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ABSTRACT

Catalytic oxidation is the most effective technology to control methane emissions from both mobile and stationary
sources. Palladium-based materials are widely viewed as the most active catalysts for the methane abatement reaction,
even though the high-temperature PdO/Pd transition is linked to a decrease in catalytic activity. Aimed at minimizing
this phenomenon, this work compares the catalytic activity and the thermal stability of different Pd-impregnated
cerium-praseodymium mixed oxides prepared via Solution Combustion Synthesis. Although the palladium deposition
on pure ceria allows obtaining a highly active system, the introduction of praseodymium enhances the thermal stability
of the catalyst in an extended temperature range. X-ray photoelectron spectra show that the presence of praseodymium
retains Pd in a more oxidized form, thus stabilizing the high-temperature active phase. This effect, as evident from X-
ray diffractograms and Raman analyses, was attributed to a strong interaction of palladium particles with
praseodymium, thereby hindering their reduction to the metallic form. Moreover, Pr doping played a significant role
during methane oxidation in the presence of 5% H,0, improving both activity and stability compared to Pd on pure
ceria. On the whole, Pd/Ce90Pr10 (2 wt% palladium supported on a mixed oxide with a praseodymium content of 10%
on a cerium-praseodymium molar basis) was found to be the most promising catalyst amongst the studied materials in
both dry and wet conditions, benefitting from the synergistic effect of ceria and praseodymia in improving the Pd
activity and stability.

1. Introduction

Natural gas is attracting widespread interest in the automotive and power generation sectors due to the growing
awareness of climate change mitigation. It indeed turns out to be the cleanest fossil fuel regarding its poor CO,, CO,
NOx and SOy production compared with oil and coal [1]. However, methane is distinguished as a strong greenhouse
molecule looking at its Global Warming Potential 28 times higher than carbon dioxide on a 100-year time framework
[2,3]. In the context of reducing the environmental impact of methane emissions, catalytic oxidation stands out as the
most suitable solution for unburned CH4 emissions control.

It is generally accepted that supported palladium catalysts are the most effective and active materials for the unburned
methane abatement [4,5], even though in the literature some aspects remain unsolved. Additional experimental studies
are required to understand the nature of active sites during the typical reaction conditions. Concerning this matter, the
negative contribution to the catalytic activity arising from the PdO/Pd transition suggests the importance of palladium
oxide at high temperature [6]. On the other side, in the low-temperature range, high methane conversion has been
observed on either under-coordinated palladium sites in PdO or metallic palladium [7]. As confirmation, further studies
have recognized a mixture of PdO and metallic Pd necessary for methane molecule activation [8,9]. Overall, however,
the palladium oxidation, or at least the partial oxidation of its surface, appears to be crucial to obtain a significant
activity also in the low-temperature range [10].



In recent years much research has focused on the study of different supports in the interests of obtaining an active and
stable catalyst in an extensive temperature range. In this matter, the role of the supports appears to be negligible when
compared with the intrinsic activity of palladium species at low temperature [11]. Nevertheless, in accordance with
recent works, the extent and the type of interactions between noble metal and support can modify the palladium redox
properties, and therefore affect its activity [12]. Conversely, it has been observed that the supports play a more crucial
role at high temperature. In this case, palladium-support interactions strongly influence the typical PdO/Pd
transformation [13,14]. In this regard, various material such as Al.0s, SiO,, SnO, and ZrO, have been widely
investigated as supports for palladium nanoparticles [11,15,16]. Moreover, other active systems have been obtained by
using some transition metal oxides (i.e. Fe2O3, NiO and C030.) as Pd carriers [17]. However, amongst the different
materials investigated, the use of ceria as catalytic support has shown great interest over the last decades [13,18,19]. Pd-
CeO; systems have revealed a mutual improvement in the redox properties of the two species, as well as enhanced
reducibility of the systems [20]. Moreover, ceria has proved to increase the thermal stability range of palladium oxide,
by promoting fast oxidation of the potentially formed metallic palladium [6,21,22].

Taking into consideration the high activity of Pd/ceria catalysts, in our recent work we have observed that the platinum
deposition on equimolar ceria-praseodymia, unlike on pure cerium oxide, is prone to retaining the noble metal in its
most oxidized form, even after an extended thermal treatment [23]. Moreover, Fuentes et al. [24] proposed 1 wt%
Pd/Ceg.9L.no.102-5 (where Ln = Pr or Gd) as excellent materials for the methane oxidation and the activity was related to
high reducibility and strong palladium-support interactions. However, to the best of our knowledge, the interactions
between palladium and ceria-praseodymia supports with different composition have not been investigated in the
literature yet.

Thus, in this study, we used the SCS method to synthesize cerium-praseodymium mixed oxides with different
compositions as catalytic carriers for palladium nanoparticles for methane oxidation. Since in this reaction oxidized
palladium species or any part thereof are necessary to obtain high activity and stability, the praseodymium insertion in
the ceria lattice appears promising to stabilize the active phase, especially in the high-temperature range. On the whole,
the properties resulting from the characterization techniques were correlated with the results of the catalytic activity
tests. These latter were carried out in both dry and wet conditions (5 vol% of water in the inner flow) to also examine
the role of praseodymium in the well-established severe deactivation of water in the methane oxidation reaction [25-
28]. Furthermore, this paper extends the application area of ceria-praseodymia materials, already widely studied for soot
and CO oxidation due to their remarkable redox proprieties [23,29-31].

2. Methods

2.1 Catalyst synthesis

Cerium-praseodymium mixed oxides were prepared through the solution combustion synthesis (SCS) procedure in
order to obtain catalytic carriers for the palladium nanoparticles deposition. Throughout this work, the resulting
catalysts were denominated as Pd/Ce(100-X)Pr(X), wherein (X) indicates the nominal atomic percentage of Pr in the
samples on a Ce-Pr molar basis. The corresponding carriers were referred to as Ce(100-X)Pr(X).

