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ABSTRACT: The production of syngas from light hydrocarbons Online MS

is a viable way of converting under-utilized hydrocarbon sources Lo

into valuable products until a full transition to renewable energy Qs ineawonwoducesi
sources is achieved. However, current heterogeneous catalysts for J|___reactams A
syngas production suffer from deactivation, either by coking or Time resolved

oxidation. Here, we report on the behavior of model nickel
catalysts within the context of ethylene partial oxidation and
observe the catalyst-environment interaction as a function of
reactant feed and temperature. Using a combination of operando
microscopy and spectroscopy and focusing on a reaction regime
characterized by synchronized self-sustained oscillatory dynamics,
we are able to gain additional insights into the dynamic interplay
between reactive species and active catalyst surfaces of varying
reactivity. Real-time secondary electron imaging coupled with online mass spectrometry and thermal data shows that the oscillatory
behavior is characterized by a highly active half-period during which the surface of the nickel catalyst is metallic and a less active half-
period during which the surface is oxidized. Complementing the direct surface imaging, operando X-ray photoelectron spectroscopy
provides missing information about the alternating chemical state of the catalyst surface in the oscillating reaction regime. It reveals
that changes in the gas phase composition (C,H,/O, ratio) alter the population of reaction intermediates (e.g., carbides) on the
nickel surface, which in turn drives the selectivity of the reaction toward different products. The observed chemical dynamics involve
changes in gas-phase composition, rate-dependent heat of reaction, the chemical state of the catalyst, and the formation of reaction
products, all of which are interconnected. Ultimately, the complex oscillations and catalytic behavior are attributed to a multistep
mechanism that involves complete ethylene oxidation, dry and wet reforming of ethylene, and the reverse water gas shift reaction.
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B INTRODUCTION to the presence of a carbon—carbon double bond, making
them more susceptible to catalytic activation under milder
conditions. Additionally, the interaction of carbon-based
species with the catalyst surface plays a critical role in both
catalyst deactivation (through coking) and reaction dynamics.
Among typical model systems, only CO oxidation provides
some insights into carbon chemistry at the catalyst surface.
This study focuses on the partial oxidation of ethylene to
syngas over polycrystalline Ni foils as a model system. The
high reactivity of Ni toward hydrocarbon activation and its
well-known tendency to form carbon deposits, which can

The production of syngas, a valuable building block for
synthetic compounds,' relies on heterogeneous catalysts that
efficiently activate both the hydrocarbon and the oxidant from
the reactant source. Traditionally, noble metal catalysts such as
Ru, Rh, or Ir** are employed, but due to their scarcity, more
abundant non-noble metals such as Ni, Co, and Fe*® have
gained attention. They exhibit comparable activity but add
complexity due to their susceptibility to oxidation.”” Light
alkanes (C1—C4) are traditionally favored for syngas
production due to their abundance. In dry reforming of
methane (DRM), the inherent stability of CH, and CO,
requires harsh conditions, such as high temperatures and Received:  July 25, 2024 RiCatalysis|
pressures, to shift the chemical equilibrium toward syngas Revised:  November 11, 2024
production. While these conditions are feasible in industrial Accepted:  November 12, 2024
environments, they are challenging to replicate in vacuum- Published: November 19, 2024
based characterization techniques, despite recent advance-

ments® In contrast, alkenes like ethylene are more reactive due
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deactivate the catalyst under reactive conditions, make this
system particularly appealing for study. Under constant
reactant feed and temperature, the system under study displays
self-sustained chemical oscillations across a broad range of
reaction conditions. These oscillations are defined by periodic
transitions between two states with distinct product distribu-
tions, thermal effects, and catalyst structures. Chemical
oscillations are abundant in catalysis”'® and have been
explored usin% integral,'"'~"* and localized characterization
techniques,">~" and their kinetics have been mathematically
modeled.'”"®7*! However, the mechanisms that drive the state
transitions remain a subject of scientific debate. Various
models, such as the oxide model,** the carbon model,'”*72°
and the reconstruction model*® have been proposed to explain
the oscillatory behavior observed in elementary redox
reactions. In both the oxide and carbon models, the transition
between states of different activity is attributed to a gradually
changing surface coverage, either by passivating oxide layers or
carbon deposits, that reduces the reaction rates. Removal of
these layers restores the initial activity. Conversely, the
reconstruction model suggests adsorption-induced surface
reconstruction, which leads to new surface structures with
varying reactant coverages and activation rates. Here, we revisit
the proposed mechanisms within the context of ethylene
partial oxidation and observe the behavior as a function of
reactant feed and temperature. By using a combination of
spatially resolved real-time imaging by environmental scanning
electron microscopy (ESEM), surface-sensitive near-ambient
pressure X-ray photoelectron spectroscopy (NAPXPS), and
online mass spectrometry (MS), we gain direct insights about
the structural and chemical dynamics under operating
conditions. The ESEM allows us to directly observe the
surface morphology of a model catalyst in its working state
under reaction conditions in real-time and at high spatial
resolution. The recorded secondary electron signal does not
only reveal changes in surface topology but is also sensitive to
reaction-induced changes in surface composition.”” The
missing information regarding the oxidation state and
chemistry of the surface is delivered by complementing
synchrotron-based NAPXPS experiments that were conducted
under identical gas composition, pressure, and temperature.
The tunable photon energy provides chemical information
regarding the catalyst surface up to a depth of a few nm and
enables the identification of surface intermediates that are
temporarily present during different phases of the cycling
reaction at second-scale temporal resolution. The integration
of real-time imaging, surface-sensitive spectroscopy, and online
mass spectrometry is essential for accurately studying time-
sensitive phenomena like oscillations. This approach provides
new insights into the interplay between reaction- and structural
dynamics that lead, through lateral coupling, to complex self-
organization phenomena. In agreement with earlier studies,'” it
is found that the surface is predominantly composed of
metallic Ni during periods of high activity, and NiO in the low
active state. Ni;C is detected by NAPXPS, but its role remains
unclear. It is formed only under stoichiometric reactant flow at
950 °C during the transition from the low to the high activity
state and continuously throughout the high activity state.
Based on our findings, we propose a mechanism for the self-
sustained oscillation mode in ethylene partial oxidation that
involves a multistep process, including total oxidation, reverse
water gas shift (RWGS), dry reforming of ethylene (DRE), and
wet reforming of ethylene (WRE).

