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a b s t r a c t

Ni and Ni–Ce/Alumina catalysts in structured form were prepared, characterized by different techniques
and tested in the oxidative dehydrogenation of ethane (ODE). In order to gain further insight into active
species, catalysts in granulated form were also synthesized, characterized and evaluated in the same
reaction test.

The results indicated that the Ni and Ni–Ce/Al2O3 granulated catalysts were active and selective for this
reaction. The addition of cerium using two atomic ratios (Ce/Ni = 0.11 and 0.25) significantly increased
the ethylene productivity by kg of nickel mainly motivated by the marked increment in ethane conver-
sion. This behavior could be explained by the smaller nickel oxide crystallite size and the incorporation of
nickel into the ceria lattice.

The structured systems showed similar active species but achieved a better performance in terms of
ethane conversion and ethylene productivity, compared with the granulated forms. The higher catalytic
activity could be associated with the presence of lower crystallite sizes of the active phases and also
related to a better utilization of active sites due to a higher accessibility of the reagents to the catalyst
surface.

The existence of certain species (mainly chromium oxide) in the coverage also contributed to obtain
higher conversion even though the selectivity to ethylene decreased. Lower temperature treatments
applied to the structured support (550 �C instead of 700 �C) reduced the amount of these undesired
species that favor the total oxidation of ethane.
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1. Introduction

Ethylene is an important building block in the petrochemical
industry. Today, it is mostly produced by naphtha or ethane crack-
ing [1]. This process employs severe operating conditions and
shows a number of disadvantages such as thermodynamical
limitations and coke formation.

Among the alternative routes to produce ethylene, the oxidative
dehydrogenation of ethane emerges as an attractive reaction
because it presents several advantages, i.e. lower operating temper-
atures and the presence of oxygen to produce water as co-product,
thus allowing overcoming thermodynamical limitations.

Numerous catalytic powder formulations were investigated for
the oxidative dehydrogenation of ethane (ODE) in which vanadium
was a traditional choice as active component [2]. However, in the
last few years, nickel-based materials have become promising cat-
alysts due to their capability to activate light paraffins at relatively
low temperatures [3–5].

On the other hand, ceria presents particular chemical features
such as its redox properties in the presence of transition metals
[6–9] which makes it very attractive for applications in catalytic
formulations in numerous reactions. The main role played by ceria
is related to the generation of anionic vacancies and to the partic-
ipation of reactive oxygen species, which can be tuned in the pres-
ence of other elements in the lattice [10,11]. The Ni–Ce
combination has been studied for many reactions, e.g. the reduc-
tion of nitrogen oxides [12], reforming [13,14], partial oxidation
[15,16] and redox reactions [17–19], among others.

The employment of a catalytic formulation in granulated form
is difficult if a practical or industrial application is considered;
therefore, it is important to take into account the feasibility of
depositing them onto a substrate which constitutes a structured
catalyst. These systems could provide numerous advantages inher-
ent to their nature and morphological characteristics, although
there are still unresolved issues that prevent their use in certain
production processes.

Very few reports have been published in the literature on struc-
tured systems applied to the oxidative dehydrogenation reaction at
low temperatures and most of them are mainly devoted to propane
[20,21]. Therefore, the development of non-conventional reactor
configurations leading to an increasing energy efficiency and the
optimization of the reaction temperature control as well as to
higher values of activity and/or selectivity looks like an interesting
challenge.

Among the many options from which to choose substrates, metal-
lic foams present remarkable features, i.e. the simplicity of building
different structures and better heat transfer coefficients than those
of the ceramic monoliths, which are useful for exothermal reactions
[22]. In addition, the flow regime is turbulent allowing a better
mixing of reagents and increasing axial and radial dispersion [23].

In this context, the aim of this work was the preparation, phys-
icochemical characterization and catalytic evaluation of structured
catalysts in the oxidative dehydrogenation of ethane reaction
(ODE). The systems were prepared using AISI 314 stainless steel
foams as substrates for Ni and Ni–Ce/Al2O3 catalysts. In order to
gain further insight into active sites, catalysts in granulated form
were also prepared, characterized by several techniques and eval-
uated in the same reaction test.
2. Material and methods

2.1. Granulated catalysts

Monometallic (Ni and Ce) and bimetallic (Ni–Ce) oxide catalysts
were prepared by wet impregnation and co-impregnation,
respectively, with a 15 wt% maximum loading. Alumina PURALOX
Condea SBA-230 was used as support. Aqueous solutions of either
nickel or nickel–cerium nitrates were used as metal precursors. In
the mixture of these precursors, two different atomic ratios were
used: Ce/Ni = 0.11 and 0.25. The solvent was removed by evapora-
tion. The resulting granulated was oven dried for 8 h at 120 �C.
Finally, it was calcined in air flow at 550 �C for 4 h.

