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Abstract: A structured catalyst for the dry reforming of methane (DRM) was investigated as a biogas
pre-reformer for indirect internal reforming solid oxide fuel cell (IIR-SOFC). For this purpose, a NiCrAl
open-cell foam was chosen as support and Ni-based samarium doped ceria (Ni-SmDC) as catalyst.
Ni-SmDC powder is a highly performing catalyst showing a remarkable carbon resistance due to the
presence of oxygen vacancies that promote coke gasification by CO,; activation. Ni-SmDC powder was
deposited on the metallic support by wash-coating method. The metallic foam, the powder, and the
structured catalyst were characterized by several techniques such as: N, adsorption-desorption
technique, X-ray diffraction (XRD), scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDX), focused ion beam (FIB), temperature programmed reduction (H;-TPR),
and Raman spectroscopy. Catalytic tests were performed on structured catalysts to evaluate activity,
selectivity, and stability at SOFC operating conditions.

Keywords: structured catalyst; metallic support; Ni-based catalyst; wash-coating; DRM; catalytic
tests; carbon formation; SOFC pre-reformer

1. Introduction

Biogas is an attractive renewable energy source, alternative to fossil fuels, produced by the
anaerobic fermentation of organic matter, mainly consisting of methane (50-80%) and carbon dioxide
(25-50%). The CO; reforming of CHy reaction Equation (1), called dry reforming of methane (DRM)), is
an interesting strategy in the context of biogas valorization to syngas. Many research efforts have been
focused on catalytic aspects and engineering of DRM process [1-4].

CH4 + CO, 2 2H, +2CO  AH? = 247 kJmol ™ (1)

The syngas, or synthesis gas, is a mixture of hydrogen and carbon monoxide, used as a feedstock
in the chemical industry for the synthesis of a wide range of chemicals and fuels but it can be also
used to feed solid oxide fuel cells (SOFCs) [5-7]. DRM is an extremely endothermic reaction and
it requires temperatures as high as those of SOFCs’ operation to attain reasonable yield of syngas.
Thus, SOFCs powered by biogas can act as efficient devices for biogas-electricity conversion [8,9].
Two approaches to SOFC operation can be considered: One is the external reforming (ER) mode, when
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the endothermic CO,; reforming of CH; (DRM) and the electrochemical reactions are operated in
different units, and another is the internal reforming (IR) mode, when DRM reaction and the oxidation
reaction are operated together in a single unit. A further distinction can be done for the internal
reforming operation: Direct internal reforming (DIR) and indirect internal reforming (IIR). In IIR
operation the reformer is in contact with the anode side of a fuel cell, potentially still providing intimate
heat transfer between the reformer and the SOFC [10].

The aim of this work is the design of an efficient structured catalyst for the DRM as a biogas
pre-reformer in IIR-SOFCs.

Structured catalysts for hydrogen production from biogas have received large attention for
their specific characteristics such as: High geometric surface area and low pressure drop [11-14].
Structured systems on different configurations (foams, honeycombs, monoliths) showed several
advantages compared to conventional packed bed reactors [15-18]. For our purpose, a suitable
metallic structured support has been chosen as substrate for catalyst deposition. Metal foams are
recommended supports for their open-cell structure, high thermal conductivity (fundamental in case
of endothermic reactions), high temperature stability, and mechanical strength. Their high porous
texture allows a better mass and heat exchange and promotes a high contact efficiency between
catalyst particles and gases. Other important requirements are corrosion resistance, low pressure drop,
and large surface/volume ratio [19-21]. The main critical issue for structured catalysts’ fabrication
is the deposition of uniform catalyst layers, able to withstand reaction conditions. Among different
deposition methods, the wash-coating into a dispersion is widely considered the best fabrication
technique [8,22,23].

Among catalyst powders, nickel-based catalysts are highly active for the DRM reaction, but they
are quickly deactivated by coking under certain conditions [8,24-27].

Concomitant side reactions take place with DRM, such as reverse water gas shift reaction (RWGS)
Equation (2) that lowers the H,/CO ratio, methane decomposition Equation (3), and Boudouard reaction
Equation (4), both deactivating the catalyst due to the carbon deposits:

CO, + H, 2 H,O + CO AH = 41 KJmol ™ 2)
CH; 2 C +2H, AH? = 75 kJmol ™ (3)
2CO 2 C + CO, AH? = -172 KJmol ™! (4)

Recently, some authors of the present paper reported that nickel supported on samarium doped
ceria (SmDC) is a highly performing catalyst showing remarkable carbon resistance. The oxygen
vacancies introduced by Sm enhanced the CO production, leading to a high O uptake by the
supports, favoring the coke oxidation [28,29]. The catalytically active Ni particles are involved in the
chemisorption of CHy and CO;, producing the intermediates, CHx and O*, that subsequently form
CO and H;. However, the progressive dehydrogenation of CHx species may form carbon residues,
which can cause the deactivation of the catalyst. The Ni species interact strongly with CeO,, and
this interaction is favored in CeReOx solid solutions by the oxygen vacancy formed by the aliovalent
dopants (i.e., La, Sm, and Pr). These oxygen vacancies allow the activation of CO,, producing CO
and O* species which can be transferred quickly near the Ni sites favoring the oxidation of the carbon
residues, limiting the deactivation of the catalyst. Thus, the deposited carbon amount during the DRM
was related to the nature and the amount of oxygen vacancies [1,30-33].