B RESULTS

Polycrystalline nickel foils are first annealed in hydrogen at
pressures of around 50 Pa and temperatures up to 1000 °C.
High-temperature annealing induces surface reconstruction
and results in a clean metallic nickel foil with a smooth surface
texture (see Movie S1). Reference experiments in which
metallic nickel foils are exposed to oxygen at temperatures in
the range between 400 and 600 °C show that oxidation leads
to a substantial increase in image brightness, caused by an
increased secondary electron yield due to surface roughening
and formation of small nickel oxide particles (see Figure S1).

Starting with freshly annealed Ni foils, operando SEM
observations begin by setting the desired temperature and
introducing the reactants with argon as a diluent at a constant
flow rate of C,H,:0,:Ar = 1.2:0.2:5 mL/min. Under these flow
conditions, the pressure in the differentially pumped ESEM
chamber equilibrates at 50 Pa. Throughout the experiment, the
sample temperature is kept constant at 750 °C (pink trace in
Figure 1A) by regulating the power of the laser heating stage
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Figure 1. Self-sustained oscillations in the catalytic C,H, partial
oxidation to syngas over nickel foil in ESEM. (A) Integral secondary
electron image brightness, heating-power, and temperature profiles
plotted together with mass spectrograms of the gas composition
inside the ESEM chamber under constant reactant flow of
C,H,:0,:Ar = 1.2:0.2:5 mL/min at 750 °C. (B—E) Selected
secondary electron images collected during an oscillatory cycle at
the times indicated by gray vertical lines in (A). The change in image
brightness indicates the transition from oxidized (bright) to reduced
nickel surface. In the reduced state (D), grain orientation contrast is
visible.

(black trace in Figure 1A). In this set environment, the
continuously recorded SEM images show periodic transitions
between the darker, reduced nickel surface and a brighter,
oxidized state (see Movie S2). Temperature fluctuations in the
ESEM were controlled to within +1 °C, as shown in Figure 1A
(pink and orange traces), which corresponds to a temperature
variation of only 0.1%. This minimal fluctuation has no
observable impact on the brightness evolution observed in our
study. Additionally, the images recorded during the high-
temperature annealing process in Movie S1, were acquired at
identical brightness, contrast, and detector bias settings.
Despite the ~800 °C temperature difference with respect to
room temperature imaging, there was minimal variation in
image quality or brightness. The diagram in Figure 1A presents
the simultaneously recorded reaction-induced variation in gas-
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phase composition in the ESEM chamber. Also shown are the
variations in image brightness, heating power, and sample
temperature with reaction time. Gray vertical lines in Figure 1A
indicate the moments at which the selected secondary electron
(SE) images in Figure 1B—E were recorded. The presence of
intrinsic oscillations is presented in Supporting Information
(see Figure S2) where a detailed analysis of the oscillation
behavior under different temperature control strategies is
provided.

The MS data shows a periodic modulation of the reactant
and product concentrations that is correlated with variations in
heating power and the integral brightness of the recorded
images. In the interval from ¢t = 0 s to t = 250 s in Figure 1A,
the partial pressure of the educts C,H, and O, starts at a high
level when the system is in a low activity (LA) state. With time,
their concentration slowly drops due to an increasing rate of
consumption. As a consequence of partial oxidation, a rise in
H, and CO signals is observed, while the concentration of H,O
and CO, as products of total oxidation remains at the
background level. Within this first interval, the measured
temperature remains at the set value of 750 °C and is
maintained via a relatively constant heating power, of around
7.3W. Throughout this low-activity state, the integral SE
brightness remains high, indicating an oxidized surface. The
second interval from about ¢ = 250 s to t = 1250 s is initiated
by a transition from high brightness to darker SE images. As
can be seen in Figure 1C, this transition is initiated by the
appearance of growing dark patches, indicating the reduction
of the surface oxide layer. The change in image brightness is
accompanied by a rise in C,H, and O, consumption, as
revealed by the steeper downward slope of the corresponding
partial pressures in Figure 1A. At the same time, a significant
rise in H, and CO concentrations is observed in the MS data,
while the H,O and CO, signals still remain close to the noise
level. The transition from the bright, oxidized to a darker,
reduced surface is completed after about 170s. During the
whole period of high activity (HA), which lasted about 900s in
the set experimental conditions, the surface remains in the
metallic state, and the temperature varies around the set point
by approximately +1 °C. The deviation from the set point after
the transition from the LA to the HA state is caused by the
latency of the PID controller that regulates the power of the
laser heating stage, and by the thermal mass of the nickel foil.
Interestingly, the heating power increased during the transition
from low- to high conversion from around 7.3 W to 9.2 W.
The latter could be a consequence of a change in the laser
absorption properties of the nickel foil upon switching from
the oxidized to the metallic nickel surface. The end of the HA
state and transition to the LA state is initiated by the
appearance of bright patches of surface oxide in the SE images
(see Figure 1D). The transition and complete surface oxidation
are completed after about 80 s. Coinciding with the transition
observed by ESEM, a rise in the concentration of the educt
species and a drop in the product species are observed in the
MS data. The succession of the HA and LA states forms a
complete cycle, after which the concentrations of gaseous
species, the heating power, sample temperature, and image
intensity return to the same values to commence the next
cycle.

In order to confirm the above assignments regarding the
bright, oxidized nickel and the darker metallic surface and to
detect changes in the surface chemical state and eventually
identify adsorbed species, complementary synchrotron-based

NAPXPS experiments are performed at the Swiss Light Source
(SLS). Details on the comparison between the two
experimental setups, including mass spectrometry data,
temperature fluctuations, and reaction front dynamics, can be
found in the Supporting Information. Experiments are
conducted at different O, flows while maintaining a constant
sample temperature of 750 °C, a constant pressure of 100 Pa
and a constant flow of C,H, and Ar at a ratio of 1.2:5 mL/min,
respectively. The O, flow is stepwise increased from 0.2 to 1.2
mL/min.

Figure 2 shows variations in gas composition inside the
NAPXPS chamber as detected by mass-spectrometry during
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Figure 2. Mass spectrograms of the gaseous environment in the
NAPXPS experimental chamber as a function of oxygen flow. The
sample temperature is 750 °C while a chamber pressure of 100 Pa is
maintained by supplying constant C,H,:Ar flows of 1.2:5 mL/min;
and increasing O, flows: (A) 0.2; (B) 0.4; (C) 0.9; and (D) 1.2 mL/

min.

ongoing reactions in the oscillating regime. In the following,
unless explicitly stated, all references to reactant flow
conditions will only concern oxygen, as C,H, and Ar flows
are kept constant throughout the experiments. Due to the
smaller chamber size of the NAPXPS setup compared to the
ESEM, the signals detected by MS reflect a faster response of
the gas-phase concentrations to changes in catalyst activity
than that in the ESEM setup.

