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ABSTRACT

The CO; methanation mechanism over the highly active (TOF=75.1 h’l), selective (>92%) and stable 10%
LaNiO3/CeOz-derived catalyst is still unresolved. The surface of the catalyst is monitored under hydrogenation
(Hy), oxidizing (CO2) and CO, methanation (Hz +CO3) conditions by near ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS) using synchrotron radiation. Meanwhile, the main reaction intermediates are identified
by in situ FTIR analysis. NAP-XPS experiments confirm that LaNiOs perovskite reduction leads to the ex-solution
of Ni’ nanoparticles and Ni>*—CeO,_y and Ni>*—Lay0j interfaces conformation, favouring the CO, adsorption
and the Hj dissociation/transfer. In situ FTIR experiments combined with the C1s spectra (NAP-XPS) suggest that
the CO2 activation occurs on CeOz_y (oxygen vacancies and OH") at low temperatures, in the form of bi-
carbonates; whereas, mono-/bidentate carbonates are formed on different strength LayO3 sites at increasing
temperatures. These species are consecutively reduced to formates, as the main reaction intermediate, and

methane by the H spilled from Ni® nanoparticles near to NiO—CeO,_x and NiO—LayO3 interfaces.

1. Introduction

The exponential increase in the demand and consumption of fossil
fuels has led to rising levels of CO concentration in the atmosphere up
to reach 420 ppm in 2022, which in turn results in global warming and
environmental pollution [1,2]. To achieve the targets of the Paris
Climate Convention, different technological alternatives are developed
to enable a feasible and gradual transition from carbon-based to
renewable fuels [3,4]. Over the past few years, CO5 capture and utili-
zation (CCU) technology has been regarded as one of the most promising
strategies since it can be considered carbon-neutral, contributes to
mitigate the fluctuations of renewable energies and significantly reduces
the processing costs with respect to CO2 capture and storage (CCS). One
of the most viable and sustainable CCU alternative is the CO5 valor-
isation in the form of methane (Eq. 1) [5], since this reaction does not
require additional heat input and the synthetic natural gas (SNG) pro-
duced can be stored and transported through existing natural gas
infrastructure [6-8].

CO, + 4H,2CH, + 2H,0 AH’ = —164 kJ mol™! @
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Reducing the eight electrons of CO, to CH4 with hydrogen at low
temperatures involves kinetic limitations. The pursuit of active and se-
lective catalysts is essential to accelerate the reaction kinetics advancing
towards industrial applications. Ni-based formulations usually present
the best activity to cost ratio [9,10]. However, conventional preparation
methods used for the synthesis of supported metal catalysts (i.e., vapour
infiltration and impregnation) often lead to large and heterogeneous
particle size distribution [11]. As a result, Ni-based catalysts suffer from
limited catalytic activity at low temperatures, metal sintering, oxidation
at high temperatures and favour carbon deposits formation.

Considering the concept proposed by Daihatsu and Toyota [12], the
in situ growth of Ni NPs from a perovskite host (LaNiO3) has emerged as
a promising strategy to obtain active, selective and stable catalyst for
large-scale industrial applications involving the COs methanation re-
action [13]. Based on the promoting effect reported in the literature
[14-22] for CeOy-supported catalysts with respect to TiOs-, Al;03- and
ZrOy-supported counterparts, we recently explored the viability of
supporting LaNiOs perovskites over CeO, (10-50% LaNiO3/CeO5) as a
simple alternative for obtaining highly active and stable materials for
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the CO5 methanation reaction [23]. Specifically, the 10% LaNiO3/CeO»
precursor provided a catalyst with remarkably superior conversion of
CO, to CHy4 and stability compared to that of the conventional Ni/CeO4
catalyst in the CO, methanation reaction.

Several perovskite-derived formulations (Table 1) have been devel-
oped for the COy methanation [24-38]. However, only preliminary
mechanistic studies have been carried out on these novel materials.
Wang et al. [25] suggest that the reaction towards CH4 formation goes
through the C-O dissociated of HCOO* species over PdO/LaCoOs cata-
lyst. Re et al. [26] and Suk-Lim et al. [28] proposed CO route as the most
plausible reaction mechanism for the CO, methanation on La; 5Ceqs.
NiO4—derived and Laj_xCayNiOs-derived (with x = 0-0.6) catalysts.
Zhang et al. [31] proposed that the Ce incorporation in the
Al;_4CexNiO3 (with x = 0, 0.1, 0.2 and 0.4) structure modifies the COy
methanation mechanism from CO route to formate intermediate
pathway. Do et al. [37] preliminary analyzed the reaction intermediates
on Ni; 4CayTiO3/Al;03-derived catalyst and suggest that CO, metha-
nation occurs by a combination of CO and formate routes, in which
formates are firstly formed from carbonates adsorbed on CaO and, then,
dissociated to CO, which is consecutively hydrogenated to COH — CH20
— CH30 — CH30H — CH4. However, these studies are usualy based on
common characterization techniques, such as CO2-TPD as well as ex situ
XPS and/or DRIFT/FTIR spectroscopies. As a result, the CO, methana-
tion mechanism on these novel materials and the detailed roles of
different active phases still remain unclear and strongly depends on
catalyst composition.

In situ studies are essential for detecting surface reaction in-
termediates and active phases that are present under the reaction con-
ditions [39]. In this regard, the dynamic of the main reaction
intermediates involved in the reaction pathway can be identified
through in situ FTIR experiments. On the other hand, in situ near ambient
pressure X-ray photoelectron spectroscopy (NAP-XPS) with synchrotron
radiation is a powerful tool to identify the chemical states of the active
catalysts under different reaction conditions, which aids in revealing the
catalytic reaction pathways [40-43]. Considering this background, the

Table 1

Overview of perovskite-based precursors reported in the literature as well as
their corresponding Ni contents (Ni), weight hourly space velocities in the
literature for the CO, methanation (WHSV), temperatures at which a 50% CO,
conversion is obtained (Tsp) and turnover frequencies (TOF).

Formulation Ni, WHSV, L Tso, TOF, h! Reference
% g lht oC

LaFeg gNi 203 4.9 30.0 460 n.a. [24]

PdO@LaCoO3 n.a. 18.0 n.a n.a. [25]

Lag sCe; sNiOy4 11.2 1.1 275 na. [26]

LaCog 7Nig 303 n.a. 2.4 n.a. n.a. [27]

Lag ¢Cag 4NiO5 273 162 272 91.7 [28]
(235 °C)

LaKNiO3 26.9 48.0 240 n.a. [29]

Rh/LaAlj 92Nig 003 n.a. 48.0 280 15.8 [30]
(330°C)

Alp gCe 2NiO3 48.9 48.0 185 18.1 [31]
(175 °C)

Ni/CaTiO3 2.2 48.0 260 n.a. [32]

30% LaNiO3/SiOy 9.4 6.0 245 n.a [33]

30% LaNiO3/SiOy 9.3 60.0 325 n.a [34]

(MCF)

LaNig g3M0g.1703/S8i02 5.9 15.0 280 65.9 [35]
(200 °C)

LaNig.95C00,0503/Si02 20.0 60.0 370 n.a [36]

(MCF)

Nig.95Cag.05Ti03/Al;03  11.0 0.6 365 68.4 [37]
(400 °C)

Lag.oCeq,1NiO3/ZrO, 7.2 15.0 232 17.3 [38]
(200 °C)

10% LaNiO3/CeOo 2.8 30.0 315 75.1 This work
(250 °C)

" Estimated according to Eq. 5.
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combination of in situ NAP-XPS and FTIR experiments under simulated
reaction conditions could be a smart solution to elucidate CO5 metha-
nation mechanism over these novel formulations.

