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Abstract

In this paper, the methanation of carbon oxides (CO and CO,) was studied as an interesting way to provide a
renewable energy source of synthetic natural gas (SNG) simultaneously reducing the emission of greenhouse gases. 15
wt.% Ni-based catalysts supported on CeO,, Al,O; and Y,0; oxides were synthesized by solution combustion synthesis.
Then, a second series on Ni/Y,0; catalysts was prepared with different Ni loading (7-35 wt.%). The physicochemical
properties of the catalysts were characterized by N,-physisorption, XRD, H,-TPR, CO-chemisorption, TEM, UV-Vis
DRS, XPS, and CO,-TPD. The effect of reaction temperature (250-500°C) was investigated under atmospheric
pressure, space velocity (GHSV) of 10,000 h™', and stoichiometric reactants ratio of (H,-CO,)/(CO+CO,) =3. A200 h
stability test was also carried out at 350°C over the 25 wt.% Ni/Y,0; catalyst.

It can be concluded that the nature of Ni-support interactions played a crucial role in enhancing CO and CO,
hydrogenation at relatively low reaction temperature. Ni/CeO, catalyst deactivated rapidly due to coke deposition, while
the formation of NiAl,O, spinel was the main reason of the lower activity of the Al,O;-supported system. Activity data
for Ni/Y,0; catalysts were closely related to the degree of Ni dispersion as well as to the medium-strength basicity.

Good anti-coking and anti-sintering ability were observed after 200 h of lifetime test over the 25Ni/Y,0; catalyst.
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1. Introduction

Power-to-Gas (P2G) technologies could play an important role in future energy scenario in improving the security of
energy supply while reducing the emission of greenhouse gases [1,2]. The P2G pathway consists of two main steps: i)
electrolysis of water to produce hydrogen by using the excess renewable electricity from fluctuating renewable sources
and ii) hydrogenation of carbon oxides (CO and/or CO,), otherwise known as syngas methanation, to produce Synthetic
Natural Gas (SNG) [3]. Firstly reported by Sabatier and Senderens in 1902 [4], the interest to the syngas methanation
has remarkably grown over the past decade as a practical method for carbon dioxide reduction and a tool for natural gas
production whose consumption increases by 1.6% per year since 2008 [5,6]. Indeed, methane is an important energy
source in both manufacturing and transport applications, due to existing distribution infrastructure and high energy
density [7,8]. Methanation reactions of syngas proceed according to:

CO + 3H, 2 CH,4 + H,0, AH55x =—206 kJ mol ! (1)

CO, + 4H, 2 CH, + 2H,0, AH’05x = —165 kJ mol )

Actually, the high price of natural gas is becoming a cause for concern in some countries heavily dependent on
imports [9]. Thus, new pathways for SNG production have been intensively studied, including the syngas methanation
from biomass and coal gasification plants [10]. Syngas methanation can be applied to consume the Blast Furnace Gas
(BFG) and the Coke Oven Gas (COG) alleviating the negative environmental impact of carbon-intensive
industries[11,12]. In addition, these reactions can also been used to remove trace amounts of CO from the feed gas for
ammonia synthesis as well as from the reformed gas for polymer electrolyte membrane fuel cells [13].

Reactions (1) and (2) are highly exothermic and thermodynamically favored at low temperature (< 400°C) [14].
Moreover, the large reaction heat accumulates and causes severe hotspots in the reactor thereby shortening the catalysts’
life-time [15,16]. Thus, extensive studies have been conducted to develop methanation catalysts with high activity at
low temperature and enhanced anti-sintering and anti-coking properties [14,17]. Many metals, such as Ru, Ni, Fe, Co,
Mo, Rh, have been used to catalyze methanation reactions [18-20]. Although Ru is the most active metal, limited
resource and high cost limit the large-scale commercialization of Ru-based catalysts. Contrarily, Ni-based systems are
more attractive for CO, methanation to SNG because of their low cost and high selectivity to methane [21,22].
However, their stability is often compromised by deactivation due to sintering and carbon occurring under different
operating conditions [23]. In particular, the carbon deposition phenomenon occurs either through CO disproportionation
reaction (3) or via CH, decomposition (4) [24]:

2CO — C + CO,, AH 05 = —173 kJ mol (3)

CH, —» C+2 H,, AH 55 = 75 kJ mol ! 4).



Thus, several supports including Al,O; [5,9,23,25], SiO, [13,14,26], TiO, [13,25,27], ZrO, [9,28,29] and CeO,
[13,17,26,30] have been studied to improve the activity and long-time stability of Ni-based catalysts. Considerable
efforts have been also devoted to elucidate the effect of Ni-support interactions as well as the bonding and reactivity of
chemisorbed species [9,23,31]. However, the activity and selectivity data for CO, methanation are markedly different
from those for CO methanation [29,32]. As an example, Al Le and co-workers [13] investigated the catalytic
performance for CO methanation, showing the following activity order: Ni/CeO, > Ni/ZrO, > Ni/TiO, > Ni/SiO, >
Ni/y-Al,O;. The highest activity of Ni/CeO, was ascribed to the smallest Ni particles whereas the formation of NiAl,O,
resulted in decreasing the amount of active Ni specie, lowering the performance of the Ni/y-Al,O; catalyst.
Interestingly, Zhao et al. [5] showed that the activity for CO methanation over Ni/Al,O; catalyst was sensitive to Ni
particle size. In this study, Ni particles with relatively large diameters were effective for the syngas methanation,
simultaneously showing high activity and anti-CO-poisoning ability. Muroyama et al. [33] studied the CO, methanation
over Ni supported catalysts. The following order of CH, yield at 250°C, Ni/Y,03 > Ni/Sm,0; > Ni/ZrO, > Ni/CeO, >
Ni/Al,O; > Ni/La,0Os, was mainly attributed to the basic property of the catalysts. In addition, the utilization of Y,0; as
catalytic support for several applications including reforming processes, selective reduction of NO,, etc., was widely
investigated in literature [34—37]. Instead, to the best of our knowledge, only few papers [33,38] studied the activity of
Y,0;-supported catalysts towards methanation reactions for the production of SNG. In the work of Yan et al. [38], the
moderate Ni-Y,0; interaction resulted in a superior activity for CO, methanation as well as a robust stability in CO-
containing reaction mixtures.