Equation 1 is used to estimate the conversion of C,H, and
O, based on the recorded mass spectra, with I, as the baseline
si%nal intensity and I, as the signal intensity at a specific time
t.
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Figure 3. XPS depth profiling within the 100—500 eV kinetic energy range for Ni 2p (A;—A;), O 1s (B;—B5), and C 1s (C,—C;) core levels at 750
°C in the HA state. The spectra were recorded under a constant C,H, flow of 1.2 mL/min while increasing the O, flows from 0.2 (yellow traces),

0.4 (red traces), 0.9 (green traces) to 1.2 (blue traces) mL/min.

(I, — 1) x 100

Conversion (%) =
I, (1)

Starting in an oxygen-limited regime with an oxygen flow of
only 0.2 mL/min, we observe the first interval from t =0 s to ¢
=920 s in Figure 2A. The system is initially in the HA state, as
is indicated by a low C,H, concentration (due to an estimated
conversion of about 14.6%), and a near complete conversion of
0, (as the O, concentration is at the noise level). Throughout
the HA phase, H, and CO concentrations are relatively high,
while the H,0 and CO, signals are also close to the respective
noise levels. The transition from the HA to the LA state begins
at t = 920 s with a sudden decrease in C,H, and O, conversion.
Over the next 136 s, the H, and CO signals decrease to their
respective noise levels, while the H,O signal remains relatively
constant and the CO, signal increases. The LA state ends at t =
1056 s with a fast transition back to the HA state, in which the
system stays for the next 2200 s until the next transition into
the LA state happens.

When the O, flow is increased to 0.4 mL/min, the C,H,
conversion rises to 26.8% during the HA phase, while oxygen is
still fully consumed (see Figure 2B). Doubling the oxygen flow
leads to a substantial increase in the H, signal and a smaller
relative increase in the CO signal. The increase in oxygen flow
extends the duration of the HA state to 2700s and thus, the
duration of the state during which the surface remains reduced.
While the H,O signal was hidden in the background at 0.2
mL/min of oxygen flow, a small oscillation and variation
toward higher H,O production in the LA state can be seen at
an oxygen flow of 0.4 mL/min. Due to a higher oxygen flow,
the CO, signal detected in the LA increases as well.

Upon further increase of the O, flow to 0.9 mL/min, the
C,H, conversion increases to 55.2%, and shows, during short
moments in the transition from LA to the HA states, a virtually
complete conversion at t = 800 and 3800 s (see Figure 2C).
The O, conversion is no longer complete and decreases to
about 98%, while the H, and CO production rises further. The
added oxygen flow leads again to an increase in the duration of
the HA state to 2900 s. Notably, the H,O signal shows, for the
first time, a synchronized variation with the activity states.

Initially, in the first quarter of the HA state ( = 850—1450 s),
the signal exhibits a slight negative slope and transitions to a
period with constant intensity in the second quarter (t =
1450—2100s). However, in the third and fourth quarters (t =
2100—374S s), it displays a strong positive slope; with the
signal reaching its maximum shortly before the HA to LA
transition. Continuing the same trend as the two previous
reactant flows, the CO, concentration reaches higher values
with increasing oxygen flow during the LA state.

Lastly, upon increasing the O, flow to 1.2 mL/min in Figure
2D, the C,H, conversion shows short periods of virtually
complete conversion during the LA to HA transition (¢t = 450
and 4440 s). It then stabilizes at 87% and gradually decreases
to 71% toward the end of the HA state. Concurrently, the O,
conversion decreases to 90%. Interestingly, under those
reactant flow conditions, the HA and LA states show the
longest duration of 3700 and 250 s, respectively. Moreover, the
H, and CO signals reach their highest intensities among the
studied gas flows. The H,O signal now shows a double
maximum, of which the first one appears toward the end of the
HA phase and coincides with a slight increase in the detected
H, and CO signal before it reaches the main peak in the
transition to the LA state. The CO, detected in the LA phase
shows now a shoulder before the peak maximum.

The observed oscillatory behavior was followed over a
continuous 60-h period, during which the catalyst exhibited
stable oscillations across different environmental conditions.
Ex-situ experiments (data not shown) extending up to 300 h
confirmed the long-term stability of this oscillatory behavior.

Figure 3 displays the X-ray photoemission spectra of Ni 2p
(Figure 3A;—A;), O 1s (Figure 3B,—B,), and C 1s (Figure
3C,—C,) core levels that were recorded at 750 °C in the HA
state, at different O, flow and probing depths. Spectra are
plotted in different colors according to the O, flow rate, with
yellow, red, green, and blue representing flows of 0.2, 0.4, 0.9,
and 1.2 mL/min, respectively. The collected spectra with an
estimated probing depth (based on specific mean escape
depths (Aygp) for the respective photoelectron kinetic
energies) of Aypp = 0.37 nm for 100 eV, Aypp = 0.51 nm
for 200 eV, and Adygp = 0.84 nm for 500 eV are normalized to

17853 https://doi.org/10.1021/acscatal.4c04437
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the photon flux and total cross-section. The peak broadening
observed for all the core levels at larger probing depths (Figure
3A,—C,) is attributed to the decreased resolving power of the
monochromator with the photon energy. The Ni 2p core level
spectra (Figure 3A;—A;) show intense contributions assigned
to the 2P3/2) 2p3/2satellite) 2P1/2 and 2‘pl/?,satellite of metallic nickel
at 852.7, 8582, 870, and 874.2 eV, respectively.”” Their
intensity is not affected by the applied changes in oxygen flow
for a given probing depth. However, when comparing the
signal intensity for the same O, flow across the probing depths,
a relative decrease of 24% is observed between the spectra
shown in Figure 3A; Ay, and an increase of 10% is observed
among the spectra shown in Figure 3A, A;. The nonmonotonic
intensity variation is attributed to the presence of carbon- and
oxygen-containing species within the sample for the MED =
0.51 nm. Together with the main core-level peaks, the Ni 2p
region exhibits multiple satellite peaks, which are usually found
in the 858—868 eV binding energy range. The number of such
satellite peaks, due to final state effects, depends on the
oxidation state of nickel.*” The approach adopted in this work
involves fitting the shakeup satellites with a single peak
convolving all the possible electronic configurations and has
already been used in other reports,'®*"** While it is not
accurate from the physics point of view, it does not alter the
results of the analysis because the fast transition between HA
and LA (and vice versa) leads to a quantitative oxidation
(reduction) of nickel.

