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Abstract: Nickel catalysts supported on homemade CeO; oxide were prepared by two procedures
intending to achieve different degree of metal-support interaction. One method consisted of a
co-precipitation that was assisted by microwave; the other method was based on a modified
wetness impregnation in the presence of the organic complexing ligand, nitrilotriacetic acid (NTA).
The support and catalysts were characterized by temperature programmed reduction (TPR), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) techniques. Significant differences
in the structure, in redox properties and in the elemental surface composition emerged. The
catalytic behavior in the partial oxidation of methane was tested at atmospheric pressure, in a
range of temperature between 400-800 °C, using diluted feed gas mixture with CH;/O; =2 and
GHSV = 60,000 mL g~! h~!. Moreover, the effect of the catalyst reduction pretreatment was
investigated. The better catalytic performance of the microwave-assisted sample as compared
to the NTA prepared sample was attributed to the stronger interaction of nickel with CeO,. Indeed,
according to the structural and reducibility results, an adequate electronic contact between the metal
and the support favors the formation of oxygen vacancies of ceria and inhibits the sintering of the
catalyst active species, with an improvement of the catalytic performance.

Keywords: NiCeO, catalysts; catalytic partial oxidation (CPO); Methane; metal-support interaction

1. Introduction

The production of syn gas, a mixture of hydrogen and carbon monoxide, is a crucial process
in relation to the transformation of methane to higher hydrocarbons through the Fisher-Tropsch
Synthesis (FTS), or to high value chemicals or in relation to the production of hydrogen, which can be
converted into electricity through fuel cell technology [1]. The main process that is used in industry
for syngas generation is the steam reforming of methane (SRM). However, such a reaction is strongly
endothermal and it demands lot of energy to the system. On the contrary, methane catalytic partial
oxidation (CPOM) is a more energy and cost-effective method in virtue of its mild exothermicity.
It allows 10-15% reduction in the energy requirement as compared to SRM. Additionally, the produced
synthesis gas with H, /CO = 2 is suitable for methanol and Fisher-Tropsch syntheses [2]. In terms of
cost and availability, nickel is the metal of choice for such a catalytic reaction. Nevertheless, in order to
avoid the drawback of an easy deactivation by carbon and metal sintering, various oxide supports
were investigated [3-6]. When oxidation processes are involved, CeO,, in virtue of its peculiar redox
properties, is a particularly good catalyst carrier [7-10]. Several studies have confirmed the importance
of the CeO, morphology on the supported nickel catalysts for different types of reaction, from the CO
and propane oxidation to the steam reforming of methane [11-13]. These studies have shown a close
relationship between the ceria morphology and the nickel-support interaction.
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Related to the experimental conditions of the reaction, two mechanisms for the partial oxidation of
methane have been proposed, the direct partial oxidation route and the combustion- reforming reaction
mechanism [2,14]. The direct mechanism, which is preferentially occurring at very short time (~103s),
involves the dissociation of methane to carbon and hydrogen, with carbon reacting with oxygen,
forming CO, and the hydrogen desorbing as Hj. The so-called “combustion-reforming mechanism”
involves highly exothermic combustion of methane, followed by the endothermic reforming reactions
of the remaining methane with carbon dioxide and water, leading to CO and H;. In both cases,
the role of oxygen is important, and, according to the Mars van Krevelen mechanism, an enhanced
mobility of the CeO; oxide structural oxygen contributes to the reaction of carbon to form CO [15].
The interaction between the metal and support, occurring at the metal-oxide interface contributes
to the enhanced oxygen mobility [11]. Moreover, as recently demonstrated for the partial oxidation
of methane, the behavior of CeO, supported nickel catalyst is highly dependent on the catalyst
preparation procedure. Irrespective of identical chemical formulation, differences in the catalyst
activity and stability were observed [16,17]. However, contrary to the above literature, describing
how different preparation procedures attained different support morphology, the approach of the
present investigation was to use different types of synthesis to tune the nickel-support interaction.
To this aim, two different methods for anchoring the nickel to the CeO, support were selected. The two
methods, one using microwave and the other using a metal chelating agent, afforded catalysts with
a different degree of metal-support interaction. Structural and electronic properties of the obtained
catalysts were investigated by X-ray diffraction (XRD), temperature programmed reduction (TPR), and
thermogravimetric analyses (TGA) techniques. The effect of the structural differences was evaluated
in CHy partial oxidation reaction. Variations in the catalytic behavior are discussed in terms of the
nickel-CeO; interaction.

