains surface-
confined functionalization (Fig. 4b). Isomer-selective analysis of
intermediates unveiled mechanistic insights into propane oxyha-
logenation over CrPO,. Again, Br* and Br 43! were found in oxy-
bromination, while CI" and CI, were absent in surface-confined
oxychlorination (Fig. 4b). Gas-phase C—H activation products in
oxybromination of propane and propene were isomer-selectively
assigned as isopropyl (i-C,H.’, thermodynamically more stable
than n-C.H.") and allyl radlcals (C,H,"), respectively, based on
the ms- TPES (Fig. 4d). The propargyl radical (C,;H,") was also
detected and is likely produced by consecutive H abstractlon It
is one of the key benzene formation intermediates and largely
responsible for early coke formation.

Propargyl was also identified in non-oxidative methane cou-
pling over Fe@SiO, 61 and was recognized as rapid C, forma-
tion intermediate, besides the stepwise C, addition reaction. Here,
CH,’ radicals were formed over both fresh Fe@SiO, and SiO,
catalysts, but C, radicals were only observed over Fe@SiO, in
the early stages of the reaction. This suggests that the initial CH,’
coupling takes place on the iron site. However, pre-coked Fe@
SiO, and SiO, showed similar C,, radical and C,, product distri-
bution, which indicates that the active sites of Fe@SiO, and SiO,
change during the reaction. Be it in oxidative or non-oxidative
environments, detecting reactive intermediates with operando
techniques provides deep mechanistic insights, which help make
these processes more economically viable.

3.4 Methanol and Methyl Chloride to Hydrocarbons

Production of high-demand chemical commodities such as
hydrocarbons from monosubstituted methyl chloride and meth-
anol, CH3X (X = halogen, OH), has also attracted much atten-
tion in academia and industry.l*7! Methyl halide-to-hydrocarbons
(e.g., MCTH for CH,Cl) and methanol-to-hydrocarbon reactions
(MTH) were Wrdely studied over zeolite catalysts, particularly
ZSM-5 and SAPO-34.1481 The main products from these reac-
tions are C,—C, alkenes, alkanes, and aromatics. SAPO-34 pro-
duces more light alkenes compared to ZSM-5 due to the narrow
cavity openings.[*81 The reaction mechanism, especially in the
induction period, is still hotly debated.!!!214b:491 By monitoring
MCTH and MTH with operando PEPICO at low and near-am-
bient pressures, we observed CH,’ radicals in both reactions and
ketene only in MTH.[14] After analyzing the temperature-depen-
dent evolution of the reaction intermediates, C—C bond forma-
tion and propagation routes were proposed (Fig. 5a,b). CH, -
addition routes dominate in MCTH, i.e., C H, formation by C-C
coupling and hydrogen transfer, followed by further methylation
to form C,—C, hydrocarbons (Fig. 5b). In MTH, an oxygenate-
driven route was found besides the CH,-addition route (Fig. 5a).
First, HCHO derived from CH,OH or (CH,),0 dehydrogenates
to CO. Second, Koch- carbonylatron of oxygenates generates the
first C—C bond product, ketene. Finally, olefins are formed from
ketene via decarbonylation. It should be noted that ketene is
considered as the key intermediate to olefin formation, as also
reported for the syngas-to-olefins process.!134-501 Despite ketene
being observed in MTH for the first time by PEPICOIl!4b] spec-
troscopy, its role in the initiation phase of the reaction could only
be investigated theoretically until now, owing to its low stability
and concentration.



NCCR CartaLysis

137

CHIMIA 2023, 77, No. 3

84 85 85 67
fo (2)

j? cHO ?‘% CH'

26 100 104
vy

() A

86 100 104
fo ()
R

cHo'
a.‘m_o.dL

100 105 10
i)

w03 105

84 88 92 05
hfov)

cHOH cHo

CHO+CO HE,0+ CHOH 2CHEHO CHO O,
L -2 -2 -2 |-HO -Ho “H|-HO
e b i ! J b
(CH),0 —— CHO co HE0 CH.CHO + CHO CHO cH,
“on,
(b) on’ CH,

04 86 92 96

104 108 106
i)

a6 83 100
eV oV

(e
E miz 56
g
£
=
92 978 ID’O |0I44 84 BVS
Photon enargy / eV Photon energy / eV
© carbonylation +CHy"
— - 0=C= - o=Cc=~"
methanol \ \\_(j o
—Cl - = CHy — .=~ — ==
P +CH; 2H

methyl chloride
CHy'™- and ketene-driven routes

Fig. 5. (a,b) Proposed reaction network of the oxygenate-driven reaction
in MTH and CH,’ radical-addition pathway in both MTH and MCTH over
HZSM-5; (c,d) typical m/z 42 and 56 ms-TPES in methyl acetate conver-
sion over HZSM-5; (e) C,H, formation routes from CH,’ radical-addition
and ketene-driven routes. Figs 5(a,b) are reprinted from ref. [14b]. Figs
5(c,d) are reprinted from ref. [22].

To unveil the role of ketenes during the initiation phase of the
MTH reaction, methyl acetate was selected as precursor to produce
ketene over an HZSM-5 catalyst at a low reaction temperature of
250 °C.1221 No olefins were formed at these low temperatures (Fig.
5¢), however by increasing the reaction temperature to 360 °C, a
secondary intermediate, methylketene, could be detected (Fig. 5d),
while C, , olefins were produced simultaneously. The formation
of methylketene clearly indicates ethenone ketene methylation at
higher temperatures. Due to the abundance of Brgnsted acid sites
on HZSM-5, a rapid equilibrium sets in between ethenone ketene
and surface acetylB%! and, analogously, methylketene and surface
propionyl. Decarbonylation of methylketene, or of the correspond-
ing surface propionyl, yields the first olefin, C H,, proving the
proposed ketene-driven routel!!] experimentally for the first time.
C,H, formation routes by CH,’ radical addition and ketene-driven
routes in MTH and MCTH, revealed by PEPICO detection, are
summarized in Fig. Se.

4. Conclusions

PEPICO detects short-lived intermediates, such as radicals and
ketenes, isomer-selectively. These elusive species define reaction
mechanisms, the understanding of which can contribute to ratio-
nal catalyst and process design. In this review, we highlight how
PEPICO has answered mechanistic questions about (1) catalyst

preparation, (2) elementary reactions in biomass valorization, (3)
alkane functionalization, and (4) methanol- as well as methyl-
chloride-to-hydrocarbon processes. The gas-phase chemistry dur-
ing the redispersion of single-atom catalysts reveals the dispersion
chemistry and the origin of metal leaching. The abundance of free
radicals, oxygenates, and other intermediates in the gas phase as
well as their ratio does not only reveal the elementary steps but also
gives a clue to the role of gaseous and surface-contained chemistry.
PEPICO only detects intermediates that desorb from the cata-
lyst surface, although desorption can be facilitated at low pres-
sures. However, strongly bound surface intermediates remain
challenging to detect. Surface-sensitive techniques (i.e., EPR, IR,
NMR, PGAA, etc.) can, thus, provide complementary results to
complete the mechanism.!!3b.140] Co-feeding an internal standard
(e.g., Xe) allows us to obtain mole fractions of reaction interme-
diates and products,[!4b! but absolute yields remain elusive in the
absence of species and photon energy dependent photoionization
cross sections (PICS). Although the PICS of two crucial ketene
intermediates could be quantified in salicylamide pyrolysis, ful-
venone, and 2-carbonyl cyclohexadienone,51 such dearly needed
measurements of fleeting intermediates remain the Holy Grail of
photoionization studies for reliable quantification.
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