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promotes the metal—CeQ, interaction, the formation of defects in
CeO, as well as the development of a lower amount of cracks in

the coating; however, the catalysts show a poor CO, conversion

and selectivity to CH,. The CH,, production rate at low temperature largely increases for the high Ni loaded catalyst, 68.7 L¢y, ga ™
h™' at 350 °C oven temperature. This productivity is similar to the value obtained with a Ni3Cel pellet catalyst prepared by the
coprecipitation method, a behavior not achievable for low Ru- and Ni-loaded catalysts.

1. INTRODUCTION vacancies and ceria reducibility.”' The reduced and basic ceria
surface promotes the CO, adsorption and decomposition,
while the oxygen vacancies catalyze the formation and
dissociation of reaction intermediates. Furthermore, the
metal—support interaction determines the properties of both
the metal (e.g, reducibility, particle size, sintering) and CeO,
species (vacancies) and, consequently, the H, and CO,
activation. For instance, the mechanism of CO, methanation
over Ru-substituted CeO, and Ru supported on CeO, is
different.”” This could be related to the weakening of the Ce—
O bond strength in the former, due to the doping of Ru into
CeO, lattice, generating more oxygen vacancies.”> On the
other hand, hexagonal Ni nanocrystallites on CeO, with a
strong metal—oxide interaction facilitate the H, activation/
dissociation and therefore the hydrogenation of CO,,
preferentially adsorbed/activated at the interface between Ni
and CeQO,, to CH4.24 However, the decoration/encapsulation
of Ni nanoparticles by a thin layer of reduced ceria can
decrease the catalytic capacity for CO, activation/conversion.
The selectivity of the methanation process has been related to
metal loading and particle size. Low-loaded Ni catalysts are
associated with a poor activity and selectivity to CH, due to

Synthetic natural gas is obtained by the valorisation of CO,
with H,, coming from water electrolysis powered by renewable
energies, the so-called Power-to-Gas (PtG)." This process has
been demonstrated, and both research and pilot plants are
under operation.2 However, there is still room for improve-
ment in some aspects of the thermocatalytic CO, methanation,
such as the development of catalysts active at low temperature
and heat management.” Structured catalysts based on metallic
supports enhance the heat (and mass) transfer in the
exothermic hydrogenation of CO, to CH,, of paramount
importance to control the composition at the outlet of the
reactor.” The active Ni- and Ru-based methanation catalysts
(e.g, Ni/Al,O5, Ni/CeO,, Ni-CeO,—-ZrO,, Ni(X)AlO, (X =
La, Ce, Y), Ru—Ni/MgALO,) have been coated on Al
honeycomb, FeCrAlloy micromonoliths, AISI microchannels,
as well as on Ni, Al, and NiCrAl foams.>™"* The catalytic
performance and heat management of the structured catalytic
beds depend on the properties of both coating and support.
For instance, Ni/CeO, catalysts coated on Al honeycomb fin
supports, with optimized cell density and configuration of the
fin, generate a moderate hot spot under industrial-type
conditions.””
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structural effects;”> however, high Ni loadings may provoke the
Ni particle growth. The restructuration of Ru in the presence
of O, at low temperature changes the selectivity, and the
redispersion of Ru favors the production of CO.*® Hence, a
careful tailoring of the properties of metal, CeO,, and the
metal-CeO, interface is required to achieve the expected
catalyst improvement.'””” This could be accomplished by
selecting the preparation method, namely the support synthesis
and metal incorporation.

The reverse microemulsion method produces NiO—CeO,
mixed oxides with a controlled size that outperform
impregnated samples, due to the surface area and highly
reducible Ni—O—Ce species on the surface of the nano-
particles.”® The low activity of conventionally impregnated
samples is overcome by modifying the nickel species
incorporation procedure. Highly dispersed nickel particles
with strong metal—support interaction and Ni nanoparticles
embedded in the pore walls of three-dimensional mesoporous
CeO, are obtained by the citric acid assisted impregnation”’
and solution combustion,”® respectively. Moreover, the
incorporation of nickel by gas discharge plasma leads to a
catalyst with a trade-off between active sites for H, splitting
and CO, activation.”’ In this catalyst, enriched Ni—CeO,
interfacial sites and well-dispersed Ni particles operate
synergistically to produce methane efficiently at low reaction
temperatures. The preparation method also controls the ceria
morphology, which modifies the oxygen vacancies and,
consequently, the activity of Ni and Ru catalysts.””™*° The
higher number of Ce®" species in CeO, nanorods than
nanocubes explains the higher performance of the former at a
low temperature and low Ni loadings.”> However, the oxygen
vacancies—activity relationship is not always straightforward. A
strong metal—support interaction between Ni and Ce may
have a negative impact on the CO, conversion at low
temperatures.' Moreover, the formation of oxygen vacancies
promoted by Ru is CeO, morphology-dependent.** Recently,
the engineering of the oxygen vacancies has been claimed by
adding Y,0; to NiO-CeO,, the vacancies promote the direct
dissociation of CO, and therefore greatly enhance the
activity.36

In the preparation of the structured catalysts, the aim is to
combine the above-described properties of the CeO,-based
catalysts and those of the structured support; however, this
task could be challenging since the former could be altered in
the structured material. The dip-coating of an already prepared
Ni—CeO, catalyst should be carried out into an acid-free
catalyst dispersion to avoid modifications of the catalyst.”’
Alternatively, the catalyst could be in situ synthesized on the
surface of the structured support, but mimicking the properties
of conventionally prepared catalysts could be not tricky. A
chemical conversion method, where pretreated aluminum
structures react with an oxjdizin§ solution of cerium chloride,
generates a nano-CeQ, coating.” Through the in situ Solution
Combustion Deposition method, thin, uniform, and high-
resistance catalytic layers of Ni/GDC (gallium-doped CeO,)
deposit on foams active for the CO, methanation.”” We have
proposed the electrodeposition to coat high pore density metal
open-cell foams by a thin film of Pd-CeO, and CeO,.*>*' The
electrodeposition of single CeO, coatings is a facile and fast
procedure, and the thickness of the coating and the CeO,
particle size could be tailored.*’ On the contrary, the
preparation of Pd-CeO, electrodeposits is challenging; the
selection of Pd metal precursors, potential, and time is
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required, though not enough to avoid the formation of some
Pd" particles.*” An alternative is the impregnation of the noble
metal, e.g, Ru, on the electrodeposited Ce0,."?

