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Highlights

¢ Adjustment of Pd loading on CeO: is essential for high activity and stability

e Most efficient NM use is at loadings close to a monolayer coverage (~0.4 mg/m?)

e Below the Pd monolayer concentration, Pd redispersion leads to catalyst deactivation
e Above the optimum loading, NM sintering is encountered

e Oxidative and reductive treatments can be used to tune catalytic properties
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Abstract

The influence of the noble metal-support interaction on the performance, activation behavior, and
stability of Pd/CeO: catalysts for total methane oxidation was systematically investigated. A series of
samples with 1-3 wt.% Pd loading supported on CeO2 with surface areas varying between 30 and 120
m?/g were tested as-prepared and after different reductive treatments. Distinct Pd structural states were
identified, which influence the catalytic performance depending on the pre-treatment and the theoretical
monolayer Pd coverage of CeO2. Although reductive treatments improved the catalytic activity, the
stability strongly depended on the Pd coverage on ceria and the type of reducing agent. A threshold of
Pd concentration on the ceria surface was identified that ensures optimal noble metal efficiency, activity,
and long-term durability. Below this threshold, rapid catalyst deactivation occurs due to redispersion on
the strongly interacting support whereas above this threshold Pd is prone to sintering irrespective of the

atmosphere.

Keywords: Methane oxidation, Pd catalyst activation and stabilization, in situ/operando spectroscopy,

strong metal-support interaction, DFT modeling



1. Introduction

Due to their unique properties, noble metal catalysts are widely used for the production of various
chemicals and in emission control. However, their ever-increasing global demand is challenged by the
high costs and limited availability of resources. Additionally, noble metal-based catalysts are susceptible
to aging and poisoning processes. Such phenomena are countered in numerous cases by the use of
considerable amounts of precious metals, which results in highly expensive catalytic converters.
Considering the still limited recycling rates [1], this strategy is no longer acceptable in the long term, and

the efficient use of the precious metal components is compulsory in future catalyst formulations.

An important example are the noble metal-based catalysts used for the removal of hydrocarbons
emissions in the exhaust of biomethane/natural gas engines. During the transition towards fully
renewable energy sources, methane combustion is regarded as an advantageous path for energy
production, especially considering the lower CO2 emissions compared to those resulting from the
combustion of traditional liquid fuels [2]. This technology requires the catalytic removal of the CHas slip
due to its 20 times higher greenhouse potential in comparison to CO2. For lean combustion engines,
Pd-based catalysts are known to outperform other catalyst formulations. Typically, substantial noble
metal (NM) loadings are used on supports such as Al20z or CeO2-ZrO:z to ensure low light-off
temperatures and good catalyst durability [2-5]. In spite of this, water inhibition and sulfur poisoning still
affect the methane oxidation activity considerably. Whereas the first process is a result of hydroxyl group
formation on the surface of Pd particles, sulfur poisoning affects both the active species and the carrier
material [6, 7]. For catalyst regeneration, reductive treatments can be periodically applied, either around
catalyst operating temperatures to recover the activity upon water inhibition or at high temperatures for
removal of sulfur species [2, 8, 9]. Despite partial or complete regain in activity, in the long term such
treatments lead also to noble metal sintering, which is an irreversible deactivation process on weakly
interacting supports [10]. In contrast, on ceria-based materials the in situ tuning of the noble metal
particle to the optimal size is potentially possible [11]. In a first step, a highly dispersed state can be
generated under oxidizing conditions at high temperatures due to the strong noble metal-support
interaction. Here the ceria surface area plays an important role since the formation of single sites or
small clusters requires the formation of NM-CeO2 bonds for most of the noble metal atoms [12, 13]. In
a next step, a pre-reduction treatment can be applied at specific temperatures to obtain the optimal
noble metal particle size. This concept has been successfully demonstrated for Pt/CeO2 oxidation
catalysts during CO oxidation [11, 14]. In contrast, the role of noble metal — support interplay has been
insufficiently evaluated for Pd/CeO: methane oxidation catalysts. Furthermore, for such high
temperature reactions obtaining an outstanding catalytic activity at low temperatures by tuning the noble
metal particle size is relevant only if this state is preserved over the entire temperature range of methane

oxidation, bearing in mind the increased noble metal redispersion rate at elevated temperatures.

In this study, the influence of ceria specific surface area, pre-treatment procedure and noble metal
loading on the activity and stability of Pd/CeOQ: catalysts is thoroughly investigated. The effect of the
initial noble metal state is addressed by careful variation of the noble metal concentration on the ceria
surface from below to above the theoretical monolayer coverage. The evolution of the obtained catalyst

series with different surface noble metal concentrations (SNMC) is analysed by complementary ex situ
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and in situ/operando characterization methods including X-ray diffraction (XRD), Raman spectroscopy,
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), electron microscopy and X-ray
absorption spectroscopy (XAS). In order to elucidate the nature of the adsorption sites on the catalyst
surface, the DRIFTS experimental results are compared to those obtained by density functional theory

(DFT) calculations.

2. Experimental section

2.1. Catalyst preparation

A series of Pd/CeO: catalysts with noble metal loadings between 1.0 and 3.0 wt.% were prepared via
incipient wetness impregnation (IWI). Before the impregnation step, the CeO2 support (SOLVAY) was
calcined at 700 °C for 5 h in static air, leading to a BET surface area of 120 m#/g and a pore volume of
0.28 mL/g. Next, an aqueous solution of tetraamine palladium (II) nitrate (Pd 5.0 wt.%, 99.9% purity,
abcr) was added dropwise, and the catalyst powder was homogenized in a mortar afterwards. The
obtained samples were dried for 12 h at 80 °C and calcined subsequently at 500 °C for 5 h in static air.
These samples are denoted xPd/CeO2-120 (with x being the Pd loading). Three additional samples with
2 and 3 wt.% Pd loading were supported on low surface area CeO2 (60 mZ/g and 30 mZg), and were
denoted accordingly as xPd/CeO2-60 and xPd/CeO2-30, respectively. Whereas the CeO2-60 support was
obtained by calcining the high surface area CeO: at 900 °C for 10 h, CeO2-30 was obtained as described
in [15]. Unless stated otherwise, all catalysts were calcined for 10 h at 800 °C in static air (degreening
step) to disperse the noble metal homogenously over the CeO: surface, in a procedure similar to that

reported by Maurer et al. [13].

2.2.Characterization methods.

The noble metal loading of the as prepared samples was verified by inductively coupled plasma
optical emission spectrometry (ICP-OES) using an OPTIMA 4300 DV spectrometer (PerkinElmer) at the
Institute for Applied Materials - Applied Materials Physics (IAM-AWP, KIT). In general, only a minor
deviation was found for Pd concentrations in the differently loaded samples in comparison to the aimed
values (Table S1).

Powder X-ray diffraction measurements were performed using a Bruker D8-Advance diffractometer
with Cu Ka radiation over a 20 range of 20 - 120° with a step size of 0.017°. The Inorganic Crystal

Structure Database (ICSD) was used for phase identification.

A Belsorp Mini Il (Bel Japan Inc.) instrument was used to determine the surface area and the pore
volume of the catalyst samples. Approximately 80 mg of sample were degassed at 300 °C under
vacuum for 2 h. Afterwards, the adsorption and desorption of N2 were measured and evaluated with the
Belsorp Adsorption/Desorption Data Analysis Software using the Brunauer-Emmet-Teller (BET)
isotherm [16].

Raman spectroscopy was performed with an inVia Raman spectrometer (Renishaw) equipped with
a frequency doubled Nd:YAG laser (532 nm, ~100 mW at the source) and a Leica DM2500 optical

microscope. 0.1% of laser power was employed together with a 2400 lines/mm grating. Spectra were
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recorded from 5 different points with an acquisition time of either 60s or 180s in the spectral range of
60-1300 cm-?. All obtained spectra for each sample were averaged. The software WIRE 4.2 (Renishaw)
was used for the data treatment. Each spectrum was noise filtered and averaged after cosmic ray

removal.

