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When a heterogeneous catalyst is active, it forms metastable structures
that constantly transforminto each other. These structures contribute
differently to the catalytic function. Here we show the role of different
metastable oxygen species on a Ni catalyst during dry reforming of
methane by combining environmental scanning electron microscopy,
near ambient pressure X-ray photoelectron spectroscopy, on-line product
detection and computer vision. We highlight the critical role of dissociative
CO, adsorptionin regulating the oxygen content of the catalystand in

CH, activation. We also discover rate oscillations during dry reforming

of methaneresulting from the sequential transformation of metastable
oxygen species that exhibit different catalytic properties: atomic surface
oxygen, subsurface oxygen and bulk NiO,. The imaging approach allowed
the localization of fluctuating surface regions that correlated directly with
catalytic activity. The study highlights the importance of metastability and
operando analyticsin catalysis science and provides impetus towards the
design of catalytic systems.

Itiswellaccepted inthe field of catalysis that the interaction of reactant
molecules with the surface of a solid catalyst changes the structure
of the active sites’. The catalytic cycle is closed when the products
are desorbed and the sites are regenerated to the initial state. In this
way, the active sites respond dynamically to the chemical stimulus.
Observing this process with sufficient spatial (subnanometre) and
temporal (subnanosecond) resolutions will yield valuable insights
about the fundamental functioning of active catalysts. However, the
spatial and temporal resolutions of most state-of-the-art techniques
arestillinsufficient. Instead, we observe a superposition of spatial and
temporal averages of the catalytic cycle’. In this sense, the active sites
behave as metastable structures that continuously transform rather
thanadopting a single preferred state’.

In catalytic reactors, combinations of kinetic and thermody-
namic processes can produce metastable structures on large scales
(microns, hours)**. Some examples are the coexistence of phases at
atransition point’, surface patterns®®, propagating chemical waves’,
spirals'® and rate oscillations” ™, In this context, rate oscillations can
be highly informative about the role of metastable structures in cata-
lyst function'®. Previous studies have aimed to understand the nature
of oscillations in several reactions, including the oxidation of CO
(refs. 6,12,15,16), H, (refs. 9,17), C,-C, alkanes''®* and NH, (ref. 24), and
the hydrogenation of CO (refs.25,26), NO (ref.27), NO, (ref. 10), acety-
lene?® and nitrobenzene*”. The occurrence of oscillatory behaviour
hasbeenreported onseveral metal catalysts, including Pt, Pd, Rh, Ir, Co
and Niover abroad range of operating conditions spanning from1™to
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10°bar, and on various catalyst forms, including single crystals, foils,
tapes, wires, foams and supported nanoparticles®. It was found that a
sufficiently large number of active sites must fluctuate synchronously
to produce detectable oscillations. This behaviour opens the way to
exploring catalyst function correlations at current experimental resolu-
tions, for example, with modern electron microscopes™.

Inthis Article, we report an oscillating mode of dry reforming of
methane (DRM; Supplementary Table1and Supplementary Equation1)
on Ni catalysts. Our goalisto understand how the processes occurring
at the catalyst surface modulate DRM performance. In DRM, carbon
dioxide (CO,) and methane (CH,) are converted to valuable syngas
(H,+ CO) of aH,/CO ratio of 1 (refs. 31-33). This product is suitable
for the hydroformylation of olefins, the direct synthesis of acetic acid
and dimethylether, or Fischer-Tropsch to olefins®*’. DRM requires a
metallic catalyst such as Ni or Co and operating temperatures typi-
cally above 750 °C due to its high endothermicity (Supplementary
Equation1).In addition, the reactionis prone to deactivation due to
coking, particularly at pressures above atmospheric. These limita-
tions have prevented DRM from reachingindustrial levels. We found
that several forms of oxygen coexisted at the catalyst during the
reaction, including adsorbed surface oxygen, subsurface oxygen
and bulk oxide phases. Our results show that these forms of oxygen
were metastable and exhibited distinct degrees of catalytic activity.
Their sequential interconversion gave rise to the oscillations. Over-
all, our investigation unravels the role of metastable structures in
catalytic activity.

Results

Individual effects of gaseous reactants

We studied the reaction by environmental scanning electron micros-
copy (ESEM) imaging coupled with on-line product detection'***. In
ESEM, image intensity and contrast depend mainly on surface mor-
phologies, crystallographic orientations, compositions and adsorbates,
thatis, the surface chemistry, and also on external conditions such as
temperature and gas environment®. We also used near ambient pressure
X-ray photoelectron spectroscopy (NAP-XPS), post-catalytic structural
evaluationand computer vision® of the ESEMimages to supplement the
research. With this approach, we directly imaged the working catalyst
and identified surface regions of distinct catalytic performance.

First, weinvestigated the effect of H,, CO, or CH, exposure on the
catalyst surface at relevant DRM temperatures (Fig.1and Supplemen-
tary Table 2). We reduced a Ni foil in the ESEM reactor in a H,:Ar mix-
tureat 810 °Cfor1,200 min. Figure 1a shows that the reduced catalyst
surface was flat and polycrystalline, with micrometre-sized domains
seemingly without any preferential orientation*,

TheH, flowwasthenreplaced by CO, underisothermal conditions.
This gas exchange is indicated by an arrow in Fig. 1a. The exchange
resulted in the formation of bright features on the Ni surface. In an
additional experiment, the H, flow was replaced by CH, after the cata-
lyst had beenreduced. No changes were observed on the surface after
this exchange, as shownin Fig. 1b.