In this work, Ni-Ce g55my 150;,_5 was used as catalyst powder and deposited on NiCrAl foam by
wash-coating to fabricate structured catalysts for DRM.

Powder, support, and final structured catalyst were investigated by using different techniques such
as: X-ray diffraction (XRD), scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX), focused ion beam (FIB), temperature programmed reduction (H;-TPR), and Raman
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spectroscopy. Catalytic tests for DRM were performed to evaluate activity, selectivity, and stability at
SOFC operating conditions.

2. Materials and Methods

Ni-Ceq g55my 150;-5 powder (Ni nominal loading 5 wt.%) was synthesized according to the citrate
auto-combustion method. Stochiometric amounts of metal nitrates Ni(NOj3),-6H,O, Ce(NO3)3-6H,0O,
and Sm(NO3)3-6H,0 and citric acid monohydrate (CA), with a molar ratio CA/(Ni?* +Ce3* +Sm3*) = 2,
were dissolved in water and well stirred. NH4OH solution (28 wt.%) was added until pH value 8 was
reached. The solvent was evaporated at 100 °C yielding a gel, then the temperature was increased up
to 250 °C to ignite the auto-combustion. The obtained dark powder was calcined in air at 750 °C for 5 h
with a heating rate of 5 °C min~!. After calcination, the powder was milled using a planetary ball mill
(Fritsch, Mono Mill Pulverisette 6) at 450 rpm for 3 h. Grinding balls of ZrO, were used in a 35-mL
volume of 2-propanol for a weight of ca. 3 g of powder. The chemical composition was determined by
energy dispersive X-ray EDX analysis, as previously reported [29]. The powder was dried at 70 °C
overnight. Hereafter, sample was named Ni-SmDC (samarium doped ceria).

Structured catalyst was prepared by wash-coating method, dipping disks (diameter 0.9 mm,
thickness 2.5 mm) of NiCrAl foam into a slurry of catalyst powder. The NiCrAl alloy foam (pore size
800 um, porosity 90%, geometric surface area 6000 m~!, density 1250 g'm~>) was supplied by Alantum.
Commercial foams were provided with a passivated surface as revealed by a bumpy surface along the
struts [19].

A stable slurry of catalyst powder was optimized by choosing solvent, dispersing agent, and
organic binder. Specifically, 8 wt.% of triethanolamine, related to catalyst mass, was used as dispersant
and 2-propanol was used as solvent. In addition, alow content (2 wt.%) of polyvinyl butyral resin (PVB),
named as BUTVAR B-98, was used as organic binder to improve the coating adhesion. The solution
was prepared by dissolving triethanolamine and PVB in 2-propanol by ultrasound bath for 30 min at
room temperature. Catalyst powder was added to the solution and the slurry was prepared using an
ultrasonic processor sonication (Sonics Vibra Cell VCX-600, Newtown, CT, USA), operating for 5 min
in pulse mode, to reduce loss of solvent due to heating. Hence, the deposition process was carried
out by dipping the foams in the resulting slurry. After dipping, the slurry excess was blown away by
an air gun. Multiple coatings cycles were performed to obtain the deposition of a double or a triple
layer of catalyst. An intermediate calcination step at 500 °C for 5 h between two subsequent coating
cycles and a final calcination at 750 °C for 5 h were performed to remove the binder and ensure a good
adhesion. The nickel-based catalyst loading was evaluated by the weight difference between the bare
and the coated support. Coating adhesion strength was assessed by the weight loss after sonication in
2-propanol (20 min) and drying at 120 °C for 2 h. The weight loss was 0.4%.

The phase composition of powders was investigated by X-ray diffraction (XRD) using a Scintag X1
diffractometer equipped with a Cu K« (A = 1.5418 A) source and the Brag-Brentano -6 configuration
in the 10-90 26 range, with 0.05° step size and 3 s acquisition time.

The surface area and porosity properties (pore volume and pore size) were measured by N,
adsorption-desorption isotherms at the temperature of liquid nitrogen (—196 °C), using a Micromeritics
ASAP 2020 instrument. Isotherms were elaborated according to the Brunauer-Emmet-Teller (BET) and
Barrett-Joyner—Halenda (BJH) methods in the equilibrium pressure range 0.01 < P/P° < 0.30. The pore
size was obtained from the desorption branch of the hysteresis loop using the BJH method. Before
analysis, the sample was degassed at 350 °C under vacuum for 4 h.