For the preparation of the catalytic supports, prescribed amounts of Ce(NO3)3-6H20 and Pr(NO3)s-6H,0 were mixed in
120 mL of deionized water to achieve a total quantity of cation in the final product equal to 17.6 mmol. After adding 3.2
g of urea, the mixture was stirred until the complete dissolution of the various components. Then, the solution was
poured into a ceramic crucible and heated to 650 °C for 20 min. Finally, the obtained solid powder was gently ground.

2 wt% palladium-based catalysts were obtained by incipient wetness impregnation starting from the carriers described
above. In this respect, 1.5 grams of support were treated using a Pd(NO3), solution poured dropwise onto the material
and subsequently calcined in air at 900 °C for 4 hours.

2.2 Catalyst characterization



The proper Pr/Ce molar ratio of the samples together with the palladium weight percentage were confirmed by using a
Thermo Scientific iCAP RQ ICP-MS device. In this regard, powder catalysts were processed in a mixture of nitric acid,
hydrochloric acid and hydrogen peroxide at 200 °C for 30 min and afterwards diluted to obtain the suitable metal
concentration for the analysis.

The crystallographic structure of powders was determined by X-ray diffraction using a Philips X’Pert PW3040
diffractometer. Diffraction patterns were collected in a 20 angle range between 20° and 80° using a Cu Ka radiation (A
=1.5419 A, scan step size = 0.013° and acquisition time of 0.2 seconds per step). The peaks resulting from the
diffractograms were assigned in conformity with the Powder Diffraction Files by the International Centre of Diffraction
Data (ICDD). The lattice parameter (a) was estimated through the Nelson-Riley extrapolation approach, while the mean
size of crystallites was evaluated using Scherrer’s formula. With regards to the latter, lanthanum hexaboride (LaBe) was
used as standard material for XRD peak broadening correction.

Porosity and surface area of powders were determined using a Micromeritics Tristar 11 3020 apparatus through nitrogen
physisorption at -196 °C. Samples were outgassed in nitrogen at 200 °C for 2 h as a thermal treatment prior to the
measurement. Specifically, the surface area was evaluated by applying the Brunauer-Emmett-Teller (BET) method and
the specific pore volume was determined by the Barrett-Joyner-Halenda (BJH) calculation.

Raman spectroscopy was performed employing a Renishaw InVia micro-Raman spectrometer equipped with a solid-
state laser emitting visible light at 514.5 nm. Three room temperature Raman spectra were collected in different points
for each sample under a 5x objective, using a 10 mW excitation power and a 225 s acquisition time.

Morphology of both supports and Pd-containing materials was observed through a Zeiss Merlin field emission scanning
electron microscope (FESEM) with a Gemini-1I lens column.

The surface chemical state of the palladium-based catalysts was investigated through X-ray photoelectron spectroscopy
(XPS) using an XPS PHI 5000 Versa Probe instrument (band-pass energy = 187.85 eV, take-off angle = 45° and an X-
ray spot size diameter of 100.0 um). Spectra deconvolution analysis was then performed to study the relative abundance
of the various cations within the superficial catalytic framework.

The catalyst reducibility was evaluated by temperature-programmed reduction with hydrogen using a Thermo Scientific
TPDRO 1100 equipped with a TCD detector. As a thermal pre-treatment, catalysts were treated with 20 mL min* of
oxygen at 550°C for 1 h with the purpose of removing the possible traces of water and/or other physisorbed compounds.
In a typical reduction test, 50 mg of sample were exposed to a flow rate of 20 mL min-! of hydrogen (5 vol%) in Ar by
heating the system from 50 to 900 °C.

2.3 Catalytic activity tests

The catalytic activity of both supports and Pd-impregnated catalysts was assessed during the methane oxidation
reaction. For this purpose, 50 mg of each material were lightly mixed with 150 mg of silicon carbide to prevent
inhomogeneous heating of the catalytic bed. The solid mixture was then placed in a 4 mm inner diameter U-shaped
reactor located, in turn, in a PID-controlled furnace. The temperature of the catalytic mixture was monitored by using a
thermocouple arranged as close as practicable to the catalytic bed. Samples were pre-treated in air at 100 °C for 30 min
ahead of each catalytic test. The latter was commonly performed treating the sample in a 150 mL min* flow constituted
by 0.3 vol% of CH4 and 1.2 vol% of O, in nitrogen, using a gas hourly space velocity (GHSV) in the range of 60000-
80000 ht. As concerns the palladium-impregnated catalysts, the catalytic tests were also carried out in wet conditions (5
vol% of water added to the inlet flow) through the use of a Bronkhorst Controlled Evaporation and Mixing system
(CEM). In all tests, two consecutive heating and cooling cycles were conducted by ramping the system at 5 °C min-
and by using 100 and 950 °C as starting and final temperature, respectively. Finally, the outgoing flow of the reactor
was monitored through two continuous analysers: an ABB A02020 non-dispersive infrared analyser for CHa4, CO, CO,
and an Emerson XStream X2GP paramagnetic analyser for O, concentration.

3. Results and discussion



3.1 Structural properties of the catalysts

Table 1

Pd, Ce and Pr contents in the palladium-based catalysts analysed via ICP.