2.2. Structured catalysts

AISI 314 stainless steel cylinder foams (Porvair�, 60 ppi, diame-
ter �10 mm and height �20 mm) were treated in a muffle at
900 �C for 2 h. The c-Al2O3 support (Nyacol� AL20DW) was depos-
ited by vacuum-assisted immersion. Further details were given
elsewhere [24]. In order to investigate the influence of calcination
temperature, the structured supports were calcined in static air at
550 �C or 700 �C for 2 h. Solutions (0.43 M) of the metallic oxide
precursors (nickel and cerium nitrates) were used to incorporate
the active metallic oxides to the alumina coating by cycles of
immersion – blowing – drying (120 �C, 1 h) – calcination (550 �C,
4 h). This cycle was repeated until the final metal oxide loading
of �15 wt% was achieved. The structured catalysts were prepared
under the form of Ni and Ni–Ce oxides. For the latter, the precursor
solutions were prepared with Ce/Ni atomic ratios 0.11 and 0.25.
The catalysts were named as indicated in Table 1.

2.3. Catalysts characterization

Crystalline phases of the different granulated catalysts were
studied by X-ray diffraction (XRD). The analysis was performed
with a Shimadzu XD-D1 diffractometer. Diffraction patterns were
recorded using Cu Ka radiation over a 20–85� range at a scan rate
of 1�/min, operating at 30 kV and 40 mA. The software package of
the equipment was used for the phase identification. The estimated
size of nickel oxide crystallite was calculated by the Scherrer equa-
tion. The plane used for the calculation of the crystallite size of
nickel oxide was (200), corresponding to the main peak of NiO
at 43.3� while for the calculation of cerium oxide crystallite the
plane (111) corresponding to the main peak of CeO2 at 28.6� was
considered. The calculated values are an average of three FWHM
measurements of the corresponding peaks in different XRD
patterns.

The reducibility of nickel and cerium species for the granulated
samples was analyzed by temperature-programmed reduction
(TPR). The experiments were performed in an Ohkura TP-2002S
instrument using a mixture of H2/Ar (5%) as reducing gas. The heat-
ing rate was 10 �C/min from room temperature to 900 �C.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a multitechnique equipment (SPECS) with a dual
Mg/Al X-ray source and a hemispherical PHOIBOS 150 analyzer
operating in the fixed analyzer transmission (FAT) mode. The spec-
tra were obtained with a pass energy of 30 eV and Mg Ka X-ray
source power of 200 W. The pressure in the analyzing chamber
was less than 5.9 � 10�7 Pa. The spectral regions corresponding
to Ni 2p, Ce 3d and C 1s core levels were recorded for each sample.
Peak fitting was performed with the CASAXPS software. The peak
areas were determined by integration employing a Shirley-type
background. Peaks were considered to be a mixture of Gaussian
and Lorentzian functions.

The Raman spectra were recorded using a LabRam spectrometer
(Horiba-Jobin–Yvon) coupled to an Olympus confocal microscope
(a 100 � objective lens was used for simultaneous illumination
and collection), equipped with a CCD detector cooled to about
�70 �C using the Peltier effect. The excitation wavelength was in
all cases 532.13 nm (Spectra Physics diode pump solid state laser).
The laser power was set at 30 mW.



Table 1
Main features of the prepared catalytic systems.

Catalysta Metal loading (wt%) Ce/Ni atomic ratiob Crystallite size NiO (nm)c Crystallite size CeO2 (nm)d

Ni (P) 15.0 – 12.4 –
Ni (S) – C700e 14.7 – – –
Ni (S) – C550e 15.4 – – –
NiCe 0.11 (P) 15.0 0.11 9.1 4.4 (3.7)
NiCe 0.11 (S) – C700 16.0f 0.11 – –
NiCe 0.11 (S) – C550 15.1f 0.11 – (3.1)
NiCe 0.25 (P) 15.0f 0.25 <9.1 6.1 (4.6)
NiCe 0.25 (S) – C550 16.1f 0.25 – (4.1)

a P: Powder form – S: Structured form.
b Atomic ratio in the precursors solution.
c Estimated by the Scherrer equation.
d Estimated by the Scherrer equation. Between brackets is value calculated by Raman Spectroscopy.
e Calcination temperature of the support: C700 = 700 �C and C550 = 550 �C.
f Referred to NiO.
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The morphology and distribution of the catalytic coatings were
characterized by Scanning Electron Microscopy (SEM) JEOL JSM
35C operating at 20 kV, equipped with EDX energy-dispersive sys-
tem. Semi-quantitative results were obtained with the theoretical
quantitative method (SEMIQ) of the EDX software. For the chemi-
cal elemental analysis (EDX), the samples were attached with
graphite tape onto the sample holder. X-ray spectra were acquired
with an accelerating voltage of 20 kV. The sample coating proce-
dures were performed using a combined carbon deposition of
metal SPI Supplies 12157-AX under argon atmosphere.