Insights into morphology and chemical composition of NiCrAl foam were obtained through the
combination of the field emission scanning electron microscope (FE-SEM) SUPRA™ 35, Carl Zeiss
STM, Oberkochem, and the energy-dispersive X-ray spectroscopy (EDX). Furthermore, a FEI Helios
NanoLab 600 DualBeam integrating both a FE-SEM column and a focused ion beam (FIB) column
allowed us to perform in plane inspection and cross-sectional analysis in order to reveal, respectively,
the morphology and the thickness of the catalyst coating on the NiCrAl support. The FIB system was
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equipped with a Ga™ ion source operated at 30 kV acceleration and was used with beam currents in the
9.2-21 nA and 0.92-2.8 nA ranges for the milling and polishing steps, respectively. FIB cross-sectional
analysis combined with EDX spectroscopy allowed us to highlight the chemical composition of the
oxidized surface and of the inner NiCrAl alloy foam.

Raman spectroscopy analysis on the foam was carried out using a Jobin Yvon micro-Raman
LabRam 800 system. Measurements were performed at room temperature in the backscattering
geometry, using a green laser (excitation wavelength, 532 nm) with a power of 20 mW. Spectra were
recorded in the range 100-800 cm™!, with an acquisition time of 10 s with three accumulations.

The reduction behavior of the metal foam, catalyst powder, and final structured catalyst was
investigated. Temperature programmed reduction experiments were performed using a TPDRO 1100
instrument by Thermo Fisher Scientific. The samples were pretreated flowing 20 cm?® min~! of a 5%
O,/He mixture at 500 °C for 30 min. The samples were cooled to room temperature and then Hy-TPR
experiments were carried out, flowing 5% Hy/Ar mixture (30 cm® min~!) with a heating rate of 10 °C
min~! up to 800 °C, keeping the system in isotherm condition for 1 h. The samples were finally
cooled to room temperature in the reduction mixture flow with a rate of 25 °C min~! to prevent the
sample oxidation.

The catalytic measurements were performed in a laboratory microplant, equipped with a fixed-bed
quartz reactor (internal diameter 10 mm; external diameter 14 mm) connected with a mass flow
controllers instrument for incoming gases. The composition of reaction stream was online analyzed
using a gas chromatograph Agilent 7820 equipped with two packed columns (Hayesep Q for CO,
separation and X13 Molecular Sieve for the CO, CHy, H;, Ar separation) and a thermal conductivity
detector (TCD).

The catalyst portions were reduced in situ at 800 °C for 1 h, flowing 5% Hj/Ar gas mixture
(50 cm® min~!) with a heating rate of 10 °C min~!. After catalyst activation, the reactant mixture
(100 cm?® min~1) CH,:CO,:N,:He = 20:20:10:50 (vol %) was fed in the reactor. The overall catalytic
test was repeated for four cycles to investigate the catalyst stability and, after each test, the reactor
was cooled under N flow (10 cm?® min™) to prevent the oxidation of the active phase. The reduction
treatment was carried out over 1 h before the first testing cycle and over 30 min for the next cycles.
These conditions mimicking a daily start-up and shut-down operation (DSS) are schematized in
Figure S1.

CH,4 and CO; percent conversions (X; %) were calculated according to Equation (5) using nitrogen
as internal standard, in which C? and ngz are the inlet concentrations (%) of the reactant (i = CHy or
CO,) and Ny, respectively, and C; and Cyp are the outlet concentrations. Thermodynamic equilibrium
conversions were calculated using GASEQ software. The reactant consumption rate was calculated
according to Equation (6) in which X; is the reactant conversion (i = CHy or COy), FY is the inlet
reactant flow, and W is the catalyst mass in grams. The apparent activation energy E, was calculated
according to the Arrhenius Equation (7), in which r is the reactant consumption rate, R is the gas
constant (8.31 ] K~ mol~!), T is the reaction temperature in Kelvin, and C is the pre-exponential factor.

i
X;(%) =100 x (1 - %J ®)
C%-Cno
..f0
r(mol-s_l g l) % (6)
Inr = —IE—“T +C 7)
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3. Results and Discussion

3.1. XRD and Textural Characterization of Ni-SmDC Catalyst

Figure 1la displays the X-ray diffraction patterns of Ni-SmDC powders calcined at 750 °C and
after a reduction treatment in H, up to 800 °C. The crystallite sizes calculated by Scherrer’s equation
are reported in Table 1. The XRD pattern of the calcined sample shows well-defined peaks of the
cubic fluorite phase of CeO, (JCPDS 81-0792) with Fm-3m space group [34] and weak peaks of NiO
cubic phase (JCPDS 78-0643). No trace of SmyO3 oxide cubic phase was revealed, confirming that Sm
forms a Ce( g55my 150;-5 solid solution ascribable to the good dispersion of Ce3* and Sm3* cations’
precursors during the synthetic procedure. The NiO low-intensity peaks at 37.3° and 43.3° were due
to the low NiO content, but also to the fact that a limited part of Ni** ions were included into the
cubic fluorite structure of the Ce g5Smy 150;-5 phase [29]. After reduction at 800 °C, Cep g55my 1507-5
phase remained unchanged and no decomposition into Sm,O3-CeO, oxides was observed. Narrow
peaks and correspondingly increased crystallites’ sizes from 18 to 20 nm were detected. NiO was fully
reduced to Ni® metallic phase with cubic structure (JCPDS 87-0712). Ni’ showed narrow peaks with a
20 nm crystallite size, which was larger than that of NiO, suggesting coarsening and/or aggregation of
Ni? particles was occurring at high temperature.
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——b) NESMDC_red e | 2, - —A—Ni-SmDC_red
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Figure 1. (a) XRD patterns and (b) N, adsorption/desorption isotherms and pore-width distribution of
Ni-SmDC samples after calcination and after reduction treatment at 800 °C.