High annular angle dark field scanning transmission electron microscopy (HAADF-STEM) imaging
and energy dispersive X-ray spectroscopy (EDXS) mapping were performed at the Laboratory for
Electron Microscopy (LEM, KIT) using an FEI OSIRIS (FEI, Eindhoven, The Netherlands) microscope
operated at 200 kV. Prior to the electron microscopy measurements, the samples were pre-treated to
match specific stages of the testing procedure. For each sample, a particle size distribution analysis was
conducted with the ImageJ software, by evaluating up to ~950 particles. Both the size distribution
maximum and the full width at half maximum (FWHM) were determined by means of a Gauss fit of the
counted particles. A FEI TITAN ETEM G2 80-300 kV instrument equipped with an objective Cs
aberration corrector was used for STEM-EDX mapping on 3.0 wt.% Pd/Ce02-120. The sample was
crushed and dispersed in ethanol using ultrasonication, deposited onto a holey carbon-coated 200 mesh
Cu grid, and dried under a lamp. To avoid potential contamination during analysis and eliminate any
remaining carbon residues, the sample was cleaned for 20 s in Ar/O2 plasma cleaning process (Plasma
Prep 5, GaLa Instrument). The catalyst was in situ reduced in the ETEM at 500 °C for 2 h in 18 mbar Hz
or oxidized for 10 min in 10 mbar Oz at 300 °C, 500 °C and 800 °C. After each oxidation step, the sample
was rapidly cooled down in high vacuum to room temperature for performing EDX mappings.

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements were
performed during CO adsorption experiments using a Bruker VERTEX 70 FTIR spectrometer equipped
with diffuse reflectance optics (Praying Mantis, Harrick Scientific Products) and a high temperature in
situ cell (Harrick Scientific Products). As detector, a mercury cadmium telluride detector cooled with
liquid nitrogen was used. A thermocouple-controlled heating cartridge (HTRS-26, Quantum Design) was
employed to change the temperature of the sample crucible. To obtain a deeper penetration of the
incident beam and, thus, increase the contribution of the diffusely reflected infrared radiation into the
spectrum, 50 mg of the Pt/CeO: catalysts were diluted to a total of 1 g material using a hon-absorbing
CaF: reference. After dilution, the samples were pressed and sieved to a particle size between
100 - 200 um. Approximately 50 mg of catalyst-CaF2 mixture was used for the measurements. In a first
step the sample surface was cleaned in 100 ml/min Ar at 250 °C for 1 hour. To study the CO adsorption,
a gas mixture containing 1000 ppm CO/Ar was applied at a total flow rate of 100 mL/min. The resulting
gas mixture at the cell outlet was monitored using a mass spectrometer (OmniStarTM, Pfeiffer Vacuum).
Prior to the start of measurement, a background spectrum of the cleaned catalyst sample was recorded
in Ar at 30 °C. For the background spectrum as well as the CO adsorption spectrum under reaction
conditions, 200 scans were collected, which were then automatically averaged and processed as one
spectrum over a wavenumber range of 400-4000 cm-. The spectra obtained were evaluated using the

Kubelka-Munk function.

Operando X-ray absorption spectroscopy (XAS) measurements were conducted for the 2.0 wt.-%
Pd/CeO: catalyst. XAS data at the Pd K-edge were acquired at the SAMBA beamline of the SOLEIL



synchrotron (France). For all experiments about 7.5 mg sample (sieved fraction: 100-200 um) were
located in a quartz glass capillary (1.5 mm inner diameter, 10 ym wall thickness) and heated by an air
blower (FMB Oxford). A similar experimental procedure, including catalyst pre-treatment and light-
off/light-out cycles, as the one applied during the catalytic activity experiments was used. Gases were
dosed by mass-flow controllers (Bronkhorst) with a total gas flow of 50 mL/min, resulting in catalyst
weight hour gas space velocity (WHSV) of 20000 L-gnwt-h-l. XANES spectra were continuously
recorded during heating/cooling of the catalyst bed with a ramp rate of 10 K/min under reducing
conditions (2.0% H2/0.5% CO in He) or reaction gas mixture (3200 ppm CHs, 10% O2 in He). EXAFS
spectra were collected around room temperature after different treatment steps. The obtained XAS data

were analyzed with the ATHENA software package. [17]

2.3. Catalytic tests.

A sieved catalyst powder (125 — 250 um) diluted with quartz sand (SiOz) was used for the catalytic tests
in a plug-flow quartz glass reactor (inner diameter of 0.8 cm). The catalyst bed was fixed with quartz
wool and built in a test bench of the Exhaust Gas Center Karlsruhe. For the tests of the 1.0 wt.% Pd/CeO:
catalyst, 300 mg of sample were diluted with 700 mg of quartz sand. For the other samples in this study,
the amount of catalyst in the reactor was adjusted to maintain the same noble metal weight hourly space
velocity throughout all measurements. The applied gas mixtures were generated with mass flow
controllers (MFC, Bronkhorst). Generally, the following pre-treatment procedures were used: (i)
degreening treatment for 1 h at 800 °C in 10% O2/Nz; (ii) reductive treatment at 250 — 500 °C for 2 - 60
min in 0.5% CO / Nz or in 2.0% H2 / N2. For determining optimal pretreatment parameters, some samples
were calcined for 1 h at 550 °C in 10% Oz / N2 and tested without further reduction. All catalytic tests
were conducted in a gas mixture containing 3200 ppm CH4, 0-5%H20, 10% O: in N2. The gas flow was
varied to obtain a noble metal weight hourly space velocity of 6600 L-gnut-ht (low WHSV) or of 20000
L-gnvt-ht (high WHSV). The gas composition was determined using a Multigas™ 2030 FTIR
Continuous Gas Analyzer from MKS Instruments. A typical test procedure included a degreening step
at 800 °C in oxidizing conditions followed by light-off/light-off activity measurements (1-3 Lof/Lout cycles)
between 200-550 °C at a ramping rate of 5°/min (cf. illustration in Fig. S23 in the supporting information).
After determining the initial activity, the catalyst was activated under reductive conditions at 250 - 500 °C
for 1- 60 min. Three light-off/light-out cycles were afterwards conducted in reaction mixture. Rates of
methane oxidation were calculated at 300 °C from Arrhenius diagrams based on temperature values for
four conversion points below 20 % (see p. S13 of the SI, Fig. S16, tables S4-S12 for the details).

2.4.Density functional theory calculations

Density functional theory calculations were performed using the VASP code.[18, 19]The exchange-
correlation energy was calculated under the generalized gradient approximation (GGA), with the
Perdew—Burke—Ernzerhof (PBE) functional.[20] The long-range dispersion DFT-D3(BJ) correction was
used.[21, 22] The valence electrons were treated on a plane-wave basis with an energy cut-off of 400
eV, whereas the core electrons were represented with the projector-augmented wave (PAW)
method.[23, 24] Total energies were calculated with a numeric precision of 107 eV. The DFT+U

approach was implemented with Dudarev’s scheme,[25] to consider strong electronic correlation effects
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due to charge localization and compensate for the self-interaction error,[26-30] with Uest of Ce(4f) set to
4.5 eV.[31, 32] The forces were converged to +0.02 eV/A.

Harmonic vibrational frequencies were obtained by diagonalization of the Hessian matrix, deriving the
force constants from finite differences with atomic displacements of 0.02 A in the positions of CO
molecules. Anharmonic corrections were introduced by fitting the potential energy around the equilibrium
state in the space of the normal coordinates to a third-order development of the Morse potential. In
addition, all frequencies have been scaled by a factor of 1.0224, chosen so that the calculated stretching

frequency of gas-phase CO matches the experimental value (2143 cm™1).

4. Results and discussion
4.1. Deactivation effects occurring in Pd/CeO; catalysts

To evaluate the different deactivation paths of ceria-based samples, light-off/light-out catalytic cycles
were conducted in a first step for the 2 wt.% Pd samples supported on low surface area ceria (2Pd/CeO2-
30) and high surface are ceria (2Pd/Ce02-120). Fig. 1a shows that without any pre-treatment the catalyst
containing 2 wt.% Pd on a low surface CeO:2 (~30 m?/g) exhibits a Tso temperature (50% CHas conversion)
of 333 °C and full conversion of CH4 at 460 °C in a gas mixture containing 3200 ppm CHa4, 10%0:2 in N2
at a weight hourly space velocity of 6600 L-gnwt-h-1. Only a slight decrease in the methane oxidation
activity is observed over two consecutive light-off/light-out cycles. Previous studies have shown similar
activity trends for Pd/Al2O3 catalysts [15, 33], and the observed decrease in activity was assigned to an
inhibition effect caused by the water formed during the reaction that blocks the catalyst surface.

