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Zirconium Carbide Mediates Coke-Resistant Methane Dry
Reforming on Nickel-Zirconium Catalysts

Leander Haug, Christoph Thurner, Maged F. Bekheet, Benjamin Bischoff, Aleksander Gurlo,
Martin Kunz, Bernhard Sartory, Simon Penner, and Bernhard Klotzer*

Abstract: Graphitic deposits anti-segregate into Ni’
nanoparticles to provide restored CH, adsorption sites
and near-surface/dissolved C atoms, which migrate to
the Ni%/ZrO, interface and induce local Zr,C, formation.
The resulting oxygen-deficient carbidic phase boundary
sites assist in the kinetically enhanced CO, activation
toward CO(g). This interface carbide mechanism allows
for enhanced spillover of carbon to the ZrO, support,
and represents an alternative catalyst regeneration path-
way with respect to the reverse oxygen spillover on Ni-
CeZr,O, catalysts. It is therefore rather likely on
supports with limited oxygen storage/exchange kinetics
but significant carbothermal reducibility. )

Introduction

Dry reforming of methane (DRM) allows converting the
climate-harming greenhouse gases methane and carbon
dioxide to CO-rich syngas at an ideal stoichiometry of CH,
+CO,—2H,+2CO. To approach this 1:1 ratio is rather
useful for subsequent carbonylation or hydroformylation
processes.!! Practical problems of DRM are associated with
further loss of H,-selectivity due to the water-gas-shift
equilibrium, especially at elevated pressures,”! and with
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irreversible coking phenomena, especially on the less costly
Ni- and Co-based catalysts."*! Countermeasures against
coking involve the addition of steam, leading to an increased
H,:CO ratio. Technically, endothermic hybrid dry-steam
reforming  (“bi-reforming”),”” and autothermal  tri-
reforming®™ lead to more suitable syngas ratios for the
synthesis of e.g. renewable fuels. For these applications,
requirements such as structural stability and tuned catalyst
composition must be met for improving carbon gasification
activity. Long-term stable industrial catalysts allowing for
coke-depleted operation under conditions with a low steam/
carbon ratio are already available, and are e.g. based on
NiMg spinels.” "

Nevertheless, it appears worthwhile to further study the
most challenging steam-free DRM case with CO,:CH,=1:1
feed at the fundamental atomistic level, serving as a bench-
mark reaction to identify and develop knowledge-based
strategies against irreversible coking phenomena.

Frequently, anti-coking strategies make use of graphene/
graphite and nanofilament-suppressing dopants of the met-
allic component Ni’, such as Cu”.l'l Selective blocking of the
step edges of nickel crystallites with sulfur (SPARG
process)!'>'! or the use of gold as a catalyst dopant!¥ are
typical examples. From a mechanistic viewpoint, this
approach is inherently accompanied by lowered methane
activation rates, and thus, lowered activities.[! Moreover,
this approach cannot exclude partially irreversible coking, as
it may occur at a lowered rate, too.

A logical complementary strategy should therefore focus
on optimized conversion both of methane and of already
deposited carbon species toward CO,-reactive forms of
carbon, in turn enhancing the route to CO. Some carbides of
the group V and VI transition metals are considered as
active phases, due to their noble metal-like electronic
structure facilitating reactant activation. Enhanced coking
stability is assigned to a balanced combination of carbopho-
bic properties suppressing the formation of too strongly
bonded (e.g. unreactive graphitic) carbon species, and
moderate oxophilicity for controlled CO, activation towards
reactive oxygen species at the surface. If the oxygen affinity
is too high, as with the group V metals, both surface and
bulk carbide phase stability are hampered. Group VI
carbides, especially Mo,C and WC, are more stable but still
affected by surface-near corrosion under CO,-rich condi-
tions. They can be further activated and stabilized by the
addition of metals promoting re-carburization, e.g. Co.">'f!

