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Abstract

NiAl hydrotalcite-type materials containing rare-earth elements (La, Ce, Y) are coated on thermal
conductive NiCrAl open-cell foams by the electrodeposition method. After calcination and reduction
at 600 °C, the obtained structured materials have a stable coating wherein Ni nanoparticles are well-
dispersed. Consequently, the catalysts with rare-earth elements show a remarkable activity
enhancement in the CO2 methanation in comparison to a NiAl catalyst. At 325 °C (oven temperature)
CHa4 productivity rates of 6.75 — 8.35 mole gni™! h'! (38,200 h'!, CO2/H2/N2 = 1/4/1 v/v) are achieved.
Ce has the largest effect on the improvement of the CO2 conversion and stability (also feeding a N2
free feedstock) followed by Y and La, due to the balance between the amount and activity of the
catalytic coating. The Ce structured catalyst is also more active and selective than its pelletized
counterpart at similar outlet temperature. Temperature profiles recorded along the centerline of the
catalytic bed provide an overview of hotspot formation that plays an important role in the control of

activity/selectivity and catalyst deactivation.

Keywords: CO:2 methanation, Ni-based catalysts, open-cell foams, rare-earth element,

electrodeposition



1. Introduction

The hydrogenation of CO2 to CH4 (methanation or Sabatier reaction), using H> coming from
electrolysis of water powered by renewable energy, produces a gas that can be directly injected into
the grid or used as a transport fuel whenever the Hz content is in the range of 0 — 12 vol.% (< 1 vol.
% in Belgium/UK/Sweden, 6 vol.% in France, or 12 vol.% in Holland [1]). The exothermic
methanation is favored at low temperature; while above 450 °C the endothermic reaction of CO2 with
H: to form CO (reverse water gas shift, RWGS) becomes important, decreasing the CH4 selectivity
[2]. To achieve a high conversion/selective/stable process two obstacles need to be tackled: to find a
suitable catalyst [3,4] and to deal with the heat developed (due to the exothermicity of the process)
inside the catalytic bed [5-8]. Nickel catalysts are widely investigated for the CO2 methanation [9].
Among them we can find bulk hydrotalcite-derived (HT) catalysts that are more active [10] and stable
than commercial impregnated catalysts [11] since, even at high Ni loadings, are characterized by a
high dispersion and stability of Ni° particles [12,13]. These properties are improved by adding rare-
earth elements, which also provide basic sites for the CO2 activation [14,15]. On the other hand,
keeping the temperature under control during methanation means avoiding hot-spots, damage of the
construction materials and catalysts, thermal runaway of the reactor, and, very important, achieving
high conversions and selectivities, since the process is thermodynamically favored at low
temperature.

Structured catalysts are an appealing option to simultaneously tackle the activity and heat
transfer issues. A catalyst made of a 3D support coated by a highly active methanation catalyst layer,
besides selectively converting CO2 to CH4, may enhance the heat (and mass) transfer, decrease the
pressure drop and allow to work under transient conditions [16]. Hence, structured catalysts could be
feasible solution to operate the methanation reaction in a compact and fast response reactor within

the Carbon Capture and Utilization chain [17].



The enhancement of the heat management inside the methanation reactor by structured
catalysts has been demonstrated in several works (e.g. [18-21]), even in the scale-up of the process
[22,23]. Nevertheless, some aspects require further improvement both from the chemical and
chemical-engineering point of view. The development of structured catalysts is not straightforward
since their activity and stability are the interplay of several factors [16,24]. The performance is related
to: 1) the chemical nature and morphology of the coating, which also depend on the preparation
method; ii) the properties of the support (material, shape, geometry), and iii) the adhesion and

interaction between coating and support.

Metallic supports provide higher effective thermal conductivity and better mechanical
strength than their ceramic counterparts [16]. In a Ni/CeO: structured catalyst for the CO:2
methanation, an Al honeycomb fin support favors the heat transfer and in turn decreases the
differences between set and actual temperature in the bed in comparison to pelletized catalysts [25].
The cell density and the configuration of the fin determine the activity [26,27]: in a stacked and
preferably in a multistacked-type-fin configuration, the random flow channels enhance mass transfer
properties and, under industrial-type conditions only generate a moderate hot spot (lower than the
Tamman temperature of nickel particles). NiMgAl HT-derived catalysts coated on an Inconel heat
exchanger, wherein opposing corrugated plates distribute the flow homogeneously inside each
reaction channel and over the entire reactor, control the reaction temperature and avoid temperature
runaway [28]. Moreover, the combination of an Al-honeycomb followed by a stainless-steel
honeycomb coated by Ni/Al20O3 takes advantage from the high specific production rate of the Al part
and the low radial conductivity of the steel part, which avoid fast cooling of the gas and, hence, a

high CO:z conversion is reached [20].

