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ABSTRACT

Catalysts based on Ni/(CepoLlng10;.95) (Ln = Gd, La, Nd and Sm) have been developed and
tested for hydrogen production by partial oxidation of methane. The synthesis method
(SCS, solution combustion synthesis) produces macroporous composite materials
composed of ceramic (cer, Cepolng101.05s) and metallic (met, Ni) phases, without the need
of an activation stage prior to the catalytic reaction. The catalysts have been characterized
by different techniques: X-ray diffraction, N, adsorption-desorption, Hg porosimetry,
Scanning Electron Microscopy, Temperature Programmed Reduction, H, and O, pulse
chemisorption, X-ray photoelectron spectroscopy and Raman spectroscopy. With the
exception of the lanthanum-loaded catalyst, the catalysts are highly active, selective and
stable; being the one doped with gadolinium the most efficient. Correlations structure-
activity point out that the excellent catalytic performance is related to the high catalytic
surface area per unit mass of catalyst and to an appropriate balance of nickel dispersion to

Hydrogen oxygen vacancies of the support.
© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
N dependence from oil producer countries; however the main
Introduction

There is a great economic incentive in developing efficient
catalysts for the conversion of natural gas into valuable
products. Natural gas is found in many locations around the
world (more distributed than oil reserves) and avoids
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drawback to use methane as a source of chemicals and fuels is
the relatively low cost of oil coupled with the high cost of
natural gas storage and transportation from remote reser-
voirs. So far, the only economically available route for the
conversion of methane into more valuable chemicals is via
syngas production [1].
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Thus, there is a great motivation in developing efficient
catalysts for the conversion of natural gas into syngas (suit-
able for methanol and Fischer-Tropsch syntheses) or for
hydrogen production. Among the existing technologies
employed to reform natural gas: steam reforming (SRM), dry
reforming (DRM) and partial oxidation of methane (POM), the
POM reaction presents some advantages compared to the
conventionally used, highly endothermic, methane steam
reforming such as energy saving, since it is a mild exothermic
reaction and leads to a H,/CO ratio ~ 2 (suitable for Fischer-
Tropsch or methanol syntheses). The thermodynamics in-
dicates that methane conversion and selectivity to syngas is
enhanced at high temperature, being necessary the use of a
catalyst with thermal stability at high temperatures (around
700—800 °C). Their main problems are the formation of hot-
spots in the catalytic bed and, in some cases, the need of an
oxygen separation plant [2].

Supported Ni catalysts were found to be active for the
former process, but suffer from deactivation caused by coke
formation as well as sintering of Ni particles. In comparison,
noble metal catalysts exhibit higher activity and stability;
however, they are much more expensive and less readily
available.

On the other hand, the support has also a role in the
catalyst efficiency, changing the adsorption and reactivity of
reactant molecules, decreasing carbon formation by their
basicity or by the formation of carbonates, containing oxygen
vacancies and enhancing oxygen mobility and tuning the
dispersion of the supported active phase by the different
interaction with the support. The use of rare earths as sup-
ports results in efficient catalysts for oxidation reactions, in-
creases the oxygen storage/release capacity oxidizing
deposited carbon and produces a strong interaction with
active phase, decreasing sintering [3—7].

Considering the advantages of both metal and support
phases, Ni-ceria supported catalysts have been successfully
used as catalysts for catalytic partial oxidation of methane
(CPOM). It was found that oxygen mobility in the support is
enhanced by metal-support interaction, which is influenced
by the preparation method [8]. The influence of the amount of
nickel on catalytic performance has been also investigated [9]
and, very importantly, the effect of Zr incorporation in the
ceria lattice on the redox properties was identified, finding
that the catalytic behavior is related to the metal dispersion
and the surface oxygen mobility, promoting carbon elimina-
tion [10—14].

Although there is not a general consensus on the reaction
mechanism, for a medium-high space velocity reaction, it is
assumed that the reaction would proceed in two-stages: the
first includes a combustion reaction and the second involves
reforming reactions leading to CO, and H,0, being necessary
to favor heat transfer in order to facilitate these last endo-
thermic reactions. The supported metallic phase would act by
dissociating methane, followed by reaction with oxygen spe-
cies from the support (in a Mars van Krevelen mechanism) to
form syngas. Supported active particles with a higher oxida-
tion state would facilitate a deeper oxidation [15].

Among various methods employed for catalysts prepara-
tion, solution combustion synthesis (SCS) is well suited for the
synthesis of metal oxides of homogeneous, porous and finely

particulate compositions. These are critical points in these
materials, helping to improve heat and mass transfer and to
decrease the formation of hot-spots [16,17].

