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Abstract

Ni-Mg-Al based catalysts were prepared using different preparation methods
(impregnation, impregnation-coprecipitation and coprecipitation) and tested in steam
reforming of methane. The differences observed in catalytic activity were directly
correlated to the physicochemical properties and the different degree of Ni-Mg-Al
interaction. The reducibility results showed that the catalyst prepared by the
impregnation-coprecipitation method presented the most optimal metal-support
interaction to reduce the NiO preserving the Ni° particles highly dispersed on the support
surface. These results demonstrate that the structure and catalytic performance of Ni-
Mg-Al based catalysts can be tuned by controlling the metal-support interaction through

of the preparation method.
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1. Introduction

The most important procedure for large scale manufacture of hydrogen for synthesis of
ammonia, methanol, and other petrochemicals is the catalytic steam reforming of natural
gas [1, 2]. Methane is the majority component of natural gas and the main reaction that

takes place in the steam reforming process is:
CH4 + H,O — CO + 3H> AHozgSK = 205.8 kJ mol? (1)

This reaction is highly endothermic and requires high temperatures (700 — 900 °C) to
achieve high conversions because of the strong C-H bond of methane molecule [3]. An
excess of steam is typically used to promote the methane conversion and favour the
gasification of the carbonaceous deposits formed during the reaction [4]. Moreover,
under these conditions the water gas shift (WGS) reaction also takes place producing

further hydrogen and CO, according to the following equation:
CO + H,O & CO, + H» AHozggK =-41 kJ mol? (2)

Ni-based catalysts have been extensively proved as efficient catalysts for steam
reforming of methane due to its excellent C-H breaking ability. However, these kind of
catalysts are prone to deactivation by coke deposition and metal sintering. Different
strategies have been proposed to overcome these difficulties. For instance, it has been
demonstrated that the addition of a basic metal oxides such as MgO facilitates the coke
removal through the gasification of carbon deposits on the catalyst surface [5].
Conventionally, magnesium aluminate spinel (MgAIl.O,) is used as an optimal catalyst
support for steam reforming of methane due to its low acidity and excellent thermal
stability [6, 7]. Guo et al. [8] reported that the use of MgAl,O4 as a support for Ni-based
catalysts produce highly dispersed active Ni species very active and resistant to coke
formation. Coleman et al. [9] reported that MgAIl-O4 spinel compound exhibits moderate
acidic-basic sites strength compared to the pure oxide supports and the moderation of

the acid—base properties enhances the activity, selectivity, and stability of the catalyst.



In this sense, the utilization of Ni-Mg-Al mixed oxides as catalysts for reforming reactions
has been also widely investigated due to their particular properties [10-13]. Several
parameters such as composition or calcination temperature can influence notably the
catalytic properties of Ni-Mg—Al-mixed oxides existing a compromise between the
reducibility of Ni and the acid-base properties of material. Lin et al. [14] studied the effect
of Ni loading in a series of catalysts prepared from Ni-Mg—Al layered double hydroxides
and obtained an efficient catalyst with 12 wt.% of Ni for dry reforming of methane. Pérez-
Lopez et al. [15] evaluated the influence of the catalyst composition and the influence of
the thermal treatment on the properties of Ni-Mg—Al based catalysts for CO, reforming
of methane. They found an optimal Ni/Mg ratio of 1 < Ni/Mg < 5 and the results revealed
that reduction temperature has a strong influence in the catalytic activity and the
selectivity. In other study, Li et al. [16] studied the dependence of the composition and
reduction pretreatment conditions on the catalytic performance of catalysts containing
Ni, Mg and Al. The best catalytic results were obtained for an optimized molar
composition of Ni/Mg/Al = 9/66/25. In addition, Katheria et al. [17] also investigated the
effect of calcination temperature on the physico-chemical and catalytic properties of
Ni/MgAl,O4 catalyst for steam reforming of methane. They stated that an increase in the
calcination temperature resulted in a decrease in the Ni crystallite size and the degree

of reduction which was attributed to formation of a solid solution of NiO with the support.

It is well established in the literature that the metal-support interaction plays a crucial role
in the catalytic performance of metal supported catalysts. An optimal metal-support
interaction can increase the number of catalytically active sites and prevent the metal
sinterization enhancing the catalytic performance [18, 19]. Bonding interactions between
active metal and oxide support depend on the chemical nature and surface properties of
support and the electronic structure of metal [18]. The role of the oxide support is not
only limited to control the active metal dispersion but also often it has an important

influence in the catalytic reaction via metal-support interaction [20]. The support can play
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a key role in controlling the size, shape, dispersion and structural stability of metal active
sites during the reaction. The metal-support interaction can be optimized during the
synthesis of the catalyst [21] and the preparation method that provides the opimal metal-
interaction interaction is always pursued [22]. For instance, Guil-Lopez et al. [23]
demonstrated that Ni-Mg—Al interactions governs the reforming activity and they found
that Ni-support interactions depend on the nature of the support and the method of
preparation. Ozdemir et al. [24] evaluated the effect of the calcination temperature on
structural and catalytic properties of Ni/MgAIl,O. catalyst. They claimed that high
calcination temperatures are beneficial to obtain an optimal catalyst which possess
strong metal-support interaction, preserves the Ni dispersion high after reduction,

increases the surface basicity and stabilizes the Ni particles against sintering.