Open-cell foams, Al (40 ppi) [22,29] or Ni (100 ppi) [30], with a tortuous flow path, also
provide a better thermal management, though its effect on the catalytic performance is not always

evident. For instance, in a comparison among fixed-bed, millistructured, and metallic foam reactors



with the same NiAl catalyst coating [29], the Al foam shows very good thermal management, due to
the high equivalent thermal conductivity of the Al support combined with a low catalyst load, but a
much lower space-time yield and volumetric productivity than fixed bed and millistructured reactors.
By comparing Ni-CeO2-ZrO2 and NiO-Al203 coated on Al [22] and Ni [30] foams, respectively, with
their pelletized bed counterparts, a lower temperature increase in the bed is observed for the structured
catalysts, while the productivity or activity is similar than for pelletized catalysts. In some cases, the
amount of catalyst in the coating may be responsible for the low activity, as reported for NiCrAl
foams (450 to 1200 pm cell size, 130 to 45 ppi) coated by a Co-Al203 xerogel [31]. Actually, Ricca
et al. reported that an Al foam coated by a 5 wt.% Ni/CeO2-ZrO: catalyst outperforms a pelletized
catalyst due to a more effective heat transfer from warmer to colder areas in the bed [32]; however,
in comparison to a SiC honeycomb monolith, it shows a lower heat transfer due to the lower effective
thermal conductivity of the foam, which is made by large pores (20 ppi Al foam). It is worthy to note
that the effective thermal conductivity of metallic open-cell foams could be improved using high-
density cell materials [16]. Moreover, high-cell density foams provide a larger geometric surface
available for the deposition of the catalytic coating, and in turn can increase the amount of active

phase in the structured catalyst.

The aim of this work is to prepare open-cell foam-based catalysts that combine a catalytic
coating highly active at low temperature in the CO2 methanation and an enhanced heat transfer
support. Hence, we propose structured catalysts made by HT-derived NiAl coatings modified by rare-
earth elements (Ce, La, Y) deposited on commercial NiCrAl open-cell foams with high cell density
(450 um nominal cell size, 130 ppi). The coatings are prepared by electrodeposition (the electro-base
generation method [33]) followed by calcination. The effect of rare-earth elements (Ce, La, and Y)
on the chemical-physical properties of the coating and their catalytic performance (activity and
stability) in CO2 methanation at high space velocity are firstly studied, relating the results with those

previously reported for coprecipitated catalysts [15]. Next, the role of the structured support is



investigated by comparing the most active catalyst with its coprecipitated pelletized bed counterpart,

also considering temperature profiles along the centerline of the catalytic bed.
2. Experimental section
2.1 Structured catalyst preparation

From a commercial panel of NiCrAl foam (1.6 mm thickness and 450 pm cell size from Alantum),
disks of 10 mm diameter were cut and a 2 mm hole was made in the center to insert a thermo-well
during catalytic tests. The disks were then washed with acetone, distilled water, and afterwards dried
at 40 °C for 24 h. Prior to the electrodeposition, the foam surface was activated by chemical treatment
in HCl 5 M for 15 min to remove surface oxides, this step is important for improving the
electrodeposition [34]. After the treatment, the foams were washed thoroughly with ultra-pure
distilled water. The electrodeposition was performed in a double compartment electrochemical flow
cell described elsewhere [33], using a potentiostat (Autolab, PGSTAT128N, Eco Chemie) with GPES
software. A Pt coil (0.4 mm diameter and 40 cm length) and a saturated calomel electrode (SCE) were
used as counter and reference electrodes (C.E. and R.E.), respectively. The working electrode was

the NiCrAlloy foam disk and it was assembled by a two-pronged Pt electrical contact.

The electrolytes were aqueous solutions of: 1) Ni(NO3)2 and AI(NO3)3 with Ni/Al = 75/25
atomic ratio (a.r.) to prepare the NiAl HT precursors (NiAl-HT); ii) Ni(NOs)2, X(NOs3)3 and AI(NO3)s,
where X = La, Y, Ce, and with Ni/X/Al = 70/5/25 a.r., to prepare HT compounds modified by rare-
earth elements (NiXAI-HT). The total metal concentration of the electrolytes was 0.06 M. The
syntheses were performed at -1.3 V vs SCE for 750 s and 2 mL min™! of electrolyte flow rate. After
coating, the foams were rinsed in distilled water followed by drying at 40 °C for 24 h. Eventually, the
coated foams were calcined at 600 °C in static air for 6 h and the structured catalysts named as NiAl

or NiXAl (where X =La, Y, Ce), respectively.



For comparision purposes, a NiCeAl pellet catalyst with the same nominal composition
(Ni/Ce/Al = 70/5/25 a.r.) was also prepared by co-precipitation. Detailed information of preparation

and physical-chemical properties of this catalyst can be found in our previous work [15].