Complementary NAP-XPS analyses indicate the reduced state
of the catalyst during the H, treatment (Supplementary Fig. 1a). The
exchange of H, with CO, (Supplementary Fig. 1b) resulted in increas-
ing O 1s signals and the transition from Ni° (Ni 2p binding energy, BE
852.4 eV) to Ni** (BE 856.2 eV). Closer examination of the O 1s spectra
recorded in the CO,:Ar atmosphere (Supplementary Fig. 2a and Sup-
plementary Table 3) reveals at least two contributions centred at BE
0f 529.9 eV and BE of 531.3 eV, respectively. The peak at 529.9 eV can
be attributed to oxygen in bulk NiO or to atomic oxygen adsorbed on
the metallic surface™. The signal at 531.3 eV has been attributed to
Ni(OH),, Ni,_,O;_,, NiOOH (refs. 37-39) or to oxygen species adsorbed
on structural defects®. This contribution has also been attributed
to subsurface oxygen species®**°. Throughout the manuscript, we
refer to NiO, phases as oxides to distinguish them from the other O/Ni
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Fig.1| Gas composition influenced the surface morphology of Ni catalysts.

a, ESEMimage of areduced Ni foil in H,. Conditions of acquisition: gas mixture
composed of 0.3 mly min™ Ar, 0.6 mly min™H,, 1,200 min of treatment. b, ESEM
image of areduced Ni foil exposed to CO, feed. Bright features occur at the
catalyst. Conditions of acquisition: gas mixture composed of 0.3 mly min™Ar,

0.6 mly min™ CO,,30 min of exposure to the feed. ¢, ESEM image of areduced

Ni foil catalyst in H,. Conditions of acquisition: gas mixture composed of

0.3 mlymin™Ar, 0.6 mlymin™H,, 1,200 min of treatment. d, ESEM image of
areduced Nifoil exposed to CH, feed. No changes are evident at the catalyst.
Conditions of acquisition: gas mixture composed of 0.3 mly min™Ar, 0.6 mly min™
CH,, 30 min of treatment. Reaction temperature: 810 °C. Reaction pressure: 16 Pa.
Imaging voltage: 10 kV. Arrows indicate the gas exchange. Supplementary Table 2
lists the conditions of acquisition used for generating this figure.

species. An additional spectral contribution centred at 532.7 eV can
beattributed to SiO,impurities. Inshort, the Ni catalyst under CO,:Ar
feed exhibited oxygen species that could be classified as bulk NiO,,
surface oxygen (O,-Ni), subsurface oxygen (O,,,~Ni) and inert SiO,
(Supplementary Table 3).

Based on this interpretation, we attribute the growing bright
features in Fig. 1a to NiO, phases that formed by the oxidation of the
catalyst with CO,. The presence of these oxides can be detected from
the ESEM average image intensities over the field of view. Increasing
average image intensities indicate the accumulation of oxides on the
surface of the catalyst.

No changes in the spectra were detected when the H, flow was
exchanged with methane (Supplementary Fig.1c).Indeed, the NAP-XPS
measurements did not detect any carbon species at the surfacein either
CO, or CH, atmospheres. This observation excludes the presence of
carbonates, carbonyl or carbide phases, and adsorbed species such
as CO,, CO or CH, fragments.

Catalytic activationin DRM feed

Next, we investigated the catalyst behaviour under DRM feed
(CO,:CH,:Ar) in a temperature regime between 700 °C and 900 °C.
For clarity, we assign a time on stream (TOS) of O min to the instant
when the catalyst temperature in the ESEM reactor was stabilized at
700 °C. Theresults are summarized in Fig.2 and Supplementary Fig. 3.
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Fig.2|Aredox transition at the Ni catalyst was characteristic during DRM
activation. a-d, Consecutive ESEM images of the surface of a Ni foam taken at
increasing reaction temperatures. The reaction temperature was 747 °C in
a,806°Cinb,823°Cinc,and 859 °Cind. Thesquareindrepresents aselected
ROI (Fig. 3). Conditions of acquisition of a—d: gas mixture composed of

0.3 mly min™ Ar, 0.3 mly min™ CO,, 0.4 mly min™ CH,. Imaging voltage: 10 kV.

e, Correlation between the average image intensity and product formation rates

Binding energy (eV)

asafunction of temperature. The blue area marks the low-temperature regime.
The grey area marks the redox transition regime at the catalyst and the catalytic
activation. The pink area marks the high-temperature regime. Re-evaluated from
ref.34.f, NAP-XP spectra of Ni2p, O 1sand C 1s core levels at kinetic energies (KE)
of130 eV in DRM feed at 810 °C. Conditions of acquisition: gas mixture composed
of 0.3 mly min™ Ar, 0.3 mlymin™ CO,, 0.4 mly min™ CH,. Reaction pressure: 16 Pa.

Figure 2a,b shows that the catalyst surface developed bright fea-
tures, thatis, NiO, phases, in the temperature range of 700-808 °C. At
higher temperatures, these oxides were consumed (compare Fig. 2b,c
and Supplementary Fig. 3). The transition to ametallic catalyst surface
was apparently completed at 825 °C. The catalyst remained in this state
(Fig. 2d) during the subsequent heating to 900 °C.