In this study, 15 wt.% Ni-based catalysts supported on CeO,, Al,O3, and Y,0; oxides were synthesized by solution
combustion synthesis (SCS). Among them, Y,0O; was selected as the best catalytic support and, therefore, a second
series of Ni/Y,0j; catalysts containing different Ni loading (7-35 wt.%) was prepared. The physicochemical properties
of the synthesized catalysts were determined by N,-physisorption, XRD, H,-TPR, CO-chemisorption, TEM, UV-Vis
DRS, XPS, and CO,-TPD. The methanation of CO and CO, was investigated under atmospheric pressure, in the
temperature range of 250-500°C, at constant gas hourly space velocity (GHSV) of 10,000 h”', and stoichiometric
reactants ratio of (H,-CO,)/(CO+CO,) = 3. A stability test over 200 h of time-on-stream was also performed over the 25
wt.% Ni/Y,0; catalyst. A comprehensive understanding of the degree of Ni dispersion and the strength of Ni-support
interaction as well as the basic properties was provided to optimally design an effective catalyst for the production of

SNG via CO and CO, methanation.



2. Experimental
2.1. Catalysts preparation

High-purity reagent-grade were purchased from Sigma-Aldrich and used as received: Ni(NO;);-6H,0,
Ce(NO3);-6H,0, Y(NO3);-6H,0, and AI(NO;);-9H,0 were used as metal precursors, while urea (CH4N,0O) was used as
fuel. Ni-based catalysts were synthesized by the solution combustion synthesis (SCS) method as previously described
[39,40]. Briefly, stoichiometric amounts of metal precursors and urea were dissolved in the minimum quantity of
distilled water under magnetically stirring to obtain a clear solution, which was then transferred to a muffle furnace
heated at 350°C. After water evaporation, self-ignition and combustion occurred with rapid increase in temperature and
gas evolution (N,, CO,, H,0), yielding a voluminous powder. The resulting powder was calcined in static air furnace at
600°C (heating rate of 5°C~min'1) for 2 h. Ni-based catalysts supported on CeO,, Al,O;, and Y,O;3; oxides were
synthesized at fixed Ni loading of 15 wt.%. Then, a second series of Ni/Y,0j; catalysts containing different Ni loading
(7-35 wt.%) was synthesized. For comparison, Y,0; support was also prepared by the same SCS method. The Ni
content in the catalytic powders was determined by chemical analysis (ICP/OES) and the results are summarized in

Table 1, where the main physico-chemical features of the synthesized systems are also reported.

2.2. Catalysts characterization

N, adsorption-desorption isotherms were recorded on a Micromeritics ASAP 2020 instrument at liquid nitrogen
temperature (-196°C). Specific surface area (SAggr) and pore volume (PVpgyy) were estimated using the Brunauer-
Emmet-Teller (BET) and Barett-Joyner-Halenda (BJH) equations, respectively. The pore size distribution was
calculated by the density functional theory (DFT) method. Prior to measurements the samples were degassed under high
vacuum for 6 h at 300°C.

X-ray diffraction (XRD) analysis was performed on a Philips X-Pert 3710 diffractometer with a Cu-Ka
monochromatized radiation source (A = 1.5406 A) at 40 kV and 20 mA. Continuous scans were collected with a scan
rate of 1.50°-min”" within the range 15° < 20 < 75°, while a scan rate of 0.06°-min™' was applied to highlight the Y,O;
(222) reflection (28° < 26 < 31°). The peaks were assigned according to the PCPFWIN database. The CeO, and Y,0;
crystallite sizes were calculated by the Scherrer equation on the main CeO, (111) and Y,03 (222) reflection peaks.

H, temperature-programmed reduction (H,-TPR) and CO, temperature-programmed desorption (CO,-TPD) were
performed on a Micromeritics ChemiSorb 2750 instrument equipped with a thermalconductivity (TCD) detector. In a
typical H,-TPR test, the as-calcined catalyst was reduced by a 5% H,/Ar gas mixture (30 NmL-min™) while the
temperature was increased from room temperature to 1000°C at a rate of 20°C-min '. The hydrogen consumption was

determined based on the H,-TPR patterns of known amounts of CuO.



In CO,-TPD experiments, the sample was reduced in 50% H,/N, flow (40 NmL- min'l) at 600°C for 60 min, cooled
to room temperature under He flow (30 NmL-min ') and exposed to CO, stream (30 NmL- min ") for 30 min. The
physisorbed CO, was removed by He purging at room temperature for 1 h. Then, the temperature was increased up to
600°C at a rate of 10°C-min ' under He flow (30 NmL- min’l) and the desorbed CO, was monitored by TCD, which was
previously calibrated by injections of pure CO, pulses.

CO-chemisorption measurements were performed at room temperature on the same instrument. Before
chemisorption, the sample was reduced in 50% H,/N, gas mixture (40 NmL-min™) at 600°C for 60 min. Then, the
following standard procedure was applied at room temperature: i) oxidation in O, flow (30 Nml-min ") for 15 min; ii)
treatment in CO, flow (30 Nml-min ") for 15 min; iii) reduction in H, flow (30 Nml-min ") for 30 min. Finally, a
mixture of 10% CO in He was injected in pulses of 600 puL each until the fulfilment of constant outlet peaks. The Ni
dispersion (Dy;) was calculated from the ratio between the number of surface Ni atoms (Ni,) and the total number of Ni

atoms (NVi,). by the equation [8]:

(o — Nis | _ fco/niVecoMni
Dyi(%) = Nit 100 = 22414-Ly;-dy 100 ®)

where fcorp (=1) is the stoichiometric factor for CO chemisorption, Vo (cm3STp- gfl) is the amount of CO chemisorbed
on Ni, My; (=58.69 g~m017') is the molar mass of Ni, Ly; is the Ni content in the catalyst, and d, is the reduction degree
of Ni calculated from H,-TPR.

Transmission electron microscopy (TEM) micrographs were obtained using a Philips CM12 instrument. The
reduced samples were subjected to ultrasonic irradiation in isopropyl alcohol and dispersed on holey-carbon copper
grids.