2.2 Characterization techniques

Scanning electron microscopy (SEM) coupled to energy dispersive spectrometry (EDS) was
performed by using an EP EVO 50 Series Instrument (EVO ZEISS) equipped with an INCA X-act
Penta FET® Precision EDS microanalysis and INCA Microanalysis Suite Software (Oxford
Instruments Analytical) to provide images of the spatial variation of elements in a sample. The
accelerating voltage was 20 kV and the spectra were collected in duration 60 s. Due to the overlapped
composition of Ni and Al between the coating and the NiCrAl support, the coating powder was

removed from the foam and it was subsequently analyzed by EDS.

Porosity of the structured catalysts was determined by N2 adsorption/desorption at -196 °C
using a Micromeritics ASAP 2020 instrument. Samples (two calcined coated foams) were degassed
under vacuum (< 30 pum Hg) up to 250 °C 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.

Hydrogen temperature programmed reduction (H2-TPR) was performed in an AutoChem II
(Chemisorption analyzer, Micromeritics). The structured catalyst (two calcined coated foams
containing ca. 10-15 mg of coating) was firstly pretreated at 150 °C under 30 mL min™' of He for 30
min. After cooling to 40 °C under He, the carrier gas was switched to 5 % H2/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 effluent gas passed through an ice-cold trap, afterwards the H2 consumption was measured by

means of a thermal conductivity detector (TCD).



High resolution transmission electron microscopy (HRTEM) characterization was carried out
by a TEM/STEM FEI TECNAI F20 microscope, equipped with an EDS analyzer. The solid coating
scratched from the foam catalysts was 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;

EDS analysis was performed to confirm that the particles were made by Ni.

2.3 Catalytic tests of CO; methanation

The CO2 methanation tests were performed in a quartz reactor (ID 10.0 mm) with three foam catalysts,
resulting in a 4.8 mm catalytic bed. To measure the temperature profile, a 2 mm thermowell (quartz
tube) was inserted into the middle of the catalytic bed. A thermocouple (K-type) can manually slide
inside the thermowell allowing to measure 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 250 °C and stabilizing 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 fed to the reactor. This condition
generated a gas hourly space velocity (GHSV) of 38,200 h™' (GHSV = total flow rate / apparent
volume of the foam bed). For NiAl catalyst, the effect of GHSV was also studied on 6 coated foams
by increasing the total flow rate from 240 to 360, or 480 mL min™!, which corresponded to 19,100,
28,500 or 38,200 h'! of GHSV, respectively. The reaction was carried out from 250 to 425 °C oven
temperature 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 CO:2 quantification, and N2 for Hz analysis. Since no Ca+ hydrocarbons were

detected, CO2 conversion, CH4 and CO selectivity were defined as follows [35]:



[CH4]+[CO]
[CH4]+[CO]+[CO,]

COz conversion (%) = x100

[CO]

o

CO selectivity (%) AR x100
o [CHyl

CHys selectivity (%) TCHL141CO] x100

In which [A] (A = CHas, CO, CO2) represents for molar ratio of component A in the outlet stream.

One blank test is performed with three uncoated calcined foams and no CO2 conversion is
observed, evidencing that the supports are inactive and hence the activities of the structured catalysts

are only due to the coating layers.

For the stability test, the catalyst was tested under different reaction conditions with 8 cycles
of start-up and shut-down the reactor. After testing in a diluted gas mixture (CO2/H2/N2 = 1/4/1 v/v)
at different temperatures from 250 to 425 °C, the reaction was shut down and the catalyst was kept
under 100 mL min™! of Na. In the next three days, the reaction was carried out at 325 °C of oven
temperature feeding the 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).

For comparison purposes, some tests were also performed on a NiCeAl pellet catalyst
prepared by co-precipitation (specific surface area 159 m? g'!). After calcination, the catalyst powder
was pressed and sieved to collect a particle size in the range of 0.420-0.595 mm. The tests over the
pelletized catalyst were performed keeping both the volume of the bed and the amount of catalyst
constant in comparison to those over structured catalysts. Hence, 21 mg of pelletized catalyst (similar
to the amount of coating on 3 foams) was diluted with 470 mg of quartz (with the same particle size

of the pellet) to have a 4.8 mm height bed.
3. Results and discussion

3.1. Characterization of coated samples



The electrodeposition at -1.3 V vs SCE for 750 s leads to the generation of a basic media in the
vicinity of the foam [36] and in turn the precipitation and deposition of 6-10 um layers of hydrotalcite-
type nanoparticles on the foam surface occur [37], as depicted in Fig. S1. This behavior is independent
on the type of rare-earth element. The solid compositions are close to those in the electrolytic
solutions for all the materials, excluding the La-containing sample that is richer in Al than in Ni
(Table 1). The cracks in the coatings are related to both the drying process and Hz bubbles that evolve
due to the electrochemical reduction of water, the latter occurs as a side-reaction during the
electrodeposition [36]. Solid loadings slightly depend on the rare-earth element, i.e. 10 — 11 wt.% for
NiAl and NiLaAl, but 12.3 and 13.6 wt.% for NiYAI and NiCeAl, respectively (Table 1). Note that
the aim of this work is not to keep constant the amount of electrodeposited material, but the deposition

conditions.