A Testlab TB04 ultrasound bath equipment (40 kHz and 160 W)
was used to carry out the mechanical stability tests of the catalytic
coatings. The weight loss percentage was determined after expos-
ing the samples to an ultrasound bath in acetone at 25 �C for 1 h.
2.4. Catalytic tests

The oxidative dehydrogenation of ethane was carried out in a
flow system in a temperature range between 300 and 450 �C. The
mass of the catalysts used was about 400 mg and the final flow
was fixed to achieve a constant W/F value of 0.48 g s/cm3.

The granulated catalysts (100–120 mesh) were introduced into
the reactor (diameter � 15 mm) with a catalytic bed volume
similar to that of the structured systems.

The feed composition was 6% O2 and 6% C2H6 diluted in He.
Reactants and products were analyzed with a Shimadzu GC 2014
gas chromatograph equipped with a packed column (HayeSep D).

No carbon monoxide was detected downstream after the reac-
tor. Closure of the carbon mass balance was 100 ± 2%. The conver-
sion of ethane (XC2H6 ) and the selectivity toward ethylene (SC2H4 )
were based on the carbon mass balance and were calculated as
follows:

XC2H6 ¼
½CO� þ ½CO2� þ 2½C2H4�

2½C2H6�
� 100
Fig. 1. XRD patterns of the granulated catalysts: Al2O3 (a), Ni (P) (b), NiCe 0.11 (P)
(c) and NiCe 0.25 (P) (d). Symbols: � NiO; � CeO2.
SC2H4 ¼
2½C2H4�

½CO� þ ½CO2� þ 2½C2H4�
� 100

The productivity of ethylene was given by the following
equation:

P¼ FC2H6 �XC2H6 � SC2H4 �28=WNi ðor WcatÞ; ½kgC2H4
=kgNi ðor kgcatÞh�

where FC2H6 is the flow rate of ethane in mol/h, 28 (g/mol) is the
molecular mass of ethylene and WNi or Wcat is the mass of Ni or
catalyst (support + active phase) expressed in kg.
3. Results

In order to study the catalytic species present on the coatings
deposited onto the stainless steel foams and their interaction with
the substrate, a comparison with the corresponding granulated
catalysts was performed. Several techniques such as XRD, TPR,
XPS and LRS were applied to study the catalysts under their
granulated form with the aim of gaining further information into
the species on the surface of the catalysts. Through these studies,
substantial assignments to the Raman bands were able to be
carried out.
3.1. Metal oxide sites characterization: granulated catalysts

3.1.1. X-ray diffraction (XRD)
Fig. 1 shows the X-ray diffraction patterns of the granulated

catalysts. Characteristic peaks of alumina (Fig. 1a) (JCPDS 10-425)
and nickel oxide (NiO) at 2h = 37.3�, 43.3�, 62.9�, 75.5� and 79.6�
(JCPDS 47–1049) were observed in all samples. The presence of
NiO diffraction signals indicates the saturation of the support
surface covering the monolayer and the incipient formation of
three-dimensional species. The crystallite size was estimated in
12.4 nm, 9.1 nm and <9.1 nm for catalysts Ni (P), NiCe 0.11 (P)
and NiCe 0.25 (P), respectively (Table 1).

Additional peaks assigned to cerium oxide (CeO2), located at
2h = 28.6�; 33.1�; 47.5�; 56.4�; 59.1�; 69.5�; 76.8� and 79.1� (JCPDS



Fig. 3. XPS spectra of the granulated catalysts: Ni 2p3/2.

Table 2
Ni 2p binding energy (BE) of the powder catalysts.

Catalysts Energy region BE (eV) (width)

Ni (P) Ni 2p3/2 main 856.0 (3.15)
Ni 2p3/2 sat 862.1

NiCe 0.11 (P) Ni 2p3/2 main 855.8 (3.59)
Ni 2p3/2 sat 861.9

NiCe 0.25 (P) Ni 2p3/2 main 855.9 (3.62)
Ni 2p3/2 sat 861.9
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43–1002) were indentified in both cerium-promoted catalysts
(NiCe 0.11 (P) and NiCe 0.25 (P)). The full width at half height of
the peaks decreased as the amount of cerium increased, indicating
an increase in the size of the crystalline domain of the ceria phase.
Crystalline domain sizes estimated for these species were 4.4 and
6.1 nm for the formulation with the lowest and the highest amount
of promoter, respectively (Table 1).

3.1.2. Temperature-programmed reduction (TPR)
The temperature-programmed reduction of the three samples

confirmed the presence of NiO with different support interactions
(Fig. 2). The Ni (P) reduction profile (Fig. 2a) shows a small peak in
the 300–390 �C temperature range, corresponding to 3-D nickel
oxide reduction and a broad peak at higher temperature, associ-
ated with the reduction of Ni species highly dispersed and with a
strong interaction with the alumina.

