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ABSTRACT

Ni-based catalysts are selective in the hydrogenation of CO2 to CHa4 but their activity and stability
need improvement. Herein, we propose a hydrotalcite-derived high loaded Ni-Al2Os3 catalyst
promoted by La. The effect of La on the catalyst properties is investigated and compared with that of
Y and Ce. The NiOx crystallite size and basic properties (rather than the nickel reducibility) as well
as the catalytic activity depend on the rare-earth element. The La-catalyst achieves a more relevant
activity enhancement at low temperature and high space velocity (480 L g™! h'!, CO2/H2/N2 = 1/4/1
v/v), high CHa4 productivity (101 Lcns gni™! h'!) and stability, even under undiluted feeds. In situ
DRIFTS and the characterization of spent catalysts confirm that this enhanced performance is related
to the combination of dissociative and associative COz activation on more reduced, highly dispersed

and stable Ni nanoparticles and basic sites in the La203-Al203 matrix, respectively.
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1. Introduction

The hydrogenation of CO2 to CHa4 (Sabatier reaction) constitutes one of the most promising Power to
Gas (PtG) technologies for long-term and high capacity COz utilization as well as renewable energy
storage [1,2]. The gas produced in a highly active and selective CO2 conversion can be fed into the
existing gas grid after simple water separation. Thus, large efforts have been made in the last years to
move from the laboratory to the pilot [3-8] and industrial scale [9,10]. The hydrogenation of CO2 to
CHa is highly exothermic (—165 kJ/mol), thermodynamically favored at low temperature and high
pressure, though the kinetics increase with the temperature [11]. Hence, the success of this process
depends on a combination of both catalyst activity and selectivity at low temperature in addition to

heat management [12].

Ni-based catalysts are active and cheap and are therefore considered to be perhaps the best option
for industrial application. Indeed, Ni/Al2O3 is currently employed as commercial methanation
catalysts although they are mainly used to convert CO [13]. Methanation performance is widely
related to Ni loading and reducibility [14], metal particle size [15], alloy formation (e.g. NiFe) [16]
and support properties [ 17], which determine the activation of both H2 and CO», as well as the stability
and interaction among reaction intermediates to produce CH4. However, recently it has been stated
that CO2 methanation is structure insensitive on the most active highly metal- loaded Ni/Al203
catalysts [18]. The turnover frequency (TOF) does not depend on metal-support interaction, metal-
support interface or particle size, but on the total Ni surface area, which is highly dependent on the
preparation method. Whereas, the basicity of the support controls the adsorption capability towards
CO2 and hence, the activation mechanism e.g. through CO or formate species [17]. Consistent with
the ‘Sabatier principle’, medium basicity is widely accepted as optimal [19], though in some studies
weak and strong basic sites are also reported as active [20, 21]. Clearly, the role of the support goes
beyond simple CO: activation; it modifies the properties of Ni-containing species and, therefore, both

H> and COz activation.



Rare-earth elements, mainly, La, Ce, and Y, have been shown to increase the performance at low
temperature, a behaviour related to a higher basicity, enhanced Ni reducibility and/or smaller Ni
particles [22-32]. Moreover, the tolerance to sulfur increases for CeOz2-promoted catalysts [33].
Obviously, the catalyst properties (chemical-physical and performance) depend on the type and
quantity of rare-earth elements. CO species are detected over Ni/Al203, only carbonates on Ni/La20s,
whereas formates are quickly decomposed on Ni/Y203 [17]. Alcalde-Santiago et al. [34] compared
Ni/CeO2 and Ni/La203 catalysts evidencing the role of the support on the modification of Ni-
containing species and on the stability of surface H20 and COsz. Differences in the CO2 methanation
mechanism using Ni/CeO2 and Ni/Al203 catalysts have been evidenced by isotopic and in situ
DRIFTS [35]. Ni/CeO2 provides different active sites for CO2 and H> dissociation as well as for water
desorption. In Ni/Al20O3 catalysts, rare-earth elements modify the interactions of Ni with the support
and the type of reaction intermediates. For instance, CeO2 on Ni/Al203 decrease the formation of
NiAl204 [24]. Based on DRIFTS measurements, Gac et al. proposed that when CeOx is present as a
promoter in Ni/Al2Os it leads to enhancement in the formation of intermediate formates [30]. The
basicity of the La203-Al203 support favors a stronger adsorption of carbonates that act as reactant
reservoirs [31]. Despite some similarities between Ni on pure rare-earth oxides and on modified Al2O3
there is no straightforward correlation with catalytic performance. Strikingly, the trend in the activity
18 Y203 > CeO2 > Al203 > La203 for Ni supported on pure oxides [17] yet when these oxides are used
to modify Ni/Al203, the trend changes accordingly to La203 > CeO2 > Y203 [27]. In contrast, Italiano
et al. reported that for 15 wt.% Ni supported on pure oxides, the activity performance decreases in
the order Y203 > Al203 > CeOz2 [36]; Ni/CeO2 deactivated by coke deposition. The dispersion of Ni
and rare-earth elements, the interaction between them and with the oxide matrix may be responsible
for these apparently contradictory behaviors, though this has not specified in the literature. Moreover,
the aforementioned features could be also related to the rare-earth loading (e.g. from 100 to 2 wt.%)
as well as to the deposition/incorporation method of both of them on/into the Al2O3 support; to date

incipient wetness impregnation [14], wet impregnation [27] (depositing Ni** and Ln’",
4



simultaneously or in consecutive steps), one-pot sol gel [25] or coprecipitation [32] have been used

to prepare such catalysts.

NiAl hydrotalcite-derived (HT) catalysts, prepared by coprecipitation and calcination, have been
shown to be more active [37] and stable than commercial impregnated catalysts [38], since they are
characterized by a high dispersion and stability of Ni° particles, even at high Ni loadings [39, 40].
However, under ageing conditions [38] or high CO2 conversions prone to hot spots [41] coprecipitated
catalysts deactivate. Ni particle sintering, loss of surface area, reduction of CO2 adsorption capacity
and medium basic sites, as well as structural changes occur [38]. Moreover, Ni(OH)2 formation has
been recently claimed, decreasing the active phase (Ni’), and favoring the sintering and formation of

inactive species (notably surface NiAl2Oa4) [42].

