Journal of Alloys and Compounds 489 (2010) 316-323

journal homepage: www.elsevier.com/locate/jallcom

Journal of Alloys and Compounds

Contents lists available at ScienceDirect

ALLOYS
AND COMPOUNDS

Partial oxidation of methane over bimetallic nickel-lanthanide oxides

Ana C. Ferreira?, A.M. Ferraria®, A.M. Botelho do RegoP®, Ant6nio P. Gon¢alves?, M. Rosario Correia®,
T. Almeida Gasche?, Joaquim B. Branco*

a Instituto Tecnoldgico e Nuclear, Unidade de Ciéncias Quimicas e Radiofarmacéuticas, Estrada Nacional 10, 2686-953 Sacavém, Portugal
b Universidade Técnica de Lisboa, IST, Centro de Quimica - Fisica Molecular and IN, Av. Rovisco Pais, 1049-001 Lisboa, Portugal
¢ Universidade de Aveiro, I3N-Departamento de Fisica, Campus Universitdrio de Santiago, 3810-193 Aveiro, Portugal

ARTICLE INFO

Article history:

Received 3 June 2009

Received in revised form 9 September 2009
Accepted 10 September 2009

Available online 23 September 2009

Keywords:

Intermetallic

Bimetallic nickel-lanthanide oxides
Methane

Partial oxidation

ABSTRACT

The study of partial oxidation of methane (POM) over bimetallic nickel-lanthanide oxides was under-
taken. Binary intermetallic compounds of the type LnNi (Ln=Pr, Gd, Lu) were used as bimetallic
nickel-lanthanide oxides precursors and the products (NiO-Pr;NiOg4, 2NiO-Gd, 03 and 2NiO-Lu,03) were
characterized by means of X-ray diffraction, X-ray photoelectron spectroscopy, Raman and temper-
ature programmed reduction. The catalytic activity increases when gadolinium or lutetium replaces
praseodymium and the selectivity of the bimetallic nickel-lanthanide oxides is clearly different from
that of single metal oxides and/or mechanical mixtures.

The existence of an unusual synergism effect between the two metal oxide phases (NiO and Ln,03)
that lead to higher conversions of methane and higher selectivities to hydrogen and carbon monoxide
correlate also the catalysts stability to deactivation. The activity and selectivity of the gadolinium and
lutetium compounds is, under the same conditions, equivalent to that of a platinum commercial catalyst,
5wt% Pt/Al; 03, which stresses the good catalytic performance of this new type of compounds for the

production of H, and CO (H,/CO=2).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The catalytic partial oxidation of methane (POM) to synthe-
sis gas has been under intense study as a potential alternative to
the highly endothermic steam reforming process. POM offers the
potential for fast, efficient and economic production of synthesis
gas, suitable for Fisher-Tropsch (synthetic fuels) and methanol syn-
thesis [1-4]. Moreover, the hydrogen content can be used both in
the chemical industry and for the generation of electrical energy via
fuel cells. However, the POM reaction cannot be easily controlled
due to the difficulty of removing the reaction heat from the reactor
[5] and, unfortunately, the reaction is only effective at high temper-
atures (>700°C), which increases the deactivation of the catalysts
by carbon deposition or the sinterization of the metal active phase,
especially on supported catalysts [6].

Considerable research efforts have been directed to the devel-
opment of catalysts highly active and resistant to deactivation.
Numerous supported metal catalysts have been used for this reac-
tion. Among them, supported noble metals (Rh, Ru, Ir, Pt, and Pd)
[7-12] and Ni [13-17] show high catalytic performance in terms of
methane conversion and selectivity to synthesis gas.
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E-mail address: jbranco@itn.pt (J.B. Branco).

0925-8388/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2009.09.082

Ni-based catalysts exhibit good activity and selectivity to syn-
thesis gas formation from CH4/O, mixtures and due to its low cost
they were extensively studied for POM [18]. The behaviour of a
number of Ni-containing catalysts, such as NiO-MgO [19], NiO-CaO
[20], NiO-rare earth oxides [21-24], NiO/Al,03 [25-28] and Ni-
noble metals (Ru, Rh, Pt, Ir) [7-12,29] have been reported in the
literature.