After increasing the gas flow to reach a WHSYV of 20000 L-gnm-h?, a shift of the CH4 conversion towards
higher temperatures is observed (Tso at 369 °C), with complete oxidation only being achieved at 550 °C.
Also in this case a relatively good stability is noticed during a 2" methane oxidation cycle for the 2 wt.%
Pd/Ce02-30 catalyst, with only a minor decrease of the activity at low temperatures.

For the same high gas flow but with the noble metal supported on a high surface area CeO:2 (120 m2/g),
a 2 wt.% Pd/Ce02-120 catalyst shows a very poor performance, with only 30% methane conversion
measured at 550 °C (Fig. 1b). Despite the use of high surface area and thermally stable supports is a
favoured path in heterogeneous catalysis, this contrasting result is most likely due to the different
distribution of Pd species on the high surface area ceria. Such an effect is in line with recently reported
results for various oxidation reactions over single sites or small noble metal clusters supported on ceria
[13, 34]. Although we cannot exclude that the water inhibition affects particles with different dispersion
in a distinct manner, the onset of methane oxidation in a dry atmosphere after a prior catalyst thermal

treatment at 550 °C is strictly affected by the catalyst structure.
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Fig. 1. Conversion of methane by total oxidation over 2 wt.% Pd/CeO: catalysts supported on low
surface area (a) and high surface area (b) CeO2. Gas mixture: 3200 ppm CHa, 10 vol.% Oz in Nz at a
weight hourly space velocity of 6600 L-gnvt-ht (low WHSV) and 20000 L-gnwt-ht (high WHSYV). The
samples were tested after thermal treatment at 550 °C in 10% O2 / N2 without further reduction.

Taking into account the pronounced impact of the support specific surface area on the catalyst
performance for the same noble metal loading, i.e. different surface noble metal concentrations, this
study aims at exploiting this peculiarity for providing the optimal activity and stability for Pd/CeO:2 during
methane oxidation. For this purpose, a series of Pd/CeO: catalysts containing different noble metal
loadings on ceria supports with surface areas between 30 — 120 m?/g was prepared and exposed to
various degreening and pre-treatment procedures prior to the catalytic tests, as described in the
following.

4.2. Effect of noble metal dispersion and pretreatment conditions on methane oxidation activity

At first, the 2 wt.% PdCe02-120 catalyst was thermally treated at 800 °C for 10 h in oxidizing
atmosphere, which is expected to induce redispersion of the noble metal particles due to the strong
interaction between Pd and ceria. As illustrated in Fig. 2a, after the high temperature treatment Pd is
present as sub-nanometer entities in the HAADF-STEM images and the EDXS maps of the noble metal
distribution on ceria surface. Despite PdO has been ascribed in previous studies as the active species
for methane oxidation [33, 35, 36], the resulting noble metal state in the 800°C-degreened sample does
not seem to be able to activate the C-H bond of CHa. Only about 10% CH4 conversion is observed at
550 °C over the 2 wt.% Pd/Ce02-120 catalyst (Fig. 2d), which is even lower than the activity of the as
prepared sample (calcined at 500°C, Fig. 1b). This outcome is in contrast to the DFT study of Su et al.
[37], who proposed a highly active state and a lower activation barrier for CH4 dissociation on the surface
of a Pd-Ce02(111) solid solution containing two Pd?* ions substituting one Ce** in comparison to bulk
PdO. On the other side, a similar result was reported recently by Jiang et al. [34] for a 1 wt.% Pd/CeO:2

catalyst after calcination at 800 °C.
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Fig. 2: STEM-EDX maps of 2 wt.% Pd/Ce02-120 catalyst after thermal treatment at 800 °C (a), Hz
reduction at 500 °C for 1 h (b) and at the end of 3 light-off/light-out cycles (c). The corresponding CHa
conversion during the 18t light-off for the catalyst treated at 800 °C (d), Hz-reduced at 500 °C (e), and
the 3 light-off after the Hz-reductive pre-treatment (f). Gas mixture: 3200 ppm CHa, 10 vol. % Oz in N2
at a weight hourly space velocity of 20000 L-gnw?t-h-1.

A high CHa4 oxidation activity was measured for this catalyst only after reduction in 2% H2/N2 (Fig. 2e).
Additionally, our results show that the stability of the induced catalyst state is highly dependent on the
applied pre-treatment conditions. Despite a significant activity gain was obtained upon reduction at 350
°C for 1h (Tso at 290 °C, Fig. S1 a), the methane conversion drops already during heating to 550 °C
under reaction conditions. Analogous, shorter reduction treatments even at higher temperatures led only
to a minor gain in activity and fast catalyst deactivation (Fig. S2). Only by applying the Hz-reductive
atmosphere for 1h at 500 °C, the resulting methane oxidation activity is maintained over the entire
temperature range besides reaching 50% conversion at 283 °C and full conversion at 375 °C (Fig. 2 e).
The improvement in activity due to catalyst pre-reduction was previously assigned by Lott et al. [33] to
formation of larger and reduced Pd particles on alumina and ceria, which are less prone to H20 inhibition
in comparison to PdOx nanoparticles. A similar trend was reported by Stakheev et al. [38] for a series of
Pd/AlzOs catalysts, which showed an almost linear relation between the methane oxidation activity and
the increase of Pd particle size. Sintering of Pd species to hanoparticles of an average size of 1.7 nm
(size distribution between 1 — 5 nm) was found after hydrogen reduction of the 2 wt.% Pd/Ce02-120
catalyst at 500 °C (Fig. 2b). Nonetheless, also in this case, after a first light-off/light-out cycle to 550 °C
a pronounced drop in activity was measured, with an increase in Tso from 290 °C to 475 °C. During the

3 catalytic cycle (Fig. 2f) the Tso increased only slightly to 505 °C, indicating a certain catalyst
stabilization.



Generally, a decrease in the catalytic activity is observed for most Pd-based methane oxidation catalysts
irrespective of the formulation during consecutive light-off/light-out cycles in dry atmosphere [2]. This
behaviour has been attributed so far to the water inhibition/deactivation effect due to formation of
hydroxyl groups on Pd and support surface, which block the active species at low temperature [3, 39].
To counterbalance this effect, the use of supports with increased oxygen mobility is known to be
beneficial for improving the water tolerance [40]. Nonetheless, the water deactivation effect is not absent
for ceria supported catalysts, and is expected to affect Pd species during our tests. However, the
pronounced drop in the catalytic activity as observed in this study must be caused by additional catalyst
structural changes. As shown by the electron microscopy investigations of the 2 wt.% Pd/Ce02-120
catalyst after the three light-off/light-out cycles, partial redispersion of Pd particles occurs leading to an
average size of 1.2 nm (Fig. 2c). As it has been previously noticed for similar noble metal — ceria systems
[12], this pronounced instability of the pre-reduced 2 wt.% Pd/Ce0O2-120 catalyst in oxygen rich
atmosphere is most probably endorsed not only by catalyst exposure to high temperatures but also by
the high surface area of the ceria carrier (120 m2/g) used in this study. Considering that a moderate drop
in Pd particle size was identified between the reduced and the post-reaction catalyst state, the major
diminishment in activity must be linked to the high structure sensitivity of CH4 oxidation on small Pd
nanoparticles, which appear much more frequently in the EDX map (Fig. 1c) after the third light-off
compared to the freshly reduced sample [36]. Such phenomena are additionally emphasized by the high

gas hourly space velocity applied in this study.

