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Abstract: The catalytic production of syngas by the partial oxidation of methane (POM) was investi-
gated over Pd supported on ceria (0.5-2 Pd wt.%) prepared by incipient wetness impregnation and by
mechanochemical methods. The performance of the Pd/CeO; catalyst prepared by milling CeO, and
Pd acetate was superior to that prepared by milling CeO, and Pd nitrate and to Pd/CeO, prepared
by impregnation from Pd acetate. The best catalytic activity of the Pd/CeO; catalyst prepared from
CeO;, and Pd acetate was obtained by milling at 50 Hz for 5 min. Two-step combustion and reforming
reaction mechanism were identified. Remarkably, methane conversion increased progressively with
Pd loading for the catalysts prepared by incipient wetness impregnation, whereas low metal loading
showed better conversion of methane for the catalysts prepared by ball milling using Pd acetate. This
was explained in terms of an impressive dispersion of Pd species with a strong interaction with the
surface of ceria, as deduced from transmission electron microscopy, Raman spectroscopy and X-ray
photoelectron spectroscopy characterization, which revealed a large quantity of highly oxidized
species at the surface.
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1. Introduction

Converting methane to syngas represents a well-known method for natural gas val-
orization and upgrade into valuable chemicals as well as a route for the production of
hydrogen for energy applications [1-5]. This can be accomplished by catalytic partial
oxidation (POM), CHy + %Oz — CO + 2H, (AHyog = —36 k] mol 1), with carbon soot, CO,
and H,O being the main by-products. There is currently no consensus on the mechanism
of the POM reaction, and two different mechanisms have been proposed. In the first one,
often referred to as the direct partial oxidation, synthesis gas is a primary product of the
reaction, which proceeds from direct methane dissociation on the catalyst surface followed
by oxidation of adsorbed oxygen [6]. The second mechanism involves two steps. First,
methane reacts with oxygen to yield CO; and H,O, CH4 + 20, — CO; + 2H,0O (AHj9g
= —803 k] mol~1). Second, the unreacted methane is reformed with the steam and CO,
produced in the first step to yield syngas, CHy + H,O = CO + 3H, (AH,9g = +206 k] mol 1)
and CHy + CO, = 2CO + 2H, (AHpog = +247 k] mol™1), respectively [7,8]. In this case,
although the overall reaction remains exothermic, there are two steps involved, one being
exothermic (methane oxidation) and the other endothermic (methane steam reforming and
dry reforming). In addition, the water gas-shift equilibrium is always present, CO, + Hy
= CO + HyO (AHpgg = —41 k] mol 1),

Numerous catalyst formulations have been tested so far for POM, with those based on
Ni, Co and Fe (and Cu to a lesser extent), transition metal carbides and noble metals (Rh, Pt
and Ru, and to a lesser extent Pd and Ir), and combinations thereof, being the most success-
ful [9-15]. Nickel-based catalysts have been widely used because they are cheap and very
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active, but they are prone to carbon deposition, which results in catalyst deactivation. Palla-
dium is one of the most effective noble metal catalysts for methane activation, particularly
when it is supported on supports with redox properties. In particular, the metal-support
interaction established between Pd and cerium dioxide has shown excellent properties for
the activation of C-H bonds in the methane molecule, which originates from the oxygen
storage-release properties of ceria and the stabilization of oxidized Pd species [16]. In
addition, ceria facilitates the oxidation and removal of any soot deposited [17-19].

As commonly occurs in catalysis, the intricate properties of the metal-support interac-
tion depend on the method used for the preparation of the catalyst. In recent years, it has
been demonstrated that different architectures of the Pd-CeO, interface are obtained by
using conventional impregnation or solution combustion synthesis or mechanochemical
methods, which strongly determine the performance of the resulting Pd/CeO; catalysts in
the total oxidation of methane [20-23]. In particular, advanced operando characterization
has recently shown that catalysts prepared by mechanical milling are clearly superior
because they contain very stable palladium species [24]. In this work, we study Pd/CeO,
catalysts prepared by incipient wetness impregnation and by dry ball milling using Pd
nitrate and Pd acetate for low-temperature POM.