A related approach is to enhance the surface oxophilicity
of a metallic component, along with promoting more

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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reactive and less refractory forms of carbon, e.g. using Fe’
alloying of Ni".' On MnO-supported Ni, particular non-
graphitic surface carbon species exhibit enhanced reactivity
toward CO,.52%

As a matter of fact, it is the progressive poisoning of
active sites by continuously deposited unreactive (spectator)
species, which causes irreversible catalyst deactivation over
time—but if active sites can be designed in a self-regenerat-
ing environment, a certain remaining fraction of unreactive
or only slowly reacting coke will eventually be little harmful
to the overall catalyst performance. Therefore, we focussed
on the distinction of reactive intermediate vs. unreactive
spectator carbon species by in situ techniques, and on
promotional effects to re-mobilize already existing carbon
deposits in the present study.

Our previous in situ Near-Ambient Pressure X-Ray
Photoelectron Spectroscopy (NAP-XPS) studies on interme-
tallic PdZr catalyst precursors??? provided evidence that
deposited Cyopniie can be re-activated toward dissolved
atomic C-species in nanoparticulate Pd’, and finally oxidized
to CO at the redox-active Pd*-ZrO, phase boundary (in the
following abbreviated “PB”). On this basis, we proposed
that improved subsurface- and bulk C-diffusivity of the
metallic component co-operates with an improved level of
metal-oxide bifunctionality. Based on the results for pure
Pd, we suspected a related de-coking mechanism for NiPd/
ZrO, catalysts. Thus, the next logical step is first to clarify
the role of the analogously prepared Ni’-ZrO, PB using in
situ NAP-XPS.

In contrast to clean Pd, both pure and alloyed Ni
surfaces are in principle capable of activating both CH, and
CO,,*! which is particularly important if inert supports
with respect to CO, activation are used. An additional, PB-
related type of bifunctionality can be expected, if an already
efficient CH, activator such as Ni is combined with a support
being capable of CO, activation. In this case, subsequent
CO product formation is not necessarily limited to the Ni
surface itself, but can also take place at Ni’—support
interface sites. Depending on the intrinsic state of activity of
the Ni surface, the enhanced abundance and activity of
interfacial sites can thus contribute to enhanced dry
reforming activity and optimized de-coking properties. In
view of this “structure sensitivity” also of Ni-based catalysts,
empirical development of catalyst preparation and -activa-
tion must logically aim in optimized interface dimensions to
a support with good CO, activation kinetics. An enhanced
density of interfacial Ni-support sites vs. Ni surface sites can
be achieved by lowering the Ni° particle size, and has been
shown to enhance the coking stability and lower the
propensity for the formation of filamentous carbon.”®!
Critical parameters determining CO, activation at the PB
encompass support reducibility, basicity, and reactivity of
oxygen vacancies toward CO,.”*! Some of the most recently
developed industrial bi-reforming catalysts are designed to
utilize self-regenerating principles.* ")

Due to their structural heterogeneity and the limited
applicability of surface-sensitive in situ spectroscopies such
as NAP-XPS, technical powder catalysts usually do not
allow to extract unambiguous evidence for the catalytic role
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of the metal-oxide PB. The use of conductive bimetallic
substrates, on which an active layer forms under reaction
conditions via oxidative segregation, both allows to circum-
vent conductivity problems and to provide a quasi-2D region
of spectral observation. Thus, a bulk bimetallic Ni,Zr, model
catalyst approach toward active PB sites was employed. The
in situ activation of intermetallic precursors is a highly
efficient way to generate a large amount of PB sites.>?”! We
used a combination of in situ X-Ray Diffraction (XRD) and
in situ NAP-XPS analysis to characterize both the bulk-
related phase changes and the active surface/interface in a
realistic DRM atmosphere.

Results and Discussion

Details of the preparation and structural characterization of
the used bulk-intermetallic Ni,’Zr,’ sample with an initially
dominant contribution of the NisZr phase—in the following
denoted as NiZr51—are given in the experimental section of
the Supporting Information. The surface morphology of the
as-prepared NiZr51 sample was characterized by ex situ
Scanning Electron Microscopy (SEM, Setup 5 in Supporting
Information) and is depicted in Figure 1A.

