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ABSTRACT

The present study reports an improved design for Pd/Ce-Pr catalysts. Pd-impregnated nanostructured ceria-praseodymia
catalysts with different compositions were comprehensively characterized and tested for dry and wet methane oxidation.
The strong PdO-PrOy interactions, detected via XRD, TPR/TPO, Raman and HRTEM analyses, retain Pd mainly in its
oxidized form in the materials with high praseodymium content, thus resulting in a lower activity. Conversely, the
introduction of a limited amount of Pr in ceria allows to obtain a more active catalyst (2% of Pd supported on a mixed
oxide with 10% of Pr) than the typical Pd/CeQO; systems. Hence, the simultaneous presence of Pd in its reduced and
oxidized forms results to be a key factor for high activity. Additionally, the higher hydrophobicity of this sample,
investigated through NMR and in situ FTIR, markedly reduces the H,O inhibition effect typical of Pd-based materials,
paving the way for using this system in real applications.

Keywords: Catalytic methane oxidation; Palladium/ceria-praseodymia catalysts; Doped ceria; Hydrophilicity-
hydrophobicity; Water inhibition

1. Introduction

Methane oxidation on palladium-containing materials has been widely studied with regard to their high catalytic activity
[1-3]. In this context, the palladium deposition on different supports and the advancement of synthesis procedures have
enabled the achievement of high-performance systems which exhibit high activity at low temperature and retain their
high activity as well as stability at high temperature.

Against this backdrop, Pd@CeO structures, composed by a palladium core surrounded by a ceria shell [4,5], or the
amorphous mixed palladium-ceria phase which covers the ceria crystallites obtained through the ball-milling method
[6] have recently attracted considerable attention due to the intimate contact between the palladium species and a redox
active support.



However, from an application perspective, efforts are still needed to improve the activity of palladium-based catalysts
in the presence of water. As a matter of fact, water vapour is commonly present in large quantities (5-15%) for
applications related to emissions control catalysis. Despite steam has been proved to promote the formation of grain
boundaries in Pd nanoparticles [7], which are highly active defect sites, water has an overall detrimental effect on the
performances of palladium-based materials for methane abatement.

Given its high affinity to palladium species, it is generally accepted that water competitively adsorbs with methane on
the surface active sites giving rise to an inactive and stable Pd(OH), phase [8]. This adverse effect of water is much
more pronounced in the low-temperature range (< 450 °C) [9] and is also confirmed from a kinetic standpoint; the
negative reaction order for water (generally equal to -1) [10] gives a glimpse of the distinct surface coverage throughout
the methane oxidation reaction.

The detrimental influence of water on Pd-based materials is also affected by the type and nature of the catalytic carrier.
Although redox supports appear to be more resistant to the inhibition effect [11], the surface hydroxyl/water
accumulation markedly hinders the oxygen exchange at the palladium-support interface, resulting in a drop in catalytic
activity [12]. Conversely, for other supports such as alumina, the water absorption capacity seems to positively
influence the catalytic performance of the system, at least as regards methane oxidation performed in dry conditions. A
high affinity between water and support has proven to lower the local presence of water in the proximity of Pd active
sites, keeping their activity undamaged [13,14]. However, the system loses part of its effectiveness if water is present in
the reactor inlet flow and that is why, according to the latest findings by Huang et al. [15], in situ water sorption systems
(stronger water sorbents, e.g., CaO mixed with the catalyst) resulted to be a well-functioning strategy to maintain a high
reaction rate also in the presence of water.

With this knowledge, considering the well-known ability of CeO, to enhance the Pd redox properties [3] and the ability
of PrOy to retain the noble metals in their oxidized form [16,17], we investigated the Pd deposition on nanostructured
Ce-Pr oxides with different compositions. In particular, we comprehensively characterized these novel materials and
tested them in dry and wet CH4 oxidation. Also, the different water-catalyst and hydrocarbon-catalyst interaction
strengths were evaluated in order to move the studies towards hydrophobic systems able to minimize the competitive
H-0 and CH, adsorption on the surface of the catalysts and, therefore, reduce the well-established water inhibition
effect.

2. Experimental

2.1 Catalyst synthesis

Nanostructured ceria, ceria-praseodymia and praseodymia supports for palladium nanoparticles were synthesised
through hydrothermal synthesis. As far as the support preparation is concerned, appropriate amounts of Ce(NQO3)s-6H,0
(Sigma-Aldrich, 99.99% purity) and Pr(NO3);-6H20 (Sigma-Aldrich, 99.9% purity) were dissolved in 9 mL of
deionized water to obtain 20 mmol of total cations in the resulting solution, the two cations being in a proportion equal
to the desired one in the final oxide. It is worth reminding that trace impurities of lanthanides may be present in Ce/Pr
oxides precursors and hence in the final catalysts, with possible implications on their structural and physico-chemical
properties. At the same time, a second basic solution was made by dissolving 48 g of NaOH (Sigma-Aldrich, 98%
purity) in 70 mL of deionized water. At this point, the nitrate solution was added dropwise to the basic one, maintaining
the system under continuous stirring. The opacification of the solution and the formation of a pale brown slurry were
observed at the moment of contact between the lanthanide-water drop and the NaOH solution. The obtained slurry was
maintained under stirring at room temperature for 1 h and afterwards transferred into a stainless-steel autoclave with
inner Teflon-liner to undergo an aging treatment at 180 °C for 24 h. Subsequently, the precipitate was recovered
through different centrifugation cycles and washed with ethanol and deionized water several times until a pH close to 7
was obtained, in order to remove as much as possible the NaOH traces. The wet solid was then dried at 60 °C overnight.
Finally, the dried powder was gently crushed in a mortar to eliminate the largest granules and then calcined at 650 °C
for 4 h.

Palladium-based catalysts containing 2 wt% of noble metal were prepared via incipient wetness impregnation. In detail,
1.5 g of each support was put in a ceramic crucible, placed on a heating plate, and gradually heated to 150 °C.



Subsequently, the materials were impregnated by using an aqueous solution of Pd(NO3),. Lastly, the catalysts were
calcined in air at 900 °C for 4 h.

Throughout this work, the supports and the palladium-based catalysts were respectively labelled as Ce(100-X)Pr(X) and
Pd/Ce(100-X)Pr(X), wherein X stands for the nominal atomic percentage of praseodymium in the sample on a Ce + Pr
basis (X = 0, 10, 25, 50 and 100).

2.2 Catalyst characterization

Nitrogen physisorption at -196 °C was conducted with a Micromeritics Tristar 11 3020 instrument for the determination
of the surface area of the samples. Before the measurement, the materials were pre-treated at 200 °C for 2 hiin a
nitrogen flow for outgassing water and/or other physisorbed contaminants present on the surface of the samples. The
surface area was evaluated by using the Brunauer-Emmett-Teller (BET) method.

Powder X-ray diffraction (XRD) was carried out through a Philips X Pert PW3040 diffractometer using a Cu Ko
radiation characterized by a wavelength of 1.5419 A. The measure was performed with a 20 angle ranging from 20 to
80°, a step size of 0.013° and an acquisition time of 0.2 seconds per step. The peaks were attributed consulting the
Powder Diffraction Files by the International Centre of Diffraction Data (ICDD). The lattice parameter (a) of the
different catalysts was evaluated by employing the Nelson-Riley extrapolation method, whereas the crystallites
dimension was calculated through the Debye-Scherrer formula: D = k-A/(b-cos8) where k is a constant depending on the
crystallites sphericity, assumed equal to 0.9, 4 is the wavelength of the incident beam, b is the peak width at mid-height
(FWHM) and @ is the diffraction angle. The peak broadening was corrected by using a lanthanum hexaboride (LaBg)
crystal as a standard reference.

The proper composition of the Pd-containing samples was checked out through inductively coupled plasma-mass
spectrometry (ICP-MS) performed in a Thermo Scientific iCAP RQ ICP-MS apparatus. Catalysts were digested at 200
°C for 0.5 h in a mixture of nitric and hydrochloric acid together with hydrogen peroxide and finally diluted until
reaching the proper metal concentration for the measurements.

