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Conspectus

Methane complete oxidation is an important reaction that is part of the general scheme used for
removing pollutants contained in emissions from internal combustion engines and, more in
general, combustion processes. It has also recently gathered interest as an option for the removal
of atmospheric methane in the context of negative emission technologies. Methane, a powerful
greenhouse gas, can be converted into carbon dioxide and water via its complete oxidation. Despite
burning methane is facile because the combustion sustains its complete oxidation after ignition,
methane strong C-H bonds require a catalyst to perform the oxidation at low temperatures and in
the absence of a flame as to avoid the formation of nitrogen oxides, such as those produced in
flares. This process allows methane removal to be obtained in conditions that usually lead to higher
emissions, such as in cold start conditions in the case of internal combustion engines. Among
several options that include homogeneous and heterogeneous catalysts, supported palladium-based
catalysts are the most active heterogeneous systems for this reaction. Finely divided palladium can

activate C-H bonds at temperatures as low as 150 °C, although complete conversion is not usually
reached until 400-500 °C in practical applications. Major goals are to achieve catalytic methane

oxidation at as low as possible temperature and to utilize this expensive metal more efficiently.

Compared to any other transition metal, palladium and its oxides are orders of magnitude more
reactive for methane oxidation in the absence of water. During the last few decades, much research
has been devoted to unveiling the origin of the high activity of supported Pd catalysts, their active
phase, the effect of support, promoters and defects, and the effect of reaction conditions with the
goal of further improving its reactivity. There is an overall agreement in trends, yet there are

noticeable differences in some details of the catalytic performance of palladium, including the



active phase under reaction conditions and the reasons for catalysts deactivation and poisoning. In
this Account we summarize our work in this space using well-defined catalysts, especially model
palladium surfaces and those prepared using colloidal nanocrystals as precursors, and
spectroscopic tools to unveil important details about the chemistry of supported palladium
catalysts. We describe advanced techniques aimed at elucidating the role of several parameters in
the performance of palladium catalysts for methane oxidation, as well as in engineering catalysts
through advancing fundamental understanding and synthesis methods. We report the state of
research on active phases and sites, to then move to the role of supports and promoters, and finally
discuss stability in catalytic performance and the role of water on the palladium active phase.
Overall, we want to emphasize the importance of fundamental understanding in designing and
realizing active and stable palladium-based catalysts for methane oxidation as an example for a

variety of energy and environmental applications of nanomaterials in catalysis.
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1. Introduction

Methane is an important resource for energy and chemicals. It is widely used for power
generation, and the availability of cheap natural gas reshaped the manufacturing of many
chemicals that were once derived from crude oil.> Advances in methane conversion technologies
also benefited from the renewed interest towards this abundant feedstock.®”’

Methane is also a powerful greenhouse gas.!’ Emissions of methane have increased greatly since

T as well as from livestock and

the industrial revolution due to expanded oil and gas operations,
agricultural practices.!*!* Reducing methane emissions is an imperative action required in
mitigating this problem, and removing atmospheric methane represents a relevant strategy for
negative emission technologies'# ¢ that complements carbon dioxide removal.!” Technologies for
methane removal are needed since the transition from fossil fuels to renewable energy will require
time to be completed.

Methane activation requires overcoming a high energy barrier.!® Its oxidation is highly
exothermic, and the reaction becomes self-sustaining at sufficient methane concentration (e.g., in
a flame), but the high temperature leads to the production of nitrogen oxides that are harmful and
potent greenhouse gases. Catalytic oxidation occurs at much lower temperatures®’ and represents
an important technology in low-concentration methane streams, such as from vehicles, mines, and
in the case of atmospheric methane.!” It is thus important to develop catalysts for low-temperature
methane activation in the challenging, realistic conditions that these applications require.%’

Palladium is the most effective artificial methane oxidation catalyst, thanks primarily to the
specific chemistry of its oxides.!*** There is a long-standing debate regarding the active phase for

the reaction, and the effect of the reaction environment on activity and stability. Well defined

model conditions help identifying critical ingredients that make a catalyst active. Using colloidal



nanocrystals?' =23

in combination with advanced spectroscopic techniques is crucial in this field.
Recent developments in in situ X-ray photoelectron spectroscopy methods, which are sensitive to
the solid-gas interface and to the oxidation state of the catalyst, are of paramount importance.?*
In this Account, we summarize recent research in the field of Pd-based catalysts for methane
complete oxidation from our research groups at Stanford University and at ETH Ziirich and Paul
Scherrer Institute (PSI). We begin by discussing work on elucidating active phase and sites, then
summarize recent results on the roles of supports and promoters for the reaction, on the stability
of Pd-based catalysts, and finally discuss the role of water as inhibitor. Overall, our goal is to give

the readers an overview of the field and the open questions and opportunities in this space through

the lens of our research work.