2. Materials and Methods
2.1. Preparation of Catalysts

Cerium dioxide was prepared by adding NH4OH to an aqueous solution of Ce(NO3)3-6H,O
until pH~9.5. The mixture was aged for 24 h and the resulting precipitate was dried and
calcined at 650 °C for 4 hours (5 °C min~!). Palladium nitrate and palladium acetate were
used as Pd precursors and the Pd loading of the catalysts was varied between 0.5 and
2 wt.%. For the ball milled samples (labeled as BM), the Pd precursor was mixed directly
with cerium dioxide in a zirconium oxide vessel (1 g of sample and 1 zirconium oxide ball
of 15 mm diameter) using a Fritsch Pulverisette 23 (Idar-Oberstein, Germany) mini-mill
apparatus. The effect of ball mill energy was explored in the rage 15-50 Hz, and the effect
of milling time was studied in the range 5-20 min. Samples prepared by conventional
incipient wetness impregnation (labeled as IWI) from palladium acetate or palladium
nitrate were calcined at 650 °C for 4 h (5 °C min~1). To check for ball milling effects on the
ceria support, additional samples were prepared by incipient wetness impregnation on
previously ball milled CeO, at 50 Hz for 10 min. No further treatments were performed on
the calcined samples prior to the catalysts tests.

2.2. Catalyst Characterization

X-ray diffraction (XRD) was performed using a Siemens D5000 (Munich, Germany)
diffractometer equipped with a Cu K« radiation source (45 kV, 35 mA) in Bragg-Brentano
geometry using steps of 0.02° at 1 s per step. The crystallite size was calculated with the
Debye-Scherrer formula. Raman spectroscopy was performed using a Renishaw inVia
Qontor confocal Raman microscope (Gloucestershire, UK) equipped with a 532.1 nm laser
with a nominal 100 mW output power directed through a especially adapted Leica DM2700
M microscope (x50 magnification) (Wetzlar, Germany). X-ray photoelectron spectroscopy
(XPS) was performed with a SPECS system (Berlin, Germany) equipped with a XR50
source operating at 250 W and a Phoibos 150 MCD-9 detector. The pass energy of the
high-resolution spectra was set at 0.1 eV. Binding energy (BE) values were referred to the
Ce** 3ds, peak at 916.9 eV. High-resolution transmission electron microscopy (HRTEM)
was performed with a FEI TECNAI F20 S/TEM instrument (Hillsboro OR, USA) operated
at 200 kV and equipped with a field emission electron source.

2.3. Catalytic Tests

The partial oxidation of methane (POM) was carried out at atmospheric pressure in a
quartz reactor. The catalyst (0.1 g) was diluted with SiC to obtain a fixed bed volume of
0.5 cm3. Temperature-dependent catalytic activity measurements were carried out between
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200 and 600 °C at steps of 50 °C (ca. 40 min at each temperature) using a total gas flow of
100 mL min~! (GHSV = 1.2 x 10* h™1) and a CHjy:air:N, ratio of 4:11:85 on a molar basis
(F/W =60 L h~! g~1). Products were analyzed on-line by gas chromatography with a
Varian CP-4900 instrument (Palo Alto CA, USA) equipped with Molecular Sieve of 5 A,
Plot U and Stabilwax columns for a complete analysis of products. Methane conversion
(xcH4) is defined by Equation (1), where F;;c, and Fy,icp, are the inlet and outlet molar
flow of methane, respectively.

_ Fiucn, — Foutch,
XCH4 = Fonct, x 100 1)
Selectivity of hydrogen (Sp2) and carbon monoxide (Scp) are calculated using
Equations (2) and (3), respectively.

moles of Hp produced

~ 2 X moles of CHy consumed X100 @

SH»

~ molesof CO produced
Sco = moles of CHy consumed x 100 ®)