Raman analysis was carried out in a Renishaw InVia micro-Raman spectrometer, using a 514.5 nm excitation
wavelength and a CCD detector. For each sample, three room temperature spectra were collected in different points,
using a 5x objective and an acquisition time of 225 s. In situ Raman measurements were performed in a Linkam
TS1200 PID-controlled cell.

Catalyst morphology was investigated using a Zeiss Merlin field-emission scanning electron microscope (FESEM) with
a Gemini-Il lens column. The high-resolution transmission electron microscopy (HRTEM) images were collected on a
JEM 2100F field emission transmission electron microscope operated at an accelerating voltage of 200 kV. The
HRTEM images were analysed using a fast Fourier transform (FFT) method. Morphology and microstructure of
catalysts were also investigated with a high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) on JEM-2100F (with Oxford X Max EDS system) instrument with an electron acceleration energy of
200 kV.

The chemical state of the elements present in the Pd-based catalysts was studied via X-ray photoelectron spectroscopy

(XPS). Measurements were carried out on an XPS PHI 5000 Versa Probe apparatus, using a bandpass energy of 187.85
eV, a take-off angle of 45° and a diameter of the X-ray spot size of 100.0 um. Data analysis was performed using Casa
XPS software and the binding energy of the XP spectra was referenced to the C 1s peak at 284.8 eV. The reliability of

the deconvolution procedure was verified by applying the Monte Carlo procedure.

The reducibility of the materials and, therefore, their redox properties were analysed through temperature-programmed
reduction employing hydrogen as reducing molecule (H2-TPR). The analysis was performed in a Thermo Scientific
TPDRO 1100 with a TCD detector keeping the sample (50 mg) in a 20 mL min flow of 5 vol% H; in Ar. Afterwards,
the system was heated from 50 to 900 °C with a ramp of 10 °C min-%. Prior to analysis, a thermal treatment was
performed exposing the catalysts to a 20 mL min-* flow of oxygen at 550 °C for 1 h.

Temperature programmed oxidation (TPO) analysis was carried out in a quartz U-shaped reactor using 120 mg of
catalyst placed on a quartz wool bed. The reactor was located in a PID-controlled furnace and the tests were performed
by fluxing a mixture of 2% of oxygen in N, with a total flowrate of 50 mL min. Three heating/cooling cycles were
performed for each sample to stabilize the behavior of the high-temperature PdO-Pd transition; the third cycle was
regarded as representative of the TPO tests. In particular, for each cycle, the system was heated up to 900 °C and then



cooled to 200 °C with a ramp of 10 °C min™. The TPO analysis was conducted for both supports and Pd-containing
materials, so allowing to discriminate the O, release/uptake by either palladium or catalytic carriers; the detailed
procedure is described in the supporting information (SI) document. The O concentration leaving the reactor was
monitored through an Emerson XStream X2GP paramagnetic oxygen analyzer. The chemical state at the beginning of
the third heating cycle was investigated through ex situ XPS analyses. In detail, the experiments were blocked at 200 °C
by switching the O2—N; flow with pure N. Once the oxygen concentration was equal to zero, the system was cooled
down as quickly as practicable, and the catalyst was picked up and subjected to XPS analyses.

Fourier transform infrared spectroscopy (FTIR) was carried out by using a Bruker Invenio S spectrometer fitted out
with an MCT detector. Spectra were recorded in transmittance mode in the region ranging from 4000 to 800 cm™ at a
spectral resolution of 2 cm™t. Samples were assembled in self-supporting pellets (with an apparent density of ~ 30 mg
cm?) pressing the materials at 4.5 tons; then, they were directly placed in the quartz IR cell. Once a room-temperature
spectrum was acquired, each sample was degassed at 10 mbar at different temperatures by connecting the IR cell to a
high vacuum line. In particular, spectra were acquired after treating the materials at 150, 300 and 500 °C for 1 h and
subsequently cooling the system to room temperature. In situ FTIR measurements were conducted to study the material
hydrophilicity/hydrophobicity properties, by admitting water into the IR cell. In detail, after an under-vacuum
pretreatment (10 mbar) at 500 °C for 1 h and the subsequent cooling to room temperature, water was sent to the IR cell
reaching a pressure of 11 mbar and progressive degassing was performed firstly under controlled pressure, then over
time (after reaching the minimum achievable pressure).

NMR relaxation measurements were performed on a Magritek SpinSolve benchtop spectrometer operating at a *H
frequency of 43 MHz. The spin lattice relaxation time (T1) was measured using the inversion recovery pulse sequence
[18] and the transverse relaxation time (T2) was measured with the CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence
[19]. T1 measurements were performed varying the time delay between 0.1 s and 10 s. T, measurements were performed
using an echo time of 120 ps with a number of echoes per step varying in the range 10-2500. A number of sixteen
experimental points for T; and T, measurements were acquired, 16-32 scans were used for each experimental point,
with a repetition time equal to the max delay time for T, and 5 x T1 for T measurement in all cases. Samples were
prepared by soaking catalyst particles in n-octane and water separately for at least 48 hours to equilibrate. The saturated
solid catalyst samples were then dried on a pre-soaked filter paper to remove the excess solvent on the external surface
and transferred to 5 mm NMR tubes. To ensure a saturated atmosphere in the NMR tube, hence minimizing errors due
to evaporation of volatile liquids, a small amount of pure liquid was placed onto absorbed filter paper, which was then
placed under the cap of NMR tube. The tube was placed into the magnet and left for approximately 20 min to achieve
thermal equilibrium before starting the measurements. All the measurements were carried out at atmospheric pressure
and room temperature. The typical relative error on the T, and T, measurements was 2%, giving a combined error of
approximately 3% on the T1/T, values.

2.3 Catalytic activity tests

Methane oxidation tests were conducted in a quartz U-tube reactor with a 4 mm inner diameter, heated by a PID-
controlled furnace. The temperature inside the reactor was monitored through the insertion of a thermocouple, which
was located immediately above the catalytic bed. The latter was prepared by gently mixing 50 mg of catalyst and 150
mg of inert silicon carbide (SiC), then placed in the U-reactor on a quartz wool bed. The utilization of the silicon
carbide proved to be fundamental to avoid localized increase in temperature. Before starting the analysis, the samples
were pre-treated in air at 100 °C for 30 min in order to remove physisorbed compounds on the material surface.
Oxidation tests were performed by exposing the catalytic mixture to a flow of 0.3 vol% CHsand 1.2 vol% O, balanced
with nitrogen, using a constant flow rate of 150 mL min, which corresponds to a gas hourly space velocity (GHSV)
between 60000 and 80000 h! (the same mass of catalysts was used in all the tests, but samples richer in praseodymium
were characterized by a lower bulk density). The wet condition tests were performed through a Bronkhorst Controlled
Evaporation and Mixing (CEM) apparatus by adding 5 vol% of water to the flow entering the reactor. At the reactor
outlet, the CH4, CO, COzand O- concentrations were tracked in an ABB A02020 non-dispersive infrared analyser and
an Emerson XStream X2GP paramagnetic oxygen analyser. Lastly, for stabilization reasons, in each experiment two
heating and cooling cycles were conducted by increasing the temperature up to 950 °C and bringing it back to 100 °C,
using a ramp of 5 °C min‘L,

Long-term stability tests in the presence of water were carried out performing a first complete methane oxidation cycle
and blocking the second run at the temperature of interest for different hours.



Ex situ XPS analyses were carried out after blocking the dry or wet CH4 oxidation at different temperatures, in order to
study the chemical state of the materials at conditions other than room temperature, using a procedure similar to that
described for the TPO experiments.