Due to ambient air contact, near-surface corrosion
induces the formation of small (<10 nm) Ni nanoparticles
supported by a thin ZrO, top layer. After transfer to an
ultrahigh vacuum (UHV) chamber with an attached high-
pressure batch reactor (Supporting Information, Setup 1),
the chemical surface composition of the NiZr51 sample was
characterized after a sputter-anneal cycle by ex situ XPS,
representing the surface state of the catalyst directly before
temperature-programmed DRM catalysis (Figure S1, Sup-
porting Information). The coexistence of intermetallic Zr°,
sub-oxidic ZrO, and a small contribution of Zr** species,
along with exclusive Ni’ species, indicates incomplete
removal and/or partial reduction of ambient-induced Zr**
species by sputtering.

To identify bulk-structural changes toward the operando
state, in situ X-ray diffractograms of NiZr51 were recorded
during temperature-programmed reaction under 1:1 DRM
conditions. Figure 1B is derived from the respective XRD
series shown in Figure S2 (for details and exact mass fraction
data see section S2, Supporting Information), and reveals
that the initial phase composition of NisZr and Ni° persists
to ~350°C, followed by partial decomposition of NisZr
towards tetragonal (t-)ZrO, and additional Ni’. The subse-
quent transformation of t-ZrO, to monoclinic (m-)ZrO, is
associated with slower NisZr decomposition. During cooling
and re-heating in pure CO,, no further phase changes
occurred. Figure S2, Supporting Information, further reveals
that neither crystalline C,,pnie nor carbide bulk phases, nor
irreversible lattice expansion of Ni° due to dissolved carbon
were XRD-detectable, in contrast to related studies on Ni/
MnO.[l&ZO]

Figure 1C shows an ex situ SEM image of the coked
NiZr51 catalyst after DRM up to 800°C and cooling under
UHYV conditions. A rather heterogeneous morphology and
size distribution of the Ni domains is visible, giving the

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. A) SEM image of the as-grown bulk-intermetallic NiZr51
catalyst. B) Development of mass fractions of crystalline phases within
NiZr51 from 25°C to 800 °C under DRM conditions (CH,:CO,=1:1,
40 mLmin™", total pressure 1 bar, heating rate 10 Kmin™') as derived
from Rietveld analysis of the in situ XR diffractograms shown in
Figure S2, Supporting Information. C) Ex situ SEM image of the
catalyst in its coked active state after DRM.

impression of a bimodal state. Nanoparticles in the 10 nm
range, some larger, some even smaller, contrast with very
large Ni islands between ~100 and =300 nm. Figure S3,
Supporting Information, shows additional topographic im-
ages and the respective Energy Dispersive X-Ray Spectro-
scopy (EDX) scans, revealing that especially the large Ni
domains are covered by considerable amounts of carbon,
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whereas the support regions with the Ni nanoparticles
appear less affected.

Quantitative temperature-programmed DRM experi-
ments on the NiZr51 sample were performed in an UHV-
compatible high-temperature recirculating batch reactor
(Supporting Information: Setup 1), and compared to the
activity of a clean Ni metal foil. The respective conversion
and turnover number (TON) data on NiZr51 are shown in
Figure 2A, revealing an exponential increase in the CO,
conversion above =~480°C. This can be rationalized by the
Ni’ XRD intensity results of Figure 1B. Accumulation of un-
coked, nano-dispersed Ni’ in contact with segregated ZrO,
until 480°C is held responsible for this earlier reaction onset.
Full conversion is approached during the isothermal period
at 800°C. Selectivity-wise, the CO:H, product ratio re-
mained close to 1:1 at any temperature, and accordingly,
CO, consumption to CO formation was close to 1:2. In
contrast, the pure Ni foil showed zero activity at above
480°C and a rapid reaction onset around 640°C, as indicated

Time / min
0 20 40 60 80 100 120
100 1 1 1 1 1
A
NiZr51 /’_— 3x10*
80 Pure Ni
I 2x10¢
60 -|
F 2x10
40
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°\\° 209 I 5x10°
=
o
2 -
g 100 all o Q9
c B e
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3 Nizr51 15t DRM clean /
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Figure 2. A) Temperature-programmed CO, conversion/TON DRM pro-
file on fresh NiZr51 plotted versus the respective data measured on a
clean metallic Ni foil. B) Repeated DRM experiments on the coked
catalysts resulting from the initial DRM runs. Reaction conditions:

50 mbar CH,, 50 mbar CO,, 977 mbar He; linear temperature ramp

(10 Kmin™") up to 800°C, followed by isothermal reaction for 30 min.
The dashed line represents the calculated temperature-dependent
equilibrium conversion of the used reaction mixture toward a
stoichiometric 1:1 H,: CO product ratio (details of calculation see
Supporting Information, Setup 1).
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by the step-wise increase of conversion up to >40%. The
quenching experiments of Figure S4 (Supporting Informa-
tion) reveal that this effect is associated with the sudden
breakdown of a passivating NiO layer that was formed on
the catalyst surface in the DRM atmosphere between room
temperature and ~600°C. Panel B of Figure 2 exemplifies
the fundamental reactivity differences between the spent
states of NiZr51 and bulk Ni after the first DRM cycle.
Whereas the latter remains largely deactivated, the NiZr51
sample exhibits a reproducible shift of the onset temper-
ature to ~600°C in the subsequent two cycles, as compared
to ~480°C upon starting from fresh NiZr51, but the further
course of all subsequent conversion profiles approaches the
performance of the first cycle.

In order to clarify the origin of the extremely improved
catalytic stability in relation to bulk Ni, the coking status
and the reactivity of carbonaceous deposits toward CO,
were tested on the DRM-pre-treated NiZr51 catalyst (i.e., in
the state after the “2™ DRM coked” cycle of Figure 2B/
Figure S1), using in situ NAP-XPS. This experimental order
was inevitable to study the fully coked state, as the gas phase
conditions in the NAP-XPS chamber did not suffice to
deposit enough C,phie, mainly due to the too low pressure
and gas temperature of CH, (for details see Supporting
Information, Setup 2). The topmost spectra in Figure 3,

Zr3d Cis Ni2p

Intensity / a.u.

My
4 “’&’j\w

189 186 183 180 177 288 285 282 880 870 860 850

Binding Energy / eV

Figure 3. In situ Zr3d, Cl1s and Ni2p NAP-XP spectra recorded on spent
NiZr51 after the “2™ DRM coked” cycle. Top panels: spectra at 800 °C
in vacuum. Middle and lower panels: spectra at 800°C in 0.2 mbar
pure CO, recorded after the indicated times.
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taken at 800°C in vacuo before exposure to CO,, provide
clear evidence of a considerable carbidic Zr,C, contribution
(details of XP spectral assignment and analysis see Support-
ing Information), which was formed during heating of the
coked catalyst in vacuum. Despite the initial presence of a
large amount of Cgppier Z1,C, species were neither detect-
able in the ex situ room temperature XP spectrum of
Figure S1, Supporting Information, nor in the spectrum after
transfer to the NAP-XPS system before heating.

We emphasize that Cg,ppye is mainly accumulated on the
Ni’ surface area, as evidenced by the Ni2p intensity trends
of Figure S1 and the EDX-maps of Figure S3, Supporting
Information. Therefore, the occurrence of surface-near
Zr,C, species suggests a thermally induced re-distribution
mechanism of carbon from the Cg,pnye deposits on Ni’
toward the surrounding ZrO, support, causing its local
carbothermal reduction toward Zr,C,. The fact that the in
situ XRD data do not support the formation of crystalline
Zr bulk carbide phases may be explained by a limited total
amount of surface-near and/or interfacial Zr,C,, along with
an unknown contribution of amorphous species.