The changes observed in the reduction profile of the catalyst
with Ce/Ni = 0.11 atomic ratio (Fig. 2b) are (i) an additional peak
in the 200–300 �C region, associated with weakly adsorbed oxygen
species and (ii) a marked shift of the main peak towards high
reduction temperature values (�50 �C).

In the NiCe 0.25 (P) profile (Fig. 2c), the area of the peak at low
temperature is larger than in the NiCe 0.11 (P) catalyst and the
maximum temperature associated with the reduction of Ni cation
with a strong interaction with the support, increases approxi-
mately 65 �C compared with the catalyst without the promoter.
So, in this catalyst, the presence of adsorbed oxygen species would
be more significant than in the Ce/Ni = 0.11 sample.

3.1.3. X-ray photoelectron spectroscopy (XPS)
The XPS spectra of the catalysts are shown in Fig. 3. The Ni (P)

spectrum shows the Ni 2p3/2 main signal located at 856.0 eV with
the satellite at higher binding energy (BE) (Table 2). The
corresponding binding energies are assigned to Ni2+ with a strong
interaction with the support, located in octahedral coordination
[25]. This interpretation is supported by the fact that bulk NiO
presents a lower binding energy (854.5 eV) and shows a difference
between the Ni 2p3/2 and Ni 2p1/2 main peaks of about 18.6 eV [26].
Fig. 2. Reduction profiles of the granulated catalysts: Ni (P) (a), NiCe 0.11 (P) (b)
and NiCe 0.25 (P) (c).
In the case of Ni (P), that difference is 17.6 eV, suggesting that the
nickel would be located on the surface as a spinel-type structure.

The same tendencies are visualized on the Ni 2p3/2 spectra of
both bimetallic oxide catalysts (Table 2). Moreover, the widths of
these Ni 2p3/2 main signals are larger than that of the Ni (P),
suggesting that the formers could contain the contribution of
two types of surface Ni2+ due to the different interaction with
Al2O3 and/or CeO2.

Neither signals of Ni 2p1/2 nor signals of Ce 3d5/2 in the 870–
895 eV region could be properly differentiated since they
overlapped.
3.1.4. Laser Raman Spectroscopy (LRS)
Fig. 4a shows the Raman spectra of the granulated catalysts. The

monometallic oxide catalyst shows a broad and asymmetrical band
at 500–550 cm�1 region corresponding to the stretching of Ni–O
bond (first order phonons). The location of this band, which shifted
to higher frequencies with respect to the bulk nickel oxide, is asso-
ciated with a strong interaction between the Al2O3 support and the
nickel species, in agreement with TPR and XPS results [27]. A small
shoulder at �400 cm�1 assigned to material surface vacancies and
weak bands at 700 and 1080 cm�1 associated with second order
phononic modes of nickel oxide were also present [28]. No specific
signals at 370, 598 and 760 cm�1 corresponding to crystalline
(bulk) NiAl2O4 were observed, thus confirming the absence of this
phase [29].

Cerium-containing catalysts NiCe 0.11 (P) and NiCe 0.25 (P)
showed the same Ni–O stretching bands, although this signal



Fig. 4. Laser Raman spectra of the granulated (a) and structured catalysts (b).
Symbols: � Ni–O; � Ce–O.

Table 3
EDX results of the most representative elements on the catalytic coatings.

Catalyst Atomic ratio

Ni/Al Ce/Ni Cr/Ni Cr/Al

Ni (S) – C700 0.14 ± 0.02 – 0.08 ± 0.03 0.010 ± 0.003
Ni (S) – C550 0.17 ± 0.02 – 0.03 ± 0.01 0.005 ± 0.002
NiCe 0.11 (S) – C700 0.11 ± 0.01 0.14 ± 0.02 0.11 ± 0.04 0.012 ± 0.004
NiCe 0.11 (S) – C550 0.16 ± 0.02 0.13 ± 0.02 0.05 ± 0.03 0.006 ± 0.002
NiCe 0.25 (S) – C550 0.16 ± 0.02 0.25 ± 0.03 0.05 ± 0.02 0.007 ± 0.001
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showed a marked shift (�12 cm�1) towards higher frequencies
(Fig. 4a).

In addition, an intense signal at �465 cm�1 corresponding to
CeO2 fluorite-type structure was observed. This signal is related
to the oxygen atoms vibration around Ce4+ cation, denominated
‘‘breathing mode’’ [30]. Furthermore, additional sharp bands at
224 and 632 cm�1 (Fig. 4a) are assigned with a strong nickel–cer-
ium interaction. The former band could also be associated with
the crystallite size of ceria (surface phonon modes on the nano-
crystals). However, this band is expected at higher frequency
(�270 cm�1) and it should be coupled with another high intensity
signal located at �315 cm�1, which is absent in the spectra [31].
These observations confirm that the addition of cerium leads to a
significant change in the structure of the cerium-promoted solids,
in good agreement with previous results.