3. Results and discussion

3.1 Catalyst textural and structural properties

Table 1. Textural properties of powder materials resulting from N> physisorption, X-ray diffraction, ICP-MS and
Raman measurements.

sample SeeT? D Pd content® Ce-to-Pr D/Faq ratio®
(m?g™) (nm) (Wt%) molar ratio®

Pd/Cel100 4.1 289 1.59 - 0.05

Pd/Ce90Pr10 5.6 222 1.64 9.00 1.28

Pd/Ce75Pr25 5.7 73 1.74 3.06 2.27

Pd/Ce50Pr50 7.2 50 1.53 1.03 4.14

Pd/Pr100 2.6 110 2.19 - -

aSurface area obtained via BET method (error below 0.12 m? g2).

bAverage size of ceria-based crystallites evaluated employing Scherrer’s equation.
¢Obtained through ICP-MS.

dCalculated from Raman spectra

Table 1 lists the primary structural properties of the Pd-based materials. As far as the surface area is concerned, its value
is quite small and ranges from 4.1 to 7.2 m? g*. Specifically, starting from Pd/Ce100, a rise in the Sger measure was
noted when increasing the praseodymium content in the catalytic framework. Such a trend, ascribed to the ability of
praseodymium to modify the textural properties of ceria, is in line with prior studies [16,20]. A fairly low value (2.6 m?
g) was instead observed as a result of the palladium impregnation on pure praseodymium oxide. In general, the surface
area of Pd-containing materials turned out to be lower than that of the corresponding supports (Table S1) and the
surface area reduction was due to the natural sintering phenomenon occurring during the high-temperature calcination.
Again with reference to Table 1, ICP-MS analysis revealed an actual palladium loading of about 1.6 wt% for all the
Pd/Ce-containing materials and 2.19 wt% for Pd/Pr100, thus rather similar to the nominal one. Additionally, the same
applies to the cerium-to-praseodymium ratio, confirming the proper composition of the investigated samples.



(a) * PdO-PrO, phase (b) \ Pd-Pr oxide

(111)

E%mm)
L (220)
—(311)
b (222)

)
2 29 Pd/Pr100

’;: i Pd/Pr100 ’:‘;

LU/ ——JL_J;__L_A‘,_A_M E/

> Pd/Ce50Pr50| > Pd/Ce50Pr50

£ I £

C C

o Pd/Ce75Pr25| @ Pd/Ce75Pr25

C [ @

- - ' PdO
Pd/Ce100 F D band Pd/Ce100

20 30 40 50 60 70 80 300 400 500 600 700 800 900
20 (°) Raman Shift (cm™)

Fig. 1. X-ray diffractograms (a) of powder palladium-impregnated catalysts normalized with respect to the most intense
peak of Ce-Pr oxide. Room temperature Raman spectra (b) of the Pd-impregnated catalysts, normalized to the intensity
of the F» peak (of the most intense peak for Pd/Pr100).

Fig. 1a shows the powder X-ray diffractograms of Pd-impregnated catalysts, whereas the XRD patterns of the supports
are displayed in Fig. S1. The presence of (111), (200), (220), (311), (222), (400), (331) and (420) planes in the X-ray
diffractograms, in both supports and impregnated samples, clearly marks the presence of the typical fluorite structure of
ceria and ceria-praseodymia catalysts [21]. Furthermore, double peaks arising from the segregation of cerium and
praseodymium oxides were not observed in any sample. Considering that cerium and praseodymium ions are
characterized by very similar ionic radii, the latter point suggests the formation of a solid solution between the two
oxides even upon the introduction of a large amount of dopant into the ceria lattice. As illustrated in Fig. 1a, no peaks
due to the presence of palladium oxide or metallic palladium were observed in all the diffractograms. Although their
rather low surface area, these supports seem to promote a good palladium dispersion avoiding the segregation of large
PdO or Pd clusters detectable through a standard XRD analysis. Moreover, it is worth noting that three peculiar peaks
centred at 30.9, 31.3 and 34.3° were observed in the diffraction pattern of the Pd/Pr100 sample (purple line in Fig. 1a).
According to Chou et al. [22], these peaks can be related to the formation of a palladium-praseodymium binary oxide,
arising from the high-temperature calcination.

X-ray diffraction also evidenced the presence of large crystallites in the samples, with average dimensions ranging from
50 to 289 nm (Table 1). In detail, as to the Pd-impregnated ceria and Ce-Pr mixed oxides, the higher is the Pr content in
the ceria structure, the more the crystallite size decreases. Such an effect was also observed in the bare supports (see
Table S1) and is in agreement with the surface area increase obtained by adding praseodymium to the catalytic
framework. The crystallite size reduction in doped ceria can be ascribed to partial Pr segregation at the boundaries of
the nanocrystalline domains, thereby hindering their growth. Moreover, the simultaneous presence of Pr#*/Pr3* at the
crystallite edges can result in the formation of preferential pathways for oxygen diffusion, with the subsequent increase
of oxygen mobility in the oxide framework [23]. On the other side, Pd/Pr100 exhibits instead an intermediate crystallite
dimension as compared with that observed for Pd-impregnated ceria-praseodymia samples. Moreover, comparing
Tables 1 and S1 shows that the crystallite size of palladium-containing catalysts is greater than that of supports as an
outcome of the calcination treatment at 900 °C. This result is consistent with the BET surface area decrease previously
discussed.



The structural properties of the catalysts were further explored by means of Raman spectroscopy. The Raman spectra of
the Pd-impregnated samples are displayed in Fig. 1b, while those of the supports are shown in Fig. S2a. Cerium oxide is
typically characterized by an intense Foq peak at about 465 cm, ascribed to the Ce—O stretching mode in the fluorite
lattice [24]. This component is present in the spectra of all the Ce-containing samples, suggesting that high amounts of
praseodymium can be incorporated in ceria structure. Nevertheless, the F24 peak exhibits gradual red-shift and
asymmetric broadening upon Pr addition, revealing an increasing structural distortion consistent with the insertion of Pr
ions into ceria lattice [25].

Beside the main F»y mode, a Raman band related to the presence of structural defects in the CeO, framework (D band)
can be detected in the 550 — 600 cm™* region. The D band of pure ceria has a very low intensity and consists of a sole
component centred around 595 cm™, assigned to intrinsic anionic Frenkel pairs [24] (a magnification of this band is
reported in Fig. S2b). After Pd deposition and high temperature calcination, a defect component can be detected at 570
cm, related to the presence of oxygen vacancies [26] and probably linked to an increased degree of reduction of the
catalyst (Fig. S2b). The Pr-doped samples are characterized by a much more intense defect band, which points out the
formation of numerous extrinsic defects in the ceria matrix (e.g. Frenkel sites and oxygen vacancies linked to the
incorporation of Pr3* ions). The defect abundance was estimated by calculating the ratio between the areas of the D
band and of the F,4 peak [24]; the thus obtained values are reported in Table 1 and S2 for the Pd-containing catalysts
and the bare supports, respectively. As expected, the D/Fq ratio shows a notable and progressive rise when the Pr
content in ceria increases. However, beside the generation of new vacancies and defects, other two phenomena could
contribute to the D/Fyq rise as well. In fact, Pr doping is associated with a higher light absorbance, which entails a lower
penetration depth of the technique; therefore, the Raman spectrum outlines a more superficial portion of the sample, in
which defects and vacancies are usually more abundant. In addition, the signal around 570 cm* may be enhanced by the
resonance Raman effect exhibited by some defect sites containing oxygen vacancies close to Pr#* ions [27].

Interesting insights were gained by comparing the spectra of the Pd-containing catalysts with those collected on the bare
supports. First of all, a significant growth of the D/F,q ratio can be noticed after Pd impregnation (see Table 1 and S2),
indicating that the formation of defects in the ceria-based supports is fostered by the interactions with palladium,
especially in the presence of Pr as a dopant. This outcome is consistent with the metal-support interaction described for
Pd-ceria systems [1]. Furthermore, Pd deposition results in the appearance of a peak at 645 cm in the Raman spectra of
Pd/Cel100 and Pd/Ce90Pr10 (Fig. 1b); this band can be assigned to the Big mode of PdO [28], thus it reveals the
presence of segregated PdO domains in the latter samples. The complete absence of an analogous peak in the spectra of
the other catalysts suggests that a higher Pr content might hamper the segregation and the growth of PdO clusters, that
even if present could be below the sensitivity threshold of the Raman analysis.

