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ARTICLE INFO ABSTRACT
Keywords: The Carbon Capture and Utilization (CCU) option can be an efficient solution for CO, emission mitigation. To this
Heterogeneous catalysis end, we have investigated the carbon dioxide methanation at low temperatures. Highly active, selective, stable,

Carbon dioxide methanation
Nickel-based catalyst
Surface chemistry

Cerium promoter

low-cost catalysts are required for energy and carbon balance benefits. Supported nickel-based catalysts result as
the most studied and promising candidates showing a good compromise between performance and low prepa-
ration costs. The catalyst design role is key to obtaining the best performance, requiring many experiments and
optimisation procedures. Herein, the enhanced Montmorillonite MK10-supported Ni(0)Ce(III) catalyst, prepared
by consecutive hydrothermal and electrostatic adsorption methods followed by reduction under hydrogen flow,
was used in batch CO2 methanation, exhibiting 76 % of CO2 conversion with 100 % CH4 selectivity after 3 h. The
catalytic system reveals very high robustness preserving the same activity and selectivity for at least 5 reaction
cycles if compared with y-AlyO3-supported Ni(0)Ce(III) catalyst, the latter showing the same activity but only in
the first cycle. EDX, XPS, SEM, TPD, TPR, and BET characterisation techniques were used to elucidate and
evaluate the potential synergistic effect of the active metal centre-promoter-support interfaces, highlighting their
role in the activity and robustness of the catalyst, comparing the same effect using different alumina and silicate
solid supports. The effects of the reaction conditions on the methane yield and selectivity were also evaluated.

1. Introduction reaction (RWGS, Eq. (2), a secondary mildly endothermic process that
could occur during the methanation even favoured at low temperatures.
Atmospheric carbon dioxide mitigation is necessary to limit envi-

ronmental imbalances with serious consequences for human society. It GO5 + Hy 5 CO + H20 (AHjosx = 41 ki/mol) @)
requires gradual energy matrix replacement by increasing the contri- Thus, developing highly efficient, selective, and resistant catalysts
bution of renewable energies [1] and the simultaneous development of that work under mild reaction conditions can help bypass those limits. A
progressively efficient technologies for COy capture and conversion large number of catalysts have been proposed in the literature for CO-
(CCU), especially towards more valuable and usable products such as methanation, especially based on expensive noble metals, e.g. Ru, Rh,
fuels and chemicals [2-6]. In particular, the CO methanation, also Pd, and Pt [10-12], supported over mesoporous solids, displaying good
called the Sabatier reaction (Eq. (1)), being thermodynamically fav- activity and selectivity but with high process costs that restrict the in-
oured at low temperature and room pressure, can be considered a dustrial application. Among cheaper metals, nickel in the reduced state
promising process when coupled with green hydrogen production [7] is the most attractive due to the good compromise between availability
for hidden Power-to-Methane effort [8], also if kinetic hindrance limits and catalytic activity [13]. It is worth mentioning that Ni-based catalysts
its large-scale industrial application [9]. show some stability limits that are strongly dependent on their
CO + 4Hy 5 CHy + 2Hs0 ( AHgggx — -165 kJ/mol) ) C(.)mposition and the suited reaction cond.itions [14], especial.IY under
high temperatures. They are often susceptible to carbon deposition and

Another restriction is represented by the reverse water gas shift generally poisoning that can act as blocks for the catalytic active sites
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[15,16]. The high sensitivity to metal sintering which produces larger
particle sizes with a further decrease of the active surface area is also
important to consider [17]. As reported in the literature, for the carbon
dioxide methanation over Ni-based catalyst, the reaction efficiency and
the catalyst robustness are strongly influenced by different parameters,
such as Ni loading affecting the active metal particle size and conse-
quently the methane selectivity [18], the presence of a promoter that
can increase the catalyst-CO» interaction [19,20] and the nature of the
support, crucial for the metal dispersion and catalyst stability [21]. In
some cases, also the adopted catalyst synthetic procedure can affect the
efficiency and stability as observed by comparing the finely dispersed Ni
nanoparticles deposited on the surface of SiO, via strong electrostatic
interaction [22] and the use of a stabilizing agent during the nickel
particles dispersion [23]. In the present paper, we used the Strong
Electrostatic Adsorption (SEA) that exploits only the strong interaction
between metal and support permitting highly dispersed and ultrasmall
metal centre particles. Generally, increasing the nickel amount on the
support increases the catalyst activity but negatively affects the metal
reducibility and durability [24]. Working on the type of support, its
function, and the catalyst synthetic procedure, the right combination to
obtain a long-life catalyst should be the active metal amount and its
distribution on the support. Many studies have been reported on the use
of Ni-based catalysts over different supports, mainly based on alumi-
nates or silicates [24-26], but also CeO5 [27], in the presence or absence
of a promoter [28,29]. As already reported in the literature, the use of
cerium oxide as a support or promoter can positively affect the catalyst
efficiency for different reasons. Alarcon et al. demonstrate that improves
the nickel reductive ability and increases the catalyst basicity [30], Zhou
et al. highlighted the enhancement of catalyst thermal stability [31] and
Liu reports on the effect on the Ni interaction with Al,O3 [32]. Never-
theless, only a few examples have been reported comparing the sup-
port/promoter/active center potential synergistic effects using different
aluminate and silicate-derived solid supports, correlating their textural
and surface properties with activity and robustness [33-35]. In this
paper, we report on the preparation by the Strong Electrostatic
Adsorption method of a very active and robust highly dispersed Ce(III)
promoted Ni(0) catalyst supported over clay Montmorillonite K10 and
its application in the low-temperature carbon dioxide methanation, in
batch conditions. Montmorillonite K10 is a cheap 2:1 layer structured
alumino-silicate mineral with an ideal formula of
[(Al350-2.80Mg0.50-1.20) (Sig)O20(0H)41Nag.50-1.20 [36], consisting of a
dominantly Al-OH octahedral sheet sandwiched by two Si-O tetrahe-
dral sheets. Its composition and characteristic layered structure make it
suitable as support in CO, methanation. It exhibits specific properties
such as acidity, ion-exchange features, versatility, and easy recover-
ability [37]. The methanation reactions were performed in the batch
reactor to easily examine the effects of CO/Hj partial pressure, catalyst
amount, reaction time, and temperature with the catalyst activity.
Different analytical techniques, such as X-ray Photoelectron Spectros-
copy (XPS), Energy Dispersive X-ray fluorescence (XRF), Scanning
Electron Microscopy (SEM), Temperature Programmed Reduction and
Desorption (TPR and TPD), low-temperature nitrogen adsorption/de-
sorption (BET and pore volume measurements) were used to investigate
and compare the properties of the catalyst changing the supports.