2. Results and Discussion

2.1. Catalytic Activity

In Figure 1, the catalytic behavior of the two Ni catalysts is displayed as a function of reaction
temperature and time on stream. In order to investigate the effect of the catalyst pretreatment,
the activities obtained with the oxidized samples and the activities of the pre-reduced samples
are compared. The two catalysts behaved quite differently either when they were simply pre-oxidized
or when they were pre-reduced in hydrogen flow.

The microwave activated catalyst, Ni/CeOymw without pre-reduction, has a methane conversion
of 74% already at 550 °C with 60% of CO selectivity. Moreover, after reaching 90% methane conversion
and 85% CO selectivity at 750 °C, during the descending temperature, the catalyst slightly deactivated.
Then, it reached a stable methane conversion of 50% at 600 °C for the monitored time of 15 h.
As expected, when total oxidation to CO is also taking place, the molar ratio between Hy and CO turns
out to be above the stoichiometric value of 2, which is typical of the methane partial oxidation outcome.
The occurrence of steam reforming may contribute to the increase of the hydrogen production. In accord
with what was observed previously on Ni catalysts that were supported on CeO,-La,O3 mixed oxide,
the pre-treatment in hydrogen does not significantly affect the catalytic activity of this sample [18].
Different behavior is seen with Ni/CeO,NTA catalyst, depending on whether it is just oxidized or
pre-reduced. When this sample is tested without being pre-reduced, methane conversion of 92%
and CO selectivity of 83% are obtained at the lower temperature of 650 °C. Thereafter, during the
temperature increase up to 800 °C, a drastic deactivation is occurring. The deactivation continues
through the descending temperature, reaching at 600 °C 20% of methane conversion totally leading
to the complete oxidation to CO,. Moreover, after the pre-treatment in hydrogen, the catalyst is
completely inactive in partial oxidation of methane, exhibiting only a maximum of 30% conversion to
CO, at 800 °C.
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Figure 1. Influence of temperature and time on stream on CHy conversion and CO, CO, selectivities,
and H, /CO ratio.

In order to check for the presence of carbon, TGA analyses were performed on the samples
after the CPO reaction. The obtained profiles, which are shown in Figure 2, indicate that no carbon
accumulated over the catalyst during the period of reaction. Interestingly, from the structural point of
view, opposite to the NTA sample, some weight gain is registered for the microwave sample, which is
attributable to sample oxidation, either due to cerium(Ill) and/or Ni%, by the air during the TG analysis.
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Figure 2. Thermogravimetric analyses (TGA) profiles of nickel catalyst after methane catalytic partial

oxidation (CPOM) test.
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The slight variations (<0.1%) of the residual weight observed at ~950 °C may correspond to some
structural modification, which, given the high temperature, is not at this moment relevant for the
present discussion.

To investigate the activation of methane by the catalyst, temperature programmed surface reaction
with methane (CH4-TPSR) was monitored. The desorption profiles of the reagent and product
molecules arising from the reaction, CHy, Hy, and CO, are plotted in Figure 3 for the two catalysts.
Obviously, the Ni/CeO,NTA is decomposing methane in quite larger amount when compared to
the Ni/CeO,mw catalyst. The Ni/CeOymw sample presents a small decomposition peak at 620 °C,
corresponding to about 13% methane decomposition. On the contrary, the Ni/CeO,NTA has a large
peak at 750 °C, corresponding to 77% methane decomposition. In both cases, stoichiometric amounts
of hydrogen evolved. For these samples, the volume of evolved CO, was negligible. However,
it is worth to compare the amount of CO that was formed with the two catalysts. Indeed, if one
considers the integrated ppm of CO relative to the ppm of converted methane, the ratios are 22% for
the Ni/CeO,NTA against 52% for the NiCeO,mw. The oxygen released in CO must come, for the most
part, from the CeO,. Therefore, the amount of evolved CO could be considered a good indication of
the oxygen mobility of the ceria support [11].
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Figure 3. Temperature programmed surface reaction with methane (CH4-TPSR) over the two different
nickel catalysts pre-reduced in Hj.