The UV—Vis diffuse reflectance spectroscopy (UV-Vis DRS) was carried out using a Agilent Cary Series UV—vis-
NIR spectrophotometer equipped with an integrating sphere diffuse reflectance accessory. The powders materials were
mounted in an appropriate quartz cell which provided an “infinite” sample thickness and the spectra were recorded at
room temperature in the wavelength range of 200-800 nm. Barium sulphate was used as the reference spectra. The
spectra are presented in form of the Kubelka-Munk function being defined as F(R) = (1-R)*(2R) with R = R/R,, where
R, is the reflectance of the sample and R, is the reflectance of BaSO,. Energy gap (E,) values were estimated from the
Tauc relation, i.e. [F(R)-h-v]" =B (hv — E,), where B is a constant of proportionality, / is Plank’s constant, v is the
frequency, and r is 2 for direct allowed transitions.

X-ray photoelectron spectroscopy (XPS) was conducted on a SPECS system equipped with a XR50 source operating
at 150 W and a Phoibos 150 MCD-9 detector. The analysis chamber was maintained at a pressure always below 107 Pa.

The binding energy (BE) values were measured with pass energy of 25 eV and energy step of 0.1 eV. All the spectra



were referenced to the Cls line at 284.8 eV from the adventitious carbon. Quantification of surface composition was

based on the peak fitting and normalization of Ni (2p 3/2), Al (2p), Y (3d 5/2), and Ce (3d 5/2) primary peaks.

2.3. CO and CO, methanation

Catalytic tests were carried out at atmospheric pressure in a fixed-bed quartz reactor (0.6 cm inner diameter, 25 cm
length). Typically, 0.1 g of catalyst (50-70 mesh) was diluted with 0.2 g of inert quartz (with same pellets size) to
distribute the heat produced by the reaction along the reactor axis and to prevent hot-spot phenomena. The resulting
catalytic bed (length = 1 cm) was placed at the centre of the quartz tube horizontally placed inside a furnace. Prior to
reaction, the catalysts were in-situ reduced under 50% H,/N, gas mixture (40 NmL-min™) at 600°C for 1 h. The total
gas flow rate (50 cm’ minfl) was introduced into the reactor by mass flow controllers (Brooks Instrument Smart Mass
Flow) at a gas hourly space velocity (GHSV) of 10,000 h™'. The feed consisted in 4.9% CO, 6.1% CO,, 39.0% H,, and
N, as balance gas, which corresponded to a stoichiometric reactants ratio of (H,-CO,)/(CO+CO,) = 3.

The activity tests were conducted by increasing the temperature from 250 to 500°C (with 50°C of increasing step)
and back (300°C) to verify stable catalyst conditions during these measurements. The durability of the 25 wt.% Ni/Y,0;
catalyst was also evaluated at 350°C for 200 h of time-on-stream. The reaction temperature was regulated by a
chromel/alumel thermocouple located at the center of the catalytic bed. Moreover, two thermocouples were positioned
at the inlet and at the outlet of the catalytic bed to measure the gradient temperature generated by reactions.

Reagent and product mixtures were analyzed online by gas chromatograph (Agilent 6890 Plus) equipped with
thermal conductivity detector (TCD) and flame ionization detector (FID). The analysis were collected every 20 min
after 1 h of steady-state operation at each temperature. N, was used as internal standard for mass balance calibration.

CO; conversion (Yo, ), CO conversion (x¢o), and CH, yield (Y¢y,) were defined as follows:

Xcoz (%) _ Fcoz.i;c; F-Coz,out 100 (6)
2,n

Yeo (%) = FCO,i;C_OFl:O,Dut -100 7

YCH4(%) — _ Fergour | 100 )

Fco,in + Fco,in
where F;;, and F;,,, are the inlet and outlet flow (mol- s of i species, respectively. Carbon balance was always close to
100£0.5%. The experimental results were compared with the thermodynamic equilibrium values calculated by a
commercial steady-state simulation package named HSC Chemistry 7.1%, based on the minimization of Gibbs free-
energy. The intrinsic CO, methanation rate, expressed as moles of CO, consumed per unit mass of nickel per second

(r¢co,» mol- g-s™), was calculated by using the following equation [41]:



Fco,,in Xco
Tep, = —Co2in XC02 9)
2 W-Ly;

where W is the catalyst weight (g). The turnover frequency of CO, conversion (TOF¢,,), defined as moles of CO,

converted per moles of surface Ni atom per second (s'l), was defined as follows [41]:

TOFC02 _ Fco,,in XCOoy (10)

Nis

where the number of surface Ni sites (Vi;) was calculated based on the CO-chemisorption results.

3. Results and discussion
3.1. Catalysts characterization
3.1.1. N, adsorption-desorption

Figure 1 shows the N, adsorption-desorption isotherms and the corresponding pore size distribution of the as-
synthesized catalysts, while the detailed textural parameters are listed in Table 1. It is seen from Figure la that the
isotherm of 15Ni/Al,O; sample displayed classic IV type curve (IUPAC), corresponding to the typical feature of
mesoporous materials [42,43]. The apparent H2 hysteresis loop was associated to capillary condensation taking place in
mesopores with neck-bottle shaped, while the sharp rise at low relative pressure (p/p0 = 0.4) indicated a high specific
surface area (250.4 m> g") [42,44,45]. Besides, a narrow pore size distribution was evidenced in Figure 1b,
corresponding to an Average Pore Diameter (APD) of 4.9 nm (Table 1). Differently, mesoporous Ni/CeO, and Ni/Y,03
catalysts showed H3 type hysteresis loop, characteristic of plate-type particles with slit-shaped pores [46—49]. In
addition, the appearance of hysteresis loop at high relative pressure (p/p0 > 0.6) was indicative of a broad pore size
distribution, containing both accessible mesopores and macropores in the structure (Figure 1b) [50,51] Therefore, lower
surface area and higher APD values were calculated for Ni/CeO, (20.6 m* g'l, 12.6 nm) and Ni/Y,0; (19.3 m* g'l, 30.3
nm) systems.

It was seen that there was no specific trend for textural features with increasing in Ni content (Figures 1c,d). The
maximum BET surface area (40.7 m> g-1) was observed for the catalyst containing 7 wt.% of Ni, slightly higher than
the corresponding Y,0; support (35.9 m2-g-1), mainly due to the lower flame temperature achieved during the
combustion reaction [52]. However, the decrease in specific surface area (19.3-26.9 m2-g-1) by further increasing the

Ni loading (15-35 wt.%) could be attributed to pores filling by Ni species [51,53].