Finally, the Raman spectrum of the Pd/Pr100 sample is featured by a sharp peak located at 493 cm™*. Such a component
is absent in the spectrum of the bare Pr100 support, and it only appears after Pd impregnation followed by high
temperature calcination, as demonstrated by Fig. S2c. Taking into account that the concurrent presence of Pr and Pd at
high temperature is required for the appearance of the Raman peak at 493 cm™, it can be reasonably ascribed to the
presence of a Pd-Pr mixed-phase [22], which was also detected through XRD. As a whole, stronger interactions with the
support seem to occur when Pd is deposited onto Pr-richer ceria samples.

3.2 Catalyst morphology

Fig. 2 shows the FESEM (column a) and the HRTEM (columns b and c) images of palladium-based catalysts and, in
particular, heading towards the bottom, each line defines a catalyst with an increasing amount of praseodymium.
Concerning the FESEM images, as widely described in the literature [21,29], the hydrothermal synthesis enables the
obtainment of desirable nano-shapes characterized by the exposure of well-defined crystallographic planes and,
surprisingly, this morphology is retained also after the Pd-impregnation and the calcination treatment at 900 °C.
Nevertheless, as reported in Fig. S3, palladium-containing samples show a more rounded structure compared to the
corresponding catalytic carriers. On the whole, Pd/Ce100 exhibits a nanocubic morphology in compliance with the
aging treatment at 180°C [29]. Nanofibrous structures start to appear alongside the cubes when increasing the
praseodymium percentage in the catalytic framework (> 10%). The elongated particles become predominant in the
Pd/equimolar ceria-praseodymia and Pd/pure praseodymia, consistently with the rod-like organization previously
observed for nanostructured praseodymium oxides [30].
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Concerning the HRTEM images in Fig. 2, column b provides information about the ceria/praseodymia structure, whereas
column ¢ is more focused on the palladium morphology. As far as column b is concerned, starting from the Pd/Ce100
catalyst, the lattice fringes characterized by an interplanar distance of 0.314 nm (Fig. 2-b(i)) were ascribed to CeO,(111).
Conversely, FFT image analysis of Pd/Pr100 (Fig. 2-b(v)) revealed lines with an interplanar distance of 0.276 and 0.195
nm assigned to PrOx(200) and PrO«(220), respectively. As regards the cerium-praseodymium mixed oxides, reliably
ascribing the observed fringes to a pure oxide or to a mixed phase is not possible, given the high resemblance between
ceria and praseodymia in terms of crystal structure. Hence, the partial superficial microsegregation of some CeO; or PrOy
domains could not be confirmed nor excluded with certainty. In this regard, additional STEM-EDX mapping analysis
pointed out a homogeneous distribution of Ce and Pr in the mixed catalyst particles (see Fig. S4 and Table S3), suggesting
that the formation of a single phase appears more likely.

With regards to column c, well-defined palladium nanoparticles were difficult to identify likely due to the impregnation
technique which does not allow a homogeneous dispersion of noble metal. Nevertheless, some diversified palladium
species were observed in the samples in the form of fringes superimposed on the support framework. In detail,



palladium oxide was detected as PdO(002), with an interplanar distance of 0.266 — 0.267 nm. Some metallic palladium
embedded in an amorphous layer surrounding the ceria-praseodymia particles was also noted (a representative example
is shown in Fig. 2-c(ii)). Lastly, lattice fringes with an interplanar distance of 0.289 nm were observed in the Pd/Pr100
catalyst (Fig. 2-c(v)). The latter cannot be ascribed to PdO or PrOy, but they are consistent with the formation of a
palladium-praseodymium mixed oxide Pd,Pr.Os(201) (Powder Diffraction File PDF: 00-045-0528). As shown in Fig. 3,
the Pd/Pr100 sample exhibits a peculiar morphology, marked by sticks-like protuberances with atomic palladium-to-
praseodymium ratio approximately equal to 1, in well-agreement with the aforementioned Pd-Pr oxide formula.

Pd/Pr100

. Element Atomic percentage
Oxygen 39.6
Palladium 28.9
Praseodymium 315
Element Atomic percentage
Oxygen 68.4
Palladium 3.0
Praseodymium 28.6

Fig. 3. HRTEM image and energy dispersive X-ray (EDX) microanalysis of Pd/Pr100.

3.3 Catalyst surface composition and chemical state

Table 2. Relative abundance (at%) of oxygen, cerium, praseodymium and palladium species resulting from the XPS
spectra deconvolution. The deconvolution errors, reported in Table S4, are low.

Oxygen species Ce and Pr reduced ions Palladium species
sample O Op Ce® Pré* Pd° PdOy Pd?* pde*
Pd/Cel00 34.6 65.4 26.3 - 18.3 374 32.2 121
Pd/Ce90Pr10 32.8 67.2 21.8 51.3 7.9 23.7 48.4 20.0
Pd/Ce75Pr25 36.6 63.4 195 53.7 0.9 18.3 59.1 21.7
Pd/Ce50Pr50 51.0 49.0 18.6 54.9 0.7 15.8 60.1 234
Pd/Pr100 62.4 37.6 - 61.6 0.0 154 60.8 23.8

Surface-sensitive X-ray photoelectron spectroscopy (XPS) was employed to study the superficial chemical state of
palladium-based catalysts. In fact, the oxidation state of oxygen, cerium, praseodymium and particularly of palladium
play a key role in the methane oxidation reaction. The relative amounts of the different species detected in each sample
are given in Table 2.

As for the oxygen analysis, the O 1s XPS spectra presented in Fig. 4a show two major contributions. The lower binding
energy peak (528.5 — 529.2 eV) was ascribed to the O? anions like those of the crystalline framework, whereas the
higher binding energy peak (531.3 — 531.4 eV) was attributed to adsorbed surface oxygen species such as O,* and O
[31]. For the sake of brevity, these two oxygen species were respectively named Og and O,. Table 2 shows that the
addition of praseodymium to the catalytic structure tends to increase the O, concentration. Moreover, as a consequence
of the praseodymium inclusion, the Og peaks exhibit a shift towards lower binding energy probably linked to a higher



quantity of charge-reduced ions in the catalytic framework. This result is consistent with the Og position observed by
Zhang et al. [32] for pure praseodymium oxides (binding energy range of 528 — 528.4 eV). Finally, a third peak can be
identified in the O 1s spectra of the samples in the binding energy region from 533.6 to 534.6 eV which is commonly
assigned to weakly adsorbed species such as OH- and CO3? ions [25]. Although the presence of these groups cannot be
ruled out, it should be considered that their decomposition is expected to occur as a consequence of an extended thermal
treatment [20]. This additional contribution is more likely related to the overlapping of Pd 3p region; moreover, the
peak shift towards higher binding energies reveals that Pd is more reduced in Pd/Ce100 and more oxidized in the Pr-
containing materials [33].

The Ce 3d core-level spectra of the samples, shown in Fig. 4c, consist of ten peaks which were categorized into two
different groups. The first one matches the 3ds;, Ce level and includes the v, v, V', v and v'" contributions, whereas the
second set describes the 3ds, Ce level, and its peaks were denoted u,, u, u', u" and u™. Amongst them, the v, — U, and V'
— u' pairs were ascribed to Ce®*, while the other six peaks to the Ce** state [34]. An analysis of Ce 3d XP spectra reveals
that cerium is present in both +4 and +3 oxidation states at the catalysts surface, although the most oxidized form
prevails in all samples. Moreover, the amount of Ce®* ions decreases as the praseodymium percentage in the catalytic
structure increases. In Fig. 4d we also present the Pr 3d core-level spectra of the samples. Even there, three pairs were
expected for Pré* (b™ —a™, b" —a" and b — a), while the remaining four (b' — a' and b, — a,) were foreseen for the +3
oxidation state [34]. As shown in Table 2, the number of Pr3* ions seems to rise when increasing the dopant
concentration in the ceria lattice, as opposed to what was observed in the cerium analysis.