This work aims to prepare in a single-step Ru—CeO, and
Ni—CeO, catalytic coatings on NiCrAl open-cell foams with
small cell size (450 pm) to achieve both methanation activity
at low temperature and enhanced heat transfer. The
precipitation of CeO, containing Ni and Ru is performed for
the first time by electrodeposition, more precisely, by the
electro-base generation method. For Ni-based catalysts, the Ni
loading is also modified. The interaction and dispersion of the
metal species with CeO, are investigated and correlated to the
catalytic activity. To better highlight the ability of the catalysts
to activate both CO, and H,, and to deal with the heat
generated, the hydrogenation of CO, to CH, over the
structured catalysts is evaluated at high space velocity values
(GHSV = 38,200 h™" or based on the mass of the coating
320,000 mL g, ' h™' (H,/CO,/N, = 4/1/1 v/v)), measuring
the temperature profiles along the centerline of the catalytic
bed. These temperature profiles provide valuable information
on the hotspots along the catalytic bed in terms of location and
the temperature increment (compared to the oven temper-
ature); however, they are rarely reported. For comparison
purposes, pelltized catalysts were prepared by conventional
methods.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Catalysts. Chemicals used in the
experiments were nickel(II) nitrate hexahydrate (Sigma-
Aldrich, 98.5%), cerium nitrate nonahydrate (Sigma-Aldrich,
99%), ruthenium(III) nitrosyl nitrate solution (Ru 1.5% w/v,
diluted in nitric acid, Alfa Aesar), hydrochloric acid (Sigma-
Aldrich, 37%), and ammonia solution (25%, Merck). The
structured supports are NiCrAl open-cell foams (disks in a
dimension of 10 mm diameter X 1.6 mm thickness, 450 um
cell size) supplied by Alantum. Bare foams were rinsed with
acetone and subsequently with water. After that, they were
dried at 40 °C for 24 h.

Before coating, the clean NiCrAl foam disks were pretreated
in HCl S M for 15 min, followed by rinsing thoroughly in
ultrapure water. Then, M/Ce (M = Ni or Ru) cerium-based
materials were in situ coated on the foams by electro-base
generation technique in a double compartment electro-
chemical flow cell connected with a potentiostat (Metrohm
Autolab PGSTAT204, equipped with NOVA software).
Detailed information on the cell configuration can be found
elsewhere.'” Information on electrolytes and synthesis
conditions are described in Table 1.

The electrolyte containing Ru was adjusted to pH 3.8 using
a concentrated NHj solution to suppress the electro-reduction

Table 1. Electrolytes and Synthesis Conditions Used in the
Preparation of the Catalysts

catalyst foam electrolyte conditions

CeO, NiCrAl  Ce(NO;); 0.1 M —1.3 V vs SCE, 600 s

NilCe3 NiCrAl  Ni(NO,),/Ce(NO;); = —1.3 V vs SCE, 600 s
1/3,01 M

Ni3Cel NiCrAl  Ni(NO,),/Ce(NO;); = —1.3 V vs SCE, 600 s
3/1, 01 M

Ru3Ce97  NiCrAl Ru(NO)(NO;);/ —1.2 V vs SCE, 600 s
Ce(NO,), = 3/97,
0.1 M

https://dx.doi.org/10.1021/acs.iecr.0c06024
Ind. Eng. Chem. Res. 2021, 60, 6730—6741
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of noble metal cations to metallic particles, as reported
elsewhere.”” Note that the electrodeposition time was adjusted
to avoid the clog of the pores of the foams due to the
deposition of a large amount of the coating. After being coated,
the foams were rinsed three times with ultrapure water, dried
at 40 °C for 24 h, and then calcined in an oven at 600 °C
(ramp 10 °C min™") for 6 h.

For comparison purposes, three powder samples (CeO,,
NilCe3, and Ni3Cel) with a similar composition as the
electrodeposited catalysts were prepared by coprecipitation. A
solution containing Ce(NO;); 0.1 M or a mixture of
Ni(NO;), and Ce(NO;); (Ni/Ce = 1/3 or 3/1 molar ratio),
with a total concentration of 0.1 M, was added dropwise into a
solution of NaOH, and the pH was controlled at 9.0. The
mixture was then stirred for 1 h and filtered and washed with
distilled water. The solid was dried at 80 °C for 24 h and
subsequently calcined, using the same conditions as for foam
catalysts.

2.2, Characterization Techniques. X-ray diffraction
(XRD) of the coating layer on the foam or of the powder
samples was performed using a PANalytical X'Pert diffrac-
tometer equipped with a copper anode (4, = 0.15418 nm)
and a fast X’Celerator detector. A wide-angle diffractogram was
collected over a 26 range from 5 to 80° with a step size of
0.07° and counting time 60 s.

Morphology of the coating was characterized by scanning
electron microscopy (SEM) coupled to energy dispersive
spectrometry (EDS) using an EP EVO 50 Series Instrument
(EVO ZEISS) equipped with an INCA X-act Penta FET
Precision EDS microanalysis and INCA Microanalysis Suite
Software (Oxford Instruments Analytical).

Micro-Raman measurements were performed in a Renishaw
Raman Invia configured with a Leica DMLM microscope. The
system was equipped with edge filters to cut Rayleigh
scattering, monochromators (1800 lines/mm for Ar" laser,
and 1200 lines/mm for diode laser) and a charge-coupled
device (CCD) thermoelectrically cooled (203 K) detector.
Measurements were performed for the as-synthesized, calcined,
and spent samples using the Ar* Laser (514.5 nm) at a power
of 3 mW (10% of maximum power level). Each spectrum was
recorded with four accumulations (30 s for each). About six to
nine measurements were performed at different locations on
each sample.