Inspired by the latest developments in ceria-supported Ni
catalysts [9,18,19], we focused on the preparation by the SCS
method of nickel supported on mixed cerium oxides, doped
with different lanthanides (Gd, La, Nd and Sm), in order to
analyze the formation of oxygen vacancies and oxygen
mobility, which would have an influence on oxygen adsorp-
tion and carbon gasification and their possible role in POM
reaction.

Experimental
Preparation method

In this study, cermets (Ni)g 1(Ceo 9LNo 101.95)0.0 (LN = Gd, La, Nd
and Sm) (coded NCG, NCL, NCN and NCS) were prepared by
the SCS method. In a typical procedure, stoichiometric
amounts of the corresponding nitrates are dissolved in
distilled water, and then a certain amount of glycine is added
[20]. The mixture is heated on a hot plate up to 310 °C. Upon
the evaporation of water, a viscous gel is produced. Then a
self-igniting or autocombustion process is produced, leading,
in a single step, to a finely particulate powder consisting of
nickel metal particles supported on the corresponding doped-
ceria mixed oxide [17].

Characterization

The phase identification was performed by X-ray diffraction
(XRD) analysis using a X'Pert Pro PANalytical equipment. XRD
patterns were recorded using a CuKe radiation (A = 1.5406 A,
45 kV, 40 mA). The mean particle size was then estimated
from X-ray line broadening using the Scherrer equation.
Width was taken as the full width at half maximum intensity
of the most intense and least overlapped peak of the doped-
ceria support (20 = 28.4°). XRD data were analyzed by the
Rietveld method [21] with the FULLPROF program [22]. A
pseudo-Voigt function was chosen to generate the line shape
of the diffraction peaks. The following parameters were
refined in the final run: scale factor, background coefficients,
zero-point error, pseudo-Voigt corrected for asymmetry pa-
rameters, positional coordinates and isotropic thermal factors
for all the atoms.

Specific surface areas were calculated using the BET
method from the nitrogen adsorption isotherms recorded at
196 °C using a Micromeritics ASAP 2420 automatic instrument.
The total pore volume, total pore area and pore size distribu-
tion were determined using mercury porosimetry (Micro-
meritics AutoPore IV 9510).

Temperature-programmed reduction (TPR) experiments
were carried out in an automatic Micromeritics TPD/TPR 2900.
The catalyst was pretreated under helium at 110 °C for 15 min.
The TPR profile was recorded by heating the sample from
room temperature to 800 °C at arate of 10°C min ! under a Hy/
Ar (10% v/v) flow.

Metallic nickel surface area of the catalysts and the
amount of chemisorbed oxygen for the supports were
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determined by pulse chemisorption, with H, and O,, respec-
tively, using a Micromeritics Autochem II 2920 equipment.
Prior to any chemisorption measurements, the samples were
pretreated at 700 °C (15 °C min™?) first in helium for 15 min,
and then in H, (10%)/Ar at 350 °C for 10 min to reduce surface
nickel oxide particles completely. Then, for H, pulse chemi-
sorption: (i) H, was flushed increasing the temperature to
375 °C in helium (15 °C min™?) for 10 min (ii) the temperature
was decreased in argon flow up to 25 °C (iii) the metallic sur-
face area was evaluated by pulse chemisorption technique,
applying measured doses of hydrogen until no change in the
hydrogen peak is observed, assuming a stoichiometry of one
hydrogen atom per surface nickel atom. For O, pulse chemi-
sorption: (i) the temperature was increased in helium flow up
to 700 °C (15 °C min ") for 10 min (ii) then oxygen pulses were
applied, until no change in the oxygen peak is observed [23].

The morphology of the catalysts at the micrometer level
was studied by Scanning Electron Microscopy (SEM) using a
Hitachi TM-1000 with an acceleration voltage of 15 kV.

The morphology of the catalysts (at nanometer scale res-
olution) was studied by High Resolution Transmission Elec-
tron Microscopy (HRTEM). The images of the fresh catalysts
were recorded on a JEOL JEM-3010 transmission electron mi-
croscope (300 kV). The preparation method consisted of
dropping a suspension of the sample in isopropanol on a
copper grid covered by a carbon film.

XPS measurements were recorded using a Escalab 200R
spectrometer equipped with a hemispherical electron
analyzer and an Al Ka (h-v = 1486.6 €V) 120 W X-ray source.
The area of the peaks was estimated by calculating the inte-
gral of each peak after smoothing and subtraction of a S-
shaped background and fitting of the experimental curve to a
mixture of Lorentzian and Gaussian lines (90G/10L). All bind-
ing energies (BE) were referenced to the C 1s signal at 284.8 eV
from carbon contamination of the samples to correct the
charging effects. Quantification of the atomic fractions on the
sample surface was obtained by integration of the peaks
normalized with atomic sensitivity factors.
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Raman spectra were recorded with a Renishaw in Via
Raman Microscope spectrometer equipped with a laser beam
emitting at 785/532 nm, at 300/100 mW output power. The
photons scattered by the sample were dispersed by a 1800/
1200 lines/mm grating monochromator and simultaneously
collected on a CCD camera; the collection optic was set at
50 x objective.