Sample Pd loading Ce content Pr content
(Wt%) (at%) (at%)
Pd/Ce100 1.82 100.0 0.0
Pd/Ce90Pr10 1.58 89.8 10.2
Pd/Ce75Pr25 1.67 75.1 24.9
Pd/Ce50Pr50 1.66 50.4 49.6
Pd/Pr100 1.68 0.0 100.0

The actual Ce and Pr molar content as well as the palladium weight percentage of samples was quantified via ICP
analysis. The latter was only carried out on Pd-containing materials taking into account that the noble metal
impregnation does not change the Ce-Pr ratio of the starting supports. In this matter, as listed in Table 1, all samples
exhibit a measured palladium percentage slightly lower, but quite similar to the nominal loading (2%). In addition, the
cerium and praseodymium content results to be practically identical to the theoretical one.

(@)=

-—
~

—~
o
o
AN
~

—_~
<)
I\
o

Intensity (a.u.)

Ce.75Pr:2‘5-

Ce90Pr10

Ce100

T T T

30 40 50
26 (°)

20

60

T

70

80

Intensity (a.u.)

(b) =~ * PdO
= *Pd-Pr oxide
T & = 25
o -
8 8 s§ & <8
~N o AN
x| % § 8§ ¥ %
Pd/Pr100

20
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Table 2 summarises the primary structural properties of the powder materials, investigated through XRD, N

physisorption and Raman analyses.



Fig. 1 shows the X-ray diffractograms of supports (Fig. 1a) and palladium-containing materials (Fig. 1b). The high
similarity between the various patterns is expected due to the close ionic radius value of Ce** and Pr** cations [32].
Additionally, the typical cubic fluorite structure of ceria-praseodymia materials is hereby confirmed by the presence of
(111), (200), (220), (311), (222), (400), (331) and (420) planes [33,34]. As evident in Fig. 1a, the diffractogram of
praseodymia is characterized by peaks centred at smaller angles compared to those of pure cerium oxide and the
difference is all the more noticeable when increasing the 26 value. Concerning cerium-praseodymium mixed oxides, it
is noteworthy that samples with low dopant content (Ce90Pr10 e Ce75Pr25) exhibit peak positions nearly identical to
those of pure ceria. A shift towards smaller angles was instead observed in the case of equimolar ceria-praseodymia
with a value ranging from 0.04 to 0.3° for low and high 26 values, respectively. Such an effect suggests an elementary
cell expansion due to the presence of a greater number of reduced ions in the lattice structure of the materials, as a
consequence of the insertion of a high amount of dopant into the ceria framework. On the whole, the limited peak shifts
outlined in the diffractograms along with the absence of double peaks arising from phase segregation between the two
oxides point out the formation of a solid solution between cerium and praseodymium ions, with dopant ions well
embedded in the ceria framework.

As far as the palladium-based materials are concerned, the diffraction patterns of Pd/Ce100, Pd/Ce90Pr10 and
Pd/Ce75Pr25 show an additional peak centred at 33.8° (Fig. 1b), which was assigned to the segregation of palladium
oxide (JCPDS: 00-041-1107). This feature was instead absent in the Pd/Ce50Pr50 and Pd/Pr100 diffractograms,
suggesting that high Pr loading in ceria may be linked either to minor palladium segregation or to the formation of
smaller PdO clusters. Interestingly, significant peaks at 31.5° and 34.4° were noted after the palladium deposition on
pure praseodymium oxide. According to the literature, they can be attributed to the presence of a palladium-
praseodymium mixed phase resulting from an extended high-temperature calcination treatment (at least 900-1000°C)
[35]. Finally, peaks resulting from the presence of metallic palladium were not detected within all the diffractograms.

Table 2

X-ray diffraction, N2 physisorption and Raman spectroscopy results for both supports and Pd-impregnated samples.

X-ray diffraction N2 physisorption® Raman
Sample Crystallite size a parameter SeeT D/F,
(nm)? (nm)° (m*>g™h)° ’
Cel00 15.8 0.5408 33.1 0.03
Ce90Pr10 14.9 0.5415 17.3 0.74
Ce75Pr25 14.5 0.5419 12.7 1.62
Ce50Pr50 13.4 0.5426 11.4 2.13
Pr100 29.9 0.5469 7.5 -
Pd/Ce100 44.7 0.5414 2.3 0.09
Pd/Ce90Pr10 25.3 0.5414 4.7 1.50
Pd/Ce75Pr25 255 0.5412 7.8 2.19
Pd/Ce50Pr50 21.6 0.5407 4.3 3.76
Pd/Pr100 61.0 0.5468 3.5 -

aEvaluated employing Scherrer’s equation.

b Estimated through the Nelson-Riley extrapolation method [36].
¢ Obtained via BET method.

d Pore volume reported in Table S1.

Regarding the XRD analysis, an important point is the determination of the lattice parameter (a). As regards the
catalytic carriers, the lattice parameter value increases with the rising amount of praseodymium in the structure. This
effect was expected having regard to the higher ionic radius of Pr®* compared to the tetravalent cations (1.126 for Pr¥*in
comparison with 0.96 and 0.97 for Pr** and Ce**, respectively [37]). In this respect, Vegard’s rule can be used as a
sound explanation of these findings. Theoretically, the lattice parameter of a solid solution should linearly change with
the composition if its value is only linked to the relative size of ions and not to any other phenomena [38]. Fig. 2



represents the variation of the lattice parameter as a function of the praseodymium content in the supports, considering
all the samples as a single phase with Ce1..PrxO..; formula. The solid lines are representative of the experimental results,
whereas the dashed ones outline the application of Vegard’s law to ceria-praseodymia systems according to the work of
Rajendran et al. [39]. In detail, the line with a negative slope (Equation 1) shows the lattice parameter variation as a
function of the composition when some Ce** ions are directly replaced with Pr#*ions. Conversely, the line with a
positive slope (Equation 2) truthfully describes Ce-Pr systems as a solid solution between CeO; and PrO; g3 oxides. The
lattice parameters of CeO2, PrO; and PrO1 g3 (0.5411 nm, 0.5392 nm and 0.5470 nm, respectively) were obtained from
the crystallographic parameters section of the JCPDS 00-034-0394, JCPDS 00-024-1006 and JCPDS 00-006-0329 files.

a, = —0.00193x + 0.5411 nm 1)
a, = 0.00582x + 0.5411 nm (2)

In compliance with Fig. 2, our experimental data result to be between the scissors-like area outlined by the theoretical
lines. In detail, these supports give rise to a solid solution quite similar to that formed between CeO; and PrO; g3 oxides,
suggesting the presence of a non-negligible amount of reduced ions in the material framework, highlighting the high
oxygen deficiency of materials.
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Fig. 2. Theoretical and experimental lattice parameter variation for Ce1.xPr«O2-5 systems as a function of the
praseodymium content.