Table 1. Textural properties of calcined and reduced samples.

Sample Crystallites Size (nm) Surface Area Pore Volume Pore Size
P SmDC NiO Ni® (m? g~) (cm? g-1) (nm)
Ni-SmDC 18 14 - 31 0.15 18
Ni-SmDC_r (*) 20 - 20 15 0.07 23

) Sample after reduction treatment at 800 °C.

Figure 1b shows the nitrogen adsorption-desorption isotherms and the pore-size distribution
(PSD) of Ni-SmDC powder samples after calcination at 750 °C and after reduction at 800 °C. The
textural properties are reported in Table 1. The isotherms give a qualitative assessment of the porous
microstructure. The isotherms of both calcined and reduced samples exhibited a similar shape,
comparable to types II and III, according to the IUPAC (International Union of Pure and Applied
Chemistry) classification [35], indicating macroporous materials, with the N, adsorption-desorption
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hysteresis loop of H3 type. The hysteresis loops of both samples were in the relative pressure range of
0.51-0.98 and they were characterized by slit-shaped pores formed by aggregation of plate-like particles,
suggesting the presence of dominant macropores and some mesopores. The pore size distributions
were determined from BJH desorption isotherm. The pore size distribution of both calcined and
reduced samples was broad because the result of BJH pore-size distribution could be attributed to
the total contribution of both intra- and interparticle pores. The PDS curves of both samples show
a pore-width distribution in the range 2.6-100 nm. The primary pore diameter was about 26.5 nm
(mesoporous) for the calcined sample and in the range between 40 and 66 nm for the reduced sample.
The thermal treatment of reduction caused a significant decrease in the pore volume and a decrease
of porosity due to sintering. The specific surface area of the calcined sample was 31 m?g~!, while it
decreased to 15 m?g ! after reduction at 800 °C, meaning that pore volume contraction of 50% and
increasing of primary pore width occurred. The decrease of surface area and the corresponding increase
of the primary pore diameter from 26.5 nm to 66 nm were in accordance with the corresponding
increase of crystallite size revealed from XRD analysis and reported in Table 1.

3.2. Morphological Characterization of Uncoated Foam

The microstructural characterization of NiCrAl foam was performed using SEM-EDX and FIB-SEM
combined systems. The foam was pre-oxidized at high temperature and showed a passivated film on
the surface that prevented the internal oxidization [36]. The oxidation behavior of Ni-Cr-Al alloys
has been widely investigate [20,37-40]. Figure 2 shows the morphology of NiCrAl foam before and
after using the FIB milling to expose a cross-section. The elements’ concentrations (wt.%) along the
oxide/alloy depth-profile were determined by EDX spot-analysis and are reported in Table 2.

® Spectrum 4

® Spectrum 3

(a) (b) (c)

Figure 2. SEM micrographs of NiCrAl alloy foam (a) at low, (b) high magnification, (c) and after FIB
(focused ion beam) milling.

Table 2. EDX microanalysis of NiCrAl foam.

Element Weight (%)
Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4
@) 2.8 3.6 - 10.6
Al 3.3 22 3.8 18.4
Cr 26.9 52.3 30.0 60.4
Ni 67.0 41.9 66.2 10.6

Figure 2a displays pores with size of 500 pm and a rough surface made of sintered spheres
ascribable to the passivated layer. The high roughness of the oxidized layer, due to nano-scale grains
grown in island patterns, increases the specific surface area and ensures a good adhesion of the
catalyst coating [20,39]. Figure 2b shows irregular pyramidal-shaped crystallites of 30 + 12 um size
and two regions in the oxide layer, one inner and one outer. EXD spot analyses (Spectrum 1 and
Spectrum 2) revealed different chemical compositions of passivated layer, as reported in Table 2.
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From the inner (Spectrum 1) to the outer (Spectrum 2), a significant enrichment of Cr (from 26.9 to
52.3 wt.%) was revealed, while the Ni content decreased from 67.0 to 41.9 wt.%. The Ni content
was large in both regions while the Al was almost constant and much lower. In agreement with
literature data [41], the irregular pyramidal-shaped grains can be attributed to NiCryO4/Cr,O3 mixed
oxides, while the larger Ni content in the inner part may be related to a partial formation of NiO.
Thus, NiCr,O4 spinel phase can be formed by solid-state reaction between NiO grains and Cr,Os
layer [40,42]. The presence of surface oxides is further highlighted by Figure 2c, where the oxide/metal
alloy cross-section, after FIB milling and polishing steps, is shown. Two different microstructures
are clearly displayed, namely, a 1.7 + 0.3 pm-thick surface oxide layer composed of sintered grains
and an underlying dense metallic matrix. A very good adhesion without pores or micro-cracks is
displayed. This fact can be likely related to the uniform oxide layer grown during the pre-oxidation
process. The chemical composition of the oxide/alloy cross-section was also measured by EDX spot
analyses. Moving from the oxide layer (Spectrum 4) toward the metallic substrate (Spectrum 3), the
chemical composition sensitively changed. Spectrum 4 revealed a pronounced enrichment of Al and
Cr close to the oxide/metal interface and a severe Ni-depletion (10.6 wt.%). Conversely, an increase of
Ni (up to 66.2 wt.%) and the disappearance of the oxygen content were revealed in the matrix alloy by
Spectrum 3. The chemical analysis of cross-section showed that Al;O3; and Cr,O3 were developed
by the internal oxidation of both aluminum and chromium in the alloy, in agreement with previous
literature studies [40,43,44]. According to Giggins and Pettit [43], the simultaneous formation of an
external layer of Cr,O3 and an inner protective layer of x-Al,Os at the oxide/alloy interface is due to
the diffusion of atomic oxygen and alloy constituents at high temperature. However, a small amount
of pure Ni may be formed between the internal oxidation zone of «-Al,O3 and the Cr,O3 upper layer
for a short oxidation time [40]. In agreement with the above discussion, the irregular interface between
a-Al,O3 and metallic matrix, shown in Figure 2¢c, may be likely due to the internal diffusion of Al