2. Elucidation of the nature of active phase and sites in supported palladium catalysts

The active phase of Pd catalysts has received much attention in early studies.>>” Although PdO
is known as the thermodynamically stable phase at temperatures lower than 700 °C in air, kinetic
bottlenecks in oxidation-reduction processes of supported and unsupported Pd catalysts plague the
measurements.”® The group in PSI made use of ambient pressure X-ray photoelectron spectroscopy
(APXPS). Thanks to its surface sensitivity and to the possibility to dose gas mixtures in the millibar
pressure range, APXPS represents a suitable tool to characterize the solid-gas interface.*?42%3!
The investigation started with palladium foils used to lay the foundation for the understanding of
powder catalysts.?! Three different chemical species were identified: metallic palladium, surface
palladium oxide, and bulk PdO, and their structural development was followed in situ as a function

of time (Figure 1). Upon oxygen introduction into a stream of methane and a transient period, the

catalyst structure equilibrated. A gradual oxidation of the foil surface was observed. The initial



formation rate of the surface oxide was equal or higher than that of bulk oxide, which suggests that
the former is a precursor of the latter. Our results demonstrate that, when the catalyst is active
towards methane oxidation (between 250 and 500 °C), metallic palladium is quantitatively
oxidized within the probing depth of XPS (approximately 5.5 A). This proves that palladium oxide

is directly involved in catalysis.
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Figure 1: Time-resolved evolution of palladium species after switching from CH4 + He to CHa +

Os. Adapted with permission from ref. 4. Copyright 2020 American Chemical Society.

The Stanford group utilized uniform Pd nanoparticles and operando quick scanning extended

X-ray absorption fine structure (QEXAFS) techniques to also investigate the influence of Pd



oxidation state on activity.’? The relative fraction of PdO in three Pd/Al,Os catalysts was quantified
during light-off experiments (Figure 2a-f). Catalysts began to convert methane only after Pd
became at least partially oxidized. Additional experiments supported this observation by showing
that the temperatures needed to form (or reduce) the oxide were below the onset temperature for
activity. In the absence of steam, Hz-pretreated Pd/Al,Os started to oxidize methane at ~250 °C,
the temperature at which Pd started to be oxidized in O2-TPO experiments. In contrast, O»-
pretreated Pd/Al,O3 began to combust methane at ~160 °C, which was the onset temperature for
methane reduction of PdO in CH4-TPR experiments (Figure 2g-i). All these results suggested that

the presence of an oxidized phase of Pd is essential for activity.
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Figure 2. (a-c) Transmission electron microscopy (TEM) images and (d-f) operando x-ray
absorption near edge spectroscopy of (a) 2.5 nm Pd/Al>O3, (b) 7.9 nm Pd/Al>O3, and (c) 14.7 nm
Pd/Al>Os. Colored open circles plot the results of the relative amount of PdO in each catalyst.
Black stars plot the corresponding methane combustion activity. Temperature-programmed

oxidation (O2-TPO) (g), reduction (CH4-TPR) (h), and light-off experiment without steam (i) for



7.9 nm Pd/AlLO;s catalyst. Reproduced with permission from ref. 32. Copyright 2019 AIP

Publishing.

Uniform colloidal Pd nanoparticles of sizes ranging from 2.5 nm to 8.2 nm were also used to
identify optimum particle size in the reaction.>> A mild structure sensitivity was observed when
normalizing the rates by exposed Pd surface sites. Particles of intermediate size showed a rate that
was 5 times higher than that of the smallest particles. The oxidation state of Pd, characterized by
in situ X-ray absorption spectroscopy (XAS), was PdO for all catalysts. We hypothesized that the
structure sensitivity resulted from different ratios of undercoordinated sites. Previous studies
claimed that Pd step sites are the active sites.>* However, the trend in turnover frequency did not
follow the change in step site fraction. We concluded that further studies were required to identify
the reasons for the activity difference, and literature work shed light on the potential role of the
reducibility of Pd dependent on the type of support.>

In more recent work, we found a correlation between the density of twin boundaries and catalytic
performance.! It was observed that high-temperature steam treatments on Pd/Al,Os induced the
formation of twin boundaries at higher density compared to other pretreatments (Figure 3a-j). The
sample also showed a 12 times higher mass-specific rate (Figure 3k). CH4-TPR and O2-TPO
experiments demonstrated that steam-treated Pd/Al,O; was reduced and oxidized at lower
temperatures. Environmental transmission electron microscopy (ETEM) showed that the twin
boundaries in Pd transformed into general grain boundaries in PdO and that the boundaries were
maintained even at high temperature. DFT calculations further demonstrated that expansive strain
on PdO (101) and compressive strain on PdO (110) increases the intrinsic activity of Pd catalysts.