Within this perspective, a close attention must be played to the preparation method and
the treatment stages of the catalyst to achieve an optimal metal support-interaction.
Considering all these observations, we have performed a comprehensive study to gain
more experimental evidences about how affect the preparation method in the metal-
support interaction of Ni-Mg-Al based catalysts for the generation of hydrogen towards
methane steam reforming. The control of the oxide-metal interactions provides a unique

opportunity to achieve the rational design of catalysts.
2. Experimental
2.1. Catalysts preparation

The catalysts used in this study were prepared using three different procedures, namely
(i) impregnation, (ii) coprecipitation-impregnation, and (iii) coprecipitation. The detailed
preparation methods of the three catalysts are described below. In all three cases,
Al,O3/MgO molar ratio of 1 was used to obtain the stoichiometric spinel MgAl,O4 with

nickel loading of 10 wt. %.



() For impregnation method, a commercial y-alumina (Spheralite SCS505) was
previously milled to obtain particles below the 100 pum. Then, the alumina was
impregnated with a 0.7 M solution of Mg(NO3)2-6H20 in ethanol and rotavapored at 50
°C for removing the solvent excess. Afterwards, the solid was dried overnight at 100 °C
and calcined at 900 °C for 24 h. The sample was denoted as MgAl (IM). Subsequently,
an aqueous 0.05 M solution of nickel precursor salt (Ni(NOs)2-6H.0) was impregnated
on MgAl (IM) and the excess of solvent was removed through roto-evaporation at 50 °C.
Finally, the solid was dried overnight at 100 °C and calcined at 550 °C for 4 h. The
catalyst obtained using this procedure was labelled Ni-MgAl (IM).

(i) In the coprecipitation-impregnation method, the support was firstly prepared by
coprecipitation of Mg and Al precursor salts and subsequently the nickel was added by
impregnation. For it, an aqueous 0.35 M solution of Mg(NO3),-6H,O and 0.7 M of Al
(NO3)3-9H20 was prepared using an Mg/Al molar ratio of 0.5. An aqueous 2 M solution
of NaOH and 0.5 M of Na,CO3z was dropped into the above mixture stirring at 70 °C until
pH = 9. The solution obtained was aged in those conditions for 18 h. Once this stage
was completed, the sample was filtered and washed with abundant deionized water to
remove sodium and carbonate residues. Finally, it was dried overnight at 100 °C and
calcined at 900 °C for 24 h. The resulting solid was further impregnated with nickel and
thermally treated following an identical procedure as the one described above. This
support and catalyst were designated as MgAl (CO-IM) and Ni-MgAl (CO-IM),
respectively.

(i) In the other procedure, the catalyst was prepared in a single step by coprecipitation
of Ni, Mg and Al. An agueous solution of the three precursor salts in the form of nitrates
Mg(NOs3)2-6H,0 (0.35 M), AI(NO3)3-9H,O (0.7 M) and Ni(NOs).-6H.0) (0.05 M) was
dropped with an aqueous 2 M solution of NaOH and 0.5 M of Na,COs stirring at 70 °C
until pH = 9 was obtained. The resulting mixture was further aged for 18 h at 70 °C in
agitation. Afterwards, the solid obtained was filtered and washed several times with

deionized water to remove sodium and carbonate impurities. Finally, the solid was dried



overnight at 100 °C and calcined at 550 °C for 4 h. This catalyst was assigned as Ni-

MgAl (CO).
2.2. Characterization techniques

The chemical composition of the solids was estimated by X-ray fluorescence (XRF)
spectrometry using a Panalytical AXIOS PW4400 sequential spectrometer with Rh tube
as source of radiation. For the measurements, the samples were pelletized onto pressed

warfers containing 6 wt. % of wax.

The textural properties of the samples were obtained from nitrogen adsorption-
desorption isotherms at liquid nitrogen temperature in a Micromeritics Tristar |l

apparatus. Before analysis, the samples were degassed at 250 °C for 4 h in vacuum.

The crystalline structure and phases identification of the samples was determined by X-
ray diffraction (XRD) on a Siemens D-500 diffractometer equipped with Ni-filtered Cu Ka
radiation using a voltage of 40 kV and current of 40 mA. The diffraction patterns were
recorded from 10° to 90° (2 theta) in step-scan mode at a step of 0.05° and a counting
time of 300 s per step. The crystal structure refinements were performed by means of
the Rietveld method using the FULLPROF program [25]. A Thompson—Cox—Hastings
pseudo-Voigt function convoluted with an axial divergence asymmetry function was
chosen to generate the peak shapes. The following parameters were refined:
background points, zero point, scale factor, pseudo-Voigt parameters of the peak shape,

atomic positions and cell parameters.