However, deactivation due to carbon deposition or metal loss
at high temperature has been reported as a major problem for Ni
catalysts. The use of Ni perovskite-type oxides seems to be a good
alternative to reduce the formation and deposition of carbon on
the catalysts. Choudhary et al. [30] reported that complex oxides
with a perovskite structure, like LaNiO3, Lag gCa(or Sr)gNiO3 and
LaNi;_,Cox0O3 (x=0.2-1.0), were resistant to coking. Tsipouriari and
Verykios [31] studied POM to synthesis gas over a Ni/La,03 cata-
lyst and have found that the CH4 conversion and the H; selectivity
were close to thermodynamic predictions. Different additives were
studied for the Ni/Al,03 system [26,27,32]. Mixed metal oxides,
NiO-MgO solid solutions [33], Ni-BaTiO3 [34], Ni-Mg-Cr-La-O
[35] and Ni/Ca;_,SrxTiO3 [36] mixed oxides, were reported to
be highly active and selective catalysts at high space velocity
(105-106 mL/gh) and high temperature (>700°C) with improved
coking resistance.

In this context, binary intermetallic compounds of lanthanide
or actinide metals combined with d metals (namely Ni, Co, Mn, or
Fe) have drawn the attention of many authors due to their catalytic
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properties [37-45]. It was also observed that they decompose into
oxides or nitrides responsible for their good activity and selectivity
[38-40,43-49].

In our laboratories, we have using binary intermetallic com-
pounds LnCu, (Ln=La, Ce, Pr, Nd), [38] ThCu; and AnNi, (An=U,
Th) as catalytic precursors of bimetallic oxides, e.g. 3Cu0-Ln,CuOy4
or 2Cu0-ThO,, [40]. Such compounds exhibited selectivity for the 4-
methylpentan-2-ol decomposition and the lanthanide-containing
phase, CeO, or Ln,CuQy4, seems to play a role in the formation
of the CuO active sites [38]. After reduction, these bimetallic
oxides were described as supported Cu catalysts on lanthanide
oxides, 2Cu-CeO, and 4Cu-Ln,03, which were active and selec-
tive for the mesityl oxide hydrogenation to 4-methylpentan-2-one
(methylisobutylketone, MIKB) [49]. Their catalytic activity and
selectivity was associated with the lanthanide-containing phase
that seems to play an important role in the formation of the Cu
or Ni active sites.

In this article, we report the results obtained for the partial oxi-
dation of methane over Ni-lanthanide bimetallic oxides (Ln=Pr, Gd
and Lu) in the temperature range 350-850°C and at atmospheric
pressure. All catalysts were characterized by powder X-ray diffrac-
tion (XRD), UV-Raman spectrometry (Raman), X-ray photoelectron
spectroscopy (XPS) and temperature programmed reduction (Hy-
TPR). The oxidation reaction was followed in the temperature range
350-850°C, in the gas phase, at atmospheric pressure and the
results were compared with the catalytic activity of a commercial
catalyst, 5 wt% Pt/Al,03.

2. Experimental
2.1. Catalysts preparation

The lanthanide intermetallic compounds, LnNi (Ln =Pr, Gd, Lu), were prepared
and characterized by powder X-ray diffraction as described earlier [41].

The bimetallic Ni-lanthanide oxides were prepared by controlled oxidation of
the intermetallic compounds under air (Air Liquide, O,:N, =20:80 (vol%), purity
99.995%) at 10 °C/min heating rate up to 950°C, as described elsewhere [38].

2.2. Catalyst characterization

The XRD patterns were obtained in reflection geometry with a PANalitycal
X'Pert Pro diffractometer using Cu kae monochromatic radiation (A =1.5406 A). The
operational settings for all scans were: voltage =45KkV; current=40mA; 260 scan
range 5-80° using a step size of 0.03° at a scan speed of 0.02°/min. For identifica-
tion purposes, the relative intensities (I/Ip) and the d-spacing (A) were compared
with standard JCPDS powder diffraction files [50]. The NiO, Ln, 03 (Ln=Gd, Lu) and
Pr,NiOy4 particle size was determined by means of the Scherrer’s equation [51] using
the XRD 200, 222, 222 and 111 peaks, respectively.