Graham et al. [32] proposed a simple and empirical equation to
calculate approximately the sizes of CeO2 crystallites, as shown in
Eq. (1):

d ¼ b
ðFWHM� aÞ ð1Þ

where d is the crystallite size in Å, FWHM is Full Width at Half Max-
imum in cm�1 and a, b are constants equal to 10 and 1036,
respectively.

For both promoted samples, the signal shows a considerable
width (�35–40 cm�1) supporting the hypothesis about the pres-
ence of crystallites with dimensions close to few nanometers.
The estimated sizes with Eq. (1) were 3.7 nm and 4.6 nm for NiCe
0.11 (P) and NiCe 0.25 (P) (Table 1).

These values are somewhat lower than those calculated with
the Scherrer equation, but they have identical trend. Kanakaraju
et al. reported results about cerium oxide films and they found that
the crystallite sizes calculated by X-ray diffraction are higher than
those obtained from the Raman spectra [33]. Recently, Bourja et al.
investigated the CeO2 nanoparticles dehydration process by apply-
ing high temperature treatments [34]. This process leads to the
elimination of intercrystalline water and OH� ions and causes a lat-
tice contraction with disorder in the solid structure. In that report,
the authors calculated the crystallite size of nanoparticles with
both techniques and compared the results. They concluded that
the differences are justified since the model for crystallite size esti-
mation from Raman spectra does not include the above mentioned
structural changes.
3.2. Metal oxide sites characterization: structured catalysts

The metal oxides characterization of the structured catalysts
was performed by Laser Raman Spectroscopy (LRS), Scanning
Electron Microscopy (SEM) and Energy-Dispersive X-ray Analysis
(EDX). The former technique is very useful because it allows ana-
lyzing the oxide species present on the foam surface. Starting from
previous knowledge on the active sites present on the alumina-
based granulated catalysts, it is easier to understand which species
are present on the structured systems surface.
3.2.1. Laser Raman Spectroscopy (LRS)
Fig. 4b shows the Laser Raman spectra of the structured cata-

lysts. The Ni–O species signals (400–450, 550, 700 and
1080 cm�1) are observed in the Raman spectra of all structured
systems (Fig. 4b). Therefore, nickel species similar to those present
in the granulated samples were formed.

In the spectra of the cerium-promoted system, a sharp, intense
band assigned to Ce–O (�460 cm�1, fluorite) can be identified,
which indicates oxide formation. The additional bands at 224
and 632 cm�1 can also be clearly observed. In this way, it can be
assumed that cerium species similar to those of the granulated
samples are also formed on the coating surface.

The crystallite sizes estimated with Eq. (1) were 3.1 and 4.1 nm
for the Ce/Ni = 0.11 and 0.25, respectively (Table 1). These values
are lower than those calculated for the granulated catalysts, sug-
gesting smaller crystalline domains in the surface of structured
systems.
3.2.2. Chemical characterization
The atomic ratios of the components in the coverage (Ni, Al, Ce

and Cr) were analyzed by the EDX technique. Table 3 shows the re-
sults of the most representative components of the coated foams.
Relative concentrations of Ni, Al, Ce and Cr are reported because
these are the main elements which are present in the catalytic
systems.

The presence of aluminum in all sectors confirms the correct
distribution of the support (Al2O3) onto the foam walls. The
marked enrichment of nickel compared to the treated substrate
indicates that the quantified Ni corresponds to the active phase.

The Ni/Al ratio in both cerium-free catalysts was close to the
metal/support ratio present in the granulated samples. This ten-
dency was also observed in the cerium-promoted samples. The
Ce/Ni = 0.11 sample showed that the Ce/Ni ratio on the foam sur-
face was in agreement with the used proportion in the solution
of the metallic oxide precursors. These observations show a rea-
sonably homogeneous distribution of the active components on
the foams surface.

On the other hand, the Cr/Ni and Cr/Al ratios showed a marked
increment when the calcination temperature of the support was
700 �C instead of 550 �C. The thermal treatment temperature
seems to affect the catalytic layer composition through the migra-
tion of chromium species from the substrate (Table 3).



Fig. 6. Adherence tests: catalytic coatings. Al2O3 layer calcined at 550 �C (dotted
line) and at 700 �C (solid line).
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3.2.3. Morphology and mechanical stability
The as received foams were calcined in air at 900 �C for 2 h for

the stabilization and conditioning of the walls surfaces, generating
roughness and thereby promoting a better anchoring of the
catalytic coating. By immersion in the support colloidal suspen-
sion, a homogeneous layer of c-Al2O3 deposited onto the walls of
the substrate was obtained.

After the drying process some small cracks with micrometer
sizes (<1 lm) were observed, mainly in the outer layer of the coat-
ing (Fig. 5). The temperature of the calcination treatment (550 �C or
700 �C) did not significantly affect the morphology of the Al2O3

layer. The coating calcined at lower temperature looks similar to
the one calcined at 700 �C [35].