Structural analysis by Raman spectroscopy was performed in a dispersive Horiva Jobin
Yvon LabRam HR800 Confocal Raman microscope with a 20 mW He-Ne green laser
(532.14 nm) operating at 5 mW and using a grating of 600 grooves mm. A 50x objective
(Olympus) was used for both focusing the excitation beam on the sample and collecting
the scattered light with a confocal pinhole of 1000 ym. The Raman spectrometer was

calibrated using a silicon wafer.
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Temperature programmed reduction (H.-TPR) measurements were performed in a
conventional U-shaped reactor charged with 50 mg of sample. The temperature was
increased from RT to 900 °C with constant heating rate of 10 °C min™! and passing
through the catalyst a flow of 50 mL min™ STP certified 5% H: in Ar gas mixture. A cold
trap of dry ice and acetone was used to condense the water and CO. formed during
reduction. The H, consumption was followed by a TCD detector and quantified by using

CuO powder (99.999%) as standard.

Furthermore, the reducibility of the catalysts was also investigated by in situ XRD
analysis using a high temperature cell Anton Paar HTK 1200 coupled with an X'Pert Pro
Philips diffractometer. The system was equipped with X'Celerator detector with a step of
0.05° and a counting time of 300 s per step. The diffractograms were recorded in the 25
— 900 °C temperature range with acquisition per 100 °C with heating rate of 10 °C min*

under a flow of 100 mL mint of 5% H, in Ar.

High resolution transmission electron microscopy (HR-TEM) micrographs of the reduced
catalysts were obtained on a FEI Talos electron microscope operated at 200 kV and
equipped with a field emission filament. For samples preparation, a few milligrams of
each catalyst were deposited directly on 300 meshes holey carbon coated copper free
TEM-grid. The patrticle size distribution and the mean particle sizes were estimated from
HR-TEM micrographs by single particle measurement of at least 100 particles. The

average nickel particle size was estimated using the following equation:

D[3,2] = IDjvi (Eq. 1)

¥ DZv;

where D is the diameter of the particle and v corresponds to the number of particles with

this diameter [26].

Temperature-programmed surface reaction of methane (CH4-TPSR) was carried out in
a fixed-bed quartz reactor. The calcined samples were heated from room temperature to

900 °C under flow of 50 mL mint STP of 10% v/v CH. in Ar. The effluent was monitored
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with a mass spectrometer PFEIFFER Vacuum PrismaPlus controlled by Quadera
software. The experiments were performed without a previous reduction pretreatment of
the sample to investigate the redox abilities of Ni as function of the metal-support
interaction. The MS data selected to analyse the evolution of methane decomposition

were CH, (m/z = 15), H, (m/z = 2), CO (m/z = 28) and H,O (m/z = 18) for the Ni catalysts.

Temperature programmed oxidation (TPO) of spent catalysts was conducted in a fixed-
bed quartz reactor. The samples were heated from room temperature to 900 °C with
heating rate of 10 °C min™ under a flow of 50 mL min* STP of 20% v/v Oz in helium. The

CO; signal (m/z = 44) was followed by mass spectrometry.
2.3. Catalytic activity measurements

Methane steam reforming reaction was carried out in a homemade reaction system
including a fixed-bed quartz reactor with internal diameter of 9 mm. The catalytic activity
was measured using 100 mg of catalyst diluted in SiC both sieved in the 100-200 pm
fractions and achieving a catalytic bed volume of 0.5 mL. Before the reaction, the
catalysts were reduced in a flow of 50% Hz2/N2 (100 mL mint STP) at 800 °C for 1 h. All
reactions were performed at atmospheric pressure in the 750 - 850 °C temperature range
using a steam-to-carbon molar ratio of 1.24 (27.7 mL min** STP of H,O and 23.3 mL min-
1 STP of CH4), and a space velocity of 60 L g h'l. Reactants and products were analysed
and quantified by gas chromatography using an Agilent 7890A model gas
chromatograph equipped with a Porapak® Q, a Molecular Sieve 5A, and two thermal
conductivity detectors (TCD). The CH4 conversion and H; yield was calculated according

to Egs. (2) and (3), respectively:

CH, conversion (% ) = ZCHin” TCHiout 1 () (Eq. 2)
NCHain
H, yield (%) = ——#20u__ %100 (Eq. 3)

2nchaint NH20in



Being n the molar flow of CH4, H2O and H respectively and the subscripts in or out

correspond to the inlet or the outlet flow.
3. Results and discussion
3.1. Chemical composition and textural properties