3.1.2. XRD



Figure 2 shows the the XRD patterns of the as-prepared Ni-based catalysts supported on CeO,, Al,O;, and Y,0;
oxides. Ni/CeO, catalyst showed the diffraction peaks of cerium oxide (JCPDS 4-593) and nickel oxide (JCPDS 4-835)
cubic structures. The calculated unit cell parameter (0.538 nm, Table 1) was lower than the lattice parameter of the bulk
CeO, (0.541 nm, JCPDS 4-593), accounting for the shrinkage of the CeO, cell due to the partial substitution of Ce**
(0.097 nm) with smaller Ni** (0.081 nm) cations [54,55]. In addition, the CeO, average crystallite size, calculated from
the Scherrer equation on the main CeO, (111) reflection (20 = 28.55), was 10.4 nm (Table 1).

Spinel nickel-aluminate phase (NiAl,O,) at diffraction lines 20 = 19.07°, 31.41°, 37.01°, 44.99°, 59.68°, and 65.54°
(JCPDS 10-339) was revealed for the 15Ni/Al,O5 catalyst (Figure 2). Moreover, the presence of weak broad peaks
suggested a predominantly amorphous nature of the NiAl,O, phase [56].

15Ni/Y,0; catalyst showed the characteristic peaks at 20 = 20.45°, 29.16°, 33.77°, 35.89°, 39.84°, 43.47°, 48.54°,
and 57.59° (Figure 2) which could be indexed to (211), (222), (400), (411), (332), (431), (440), and (310) crystal planes
of cubic Y,0; (JCPDS 25-1200) [57,58]. In addition, very weak signals of NiO crystallytes (JCPDS 4-835) revealed
well-dispersed NiO particles on the Y,O; support. However, the intensity of the NiO diffraction peaks increased with
increasing the Ni loading, as evidenced in Figure 3a. Thus, a partial aggregation of the dispersed NiO species occurred
on the surface of the mesoporous Y,0; support at higher Ni loading (Figure 3a). Furthermore, the Y,0; reflections of
the Ni-based catalysts were slightly shifted to higher degrees with respect to those of bare Y,0O; support (Figure 3b),
which was attributed to the lattice contraction induced by Ni addition. Indeed, the partial substitution of Y** (0.102 nm)
with smaller Ni** (0.081 nm) cations led to the shrinkage of the Y,0; cell. It was confirmed by the calculated unit cell
parameters (1.057-1.058 nm, Table 1) lower than the lattice parameter of the Y,O; support (1.060 nm, Table 1).
Additionally, Y,0; crystallites comprised between 8.8 and 13.5 nm were calculated by the Scherrer’s equation on the
main Y,0; (222) diffraction peak (Table 1). After reducing the catalyst, additional diffraction peaks were observed at
20 = 44.50° and 51.84° (Figure 3c), corresponding to the (111) and (200) planes of metallic Ni, respectively (JCPDS 4-
850) [59]. The intensity of the Ni peaks increased by increasing the Ni loading, which just corresponded to the above-
identified fact that the catalyst had less dispersed Ni particles. Moreover, the coexistence of both Ni and NiO phases in
the reduced 35Ni/Y,0; catalyst indicated that the Ni metal phase was not totally reduced under the adopted conditions
[59]. It is quite interesting to note that there was no difference in the crystal structure of Y,0; phase after the reduction
treatment, indicating the high resistance to sintering during the reduction step. Therefore, the calculated Y,O;
crystallites of the reduced systems (11.9-13.5) were only slightly larger than those of the corresponding calcined

catalysts (Table 1).

3.1.3. H-TPR and CO-Chemisorption



The reducibility of the synthesized samples was studied by H,-TPR and the results are displayed in Figure 4. The
TPR profile of the 15Ni/Al,O; catalyst (Figure 4a) had a broad reduction peak with maximum at ca. 770°C ascribed to
the reduction of NiAl,O, spinel, which is strongly bonded to the support and hard to be reduced [60—-62]. Therefore, Ni
species in 15Ni/Al,O; catalyst were almost not reduced into Ni metal under the experimental conditions adopted in this
study.

Reduction of 15Ni/CeO, system (Figure 5a) showed four peaks at ca. 270, 350, 440 and 850°C, as previously
reported [63]. The low-temperature peak at ca. 270°C was ascribed to the reduction of adsorbed oxygen on the Ni-Ce
mixed oxide [64]. The peak at ca. 350 was attributed to the reduction of dispersed NiO interacting with (but not
chemically bound to) the support, while the peak at ca. 440°C was ascribed to the formation of Ni-Ce-Oy solid solution,
in agreement with XRD results (Table 1). Moreover, contribute of different sized Ni species which are reducible at
different temperatures cannot be excluded [65]. Finally, the high-temperature peak at ca. 850°C was due to the CeO,
bulk reduction [63]. The experimental hydrogen consumption and the relative reducibility of the synthesized samples
are summarized in Table 2. Quantitative TPR analysis was performed from ambient temperature up to 600°C
(experimental reduction temperature before catalytic tests). The calculated hydrogen consumption (13.16 mmolyy/gnio)
was almost equal to the H, theoretical quantity, leading to a reduction degree of 98.3% (Table 2).

The TPR profiles of Ni/Y,0; catalysts (Figure 4b) showed multiple reduction peaks. The low temperature peak (at
ca. 200-245°C) was due to the reduction of NiO-promoted oxygen vacancies on Y,0;, while the medium (at ca. 410-
460 °C) and high temperature (at ca. 500-540°C) peaks could be attributed to the reduction of bulk NiO species with
different extent interactions with the support [52,66]. The TPR profile of bare Y,O; support is also reported, showing a
very weak reduction peak due to the lattice oxygen on its surface [36,66]. Generally, the reduction of bulk NiO (not
reported) occurs in the temperature range of 280-300°C [67]. Therefore, the shift to higher temperature suggested the
presence of strong Ni-support interactions [67—69]. As reported by Singha et al. [65], different sized particles are
reducible at different temperatures. Indeed, the reduction of larger NiO particles required more time and temperature,
resulting in a broad reduction pattern [65,70]. Therefore, it could be speculated that the peak at 410 and 510°C was due
to the reduction of highly disperded and agglomerated NiO particles, respectively (7Ni/Y,03). With increasing Ni
loading, the high temperature peak increased in intensity and shifted towards higher temperature (Figure 4b), as larger
NiO crystals were not easily reduced, in accordance with XRD (Figure 3) evidences [71,72]. Moreover, the reducibility
of the catalysts decreased with increasing the Ni loading from 99.3% (7Ni/Y,0;) to 81.0% (35Ni/Y,03), because larger

Ni oxide particles was not readily exposed to hydrogen for reduction.