The use of rare-earth element promoted hydrotalcite precursors therefore holds much promise in
realizing the next generation of Ni-based catalysts for CO2 hydrogenation. For example, it has been
shown that for NiMgAl HT-derived catalysts (NissMge.7La1.sAl235), the presence of additional La
changes the interaction between Ni and periclase (chemical nature and oxidation state) and increases
the number of medium and strong basic sites in a catalyst reduced at 900°C [32], the La effect
depending on the preparation method [43] and the La loading [44, 45]. NiMgAl in comparison to
NiAl shows smaller and more stabilized Ni® particles, however, these Ni species are hardly reducible,
requiring very high temperatures (900 °C) [32, 46, 47], which subsequently modifies the crystalline
phases and decreases the surface area in comparison to using a HT precursor calcined at moderate

temperatures (ca. 450-600 °C) and alters the basic properties [48-50].

The aim of this work is to unravel the effect of La in a high loaded coprecipitated Ni-La203-Al203
catalyst, produced via calcination and reduction at 600 °C of a NiLaAl-HT material (Ni/La/Al =
70/5/25 atomic ratio) and compare its effect with those of Ce and Y, keeping constant the atomic
ratio. The link between the chemical-physical properties (especially the metallic particle size and
basic sites trade-off) and the activity and CO: activation mechanism of the promoted bulk catalysts,
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which to date has been rarely reported, has been elucidated. This is followed by their testing for CO2
methanation under harsh reaction conditions with CO2/H2/N2 = 1/4/1 and 1/4/0 (v/v) feedstock at high
space velocity values, by measuring temperature profiles along the centerline of the bed and in turn
analyzing the contribution of the heat generated during the exothermic process (barely considered in
the literature). The reaction mechanism is elucidated using in situ DRIFTs whilst feeding a reaction
mixture (CO2/H2/N2 = 1/4/1 v/v) at low oven temperatures. The stability of the La catalyst is
investigated under transient conditions (shut-down and start-up), important for the Power to Gas

technology [51], but to the best of our knowledge, is scarcely reported [52, 53].

2. Experimental part

2.1. Catalyst synthesis

The catalysts were prepared by coprecipitation at constant pH 10.0. In a typical synthesis, 1.0 M
nitrate solution of Ni/Al = 75/25 or Ni/X/Al = 70/5/25 (atomic ratio) (where X = La, Y, or Ce) was
dropped (~ 2 mL min™") into a batch reactor containing 2.0 M Na>CO3 solution at 60 °C under stirring
by a magnetic bar at 750 rpm. The pH was controlled at 10.0 = 0.1 by dropwise addition of a 3.0 M
NaOH solution. The amount of Na2CO3 was calculated by charge balance of the HT system when a
trivalent cation substituted a divalent one in the brucite structure with an excess amount of three-fold.
After aging for 1 h at 60 °C, the resulted slurry was filtered and washed thoroughly with distilled
water until pH 7.0. The filtration cake was dried at 60 °C for 24 h and then ground to obtain a fine
powder of HT catalyst precursors. These precursors were subsequently calcined at 600 °C (ramp 10
°C min™') for 6 h in static oven. The catalysts were named as NiAl or NiXAl where X =La, Y, or Ce.
The effect rare-earth elements, with loadings similar to those reported for impregnated catalysts [29,
31], on the properties of the catalysts has been investigated by keeping constant the atomic ratio
composition. The role of the amount of rare-earth elements, albeit modifying the activity [29, 31, 44,

45], is out of scope of this work. For catalytic tests, the calcined powder catalysts were pelletized



using a Specac laboratory hydraulic press. The pellet was ground in a mortar and a fraction of

materials with particle size in range of 0.420-0.595 mm (sieve mesh number 40 — 30) was collected.

2.2.Characterization techniques

X-ray diffraction (XRD) analysis was carried out using a PANalytical X Pert diffractometer
equipped with a Cu-Kq radiation (Amean = 0.15418 nm) and a fast X’Celerator detector. Wide-angle
diffractogram was collected over 20 range from 5 to 80° with a step size of 0.05° and scan time 15.25
s per step. The mean NiO and Ni° crystallite sizes, d., were determined using the Scherrer equation

for NiO (200) and Ni® (002) planes, respectively. The shape factor, Kr, was 0.9.

Specific surface area of the catalyst was determined by N2 adsorption/desorption at -196 °C using
a Micromeritics ASAP 2020 instrument. Samples (0.15 g powder catalysts) were degassed under
vacuum (< 30 um Hg) at 150 °C for HT precursors (or at 250 °C for calcined catalysts) and maintained
for 30 min before performing the measurement. The specific surface area (Sser) was calculated using
the Brunauer-Emmett-Teller (BET) multiple-point method in the relative pressure range p/p° from

0.05 to 0.3. Total pore volume Vrore was calculated at p/p® = 0.99 from adsorption data branch.

Hydrogen temperature programmed reduction (H2-TPR) was performed in an AutoChem II
(Chemisorption analyzer, Micromeritics). The sample (100 mg powder catalyst) was firstly activated
at 150 °C under 30 mL min™!' of He for 30 min. After cooling to 40 °C under He gas, the carrier gas
was switched to 5 % Ha/Ar (v/v) at 30 mL min"!. When the baseline was stable, the temperature was
increased to 900 °C with a ramp of 10 °C min™'. The outlet stream passed through an ice trap to
condense water vapor produced during the reduction. The H2 consumption was measured by means

of a thermal conductivity detector (TCD).

Temperature programmed desorption of CO2 (CO2-TPD) was performed in an AutoChem II
(Chemisorption analyzer, Micromeritics) with 100 mg of catalyst. The catalyst was firstly activated

at 150 °C under 30 mL min™ of He for 30 min and then reduced in situ in 5% Ha/Ar (v/v) at 30 mL



min! at 600 °C (ramp 10 °C min™") for 2 h. After cooling down to 40 °C in He, CO2 was adsorbed for
1 h with 30 mL min! of 10 % CO2/He (v/v). The catalyst was then post-flushed by 30 mL min™! of
He for 1 h to remove weakly adsorbed CO2. The TPD was performed from 40 °C to 500 °C in 30 mL
min' of He with a heating rate of 10 °C min"'. CO: signal (m/z = 44) was tracked on a mass
spectrometer (MKS, spectra products). CO2 consumption was calculated using a standard calibration
of m/z = 44 conducted on 10 % CO2/He (v/v). The desorption profile was deconvoluted using Origin

9.0 software.