Since the CeO, oxides of the two samples are similar, as confirmed by the structural and
morphological data in Table 1, the reason for the different oxygen mobility could be ascribed to
the method of nickel anchoring affecting the contact between Ni and CeO, [19].

Table 1. Specific surface area (BET), NiO, and CeO, crystallite sizes (d) # and CeO, lattice
parameter (a) b,

NiO d (nm) CeO; d (nm) Lattice Parameter a (A)
Sample BET (m?%/g) Aged Aged
Fresh Fresh Fresh CeO;
No Red Red No Red Red
Support CeO, 30 - - - 18 - - 5.411
Catalvst Ni/CeOymw 26 nd nd nd 13 15 17 5.412
Yy Ni/CeO,NTA 28 13 49 60 16 30 34 5.410

2 Sizes are obtained from X-ray diffraction (XRD) peak line broadening according to the Scherrer analyses;
b Calculated from the strongest CeO,(111) reflection through the equation a = (h? + k2 + 12)1/2 (A /2 sin ) [20].
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Moreover, to explain the different catalytic behavior that was observed between the unreduced
and the pre-reduced Ni/CeO,NTA sample, the CH4-TPSR test was also performed on the oxidized
catalyst, Ni/CeOyNTA,;, roq- The two profiles for the reduced and unreduced sample are compared
in Figure 4.

The temperature when the unreduced sample starts converting methane in significant amount is
about 100 °C lower than for the reduced sample, and, overall, more methane is decomposed within
the 500-900 °C temperature range. Accordingly, a larger amount of stoichiometric hydrogen evolved,
whereas a more or less similar quantity of CO, from the reduced and un-reduced sample, formed.
Moreover, in the profile of the unreduced sample, a small but still sizable amount of CO, was detected.
The described discrepancies may be related with the fact that, in the unreduced sample, methane
first is reducing the NiO, accompanied by some CO; evolution, and then it decomposes over the
metallic nickel. Assuming that such a process is occurring during the CPO reaction of the unreduced
Ni/CeO,NTA sample, the generation of metallic nickel by reduction with CHy, that is present in
the feeding gas, accounts for the CPO activity, as observed in Figure 1, up to 600 °C. Above this
temperature, the sintering of Ni particles is likely a consequence of the lack of interaction with the
support. Therefore, the deactivation of the catalyst, undergoing an easier oxidation by the available
oxygen in the feed, follows. The carbon deposition after CH4-TPSR was checked by TGA analyses.
As shown in Figure 5, the NTA samples, reduced and unreduced, exhibit weight loss corresponding
to the burned off carbon. On the contrary, no weight loss is registered from the microwave sample,
which was tested only after being reduced.
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Figure 4. Comparison of CHy-TPSR over NiCeO,NTA after different pre-treatment.
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Figure 5. TGA profiles of nickel catalyst after methane CH4-TPSR test.
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These TGA profiles are in accord with the differences, as discussed above, in the relative CO
evolution during the CH4-TPSR. In other words, the nickel perturbed by the interaction with ceria is
able to dissociate methane. The support, with an enhanced oxygen mobility, avoids the carbon buildup
on the catalyst surface.