Therefore, we concluded that grain boundaries are very active sites for methane oxidation.
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Figure 3. Atomic-resolution high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images and schematics of steam-pretreated Pd/Al>O3 (a-c), O2-Ho—
pretreated Pd/Al>O3 (d-f), and CO-O»-Ho—pretreated Pd/Al>O3 (g-1). (j) TB density histogram of
Pd/Al,Os after steam, O2-Haz, and CO-O;-H> treatment. (k) Arrhenius plots of methane oxidation.

Reproduced with permission from ref. 1. Copyright 2021 AAAS.

3. The Role of Supports and Promoters

Supports play crucial effects in the observed catalytic performance of supported phases in
multiple ways, either through charge-transfer, by modifying the particle morphology and reactive
sites, or through strong metal-support interaction (SMSI).*® Previous work suggested a distinction

between supports that generate active (Al2O3, ZrO,, and CeO3) or inactive (SiO2, MgO, LaO3,

10



TiO2, NbO2, and SnO,) Pd catalysts.>® Literature suggested that Pd particles on active supports are
composed of a mixture of metallic and oxide phases,'” but complete understanding of support
effects is limited by the heterogeneity of catalysts and more work is required on this aspect even
with the use of model systems.

The Stanford group utilized colloidal nanoparticles and atomic layer deposition (ALD) to study
support effects.>’” Amorphous SiO2 beads and ALLO; were chosen as representative supports.
Pd/SiO; resulted in 60 times lower rates compared to the same Pd particles supported on a
commercial alumina (Figure 4a). Adding a single monolayer of alumina by ALD to SiO:
significantly increased the reaction rate. The rate linearly increased with ALD cycles up to a
monolayer (Figure 4b). Further deposition of Al,O3 layers linearly increased the activity of Pd, but
with a smaller slope. The former change was therefore attributed to chemistry effects, whereas the
latter to the crystallinity of the alumina support and potentially to changes in the geometry of the

supported Pd particles.
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Figure 4. Methane oxidation activity of Pd/Al,03/SiO» catalysts (and a Pd/y-AlO3 reference
material). (a) Arrhenius plot. Inset shows activation barriers. (b) Extrapolated steady-state rate at

350 °C. Adapted with permission from ref. 37. Copyright 2021 Wiley-VCH GmbH.

An opportunity to increase the interface between Pd and an active support consists in the
preparation of core-shell structures. By using this strategy, Pd@CeO2/Al>03 catalysts showed 200
times higher rates than parent Pd/CeO; catalysts.>® The increased interface between Pd and CeO:
changed the redox properties of Pd. In TPO experiments, PdO in Pd@CeO2/Al,03 decomposed
into metallic Pd at a higher temperature than Pd/CeO; catalysts and consumed more O> during
cool-down. The same method was applied to prepare a Pd@ZrO,/AlOs catalyst, which
demonstrated similar activity to Pd@CeO2/Al,03.%° ZrO», known as a non-reducible support, was
found to be partially reduced (especially on the surface) in the core-shell structure, and stabilized
Pd in the PdO phase.

Zeolites have also been extensively explored as supports for Pd in methane oxidation.*** Their
hydrophobic/hydrophilic character has been hypothesized to affect the activity of Pd catalysts in
the presence of water. The Stanford group utilized methods to produce mesoporosity in zeolites
and introduce colloidal particles to study the influence of nineteen different mesoporous zeolite
supports.** Water was efficiently transported off the Pd surface via adsorption/desorption
processes at the interface with zeolites that possessed an intermediate hydrophilic/hydrophobic
character by silanols and Brensted acid sites, leading to the most active and stable catalysts.