Chemical compositions obtained by XRF (Table 1) indicate that the loading of Ni, Mg
and Al were almost identical to the nominal values for both Ni-MgAl (IM) and Ni-MgAl
(CO-IM) catalysts. This indicates that these preparation methods were carried out
effectively in both cases. Nevertheless, the Ni-MgAl (CO) catalyst presents a higher
value of Ni content than the theoretical one. This fact is owed to the amphoteric nature
of Mg (OH),, which has a Ksp of 5.61 x 102 much higher than Ni(OH), (5.48 x 101%) and
AI(OH); (3 x 10%?). Consequently, the partial precipitation of Mg provokes a small loss of
Mg?* increasing the Ni content [27]. The Al content also was below the nominal value in
this latter sample, which can be related with a small loss of Al ions during the

coprecipitation and the washing steps.

The textural properties of the supports and catalysts prepared are also listed in Table 1.
It can be noticed that the support prepared by impregnation method leads to lower
specific surface area (Sger) compared to the support prepared by coprecipitation method.
This observation indicates that the preparation method affects directly to the textural
properties of the MgAl.O, spinel. On the other hand, a slight decrease in the specific
surface area and pore volume was observed in both supports after Ni impregnation,
indicating that nickel species were incorporated inside the pores of the support.
Regarding the Ni-MgAl (CO) catalyst, this sample showed the smaller average pore
diameter. However, the value of specific surface measured for this sample is similar to

the value obtained for Ni-MgAl (CO-IM) sample.

Figure 1 shows the nitrogen adsorption-desorption isotherms and pore size distributions

for all the prepared samples after calcination. As can be observed, the isotherms of all
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the solids were type 1V, suggesting the formation of a mesoporous structure according
to the IUPAC classification. However, notably differences can be appreciated in the
hysteresis loop. The MgAl (IM) and Ni-MgAl (IM) sample have a typical H3 hysteresis
loop closing at p/po lower than 0.4 that can be associated to non-uniform interparticle
pores while that the MgAl (CO-IM), Ni-MgAl (CO-IM) and Ni-MgAl (CO) samples have a
H1 hysteresis loop which corresponds to agglomerated particles with uniform pore size.
These isotherms are corroborated by the pore diameter distribution included in Figure
1b. The Ni-MgAlI (CO), MgAl (CO-IM) and Ni-MgAl (CO-IM) samples present a narrow
pore size distribution while the MgAl (IM) and Ni-MgAl (IM) solids have a broader pore
size distribution. The presence of smaller mesopores in the Ni-MgAl (CO) catalyst could
be attributed to the incorporation of Ni and Mg into the structure modifying the porosity

of the material and decreasing the pore size [28].
3.2. Structural analysis

Powder X-ray diffraction was used to identify the crystalline phases existing in the
prepared samples. In order to deepen the structural study, a Rietveld refinement analysis
was performed on the prepared samples. In figure 2 are depicted the experimental and
the calculated XRD profiles for all the prepared samples. As can be observed, MgAl (IM)
and MgAl (CO-IM) supports are formed essentially by the stoichiometric spinel MgAl.O,
together with small aggregates of MgO. However, it should be noted that the amount of
MgO decreases in the MgAl (CO-IM) support whereas a non-stoichiometric spinel
(Mgo.4Alos)Al1 504 is formed. This preferential formation of spinel against the MgO phase
observed in the latter support can be explained assuming the intimal contact that takes
place between the Mg?" and AP* ions during the coprecipitation method. After
impregnation of nickel and subsequent calcination, it is clearly observed for both Ni-MgAl
(IM) and Ni-MgAl (CO-IM) catalysts that nickel species appear mainly as NiO although a
small portion of nickel ions are incorporated in the MgAIl,O. forming non-stoichiometric

mixed oxides in both cases. Noteworthy that the signals of NiO could be masked by the



presence of MgO phase. Nevertheless, we can assume that the formation of MgAI,O.
spinel and NiO takes place preferentially with respect to the formation of MgO and/or
NiAl,O. phase at the temperature at which the catalysts were calcined (550 °C). This
assumption is in agreement with the previous work of Jacob and Alcok [29], who studied
the formation of NiAl.O4-MgAlO4 spinel solids solutions. Moreover, it can be noticed that
MgO and the non-stoichiometric spinel (Mgo.4Alo6)Al1804 are absent in the Ni-MgAl (CO-
IM) catalyst. This might be because of a part of Ni is forming the rock-salt type Mg-Ni-O
solid solution in the mixed oxide [30], and another part of Ni is occupying the octahedral
sites of the non-stoichiometric Mg-Al spinel. Therefore, it would be expected that the
interaction Ni-support were strong in this case resulting a better dispersion of Ni metal
particles after reduction as will be discussed later in the next subsection. Concerning the
Ni-MgAl (CO) catalyst, it can be observed the presence of two types of solid solution,
(Ni-MQ@)1-xAl2.yO4.x-1.5y and (Mg-Ni)O. As shown figure 2, the peaks ascribed to the (Mg-
Ni)O solid solution in this sample are very broad suggesting that this solution become
amorphous or the crystal size is very small. The results obtained are summarized in
Table 2. The goodness of fit, X2, show that the optimal fitting was attained in this Rietveld

analysis [31].