The solid-state synthesis reaction of crystalline bulk ZrC
by carbothermal reduction of pure ZrO, is moderately
endothermic (ZrO,(s) 4+ 3C(s)—ZrC(s) +2CO(g), AH s~
+46 kJmol™) and proceeds upon heating between 1500°C
and 1800°C™ via direct graphite-zirconia interaction.
Therefore, it appears reasonable that the formation of the
interfacial Zr,C, species from C,,phie ON Ni” and ZrO, at the
metal-oxide PB is endothermic and cannot proceed without
heating. To explain the strongly reduced formation temper-
atures on activated NiZr51, we suggest a catalytic role of Ni’
for Zr,C, formation, as it is capable of re-dissolving C,aphitc
at T>650°C and of transporting reactive C atoms through
the bulk and/or along the surface toward the PB.[¢18230

The most interesting result concerns the relative reac-
tivities of the Zr,C, vs. Cyypnie Species toward CO,. As
shown in the middle and lower panels of Figure 3, the Zr,C,
component decreases at a much higher rate than the
graphitic one. Obviously, Zr,C, is more reactive than Cg,ppice
with respect to the clean-off reaction in pure CO,. At 800°C,
it takes around 5 min to reduce the Zr,C, signals by more
than 50 %, but around 60 min to achieve a >50% decrease
for graphitic C, while Zr,C, is already gone.

The results of Figure 3, which are only accessible by in
situ XP spectroscopy under close-to-real conditions, suggest
that Zr,C, plays the role of a reactive intermediate in
between Cypnie and CO(g). The fact that at least a part of
the thermal C redistribution process Cgppnie—Z1,C, pro-
ceeds at a much lower rate than that of the final Zr,C,
clean-off step, simplified as ZrC(s)+3CO,(g)—ZrO,(s)+
4CO(g), may be assigned to the presence of the large, coke-
deactivated Ni” domains observed on NiZr51 (Figure 1C and
Figure S3, Supporting Information). This appears plausible,
as the equally coke-covered pure Ni® foil (Figure 2B, after
the 1* DRM cycle) experiences almost irreversible deactiva-
tion, which suggests that the direct oxidation process Cypsppite
+CO,(g)—2CO(g) on the Ni’ surface is very inefficient.
Nevertheless, the presence of the Ni%ZrO, PB on NiZr51
allows for slow, yet almost complete de-coking even of the
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largest Ni’ domains with CO,, in contrast to pure bulk Ni’.
Figure S5, Supporting Information, shows the complemen-
tary kinetic data of CO, titration of C,nie 0n coked Ni foil
vs. NiZr51, along with the respective pre- and post-titration
Cls spectra. Clearly, Cg,pnie-covered bulk Ni’ exhibits
almost zero reactivity toward CO,(g) at 800°C and cannot
be de-coked on a reasonable timescale, whereas coked
NiZr51 can be cleaned off to a major extent—although in
part slowly—highlighting the decisive mechanistic role of
the PB. Vice versa, the pure ZrO, support without Ni’
contact is also hardly active, as shown in Figure S6,
Supporting Information. Its low, but measurable intrinsic
reactivity at T>600°C is not affected by coking, carbidiza-
tion or any other spectroscopic alterations, but cannot
explain the much higher catalytic activity of the Ni/ZrO, PB
system.

Here, at the latest, the question arises which form of Ni’
allows for the most efficient decoking and CO formation
route and thus constitutes the most active species. As
activated NiZr51 features a quasi-bimodal catalyst state, the
abundant Ni nanoparticles with a large support PB contribu-
tion represent the most likely candidates, as they feature a
combination of enhanced carbon solubility, short diffusion
pathways to the surrounding PB and an enhanced ratio of
PB vs. metallic surface sites.

To prove the dominant role of the active Ni nanoparticle
—Z7r0, PB, analogous catalytic and in situ spectroscopic
measurements were performed on small Ni nanoparticles
supported on a monoclinic ZrO, powder substrate. The
respective results are provided in Figures S7 and S8,
Supporting Information. The wet-impregnated Nil0Zr90
(5% Ni%ZrO,) catalyst shown in Figure S7, panel A exhibits
evenly distributed Ni particles with ~7 nm average size and
was tested in temperature-programmed DRM experiments
in Setup 4 (dedicated to powder catalyst measurements, see
experimental section, Supporting Information). Thereby, the
conditions used for the NiZr51 intermetallic sample in Setup
1 were closely simulated. The resulting “DRM 1" CO,
conversion curve shown in Figure S7, panel C strongly
resembles that of the ”1* DRM clean“ run on NiZr51
(Figure 2B, onset at ~500°C, ~90 % conversion at 800 °C).
In analogy to the "1 and 2™ DRM coked* conversion traces
in Figure 2B, the supported Nil0Zr90 catalyst exhibited
some deactivation in the second cycle ("DRM II“ in
Figure S7, panel C). The cause of this deactivation, pro-
nounced Ni particle sintering to sizes between ~10 and
~30nm, is obvious from the post-DRM SEM image in
Figure S7, panel B. Further DRM cycles (not shown) caused
no additional Ni sintering, and "DRM II* is thus representa-
tive for the reproducible performance of the coked
Nil0Zr90 catalyst state, which in turn strongly resembles
that of the 1" and 2" DRM coked* runs on NiZr51
(Figure 2B, onset at ~600°C, 70-80 % conversion at 800°C).