Metal dispersion (Dy;) of the catalysts was also measured and compared. It is observed that Ni dispersion decreased
with increasing the Ni loading due to agglomeration of metal particles. Indeed, the dispersion values followed the order

INI/Y,0;5 (10.0%) > 15Ni/Y,05 (8.7%) > 25Ni/Y,05 (7.3%) > 35Ni/Y,0; (4.1%) (Table 1).

3.14. TEM

TEM images of the Ni-based catalysts are shown in Figure 5. The average particle size (PSy;) were determined by
analyzing the data from different TEM images and summarized in Table 1. Agglomerated catalyst particles were
observed in the 15Ni/CeO, system (Figure 5a), which was the main reason for low Ni dispersion (5.2%, Table 1).
Contrarily, the Ni particles were widely dispersed in the Al,O3 support (Figure 5b). Besides, Ni species appeared to be
of spherical morphology with a mean size of ca. 9 nm (Table 1). Well-dispersed Ni particles of ca. 11-12 nm were
measured over the 15Ni/Y,03 (Figure 5c) and 25Ni/Y,0; (Figure 5d) catalysts. As shown in Figure Se, darker area were
attributed to metallic Ni particles, showing fringes with d-spacing of 0.2 nm due to the (111) planes of Ni. In addition,
fringes with d-spacing of 0.3 and 0.4 nm were attributed to the (222) and (211) planes of cubic Y,0;, respectively.

Instead, agglomerated Ni particles were clearly observed over the 35Ni/Y,0; catalyst (Figure 5f).

3.1.5. UV-Vis DRS

Figure 6 shows the UV-Vis reflectance spectra of the as-prepared Ni/Y,O; catalysts with different Ni loading (7-35
wt.%); the absorption spectrum of the corresponding support (Y,0O3) is also shown for comparison. All samples
presented similar profiles with different excitation regions. The first band between 200 and 220 nm could be assigned to
the adsorption of Y,Os, i.e. the electron transfer from the 2p orbitals of (o} (valence band) to the 5s4d orbitals of Y3
(conduction band) [73]. The second band, localized between 220 and 300 nm was attributed to 0* - Ni* change
transfer band, i.e. transition from 2p orbitals of o~ (valence band) to 3d orbitals of Ni%* (conduction band). As
fringerprints for NiO, the weak band in the 400-800 nm range was ascribed to d-d transitions of octhaedreal Ni**
[74,75]. In addition, the red shift (higher wavelength) in the change transfer band (Figure 6a) can be attributed to the
formation of defect levels due to the doping with transition metal ions [73,76,77].

The band gap energies were determined by using the intercept of the tangent to the graph (Tauc’s plot), obtained by
plotting the square root of the Kubelka-Munk function multiplied by the photon energy [F(R)-h-v]? versus the photon
Energy (h-v), as shown in Figures 6b and 6c. The estimated band gap for the Y,0; support was consistent with the
reported band gap of cubic Y,0; (5.78 eV) [78,79]. A decreased band energy gap was calculated for the 7Ni/Y,0;

catalyst (5.65 eV), attributed to the structural changes caused by the formation of Ni-Y-Oy solid solutions [76,80], in



agreement with XRD results (Figure 3, Table 1). Indeed, the incorporation of interstitial nickel in the lattice of Y,0;
support generated novel energetic level in the interband gap, leading to a reduction in the band gap of the metal oxide
[81,82].

A further decrease in the band gap values was observed by increasing the Ni loading, following the order 15Ni/Y,0;
(5.53 eV) <25Ni/Y,0; (5.01 eV) < 35Ni/Y,0; (3.99 eV). As previously reported [83,84], Ni species size can affect the
band gap, since the bigger the particles, the higher the amounts of defects able to generate intermediate energy level
distribution within the band gap. Indeed, the results obtained in this study clearly indicated that the band-gap was

inversely proportional to the Ni size determined by CO-chemisorption (Table 1).

3.1.6. XPS

Figure 7 presents the recorded binding energies (BE) of the Ni 2p;,, core level spectra of the as-prepared and used
catalysts. From integration of XPS spectra, the surface distribution of Ni species was calculated and data are
summarized in Table 3. First, Ni 2p;,, region of the as-prepared 15Ni/Al,O; catalyst (Figure 7a) revealed a main peak at
BE = 854.5 eV together with a broad shake-up satellite peak at BE ~ 861 eV. The main peak at lowest binding energy
could be assigned to Ni** species interacting strongly with alumina as NiAl,O, like structure formed on the Ni/Al
catalyst [85,86]. It should be noticed that an almost equal spectrum was recorded for the post-reacted 15Ni/Al,O;
system (after the in-situ reduction treatment and catalytic test), further confirming the strong metal-to-support
interactions due to the formation of stoichiometric NiAl,O, spinel [87]. Moreover, no peak corresponding to reduced
nickel (Ni’) was detected (Figure 7a), suggesting that Ni species were not reduced under the adopted conditions, in
agreement with TPR results.

The Ni 2ps, XPS spectra of the as-prepared 15Ni/CeO, catalyst (Figure 7b) revealed two adjacent bands with
maximum at BE = 854 eV and BE = 855.5 eV, labelled as Ni(I) and Ni(II)*, together with a broad satellite peak at BE
~ 861 eV, consistent with the presence of Ni** species [88-90]. This double peaked structure suggested the presence of
surface Ni species with different environments [91]. In particular, the peak at highest binding energy (Ni(II)) was
ascribed to presence of NiO highly dispersed on the support surface which created higher metal-support interaction.
Instead, the second feature on the low binding-energy side (Ni(Il)*) belonged to bigger NiO particles, being their
photoemission affected by the presence of Ni cations as next-nearest neighbours [92]. Moreover, from the relative
surface concentration of Ni** species (Table 3) it could be seen that most of Ni element existed in the form of extended
particles of NiO (Ni(II)* = 63 at.%). The XPS of the post-reacted samples (Figure 7b) clearly showed the co-existence

of Ni** and metallic Ni’ (peak at BE ~ 251.5 eV). However, TPR analysis indicated a complete NiO reduction at 600°C



(Figure 5, Table 2). Therefore, the presence of Ni** could be due to exposure of metallic Ni to air during the sampling
for measurements.

