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Abstract
Several in situ studies have revealed spatiotemporal dynamics on heterogeneous catalysts surfaces
under chemical stimuli1-4, which presumably control the activity, selectivity, and productivity5-11. However,
operando validations of su�cient spacetime resolution12 are often missing, and hence, the effect of
these dynamics on catalytic performance may not be entirely clear. Here, using dry reforming of methane
over Ni as an example, we demonstrate the relevance of catalytic redox dynamics for reaction
performance and determine their genesis from adaptive chemistry and continual catalytic cycling. By
combining operando scanning electron microscopy and near-ambient-pressure X-ray photoelectron
spectroscopy, we found that activation sites for methane and carbon dioxide differed but continually
transformed into each other during the reaction. This behavior enabled a self-sustained oscillating regime
evincing the sequential formation of active sites. We also found that not all spatiotemporal dynamics
accounted for the catalytic function. We highlight the importance of oscillating reactions for mechanistic
studies and propose that the generation of mechanical strain at the catalyst during redox cycling acted
as a feedback element for the oscillations. These observations lead to deeper understanding of
fundamental catalysis and open new opportunities for tuning catalytic performances.

1. Main
Heterogeneous catalysts dynamics under reaction conditions include overlayer formation/depletion on
nanoparticles3, reshapings4,5, sintering6, spatiotemporal patterns (oscillations, chemical wave fronts),7–9

and phase transitions10–12. In this context, modern electron microscopes are key for in situ assessments
of these dynamics thanks to their powerful space resolution. However, fundamental understanding about
the role of such dynamics on reaction performance may still be lacking. One reason is that most of the
studies in this �eld have focused on the dynamics, but in situ information about reaction observables has
been relegated to a secondary level4,13,14. Consequently, only few operando studies have been
accomplished in electron microscopy and have restrained their application to simple reactions of the
automotive catalytic converter, such as H2 or CO oxidation11,14,15. Here, we explore the intricate
relationship between various catalytic dynamics and the catalytic functioning of a metallic Ni catalyst in
the complex chemical network (Extended Data Table 1) of dry reforming of methane (DRM) by correlative
operando analysis.

We initially investigated the impact of different gas environments on the catalyst surface at temperatures
relevant for DRM. For this, we treated the catalyst in our operando scanning electron microscopy (OSEM)
setup using a H2:Ar feed. The reduced surface appeared �at and smooth without reconstructions (Fig. 1a,
1b top, 1c top). Near-ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) characterizations
corroborate the Ni reduced state during this treatment at varying depth sensitivities (Extended Data
Fig. 1a). Both techniques point to the presence of SiOx particles decorating the reduced Ni surface (see
arrows in Fig. 1).
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Bright nanometric features (Fig. 1b) were formed on the surface after replacing H2 in the feed with CO2.

Correlatively, increasing O1s signals and a transition from Ni0 (BE = 852.4 eV) into Ni2+ (856.2 eV) were
detected by NAP-XPS measurements (Extended Data Fig. 1b). C-containing species were absent. In
contrast, no changes were observed neither in OSEM images (Fig. 1c) nor in NAP-XP spectra (Extended
Data Fig. 1c) when the feed was switched from H2 into CH4, implying a clean metallic state with coking
preclusion. In brief, the catalyst oxidized in CO2 feed, but remained in the reduced state without coking in
CH4 atmosphere. Deconvolution of O1s XPS lines in the CO2:Ar atmosphere (Extended Data Fig. 2a)
unravels at least two contributions of nickel oxides, which we interpret as NiO (binding energy, BE = 529.4
eV), and poorly characterized defective phases of NiOd (BE = 531.3 eV) including non-stoichiometric, ill-

de�ned or layered phases such as Ni2 − xO3 − y or NiOOH16. We will refer to all NiOx phases as oxides.