3.3. Morphological Characterization of Structured Catalyst

The morphology of the deposited catalyst coating layer was investigated by SEM and FIB-SEM
combined system. Figure 3 shows SEM micrographs of single- (a), double- (b), and triple- (c) deposited
layers of Ni-SmDC catalyst. The weight gain for each deposited layer is reported below each micrograph.
Figure 3d shows the cross-section of double-deposited layer Ni-SmDC/NiCrAl structured catalyst,
after FIB milling.

In Figure 3a dark spots due to uncoated or bare foam are observed, indicating that a single
deposition was not enough to fully cover the surface of the metallic substrate. Figure 3b shows that the
double-deposited layer homogeneously covered the metallic substrate and caused a slight decrease
of the pore size. Figure 3c does not show any significant morphology improvement in comparison
to Figure 3b, but it affects the porosity of the foam, reducing the pore size. Thus, the double-layer
structured catalyst was chosen for the catalytic tests reported in the following. The morphology
of double-deposited layer was further investigated by using the FIB-SEM cross-sectional analysis.
Figure 3d shows the cross-section of Ni-SmDC/NiCrAl structured catalyst. The deposited catalyst had
an average thickness of 16.9 um and it showed a homogeneous microstructure with good porosity that
facilitated the gas permeability. An enlarged view highlights three parts from the top to the bottom:
The deposited porous catalyst layer, the dense passivated layer, and the metallic alloy. The dense oxide
layer was about 0.33 pm thick and it displayed a good interfacial adhesion with the deposited Ni-SmDC
catalyst, settling that the wash-coating method was a proper deposition technique. According to the
above paragraph, the roughness of the oxidation layer and the absence of micro-cracks improved the
bonding strength and the adhesion between the deposited catalyst and the NiCrAl foam, avoiding the
layer peeling off.
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Single layer: 11 wt % Double layer: 22 wt % Triple layer: 31 wt %

(@) (b) (©)

Figure 3. SEM micrographs of structured catalysts coated with (a) single-layer, (b) double-layer (c) and
triple-layer. (d) Cross-section SEM micrography of double-layer coated Ni-SmDC/NiCrAl after FIB
milling, an enlargement is displayed in the dashed red circle.

3.4. Raman Characterization

The Raman spectra of NiCrAl foam (spectrum a) and calcined Ni-SmDC/NiCrAl structured
catalyst (spectrum b) are shown in Figure 4. In spectrum (a), Raman peaks at 303 cm™! (Aqg), 348 cm!
(Eg), 552 cm™! (A1g), and 612 cm™! (Eg) can be assigned to the Raman modes of Cr,O3 [45,46]; besides
a weak and broad peak at 706 cm™! can be assigned to amorphous CrO; [46]. A very weak shoulder at
526 cm™! could be assigned to NiCr,Oy spinel structure [47], whereas there is no evidence of NiO and
Al,O3. The Raman results suggest that the surface consisted mainly of chromium oxides, according
to the EDX microanalysis previously reported. The Raman spectrum (b) shows a marked peak at
456 cm™! (F2g), assigned to the Raman mode of CeO,. This peak is broadened and shifted toward lower
frequency in comparison to pure ceria because of the lattice defects created by the introduction of Sm3*
dopant ions. The sample shows another weak peak at 242 cm~! and two broad bands at 547 cm™! (D;
band) and 591 cm™! (D, band), due to the oxygen defects generated by dopant ions in the lattice of
ceria. Thus, Raman analysis confirmed that Sm3* ions formed solid solution with CeO, [29,48,49].
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456
——a) Uncoated NiCrAl foam

——b) Ni-SmDC/NICrAl

Intensity (a.u.)

1
200 300 400 500 600 700 800 900 1000

Raman shift (cm™)
Figure 4. Raman spectra of (a) NiCrAl foam and (b) Ni-SmDC/NiCrAl structured catalyst.