The Ni2p;/, spectrum in Figure 7c¢ consisted of a double peaked structure (BE ~ 854 eV and BE ~ 855.5 eV) and a
shakeup satellite peak at =861.0 eV, ascribed to the presence of NiO species with different size on the surface of the as-
prepared Ni/Y,0; catalysts. As the Ni content increased from 7 to 35 wt.%, the atomic fraction of the Ni(II)* species (at
BE = 854 eV) increased from 33 to 73%, due to the presence of larger NiO crystals [74]. Moreover, the intensity shake-
up satellite also increased with Ni loading, accounting for the partial aggregation of dispersed NiO particles occurring
on the surface of Y,0; support [60,93]. This observation agrees with CO-chemisorption (Table 1) and TPR
measurements (Figure 4). After reaction, the XPS pattern of the 15/Y,0; and 25Ni/Y,0j; catalysts changed (Figure 7d),
showing a new bands at lower binding energy (BE ~ 852 e¢V), which corresponded to metallic Ni® species. The amount
of metallic nickel slightly increased with Ni content and time-on-stream (Table 3). Thus, 32% of Ni’ was calculated
over the post-reacted 15Ni/Y,0;, which increased to 35% and 39% over the 25Ni/Y,0j; after activity test and 200 h
stability test, respectively (Table 3). The presence of the NiO species could be due to the incomplete reduction of NiO,
in agreement with TPR results [94]. However, partial surface oxidation of metallic Ni to air during sample manipulation
can not be excluded. For the sake of clarity, the Auger LVV band was also recorded (see inset in Figure 7d) and the

characteristic profile at 640-641 eV of metallic nickel was visible in the post-reacted 25Ni/Y,05 samples.

3.1.7. CO,-TPD

The TPD results after CO, adsorption on freshly reduced catalysts are shown in Figure 8. The corresponding values
for the CO, uptake are given in Table 4. Three Lewis alkaline sites were identified, namely weak (<150°C), moderate
(150-450°C) and strong (>450°C), depending on the desorption temperature of CO, [95]. 15Ni/CeO, catalyst scarcely
possessed basic sites, exhibiting only small amounts of desorbed CO, in the low- and high-temperature regions (Figure
8a) [26,33,96]. A large amount of desorbed CO, (315.92 umolco2~g’1) was observed in the wide temperature range for
15Ni/Al,O5, mainly due to the high surface area of this material (250.4 m*g™") [33]. However, poor strongly-adsorbed
CO, was observed (Table 4). Similarly, Ni/Y,0; catalysts exhibited predominantly weak and moderate basic sites
(Figure 8b) [36,38,95]. In particular, the amount of basic sites increased with Ni loading, with the exception of the
TNi/Y,0; system (Table 4). Indeed, the following basicity order was determined: 15Ni/Y,0; (104.04 pmolcoz-g") <
25Ni/Y,05 (130.66 pmolcoy-g™) < 7Ni/Y,05 (154.44 pmolcoy-g ™) < 35Ni/Y,05 (188.46 pmoleoy-g™). This indicated
that the Ni phase acted as basic site for CO, adsorption, while the relatively high surface area of 7Ni/Y,0; (40.7 m*g™")
should be the reason for the large amount of desorbed CO, [33]. Therefore, the basic site density, expressed as CO,

desorbed per unit surface area of catalyst, increased with the nickel content (Table 4).



3.2. CO and CO, methanation activity tests

The comparison of the catalytic performances of the Ni-based catalysts supported on CeO,, Al,O; and Y,0; oxides
can be found in Figure 9. Not stable activity was evidenced for the 15Ni/CeQO, catalyst (Fugure 9a), for which both CO
and CO, conversions decreased with time after 2 h at 300°C. Otherwise, 15Ni/Al,O; (Figure 9b) and 15Ni/Y,0; (Figure
9c) showed a volcano-shaped trend with the increase of reaction temperature. Since both CO and CO, hydrogenation
reactions are strongly exothermic, low temperature was thermodynamically beneficial but kinetically disadvantage to
the reaction due to the slow reaction rate [10,52,97]. Indeed, 350 and 350°C were needed to achieve the total CO
conversion over the Al,O3;- and Y,O;-supported catalysts, respectively. Besides, CO, conversion increased with
temperature and then reached a maximal value at ca. 350-400°C. The CO, conversion over 15Ni/Y,05; was 71.5% at
350°C, higher than the maximum value over 15Ni/Al,O; (57.4%) at 400°C, pointing out the high activity of the former
catalyst towards the methanation reaction. Then, a further increase in the reaction temperature led to a slight decrease in
both CO and CO, conversions, in agreement with the thermodynamic calculations (not shown) [98,99].

Figure 10 shows the catalytic activity of the Ni/Y,0; catalysts with different Ni loading (7-35 wt.%). The dashed
lines corresponded to the equilibrium values from the thermodynamic calculations. It is likely that CO interact more
strongly with metal surface than CO, [68,100]. Thus, the complete removal of CO was observed at 300°C for all the
studied systems (Figure 10a). Furthermore, with increased metal loading, CO, conversion increased and a lower
conversion temperature was achieved. As an example, the CO, conversion at 300°C increased as follows: 7Ni/Y,0;
(35.8%) < 15Ni/Y,05 (53.3%) < 25Ni/Y,0; (69.8%) (Figure 10b). However, at high metal loading (35 wt.%), the CO,
conversion (75.4) did not significantly increased, probably due to the formation of enlarged metal particles (Table 1).
Similarly, CH, yield increased with temperature, indicating a kinetically-controlled reaction at relatively low
temperature; then it reached a maximum value at ca. 350°C, decreasing afterward due to thermodynamic limit of
methanation reactions and to the occurrence of RWGS reaction [22,52]. In addition, among the studied catalysts, the
35Ni/Y,0; showed the best performance, leading to the total CO conversion as well as the highest CO, conversion

(83.5%) and CH,4 yield (90.3%) at 350°C.

3.3. Correlations between physico-chemical properties and catalytic performance

As discussed by Yan et al. [38], a fine-tuning of the Ni-support interactions is strictly necessary to obtain active and
stable catalysts for CO and CO, methanation. In particular, too weak metal-support interaction led to sintering of Ni
particles due to the high mobility of the Ni(CO), species [51]. Whereas, too strong Ni-support interaction decreased the

number of exposed Ni sites, being them chemically linked to the matrix of the support [101,102]. Moreover, also the



nature and distribution of surface basic sites for CO, adsorption played a key role in achieving high methanation
performances [52,98].