The XPS measurements were performed in a spectrometer XSAM800 (KRATOS)
operated in the fixed analyser transmission (FAT) mode, with pass energy of 20eV.
The non-monochromatized Al Ko and Mg Ko X-radiation of 1486.6 and 1253.6eV,
respectively, were produced using a current of 10 mA and a voltage of 12 kV. Samples
were analysed using 45° takeoff angle (TOA) in an ultrahigh vacuum (UHV) chamber
(<10-7 Pa) at room temperature. Details on spectra acquisition and data treatment
were published elsewhere [52]. For quantification purposes, sensitivity factors were
0.66 for O 1s, 0.25 for C 1s, 3.53 for Ni 2p3),, 8.167 for Pr 3ds),, 13.15 for Gd 3ds), and
3.83 for Lu 4d. The two first values were used as furnished by the equipment library.
The other ones were obtained by multiplying the Scofield factors by the equipment
response function. This last one was obtained by dividing the values furnished by the
equipment library for X 1s photoelectrons (X ranging from lithium to magnesium)
by the respective Scofield factors and fitting a polynomial function of kinetic energy.

The RAMAN spectra (Stokes) were obtained at room temperature in backscatter-
ing configuration with a Jobin-Yvon LabRaman HR equipped with a Multichannel air
cooled (—70°C) CCD detector. An objective of x40 magnification was used to focus
the surface of sample pellet excited with the 325 nm He-Cd laser line.

The H,-TPR experiments were performed under pure hydrogen in an apparatus
previously described [40,49]. The samples were placed in a quartz U tube (6 mm
diameter), submitted to a flow of hydrogen (50cm?/min) under atmospheric
pressure and heated up to 950°C at a rate of 10°C/min. The degree of reduction
was determined by the quantitative analysis of water, the reduction product,
as described elsewhere [53]. Prior to H,-TPR, all samples were pretreated at
150°C under He (F=50cm3/min) during 10 min to eliminate any problem due to
physisorbed water. The optimal conditions to realize good H,-TPR experiments are
found by computing the K and P parameters defined by Monti and Baiker [54] and

Malet and Caballero [55], respectively. K should have a value in the range 55-140s
for 0.1<8<0.3°s (B, heating rate) to maintain an optimal resolution. If K is lower
than 55 s, the variation of hydrogen concentration is too small to be detected and if K
is higher than 140, the hydrogen consumption is too important to consider [H,] as
a constant, whereas according to Malet and Caballero [55], P values should be kept
as low as possible with the upper limit of 20°C. In this work, we decided to use the
approach described by Ballivet-Tkatchenko and Delahay [56] instead of the conven-
tional TPR analysis that uses an diluted H,-containing mixture. This new approach
enhances the sensitivity of the method as well as to perform TPR experiments under
pure hydrogen. Optimized resolution was obtained by careful choice of the sample
weight (<30mg) and hydrogen flow (F=50cm?/min) taking into account the
criteria established by Ballivet-Tkatchenko and Delahay [56] for the temperature
programmed reduction of V,0s that we have also confirmed for the reduction
of CuO. The TPR curves became distorted, flat at their maximum and there is a
broadening of the peaks for K>20s (P>3°C) and the optimal conditions comprise
between 10-20s and 1.5-3°C for K and P, respectively. Under our experimental
conditions, the calculated K and P values were ~15s and ~ 3 °C. K is lower than 55 s
which means that the variation of hydrogen concentration should be too small to be
detected. However, using the analysis of water evolution this problemis avoided and
the hydrogen concentration can be better considered as constant and it is possible to
perform TPR experiments under pure hydrogen without possible kinetic problems
ascribed to the use of low hydrogen concentrations. Our P value (3 °C) is also much
lower than 20 °C, which confirm that our H,-TPR experimental standard conditions
are adequate to maintain good resolution. Water was analysed on a Shimadzu 9A
instrument equipped with thermal conductivity detector (TCD), helium was used as
carrier gas (F=50 cm?/min, Tpetector = 105 °C, 150 mA), connected to a CR3 Shimadzu
integrator.

2.3. Catalytic activity

The catalytic partial oxidation of methane was carried out at atmospheric
pressure in a fixed-bed U-shaped quartz reactor, plug-flow type reactor, with a
quartz frit and an inside volume of 15cm3. Mass flow controllers were used to
control CH, (Air Liquide, purity 99.9995%), air (Air Liquide, purity 99.9995%) and He
(Air Liquide, purity 99.9995%) flows. A thermocouple was placed near the catalytic
bed for continuous monitoring of the sample temperature. Unless otherwise stated,
a gaseous mixture of CHy (28%), 02 (14%) and N, (58%) was introduced and the
reaction was studied with an adequate gas hourly space velocity (GHSV, mL of
CHy/g of catalyst h) of 8500, m =100 mg. The outlet gas was cooled in an ice-water
trap and its composition analysed on-line by gas chromatography using a Restek
ShinCarbon ST column (L=2.0m, ¢=1/8in., ID=1mm, 100/200 mesh) and an
Agilent 4890D GC equipped with a thermal conductivity detector (TCD) and a
6-port gas sampling valve with a 0.250 n.L loop.