Catalytic activity tests

The catalytic behavior of the catalysts obtained by SCS (NCG,
NCL, NCN and NCS) as well as of the support (CG,
Ce.9Gdp 101.05) for the partial oxidation of methane to syngas
was studied under atmospheric pressure, at 700 °C using a
quartz fixed bed reactor (external diameter = 6 mm, internal
diameter = 4 mm). The catalysts (40 mg) were subjected to a
pretreatment under N, flow at 700 °C for 1 h, prior to the re-
action. The space velocity was 36600 mLy h~* g* and the feed
composition was 40% CHy, 20% O, and 40% N, (molar). The
reaction stream was analyzed on line by gas chromatography
(HP 6890), equipped with a column Carboxen 1010 PLOT
(SUPELCO®) and with a thermal conductivity detector. This
system was used to analyze H,, O, N,, CO, CO, and CH,. Ni-
trogen was used as an inert standard for quantification.

Results and discussion
Crystalline phases

The XRD patterns of samples (Ni)o.1(Ceo 9L1n0.101.95)0.0 (LN = Gd,
La, Nd and Sm) (Fig. 1a) show intense and sharp diffraction
lines at angles 26 of 28.6°, 33.1°, 47.4° and 56.4° corresponding
to the reflection planes (111), (200), (220) and (311) of fluorite-
structured Cegolng 101 9s.

Diffraction lines corresponding to metallic nickel cannotbe
distinguished. Other results obtained by our research group
showed that these diffraction lines could only be observed for
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Fig. 1 — (a) X-ray diffraction profiles for the catalysts NCG, NCL, NCN and NCS. (b) Observed (crosses), calculated (full line) and
difference (at the bottom) XRD profiles for Ce, 9Gdp 10,-; at 298 K, refined in the cubic Fm-3m space group. The two series of
vertical markers correspond to the allowed Bragg reflections for the fluorite and Ni metal, respectively.
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nickel loadings of 0.5 M and above. However, for the catalysts
studied in this work (molar amount of nickel = 0.1, per mol of
cermet) the color and ferromagnetic character of the samples
revealed the metallic state of nickel right after being prepared
by SCS method.

Rietveld refinement allowed to confirm that the unit cell
parameter decreases with the decrease in the ionic radius of
the lanthanide, indicating the inclusion of the respective
lanthanide cation into the ceria lattice (Fig. 2) [24].

A XRD study at room temperature (RT) for Cegglng ;10s.
> (Ln = La, Nd, Sm, Gd) was useful to investigate the structural
details. The crystal structure of the fluorite phase was defined
in the cubic Fd-3m (No 225) space group, Z = 4. Ce and Ln
atoms are distributed at random at 4a (0,0,0), and oxygen
atoms O at 8c (1/4,1/4,1/4) sites. The occupancy factors of ox-
ygen atoms were also refined in the final run. The weak
scattering of O with respect to heavy atoms such as Ce and Ln
did not allow detecting the subtle sub-stoichiometry of the
oxygen lattice; the occupancy factors of O converged at 2.02 (1)
per formula. The cermet is a composite of fluorite and metal
Ni. This metal was also included in the refinement as a second
phase, also defined in the Fm-3m space group, with Ni at 4a
sites (0,0,0) and unit-cell parameter a = 3.522 A. Given the
relatively small amount of Ni (3.6% in weight in this cermet
family) and the high metal dispersion achieved by SCS cata-
lysts preparation method, is hardly visible in the XRD dia-
gram. The structural view inserted in Fig. 2 displays the
fluorite structure, where Ce and Ln ions are coordinated to 8
oxygen atoms at equal distances in cubic coordination. Fig. 1b
illustrates the good agreement between the observed and
calculated XRD patterns for CepoGdo10,.; at room tempera-
ture; similar plots are obtained for R = La, Nd and Sm. The
second series of Bragg reflections correspond to Ni metal,
which is hardly visible in the XRD profiles. Table 1 summa-
rizes the unit-cell, atomic, thermal parameters and discrep-
ancy factors after the Rietveld refinement of Cep9Gdo 1055 at
room temperature. The unit cell parameters for Cep gLng 10,-
s (Ln=La, Nd, Sm, Gd) are a = 5.4333(2), 5.5275(2), 5.4178(2) and
5.4134 (2) A, respectively; they progressively decrease along
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Fig. 2 — Unit cell parameter versus lanthanide ionic radius
for the catalysts NCG, NCL, NCN and NCS and fluorite
structure for Ceg 9Gdo.10,-5 (inserted figure).