We investigated then the catalyst states under a �xed composition of DRM feed (CO2:CH4:Ar) at
temperatures between 700°C and 900°C. The reaction mixture oxidized the surface below 808°C (bright
features in Figs. 2a and 2b). Between 808°C and 825°C, the previously formed oxides were consumed
(compare Figs. 2b and 2c). The redox transition corresponding to surface reduction was apparently
completed at 825°C. The catalyst remained seemingly metallic at temperatures between 825°C and
900°C (Fig. 2d). These observations were validated with simultaneous information about catalytic
performance. While increasing OSEM image intensities indicating surface oxidation were detected below
808°C (Fig. 2e), conversions to H2, CO and H2O were small with H2/CO ratios below 1.0. During surface
reduction, OSEM image intensities decreased abruptly. Simultaneously, water and syngas (H2 + CO)
productions ignited (Fig. 2e, gray area), with H2/CO ratios above 1.0 and pronounced H2O production.
These trends continued above 825°C, until H2O formation decreased and H2/CO ratios slowly approached

1.0 after 1000 minutes of treatment at 900°C17. Surface reduction and absence of C-containing species
during catalytic activation were determined by NAP-XPS measurements (Figs. 2f, Extended Data Figs. 2b
and 3) at conditions similar to those of OSEM.

In brief, surface oxidation and little activity dominated below 808°C, while the active surface was mostly
reduced above 825°C. Note that the in�uence of the redox transition on the reaction mechanism remains
puzzling with only these observations. To understand its role, reaction rates and redox dynamics need to
be adjusted for suitable inspection. In the following, we explore the system behavior during the phase
transition, in which surface redox changes may reach spatiotemporal magnitudes su�cient for
evaluation with detectable activity (gray area, Fig. 2e).

After 1000 minutes at 900°C in the DRM feed, the catalyst temperature was decreased to 817°C.
Differently shaped oxides reappeared on the surface, indicating the reversibility of the redox transition
and the irreversibility of local morphologies over the long term (Fig. 3). Remarkably, oscillatory dynamics
corresponding to periodic cycles of oxide growth and shrinkage initiated spontaneously after 10 minutes
(Extended Data Video 1) although heating power and gas feeds were kept constant.
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We followed the oscillations for 15 hours. Figures 3a to 3f exemplify the gradual depletion and
subsequent growth of oxides on determined surface locations. Reactants, products, H2/CO ratios, and
oxide contents represented by OSEM image intensities, oscillated in phase, with a 93 minutes period
(Figs. 3g and 3h). Oxides �uctuated on discrete locations, which could be attributed to a pinning in�uence
of nanometric silica (Fig. 1, Extended Data Fig. 1, 2). Minima in production rates occurred simultaneously
to maxima in OSEM image intensities, i.e., at the largest oxide coverages.

We de�ne 3 instants in the oscillating traces (Fig. 3h): Instant 1, corresponding to the beginning of oxide
growth. Decreasing catalytic rates and H2/CO ratios were characteristic at this instant. Image intensities
peaked in a maximum at instant 2, with a minimum of catalytic activities and H2/CO ratios. Afterwards,
image intensities rapidly decreased accompanied by fast catalytic reactivation and increasing H2/CO
ratios. Production rates reached a maximum at instant 3. Subsequently, the reaction slowly deactivated
(H2/CO = 1.0) until the system reached instant 1 of the next cycle.