Catalyst activity (r;) was defined as the number of mL of methane
converted per gram of catalyst and per hour (mLcys/gh). The conversion
of methane, the selectivity and the yield of the products were calcu-
lated as follows: Conv.ch, (%)={([CH4];i —[CH4]o)/[CH4]i} x 100;  Sel.co
(%)= {{COlo/([CH4]; — [CH4]o)} x 100; Sel.co, (%)={[CO21o/([CH4]; — [CHs]o)} x 100
and Sel.y, (%)={[Hz2]o/2 x ([CH4]i —[CH4]o)} x 100, where [CHy4]; are inlet flow
rates, and [CH4]o, [CO]Jo, [CO2]o, and [Hz], are outlet flow rates. The amount of
reagents and products was confirmed by an external standard method using
reference mixtures of CHy4, CO, CO, and H; (Air Liquide). The confidence level
was better than 95%. Unless otherwise stated, the values reported in this paper
represent the initial activities of the catalysts after 1h on stream. The catalysts
activity was compared to that of a commercial catalyst (5.0 wt% Pt/Al, O3, Aldrich),
one standard in this research field [1].

3. Results and discussion
3.1. Catalysts characterization

Fig. 1 shows the diffraction patterns obtained before catalytic
tests for the Ni-lanthanide oxides LnNiOx (Ln=Pr, Gd and Lu). As
can be seen, the patterns were consistent with those of standard
NiO, PryNiOy4, Gd;03 and Luy O3 cubic phases as reported on the
standard JCPDS powder diffraction files [50], with a nearly absence
of differences in the respective lattice parameters.

The average particle size was estimated from the half-width of
the NiO (200), PryNiO4 (200) and Ln,03 (222) diffraction peaks
using the Scherrer’s equation. The values obtained were close to
each other for all the samples: ~60-80 nm.

To characterize the surface elemental composition as well as
the oxidation states, samples were analysed by XPS. O 1s, Ni 2p,
Pr 3d Gd 3ds, and Lu 4d were the main studied regions. Also
the C 1s region was acquired for binding energy reference pur-
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Fig. 1. XRD patterns for the Ni-lanthanide oxides before reaction.

poses. The XPS regions for the lanthanide elements are shown in
Fig. 2.

Binding energies for Pr 3ds),, Gd 3ds; and Lu 4ds), are 933.2,
1187.5, 196.3 eV, respectively, which confirm that the lanthanides
are present, at least in the surface, within the thickness probed by
XPS, under the form of Ln3* [57].

On the other hand, the Ni 2p spectra show that the surfaces of
the Ni-lanthanide oxides LnNiOx (Ln = Pr, Gd and Lu) exhibit com-
ponents assignable to nickel hydroxide (Fig. 3). However, we cannot
completely discard the presence of Ni in the 3+ state due to the for-
mation of nickel oxyhydroxides (NiOOH) that are reported to have
a binding energy of 855.9 + 0.1 eV [58], close to the shoulder in the
NiO spectrum and to the binding energy for Ni(OH), (854.6 eV) [59].
The peak due to presence of Ni® species (around 852.6 eV) was not
detected.

Other important information can be inferred from the O 1s core
level spectrum. Fig. 4 shows that all Ni-lanthanide oxides spectra
have three distinct components. They are centred at 529.4, 531.5
and 532.4 eV and are assignable, respectively, to oxide, to hydroxide
and to adsorbed oxygen under the form of O and/or O, [60] or under
the form of carbonate ion on the samples surface.

Table 1 presents the quantitative results for samples before cat-
alytic tests.