The adhesion of the coated catalysts was examined by submit-
ting the structured systems to an ultrasound treatment (see Exper-
imental section). Catalytic coatings deposited on treated foams
showed high adherence. The mass loss (percentage relative to
the total mass of the system) was less than 1.50 wt% after 60 min
of exposure. If the weight loss were referred only to the catalytic
coating, these values would rose up to a maximum of �7.00 wt%
also demonstrating an acceptable adherence. However, these val-
ues could result lower because some small parts of the foam struts
were detached after the ultrasonic treatment.

On the other hand, the adhesion of the catalytic coating treated
at 550 �C was slightly lower than that of the sample calcined at
700 �C, but this difference was not significant (Fig. 6).
Fig. 7. Ethane conversion of the catalytic systems: Ni (a), Ce/Ni = 0.11 (b) and Ce/
Ni = 0.25 (c). Reaction conditions: W/F = 0.48 g s/cm3, C2H6/O2 = 1.
3.3. Catalytic behavior for the oxidative dehydrogenation of ethane

Fig. 7 shows ethane conversion at different temperatures for the
prepared catalysts. In all cases, a moderate conversion was
achieved. Nevertheless, the incorporation of cerium to the Ni
formulation significantly improved the catalytic activity and
similar conversion levels were obtained but at lower temperatures
(�30 �C), indicating that the activation of ethane on the catalytic
surface takes place at lower temperature. Besides, all structured
systems show an increase in the conversion values, compared with
the corresponding granulated formulation. However, the conver-
sion was not significantly modified by the treatment temperature
(Fig. 7).

The results of the ethylene selectivity as a function of tempera-
ture for Ni–Ce granulated catalysts showed that the presence of
cerium led to a slightly more marked dependence on temperature
Fig. 5. SEM micrograph of the catalytic coating (Al2O3 layer calcined at 550 �C for
2 h).
(and ethane conversion) increment, in comparison with cerium-
free formulations (Table 4). At the same time, granulated solids
showed a higher selectivity to ethylene in comparison with the
structured systems, mainly when the support was calcined at
700 �C (Table 4).

On the other hand, the selectivity to ethylene of the granulated
and structured catalysts evaluated at constant temperature
(T = 400 �C) and varying the W/F ratio is shown in Fig. 8. As a
general remark, the prepared catalysts show a decrease with
increasing conversion in the range from 2% to 22%, suggesting that
the oxidation of ethylene occurs to some extent. Besides, at the
same conversion level, the structured systems show a barely lower
selectivity compared with the corresponding granulated sample
(Fig. 8a and b).

Although the selectivity of the Ni (S) – C550 structured catalyst
was similar to that of the NiCe 0.11 (S) � C550 and NiCe 0.25 (S) �
C550 samples and they showed the same trend, the former system
presents a slightly less pronounced decrease with increasing the
ethane conversion (Fig. 8b). A similar behavior was also found in
the granulated catalysts (Fig. 8a). These results indicate that
the ethylene total oxidation is somewhat more favored in the
cerium-containing formulations than in the promoter-free
catalysts.

In order to evaluate the global catalytic behavior at a fixed
temperature, the ethylene productivity by kg of nickel and kg of
catalyst was calculated (Fig. 9). The results show that the ethylene



Table 4
Catalytic behavior of the catalysts as a function of temperature. Reaction conditions: T = variable, W/F = 0.48 g s/cm3, C2H6/O2 = 1.

Catalyst 350 �C 400 �C

Conversion (%) Selectivity (%) Conversion (%) Selectivity (%)

Ni (P) 1.1 76.8 4.0 76.5
Ni (S) – C700 1.9 35.9 10.1 34.3
Ni (S) – C550 2.6 68.0 8.2 67.1
NiCe 0.11 (P) 2.7 67.5 8.5 61.9
NiCe 0.11 (S) – C700 6.5 35.0 18.4 31.0
NiCe 0.11 (S) – C550 4.7 61.1 16.1 51.3
NiCe 0.25 (P) 3.5 63.6 9.5 51.9
NiCe 0.25 (S) – C550 5.0 55.9 17.3 44.5

Fig. 8. Selectivity to ethylene at fixed temperature for the catalysts. Reaction
conditions: T = 400 �C, W/F = variable, C2H6/O2 = 1.