Diffuse Reflectance for Infrared Fourier Transform Spectroscopy (DRIFTS) measurements were
carried out using a Cary 600 Series FTIR Spectrometer (Agilent Technologies) equipped with a
Praying Mantis cell by Harrick. The cell size is 4.5 x 3.0 mm (diameter x height), thus its volume is
around 47.7 mm?, which is eight-fold smaller than the catalytic bed volume in the activity test. The
conditions during DRIFTS measurements were kept close to those of the catalytic tests in term of gas
composition, gas hourly space velocity (GHSV), and experiment protocol. In a typical measurement,
the catalyst was initially flushed with He and heated up to 100 °C to remove possible traces of
moisture from the sample or the cell as well as to check the stability of the catalyst. The catalyst was
then reduced at 500 °C (10 °C min™') under 20 mL min™! of H»/He (1:1 v/v). When the reduction step
was completed, the Hz flux was switched off, the sample was then cooled down to target temperature
under pure He flow and a single analysis was performed to set a background. A selected gas mixture
was eventually introduced to the sample cell depending on the experiment, e.g. 24 mL of 10 %
CO2/He (v/v) and 24 mL of reactants (CO2/H2/N2 = 1/4/1 v/v) for CO2 adsorption and reaction,
respectively. The CO:2 adsorption experiment was performed at 200 °C while the reactions were
carried out from 200 to 325 °C with a temperature ramp of 10 °C min'. A single analysis was
composed of 64 scans and lasted 30 s. Several analyses were performed to follow in situ the behavior

of the catalyst during CO2 adsorption as well as the reaction.



X-ray photoelectron spectroscopy (XPS) spectra were recorded with a PHI VersaProbe II
Scanning XPS Microprobe with scanning monochromatic X-ray Al Ka radiation as the excitation
source (200 um area analysed, 52.8 W, 15kV, 1486.6 eV), and a charge neutralizer. The pressure in
analysis chamber was maintained lower than 2.0 x 10~® Pa. High-resolution spectra were recorded at
a given take-off angle of 45 ° by a multi-channel hemispherical electron analyser operating in the
constant pass energy mode at 29.35 eV. Spectra were charge referenced with the C 1s of adventitious
carbon at 284.8 eV. Energy scale was calibrated using Cu 2p3.2, Ag 3ds2, and Au 4f72 photoelectron

lines at 932.7, 368.2, and 83.95 eV, respectively.

High resolution transmission electron microscopy (HRTEM) characterization was carried out by
a TEM/STEM FEI TECNAI F20 microscope, equipped with an EDS analyzer. Fine powder catalysts
were suspended in ethanol under ultrasounds for 20 min. The suspension was subsequently deposited
on a Cu grid with lacey quanti-foil carbon film and dried at 100 °C before doing the measurement.
Selected area electron diffraction (SAED) and Fast Fourier transformation (FFT) were applied to
determine the interplanar spacing of the crystals. Particle size distribution was processed considering

around 150 particles in three different zones for each sample.

Micro-Raman measurements were performed in a Renishaw Raman Invia configured with a Leica
DMLM microscope (obj. 5%, 20x, 50x). The available sources are an Ar" laser (514.5 nm, Pmax = 30
mW) and a diode-laser (780.0 nm, Pmax=300 mW). The system was equipped with edge filters to cut
Rayleigh scattering, monochromators (1800 lines/mm for Ar" laser, and 1200 lines/mm for diode
laser) and a Charge-Coupled Device (CCD) thermoelectrically cooled (203 K) detector.
Measurements were performed with the Ar™ Laser (514.5 nm) at power level Pour= 3 mW (10%

power). Each spectrum was recorded by four accumulations (30 s for each).

Ni K-edge X-ray Absorption Fine Structure (XAFS) studies of NiAl and NiLaAl samples were
carried out on the B18 beamline at the Diamond Light Source, Didcot, UK. Measurements were

performed using a fast-scanning Si (111) double crystal monochromator. All samples were measured
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in transmission mode using ion chamber detectors and were diluted with cellulose and pressed into
pellets to optimise the effective edge-step of the XAFS data. All transmission XAFS spectra were
acquired concurrently with a Ni foil placed between I and Ir.z. The time resolution of the spectra
reported herein was 5 min/spectrum (kmax = 14), on average three scans were acquired to improve the
signal to noise level of the data. XAFS data processing and Extended X-ray Absorption Fine Structure
(EXAFS) analysis were performed using IFEFFIT [54] (Athena and Artemis) [55]. The amplitude
reduction factor, s2, was derived from EXAFS data analysis of known reference compounds (Ni foil)

and used as a fixed input parameter.
2.3. CO; methanation tests

The tests were performed in a fixed bed quartz reactor (ID 10.0 mm). The powder catalyst (30 mg,
0.420-0.595 mm particle size) diluted with 470 mg quartz with the same particle size was loaded in
the reactor. To measure the temperature profile, a 2 mm thermowell (quartz tube) was inserted in the
middle of the catalytic bed. The insertion of the thermo-well resulted in height and volume of the
catalytic bed around 5 mm and 377 mm?, respectively. A thermocouple (K-type) was placed inside
the thermowell allowing measurement of the temperature along the length of the catalytic bed during
the tests. The catalyst was reduced in 200 mL min™! of H2/N2 = 1/1 (v/v) at 600 °C for 2 h. After
cooling down to 225 °C and stabilized at this temperature for 30 min, the feed gas (CO2/H2/N2 = 1/4/1
or 1/4/0 v/v) with a total flow rate of 240 mL min™! was sent to the reactor. This condition generated
a gas hourly space velocity (GHSV) of around 38,200 h™!, (defined in terms of the total volume of the
catalytic bed (inert + catalyst)), or 480 L gear! h'! (in terms of the mass of catalyst). The densities of
the catalysts were around 1g/mL (NiAl: 1.3; NiLaAl and NiYAl: 1.0; and NiCeAl: 1.7 g/mL). The

reaction was carried out from 225 °C to 425 °C with an interval of 25 °C.