3.5. Temperature Programmed Reduction (Hy-TPR)

The H,-TPR profiles from room temperature to 800 °C of NiCrAl foam (profile a), Ni-SmDC
powder (profile b). and Ni-SmDC/NiCrAl structured catalyst (profile c) are reported in Figure 5.
The corresponding H, consumptions amounts (mmol-g~!) are reported in Table 3.

——a) NiCrAl foam
——b) Ni-SmDC powder
—— ) Ni-SmDC/NiCrAl structured catalyst

455 566

H, consumption rate {(mmol s'g™h

T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 5. Temperature programmed reduction (TPR-H2) profiles: (a) NiCrAl foam, (b) Ni-SmDC
powder, (c) Ni-SmDC/NiCrAl structured catalyst.

Table 3. Consumed hydrogen up to 800 °C.

Sample H»-Consumption

(mmol g™1)
NiCrAl 0.11
Ni-SmDC 1.33
Ni-SmDC/NiCrAl 0.36
1.20 ™)

) Hy-consumption normalized for Ni-SmDC.
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The H,-TPR profile of NiCrAl foam (profile a) shows three peaks at 372, 523, and 685 °C, due
to the reduction of the passivated surface. As shown by FIB-SEM and Raman characterizations, and
according to literature [39,40], the high temperature oxidation of NiCrAl alloy produces a layer of
different oxides, such as a-Al,O3, CryO3, NiCr, Oy spinel, and trace of NiO. The weak peak at 372 °C
corresponds to the hexavalent chromium reduction to Cr®*, while the narrow and more intense peak at
523 °C may be ascribed to Cr3*— Cr?* reduction of Cr,O5 [50-52] and NiCr,Oy [53]. The broad peak
at 685 °C can be assigned to the reduction of NiZ* to Ni° of NiO interacting with Cr,O3 [54] and/or
into NiCr,Oy4 spinel oxide [53], overlapped to Cr3* —Cr?* reduction into the bulk [55]. The total H,
consumption of NiCrAl foam was quite small (0.11 mmol-g~!), confirming that the oxides were present
only on a very thin surface layer.

The H-TPR of Ni-SmDC powder (profile b) shows a weak peak at 285 °C, two intense and
overlapped peaks at 375 and 440 °C, and a subsequent H, consumption increase up to 800 °C.
In agreement with literature [29,56,57], the weak peak at 285 °C corresponds to the reduction of O,
chemisorbed (i.e., O%‘) on the vacancies formed by Sm>* doping but also, in a small fraction, into
Ni-O-Ce solid solution. The intense peaks at 375 and 440 °C correspond to the reduction of NiO
particles differently interacting with the support and to the contribution of Ce**—Ce3* reduction
of the surface grains. The final and incomplete H, consumption was due to the diffusion-limited
reduction of bulk Ce** [58]. The experimental hydrogen consumption was 1.33 mmol g~!. This value
was larger than the hydrogen amount for Ni2t*5Ni® reduction 0.78 mmol g_l ; thus, the excess of
hydrogen consumption corresponded to the 18.2% of Ce**—Ce?* reduction.

The TPR profile of Ni-SmDC/NiCrAl structured catalyst (profile ) is an overlapping of profiles (a)
and (b), corresponding to the reduction of NiCrAl foam and Ni-SmDC catalyst. The peak at 326 °C
can be assigned to the reduction of chemisorbed oxygen species and Ni?* ions incorporated into
the ceria lattice of the Ni-SmDC, superimposed to the initial Cr®* —Cr3* reduction of Cr,O3 formed
on the surface of NiCrAl alloy. Well-defined peaks at 388 and 455 °C were due to the reduction of
NiO particles with weak and strong interaction with the Cep g5Sm 150,.5 support, overlapped to the
complete Cr®* —Cr3* reduction. The reduction peak at 566 °C and the shoulder at 635 °C can be
attributed to the Cr3*—Cr?* reduction and to the reduction of a fraction of bulk Ce** of Ni-SmDC
layer interacting with the foam [59]. The peak at 721 °C corresponds to the Ni?* —Ni’ and Cr¥* —Cr?*
reductions of the oxide species on the foam surface together with partial Ce** —Ce®* bulk reduction of
Ce.855my 150;.5 support. The hydrogen consumption of Ni-SmDC/NiCrAl structured catalyst was
0.36 mmol g™, larger than that obtained for bare NiCrAl foam. Because the coating layer was the
22 wt.% of the structured catalyst, the hydrogen consumption normalized for the Ni-SmDC amount
was 1.20 mmol g~! that is in very good agreement with experimental value for Ni-SmDC powder.

Finally, after a reduction in H, up to 800 °C, TPR measurements showed that (1) the thin passivated
layer on the surface of metallic foam was reduced and CrO and Ni? species were formed, (2) Ni
supported on SmDC powder was completely reduced to Ni’, and (3) the redox properties of Ni-SmDC
catalyst did not significantly change after the deposition on the foam.