3. Results and Discussion
3.1. Characterization

The microstructure of the catalysts was studied by high-resolution transmission elec-
tron microscopy (HRTEM) and energy-dispersive X-ray analysis (EDX). Figure 1a shows
a representative image of the sample prepared by milling CeO, and Pd acetate (50 Hz,
10 min, 1 wt.% Pd). As reported in a previous work [24], the mechanochemical synthesis
of Pd/CeO, using Pd acetate creates an amorphous layer on the ceria crystallites. This
shell exhibits an average thickness of about 2-3 nm. The EDX analysis of the amorphous
layer (inset in Figure 1a) shows the simultaneous occurrence of Ce, Pd and O (the Cu
signal originates from the TEM grid), which indicates that this layer is constituted by a
Pd-O-Ce phase. Figure 1b corresponds to the sample prepared by milling CeO, and Pd
nitrate (also 50 Hz, 10 min, 1 wt.% Pd). The substitution of Pd acetate by Pd nitrate in the
mechanochemical preparation method originates a very different microstructure. Instead
of an amorphous Pd-O-Ce shell, the sample contains subnanometric Pd entities, which are
well dispersed on the ceria support. Some of these subnanometric Pd entities are enclosed
in a red circle in Figure 1b. Figure 1c shows the microstructure of the sample prepared by
incipient wetness impregnation with Pd acetate (1 wt.% Pd). In contrast with the catalysts
prepared by mechanochemistry, the incipient wetness impregnated sample using Pd ac-
etate shows the occurrence of well-defined Pd nanoparticles, which measure about 3-4 nm.
Figure 1c corresponds to the sample prepared by incipient wetness impregnation with Pd
nitrate (1 wt.% Pd). Individual Pd nanoparticles are also encountered, but the use of Pd
nitrate as precursor results in smaller Pd nanoparticles, which measure about 1-2 nm.

The X-ray diffraction (XRD) patterns and Raman spectra recorded for the samples
studied by TEM are shown in Figure 2. For all samples, the only peaks detected by XRD
were those corresponding to the CeO, support. No peaks associated with Pd phases were
present due to the low Pd loading (1 wt.%) and no variation of the lattice parameter of
CeO; was detected, excluding the possibility of Pd incorporation in the ceria structure.
The size of the ceria crystallites decreased as a result of ball milling, from about 35 nm
down to 31.6 nm after ball milling for 5 min at 50 Hz and 26.7 nm after ball milling for
10 min at 50 Hz. The Raman spectra were dominated by the characteristic F; band of
the ceria lattice structure at about 463 cm ™! [25] (the band at ca. 718 cm~! was due to
the sample holder). The defect-induced vibrational mode at about 595 cm ™! (D band)
was nearly absent in all samples, which means that the incorporation of Pd did not result
in the formation of lattice defects in the ceria structure, such as oxygen vacancies [26].
It is worth noting that the main Fpg peak of ceria shifted slightly to lower wavelengths
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(460 cm™1) after incorporation of Pd with the ball milling method with respect to the
CeO, support, whereas it appeared at the same wavelength for the samples prepared by
impregnation. Taking into account that the Fp¢ band of ceria did not shift after ball milling
in the absence of Pd, this is likely caused by an enhanced Pd—support interaction in the
samples prepared by mechanochemistry [27]. The Raman spectrum of the sample prepared
by milling CeO, and Pd acetate showed a weak band at 945 cm ™!, which corresponds to
the (C-CH3) mode of the acetate group, and the Raman spectrum of the sample prepared
by milling CeO, and Pd nitrate showed a weak band at 1046 cm~!, which corresponds to
the symmetric v; stretching mode of the nitrate anion [28]. These bands were absent in the
catalysts prepared by impregnation, because the acetate and nitrate residues disappeared
following the calcination treatment performed at 650 °C (see Section 2.1). Finally, the
Raman spectrum of the catalyst prepared by impregnating CeO, with Pd nitrate exhibited
aband at 650 cm ™!, which is ascribed to the B1g mode of PAO and suggests that this sample
contains well-defined PdO nanoparticles [29].

Figure 1. HRTEM images of the Pd/CeO, catalysts prepared by milling CeO, and Pd acetate (a) or
Pd nitrate (b) at 50 Hz for 10 min, and catalysts prepared by incipient wetness impregnation with Pd
acetate (c) or Pd nitrate (d). All catalysts contain a nominal Pd loading of 1 wt.%.
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Figure 2. XRD profiles and Raman spectra of Pd/CeO; catalysts prepared by milling CeO, and Pd acetate (a) or Pd nitrate
(b) at 50 Hz for 10 min, and catalysts prepared by incipient wetness impregnation with Pd acetate (c) or Pd nitrate (d). All

catalysts contain a nominal Pd loading of 1 wt.%.