2. Experimental
2.1. Materials and methods

Titanosilicate TS-1 and hydrotalcite (HDL) were prepared according
to the method described by Clerici et al. [38] and Perrone et al. [39]
respectively. Montmorillonite K10 (MK10), was purchased by Fluka.
Nickel(II) dinitrate hexahydrate Ni(NO3)2-6H50 99.999 % trace metals
basis, Ammonium cerium(IV) nitrate (NH4)2Ce(NO3)s >98.5 % (by
titration), Gamma alumina powder (y-Al;03) (max particle size 0.1
micron, 99.99 %) were purchased by Sigma Aldrich. High purity COy
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was withdrawn directly from a cylinder supplied by SOL and high pure
Hydrogen was produced by DBS Hydrogen generator NMH; 250.
Methane (2.5 of purity) used for the calibration curve, was purchased by
Nippon Gases.

2.2. Analytical methods

Quantitative determinations on the reaction solutions were per-
formed using a Thermo-Fisher gas-chromatograph (TCD-GC) equipped
with a Supelco Carboxen 1010 Plot capillary column. Catalyst surface
characterisation (BET, acid/basic sites, total pore volume, TPD and TPR)
was done using Pulse Chemisorb 2750 (Micromeritics) instrument
equipped with a Thermal Conductivity Detector (TCD). Bulk elemental
analyses (XRF) of all materials were performed using a Shimadzu EDX-
720 Energy Dispersive X-ray Spectrometer with an X-ray tube of Rh
target (5-50 kV) and Si(Li) detecting system. Scanning Electron Micro-
scopy (SEM) analyses were performed with a ZEISS VP300 EDAX Oxford
Instrument. Surface elemental and chemical speciation analysis (XPS)
were performed with a Versa Probe II Scanning XPS Microprobe spec-
trometer (Physical Electronics GmbH) using a monochromatized AlKo
source with an x-ray spot size of 200 pm and a power of 47.6 W. Wide
scans and detailed spectra were acquired in Fixed Analyzer Trans-
mission (FAT) mode with a pass energy of 117.40 eV and 46.95 eV
respectively. An electron gun was used for charge compensation (1.0 V,
20.0 pA). All binding energies were referenced to Cls at 284.8+0.1 eV
for adventitious hydrocarbon. Data processing was performed using
MultiPak software v. 9.9.0.8, 2018.

2.3. Synthesis of catalytic materials

2.3.1. Ni-based supported catalyst preparation

To synthesize different Ni-supported catalysts and to compare the
nickel-precursor/support affinity, the Strong Electrostatic Adsorption
(SEA) procedure was performed using the same support/nickel-salt mass
ratio under the same time of contact (the higher after which no more
nickel salt can be deposited at room temperature), as following reported.
Subsequently, the amounts of nickel bonded to the different supports
were measured.

500 mg of Ni(NOs3)2-6H20 (101 mg of Ni) were dissolved in 30 mL of
deionized water (the solution is emerald-colored) and added dropwise to
a stirred suspension of 500 mg of support in 30 mL of deionized water
(total dropping time: 30 min). The pH of the solution was kept higher
than point zero charges (pzc) (only in the case of HDL was used NaOH).
The obtained suspension was stirred at room temperature for 15 h and
then centrifuged to separate the liquid phase. The resulting solid was
washed with 2 x 3 mL of fresh deionized water and subsequently dried
in a water bath at 85 °C. Finally, it was ground and calcined in air at
500 °C for 3 h. After the calcination, the sample was cooled to room
temperature in a dry chamber and treated under Argon/Hydrogen
mixture flow (90 %-10 %, 30 mL/min) at 600 °C for 2 h to nickel
reduction.

2.3.2. Supported Ce oxide preparation

Microwave-assisted deposition was used to prepare Ce oxide-
supported, reducing the deposition time and costs. To compare the af-
finity of the different supports with respect to cerium oxide precursor,
the same support/cerium-salt mass ratio was used under the same
contact time, as reported below.

110 mg of (NH4)2Ce(NOs3)e (28 mg of Ce), were dissolved into 10 mL
of deionized water (solution appears of orange color). This solution was
added drop by drop and under stirring to a suspension composed of
1000 mg of support in 35 mL of deionized water (total dropping time:
30 min) and subsequently subjected to the microwave-assisted hydro-
thermal process (MWA-HT), in a hermetically sealed 100 mL Teflon
vessel at 110 °C for 1 h (500 W of the microwave power supply). After
MWA-HT, the suspension was cooled down to room temperature, and
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Table 1
Catalytic activities to evaluate the effect of time carried out at 260 °C.