The transmission electron analyses were performed with an
FEI TECNAI F20 microscope operating at 200 kV. The
instrument is also equipped with a dispersion microanalysis of
energy (EDS) and the scanning electron microscopy (STEM)
accessory. The coatings in the foams were carefully scratched
using a scalpel and subsequently dispersed in isopropyl alcohol
and sonicated for 45 min. One drop of the solution is then
deposited on a perforated carbon film supported by a gold grid.
The grid was then dried at 100 °C. The TEM images were
taken in the phase contrast mode and Selected Area electron
diffraction (SAED). STEM pictures were recorded using a
High Angle Annular Dark Field (HAADF) detector.

X-ray photoelectron spectra (XPS) were recorded with a
PHI VersaProbe II Scanning XPS Microprobe with scanning
monochromatic X-ray Al Ka radiation as the excitation source
(100 pm area analyzed, 25.0 W, 15 kV, 1486.6 V), and a
charge neutralizer. The pressure in the analysis chamber was
maintained lower than 2.0 X 10~° Pa. High-resolution spectra
were recorded at a given takeoff angle of 44° by a multichannel
hemispherical electron analyzer operating in the constant pass
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energy mode at 29.35 eV. Spectra were charge referenced with
the C 1s of adventitious carbon at 284.8 eV. The energy scale
was calibrated using Cu 2p;,,, Ag 3ds;, and Au 4f,,
photoelectron lines at 932.7, 368.2, and 83.9 eV, respectively.
The Multipack software version 9.6.0.15 was employed to
analyze in detail the recorded spectra. The obtained spectra
were fitted using Gaussian—Lorentzian curves to more
accurately extract the binding energies of the different element
core levels.

Hydrogen temperature-programmed reduction (H,-TPR)
was carried out in an AutoChem II (Chemisorption analyzer,
Micromeritics). The catalysts (two calcined coated foams
containing about 20 mg of the coating or 100 mg of powder
catalysts) were placed in a U-shape reactor (i.d. 10 mm) and
pretreated at 150 °C under 30 mL min~" of He for 30 min.
After that, the reactor was cooled down to 40 °C under He,
and the carrier gas was switched to 5% H,/Ar (v/v) at 30 mL
min~'. When the baseline was stable, the temperature was
increased to 900 °C with a ramp of 10 °C min~". The effluent
gas passed through an ice-cold trap, afterward, the H,
consumption was measured using a thermal conductivity
detector (TCD).

2.3. Catalytic Tests. The CO, methanation tests over
structured catalysts were performed in a quartz reactor (ID
10.0 mm) loaded with three foam catalysts (approximately 4.8
mm in height). To measure the temperature profile, a 2 mm
thermowell (quartz tube) was inserted into the middle of the
catalytic bed. A thermocouple (K-type) can manually slide
inside the thermowell allowing to measure the temperature
along the length of the catalytic bed during the tests. The
catalyst was reduced in 200 mL min™" of H,/N, = 1/1 (v/v) at
600 °C for 2 h. After cooling to 250 °C and stabilizing at this
temperature for 30 min in N,, the feed gas (H,/CO,/N, = 4/
1/1 v/v) with a total flow rate of 240 mL min™~" was sent to the
reactor. This condition generated a gas hourly space velocity
(GHSV) of 38,200 h™' (GHSV = total flow rate/apparent
volume of the foam bed). The reaction was carried out from
250 to 450 °C (or 600 °C in some tests) with an interval of 25
°C. The temperature was set to a defined value in N,
atmosphere, once the temperature is reached (and it is stable,
approximately 30 min each point) the reaction mixture was
fed. After passing through a cold trap for water condensation,
the outlet stream was analyzed online by a PerkinElmer Auto
system XL gas chromatograph, equipped with two thermal
conductivity detectors (TCD) and two Carbo-sphere columns
using He as a carrier gas for CO, CH, and CO, quantification,
and N, for H, analysis. Detailed information on the calculation
of conversion and selectivity can be found in our previous
work."”

The tests over the pelletized catalysts were performed
keeping both the volume of the bed and the amount of catalyst
constant in comparison to the ones over structured catalysts.
Therefore, 45 mg of pelletized catalyst (NilCe3 or Ni3Cel)
(similar to the amount of coating on 3 foams) was diluted with
470 mg of quartz (with the same particle size of the pellet,
mesh 30—40) to have a 4.8 mm height bed.

The apparent activation energy (E,) of each catalyst was
calculated from the slope of the Arrhenius plot in the
kinetically determined reaction temperature. The temperature
values used were measured at the surface of the catalytic bed
near the inlet, at which the conversion values of CO, were
lower than 25% to minimize the effect of heat generation from

https://dx.doi.org/10.1021/acs.iecr.0c06024
Ind. Eng. Chem. Res. 2021, 60, 6730—6741
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the reaction. Detailed information on the calculation can be
found elsewhere.*

3. RESULTS AND DISCUSSION

3.1. Characterization of As-Synthesized and Calcined
Coated Foams. SEM images of the foams after electro-
deposition and drying are shown in Figure 1. The layer of the

As-synthesized

Figure 1. SEM images of as synthesized and calcined CeO,-based
structured materials: CeO, (a, e); NilCe3 (b, f); Ni3Cel (¢, g);
Ru3Ce97 (d, h).

sole CeO, sample is about 5—10 ym thick (Figure 1a), while
5—1S pm coatings are observed in the as-synthesized Ni- and
Ru-containing samples (Figure 1b—d). In the latter, cracks
develop due to both shearing stresses during drying and H,
bubbles generated in the electrodeposition; remarkably the
Ni3Cel catalyst contains a larger amount of cracks. High
magnification images evidence the formation of nanoplatelets
of CeO, randomly oriented, with a thin layer of more compact
particles lying on it (the inset of Figure 1a). The average M/Ce
values (M = Ni, Ru), estimated from EDS analyses, are very
close to the nominal values in the electrolytic solution for all
the samples as shown in Table 2.