The surface of the catalysts was analyzed by X-ray photoelectron spectroscopy (XPS).
Figure 3 shows the Pd 3d XP spectra of the catalysts studied by HRTEM, XRD and Raman
spectroscopy discussed above. There are important differences among the XP spectra, in
particular between the samples prepared by mechanochemical methods and those prepared
by conventional impregnation. The Pd 3d spectra of the samples prepared by impregnation
showed exactly the same pattern, independently of the Pd precursor used (Figure 3c,d).
The Pd 3ds/, spectra contain two bands at about 336.4 and 338.0 eV, which correspond well
to Pd?* and Pd** species, respectively [21,24]. The surface atomic ratio Pd** /(Pd**+Pd?*)
in these samples prepared by impregnation is about 0.2. In contrast, the spectra of the
samples prepared by ball milling were quite different. The sample prepared by milling ceria
and Pd nitrate (Figure 3b) exhibited a unique band at 337.7 eV, whereas the spectrum of the
sample prepared by milling ceria and Pd acetate (Figure 3a) exhibited two bands at 336.0
and 337.6 eV, which represent a shift of 0.4 eV to lower energy values with respect to the
samples prepared by impregnation. These differences demonstrate that the electronic state
of palladium at the surface of the catalysts strongly depends on the preparation method.
The shift to lower binding energy values in the samples prepared by mechanochemistry
is indicative of surface oxidized Pd strongly interacting with ceria [30-32], which is in
agreement with HRTEM and Raman spectroscopy data. In addition, the surface atomic
ratio Pd** /(Pd**+Pd?*) is much higher in the samples prepared by mechanochemistry
and the values depend on the Pd precursor used; for the sample prepared by milling
ceria and Pd acetate, this value is 0.6, which is much higher than the value recorded in
the catalyst prepared by impregnation with Pd acetate (0.2). Therefore, it is concluded
that Pd** species strongly interacting with ceria are easily accommodated on the surface
of catalysts prepared by mechanochemical methods. On the other hand, XPS yields also
valuable information about the dispersion of Pd. The surface atomic ratio Pd/(Pd+Ce) is
higher in the sample prepared by milling ceria and Pd acetate with respect to the sample
prepared by milling ceria and Pd nitrate (0.29 and 0.14, respectively) and to the samples
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prepared by impregnation (about 0.2). The high Pd dispersion measured by XPS for the
sample prepared by milling ceria and Pd acetate is in accordance with the existence of the
amorphous shell identified by HRTEM (Figure 1a).
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Figure 3. Pd 3d X-ray photoelectron spectra of the Pd/CeO; catalysts prepared by milling CeO,
and Pd acetate (a) or Pd nitrate (b) at 50 Hz for 10 min, and catalysts prepared by incipient wetness
impregnation with Pd acetate (c) or Pd nitrate (d). All catalysts contain a nominal Pd loading of
1 wt.%.

3.2. Catalytic Tests

Temperature-dependent catalytic measurements were carried out between 200 and
600 °C at GHSV =12 x 103 h~!, CHy:air:N, = 4:11:85 (molar basis) and F/W =60 Lh~1 g~ 1.
In all cases, the profiles of the disappearance of reactants (methane and oxygen) and the
appearance of products (syngas and carbon dioxide) at different reaction temperatures
followed similar patterns. As a representative example, Figure 4a shows these profiles
recorded over the Pd/CeO, (0.5 wt.% Pd) catalyst prepared by milling palladium acetate
and CeO; at 50 Hz for 5 min. As expected, the conversion of methane progressively in-
creased with temperature, whereas oxygen was rapidly consumed at low temperatures
(<350 °C). The consumption of oxygen was accompanied by the simultaneous appearance
of HyO and CO, in a H;O:CO; ratio of about 2:1 (molar basis). Additionally, in the range
200-350 °C, the consumption of oxygen doubled that of methane, and the amount of CO,
formed equaled the amount of methane consumed. Overall, this distribution of species
clearly indicates that the direct combustion of methane takes place in this temperature
range, CHy + 20, — CO, + 2H,0. At 400 °C, when all the oxygen was consumed, the
consumption of methane was accompanied by the simultaneous consumption of H,O,
being the amount of water consumed double than that of methane. At the same time,
CO; and hydrogen were produced. The amount of CO, produced equaled the amount of
methane consumed, and the amount of hydrogen produced was about four times that of
methane consumed. This distribution of species corresponds well to the methane steam
reforming reaction, CH4 + HpO == CO + 3H,. At temperatures >450 °C, the transformation
of methane was accompanied by the progressive consumption of not only H,O, but also
CO,. At the same time, the production of syngas (H, and CO) was boosted, which was pro-
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duced by the simultaneous occurrence of the steam reforming and dry reforming reactions
of methane, CHy + H,O = CO + 3H; and CHy + CO, <= 2CO + 2H,, respectively. This
reaction mechanism corresponds well with the so-called “combustion and reforming reac-
tion (CRR)” mechanism for POM [7,8]. For comparison, Figure 4b shows the distribution
of products obtained at different temperatures with the Pd/CeO, (0.5 wt.% Pd) catalyst
prepared with Pd acetate by incipient wetness impregnation. Similar trends were observed
in the disappearance of reactants and the appearance of products, which indicates that the
reaction mechanism is the same as that discussed above, but the temperatures at which
the different processes took place shifted to higher values, about 100 °C, indicating lower
catalytic activity.
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Molar flows of the different species present during the partial oxidation of methane on Pd/CeO, (0.5 wt.% Pd)
by dry ball milling from palladium acetate and CeO, at 50 Hz for 5 min (a) and by incipient wetness impregnation