Entry Cat CH, yield (%) -1h CHy yield (%) -3 h
1 Ni/TS1 0 0

2 Ni/HDL 30.9 31.6

3 Ni/MK10 24.2 44.2

4 Ni/Al,03 41.3 53.7

5 Ni/Ce/TS1 0 1.6

6 Ni/Ce/HDL 32.6 33.1

7 Ni/Ce/MK10 61.2 76.0

8 Ni/Ce/Al,03 63.3 78.2

the liquid phase was separated by centrifugation and siphoning. The
obtained solid was washed with 2 x 3 mL of fresh deionized water, then
it was dried at 85 °C. Finally, it was calcined, for 3 h, in air at 700 °C,
representing the optimal temperature with the best compromise be-
tween surface area, basicity and energy consumption, as highlighted in
Table S3 and already studied in our previous work [40].

2.3.3. Preparation of Ni/Ce oxide-supported catalyst

500 mg of Ni(NO3)2-6H20 (101 mg of Ni) were dissolved in 30 mL of
deionized water (solution is emerald colored) and added dropwise to a
stirred suspension composed of 500 mg of supported Ce oxide in 30 mL
of deionized water (total dropping time: 30 min). The pH of the solution
was kept higher than pzc (only in the case of HDL was used NaOH). The
suspension was then stirred at room temperature for 15 h and subse-
quently treated in a water bath at 85 °C until dry. The obtained solid was
ground and calcined in air at 500 °C for 3 h. At the end of calcination, the
sample was cooled down to room temperature in a dry chamber and
subjected to nickel reduction under Argon/Hydrogen mixture flow
(90 %-10 %, 30 mL/min) at 600 °C for 2 h.

2.4. Catalysts characterisation

All the samples were pretreated under Helium carrier flow (30 mL/
min) at 450 °C for 3 h. About 200 mg of sample were used under iso-
therms Ny absorption at -196 °C, followed by room temperature
desorption. The specific surface area (BET) was estimated using the
standard Brunauer-Emmett-Teller method. Single point adsorption at
p/p0 = 0.98 was used to determine the total pore volume (Vp). Analyses
of acid and basic sites were carried out using NH3 or CO5 as probe gas
respectively. The reducibility of catalysts was determined by the Tem-
perature Programmed Reduction (TPR) method using a 10 % Hy/Ar
mixture with a flow of 25 mL/min and a temperature-increasing pro-
gram of 10 °C/min. Water produced during the reduction was removed
using a cold trap (liquid nitrogen and isopropyl alcohol, down to
-110 °C). The TPR profiles were normalized to the amount of nickel
present.

2.5. Study of the catalytic activity

The CO; methanation was carried out in a batch system, using a
200 mL stainless steel autoclave equipped with a manometer for inner
pressure control, a glass reactor, and a sintered glass septum that permits
keeping the catalyst not in contact with the base of the reactor. Before
use, the autoclave was purged using vacuum and nitrogen flow cycles
removing air and moisture, completely. Then, the catalyst (500 mg) was
added, and the autoclave was closed and charged with CO/Hy mixture
(2 and 8 bar respectively). The reaction temperature was fixed using an
electric jacket, and a K-type thermocouple. The system was heated and
kept for the given time, as reported in Table 1. At the end of the reaction,
the autoclave was cooled to room temperature and, the gaseous mixture
analyzed through a TCD-GC. CO5 conversion and CHy selectivity were
measured using a GC calibration curve. The conversion of CO3 (y CO32),
and selectivity into CH4 and CO (y CHy, x CO respectively) were deter-
mined by using the following formula (mol CO; (in) is the number of
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Fig. 1. CH,4 yield as a function of reaction time (pH,/pCO, = 4, T=260 °C, m
catalyst = 500 mg, V reactor = 200 mL).

moles of starting CO5 in the reaction mixture; mol CO, (out) is the
number of moles of remaining CO; in the post-reaction mixture, mol CH4
and mol CO are the number of moles of produced CH4 and CO in the
post-reaction mixture):

mol CO;(in)-mol CO,(out)

= 1
1CO: mol CO,(in) *100
mol CH,4
e = ST CH, + mol co * 190
4O — mol CO 100

mol CH, + mol CO

All analytical data are considered as the average of at least three
replicates.

3. Results and discussion
3.1. CO2 methanation over different supported Ni(0) catalysts

As reported in the Experimental Section, all the catalysts were pre-
viously activated with hydrogen before their use in catalysis. Different
parameter spaces were studied in the reaction to optimise the conditions
and obtain higher CO3 conversion and CHy selectivity under relatively
low process cost.