The spectra of the O 1s core level (Figure 3B;—B;) show a
distinctive peak at 538.1 eV, attributed to gas phase carbon
monoxide CO(g)33 and a broad peak centered at ca. 532.9 €V,
marked as O(ads.). Its deconvolution, shown in Figure S3,
reveals three contributions at 532.8, 531.4, and 530.3 eV,
which are attributed to OH™ (), NiO,, and NiO respec-
tively.”* > The peak at 532.8 eV in our data is assigned to
OH (ads.), rather than adsorbed water, due to the high
temperature (750 °C) and millibar pressure conditions used in
our study. We recognize that OH (ads.) on Ni is typically
reported at around 531 eV, while physisorbed water is often
assigned to 532.8 eV.”° However, under our operando
conditions, it is highly unlikely that water remains in a
molecularly adsorbed form. The elevated temperature and the
significant pressure difference between standard XPS (UHYV,
room temperature) and our study would likely cause any
adsorbed (physisorbed) water to desorb. Given this context,
we attribute the $32.8 eV peak to OH ™ (ads.) due to its strong
interaction with the surface, which allows it to remain
detectable at high temperatures. This assignment is consistent
with previous work from our group, where we observed a
similar peak under NiO reduction with hydrogen up to 1050
°C.”” In that study, the same rationale has been applied, as
physisorbed water was deemed unstable under such high-
temperature conditions. Investigating operando transient
evolutions on nickel foil was beyond the scope of this work.
However, because relatively fast scans of the O 1s were
collected at 650 °C with a C,H,:0, flow of 1.2:1.2 mL/min,
we could process them with the fast Fourier transform
technique (recently developed and presented in ref.**). This
procedure helps to extract the variable part of the O 1s signal
within the first seconds after the LA to HA transition and the
results are shown in Figure S4. A contribution that gradually
decreases is detected around 532.8 eV, which is compatible
with hydroxyl groups forming and quickly recombining upon
reduction of the oxide.

The intensity of the observed peaks varies monotonically
with the increase in O, flow. The contribution from CO (g)
shows an increase in intensity which is consistent with the
higher CO(g) content observed in Figure 2. In contrast, the
contribution of the O(ads.) shows a decrease in intensity and
reveals a lower amount of oxygen-containing surface species for
higher O, flows. Similarly, this observation is consistent with
the decrease in the OH™(ads.) to Ni 2p;, area ratio as shown
in the brown-colored traces in Figure SS5. Additionally, by
increasing the probing depth, the intensity of the CO (g)
contribution decreases, reaching eventually the noise level in
Figure 3B, while the O(ads.) component increases throughout
the B,—B, series by 4 and 34% respectively. This increase in
intensity with the increase in probing depth reveals a higher
concentration of oxygen-containing species in the subsurface
region.

The spectra of C 1s (Figure 3C,;—C;) show a low-intensity
feature at 292 eV that is attributed to CO(g) and a broad and
complex peak centered at 286.4 eV. The deconvolution, shown
in Figure S3, reveals two contributions that are attributed to
C,H,(g) at 286.4 and CxHy(ads.) at 284.6 eV.7™* Upon
increasing the O, flow from 0.2 (yellow) to 1.2 (blue) mL/
min, the CO(g) intensity increases, while CxHy(ads.) displays a
nonmonotonic variation. Specifically, for the 0.2—0.9 O, flows,
the intensity increases, but for the 1.2 O, flow it decreases to
values similar to, or lower than those observed for an O, flow
of 0.2. These observations are consistent with the increase in
the area of the CO(g), C,H,(ads.), and C,H,(g) components,
shown in gray-colored traces in Figure S4. We refer to these
species as C,H,(ads.) to reflect the possibility that multiple
intermediates, rather than a single C,H, species, are present
during the reaction. The observed +0.1 eV variation in binding
energy across different O, flow conditions suggests that these
species originate from the same parent molecule. Additionally,
by increasing the probing depth, the intensity of CO(g)
decreases, reaching close to noise level values in Figure C,,
while the intensity of the C(ads.) peak increases throughout
the C;—C; series by 111 and 115% respectively. The observed
signal increase in Figure 3 C, is correlated with the slight signal
increase in the O 1s (Figure 3B,) and the pronounced signal
decrease in the Ni 2p (Figure 3A,) core level spectra. In line
with those observations the possibility of carbon species
accumulation is taken into consideration, but our results have
not identified significant accumulation of specific surface
species (see Figures S3, S8, and $12).** This topic is further
addressed in the discussion section.

Figure 4 shows the O 1s (Figure 3A1—A3) and the C Is
(Figure 3B1—B3) core level peaks for a kinetic energy of 100
eV in the HA state, as a function of the O, flow and gas path
length (GPL), which is defined as the height of the interaction
cone described by the acceptance angle of the analyzer. The
interaction cone represents the region where the incident
photon beam interacts with the sample and the gaseous
environment; and from where the generated photoelectrons
are collected by the analyzer. The gas phase profiling was
obtained by increasing the distance between the sample and
the analyzer cone, which in turn yields a specific GPL of 0.51,
0.81, and 1.18 mm.

The gas profiling measuring mode is depicted schematically
in Figure S6C, with dotted gray lines indicating the two-
dimensional region from which the photoelectrons are
collected. The solid—gas interface endstation allows to realign
the measurement position with respect to the beamline focal
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Figure 4. XPS gas phase profiling collected at 100 eV kinetic energy
for O 1s (A1-A3) and C 1s (B1—B3) core levels at 750 °C. The
spectra were acquired at increasing gas path lengths (GPL) by
increasing the distance between the sample (S) and the analyzer
differential pumping cone. The spectra were recorded under a
constant C,H, flow of 1.2 mL/min, while increasing the O, flow rates
from 0.2 (yellow traces), 0.4 (red traces), 0.9 (green traces), to 1.2
(blue traces) mL/min.