of CeO, with Pd acetate (b). GHSV =12 x 103 h~!, F/W=60Lh 1 g~L.

Taking into account the two consecutive steps involved in the POM mechanism on
Pd/CeO; catalysts, from now on only the results obtained at temperatures above 450 °C
will be considered, since below this temperature, the production of syngas is not significant.
Table 1 compiles the results obtained for all catalysts tested in terms of methane conversion
and hydrogen selectivity at 450 and 550 °C, and CO selectivity at 550 °C. The results
obtained on bare ceria as prepared and after milling at 50 Hz for 10 min are also included
as blank runs. The ceria support is totally inactive for POM under the reaction conditions
tested, and ball milling ceria in the absence of Pd does not result in any reactivity.

The catalytic performances of the catalysts prepared by dry ball milling demonstrate
that the Pd salt used as precursor has a strong influence on catalytic activity. Figure 5
corresponds to data selected from Table 1 to perform accurate comparisons between
different catalysts. In Figure 5a, the effect of milling time for samples containing 1 wt.%
Pd and prepared at 50 Hz with Pd nitrate or Pd acetate precursors is shown. Clearly,
at short milling times (5 and 10 min) the activity of samples prepared with Pd acetate
outperforms those of samples prepared with Pd nitrate, whereas after long milling time
(20 min) the methane conversion on both samples became similar. Interestingly, the longer
the milling time, the higher the activity of the catalysts prepared with Pd nitrate. This
suggests that a particular and delicate Pd-CeO; architecture is formed at a short milling
time using Pd acetate, which is highly active for POM. Contrarily, if a long milling time
is used, the resulting metal-support interaction is independent of the Pd salt used as a
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precursor. This could be attributed to the peculiar decomposition of Pd acetate, which first
decomposes to metallic Pd and then gradually oxidizes to PdO in contrast to Pd nitrate,
which decomposes directly to PdO [33]. Recently, it has been claimed that for Pd/CeO,
systems, a metal-core-oxide-shell structure is responsible for a high activity for methane
combustion [34]. The different decomposition pathways of Pd acetate and Pd nitrate would
likely result in different Pd-ceria interactions developed during the POM reaction. These
observations are also supported by Figure 5b, where the effect of the energy of ball milling
(frequency) is shown for the samples containing 1 wt.% Pd after 10 min. It is deduced that
high-energy milling has a beneficial effect on catalytic activity for the samples prepared
with Pd acetate, which suggests that a strong Pd-CeO, interaction favors the activation of
the methane molecule, whereas an opposite trend is observed in samples prepared with
Pd nitrate. On the other hand, two ball-milled samples (50 Hz and 10 min) prepared with
Pd acetate and Pd nitrate and calcined at 300 °C to remove the acetate and nitrate groups,
respectively, yielded different results (Table 1). Whereas the catalytic activity of the ball
milled sample prepared with Pd acetate decreased slightly after calcination, the sample
prepared with Pd nitrate showed a clear improvement after the calcination treatment,
which suggests that the presence of nitrate residues on the catalyst surface is detrimental
for the reaction.

Table 1. Methane conversion and selectivity of hydrogen and carbon monoxide obtained at 450
and 550 °C on bare ceria, ceria after ball milling, and Pd/CeO, catalysts prepared by incipient
wetness impregnation (IWI) and dry ball milling (BM) using different synthesis parameters and
metal loading values.