Raman spectra of the calcined catalysts are displayed in Figure 3. The MgAl,O4 spinel
has a cubic close-packed structure whose spatial group is Fd-3m. Group theory predicts
that the active vibrational modes in Raman are Aijg+Eq+3T24 [32]. This technique does
not allow discriminating between the NiAlO4 and MgAI;O4 spinels in the samples
because they have identical structure and the spectra recorded are analogous. However,
the formation of a mixed NiMgAl>O4 spinel involves a distortion in the crystalline lattice
due to the insertion of Ni?* in the octahedral sites not occupied by Mg?* in the MgAl.O4

spinel.

The bands observed at 311, 407, 680 and 767 cm™ are assigned to the vibrational modes

T2W, Eqg, T29® and Aqg, respectively, of spinel-like structure [33]. These features were



observed in the three catalysts. Additionally, it appears a broad band at 560 cm™* with a
shoulder at 485 cm™ and another band at 1063 cm™. The bands at 560 cm™and 485 cm"
L are attributed to the first-order longitudinal optical (LO) and transverse optical (TO) one-
phonon modes, respectively [34], whereas the band at 1063 cm™ is ascribed to the two-
phonons modes (2LO), all of them characteristic of NiO [35, 36]. It should be noticed that
in the Ni-MgAl (CO) catalyst the band at 1063 cm™ was more intense and sharper than
in the other two catalysts. This fact could be associated with the lower degree of
interaction between the NiO phase and the support, and thus the presence of bigger

crystallites of NiO on the surface [35, 37].
3.3. Reducibility of the catalysts

The reducibility of the nickel species in the three prepared catalysts was investigated by
hydrogen temperature-programmed reduction measurements (H.-TPR), and the results
obtained are depicted in Figure 4. All the catalysts showed a reduction process in the
temperature range between 300 - 750 °C that can be attributed to the reduction of NiO
species with different degree of interaction with the support [15]. Additionally, one second
reduction peak in the 750 - 900 °C temperature range was observed on the Ni-MgAl (IM)
and Ni-MgAl (CO-IM) catalysts that likely is related to the reduction of NiAl.O4 species
which are strongly interacting with the support [38]. The interaction strength between the
nickel particles and the support influences notably in the reduction profiles and typically
the reduction of NiO species are shifted to higher temperatures for strong metal-support
interactions while the reduction of NiO at lower temperatures can be associated with
weak interactions and/or bigger metal particles [39]. From TPR profiles observed in Fig.4
can be deduced that the interaction between nickel species and support decreases in

the order Ni-MgAl (IM) = Ni-MgAl (CO-IM) > Ni-MgAl (CO).

The degree of reducibility of the catalysts was estimated from the area under the TPR
profile assuming that the only reducible species are Ni?*, which is reduced to metallic

nickel species. As shown Table 1, the nickel was totally reduced in the Ni-MgAl (CO)



sample while in the other two catalysts only a similar percentage of ca. 65-70 % of nickel
species were reduced. This reveals that at least a part of nickel is not being reduced in
the latter catalysts probably due to the presence of the NiAl.O4 spinel or the strong
interaction NiO — MgAI>O4 in good agreement with the XRD results. Although the amount
of reducible nickel species in Ni-MgAl (IM) and Ni-MgAl (CO-IM) catalysts are very
similar, the reduction temperature for Ni-MgAlI (IM) is higher for Ni-MgAl (CO-IM). This
suggests that a strong interaction of metal with the support could difficult the reduction
of the nickel species in the Ni-MgAl (IM) catalyst decreasing thus the number of nickel

active species for methane steam reforming.

In situ XRD reduction measurements were carried out to investigate the structural
modifications during the reduction pretreatment. As shown in Figure 5a, it can be noticed
the appearance of three new diffraction peaks at 44°, 51° and 62° at temperatures above
600 °C that evidences the formation of metallic nickel (JDPDS 00-004-0850) during the
reduction treatment in all the cases. It is remarkable the fact that in the Ni-MgAl (CO)
catalyst these three peaks become very sharp and intense as the temperature increases
whereas in the other two catalysts those lines are wider. The average crystallite size of
Ni° was calculated using the Scherrer equation from the line widths of the XRD peaks
corresponding to (200) crystal plane (peak at 51°). Figure 5b included the estimated
values of crystallite size of Ni®as function of the reduction temperature. It can be noted
that the growth of Ni° crystallites during reduction is lower for Ni-MgAl (CO-IM) and Ni-
MgAI (IM) catalysts. However, the reduction at high temperatures in the Ni-MgAl (CO)
catalyst produces an agglomeration of the nickel on surface producing the sintering of
metal. This latter observation suggests a weaker interaction between the nickel and the
support in the Ni-MgAl (CO) sample in comparison with the other two catalysts, Ni-MgAl
(IM) and Ni-MgAIl (CO-IM), which present a stronger Ni-support interaction and the
sintering of nickel particles is minimised. The growth of metallic nickel particles during

the reduction process depends on the interaction strength between nickel species and
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the support [39] and these results are in good agreement with the above mentioned TPR

profiles.