In line with the above results, research at PSI focused on Pd supported on ZSM-5, MOR, and
BEA zeolites.*> To preserve the high dispersion of Pd nanoparticles within the framework,

different pretreatments were carried out. Desilication of the parent zeolite, followed by

12



dealumination under acid conditions, produced mesopores that acted as preferential nucleation and
anchoring sites for Pd particles that were sinter resistant. This greatly improved the stability with
respect to the same Pd loading deposited on the parent zeolite. Using specific ligands during the
synthesis, the group at ETH-PSI synthesized small palladium oxide encapsulated in the micropores
of silicalite-1.%¢ The catalytic behavior of Pd@silicalite-1 is like that of the material synthesized
using the same palladium loading deposited by means of incipient wetness impregnation (IWI) in
silicalite-1. However, the optimized Pd@silicalite-1 catalyst exhibits long-time stability towards
the complete methane oxidation. Encapsulated clusters are resistant towards sintering under
reaction conditions.

Promoters can also be used to modify the geometric structure of Pd and affect redox properties.
At Stanford, the effect of Pt in Pd catalysts was systematically studied by varying the Pd/Pt atomic
ratio while using similarly sized nanocrystals.*’ In the absence of steam, the pure Pd catalyst
showed ~2 orders of magnitude greater TOF than pure Pt and all other Pd/Pt (4/1, 2/3, 3/2, 1/4
atomic ratio) catalysts. However, in the presence of steam, the pure Pd catalyst rate decreased by
~3 orders of magnitude while all other bimetallic catalysts and the pure Pt catalyst were less
affected. Increasing the Pt amount in the catalysts reduced the fraction of PdO phase. Therefore,
Pt had a beneficial effect in keeping Pd more metallic, which led to increased stability in the
presence of steam. Interestingly, the 4/1 Pd/Pt bimetallic catalyst was the most active and stable
after aging at ~800 °C. EDS mapping showed that sintered particles were mainly composed of
phase segregated PtPd/Pd/PdO structures, in agreement with recent results.*® These results suggest
that forming Pd alloys with Pt can increase the stability of Pd catalysts while maintaining their

activity under steam conditions.
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In addition to Pt, the Stanford group also explored the effect of base metal promoters (Figure 5a-
h)*. In general, all PAM/A1,Os catalysts showed only a slight activity improvement compared to
pure Pd/AL O3, except for PASn/Al,Os (Figure 5b), which formed a tin oxide layer covering the Pd
surface and inhibiting the reaction. However, after aging at 850 °C, few samples (M = Fe, Co, Ni,
Zn, and Sn) showed higher rates than pure Pd/AlOs3. Fe, Co, and Sn bimetallic catalysts
maintained a higher metal dispersion after calcination. In the case of Ni, NiO stabilized the PdO
phase and resulted in the best activity. In addition, all promoters (Fe, Co, Ni, Zn, and Sn) increased
the amount of oxygen released compared to pure Pd catalysts. These studies indicated that these
elements improved the redox properties of PdO, thus affecting the rates. Overall, rate increases

were limited to 2-3 times those of Pd after the high-temperature aging.

14



wu
(=]
|

g
L

8
1

Methane Conversion (%)
N

8
i Y

i
(=]
Wl

8
|I:||

200 a0 60 80
Temperature (°C)

Figure 5. TEM images of (a) PdV, (b) PdMn, (¢) PdFe, (d) PdFeCo, (¢) PdCo, (f) PdNi, (g) PdZn,
and (h) PdSn. Scale bars are all 20 nm. (i) Methane oxidation light-off curves for PAM/A1,O3
catalysts calcined at 500 °C (closed symbols) and 850 °C (open symbols). Adapted with

permission from ref. 49. Copyright 2017 American Chemical Society.
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4. Stability of Palladium-based Catalysts

Catalyst stability is a crucial factor for industrial applications. Catalysts can be deactivated in
various ways,° requiring regeneration and/or replacement. Therefore, understanding deactivation
mechanisms is essential to minimize expensive industrial practices.

A common deactivation mechanism in supported Pd catalysts is sintering, which causes loss of
surface area.’® Sintering can occur by two different mechanisms, which are particle migration and
coalescence (PMC) and Ostwald (atomic) ripening (OR) depending on whether entire particles or
atomic species are involved in the process. The two mechanisms could be differentiated by
analyzing particle size distributions (PSDs) before and after aging.>! Therefore, uniform PSDs can
aid in distinguishing sintering mechanisms.