Pd Precursor Hz min wt.% Pd x‘ggjc x5C5}(}4°C 8%1520 °C 5%520 °C 55C58 °C
CeO, 0 0 0 0 0 0 0 0
50 10 0 0 0 0 0 0
BM acetate 15 10 1 349 47.0 54.8 929 49.2
30 10 1 35.5 55.9 53.4 88.3 52.0
50 5 1 425 70.2 71.1 95.8 66.4
50 10 1 38.9 64.1 63.5 89.9 57.8
50 10 12 33.5 55.8 56.5 93.1 56.2
50 20 1 36.8 58.5 56.8 88.8 53.4
50 5 0.5 441 69.7 82.0 98.8 70.3
50 5 2 39.7 67.5 73.1 98.3 68.1
BM nitrate 15 10 1 35.2 54.9 479 84.8 48.2
30 10 1 31.5 51.0 61.7 96.1 54.6
50 5 1 30.7 47.0 58.3 929 49.2
50 10 1 30.5 53.2 67.1 99.8 60.0
50 10 12 454 70.2 84.8 99.9 75.2
50 20 1 32.7 55.7 68.6 99.8 62.7
50 10 0.5 32.6 52.7 48.2 86.7 48.6
50 10 2 39.9 66.8 64.1 94.0 63.9
IWI acetate 0 0 0.5 32.8 50.7 424 82.6 43.8
0 0 1 35.9 59.2 51.6 89.0 54.8
0 0 2 37.0 62.3 57.2 91.8 58.0
50 5b 1 34.2 57.0 57.0 92.7 56.5
TWI nitrate 0 0 0.5 39.7 67.7 72.8 98.3 68.4
0 0 1 34.5 57.4 55.8 90.9 54.6
0 0 2 32.8 56.0 61.3 99.1 62.1
50 1b0 1 34.8 59.2 61.9 95.1 59.5

2 calcined at 300 °C for 1 h; ® impregnation on previously ball-milled CeO,
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Figure 5. Conversion of methane at 450 and 550 °C on Pd/CeO; catalysts prepared by milling CeO,
and palladium acetate (black) or palladium nitrate (orange) at different milling time (a), frequency (b)
and Pd loading (c). Conversion of methane on Pd/CeO; prepared by milling CeO, and palladium
acetate for 5 min at 50 Hz (black) and by incipient wetness impregnation of palladium acetate (red)
(d). GHSV =12 x 10 h~1,F/W=60Lh~! g~1.

Recent density functional theory (DFT) calculations have shown that Pd,Ce;_,Os
surfaces are particularly effective in the activation of the C-H bonds in the methane
molecule [33,35], and that substitution of Ce by Pd ions originates highly active and stable
systems [36,37]. The mechanochemical forces that operate in the ball milling preparation
method would enhance the formation of such active surfaces and substituted structures, as
demonstrated recently in the total oxidation of methane [21]. In fact, the amorphous shell
observed in the HRTEM images of the Pd/CeO, catalyst prepared by ball milling ceria
and Pd acetate (Figure 1) is expected to be particularly active due to undercoordinated
sites, as claimed recently by DFT calculations for the activation of methane [38]. Important
information is obtained from Figure 5c, where the methane conversion is plotted against
the Pd loading for samples ball milled at 50 Hz for 5 min. For the catalysts prepared with
Pd nitrate, the higher the Pd content the higher the methane conversion. In contrast, the op-
posite trend is true for the catalysts prepared with Pd acetate, which is in accordance with
the assumption that low Pd contents are required to build up active PdCe;_,Oj; surfaces,
whereas high Pd loadings result in the accumulation of other less active Pd species on the
surface. Finally, Figure 5d clearly shows that the catalytic performances of the Pd/CeO,
catalysts prepared by incipient wetness impregnation from Pd acetate are less active that
the catalysts prepared by ball milling with Pd acetate for any Pd loading. Indeed, the
performances of the catalysts prepared by ball milling with Pd nitrate are similar to those
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exhibited by Pd/CeO, catalysts prepared by conventional incipient wetness impregna-
tion, again pointing out to an extraordinary catalytic behavior induced by the amorphous
Pd,Ce;_xOps surface in the catalysts prepared by ball milling with Pd acetate. Finally, to
investigate if the better catalytic performance of the ball milled samples is due to defects
and/or structural changes of the ceria support induced by the mechanochemical method,
we tested IWI samples prepared with previously ball milled CeO, using exactly the same
conditions. The catalytic performance of the IWI samples using fresh CeO, and previously
milled CeO, are virtually identical (Table 1), which means that the catalytic behavior of
the Pd/CeO; samples prepared by ball milling is not related to the ceria support, but to a

specific interaction between CeO, and Pd induced by the mechanochemical method.