Regarding the results of H,-TPR and in situ XRD, it can be deduced that the reducibility
of the catalysts depends notably on the metal-support interaction. A strong interaction
prevents the nickel sintering although can affect negatively avoiding the reduction of

nickel species and thus decreasing the number of nickel active sites.

Furthermore, the reduced catalysts were studied by HR-TEM in order to compare the
particles size distribution with the crystallite size of metallic Ni estimated by Scherrer
equation from in situ XRD data. The representative micrographs and nickel particle sizes
distribution of the reduced samples are shown in Figure 6. As can be noticed, the mean
particles sizes estimated after reductions are in concordance with the in situ XRD
observation previously discussed. There is a major agglomeration of Ni particles on Ni-
MgAIl (CO) catalyst whereas the Ni-MgAIl (CO-IM) sample is composed by smaller
particles and more homogeneous particles distribution. Thus, the metal-support

interaction is affected by the preparation method of the sample.

3.3. Temperature-programmed surface reaction with methane (CHs-TPSR)

CH4-TPSR measurements were carried out to study the evolution of species resulting
from the interaction of methane with catalyst surface in all calcined catalysts (Figure 7).
Comparing the CH4-TPSR profiles in Fig. 7, it can be noted a significant loss of water of
the solids between 100 and 450 °C in the Ni-MgAl (CO) catalyst. This indicates the
presence of a large amount of structural water and surface hydroxides species in this
catalyst that could be due to the low calcination temperature (550 °C). By contrast, both
supports of Ni-impregnated catalysts (Ni-MgAl (IM) and Ni-MgAl (CO-IM)) were calcined
at 900 °C and these samples only showed a weak peak of desorption of water at
temperatures below 200 °C that corresponds basically to physisorbed water. The high

calcination temperature increases the crystallinity of the samples and eliminates the



occluded water in the structure. As shown in Fig. 7, it can be seen that the preparation
method influences notably the methane decomposition reaction. Methane decomposition
over the three Ni catalysts starts at temperatures higher than 450 °C and it is observed
a broad consumption peak of methane that is accompanied by the production of CO and
H2. It should be noted that in the Ni-MgAlI (CO) catalyst occurs an important reduction of
the methane decomposition rate in the 650 — 750 °C temperature range and from this
temperature methane is probably decomposed by thermal reactions. This observation
agrees with in situ XRD results in which sintering of Ni particles was observed above 750
°C. On the other two catalysts, one can see different methane decomposition peaks as
function of the temperature that are related with the strength of interaction between the

Ni and the support in agreement with the reducibility results.

It is well known that the decomposition of methane into CHy fragments depend strongly
on the Ni particles and their interaction with the support [40]. Dehydrogenation of
methane is highly active in active defect sites and the decomposition rate increase with
decreasing the particle size [41]. Methane decomposition over nickel oxides occurs

towards the following elementary reaction steps [42]:

CHa(g) > H* + CHzs* )
CHs* — H* + CH* (4)
CHz* — H* + CH* (5)
CH* — H* + C(s) (6)
C(s) + O* » CO (g) (7)

Methane is decomposed into CHx fragments (reactions 3 - 6) over NiO sites producing
H: (g) and carbon deposits. Subsequently, the carbon species generated are oxidized by

the lattice oxygen forming CO (g) and metallic nickel (reaction 7). This sequence of



reactions explains the presence of CO observed during the methane reaction

decomposition in the three samples.
3.4. Activity tests for methane steam reforming

Figure 8 includes the methane conversion and the hydrogen yield as function of the
reaction temperature obtained for the three Ni catalysts prepared by the different
methods. As can be observed, both conversion and yield increased with the temperature
in all the samples and followed an order of Ni-MgAIl (CO-IM) > Ni-MgAl (IM) > Ni-MgAl
(CO). Interestingly, Ni-MgAlI (CO-IM) catalyst exhibited the highest methane conversion
and hydrogen vyield. This may be due to the fact that in this catalyst there are a
considerable amount of metallic Ni small particles highly actives and well dispersed on
the MgAI;O4 support. By contrast, the results of TPR (Fig.4) showed that in the Ni-MgAl
(IM) catalyst Ni species have strong interactions with the support (MgAl.O4) or is forming
part of the structure NiMgAl.O4, being thus hardly reducible and consequently less
active. On the other hand, the low activity observed in Ni-MgAl (CO) catalyst can be
attributed to the presence of large Ni particles formed during the reduction pretreatment
that decreases notably the effectivity of the catalyst. Numerous studies have
demonstrated that the catalytic activity for methane steam reforming is affected by the
nickel particle size, metal dispersion and the interaction of the nickel particles with the

support [43, 44].