The Stanford group investigated sintering mechanisms of Pd catalysts using uniform
nanoparticles with different sizes (3.0, 8.8, 14.8 nm) and particle density (2 nanoparticles/um? to
367 nanoparticles/um?) on model SiO, supports composed of Stober silica beads.>? Particle size
distributions were analyzed after aging at increasing temperatures in air (Figure 6a). All samples
showed only a slight increase in average particle size until 875 °C aging. The particle areas were
measured, and the distribution changed from monodisperse to bimodal after 800 °C aging (Figure
6b), which indicated coalescence of entire particles. This observation demonstrated the density-
dependence of coalescence through the PMC mechanism among particles, which experienced
minor mobility.

Interestingly, particle size significantly and suddenly increased in the samples after aging at
temperatures between 888 °C and 900 °C. High-resolution TEM (HRTEM) and X-ray diffraction
analysis revealed the emergence of metallic Pd after aging at 900 °C, and nanoparticles that were

smaller than the original particles were also observed (Figure 6¢). These results suggested that
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metallic Pd is essential for sintering, and that Ostwald ripening occurred. Furthermore, it was found
that the emission of atomic Pd species from nanoparticles was the rate-limiting step for sintering.
This study therefore clearly revealed that sintering mechanisms of Pd catalysts proceed through
minor PMC and then through OR likely via vapor phase at high temperatures and involving the

PdO-Pd transition.

Q
(o]

50 15 20
Synthesized @ @ Aged 800 °C
c40¢ i o —_ o
E ﬁm Aged 800 °C i §15 Aged 900 °C
] Grow
£ 30 s & 00 "
E : Shrink
. s i =10
8 l j = .
© 201 @ @
T |aazee IR E 8
o o—o-4 QL L 5
=104 ,880M — o a .
Shrink
0 e 0 [T [0 TR n 0 1|1| TH 14
25 700 800 900 0 100 200 300 400 500 0 10 20 30 40 50 60 70 8
Aging Temperature (°C) Nanoparticle Area (nm?) Nanoparticle Diameter (nm)

Figure 6. (a) Mean nanoparticle diameter as a function of aging temperature for Pd/SiO; catalysts.
(b) Distribution of particle projected areas for a Pd/SiO2 sample, as synthesized and after aging at
800 °C. (c) Particle size distributions after aging treatments at 800 °C or 900 °C. Adapted with

permission from ref. 52. Copyright 2021 Royal Society of Chemistry.

The Stanford group also investigated whether surface-mediated OR is involved in sintering. Pt
is known to sinter through formation of volatile platinum oxides.’*>* At high temperatures in
oxygen, PdO can trap mobile Pt species and form Pd/Pt alloys with larger particle sizes.>>>* When
Pt alloys with Pd, a drastic decrease in methane oxidation rate is observed.*” We hypothesized that
we could use the rates of methane oxidation on a Pd catalyst to infer whether Pt was sintering and

alloying.”’
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We prepared a co-impregnated catalyst, where Pd and Pt nanoparticles were deposited on the
same support grain (Figure 7a,c,d), and a physical mixture sample, where two distinct supported
Pd and Pt catalysts were physically mixed (Figure 7b,e, and f). In this way, we surmised that
surface and vapor phase-mediated ripening could occur in the co-impregnated catalyst, but only
surface-mediated ripening could happen in the physical mixture due to the diffusion barrier
imposed by the support grains. It was found that the co-impregnated catalyst and the physical
mixture deactivated in different ways (Figure 7g). The co-impregnated catalysts deactivated
significantly at relatively low temperatures (700 °C). The physical mixture started deactivating at
higher temperatures (above 750 °C). STEM-EDS maps revealed that Pd and Pt in the co-
impregnated catalysts formed an alloy at 700 °C aging conditions, while nanoparticles were mainly
composed of either Pd or Pt in the physical mixture. After aging at 850 °C, both catalysts presented
Pd and Pt in alloyed form. We concluded that Pd and Pt initially sintered by surface-mediated
ripening, and that vapor phase-mediated ripening by PtO; started to occur at elevated temperatures,

thus distinguishing between surface- and vapor-phase ripening.
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Figure 7. (a, b) Schematic representations of co-impregnated and physical mixture catalysts.

Representative HAADF-STEM images (c, e¢) and corresponding EDS maps (d, f) of co-
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impregnated Pd/Pt/Al,Os catalyst and physical mixture Pd/Al,O3+Pt/Al>Os catalysts, respectively.
(g) Degree of catalyst deactivation (in percentage) reported as a function of aging temperature for
Pd/AlLO3, co-impregnated catalyst, physical mixture catalyst aged under oxygen, and physical
mixture catalysts aged under argon. Adapted with permission from ref. 57. Copyright 2023

American Chemical Society.