Table 1 and Fig. 1 report the nickel catalyst’s performances in the
presence and absence of the promoter using 1:4 = CO2:H; molar ratio at
260 °C, the lowest temperature at which 100 % of methane selectivity
with high carbon dioxide conversion was achieved, carried out at
different reaction times. As shown in Table 1, it appears clear that the
catalytic activity was strongly dependent on the adopted support,

Il Ni/Ce/MK10

IR Ni/Ce/Al,O,

[4)]

I

N

-

number of cycles
w

0 20 40 60 80 1CI)0
Yield CH, (%)

Fig. 2. CHy yield vs. number of cycles of reaction (t = 3 h per cycle, T =
260 °C, without catalyst reactivation).
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Table 2

Surface properties and nickel content of the supports and catalysts.
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Species na *10°3 (mmol/ nb 1073 (mmol/ nb/ na/ SBET Pore Point zero Ni (% w/w) Ni Ni (% Ni dispersion
g) g) na nb (m?%/ vol. charge XRF (% at.) XRF (%)
g (cm®/g) at.)
XPS
TS-1 11.3 4.7 0.42 2.40 104.5 1.79 6.3 - -
MK10 23.4 2.7 0.11 8.67 180.8 1.29 4.7 - -
HDL 27.9 123.0 4.41 0.23 84.1 0.56 10.3 - -
Al,03 29.3 6.6 0.22 4.44 30.5 0.42 6.2 - - - -
Ni/TS—-1 49.7 0.8 0.02 62.1 172.4 0.88 - 2.73 2.40 523 2838
Ni/ 8.8 4.4 0.50 2.0 274.7 0.95 - 8.37 4.40 9.88 36.5
MK10
Ni/HDL 86.3 26.0 0.30 3.32 236.0 0.53 - 2.80 5.20 480 225
Ni/ 116.6 52.1 0.45 2.28 65.9 0.11 - 6.24 11.10 8.33 154
Al,03

Acid and basic sites values were measured by NH3 and CO, room temperature chemisorption and TP desorption techniques respectively; the surface area was measured
by low-temperature N, physisorption and desorption; surface nickel content was measured by XPS technique; overall nickel content was measured by EDX analysis;

Point Zero Charge was measured by titration method; Ni dispersion was calculated by room temperature H, chemisorption.
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Fig. 3. Correlation between support’s acidity and (a) catalyst’s overall Ni content, (b) catalytic activity with catalyst basicity, and (c) Ni dispersion. (d) Effect of Ni

overall amount on the catalytic activity.

resulting higher for Ni over Aly03 (53.7 % of CO; conversion after 3 h)
and practically absent under the same conditions when nickel was
supported on titanosilicalite.

The effect on the catalytic activity of the addition of a small amount
of Cerium oxide (<1 % w/w of cerium) as a promoter was also evaluated
highlighting that an increase in methane yield was observed when Al,03
and MK10 were used as support, reaching after 3 h 78.2 % and 76 % of
CH4 yield respectively. Only a slight effect was observed using HDL,
while no influence was remarked on adding Ceria to the TS-1-supported
catalyst. In all cases, the methane selectivity was 100 % up to 3 h of
reaction. It is worth noting that Ni/Ce/Al,03 and Ni/Ce/MK10 are the
most active catalytic species, also if they exhibit different behavior in

terms of lifetime. On both catalysts, recyclability tests were carried out
to demonstrate the robustness of Ni/Ce/MK10 also without a reac-
tivation procedure. The results shown in Fig. 2 remark that Ni/Ce/MK10
was reusable for 5 subsequent cycles (at least) maintaining almost the
same activity (15 h total), while Ni/Ce/Al,O3 significantly decreased its
activity already in the second cycle. Overlapped Ni2ps,» and Ce3d XP
spectra of the calcined and reduced Ni/Ce/MK10 catalysts, analyzed
before the reaction and after 5 cycles confirmed that the nickel and
cerium oxidation states do not change , as evidenced in Fig. S1, but is the
number of active sites that tend to decrease in time.
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Fig. 4. Curve-fitted Ni2p3,, XP spectra of (a) calcined and (b) reduced Ni-catalysts. The multiplet splitting of the different Ni surface species is identified in the

color code.

3.2. Studies on textural and surface properties of supported-Ni catalysts
in the absence of the promoter

Table 2 shows some textural properties of both fresh supports and
nickel-supported. As can be noticed about fresh supports, suitably
selected as alumina and silicate derivatives solids, they show different
features such as acid/basic sites molar ratio (na/nb), point of zero
charge, surface area, and total pore volume which result in specific ef-
fects on the catalyst design, like active metal loading, particle size, and
metal reducibility that are following evaluated.

The Strong Electrostatic Adsorption (SEA) method was used to
obtain ultra-small nickel particles deposited on different supports,

starting from the same amount of support and nickel precursor. They
were reacted under the same conditions adjusting the pH above the
point of zero charge obtaining different nickel loadings (Table 2), with
Ni/MK10 exposing the highest amount (8.37 % w/w) and NI/TS1 the
lowest (2.73 % w/w). Examining some correlations (Fig. 3a-d), it is
possible to observe that the support acidity (in terms of na/nb) increases
the amount of deposited nickel (Fig. 3a), probably because of the
extensive presence of H®" groups on the support that promotes the
interaction with nickel cations in the aqueous medium through a
cationic exchange better than a real impregnation [41], as also
confirmed by the support point of zero charge. Such nickel loading, as
expected, appears strongly connected with the catalytic activity (Fig. 3b)
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Table 3

Journal of CO2 Utilization 89 (2024) 102962

XPS BE values and atomic relative abundances of the different Ni species on the surface of calcined and reduced catalysts.

Calcined catalysts

Reduced catalysts

NiO-like species Ni-Aluminate, Ni(0) NiO-like species Ni-Aluminate,
Ni-Silicate species Ni-Silicate species

BE Ni2ps/o rel. ab. BE Ni2ps,o rel. ab. BE Ni2ps,» rel. ab. BE Ni2ps/o rel. ab. BE Ni2ps/o rel. ab.