Herein, we report a thorough mechanistic investigation of the CO3
methanation reaction on highly active, selective and stable 10%
LaNiO3/CeOs-derived catalysts using advanced techniques, such as in
situ NAP-XPS and FTIR. Special attention was paid on identifying the
nature of different active sites and the role of different intermediates to
propose the dominant CO, methanation pathway over the novel 10%
LaNiO3/CeOs-derived catalyst. These insights into the reaction mecha-
nism may be of great help to develop a kinetic model that could accu-
rately predict the catalytic behaviour of this novel catalyst for CO,
methanation under industrially relevant conditions and for designing
novel formulations with enhanced activity, selectivity and stability in
the CO5 methanation reaction.

2. Experimental
2.1. Preparation and characterization of the perovskite-based precursor

The 10% LaNiO3/CeO; precursor was prepared by combining citric
acid and impregnation methods, as reported elsewhere [23]. Briefly, a
cerium oxide support was obtained by direct calcination of the Ce
(NO3)3-6 Hy0 (Sigma Aldrich, 99.9%) precursor for 4 h at 500 °C in static
air. Once CeO; was obtained, stoichiometric amounts of La
(NO3)2-6 HoO (Merck, 99.0%) and Ni(NO3),-6 HoO (VWR, 99.9%) were
dissolved in distilled water under vigorous stirring. Then, citric acid
(CeHgO7-H20, Sigma Aldrich, 99%) was added as a complexing agent
with a citrate to nitrate molar ratio of 1.1, and the pH value was adjusted
by ammonia water (25% as NHs, Panreac) to a value of 7. After that, the
resulting solution was added to the ceria support inside a rotary evap-
orator (under vacuum at 35 °C) to obtain a homogeneously distributed
gel precursor over the ceria support. The obtained gel was further dried
at 120 °C overnight. Finally, the desired 10% LaNiO3/CeO precursor
was obtained after calcining the dry gel for 4 h at 600 °C under a flow of
5% Oo/He. Corresponding characterization results are summarized in
the Supporting Information, including X-ray diffraction (XRD, Fig. S1),
N, adsorption-desorption (Fig. S2 and Table S1), STEM-EDS mapping
(Fig. S3), temperature programmed desorption of Hy (H2-TPD, Fig. S4
and Table S1) and CO5 (CO2-TPD, Fig. S5 and Table S2).

2.2. Catalytic activity and stability

CO, methanation reactions were conducted in a down flow fixed-bed
reactor (Di; = 9 mm). For that, 0.5 g (d, = 0.3-0.5 mm) of the 10%
LaNiO3/CeO; precursor was mixed with quartz particles (0.5-0.8 mm)
to reach a total volume of 1 mL. To ensure the complete reduction of the
LaNiO3 perovskite and, as a consequence, the controlled Ni NP exsolu-
tion, the 10% LaNiO3/CeO5 precursor was reduced in situ at 550 °C for
2h under a 20% Hy/He mixture (250 mL min’l). After cooling to
200 °C in He, the CO; methanation reaction was performed by intro-
ducing the reaction mixture at atmospheric pressure. The feed stream
consisted of a 250 mL min ! Hy/CO5/He mixture with a 4:1:1.25 molar
ratio. These conditions result in a space velocity (GHSV) of 15,000 h!
and a space time (W/Fag) of 4.67 gcat h mol L. During the catalytic test,
the temperature was increased from 200° to 500°C in steps of 25 °C,
with a heat increase in 5 °C min~! between each step. The He, Hy, COs,
CH4 and CO concentrations at the reactor exit were monitored once a
steady state was reached at each temperature by a gas chromatograph
(Agilent 490 micro GC).

The CO2 conversion (Xco,) and the selectivity towards CHy4 (Scw,)
and CO (Sco) were calculated according to the following equations:
XCOZ _ F g()2 —F ?:%2 (2)

in
FCOQ
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Scn, = - 3)
MR, Y

Foul
Soy — —-CO (€)]
R

where F{, and F2§ are the molar CO; flow (mol h™!) at the reactor
inlet and outlet, respectively. Similarly, Fgs and F¢y;, are the molar CO
and CH4 flows (mol h~1) at the reactor outlet, respectively.

The activity of the 10% LaNiOs/CeO,-derived catalyst on the COy
methanation reaction was further investigated by measuring the
apparent turnover frequency (TOF). The TOF (h™Y for CO-, conversion,
defined as the number of converted CO, molecules per surface metallic
Ni active site per second, was calculated by the following equation:

in My
TOF = Xco, Fo,jy i

5
where Xco, is the CO, conversion at 250 °C, Fg,, (mol h™1) is the CO,
flow rate, W is the catalyst mass (g), Ni is the Ni mass fraction deter-
mined by ICP—AES, D is the Ni dispersion estimated by Ho-TPD, and My;
is the molecular weight of Ni (58.69 g mol~1). Note that the calculation
of the TOF was conducted with data in the range of COy conversion
below 15% under simulated differential reactor conditions for better
accuracy and to avoid mass transport limitation.

Finally, the stability of the 10% LaNiOs/CeOz-derived catalyst was
evaluated by automatically analysing the outlet He, Hy, CO5, CH4 and
CO concentrations for 72 h at 325 °C. Note that the feed composition
was the same as that used during previous activity tests.

2.3. In situ NAP-XPS experiments

In situ near ambient pressure X-ray photoelectron spectroscopy
(NAP-XPS) was performed at the NAP branch of the CIRCE beamline at
the ALBA Synchrotron Light Source, which is able to operate with
tunable photon energy ranging between 100 and 2000 eV using a SPECS
PHOIBOS NAP150 energy analyser (SPECS GmbH). The beamspot size
was 100 x 20 um? (HxV). The spectra were acquired with a 20 eV pass
energy and 0.05 eV energy step. Specifically, photon energy values of
1125, 320 and 375 eV were used to monitor the Ce 3d, Ce 4d and Ni 3p
regions at different depths. The corresponding inelastic mean free paths
(IMFP) for pure solid phases of NiO and CeO; are summarized in
Table S4 [44].

The 10% LaNiO3/CeO, powder precursor was pelletized and placed
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on a gold mesh to prevent surface charging and provide a Au4f peak as a
reference. Notably, catalytic activity of the gold mesh was experimen-
tally ruled out. An infrared laser system (808 nm) was used to heat the
samples with a constant heating ramp of 10 °C min~!. Temperature
control was carried out by a K-type thermocouple. The pressure in the
analysis chamber was maintained at 1 mbar during the whole set of
experiments, whereas the total gas flow was set at 30 mL min~" in all
experiments. The gas phase composition was monitored during the
whole experiment by a mass spectrometer (MKS Instruments) installed
at the second stage of the differential pumping analyser. C 1 s transition
at 284.6 eV was used as an internal reference to adjust the binding en-
ergy scale of peaks obtained for the experiments carried out with 320
and 375 eV photon energy, whereas the Ce 3d transition at 916.7 eV was
used for the experiments carried out with 1125 eV photon energy.