Turning now to the palladium containing catalysts, the Pd/Ce100 sample exhibits a higher a-value compared to the base
support. Conversely, the ceria-praseodymia and praseodymia impregnation resulted in a lattice parameter decrease. The
variation of the latter is difficult to assess due to the different effects that can simultaneously occur following the Pd
introduction and the calcination process. Given that palladium is characterized by a lower ionic radius compared to that
of cerium and praseodymium, the a-parameter reduction can be reasonably linked to a direct introduction of palladium,
or at least a fraction of it, into the lattice framework of the supports. On the other hand, some authors observed a rise in
the a-value when increasing the palladium concentration in systems characterized by the presence of a solid solution
with the formula PdyCe;.xO> [40,41]. This trend is in line with other DFT+U calculations which suggest a structure
expansion arising from the substitution of cerium by palladium ions together with the formation of oxygen vacancies
[42,43]. Therefore, in case of oxygen vacancy formation, the decrease in the lattice parameter as an effect of the small
Pd ionic radius is offset by a network expansion needed for obtaining a stable noble metal position within the catalytic
structure.



The outcomes obtained from XRD analyses were also confirmed by Raman spectroscopy, which allowed to further
investigate the structural properties of the different samples. The spectra collected on the bare Ce-Pr oxides are reported
in Fig. 3a. Pure ceria exhibits an intense F24 peak at 464 cm™*, which was associated with the symmetric stretching mode
of the Ce-O bonds in the fluorite structure typical of this oxide [44,45]. Beside this main feature, a less intense Raman
band linked to the presence of defects (D band) can also be noticed around 595 cm, and it can be ascribed to intrinsic
anionic Frenkel sites [44,45]. Analogous spectra were obtained for doped ceria too, albeit with some differences. The
presence of the intense Fog mode suggests that Pr ions are well incorporated in ceria lattice even at high dopant loading.
However, the progressive shift towards lower wavenumber of the latter component and its asymmetric broadening
reveal an increasing structural distortion upon doping [46]. This is consistent with the insertion of numerous Pr3* cations
in the ceria framework, as previously evidenced by the progressive shift towards lower 26 values of XRD patterns when
increasing the dopant concentration. Pr¥* incorporation causes lattice expansion and the generation of new extrinsic
defects, as demonstrated by the much more intense and broader defect band of the mixed oxides. The D band of these
samples is centered around 570 — 575 cm%, due to the appearance of new components located at lower wavenumbers
which are linked to the formation of extrinsic oxygen vacancies [47,48]. The ratio between the area of the D band and
that of the F»q peak was calculated, obtaining an indicative parameter for the defect abundance [45,49]. The D/Fyq
values, reported in Table 2, show a progressive and remarkable increase upon doping, mainly due to the creation of new
defects and vacancies. Nevertheless, other phenomena can also partially account for this rise, although to a lesser extent.
Indeed, certain defect sites containing Pr#* ions together with oxygen vacancies are characterized by an enhanced signal
at 570 cm™ due to resonance Raman effect [50]. Moreover, the light absorbance of the mixed oxides gradually increases
upon Pr addition, thus reducing the light penetration depth, making the Raman spectrum more representative of a
superficial region which is commonly richer in vacancies and defects [51].

Fig. 3b displays the Raman spectra acquired on the Pd-containing catalysts. Palladium impregnation and high
temperature calcination always result in an increase of the defect abundance of the ceria-based oxides, as evidenced by
the higher D/Fq values (Table 2). Furthermore, the addition of Pd is followed by the appearance of new Raman signals.
The sharp peak located at 648 cm in the spectra of the Pd/Ce100, Pd/Ce90Pr10 and Pd/Ce75Pr25 samples can be
ascribed to the Byg vibrational mode of PdO [52]. Hence, the presence of this component points out the formation of a
significant quantity of segregated PdO crystals, as also previously evidenced by XRD (Fig. 1b). The higher intensity of
the PdO Raman peak of the two Pr-doped samples is probably due to the higher surface-sensitivity of the technique
when Ce-Pr mixed oxides are concerned, as previously discussed. On the other hand, the typical feature of PdO is
completely absent in the spectra of the Pd/Ce50Pr50 and Pd/Pr100 samples, suggesting that a high Pr content may
somehow hinder the formation of those PdO clusters which are large and abundant enough to be detected. However, the
latter two samples are characterized by a quite sharp Raman peak appearing at about 498 cm™* after Pd impregnation.
Actually, this feature was absent in a spectrum collected on pure praseodymia calcined at the same conditions of the Pd-
containing catalysts (900 °C for 4 h in air). Hence, the appearance of this peak does not seem to be a consequence of the
mere calcination procedure, but rather of the addition of palladium. In particular, taking into account the presence of
additional peaks at 31.5° and 34.4° in the XRD pattern of Pd/Pr100, this mode could be related to a palladium-
praseodymium mixed-phase [35].
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XRD also allowed to estimate the crystallite average dimensions, reported in Table 2. The crystallite size of ceria-
praseodymia supports calcined at 650 °C decreases with the rising praseodymium percentage in the sample. This
outcome is consistent with other samples having the same composition previously synthesised by our research group
[29]. Despite this trend, Ce-Pr supports with a higher praseodymium percentage showed a lower BET surface area. As
already observed in the literature [53-55], this signals a crystallite agglomeration phenomenon; accordingly, the
particles size estimated through the BET data turns out to be markedly larger than the crystallites size evaluated by
Scherrer’s equation, especially in the case of carriers with a high praseodymium percentage (data reported in Table S2).
Having regard to the rather high surface area of the supports (ranging from 7.5 to 33.1 m? g'!), a substantial reduction in
this parameter, matched to a crystallite size increase, was observed in response to the Pd impregnation and the
calcination at 900 °C. This effect was expected due to the natural sintering phenomenon arising from the high-
temperature treatment. In this respect, Ce100 showed the most pronounced surface area decrease (- 93%), while the Pr-
containing catalysts underwent a reduction that varies between -39 and -73%.