XRD patterns of coated foams confirm the electrodeposition
of nanocrystalline CeO, with a cubic fluorite structure (Figure
2a). Though some broad peaks in the Ni3Cel catalyst may be
related to Ni(OH),, the presence of Ni- and Ru-containing
phases could not proved by XRD. The nickel and ruthenium
species are likely to simultaneously precipitate with the CeO,
and be incorporated into its structure, or form well-dispersed
hydroxides. Micro-Raman spectra in Figure 2b provides
complementary information about the structure of the
solids.**** The symmetrical stretching F,, mode of CeO,,
recorded in the spectra of sole CeO, at ca. 460 cm™, slightly
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Table 2. Loading and Composition (Molar Ratio Obtained
by EDS) of the CeO, and M—CeO, Coatings

composition (atomic ratio)

Ni or Ru
loading of loading in M (Ni or Ru)/
coatin, the coating (M + Ce) Ce/(M + Ce)
catalyst (wt %§ (wt %) molar ratio molar ratio
CeO, 120 + 07
NilCe3 14.7 + 3.1 9.5 0.24 + 0.09 0.76 + 0.09
Ni3Cel 15.1 + 3.0 45.4 0.76 + 0.02 0.24 + 0.02
Ru3Ce97 18.6 + 2.1 2.0 0.034 + 0.01 0.966 + 0.01
* CeO, a)
A NiCrAl
Crystallite size CeO,
Tw
5 5.8 nm A Ru3Ce97
38 .
C
£ 4.8nm Ni1Ce3
20 30 40 50 60 70
Diffraction angle 26 / °
b) 458
-~
/J Ru3Ce97
S 456
S Ni3Ce1
>
2 s
2 456
S Ni1Ce3
d
460
ceo, N\

T T T
600 800 1000

Raman shift / cm™

T
200 400 1200

Figure 2. XRD patterns (a) and micro-Raman spectra (b) of as-
synthesized structured materials.

moves toward lower Raman shift values in the presence of
nickel and ruthenium, suggesting their incorporation into the
CeO, lattice.*”*” Moreover, the asymmetry of the F,, peak
indicates the presence of oxygen vacancies or foreign ions. The
presence of the defect-induced (D) mode band at around 600
cm™! confirms the formation of oxygen defects in the CeO,
structure, which could be also related to the partial substitution
of Ce* by Ru** or Ni** in the fluorite framework.*>*” This
band is more intense for the NilCe3 sample and broader for
Ru3Ce97, a behavior that could be related to differences in the
interaction between nickel and ruthenium with the CeO,. The
peak at 1048 cm™' is assigned to free nitrate ion from the
electrolyte that remains in the solid after electrodeposition.
While for the Ni3Cel sample a band at ca. 3650 cm™ (not
shown) is related to Ni(OH),.**

The calcination of the as-synthesized samples does not
significantly modify the size and morphology of the particles in

https://dx.doi.org/10.1021/acs.iecr.0c06024
Ind. Eng. Chem. Res. 2021, 60, 6730—6741
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the coating, though it causes an increase in the numbers of
cracks (Figure le—h). The sintering of the CeO, structure is
evidenced by XRD and Raman. In the diffraction patterns of
calcined samples (Figure 3a), the CeO, reflections become

* CeO, A a)
o NiO
A NiCrAl
Crystallite size CeO,
TU)
3 o2nm ) Ru3Ce97
8 N L\ : ﬁ :
% Jw o, Ni3Cel
{
2 9.0 nm
= A A Ni1Ce3
10.8 nm
* * <
A * CeO,
T T T T T
20 30 40 50 60 70
Diffraction angle 20 / °
b
) 461
457 700
:5 H
= Ru3Ce97
% 4 Ni3Ce1
o
2
=
Ni1Ce3
CeO,
T T T T T
200 400 600 800 1000 1200 1400

Raman shift/ cm™

Figure 3. XRD patterns (a) and micro-Raman spectra (b) of calcined
structured samples and CeO,.

narrower and more intense than in the as-synthesized samples.
Nevertheless, CeO, crystallite sizes in the catalysts are still in
the nanometer range, i.e., S—11 nm (Table 3). The presence of

Table 3. Crystallite Size of CeO, Calculated by the Scherrer
Equation for As-Synthesized, Calcined, and Spent
Structured Catalysts®

size at plane(111) 28.5 26 (nm)

as synthesized calcined spent
NilCe3 4.8 9.0 199
Ni3Cel 3.3 5.2 12.6
Ru3Ce97 5.8 8.3 11.0
CeO, 7.8 10.8

“The CeO, sample has been included for comparison purposes.

Ni or Ru seems to delay the sintering phenomena of the CeO,
support. Only for the Ni3Cel sample is the segregated NiO
phase detected. The absence of NiO and RuO, reflections in
NilCe3 and Ru3Ce97 patterns, respectively, could be related
to a high dispersion of the oxides or to the inclusion of nickel
and ruthenium into the CeO, structure. In the Raman spectra
displayed in Figure 3b, the narrowing of the F,, peak, due to
the crystallite growth in the calcined samples, is accompanied
by a shift toward higher Raman shift values. Hence, the
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differences in the position of the peak for the metal-containing
samples and the sole CeO, are reduced; the Ni3Cel sample
displays the peak at the lower Raman shift value. The weak
band at ca. 700 cm™" in Ru3Ce97 catalyst is related to the Ru—
O—Ce interfacial bond, which has been attributed to a strong
metal—support interaction;***’ note that the expected band at
ca. 970 cm™ is not detected. Remarkably, the spectra of CeO,
and NilCe3 structured samples show similar features, though
the former spectrum is different than for precipitated CeO,
(Figure S1). Bands at 225, 550, and 630 cm™' develop after
calcination, but they are absent in the spectra of Ni3Cel
catalyst. The peak at low Raman shift is related to the second-
order transverse acoustic (2TA) mode of CeO, with lattice
defects, generated by the incorporation of Ni** species into the
CeO, structure.”””" In these samples, the defect induced mode
band is composed by the D, peak at ca. 600 cm™, due to
oxygen vacancies, and the D, band at 630 cm™!, due to cation
substitution in the lattice.”” This D band is overlapped with the
one-phonon LO (longitudinal optical) mode of defective nano
NiO, located at 550 cm™!; NiO also shows a broad band at
1100 cm™’, attributed to a two-phonon 2LO mode.’”*! These
characterization results indicate that NiO is incorporated into
the CeO, lattice. The differences in the shape of the Ni3Cel
spectrum could be related to the lower interaction between Ni
and CeQ,. Actually, in this catalyst, XRD revealed that some
NiO is segregated. The absence of NiO bands in the Raman
spectra could be explained considering that the main peak of
defective NiO at ca. S50 cm™’, may be overlapped with the
broad D band of the CeO,, while the other vibrational modes
are usually very weak and therefore not recorded.