A similar activity improvement was obtained if CO was used as reducing agent (Fig. 3a) instead of Ha.
Both reducing gases as well as other hydrocarbons are expected to be present under stoichiometric or
fuel-rich conditions [41], which could be used for catalyst regeneration or activation during real operation.
As illustrated in Fig. 3, upon reduction for 1 h at 500 °C in 0.5% CO / N2 an almost identical increase in
CHa4 conversion was observed during the 1st light-off in activity. Tso values of 246 °C and 249 °C were
recorded after catalyst activation in Hz2 and CO, respectively. On the other hand, a significantly less
pronounced catalyst deactivation was observed during the following activity cycles for the catalyst
reduced with CO. Thus, an increase of the temperature for 50% CHa4 conversion to 291 °C was
measured during the 2™ light-off cycle. During the 3 light-off cycle the activity varied only slightly (Tso
at 307 °C), further confirming the improved catalyst stability. Considering that CO is also expected to
reduce the noble metal species to metallic state, this improvement in catalyst stability could be caused
by the formation of larger Pd particles that are more stable towards high temperature redispersion. The
CO-assisted migration and growth of Pd particles due to formation of Pd-carbonyl species has been
previously suggested in the literature on SiO2 [42], and FesO4 [43]. Recently, CO was reported to drive
the migration of Pd atoms on ceria even at room temperature [34]. In a study on the effect of H2 and CO
reducing agents on the state of Pd in a Pd/SSZ-13 NOx adsorber catalyst, significantly larger particles
were formed during CO reduction at 500 °C in comparison with those obtained after Hz-reduction [44].
A pronounced dependency of the CO oxidation activity on the reducing agent was found for Pt/CeO»-
based catalysts by Ganzler et al. [14], with CO showing the highest reduction efficiency of the noble
metal and ceria support in comparison to CsHs and H:. In fact, the EDXS elemental mapping image
obtained for the CO-reduced catalyst (Fig. 3d) shows that slightly larger particles are formed in the

presence of CO in comparison to the catalyst pre-treated in Hz (Fig. 2b). An average particle size of 2.5
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nm was measured and a size distribution between 1 - 7 nm, which is overall with 1 - 1.5 nm larger than
that obtained after reduction in hydrogen. Although the difference in the measured size is not major, it

helps to rationalize the higher stability observed during the catalytic tests.

Analogously to the activation by Hz reduction pre-treatment, the catalyst was also probed after CO
exposure at different temperatures as an alternative reduction procedure. Also in this case an activation
was found but a good stability during the first CH4 oxidation light-off was only obtained at pre-treatment
temperatures above 350 °C (details, cf. Fig. S1 b). At lower activation temperatures a clear diminishment
in activity was observed above 450 °C, most probably caused by Pd nanoparticle redispersion. Almost
the same Tso temperatures were obtained for the 2 wt.% Pd/Ce02-120 catalyst after CO reduction
between 1 - 30 min at 500 °C (Fig. S3). However, the activity drops already during the first light-off/light-
out cycle, in direct correlation with the lower reduction time. The faster deactivation is indicated also by
the larger difference between the light-off and light-out temperatures of 50% conversion (Fig. 3c) that
was measured for the shorter activation steps. Whereas this difference amounts to about 75 °C after
reduction for 1 h at 500 °C, the light-out temperature is with 170 °C higher after 2 min CO reduction. The
direct correlation between the decrease in activity and noble metal redispersion is supported by the
HAADF-STEM EDXS images collected for the 2 wt.% Pd/CeO2-120 catalysts after 1 h reduction in
0.5%CO/N: (Fig. S4a) and after three consecutive light-off/light-out methane oxidation cycles (Fig. S4b).
Overall, comparable catalyst stability is obtained on this high surface area support only if over 30 min
reduction periods are applied. To better identify the catalyst structural changes and their relationships
with the obtained activity and stability, further investigations were conducted mostly for the catalysts
reduced for 1 h at 500 °C.

The trend in the activity and stability profiles after H2- and CO-reduction of 2 wt.% Pd/Ce02-120 at 500
°C was maintained in the presence of H20 vapors (Fig. 3b). However, due to the concurrent water
inhibition effect of Pd-based catalysts [4], the gain in activity is less pronounced for both reducing agents.
Although 50% conversion is reached around 380 °C, the highest methane conversion measured at ~500
°C for the CO-reduced catalyst is only ~95 %. Additionally, catalyst deactivation was observed already
during the 15t CH4 oxidation light-off, which is probably due to an acceleration effect of water on Pd
redispersion. A drop in activity was noticed above 490 °C while heating the catalyst bed after pre-
treatment in Hz-reductive atmosphere. For the CO-reduced sample, a slight decrease in methane
conversion was noticed but only above 530 °C, which is in line with the higher catalyst stability obtained

by this pre-treatment.
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Fig. 3: Conversion of methane by total oxidation during 3 consecutive light-offs for 2 wt.% Pd/Ce02-120
catalyst after thermal treatment at 800 °C and reduction in 2 % H2/N2 (red. Hz, blue) or 0.5 % CO/N:
(red. CO, red) for 1h at 500 °C. Gas mixture: (a) 3200 ppm CHa, 10 vol. % Oz in Nz; (b) 3200 ppm CHa,
5 vol.% H20, 10 vol.% Oz in N2 at a weight hourly space velocity of 20000 L-gnv?-h1. (c) Differences
between the light-off (TLox) and light-out (TLof) temperatures of 50% CH4 conversion in dry reaction
conditions after calcination at 800 °C and CO reduction for 2-60 min at 500 °C. (d) HAADF-STEM EDX
map of 2 wt.% Pd/CeO2-120 catalyst after CO reduction at 500 °C for 1 h.

4.3. Structural characteristics and dynamics during catalyst pre-treatment and activity tests.

In order to better understand the structural differences leading to the same onset temperature for CHs
oxidation but to a higher catalyst stability, the differently treated 2 wt.% Pd/Ce02-120 samples were
further investigated by ex situ and in situ spectroscopic methods. The formation of larger particles after
catalyst pre-reduction was confirmed by DRIFTS measurements conducted during CO adsorption at 30
°C (Figs. 4 a, b and c). In addition to the IR bands previously attributed to CO linearly adsorbed on highly
dispersed Pd species or on nanoparticle edges and corners (around 2065 - 2080 cm) [45-48], CO
adsorbed as bridged carbonyls on reduced Pd nanoparticles or larger clusters was observed as well
around 1900 - 1980 cml. The apperance of the latter, even for the as prepared catalyst, is due to the
reduction of highly dispersed Pd species during CO exposure at room temperature, as it will be
demonstrated in the following section. At even lower wavenumbers, features due to bridged CO

adsorption on the CeO:2 surface (~1870 cm?) and at the Pd-CeO: interface (~1810 cm!) were identified.
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On low-index CeO:2 surfaces, IRRAS experiments and DFT calculations indicate that CO is adsorbed
weakly with a vibrational frequency close to that of gas phase [49]. On the other hand, the frequencies
close to 1850 cm! can be present due to fcc (3-fold) CO adsorbed on the Pd nanoparticle [48].
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Fig. 4: DRIFTS spectra after CO adsorption at room temperature for the 2 wt.% Pd/Ce0O2-120 catalyst
in the as prepared state (a), after the Hzreduction (b) and CO reduction (c) treatments at 500 °C for 1h.
Gas atmosphere: 1000 ppm CO/Ar. DFT-calculated wavenumbers (d) evaluated with four different
types of models: Pdi, Pd2-3, Pdi47 and Pd slabs (see pp. S25-S29 of the Supporting Information for

details on the generation of these models).

In a similar manner as reported in our previous extensive study [47], the assignments summarized in
Fig. 4d were done based on DFT simulations of the vibrational frequencies of various DFT-optimized
Pd structures supported on CeO2(111), including Pd single-atoms (Pd, PdO and PdO3), clusters (Pd2-3
dimers and trimers), small nanoparticles (Pdi47 — of approx. 1.5 nm in diameter) and large nanoparticles
(represented as Pd(111), Pd(100) and PdO(101) slabs). A detailed description of the generation of these
models is given in the Supporting Information (pp. S25-S29), and the calculated frequencies are

summarized in Table S12.