The Pd 3dsp-s2 Spectra are presented in Fig. 4b. As a result of the deconvolution process, the spectra were subdivided
into four pairs of peaks linked to palladium species with diversified oxidation states. More specifically, the typical
peaks of metallic palladium (marked as Pd®) were identified at 335.7 and 340.5 eV, whereas those due to the presence
of Pd?* (e.g. in segregated palladium oxide domains) appeared at 337.5 and 342.7 eV [35]. Additional peaks at
intermediate binding energies (336.7 and 341.7 eV) suggested the presence of palladium ions characterized by an
oxidation state between 0 and +2. According to the literature, these peculiar species, defined as surface/interfacial
oxides [36] or oxygen-palladium compounds [37], play a pivotal role in palladium oxidation and decomposition
processes. They were named as PdOx (with x<1) and may arise either from the contact between PdO and residual
metallic palladium particles or from the interaction between metallic Pd and chemisorbed oxygen on the materials
surface. Moreover, high binding energy peaks (338.2 and 343.3 eV) were observed in all the samples and assigned to
highly oxidized palladium species referred to as Pd®*9*, Such species are commonly ascribed to the formation of a solid
solution between the palladium ions and the support through the direct incorporation of the noble metal into the first
layers of the carrier structure [38]. The presence of Pd with different oxidation states was also confirmed by a more
comprehensive analysis of HRTEM images (Fig. S5). Overall, as illustrated in Fig. 4b and Table 2, all the previously
mentioned species can be found in the Pd/Ce100 and Pd/Ce-Pr samples. Nevertheless, as also suggested by the shift of
the Pd 3p peak previously discussed, the amount of metallic palladium and PdOy redox compound significantly
decreases with the increase of the praseodymium content in the catalytic structure; at the same time, palladium ions
either in the +2 oxidation state or in their strongly oxidized form (Pd?*9*) prevail in catalysts containing a high
praseodymium percentage. Overall, it is evident from the results that the praseodymium inclusion enables the
conservation of palladium in more oxidized species, i.e. Pd?* and Pd®*,
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Fig. 4. Deconvoluted high-resolution XPS spectra of powdered palladium-based catalysts in the O 1s (a), Pd 3d (b), Ce
3d (c) and Pr 3d (d) core levels. Dashed peaks highlight the O, and Og species in Fig. 4a, the Pd?* species in Fig. 4b, and
the +3 cerium and praseodymium oxidation states in Figs. 4c and 4d.

3.4 Temperature programmed experiments

3.4.1 Temperature programmed reduction (H,-TPR)
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Fig. 5. H>-TPR profiles of supports (a) and palladium-impregnated catalysts (b) in the extended 50 — 900 °C
temperature range.

Fig. 5 shows the results of the H.-TPR analyses carried out on the palladium-based catalysts and the relative supports.
The reduction profiles of the supports are relevant to determine the material change in terms of catalytic reducibility
after the palladium impregnation and the calcination at 900 °C. As far as the supports are concerned, the pure ceria
profile (red line in Fig. 5a) is distinguished by a low-intensity medium-temperature peak at 552 °C and a growing
consumption of hydrogen resulting in a high-temperature peak located at 869 °C. The first contribution is ascribed to
the surface oxygen reduction, whereas the second one comes from the bulk oxygen consumption or a part thereof [25].
On the other side, the pure praseodymia reduction profile consists of two partially overlapped reduction peaks centred at
534 and 584 °C. Focusing on Ce-Pr mixed oxides, they exhibit a single peak in an intermediate temperature range (550
— 555 °C) compared to that of cerium and praseodymium oxides. For each sample, the hydrogen uptake was evaluated
through the peak area calculation and normalized with respect to the quantity of catalyst used in the test. In this regard,
the H, consumption is greater in supports constituted by a large quantity of praseodymium (Table S5). Additionally, the
percentage of quadrivalent cations (Ce** + Pr#*) reduced to the trivalent oxidation state was calculated according to
Equations S1 and S2. Starting from pure ceria, in which only a small portion of oxide is reduced (15.3%, as per Table
S5), the percentage of reduced material grows in the Ce-Pr mixed oxides reaching a maximum value in the pure
praseodymia (54.2%, as per Table S5). Thus ultimately, in line with the literature, the surface reducibility of pure ceria
at intermediate temperatures is converted into a concurrent reduction of surface and bulk as the praseodymium content
in the mixed oxide is increased [20]. The improved reducibility of Pr-doped ceria is likely linked to its high abundance
of defect sites and oxygen vacancies, as revealed by Raman spectroscopy, which can promote the oxygen diffusion
within the crystal lattice [39].

As a result of the palladium impregnation and the calcination treatment (Fig. 5b), catalysts with different compositions
showed different behaviours in terms of reducibility. In detail, the Pd deposition on pure cerium oxide (red line in Fig.
5b) does not change neither the reduction profile obtained for the bare support, nor the hydrogen uptake evaluated
throughout the test (Tables 3 and S5). However, the Pd/Ce100 catalyst is probably characterized by a certain
reducibility in a temperature range lower than that investigated in these tests (< 50 °C). As a matter of fact, PdO
decomposition peaks were detected in the literature at very low temperatures. In this regard, Toso et al. [40] observed
two reduction peaks at about 7 °C ascribed to the reduction of highly dispersed PdOy species and more stable PdO
crystals linked to the support. The palladium deposition on praseodymium-containing samples results in a shift of the
reduction peaks towards lower temperatures compared to those of the supports. Hence, the introduction of Pd into ceria-
praseodymia systems undoubtedly increases their reducibility in terms of lowering the average reduction temperatures



by about 300 — 350 °C. However, it is worth nothing that an increase in the average reduction temperature by increasing
the praseodymium content is clearly observable in Fig. 5b. Furthermore, while maintaining the same trend of the
supports (higher H, consumption for samples richer in Pr), the hydrogen uptake of Pd-based materials is lower
compared to that of supports (Tables 3 and S5). Therefore, the noble metal improves the support reducibility but, at the
same time, Pr doping seems to inhibit the palladium reduction; nevertheless, the possible reduction of a fraction of PdO
below 50 °C is still a possibility that should be considered. Such results compare well with the literature [41] and give a
glimpse of the strong interactions between the palladium oxide and the praseodymium-containing supports, as
previously observed in XRD and Raman analyses. Lastly, Pd/Ce100 exhibits a negative peak at 77 °C attributed to the
B-phase palladium hydride decomposition [42].

Table 3. Hydrogen uptake per gram of samples during the H,-TPR analysis between 50 and 900 °C.

Sample H: uptake
(mmol g1
Pd/Ce100 0.46
Pd/Ce90Pr10 0.56
Pd/Ce75Pr25 0.57
Pd/Ce50Pr50 0.88
Pd/Pr100 1.33

3.4.2 Temperature programmed oxidation (TPO)

TPO analyses were performed to investigate the typical PdO-Pd phase transformation in Pd-based catalysts at high
temperature (PdO decomposition to Pd in the heating ramp and subsequent reoxidation of Pd to PdO in the cooling
ramp). The latter turns out to be particularly relevant to better understand the palladium redox cycle in the catalytic
tests. Considering that these experiments are based on the O, release/uptake, the contribution of the support cannot be
neglected. The simultaneous presence of abundant defect sites and of the Ce**/Ce®* and Pr**/Pr3* redox pairs indeed
enhance the oxygen mobility as well as the quantity of removable oxygen from the surface and the bulk of materials
(see the Ho-TPR results). Accordingly, the tests were carried out for both Pd catalysts and catalytic carriers; the
contribution of the latter was subtracted from the TPO profiles of Pd-containing materials in order to only assess the
noble metal redox cycle (detailed procedure in the SI document).