In this study, Ni-support interactions clearly dependent on the type of oxide support were evidenced from H,-TPR
profiles, following the order Ni/CeO, < Ni/Y,0; < Ni/Al,O; (Figure 4a). The relatively weak metal-support interaction
of the 15Ni/CeO, catalyst (Figure x) resulted in catalytic performance degradation that could depend on the
vulnerability to CO-poisoning of Ni active sites [16,103]. Moreover, the valence change between Ce™* and Ce*
facilitated the direct dissociated adsorption of CO, resulting in the deposition of carbon as evinced from TEM
characterization of the used catalysts, showing both encapsulating and filamentous carbon species (Figures 11a,b,c)
[10]. Otherwise, high anti-coking ability was observed for both 15Ni/Al,O; (Figure 11d) and 15Ni/Y,0; catalysts
(Figure 11e). However, the formation of NiAl,O, spinel, regarded as non-active species in methanation reaction, was
the main reason of the lower activity of the Al,O;-supported system compared to the Y,Os-supported catalyst [104].
Similar results were previously reported by Cui et al. [59]. The Authors found that a too strong metal-support
interaction lowered the ratio of NiO species to nickel aluminates, negatively affecting the activity and stability of
Ni/AL,Oj5 catalyst towards syngas methanation [59].

In between, the moderate Ni-Y,0; interactions explained the superior performance of the 15Ni/Y,0; catalyst, while
the beneficial effect of Ni content was strongly connected to the basic properties of the catalyst [52]. Indeed, although
the reaction pathways and mechanisms of the hydrogenation of CO, to CH, is still under debate, it is accepted that CO,
adsorbed over the basic sites [52,98,102,105]. It is observed that, under the experimental conditions employed, the
higher the nickel content, the higher the CO, conversion was in almost the entire temperature range (Figure 10). The
intrinsic CO, methanation rates per unit mass of nickel per second were calculated at 300°C. The CO, conversion rates
decreased by increasing the Ni crystal size, as follows: 7Ni/Y,03 (1.13x10’4 mol-s™"- gNi’l) > 15Ni/Y,0; (8.05x10’5
mol-s-gNi™") > 25Ni/Y,05 (6.31x107 mol-s™- gNi™") > 35Ni/Y,0; (4.91x10” mol-s™-gNi™). These results indicated that
the CO, methanation at relatively low temperature (300°C) over Ni/Y,Oj; catalysts was a structure-sensitive reaction, as
previously reported by other authors [106,107]. It could be concluded that the CO, hydrogenation on Ni/Y,0; increased
with decreasing mean Ni crystallite size. Indeed, as the nickel content increased, the exposed surface area decreased
leading to lower methanation rate, while smaller Ni particles were significantly more efficient in catalyzing CO,
hydrogenation.

In addition, the turnover frequency of CO, conversion over the Y,0s-supported samples with variable metal loading
were calculated and compared with CO,-TPD results. The results shown in Figure 12 suggested that the CO,
hydrogenation to CH, was greatly affected by the nature of active centers rather than the number of active centers

available to perform methanation reaction [108]. In particular, it should be noted that the activity sequence followed the



order of the medium basicity. Indeed, the moderate basic sites would be one of the desired properties of Ni catalyst for

the SNG production from CO, methanation, as previously reported by Muroyama et al. [33].

3.4. CO and CO, methanation stability test

Figure 13 shows the lifetime test results of the 25Ni/Y,0; catalyst, tested at atmospheric pressure, reaction
temperature of 350°C and GHSV of 10,000 h'. Stable CO conversion was observed aver 200 h of time-on-stream,
while CO, conversion and CH, yield decreased slightly but still quite stable. Moreover, the Ni particle size did not
significantly increased for the spent catalyst, as shown in Figure 11f, also evidencing no obvious evidence of deposited

C-species.

4. Conclusions

The CO and CO, methanation was studied over Ni-based catalysts supported on CeO,, Al,Os3, and Y,Oj; oxides.
Results show that the catalytic activity strongly depended on the nature of the Ni-oxide interactions. Ni/CeO, catalyst
deactivated quickly due to coke accumulation as a consequence of the CO-poisoning of weakly-interacted Ni active
sites. In contrast, the formation of NiAl,O, spinel lowered the quantity of active Ni species decreasing, in turn, the
catalytic activity of the Ni/Al,O; catalyst.

The moderate Ni-support interactions explained the superior performance of the Y,0O;-supported catalysts, for which
the higher the nickel content, the higher the activity mainly in term of CO, conversion and CH, yield. A volcano-shaped
trend with the increase of reaction temperature was observed, indicating a kinetically-controlled reaction at relatively
low temperature as well as a thermodynamic-controlled reaction at higher temperature. CO, methanation rates per unit
mass of nickel decreased with the Ni content (or Ni crystal size) accounting for a structure-sensitive reaction. Moreover,
the best correlation between basic surface properties and activity data suggested that moderate-basic sites had a positive
effect on the catalytic activity for CO and CO, hydrogenation. Finally, good anti-coking and anti-sintering ability after

200 h of lifetime test make 25Ni/Y,0; an effective catalyst for the production of SNG.
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Table 1. Physico-chemical features of the synthesized systems.