The Stanford team also discovered another unusual deactivation process in supported Pd
catalysts where the redispersion of Pd nanoparticles into atomic species significantly deactivated
the catalyst.> Pd decomposition depended on the density (metal loading) and size of particles
(Figure 8a). The Pd/AlOs catalyst with the lowest density of nanoparticles (0.23
nanoparticles/um?) lost methane conversion activity from 85% to 20% after aging, while the
catalyst with a 100x higher density of nanoparticles completely maintained its activity, despite
sintering would predict the opposite. Only small Pd clusters could be observed in the low-density
Pd/ALLOs catalyst after aging (Figure 8b-c). The Pd-Pd coordination disappeared in XAS data.
XPS demonstrated that the Pd evolved to a highly oxidized state (beyond PdO). All these elements
pointed to particle disintegration, where defective alumina sites bind Pd(OH), species formed by
oxidation of Pd in the presence of steam. Only a small fraction of Al sites could bind and trap Pd
species, so at higher Pd loadings, exchange of Pd species between particles was equilibrated and
the catalyst was stable (Figure 8d). It was also found that nanoparticle disintegration deactivated
the catalyst 100 times faster than sintering. The activity loss suggested that atomically dispersed

Pd is less active than Pd nanoparticles for methane oxidation.
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ref. 2. Copyright 2019 Springer Nature.

Zeolites can maintain small metal particle sizes because micropores (< 1 nm) allow the diffusion

of reactants but hinder the migration of nanoparticles. However, Pd/zeolite catalysts tend to
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deactivate during the reaction because of sintering via OR mechanisms.**® At PSI was performed
a comprehensive characterization of Pd/ZSM-5 under methane oxidation conditions. Results
indicated that, on a Pd (1 wt.%)/H-ZSM-5 (Si/Al=20) sample, deactivation occurred upon
exposure to the reaction mixture for 30 minutes at 550 °C. While the zeolite framework only
displayed small modifications, the average diameter of Pd nanoparticles increased from 1-2 nm to
5-10 nm, clearly indicating sintering.

In follow-up research, ZSM-5, BEA, and MOR zeolites were subjected to various chemical
treatments (acid or acid-base) to modify the aluminum distribution and tune the pore structure.*’
Acid treatments of zeolites caused dealumination. While acid treatments did not improve the
stability of Pd/H-Zeolites, desilication of zeolites in NaOH, followed by acid treatments
(dealumination) turned out to be the best strategy to improve the catalytic stability of the
investigated catalysts through removal of all acidity from the system. STEM did not show sintering
of palladium nanoparticles. Physisorption isotherms proved that more mesopores with diameters
ranging from 2 to 10 nm formed than on the acid treated zeolites. Palladium nanoparticles were
mostly located in intercrystalline mesopores formed in dealuminated zeolites, which prevented

Ostwald ripening, thus sintering and loss of activity, outlining a strategy for active and stable Pd

catalysts in zeolites.

5. Effect of water on methane oxidation catalyzed by palladium catalysts

Palladium-based catalysts suffer from strong poisoning at temperatures below 450 °C in the
presence of water.>*%° The impact of water on methane oxidation reaction over palladium-based
catalysts has been extensively studied and is a consequence of the competition between water and

methane for adsorption sites on palladium oxide. Water has a negative reaction order in the
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kinetics, indicating inhibition. Despite the water inhibition effect disappearing at temperatures
above ~450 °C, a full understanding of low-temperature inhibition is required for many
applications.

As described in section 2, the PSI group used Pd foil as a model system to investigate structure-
activity relationships during methane oxidation. When steam was co-dosed with the reactants, the
oxidation rate of palladium was slowed down, in line with its role as surface adsorbate (Figure 9a).
The impact of water was further observed at 600 °C: in the presence of water, the Pd foil remained
oxidized. Water adsorbed on coordinatively unsaturated palladium sites adjacent to oxygen, filling
oxygen vacancies and hindering the hydrogen abstraction process in C-H activation, thus PdO
reduction. Oxygen 1s spectra unequivocally demonstrated that a relevant amount of surface
hydroxyls formed, which delayed the formation of bulk oxide and negatively influenced the
activity.