Based on this clear proof of well-comparable catalytic
performance, in situ NAP-XPS measurements of the coked
state of Nil0Zr90 were performed in pure CO,, in close
analogy to the CO,-reactivity experiments on coked NiZr51
shown in Figure 3. Figure S8, Supporting Information,
reveals that the main difference observed in direct compar-
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ison of NiZr51 and Nil0Zr90 is the strongly enhanced rate
of carbon clean-off on the latter. The absence of the very
large, bulk-like Ni’ domains gives rise to almost complete
de-coking within 10 minutes, even at 700°C instead of
800°C. Experimentally, it was not possible to distinguish the
individual rates of Zr,C, and Cg,mie cOnversion, as both
processes occurred almost quantitatively (except some tiny
traces of residual C,,pnie) ON the shortest possible timescale
for obtaining reasonable XPS spectra. We regard this as a
clear proof that the thermal C redistribution process
Coraphite—2Z1,C,, and thus the entire DRM process, proceeds
along the same mechanistic route as on NiZr51, albeit at a
much higher rate on the Ni nanoparticles, which can explain
the high DRM activity observed on either catalyst type. The
fact that no surface-near accumulation of carbon could be
observed during any in situ NAP-XPS experiments in CH,—
CO, mixtures, can be explained on the basis of a short
lifetime in the presence of CO,, along with the aforemen-
tioned slow deposition of carbon due to the low sticking
coefficient of “cold” CH,.’"%

Conclusion

The synopsis of these pieces of experimental evidence allows
us to deduce the picture of a bifunctional PB mechanism,
which is visualized in Scheme 1: at sufficiently high temper-
atures at and beyond 700°C, Cy,pnie deposits on Ni, which

NiZr, & Ni
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Scheme 1. Proposed DRM mechanism leading to enhanced CO-
formation at the Ni/ZrO, interface.
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originate from methane decomposition, are mobilized
toward endothermic Zr,C, formation, specifically in the
catchment area around the coked Ni’ domains. The rate of
this “carbon spillover” strongly depends on the particle size-
dependent C diffusion lengths inside/on Ni and the asso-
ciated PB dimensions, which are both favored for small Ni’
nanoparticles with enhanced metal-support interaction. The
spillover creates a permanently active, carbophobic and
oxophilic (thus, coke-protected) interfacial zone, where CO,
can react with Zr,C, toward CO through a lowered kinetic
barrier as compared to the direct reaction with Cgppie ON
bulk Ni’.

This “interface carbide mechanism” accelerates the
inverse Boudouard reaction, which is the dominant de-
coking process at higher temperatures, especially around the
Ni’ nanoparticles. In consequence, active zones within the
entire catalyst surface area are permanently re-established,
despite the accumulation of a large amount of Ni-surface
blocking graphitic deposits, which are particulariy unreactive
on the large Ni’ domains due to long-range C-diffusion
limitations. As these deposits can slowly grow and shrink
without harming the carbidic active zones, even strongly
coked states of the catalyst retain reproducible activity after
many catalytic cycles, provided that the dispersion of the
nanoparticles remains stable over time.