Fig. 4 shows the FESEM micrographs of supports and palladium-containing materials. All the samples feature a
spongy-like structure resulting from the release of a large quantity of gases during the high-temperature fast reaction
between the fuel and the catalytic precursors [56]. The single exception was found in the Pr100 and Pd/Pr100 catalysts,
in which a flaky morphology constituted by the overlapping of different plates was observed. The obtainment of
rounded particles or flat structures is crucially dependent on the reaction mechanism, which consists of several steps,
i.e. solvent evaporation at the beginning of the heating, gel formation and decomposition, self-ignition and lastly,
combustion reaction matched with the solid product precipitation and growth. The scarcely-controllable temporal order,
as well as the phase in which the different stages occur, lead to the formation of samples with different morphology
[57].

The comparison between Figs. 4 a-e and 4 f-j shows that palladium-impregnated catalysts present larger particles than
the corresponding supports on account of the high-temperature sintering phenomenon, in agreement with the crystallite
size increase previously discussed. Moreover, palladium contributions were not detected in the FESEM images likely to
the presence of noble metal clusters with too low dimensions, hardly observable by using this technique.
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containing catalysts: (f) Pd/Cel00, (g) Pd/Ce90Pr10, (h) Pd/Ce75Pr25, (i) Pd/Ce50Pr50, (j) Pd/Pr100.

3.2 Surface composition and chemical state

Table 3



Relative abundance (%) of oxygen and palladium species along with Ce and Pr reduced ions.

Sample Op Ou Ce¥* Pro* P E’ng; Pd?* pd@
PA/Ce100 641 35.9 217 ; 123 428 281 16.9
PA/Ce90PI10 | 65.9 341 20.9 52.8 4.7 23.9 49.9 21.6
PA/Ce75P125 | 50.0 50.0 196 51.7 ; 22.3 54.2 235
PA/Ce50PI50 | 45.4 546 18.1 49.6 ; 14.0 58.1 279
PA/Pr100 41.9 58.1 i 48.2 ; 102 65.2 20.6

XPS analyses were carried out to study the superficial composition and the chemical environment of palladium-based
catalysts. More specifically, Fig. 5 illustrates the deconvoluted XPS spectra of powder samples in the O 1s core level
region. The lowest binding energy peak, centred at 528.7 eV and herein named as Og, was ascribed to bulk-like oxygen
species [58]. The highest binding energy peak, located at 531.3 eV and herein named as O,, was instead assigned to
other superficial oxygen species such as O, 022 and OH-[59,60]. It is worth noting that the O position exhibits a shift
towards lower binding energy values in praseodymium containing samples. This seems to imply a greater amount of
reduced ions in the catalytic framework of Ce-Pr catalysts, given the higher reducibility of the samples (see H,-TPR
results) and the overall trend of decreasing binding energy as the oxidation state decreases [61]. This assumption is also
reasonable if considering that elsewhere the peak at 528.5 eV was attributed to Pr,O; [62]. Table 3 summarises the
relative abundance of oxygen species resulting from the spectra deconvolution and, as regards the oxygen, the greater
the praseodymium percentage is, the more the quantity of O, species increases. The larger amount of these lower-
coordinated oxygen species (with respect to the bulk oxygen) could be linked to superficial defect sites [30,63] that, as
detailed in the Raman analysis section (Fig. 3), increase as the dopant percentage in the catalytic framework is raised. A
third peak located at ca. 534.3 eV was noted in the oxygen spectra. Although peaks in this binging energy range are
usually assigned to weakly adsorbed species [60], they are unlikely to be present considering the high-temperature
calcination treatment. Hence, this contribution can be more reasonably ascribed to a palladium 3p peak partially
overlapped with the O 1s region [64,65].

O1s 531.4 528.5

Pd/Pr100 53|1 .3 528.6.4

Pd/Ce75Pr25

Intensity (a.u.)

Pd/Ce90Pr10

Pd/Ce100
538 536 534 532 530 528 526
Binding Energy (eV)

Fig. 5. Deconvoluted X-ray photoelectron spectra of Pd-based catalysts in the O 1s core level region.

Fig. 6 shows the deconvoluted XPS spectra in the Ce 3d and Pr 3d core-level regions. As far as the cerium spectrum is
concerned, the deconvolution process was carried out by using 10 peaks labelled with the letters u and v, which refer to
the 3ds2 and 3ds, states, respectively. Two doublets of these peaks (Vo-Uo and v'-u') can be assigned to Ce3*, while the
remaining ones to the 4+ Ce-oxidation state [66]. According to the work of Poggio-Fraccari et al. [67], a similar

10



approach was adopted for the analysis of praseodymium spectra: four peaks (a,-b, and a'-b') are ascribed to Pr3* and
three doublets (b-a, b"-a" and b"-a™) to Pr*".