Fig. 1 shows the experimental protocol followed during NAP-XPS
experiments. Note that XPS spectra were recorded at each temperature
level and/or feed stream composition specified once the steady-state
was reached (around 60 min). First, the catalyst was pretreated in
pure Hy (30 mL min~ 1) from 150 °C to 500 °C (2 h). Different spectra
were recorded at each temperature (step 1) in intervals of 50 °C. Then,
the sample was cooled to 200 °C in Hy and the methanation mixture
containing 20% CO- (6 mL min™!) + 80% Hs (24 mL min~ 1) was fed to
the analysis chamber (step 2). The temperature was increased from
200 °C to 450 °C in intervals of 50 °C, and different spectra were
recorded at each temperature level. After these measurements under
CO2 methanation conditions, the system was cooled to 150 °C in a CO4
methanation mixture (step 2), and then, the temperature was increased
to 300 °C in pure CO; (step 3, 30 mL min™Y). Finally, the gas mixture
composition was switched in isothermal conditions as follows: pure Hy
(30 mL min’l, step 4) and 20% COy + 80% Hy (6 mL min~! +
24 mL min"}, step 5).

2.4. In situ FTIR experiments

In situ FTIR were carried out in a Cary 600 Series FTIR spectrometer
(Agilent) coupled with a high-temperature cell equipped with ZnSe
windows (Specac), a gas inlet and outlet system and a cooling system.
Spectra were collected by 52 scans in the range of 4000-400 cm ™! and a
resolution of 4 cm™!. Powdered samples (approximately 30 mg) were
pressed at 2.0 tons into 10 mg cm ™2 wafers. Prior to the experiments,
pelletized samples in the form of discs were placed in a holder inside the
cell and were in situ activated/reduced at 500 °C for 1 h under a 5% Hy/
N, flow of 200 mL min ™. After pretreatment, wafers were cooled under
N3, flow to 150 °C, and background spectra were collected every 50 °C as

600 P ]
g T I
' O i<iw
Step 1, H, Step 2,CO, +H, DI - 8”
500 2 I
»n . .
P8
-4 LB
2 400
=
e
©
1
8
300
£
(F}
|
200
100 L | L | L I I | I | I I 1 1 1
50 130 210 290 370 450 530
Time, min
Fig. 1. Scheme of the protocol followed during the NAP-XPS experiments.
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long as the temperature increased to 450 °C using a heating rate of
10 °C min~ .

CO5 adsorption and CO, methanation tests were carried out by
exposing pretreated samples to a gas mixture of 312 mL min
composed of 5% CO3/Ns or 0.1% CO2:0.4% H2:99.5% Ny, respectively.
For that, the corresponding gas mixture was fed to the gas cell for
30 min, while spectra were recorded as a function of time at each tem-
perature level. Note that the depicted spectra were obtained by sub-
traction of those recorded under reaction/adsorption conditions every
50 °C and those corresponding to backgrounds recorded under N,
whereas the heating increase between temperatures was carried out
under N». Finally, the spectra were processed with Agilent Resolution
Pro software, through which the background spectra recorded at each
temperature level was subtracted.

3. Results and discussion
3.1. Catalytic activity, selectivity and stability

The high activity of the catalyst derived from the 10% LaNiO3/CeOy
precursor is confirmed by the low temperature (315 °C) at which a 50%
(Ts0) CO4 conversion is obtained (Fig. 2a). Furthermore, almost all CO2
is converted into CHy, since the selectivity towards this compound is
above 92% (red line) in the whole temperature range, and almost of
100% below 425 °C. These values are in the range of those reported in
the literature for similar formulations (Table 1). However, comparing
the catalytic activity in terms of turnover frequency (TOF) for COy
conversion, here developed formulation shows a TOF value (75.5h™ 1)
significantly higher than most of the reported values in the literature,
which denotes its high intrinsic activity.

Based on characterization results (Figs. S1-S5 and Tables S1-S3), the
high activity of this novel formulation is ascribed to an enhancement in
textural properties and homogeneous Ni NP distribution with respect to
bulk samples, which promotes the accessibility to weak and medium
strength basic sites for CO, adsorption (CeOs, Ni—CeO_x interface and
highly dispersed La,03) as well as to those implied in CO, methanation
(Ni%). Ultimately, these properties promote a closer proximity between
the active sites involved in CO, activation and H, dissociation. As a
result, the H, transfer from the NiC sites to convert the adsorbed CO5 into
CH4 [45,46] is favoured in line with the higher activity shown by this
sample with respect to the CeOy support and the bulk perovskite
(LaNiOs3) in Fig. S6.

Finally, the conformation of highly dispersed Ni NPs in close contact
with LapsO3 and CeO, phases on the Ni-LayO3/CeO- catalyst obtained
after reduction step (Fig. S3) prevent it from the agglomeration, which
increases its stability during long-term experiments (Fig. 2b). Thus, the
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combined high activity, selectivity towards methane and stability de-
notes the real superiority of the formulation object of study.

Considering the promising perspectives discovered thus far and
aiming to advance the scale-up of this advanced formulation, the reac-
tion mechanism and the role of the different active sites during the CO,
methanation reaction over the novel 10% LaNiO3/CeOs-derived catalyst
have been studied in the following sections by in situ NAP-XPS and in situ
FTIR experiments.

3.2. In situ NAP-XPS characterization

Prior to in situ NAP-XPS analysis, the surface elemental composition
and oxidation states of different species present in the fresh 10%
LaNiO3/CeO precursor have been analysed by ex situ X-ray photoelec-
tron spectroscopy (XPS, Fig. 3). The atomic relative contents of each
compound at the surface determined after the deconvolution of the
spectra (Table S3) have been used as reference during in situ NAP-XPS
analysis.

Ni’, Ni?* and Ni** oxidation states were analyzed in the Ni 3p region
(Fig. 3a), since the Ni 2p3/s lines strongly overlap with the La 3ds3/ s
satellite line [47,48]. It is widely accepted [48-52] that the standard
binding energy positions of Ni>" 3ps/s, Ni2t 3ps/2 and Ni° 3ps 5 peaks
are 69.0, 67.3 and 66.3 eV, respectively. As can be observed in Fig. 3a,
the Ni 3p transition presents several contributions between these stan-
dard positions. This fact suggests the coexistence of Ni>*/Ni%*/Ni’
species. However, the absence of contributions below 67 eV discards the
presence of Ni’ in the fresh 10% LaNiOs/CeO, precursor, which con-
firms that the perovskite is fully oxidized after the calcination step.
Indeed, the Ni®>* and Ni2" percentages in the fresh sample, determined
after the deconvolution and integration of the different contributions,
are 42% and 58% (Table S3), respectively.

Regarding to the Ce 3ds/» spectrum (Fig. 3b), it presents the 10
components of Ce* and Ce>* species [53-55]. Their relative proportion
can be determined after the integration of different components, as re-
ported elsewhere [56]. Specifically, the relative content of Ce*" at the
surface of the fresh sample is 87% (Table S3), which denotes the high
oxygen storage capacity (OSC) of the ceria support.

Finally, the O 1s spectrum (Fig. 3c) shows three components
ascribed to: the surface lattice oxygen bonded to metallic cations
accommodated within the crystal structure of the perovskite or ceria
support (Of, 528.8 eV); surface adsorbed oxygen on surface segrega-
tions or oxygen vacancies (O,qs, 531.2 eV); and water and hydroxyl
groups on the surface (534.0 eV) [17], respectively. Meanwhile, the
typical peaks of La>* jons accommodated within the perovskite lattice
can be identified in the La 3d region (Fig. 3d) [34,35].