Self-sustained oscillations are not an exception in a variety of static catalyst operations. Rather, they
represent the rarely synchronized manifestation of regular dynamic operation achieved by �ne coupling
of reaction rates. They also give access to detailed mechanistic information as the spacetime amplitude
of the dynamics reaches magnitudes suitable for the observer resolution. Periodic autocorrelation
functions of the oscillations (Fig. 4a) reveal an intermediate signal in the trace of image intensities, which
was neither related to oxide contents nor to activity. Extended Data Fig. 4 and Video 2 show that the
metallic surface which remained free of oxides underwent periodic reconstruction, “smoothening”, and
“roughening” cycles between the main oscillations. Before reaching instant 1, the smooth metallic
surface reconstructed and “roughened”. At instant 1, the reconstructed catalyst underwent oxide
formation. Instant 2 exhibited the highest oxide contents and “roughening” of the metallic part. A few
minutes after the shrinkage of the oxides at instant 3, the metallic surface “smoothened” again. These
results suggest that the intermediate signal of Fig. 1a related to localized surface reconstructions
inducing slight variations in OSEM image intensities. This observation contrasts previous reports which
proposed that surface reconstructions were related to activity7,8,10,18−20. Here, these intermediate
spatiotemporal phenomena are not related to activity, but originate from catalyst physical deformations
during redox cycling.

Figure 4b shows a 3-dimensional orbit of the oscillatory dataset representing the total production rate of
syngas, its �rst derivative of time, and the image intensities of the catalyst surface, respectively. DRM
deactivation/surface oxidation cycles (instant 1 ◊ instant 2) followed a narrow trajectory of low data
points dispersion during the oscillations. In contrast, activation/surface reduction (instant 2 ◊ instant 3)
exhibited high dispersion and separation of data points characteristic of accelerated transits.
Furthermore, the orbit is not planar, but it is bent at a given threshold of image intensities, indicating that
part of the dynamics had remained hidden from OSEM imaging due to oxide intrusion into bulk regions.
Extended Data Fig. 5a corroborates the extension of oxide phasess several hundred of nanometers into
the bulk. Notably, Extended Data Fig. 5b and 5c reveal a layered structure and Moiré fringes at the Ni/NiO
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interlayer. The HRTEM analysis of this region presented in Extended Data Fig. 5d evinces the coexistence
of nanometric-sized ill-de�ned phases at the interlayer. In addition, multiple re�ections appear around the
main Fast Fourier Transform (FFT) frequencies of the cubic metallic lattice at the substrate. The partial
mismatch after indexing of FFT patterns with Ni (fcc and hcp) or NiHx points to local structural
distortions. Although the average ordering of the metallic lattice was kept, regular displacements of
atomic positions with respect to the ideal structure were introduced. These observations point to the
presence of mechanical strain at the metallic substrate21–24.

Altogether, our results evince that CO2 was activated preferentially on reduced Ni sites, while CH4 was
activated on oxidized sites. The same site could not activate simultaneously both molecules, but the
redox dynamics changed its selectivity. CH4 has the strongest C-H bond among hydrocarbons (439 kJ

mol− 1)25. Thus, its activation requires high energy sites, such as steps or kinks, which are scarce on �at
metallic surfaces (Fig. 1). Co-feed of CO2 was needed to form high energy sites able to cleave this bond.
Furthermore, water only formed during fast surface reduction (instant 2 ◊ instant 3), indicating shifts
from purely DRM selectivity during the redox transition. Subsurface layers were actively involved in the
ongoing cycling. These observations and the fact that C-containing species were absent during the
reaction are incompatible with DRM models based on largely accepted Langmuir-Hinshelwood
mechanisms26. Instead, they provide experimental evidence that the product selectivity was conditioned
by the degree of catalyst oxidation (Eq. 1–5):

CO2 + nNi → (n-1)Ni + NiO + CO Dissociative adsorption of CO2 1

CH4 + mNiO → (m-1)NiO + Ni + CO + 2H2 Partial oxidation of CH4 2

CH4 + mNiO → (m-2)NiO + 2Ni + CO + H2 + H2O Partial oxidation of CH4 3

CH4 + mNiO → (m-3)NiO + 3Ni + CO + 2H2O Partial oxidation of CH4 4

CH4 + mNiO → (m-4)NiO + 4Ni + CO2 + 2H2O Total oxidation of CH4 5

Relative rates of products formation and surface redox dynamics stemmed from the balance between
CO2 (Eq. 1) and CH4 activations (Eq. 2–5), involving a complex reaction network governing selectivities
(Extended Data Fig. 6). When the catalyst was oxidized by Eq. 1, CO formation dominated (instant 1 ◊
instant 2) leading to deactivation and decreasing H2/CO ratios. Subsequently, the catalyst was reduced
by Eq. 2–5, leading to enhanced H2 and H2O productivities. In this way, the catalyst sequentially created
activation sites for each reactant.