Table 4. O, release/uptake during the third TPO cycle and quantitative evaluation of the extent of PdO-Pd phase
transition.

O:2 release Oz uptake PdO—Pd decomposition Pd—PdO re-oxidation
Sample Heating Cooling (Heating ramp)? (Cooling ramp)®
(mmolO;, gear™) (%) (%)
Pd/Cel00 0.041 -0.040 59 57
Pd/Ce90Pr10 0.037 -0.033 52 47
Pd/Ce75Pr25 0.011 -0.011 15 14
Pd/Ce50Pr50 0.007 -0.006 10 8

2 Percentage of oxidized Pd species reduced to the metallic form during the heating ramp (ratio between the experimental
mmolO; gcat released during the third heating ramp and the theoretical mmolO; gcat if all the oxidized Pd species
were reduced to the metallic form)

b Percentage of metallic Pd re-oxidized to PdO during the third cooling ramp (ratio between the experimental mmolO;
geat ! uptaken during the third cooling ramp and the theoretical mmolO; gcar? if the cooling cycle started with the
presence of only metallic Pd)

Fig. 6 shows the oxygen release/uptake of Pd species during the third heating/cooling cycle for Pd/ceria-based
materials. In detail, focusing on the heating run, the TPO profiles are characterized by an O, release peak at a lower
temperature (about 740 °C) of approximately equal intensity for all catalysts. In addition, another peak at about 800 °C
can be observed for Pd/Ce100 and Pd/Ce90Pr10 and, interestingly, its intensity undergoes a gradual reduction and a
shift towards lower temperatures when increasing the dopant percentage into the catalytic structure, merging with the



low temperature peak in the case of Pd/Ce75Pr25. The presence of multiple peaks typically implies diversified
oxidized-palladium species or, more likely, different extents of interaction between PdO and supports [36,40]. In line
with the literature [22,41], the progressive disappearance of the high-temperature peak suggests the presence of strong
interactions between PdO and Ce-Pr oxides, hindering the PdO reduction to the metallic form. As a matter of fact, only
the species more weakly linked to the support can be reduced to the metallic form in the 740 — 760 °C temperature
range. These outcomes were further demonstrated by evaluating the percentage of oxidized Pd species reduced to
metallic Pd and the percentage of Pd re-oxidized throughout the third heating and cooling TPO cycle, respectively. For
this calculation, the percentage of oxidized species at the beginning of the third heating cycle was assessed through ex
situ XPS analyses (comprehensive data in the SI document). As evident in Table 4, in both heating and cooling cycles,
the more the Pr percentage increases, the more the fraction of Pd species involved in the PdO-Pd transition decreases.
Hence, the introduction of Pr strongly affects the PdO-Pd redox cycle, limiting its extensiveness.
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Fig. 6. Oxygen release (solid lines) and uptake (dashed lines) profiles during the third heating and cooling TPO cycle,
respectively.

3.3 Extent of water-catalyst and hydrocarbon-catalyst interactions

As anticipated in the introduction, the hydrophilic-hydrophobic features of catalyst surfaces can strongly influence
catalytic activity, especially in the presence of water. The latter has indeed a detrimental effect on Pd-containing
materials and severely affects their performance in the CH4 oxidation reaction [8,43].

Therefore, the interactions between water and the surface of the studied materials were investigated via FTIR
spectroscopy. In the room temperature spectra of all the fresh catalysts (Fig. S10), it was possible to characterize the
water contribution from the OH bending band at 1640 cm™ and the wide band in the 3760 — 2900 cm range. The latter
includes the OH stretching vibration of physisorbed water along with the OH bending overtone between 3500 and 2900
cm. As illustrated in Fig. S10, the intensity of these bands markedly decreased after degassing treatments performed at
different temperatures. More specifically, in the H,O stretching zone, the spectrum recorded after the degassing process
at 500 °C turned out to be almost flat in the case of Pd/Ce100 and Pd/Ce90Pr10, whereas the spectrum of Pd/Ce75Pr25
and Pd/Ce50Pr50 was characterized by relevant peaks over the 3659 — 3635 cm™ range due to the presence of bridging
hydroxyls [44]. Therefore, it seems that a higher percentage of Pr in the catalytic structure could make the materials
more prone to retain adsorbed water on their surface.



In order to better understand these preliminary findings, the interactions of H,O molecules with the Pd/Ce-Pr surfaces
were further studied through in situ FTIR spectroscopy. The latter is indeed regarded as a powerful tool to investigate
the hydrophilic properties of materials. Hence, after treating the samples under vacuum at 500 °C for 1 h, water was
introduced into the IR cell (at a partial pressure of 11 mbar) and a progressive degassing process was performed. FTIR
spectra were collected during the degassing phase which was carried out at different pressures (pressure-dependent
degassing at 8, 6, 4, 2, 0.8, 0.4 mbar) and 15, 30 and 60 min after reaching the minimum achievable pressure (time-
dependent degassing). As detailed in Fig. 7 and Fig. S12, the water-associated bands progressively decreased in
intensity during the pressure-dependent degassing for all the catalysts. Strikingly, these bands completely disappeared
15 min after the beginning of the time-dependent degassing for Pd/Ce100 and Pd/Ce90Pr10, while a large amount of
adsorbed water was observed for Pd/Ce75Pr25 and Pd/Ce50Pr50 even 60 min after the beginning of the time-dependent
degassing process. Therefore, as previously suggested by our preliminary analysis, the samples with greater amount of
Pr have more affinity with H,O than Pd/Ce100 and Pd/Ce90Pr10.
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Fig. 7. Baseline subtracted FTIR spectra acquired during the in situ water pressure-dependent degassing at P = 11, 8, 6,
4, 2,0.8, 0.4 mbar and 15, 30, 60 min after reaching the minimum achievable pressure (time-dependent degassing) in
the OH stretching region.

The surface properties of the catalysts were further investigated through NMR for the purpose of assessing the
interactions of both water and hydrocarbons with the samples. In particular, NMR relaxation time measurements were
used to characterize the affinity of water and n-octane with the surface of the Pd/Ce-Pr catalysts as a function of Pr
content within the Ce-Pr support. From the NMR T1/T- ratio, where T is the longitudinal and T, the transverse spin
relaxation time, the relative affinity between the selected solvent and the catalyst surface could be determined. Such
measurements have previously been used to characterize surface interactions in porous catalysts [45,46], including
unravelling the effect of water on the selective catalytic reduction of NOy using Ag/Al,Os catalysts [47]. A plot of the
T4/T- ratio of water versus the Pr percentage for different Pd catalysts (Fig. S13) confirmed the FTIR results. It is
evident that the H,O affinity of the studied samples increases with the increase of the Pr dopant amount in the catalyst
structure.

It is now of particular interest to evaluate the T1/T- ratio of n-octane normalised over the T1/T, ratio of water as a
function of Pr composition (data and fittings for T, and T> measurements are provided in Supporting Information, Fig.
S14 and Table S9). This normalised ratio can be taken as an indicator of the relative surface affinity towards a
hydrocarbon as compared to water. A similar approach has previously been used to characterize solvent inhibition over
metal nanoparticles supported on porous oxides used in oxidation reactions [48]. As evident from Fig. 8, the addition of
10% Pr leads to a sharp increase in the T1/T, of n-octane normalised over that of water. Further increase in Pr loading
leads to a gradual decrease of this parameter. These results indicate that small amounts of Pr lead to an increased
interaction between the catalyst surface and hydrocarbons. In comparative terms, this could indicate an enhanced
adsorption of methane compared to that of water, making the Pd/Ce90Pr10 catalyst more water tolerant.
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3.6 Catalytic activity test

Methane oxidation tests were carried out to evaluate the catalytic activity of the samples. The catalytic performances of
palladium-containing materials in both dry and wet conditions are shown in Fig. 9 (Fig. 9a,b for dry tests and Fig. 9c,d
for wet tests). For such experiments, the second heating/cooling cycle was recognized as representative of the catalyst
behaviour, especially in terms of the PdO/Pd transition (high-temperature PdO reduction to Pd in the heating run and Pd
re-oxidation to PdO in the cooling run). For the sake of comparison, we also tested the reaction on the bare supports and
the results are illustrated in Fig. S15.