(eV) (%) (eV) (%) (eV) (%) (eV) (%) (eV) (%)
Ni-Al,03 854.1+0.1 64+3 855.8+0.1 36+3 852.1+0.1 3245 853.8+0.2 57+2 857.3+0.1 1245
Ni-MK10 854.6+0.1 62+1 856.4+0.2 38+2 852.7+0.1 40+4 854.2+0.2 48+8 857.1+0.1 13+4
Ni-TS1 854.7+0.1 66+2 856.3+0.1 34+3 n.d. n.d. n.d. n.d. n.d. n.d.
Ni-HDL 854.9+0.1 39+1 855.7+0.1 61+1 852.24+0.1 10+2 854.3+0.1 81+6 857.3+0.1 -

also if, Ni/MK10 shows slower kinetics, enhancing Ni/HDL activity after
one hour of reaction. Fig. 3c highlights that the best performance of the
Ni/Al,O3 catalyst, containing the second higher amount of nickel, is
probably due to the low metal dispersion on the support surface, with a
negative effect on the robustness of the catalyst itself (see Fig. 1).
Moreover, if the deposited Ni amount increases with the support acidity,
the overall catalyst basicity plays a key role in methane formation, as
expected when CO; is involved [42] (Fig. 3d). This explains why Ni/TS1
results inactive even if, it contains nickel.

Additionally, the effect of nickel incorporation on different supports
was evaluated by BET Surface Area (SSA) and Total Pore Volume (TPV)
variation after metal loading, which is generally related to the formed
NiO crystallite particle size obtained during calcination. As expected,
both values resulted larger for zeolitic and layered solid materials than
for porous ones, following the trend y-Al,O3<HDL<TS1<MK10, as
shown in Table 2.

In all cases, the SSA increased, and this feature can be attributed to
the simultaneous effect of calcination, which reduces the solid gran-
ulometry [43,44], and of new geometrical efforts due to NiO crystallite
formation on the support surface [45,46].

On the other hand, TPV displayed an opposite behavior with a
decrease after nickel loading that suggests a partial pore or interstitial
space occupation. This feature is less evident in Ni/HDL and can be
explained by considering that nickel was preferentially deposited on the
external surface of HDL and not in the internal layers, generally prone to
anionic exchange.

This evidence was supported by X-ray Photoelectron Spectroscopy
(XPS) and Energy Dispersive X-ray fluorescence (XRF) used for ana-
lysing the composition of all the catalysts at different sampling depths
(Table 2).

Ni/MK10 exhibits the highest nickel content, high SSA, and high TPV
(274.7 m?/g and 0.95 cm®/g respectively) revealing that the nickel
centres are present both on the surface and internally (4.4 % as detected
by XPS and 9.88 % atomic abundance as observed with XRF analyses),
according to a good NiO dispersion. Ni/AlyO3 contains less amount of
nickel (6.24 % w/w) depicting as expected, low dispersion (11.1 % on
the surface) because of its lower surface area (65.9 mz/g). Considering
its scarce acidity, Ni/HDL shows a lower Ni content (2.80 % w/w).
Moreover, despite the layered structure and high surface area (236 m?%/
g), it contains nickel mainly on the surface (5.2 % versus 4.80 % atomic
abundance up to the bulk), showing a low interlayer penetration of
nickel cation. Conversely, Ni/TS1 displayed Ni center, especially in the
internal part. This trend is consistent with the values obtained by Hp-
chemisorption (Table 2). Detailed XPS investigations on Ni chemical
speciation performed before and after the reduction procedure, allowed
us to gather deep information about the different interactions between
the formed nickel oxide and the various supports. Specifically, high-
resolution XP spectral regions were investigated, and curve-fitted to
understand the possible species that occurred on the catalysts. The re-
sults are presented in Fig. 4 and Table 3. Ols XP spectra curve fitting
permitted to exclude the presence of Ni-hydroxide species on all the
calcined catalysts (that are typical of not complete salt precursor
degradation), while the nonlinear least-squares curve fitting procedure

of Ni2p3/» spectral regions on the same samples, allow us to identify the
multiplet splitting of two different Ni chemical environments [47]
(Fig. 4a). Based on the BE values and the relative intensities of the sat-
ellites and the main peak, they were ascribed to NiO-like and
Ni-Aluminate or Ni-Silicate-like species (Table 3), in agreement with
what was previously reported about Ni interaction with silica- and
alumina-supported catalysts [48-51].

As displayed in Table 3, calcined Ni/Al,O3, Ni/MK10, and Ni/TS1
show the highest content of NiO-like species, while Ni/HDL is the
lowest. Despite this peak component identifying a weaker bonded Ni%*
chemical environment, the BE value increase from Ni/Al,O3 to Ni/HDL
suggests an increasing interaction as the environment becomes more
electronegative. Moreover, the BE value relative to the second Ni
component, less weakly bonded to support than NiO-like species and
ascribable to both Ni-Aluminate and/or Ni-Silicate species does not
follow the same trend but, it results in almost the same for alumina-
containing supports (Ni/AlO3, Ni/HDL) and higher for silica- and
aluminosilicate-based one (Ni/TS1, Ni/MK10).