The catalytic coatings, obtained after calcination at 600 °C for 6 h, are made of nanoparticles
of poor crystallized NiO or NiAlOx phases (Fig. 1 and Fig. S2), which are characteristic of HT-derived
catalysts. The low intensity and broadness of the reflections made it not possible to obtain any
information about the effect of Ce*', Y** and La®" on the catalyst structure. However, in agreement
with our previous work [15], dealing with the same coprecipitated catalysts, it is expected that well
dispersed patches of La203 and CeO are present in La and Ce-containing materials, while Y** could
be located inside the oxidic matrix. The coatings are mesoporous solids with Type IV N2
adsorption/desorption isotherms (Fig. S3) and their estimated specific surface areas are around 119-
150 m? g'coating (Table 1). On the other hand, the foam support contains NiCr, NiooAl.1, and NizAli
crystalline phases (Fig. S2), the two latter are strengthening agents that improve the oxidation
resistance at high temperature of the support [38]. During calcination, the weight loss of ca. 4 — 6
wt.%, occurring due to the decomposition of the hydroxides (Table 1), and the shearing stresses

provoke a partial solid detachment.
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Ni species are reduced in the 350-800 °C temperature range during H2-TPR experiments (Fig.
2), characteristic of Ni species well stabilized inside the oxide matrix [39]. The small peak at low
temperature could be related to the removal of residual carbonates or water or to the reduction of
some Ni** species present in a non-stoichiometric NiO [40]. The NiCrAl foam does not contribute to
the H2 consumption since a flat profile is recorded for the bare calcined foam. The broad H:
consumption signal suggests the presence of overlapped Ni reduction steps, which are slightly
modified depending on the rare-earth element. Nevertheless, it is challenging to correlate the
differences in the reduction profiles to the interaction of Ni species with the oxide matrix, since the
above commented differences in chemical composition, amount of coating and surface area, may also
modify the reduction profiles. Moreover, the 600 °C calcination temperature is overcome during the
experiments, hence, the interaction between the catalytic coating and the support, e.g. the formation
of NiAl204, could not be excluded [41]. Note that in our previous work dealing with coprecipitated
HT-derived catalysts, rare-earth elements do not have any remarkable effect of on the reducibility of
Ni** [15]. Furthermore, for coprecipitated catalysts, the reduction occurs at higher temperatures (ca.
50 - 100 °C) than in the present work, probably due to the higher amount of catalyst used during the

experiments with pelletized catalysts rather than to modifications in the reducibility of Ni species.
3.2 Catalytic tests

Rare earth elements increase the activity and selectivity throughout all the oven temperature
range investigated (Fig. 3), the differences being more remarkable below Toven = 325 °C, which can
be considered the kinetic-limited region. The Ce-containing catalyst is the most active, it achieves a
41 % COz conversion already at 250 °C oven temperature in comparison to only 5 % for Y- and La-
modified catalysts (Fig. 3a). The promotion effect of Y and La becomes important at 275 °C, though
it is always lower than for Ce. The expected decrease in the conversion by increasing the oven
temperature (e.g. higher than 325 °C) is more remarkable for Ce, La and Y catalysts, suggesting that

they reached earlier the thermodynamic equilibrium. Selectivity in CH4 also depends on the type of

11



catalyst as depicted in Fig. 3b. The more active is the catalyst, the more selective is the CH4 formation,
though the effect of the catalyst composition on the selectivity is not as remarkable as on the
conversion. The contribution of the RWGS becomes more important above 325 °C, CO production
increases by ca. 1.0-1.5 %; however, CH4 selectivity values for all the promoted catalysts are still

above 95 % at temperatures below 400 °C.

The catalytic coating loadings slightly depend on the type of rare-earth element, and
consequently the space velocity values (referred to the amount of catalyst) are modified. This feature
could partially explain the different activity trend observed for structured catalysts in comparison to
coprecipitated pelletized catalysts, i.e. Ce > Y=La > NiAl for foams and La > Ce > Y > NiAl for
pellets [15]. The CHa4 productivity rate at Toven = 250 °C is higher for the NiCeAl catalyst (NiCeAl:
3.50; NiLaAl: 0.64; NiYAL: 0.69; and NiAl: 0.22 mol CH4 gni! h'!). Conversely, at Toven = 325 °C,
namely under conditions close to a real application (though the thermodynamic equilibrium has not
been reached), the NiLaAl outperforms the NiCeAl in term of productivity (Table 2) probably due to
its lower catalytic coating loading and/or some thermal effects. However, it is worth to note that, as
shown in Table 2, all the catalysts here prepared reach outstanding CH4 production rates (6.75 — 8.35

mol g''ni h™!) in comparison to the results reported in the literature operating at 1 and 5 bar.