The characterization of the coating surface in the calcined
structured samples is performed by XPS (Figure 4). The Ce 3d
core-level photoelectron spectra are complex and can be
decomposed in several spin—orbit doublets denoted as v(n)
and u(n). Three doublets are ascribed to the presence of Ce**:
v (~882 eV) and u (~901 eV)-Ce 3d° 4f> O 2p*; v/ (~886
eV) and u”’ (~907 eV)-Ce 3d° 4f* O 2p%; v'"' (~898 eV), u’"’
(~916 eV)-Ce 3d° 4f° O 2p°. Meanwhile two doublets: v,
(~881 eV) and u, (~898 €V)-Ce 3d° 4f> O 2p°); v/ (~886
eV) and u’ (~903 eV)-Ce 3d° 4f O 2p° are assigned to
Ce**>»** The high energy parts of the Ce 3ds,, spectra for
samples NilCe3 and Ni3Cel are overlapped with the low
energy region of the Ni 2p,,, spectra. This confers an
additional complexity in the spectra analysis, and the
component v, (~881 eV) of Ce* is difficult to be studied
for these two samples. The reduction degree of cerium,
expressed as Ce* percent, was calculated by taking into
account these contributions as indicated by Zhang et al.,” and
the results are indicated in Table 4. As expected, the reduction
degree of Ce*" is low, being the percentage of Ce®" lower than
12% in all the studied samples. Figure 4 shows the
deconvoluted Ce 3d, Ni 2p, and Ru 3p;,, core-level spectra
of the studied samples. In the case of the Ni 2p spectra (Figure
4b), the main peak of the Ni 2p;, signal for NilCe3 appears at
854.8 eV, 1.0 eV shifted to the observed value for NiO (853.8
eV) and with the typical shakeup satellite of Ni** species. This
shift to higher binding energy is due to the interaction between
Ni species and CeO,, in agreement with Raman spectra. The
Ni 2p spectrum is similar for sample Ni3Cel, but with higher
relative intensity, and with the main peak appearing at a
binding energy of 854.1 eV, nearer to that observed for NiO.
This sample has a lower cerium content and the interaction
between Ni and cerium species is weaker, as also suggested by
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Figure 4. Ce 3d (a), Ni 2p (b), and Ru 3p;, (c) core-level spectra of the NilCe3, Ni3Cel, and Ru3Cel catalysts, respectively.

Table 4. Surface Chemical Composition (In Atomic Concentration, %) Determined by XPS

sample Cls O 1s Ni 2p;/,
NilCe3 29.49 51.25 13.71
Ni3Cel 26.22 49.86 19.80
Ru3Ce97 34.36 51.07

“Ru/Ce atomic ratio.

Ce 3d Ru 3p;), Ni/Ce %Ce’*
5.51 2.49 10.4
4.12 4.81 12.0

14.04 0.63 0.0457 10.0

Raman characterization. The Ru 3d signal is overlapped with
the strong C 1s signal and its study not possible. For this
reason, the Ru 3p;,, signal was selected and shown in Figure
4c. This signal appears at 462.7 eV, very near to that observed
for RuO, (462.5 V). Therefore, it is possible to evidence the
presence of Ru*". The O 1s core-level spectra show two
contributions in all the studied samples: 529.7 eV (73%) and
531.5 eV (27%) for sample NilCe3, 529.5 €V (77%) and
531.3 eV (23%) for sample Ni3Cel, and 529.0 eV (85%) and
531.4 eV (15%) for sample Ru3Ce97. The main peak is mainly
associated with lattice oxygen of NiO for samples NilCe3 and
Ni3Cel, and lattice oxygen for CeO, in sample Ru3Ce97. The
shoulder at higher binding energy is assigned to hydroxyl
groups. The C 1s core level signals (not shown) of the samples
NilCe3 and Ru3Ce97, with a higher Ce content, show a
contribution at about 289.0 eV due to the presence of surface
cerium carbonate, typical of cerium containing compounds.
This contribution at high binding energy was not observed in
the case of the sample with a low Ce content (Ni3Cel).
Table 4 shows the surface atomic concentration for the
studied samples. It is relevant the high percentage of C, and the
high relative surface Ni content, since the observed Ni/Ce
atomic ratios are much higher than the nominal values and
those observed by EDS. 2.49 for sample NilCe3 (nominal Ni/
Ce = 0.33) and 4.81 for sample Ni3Cel (nominal Ni/Ce = 3).
In the case of sample Ru3Ce97, the observed Ru/Ce atomic
ratio (0.04S) is higher than the nominal one (0.031). This
indicates that CeO, has some promotion effect on Ni and Ru.
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The H,-TPR profiles of the coated foams after calcination
are shown in Figure S. The H, consumption for the sole CeO,

Ni3Ce1

Ni1Ce3

Ru3Ce97

LA

Normalized signal / a.u. per weight

CeO,

2

T x T ¥ T 1 T )/ T %
400 500 600 700 800 900

Temperature / °C

T T h  §
100 200 300

Figure 5. H,-TPR profiles of CeO,-, Ru3Ce97-, NilCe3-, and
Ni3Cel-structured calcined samples.