We investigated the correlation between catalyst state and DRM
performance at different temperatures. Below 808 °C (Fig. 2e, blue
area), increasing ESEM image intensities were detected, indicating a
gradual accumulation of oxides at the surface. In thisregime, the forma-
tion of H,, CO and H,0 was low and the H,/COratio was below 1. Between
808 °Cand 825 °C, the ESEM image intensities decreased abruptly (grey
area of Fig. 2e and Supplementary Fig. 3), indicating the consumption
of oxides. Simultaneously, the production of water and syngas was initi-
ated with relative magnitudes following the order H, > CO > H,0. With
increasing temperature (red area of Fig. 2e), H,0 formation ceased and
the H,/CO ratio approached 1after treating the catalyst for 1,000 min at
900 °C (Supplementary Fig. 3). Further details can be found in ref. 34.

We investigated the surface chemistry during DRM by NAP-XPS
measurements (Fig. 2fand Supplementary Fig. 2b). Analysis of the O 1s
spectrashowssimilar oxygen species at the catalystineither CO,:Aror
DRM feeds (Supplementary Fig. 2and Supplementary Table 3). During
catalyticignition, the overallintensity of the O 1ssignals decreased with
the reduction of nickel. These spectra show that the oxygen species
at BE 0f 529.9 eV (NiO,, O-Ni,) was being consumed faster than the
species at BE of 531.3 eV (O-Ni,s)). Both forms of oxygen were still
present at the catalyst after 325 min of syngas production. Notably, the
reduction of Niappeared tobe complete after this prolonged treatment

(Fig. 2f). In addition, no carbon species were detected on the surface
during syngas production (Fig. 2f).

The gas signals in the NAP-XPS experiment followed the same
trends as measured in the ESEM reactor (Supplementary Fig. 4). In
summary, both experiments indicate the same behaviour. Oxidation
ofthe catalyst and low activity dominated below 808 °C. The catalytic
activationoccurred at temperatures slightly above 808 °C. This activa-
tion was accompanied by catalyst reduction. A metallic catalyst surface
dominated during the high-activity regime at much higher tempera-
tures. The spectra show that oxygen species remained at the active
metallic catalyst after several hours of syngas production.

Rate oscillations
After 1,000 min at 900 °C under DRM conditions in the ESEM reac-
tor, the catalyst temperature was reduced to 808 °C (Supplementary
Fig. 3). Surface oxides reappeared when the temperature dropped
below 825 °C. In addition, the system started to oscillate at time on
stream (TOS) 1,879 min, with a period of ~93 min, although the pres-
sure, heating power and gas feeds were kept constant.

Supplementary Video lillustrates the catalyst dynamics during
the oscillations. The video shows that oxide islands grew at discrete
locations of the surface, which shrank and then grew again. This redox
cycleisthe most obvious behaviour of the catalyst surface during the
oscillations. Furthermore, the cycling of the oxides occurred over all
the micrometre-sized domains of the metallic catalyst with no appar-
ent preference.

The selected region of interest (ROI) of Supplementary Video 2
shows that the catalyst surface that remained uncovered by oxides
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Fig.3|Self-sustained oscillations of DRM occurred on a Ni catalyst. a, Time
series of the temperature, reactor pressure, average image intensities and
mass spectrometry signals of reactants and products during the oscillations,
which occur over a Ni catalyst foam. b, Magnified region taken from the grey-
highlighted dataset in a. The stages of the oscillation cycle are marked in the
horizontal axis. c-g, Catalyst surface evolution during the oscillation cycle as
showninb. ¢, ESEM image of the catalyst surface at Stage 1and TOS 2,011 min.
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d, ESEM image of the catalyst surface at Stage 2 and TOS 2,058 min. e, ESEM image
ofthe catalyst surface at Stage 3 and TOS 2,064 min. f, ESEM image of the catalyst
surface at Stage 4 and TOS 2,087 min. g, ESEM image of the catalyst surface at
Stage 1'and TOS 2,104 min. The images were extracted from the ROl highlighted
inFig.2d. Arrows denote increasing TOS. Circles in e denote areas of oxide
growth. Conditions of acquisition: gas mixture composed of 0.3 mlymin™Ar,

0.3 mlymin™ CO, 0.4 mly min™ CH,. Imaging voltage: 10 kV.

went through cycles of roughening and smoothening. Starting from
a smooth surface, the catalyst became rough. Subsequently, the
oxides began to grow. The oxides reached their maximum size on the
roughenedsurface, and then they rapidly shrank. The metallic surface
smoothened again as the oxides shrank.

The DRM activity also oscillated with the redox cycles of the cata-
lyst. The time series of reactants, products, H,/CO ratios and ESEM
average image intensities representing oxide contents are shown in
Fig.3a. Minima in the production rates coincided with maxima in the
ESEM average image intensities. Similarly, maximain the production
rates coincided with minima in the ESEM average image intensities.

Phenomenologically, we describe the oscillations in terms of four
stages that can be traced between the successive cycles. These stages
are highlighted in Fig. 3b and in the ESEM images of Fig. 3c-h.