The deconvolution outcomes are presented in Table 3. As anticipated from the previous assessment of the lattice
parameter (Table 2) and the application of Vegard’s law, also the XPS analyses confirm the presence of cerium and
praseodymium reduced ions at the surface of the materials. Overall, the cerium and praseodymium 3+ content seems to
slightly decrease in praseodymium-rich materials.

Intensity (a.u.)
Intensity (a.u.)

Pd/

9.’3_0 | 9110 ' 960 ' 8£I)O ' 880 9%0 ' QéO ' géo ' 94I10 ' 930
Binding Energy (eV) Binding Energy (eV)

Fig. 6. Deconvoluted X-ray photoelectron spectra of Pd-based catalysts in the Ce 3d (a) and Pr 3d (b) core level regions
(coloured peak for reduced oxidation states).

The deconvoluted XP spectra of palladium (Fig. 7) consists of four doublets: (1) metallic Pd at 335.7 eV and 340.4 eV,
(2) PdOx species with x<1 at 336.5 eV and 341.7 eV, (3) Pd?* at 337.5 eV and 342.7 eV and (4) Pd®@*)* at 338.2 eV and
343.5 eV. The peak assignment was performed in compliance with the literature [68—71]. More specifically, PdOy refers
to a superficial or interfacial palladium oxide characterized by different stoichiometry with respect to the nominal one
(PdO), which acts as a redox intermediate in the palladium decomposition/reoxidation process. On the other hand, the
Pd@+** component identifies highly oxidized palladium species, suggesting the presence of noble metal ions directly
incorporated in the support framework. As shown in Table 3, all the palladium species can be found in the Pd/Ce100
and Pd/Ce90Pr10 spectra (red and green lines in Fig. 7). Strikingly, the metallic palladium fraction goes to zero and the
PdOy concentration becomes meanwhile smaller and smaller as the praseodymium percentage is increased (Pr > 25%).
Hence, this confirms our aforementioned theory: praseodymium incorporation into ceria structure is crucial in retaining
the impregnated palladium in its more oxidized form.
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Fig. 7. Deconvoluted X-ray photoelectron spectra of Pd-based catalysts in the Pd 3d core level region (coloured peaks
for Pd° and Pd?").

3.3 Reducibility of the catalysts

Table 4

Reducibility of the catalysts in terms of H, consumption in the 50-900 °C temperature range.

Sample H2 consumption pel_'lg of catalyst
(mmol g*)
Cel00 0.71
Ce90Pr10 0.69
Ce75Pr25 0.83
Ce50Pr50 1.02
Pr100 1.37
Pd/Cel00 0.20
Pd/Ce90Pr10 1.01
Pd/Ce75Pr25 1.37
Pd/Ce50Pr50 1.44
Pd/Pr100 1.22

Fig. 8 illustrates the hydrogen reduction profiles for the catalytic carriers (Fig. 8a) and the palladium-based materials
(Fig. 8b). As concerns the supports, the pure ceria shows a peak centred at 568 °C followed by increasing H»
consumption in the high-temperature range, generally ascribed to the reduction of the surface and the bulk species,
respectively [72]. Ce90Pr10 exhibits a similar behaviour, with two reduction peaks localized at 476 °C and 815 °C.
Thus, the introduction of a small amount of praseodymium into the ceria lattice does not significantly alter the reduction
profile but reduces the average reduction temperature compared with that of Ce100. Additionally, in line with the
literature [73,74], the two bands related to the surface and the bulk reduction were replaced by a marked peak around
400-550 °C in response to the insertion of a higher quantity of praseodymium into the ceria framework (Pr > 25%). As a
matter of fact, praseodymium is a more reducible element than cerium and both the typical superficial reduction at
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lower temperature and the bulk reduction at high temperature characterizing Ce100 are replaced, in Pr-containing
catalysts, with a simultaneous reduction of superficial and bulk species in the low-temperature range (400-550 °C). We
also estimated the hydrogen uptake per gram of catalyst throughout the H,-TPR tests, by integrating the reduction
profiles of the samples. As reported in Table 4, the Hz, consumption exhibited by Ce90Pr10 is very similar to that of
cerium oxide, but it progressively increases with rising the percentage of praseodymium in the lattice structure of ceria.
Therefore, praseodymium promotes the reducibility of the catalysts in terms of lowering the reduction temperature for
Ce90Pr10 and lowering the reduction temperature along with increasing the H, consumption for the other Pr-doped
oxides. Additionally, as discussed in detail in the following section, the greater reducibility of Pr-containing samples
with respect to Ce100 is related to their higher catalytic activity. Furthermore, the percentages of tetravalent ions (Ce**
+ Pr**) reduced to trivalent ions during the reduction test were calculated (see Table S3) and found to be similar to those
obtained in the literature [72] (for further details see the Supporting Information).

(a) 506 (b) 223
439
S [Prioo S5 Pd/Pr100
: %9 5 208
~ 460 ~
() A ©
5) | B Sameoes ; 5, 210
8 Ce50Prs0 437 8 140
O _//\_/F\ O
F [ Ce75Pr25 st 168 Pd/Ce75Pr25
476 815
e pERGs, e
Ce90Pr10 568 Pd/Ce90Pr10
_/\_/ 112 Intensity x2
Ce100 . Pd/Ce100
150 300 450 600 750 900 150 300 450 600 750 900
Temperature (°C) Temperature (°C)

Fig. 8. H>-TPR profiles of supports (a) and palladium catalysts (b) between 50 and 900 °C.