As per the literature [3], looking at the heating run in dry conditions (Fig. 9a), the palladium deposition on pure ceria
enables the obtainment of an active catalyst for the methane oxidation reaction. However, this system is characterized
by the typical loss of activity in the temperature range of 700 — 800 °C due to the dynamics of the PdO/Pd
transformation. Despite having a similar palladium dispersion (see the related assessment method in the SI document),
the Pr-containing catalysts exhibit a different behaviour in terms of catalytic activity with respect to that of Pd/Ce100.
In detail, the presence of a small percentage of dopant (10%) in the support framework results in two beneficial effects.
Firstly, Pd/Ce90Pr10 (orange line in Fig. 9a) exhibits greater activity compared to Pd/Ce100 at both low and high
temperatures. Secondly, the typical high-temperature loss of activity due to the thermal decomposition of oxidized
palladium species was not observed. Instead, concerning the other compasitions, the inclusion of a higher amount of
praseodymium in the lattice structure of ceria leads to a considerable decline in the catalytic activity, moving the
conversion curves towards higher temperatures. Nevertheless, it should be noted that these highly doped samples, as in
Pd/Ce90Pr10, do not show any activity loss in the high-temperature range. An attempt to directly monitor the evolution
of the Pd species during the catalysis was made by means of in situ Raman spectroscopy (Fig. S18). Unfortunately,
limited information was obtained with this technique, due to the absence of Raman signals attributable to metallic Pd
and to anharmonicity effects causing a fast disappearance of the PdO features during heating. However, the reduction of
part of the initially present PdO during heating in reactive conditions was observed for both Pd/Ce100 and
Pd/Ce90Pr10, as can be observed in Fig. S19.

Turning to the cooling run (Fig. 9b), the drop in activity arising from the redox transformation of palladium species
appears very pronounced in Pd/Cel00 and its severity decreases as the Pr percentage in the catalytic structure increases.
In fact, the activity loss is totally absent in nanostructured Pd/Ce50Pr50 and Pd/Pr100. Thus, as expected by TPO



analyses (as per Fig. 6), the fraction of Pd species in the oxidized form that takes part in the high-temperature redox
process markedly decreases with increasing the dopant content embedded in the catalytic framework.

Based on these findings and taking into consideration that the Pd morphology and oxidation state are influenced by the
support, we conferred the limited or absent loss of activity at higher temperature of the Pr-based samples to strong
interactions of palladium particles with praseodymium oxide, hindering the Pd reduction to the metallic form. Strong
PdO-PrOy interactions were observed in most of the employed characterization techniques (XRD, HRTEM, TPR/TPO
and Raman) and result in the formation of a PdO-PrOy phase in the Pd/Pr100 catalyst. In line with the literature [22],
this PdO-PrOx mixed-phase appears thermally stable in air up to 1200 °C, ahead of its decomposition to the metallic
form. A tiny amount of this compound could also be present in the other praseodymium-containing catalysts (Pr <
50%), even though it was not observed with the employed characterization techniques, likely due to the smaller
praseodymium quantity. In general, an excessively strong linkage between palladium and praseodymium, as well as the
associated retention of the noble metal in the +2 oxidation state (XPS analysis outcomes suggest that the presence of Pr
considerably increases the Pd?* stability), seems detrimental for the catalytic activity so as to make the performance of
Pd/Ce50Pr50 and Pd/Pr100 equal or even worse than that of the respective supports (Fig. S20).

On the whole, the Pd/Ce90Pr10 catalyst seems to be the best compromise amongst the investigated materials, in terms
of Pd-Pr interaction strength. In fact, this catalytic system is highly active at low and medium temperatures, thanks to
the presence of Pd in both reduced (i.e. Pd and PdOx) and oxidized (i.e. Pd?* and Pd®*®*) forms; at the same time, the
stabilization of a fraction of Pd?* by praseodymium is responsible for a limited loss of activity due to the PdO-Pd
transition at high temperatures.
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The catalytic performances of palladium-based catalysts were also investigated in wet conditions (5 vol% of water
added to the incoming flowrate) in order to study the water inhibition effect. Fig. 9c and Fig. 9d show, respectively, the
light-off curves of the second heating and cooling cycle in wet conditions. The addition of water to the feed results in

two detrimental effects on the methane oxidation reaction. Firstly, the heating and cooling conversion curves are shifted
towards higher temperature (as confirmed by the significantly lower reaction rates reported in Table S16) and, secondly,
the presence of water seems to emphasize the high-temperature loss of activity, typical of palladium-based materials. As

to Fig. 9c and Fig. 9d, all the catalysts undergo a deactivation effect in the presence of water, at least during the cooling
phase. Generally, the medium/high temperature activity of Pd/Ce-Pr samples in the presence of water reflects the one
previously observed in dry conditions. Indeed, the activity loss between 650—750 °C progressively decreases with Pr



doping (with the exception of the Pd/Ce75Pr25 sample only during heating, while the expected trend was observed
during the cooling run). In addition, the most performing catalyst in dry conditions (Pd/Ce90Pr10) turns out to be
exceptionally active also in the presence of water. Its conversion curve is indeed minorly shifted towards higher
temperature and does not show the loss of activity in the high temperature range (700 — 800 °C) during heating.

Generally speaking, in these materials the water-induced deactivation may be connected to two major effects [49]: (1)
competitive adsorption of water and methane on the palladium active sites and (2) changes in the chemistry of
palladium and, in particular, in its oxidation state. As to the first point, water competitively adsorbs on the palladium
active sites with the formation of hydroxyl groups strongly bonded to the catalytic surface. The latter detrimentally
affects the rate determining step of the CH4 oxidation reaction, i.e. the C-H bond breakage, especially at medium-low
temperature [50]. With this knowledge, the higher affinity with hydrocarbons as compared to water of Pd/Ce90Pr10,
highlighted by NMR and FTIR measurements, may account for its superior performances with respect to the other
materials. In fact, this property enables a reduction of the competitive adsorption between the water and methane
molecules, promoting the methane-catalyst interactions.

As far as the second aforementioned effect is concerned, we studied the evolution of the palladium oxidation state
throughout the catalytic tests by means of ex situ XPS analyses. More specifically, conventional methane oxidation tests
(the second heating/cooling representative cycle, as per usual) were performed, but the reaction was stopped at some
temperatures of interest by sending pure nitrogen to the reactor and cooling the system down to room temperature as
fast as practicable. In this way, the inert atmosphere allowed to preserve the chemical state achieved by the catalyst at
high temperature (as confirmed by in situ Raman spectroscopy, see Fig. S19). The powder was thereafter investigated
by XPS measurements. Hence, the Pd oxidation state during wet CH,4 oxidation was evaluated for all the samples by
stopping the second heating cycle at 675 °C (Fig. S21 is a representative image of the selected breakpoints, while the
results coming from the XPS spectra deconvolution can be found in Fig. S22 and in Table 5). Comparing the Pd
oxidation state of fresh samples and samples at 675 °C (Table 5) shows that the fraction of highly oxidized Pd species
remained almost constant throughout the methane oxidation test. However, it is interesting to note that in Pd/Ce100 a
substantial fraction of Pd?* ions was reduced mostly to PdOxand to a lesser extent to metallic palladium, as a result of
heating in reaction conditions. The situation markedly changed just adding a small amount of praseodymium. Indeed,
by comparing the oxidation state of the fresh and the medium temperature Pd/Ce90Pr10 sample, a decrease in the Pd?*
concentration was barely detected; at the same time, a reduction of some PdOy species to metallic Pd was noted. A
similar behavior was also observed for the samples with a higher Pr loading, but with a smaller amount of PdOy reduced
to Pd®. Hence, in Pd/Ce100 a transformation of Pd?* into more reduced species was observed during CH, oxidation,
especially approaching the PdO-to-Pd transitional temperature. Instead, in the doped samples praseodymium strongly
influences the Pd oxidation state: the fraction of Pd?* was almost unchanged comparing the fresh and the used Pr-
containing samples, while only a small amount of PdOy species weakly bonded to the support were reduced to the
metallic form. Thus, these ex situ XPS analyses confirm the strong PdO-PrOy interactions detected throughout the work,
which also occur in the presence of water.