The simultaneous presence of different adsorption sites for CO is demonstrated for both catalysts. With
respect to the observed difference in noble metal particle size, the integral intensities of the bands

obtained for the bridged CO in comparison to those appearing due to linearly bond CO (B/L ratios in Fig.
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4) on the Hz- and CO-reduced catalysts confirm the formation of larger Pd particles in the CO pre-treated
sample. This outcome is in line with the electron microscopy data (Figs. 2b and 3d) but also with previous
literature on the relation between the DRIFTS data profile and the Pd particle size [48]. Additionally,
different nanopatrticle shapes and contact angles with the CeO: support can be generated during Hz- or
CO-reduction of the catalysts. In our previous study [47] we assigned IR vibrational bands under 1800
cm-1 to CO adsorbed at the Pd-ceria interface, with CO bound to both Pd and surface oxygen from the
support. An acute metal-support contact angle characteristic of spherical particles makes this stretching
mode IR active while its absence could indicate the formation of hemispherical or flatter nanoparticles
instead. In the experimental DRIFT spectrum the band around 1756 cm-! could be attributed to the
presence of such acute angles formed between more spherical Pd particles and the ceria surface in the
CO-reduced catalyst. In contrast, this IR band has a lower intensity for the 2 wt.% Pd/Ce02-120 catalyst
activated in 2% Ha/Ar, which could be due to the formation of more hemispherical particles. Such a
difference in the predominant noble metal particle shape suggests a different number of perimeter sites
at the interface of Pd with the ceria support. Since these perimeter sites are expected to be the first
contributors to noble metal redispersion at moderate temperatures [11], hemispherical or flatter
nanoparticles are anticipated to be redispersed over the strongly interacting support faster than more
spherical Pd nanoparticles generated after activation using CO. However, besides the particle shape,
multiple factors affect the experimental DRIFT spectrum, i.e. particle/cluster size, oxidation state, and
CO coverage, which cannot be precisely decoupled and might contribute as well to the observed
methane oxidation activity profiles.

To uncover further details on the resulting Pd states in the differently treated catalysts, X-ray absorption
spectroscopy (XAS) measurements were conducted in a next step during catalyst activation and the
following light-off/light-out cycles. The 2 wt.% Pd/Ce02-120 catalyst degreened at 800 °C contains
predominantly highly dispersed species. The XANES spectra collected at Pd K edge shows a similar
profile around the white line in comparison to that obtained for a PdO reference sample (Fig. S5 a).
According to the ex situ FT-EXAFS spectra (Fig. S5 b), Pd is completely oxidized and the interaction of
most atoms with the CeO: support and possibly also with hydroxyl groups from the surrounding
atmosphere is suggested by the slightly shifted scattering path appearing at 2.94 A in comparison to the
Pd-O-Pd second coordination sphere in PdO that peaks at 3.01 A. Fig. S6 a depicts the results of the
linear combination analysis (LCA) of the in situ XANES data collected at Pd K edge during Hz- and CO-
reduction of 2 wt.% Pd/CeO2 sample. As expected, the changes in Pd?* and Pd° concentrations between
room temperature and 500 °C indicate that most Pd species are reduced in the low temperature range.
In the presence of CO about 60 % of Pd is in metallic state already at 30 °C, as uncovered also by the
DRIFTS measurements. Hydrogen reduces Pd?* to Pd® at slightly higher temperature but the reaction
is completed at ~160 °C. Around the same temperature only ~90 % of palladium species are reduced
by CO, further reduction taking place very slowly up to 500 °C. Such a slow process might also indicate
the formation of different compounds in addition to metallic Pd.

When analysing the structure of Pd after the two reduction treatments small differences were noticed in
the ex situ Pd K-edge XANES and FT-EXAFS profiles in comparison to the Pd metallic foil that was
used as a reference (Figs. 5 a and b, respectively). A slight shift of the white line towards lower energy

is observed for both Hz- and CO-treated samples. This is accompanied by variations in the shape of the
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two main peaks of the XANES region. Additionally, the FT-EXAFS spectra indicate an increase in the
Pd—Pd bond distance relative to the metallic foil (Pd foil: 2.51 A; CO-reduced: 2.54 A; Hz-reduced: 2.53
A). Upon reduction and especially cooling down in the presence of hydrogen, the formation of palladium
hydride is a well-known process [50, 51]. Under these reaction conditions, the resulting palladium
hydride phase (i.e. a or B) depends on the noble metal particle size. Particles smaller than 2 nm adsorb
less and mainly surface hydrogen due to a lower number of interstitial places, whereas the formation of
the more structured B-PdHx is favoured for larger particles [52]. Similar changes in the XANES Pd K
edge profile and increase in the interatomic distances were observed by Bugaev et al. [50] during
selective hydrogenation of hydrocarbons. Additionally, the authors identified the formation of a stable
palladium carbide phase during catalyst exposure to C2H2 at 100 °C, which could not be reversed when
applying vacuum and hydrogen at low temperatures. Carbon incorporation advances from
surface/subsurface layers towards bulk [53], though the last step has a thermodynamic penalty [54, 55].
The diffusion of carbon into metallic Pd lattice was reported to occur also in CO-containing atmosphere
but only at higher temperatures (around 500 °C), when the breaking of C-O bond becomes possible
according to Ziemecki et al. [56]. In contrast, on small noble metal particles as present in Pd/ZrO2 CO
disproportionation via the Boudouard reaction was observed already around 100 °C, with incorporation
of carbon into Pd lattice (up to 15 at.%) occurring above 180 °C [57]. For this system, Maciejewski and
Baiker [57] reported the complete decomposition of PdCx around 525 °C and a high reactivity of the
interstitial carbon, with its oxidation occurring already around 75 °C. According to Teschner et al. [58],
the formation of the PdCx is a surface phase and structure-sensitive reaction, leading to higher C:Pd
ratios for smaller Pd particles. Based on the lattice expansion derived from the FT-EXAFS data (Fig.
4d), partial insertion of carbon into the metallic palladium lattice seems to occur also during activation of
2 wt.% Pd/CeO: catalyst by CO. Considering the relatively high reduction temperature applied in our
study to form larger Pd nanoparticles, most probably the diffusion of carbon is favoured only at near
surface defects sites [58]. Analogously, the rather small Pd nanopatrticles formed at 500 °C when using
Hz as a reducing agent are expected to adsorb hydrogen during cooling mainly on the surface sites.
Nonetheless, after contributing to the reduction and nanoparticle formation, both hydrogen and carbon

will be removed fast in the highly oxidizing reaction conditions of methane conversion.

The Pd K edge operando XAS data obtained during three consecutive light-off/light-out cycles indicate
that for the Hz-reduced catalyst about 60% of Pd species are oxidized at the onset of CH4 oxidation
reaction. This result is in line with the study of Lott et al. [33] that showed that the noble metal oxidation
is a prerequisite for the start of methane conversion. Further previous studies correlated a high methane
oxidation activity with the presence of PdO on the particle surface or as nanopatrticles/clusters [59-62]
in contrast to the less active finely dispersed Pd species [63]. At 350 °C ~95% of palladium is present
as PdO in the 2 wt.% Pd/Ce02-120 sample. Overall, this state is maintained during the following activity
cycles, with only a slight decrease at high temperatures. For the CO-reduced sample, about 50 % of
palladium species are oxidized when methane starts to be converted. At 100% methane conversion
(360 °C) the noble metal is as well almost completely oxidized. Also in this case mostly Pd?* species
could be detected in the catalyst during the 2" and 3 Los/Lou cycles. This behaviour is in agreement

with a Mars van Krevelen mechanism involving lattice oxygen for C-H bond activation on the PdO
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surface, the generated oxygen vacancies being refiled with oxygen from the support or gas phase [3,
35]. As stable intermediates, C—H breaking is known to lead to CHs*, HCO*/HCOO* and CO* according
to the DFT study of Mayernick et al. [64]. The turnover rate of methane conversion was found to be
affected by the crystallite size and the density/stability of the oxygen vacancies on the surface since the
Pd-O bond strength increases with the decrease of the PdOx crystallite size [65]. Herein,
undercoordinated Pd sites are required to obtain a low activation energy for the dissociative adsorption
of CHa, which is the rate-limiting step for this reaction [59, 66]. However, as shown also by Chen et al.
[67] via DFT calculations, Pd2* ions in the square-planar PdO geometry and adjacent oxygen atoms in
PdOx NPs or clusters on ceria show excellent activity in C—H bond activation whereas Pd** in the CeO:
lattice is poorly active for CH4 oxidation. For CeO: supported catalysts, the spillover of oxygen from the
support to the active Pd sites was as well identified during the fast switch to a CHa-rich gas atmosphere
[68]. Hence, various previous investigations support the trends observed in this study for the methane

oxidation activity and Pd state under reaction conditions.
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Fig. 5: XANES (a) and Fourier transformed k3-weighted EXAFS spectra (b) collected at Pd K edge for
the 2 wt.% Pd/Ce0O2-120 after reduction by H2 and CO. Results of linear combination fitting of the XANES
region (-20 eV to 30 eV around the edge) during 3 consecutive light-off/light-out cycles (only light-off
curves are depicted) of CH4 oxidation following catalyst activation by Hz reduction (c) and CO reduction
(d). The corresponding methane conversion measured during the operando XAS experiment is plotted

as well.