100 — —~——
Q I T b
= g | B )
o
O L
(7))
o3 60
g ----------------- - == Equilibrium
»n 40 = Xeoz I~
.8 r SCH4 u
><0 20 _A_sco -
o J 1=t W I /N i i

200 250 300 350 400 450 500
Temperature, °C

10 20 30 40 50

Time on stream, h

60 70

Fig. 2. Evolution of CO; conversion (Xco,) and selectivity towards CH4 (Scu,) as well as CO (Sco) as a function of a) reaction temperature and b) time on stream

(325 °C) for the 10% LaNiO3/CeO,-derived catalyst.
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3.3. In situ NAP-XPS experiments during prereduction

Following the evolution of Ce as well as Ni species during reduction
pretreatment is of great interest to understand the evolution and
changes experimented by perovskite-based precursors during reduction
pretreatment up to the desired catalyst conformation. Fig. 4 shows the in
situ NAP-XPS spectra recorded during the prereduction treatment (step 1
in Fig. 1) at increasing temperatures for the Ni 3p and Ce 3d regions as
well as their corresponding deconvolution using a Shirley background
and a combined Lorentzian-Gaussian function.

The Ni 3p transition can be deconvoluted into different peaks cor-
responding to Ni®*, Ni?* and Ni® species. However, the peak position as
well as the distribution of different contributions is affected by the
temperature of the reduction pretreatment (Fig. 4a). Similar to the fresh
sample (Fig. 3a), no peaks ascribed to Ni® can be identified in the spectra
recorded at 150 °C. In contrast, the peaks corresponding to Ni2* (blue
line) and Ni®* (black line) species can be observed at this temperature.
Above 200 °C, an increasing peak (red line), with its corresponding
satellite, can be observed at approximately 65.5 eV, denoting the pro-
gressive formation of Ni° nanoparticles. Meanwhile, the Ni*t peak
(black line) completely vanishes at 200 °C due to its complete reduction
to Ni2*™ and Ni’. As a result of this process, the starting perovskite-based
precursor begins to disappear. Furthermore, a progressive shift of the Ni
3p peak towards lower BE can be identified at increasing temperatures.
Indeed, the binding energy position of the metallic Ni peak is slightly
lower than the values reported in literature (66.2 + 0.15 eV) [49,57],
especially at high temperatures. This trend denotes a higher negative
charge density due to the strong interaction of nickel with La,O3 and/or
CeO2 phases [51], property that favours Hy dissociation during the

methanation reaction and the stability of the sample during long-term
experiments (Fig. 2b) [17,58].

In the Ce 3d region (Fig. 4b) the characteristic 10 peaks of the cedt
(red line) and Ce** species (blue line) can be identified [53-55]. How-
ever, noticeable changes can be observed in the different peaks distri-
bution, which suggests that the reduction pretreatment alters the
Ce3*/Ce** ratio.

In order to follow the proportion of different Ni and Ce species on the
catalyst’s surface, the deconvoluted peaks were grouped in different
species for the quantification. Fig. 5 shows the evolution of the Ni and Ce
species proportions with temperature during the reduction pretreatment
under pure Hy (step 1).

The Ni3*, Ni2* and Ni° species proportions are 37%, 63% and 0% at
150 °C (Fig. 5a), respectively. However, the increase in temperature to
200 °C leads to a complete reduction in Ni®* species, as previously
mentioned, and to a decrease in the Ni?* proportion from 63% to 54%,
resulting in a significant increase (46%) in Ni® content. Above this
temperature, the Ni® species proportion continuously increases up to
reach 70% at 500 °C. Thus, the Ni®*/Ni%* species previously identified
for fresh samples are consecutively reduced to Ni>" and then to Ni®
during the pretreatment protocol, which is good agreement with the
reduction peaks observed in Fig. 5c¢ and the corresponding reduction
stages (Eqgs. 6-8) previously reported [59].

4LaNiO; + 2H,—La;Ni3;0;0 + Ni’+2H,0 (6)
LayNi;Oy0 + 3H,—»La,NiO; + 2Ni’+La,054+2H,0 @
La,NiO, + H,— 2Ni’+La,0;+H,0 (8)



J.A. Onrubia-Calvo et al.

XPS, a.u.

| 1 | 1 | | | AA |
80 75 70 65 60
Binding Energy, eV

Applied Catalysis B: Environmental 342 (2024) 123367

b)
150 °C

4+

Ce
200 °C Ce

3+

300 °C

XPS, a.u.

400 °C

500 °C

A

920 910 900 890 880 870
Binding Energy, eV

Fig. 4. In situ NAP-XPS spectra recorded for the 10% LaNiO3/CeO, precursor with a 1125 eV photon energy in the a) Ni 3p and b) Ce 3d transitions during reduction

pretreatment in Hj at increasing temperatures (step 1).

At the same time, the Ce>" proportion progressively increases from
16% to 41% (Fig. 5b). This trend denotes the progressive reduction of
Ce*" in the CeO, support, leading to the conformation of oxygen va-
cancies at the surface (Eq. 9). However, a 59% of Ce*t is still present
after the reduction pretreatment at 500 °C. In agreement with the Hy-
TPR results (Fig. 5¢), only surface Ce** can be reduced in this temper-
ature range, and therefore, higher temperatures are necessary to com-
plete the reduction of bulk CeO5 [60].

2Ce0O, + H,—Ce,05 + H,0 9

It is worth mentioning that, although Ni and ceria are not completely
reduced, the reduction peaks of different Ni-containing species and ceria
support shift to lower temperatures with respect to those observed for
the bulk perovskite (LaNiO3) and CeO3 included as reference in Fig. 5c.
This fact suggests an intimate contact between perovskite and support,
which promotes the accessibility of the former and the reducibility of the
latter due to a spillover effect of activated Hy [61]. As a consequence, the
conformation of NiO—CeO,_x mixed oxide is suggested [41].

In summary, the in situ NAP-XPS experiments carried out during
precursor reduction confirm that; initially, the fresh perovskite-based
precursor is highly oxidized. However, LaNiO3 perovskite and CeO2
support are progressively reduced as long as the sample is treated under
pure H, at increasing temperature. As a result, a mix between Ni® NPs
distributed over the LayO3 and CeO, surfaces with Ni2+*Ce02,x and

Ni2*—La,03 mixed oxides is expected at the end of the reduction pre-
treatment. This aspect was confirmed by STEM-EDS images obtained for
the sample after reduction and reaction steps (Fig. S3), where Ce (blue
colour) and La (green colour) elements coexist with a homogeneous
distribution in all the analyzed areas with small-sized (~ 1.5 nm) Ni NPs
(red colour) uniformly dispersed over their surface. In agreement with
the observed in our previous work [26], these structural changes lead to
a decrease of Ni/Ce and La/Ce ratios at the surface with respect to those
observed for the fresh perovskite-based precursor.

3.4. In situ NAP-XPS experiments during CO, methanation

Once the desired catalyst was conformed (step 1), the reaction
chamber was cooled to 200 °C and; then, the CO5 methanation mixture
(20% CO4 and 80% Hy) was fed to the sample (step 2 in Fig. 1). The
temperature was increased from 200° to 450°C, in steps of 50 °C, and
XPS spectra were recorded at each reaction temperature after sample
saturation and repetitive spectra were obtained (60 min). Note that 3
different photon energies (320, 375 and 1125 eV) were used to deter-
mine different compounds proportions at increasing depths (Table 54).