2.2. Characterization

The X-ray excited photoelectron region, including the experimental Ni 2p and Ce 3d photoelectron
spectra, along with the fitted peaks, is shown in Figure 6. The spectra refer to the samples in the
oxidized (fresh) state, and to the samples after CPO reaction.
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Figure 6. Ni 2p and Ce 3d photoelectron spectra of the catalysts as fresh and after the catalytic partial
oxidation (CPO) test.
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The spin orbit components of Ni 2p with shake up features 6 eV above the binding energy of the
main peaks, which are typical of Ni(Il), are present in both fresh samples. The binding energy of Ni
2p3/2, which is located at around 854-855 eV, is characteristic of NiO and Ni(OH); [21]. The binding
energy positions of the peaks do not change upon catalytic reaction. The Ce 3d spectra are rather
complex, due to multiplet splittings of the final states. All of the possible electronic states arising
from Ce(Ill) and Ce(IV) ions are labeled according to the established notation [22,23]. Curve fitting
allowed for identifying ten peaks, six of which arising from Ce(IV) species and four from Ce(III) species.
The two sets of spin-orbit multiplets, corresponding to the 3ds3,, and 3ds,, states are labeled as U
and V respectively. As it is well known, CeO; has a high oxygen storage capacity with high mobility
of lattice and surface oxygen, which, under the X-ray exposure inside the XPS apparatus, gives rise
to Ce(IlI) ions with the creation of oxygen vacancies, even in the calcined (fresh) samples [24,25].
In addition to the binding energy position of the peaks, curve fitting allowed for obtaining the atomic
percentages of the chemical species, specifically, nickel and cerium. The atomic ratios, as given
from XPS quantitative analyses, are indicated on the spectra in Figure 6. As expected from the two
different preparation procedures, one based on co-precipitation of nickel and cerium species and the
other based on impregnation of the complexed nickel over ceria, the corresponding atomic ratios are
quite different. The Ni/Ce ratio of Ni/CeO,NTA sample is almost three times larger than the Ni/Ce
ratio of Ni/CeO,mw sample and larger than the analytical ratio. Since the analytical composition was
the same for both, it is evident the larger surface segregation of nickel on the former sample. At the
same time, the ratio Ce(Ill) / Cetot that was obtained in the NTA sample is about half the corresponding
ratio of the Ni/CeO,muw catalyst. Since the exposure to the X-rays of the XPS measurements was
roughly the same, the larger ratio reflects a larger number of oxygen vacancies, very important for
the catalytic promoting effect of CeO, [19]. Moreover, it is worth noting the modification undergone
by the Ni/Ce atomic ratios upon catalytic reaction. Whereas, the value is stable in Ni/CeO,mw, it
decreases by more than 60% in Ni/CeO,NTA, The differences are attributable to the superior structural
stability of the microwave prepared sample, as compared to the complexing ligand prepared sample.

In order to investigate the sample reducibility, H, TPR measurements of the two fresh
samples were performed. The TPR profiles of the catalysts and bare CeO, are shown in Figure 7.
The temperatures of the peaks and the corresponding volumes of the consumed hydrogen are
summarized in Table 2. The support profile contains a weaker feature below 600 °C, due to the
surface ceria reduction, and a strong peak at around 800 °C that was attributable to ceria bulk
reduction [17]. The two catalyst profiles contain the ceria bulk peak at 800 °C and strong features
between 200600 °C of different shapes. The sample prepared by the NTA complexing route exhibits a
strong peak at 343 °C and two other smaller peaks at 250 and 170 °C. The one at 343 °C is due to the
reduction of small NiO particles, and those at lower temperatures are due to larger NiO particles [26].
Quite differently, the sample that was prepared by microwave-assisted co-precipitation has a broad and
strong peak at 450 °C which, as previously reported for similarly prepared sample, partially overlaps
with the surface ceria reduction peak [17]. The reduction of Ni(Il) to Ni(0), in both samples containing
6 wt % Ni, would require 23 mL/g of Hj. Variations in the Hy volume consumption, as observed
in correspondence of the nickel related TPR peaks, suggest the contribution from Ce(IV) reduction
to Ce(III). Therefore, as given in Table 2, the large hydrogen volume consumption in correspondence of
the 450 °C peak in the NiCeO,mw sample confirms indeed the mutual effect of ceria and nickel oxide
on the sample reducibility. The results, illustrated in Figure 7 and in Table 2, reflect quite clearly the
different degree of interaction between nickel and ceria in the two catalysts.
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Figure 7. Temperature programmed reduction (TPR) profiles of the two catalysts and the corresponding
support CeO;.