The productivities could be related to the interplay among a highly active catalytic coating
and a small pore size foam, but also to the reaction conditions. Open-cell foams show an enhanced
mass and heat transfer in comparison to honeycomb monoliths; moreover, the smaller the pore size,
the higher the efficient thermal conductivity of the metallic foams [42]. Note that the foam supports
in the literature used for the CO2 methanation are usually ceramic and with a large pore size (e.g. 40
ppi in ref 45). The large geometric surface area of the metallic foams (related to the small pore size)
and the use of HT derived catalysts allowed us to prepare active structured catalysts even with a thin
coating layer (i.e. 6-10 um vs 5-20 pm in ref 33 and 20-35 pum in ref 45), which enhances mass

transfer. The structured catalysts containing a high Ni loading, but well dispersed and stabilized Ni

12



nanoparticles (see characterization of spent catalyst), are highly active and selective to CH4 at low
oven temperatures, which increase the productivity rate. However, the CH4 production rates also
depend on the reaction conditions, namely high space velocities and concentrated feedstocks increase
the productivity [27,43, 45]; moreover, the effect of the heat developed could not be discarded. In the
present work, we are using high space velocity values in comparison to most of the works reported
in Table 2; the only exceptions are the tests on Ni/CeO2 honeycomb fin at GHSV = 11,459 and 8021
h'! (600 and 420 L geoating”' h! referred to the amount of coating) that also reach high productivity
rates (30.51 and 20.23 molecus gni'! h'') [27]. These reaction conditions and the high activity of the
catalysts provoke an increase in the temperature in the catalytic bed (vide infra), which could foster
the reaction in the low temperature kinetic-limited region [27]. However, it is worth to note that if the
temperature increases to a certain high value at which the exothermic reaction is unfavored, the CO2

conversion decreases.

The role of the space velocity on the performance was investigated over the least active NiAl
structured catalyst by modifying the total flow rate. In Fig. 14 it is shown that CO2 conversion is
largely affected by the space velocity at Toven = 300 °C, e.g. it is 13 and 64 % at 38,200 and 19,100
h!, respectively; moreover, a 99 % selectivity in CH4 is reached at 19,100 h'!. Above 300 °C, the
contribution of the temperature inside the catalytic bed may smooth the differences among catalysts,
but the same trend is observed in the conversion values. These results suggest that selecting both the

optimum flow rate and coating loading, the activity could be further increased.

The heat developed by the exothermic reaction provokes an increase in the temperature in the
catalytic bed. The temperature profiles measured at the centerline of the bed for all the catalysts are
displayed in Fig. 5a and Fig. S4. As expected, the temperature increment, calculated as Tmax-Toven, 1s
related to the CO2 conversion (Fig. 5b). While the position of the maximum temperature reached
depends on the catalyst composition (Fig. S4). For instance, for NiLaAl, whatever the set oven

temperature is, the maximum temperature is registered at 2 mm from the inlet, while for NiCeAl

13



sample it is at the outlet of the bed. The different amounts of heat developed for all the catalysts may
mask the real catalyst activity and productivity trend, mainly in the kinetic limited regions, since the
temperature besides a consequence can be a cause of the reaction [27,44]. However, when plotting
the conversion of COz2 versus the outlet temperature, the trend is similar to that obtained by plotting

the CO2 conversion versus the oven temperature, mainly at low oven temperature (Fig. S5).

In the literature, both steep and flat temperature profiles are measured for structured catalysts;
however, making an accurate comparison with the works previously reported is tricky. The space
velocity, concentration of the reaction gas mixture, activity of the catalyst, as well as the shape and
material of the support in the structured catalyst modify the temperature profile, and some of them
are different in the works compared. For instance, the flat profile measured for a 50 wt.% Ni/GDC
cordierite honeycomb may be related to a low catalyst activity, 42 % conversion of CO2 at Toven =
300 °C and GHSV = 10,000 h!' [44]. The temperature profile measured along the foam bed in our
work for the NiCeAl catalyst is similar to the first 5 cm length of the profile reported by Ratchahat et
al. for a multistacked type-fin configuration [27]; note that the latter reaches a high conversion and
selectivity, 90 and 99.9 %, respectively, and operates at a lower space velocity. Namely, by setting
an oven temperature of 300 °C, a moderate hotspot of 130 °C (Tmax — Toven) was measured at position
4 mm of the foam bed in this work (682 L g™ h'!), while it was 136 °C at position of 2.5 mm of the
honeycomb monolith (420 L g h''). A similar hotspot recorded over both foam and honeycomb
monolith beds may be related to a balance between conversion and space velocity in the heat
development. However, it could also suggest a fast dissipation of heat on the foam bed, although the
differences in the scales of the reactor in both studies may also modify the heat transfer. In a recent
work, a rather flat temperature profile for an alumina open-cell foam coated with Ni/GDC, not
observed over a cordierite honeycomb monolith, is related to a homogeneous distribution of the heat