spot (analyzer cone to beam distance = 0.5 mm in this case).
An efficient strategy to remove the contribution of gas phase
peaks to photoemission spectra is to offset the endstation by a
0.05—0.15 mm, so that the signals from the sample surface are
still strong while those from the gas phase become weak. The
spectra of C 1s and O 1s core levels are acquired at 100 eV
kinetic energy, ensuring high photoionization cross section.**
The displayed spectral region (542—536 eV for O 1s and 297—
275 eV for C 1s) is characteristic of the photoemission signals
of gas phase components. The gas phase profiling comple-
ments the depth profile spectra shown in Figure 3 and reveals a
similar trend for the gaseous species. CO(g) can be observed
in both O 1s and C 1s spectral regions as an intense peak at
538.1 and 292 eV respectively. Its assignment is discussed in
greater detail in the Supporting Information (Figure S7). The
intensity of this peak increases as the GPL increases and as the

O, flow increases. The C,H,(g) is observable in the C 1s
spectral region at 286.4 eV. The intensity of this peak increases
as the GPL increases and decreases as the O, flow increases. In
Figure S8A, the C 1s core level profiles collected at a GPL of
1.18 mm reveal the presence of CO(g), C,H,(g), and
C,H,(ads.) during the HA state (0—1900s), while only
C,H,(g) is observed during the LA state (1920—2750s).
Similarly, in Figure S8B, during the HA state (0—2100s), the O
Is spectral region displays signals corresponding to CO(g),
H,0(g), and OH (ads.). In the LA state (2150—3520s), the
contribution at 530 eV, which is assigned to NiQ, is clearly
observable.

Figure S shows the X-ray photoemission spectra of Ni 2p
(Figure SA;—A;), O 1s (Figure 5B;—B;), and C 1s (Figure
5C,—C,) in the LA state, at 750 °C and C,H,:0, flows of
1.2:1.2, as a function of the probing depth. The spectra of Ni
2p (Figure SA;—A;) show intense contributions across all
probing depths in the LA state, at 855, 861.1, and 872.5 eV.
They can be assigned to the 2ps/5, 2p3/saenite and 2pi,
features of nickel oxide.”> The spectra of the O 1s core level
(Figure SB;—B;) show an intense contribution at $30.1 €V,
which is attributed to NiO.>> The spectra of C 1s (Figure
SC;—C3) only show noise at all probing depths. The absence
of carbon-containing species in the LA state and the presence
of typical, oxide-related features in the Ni and O spectral
regions demonstrates the dominant presence of nickel oxide
during the LA state, confirming the earlier assignment in the
interpretation of the ESEM images. Furthermore, the detection
of oxide peaks at all probed depths implies that the sample is
oxidized within the probing depth achieved in this work of
approximately 2.5 nm (3 X Aygp = 2.52 nm). Consistent with
previous research, the oxide film thickness during an oscillation
cycle can extend up to 10 pm, while the core of the foil retains
its metallic state.”*® Movie S4 complements the thickness
estimation and follows several reduction waves during the
transition from LA to HA states. The absence of visible gas-
phase peaks for C,H, and O, in Figure 5B1—C3 is attributed
to the different measurement strategies employed during our
NAPXPS experiments. We used two strategies: one aimed at
maximizing the sample signal by reducing the sample-analyzer
cone distance, and another aimed at maximizing the gas-phase

NiO 2p,,  NiO 2p;, o, NiO 2py,

OH
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co C2Hyg) C,Hyaus) NisC
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Figure S. XPS depth profiling within the 100—500 eV kinetic energy range for Ni 2p (A;—A;), O 1s (B;—B5), and C 1s (C,—C;) core levels at 750

°C and a C,H,:0, flow of 1.2:1.2 mL/min in the LA state.
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Figure 6. X-ray photoelectron spectra of the C 1s (A;—

D,) and O 1s (A,—D

Binding energy (eV) Binding energy (eV)

,) core levels as a function of the C,H,:0, flows and catalyst

temperature (750 and 950 °C). The color coding of the C,H,:0, flows corresponds with the one used in Figures 2 and 3 (C,H,:0, = 1.2:x; where
x=0.2,0.4,0.9, and 1.2 corresponds to yellow, red, green, and blue, respectively). The spectra collected at 950 °C are represented in darker shades.

signal by varying this distance. In the latter approach,
increasing the gas path length (GPL) enhances the gas-phase
signals while weakening the sample signals. Using this strategy,
the gas-phase signals for reactants and products can be
observed. The effectiveness of this approach is illustrated in
Figure 4B1—B3, where the intensities of CO(g) and C,H, (g)
increase as the intensity of CxHy(ads.) decreases with
increasing GPL, aiding in distinguishing between gas-phase
components and sample components in the complex photo-
emission spectra. Similarly, Figure S8B shows weak signals for
0, (g) and C,H,(g) during the LA state, even with a strategy
designed to maximize gas-phase signals.

Figure 6 shows the C 1s (Figure SA;—D,) and O 1s (Figure
5A,—D,) core level spectra in the HA state, collected at a fixed
kinetic energy of 100 eV, as a function of the set C,H,:0,
flows and temperature. The same intensity scale is displayed
for all the spectra to facilitate the comparison between the
eight sets of experimental conditions. At 950 °C, the C 1s
spectral region shows an increase in the signal intensity that
amounts to 24, 29, 40, and 83% compared to the spectra
collected at 750 °C at the respective gas ratios. Moreover,
Figure 6D, shows the appearance of a peak at ~283 eV that is
attributed to Ni;C.*® The O 1s show an opposite behavior
upon increasing the catalyst temperature. The intensity of
CO(g) remains relatively constant across the first three gas
ratios and decreases by ~15% for 1.2 O, flow. The signal
intensity of O(ads.) peaks centered at ~532.9 eV decreases to
noise levels across all the O, flows when the catalyst
temperature is increased to 950 °C. As the O, flow or
temperature increases, the overall reaction rate rises, leading to
higher production of H, and CO (see Figures 2 and S9). This
increased production results in a greater coverage of

H,(ads.) species on the catalyst surface, which is evident
from the increased intensity of the C 1s peak with higher O,
concentration or temperature (see Figure 6). The observed
trend, where the O(ads.) peak intensity decreases while the

H,(ads.) peak intensity increases, indicates an inverse
correlation between O(ads.) and catalytic activity. In higher
catalytic activity states, the sites that would typically be
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occupied by O(ads.) are instead taken up by C,H,(ads.)
species. This assumption is supported by the fact that the
interaction between carbon-containing species and the nickel
surface is stronger than that between O(ads.) and the
surface.”’