Catalytic oscillations require a feedback element that �ips reaction paths overtime. We propose that the
trade-off between mechanical strain at the catalyst and the relative rates of the ongoing reactions
(Figs. 3, 4, Extended Data Figs. 4–6, Videos 1 and 2) caused the periodic �ips between the various paths.
The mol volume of NiO (11.20 cm3mol− 1) is 70% larger compared to metallic Ni (6.67 cm3mol− 1)27.
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Hence, growth of NiO pushes the underlying metallic substrate and displaces its atomic positions. This
generates a restoring force in the material according to Hooke’s law (Eq. 6, Supplementary Information).
This effect has been demonstrated in other systems, including exsolving of Ni from archetypical LaNiO3

perovskite28. The exsolved phase distorted the lattice parameter of the remaining La2O3. Recent studies
have highlighted the impact of mechanical strain on the activity of metallic catalysts subjected to
different loads29–34. “Squeezing” the catalyst is another mean of selectivity control35.

Because long-range synchronization is needed to generate macroscopic oscillations, we rationalize these
conjectures with a mean-�eld approach to the reaction kinetics (SI)36,37. Figure 4c depicts a collection of
the numerical solutions calculated for a set of kinetic constants found by iteration from starting values
taken from the literature38,39. We assumed isothermal conditions, in line with the small temperature
variations detected during the oscillations. The calculated traces reproduced reasonably well the most
relevant features of the experimental results (Figs. 4c, 4d).

Redox dynamics controlled catalytic performance by generation of selective activation sites and strain.
This effect was only observable when the relative rates of the various phenomena were large enough for
detection, which in our case occurred close to the reaction-induced transition. At different conditions, for
instance at temperatures excessively high, this effect could be hidden by convolution of relatively small
rate modulations superimposed by very fast turnover rates. Evaluations in such regimes could lead to the
erroneous conclusion of a static catalyst operation (Table 2). The proposed “strain model” extracted from
our operando approaches may explain more general observations, such as the deformation of the
surface (reconstructions, faceting) and the alteration of sticking probabilities of chemical species
(selectivity shifts) as the material accumulates and releases strain31,40.

2. Conclusions
In summary, our correlative OSEM/NAP-XPS study served to elucidate the intricate in�uence of catalytic
dynamics on reaction performance. In particular, we evinced that adsorption sites for CH4 and CO2 are
chemically different during DRM. While CO2 can adsorb on metallic Ni sites, CH4 requires in situ
generated oxides. This is a noticeable extension of the mechanistic model, in which adsorption centers
were assumed to be common. The discussed oscillations represent the temporal separation of catalyst
oxidation and reduction steps achieved by �ne rate couplings, enabling a detailed picture of catalytic
functioning. The generation of strain during redox cycling was proposed as a feedback element for the
oscillations. We also found that surface reconstructions in particular did not account for activity.
Altogether, our study highlights the importance of operando investigations to extend our knowledge on
heterogeneous catalysis and fuel novel designs based on mechanistic understanding.
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Table 1
A qualitative summary of different reactions regimes for mechanistic insights