generated by the reaction [45].
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The stability of rare-earth containing structured catalysts is investigated within an 8-day test
by feeding both diluted (H2/CO2/N2 = 1/4/1 v/v) and concentrated (H2/CO2/N2 = 1/4/0 v/v) feedstock
(Fig. 6). The most active Ce-sample is also the most stable, constant 77 % COz conversion and 98 %
CHys selectivity values as well as very stable temperature profiles (Fig. 7a) are recorded during 66 h
of time-on-stream (TOS). Note that the temperatures inside the bed (Fig. S4 and Fig. S6), higher in
the H2/CO2/N2 = 1/4/0 v/v mixture, can be considered representative to those reached in a reactor
operating under real conditions [43]. The similarities in the activity regardless of the concentration of
the feedstock can be explained considering that feeding a concentrated gas mixture may have two
counter effects on the activity: a higher reactants partial pressure would increase the conversion, while
the larger amount of heat generated would decrease it (at oven temperature above 300 °C).
Remarkably, the stability of the NiCeAl structured catalyst with TOS is similar to that reached with
a more expensive 10 wt.% Ru/Al203/honeycomb monolith with 8 shut-down/start-up cycles (72 h of
TOS) in a more diluted gas mixture (CO2/Hz2/He = 4/16/80 v/v, GHSV = 4720 h'!, 217 °C, 1 bar) [46].
Contrarily, Y- and La-containing samples slightly deactivate in the concentrated feed, as evidenced
by a 1.3 — 1.7 % decrease in the conversion and a steadily production of CO (selectivity moves from
2.9 to 3.2 and 3.3 to 3.6 % for La and Y, respectively). Consequently, the temperature slightly
decreases with TOS (Fig. 7b and 7c), either because of decrease in the CO2 conversion to CH4 or to

a higher contribution of the endothermic RWGS.
3.3. Structured vs pelletized catalysts

To better investigate the advantages of structured catalysts in the CO2 methanation, the Ce-
containing catalyst is compared with its pelletized counterpart prepared by coprecipitation. The tests
are performed keeping constant the catalytic bed volume and catalyst amount as well as the total flow
rate. The structured catalyst outperforms the pelletized one, throughout all the temperature range
investigated, in term of both conversion and selectivity as shown in Fig. 8. For instance, at Toven =

275 °C CO2 conversion and CHa selectivity are around 27.0 and 3.6 % higher for the structured
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catalyst, respectively, accordingly, the CH4 productivity increases in around 56.0 %. Notably, the
structured catalyst bed also outperforms a pelletized bed containing an amount of catalyst larger than

that in the foam coating (Fig. 8a, 8b).

The type of catalyst (structured or pellet), as depicted in Fig. 9, modifies both the temperature
along the bed (due to differences in activity) and the shape of the profile (a plateau at the end of the
bed for the structured catalyst while a steadily temperature increase for pellets). The temperature
gradient of 15 °C in the case of the pelletized catalyst is comparable with results recently reported by
[taliano et al. [47], but under milder reaction conditions than in the present work (about one-fourth of

GHSYV and more diluted of feedstock, COx/H2/N2 = 1/4/5 v/v).

Interestingly, the plot of the CO2 conversion versus the outlet temperature in Fig. S7, reveals
that at a similar outlet temperature, conversion is higher over foams than pellets, and only reach the
formers the thermodynamic equilibrium. These results suggest that the temperature increase is not
responsible of the trend observed in the activity, it could be related to an increase in heat transfer in
the structured reactor. However, the effect of an enhanced mass transfer and coating properties could

not be neglected.
3.4. Characterization of spent catalysts

Catalytic coatings are not largely modified during tests, as shown in SEM images displayed in Fig.
S8, catalyst homogeneity and particle size are rather similar than for fresh samples reported in Fig. 1.
Note that NiLaAl, NiYAl, and NiCeAl are spent after longer TOS values than NiAl due to the stability

tests performed.

Despite Ni catalysts derived from HT-type compounds have a low tendency to form
carbonaceous deposits [15,48], in some locations of the NiAl foam placed at the inlet of the bed,

Raman spectra display bands at around 1335 and 1610 cm™ due to carbonaceous species (Fig. S9).
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HRTEM images of the coating scratched from the foams show ill-defined Ni nanoparticles in
all the investigated samples (Fig. 10). SAED analysis confirms the presence of Ni’ in the spent
catalyst, which coexists with NiO (Fig. S10), the latter could be related to the oxidation of the catalyst
during handling [15]. The rare-earth elements clearly decrease the Ni particle size (insets Fig. 10).
The NiAl catalyst contains a broad distribution of particles around 7.8 nm + 3.1 nm, note that this
catalyst was tested for 8 h instead of 66 h for rare-earth containing samples. Remarkably, these
particles are larger than those present in its NiAl spent coprecipitated counterpart (4.9 nm + 2.8 nm)
[15], which may explain the formation of carbon for the NiAl structured catalyst. The NiY Al catalyst
shows the smallest particle size (3.6 = 2.3 nm), while rather similar average sizes are obtained for

NiCeAl (4.4 = 1.3 nm) and NiLaAl (4.3 + 1.8 nm) catalysts.