Table 2. Tmax and H) consumption volumes (V) of the TPR peaks that were obtained for the CeO,
supports and Ni catalysts.

Tmax (°C) V (mL/gata1)
Sample
1st Peak 2nd Peak 3rd Peak 1st Peak 2nd Peak 3rd Peak
Support CeO, - 538 835 - 6 27
Catalvst Ni/CeOymw 320 450 796 5 28 27
¥y Ni/CeO,NTA 250, 170 343 807 6 22 28

The structural effects of the catalytic reaction that was performed on the two samples with and
without hydrogen pre-treatment were investigated by X-ray diffraction analyses. The diffraction
patterns of the fresh and aged samples are illustrated in Figure 8. All of the patterns contain the
fluorite peaks of CeO, (ICSD #188051). Moreover, the patterns of the sample that was prepared by
microwave co-precipitation, as fresh and aged, do not exhibit any nickel related peaks. On the contrary,
the patterns of the sample that was prepared by NTA exhibit NiO (ICSD #9886) related peaks, which
become more intense after the CPO reaction, to a large extent in the pre-reduced sample. From the
line broadening of the main peaks of CeO, and NiO, using the Scherrer equation, the corresponding
crystallite sizes were obtained [20]. The values of the fresh and the aged samples after CPO reaction
performed with the unreduced and reduced catalysts are summarized in Table 1. The table also lists
the lattice parameter of the fluorite structure of CeO,. According to the table, the value of the CeO,
lattice parameter did not change upon nickel addition, regardless of the metal introduction procedure.

However, it is worth to say that, if the introduction of Ni into the CeO; lattice should cause
a decrease of the parameter due to the smaller radius of Ni(II) (0.69 A), as compared to the Ce(IV)
(0.97 A), at the same time, the consequent generation of new oxygen vacancies would induce a small
expansion of the cell. Therefore, the two effects would cancel out and no indication of a real insertion of
nickel ions into the ceria lattice can be ascertained [27]. On the bases of the structural characterization,
it can be stated that the microwave sample keeps, even after CPO reaction, highly dispersed nickel
species, with particle size that is below the XRD detection limit of ~3 nm, and keeps almost constant
CeO;, particle size. On the contrary, the fresh sample that was prepared by NTA complexing agent
contains detectable NiO particles of 13 nm, which substantially enlarge after reaction, particularly
when the reaction is performed with the pre-reduced sample. Likewise, a significant increase of the
CeO;, particle size occurs.
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Figure 8. XRD pattern of the two differently prepared samples as fresh and after the CPO cycle
performed on the reduced and the un-reduced catalysts.

In accord with the DFT calculation that was reported in the literature, the stronger interaction
between nickel and ceria in the microwave sample as compared to the NTA sample, reflected the
ability of Ni/CeO,mw to activate methane and oxygen, preventing the formation of carbon during
CPO reaction [28].

3. Experimental

3.1. Sample Preparation

All of the reagents were from Aldrich and used without further purification. CeO, support was
prepared by precipitation, assisted by microwave. In the synthesis, cerium nitrate hexahydrate was
dissolved in ethanol, and then 10 M solution of NaOH was added dropwise until pH = 9. The obtained
slurry was placed inside a conventional household microwave and was exposed to the microwaves,
according to the previously published procedure [17]. Finally, the collected precipitate was washed,
dried at 100 °C for 1h, and then calcined at 550 °C for 2 h. The preparation of the nickel catalysts was
achieved by two methods. In one of the methods, the same procedure as the one described above for
the ceria support was used, except for adding nickel nitrate and cerium nitrate precursors together.
The obtained co-precipitated catalyst is labeled Ni/CeO,mw. The second method of nickel loading
was carried out by wet-impregnating the prepared CeO, support with nickel nitrate in the presence
of nitrilotriacetic acid (NTA), a tridentate chelating agent [29]. A solution of Ni(NOj3),-6H,O and
NTA, previously dissolved in water at pH = 8 was added slowly to the ceria powder, prepared, as
described before, and was left impregnating overnight [30]. Then, the solid was dried at 80 °C for 2 h,
and thereafter it was calcined at 550 °C. The obtained catalyst was named Ni/CeO,NTA. The amount
of nickel in both catalysts was 6 wt %, as confirmed by atomic emission spectroscopy.