Table 1 — Atomic parameters, interatomic distances and
angles for Ceg 9Gdy.10,-; in the cubic Fm-3m (N° 225)

space group, Z = 4, from XRD data at 298 K a = 5.4134 (2)
A. Discrepancy factors: Rp = 6.31%, Rwp = 7.95%,
Rexp = 6.79%, RBragg = 10.15%.

Wyckoff site X y z Uiso Occ. (<1)
Ce 4a 0.00000 0.00000 0.00000 0.3 0.90000
Gd 4a 0.00000 0.00000 0.00000 0.3 0.10000
(6] 8c 0.25000 0.25000 0.25000 0.7 1.020 (12)

the series as corresponds to the lanthanide contraction of the
doping Ln** ion.

The average domain size of the catalyst support (consti-
tuted of lanthanide-doped ceria), was calculated by the
Scherrer equation. The results, reported in Table 2, show
similar crystallites sizes, being found the following trend:
NCG < NCS < NCL < NCN. According to Kullgren et al. [25], the
smaller size of the crystallites would involve a greater pro-
portion of oxygen vacancies.

Textural properties

Pore size distributions obtained by Hg intrusion porosimetry
are depicted in Fig. 3. Obtained profiles essentially correspond
to macroporous solids with a pore size distribution in the
range of 0.1-100 pm. As reported in Table 2, the total surface
areas, determined by this technique, are between 8.6 and
10.4 m? g . The porosity of these catalysts is very high, having
found values between 84 and 95%. The lanthanum-doped
sample presents the lowest porosity while the others exhibit
values above 92%. The average pore diameter is around 2 pym
for the catalyst NCG; for NCN and NCS it is close to 3 um, while
for the lanthanum-doped sample (NCL), it is around 1 pm. For
all the samples, a relative maximum for pore diameter around
1.2—1.4 um is observed. The shift produced in the profile for a
pore diameter around 6 pm, especially in the sample doped
with Nd, is considered an artifact due to the change from low
to high pressure during the porosimetry analysis. The BET
surface areas of the catalysts have been also determined by N,
adsorption-desorption at —196 °C and the values, which are
reported in Table 2, are between 9 and 15 m? g *.

Morphology

The morphology of the catalysts was studied by SEM and TEM.
Fig. 4 shows SEM images at x2.5 magnification. The micro-
graphs show a foam-like morphology, with highly macro-
porous texture, characteristic of SCS-prepared solids [26]. The
average pore size is in the order of that determined by Hg
porosimetry, between 1 and 3 um. At this magnification, the
foam-like microstructure is more noticeable for the catalyst
NCG. For the catalyst NCL, the morphology is somewhat
different, since the formation of microprotuberances in the
form of microflowers are observed.

Fig. 5 shows representative HRTEM pictures of NCG cata-
lyst, by way of example. The picture obtained at lower
magnification allows the observation of the great macro-
porosity. The crystalline lattice of a representative ceria
crystallite is marked with a circle around it. In this case, it
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Table 2 — Physicochemical properties for fresh catalysts.

Catalysts Textural properties Average crystalline Chemisorbed Chemisorbed
g 3 3
Ager (m%/g) Total pore  Porosity (%) Average pore ermerit () O3 (cm™/ gi for Hp (cinl / g{ for
area (m%g) diameter (um) Supports catalysts
NCG 8.8.8 8.6 92.4 2.03 25.7 0,380 0059
NCL 14.4 8.9 84.1 0.91 29.3 0,388 0090
NCN 10.8 10.4 95.3 2.96 30.0 1031 0,192
NCS 12.5 9.4 94.3 2.87 28.9 0,705 0148
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Fig. 3 — Pore size distribution profiles (by Hg intrusion porosimetry) for the catalysts NCG, NCL, NCN and NCS.

corresponds to the crystal plane spaces of CeO, (111). The
detection of nickel particles is not easy, since its size is quite
small (domain size lower than 2 nm, as derived from XRD
results) and the contrast with the support is not high, making
it difficult to distinguish them.

Reducibility and nickel surface area in catalysts, and
chemisorbed oxygen in supports

Both supported metallic nickel particles and support have a
role in the CPOM reaction. Thus, methane adsorbed on the Ni
surface is dissociated to form hydrogen and carbon. This
carbon, when is close to the interface metal-support, is
oxidized to carbon monoxide with oxygen from the support.
Then, formed oxygen vacancies are replenished by gaseous
oxygen. Metal particles also accelerate the oxygen exchange
with the support, promoting oxygen spillover from the metal
to the support. The lattice oxygen also removes the carbon
adsorbed on metallic nickel particles. The replacement of

cerium ions in ceria by lanthanide cations results in the for-
mation of a defective fluorite structured solid solution,
incorporating oxygen vacancies distributed at random in the
crystal structure. This modification of the ceria lattice in-
creases the oxygen storage capacity and the dispersion of
metals supported on the doped ceria [27,28].