Hence, it could be stated that the advantages of HT-derived catalysts in keeping small and
stable Ni particles even at high Ni loadings are also achieved with electrodeposited materials. Rare-
earth elements modify the Ni particle size, though the trend obtained is different than for
coprecipitated catalysts. For instance, NiAl and NiLaAl structured catalysts show slightly larger
particles than the corresponding pelletized catalysts [15]. Hence, the discrepancies observed in the
effect of the type of rare-earth element on the activity of pelletized and structured catalysts may be
related to the Ni particle size, amount of catalytic coating on structured catalyst (similar catalyst is

always used in tests with pellets), and to the temperatures reached din the catalytic bed.

The Ce structured catalyst reaches a higher CO2 conversion, CH4 selectivity and productivity
in the low temperature range due to the slightly greater loading of a highly active catalytic coating
(Table 1). The activity of the coatings is a combination of both Ni particle size and basicity of the
support. For the Ce catalyst, the Ce*"/Ce** couple also can participate in the CO2 activation [49].
Unfortunately, CO2-Temperature Programmed measurements over structured catalysts did not give

any reliable information.

4. Conclusions
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Ni bulk catalysts promoted by rare-earth elements are easily deposited on NiCrAl open-cell foams by
in situ synthesis of NiAl hydrotalcite-type compounds modified by La, Y, and Ce through
electrodeposition followed by calcination. Like in conventional coprecipitated powder catalysts, rare-
earth elements do not largely modify the structure, morphology, and reducibility of the NiAl catalyst.
However, they help to keep smaller Ni particle sizes after reaction for 66 h (feeding both diluted and
concentrated feed gas at GHSV = 38,200 h™! and Toven = 325 °C) and probably improve the basicity
of the catalysts, enhancing, therefore, the performance and stability in the CO2 methanation. The CH4
productivity rates achieved on structured catalysts (6.49 — 8.35 mol gni! h'!') are promising, in
comparison with the results reported in recent literature, due the interplay among a highly active
coating, a small pore size foam, and reaction conditions. The Ce-containing catalyst achieves the
highest CO2 conversion and CHa4 selectivity in the low temperature range due to a greater loading of
a highly active catalytic coating. The structuration of the catalysts on foams increases the performance
in comparison to their pelletized counterpart at similar temperature at the outlet of the catalytic bed,

which could be related to an enhanced heat transfer.
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Figure Legends

Fig. 1. SEM images of structured catalysts after calcination at 600 °C for 6 h: NiAl (a, al), NiLaAl
(b, bl), NiYAl (c, c1), and NiCeAl (d, d1).

Fig. 2. H2-TPR profiles of bare NiCrAl foam, NiAl and NiXAl calcined samples.

Fig. 3. COz conversion (a) and selectivity in CH4 and CO (b) on NiAl and NiXAl structured catalysts.
Total flow rate 240 mL min™', CO2/H2/N2 = 1/4/1 v/v, and GHSV = 38,200 h'!.

Fig. 4. Catalytic performance in CO2 methanation on NiAl structured catalyst. Reaction conditions:
6 foams of catalyst (containing 30 mg of coating), and CO2/H2/N2 = 1/4/1 v/v. Total flow rates 240,
360, and 480 mL min™!' for GHSV = 19,100; 28,650; and 38,200 h™!, respectively.

Fig. 5. a) Temperature profiles at the centerline of NiAl catalyst during the activity test and b)
temperature increment versus oven temperature during the activity test on NiAl and NiXAl structured
catalysts. Reaction condition: 3 foams, CO2/H2/N2 = 1/4/1 v/v and GHSV = 38,200 h!

Fig. 6. Stability test on NiLaAl, NiY Al and NiCeAl structured catalysts at 325 °C: a) CO2 conversion
and b) CH4 and CO selectivity. The first 6 h and the period between 30-40 h are the tests at different
oven temperature. Total flow rate 240 mL min™!, CO2 /H2/N2 = 1/4/1 v/v (diluted) and 1/4/0 v/v
(concentrated), GHSV = 38,200 h'..

Fig. 7. Temperature profiles during the stability tests for: a) NiCeAl, b) NiYAIl and c) NiLaAl
structured catalysts in total flow rate of 240 mL min™' of CO2/H2/N2 = 1/4/0 v/v at Toven = 325 °C and
GHSV = 38,200 h'!.

Fig. 8. Comparison of catalytic performance in CO2 methanation on NiCeAl pelletized and structured
catalysts: a) CO2 conversion and b) CHa and CO selectivity. Total flow rate 240 mL min™!, CO2/H2/N>
= 1/4/1 v/v, and GHSV = 38,200 h™!. Pellets: 21 mg or 30 mg of NiCeAl catalyst diluted by 470 mg
quartz. The space velocity values referred to the amount of catalyst are 680 and 480 L g*! h'! for 21
and 30 mg of NiCeAl respectively. Foams: 3 foams containing 21 mg of NiCeAl coating. The space
velocity value referred to this amount of the coating is 680 L g h'l.