3.6. Catalytic Activity

The catalytic test of dry reforming of methane (DRM) was carried out in a fixed-bed quartz
reactor using a single and a triple catalytic bed as schematically reported in Figure 6a. The single
and triple configurations are named F1 and F3, respectively. The images of F1 and F3 structured
catalysts are displayed in Figure 6b. A double layer Ni-SmDC/NiCrAl structured catalyst was chosen
for the catalytic tests. The dry reforming of methane reaction was investigated at the pressure of
1.3 bar and in transient conditions of temperature in the range of 800-550 °C, each 50 °C. A flow of
reactants (100 cm®-min~1) having the composition CH,;:CO,:Nj,:He = 20:20:10:50 (vol %) was fed into
the reactor with a gas hourly space velocity (GHSV) of 94,000 h~! for F1 and 31,000 h™! related for F3.
A preliminary investigation (not reported) showed that the uncoated foam was not catalytically active
under the present experimental conditions.
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Figure 6. (a) Scheme of reactor loading in a single and triple catalytic bed (b) and images of single and
triple portion of the structured catalyst Ni-SmDC/NiCrAl, named as F1 (above) and F3 (below).

The effect of GHSV and reaction temperature on the catalytic activity of F1 and F3 are discussed.
Figure 7 shows the CHy and CO, conversion (%) as a function of temperature (a), the corresponding
H,/CO molar ratio vs. temperature (b) and the H,/CO molar ratio as a function of CO, conversion (%) (c).
The reaction conditions are: CH,;/CO, =1, P = 1.3 bar, GHSV = 94,000 h™! for F1, GHSV = 31,000 h~!
for F3. The equilibrium conversion curves are also added as dashed lines. As expected by the
strong endothermicity of the DRM reaction, the reactants’ conversions were promoted by increasing
temperature (Figure 7a). The GHSV of F1 (94,000 h™) was significantly high and the CH4 conversion
was quite low going from 6% at 550 °C to 59% at 800 °C, which is well below the thermodynamic value
(93% at 800 °C). Moreover, at all investigated temperatures, the CO, conversion was much higher
than that of CHy, reaching a maximum of 73% at 800 °C. As already reported in literature [29,60,61],
if the mass transfer limitation effect is negligible, the DRM is better promoted at low GHSV. Indeed,
using three structured catalysts (F3), the GHSV decreased to 31,000 h™! and the CHy conversion
markedly increased going from 10% at 550 °C to a maximum of 87% at 800 °C, much closer to the
equilibrium dashed line. Correspondingly, the conversion of CO, was favored over that of CH4 but
the difference between CO, and CH,4 was reduced by increasing temperature. At 800 °C, the CO,
conversion was 94%, corresponding to the thermodynamic value. The always greater CO, conversion,
compared to CHy, was due to the concomitant occurrence of the RWGS reaction Equation (2). Thus,
the not-reformed CO, was hydrogenated by the produced Hj, forming CO and H,O and causing an
H,/CO molar ratio less than unity in the whole temperature range, as shown in Figure 7b.
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Figure 7. (a) CHs and CO, conversion (%) as a function of temperature, (b) the corresponding
H,/CO molar ratio, (c) Hy/CO molar ratio as a function of CO, conversion (%). Reaction conditions:
CH,4/CO5 =1, P = 1.3 bar, GHSV = 94,000 h~! (F1), GHSV = 31,000 h~! (E3). Equilibrium conversion is
also indicated with the dashed line.

The H,/CO ratio increased towards the thermodynamic value by increasing the temperature and
decreasing the GHSV, in agreement with the decreasing difference between CO, and CH,4 conversion
values of the F3 system compared to F1. Furthermore, as shown in Figure 7c, the H,/CO ratio increased
linearly with the CO, conversion, independently from the GHSV, confirming that the RWGS was
kinetically favored over the DRM and close to thermodynamic equilibrium.

Figure 8 shows the Arrhenius plot of the reactants’ consumption rates for the F1 structured catalyst.
The natural logarithm of the consumption rates linearly depends on the inverse of temperature *
between 550 and 700 °C, confirming that the reaction operates in a kinetic regime and, in agreement
with the above discussion, the CO, consumption rates are always greater than those of CHy. The
corresponding apparent activation energies, proportional to the slope of the straight lines, were equal
to Eco, = 64.8 k] mol ™! and Ecy, = 79.3 k] mol™}, respectively. These values were in good agreement
with those previously obtained for the Ni-SmDC powder [29], suggesting that the coating process over
the NiCrAl foam did not significantly alter the kinetics of the DRM reaction.
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Figure 8. Arrhenius plots of CHy (closed symbol) and CO, (open symbol) consumption rate in F1.

To verify the integration of the structured catalyst in IIR-SOFC configuration, the F3 catalytic
system was studied in four daily start-up and shut-down operation (DSS) operations. According
to the literature, in such condition a quick damage of the reforming system may occur [62,63].
The temperatures examined between 550 and 800 °C lasted a total of 20 h. The CH,; and CO, conversion
and the H,/CO ratio are shown in Figure S2, and the values at the representative temperatures of
700, 750, and 800 °C are reported in Table 4. The F3 system was particularly stable at all investigated
temperatures and a decrease in performance was not observed. On the contrary, conversions and the
H,/CO ratio tended to increase; for example, at the low temperature of 700 °C the CHy4 conversion
increased from 55.2% up to 63.4%.