Atstagel, the H,/CO ratio was 1, the ESEM image intensity (oxide
content) was at aminimum and the catalytic conversion was at its

maximum. Some parts of the metallic surface that remained uncovered
by oxides were smooth (Fig. 3¢), but small oxide nuclei were already
present. The syngas production started to deactivate slowly in the
subsequent time (Fig. 3b, blue area).

Atstage 2, the metallic surface was roughened (Fig. 3d) and the H,/
COratiodecreased slightly. Although slight deactivationstill dominated
atthisstage, theactivity changes were not abrupt (Fig. 3b, orange area).

Stage 3 was characterized by oxide growth (Fig. 3e, circles),
rapid catalytic deactivation and a further decrease in the H,/CO ratio
(Fig.3b, pink area).

At stage 4, the oxide islands reached their maximum sizes
(Fig. 3b,f). The catalytic conversion was at a minimum and the H,/CO
ratioreached its lowest values (~0.80).

Subsequently, the syngas production was rapidly reactivated.
This process was accompanied by a rapid shrinkage of the oxides and
smoothening of the surface (Fig. 3g, green area of Fig. 3b). The product
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Fig.4|Grey value segmentation of ESEM images correlated to activity.
a-d, Artificially coloured ESEM images representative of low grey values
(69-103) over an oscillation cycle: segmented image representative of stage 1,
where yellow/light-green regions correspond to surface portions contributing
to the histogramin this grey values range (69-103) (a); segmented image
representative of stage 2 displays the vanishing of the yellow/light-green
regions at the metallic surface during surface roughening (b); segmented image
representative of stage 4 at the highest oxide coverages displays minimum
contents of yellow/light-green regions at the metallic surface (c); segmented
image representative of stage 1’ displays the reappearance of the yellow/light-
green regions at the metallic surface after reactivation (d). e-h, Artificially
coloured in situ ESEM images representative of high grey values (155-201) over

an oscillation cycle: animage representative of stage 1, where light regions
correspond to the surface portions contributing to the histogramin this range
(155-201), thatis, oxides (e); segmented image representative of stage 2 during
surface roughening (f); segmented image representative of stage 4 at maximum
oxide coverages displays growth of oxide islands (g); segmented image
representative of stage 1’ displays shrinking of oxide islands and closure of the
oscillation cycle (h). i, Time series of the number of pixels contributing to low and
high grey values during the oscillations and its correlation to syngas production
rate. The low grey values (69-103) representative of metallic regions correlate to
the reaction performance, while the high grey values (155-201) representative of
oxides exhibit an opposite behaviour.

ratio regained a value of 1. These processes brought the system back
into a state (stage 1’) similar to stage 1. These events mark an oscilla-
tion cycle.

The catalyst temperature increased on average by ~15 °C during
the 16.7 h of observation of the oscillations. In addition, each oscilla-
tion cycle was accompanied by a negative temperature peak of ~1K
that coincided with the maximum of the oxide coverage. Compared
with the other gas products, the periodicity and productivity of water
were not pronounced. We detected only a slight increase in its signal
during the rapid reactivation step of oxide reduction.

Additional phenomena not considered in the previous analysis
may stillbe hiddenin theimages of the oscillating catalyst surface. To
investigate this aspect, we calculated the histograms of the individual
frames of Supplementary Videos1and 2. As the surface features have
distinct grey values, we can classify the features according to their
positiononthe grey scale. For example, the oxideislands occur closer

to the bright end of the scale compared to the metallic substrate. As
shownin Supplementary Fig.5and in Supplementary Video 3, we have
fitted the histograms of the ESEM frames by Gaussian functions centred
ongivengrey values.

Supplementary Video 3 shows the behaviour of the fitting func-
tions during the oscillations. The function indicative for the low grey
values (grey values: 69-103) was characterized by an oscillating inten-
sity profile. The function describing the high grey values (grey values:
155-201) showed first anincrease in intensity while the profile moved
towards higher grey values. Thisis followed by adecrease inintensities
and a shift of the distribution towards low grey values.

We separated the low grey contribution (grey values: 69-103)
from the high grey contribution (grey values: 155-201) by pixel filter-
ing. Chemically, the low grey contribution represents the parts of the
catalyst not covered by oxides. Supplementary Video 4 shows the result
when only the low grey pixels from the data of Supplementary Video 2
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aredisplayed. We have added artificial colouring to highlight the surface
changes. The video shows that some regions of the surface (yellow/light
green) fluctuated rapidly, forminglayer-like surface regions. The video
also highlights that the coverage of these layer-like regions changed
during the oscillations. Selected frames are depicted in Fig. 4a-d
tobetter understand how these regions correlate to the different stages
of the oscillation cycle discussed in Fig. 3. At stage 1 (Fig. 4a) a high
coverage of this surface layer was observed, which remained until
stage 2, whensurface rougheningled toarapid depletion of this layer
(Fig.4b). Atstage 4 (Fig. 4c, highest oxide content), this layer was only
minimally present and rapidly increased again during the subsequent
reactivation. The layer was fully restored at stage 1’ (Fig. 4d).