From the quantitative point of view, the atomic ratio Ln/Ni is,
at least at the surface, always larger than the expected one (=1)
and compatible with a positive superficial segregation of the lan-
thanide. Moreover, the amount of oxygen assignable to oxides is in
excess if we consider that all the Ni should be under the form of
NiO (no metallic Ni was found) and all the lanthanides should be
under the form of Ln;03. This favours the hypothesis that some of
the superficial nickel is in an oxidized form (hydroxide, oxyhydrox-
ide). However, it has been also shown that, for a binary alloy, the
element with the larger atomic radius and higher reactivity with the
ambient (i.e. higher heat of formation of metal oxide) will segregate
to the surface (AHfLu;03 = —-1878,Gd,03 =-1819; Pry03 = —1809;
Ni» O3 =—-489Kk]/mol) [61-64]. Therefore, at least a part of the
quantified excess of oxygen may be due to the segregation of
lanthanide to the surface (quantifications are performed assum-
ing that a homogeneous elemental distribution in depth exists).
Since the samples are powders, no further exploitation of data
(angular resolution, for instance) is possible. Thence, the follow-
ing tentative surface compositions can be written: (NiO)(Pr,03 )1 o5,
(NiO)(Gd203)o.85 and (NiO)(Luz03)2.15.

In order to investigate the catalyst further, temperature-
programmed reduction studies were performed. Typical H,-TPR
profiles obtained for the nickel-lanthanide oxides are shown in
Fig. 5.
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Fig. 2. XPS regions showing the lanthanide regions of (A) Pr 3d; (B) Lu 4d and (C)
Gd 3(15/2.

The H,-TPR profiles exhibit one reduction peak in the tem-
perature range studied (20-1000°C), except for the compound of
praseodymium that shows two reduction peaks. The temperature
at maximum water evolution rate (Ty,) shifts to higher tempera-
ture when Pr is replaced by Lu and Gd (found Ty, 337, 347 and
357 £5°C, respectively), whereas for the second mass loss of the
Pr compound, the Ty, is much higher (532 4+ 5°C). The Ty, for pure
NiO is always lower (295 + 5 °C) but, in agreement with published
values for the reduction of nickel oxide [40,54].

The H,-TPR quantitative analysis of water produced on each
mass loss gives a H,0:Ln molar ratio of 1.7, 2.3 and 2.1+0.2 for
the first mass losses of the Pr, Gd and Lu bimetallic oxides, respec-
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tively, whereas the Ni-Pr bimetallic oxide has associated with the
second mass loss a H,O:Pr molar ratio of 0.240.1. After the H;-
TPR studies, the XRD patterns of the reduced samples show pure
crystalline phase of metallic Ni along with Ln,03 (Ln=Pr, Gd, Lu)
(Fig. 6).

To understand such results we must take into account that the
standard enthalpy and Gibbs free energy for the reduction of NiO is
considerably more favourable than that of the lanthanide oxides
(LnyO3, Ln=Pr, Gd) (e.g. A¢G°=-16.87k]J/mol for the reduction
of NiO and +1591.03 kJ/mol for the reduction of Gd,03) [64,65].
In the case of PryNiOg4, to the best of our knowledge, only the
enthalpy of formation (A¢H°) is known from the literature [66].
Nevertheless, the entropic factor has, for the reduction of NiO and
Ln, 03, a positive sign, and the main contribution for the Gibbs free
energy of solids is due to the gases (H, and H,0) produced dur-
ing the reduction [64]. Therefore, in the case of the reduction of
PryNiO4 the enthalpy of reduction is a good measure of their stabil-

Table 1
XPS quantitative results for Ni-lanthanide oxides in atomic %.
Lanthanide Pr Gd Lu
01s? 82.1(22.8) 88.0(20.9) 79.4 (40.5)
Ni 2p;p, 5.9 4.4 3.9
Pr 3ds), 12.0
Gd 3ds), 7.6
Lu 4d 16.7
Ln/Ni 2.1 1.7 43

2 Total O 1s % (0%~ %).
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Fig. 5. H,-TPR profiles under pure hydrogen.

ity (+52.28 kJ/mol for the reduction of Pr,NiOy4 into Pr,03), which
explains the second reduction peak at higher temperature.

Thus, the reduction of NiO is expected at first and a com-
mon step can be assigned to the reduction of the heterobimetallic
Ni-lanthanide oxides, whereas in the case of the Ni-Pr bimetallic
oxide the existence of a second reduction step can be attributed to
the reduction of the ternary oxide phase and formation of Pr,0s3.