After passing through a cold trap for water condensation, the outlet stream was analyzed on-line by
a PerkinElmer Autosystem XL gas chromatograph, equipped with two thermal conductivity detectors

(TCD) and two Carbo-sphere columns using He as a carrier gas for CO, CH4 and CO2 quantification,
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and N2 for H2 analysis. Since no C2+ hydrocarbons were detected, CO2 conversion, CH4 and CO

selectivities were defined as follows [17]:

[CH4]+[CO]

CO:z2 conversion (%) = CHA+[CO1+ICOM] x100 (1)

CO selectivity (%) = —<2 x100 )
Y [CH,1+[CO]

CH selectivity (%) = [CHa]__ 100 3)

Hy]+[CO]
In which [A] (A = CH4, CO, and CO») represents for molar ratio of component A in the outlet stream.

For the stability test, the catalyst was challenged under different reaction conditions by 8 cycles of
start-up and shut-down the reactor. After testing in diluted gas mixture (CO2/H2/N2 = 1/4/1 v/v) at
different temperatures from 225 to 425 °C, the reaction was shut down and the catalyst was kept under
100 mL min” of N2. In the next three days, the reaction was carried out at 325 °C in diluted gas
mixture for 9 h each day. The procedure was repeated in the same way, but the reaction was performed

in a concentrated gas mixture (CO2/H2/N2 = 1/4/0 v/v).

To ensure a sufficient amount of used catalyst for post reaction XAFS measurement, the test was also
performed with 120 mg of catalyst (keeping the same GHSV as in the test with 30 mg by decreasing
the amount of quartz (diluent)) at four set points of oven temperature at 225 — 300 °C. Temperatures

similar to those in stability tests, e.g. maximum temperature of 439 °C at Toven = 300 °C) were reached.

3. Results and discussion

3.1. Powder Ni-containing hydrotalcite precursors and catalysts

The crystallinity of the layered NiAl HT structure, intercalated with carbonates, decreases by the
addition of rare-carth elements. Less intense and broader basal (003) and (006) reflections and
overlapped (110) and (113) reflections are recorded in NiLaAl than in NiAl precursors (Fig. Sla),

due to a lower order in the stacking direction and within the layers. The larger size of La*" leads to

11



the formation of Lax(CO3)2(OH)2 [45]. A similar cubic CeO2 phase separation occurs for the large
Ce*" ion [56], while Y*" could be included into the brucite-type layers of the HT structure, distorting

the lamellar structure [57].

The catalysts have been characterized after calcination at 600 °C. Note that the data presented in
the main manuscript focusses on La-containing catalysts whereas information concerning Ce and Y-
containing samples is located in the supplementary information. The catalysts are made by nano-
crystalline NiAl mixed oxides (Fig. 1, S1b) with NiO crystallite sizes in the 3.1 — 4.4 nm range, Table
1. La** is observed to segregate as La>203 and is seen to decrease the crystallite size of the NiO (Table
1). Making a comparison with Y and Ce-samples, Y also helps to decrease the NiO crystallite size,
while the oxide is unmodified by the segregated CeO2. This behavior could be related to a higher
dispersion of La203 in the oxide; however, the inclusion of La*" into the mixed oxide structure cannot
be discarded. BET surface areas of NiAl and NiLaAl catalysts are 159 and 149 m? g™! respectively
(Table 1). The differences in the values could be related to different types of pores in the samples
(Fig. S2, N2 isotherm) rather than to the segregation of La>Os. Indeed, taking into account also the
surface areas of Y and Ce-samples the values do not correlate well with the composition and
crystallinity of the catalysts. Micro-Raman spectra indicate the formation of nano NiO with a high
nickel vacancy concentration in all the catalysts (Fig. S3); this kind of oxide gives rise to an intense
band at 550 cm™!, due to the one-phonon LO (longitudinal optical) mode, and a broad band at 1100

cm’!, attributed to a two-phonon 2LO mode [58, 59].

XPS spectra give further information about defects on the surface of the catalysts. In the Ni 2p
core level XPS spectra (Fig. 2a, Fig. S4), the binding energy (B.E.) values of the main peak at 855.4-
855.7 eV are in between of those of NiO and NiAl2O4, which is characteristic of Ni*" in NiAl HT-
derived mixed oxides [60]. The main Ni 2p32 peaks are broadened in comparison to pure NiO, a
feature less remarkable for the NiLaAl catalyst (Fig. S4 and Table 2). This behavior is due to the

merging of the main peak and the satellite I (Sat I), assigned to defects such as Ni*" species [61, 62],
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Ni** vacancies or Ni**-OH sites [63], and satellite 2 (Sat 2) due to ligand- metal charge transfer [63-
65]. The binding energy value for La 3ds. at 834.9 eV is typical of La*" species; similarly, the Ce
3ds2 and Y 3ds;2 binding energy values at 879.5 eV and 157.4 eV are related to Ce*" and Y** [66].
On the other hand, the O Ls core level spectra of all the catalysts show a clear shift at high binding
energy with respect to O 1s core level spectrum of the reference NiO (Fig. 2b). These O 1s signals
can be deconvoluted into two contributions, giving information about the nucleophilic and
electrophilic character of the oxygen species [62, 67]. The contribution due to nucleophilic lattice
oxygen (i.e. O%) at 530.0 eV is more intense than the signal at 531.8 eV due to electrophilic surface
oxygen species (likely O™ or adsorbed O%), but the relative intensities of both contributions are not
significantly modified with the incorporation of rare-earth elements (Table 2). The observed Al 2p

binding energy values, spectra not shown, at 73.5-74.0 eV are typical of AI**

ions in all cases [66].
The promotion effect of rare-earth elements is also clear from the surface Ni/Al atomic ratio values
(Table 2). These surface ratios increase from 2.30 for sample NiAl to 2.91 for sample NiLaAl
indicating a higher dispersion of the nickel oxide in the latter. This behaviour could be related to the

different ionic radius of the cations (0.116, 0.097 and 0.096 nm for La*", Ce*" and Y>", respectively).

The higher the ionic radius, the higher the surface Ni/Al atomic ratio.