In addition, Supplementary Video 5 highlights the behaviour of
the high grey pixels corresponding to the oxide phases (light-green
regions) over the substrate (dark-blue background). Selected frames
are reproduced in Fig. 4e-h. A series of video images following this
processinamagnified ROl (Supplementary Video 6 and Supplementary
Fig. 6) suggests that the oxide growth beganaround small oxide nuclei
that were already presentat the surface. Subsequently, the contraction
ofthe oxidesinitiated at the outer perimeter of theislands. During cata-
lytic reactivation, the oxide island rapidly disintegrated into smaller
particles and eventually the phase was consumed, leaving only small
nucleion the surface.

The intensities of these low and high grey values contributions
during the oscillations are shown in Fig. 4i. These intensities are pro-
portional to the number of pixels of the respective grey levels of the
image. Although the contributions of low grey and high grey values
oscillated in phase, their behaviour was opposite. The curve of the low
grey values resembles the shape of the syngas productivity, which was
added for comparison. In contrast, the high grey values (oxide islands)
correlate negatively with syngas productivity. Based on thisresult, the
low grey values could be interpreted as active surface areas important
for syngas production.

Supplementary Video 7 shows the growing/shrinking oxide
boundaries across the field of view of Supplementary Video 1. The
metallic substrate was removed using a wavelet algorithm. We have
also superimposed an arrow indicating the direction of the gas flow
inour reactor. The propagation of oxide growth/shrinking across the
surface coincides with the direction of the gas flow, suggesting that
separate regions of the oscillating catalyst were synchronized by gas
phase coupling®. Oxidation fronts propagated upstream, and reduction
fronts propagated downstream.

Finally, we analysed a cross-section of the post-reaction catalyst
prepared by focused ion beam milling combined with transmission
electron microscopy (Supplementary Fig. 7 and Supplementary Note 1).
The analysis reveals the penetration of oxygen several hundred of
nanometres below the catalyst surface and a strained structure at the
catalyst bulk.

Discussion

Our combined operando ESEM/NAP-XPS observation supports the
activation of CO, over smooth metallic Ni surfaces (Fig. 1a and Sup-
plementary Fig. 1b), while CH, was found to be unaffected by the
reduced surface (Fig. 1b and Supplementary Fig. 1c). It is generally
discussed in the literature that CH, activation occurs by scission of
the H;C-H bond, followed by cascading into CH,* (0 < x < 3) frag-
ments***. As CH, has the strongest C-H bond among hydrocar-
bons (439 k) mol™)*"*, this activation path requires high-energy
sites®. Nevertheless, we found no evidence of carbon species
during the treatment with CH,, at least within our experimental
resolution. In fact, co-feeding of CO, was required for CH, con-
version. These results suggest that CO, was assisting the activa-
tion of CH, in a different reaction path than methane cracking.
This possibility is consistent with previous results suggesting that
oxygenate species may be key to CH, activation®*, The different

Table 1| A compilation of the chemical reactions describing
DRM activity on the nickel catalyst

Equation Chemicalreaction Description

number

1 CO,+Nig¢>0,-Ni+CO Dissociative adsorption
of CO,

O (~Ni+Nig <> Nig+O,-Ni O surface diffusion

3 O,~Ni+Nigps <> Nig+Ogp—Ni O diffusion into
subsurface

4 O-Nigyps+ Nigyps €= Nigugp + Ogups—Ni O subsurface diffusion

5 O,-Ni<~>NiO, NiO, formation

6 O,ubs—Ni<>NiO, NiO, formation

7 CH,+0,-Ni<~>Ni,+CO+2H, Activation of CH,

8 CH,+NiO,«<~>Ni+CO+2H, NiO, reduction by CH,

9 H,+NiO,<~>Ni+H,0O NiO, reduction by H,

Subscript s’ denotes a surface site; subscript ‘subs’ denotes a subsurface site.

reactivities of these oxygenate species under reaction conditions
(Table 1) can also explain the main results of the present study.

Initially, CO, dissociation leads to the formation of O,-Ni
(equation (1)) and gaseous CO. Previous studies***’ have suggested that
O,-Niis mobile (equation (2)) and can dissolve into the metallic bulk
atthe high temperatures of DRM, leading to the formation of O~ Ni
(equation (3)). Thisis consistent with our post-catalytic analysis show-
ing the presence of oxygen deep in the catalyst bulk (Supplementary
Fig. 7) and with previous reports that found an oxygen-rich region
extending several hundred nanometres into the bulk of the catalyst™*®.
This form of oxygenis essentially inactive to DRM as itis not in contact
with the gaseousreactants. It can therefore accumulate asaninactive
buffer species. Eventually, O,~Ni and O,,,—Ni transform into NiO,
phases (equations (5) and (6)). The activation of CH, was initiated by
reactions with the oxygen species present at the surface of the catalyst
(equations (7) and (8)).

Furthermore, the equations of Table 1 also provide a reasonable
framework for understanding the temperature dependence of the
catalytic reaction. For example, at temperatures below the redox
transition, equation (1) could occur at faster rates than equations
(7) and (8). As a result, the excess oxygen is not transferred to the
gas product fast enough and accumulates in the catalyst, mainly as
O,»s—Niand NiO, (equations (3)-(6)). At temperatures well above the
oxide-to-metal transition, equations (7) and (8) become fast enough to
efficiently transfer the stored oxygen to gaseous products, favouring
ametallic-like catalyst state.