These findings could be explained considering the well-known
behavior of Ni that interacts with aluminate- and silicate-containing
support diversely, resulting in nickel species occupying different sites
[48]. Hercules et al. demonstrated that nickel species weakly interacting
with support are thought to be located in octahedral sites and are easier
to reduce than Ni located in tetrahedral sites, exhibiting a higher binding
energy [48]. So, according to previously reported in the literature [50,
51], the Ni component at BE=856.4+0.2 eV obtained in Ni/MK10 re-
sults compatible with Ni-(tetrahedral)silicate interaction (it should be
noted that Ni-(octahedral)aluminate signal if present, would be
eclipsed). A further confirmation arises from the BE values of Al2p and
O1s peak components. In the Ni/MK10 catalyst, Al2p signal is shifted
towards lower values (74.7+0.2 eV) with respect to bare MK10 (75.3
+0.1 eV) highlighting an interaction with nickel; at the same time, the
O1ls signal presents the first peak at BE=532.7+0.1 eV, typical of
aluminosilicate species, and a second peak at BE=530.6+0.2 eV (here
called Oox), when Ni is supported. The latter is at higher energy than
O-Ni of bulk oxide and therefore suggests a more electronegative
chemical environment due to interaction with the silicate moiety of
MK10 support. This Ols peak component has also been observed in
Ni/TS1 catalyst, demonstrating that it is unequivocally due to Si-O-Ni
interactions (see Fig. S2 and Table S1 for Ni to Oox ratio). This finding is
in line with the penetration of nickel not only in the MK10 internal
layers but, also, in its aluminosilicate structure, affording a better nickel
dispersion.

3.3. Reducibility of Ni-supported catalysts in the absence of promoter

The “NiO species” reducibility in the Ni-supported catalysts depends
on its interaction with support. This is mainly due to its arrangement on
the support structure after calcination, producing particles with
different sizes and dispersion [52]. In principle, a higher reduction
temperature would be expected for highly stabilized nickel species and
generally, three kinds of reducible NiO species can be revealed, namely o
(300-550 °C), B (550-700°C), and y (> 700°C) [53]. Linear
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Fig. 5. TPR profiles of free nickel oxide and supported NiO.

temperature-programmed reduction Hy,-TPR was carried out to analyze
the reduction of the NiO species dispersed on different aluminate or
alumino-silicate supports (Ni/TS1 was excluded in such investigations
considering its low catalytic activity). The TPR profiles of samples
calcined at 550 °C are shown in Fig. 5 and they were deconvoluted
applying Gaussian-type deconvolution. The “free NiO” curve was
included for comparison whilst bare supports showed no reduction
peaks in the studied temperature range, as reported in the literature
[54]. The complete reduction of nickel-based catalyst is achieved by
increasing the temperature up to 800 °C. This was confirmed by TPR
analysis carried out on the reduced catalyst. The “free Ni oxide” TPR
profile shows a maximum peak at 352 °C [55]. Ni/MK10 and Ni/Al;O3
TPR curves present three deconvoluted reduction peaks, all with the
maximum in the a-type range. In particular, Ni/MK10 shows the first at
a temperature lower than that of “free NiO” (330 °C) assigned to NiO
crystallite surrounded by electron-rich species that attributes a spillover
effect that improves the reducibility promoting the reaction with
hydrogen; a second peak at 439 °C relative to the reduction of Ni%*
species positioned in the octahedral alumina sites (the only one present
in the MK10) and a third at 520 °C for Ni?" interacted with silicates.
Ni/Aly03 shows the first peak at 363 °C similar to those displayed by
“free NiO” and assigned to NiO crystallite reduction exhibiting a mini-
mal interaction with support and two reduction peaks at 439 and 461 °C
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Table 4
XRF and XPS cerium elemental analysis for different Ce/support species.
Entry Species Ce (% w/w) Ce (% at.)
XRF XPS
1 Ce/MK10 0.66 3.5
2 Ce/HDL 0.65 0.2
3 Ce/Al,03 0.50 1.1

relative to Ni?* interacting with alumina octahedral and tetrahedral
sites respectively, in line with our XPS results on the calcined samples
and with what was reported by Molina et al. [56].

The Ni/HDL conversely exhibits mainly a single and broad peak in
the zone of p and y-type, typical of strong interaction with support NiO
and NiAl,Oy4 spinels [57].

TPR experimental findings were compared and corroborated by XPS
measurements. After the reduction process, a further chemical envi-
ronment was ascertained in Ni2ps» XP spectra of all the catalysts
(Fig. 4b); it was attributed to Ni(0) species that show different abun-
dance depending on the support (see Table 3 for BE, peak components
attribution, and relative abundances). Considering both data from XP
spectra and relative abundances of calcined and reduced samples re-
ported in Table 3, it is evident that changing the support resulted in a
different distribution of Ni species leading to various amounts of
reduced nickel. Our experimental results agree with what is reported in
the literature where the higher the NiO-like species abundance, the
higher the Ni reducibility [48]. In addition, Ni/HDL yielded the lowest
amount of Ni(0) due to both the lowest NiO-like abundance and its
highest BE value. This behavior, in line with what was reported by Hurst
et al. [58], confirms the strong correlation between the support
composition and structure, the nickel loading, its dispersion, and spe-
cific interactions with support, with consequent effects on the reduc-
ibility and therefore on the catalytic activity. Generally, the reduction of
a homogeneously supported metal oxide proceeds through nucleation
with the reduction of individual metal ions followed by surface diffu-
sion. Such a process may be hindered by strong metal/support interac-
tion reducing the mobility of metal ions.

3.4. Effect of the promoter on the activity, reducibility, and basicity of
catalysts

Both CO; conversion and, CH4 selectivity can be affected by the
presence of promoters in the catalyst [59-61], which improve textural
features and surface properties playing as electron modifiers, especially
in the CO; chemisorption [62]. Cerium oxide exhibits this behavior, and
although it is not particularly cheap, it was widely used directly as a
support due to its high oxygen storage capacity and large oxygen
mobility resulting from the rich defect chemistry [63-67] that increases
the CO; interaction. In this work, it was used in a low amount as a
promoter (less than 1 % w/w of Ce, see Table 4) [68] and the obtained
Ce-loaded supports were subsequently interacted with nickel salt by SEA
to afford, after calcination and reduction, the Ni(0)/CexOy/support
materials tested as catalysts under different reaction conditions and
compared with not promoted nickel species.