Conversely, the reduction temperature of nickel species, investigated by H2-TPR, is not
significantly modified with the addition of La or the other rare-earth elements (Fig. 3 and Fig. S5).
The calcination of HT precursors at 600 °C generates Ni species well dispersed and stabilized by the
mixed oxide and therefore reduced from 450 °C to 850 °C with the main reduction event taking place
at ca. 750 °C. The reduction temperature is dependent on the parameters of the H2-TPR experiments
and calcination temperature, see further details about the reducibility of the samples in the
supplementary information (Fig. S6). An attempt was made to investigate the catalyst reducibility
from H2-TPR data (Table S1), The estimated Hz reducibility degree is larger for NiAl than for rare-

earth containing catalysts; nevertheless, unquantified defects in the samples or the reducibility of
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CeO2 in NiCeAl makes it rather difficult to correlate H2 consumption and nickel species reducibility
[68]. To obtain more information about the reducibility of the samples after activation prior to
catalytic tests, the calcined catalyst was reduced in the reactor and characterized ex situ by XRD. The
Ni® metallic reflections develop and only very broad and poor intense reflections due to NiO are
observed (Fig. S7), which could be also due to the oxidation of Ni’ in contact with the atmosphere

(vide characterization of spent catalysts).

The basicity of the reduced catalysts, investigated by CO2-TPD (Fig. 4, Fig. S8 and Table 3), can
be understood in terms of weak (OH"), medium (acid-base lewis pairs) and strong (O2") basic sites
that bind bicarbonate, bidentate and monodentate carbonate respectively [50, 69, 70]. The total
amounts of CO2 adsorbed per gram of catalyst are larger for the La sample (ergo, it possesses a higher
basicity) followed by Y and Ce-promoted samples. The sites that bind bidentate carbonate comprise
the main contribution to the CO2 adsorption, and rare-earth elements (specially La) have a higher
impact on the formation of sites that bind monodentate carbonate, reported as the most active for the
CO:2 methanation [19]. These basic properties could be related to the basicity of the pristine rare-earth
oxides, which has been previously reported to vary according to the following order: La20O3 > Y203
>> CeOz2 [71], and which has been proposed to depend on the radius of the cation and the nature of
crystalline phases. It is however expected that the surface area and dispersion of the rare-earth oxides

in the matrix may also play a role in modifying the basic properties [72].
3.2. Catalytic activity

Rare-earth elements greatly enhance the activity at oven temperatures below 300 °C (in the
kinetic-limited region), while differences are less remarkable with rising the temperature because of
the thermodynamic limitations, see Fig. 5. The maximum conversion (and oven temperature to reach
it) is seen to depend on the catalyst; the NiLaAl catalyst is the most active over the whole temperature
range, followed by NiCeAl and NiY Al catalysts (except for 250 °C where Y > Ce). Note however
that the Ni loading on the rare-earth catalysts is 6-8 wt.% lower than that in NiAl (Table 1).

14



Selectivities to CO are also related to the activity, for instance the NiLaAl catalyst shows a CO
selectivity 3.1 % at Toven = 325 °C, lower than for the NiAl catalyst (CO selectivity = 7.2 %). At 425
°C the contribution of the Reverse Water-Gas Shift (RWGS) is responsible for the increase in CO

selectivity up to ca. 10 %.

NiLaAl has an outstanding performance in particular at only 250 °C (64 % CO2 conversion with
a 98 % selectivity to CHas), taking into account the high space velocity value. Indeed, a CO2
conversion of 88 % with almost exclusive production of CH4 (selectivity > 99 %) could be achieved
by loading 4 times the NiLaAl catalyst amount (i.e. 120 mg instead of 30 mg) whilst keeping the total
volume of the bed and feed flow constant (Fig. S9); however, the temperature inside the catalytic bed
should be considered (vide infra). The low selectivities to CO for promoted catalysts at the higher
space velocity values used in this work, together with the small difference in CO produced by
decreasing the space velocity value in NiLaAl tests, suggest that the CO methanation limiting-step
previously proposed in the literature [73] does not have a remarkable effect over the high Ni-loaded

catalysts investigated here.

Notwithstanding the high degree of dilution of the catalyst in the bed, which reduces the local
volumetric activity of the catalysts, the temperature profiles measured in the centerline of the bed
(Fig. S10) demonstrate that, even at conversions lower than 10 %, it is not possible to achieve an
isothermal temperature. It should be noted that heat losses due to radiation and/or convection may
occur. The temperature increases along all catalytic beds and reaches the maximum in the latter part
of the bed due to the high space velocity applied [3, 52, 74]. Temperature gradients are not only
related to the type of catalyst (the better activity, the higher temperature) but also to the set
temperature (Fig. 6a). Setting an oven temperature higher than 325 °C renders the effect of the
temperature increment less significant, whereas the CO2 conversion decreases only slightly, most
likely due to the contribution of the endothermic RWGS reaction. By increasing the catalyst/dilutant

ratio (loading 120 mg of catalyst instead of 30 mg), a higher temperature increase is recorded, e.g. at
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Toven =250 °Citis ca. 161 °C, these higher temperatures in the catalytic bed foster the CO2 conversion

previously commented.

A thermal positive feedback exists far from the thermodynamic equilibrium, i.e. an increase in
local temperature tends to increase the reaction rate, which in turn tends to increase local temperature
[75, 76]. Hence, to better compare among catalysts, CO2 conversions are plotted against outlet
temperature and compared to thermodynamic equilibrium data (Fig. 6b). The activity order is always
La> Ce>Y > NiAl, and the equilibrium is only reached at temperatures above 450 °C. This behavior
confirms that the order in the reported catalytic activity is not an artifact of the temperatures developed

in the reactor.

The productivity of the catalysts in term of the rate of volume of CH4 formation per mass unit of
Ni used is summarized in Table 1. The results confirm that the La-containing sample achieves the
highest productivity (101 L g'! h'!). In comparison with Ni catalysts reported in the literature (Table
S2), our catalysts show outstanding properties. Productivities here obtained are 3-5 fold higher than
those obtained with Ni/La;03, Ni/CeO2, Ni/PrOx [34], Ni/CaO-ALOs [16], Ni-La/Al2Os3 [31],
NiWMgOx [77] catalysts at atmospheric pressure or NisFe/Al2O3 [16] at 6 bar. The productivities are
only slightly lower than those for Ni/Fe-Al203 [40], NiMnAIOx and NiFeOx [41] catalysts operating

at 5 and 8 bar, namely under thermodynamically favored conditions.