A stability test was carried out for more than 100 h at 550 °C on the sample prepared
by milling CeO, and Pd acetate for 5 min at 50 Hz with a Pd loading of 0.5 wt.%, since
this sample exhibited good methane conversion and selectivity to syngas (see Table 1),
and, for comparative purposes, on the sample prepared by incipient wetness impregnation
with Pd acetate (0.5 wt.% Pd). Figure 6a shows the methane conversion for both catalysts.
A slight deactivation of the sample prepared by mechanochemical methods is observed,
especially during the first 50 h of operation, where the methane conversion rate decreased
by approximately 0.15 % h~1. After 50 h, the deactivation decreased by only 0.04 % h~1,
the methane conversion stabilized at about 63 % and the selectivity to Hy and CO was ca.
94 and 58 %, respectively. In contrast, the conventional sample prepared by impregnation
deactivated more severely; during the first 50 h of operation the methane conversion rate
decreased significantly by 0.48 % h~! and after 50 h of reaction the methane conversion rate
still decreased by 0.23 % h~! and did not stabilize. Since the dry reforming of methane is
involved in the reaction mechanism and generally causes carbon deposition on the catalyst,
we recorded the Raman spectra in the carbon region for the two samples after reaction
(Figure 6b). The Raman spectrum of the sample after the reaction prepared by milling ceria
and Pd acetate showed a broad signal at approximately 1180 cm~!, which corresponds to
the second-order longitudinal optical mode (2LO) of CeO, [25]. In contrast, the Raman
spectrum of the sample after the reaction prepared by impregnation showed, in addition
to the signal at ca. 1180 cm ™! due to CeOj, the characteristic D and G bands of carbon at
approximately 1340 and 1580 cm !, respectively. Even if the intensity of the carbon bands
is certainly low, the occurrence of carbon deposition may explain the deactivation observed
for this sample. Therefore, the sample prepared my mechanical forces is not only more
active, but remarkably more stable under reaction. This robustness makes this catalyst a

good candidate for practical application. In addition, it contains a low metal loading.
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Figure 6. (a) Methane conversion in a long-term stability test at 550 °C on Pd/CeO; prepared by milling CeO, and Pd
acetate (5 min at 50 Hz, 0.5 wt.% Pd; Pd/CeO, BM) and by incipient wetness impregnation with Pd acetate (Pd/CeO, IWI).
GHSV =12 x 10 h~!, F/W =60 L h~! g~1. (b) Raman spectra recorded on the samples after reaction.
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4. Conclusions

A series of Pd/CeO; catalysts were prepared, characterized with HRTEM, XRD,
Raman spectroscopy and XPS, and tested for the partial oxidation of methane at low
temperature to obtain syngas. Two different preparation methods were used to synthesize
the catalysts, conventional incipient wetness impregnation and dry ball milling. Two metal
precursors were used, palladium nitrate and palladium acetate, and the metal loading
was varied from 0.5 to 2 wt.% Pd. For the ball-milled samples, the influence of milling
energy (5-50 Hz) and milling time (520 min) on catalytic performance has been evaluated.
Catalysts prepared by mechanochemistry using Pd acetate have shown better catalytic
performance than catalysts prepared by mechanochemistry using Pd nitrate and catalysts
prepared by incipient wetness impregnation, either with Pd acetate or with Pd nitrate. The
best catalytic performance has been obtained with a catalyst prepared by milling ceria and
Pd acetate for 5 min at 50 Hz with a metal loading of 0.5 % by weight of palladium, which
has also shown good catalytic stability in a 100 h experiment duration. Catalysts prepared
by incipient wetness impregnation contain well-defined PdO nanoparticles. In contrast,
catalysts prepared by milling ceria and Pd acetate contain a unique Pd-CeO; architecture
characterized by a 2-3 nm thick amorphous layer with highly oxidized Pd (Pd**-like) on the
surface that strongly interacts with ceria, which is very active for methane partial oxidation.
These results encourage the use of mechanochemistry as an easy, clean and efficient
way to prepare active metal supported catalysts for the partial oxidation of methane to
obtain syngas. Future work will focus on the use of mechanochemistry to prepare other
formulations involving different metals and supports, as well as bimetallic systems.
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