sample occurs in three steps, related to the reduction of surface
(approximate 300 and 480 °C) and bulk CeO, (760 °C).***’
The contribution of Ni from the foam support could be not
ruled out. In the Ru-containing catalyst, the two overlapped
peaks at ca. 106 and 120 °C could be related to RuO, species
highly and weakly interacting with CeO,, as previously
reported for impregnated catalysts.”> However, in the bulk
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catalyst here investigated, the embedment of the species in the
structure could also delay the reduction.”” The weak peaks
above 200 °C in the profile of Ru3Ce97 could be associated
with the reduction of surface CeO,, fostered by the presence of
ruthenium since the Ce—O bond is weakened.”” While the
reduction of bulk CeO, is observed as a weak peak at ca. 770
°C. In the NilCe3 and Ni3Cel catalysts, an asymmetric peak
is recorded in the 200—700 °C temperature range. It is
ascribed to the overlapped reduction of adsorbed oxygen
(shoulder between 200 and 300 °C), NiO dispersed (main
peak around 370 °C), NiO highly interacting with the CeO,
support (shoulder around 450 °C), and the reduction of CeO,
surface oxygen, this latter is shifted to a lower temperature than
in the sole CeO, due to the substitution of Ni.'**’ More
precisely, the adsorbed oxygen has been reported to be on
CeO, vacancies, which are generated in the NiO-CeO, solid
solution.”® For the NilCe3 catalyst, the shift of the reduction
profile toward higher temperatures in comparison to the one of
Ni3Cel, and the increase in the intensity of the shoulder at
approximately 600 °C confirm the enhanced interaction
between NiO and CeO, for this catalyst, above evidenced by
Raman and XPS analyses.

3.2. Catalytic Tests and Characterization of Spent
Structured Catalysts. The coating composition largely
determines both the CO, conversion and CH, selectivity
(Figure 6). Ru3Ce97 catalyst is poorly active in the
methanation; for instance, at 400 °C a 20% CO, conversion
is achieved, and more remarkably, in the 300—450 °C range,
the selectivity to CH, is only 40—46%. The increase in the
activity above 450 °C could be related to the contribution of
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Figure 6. CO, conversion (a) and CH, and CO selectivity (b) over
Ru3Ce97-, NilCe3-, and Ni3Cel-structured catalysts.
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the RWGS since the CO production also largely increases. The
low ability of the catalyst to convert CO, to CH,, more
exothermic than the CO, to CO reaction may explain, the
rather flat temperature profiles measured along the center of
the catalytic bed (Figure S2a), even when the CO, conversion
reaches a 40—50% value.

SEM images of the spent Ru3Ce97 catalyst in Figure S3c
show that the solid is well-adhered to the metallic foam after
catalytic tests. However, the sintering of the CeO, structure,
already observed after calcination, seems to continue after
reduction pretreatment and catalytic tests; ie, the CeO,
crystallite size is doubled in the spent catalyst in comparison
to the calcined material (Figure S4a and Table 3). Elemental
mapping of the foam surface by EDS evidence that Ru and Ce
are well distributed in the coating (Figure SSa—d). HRTEM
images show that this coating is actually made by nano-CeO,
particles showing well-defined lattice fringes with d-spacings of
0.312 and 0.271 nm due to (111) and (200) fluorite-type
CeO, structure (Figure 7a). Ru amorphous particles, in the §

a) Ru3Ce97

Figure 7. HRTEM images of the spent structured catalysts (a)
Ru3Ce97, (b) NilCe3, and (c) Ni3Cel.

to 10 nm size range, are embedded in and highly interacting
with the CeO, (Figure 7a). The reduction of RuO, to Ru’
could be assumed by the disappearance of the 700 cm™ peak
in the Raman spectra (Figure S6).

Hence, the low methane production of the Ru-containing
catalyst could be related to the embedment of Ru into the
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CeQ, structure and the unbalance between CO, activation in
the oxygen vacancies or Ru and H, dissociation in the Ru
metallic sites.””*” This latter behavior could be more
remarkable at the high space velocity value used in this work
in comparison to the values reported in the literature, 320,000
mL g~ h™' (H,/CO,/N, = 4/1/1 v/v) vs 72,000 mL g~
h™! (H,/CO,/N, = 4/1/5 v/v),* 150,000 mL g, h™" (H,/
CO,/Ar = 3.2/1/40 v/v),”" and 4800 mL g_,,~' h™' (CO,/H,/
He = 1/4/15 v/v).23 Indeed in a test with an impregnated
pelletized catalyst (Figure S7), CO, and CH, selectivity values
increased, the latter being around 80%, but they are still far
from the ones reported in the literature. Another interesting
case to compare with our data has been recently reported by
Cimino and co-workers;"” in that work, Ru is both directly
electrodeposited on a Ni foam and impregnated on a CeO,-
coated Ni foam. Note that in our Ru3Ce97 foam catalyst, Ru
and CeOQ, are simultaneously deposited on the NiCrAl foam.
Detailed information on the comparison is summarized in
Table S1. Although substantial differences in Ru loading and
reaction conditions (the composition of the feedstock and
GHSV) make it difficult to directly compare the results in both
works, some highlights on the selectivity of CH, can be
discussed. The selectivity in CH, of our Ru3Ce97 catalyst is
40—46%, in between the values obtained over the catalysts
with Ru directly deposited on the Ni foam (10%) and Ru
deposited on a CeO,-coated Ni foam (98%). This suggests
that not only the presence of CeO, support plays a role on the
CO, methanation, but also the way Ru is incorporated into the
CeO, support may modify the activity. Ru-embedded in CeO,,
obtained by the electrodeposition route (in our case), exhibits
a higher reaction rate of CO, conversion but lower selectivity
in CH, than Ru-impregnated CeO,,"* suggesting a lower rate
for H, dissociation and, consequently, an unbalance between
CO, and H, activation, though this needs a further study to
compare both types of catalysts under similar reaction
conditions.