Table 4. Reactants’ conversions and H,/CO molar ratios at 700 and 800 °C of four catalytic runs.

Xcra (%) Xcoz (%) H,/CO

700°C  750°C  800°C  700°C  750°C  800°C  700°C  750°C  800°C
Runl 552 73.1 87.4 70.0 84.4 93.7 0.78 0.87 0.94
Run2 520 68.9 82.1 67.2 81.6 90.7 0.76 0.84 091
Run3  59.1 76.7 88.7 72.7 86.7 943 0.81 0.89 0.95
Rund 634 79.4 90.2 75.7 88.1 945 0.84 091 0.97

The main reason for the catalyst deactivation during DRM is recognized in the loss of Ni active
sites due to carbon deposition [8,64,65], especially during low temperature operation [66,67]. Therefore,
a morphologic analysis of spent catalysts was performed to investigate the eventual carbon formation.
SEM micrographs of the three portions of F3 used catalyst, named F3jyjet, F3medium, and F3qypet, are
reported in Figure 9. For each portion, high (on the top) and low (on the bottom), magnification images
are displayed. The high magnification micrographs reveal the presence of deposited carbon filaments
and the low magnification images show cracks on the Ni-SmDC coating layer distributed all over the
porous structured foam. From F3j,jet to F3gytiet the amount and thickness of carbon filament decreased,
and the number of cracks was also reduced. Specifically, the carbon content measured by EDX analysis
dropped from 17, 14, and 2 wt.% from the F3injet, F3medium, and F3qyge portions, respectively.

This feature was likely due to the higher methane partial pressure and the lower operating
temperatures at the inlet of the catalytic bed in comparison to the outlet [68]. Thus, in the inlet portion
of the catalyst (F3inet), the side reactions were most favored, causing more carbon formation, cracks,
and few detachments as well.
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Figure 9. SEM micrographs of the three portions of F3 catalyst: F3;pjet, F3medium, and F3outet, after DRM.

Figure 10 shows SEM micrographs cross-section, as a result of FIB milling, of F3,e; after DRM
reaction. The SEM cross-section analysis allowed us to investigate the presence of carbon in the inner
part of the catalytic layer and verify the origin of carbon formation. The analysis was focused on
the cracks of the coating catalyst (Figure 10a), where the formation of carbon was mostly evident.
Figure 10b shows the presence of carbon nanotubes through the whole thickness of the coating layer
and Figure 10c displays the presence of carbon filaments even at the interface between the oxide layer
and the alloy.

(a) (b) (©)

Figure 10. Cross-section SEM micrographs of FIB milled F3;,j¢t structured catalyst after DRM reaction

at low (a), medium (b), and high magnification (c).

The reducing atmosphere necessary for the activation of the catalytic system, as evidenced by
the TPR analysis and during the DRM, where a high concentration of H,/CO is present, favors the
formation of Ni particles on the surface of the foam, although it cannot be excluded that some of them
may be attacked by the internal Ni-SmDC layer, which strongly interacts with the foam. Despite
the considerable formation of carbon nanotubes, the catalytic activity did not decrease, probably
because they did not completely cover the catalytically active Ni particles. However, they damaged the
overall structure, preventing a possible reactivation of the structured catalyst. This observation was in
agreement with other authors [14], who have studied Al,O3-coated on Ni-foam. During the DRM they
showed carbon residues originating in the interface between Ni particles strongly interacting with the
Al,Os3 layers, but not on the bare Ni-foam.
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4. Conclusions

Ni-SmDC/NiCrAl structured catalyst for DRM was designed as a biogas pre-reformer for
IIR-SOFCs. The characteristic morphology and the roughness of the passivated NiCrAl foam ensured
a good adhesion between the Ni-SmDC coating catalyst and the metallic foam. The DRM catalytic tests
performed in a fixed-bed quartz reactor with a single (F1) and triple (F3) catalytic bed showed that a
single-structured catalyst with a corresponding high GHSV (94,000 h~!) showed a CH, conversion
of 60% at 850 °C. Thus, it can be employed as pre-reformer at temperatures as high as 850 °C (or
above) that are typical of electrolyte supported SOFCs. Otherwise a triple-structured catalyst with a
lower GHSV (31,000 h™!) can be used for intermediate temperature (IT)-SOFCs operating in the range
650-750 °C. Indeed, the F3 catalyst showed a CH, conversion of 60% at 700 °C, which is suitable for
the indirect internal reforming of biogas. Finally, the morphologic analysis of spent catalysts revealed
some cracks on the surface and carbon filaments through the whole thickness of the catalyst mainly on
the inlet portion of the catalyst. Thus, to minimize the carbon formation, further work is in progress to
develop a structured catalyst with a graded catalyst composition.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/9/3083/s1,
Figure S1. Daily start-up and shut-down operation (DSS). Figure S2. (a) CHy and (b) CO, conversion (%) as a
function of temperature, (c) the corresponding Hy/CO molar ratio, for the four catalytic runs. Reaction conditions:

CH4/CO; = 1; P = 1.3 bar; GHSV = 31000 h~! (F3).
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