The same strategy was then used to investigate a 1 wt. % palladium catalyst supported on
alumina (Pd/Al,03).>! Because the amount of palladium was low, the photoemission signal was
lower than that detected on palladium foil (Figure 9b), making transient experiments unfeasible.
Steady state APXPS measurements confirmed that a new component was detected in the Pd 3d
signal, in addition to the species found in Pd foil. We attributed this higher binding energy speciea
(>338 eV) to one related to the interaction between palladium and the alumina. In the literature,
this signal was only observed at low metal loadings on Pd/Al,O3 and has been tentatively attributed
to palladium aluminate or to Pd*".%*%” We assigned it to palladium adatoms nucleating on alumina

defects, in agreement with TEM highlighting well dispersed small nanoparticles.
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Figure 9. (a) Time-resolved evolution of palladium species after replacing CH4 + He with CH4 +
Oz + H20. Adapted with permission from ref 6. Copyright 2020 American Chemical Society. (b)
Pd 3d photoemission spectra and their deconvolution acquired at hv = 890 eV at increasing
temperature for a Pd/A1>O3 sample under methane oxidation conditions (left). Percentage of Pd 3d
signals from different Pd species (right). Reproduced with permission from ref. 31. Copyright 2022
the authors. Published by Elsevier under a Creative Commons Attribution 4.0 International (CC

BY 4.0) License.
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The evolution of palladium species was followed by adding/removing oxygen from the reactant
stream. Upon oxygen removal, palladium adatoms were reduced at a lower temperature than bulk
palladium (II) oxide (Figure 9, top spectra). When steam was added to the reaction mixture, the
initial amount of palladium adatoms present was lower than in the absence of co-dosed steam. The
presence of water increased the temperature at which the catalytically active sites started to reduce.
However, at 450 °C in the presence of water, the proportion of palladium adatoms was comparable
to that of bulk palladium (II) oxide, indicating that the latter was more reactive. Additionally, when
methane, oxygen and water were dosed, palladium adatoms represented the main species,
suggesting that water favored nanoparticle redispersion at high temperature. In situ XPS
measurements allowed the detection of different palladium oxide species. Under reaction
conditions, palladium adatoms were more prone to poisoning than nanoparticles, demonstrating
that the latter host active sites for methane oxidation.

Supports and diluents affect reaction rates at low temperatures by absorbing water in the reactor.
Work from the Stanford group found that Pd/A1>O3 pretreated at 475 °C and diluted with alumina
showed higher initial activity than the same catalyst pretreated at 275 °C.%® The activity of high-
temperature pretreated catalysts showed a dip at ~320 °C during light-off conditions. This trend
was not observed when catalysts were pretreated at 275 °C, when water was co-fed in the reaction
mixture, or when SiO; was used as a diluent. Thus, we concluded that y-Al,O3 initially adsorbed
the water generated by the reaction.®>” After its surface was saturated, the surface of PdO started
to be poisoned by water, causing lower activity. High-temperature in-situ pretreatment desorbed
water from the support/diluent. This study discovered that supports/diluents can significantly

affect the activity of catalysts.
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Using this knowledge, we proposed that water sorbents in the reactor could provide a transient
improvement in catalytic performance (Figure 10a-b).”! This concept was tested using zeolites, y-
alumina, and CaO that were mixed with a Pd/CeO; catalyst. All materials showed improved
activity at 250 °C compared to when inert SiC was used as diluent. In the case of zeolites, activity
differences at 300 °C were minor compared to the reference due to their weaker water sorption
capability. CaO resulted in the greatest improvement thanks to its ability to capture both water and
COz. The CaO-diluted catalyst showed a 6-fold higher maximum methane conversion compared
to the SiC-diluted catalyst (Figure 10c-e). Although the effect of CaO sorption started to decrease
once the adsorption sites became saturated, the activity was still higher than the reference over a
10 h reaction span. The CaO-diluted catalyst was completely regenerated after being exposed to
dilute Oz for 30 min at 500 °C, demonstrating that a regeneration step could maintain the high

transient activity for many cycles.
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Figure 10. Schematic of sorption during methane oxidation: (a) using SiC as an inert diluent leads
to water adsorbing on PdO surfaces and (b) using a water sorbent leads to active PdO surfaces with
low water coverage. (¢ and d) CH4 conversion, H>O, and CO; yield over Pd/CeO, diluted with
CaO at 250 and 300 °C, respectively, after 500 °C in situ pretreatment before the reaction. (e)
Maximum conversion for the samples diluted with CaO at the peak of regime I (in red) and after

1 h (in gray). Adapted with permission from ref. 71. Copyright 2020 American Chemical Society.