B DISCUSSION

We observed a dynamically changing structure of a nickel
catalyst during self-sustained oscillations in C,H, partial
oxidation to syngas under different reaction conditions. The
periodic switching of the catalytic surface between HA and LA
states alters the composition of the gas phase and boundary
layer above the catalyst surface and vice versa. Through direct
SE imaging combined with online mass spectrometry and
supporting complementary operando photoemission spectros-
copy, we confirm that the HA state corresponds to a metallic
Ni surface and the LA state to a NiO-covered surface.

Based on the observed periodical changes in gas-phase
composition and surface chemical composition in the HA and
LA states, measured as a function of probing depth, mixing
ratio, and temperature, we propose the following multistep
reaction mechanism. The initial phase of the HA state involves
total ethylene oxidation (eq 2), while the subsequent step
branches into dry and wet reforming of the remaining ethylene
(DRE, eqs 3 and 4 and WRE, egs S and 6, respectively) and
reverse water gas shift (RWGS, eq 7) between the formed
products.

C,H, + 30, = CO, + H,0 (2)
C,H, + 2CO, = 4CO + 2H, (3)
C,H, + 4CO, = 6CO + 2H,0 (4)
C,H, + 2H,0 = 2CO + 4H, (s)
C,H, + 4H,0 = 2CO, + 6H, (6)
CO, + H, = CO + H,0 (7)
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The mass spectrograms show that as the O, flow increases,
the C,H, conversion also increases (Figure 1A—D), which
yields H,O and CO, in the initial step (eq 2). Assuming the
WRE rate (eqs S and 6) remains relatively constant (see Figure
S11), the rate of the RWGS branch (eq 7) increases, leading to
a net increase of H,O in the gaseous environment. This is
observed as the positive slope of the H,O MS signal (Figure
2C, t = 1000—3500 s; Figure 2D, t = 550—4000 s). In the LA
state, the rate of the first step (eq 2) is low and all the
subsequent reactions slow down. The result of the decreased
reaction rates is observed as an increase in the reactant
concentrations (Figure 2A, t = 920—1100 s). The resulting
incomplete conversion favors the production of total oxidation
products of ethylene, as evidenced in Figure 2D, t = 100—500
s. However, during the LA state, ethylene conversion is
significantly lower. Additionally, reactions such as DRE, WRE,
and RWGS do not occur in the absence of the metal
Therefore, the products detected in the MS result from eq 2,
which operates at a reduced rate on NiO. At a constant O,
flow, increasing the temperature from 750 to 950 °C increases
the rate of RWGS (eq 7), as observed in the H,O signal shown
in Figure S9A,—C, and the thermodynamic data shown in
Figure S11C—F. The phase portraits depicted in Figure S10
illustrate the dependence between O, and H, MS signals
relative to C,H, and show hysteresis loops that reflect the
stability of the system in the HA and LA states. At elevated
temperatures, under identical gas conditions, the branches of
the hysteresis loop are sharply defined and indicate either a
smooth transition between the two states (as seen in Figure
S10A},A;) or a bimodal distribution (as seen in Figure
$10C,,C,).

In the proposed reaction mechanism, the reaction rates
change between the HA and LA states as a consequence of the
changes in the catalyst chemical state. During the HA state, the
dominant surface species is metallic Ni, whereas in the LA
state, NiO is present. Furthermore, during the LA state, no
carbon-containing species are detected on the surface and
subsurface (Figure SC;—Cj;). Given that the XPS probing
depth is approximately three times the mean escape depth of
photoelectrons, the changes in the catalyst structure exceed a
layer thickness of 2.5 nm. XPS depth profiling and SEM images
imply that the state switch between the HA and LA involves
the surface and the bulk of the catalyst. Interestingly, upon
increasing the O, flow (as shown in Figure 3C,—C;) or
temperature (as shown in Figure 6A;—D,), the contribution of
oxygen-containing species decreases, while the contribution of
carbon-containing species increases. Water in the gas phase is
generated as a byproduct of the partial oxidation of ethylene to
syngas under the given experimental conditions. Since hydroxyl
recombination and water desorption is promoted under these
conditions, no increase of hydroxyl species on the catalyst
surface is observed.”*’ Production of H, and CO. This in turn
increases the surface coverage of CxHy(ads.) species, as
reflected by the increased intensity of the C 1s peak at higher
O, concentrations or temperatures. This suggests that ethylene
activation is likely the rate-determining step, with ethylene
intermediates having a long enough lifetime to be detected by
XPS. In contrast, the coverage of hydroxyl groups remains low,
and their recombination likely occurs instantaneously.
Furthermore, the observed trend, where the O(ads.) peak
intensity decreases while the CxHy(ads.) peak intensity
increases, points to an inverse correlation between O(ads.)
and catalytic activity. In states of higher catalytic activity,

surface sites that would typically be occupied by O(ads.) are
instead taken up by C,H,(ads.) species, reflecting the shift in
surface chemistry during the more active phases of the
reaction.”

Under the highest O, flow of 1.2 mL/min and 950 °C, Ni;C
is observed on the surface during the end of the LA state and
the beginning of the HA state, as shown in Figures 6D1, 7, and
S12.
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Figure 7. Presence of Ni;C on the surface during LA—HA transition
under an C,H,:0, flow of 1.2:1.2 and 950 °C. (A) Time-resolved
spectra of the C 1s core level. (B) Averaged and normalized C 1s
spectra extracted from the temporal region visually indicated by color
and number-coded rectangles.

The temporal evolution of the Ni;C peak, illustrated in
Figure 7, follows four stages: absence, appearance, fading, and
disappearance. The presence of carbide species was un-
expected, given the general instability of carbides under high
temperatures and oxygen-containing environments.”” > Pre-
vious studies indicate that the carbon source in Ni;C synthesis
influences its growth characteristics. Specifically, when using
C,H,>> as a reactant, carbide formation occurs preferentially
at terrace sites, without quantifiable bulk diffusion. In contrast,
the use of CO™*7>® as reactant results in the formation and
subsequent diffusion of carbide into the subsurface.

During a complete oscillation cycle, C,H, and O,
concentrations are highest within the last 250 s of the LA
state, as reactants are not consumed. In this state, the NiO
surface is stochastically reduced, locally forming fresh metallic
sites that catalyze an exothermic reaction, observed as a spike
in Figure S9C, in the average sample temperature. It is
reasonable to assume that the local gaseous composition above
those sites is depleted in reactants and enriched in products,
when compared to the overall gaseous composition in the
experimental chamber. Also, during the transition, the overall
chamber composition shows the highest concentration of H,
and CO and the lowest concentration of C,H, and O,.
Collectively, the temperature spike and the local gaseous
composition promote the formation of Ni;C. After the initial
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stages of the HA state, the system enters a quasi-stable regime,
with incomplete O, conversion and stable temperature of 950
°C. During this state, the Ni;C gradually fades, completely
disappearing completely disappearing withing the following
500 s.