Catalysts reducibility was determined by Temperature
Programmed Reduction, with the aim to evaluate the oxygen
transfer capacity. From reduction profiles (Fig. 6) it is clear that
the samples show defined hydrogen consumptions between
200 and 300 °C, which are attributed to the reduction of small
surface particles of NiO weakly interacting with the support.
Above 400 °C, hydrogen consumption is attributed to the
reduction of high-dispersed non-crystalline NiO species,
while peaks with reduction temperatures between 500 and
650 °C are related to the reduction of species in intimate
contact with CeO, [29]. Above 630 °C, a wide consumption is
assigned to the reduction of the ceria phase [30]. The hydrogen
consumption related to the support started at a similar
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Fig. 4 — Scanning Electron Microscopy (SEM) micrographs for the catalysts NCG, NCL, NCN and NCS.

Fig. 5 — Transmission Electron Microscopy (TEM) micrographs for the catalyst NCG.

temperature and was too wide to establish any correlation
with the oxygen transfer capacity.

Although we found by XRD that bulk nickel was in the
metallic state, the contact of this phase with atmospheric air
produces a surface oxidation of nickel; that is, the particles
have a core formed by metallic nickel and there is also a thin
external layer composed of NiO. This is why a small H, con-
sumption is observed by TPR analyses. This observation has
been derived from the quantification of hydrogen consump-
tion for each profile (data reported in Table 3). The reduction of
nickel species in intimate contact with ceria and the reduction
of ceria are overlapped and these contributions are not large
in comparison with the other hydrogen consumptions.

Because of this, in order to calculate the proportion of nickel
that is oxidized, we have assumed that all the area under the
curve corresponds to the reduction of nickel oxide species to
metallic nickel.

Concerning surface Ni° area (obtained from H, pulse
chemisorption), depicted in Table 2, the following order is
found: NCN > NCS > NCL > NCG. On the other hand, in an
attempt to quantify the oxygen storage capacity, the amount
of chemisorbed oxygen of the supports at the reaction tem-
perature was revealed by O, pulse chemisorption, being found
the following trend: CeNd > CeSm > CeLa ~ CeGd.

As previously commented, surface lattice oxygen was
found to selectively oxidize methane to form carbon

(2018), https://doi.org/10.1016/j.ijhydene.2018.04.025
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Fig. 6 — Temperature Programmed Reduction profiles for
the catalysts NCG, NCL, NCN and NCS.

monoxide and hydrogen. The amount of chemisorbed oxygen
would be related to the oxygen storage capacity and also to the
decrease in the formation of carbon, during syngas formation,
since the high oxygen mobility, promoted by lanthanide
doping of ceria, was reported to accelerate surface carbon
oxidation reactions, inhibiting carbon growth [28,31]. How-
ever, although both Ni surface area (related to chemisorbed
H,) and chemisorbed O, have role in the reaction, as we will
see later on in the “Structure-activity correlations section”, the
performance of the catalyst is influenced by a proper balance
between the oxygen storage capacity of the support and metal
dispersion [27,28].

Chemical surface analysis in spent catalysts

XPS was used to determine the chemical state of the elements
and their surface proportions in the catalysts after reaction.
For each sample, Ce 3d, Ln 3d (Ln: Gd, La, Nd, Sm), Ni 2p, O 1s
and C 1s core level spectra were recorded and the respective
binding energies for above levels are reported in Table 4.
Binding energies for Ni 2p;, core level are in the range
855.3—855.5 eV. These values together with its strong satellite
line that appears around 861862 eV confirm the presence of
Ni”" species on the surface of the catalysts after reaction.

By way of example, XPS spectra of Ni 2p core-level for a
representative catalyst (NCG, before and after reaction) are
depicted in Fig. 7. These profiles present a satellite peak

Table 4 — Binding energies (eV) of core electrons of NCLn
(Ln = Gd, La, Nd and Sm) for spent catalysts.

Catalysts Ce3d Ln3d Ni2p O1s Cls

NCL us 882.2 834.8 855.4 529.3 (64) 288.5
531.7 (36)

NCS us 882.4 1081.2 855.5 529.2 (61) 288.3
531.5 (39)

NCG us 882.2 140.9 855.5 529.2 (60) 288.6
531.6 (40)

NCN us 882.3 121.4 855.3 929.3 (59) 288.4
932.6 (41)

around 861.8 eV which is the footprint of Ni**. Moreover, the
ratio between the area corresponding to the satellite line and
the area of the main line of Ni 2p3/2 are similar for both
samples, the catalyst before and after reaction.