On the other hand, the T, values for the reduction of the
Ni-lanthanide heterobimetallic NiO species were higher than that
of pure NiO, instead of lower. This can be attributed to a form of sta-
ble nickel oxide (oxygen less labile) more difficult to reduce than
pure NiO and due to interaction with the lanthanide containing
phases. Gervasini and co-workers [67] proposed the same expla-
nation for the hindered reduction of nano-sized CuO dispersed on
synthesized silica modified with alumina, titania and zirconia. Fur-
thermore, the obtained results for evolution of T, when Gd or Lu
substitutes Pr indicate that the lanthanide-containing phase seems
to play a role on the reduction of the bimetallic Ni-lanthanide
oxides but, to obtain a trend of evolution, this work needs to be
enlarged to the all lanthanide series.

Therefore, the reduction behaviour of the bimetallic
Ni-lanthanide oxides seems to be determined by the exis-
tence of unusual stable NiO particles modified by the interaction
with the lanthanide oxide phase that hinders their reduction.
As previously reported, bulk diffusion of Ni atoms in lanthanum
oxide perovskite type structure catalysts, LaNiOs, is inhibited as
a consequence of the physical barriers established by the La;03
particles [17]. Moreover, the metallic Ni crystallites maintain a
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Fig. 6. XRD patterns after H,-TPR.
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good dispersion on the La;03 surface and the good stability of the
catalyst is mainly due to the ability to stabilize the Ni crystallites
in a high dispersion degree on a La;03 matrix, thus limiting the
extent of metallic particles sintering.

3.2. Catalysts activity and stability

The bimetallic Ni-lanthanide oxides were active and selective
for the partial oxidation of methane. Fig. 7 shows the effect of
the temperature on their catalytic performance in the tempera-
ture range studied, 350-800 °C, under a molar ratio of CH4/O, =2.
For comparison purposes, the behaviour of a commercial platinum
catalyst, 5 wt% Pt/Al,03, was also studied under the same experi-
mental conditions.

The conversion of CH, increases with the temperature of reac-
tion. At 800°C, the order of activity is as follows: NiO (46%), Pr-Ni
oxide (27%), Gd-Ni oxide (91%) and Lu-Ni oxide (89%), which for
the Gd and Lu compounds is two times superior to that of pure NiO
(for clarity purposes, not shown in Fig. 7). Moreover, the behaviour
of the Gd-Ni oxide at T>650°C and that of the Lu-Ni oxide at
T>750°C is comparable to that of a commercial catalyst of plat-
inum on alumina, 5 wt% Pt/Al;Os.

Fig. 8 shows the evolution of the catalysts selectivity to hydro-
gen and carbon dioxide with the temperature of reaction. The
production of H, increases with the temperature, whereas the pro-
duction of CO, decreases significantly and becomes residual at
T>750°C (<1%), except for the Pr compound. The other products
detected were carbon monoxide that increases with the tempera-
ture and C2 hydrocarbons (ethylene and ethane) that were only
detected on Pr-Ni oxide and at very low concentrations (<1%,
T>750°C). The results obtained on Gd and Lu-Ni oxides were
again very similar to those obtained on the platinum commercial
catalyst.

After analysis of the catalytic performance of the bimetallic
Ni-lanthanide oxides, it can be said that the rare earth influence
the activity and selectivity of the reaction in terms of a small effect
when Lu substitutes Gd.

The nickel-lanthanide oxide catalysts were also stable for at
least 16 h of time on stream, at each temperature studied (500, 600,
700, 750 and 800 °C), which correspond to an overall time of 96 h.
Other authors have used periods of 6-16 h to study the evolution
of the catalysts activity/selectivity [22,68]. As an example, Fig. 9
shows the conversion of methane and the selectivities to CO, Hy
and CO, over the Gd-Ni oxide catalyst as a function of the time
on stream at 750°C. The conversion of methane was constant
~84%, whereas the selectivities to CO and H; remained stable at
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Fig. 8. Temperature effect on the selectivity to H, (A) and CO, (B) over the bimetallic
Ni-lanthanide oxides, NiO and 5 wt% Pt/Al,0s.

~22 and ~77%, respectively; the formation of CO, was residual
(<1%).

To our knowledge, this is the first time that such results are
reported using binary intermetallic compounds of the type LnNi
(Ln=Pr, Gd and Lu) as bimetallic oxide precursors, which stresses
the advantage of this synthetic route.