The tests performed over the NiLaAl catalyst under transient conditions in Fig. 7 show that both
CO2 conversion and CHa4 selectivity are very stable (71.7 £ 0.5% and 97.3 + 0.1%, respectively)
during the first 33 h of TOS in the CO2/H2/N2 = 1/4/1 v/v feedstock at Toven = 325 °C (Tmax = 440 °C)
and three shut-down (to room temperature) and start-up cycles. In the following Na-free tests, activity
is slightly higher at the beginning (CO2 conversion = 72.5 + 0.4 %, selectivity in CH4 = 96.9 + 0.1
%), as the partial pressures and temperature increase in the bed (10 — 15 °C higher than in diluted
mixtures Tmax = 455 °C, Fig. 8a, b). The performance only slightly decreases with time. The constant
conversions and selectivities are accompanied by stable temperature profiles along the length of the
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catalytic bed (Fig. 8c, d). Remarkably, the temperature inside the bed reaches values close to 460 °C,
a temperature that has previously been reported to be similar to that reached by a hot spot in a
methanation reactor [78]. As such this allows us to assess the stability of these catalysts under harsh
reaction conditions. To further check the stability of the NiLaAl catalysts, 8 h tests at Toven =325 °C
are repeated in addition to obtaining an activity curve from 225 to 425 °C. Since there are no
differences in the activity curves and temperature profiles, especially at low temperatures, we

determine the catalysts to be stable.
3.3. Spent catalysts and structure/activity relationship

Carbon formation and laydown by Bouduart reaction is ruled out by micro-Raman analyses (Fig.
S11), in agreement with previous results [38, 42, 79]. The presence of reflections pertaining to Ni° in
the diffraction patterns (Fig. 1 and Fig. S1b) suggests that catalysts remain fully reduced after tests,
although surface oxidation by exposure to the air during handling cannot be discarded. Ni° crystallite
size decreases for La-sample in comparison to NiAl (Table 1); a similar effect is observed for the Y-
catalyst. Ni particles are deposited on and embedded in aggregates of ill-shaped nanometric catalyst
particles (Fig. 9 and Fig. S12). The Ni particle size distribution ranges from 1.0 to 8.0 nm for NiLaAl
catalyst, with a mean size determined to be around 4.1 nm (Fig. 9bl). In contrast for NiAl, particles
up to 12.0 nm are observed with a mean size of ca. 4.9 nm (Fig. 9al). NiY Al catalyst also retains a
small Ni° particle size (~ 4.4 nm according to XRD), whilst Ce-sample behaves like the unpromoted
NiAl catalyst (i.e. larger particles form ~ 6 nm in size) (Fig. S12). Diffraction rings related to both

Ni” and NiO phases in SAED analysis evidence surface oxidation of Ni° particles (Fig. S13).

The trend in Ni° crystallite size is similar to that seen for the for NiO in calcined catalysts (Table
1), notwithstanding that the NiLaAl catalyst was reacted for a longer TOS (66 h) than the other
catalysts (~16 h). These results indicate that the Ni° particles after reduction and tests in high loaded
HT-derived catalysts remain stable, which is further confirmed by HRTEM. On first glance, the
smaller Ni particle size of the La-containing catalyst in comparison to NiAl could explain its higher
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activity. However, the smallest Ni® particles are observed in the Y-containing catalyst which does not
possess the best activity. Thus, even at the high Ni-loadings used in this work, a trade-off between
available Ni® particle size and basicity (and therefore activation of CO2 on the support) seems to be
necessary. It should be remembered that the basicity follows the order: NiLaAl > NiYAl > NiAl. The
promoting effect of Ce is neither related to the Ni® particle size nor to the basicity. The Ni° particle
size in NiCeAl is similar to that seen for the NiAl catalyst, while the basicity is lower than for NiLaAl
(Table 3). In this catalyst, the CeOx support, in particular partially reduced CeO> (Ce**/Ce*"), may
play a key role in the O abstraction from COz [80]. A further investigation on the effect of Ce on the

activity is out of the scope of this work.
3.4.The effect of La on NiLaAl catalysts

To go insight into the effect of La on the catalyst XAFS measurements were performed on NiAl and
NiLaAl samples. Fig. 10a shows the XANES spectra of NiAl and NiLaAl calcined samples. A
comparison with the absorption edge of the Ni foil and NiO reference samples clearly indicates that
the NiO is present and is therefore consistent with the observations made from XRD and that La does
not modify the structure of the NiO phase. This may suggest that the Sat 1 observed in XPS is mainly
related to Ni?" vacancies, (note that this is consistent with the black coloration of the samples [81]).
The Fourier transform (FT) of the EXAFS also supports this with peaks at ~ 2 and 3 A in the phase
uncorrected data, corresponding to Ni-O and Ni-Ni in NiO respectively for the catalysts (Fig. 10b).
This contrasts with the Ni foil which has a sharp peak at ~ 2.5 A due to fit shell metallic Ni-Ni
distances. Hence, in the HT-derived catalysts calcined at 600 °C here investigated, La does not change
the interaction between Ni and the matrix. Indeed STEM/EDS element distribution maps of used
NiLaAl catalyst (Fig. 9b2) show that Ni particles are distributed across both Al and La support
elements indicating that La exists as separate, well-distributed nano La>O3 domains in agreement with
XPS data. This behavior is somewhat different to that seen in ref [32], where La was observed to

change the interaction between Ni and periclase, this behavior being related to differences in La
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content (5.0 vs 1.5 at.%), composition of the HT (NiAl vs NiMgAl) and reduction temperature (600

vs 900 °C).