The NilCe3 catalyst behaves like the Ru3C97 sample,
though it is slightly more selective to CH,, 61—68%, and shows
a lower CO, conversion above 400 °C, suggesting a poorer
RWGS activity. The higher Ni loading in the Ni3Cel catalyst
not only improves the CO, conversion at low temperature
(e.g, at 325 °C a CO, conversion of 57% is reached) but also
the CH, selectivity (Figure 6). Throughout all the temper-
atures investigated, CH, is the main reaction product, with
selectivities in the 86—95% range, resulting in productivity of
CH, of 24.7, 62.7, and 68.7 Loy, g, ' h™" at 300, 325, and
350 °C, respectively. A plot of CO, conversion versus the
outlet temperature of the catalytic bed shows that the CO,
conversion of the Ni3Cel is still far from the equilibrium
conversion value of CO, at a temperature of approximately S00
°C (Figure S8). Hence, the comparisons between catalysts are
performed in reaction conditions not governed by the
thermodynamic equilibrium. Similar CO, conversion and
CH, selectivity values are obtained over another set of
Ni3Cel foams confirming the reproducibility of the electro-
deposition coating method for the catalyst preparation (Figure
S9). The temperature measured within the catalytic bed is
characteristic of an exothermic reaction, with the hotspot
positions at 1—2 mm near the outlet of the bed, probably due
to the high space velocity values. The temperature inside the
bed for Ni3Cel, shown in Figure S2c, is almost similar to the
oven temperature at 250 and 275 °C when the CO, conversion
is negligible. While the temperature increment is about 82—85
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°C higher when the CO, conversion is 56—64% and the CH,
selectivity 93—94%, at oven temperatures of 325-375 °C.
However, the temperature increment decreases significantly,
eg to 69-56 °C, with a further increase in the oven
temperature from 400 to 450 °C, although the CO, conversion
only decreases by about 1.5%. This is explained by the
contribution of the endothermic RWGS reaction, also
associated with an increase in CO selectivity from 8.8 to
14.3%. The Ni3Cel catalyst is less active than NiAl and
NiCeAl structured catalysts based on hydrotalcite-type
compounds also prepared by electrodeposition.'”

After methanation, the coating is partially detached in some
exposed areas; however, it is worthy to note that the catalytic
film in the less active NilCe3 sample is more stable than in
Ni3Cel (Figure S3a,b). In the diffraction patterns of the spent
catalysts shown in Figure S4a, the reflections attributed to Ni°
in the catalytic coating cannot be distinguished from those of
the NiCrAl support. The absence of both NiO reflections in
the diffraction pattern of Ni3Cel and the bands due to Ni**
incorporation into CeO, in the Raman spectra of NilCe3
(Figure S10), which were present in the calcined samples,
suggest that that nickel species are reduced after the
prereduction treatment and catalytic tests. The XPS study of
the spent NilCe3 and Ni3Cel foam catalysts also confirms the
presence of Ni’. Their Ni 2p,, core level spectra are shown in
Figure S11. Both spectra show two contributions at 852.9 and
855.5—855.7 eV. The former, more intense in the case of the
spent Ni3Cel, is assigned to the presence to Ni’ and the latter
to Ni**. The presence of Ni** can be derived from the surface
air oxidation of Ni’, though some highly interacting Ni species
not easily reduced could not be discarded. In the case of the
Ce 3d core level spectra of these spent catalysts (Figure S11), a
reduction of Ce*" to Ce®" is also observed in both cases. Like
for the Ru3Ce97 catalyst, the CeO, structure sinters during
tests, Figure S4a, but the defect induced mode band at ca. 633
cm™' is still observed for NilCe3 (Figure S10). Note that a
higher Ni loading delays the CeO, crystallite growth (Figure
S4a). In the coatings of the spent catalysts, Ni and Ce
distributions are well correlated, as observed in EDS elemental
maps (Figure SSe—h). While HRTEM images do not evidence
remarkable differences in the morphology of the catalysts
depending on the Ni loading. Both types of spent catalysts
contain nanocrystalline CeO, (with d-spacing of approximately
0.31 nm for the (111) plane), similar to that present in the
Ru3Ce97 coating, and amorphous Ni nanoparticles with sizes
around 5—20 nm (Figure 7a,b).

Hence, the differences in activity observed for NilCe3 and
Ni3Cel seem not to be related to the Ni particle size but to its
amount. The low activity and selectivity in CH, over the low
loaded NilCe3 catalyst are likely related to a decrease in the
H, dissociation activity, though the effect of the lower
reducibility could not be discarded. The larger Ni—CeO,
interface and vacancies for NilCe3 than for Ni3Cel seem to
be not enough to achieve a higher performance. The role of the
Ni loading could be also more evident due to the high space
value in the tests, 320,000 mL gmmng_1 h™, which may
suppress the CO to CH, step. The NilCe3 sample behaves
like catalysts with similar Ni loadings reported by Cardenas-
Arenas et al.”® and a 20% Ni—CeO, catalyst prepared by the
colloidal solid combustion.® Conversely, over NiO—CeO,
mixed oxides prepared by the template method, a low CO,
conversion but high CH, selectivity are achieved.’® Further-
more, for the electrodeposited catalysts here investigated, the
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in situ formation of the solid may also lead to differences in the
catalyst properties. To shed light on the role of the properties
of the electrodeposited coating on the activity, NilCe3, and
Ni3Cel powder catalysts were prepared by conventional
coprecipitation and calcination.

3.3. Pelletized vs Structured NiCe Catalysts. The
coprecipitated catalysts contain similar crystalline phases than
the electrodeposited ones (Figure 8a). Moreover, the Ni—

a) Crystallite size CeO, * CeO, &Ni(OH),
A NiO
74 nm
I N Calcined Ni3Cef1
* A *
= ___J\J\J\_,Aw
€
-
8 6.0 nm
< & & & As-synthesized Ni3Ce1
2
®
5 6.5 nm
T T T T T T

10 20 30 40 50 60 70 80
Diffraction angle 26 / °
=
=
2
[
2
@
o
S
©
©
c
2 Ni3Ce1
o
[}
N
£
5 Ni1Ce3
Z

T T T T T T T T
100 200 300 400 500 600 700 800 900

Temperature / °C

Figure 8. Characterization of pelletized catalysts: (a) XRD patterns of
as-synthesized and calcined samples and (b) H,-TPR profiles of
calcined samples.