This raises the question about the nature of the active sites for
the catalytic POM over Ni-lanthanide oxides and the roles played by
Niand lanthanide oxides on their formation. NiO and the lanthanide
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Fig. 9. Partial oxidation of methane over the bimetallic Ni-Gd oxide as a function
of time on stream at 750°C.
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Fig. 10. Temperature effect on the conversion of methane over the NiO, Gd,03
mechanic mixture of 2NiO + Gd; 03 and the bimetallic Ni-Gd oxide.

oxides are catalytically active for the oxidation of methane oxides
[21-24,69,70], which was confirmed by our results. However, their
catalytic behaviour is clearly different from that of the correspond-
ing Ni-lanthanide bimetallic oxides reported in this work. As an
example, Fig. 10 shows the comparison of the activity of NiO and
Gd, 03 with that of the Ni-Gd bimetallic oxide.

The catalytic activity of the Ni-lanthanides bimetallic oxides is
very different from that of the pure metal oxides; which is con-
firmed by the differences in the evolution of the selectivities with
the temperature (Fig. 11). Therefore, if NiO and the lanthanide
oxides have arole in the catalytic process, these differences can only
be ascribed to the existence of an unusual synergism effect between
the two metal oxide phases in the Ni-lanthanide bimetallic oxides.

In order to explain our results and to approach the true nature
of the active sites, the analysis of the catalysts after reaction was
undertaken. After reaction, the formation of other oxide phases that
could correspond to the formation of new solid solutions between
NiO and the lanthanide oxide phase were not detected but, the
appearance of Ni due to NiO total reduction could be identified
by XRD (Fig. 12). The appearance of Ni was especially important
for the Gd and Lu samples, whereas the diffraction patterns of
the NiO phase were undetected by XRD. The average particle size,
determined by the Scherrer’s equation, were comparable to those
obtained before reaction.

In addition, changes were also observed in the bimetallic Gd-Ni
and Lu-Ni oxides Raman spectra obtained before and after the reac-
tion, which is not the case in the Pr-Ni oxide spectrum (Fig. 13). In
all the cases, a blue shift and a decreasing on the full width half
maxima of the spectral lines after reaction are observed.

The Pr-Ni oxide presents similar Raman spectra after and before
the reaction. There is a weak broad peak at ~384cm™1!, but it is
lower than the wave number of the strongest Raman line expected
for the predictable Ni-O stretching peak (~450 cm~1) either in sto-
ichiometric or oxidized Pr;NiO,4.s samples or even for the Ln-O
stretching vibration (~406 cm~1) on the Pr, 03 trigonal A-type [71].
As the synthesis of the catalysts takes place in a rich oxygen atmo-
sphere it is most probable that this peak corresponds to point
defects, such as interstitial oxygen ions, as has been reported in
the literature [72]. The weak shoulder observed at ~600 and ~800
cannot be unambiguously assigned to any of the NiO, PryNiOy,s or
Pr,03 compounds. From the Raman spectra it is evident the poor
crystalline structure of the Pr-Ni oxide phases formed.

The more significant spectral changes are observed for the Ga-Ni
and Lu-Ni oxide samples, where new spectral features arise above
and below the band at ~344 and ~377cm~!, respectively. Lan-
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Fig. 11. Temperature effect on the selectivity to H, (A) and CO; (B) over NiO, Gd,03
mechanic mixture of 2NiO + Gd; 03 and the bimetallic Ni-Gd oxide.

thanides sesquioxides are known to crystallize in various structures
according to the radius of the rare earth ion [73]. The Gd; O3 crystal-
lize in cubic phase at 650 °C and the monoclinic and cubic phases are
simultaneously present in samples annealed at 800 and 900 °C [74].
Before reaction, for the spectral region between 200 and 1200 cm~?,
the main strongest Raman lines (P¢) are located at 344cm~! and
373cm™!, for Ga and Lu oxides respectively, following the trend
expected with the decreases on the lanthanides ionic radius [71].
However, this value is lower than the expected (361 cm~1) for the
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Fig. 12. XRD patterns for the bimetallic Ni-lanthanide oxides after reaction.
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Fig. 13. Raman spectra at room temperature for bimetallic Ni-lanthanide oxides
when excited with the HeCd 325 nm laser line.

strongest peak in cubic C-type or monoclinic B-type (385cm™!)
Gd, 03 [74] and C-type Luy05 (390cm1) [75]. The lower value of
this Raman peak before reaction may be related with the presence
of the Ni cation of the NiO oxide which induces an expanded Ln, 03
structure [72]. After reaction, the position of this peak shifts to the
value expected for the C-type Gd;03 and Lu, 03 phase, which can
be attributed to an annealing effect during the reaction with CH,
[74].