After reaction the XANES spectra changes from being typical of NiO to more closely matching
that of the Ni foil (Fig. 10c), indicating the catalyst has been reduced. This can be seen by the increase
in the pre-edge intensity at ~ 8340 eV and a lower rising absorption edge intensity at 8355 eV. The
intensity of both features is however in between that of the oxide and metal forms suggesting a
mixture of the two states. Interestingly, this is not necessarily borne out in the FT (Fig. 10d) which
shows essentially the complete disappearance of the Ni-O and Ni-Ni distances of the pre-reaction
calcined catalysts, shown in Fig. 10b. These peaks are replaced by a first shell metallic Ni-Ni at ~2.5
A, as well as matching the foil for higher shells albeit with lower intensity. Although the Fourier
transform intensity is less than the foil for the used catalyst this could be explained by particle size
effects and almost certainly due to there being a component of NiO still present (which could be also
related to the oxidation by exposure to air during catalyst handling). A subsequent linear combination
fitting of the XANES with Ni-metal and NiO was performed in two manners: firstly, by forcing the
program to obtain a weighted sum of the two standards' functions (Ni-metal and NiO) to be equal to
one and not. Below are reported the results when the program was forced (fitting done using as limit
20 eV below and 50 eV above the edge jump). As it can be seen from Table 4, the amounts present
of the oxide and metal components reflect the observations in the XANES and is suggestive of the
presence of primarily, Ni metal in both samples. Interestingly the Ni environment in the sample

containing La is more reduced when compared to that without.

The interaction of CO2 with NiAl and NiLaAl was studied by CO2-DIRIFTs both feeding only
COz and under reaction conditions. DRIFTs spectra recorded over NiAl and NiLaAl feeding CO:2 at
200 °C in Fig. 11 demonstrate that the activation of CO2 on the surface occurs by both dissociative
(COudgs on Ni° particles) and associative (formation bicarbonate and carbonate on the support)

pathways. Interestingly, La modifies the CO: interaction with the catalysts. For NiAl (Fig. 11a), CO2
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is firstly activated on Ni° particles forming CO adsorbed on linear (2030 cm™), bridged (1930 cm™)
and three-fold (1868 cm™) configurations [38]. Afterwards, CO> also interacts with the support and
bands are recorded in the O-C-O stretching region due to CO2 associatively activated over weak,
medium and strong basic sites (previously identified by CO2-TPD) as bicarbonate (1631, 1440 and
1215 cm™), bidentate (1584, 1334-1295 cm™') and monodentate carbonate (1526 and 1395 cm™),
respectively [19, 50]. Conversely, for NiLaAl, CO2 seems to be simultaneously activated on both Ni°
and the support, resulting in the formation of both carbonyl and bicarbonate/carbonate bands in Fig.
11b. This suggests a stronger interaction of CO2 with the support on NiLaAl than on NiAl catalyst;
we note that DRIFTS measurements are not typically used for obtaining quantitative information on
adsorption behavior, however the results observed here show a clear trend with catalytic performance,

especially the nature of the adsorbed species are similar for both types of catalysts.

CO2 hydrogenation is quite fast, once Hz is added to the COz feed at 200 °C (Fig. 12), the bands
of reaction intermediates are significantly modified and CH4 evolves (1305 cm™). Bicarbonate and
monodentate carbonate species are hydrogenated to formates at temperatures between 200 - 250 °C
[19], prompting a decrease in intensity of 1631 and 1395 cm™ bands and the simultaneous increase
of the O-C-O and C-H formate bands at 1584 and 2840 cm™!, respectively. Moreover, the band at
around 1215 — 1220 cm™ assigned to bicarbonate (Fig. 12b and 12d) almost completely vanishes
during reaction even at low temperature 200 °C, suggesting that it is easily transformed. The higher
intensity of the 2840 cm™ band for NiLaAl sample (Fig. 12c) implies a higher contribution of the
associative mechanism over this catalyst, which may explain its higher activity at lower temperatures.
The shape of the spectrum also changes in the Ni-CO vibrations region as soon as Hz is co-fed; peaks
due to C-O stretching of bridged and three-folded CO on Ni® become more intense for example (see
further details in Fig S14). At around 250 °C, the high amount of water produced, particularly for the
more active NiLaAl catalyst, results in a very intense background, rendering it difficult to accurately

evaluate the bands, although the presence of bidentate carbonates can be still confirmed.
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4. Summary and conclusions

A bulk high-loaded Ni-based catalyst promoted by La is easily prepared by coprecipitation of a
hydrotalcite-type compound and its calcination at moderate temperatures. The NiLaAl catalyst shows
an outstanding CH4 productivity (101 Lmethane gni™' h') and stability after 66 h of TOS in diluted and
concentrated gas mixtures and shut-down/start-up cycles. The performance can be correlated to the
presence of nano-LaxO3 patches in the NiAl mixed oxide matrix that increase the catalyst basicity and
decrease the NiOx crystallite size and in turn lead to the formation small (~ 4 — 5 nm) and well
dispersed Ni® particles. Consequently, the catalyst promotes both an associative and dissociative
pathway, resulting in a significant activity enhancement in comparison to the unpromoted NiAl
sample. Remarkably, Ce and Y have less marked effect on the activity improvement (NiLaAl >
NiCeAl = NiY Al > NiAl). Patches of CeO2 do not alter the crystallite size and lead to a lower increase
in the basicity, however, in this case the role of Ce**/Ce*" should be considered. Whilst Y, which
could be incorporated into the mixed oxide, results in a smaller crystallite size, comparable to La, but
the catalyst possesses a lower basicity. These results underly the importance of a trade-off between
Ni® particle size and basicity (Table S3). Though temperature profiles along the centre line of the bed
evidence that the heat developed by the exothermic reaction should be considered in order to evaluate

the activity of highly active catalysts even if diluted with inert material in the bed.

Hence, the presence of basic oxides segregated on the Al2O3 support could be a future strategy for
improving the performance of CO2 methanation catalysts. The activity of the catalysts could be
further optimized by decreasing both Ni and basic oxide particle sizes to improve their dispersions

and in turn their mixing and therefore the promotion effect.
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Figure S1. XRD patterns of NiAl and NiXAl hydrotalcite-like precursors (a); calcined and used
NiYAI and NiCeAl catalysts (b). The reference patterns are from the International Centre

Diffraction Data (ICDD), PDF4-2020.
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Figure S2. Isotherms of nitrogen adsorption/desorption (a) and BJH pore size distribution (b) of
NiAl and NiXAl catalysts.

N2 adsorption/desorption of the catalysts are type IV isotherms according to the classification of
IUPAC (Figure S2a) [S1]. The differences in the adsorption/desorption steps are related to pore
size dimensions. BJH curves (Figure S2b) confirm that smaller pores are present in the Ce-
containing sample (two main peaks around 3 and 7 nm) in comparison to the Ni/Al sample (main
distribution at around 3 and 10 nm). NiLaAl and NiY Al catalysts have a more complex isotherm
shape (Figure S2a). The first part of the isotherms for La- and Y-containing samples are rather
similar to those of Ce- and Ni/Al catalysts, respectively, but the plateau at high relative pressures

is absent and a continuous N2 uptake occurs for both of them.
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Figure S3. Raman spectra of NiAl and NiXAl catalysts.