Pd supported on zeolites like ZSM-5, prepared at PSI, showed higher activity than Pd/A1,03.7?
However, the catalyst was still poisoned by water. Water was added/removed from the reaction
mixture at one-hour periods and the results compared with constant water addition (Figure 11).
The catalyst suffered from a rapid poisoning when water was constantly introduced due to the
partial collapse of the zeolite lattice. Instead, with periodic removal of water, the deactivation rate
was slower. The deactivation was however irreversible because of the gradual sintering of
palladium oxide particles. In a following work, sintering was hindered by encapsulating small PdO
particles in the pores of silicalite-1, opening the route for the development of more stable

catalysts.*®
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Adapted with permission from ref. 72. Copyright 2016 Springer Science Business Media New

York.

Two new approaches to improve the catalyst stability were then explored. The first one consisted
in improving support stability by treating the zeolite with acids and removing extra-framework
aluminum, thus all acidity from the zeolite.*> The second one consisted in the application of short
reducing pulses, which produced a highly active transient state of the catalyst while being slowly
poisoned by water in between them.? Oxygen was removed from the gas feed for 3 seconds every
10 minutes (Figure 12). The short pulses led to regeneration of the catalyst. HRTEM demonstrated
prevention of sintering, and XAS proved the Pd reversible redox behavior, thus demonstrating the

improved overall stability.
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Figure 12. Stability test of Pd/zeolite catalyst with short pulse regeneration (top red curve) and
compared to no regeneration (bottom black curve). Reproduced with permission from ref. 3.
Copyright 2018 the authors. Published by Springer Nature under a Creative Commons Attribution

4.0 International (CC BY 4.0) License.

6. Summary and Perspective

In this Account, we have summarized recent research from our groups at Stanford and ETH/PSI
related to methane oxidation using Pd-based catalysts. Besides the continued interest in reducing
methane emissions from point sources and vehicles, there is heightened interest in tackling the
removal of atmospheric methane, and palladium remains the most active catalyst for this reaction.
Continued understanding of the fundamental reactivity of this material is necessary for emission
control applications where low-temperature oxidation is relevant until society fully transitions to
an energy system void of fossil fuels.

The active phase and sites of palladium catalysts have been a matter of debate for decades. We

demonstrated that palladium oxide is a necessary phase for activity, and that support and promoters
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affect the fraction of oxide active phase. Defects and other under-appreciated aspects of Pd
reactivity can disproportionately affect reaction rates. Further understanding of the relationship
between surface features under reaction conditions and activity must be achieved. It remains
uncertain whether large-scale applications of Pd catalysts like atmospheric methane removal are
feasible, however, Pd promotion with base metals and the continued improvement of activity at
lower temperatures will be crucial for many applications. In this respect, the use of active catalysts
in pulsed experiments showed promising results. This work demonstrated that combining synthesis
with engineering (e.g., continuous regeneration of poisoned active sites by short pulses under
reducing reaction atmosphere) was a viable route to maintain high activity in the low temperature
range.

Developing water-resistant catalysts represents another challenge of paramount importance. Our
results showed that both catalysts and process modifications represent viable routes. Finding a
mechanism and a catalyst composition that can take advantage of Pd specific reactivity for C-H
activation in methane while not being inhibited by water at low temperatures is one of the most
relevant challenges to overcome. Promising strategies, based on experimental results, include the
control of support’s hydrophobicity and the control of active sites’ local structure in a way that
leads to the destabilization of Pd hydroxide. Careful modifications of support materials may indeed
favor active sites dispersion while preventing water adsorption, thus increasing low temperature
performance.

The synergy between advanced synthesis methods and in situ/operando spectroscopic tools will
continue to be paramount to assess the performance of newly developed materials under reaction
conditions. It is necessary to expand the spectroscopy toolbox required to describe the detailed

mechanism of catalytic reactivity at short timescales and higher spatial resolution. Because the
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concentration of active sites is often low and their lifetime limited, it will be important to further
develop modulated excitation experiments coupled to time-resolved spectroscopies that are
sensitive to interfaces and/or reaction intermediates (e.g., XPS, infrared, Raman). Introducing a
perturbation to a catalytic system allows understanding the structure of active sites, deactivation
pathways and how to hinder/prevent them. Concurrently, synthesis techniques that allow control
of parameters that go beyond conventional size and shape control, such as crystalline defects and
composition control, are needed to increase the precision in designing and realizing active sites for

advanced catalysts.
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