Material-wise, the in situ decomposition of Ni-rich
intermetallic Ni,Zr, pre-catalysts gives rise to quasi-bimodal
Ni%ZrO, interface systems with optimized PB dimensions
due to the presence of finely dispersed, relatively sinter-
stable Ni’ nano-islands/particles. Obviously, only the latter
aspect is helpful for establishing coking-tolerant Ni-based
DRM catalysts. This contrasts with pure bulk Ni metal,
which becomes initially passivated by CO,-induced surface
oxidation, rendering it carbophilic only for a single catalytic
cycle. Once metallic and fully coke-covered (right side in
Scheme 1), it remains largely deactivated with respect to the
direct Cyypnite clean-off reaction with CO,.

Regarding the detailed C-spillover/conversion mecha-
nism, we suggest that C,,ni. deposits anti-segregate into the
Ni’ particles/ddomains to provide both “recycled” CH,
adsorption sites on Ni° and local diffusion of adsorbed and
dissolved carbon atoms toward the ZrO, interface, where
they get trapped. A direct methane-activating role of the in
situ formed Zr,C, domains cannot be excluded, but a major
contribution to the total methane conversion appears
unlikely in view of their short lifetime and low abundance.
As e.g. pure bulk Mo,C exhibits even poorer activity than a
pure ZrO, support,'®l a dominant catalytic role of the even
less stable Zr,C,, beyond its CO,-consuming role in the PB
mechanism, appears highly unlikely.

Therefore, the anti-segregation process of C,ypnice, Start-
ing at ~600°C™ and becoming sufficiently fast at ~700°C,
is critical for maintaining both the Zr,C, (re-)formation and
the re-formation of CH, adsorption sites on Ni’. The
absence of this type of carbon sink can explain e.g. the larger
C-supersaturation of Ni’ particles supported on MnQ.!""8!
Carbidic and/or other oxophilic oxygen-deficient Zr sites
then assist in reductive CO, activation toward the first
CO(g) molecule. Thereby Zr,C, becomes (partially) re-

Angew. Chem. Int. Ed. 2022, 61, €202213249 (6 of 7)

Research Articles

Angewandte

intemationaldition’y) Chemie

oxidized, and the full catalytic cycle is completed via the
release of the second CO(g) molecule, likely formed at an
intermediate “oxycarbidic” site.

Recently reported attempts to control coking of highly
dispersed Ni° by specifically redox-active supports such as
CeZr,O,P** rather utilize the oxygen storage capacity of
the support and the associated reverse spillover of oxygen to
Ni, promoting both local CO formation and de-coking. In
this work, we were able to identify an alternative catalyst
regeneration pathway through an interface carbide mecha-
nism, which is rather likely on supports with limited oxygen
exchange kinetics but significant carbothermal reducibility.

The mechanistic scenario of Scheme 1 provides a solid
basis for the directional promotion of microkinetic steps
leading both to enhanced activity and improved control of
carbon chemistry during DRM. Accordingly, improved Ni
ZrO, catalyst designs should be based on, and/or developed
via preparation routes aiming both in optimized Ni’
dispersion and long-term stabilization with respect to
sintering. Our “first try”, the conventional wet-impregnated
Nil0Zr90 catalyst system, already showed the basic validity
of this concept, but suffered from pronounced particle
sintering already after the first DRM cycle.

In summary, the general implications for knowledge-
based DRM catalyst synthesis, at least if C-dissolving metals
such as Ni and Pd are involved, are: (1) optimization and
high-temperature stabilization of PB dimensions to, and
CO, activation properties of a support with active carbon
chemistry; (2) adjustment of (bi)metal particle size to
achieve continuous and fast C,,, depletion in metallic
regions with the largest distance to the PB; (3)use of
(bi)metallic catalysts with optimized Cyypnie dissolution
properties, but at the same time suppressed nucleation- and
growth kinetics of C,pnie Species; (4) high abundance and
reactivity of mobile C atoms at the interface, achievable via
optimized CH, adsorption/ sticking at the C-free metallic
surface and fast bulk/surface diffusion to not too strongly C-
binding sites within an “carbon-oxygen interdiffusion zone”
close to the PB. As shown in this work, the use of Ni-rich
intermetallic precursors such as NiZr51 or conventional wet-
impregnated Ni/ZrO, catalysts can only partially match
these criteria.
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