Fig. 9. Comparison of temperature profiles of NiCeAl pelletized and structured catalysts in CO2
methanation. Total flow rate 240 mL min™!, CO2/ H2/N2 = 1/4/1 v/v, and GHSV = 38,200 h™'. Pellets:
21 mg of NiCeAl catalyst diluted by 470 mg quartz. Foams: 3 foams containing 21 mg of NiCeAl
coating.

Fig. 10. HR-TEM images of spent structured catalysts: NiAl (a, al), NiLaAl (b, bl), NiYAIl (c, cl),
and NiCeAl (d, d1). The right column shows HAADF images and the insets present the Ni particle
size distributions.
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Fig. S1. SEM images of foams after electrodeposition at -1.3 V vs SCE for 750 s: NiAl (a, al, a2),
NiLaAl (b, bl, b2), NiYAl (c, cl, ¢2), and NiCeAl (d, d1, d2).
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Fig. S4. Temperature profiles of NiXAl catalysts recorded along the centerline of the bed during
tests feeding diluted (CO2/H2/N2 = 1/4/1 v/v) and concentrated (CO2/H2/N2 = 1/4/0 v/v) gas
mixtures: NiLaAl (a, b); NiYAI (c, d); NiCeAl (e, f). Total flow rate 240 ml min'! and GHSV =

38,200 h'l.

At low oven temperature (250-275 °C), all the catalysts are less active in the concentrated than in
diluted feedstock (see Table below), explaining the lower temperatures reached within the catalytic
bed under those reaction conditions. Note that heat dispersion upstream the bed slightly increases

the measured temperature.

Gas mixture
Temperature/  CO2/H2/N»

CO, conversion %

CHys Selectivity %

oC Vv NiLaAl NiYAl NiCeAl NiLaAl NiYAl NiCeAl

250 1/4/1 6 6 40 96 98 98
1/4/0 4 5 5 93 96 96

275 1/4/1 58 61 76 97 97 99
1/4/0 15 12 12 95 96 96
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Fig. SS. CO2 conversion versus outlet temperature on different structured catalysts. Total flow rate
240 mL min™!, GHSV = 38,200 h'!, and CO2/H2/N2 = 1/4/1 v/v. Orange circles mark the points
corresponding to the oven temperature at 325 °C of each catalyst, suggesting that the conversions
at the oven temperature of 325 °C are still far from the thermodynamic equilibrium.
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Fig. S6. Temperature profiles recorded along the centerline of the bed during tests feeding diluted
(a) and concentrated (b) gas mixture during the stability test of NiLaAl catalyst at Toven = 325 °C.
Total flow rate 240 mL min!, GHSV = 38,200 h'!, and CO2/H2/N2 = 1/4/1 and 1/4/0 v/v for the
diluted and concentrated gas mixture, respectively.
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Fig. S7. CO2 conversion versus outlet temperature on NiCeAl pelletized and structured catalyst.

Total flow rate 240 mL min™', CO2/H2/N2 = 1/4/1 v/v, and GHSV = 38,200 h™!. Pellets: 21 mg of
NiCeAl catalyst diluted by 470 mg quartz. Foams: 3 foams containing 21 mg of NiCeAl coating.



Fig. S8. SEM images of structured catalysts after CO2 methanation tests: NiAl (a, al, a2),
NiLaAl (b, b1, b2), NiYAI (c, cl1, c2), and NiCeAl (d, d1, d2).
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Fig. S9. Raman analysis of spent NiAl structured catalyst: a) location without carbon deposition

and b) location with carbon formation.
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Fig. S10. SAED patterns of the spent catalysts.

The NiAl catalyst SAED pattern is related Ni’. The d-spacings at 1.99, 1.73 and 1.22 A are related
to the planes (111), (002), and (022), respectively. [PDF 01-088-2326]. The presence of Ni is also
confirmed by STEM/EDS:

10 20
Energy (keV)

The NiLaAl catalyst SAED pattern is related to NiO. The d-spacings at 2.37,1.97, 1.43, 1.18 have
been assigned to the planes (111), (002), (022) and (222). The small domain size of NiO may be
responsible of the shift of the d-spacings in comparison to pristine NiO [PDF 01-073-1519]. Since
the d spacings for y-Al2O3 [PDF 01-074-4629] are close to those of NiO, the presence of NiO has
been also confirmed by STEM/EDS analysis below:



0 (K) 14.97 1.41 39.16
Al (K) 2.02 0.42 3.14
Ni (K) 79.38 2.41 56.59
La(L) 3.60 1.05 1.08

The SAED patterns of NiYAl and NiCeAl catalysts are related to both Ni’ and NiO, based on the
explanations given above for the NiAl and NiLaAl SAED patterns.