The XPS spectra of Ce 3d core-levels is formed by six peaks
corresponding to four pairs of spin—orbit doublets, charac-
teristic of oxidized Ce** species. The spectra profile and one of
the satellite lines placed close to 917 €V, indicate that Ce*" is
the dominant surface ceria species for all the samples [32,33].
By evaluating the binding energy values of Gd (140.9 eV for 4ds,
2), La (834.8 eV for 3ds,), Nd (121.4 eV for 4ds,;) and Sm
(1081.2 eV for 3ds/,) present in the catalysts after reaction, it
can be concluded that these lanthanides are present in their
3 + oxidation state. Concerning the O 1s core level, the spectra
show two different contributions, one centered at
529.2-529.3 eV, ascribed to oxygen species in the oxide lattice,
and a second one, centered around 531.6 eV, which is assigned
to oxygen present in adsorbed carbonates and/or hydroxyls
groups. The relative proportions (lattice oxygen/adsorbed
oxygen) species for the catalysts NCG and NCS are 60/40 and
61/39, respectively. For NCL is 64/36 and for the catalyst NCN is
59/41. On the other hand, C 1s spectra show two different
bands, at 284.6 eV, assigned to adventitious carbon contami-
nation (C—C and/or C—H species), and another, more intense,
at 288.3—288.6 eV, assigned to C—O bonds in carbonates and
coke precursors [34,35].

The atomic surface compositions (% at), calculated from
XPS data, are reported in Table 5. Due to the partial over-
lapping of Ni 2ps/, emission with La 3ds, emission, quanti-
tative estimation of Ni proportion was done after careful
deconvolution between both core-levels.

In order to compare the dispersion of the different active
phases, the surface proportions of Ni, Ce and Ln (Gd, La, Nd,
Sm) have been compared with the respective nominal com-
positions, excluding surface carbon and oxygen. As reported
in Table 5, surface nickel proportion is somewhat lower than

Table 3 — Quantification of H, consumption (from H,-TPR profiles).

Catalyst Moles of H, Milimoles mg Ni % Ni % Ni Relative proportion
consumed NiO (weight) (nominal) of NiO respect
to nominal Ni (%)
NCG 5.53-10°° 0.0553 3.240 0.0810 3.62 22
NCL 5.69-107° 0.0569 3.339 0.0834 3.65 2.3
NCN 3.16-10°° 0.0316 1.855 0.0464 3.64 1.3
NCS 1.34-10°° 0.0134 0.786 0.0197 3.63 0.5
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Fig. 7 — Ni 2p XPS spectra of fresh and spent NCG catalyst.

nominal one (24.7%) but similar for all the catalysts after re-
action, between 12.3% for NCS to 14.5% for NCL. Regarding the
surface proportion of the lanthanides, used as dopants into
ceria lattice, as derived from calculated values, they are be-
tween 3.2% for NCG to 5.1% for NCN, somewhat lower than the

nominal one (10%).

Concerning surface carbon proportion, the surface-atom in
% is between 6 and 8.4%, with the highest proportion corre-
sponding to the catalyst doped with lanthanum. This highest
carbon proportion could be associated with a larger carbon

C1s

NCL us

counts per second (au)

NCG us

| L ]

280 284

Fig. 8 — C 1s XPS spectra of the catalysts NCG, NCL, NCN

and NCS after reaction.

288

BE (eV)

292

Table 5 — Surface atomic proportions of Ce, Ln (Gd, La, Nd, Sm), Ni, O and C for spent catalysts.

Catalysts after reaction

Surface atomic % (XPS) in parenthesis (without considering surface carbon); in brackets
(without considering surface carbon and oxygen)

Ce (% at) Ln (% at) Ni (% at) O (% at) C (% at)

NCG us 18.1 0.6 3.0 71.1 7.2
(19.5) [83.4] (0.7) [2.8] (3.2) [13.8] (76.6)

NCL us 15.8 0.7 2.8 72.3 8.4
(17.2) [81.9] (0.8) [3.6] (3.1) [14.5] (78.9)

NCN us 14.9 0.8 2.6 75.6 6.1
(15.9) [81.4] (0.9) [4.4] (2.7) [14.2] (80.5)

NCS us 171 0.7 25 73.0 6.7
(18.3) [84.3] (0.8) [3.4] (2.7) [12.3] (78.2)
Nominal atomic %
27.45 3.06 10.00 59.49 -
Nominal atomic % (without considering oxygen)
67.8 7.6 24.7 - -
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deposition and/or with a higher formation of surface car- 100
bonates, due to the higher basic character of this oxide. (a)

XPS spectra corresponding to Cls core level for the cata- 80 tifffi:zt-@'-*‘w
lysts after reaction are depicted in Fig. 8. The spectra are -
deconvoluted in three components: those found at lower
binding energy (around 284.6 and 286 eV) are due to adventi-
tious carbon contamination and the third one, around
288.8 eV, is attributed to surface carbonates and/or some
carbon deposits.