In the Ce-containing sample, besides the typical F2g mode of cubic fluorite CeO2 at 461 cm™!, the
shoulder at ca. 600 cm™ and the small peak at 223 ¢cm™ suggest the presence of lattice defects,

such as those in a Ni-CeO: solid solution, introduced into the structure to maintain the neutrality

[S2].
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Ni2p c).
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Figure S5. H2-TPR profiles of NiYAI and NiCeAl catalysts.

Table S1. Hydrogen consumption and reducible degree of NiAl and NiXAl catalysts

H2 consumption H2 consumption Reducible degree
Sample
/ mmol g! / mmol gni™! / %
NiAl 9.4 14.6 86
NiLaAl 7.5 13.4 79
NiYAl 7.5 12.9 76

NiCeAl 7.4 13.2 78




It is well-known that the reduction temperature of HT-derived catalysts increases with the
calcination temperature of the precursors [S3-S5]. This is also confirmed here by comparing the
H2-TPR profiles of the NiLaAl sample calcined at 600 °C and 450 °C, the latter widely used in the
literature to obtain methanation catalysts [S6-S8] (Fig. S6). However, the XRD patterns of these
catalysts (Fig. S7a) show that at 600 °C the hardly reducible NiAl2O4 spinel phase does not

crystallize [S3].
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Figure S6. Effect of calcination temperature and mass of samples on H2-TPR profiles of NiLaAl
catalyst.
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Figure S7. XRD patterns of: a) NiLaAl catalysts calcined at 450 °C (c450) and 600°C (c600)
before and after reduction; b) NiAl, NiY Al and NiCeAl catalysts after reduction.
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Figure S8. CO2-TPD profiles of NiYAIl and NiCeAl catalysts. Detailed information of the
deconvoluted peaks are summarized in Table 3.
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Figure S9. CO2 conversion and CHa4 selectivity on 120 mg of NiLaAl catalyst (diluted with quarz).
Reaction conditions: Total flow rate 240 ml min'; CO2/H2/N2 = 1/4/1 v/v; 120 L g' h'l.
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Figure S10. Temperature profiles of NiXAl catalyst during the CO2 methanation: a) NiAl, b)
NiLaAl, ¢) NiYAl, and d) NiCeAl. Total flow rate 240 ml min™!, CO2/H2/N2 = 1/4/1 v/v, 30 mg
catalyst diluted in 470 mg quartz, 480 L g'! h'!. Note that the catalytic bed starts at position x = 0
and the values on the y-axis are oven temperatures.
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Figure S11. Raman spectra of NiAl and NiXAl used catalysts.
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Figure S12. HRTEM images (a, b) and STEM images (al, b1) and Ni particle size distribution
(insets of Fig. al, bl) of NiYAI and NiCeAl used catalysts: a, al) NiYAI; b, bl) NiCeAl
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Figure S13. Fast Fourier Transformation of SAED from HR-TEM analyses of NiAl and NiXAl
used catalysts: a) NiAl, b) NiLaAl, c) NiYAl, and d) NiCeAl.
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Figure S14. Distribution of different types of CO adsorbed on Ni particles of NiAl (a, b) and
NiLaAl catalysts (c,d) from DRIFTS measurements (absorbance mode). Note that a) and ¢ in CO2
at 200 °C; b) and d in mixture of H2/CO2 = 4/1 v/v. Percentages of peak areas deconvoluted by
Origin software are presented in following Table:

Sample 200 °C Linear Bridge Three-fold
. Adsorb 48 45 8
Nial React 38 37 25
. Adsorb 41 56 2
NiLaAl React 41 38 21




Table S2. Comparison of CH4 productivity of the catalysts in this work and recent publications in literature

Catalyst Ni0 / Total ﬂ.O\_?\ll C002 GHSIV WH_ISV_1 Pressure Tegnp. Prod(ljlljévi ty Ref
wt%  /mL min vol.% /h /Lg'h / bar /°C /L gni b
NiLaAl 56 240 0.17 38200 480 atmospheric 325 101.2
NiYAl 58 240 0.17 38200 480 atmospheric 325 83.9 This
NiCeAl 56 240 0.17 38200 480 atmospheric 325 94.6 work
NiAl 64 240 0.17 38200 480 atmospheric 325 67.4
Ni/La203 9.3 200 0.16 12000 30 atmospheric 350 17.3
Ni/CeO2 10.6 200 0.16 12000 30 atmospheric 350 34.9 [S9]
Ni/PrOx 10.7 200 0.16 12000 30 atmospheric 350 29.7
Ni/CaO-ALO; 23 40 0.12 15000 48 atmospheric 400 20.1 [S10]
Ni/Fe-Al203 25 500 0.2 10000 200 5 300 142.6 [S6]
Ni-La/Al203 13.6 80 0.06 55000 54 atmospheric 350 21.6 [S11]
NiWMgOx 16.9 100 0.05 40000 60 atmospheric 300 14.4 [S12]
NiMnAIOx 36.3 225 0.1 200000 150 8 350 132.5
NiFeAlOx 39.6 225 0.1 200000 150 8 350 121.5 7]
NisFe/Al203 12.9 108 0.1 4811 6 6 358 11.7 [S13]
Ni/Y203 10 100 0.05 40000 60 atmospheric 350 26.1 [S14]




Table S3. Improvement in the chemical-physical properties and CO2 methanation activity of HT-derived NiAl catalysts by the

presence rare earth metals

Technique Catalyst property NiLaAl NiCeAl

XRD NiO crystallite size vvv vy —
HR-TEM Ni° particle size vV vy —
H2-TPR Reducibility — — —
CO:-TPD Basicity vV vv v
DRIFTs Associative CO2 mechanism 444 n.d. n.d

XPS Surface Ni/Al ratio vvv — Vv

XAFS Stabilization of metallic Ni a4 n.d. n.d.
Methanation tests Catalytic activity VY a4 4

— not different; number of ticks (v') indicates level of improvement, n.d. not determined
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