Also, the cerium oxide/supports affinity were evaluated, through
XRF and XPS analysis, measuring the overall and surface cerium loading.
The SEA method, used under microwave-assisted conditions, permitted
the loading on the support, after only 1 h of treatment, of the maximum
amount of cerium. As reported in Table 4, the cerium amount was
practically the same in the case of HDL and MK10 (0.65 % and 0.66 %
w/w respectively) and slightly less in the AlyO3 (0.50 % w/w). Con-
cerning the surface atomic abundance (XPS measurement) the trend is:
Ce/HDL<Ce/Al,03<Ce/MK10. XPS investigations on the same samples
show that cerium dispersion on the two-layered structures appears
completely different. This was not true for the porous alumina for which
the deposition occurs only on the surface. A preferential cerium presence
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Table 5
Surface properties and nickel and cerium content of the catalysts.
Entry Species na *107° (mmol/g) nb *1073 (mmol/g) nb/na SpET Pore vol. Ni (% w/w) XRF Ni (% at.) Ce (% w/w) XRF Ce (% at.)
(m%*g)  (cm®/g) XPS XPS
1 Ni/Ce/MK10 1.9 4.9 2.60 99.5 2.28 1.97 1.8 0.40 2.5
2 Ni/Ce/HDL 31.5 66.5 2.11 78.2 0.39 1.40 2.7 0.48 0.6
3 Ni/Ce/Al,03 41.6 3.6 0.08 20.1 0.08 0.40 10.4 0.14 1.3
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Fig. 6. Comparison between BET surface area (a) and TPV trend (b). In the sequence from left to right: support, Ni/support, and Ni/Ce/support species. Blue line for

Al,03, grey line for HDL and green line for MK10 support.

in the internal layers was observed for the hydrotalcite support, prob-
ably because of its anion exchanger ability [69] in which [Ce(NO3)e] x
complex intercalation was promoted by microwave treatment. This
finding is in accordance with its slight increase in the catalytic activity
observed after the cerium oxide loading because, conversely, nickel was
preferentially deposited on the external surface, limiting their potential
synergistic effect. In the case of MK10, cerium appears homogeneously
located on the surface and between layers as observed for nickel.
Moreover, looking at the BE position for the Ce3ds,» main peak, it was
shifted towards higher energies than bulk CeO; for both the calcined
Ce/Al;03 (882.94+0.1 eV) and Ce/MK10 (883.5+0.1 eV), with a more
evident shift for the latter, meaning a more intense Ce-support interac-
tion. In addition, it can be highlighted the dissimilar cerium-alumina
interaction mode, revealing two different cerium chemical environ-
ments on Ce/Aly03, and almost exclusively CeO5 on Ce/MK10 (u and v
refer to the 3ds,2 and 3ds/3 spin-orbit components, u”>’ and v’ for cet?,
v’ for Ce31) (see Fig. S3). Table 5 reports the Ni and Ce elemental
analysis and some surface properties of the studied catalysts.

Considering data reported in Tables 2 and 5 it can be observed that
for all the tested catalysts, the BET surface area variation follows a
similar trend changing the support (Fig. 6a), with an increase when only
nickel was added and a decrease when cerium and nickel were depos-
ited, indicating that the formed crystallites size are very similar on all
supports, in accordance with SEM analysis.

Moreover, different behaviors have been observed considering the

it

Total Pore Volume variation trends (Fig. 6b). When Al,03 was used as
support (lowest TPV value), both nickel oxide and cerium oxide were
deposited on the surface covering most of the pores (not sensitive dif-
ferences are shown adding only nickel or both cerium and nickel
consecutively).

When HDL was used as support, no decrease of TPV was measured
after nickel deposition and only a modest decline when cerium and
nickel were deposited, highlighting that a preferential deposition of the
two metals in different areas of the support occurs (the cerium oxide
shows a slightly larger effect due to both its favoured interlayer depo-
sition and to its larger pore size if compared to nickel oxide crystallites).

A different behavior was observed by using MK10 as support. In the
Ni/Ce/MK10 catalyst, to a decreasing value of SBET, obtained for the
partial interlayer occlusion especially due to the cerium oxide crystal-
lites, a simultaneous increase of TPV was measured as a consequence of
a probable widening of the interlayer distance [70] and in accordance
with the Wheeler’s equation d(nrn):4000*V(mL/g)/S(mz/g), suggest-
ing a better distribution of both metals along the support. SEM analysis
(Fig. 7a-c) of calcined catalysts was carried out to understand the
morphological features of the materials.

The SEM images confirm the different NiO distributions over the
three supports: in Fig. 7a is evident the NiO coverage on the Al,O3
support surface in which cerium oxide cannot be distinguished; Fig. 7b
shows the bigger crystallites of cerium oxide over which little crystallite
of NiO are positioned and in Fig. 7c are evident only spot crystallites of
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Fig. 7. SEM images of calcined Ni/Ce/Al,03 (a), Ni/Ce/MK10 (b), and Ni/Ce/HDL (c) catalysts at 15.00Kv.
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NiO.

The promoter effect on the catalysts was evaluated measuring their
reducibility and basicity. The TPR plots are displayed in Fig. 8.