60

404 |--e--NCG
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® - NCN| @~~~ @ - *—-- *
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CH, conversion (%)

Partial oxidation of methane 20+

Fig. 9 shows the catalytic performance of (Ni)1(CeooBo1 0
O195)09 (B = Sm, Nd, La and Gd) catalysts for the partial 1 2 3 4 5 6
oxidation of methane to syngas after 6 h on stream. Methane time (h)

conversions over the different catalysts and the support (CG,
Ce.9Gdp 101.05) are presented in Fig. 9a. It is observed that the
catalyst type has an effect on the conversion of methane. With
the exception of the catalyst doped with lanthanum, which
suffered a pronounced loss of activity and selectivity, the
others present stable conversions along the reaction time. The
trend found for methane conversion and hydrogen yield is:
NCG > NCS > NCN > NCL (Fig. 9a and b).

It is also evident that nickel particles have a role as active
phase in the partial oxidation of methane to syngas, since the
sample CG, without supported nickel particles, is much less
active for methane conversion and only selective to methane
combustion (Fig. 9¢c). The catalyst doped with Gd showed the

-
[¢)]

RN
o
1

o
[&)]
1
1
*
L
=z
(9]
)]

H, yield (mol H,/mol CH, feed)

highest CH, conversion and H, yield along the whole reaction --o--NCN
period, with values approaching the thermodynamic equilib- NCL
rium [2]. - - CG
00{e® - - - o - -~ - - - - - - - o - - - ®
Carbon deposited in spent catalysts 1 2 3 4 5 6
time (h)
The characterization of the carbon deposits for the fresh and
spent catalysts was carried out by Raman spectroscopy
(Raman spectra are shown in Fig. 10). For each catalyst, at least
three Raman spectra were recorded in different areas to 100 ° ® ® ® ® ®
assure the homogeneity of the composition. All the samples (C)
showed a band around 460 cm ™! band which is attributed to ® NCG
the symmetrical stretching mode (vs (Ce—0)) of the CeOsg ~ 807 | x NCS
vibrational unit (triply degenerate F2g mode), since this is the & e NCN
oxygen environment of cerium atoms in the cubic fluorite =2 NCL
lattice of ceria. The weak band present at ~600 cm™* corre- 2 %07 | e cc
sponds to a doubly degenerate LO mode of CeO, [36]. This (Q)
band is observed in nanosized samples and was linked to & 404
oxygen vacancies in the CeO, lattice [37]. For the fresh cata- ON
lysts, only these bands are observed (Fig. 10a). On the contrary, o
for the spent catalysts, besides these bands related to the 201
ceria-based support, additional bands due to the presence of - ] ! , ’ ’ ’
carbon are found (Fig. 10b). Thus, the Raman spectra of carbon 1 2 3 4 5 6
exhibited two quite sharp modes, the G (graphitic) peak time (h)

around 1580 cm™!

1350 cm ™. It is also observed a shoulder around 1600 cm Fig. 9 — (a) CH4 conversion (b) hydrogen yield (c) and CO,
related to disordered carbon species [30]. Since the Raman selectivity versus time-on-stream for the catalysts NCG,
bands depend on the amount of sample and morphology, in NCL, NCN and NCS and for the support CG during the
order to compare the carbon deposited on the samples, the partial oxidation of methane to syngas (T = 700 °C,

sum of the bands intensities at 1350 and 1580 cm™! P = 0.1 MPa, 36600 mLy h~* g%, CH,/0, = 2).

and the D (disordered) peak around
-1
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Fig. 10 — Raman spectra of the catalysts NCG, NCL, NCN and NCS (a) fresh (b) after reaction.

(corresponding to disordered and graphitic species, respec-
tively) has been divided by the intensity of the band at
460 cm™?, related to CeO,. The values point out that
gadolinium-doped catalyst does not present carbon deposits
and samarium-doped catalyst presents a low amount of car-
bon deposits. On the contrary, the samples doped with
lanthanum and neodymium show a larger amount of carbon.

Structure-activity correlations

The characterization of the catalysts by XRD proved the
formation of fluorite-type oxides with high crystallinity and
the absence of phases of single oxides of La, Gd, Nd or Sm.
The color and magnetic properties of the catalysts point out
the formation of metallic nickel, which is confirmed by XRD
for higher Ni molar contents. This would indicate that the
conditions used in this SCS method allows obtaining in a
single step a material (cermet) composed by metallic nickel
nanoparticles supported on the corresponding mixed oxide.
The as-prepared catalysts present high macroporosity
(revealed by SEM and Hg porosimetry) that increases the
specific surface area of nickel and support (catalyst surface
area per unit mass of catalyst). This fact is relevant since
produces higher mass-specific activity and favors heat and
mass transfer.