Attemperaturesaround the phase transition, the rates of equations
(1)-(8) could kinetically trap the system in the oscillatory regime. We
summarize this process schematically in Fig. 5, where we interpret the
oscillations in terms of the relative rates of these reactions. At stage 1,
equations (1) and (7) are almost balanced, leading to asyngas of ratio 1.
Chemically, the O,~Ni formed by equation (1) is rapidly consumed
by equation (7). The active surface at this stage can be viewed as a
process with high turnover between equation (1) and equation (7).
This behaviour is consistent with the surface regions highlighted in
Supplementary Video 4 and in Fig. 4a-d.

However, some part of the surface oxygen leaks into the sub-
surface via equation (3). This circumstance implies that equa-
tions (3) and (7) are competitive reactions that modulate the
availability of surface O,—Ni. The reason for this behaviour is
the intrinsically high reactivity of O,~Ni, which cannot be stabi-
lized at the surface and therefore evolves into the gas product via
equation (7) or into unreactive O,,,~Ni species. Hence, the leak-
age of O,~Ni into the subsurface reduces the rate of equation (7).
We see this effect as a deactivation in the syngas productivity during
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Fig. 5| Metastability of oxygen species on a Ni catalyst induced oscillatory behaviour. Schematics summarizing the chemical equations presented in Table 1,
featuring surface oxygen formation, subsurface diffusion, oxide formation and fast regeneration in the oscillatory cycle. The central part of the figure displays the

reduced kinetic cycles of DRM and depends on the catalyst history.

the time after stage 1 (Fig. 5). Consequently, the coverage of the fluc-
tuatinglayer showninFig.4a-d and Supplementary Video 4 decreases
during this deactivation, indicating a decrease in O,~Ni.

The presence of oxygen several hundred nanometres below the
surface (SupplementaryFig. 7 and Supplementary Note 1) gives anidea
of the extent of this leakage. The structure in this bulk-like region was
found to be highly distorted, indicating the accumulation of strainin
the catalyst substrate. It has been suggested that an accumulation of
distortionsinthebulk could lead to large-scale effects such as reshap-
ings/roughenings of the surface’. Thus, diffusion of oxygen into the
subsurface can also explain the surface roughening characteristic of
stage 2. Surface roughening can expose new metallic sites that favour
equations (1) and (3) over equation (7), leading to an increased rate
of oxygen uptake and a decrease of the H,/CO product ratio (Fig. 5).

Eventually, the subsurface region becomes locally saturated
with oxygen and oxide phases begin to crystallize at stage 3. At this
point, the catalyst temperature drops by ~1K, which may reflect a
slightly endothermic crystallization of NiO,. Our results in Sup-
plementary Fig. 6 demonstrate that oxide formation follows a
nucleation and growth mechanism similar to the crystallization of
solids from oversaturated solutions®, in this case from a solid O/Ni
solution. As the oxide nuclei do not disappear completely during
the oscillations, the oxides can grow at similar positions during the
successive cycles.

Whenthe oxideislands reach their maximum size at stage 4, they
rapidly disintegrate into small pieces and syngas productionis reacti-
vated (Fig. 5). This reactivationis controlled by the reduction of NiO,,
apparently without further catalyst oxidation by equation (1). This
process produces syngas with excess amounts of H,, indicating the
dominance of equation (8). As a result, the H,/CO ratio increases. At
this point, small amounts of water are formed (Figs. 3a,b), possibly as
aresult of methane over-oxidation by the oxide. This observation may
alsoindicate that part of the syngas may have reacted downstream with
the remaining oxide (equation (9)). This effect could stimulate further
reduction and fast coupling of the oscillation along the reactor, and

could alsobe the reason for the slight temperature increase observed
during reactivation of the catalyst (Fig. 3 and Supplementary Videos 1
and 7). Akey observation during reactivationisthe recovery of the fluc-
tuating surface layer (Fig. 4 and Supplementary Video 4). We interpret
this result as the regeneration of the active O,—Ni phase. The result of
this process brings the catalyst to a metallic-like state of high activity,
similartostage1.

Thesstructural details of the reactivation process that returns the
systemto the mostactive stage may require further operando investiga-
tion. A previous study of NiO, reduction by methane™ has found surface
morphologies similar to our spent catalyst (Supplementary Fig. 8 and
Supplementary Note 2). The authors argued that the reduction of NiO,
could produce metallic nuclei or even atomic Ni species at the oxide/
substrateinterface. These sites could be very active for methane activa-
tion. We also found that the metallic substrate was severely roughened
whenoxideislands started to grow. This deformed substrate could be
apoor template for excessive oxide accumulation, as previously sug-
gested®. At some point, the mismatching lattices can lead to active
local defects and structural instabilities in the oxide phase. In brief,
NiO, phases become unstable under the reaction conditions due to
lattice mismatch, local saturation and the creation of reactive sites.
Consequently, this phase spontaneously reverts to O,—-Ni, which closes
the oscillation.

Our observations lead to theinterpretation that the different forms
of O/Nispecies are intrinsically metastable under DRM conditions. We
propose that such metastability is the cause of the oscillations that gives
risetoachain of eventsthatkinetically acts uponitself (Fig. 5, centre). The
different forms of O/Nihave distinct levels of activity and transforminto
each other through theinfluence of equations (1)-(8). Thus, the system
remains sequentially in chemical states of different performances rather
thaninapreferred steady state regime. Inthis sense, the behaviour of the
catalyst during the oscillations can be seen as a continuous frustrated
phase transition that cannot be completed in any direction™.