Reaction
temperature

Catalytic
dynamics

Reaction
performance

Suitability for investigation of dynamics-
performance correlation

T < phase
transition

oxidized
surface

little activity none

Phase
transition

oscillatory tuned activity very high

T > phase
transition

reduced
surface

very high
activity

low

5. Materials And Methods

5.1 Operando SEM setup
Our setup features a quartz tube reactor inside the chamber of a commercially available environmental
SEM (ESEM, FEI 200 Quanta FEG) lined to a quadrupole mass spectrometer (QMS, 200 Prisma Pfeiffer)1.
Changes at the catalyst and in gas phase compositions are determined simultaneously, enabling the
direct investigation of the in�uence of catalytic dynamics on performance. Our OSEM resembles a �ow
reactor that reproduces the �ow pattern of laboratory and industrial scale systems, maximizes contact
points between gas and solid phases, enables calibrations of gas compositions, and prevents
contaminations stemming from the ESEM chamber environment. Temperature and gas phase
compositions were controlled during surface imaging. We used a metallic Ni catalyst (foil or foam, 99.5%
purity, Goodfellow) onto which a K-type thermocouple was spot-welded. Pure gases (Westfalen 5.0) were
dosed into the quartz tube reactor by individual mass-�ow controllers (Bronckhorst).

Images of the catalyst surface were acquired every 17.5 s with the Large Field Detector (LFD) of the
ESEM at acceleration voltages of 7.5–10 kV and a chamber pressure of 16 Pa. In operando mode,
catalytic rates of conversion and product selectivities were measured simultaneously to surface
imaging1.

5.2 OSEM reference tests
Samples of the Ni catalyst (metallic foam, 35 mg) were treated for 1200 minutes at 820°C in an
atmosphere composed of H2 = 0.6 mlNmin−1 and Ar = 0.3 mlNmin−1. The chamber pressure was 16 Pa.

Afterwards, the atmosphere composition was switched to either CO2 = 0.6 mlNmin−1 and Ar = 0.3

mlNmin−1, or CH4 = 0.6 mlNmin−1 and Ar = 0.3 mlNmin−1. ESEM video-frames were collected during these
treatments every 17.5 s.

5.3 OSEM DRM tests
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After pre-treating the Ni catalyst for 1200 minutes at 820°C in an atmosphere composed of H2 = 0.6

mlNmin−1 and Ar = 0.3 mlNmin−1, the H2 �ow was switched off and the reactor was cooled down to room

temperature. Flows of CH4 = 0.4 mlNmin−1 and CO2 = 0.3 mlNmin−1were introduced in the reactor until gas
phase compositions in the QMS traces had stabilized (time on stream = 0 min). The catalyst was heated
to 700°C within 10 s, and after 30 minutes of stabilization, ESEM imaging was initiated. The reaction
temperature was stepwise increased (17°C or 16°C each) from 700°C to 900°C. After 1000 minutes of
treatment at 900°C, the reaction temperature was decreased to 818°C. Oscillations initiated
spontaneously (time on stream = 1880 minutes), and ESEM video-frames were continually collected until
the end of the experiment (time on stream = 2800 min).

During oscillations, the signal of O2 was found to be steady and close to zero, indicating its exclusion
from the dynamics. O2 often contaminates the microscope chamber due to external leaks. Consequently,
obscuring dynamics initiated by oxygen-induced hydrocarbon oxidation can cause oscillating dynamics
and disrupt the chemical network (Extended data Table 1)2.

5.4 Image treatment
Collected OSEM video-frames were treated with Fiji®3. The stack of video-frames was aligned with
translation registration, and image intensities were normalized (10x10 pixel2, 1 standard deviation) to
eliminate �uctuations originating from temperature or gas compositions changes. Afterwards, average
pixel intensities were plotted as a time series. Videos and selected ROIs cropped and digitally scaled from
the video-frames were produced with the same software.

5.5 NAP-XPS experiments
Near-ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) measurements were performed at
the UE56/2-PGM1 (Elliptical Undulator) beamline of the synchrotron radiation facility of BESSY II of
Helmholtz-Zentrum Berlin (HZB), Germany. The details of the beamline layout and performance can be
found elsewhere4. The home-built near-ambient pressure electron spectrometer is described in detail in
the literature 5,6.