H, yield (mol produced H, / mol CH, feed)

1.4
] NCN ® NS
12 NCG (©) ©
© NCL

1 ©
0.8
0.6 ©

©after 6 h reaction  ©reaction beginning
0.4
0.15 0.2 0.25

CHEMISORBED H, / CHEMISORBED O,

Fig. 11 — H, yield versus chemisorbed H, (catalysts)/
chemisorbed O, (supports) (mol/mol) for the catalysts NCG,
NCL, NCN and NGCS.

Fig. 11 depicts the hydrogen yields at the reaction begin-
ning and after 6 h of reaction as a function of chemisorbed Hy/
chemisorbed O, ratio. A significant trend is identified for both
correlations. The highest hydrogen yields are found with a
greater chemisorbed H,/chemisorbed O, ratio, which points
out the cooperative effect of both nickel and lanthanide-
doped ceria. It would be necessary to develop some other
catalysts compositions, in order to obtain higher ratios,
greater than the highest value found for the catalysts studied
in this work (around 0.16), to confirm the role of this param-
eter on the reactivity for POM to syngas and to figure out if
there is an optimum ratio.

Thus, and in accordance with literature [28], the perfor-
mance of the catalyst is influenced by a proper balance be-
tween OSC of the support and Ni dispersion. The higher OSC
of the catalyst helped to remove the carbon deposits from the
metal-support interface; thereby, a low metal dispersion, for a
same OSC of the support, would decrease the metal-support
interfacial area and hence the effectiveness for carbon
removal.

The better catalytic efficiency of the catalyst doped with
Gd, very active and stable, with no formation of carbon de-
posits, is related to a certain nickel surface area/surface oxy-
gen vacancies proportion [19,38] and a high porosity, which
favours mass and heat transfer. On the contrary, the worst
catalytic performance is found for the lanthanum-doped
catalyst, which shows a pronounced deactivation with time
on stream, together with an increase in the selectivity to
methane combustion and high carbon formation. This cata-
lyst presents a Ni dispersion/chemisorbed oxygen ratio far
from the corresponding to the catalyst with the best catalytic
performance (NCG) and a lower porosity, which would have
an influence on mass and heat transfer, favoring carbon for-
mation by methane dehydrogenation. The lower selectivity to
hydrogen shown for NCL catalyst that decreases with reaction
time, points out that (i) the metallic nickel phase is becoming
oxidized (as widely reported, nickel oxide is active for
methane combustion) and/or that (ii) the proportion of surface
metallic nickel or surface Ce—La mixed oxide decreases by
carbon deposition [2|. However, considering that it is not
possible to distinguish by XPS the surface proportion of car-
bon from carbonates and from carbon deposits, with the
experimental data presented in this research work, both op-
tions should be left open.
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Conclusions

The results obtained in this study show that the catalysts,
prepared by SCS method, consist of composite materials
based on metallic nickel nanoparticles supported on highly
crystalline Ce-lanthanide mixed oxides, (Ni)o1(Ceoolng 1
O195)09 (Ln = Gd, La, Nd and Sm). This is an important
advantage compared to conventionally impregnated cata-
lysts, since a reduction step, prior to the reaction, is not
required. On the other hand, the catalysts present high
porosity, which increases active phase dispersion and, sub-
sequently, the activity per unit mass of catalyst. The redox
pair of ceria (Ce*"/Ce®") and the doping of ceria with lantha-
nides induce the formation of oxygen vacancies and hence a
better oxygen mobility. Both factors have a role in oxygen
adsorption, in reactivity and in effectively removing carbo-
naceous deposits. The catalysts present high macroporosity,
high crystallinity, high oxygen storage capacity, high thermal
resistance and small particle size. The catalysts show high
activity per mass unit for hydrogen production by partial
oxidation of methane, which is mainly related to their high
porosity and nickel dispersion. A trend between H, yield and
Ni dispersion/OSC has been found, pointing to a cooperative
and synergic effect between nickel and the doped-ceria sup-
port for this reaction. According to the obtained results, the
best catalytic behavior is identified for the sample doped with
gadolinium, for which no carbon formation is observed.
Structure-activity correlations suggest that the ratio between
Ni dispersion and the oxygen chemisorption capacity of the
doped-ceria support plays a crucial role in the reactivity for
POM to syngas, which also has an effect on the surface pro-
portion of metallic nickel. On the contrary, the catalyst doped
with lanthanum shows the lowest catalytic performance. This
catalyst produces lower methane conversion, lower hydrogen
yield and a pronounced deactivation with reaction time. This
is explained by its lower porosity and high carbon formation
favoured by a nickel surface area/chemisorbed O, ratio far
from the optimum interval.
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