With respect to the overall catalyst structure, the ex situ Raman spectra of the differently treated samples
(Fig. S9 a) are dominated by an intense band located at 464 cm-1, which has been previously assigned
to the Fzg4 vibrational mode of the CeO: fluorite phase [69]. Only a minor shift of this band is noticed

between the fresh and treated catalysts. The weak and broad band between 520-590 cm-! corresponds
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to defect-induced (D) mode (oxygen vacancies) [70]. The band at 645 cm! arises due to the presence
of crystalline PdO traces (B1g mode) [71-73]. The band at 828 cm-1 corresponds to stretching vibration
of peroxo species that could be located at the interface between Pd and CeO: support [72]. Both bands
appear to be more pronounced after CO reduction and especially at the end of the CH4 oxidation cycles,

in line with the formation of larger PdO nanoparticles.

The analysis of the XAS data obtained at the end of the 3" Los/Lout cycle shows that Pd is again in highly
dispersed state, almost irrespective of the applied reduction treatment. The FT-EXAFS spectra depicted
in Fig. S7 reveal a very similar profile of the first and second coordination spheres as observed for the
degreened 2 wt.% Pd/CeO: catalyst. The redispersion of noble metal particles already at these relatively
mild temperatures has been previously demonstrated for Pt/CeQ: catalysts [11], and it is shown here to
occur also for Pd. Overall, the strong interaction between Pd and CeO: prevents the noble metal from
sintering and permanent loss of active sites. However, within the typical working temperature range of
the methane oxidation catalyst, this interplay leads as well to pronounced redispersion of the noble
metal, which is accompanied by a severe decrease in activity. As demonstrated in the following, the
course of this process is influenced by two interrelated factors: the noble metal concentration and

support surface area.

4.4. Effect of noble metal concentration on CeO, surface.

To evaluate the effect of the noble metal concentration, Pd loading was varied between 1 and 3 wt.%
on the Ce02-120 support with high surface area. Table S1 reports the corresponding elemental
composition, BET surface area and pore volume for the three catalysts. This change in catalyst
composition results in a noble metal coverage on the support of about 20%, 40% and 60% of a
monolayer, respectively, assuming that only Pd single sites are formed at four-folded hollow locations
on ceria support [13]. Detailed information on the calculation procedure is provided in Sl (Table S3). In
agreement with the theoretical monolayer coverage, the XRD patterns collected for the three samples
show no characteristic reflections for PdO or metallic Pd, suggesting a high dispersion of the noble metal
in all cases (Fig. S8). The ex situ Raman spectra of the differently loaded CeQ2-120 catalysts (Fig. S9
b) show a small red shift for the F2g band and an increase of the D band intensity around 590 cm-1, which
could indicate a higher number of defects in the CeO: structure due to the interaction with the noble
metal species. At the same time, the band corresponding to Pd-O vibration at 648 cm-is also increasing

for higher Pd loadings, which is in agreement with the formation of crystalline PdO.

For the activity tests, the catalyst amount was adjusted to maintain the same noble metal WHSV. Hence,
the observed differences in activity are mainly affected by the noble metal state. After the high
temperature treatment in oxidizing atmosphere, a higher activity was obtained only for the 3 wt.%
Pd/Ce0,-120 sample in comparison with the other two catalysts containing 1 and 2 wt.% Pd (Fig. 6a).
About 35% CHa4 conversion at 550 °C and a reaction onset at 400 °C were measured for the highly
loaded catalyst whereas only ~10% methane oxidation was reached for the 1 and 2 wt.% Pd/Ce02-120
samples at a total gas flow of 1 L/min. According to the HAADF-STEM EDXS maps reported in Fig. S10,
at low loadings Pd is highly dispersed and homogeneously distributed on ceria. In contrast, the formation

of noble metal agglomerates is observed for the catalysts containing 3 wt.% Pd loading. This indicates
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that Pd-O-Ce bond formation is restricted to specific surface sites, e.g. surface lattice defects, since the
noble metal loading is below the theoretical monolayer coverage for this sample (60%). Although we
cannot exclude an effect of the electron beam, this outcome is in line with the previous study of Maurer
et al. [12] on Pt/CeO:2 showing that cluster formation occurs above a certain noble metal concentration
on ceria surface. Herein, this process is confirmed even after the high temperature treatment in oxidizing
atmosphere, which seems to have a direct impact on the activity profile.

100 100
—~ —~  {b) o
£ 80- = 804
S ] 6 ] 77
% 60 - » 60 /"’,
g 4 Q>J 4 ,’ /,
§ 401 § 401 e
T 20- g 20 e
o | e
0 .
200 300 400 500 200 300 400 500
Temperature (°C) Temperature (°C)
6004C)® & S & _
S & § | Tofor2wt%Pd:  ox. 800 °C: light-off:
ox. 800 °C Twt.%Pd  ——1
o ——2wt.%Pd _ _ 3u
red. M — 3wt %Pd
red. CO
red. Hy: red. CO:
1 wt. % Pd 1 wt. % Pd
— 2wt % Pd —— 2wt %Pd
—3wt.%Pd ——3wt%Pd

\G}'a\e’ & WO a0 o0 \G}'a‘e’
_\(@fa 1 > «®
* 9% CH, conversion

Fig. 6: Influence of Pd loading on the rate of methane conversion of the Hz- (a) and CO- (b) reduced
Pd/Ce02-120 catalysts over three light-off/light-out cycles (only light-off curves are depicted). (c)
Comparison of the temperatures for 10% methane conversion in dry atmosphere for the 2 wt%Pt/CeO2-
120 catalyst activated by CO- and Hz-reduction.

As demonstrated in the following, this limit of the noble metal dispersion on the strongly interacting CeO:
influences also the formation of nanoparticles during catalyst pre-treatment procedure and the
redispersion process under reaction conditions. As illustrated in Fig. 6a and 6c, after catalyst reduction
in Hz-containing atmosphere a significant improvement in activity is obtained for all samples. The smaller
Pd particles formed at low noble metal loadings (Figs. 6a and S11 a) have a higher number of active
sites, thus, the lowest Tso temperature was measured for the 1 wt.% Pd/CeO2-120 sample after catalyst
reduction. However, this sample shows also the lowest stability during the three consecutive light-
off/light-out methane oxidation cycles. The 3 wt.% Pd/Ce02-120 catalyst is able to convert 50 % of
methane around 410 °C during the third activity light-off, whereas the 1 wt.% Pd/Ce02-120 catalyst
shows less than 30 % conversion even at 550 °C, despite the same total amount of noble metal being

present in the plug-flow reactor during both catalytic tests.
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To better understand the Pd redispersion process, ETEM investigations were conducted for the 3 wt.%
Pd/CeO: catalyst during exposure to oxidizing reducing and oxidizing conditions. Due to the low
contrast, the structural changes of the catalyst could not be monitored by TEM. Instead, EDX mapping
of the same area was obtained at room temperature after exposure of the catalyst to reductive or
oxidizing gases at different temperatures. Initially, the sample was in situ pre-reduced in 18 mbar Hz at
500 °C in the ETEM, which resulted in the formation of metallic Pd particles of 1-10 nm (Figs. 7a and
Slla), unevenly distributed at the nm scale. The in situ reduction of noble metal species is confirmed
by the crystal structure and lattice parameters derived from the fast Fourier transform (FFT) patterns
(Fig. S13). In 10 mbar Oz the noble metal redispersion/redistribution is already detected at 300 °C (Fig.
S12). This is indicated in Fig. S12 by the disappearance of the small noble metal clusters and the
apparent increase in size of larger nanoparticles. The latter phenomenon can be explained by the
formation of PdO phase and migration of atoms at perimeter sites with ceria support, resulting in noble
metal particle flattening. This process is accelerated at higher temperatures (Fig. S12 c¢). As a result, a
more homogeneous distribution of Pd on CeO: is obtained, evidenced by the increased brightness of

the images.