We contrast our study with reports of methane oxidation with
0, over various transition metals. In these studies, the reaction was
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reactivated by the reduction of oxides™ . In addition, a study of
oscillations during propane oxidation over Ni catalysts suggested the
involvement of oxygen dissolution into the Ni substrate as a key ingre-
dient of the oscillatory cycle. This solid solution of oxygen in nickel
has been proposed as a buffer step that delays the transition between
low-activity oxides and high-activity metallic states. Our results confirm
these observations.

We note that the oscillations of these studies exhibited large tem-
perature fluctuations that could thermokinetically synchronize the
surface states, in contrast to the temperature fluctuations of ~1K
detected here. We speculate that these small temperature fluctua-
tionsimply that the chemical potentials of the metastable O/Ni phases
were almostidentical during the oscillations. This hypothesis requires
further validation. We hope that these results will stimulate future
scientific enquiries into the likelihood of oscillatory dynamics in real
isothermal reactors that can clarify the importance of thermokinetic
coupling for synchronization and the influence of metastable states
on general catalytic behaviour.

In conclusion, our study revealed an oscillatory behaviour of DRM
over Ni catalysts. Three interconverting oxygen forms were identified
in the metastable ensemble, which was found to be the most relevant
element of the oscillations. The dissociative activation of CO, sourced
these different forms of oxygen, which were distinctly reactive towards
methane.

Afluctuating layer on the metallic Nisurface was identified as the
staterepresentative of high DRM activity. This layer was detected using
acomputer visionapproachbased onimage segmentation. This layeris
proposedtobeacollection of active sites with high turnover frequen-
cies, in which O,-Ni is the dominant state. Diffusion of oxygen from
this layer into the subsurface led to deactivation and the subsequent
growth of oxides. The cycle was closed by spontaneous recovery of
the active layer by decomposition of the oxide phase in the chemical
environment. The system was effectively synchronized by gas phase
coupling, highlighting the importance of reactor design for subsequent
studies of non-linear dynamics in catalysis.

The metastability of the O/Ni system provides insight into future
design concepts where the goal is to stabilize the active state with
minimal energetic compromise. For DRM, this could be achieved by
co-feeding more potent oxidants such H,0 or N,O (ref. 57) or by a
bimetallic architecture™ aimed at locally concentrating the amount
of active O,~Ni. Another option would be to eliminate the possibility
of O,~Nileakage into the bulk, for example, through nanoparticles or
thin film technologies.

Overall, the study highlights operando investigations to extend
our knowledge of heterogeneous catalysis for prospective design con-
cepts based on mechanistic understanding. We also highlight that the
oscillatory regime was limited within a certain range of experimental
parameters, for example, the temperature. Foradeeper understanding
of the asymptotic behaviour of the reactions, adedicated study should
be carried out and is left for future work. This approach may include
further tailored experiments, density functional theory calculations
ofthe reaction paths proposed in Fig. 5 and numerical solutions of the
kinetic model to address the bifurcation behaviour.

Methods

Operando ESEM set-up

Asample of the metallic Ni catalyst was positioned inside a customized
flow reactor compatible with ESEM imaging. A gas mixture at 16 Pawas
fed into the reactor, and the catalyst was heated by an infrared laser.
ESEM images were typically acquired at 7.5-10 kV under different gas
compositions and catalyst temperatures.

Our set-up features a quartz tube reactor inside the chamber of
acommercially available environmental SEM (ESEM, FEI200 Quanta
FEG) lined to a quadrupole mass spectrometer (QMS, 200 Prisma
Pfeiffer)**. Changes at the catalyst and in gas phase compositions

are determined simultaneously, enabling the direct investigation
of the influence of catalytic dynamics on performance. Our oper-
ando ESEM resembles a flow reactor that reproduces the flow pat-
tern 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 composi-
tions were controlled during surface imaging. We used a metallic Ni
catalyst (foil or foam, 99.5% purity, Goodfellow) onto which aK-type
thermocouple was spot-welded. Pure gases (Westfalen 5.0) were
dosed into the quartz tube reactor by individual mass-flow control-
lers (Bronckhorst).

Images of the catalyst surface were acquired every 17.5 s with the
large field detector of the ESEM at acceleration voltages of 7.5-10 kV
and achamber pressure of 16 Paand a pixel depth of 8 bits (0-255 units
onagrey valuesscale).Inoperando mode, catalytic rates of conversion
and product selectivities were measured simultaneously to surface
imaging**.

Reference tests

Samples of the Ni catalyst (metallic foam, 35 mg) were treated for
1,200 min at 810 °C in an atmosphere composed of 0.6 mly min™H,
and 0.3 mly min™ Ar (where subscript ‘N’ indicates gas volumes at
normal conditions). The chamber pressure was 16 Pa. Afterwards, the
atmosphere composition was switched to either 0.6 mly min™ CO,and
0.3 mly min™Ar, or 0.6 mly min™" CH,and 0.3 mly min Ar. ESEM video
frames were collected during these treatments every 17.5 s.