The nickel foam sample and a K-type thermocouple were �xed into a sapphire sample holder. The sample
was mounted inside the XPS/XANES reaction cell, near to the aperture of the �rst differential pumping
stage. The exit slit of the beamline was 180um and a pass energy of 10 eV and 0.1 eV step were used
during spectra acquisition with an experimental resolution of about 0.55 eV.

The heating treatment was carried out with a near infrared laser (808 nm, max. 60W) shining at the rear
of the mounting plate. Gas compositions during the measurements were monitored by a quadrupole
mass spectrometer.

The catalyst was pretreated by annealing in 0.16 mbar (16 Pa) of H2:Ar mixture at 810°C using a heating

rate of 5°C min− 1 to achieve the reduced state. The partial pressure of the gas feeds was controlled by
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mass-�ow controllers (Bronkhorst) and set to the values of OSEM experiments.

XP spectra of core level regions were recorded with kinetic energies of emitted photoelectrons at 130 eV
and 300 eV for Ni2p, and 130 eV, 300 eV and 600 eV for O1s, C1s and Si2p.

Afterwards, spectra were acquired on the pre-reduced sample at the same pressure and temperature with
gas feeds of CO2:Ar, CH4:Ar, and CO2:CH4:Ar. Each set of spectra was recorded with 60 minutes of
separation between the �rst acquisitions to evaluate the changes over time.

XP spectra were analyzed with CasaXPS. The binding energies were calibrated to the Fermi edge of a Au
reference sample. The O1s spectra were deconvoluted with combined gaussian and lorentzian functions
after a Shirley + linear background subtraction.

Note that besides employing two independent operando characterization techniques (NAP XPS and
OSEM) that reveal the same chemistry, operando experiments are advantageous over in situ experiments
as they help precluding imaging and spectral artifacts via product-structure correlation.

5.6 Numerical �ts of catalytic observables
We used a mean �eld approach based on a set of ordinary differential equations representing the
individual rates of a redox cycle of multiple paths. The numerical solutions were achieved with motion
rate law and initial conditions of gas �ows representing the experimental values. The values of gaseous,
surface and subsurface species over the arbitrary time (simulation ticks) series were calculated in
Wolfram Mathematica7 by a black-box reactor model with internally adjusted time constant, a contact
time of 3 ticks, and a total catalyst area of 1. Values were evaluated from 0 to 500 000 simulation ticks,
and then the period of the oscillating traces was rescaled to �t our experimental traces (93 mins).

5.7 Focus Ion Beam (FIB) lamella preparation and HRTEM
imaging
A TEM lamella of the spent catalyst was prepared with an FEI Helios NanoLab G3 FIB/SEM system using
Ga ions with energies up to 30 keV. A Pt-C protective layer of 600 nm thickness was added to the catalyst
surface by electron beam induced deposition. Additional 600 nm of carbon were deposited by focus ion
beam, and the lamella was thinned from both sides to < 100 nm by a 30 kV Ga ion beam. Afterwards, low
energy ion beams of 5 kV and 2 kV were applied to the sidewalls of the lamella. The lamella was
mounted in the FIB onto a TEM Cu grid and examined at RT with a double aberration-corrected JEOL
JEM-ARM 200CF TEM at 200 kV and an emission current of 10.0 µA. The identi�cation of the dominant
crystalline phases was performed with the CrysTBox package8. Re�ections obtained during the Fast
Fourier transform (FFT) analysis of the HRTEM images were �tted to known references.
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7. End Notes
Data availability

The data that support the �ndings of this study are available from the Data Archive of the Fritz Haber
Institute of the Max Planck Society, https://ac.archive.fhi.mpg.de/D55435. Further data presented in the
Extended Data are available from the corresponding authors upon reasonable request.