The reduction profiles of palladium-containing materials are shown in Fig. 8b. Starting from Pd/Ce100, it exhibits a
lower H, consumption compared with its corresponding support, as evident in Table 4. However, this does not imply
lower reducibility of the sample, since further considerations are needed. Firstly, the noble metal increases the ceria
reducibility so much to promote its reduction at a temperature lower than 50 °C, which cannot be detected with the used
setup [20,75]. Secondly, the Ce100-marked peak centred at 568 °C (red line in Fig. 8a) disappears as a consequence of
the Pd-impregnation and calcination process (red line in Fig. 8b). We ascribed this effect to a considerable surface area
reduction (-93%, as per Table 2) resulting from the extended high-temperature treatment. Treating a portion of the
support with the same thermal process used for the Pd-containing materials (900°C for 4 h), its reduction profile
superimposes on that of Pd/Ce100 in the 300 °C to 900 °C temperature range (data not shown). Last but not least, the
negative band in the Pd/Ce100 reduction profile was assigned to the formation of a B-hydride palladium phase [76,77].

A different behaviour was noted in response to the palladium deposition on Ce-Pr mixed oxides, which exhibit an
intense TPR peak between 160 and 300 °C and a hydrogen consumption higher with respect to that of the
corresponding supports. As regard the latter, the hydrogen uptake for the Pd-based materials is greater than the
theoretical reduction value of palladium species (0.16 mmol g, considering all the noble metal species in the PdO
form). It means that palladium improves the support reducibility, both in terms of shifting the reduction band towards a
lower temperature and increasing the H, consumption. Nevertheless, the reduction temperature of the Pd/Ce-Pr mixed
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oxides increases with rising the Pr concentration in the ceria structure. Chun et al. [78] have ascribed this effect to
strong interactions between palladium and praseodymium oxides. An exception to this trend seems to occur after the
palladium impregnation on pure praseodymium oxide (Pd/Pr100). In fact, the reduction peak of this material is at a
lower temperature with respect to that of Pd/Ce50Pr50. An analogous behavior has been observed by Logan et al. [73],
probably related to the absence of ceria in the Pd-Pr100 system. Overall, comparing Figs. 8a,b and 10 shows that the
palladium impregnation increases the reducibility and the catalytic activity of the supports.

3.4 Catalytic tests

Supports and palladium-based catalysts were tested in order to study their catalytic activity for the methane oxidation
reaction. As illustrated by Fig. 9, all the supports performed successfully in the CH,4 oxidation, since their outcomes
exceed those observed in the non-catalytic reaction (catalyst replaced with inert silicon carbide). The praseodymium
inclusion in the lattice structure of ceria enhances the catalytic activity of the systems since the performances of Ce-Pr
mixed oxides and Pr100 are clearly higher than that of Ce100. Indeed, in the case of praseodymium containing
catalysts, the temperature at which 50% of methane was converted turned out to be 160-200 °C lower than that of pure
ceria. Moreover, although the catalytic activity of the supports follows the trend Ce75Pr25 > Ce50Pr50 > Pr100 >
Ce90Pr10 >> Cel00, the difference among the curves of Pr-samples is plenty small compared to that between Pr-
samples and pure Ce100. Considering that methane oxidation occurs simultaneously with surface reduction processes,
the material reducibility can be directly associated with its catalytic activity [42,79]. Accordingly, higher reducibility
induced by the presence of praseodymium (in terms of both lower reduction temperature and higher hydrogen
consumption) has a beneficial effect on the catalytic activity of the studied supports, making the performances of Pr-
catalysts much higher with regard to that of Ce100. Lastly, all the supports display a high CO; selectivity, and this is
particularly expected for Pr-samples. As a matter of fact, it was reported elsewhere that only carbon dioxide is detected
at the reactor outlet even when methane and oxygen were fed to the reactor at a stoichiometric ratio [80].

100
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90 { —=— Ce90Pr10 /
—a— Ce75Pr25
Ce50Prs50
—=—Pr100
1 —=— Uncatalyzed
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o
1

Methane Conversion (%)
(8]
o

-— T T
150 300 450 600 750 900
Temperature (°C)

Fig. 9. Methane oxidation light-off curves for ceria, praseodymia and Ce-Pr mixed oxides.

Fig. 10 shows the methane conversion curves of palladium-based catalysts acquired in dry conditions. The second
heating (Fig. 10a) and cooling (Fig. 10b) cycle was considered as representative of the catalytic activity of the materials
since no substantial changes were observed in the following ones (Fig. S1). As pointed out in Fig. 10, the heating and
cooling curves can be divided in two parts: the first one (ranging from 150 to 650 °C) provides information about the
activity of the materials, while the second one (ranging from 650 to 900 °C) gives knowledge about their stability.
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Looking at the 150-600 °C temperature range, Pd/Ce100 proved to be the most active catalyst. For the sake of
comparison, Pd/Ce90Pr10 showed an activity slightly lower, but still very similar to that of Pd/Ce100. Regarding the
other compositions, as evident from the reaction rates listed in Table 5, the greater is the dopant content, the more the
low-temperature activity decreases. Thus, the addition of a high percentage of praseodymium into the ceria lattice
seems to have a detrimental effect in terms of activity. Still about the reaction rates, the values are in agreement with
those reported in the literature for Pd/CeO; systems obtained through impregnation procedure [81,82]. Conversely, they
turn out lower than those of Pd/Co304, Pd/NiO and Pd/Fe;O3 [17] even though Co and Ni oxides are not so appreciated
due to their carcinogenicity, while iron oxide could be sensitive to the high temperatures during methane oxidation.