For better comparison, we have estimated the intrinsic site activity of the three catalysts
in order to evaluate the relative efficiency of the Ni sites. The intrinsic activity provides
direct information about the catalytic essence correlating the nature with the structure of
the active sites. The parameter used for this purpose was the turnover frequency (TOF),
which represents the number of molecules of methane transformed per active site and

per second according to the following equation (Eqg. 4):

TOF = — [s7] (Eq. 4)
Dnj



where r is the reaction rate expressed as moles of CH, transformed per mol of Ni and
per second, and Dy; corresponds to the nickel dispersion [45]. The nickel dispersion was
determined on the basis of a cuboctahedron shape model assuming the average Ni
particle size obtained by TEM (Figure 6) for the reduced catalysts [46]. The dispersion
discloses the total number of nickel atoms accessible for the steam reforming of methane
reaction. The estimated values of Ni dispersion after reduction at 800 °C are included in
Table 1. As can be observed, the three Ni-based catalysts presented a similar value of
Ni dispersion. From Figure 9, it can be seen that the Ni-MgAl (CO) exhibits a poor
catalytic activity in the methane steam reforming reaction while Ni-MgAl (CO-IM) sample
presents the highest specific reaction rate. The obtained catalytic data correlate with the
balance between the strength of the metal-support interaction and the reducibility of the
catalyst. The catalytic performance can be increased by boosting the number of active
nickel sites on the surface of reduced catalysts. Among the catalysts tested, Ni-MgAl
(CO-IM) catalyst has the optimal metal-support interaction exhibiting the best catalytic
performance in terms of methane conversion and hydrogen production. Therefore, it can
be assumed that the catalytic activity can be improved by controlling the balance
between the reduction degree and the strength of the metal-support interaction towards
the adequate preparation method. These results are in agreement with the data reported
by Nieva et al. [47] in which large Ni particles with none metal-support interaction led to
a very unstable and inactive catalysts whereas small Ni particles in intimate contact with
a zinc or magnesium aluminate-like matrix are catalysts highly active in steam reforming

of methane.

3.5. Study of carbon deposits

Temperature-programmed oxidation (TPO) analysis and Raman spectroscopy were
used to characterize the coke species deposited on the three catalysts after methane
steam reforming reaction. Figure 10 displays the evolution of the m/z = 44 signals

assigned to CO; during the TPO experiments for the three spent catalysts. From a



gquantitative point of view, as the area under the TPO curve is proportional to the amount
of deposited carbon, it can be stated that the carbon deposited in the Ni-MgAl (CO)
catalyst is relatively smaller in comparison with the other two catalysts. The temperature
at which the CO, maximum appeared provides information about the nature of the
carbonaceous species deposited onto the catalyst surface. These carbonaceous
deposits have different structure orders and morphologies depending on the reaction
conditions and the structure of the catalyst. Zhang and Verykios [48] classified the coke
deposits in three types, designed as Cq4, Cg and C,, respectively. The assigned to Cq
usually corresponds to amorphous carbon and can be removed at low temperatures
whereas Cg and C, are associated to graphitic or filamentous carbon species very
thermally stable. These latter carbon species are hardly gasified and consequently are
causing of the catalyst deactivation. The TPO results displayed in Figure 10 show that
the amount of Cg and C, carbon species are considerably larger in the two impregnated
catalysts. This fact can be understood taking into account that the specific activity for
methane transformation is significantly minor in the Ni-MgAl (CO) catalyst in comparison
with the other two Ni-impregnated catalysts. Another aspect to be considered is the acid-
base properties of the samples. Ni-MgO (CO) sample is essentially composed by a NiO-
MgO solid solution and it is well known that MgO is the responsible for the alkaline
character. The presence of MgO favors the gasification of carbonaceous deposits [49].
In contrast, for Ni-impregnated catalysts, the nickel species are supported and dispersed
on MgAl>O. spinels. The absence or low content of MgO on surface could increase the

acidity in the sample promoting an increase of the amount of coke deposited.