3.2. Sample Characterization

The specific surface areas of the support and Ni catalysts were determined by N, physisorption
at liquid nitrogen using the Brunauer-Emmett-Teller (BET) method, after sample degassing at 250 °C
in high vacuum, as previously described [17]. The obtained BET surface areas are listed in Table 1. It is
worth noticing the similarity of the ceria BET area in the pure oxide and in the Ni catalysts.

The phase composition of crystalline components of the fresh and aged samples was investigated
by X-ray diffraction (XRD) analyses using a D5000 diffractometer (Bruker AXS, Karlsruhe, Germany),
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which was equipped with Cu K« anode and graphite monochromator [18]. The assignment of
the various crystalline phases was based on the Inorganic Crystal Structure Database (ICDS) [31].
An estimation of the mean crystal size values was obtained from the line broadening using the Scherrer
equation [20].

Temperature programmed reduction (TPR) experiments were carried out with Autochem 2950 HP
apparatus (Micromeritics, Norcross, GA, USA) that was equipped with a thermal conductivity
detector (TCD). The gas mixture with composition 5% Hj in Ar (30 mL/min) was used to reduce the
samples (50 mg) heating from room temperature to 1050 °C at the rate of 10 °C/min. Before starting
the TPR analyses, the catalysts were pretreated with a flowing gas mixture of 5% O, in He (50 mL/min)
at 350 °C for 30 min, and then cooling down under He. Using the Micromeritics Autochem
provided software (V2.04 A, Autochem II, 2950 HP, Norcross, GA, USA, 2011-2012) the amount
of Hy consumption was estimated by integration of the peak areas after linear baseline substraction.

Thermogravimetric analyses (TGA) of the samples after the catalytic reactions were performed
in air using the TGA 1 Star System (Mettler Toledo, Schwerzenbach, Switzerland). About 10 mg of
sample were heated from room temperature to 1100 °C at the rate of 10 °C/min. The evolution of the
CO; was monitored by mass quadrupole.

The X-ray photoelectron spectroscopy (XPS) analyses of the calcined and the spent catalyst
powders were performed with a VG Microtech ESCA 3000 Multilab (VG Scientific, Sussex, UK), using
Mg Ko source (1253.6 eV) run at 14 kV and 15 mA, and CAE analyser mode [17]. For the individual
peak energy regions, a pass energy of 20 eV that was set across the hemispheres was used. The constant
charging of the samples was removed by referencing all the energies to the C 1s peak energy set at
285.1 eV, arising from adventitious carbon. Contact of the spent catalysts with air was minimized by
keeping them under inert gas until being transferred through a glove box into the XPS instrument.
Analyses of the peaks were performed using the CASA XPS software (version 2.3.17, Casa Software Ltd.
Wilmslow, Cheshire, UK, 2009). Gaussian (70%)-Lorentzian (30%), defined in Casa XPS as GL(30)
profiles were used for each component of the main peaks after a Shirley type baseline subtraction [21].
The binding energy values are quoted with a precision of +0.15 eV, and the atomic percentage with a
precision of £10%.