CO-
a PVgyu’ c XRD Chemisorption TEM Band
Sample Lniw | SAger (cm’ g APD™ o 0, Lattice | Me,O a

(Wt.%) | (m*g) [} &1 (nm) ey d 0¥ Dn | PSw | PSyi | B3P

) parameter PS (%) (nm) | (nm) eV)

(nm) (om) | "

15Ni/CeO, | 15.1 | 20.6 | 0.065 | 12.6 0.538 10.4 5.2 19.1 | nd | nd.
15Ni/ALLO3| 15.0 | 250.4 | 0.307 | 4.9 n.d. n.d. n.d. n.d. 9.7 | nd.
Y,0; - 359 | 0.262 | 29.2 1.060 13.5 - - - 5.78
INi/Y,05 | 7.2 40.7 | 0.255 | 25.1 | 1.058 (1.052) (g'% 10.0 10.1 | nd. | 5.65
15Ni/Y,03 | 150 | 193 | 0.146 | 30.3 | 1.057 (1.055) (g'g) 8.7 11.7 | 11.2 | 5.53
25Ni/Y,05 | 25.1 | 20.7 | 0.183 | 35.4 | 1.057 (1.055) (B'é) 7.3 139 | 12.1 | 5.01
35Ni/ Y,03| 34.8 | 269 | 0.163 | 24.2 | 1.057 (1.056) (181'89) 4.1 24.8 | nd | 3.99

n.d. = not determined;

“Nickel loading (Ly;) determined by ICP/OES chemical analysis;

BJH desorption cumulative Pore Volume in the range 1.7-300 nm;

‘Average Pore Diameter from APD=4-PV/SA;

“Calculated from X-ray diffraction: lattice parameter by the relation « = Vh% + k2 + 12 - (1/2 - sin 8);
CeQ, and Y,0; size by the Scherrer's equation of the CeO, (111) and Y,053 (222) reflections (in parentheses
data obtained after catalyst reduction).

Table 2. Experimental hydrogen consumption and reducibility from TPR profiles of the Ni-based

catalysts.
H, consumption®
(°C; mmolnz/gnio) d.”
Sample
Low temperature ~ Medium temperature ~ High temperature (%)
Total
peak peak peak
15Ni/CeO, 270; 1.30 350; 8.75 440; 3.11 13.16 98.3
TNi/Y203 200; 0.70 410; 6.26 500; 6.33 13.29 99.3
15Ni/Y203 210; 0.96 410; 5.56 505; 6.15 12.67 94.6
25Ni/Y,0; 240; 0.88 440; 4.47 515;6.22 11.57 86.4
35N/ 245; 0.54 460; 3.77 540, 6.53 10.84 810
Y,03

“Experimental H, consumption from ambient temperature to 600°C;

"Reduction degree of Nickel (d,) calculated from the ratio between experimental and theoretical H,
consumption. Theoretical H, consumption (13.39 mmolyy/gnio) was determined by assuming complete
reduction of NiO to Ni.



Table 3. XPS analysis of the as-prepared and used catalysts

: nature and surface distribution of Ni

species.
As-prepared Post-reacted
Catalysts - - - "
Ni(IT) (at. %) Ni(IT)* (at.%) Ni(II) (at. %) Ni" (at. %)

15Ni/CeQO; 37 63 67 33
15Ni/ALLO3 100 - 100 -

TNi/Y,03 67 33 n.d. n.d.
15Ni/Y,03 44 56 32 68
25Ni/Y,03 30 70 35 (39)° 65 (61)°
35N/ Y203 27 73 n.d. n.d.

n.d. = not determined;

“In parentheses data obtained after 200 h stability test.

Table 4. CO,-TPD analysis of the reduced catalysts: nature and distribution of basic sites.

CO; desorption (umolco,/g)
Sample Weak Moderate (150- Strong Basic site denszitya
(<150°C) 450°C) (>4500c) 10wl (molcox/m’)
15Ni/CeO, 11.87 2.89 41.60 56.36 2.74
15Ni/AlLO3 145.88 132.81 37.23 315.92 1.26
TNi/Y,03 69.66 74.08 10.70 154.44 3.79
15Ni/Y,03 39.27 57.65 7.12 104.04 5.39
25Ni/Y203 48.39 64.22 18.05 130.66 6.31
35Ni/ Y03 54.58 109.82 24.06 188.46 7.01

“Expressed as total basic sites per unit surface area of catalyst.



Figure 1. Nitrogen adsorption-desorption isotherms (a,c) and pore size distributions (b,d) of synthesized systems.
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Figure 2. XRD patterns of Ni-based catalysts supported on CeO,, Al,O;, and Y,0; oxides (JCPDS reference peaks of

NiAl,O,, Y,03, CeO,, and NiO also included).
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Figure 3. XRD patterns of as-prepared (a,b) and reduced (c,d) Ni/Y,0; catalysts with different Ni loading (JCPDS

reference peaks of NiO, Ni, and Y,0; also included).
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Figure 5. Representative TEM micrographs of reduced 15Ni/CeO, (a), 15Ni/Al,O53 (b), 15Ni/Y,0; (c), 25Ni/Y,04

(d,e), and 35Ni/Y,0; (f) catalysts.
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Figure 6. UV-Vis DRS spectra of Y,03-based samples (a) and band gap estimation via Kubelka-Munk theory for Y,0;

support (b) and Ni/Y,0O; catalysts (c).
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Figure 7. XPS analysis of as-prepared (a,b,c) and post-reacted (a,b,d) Ni/CeO, (a), Ni/Al,O; (b), and Ni/Y,0; (c,d)

catalysts.
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Figure 8. CO,-TPD profiles of synthesized catalysts: a) Ni-based catalysts supported on CeO,, Al,O3, and Y,0; oxides;

b) Ni/Y,0; catalysts with different Ni loading.
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Figure 9. Light-off curves of Ni-based catalysts supported on CeO, (a), ALO; (b), and Y,0; oxides (c). Activity
parameters expressed as CO and CO, conversions and CH, yield. Experimental conditions: T = 250-500°C; GHSV =

10,000 h™', and (Hy-CO,)/(CO+CO,) = 3.
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Figure 10. Light-off curves of Ni/Y,0; catalysts with different Ni loading. Activity parameters expressed as CO

conversion (a), CO, conversion (b), and CH, yield (c). Experimental conditions: T = 250-500°C; GHSV = 10,000 h',

and (Hy-CO,)/(CO+CO,) = 3.
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Figure 11. Representative TEM micrographs of post-reacted catalysts: 15Ni/CeO, (a-c), 15Ni/ALO; (d), and
15Ni/Y,0; (e) after activity test; 25Ni/Y,0; (f) after stability test.
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Figure 12. Effect of medium-strength basicity on the turnover frequency of CO, conversion over Ni/Y,0; catalysts.

Experimental conditions: T = 300°C; GHSV = 10,000 h™', and (H,-CO,)/(CO+CO,) = 3.
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Figure 13. CO and CO, methanation stability over 25Ni/Y,0Oj; catalyst. CO and CO, conversions and CH, as a function

of time-on-stream. Experimental conditions: T = 350°C; GHSV = 10,000 h™', and (H,-CO,)/(CO+CO,) = 3.
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