Fig. 6 shows the evolution of Ni® and Ce** proportions with tem-
perature during the CO, methanation reaction at different depths. These
values were determined from XPS spectra recorded in the Ni 3p and Ce
4d regions with 1125 eV (Fig. S7) as well as 320 and 375 eV (Fig. S8)



J.A. Onrubia-Calvo et al.

100
- a)

X
°. 80 |
(72
c r .0
9 Ni
© 60 -"N.... ... e .
o L Ni™" in the fresh sample
> 40 froooe T ey Ni’lin the fresh sample
o
(&) L
£
5 20 |-
0 L

100

Ce" in the fresh sample

X
")
c
2
-t A A
“ 3
o -
<}
O 40 | O O
8 L Ce3+
3
= 20 - 3+
> . ® ... Ce inthefresh sample |
(/5] c
O | I I TR (T I R N

150 200 250 300 350 400 450 500
Temperature, °C

Applied Catalysis B: Environmental 342 (2024) 123367

<)
LaNiO,
%0.25
3
m 10% LaNiO,/CeO,
-
2
ey
o
=
5
7
S CeO,
o
N
I

100 200 300 400 500 600 700 800 900
Temperature, °C

Fig. 5. Evolution with temperature of a) the Ni and b) Ce species contents during reduction pretreatment in H; (step 1, 1125 eV) as well as ¢) H; consumption profile
during the Ho-TPR experiment for the fresh 10% LaNiO3/CeO, precursor. Reference dotted lines indicate the percentage of different species in the fresh 10% LaNiO3/

CeO, precursor obtained by ex situ XPS analysis.

100

I )
X
°.80 |
n
c L )
(=} .. 1, (500 °C, 1125 eV)
'ﬁ 60

.0
3] | Ni’ (1125 eV, 5.5 nm)
= Ni’ (375 eV, 2.3 nm)
Z 40 L
1)
o L
£
S 20 -
(/2] L
O | 1 | 1 | ! | ! | ! |

200 250 300 350 400 450
Temperature, °C

_ Ce’" after reduction in H, (500 °C, 320 eV)

Surface Ce cations, %

40 |ml TS I
| ce* (1125 eV, 5.2 nm)
Ce**after reduction in H, (500 °C, 1125 eV),
20 +
0 | 1 | 1 | 1 | 1 | 1 |

200 250 300 350 400 450
Temperature, °C

Fig. 6. Evolution with temperature of a) Ni® and b) Ce®>" contents relative to the total nickel and cerium contents, measured by NAP-XPS experiments during the CO,
methanation reaction (20% CO, and 80% H,). The photon energies and probed depths (estimated as 3 times the inelastic mean free path, IMFP) are also indicated.
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photon energies. As can be observed, the Ni° content, obtained after the
reduction treatment at 500 °C, is higher at more superficial layers (69%)
than at deeper regions (64%). This observation indicates that more su-
perficial Ni nanoparticles are easily reduced, which probably leads to a
weaker contact with the other phases. Regardless, the presence of
partially oxidized Ni, even at more superficial regions, denotes its sta-
bilization inside the NiO—CeO,_x interface as suggested by Hy-TPR

experiments (Fig. 5¢). Based on the characterization results (Figs. S3 and
S4 as well as Table S1), this observation is ascribed to the conformation
of small Ni° nanoparticles with homogeneous size, which favours their
uniform interaction with the ceria support.

After exposure to the CO2 methanation gas mixture at 200 °C
(Fig. 6a), the metallic nickel proportion in deeper regions (incident
energy of 1125 eV) is only slightly reduced (63%) relative to the initial
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state (dotted black lines, 64%), which indicates the high stability of Ni°
NPs in line with the low deactivation degree observed during long-term
experiments (Fig. 2b). In contrast, the Ni° percentage decreases in
higher extent (from 69% to 64%) for the more superficial sites, sug-
gesting that the Ni®, nearer to the external surface, is more easily
oxidized under the reaction environment (CO5 + Hj).

Regarding to Ce contents, a noticeable increase in the Ce®>* content
can be observed for the 320 eV incident energy. Specifically, this
parameter increases from 44%, after reduction pretreatment, to 49% at
200 °C (Fig. 6b). This trend suggests that the reduction of Ce** near to
the surface continues during the cooling stage under pure Hp, in line
with the reduction process proposed for ceria support after theanalysis
of the H,-TPR results (Fig. 5c).

Above 200 °C, a progressive reoxidation of Ni and Ce is observed
with respect to the previous Hj reduction pretreatment, irrespective of
the incident energy. Specifically, the Ni° relative content decreases from
63% (200 °C) to 57% (450 °C) for the 1125 eV incident energy, with a
proportional increase in the Ni®" percentage. As expected, this decrease
is higher (from 64% to 51%) for the NiC sites closer to the surface. On the
other hand, the Ce3* percentage decreases by 5% and 15% from 200 °C
to 450 °C for the 1125 and 320 eV incident energies, respectively.

In order to gain insight on these results, the C1s region has been also
analyzed during the exposure to CO mixture. Fig. 7a shows the spectra
recorded in the C1s region under CO, methanation mixture at increasing
temperatures. The Cls spectrum recorded after reducing pretreatment
has been also included as reference.

As can be observed, multiple peaks can be identified in this region,
which can be assigned to the presence of different carbon-based species.
The main peak (284.6 eV) detected is due to adventitious aliphatic
carbon [62]. Note that this peak was used to calibrate the XPS peaks
obtained with 320 and 375 eV incident energies. Furthermore, a strong
peak can be observed near 290.2 eV, which is attributed to adsorbed COx
species in form of surface carbonates (CO3*) species [63,64]. It is worth
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to mention that this peak is identified even after H, pretreatment at 500
°C, denoting the presence of highly stable carbonates in the sample.

In agreement with the decreasing trend observed for Ce** in Fig. 6, it
is widely accepted that ceria is able to chemisorb and dissociate CO»
(CO5 —» CO + 0O%), even at 200 °C. Thus, it can be assumed that COy
species adsorption during CO2 methanation leads to an exchange of
oxygen atoms with the ceria support leading to the partial oxidation of
Ce®* to Ce*t [41,65]. This process mainly takes place on the oxygen
vacancies near or at the surface, which are formed due to the partial
reduction of the CeO, support during the reduction pretreatment
(Fig. 5¢) [66]. As observed in Fig. 6a, CO4 adsorption also contributes to
Ni° reoxidation, since a considerable percentage of Ni%* (> 30%) is
present, even at low-intermediate temperatures. Considering that no
carbonyls are detected, this process may occur throughout O* transfer
from CeO5 at the NiO—CeO,_y interface. However, there is much more
ceria than nickel in the sample; therefore, it can be assumed that the
oxygen generated upon CO, dissociation or HyO adsorption in the form
of hydroxyls, preferentially refills the oxygen vacancies of the ceria
support instead of accumulating on nickel, highlighting the key role of
ceria as an oxygen reservoir. These results suggest the participation of
ceria support in CO, dissociation and activation [64].