CeO, interaction, observed in the NilCe3 foam, is also
established in coprecipitated catalysts for the low loaded Ni
catalyst, e.g, oxygen vacancies generated by the inclusion of
Ni** into the CeO, are observed in the Raman spectra (not
shown). The differences in the position and intensity of the
H,-TPR peaks for coprecipitated and electrodeposited samples
suggest some differences in the type and amount of nickel
species (Figure 8b). In particular, the NilCe3 catalyst is
reduced at higher temperatures in the structured form than in
the pellets, while the behavior is reversed for the high loaded
samples. The XPS study of these samples also shows
differences. The Ni 2p;,, core level spectra of calcined
NilCe3 and Ni3Cel catalyts (Figure S12) show a broad
main Ni 2p;,, main peak as a result of different Ni** species. In
both cases, and mainly in sample Ni3Cel, the maximum of the
main Ni 2p;,, peak appears shifted to high binding energy
(855.7 €V). This shift was also observed in foam samples and it
was attributed to the interaction between Ni** species and
CeO,. In the case of the Ce 3d spectra, significant reduction of
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Ce* to Ce®" was observed in both pelletized catalysts but
more pronounced in the case of the Ni3Cel catalyst.

The catalytic results obtained over pelletized catalysts are
displayed in Figure 9. They clearly show that, like for the
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Figure 9. Comparison of the performance of pelletized and foam
NilCe3 and Ni3Cel: (a) CO, conversion and (b) CH, and CO
selectivity.

foams, the Ni loading determines the activity. In the low-
temperature region (275—300 °C), the CO, conversion is
around 56% for Ni3Cel and negligible for NilCe3.
Remarkably, pelletized catalysts overcome structured ones,
not only in terms of conversion but more importantly in the
selective production of CH,. The NilCe3 pelletized catalyst
achieves a 92% CH, selectivity even at very low values of CO,
conversions. The pelletized Ni3Cel catalyst shows good
activity in the selective conversion of CO, to CH, at 275
°C, close to that achieved for a pelletized NiCeAl catalyst,*
though at different space velocities 320,000 and 480,000 mL
g™ h7', respectively. The Ni3Cel pellet catalyst exhibits
similar CO, conversion and CH, selectivity at a temperature
higher than 350 °C than the Ni3Cel foam, and it has a
productivity of CH, approximately 75.3 Lcyy g - h™" at 350
°C. Note that the plot of the conversion versus the outlet
temperature shows that the conversions of CO, on both
pelletized and structured catalysts of NilCe3 and Ni3Cel are
far from thermodynamic limitation (Figure S13).

The Arrhenius plots and apparent activation energies
obtained for CO, conversions below 25% for all the structured
and pelletized catalysts (except for Ni3Cel pellets) are plotted
in Figure 10. The temperature ranges used for these plots are
250—300 °C for Ni3Cel-Foam and NilCe3-Pellet, and 300—
400 °C for Ru3Ce97-Foam and NilCe3-Foam. Note that the
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Figure 10. Arrhenius plot for different catalysts. The slope of the
fitted linear regression is given by —E,/R. The conversion at each
temperature point was lower than 25% to ensure that the selected
temperature was in the kinetic range.

reaction on the catalysts is far from the thermodynamic
equilibrium within these temperature ranges (Figure 6a and
Figure 9a). A linear fit with a great correlation was found for all
four catalysts (R* > 0.999). The apparent activation energies
are calculated to be approximately 84 kJ mol™" for Ru3Ce97-
Foam, 90 kJ mol™ for NilCe3-Foam, and 102 kJ mol™" for
both NilCe3-Pellet and Ni3Cel-Foam. These values of the
activation energies are similar to those previously reported in
the literature, e.g., 86.7 kJ mol™" for S wt % Ru/CeQ, catalyst*’
or 85.8 kJ mol™! for Ru/Ni (direct electrodeposition on Ni
foam) and 87.5 k] mol™" for Ru-impregnated on CeO,-coated
Ni foam,"’ and in a range of 95—107 kJ mol™ for Ni/CeO,
catalysts.”’ Note that the apparent activation energy values
depend on both the type of catalysts and the operating
conditions (e.g., reactant comégosition, reduction temperature,
and treatment conditions).®"** Therefore, it is challenging to
have a fair comparison with the results from the literature.
However, the close values of E, for each pair of Ru3Ce97-
Foam and NilCe3-Foam or Ni3Cel-Foam and NilCe3-Pellet
suggest that each pair of catalysts may follow a similar reaction
pathway.

The pellet NilCe3 catalyst (Figure Sl4a) shows higher
hotspot temperatures than those of the foam NilCe3 catalyst
(Figure S14b) due to both higher CO, conversion and CH,
selectivity (or lower CO selectivity) of the pellet than the
foam. However, the higher heat transfer over the foam catalyst
could also modify the temperature profile, and since the
temperature is not only a cause but also a consequence of the
reaction, an accurate comparison of the activity of both types
of catalysts is tricky. Some more work is in progress to further
shed light on the differences between co-precipitated and
electrodeposited materials.

4. CONCLUSIONS

CeO,-based structured catalysts for the CO, methanation,
containing either Ni with different loadings or Ru, are easily
prepared through a direct coating process, the electro-
deposition, and the subsequent calcination step. CeO, coatings
with well-dispersed Ru and Ni species or segregated NiO (for
high Ni loadings) deposit on the surface of NiCrAl foams of
high pore density; the quality of the coating decreases as the Ni
content increases. Under harsh reaction conditions (high space
velocity and CO, concentration in the feedstock) the activity
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and selectivity of the catalysts significantly depend on both
metal loading and the preparation method. The low Ni loaded
structured catalyst (9.5 wt % Ni in the coating) shows a poor
activity, e.g., 6% conversion of CO, and 68% selectivity of CH,
at 350 °C, which is significantly lower than the activity of a
pelletized counterpart at the same oven temperature (47%
conversion of CO, and 92% selectivity of CH,). Strong metal—
support interaction and the unbalance between H, dissociation
and CO, activation sites in the structured catalyst may explain
this behavior. With high Ni content (approximately 45 wt %),
both structured and pelletized Ni3Cel catalysts exhibit rather
similar CH, productivity at 350 °C, e.g, 68.7 and 75.3 Ly,
gNi™! h™!, respectively. Though the latter is more active at
lower temperatures. In contrast, the low activity of both Ru—
CeO, structured (with a strong Ru—CeO, interaction) and
pelletized impregnated catalysts in comparison to the results
reported in the literature suggests that the reaction conditions
significantly determine their activity for CO, methanation.
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