Table 5. Relative abundance (at%) of Pd species in the fresh samples and in spent samples resulting from ex situ XPS
analysis performed in the breakpoints shown in Fig. S21. The corresponding XPS spectra are illustrated in Fig. S22.

Temperature Effect

Palladium species (at%o)
[] | Catalyst Fresh samples Wet CHa oxidation @ 675 °C
Pd° PdOy Pd?* Pd@+o+ Pd° PdOy Pd?* Pd(@+d*

5 Pd/Cel100 18.3 37.4 32.2 121 211 41.2 255 12.2
i Pd/Ce90Pr10 7.9 23.7 48.4 20.0 15.6 17.7 48.0 18.7
o Pd/Ce75Pr25 0.9 18.3 59.1 21.7 3.8 16.3 58.3 21.7
Pd/Ce50Pr50 0.7 15.8 60.1 23.4 2.8 15.3 58.6 234
< | Pd/Pr100 0.0 154 60.8 238 1.6 15.1 59.2 24.1




In addition, further ex situ XPS analyses were performed on Pd/Ce90Pr10, as it is the most active catalyst, in order to
investigate the evolution of the Pd oxidation state during dry and wet methane oxidation. In details, the four breakpoints
in Fig. 10a and Fig. 10b were examined: the Pd XP spectra corresponding to such points are shown in Fig. S23, while
the relative deconvolution results are reported in Table 6. The effect of water on the palladium oxidation state can be
evaluated by comparing points 1 and 3 in Fig. 10. At 900 °C, the fraction of metallic Pd in the Pd/Ce90Pr10 sample is
much higher in the presence of water. Hence, in wet conditions, a greater fraction of Pd species is involved in the high
temperature redox transition. Furthermore, two additional points were considered for the wet methane oxidation cycle
(Fig. 10b): point 4 matches the temperature of the minimum conversion achieved during the loss of activity in the
cooling cycle (around 675 °C), while point 2 was taken at the same temperature but in the heating phase. In this case, it
is noteworthy that the fraction of oxidized palladium species gradually decreases while warming up the system (point
2), until reaching a minimum at the end of the heating cycle (point 3). Moreover, at intermediate temperature (675 °C) a
greater percentage of metallic palladium was detected in the cooling ramp (point 4) with respect to the heating one
(point 2), thus pointing out the difficult palladium oxidation occurring in the cooling phase. In this respect, the limited
ability to re-form palladium oxide during the cooling ramp was ascribed to kinetic limitations [43]. Overall, the results
obtained from ex situ XPS indicate that Pd oxidation state changes in a significant way during the wet CH,4 oxidation.
Additionally, in water presence, the amount of palladium species taking part in the redox transformation at high
temperature is greater compared to the dry cycle.

In the final analysis, the water deactivation effect turns out to be a complex phenomenon influenced by both effects
studied so far, that is, water adsorption and Pd oxidation state alteration. Among the studied samples, Pd/Ce90Pr10
sample appears to be the most active catalyst either in the absence or presence of water. Although a higher palladium
fraction is involved in the redox transformation during the reaction cycle in wet conditions (compared to the dry one),
the competitive adsorption between the water and the methane molecules could be substantially reduced thanks to the
hydrophobicity of this catalytic system, thus promoting the methane-catalyst interactions. Moreover, the surface OH
groups, whether they are produced by the CH. oxidation reaction (dry conditions) or by the presence of water in the
inlet flow (wet conditions), are retained to a lesser extent from the catalytic surface, thereby allowing a quick
regeneration of the active sites.
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Fig. 10. Dry (a) and wet (b) breakpoints during the CH, oxidation reaction. For each point, ex situ XPS analyses were
carried out to study the Pd chemical state (Table 5).



Table 6. Relative abundance (at%) of palladium species in Pd/Ce90Pr10 resulting from the ex situ XPS analysis
performed in the breakpoints shown in Fig. 10.

CHys oxidation breakpoints Palladium species (at%)

Pd° PdOx Pd? pPd@*
(D Pd/Ce90Pri0 DRY @ 900 °C 17.7 20.5 41.8 20.0
(2 Pd/Ce90Pr10 WET @ 675 °C Heating 15.6 17.7 48.0 18.7
(3 Pd/Ce90Pr10 WET @ 900 °C 334 23.8 23.7 19.2
(@) Pd/Ce90Pr10 WET @ 675 °C Cooling 22.3 20.5 37.9 19.4

Finally, for comprehensively studying the Pd/Ce90Pr10 catalyst, its long-term stability in wet conditions was assessed
at two different temperatures (i.e. two different levels of conversion). More specifically, after performing a first
methane oxidation cycle, the second run was blocked at the temperature of interest for several hours. Interestingly, the
activity of Pd/Ce90Pr10 was well preserved treating the sample at both 500 °C for 3 h (CH4 conversion of 60% — see
Fig. S24) and 565 °C for 8 h (CH4 conversion of 90% — see Fig. S25). Hence, this catalyst is characterized by a high
thermal stability and the water inhibition effect does not affect its long-term performances above 500 °C. The palladium
oxidation state of the used catalyst was determined by using ex situ XPS analysis, through the same procedure
previously described. By comparing the deconvolution results of the fresh and spent samples (see Table 2, Fig. S26 and
Table S17), the percentage of Pd®**was unchanged. On the other hand, in both the exhausted samples the metallic
palladium slightly increased compared to the Pd® percentage detected in the fresh material. This means that a small
amount of oxidized palladium was reduced during the stability test. However, most interestingly, a decrease in the PdO
amount associated with an increase in the PdOy concentration is clearly noticeable in the used samples as compared
with the fresh one, especially for the sample tested at a higher temperature. As anticipated in the XPS section, the
formation of a substantial amount of PdOx was expected, looking at its pivotal role as a redox transitional compound in
the reduction of palladium oxide to metallic palladium. Moreover, the palladium oxidation transition from oxidized PdO
to intermediate PdOx species was not related neither to a decrease in the catalytic activity nor to a change in the Pd
morphology (Figs. S25 and S28). Hence, the high hydrothermal stability of Pd/Ce90Pr10 makes this catalyst a
promising candidate for real applications.

4. Conclusions

In summary, nanostructured ceria, ceria-praseodymia and praseodymia catalysts synthesized through the hydrothermal
method and impregnated with 2 wt% of Pd were fully characterized and tested for dry and wet complete CH4 oxidation.

The introduction of a small amount of Pr into the ceria structure allows to obtain a more active material (2 wt% of Pd
supported on a mixed oxide with 10% of Pr) than the typical Pd/CeO; systems. Hence, the simultaneous presence of Pd
in its reduced and oxidized forms, detected by XPS, turned out to be a key factor for high activity. On the other hand,
the catalytic activity decreases when further increasing the Pr content due to the palladium retention mainly in its
oxidized form. Overall, a large amount of Pr turns out beneficial to reducing the activity loss at 650 — 700 °C due to the
PdO-Pd transition observed in the catalytic tests, but also disadvantageous in terms of low-temperature activity. This
behaviour arises from strong interactions between the Pd and Pr oxides, confirmed by the formation of a PdO-PrOy
mixed-phase observed via XRD, HRTEM and Raman analyses.

Additionally, our results provide compelling evidence of the high activity and stability of Pd/Ce90Pr10 also in the
presence of water, considering its greatest hydrophobicity detected through in situ FTIR and NMR analyses, paving the
way for using this system in real applications.
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