Fig. 9. Ethylene productivity of the catalysts. Reaction conditions: T = 450 �C,
W/F = 0.48 g s/cm3, C2H6/O2 = 1.
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productivity is enhanced with the addition of cerium at 450 �C
(Fig. 9a). The incorporation of the promoter in both low and high
loading (NiCe 0.11 (P) and NiCe 0.25 (P)) resulted in an increase
of the global performance considered by kg of nickel. If the produc-
tivity is expressed by kg of catalyst (Fig. 9b), the formulations with
Ce/Ni = 0.11 ratio show the best values, suggesting the existence of
an optimal Ce/Ni ratio which maximizes the performance. Struc-
tured systems showed, in all cases, a higher productivity than
the corresponding granulated formulation. In addition, it is note-
worthy to mention that the results obtained for the other reaction
temperatures analyzed (300, 350 and 400 �C) showed the same
trend.
4. Discussion

4.1. Features of the active sites

The results obtained after a detailed characterization of the
granulated catalysts are essentially useful to recognize the metal
oxide species present on the catalytic coatings onto metallic foams.
Therefore, the LRS assignments and the chemical information
obtained from EDX, both of them applied to the structured cata-
lysts, may shed light on the catalytic oxide species present on
the coverage.

Through XRD results, the presence of nickel and cerium oxides
was verified. Solsona et al. [19] reported that the presence of cer-
ium limited the growth of the nickel oxide crystallite, as observed
in the NiCe (P) samples studied. The addition of cerium produced a
decrease in the crystalline domain of NiO: from 12.1 nm to <9 nm
for the Ni (P) and the NiCe 0.25 (P) samples, respectively (Table 1).

Taking into account that the ionic radius of the Ni2+ cation
(0.69 Å) [36] is smaller than that of Ce4+ (0.97 Å) [37], it is possible
that a portion of nickel may be incorporated into the ceria without
modifying its fluorite structure, as reported by Shan et al. and
Deraz [38,39].

The presence of NiO and CeO2 and their strong interaction was
also confirmed by XPS and TPR. The former confirmed the absence
of bulk nickel oxide in the surface of the catalysts whereas the lat-
ter technique also showed the existence of reducible species in the
range of 200–300 �C. These species would result from the incorpo-
ration of small amounts of Ni into the CeO2 network, leading to the
formation of a solid solution Ni–Ce–O, capable of both generating



Fig. 10. SEM micrograph of a metallic foam indicating a region selected for the EDX
analysis. The four analyzed areas are marked.
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anionic vacancies and adsorbing oxygen. Besides, they present high
reactivity and they are reduced at low temperatures yielding the
peak observed at �245 �C [19,40–42].

The reduction temperature shift of the main peak indicates that
there are also some nickel species with different reducibility. The
incorporation of the cations Ni2+ into the ceria lattice leads to a
more difficult reduction process [38]. Consequently, the presence
of cerium could generate new species, which might modify the
nickel active site surroundings.

Furthermore, the marked shift in the reduction temperature of
the former sample could be related to the formation of a major
amount of solid solution or to an increase in the amount of nickel
that was incorporated into the ceria structure. Therefore, a larger
number of anionic vacancies could be formed.

According to the Raman spectra, the presence of the new signals
in cerium-promoted catalysts (224 and 632 cm�1) can be directly
related to the oxygen network distortions [42], demonstrating that
the incorporation of the Ni2+ cation into the ceria lattice occurred
to some extent, with the consequent generation of oxygen
vacancies.

Moreover, the shift (�3–4 cm�1) of the CeO2 main signal to-
wards lower frequencies is also indicative of a change in the crystal
lattice parameters and the presence of oxygen vacancies. At the
same time, the width of this main signal is related to the crystalline
domain size of cerium oxide, both being inversely proportional.
Through X-ray diffraction, Laser Raman Spectroscopy and mainly
EXAFS, Vlaic et al. concluded that the introduction of a cation with
a smaller ionic radius than that of cerium into the CeO2 network
modifies the structure, leading to a shortening of the Ce–O bond.
However, the cerium atoms coordination and fluorite-type struc-
ture remain unaltered [43].

The relative intensity of these two signals at 224 and 632 cm�1

was higher in the sample with the Ce/Ni = 0.25 ratio, suggesting
that a greater quantity of solid solution was formed or a higher
amount of nickel entered into the crystalline structure of cerium
oxide in this sample, in agreement with the TPR results. It has been
reported in the literature that the Ce/Ni atomic ratio affects the
amount of nickel that is incorporated into the ceria lattice [40].

4.2. About the reasons of the different catalytic behavior

The catalytic behavior of the prepared catalysts can be reason-
ably explained through the above interpretation. In granulated
samples, NiO is highly dispersed and with a strong interaction with
the support, alumina, which is reflected in a moderate ethane con-
version and the highest selectivity toward ethylene. This fact is
supported by TPR, XPS and LRS analyses which shows the absence
of nickel oxide in bulk form, a very active phase for the ODE reac-
tion but highly unselective.

The presence of the cerium promoter produces important
changes in the solid structure by the partial insertion of the Ni cat-
ion into the ceria lattice and, hence, by the formation of a Ni–Ce–O
solid solution. These ‘‘new’’ nickel species with different chemical
environment are more reactive and contribute to activate the eth-
ane at lower temperatures. Hence, the ethane conversion is signif-
icantly enhanced in promoted samples.