In this context, the detection of Ni;C is attributed to a short,
positive imbalance between its rates of formation and
decomposition during the transition between the LA and HA
states. Hence, considering that Ni;C is observed exclusively at
high temperatures and under the highest oxygen flow, i.e,
conditions associated with the highest conversion, we assign
the source of NizC to the catalytic dissociation of CO that is
generated during the ethylene to syngas reaction. Its absence
under low O, flow conditions at 950 °C is attributed to
insufficient CO concentration, coupled with high decom-
position rates. At the highest O, flow of 1.2 mL/min, although
the decomposition rate is at its peak, the CO concentration is
also highest. This allows Ni;C to form in sufficient amount to
be detected, as momentarily its formation rate surpasses its
decomposition rate. Moreover, the absence of Ni;C from
subsurface regions under all O, flow conditions indicates that
the decomposition rate is indeed very high, effectively
decomposing the surface carbide before it can be incorporated
into the bulk.

Several models have been proposed to explain periodic
oscillations in heterogeneous catalytic systems. Among these,
three are predominantly employed to explain the oscillatory
behavior in alkane oxidation catalyzed by transition metals: the
reconstruction model, the oxide model, and the carbon model.
The reconstruction model suggests that under different
environmental conditions, only the arrangement of atoms in
the topmost surface layers is modified, while the bulk
crystallographic orientation of the grain remains the same.
This, in turn, influences the sticking coefficients of the gaseous
species and therefore alters the composition of the adsorbed
layer that will participate in the catalytic reaction. The oxide
and carbon models share similarities, as they both attribute the
state switching to the accumulation of passivating oxide layers
or carbon deposits. However, none of these models can be
directly applied to explain the observed state switching
presented in this work. The reconstruction model suggests
only surface reconstruction, whereas our findings indicate that
the state transitions involve a layer that extends at least 2.5 nm
in thickness, thus approaching the bulk. As for the oxide
model, it anticipates the existence of an oxide layer during the
LA state. Under higher O, flows, it predicts a faster
accumulation of the passivating oxide species that would lead
to a shorter HA state. Indeed, during the LA state, we observe
NiO as the dominant surface species. However, our
experimental data (Figure 2) show that the duration of the
HA state increases from 2200 to 2700, 2900, and 3700 s as the
O, flow increases from 0.2 to 0.4, 0.9, and 1.2 mL/min.
Furthermore, the state transitions are also observed at 950 °C,
a temperature at which no oxygen-containing surface species
are present (Figure 6 A,—D,). Regarding the carbon model, it
predicts surface deactivation by carbon species during the LA
state and a slower accumulation of passivating carbon-
containing species at higher O, flows. Our results show that
the duration of the HA state increases for higher O, flows, as
correctly predicted by the carbon model, but during the LA
state, there are no carbon-containing species detected on the
surface (Figure 4C,—C,).

Therefore, we describe the HA—LA state transition through
a hybrid mechanism that is schematically depicted in Figure 8
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Figure 8. Schematic representation of the interaction between the gas
phase and the structural dynamics of the nickel surface during the
transition from HA (A) to LA (C) states in the partial oxidation of
ethylene over polycrystalline Ni. The proposed mechanism includes
total oxidation in the first step and dry reforming of ethylene (DRE),
wet reforming of ethylene (WRE) and reverse water gas shift
(RWGS) in the second step.

and combines aspects of the oxide and carbon models. During
the HA state, the presence of carbon-containing species that
are attributed to intermediates originating from reacted
ethylene shows that ethylene is activated on the metallic Ni
surface. These intermediates react with activated oxygen
species and form, in the initial stage, thermodynamically
favored total oxidation products (Figure 8A). Subsequently, in
the second stage, the products formed in the first stage further
react on metallic Ni with surface ethylene intermediates
through a combination of RWGS, DRE, and WRE pathways.
Throughout the HA state, the signal intensity of carbon-
containing surface species decreases, as shown in Figure
S12A—C (see the line profiles). Given the constant presence of
O, in the gas phase and the variable production of water from
the catalytic reaction, the observed decrease in carbon-
containing species is not unexpected. The observed rate of
decrease of the carbon-containing species varies as a function
of probing depth and it is likely that carbon-containing species
are present at higher concentrations in the subsurface regions
since their etching by the oxidizing agents in the gas phase. is
less effective than on the surface. Simultaneously, an imbalance
in the reaction rates causes a gradual increase in the water
concentration in the gas phase (Figure S8B) via the RWGS
reaction. Water in the gas phase reacts with the intermediates
originating from reacted ethylene, exposing fresh metallic sites
that rapidly oxidize to form nickel oxide islands (Figure 8B).
These sites further increase the imbalance in the reaction rate
causing water to accumulate in the gas phase until the
transition to the LA state is triggered. Water is thus triggering
the switch from the active metallic to the inactive oxidized
surface state. During the transition, synchronization across
multiple sites is done through the gas phase which is now rich
in water and reactants. As schematically illustrated in Figure
8C, the catalyst in the LA state retains slight activity, with CO,
and H,O signals being unambiguously detected in the mass
spectrograms (Figure 2). During the LA state, the partial
pressure of ethylene increases, and the rate at which ethylene
molecules stochastically reduce nickel oxide to metallic nickel
increases toward the end of the LA state, leading to the
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generation of fresh reactive metallic sites. With the higher
reaction rate of DRE, WRE, and RWGS on metallic sites and
the low concentration of water in the gas phase, the reaction
reignites and starts the transition to the HA state through an
autocatalytic surface process that generates more metallic sites
(Figure 8D). The rates of RWGS, DRE, and WRE continue to
increase as the surface coverage of nickel oxide decreases, and
the cycle is closed.

B CONCLUSIONS

Environmental SEM, NAPXPS, and MS confirm a, previously
described, dynamically changing structure of the catalyst
during self-sustained oscillations in the C,H, partial oxidation
to syngas. Under the experimental conditions employed in this
study, we confirm, that metallic Ni is the dominant phase
present during the HA state. During the LA state, the catalyst’s
surface is covered by an oxide layer. We have established that
carbon species are directly connected to catalytic activity, while
the presence of nickel oxide is inversely correlated with
catalytic activity.