3.3. Catalytic Measurements

Methane catalytic partial oxidation tests were performed in a flow system, using a horizontal
quartz tube (12 mm inside diameter) with a movable thermocouple for temperature measurements.
100 mg of the catalyst powder (sieved fraction between 180 and 250 um to avoid intraphase and
interphase mass transport [32]) mixed with 200 mg of silicon carbide were placed inside the quartz
tube and held with quartz wool on each side of the catalytic bed. Before the reactions, the samples
were treated “in situ” under two different conditions. The no-red samples were treated with flowing
Oy (5 vol % in He, 50 mL/min) at 350 °C for 1/2 h. The red samples, after the O, treatment, cooling
down to room temperature, were reduced under flowing Hj (5 vol % in He, 30 mL/min), increasing
the temperature to 750 °C with a 10 °C/min ramp and a holding time of 1 h. During this time, two
data points for each of the conversion, selectivity, and H,/CO ratio at a given temperature were
registered. The set of values were very close to each other, confirming the steady state condition at
a specific temperature. The feed gas consisting of 2 vol % of CHy + 1 vol % O, in He, was led over
the catalyst at a flow rate of 100 mL/min (STP), which was equivalent to a gas hourly space velocity
(GHSV) of 60,000 mL g~! h~!. In spite of this relatively high space velocity, the use of a heavily diluted
feed and the dilution of the catalyst with inert material minimized overheating of the catalyst bed [2,33].
The activities were measured as a function of temperature from 400 to 800 °C, with a heating rate of
10 °C/min and waiting 60 min for each 50 °C step and back to 600 °C with the same rates. The inlet
and outlet gas compositions were analysed by GC (Agilent 7890B, Santa Clara, CA, USA) that was
equipped with a DB-1 capillary column and a molecular sieve, in order to follow the evolution of all the
species, CHy, CO, CO,, Hyp, O; using flame ionization detector (FID), and TCD detectors. The methane
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conversion (Xcp,) and CO and CO; selectivities (Sco and Sco,) were calculated as follows: Xcp, = 100
x (CH4™ — CH,°") /CH4™; Sco = 100 x CO/(CH4™ — CH,0U); Scop = 100 x CO,/(CH4™ — CH,Ou.
CH4™, CH,°%, refer to the concentration of methane (ppm) entering and exiting, respectively, the
catalytic reactor. CO and CO; refer to the concentration (ppm) of CO and CO; produced during the
reaction. Carbon balance ((CO + COy + CHyoyt)/ CHain) was 1 £ 0.01 at all temperatures. To investigate
the activation of methane by the catalyst surface, temperature-programmed surface reactions (TPSR)
were performed using the same sample pretreatment of the CPO reaction, and the same experimental
conditions as were used for the TPR reaction, except for the reactant gas being 2 vol % CHy in Ny
(CH4-TPSR reaction). The evolution of CHy, CO, CO,, and H; was recorded continuously as a function
of temperature by using UV and IR ABB detectors.

4. Conclusions

The study has confirmed the importance of the preparation method for CeO, supported nickel
catalyst, strongly affecting the catalytic performance in methane partial oxidation. The two adopted
procedures were successful in the attainment of the two extreme cases, which is typical of the weak
and strong metal-support interaction. According to the TPR, XPS, and XRD results, the complexing
route using the NTA ligand, allowed for attaining quite small nickel oxide particles, not interacting,
freely distributed on the ceria support and easier to reduce. On the contrary, the sample Ni/CeO,mw,
prepared by co-precipitation of nickel and cerium hydroxide assisted by microwaves, contained Ni(II)
ions interacting with the support. The interaction was such to enhance the reducibility of the ceria
(indeed the TPR bulk ceria reduction peak shifts by about 50 °C and the surface ceria peak by 100 °C
to lower temperature), and at the same time, to inhibit the reducibility of the Ni(Il) species. In spite of
the inhibited reducibility, the catalytic activity of this sample increased and it did not depend on the
catalyst pretreatment (oxidative or reductive). On these bases, the presence of metallic nickel before
the catalytic reaction was not crucial. The active nickel species likely formed at the first contact with
the feed containing the reducing methane. Once the nickel was reduced, the CPO reaction started and
the activity continued, being favored by the superior oxygen mobility connected with an increased
number of oxygen vacancies that were induced by the nickel in the CeO; support. On the contrary,
the freshly prepared NTA sample, containing free nickel oxide particles, was active at the beginning
of the reaction, when methane starts reducing the nickel and up to a certain temperature. With the
increasing reaction temperature, the lack of any interaction with the support produced sintering of the
metal particles, quickly deactivating, and reoxidising. In the as reduced state, the catalyst, although
being active in CH4-TPSR, was not able to avoid a quick metal sintering with consequent deactivation.
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