Operando ESEM DRM tests

For this part, a metallic foam was used to maximize the surface area
andreachdetectable levels of catalytic conversion. After pre-treating
the Ni catalyst foam for 1,200 min at 810 °C in an atmosphere com-
posed of 0.6 mly min™H,and 0.3 mly minAr, the H, flow was switched
off and the reactor was cooled down to room temperature. Flows of
0.4 mlymin™ CH, and 0.3 mly min CO,wereintroduced inthe reactor
untilthe gas phase compositionsinthe QMS signals had stabilized. The
catalyst was heated to 700 °C within10 s, and after 10 min of stabiliza-
tion, ESEMimaging wasinitiated (TOS O min). Due toimaging artefacts,
the reaction temperature must be increased step by step in the ESEM
reactor for a continual acquisition. We increased the temperature in
thismanner (6-17 °C per step) from 700 °Ct0 900 °C. After 1,000 min
of dwelling at 900 °C, the reaction temperature was decreased to
818 °C. Oscillations initiated spontaneously (TOS 1,880 min). ESEM
video frames were continually collected until the end of the experi-
ment (TOS 2,821 min).

During oscillations, the signal of O, was found to be steady and
close to zero, indicating its exclusion from the dynamics. O, often
contaminates the microscope chamber due to external leaks. Conse-
quently, obscuring dynamicsinitiated by oxygen-induced hydrocarbon
oxidation can cause oscillating dynamics and disrupt the chemical
network (Supplementary Table1)".

Image treatment and video production

Collected ESEM video frames were treated with Fiji””. The stack of video
frames was aligned with translation registration. Afterwards, average
imageintensities calculated by summingall of the pixel intensities and
then dividing by the number of pixels in the field of view were plotted
asatimeseries. Videos and aselected ROl cropped and digitally scaled
from the video frames were produced with the same software (Sup-
plementary Videos1and 2).

Image histograms were calculated from the video frames and fit-
ted by Gaussian functions with arecurring algorithmimplementedin
Python. Thefitting functions and original histograms were combined
in a video file (Supplementary Video 3). Afterwards, the maximum
and minimum ranges of grey values were adjusted from the original
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video frames to segment the images according to low (69-103) and
high (155-201) grey values contributions. A schematic representa-
tion of this procedure is shown in Supplementary Fig. 5. Finally, the
resulting images were combined in separate videos and applied an
RGB look-up table (Supplementary Videos 4 and 5). Digitally cropped
areas from Supplementary Video 5 were used to produce Supple-
mentary Video 6.

To isolate oscillating features from the image sequence, we
employed an image filtering algorithm based on the fully separable
discrete wavelet transform. This was implemented using Python and
the PyWavelets package®. We treated the image sequence as 3D data
with dimensions (x, y, t) and performed a 3D fully separable discrete
wavelet transform using a Daubechies 2 ‘db2’ wavelet. For each result-
ing channel, we calculated the overall energy of the channel as the
absolute mean over its values. We used the geometric mean of the chan-
nel energies as a threshold value and excluded channels with energy
values above the threshold from the reconstruction. This approach
effectivelyisolates the lower-energy temporal components containing
oscillating features from the static background. The filtered frames
were combined in Supplementary Video 7.

Operando NAP-XPS

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, Germany. The details of the beamline
layout and performance can be found elsewhere®. The home-built
near-ambient pressure electron spectrometer is described in detail
in the literature®®,

The nickel foam sample and a K-type thermocouple were fixed
into a sapphire sample holder. The sample was mounted inside the
XPS/XANES reaction cell, near to the aperture of the first differential
pumping stage. The exit slit of the beamline was 180 um 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, maximum 60 W) shining at the rear of the mounting plate.
Gas compositions during the measurements were monitored by aQMS
(200 Prisma Pfeiffer).

The catalyst was pre-treated by annealing in 0.16 mbar (16 Pa) of
H,:Ar mixture at 810 °C using a heating rate of 5 °C min™to achieve the
reduced state. The partial pressure of the gas feeds was controlled by
mass-flow controllers (Bronkhorst) and set to the values of the oper-
ando ESEM experiments.

XP spectra of core level regions were recorded with kinetic ener-
gies of emitted photoelectrons at 130 eV and 300 eV for Ni 2p and
130 eV,300 eV and 600 eV for O 1s, C1sand Si 2p.

Afterwards, spectrawere acquired on the pre-reduced sample at
the same pressure and temperature with gas feeds of CO,:Ar, CH,:Ar
and CO,:CH,:Ar.Each set of spectrawas recorded with 60 min of separa-
tion between the first acquisitions to evaluate the changes over time.

XP spectra were analysed with CasaXPS. The binding energies
were calibrated to the Fermi edge of an Au reference sample. The O 1s
spectra were deconvoluted with combined Gaussian and Lorentzian
functions after a Shirley +linear background subtraction.

Note that besides employing two independent operando char-
acterization techniques (NAP-XPS and ESEM) that reveal the same
chemistry, operando experiments are advantageous over in situ experi-
ments as they help precludingimaging and spectral artefacts via prod-
uct-structure correlation.

Data availability

The raw data and videos that support the findings of this study are
publicly available through the AC/CATLAB Archive (https://ac.archive.
fhi.mpg.de/D60951) or from the corresponding authors. Source data
are provided with this paper.
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