In the presence of cerium, the reducibility of nickel oxide seems
modified. Comparing TPR profiles reported in Figs. 5 and 8, it is possible
to observe that both Ni/Ce/Al,O3 and Ni/Ce/MK10 show the same
reduction peak at 330 °C relative to the “crystallite NiO-like” of a-type,
with an improving effect in the case of Ni/Al,O3 which increases part of
its reducibility. Conversely, at higher temperatures, a different behavior
was observed. Ni/Ce/Al,03 also shows a reduction peak at 553 °C which
is attributed to the reduction of Ni/Ce biphasic oxide, in which nickel
species interact with the CeO; lattice [19]. Two reduction peaks are
present in the case of Ni/Ce/MK10. One appears shifted towards a lower
temperature (402 °C) with respect to the second peak revealed without
promoter (439 °C), meaning that the NiZ* species positioned in the
octahedral alumina sites are not involved in a direct interaction with
cerium oxide, but it is indirectly affected by its presence due to the
variation of the chemical surroundings, as confirmed by XPS and the
reduction appears facilitated. The second signal at 570 °C can be
attributed to Ni/Ce biphasic oxide reduction, suggesting a better
dispersion on the support of nickel and cerium oxides. The TPR analysis
on the HDL-supported catalyst appears roughly similar to that in the
absence of cerium oxide, confirming that the two oxides are deposited
on two different areas of the support. XPS analyses performed on
calcined Ni-Ce- samples highlight that in the case of Ni/Ce/AlyOs,
Ni2ps,», and Ols spectra show only the typical peak components of bulk
NiO, as evident from signal line-shape and BE values (Fig. S4) [71]. Also,
the Ce signal is absent on the surface (Fig. S4), despite XPS
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Fig. 9. Curve-fitted Ni2p3,» XP spectra of reduced Ni/Ce-catalysts. The multi-
plet splitting of the different Ni surface species is identified in the color code.

measurements before nickel loading, whereas EDX analyses on
Ni/Ce/Al,03 revealed its presence. This suggests that nickel deposition
on alumina in the presence of the promoter leads to a preferential
stratification of Ni species onto cerium ones. Differently, Ni2p3,» and
O1s XP spectra of Ni/Ce/MK10 show peak components ascribable to Ni
interaction with the support (Fig. S5).

In particular, we observed a single Nickel environment with the main
peak at BE=856.9+0.1 eV, mainly attributable to Ni-silicate interaction
(Ni-aluminate interaction if present is covered) [50,72,73]. Interest-
ingly, the O1s spectral region evidenced a peak component at BE=530.2
+0.1 eV, absent in Ni/Al,O3 and Ni/Ce/Al;0O3, and compatible with
Nickel oxides species affected by silicate environment. The same shift
towards lower BE was observed for the Al2p peak as seen for the
Ni/MK10 catalyst. Ce signals are detected, allowing us to hypothesize
that Ni deposition leads preferentially this metal to interact with the
support instead of Ce. After the reduction, Ni(0) is present on both the
catalysts (Ni/Ce/AlyO3 and Ni/Ce/MK10), along with the other Ni
chemical environments detected on the reduced Ni-supports surface
(Fig. 9).

The Ni2p3/» curve fitting provided a relative abundance of the
reduced Nickel species of 52+7 % for Ni/Ce/Al;03 and 39+5 % for Ni/
Ce/MK10. Although the XPS speciation analyses on the reduced samples
revealed the presence of cerium exclusively as Ce(III), the TPR signals of
cerium are not detected [74], probably due to their low quantity and are
covered by those of nickel. It is worth mentioning that due to the syn-
thetic procedure (SEA), the amount of cerium oxide present on the
surface of the support is low (Table 4) and when MK10 is used, it is
completely reduced to Ce(III). Interestingly, the most important effect of
the cerium oxide addition was observed in the acid/base properties of
the catalyst (Tables 2 and 5), especially in the case of Ni/Ce/MK10 in
which the increase of basicity is much more evident with respect to the
other systems. As was highlighted in Fig. 1 the presence of cerium oxide
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increases the interaction of the catalyst with carbon dioxide. This was
demonstrated through CO, adsorption/desorption analysis on MK10,
Ni/MK10 and Ni/Ce/MK10. Table S2 and Fig. S6 summarize for com-
parison the CO2-TPD analysis.

The cerium oxide loading not only increases the amount of adsorbed
carbon dioxide improving the catalyst basicity but at the same time it
favours the formation of medium-strength basic sites (480 °C desorption
temperature, absent in the Ni/MK10 catalyst) that are traditionally the
most active sites in the CO, methanation [75] increasing the carbon
dioxide adsorption and its availability in the reaction with hydrogen
over nickel.

4. Conclusions

In this study, a robust Ni(0)/Ce203/MK10 catalyst was prepared and
successfully used in the methanation of carbon dioxide obtaining 76 %
of COy conversion with 100 % CHj selectivity at 260 °C after 3 h,
remaining active at least for 5 cycles without reactivation requirement.
Its catalytic activity and long lifetime were explained by correlation with
textural and surface properties and compared with Ni/Ce catalysts
supported on different aluminate and silicate-derived species. It was
demonstrated that under low nickel and cerium loading conditions
achieved through hydrothermal and impregnation, the correct ratio
acidity/basicity, the best BET surface area and pore volume were ob-
tained, a good metal center and promoter dispersion along the support
allowing us to produce a very active and robust catalyst. We have also
observed that less than 1 % cerium oxide increases the medium strength
basic sites on the catalyst with a positive effect on CO; activation.
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