The nature of carbon deposits was also evaluated by Raman spectroscopy. As can be
observed in Fig. 11, the spectra obtained for all spent catalysts showed two characteristic
bands, one at 1348 cm™ (D-band) associated to the morphological disorder and defects
corresponding to graphite with structural imperfections and/or amorphous carbon, and

another one at 1589 cm? (G-band) that is ascribed to the in-plane C-C stretching



vibrations characteristic of ordered structure carbon [50]. Moreover, it should be noticed
the appearance of a weak shoulder at ca. 1620 cm® (D’-band) and although its
connotation is not well understood it is believed that is related to the presence of defects
in the graphite structure [51]. In order to identify the structural differences between the
carbon species deposited on the samples, Beyssac et al. [52] proposed a simple
classification according to the value of R2, which is estimated from the D-to-(G+D) bands
intensity ratio. These authors suggested that values of R2 higher than 0.5 are typical of
amorphous carbon species while that values lower than 0.5 correspond to structural
carbon species. As shown Fig. 11, the Ni-MgAl (IM) and Ni-MgAl (CO-IM) catalysts
presented values of R2 slightly lower than 0.5 whereas the Ni-MgAl (CO) sample shows
a value of R2 superior to 0.5. This observation indicates that the carbon deposited on

the latter catalyst is more amorphous in agreement with the TPO results.

Considering findings mentioned above in combination with the economic feasibility of Ni-
based catalysts, it can be concluded that in view of designing a commercial catalyst for
steam reforming, it is crucial the utilization of an adequate preparation method, to adjust

the metal-support interaction and the reducibility of the active metal.
4. Conclusions

The degree of nickel-support interaction plays a fundamental role in the performance of
nickel-based catalysts. The goal of the present study was to investigate the influence of
the preparation method on the degree of Ni-Mg-Al interaction and the structure-activity
relationship in the methane steam reforming reaction. Differences observed in activity
are related to the degree of Ni-Mg-Al interaction and according to the reducibility results
the Ni-MgAl (CO-IM) catalyst presented the optimal metal-support interaction to reduce
the NiO at lower temperatures and preserve the Ni° particles highly dispersed on the
support surface. This catalyst is basically formed of very small Ni particles strongly
interacting with the MgAl.O. spinel-like matrix and exhibits the higher catalytic activity

and the major production of hydrogen. In conclusion, these results demonstrate that the



structure and catalytic performance of Ni based catalysts can be tuned by controlling the

Ni-support interaction towards of the preparation method.
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Table 1. Composition, physicochemical properties and reducibility of the prepared samples.

Chemical composition Textural
roperties i
Sample (wt.%) Prop Reducibility ~ Met@l
d o ispersion
Mg ] egree (%) (%)
o Al203 Ni SBET Vpore Dpore

m?2g? cm3g? nm

: 423 398 179
Ni-MgAl (CO) 25 65 (10 64 0.13 6.1 100 7

Ni-MgAl (CO- 238 628 13.4
M) (25) (65  (10) 71 024 105 65 g
MgAl (CO-IM) - - - 79 0.3 15.9 - _

. 292 585 123
Ni-MgAl (IM) 25 (65 (10) 31 014 115 70 8

MgAl (IM) - - - 38 0.2 10 - -

Nominal values of Ni loading wt. % are included between parentheses

Ni dispersion is estimated according to the model proposed by Borodzinski et al. [46]

Table 2. Rietveld refinement results for the prepared samples. The values in the table are

expressed in wt.% of crystallite phases.

Sample MgAI,O,  MgO NiO  (Mgo.4Alo6)Al1504 Solid solution (Mg-Ni)O X2
(Ni-M@)1.xAl2.yOs.x.1.5y

Ni-MgAl (CO) - - - - 28 72 9.6
Ni-MgAl (CO-IM)  86.4* - 13.6 - - - 3.4
MgAI (CO-IM) 86 2.3 - 11.7 - - 8.6
Ni-MgAl (IM) 80.7** 55 139 - - - 49
MgAI (IM) 92.7 7.3 - - - - 8.1

* Mgo.98Nio.02Al204

** Mgo.o7Nio.03Al204
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Figure 1. Nitrogen adsorption-desorption isotherms (a) and pore size distribution (b) of support

and Ni-catalysts.
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Figure 2. Experimentally observed (dots), Rietveld calculated (continuous line) and difference
(continuous bottom line) profiles for calcined supports and catalysts obtained after Rietveld

analysis of the XRD data. A zoom comparative of the three catalysts in the 25-50 degrees region

is included.
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Figure 3. Raman spectra of the catalysts prepared by different methods: (a) Ni-MgAl (CO-IM),

(b) Ni-MgAl (IM), and (c) Ni-MgAl (CO).
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temperature in the prepared catalysts.
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reduced catalysts prepared using different methods.
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Figure 7. CH4-TPSR profiles of Ni catalysts prepared by different methods.
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of 1.24 over Ni-Mg-Al catalysts prepared by different methods.
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Figure 9. TOF’s of the prepared catalysts as function of the reaction temperature for atmospheric

pressure methane steam reforming at GHSV of 60 L g* ht and steam-to-carbon ratio of 1.24.
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Figure 10. TPO profiles of spent catalysts after steam reforming of methane reaction.
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Figure 11. Raman spectra of spent catalysts after methane steam reforming reaction.