Code availability

The Wolfram Mathematica code for the microkinetic �t is available from the Data Archive of the Fritz
Haber Institute of the Max Planck Society, https://ac.archive.fhi.mpg.de/D55435.
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Figure 1

Catalyst sate dependency on gas environment. a, top: In situ SEM image of the H2 reduced Ni catalyst. a,
bottom: A magni�ed region of interest (ROI) of a, top. Conditions of acquisition for a: Gas mixture
composed of 0.3 mlNmin-1 Ar, 0.6 mlNmin-1 H2, 1200 minutes of exposure to the feed. b, top: In situ SEM
image of the H2 reduced Ni catalyst. Conditions of acquisition for b, top: Gas mixture composed of 0.3
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mlNmin-1 Ar, 0.6 mlNmin-1 H2 , 1200 minutes of exposure to the feed. b, bottom: Effect of switching the H2

�ow into CO2. Bright features appeared at the catalyst. Conditions of acquisition of b, bottom: Gas

mixture composed of 0.3 mlNmin-1 Ar, 0.6 mlNmin-1 CO2, 30 minutes of exposure to the feed. c, top: In situ
SEM image of the H2 reduced Ni catalyst. Conditions of acquisition for c, top: Gas mixture composed of

0.3 mlNmin-1 Ar, 0.6 mlNmin-1 H2 , 1200 minutes of exposure to the feed. c, bottom: Effect of switching the
H2 �ow into CH4. No changes are evident at the catalyst. Conditions of acquisition of c, bottom: Gas

mixture composed of 0.3 mlNmin-1 Ar, 0.6 mlNmin-1 CH4, 30 minutes of exposure to the feed. Reaction
temperature: 820 °C. Reaction pressure: 16 Pa. Scale bar= 40µm. Arrows show features which remained
during the treatments. d. Illustration of acquisition conditions for Figures 1a-1c in OSEM and Extended
Data Figure 1.

Figure 2

The importance of the redox transition for catalytic activation. a-d, Consecutive OSEM images of the Ni
surface collected in the DRM mixture as a function of reaction temperature. Conditions of acquisition for
a-d: Gas mixture composed of 0.3 mlNmin-1 Ar, 0.3 mlNmin-1 CO2, 0.4 mlNmin-1 CH4. Scale bar= 40µm. e,
Collection of observables of OSEM during DRM as a function of reaction temperature. The gray area
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represents the interval of reaction-induced phase transition and catalytic activations. Reevaluated from
reference 17. f, NAP XP spectra of Ni 2p, O 1s and C 1s core levels at kinetic energies (KE) of 130 eV in the
DRM feed at 810 °C. Spectra from bottom to top are equally separated by 60 minutes. Conditions of
acquisition: Gas mixture composed of 0.3 mlNmin-1 Ar, 0.3 mlNmin-1 CO2, 0.4 mlNmin-1 CH4. Reaction
pressure: 16 Pa.

Figure 3
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Self-sustained oscillations featuring reversible redox transitions. a-c, Consecutive OSEM images of the
catalyst surface during oxides shrinkage of an oscillation. d-f, Consecutive OSEM images of the catalyst
surface during oxide growth of an oscillation. Scale bar= 40µm. g, Time series of simultaneously
recorded sample temperature, chamber pressure, OSEM image intensities, and traces of reactants and
products detected by online mass spectrometry during the oscillations. h, A magni�ed portion of the
dataset presented in g. Conditions of acquisition: Gas mixture composed of 0.3 mlNmin-1 Ar, 0.3 mlNmin-1

CO2, 0.4 mlNmin-1 CH4.

Figure 4

Dynamics-activity correlations during the oscillations of DRM. a, Normalized autocorrelation functions of
H2, CO and OSEM image intensity traces during the oscillations. Arrows show intermediate signals in
image intensity trace. b, Orbit of the oscillating reaction in a space formed by image intensities,
production rates of H2 and CO, and the time derivatives of production rates. c, Numerical solutions of the
proposed model for the oscillations of DRM. d, A comparison of calculated and experimental traces
during the oscillations.
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