As far as the 650-900 °C temperature range is concerned, the Pd-based catalysts feature a loss of activity, commonly
associated to the PdO decomposition to metallic palladium [83]. The high-temperature PdO-Pd transition is a quite
complex issue that depends on the oxygen partial pressure and the strength of the palladium-support interactions
[13,84]. In this context, we considered the thermal stability as the ability of materials to mitigate the loss of activity at
high temperature. As shown in Fig. 10a, the larger loss of activity is observed for Pd/Ce100 and it becomes increasingly
less pronounced in materials containing a high praseodymium quantity. The thermal stability of the catalysts is evident
also in the cooling cycle (Fig. 10b) in which the extent of the activity loss, and therefore the quantity of Pd species
involved into to the PdO-Pd transition, appears as smaller as the Pr content in the catalytic structure increases. Thus,
praseodymium sounds promising in preventing the activity loss, maintaining a good PdO thermal stability. On the
whole, the best balance between high activity (150-650 °C temperature range) and high thermal stability (650-900 °C
temperature range) was observed in Pd/Ce90Pr10, making this sample the most promising catalyst for the methane
oxidation reaction.

The greater stability of Pr-catalysts at 650-900 °C is likely due to strong interactions between palladium and
praseodymium, that hinder both the noble metal redox cycle and its reduction to the metallic form. Indeed, as reported
by Chou et al. [35], the reaction between PdO and PrOy resulting in the formation of a stable phase shift the PdO-Pd
transition to 1220 °C. Throughout this work, strong interactions were especially confirmed in the catalysts with higher
dopant content with the formation of a PdO-PrOy mixed phase (see XRD and Raman spectra, Figs. 1b and 3b).
Moreover, the authors of [35] noted that the strong anchorage of PdO by praseodymium, thus its retention in the only
Pd?* oxidation state, is adverse in terms of catalytic activity. This is in line with the activity decrease we observed with
the increasing dopant percentage into the system and the presence of only oxidized Pd species (Pd?*, Pd?"*) in the
XPS spectra of Pr-rich samples (Fig. 7). Hence, the high activity of Pd/Ce100 and Pd/Ce90Pr10 can be related to the
presence of palladium in different oxidation states (i.e. Pd®, PdOy, Pd** and Pd®**), identified via XPS analysis (see
Fig. 7 and Table 3). In line with the literature, especially in recent years, the simultaneous presence of palladium in the
Pd?* form together with more reduced Pd species (Pd?, PdOy) seems to be necessary to obtain high activity at low
temperature [6,85].
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Fig. 10. Methane oxidation light-off curves of palladium-impregnated catalysts in dry conditions in the second heating
(a) and cooling (b) cycle.

The outcomes of catalytic methane combustion tests performed in the presence of water can be found in Fig. 11 (Fig.
11a for the heating cycle and Fig. 11 b for the cooling one). It is clear that water plays a detrimental role in CH4
oxidation throughout the entire temperature range examined. As a matter of fact, during these tests all the catalysts
exhibited higher onset temperature and a more pronounced loss of activity at 750-800 °C. As opposed to the dry tests, it
is noteworthy that a change in the activity trend can be noted in the presence of water, although the catalytic
performance in these conditions is considerably lower (see the reaction rate values in Table 5). In dry conditions,
Pd/Ce100 has proved to be the most reactive sample up to 600 °C, while a gradual decrease in activity was observed
upon increasing the praseodymium percentage in the ceria structure. Conversely, in the presence of water, Pd/Ce100
exhibits a poorer performance compared to the praseodymium-containing catalysts and, in particular, Pd/Ce90Pr10 is
characterized by the best activity. Thus, the water adverse effect seems to be reduced by the dopant addition.

In this context, methane oxidation on palladium-based catalysts proceeds through the consequent breakage of C-H
bonds followed by the generation of reduced sites. These latter are then re-oxidized by gaseous or bulk oxygen [86,87].
Considering that, in the case of large quantities of water, the refilling of oxygen from the gas phase is prevented due to
the blockage of the active site by OH groups, the oxygen movement across the support-palladium interface plays an
important role in the re-oxidation process [87]. Praseodymium-based catalysts, owing to their higher oxygen mobility
than ceria [73], eventually promote a quick exchange between bulk oxygen and palladium allowing a fast regeneration
of active sites [88]. As a result, Pd/Ce90Pr10 provided the best performances also in the presence of water.
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Fig. 11. Light off curves of palladium-impregnated catalysts in wet conditions in the second heating (a) and cooling (b)

cycle.

Table 5

Reaction rates for the CH4 oxidation reaction in dry and wet conditions at 350 and 400 °C, respectively.

Reaction Rates (umol CH, gegts™?)
Sample Dry @ 350 °C Wet @ 400 °C
Pd/Cel100 23.9 2.19
Pd/Ce90Pr10 22.0 4.35
Pd/Ce75Pr25 16.2 1.58
Pd/Ce50Pr50 6.1 0.3
Pd/Pr100 0.9 -

4. Conclusion

In the present work, palladium nanoparticles were deposited on cerium-praseodymium mixed oxides and studied as
catalysts for methane oxidation. In particular, the role of praseodymium as dopant in ceria-based supports and its
interactions with Pd were investigated.

Characterization techniques revealed the presence of strong interactions between palladium and praseodymium that are
particularly emphasized in samples with high dopant content. XRD and Raman analyses outlined indeed the formation
of a mixed phase between the PdO and PrOy oxides, while XPS pointed out the forceful palladium anchorage by
praseodymium, which favours Pd retention mainly in the +2-oxidation state.

Comparison of conversion curves obtained in dry conditions revealed that Pd/Ce90Pr10 turns out to be the most

promising catalysts among the synthesised materials due to the optimal combination between high activity at low
temperature and great thermal stability in the high temperature range. This material sounds promising also in presence

of water, being able to reduce the well-known H,O inhibition effect.

On the whole, this work provides the framework for future studies to better explore the role of praseodymium and the
nature of its strong interactions with palladium in the perspective of finding more active and stable catalysts for both dry

and wet methane oxidation.
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