Above the first Raman spectral region comes up a broad band
located between 1000 and 1100 cm~! (PX). This band arises when

14000
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®2NI0.Gd203
©2Ni0.Lu203

Ols organic J lNl[UII}:

oxygen

11000 A

Intensity (a.u.)

5000
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Fig. 14. XPS O 1s region for the three bimetallic Ni-lanthanide oxides after the
catalytic reaction.

the Gd and Lu substitute Pr, and after reaction its intensity increases
inrelation to the strongest peak in the Raman first order region. The
presence of this band correlates well with the increasing of the cat-
alytic performance of Gd and Lu oxides, relatively to that obtained
with Pr oxides. After reaction the intensity ratios Ipx/Ipc increase
~40x in both cases. The origin of this band is either due to the
defects or to a point defect that originates a local vibration, such
as metal-oxygen-vacancy complexes [73]. Since oxygen vacancies
are active sites for combustion reactions, this finding confirm the
bimetallic Ni-lanthanide oxides, particularly in the cases of Gd and
Lu, good catalytic behaviour for POM. Moreover, after reaction, and
only when the Pr is replaced by Gd and Lu, the spectra have a typi-
cal shape of graphitic/DLC films containing contributions from the
G vibrational mode of graphite, involving E;; symmetrical bond
stretching motion of pairs of sp? carbon atoms, and the D band
associated with the breathing mode of six-membered rings [76].

The absence of the typical shape of graphitic/DLC films for the Pr
oxides is in good agreement with the lower catalytic performance
obtained for this lanthanide.

Finally, the XPS Ni 2p spectra for all the samples are very simi-
lar before and after reaction and do not show any metallic Ni at the
surface after the reaction. Additionally, no changes on the XPS spec-
tra are observed for the main peaks of the rare earth components
(3ds, for Pr and Gd, and 4ds, for Lu) and it can be said that the
oxidation state of the rare earths is the same before and after the
catalytic reaction (Ln3*). Nevertheless, a major difference emerges
when we compare the XPS quantitative analysis data before and
afterreaction: the atomic ratio Ln/Ni decreases for all samples (from
2.1 to 1.6 for Ln=Pr; from 1.7 to 0.6 for Ln = Gd; from 4.4 to 2.9 for
Ln=Lu.) confirming the increase of Ni at the catalysts surface after
reaction. The other significant difference emerges from the XPS O
1s spectra obtained for the bimetallic Ni-lanthanide oxides after
reaction (Fig. 14), where the relative importance of 02~ (lowest
binding energy) component increases.

Choudhary et al. [22] investigated the selective oxidation of
methane to CO and H, over NiO-rare earth oxide catalysts and
conclude that the degree of reduction of the catalysts was an impor-
tant factor governing inherent catalysts activity and selectivity. The
conversion increases on the reduced catalysts as compared to the
unreduced catalysts. The formation of coke on catalysts harmless
to their catalytic activity/selectivity was also observed earlier and
has been attributed to the Boudouard reaction [22,68].

In conclusion, despite of the carbon deposition on the cat-
alysts surface, the catalytic activity/selectivity is not affect and
the bimetallic Ni-lanthanide oxides good activity and selectivity
correlate the increase of nickel and oxygen at the catalysts sur-
face. An unusual interaction between nickel and lanthanide in the
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nickel-lanthanide oxides could also contribute to the bimetallic
nickel-lanthanide oxides good catalytic behaviour but, additional
studies have to be performed in a nearly future.

4. Conclusions

The results obtained in the present work show that the bimetal-
lic Ni-lanthanide oxide catalysts obtained by an intermetallic route
via oxidation of LnNi (Ln =Pr, Gd, Lu) were very active and selective
for the partial oxidation of methane and production of synthe-
sis gas. The catalytic performance of the Ni-lanthanide oxides
increases when Gd or Lu substitutes Pr, which seems to indicate
that the catalysts behaviour depends on the lanthanide-containing
phase. The activity and selectivity of the Gd and Lu compounds was,
under the same conditions, comparable to that of a platinum com-
mercial catalyst, 5wt% Pt/Al,03, which stresses the good catalytic
performance of this new type of compounds.
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