Our findings reveal that oscillatory states in ethylene partial
oxidation are driven by a sequence of reactions. In the first
stage, only complete ethylene oxidation occurs. In the second
stage, the unreacted reactants and first-stage products further
react and branch into RWGS, DRE, and WRE reactions.
Particularly under oxygen-deficient conditions, these reactions
proceed at different rates. This leads to the accumulation of
hydrocarbon intermediates C,H,(ads.) on the catalyst surface
and water in the gas phase. The transition from the HA to LA
states occurs after the CxHy(ads.) reservoir is depleted and
water accumulation reaches a critical threshold. The reaction
reignites, as the catalyst surface shifts from the LA to the HA
state once the water in the gas phase depletes and the
concentration of reactants increases during the inactive half-
period.

Overall, these findings demonstrate the intricate interplay
between surface chemical states, reaction dynamics, and
reaction-induced changes in gas-phase composition and
provide insights into complex self-organizing systems.

B MATERIALS AND METHODS

The sample consisted of a 3 X 3 X 0.5 mm Ni foil (Puratronic,
99.9945%). A K-type thermocouple was spot-welded to the
back of the sample, and the temperature reading was calibrated
with 0.1% accuracy. Before the experiments, the sample was
cleaned in the analysis chamber in a hydrogen gaseous
atmosphere at 50 Pa and up to 1000 °C. The cleaning
procedure was followed by an examination of the surface’s
evolution in an Ar environment. This strategy was used to
confirm the surfaces stability in the absence of H, and to
guarantee that no artifacts were created because of the
transition between the two reactive atmospheres, as well as
to offer maximal sensitivity for the reaction products in the
mass spectrum. H,, H,0, C,H,, CO, O,, Ar, CO,, and their
associated m/z ratios of 2, 18, 27, 28, 32, 40, and 44 are the
MS signals that were tracked throughout the experiment. The
displayed CO signal in Figure 1 was filtered using a FFT cutoff
frequency filter of 0.023. To address the issue of overlapping
mass spectrum fragments for CO,, CO and C,H,, we utilized
fragmentation patterns obtained from NIST database and
considered the intensity ratios between the primary and
secondary fragments in our analysis.”’ >" For CO,, the

intensity ratio between the m/z = 44 and m/z = 28 is
9999:981; while for C,H,, the ratio between the m/z = 28 and
m/z = 27 is 9999:6236.

We applied eq 8 to the raw data to isolate the CO
contribution from the complex m/z = 28 signal

CO = m/z 28(total) — (CO, (m/z 44) X 0.098)
- (CH, (m/z27) X 1.6) (8)

In-situ ESEM experiments were conducted at the ETH
Zurich’s Scientific Center for Optical and Electron Microscopy
in a modified Thermo Fisher Scientific Quattro S SEM. A
custom-developed heating stage was employed for the
experiments. The microscopes vacuum generating system was
upgraded to attain a base pressure of 1 X 107 Pa. An analytical
nozzle situated 10 mm above the sample and coupled to a
quadrupole mass spectrometer (Pfeiffer Vacuum PrismaPro)
monitored the gaseous environment in the SEM chamber.
Image] software package was used to process the image series
into movies and to synchronize the temperature and mass
spectrometric data with the corresponding image frames.
Movie S1 plays at 30 frames per second, with each frame
captured over 8 s.

NAPXPS measurements were carried out at the In-situ
Spectroscopy beamline (X07DB) at the Swiss Light Source
using the solid—gas interface chamber (SGIC) connected to a
Scienta R4000 HiPP-2 ambient pressure electron energy
analyzer.”>®" Photoemission spectra were collected using
linearly polarized light and a pass energy of 50 eV. The
gaseous atmosphere was monitored using a quadrupole mass
spectrometer (QMS) located in the second differential
pumping stage of the analyzer. IgorPRO software was used
to process the spectra. The spectra were normalized by the
number of scans to reflect the average signal strength. A Shirley
background was subtracted for quantification reasons, and the
total peak areas were obtained via numerical integration. The
binding energy scale of all spectra was aligned to the cleaned
sample’s Ni valence band (Fermi edge). All XPS data
intensities were cross-section compensated, incorporating the
linear polarization and asymmetry correction parameters, and
their area was normalized to the photon flux. The TPP2M
software tool was used to calculate the inelastic mean free path.

To ensure comparable reaction conditions between the two
experimental setups, a constant gas hourly space velocity
(GHSV) was maintained by using the same gas feeding system,
which allows for continuous reactant mixing and precise flow
regulation. In the NAPXPS setup, the gas flow was set to the
minimum measurable value on the flow meter, whereas in the
ESEM setup, it was adjusted to the maximum allowable value.
The maximum gas flow deliverable to the experimental
chambers is inherently limited by the gas feeding system and
resulted in a chamber pressure of S0 Pa for the ESEM setup
and 100 Pa for the NAPXPS setup. Additionally, the achievable
gas flow is influenced by the pumping speeds in the
differentially pumped chambers of the ESEM and NAPXPS
systems. While adjustments to the experimental parameters
(e.g,, reducing the aperture size in the differential pumping
systems or lowering the turbomolecular pump speed) could be
used to regulate the maximum achievable gas flow, these
modifications are impractical given the constraints of the
experimental setups.

Direct heating of the sample inside the ESEM and NAPXPS
chambers,”” which resembles a cold-wall reactor setup,
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simplifies the study of the oscillating reaction and allows the
separation of the sample’s pure catalytic action from thermally
activated secondary gas-phase reactions.

B ASSOCIATED CONTENT
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Detailed analyses of catalyst oscillations under different
PID control modes, a comparison between the ESEM
and NAPXPS setups, and additional figures on NAPXPS
data (photoemission spectral evolution, peak assign-
ments, frequency-selective data analysis, and gas-phase
composition) (PDF)

Movie S1: Sample preparation: high-temperature
annealing in H, up to 900 °C (MP4)

Movie S2: ESEM movie of oscillatory dynamics at 750
°C, under a constant flow of C,H,:0,:Ar = 1.2:0.2:5
mL/min (MP4)

Movie S3: ESEM movie of surface state evolution under
the PID control modes described in Figure S2 (MP4)
Movie S4: ESEM movie of surface dynamics and high
magnification follow-up of reduction waves during the
transition from LA to HA states (MP4)
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