It is worth noting that a saturating trend can be observed in the Ce>*
proportion at higher temperatures, which denotes that the progressive
increase in Ce*" percentage partially limits the CO, adsorption on ox-
ygen vacancies [67,68], whereas the Ni® reoxidation continues at high
temperatures. This trend suggests that some oxygen is still transferring
between the catalyst surface and Ni° NPs due to an alternative mecha-
nism. Based on the results reported in our previous work [69] and those
observed in CO2-TPD experiments (Fig. S5 and Table S2), CO5 adsorp-
tion on LayOs sites, instead of on the ceria support, is favoured at
increasing temperatures. Note that a minor carbonates peak is still
present in the C1s at 450 °C (Fig. 7a). Thus, Ni° sites reoxidation might
continue throughout O* transfer from LayOs sites at the NiO—LaOs3
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Fig. 7. In situ NAP-XPS spectra recorded for the 10% LaNiO3/CeO,-derived catalyst with a 375 eV photon energy in the Cls transition during a) CO, methanation at
increasing temperatures (step 2) and b) experiments under switching gas atmosphere (steps 3-5).
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interface at high temperatures.

Regardless, a high proportion of Ni° nanoparticles (> 51% at 375 eV)
can be identified irrespective of the reaction temperature. Indeed, the
Ni® percentage detected in the sample below 400 °C is significantly
higher than that previously reported (< 50%) for the conventional Ni/
CeOy catalyst [41]. This behaviour is ascribed to the controlled exso-
lution of the Ni’ NPs from the perovskite host, which contributes to
stabilizing Ni NPs in their metallic state. Ultimately, these properties
could play a key role in activating Hy via dissociation into H atoms
irrespectively the feed composition, which then rapidly migrates to the
NiO—CeO2_x and NiO—Lay0j3 interfaces by the spillover effect [70].

Once CO; is adsorbed in form of carbonates, these species should be
hydrogenated to methane on near Ni® sites (Fig. 7a and S10). The
analysis of Cls region during the experiments under CO2 methanation
conditions (Fig. 7a) could also provide valuable information to link
changes suffered by different actives sites and the reaction pathway
during CO5 methanation.

A variable peak can be observed at 293.1 eV for experiments with
CO; in the inlet mixture, which is identified as gas-phase CO5 [63,71].
As expected, the relative intensity of this peak decreases as long as
temperature increases under CO, methanation mixture. Based on
decreasing CO, signal (m/z = 44) monitored by mass spectroscopy
during the NAP-XPS experiment under CO; methanation mixture
(Fig. S9), this decrease can be ascribed to the promotion of CO,
methanation reaction at increasing temperatures. In fact, an emerging
peak for the gaseous methane can be identified at 288.1 eV as long as
CO4 gas peak decreases, whereas no peaks for CO gas can be observed
between 291 and 292 eV, confirming the high selectivity of the catalyst
[72].

At the same time, two peaks appear at 287.5 and 289.0 eV as long
experiment temperature increases under CO2 methanation mixture.
Considering that almost all CO3 are decomposed at a temperature above
350 °C in the presence of CO, and Hj, gases, the peak at 289.0 eV cannot
be assigned to COs* . In agreement with the reported in previous studies
of the literature [64,71-78], the formation of formate (HCOO*) during
CO, methanation could explain the presence of these peaks. Thus,
formate specie (HCOO*) could act as the main reaction intermediate in
the CO4 to CH4 conversion. Considering that the CO3* peak intensity is
reduced at increasing temperatures, simultaneously to the formation of
HCOO* , the reduced COs* signal can be attributed to the conversion of
CO3* to HCOO* in the presence of hydrogen [79].
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3.5. In situ NAP-XPS under a switching gas atmosphere at 300 °C

To analyse in detail if the catalyst’s reduction or oxidation is pre-
dominant during the CO, methanation reaction, experiments under
switching conditions were carried out at 300 °C (steps 3-5 in Fig. 1) with
the previously analysed sample. Prior to the experiment, the sample was
cooled from 450° to 150°C under the same CO, methanation mixture
employed in step 2. Once the temperature was stabilized and steady-
state was observed, only pure CO, was fed to the reaction chamber
(step 3), and then the temperature was raised to 300 °C. After recording
different repetitive spectra under pure CO», the inlet gas was switched
consecutively to pure Hj (step 4) and CO3 + Hy mixture (step 5). The
inlet gas composition was maintained until the steady state was reached
under each experimental condition. As previously described in step 2,
three different incident energies (320, 375 and 1125 eV) were probed at
each step to evaluate the effect of analysis depth on the nature of
different species.

Fig. 8 shows the evolution of the Ni° (375 and 1225 eV) and ce’t
(320 eV and 1125 eV) proportions at the steady state under different gas
atmospheres analysed for the previously specified incident energies.
These values were determined after deconvolution and integration of
the XPS spectra included in Fig. S10. The resulting percentages of
different species obtained from the spectra recorded after cooling the
sample from 450 °C (step 2) to 150 °C under the CO, methanation
mixture are also included with dotted lines as reference.

As can be observed, the oxidation state of Ni (Fig. 8a) and Ce
(Fig. 8b) species is affected by CO, admission at 300 °C (step 3) and
regional depth. On the one hand, the Ni°® proportion decreases by 7%
(1125 eV) and 8% (375 eV) with respect to reference conditions (dotted
lines). This decrease denotes a noticeable oxidation of Ni° due to
Ni2*—Ce0O,_, and/or Ni>*—Lay05 interfaces formation, especially for
those placed in more superficial layers. On the other hand, an oxidizing
effect is also observed on the CeO,_ support, resulting in a decrease in
Ce3* content with respect to reference conditions. Specifically, the Ce>*
proportion is 6% lower than those determined after step 2 for the 1125
and 320 eV photon energies. As exposure to CO, induces changes in the
oxidation state of both Ce and Ni atoms, the reported results provide
further evidence that both ceria and metallic Ni® contribute to the
activation of COs, in line with the identification of an increasing car-
bonate signal near to 290.3 eV in the Cls region (Fig. 7b) [68,80,81].

In the step 4, the inlet gas was switched to pure Hy at 300 °C. As can
be observed, the Ni® and Ce®* contents increase until exceeding the
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Fig. 8. Evolution of a) Ni® and b) Ce®" contents relative to the total nickel and cerium contents, measured by NAP-XPS experiments under different feed com-
positions (CO,, Hy or CO» + Hy) (steps 3-5). The photon energies and probed depths (estimated as 3 times the inelastic mean free path, IMFP) are also indicated.
Reference dotted lines indicate the initial content of different species recorded at 150 °C under the CO, methanation mixture (after cooling down from step 2).
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values reported for both reference conditions (dotted lines). At the same
time, the relative intensity of the carbonate and, especially formate
group signals (Fig. 7b) decreases with respect to that observed for the
experiment carried out under pure CO,. This trend denotes that NiO and
Ce** are easily reduced back by the addition of pure Hy during this step,
favouring the simultaneous hydrogenation of adsorbed CO,. The lower
stability of the HCOO* species observed after switching to pure H again
postulate them as more plausible intermediates for the CO, methanation
reaction than the carbonate species [77,82].

The high reducibility of this novel material is among the most
important factors that enhances the activation of the COy methanation
reaction at low temperatures. As expected, the reduction degree is
higher for the species closer to the surface layers, especially in the case of
NiO, in line with the higher reducibility observed in Fig. 5 for the
perovskite phase with respect to the ceria support. The higher reactivity
of the surface Ni NPs is assigned to the better contact with Hy and/or
CO,, whereas Ni NPs in the inner layers show higher stability due to
their insertion into the NiO—CeO4_y interface.