With the aim to further clarify the role of cerium, an extra alu-
mina-supported catalyst with 15 wt% of total cerium loading (Ce
(P)) was prepared. This solid showed very low conversion and
low selectivity in the temperature range analyzed. At 450 �C, the
ethane conversion and selectivity to ethylene values were 5.2%
and 18.5%, respectively, indicating that this component by itself
had a very poor performance for the oxidative dehydrogenation
of ethane reaction. Therefore, this allowed confirming that the ac-
tive component is nickel oxide and not the cerium oxide by itself,
supporting the above explanations.
Even though the active species formed on the catalytic films are
similar, the structured systems present better catalytic perfor-
mance in terms of ethane conversion and ethylene productivity
(by nickel unit mass), compared with those of the granulated
forms. This different performance can be explained mainly by:

(i) smaller crystalline domain sizes of active phases, as inferred
from Raman spectra,

(ii) a better accessibility of the reagents, due to lower diffusional
distances compared with granulated forms, measured by the
SEM technique. A higher gas diffusivity for this kind of sys-
tems should be taken into account as recently reported by
Novák et al. [44],

(iii) the presence of certain components that could contribute to
modify the catalytic behavior.

In order to clarify point (iii) and to evaluate the role of these
species (mainly chromium) foams coated with calcined Al2O3

layers only (550 and 700 �C) were tested under the same reaction
conditions as the other catalysts. Both systems showed low ethane
conversion, carbon dioxide being the main product. Hence, some
active sites for the total oxidation of ethane are present on the
alumina layer due to the component migration of the treated foam
toward this layer, which could be chromium compounds and iron
and manganese spinels [45].

To obtain a better picture of the active elements distribution,
EDX experiments were performed. For this purpose, the structured
catalysts were cut in three slices. In turn, three regions of each slice
were selected for the analysis and four different areas for each re-
gion were examined (Fig. 10). The results indicate that chromium
was present in all examined zones while iron only appeared rarely
and in very few locations. Additionally, manganese was not found
in any area. Therefore, taking into account these results it is not
possible to conclude that iron or manganese species play a key role.

Through the comparison of the Cr/Ni and Cr/Al ratios measured
after the calcination of the Al2O3 layer at 550 �C and 700 �C, some
differences can be noticed. In fact, the higher calcination tempera-
ture generates higher Cr/Ni and Cr/Al ratios on the surface of the
catalytic systems. Therefore, there occurs a migration process of
some components from the treated foam, which is favored by high
temperature treatments. Consequently, the calcination tempera-
ture used in the preparation of structured systems affects the
migration of components from the metal substrate to the support
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and/or to the catalytic coverage. Then, the behavior in the oxidative
dehydrogenation reaction is altered, mainly verified by the drop in
the selectivity to ethylene (Table 4). This observation shows the
negative effect of the increase in chromium amount in the catalytic
layer, as verified by EDX analysis (Table 3).

In brief, the structured catalysts (calcined at 550 �C) show a
marked increase in catalytic activity but a slightly lower selectivity
than granulated formulations for the same reaction temperature.
Thus, the global performance is enhanced compared with the gran-
ulated forms. The Ni–Ce systems (C550) are more efficient in terms
of ethylene productivity than the other catalysts prepared. The
main feature of these systems is the homogeneous Ce/Ni ratio in
the different sectors of the coverage and the lower Cr/Ni ratio in
the catalytic layer.
5. Conclusions

Ni and Ni–Ce/Al2O3 granulated catalysts were active and
selective for the oxidative dehydrogenation of ethane. The addition
of cerium in both atomic ratios (Ce/Ni = 0.11 and 0.25) increased
significantly the ethylene productivity by kg of nickel due to the
marked increment in ethane conversion. This behavior could be
explained by two reasons: (i) the lower nickel oxide crystallite size
and (ii) the formation of the solid solution Ni–Ce–O, leading to the
generation of new nickel active species.

Catalytic coatings deposited on the foam walls are homoge-
neously distributed and present high adherence to the substrate.
The migration of Cr species from the foam to the catalytic layer
is favored by increasing the calcination temperature in the deposi-
tion step and modifies the catalytic behavior. The observed
changes in the surface composition mainly affect the selectivity
to ethylene. Lower temperature treatments reduce the concentra-
tion of these components and, hence, minimize the amount of
non desired species that favor the ethane total oxidation.

The higher catalytic activity of the structured systems is related
to a better utilization of the active sites based on obtaining a thin
catalytic film with smaller crystallite sizes of active phases and the
improved mass transfer phenomena [44].

The presence of certain components in the coating coming from
the base foam (mostly chromium) also contributes to enhance the
ethane conversion to some extent. Nevertheless, a higher concen-
tration of chromium species produces a higher increment in ethane
conversion but shows a considerable decrease in the selectivity to
ethylene that finally causes a lower ethylene productivity. Conse-
quently, doping the Ni–Ce catalysts with chromium would not be
a satisfactory approach.
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