The early redispersion and the impact of the temperature on the redispersion rate was identified also
during the catalytic tests. By limiting the temperature range for the light-off/light-out tests to < 500°C,
the drop in the methane oxidation activity is less pronounced in comparison to the measurements up to
550°C (Fig. S22 versus Fig. 6a). Although the formation of smaller and active Pd clusters cannot be
excluded, it can be generally assumed based on the ETEM results that the redispersion process occurs
mainly at the interface with CeO.. This leads to the formation of strongly interacting Pd species, i.e.

single sites, which are not expected to contribute to the CH4 conversion.
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Fig. 7. EDXS-maps of the 3.0 wt.% Pd/Ce0O2-120 catalyst after pre-reduction in 18 mbar Hz at 500 °C
(a) and oxidation for 10 minutes to 10 mbar Oz at 800 °C (c). The corresponding sizes for the particles
marked in sections i) and iv) are shown in (b) and (d) for the two different treatments: red. H2 500 °C
and ox. O2 800 °C.

By careful analysis of the EDX maps collected after exposing the 3 wt.% Pd/Ce02-120 for 10 minutes
to 10 mbar Oz at 800 °C (Fig. 7b), several general trends could be identified: (i) small nanopatrticles (<
5 nm) at locations with low noble metal surface concentration are completely redispersed (marked by
blue circles in Fig. S12) whereas the redispersion is only partial for larger particles; (ii) during short
exposure to high temperature as applied during the in situ ETEM experiments, the redispersion of both
small and large particles is constrained at locations where Pd concentration on the support surface is
high (marked by yellow circles in Fig. S12). This final observation suggests a surface saturation
threshold, reached once Pd atoms occupy all available sites and the migration over longer distances is

not favoured by the reaction conditions.

Catalyst activation in CO-containing atmosphere leads to similar trends in the activity improvement and
stability for the differently loaded Pd/Ce0O2-120 catalysts (Fig. 6b). In all cases, a smaller decrease in
activity is observed in comparison to that shown by the corresponding Hz-reduced samples (Table S2).
Additionally, all CO-reduced samples maintain a reasonable methane conversion profile during the 3
Lot, with the 1 wt.% Pd/Ce0O2-120 showing the best low-temperature activity (Tso at 366 °C vs. 376 °C
measured for the 2 wt.% and 392 °C for 3 wt.% Pd catalyst). In the presence of water vapours, the CO-
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activated catalysts showed the same light-off temperature of 361 °C during the first light-off, irrespective
of the noble metal loading (Table S2). Overall, despite the more pronounced deactivation recognized in
comparison to the dry reaction conditions, the CH4 oxidation activity did not vary significantly among the
1 wt.%, 2 wt.% and 3 wt.% Pd catalysts. The 3 wt.% Pd/CeO: catalyst exhibited only a slightly lower
drop in activity during the 3 light-off (Tso at 432 °C), followed by the 2 wt.% Pd (Tso at 456 °C) and 1
wt.% Pd (Tso at 456 °C) samples. These very similar behaviours point to a similar Pd state in the

differently loaded catalysts.

According to the EDXS maps obtained for the CO reduced 1 wt.% and 3 wt.% Pd/Ce0O2-120 samples
(Fig. S11 b), both contain a high number of large nanoparticles with sizes of up to 7 nm. This is in
contrast to the corresponding Hz-reduced catalysts, where a clear difference in noble metal particle size
was observed, namely larger nanoparticles are formed for higher Pd loadings. In agreement, similar
CO-adsorption DRIFTS spectra were collected for the 1 wt.% and 3 wt.% Pd/Ce02-120 catalysts after
CO-reduction (Fig. S14). In both cases, bands corresponding to CO adsorbed as bridged carbonyls on
reduced Pd nanopatrticles or larger clusters appear at 1900-1980 cm-l. These results suggest that the
relatively long catalyst pre-treatment of 1 h combined with the CO-assisted noble metal sintering [42,
43] leads to a very similar noble metal state in all samples. Consequently, the oxidation of Pd particles
and their redispersion under lean reaction conditions are, in a first stage, not affected significantly by
the noble metal loading, but mostly by the release and diffusion of Pd atoms on the support surface.
Hence, the similar deactivation rates observed for the 1 wt%, 2 wt.% and 3 wt.% Pd/Ce0O2-120 catalysts
over the three light-off/light-out cycles up to 550 °C can be associated with a comparable noble metal
redispersion rate. However, during a hypothetical next stage of the redispersion process that
corresponds to diminished sizes for Pd nanoparticles, the noble metal concentration on the surface of
ceria is expected to affect the evolution of the catalyst, as demonstrated for the Hz-reduced Pd/CeO:
catalysts (Fig. 6a). In the long term, for noble metal loadings exceeding the achievable monolayer
coverage complete redispersion does not occur. As illustrated in the following section, the inefficient use
of the noble metal can be prevented by tuning the monolayer concentration via decreasing the support

surface area.
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4.5. Effect of CeO; surface area

To further substantiate these findings and identify the theoretical threshold for the formation of active Pd
clusters or nanoparticles, a series of catalysts containing between 2 and 3 wt.% Pd supported on CeO:
with different surface areas (30, 60 and 120 m?/g) was additionally prepared. For the 2 wt.% Pd/CeO2-
60 catalyst 80% of the single site monolayer coverage is achieved whereas the monolayer is exceeded
for the 3 wt.% Pd/Ce02-60 (120%) and 2 wt.% Pd/Ce02-30 (176 %) samples (Table S3). For all catalytic
tests a gas mixture containing 3200 ppm CHa, 10%0:2 in N2 was used at a total flow of 1L/min. Fig. 8
illustrates the trends in activity obtained after calcination at 800 °C for 10 h and CO reduction at 500 °C
for 1 h. In comparison to the 2 wt.% Pd/Ce02-120 catalyst (Fig. 1a), both catalysts containing the same
noble metal loading but supported on ceria with lower surface areas show a methane oxidation reaction
onset below 300 °C after degreening for 10 h in air at 800 °C. In line with the assumptions derived in
the above sections, the exhibited activity must be linked to the presence of larger palladium clusters or
nanoparticles that are formed due to the higher noble metal concentration in these samples on the ceria
surface unit. However, the complete conversion of methane is not reached in both cases, despite the
double noble metal monolayer concentration in the 2 wt.% Pd/Ce0O2-30 sample. At 550 °C a maximum
of 72 % conversion was measured for the 2 wt.% Pd/CeO2-30 catalyst whereas the 2 wt.% Pd/Ce02-60
sample converted 65% of methane. Considering the different properties of these two samples, the rather
similar activity profiles cannot represent the fingerprint of an identical noble metal state. While the entire
Pd amount is potentially redispersed at 800 °C in the 2 wt.% Pd/Ce02-60 sample, the exceeding amount
of noble metal relative to the single site monolayer as present in the 2 wt.% Pd/Ce02-30 catalyst is
expected to sinter or agglomerate under these extreme temperature conditions. This hypothesis is
reinforced by the EDX maps obtained for the 3 wt.% Pd/CeO2-60 catalyst after calcination for 10h at
800 °C, which uncover very large PdO agglomerates/particles of over 10 nm alongside highly dispersed
Pd species (Fig. S15). As a result of the higher noble metal concentration on ceria surface unit, even
larger noble metal nanoparticles are expected to form on the Ce02-30 support due to sintering. Hence,
even though CeOz: is a strongly interacting support and a concentration of 2-3 wt.% Pd is a largely
applied noble metal loading, such high temperature treatments might lead to significant and permanent

noble metal loss since only part of Pd will redisperse on low surface area supports.

The inefficient use of the noble metal on the Ce0O2-30 support is visible also in the activity profiles
obtained after CO activation. The 2 wt.% Pd/Ce0O2-60 catalyst shows lower Tso temperatures for all three
light-offs in comparison to the values measured for 2 wt.%Pd/Ce02-30 sample, which is most probably
caused by the smaller noble metal particles and higher number of surface sites formed on the ceria

support with a higher surface area.
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Fig. 8. CH4 oxidation activity over 3 consecutive light-offs for 2 wt.% Pd/CeO2-30 after thermal treatment
at 800 °C in air (a) and reduction in 0.5 % CO/N2 for 1h at 500 °C (b). CH4 conversion for the 2
wt.%Pd/Ce02-60 (c) and 3 wt.%Pd/CeO2-60 (d) after oxidative treatment at 800 °C and activation by
CO-reduction at 500 °C for 1 h. Gas mixture: (a) 3200 ppm CHa, 10 vol.% O2 in Nz; (b) 3200 ppm CHa,
5 vol.% H20, 10 vol.% O: in N2 at a weight hourly space velocity of 20000 L-gnvt-hl. The temperature

of 50 % CHa conversion indicated next to each conversion curve.