Finally, the CO2 methanation mixture was fed to the chamber (step
5). As observed in Fig. 8, both species are partially oxidized in the
presence of CO, and Hs. Therefore, the Ni® (54% and 59% for the 375
and 1125 eV photon energies) and Ce3" (36% and 33% for the 320 and
1125 eV photon energies) contents are intermediate to those reported in
steps 3 and 4. This trend confirms that the surfaces of ceria and of nickel
are oxidized on average during the CO, methanation reaction due to a
faster CO4 adsorption than Hy chemisorption. However, no significant
structural changes are expected on different phases during this process,
except the decrease in the amount of oxygen vacancies in ceria support
due to the dissociative adsorption of CO; on its surface.

3.6. In situ FTIR experiments

In situ FTIR experiments were performed with the aim of identifying
the individual roles of Ni and Ce species as well as of the surface reaction
intermediates under CO; adsorption and methanation conditions, which
helps to establish CO, methanation pathways over the 10% LaNiOs/
CeOq-derived catalyst. To facilitate the identification of the surface
species on the spectra, the detailed assignment of the absorbance peaks
detected during FTIR experiments under different operation conditions
is summarized in Fig. 9.

Fig. 10 shows different FTIR spectra recorded during CO2 adsorption
at increasing temperatures for the prereduced (550 °C, 2h) 10%
LaNiO3/CeO5 sample. Immediately after exposure to the 5% COy/Njy
mixture at 150 °C (see black spectrum), three minor bands appear at
3468, 3632 and 3661 cm™!, which follow different trends with
increasing temperature. On the one hand, the bands at 3468 and
3661 cm ™! reach a maximum at 150 °C and then progressively decrease
until becoming negative above 300 °C. As already described in the
literature [62-64,83,84], these bands can be attributed to the vibration
of bridged OH™ groups adsorbed onto the Ce®* surface (Fig. S11a), and

Applied Catalysis B: Environmental 342 (2024) 123367

their disappearance implies the partial oxidation of Ce>* to Ce** in line
with that observed in Fig. 6. On the other hand, although it follows a
decreasing trend with increasing temperature, the tiny band identified
at 3631 cm™! is always positive. The bands centred at 1216 and
1423 cm™! follow similar trends. Based on the literature [66,71,72],
these positive bands correspond to OH™ vibration deformation (¢v(OH))
or symmetric COj3 stretching vibration (v5(CO3)) bands of surface mono-
and bidentate bicarbonate species.

The opposite trends identified for OH™ groups and bicarbonates
suggest that the later species could be formed by the reaction between
CO2 and weakly adsorbed oxygen on surface OH™ groups or surface
oxygen species of the CeOy support [73-76]. In agreement with this
assignment, the corresponding peaks are more intense for the bare CeO4
support [83] (Fig. S11a). However, as long as the adsorption tempera-
ture increases, their decreasing intensity denotes that these species are
not strongly attached to the ceria support, which is consistent with their
desorption at low temperatures during CO2-TPD experiments (Fig. S5).
Alternatively, their conversion into other intermediates (such as mono-
and bidentate carbonates or formates) could also contribute to this
decreasing trend.

Regarding the 1700-900 cm™! region, a broad signal composed of
multiple bands can be identified. Notably, no negative bands appear at
increasing temperatures, which discards the presence of characteristic
bands of the OH™ groups of the CeO support in this region. In contrast,
wide and weak bands can be identified at 999, 1043, 1288, 1344 and
1552 cm ™! for all analysed temperature ranges.

Based on the CO5-TPD (Fig. S5) and NAP-XPS results (Fig. 7), these
bands can be assigned to v,(CO3) and vs(CO3) vibration modes of
(chelating) mono-/bidentate carbonates mainly adsorbed on LayOs sites
and, to a minor extent, on the ceria support (Fig. S11a). These species
could be formed due to the interaction of CO, with the basic surface of
O3 species, which present medium-strong bond strength. Among them,
the relative intensity of the bidentate carbonates bands (1000, 1288 and
1552 cm™ 1) decreases in a higher extent than that of monodentate
carbonates with increasing temperatures, denoting a lower stability of
the former, which corresponds with our previous report [77].

In addition, small bands at 853, 1074 and 1469 cm™! can be
observed irrespective of the experimental temperature, which might be
related to the formation of more stable organic compounds, such as
polydentate carbonates [14,79,83]. Their stable nature could be related
to the strong CO; adsorption on bulk-like LapOs sites with high thermal
stability (Fig. S5). The formation of a large variety of carbonate species
on the surface of the 10% LaNiO3/CeO,-derived catalyst is beneficial for
activating CO, molecules and, ultimately, enhancing CO, methanation.

Decreasing bands can be observed at 1373, 1389, 1592 and
2850 cm™!, characteristic of the following vibration modes of mono-
and bidentate formates: symmetric OCO stretching (v5(CO2)), CH
deformation (§(CH)), asymmetric OCO stretching (v,5(CO2)) and CH
deformation (v(CH)), respectively [62,79,84]. The formation of HCOO™
is ascribed to the hydrogenation of adsorbed CO5 (in the form of
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Fig. 9. Scheme of surface carbon species and reported adsorption regions in infrared spectra.
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Fig. 10. In situ FTIR spectra for the prereduced 10% LaNiO3/CeO, sample during CO, adsorption at different temperatures. Spectra were recorded after 30 min of

exposure to a CO,/Ny mixture.

carbonates or bicarbonates) with residual Hp, which is previously
chemisorbed on Ni® sites during the prereduction step via a spillover
process, or with the hydroxyl groups formed on ceria [85]. Thus, these
peaks start to decrease as long as the residual adsorbed hydrogen is
consumed. However, their formation by the subsequent reaction of the
adsorbed CO, identified for the bare CeO5 support (Fig. S11a), with OH™
groups (CO* + OH* — HCOO*) cannot be discarded [70]. Finally, the
intense double band of gas phase CO- is also noticed at approximately
2350 cm ™! (not shown), irrespective of the reaction temperature [77].
After studying CO adsorption over the 10% LaNiO3/CeO,-derived
sample, CO2 methanation was analysed by performing in situ FTIR ex-
periments after exposure of the sample to a 0.1% CO2:0.4% H2:99.5% Ny
mixture for 30 min in the 150-450 °C temperature range (Fig. 11).
Some differences can be identified with respect to the previously
recorded spectra under CO5 adsorption conditions. On the one hand, no
clear bands can be observed in the 3400-3700 cm™! region, which is

derived from the low stability or rapid transformation of adsorbed bi-
carbonates on the ceria support under CO, methanation conditions.
Furthermore, the absence of bands in this region could be supported by
the partial adsorption of HoO, which is generated due to the Sabatier
reaction, in the form of hydroxyls as well as the partial oxidation of the
ceria support [73,83]. On the other hand, the intensity of the bands
previously ascribed to mono- and bidentate carbonates (1001, 1043,
1288, 1351, 1504 and 1553 cm™!) decreased under CO, methanation
conditions. Regardless, even in the presence of hydrogen, their identi-
fication suggests a higher stability of carbonates (especially mono-
carbonates) than bicarbonates during the CO5 methanation reaction [72,
79]. Note that the LayO,COs phase was identified in the XRD dif-
fractogram performed on the used sample after the CO, methanation
reaction (Fig. S1), and the characteristic peaks of carbonates (290.2 eV)
were identified in the spectra recorded in the C1s region under the CO,
methanation mixture (Fig. 7). This knowledge further confirms their
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Fig. 11. In situ FTIR spectra for the prereduced 10% LaNiO3/CeO, sample during CO, methanation at different temperatures. Spectra were recorded after 30 min of
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stable behaviour during the CO, methanation reaction.

In contrast, the intensity of the characteristic bands of the formate
species (1373, 1389 and 1592 cm™ ) increases with respect to that
observed in the spectra collected during CO; adsorption (Fig. 10). This
trend is in line with the identification of weak peaks at 287.5 and
289.4 eV in the C 1 s region under CO2 methanation conditions (Fig. 7a)
at increasing temperatures due to formate formation, and suggests that
the inclusion of Hy in the feed stream favours the hydrogenation of the
adsorbed CO; to formates. As a result, the bands of mono- and, espe-
cially, bidentate carbonates simultaneously decrease. In contrast, poly-
dentate carbonates slightly increase with the experimental temperature,
so their role as spectators is probable due to their high stability. This
trend is in line with the identification of carbonates peaks in the Cls
region at high temperatures under CO, methanation conditions
(Fig. 7a).

Our results indicate that part of the CO2 adsorbed species in the form
of bicarbonates and carbonates are converted into formate due to the
reaction with the hydrogen atoms resulting from H; dissociation at low
and medium-high temperatures, respectively [76,85]. However,
formate formation from the reaction of adsorbed CO* with OH™ groups
of ceria cannot be ruled out since the characteristic bands of CO
adsorbed on Ce3t (2149 em™Y) and Ce*t (2184 cm™!) sites are

Applied Catalysis B: Environmental 342 (2024) 123367

identified for the ceria support in Fig. S11 [70]. Regardless, this process
should be minor or too fast for a fully formulated sample since no bands
were verified in the carbonyl region (1800-2100 cm™ ) under our
experimental conditions. Thus, it can be assumed that this compound is
not formed on Ni® sites due to CO,, disproportionation [66,82], in line
with the high selectivity towards methane (> 95%) obtained during
activity tests (Fig. 1) and the high Ni° proportion identified by NAP-XPS
under CO, methanation conditions (Fig. 6). In contrast, an increasing
shoulder on the left side (=~ 1310 cmfl) of the band centred at
1286 cm ! and a small peak at 3013 cm ™! can be observed at increasing
temperatures. Based on previous studies [42,62,75,86], these new
increasing bands are ascribed to the C—H bending (6(CH)) and
stretching (v(CH)) vibration modes of gaseous CHy, formed due to the
occurrence of the CO, methanation reaction. The occurrence of the
Sabatier reaction can be further verified by the appearance of a shoulder
on the left side of the peak at 1592 em™! (&~ 1655 crn’l), which is
ascribed to surface-bound water [86].

Thus, it can be concluded that formates instead of carbonyls are
involved in the CO, methanation reaction over this novel catalyst. As a
result, the formate species can be considered as the main reaction in-
termediates during CO, methanation over 10% LaNiO3/CeOz-derived
catalysts.
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Fig. 12. Schematic illustration of proposed CO, methanation mechanism and the role of different active sites.
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3.7. CO, methanation mechanism

Combining in situ FTIR and NAPS-XPS experiments, it can be
deduced the essential reaction mechanism for the CO, methanation re-
action on the 10% LaNiO3/CeO;-derived catalyst and the behaviour and
changes suffered by the different active sites under reaction conditions.
As can be observed in Fig. 12, after the in situ reduction of 10% LaNiO3/
CeO, precursor, a mix between finely dispersed Ni° nanoparticles
(~1.5nm) and Ni>*—CeO,_y and Ni**—LayO; mixed oxides was
formed.

Once the desired catalyst was obtained from 10% LaNiO3/CeOq
precursor, CO, methanation experiments were performed. As observed,
CeO,_4 can efficiently adsorb CO, at low temperatures, in the form of
bicarbonates (HCOs*), with the participation of oxygen vacancies and
hydroxyl groups (OH") or leading to a progressive oxidation of its sur-
face. As long as temperature increase and ceria support is reoxidated,
CO4 adsorption on LayOg sites, in the form of mono-/bi-/polydentate
carbonates (COs*), becomes predominant. Meanwhile, Ni’ nano-
particles are mainly related with Hy adsorption and dissociation. It is
worth to mention that the metallic Ni® proportion is high during whole
temperature range, limiting Ni-carbonyls formation and confirming that
a high concentration of active sites is available for CO, hydrogenation
even at high temperatures. Then, the H, dissociated on Ni® sites reacts
progressively with bicarbonates, bidentate carbonates and modentate
carbonates on near basic sites at increasing temperatures, leading to
formate (HCOO*) formation as the main reaction intermediate. In
contrast, polydentate carbonates act as spectator during this process.
Finally, formate species are rapidly hydrogenated into CH4 with the
atomic H dissociated in highly dispersed Ni’ sites. The low amount of CO
formed due to CO; dissociation on ceria surface (Figs. S6 and Sl11a)
could be easily hydrogenated on near Ni° sites since no CO species are
detected during in situ FTIR and NAP-XPS experiments.

The high activity, selectivity and stability of this catalyst could be
ascribed to a high amount of metallic nickel nanoparticles for Hy
dissociation, even under CO5 methanation conditions at high tempera-
ture, the presence of different nature basic sites for CO, adsorption and
the strong interaction between different phases, which favours H
transfer and prevent them from agglomeration.

4. Conclusions

The 10% LaNiO3/CeOy-derived catalyst emerges as promising
alternative for the CO, methanation reaction. The reaction mechanism
and the role of different active sites during the CO, methanation have
been explored during the CO2 methanation reaction by in situ NAP-XPS
and FTIR experiments.

In situ NAP-XPS experiments and the main physico-chemical prop-
erties confirm the reduction of Ni-based species and CeO,_x during
reduction step (500 °C), leading to the conformation of small Ni°
nanoparticles and Ni?*—CeO4_y and Niz+—La203 mixed oxides in
intimate contact. During CO, methanation, a progressive reoxidation of
Ni° and Ce3* is observed, especially at the surface, indicating that CO5
adsorption is faster than dissociative Hy chemisorption. This phenome-
non is ascribed to the participation of oxygen vacancies of the ceria
support in the COy adsorption mechanism and to the partial accom-
modation of Ni on the NiO—CeO,_x and NiO—LayOj3 interfaces, which
favours the O* transfer from CeO;_y and LayOs in close contact with Ni.
Regardless, the Ni® content is significantly higher (64%—51%) than that
observed for the conventional Ni/CeOj catalyst (> 50%). This property
favours Hy activation via dissociation into H atoms, which then can
rapidly hydrogenate the CO5 adsorbed on NiO—CeO,_4 and NiO—Lay03
interfaces due to the spillover effect.

In situ FTIR experiments combined with the analysis of Cls region
(NAP-XPS) suggest that the reaction pathway begins with the CO; is
associative chemisorption (CO3* or CO3*) on hydroxyl groups, oxygen
vacancies and surface oxygen of ceria and, then, follows which COy
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adsorption on LayOs sites, in the form of bicarbonates as well as mono-,
bi- and polydentate carbonates at increasing temperatures. Finally, bi-
carbonates as well as bi- and monodentate carbonates react progres-
sively at increasing temperatures with the hydrogen atoms spilled over
from Ni° nanoparticles to produce formates as the main reaction in-
termediates, which are rapidly hydrogenated to methane.

In short, the formation of a large variety of carbonate species on the
surface of the 10% LaNiOs/CeO,-derived catalyst is beneficial for acti-
vating CO, molecules, whereas the high proportion and dispersion of Ni°
NPs favour Hs dissociation and transfer. Both factors together with the
intimate contact between different phases enhance CO5 methanation
efficiency and stability with respect to previously reported perovskite-
derived catalysts.
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