By further increasing the noble metal loading on the CeO2-60 support to 3 wt.% Pd, the theoretical noble
metal monolayer coverage is only slightly exceeded (120 %). For this sample 50 % CHa4 conversion is
obtained at 454 °C after the thermal treatment at 800 °C, and 90 % of methane is oxidized at 550 °C.
After activation by CO reduction, this catalyst shows also the highest low-temperature activity during the
following light-offs. However, at this noble metal loading very large particles are formed already during
the catalyst calcination step at 800 °C (Fig. S15). In this case, the formation of homogeneously
distributed particles with a narrow size distribution during catalyst application requires careful screening
of the pre-treatment/activation procedures. Alternatively, the noble metal loading can be further adjusted

to prevent the formation of such large noble metal particles.

To gain a better understanding of the relationship between the noble metal loading, the support surface

area and the catalyst activity/stability behaviour, reaction rates of methane oxidation were calculated
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per unit mass of noble metal at 300 °C for all catalysts investigated in this study, including the
measurements conducted after the different pre-treatment procedures (Fig. 9, Table S4). Since not all
samples exhibited detectable conversions at this temperature, a linear regression based on the
Arrhenius equation was used to calculate the reaction rate at 300 °C (see p. S13 of the SI, Fig. S16,
tables S5-S12 for the details) for each catalyst. The corresponding calculations are shown in Fig. S16
and Table S4. This approach was used since an accurate estimation of the number of surface atoms
cannot be done for such dynamic systems (i.e. calculation of turnover numbers), as the Pd particle size
varies during methane oxidation light-off. However, by describing the reaction rates in relation to the
corresponding Pd single site monolayer coverage (Fig. 9) all possible Pd states that can be generated

under reaction conditions are hypothetically considered.
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Fig. 9. Integral reaction rates of CH4 oxidation at 300 °C for the different samples investigated in this
study as a function of the theoretical monolayer coverage of Pd single sites on CeO:2 surface (see p.
S12 in the Sl). As reported in the previous sections 4.1-4.4, all samples were tested during consecutive
light-offs in the as prepared state (ox. 500 °C), after oxidative (ox. 800 °C) and reductive treatments
(red. Hz; red. CO at 500 °C for 1 h). The optimal Pd loading on pure ceria for achieving high activity and

efficient noble metal usage is marked with light green.

The following observations can be derived from the comparison of the reaction rates as a function of the

monolayer coverage:

a. After degreening at 800 °C in air and reaching the maximum redispersion degree, the catalysts
exhibit significant differences in their activities depending on their particular surface noble metal
concentrations. The rate of methane oxidation grows exponentially as the theoretically possible

monolayer of Pd single atoms on CeO: surface fills (almost three orders of magnitude reaction
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5.

rate increase upon the monolayer coverage changes from ~ 20 to 80%). Around the complete
monolayer coverage (80-120%), the reaction rate stabilizes at its highest values, plausibly due
to the formation of particles with optimal dispersion. Further increase of the noble metal
coverage leads to the activity diminishment, most likely caused by the formation of large Pd
nanoparticles and loss of surface sites.

Reductive treatments boost methane oxidation activity of Pd/CeOQ: catalysts by one to several
orders of magnitude. As confirmed by the electron microscopy, in situ/operando XAS, Raman
spectroscopy and DRIFTS investigations, this is due to the increase of Pd particle size that
occurs especially in the presence of CO. Under reaction conditions, Pd nanoparticles/clusters
are reoxidized prior to the reaction onset, and the resulting Pd?* species in PdO like structures
contribute to C-H activation. The highest methane oxidation rates were obtained for the 800 °C-
degreened Pd/Ce02-120 catalysts with high surface area, immediately after pre-reduction in CO
or Hz. Only small variations were observed by changing the noble metal loading between 1 and
3 wt.% due to the relatively long pre-treatment time and CO-assisted sintering of Pd species.
The observed rates are up to four times higher in comparison with those measured for the CeO»-
60 and Ce02-30 catalysts. However, Pd/Ce02-120 catalysts are prone to fast deactivation.
The highest stability is shown by the Pd/CeO: catalysts with a noble metal loading of about 0.3-
0.5 mg/m? that corresponds to about 80-120% filling of the theoretical single site monolayer
coverage. This is evidenced by the considerably high reaction rates in the second and especially
third light-offs after reduction. For this range of noble metal concentrations most of Pd loading
is not only efficiently used but also enables the recovery of the highly dispersed noble metal
state after oxidative treatment (see also Fig S17). The redispersion and reduction approach is
not applicable for the sample with the highest noble metal surface coverage 2Pd/Ce02-30.
Although it demonstrates a considerable activity and stability after the least demanding
treatment (oxidation at 500 °C), both its oxidation at 800 °C and its reduction provide states that
are less active than those of the two optimal catalysts under the analogous conditions. Under
the studied conditions, optimal catalyst parameters were obtained on the Ce02-60 support at 2-
3 wt.% Pd loading.

Two deactivation processes can be identified for Pd/CeO2 methane oxidation catalysts, their
extent depending on the noble metal loading and ceria properties. On the one hand, noble metal
redispersion occurs at high temperatures leading to formation of highly dispersed and inactive
species. On the other hand, at high noble metal loadings per ceria surface area unit that exceed
the theoretical monolayer coverage, sintering and agglomeration take place at high
temperatures, irrespective of the gas atmosphere. This latter process leads to a quasi-

permanent loss of the noble metal, similar to that observed on non-interacting catalyst carriers.

Conclusions

This study reports a systematic investigation of the catalytic behavior and structural peculiarities of

Pd/CeO: catalysts for complete methane oxidation. By varying the noble metal loading and ceria

properties as well as the catalyst pre-treatment procedure we were able to elucidate essential aspects

that need to be considered already during catalyst preparation for achieving a high low-temperature
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activity combined with good catalyst durability under reaction conditions. Complementary
characterization by electron microscopy, Raman spectroscopy, DRIFTS and in situ/operando XAS
supplemented by DFT calculations allowed to correlate the formation of small Pd nanoparticles with a
high CHa4 conversion whereas highly dispersed Pd single sites or very small clusters proved to be poorly
active for this reaction. The optimal noble metal particle size can be achieved by reductive treatments
of highly dispersed catalysts. The performance depends on reduction agent, time and temperature of
reduction. In line with previous studies, the oxidation of the formed Pd nanoparticles occurs under
reaction conditions prior to the methane oxidation onset, and the resulting Pd?* species in PdO
contribute to C-H activation. Notably, for high temperature reactions such as methane oxidation,
pronounced noble metal redispersion is concurrently encountered in lean atmosphere if a high surface
area CeO2 (>100 m?/g) is used. According to the ETEM investigations, this process starts above 300 °C
and leads to rapid catalyst deactivation as the reaction temperature increases. Although slightly larger
and more stable Pd nanoparticles were obtained by CO-reduction in comparison to a Hz-reductive
treatment, pronounced loss in catalyst activity was observed over several light-off/light-out cycles on the
high surface area ceria supports. On the contrary, for a similar noble metal loading the exposure to high
temperatures results simultaneously in strong noble metal sintering if a low surface area CeO:
(~30 m2/g) is employed during catalyst preparation. This later process takes place irrespective of the

gas atmosphere, and leads to a permanent loss of a fraction of noble metal sites.

To prevent catalyst deactivation while still exploiting the interaction with CeO3, a threshold in the noble
metal loading was identified in this study. This corresponds to a noble metal concentration around the
theoretical single site monolayer coverage. Our results suggest that a Pd loading of about 0.3-0.5 mg/m?,
which corresponds to a theoretical single site monolayer coverage between 80-120%, is sufficient to
achieve a high low-temperature activity and especially long-term stability over the entire temperature
range of CH4 oxidation. This includes high gas-hourly space velocity conditions as applied in this work.
Finally, by adjusting the noble metal loading and the ceria properties, an efficient use of the noble metal

is ensured since both deactivation processes, i.e. redispersion and sintering, are rationally controlled.
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