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Enhancing coking resistance of nickel-based
catalysts for dry reforming of methane via nitric
oxide abatement: a support study

Beatrice Senoner, ©*? Andrea Osti 2 and Antonella Glisenti 3°

Coking poses a significant challenge to the longevity and efficacy of catalysts in dry reforming of methane
(DRM), particularly for nickel-based catalysts, which are widely used for their affordability and high catalytic
activity. This study explores a recent approach integrating DRM with NO reduction to address coking-
related deactivation, aiming to gasify carbon deposits and reduce NO simultaneously. Therefore, herein,
NO conversion is achieved using the carbon undesired by-product of the DRM reaction, avoiding the use
of valuable resources for NO conversion (such as NHz), via an approach “from waste to value” that
enhances the sustainability of the process. Four nickel-impregnated oxide supports (y-AlbO3z, MgALO4
coated y-ALOs, CaZrOs, and LaFeOs) were compared to understand the key properties of catalyst design.
The best performances were obtained for supports with a high surface area and high interaction with metal
particles (95% reactant conversion for Ni/y-Al,Os) as they allowed stable activity and protection from NO
oxidation. Supports with a lower surface area suffered from coke blockage of active sites, whereas no
protection from oxidation led to complete deactivation of the active phase. The LaFeOs support stood out
for its ability to protect Ni from NO oxidation by reducing NO. Overall, this study showed the importance
of balancing NO oxidative power and coking issues, emphasizing the relevance of catalyst design in both
protecting Ni from NO oxidation and avoiding coke blockage of the active sites via high surface area

rsc.li/catalysis supports.

1. Introduction

Dry reforming of methane (DRM) is a dream reaction that
allows the conversion of two pollutants/greenhouse gases into
a highly energetic gas mixture: syngas. One of the most
commonly used active metals is nickel, which provides
comparable activity to noble metals, without the heavy cost
and availability problems of the latter.”> However, nickel
catalysts are sensitive to deactivation by coking and sintering;
thus, to develop catalysts with industrial applicability,
extending their lifetime is one of the key requirements.’” In
this project, catalysts were studied for a process in which dry
reforming of methane and nitric oxide reduction reactions
are involved. The reactions involved in the process are
presented below:

CH, (g) + CO, (g) — 2CO (g) + 2H, (g) (1)
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CO, (g) + Hz (g) — CO (g) + H2O (g) (2)
CH, (g) ~ 2C (s) + 2H; (g) (3)
C (s) + €O, (g) — 2€O (g) (4)

C (s) + XNO ()~ CO; (g) + 5Nz (g) (x = tor2).  (5)

Coupling these two reactions (1) and (5) eliminates carbon
that deposits onto catalysts during DRM (reaction (3)) by
exploiting the oxidizing power of one of the largest pollutants
in the atmosphere, whose emissions have reached a scale of
millions of tons per year: nitric oxide.® This process was
tested for the first time by Hu et al. with Ni/a-Al,O; and
stands out because it can simultaneously abate three main
pollutants/greenhouse gases: CO,, CH, and NO.” Syngas
production (reaction (1)) can therefore be combined with
exhaust treatment (reaction (5)), providing a highly efficient
strategy useful for industrial applications as it allows the
consumption of energy needed by the two processes to be
diminished by coupling them into one. Moreover, this
process provides an interesting solution for NO abatement as
the deposited carbon is employed here to convert NO into N,
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(reaction (5)), thereby avoiding the employment of higher
economic value substances. Although currently employed
reductants are substances of high economic value, such as
NH;, H,, CO or hydrocarbons, NO is reduced by coke,
allowing this undesired by-product of DRM to become a
useful reactant.®'" The process showed good performance,
especially for the “CMN” process (chemical looping
methane-nitric oxide dry reforming), where DRM and NO
reduction processes were alternated every 10 minutes.”
However, the alternation of fluxes is a factor that increases
the complexity of the system; therefore, it is crucial to
enhance the performances of the so-called single-step
reaction process (SSR), i.e. where CH,, CO,, and NO are all
fluxed simultaneously, to allow easy industrial applicability
of the process. To enhance the performance of the SSR
process and its applicability, a support study was carried out
to allow higher conversions and to understand which
properties of the supports are essential in catalyst design.
Enhancing the catalytic activity is key to having a highly
efficient industrial process; therefore, supports with Lewis
basicity properties were studied to enhance CO, conversions
and coke gasification.">"® Furthermore, the type of support
determines the interaction with nickel nanoparticles,
influencing their size and stability.>'* To appreciate the
impact of these properties on the process, y-Al,03;, MgAl,O,
coated with y-Al,O3, CaZrO; and LaFeO; were compared. The
supports are all polycationic oxides chosen for their low-cost,
availability, and possibility to be synthesized via eco-friendly
wet-chemistry synthesis.">® Alumina is designated as the
first support and is a standard support for DRM owing to its
high surface area values, stability in the DRM atmosphere
and low cost. In particular, gamma alumina was chosen
owing to its strong interaction with Ni particles, which helps
in controlling nickel particle size and stability. However, this
support is mildly acidic, making it more susceptible to
coking and less favorable for CO, conversion.'®>" Therefore,
a second support with Lewis basicity was chosen to enhance
carbon gasification: MgAl,O,. This support has high
interaction with metal particles, which are interesting
properties for enhancing DRM activity and preventing
excessive coking.”>** This is due to CO, being a mildly acidic
molecule; therefore, it can better interact with a basic
support, and starting from the coordination of this molecule
on the support, its conversion increases not only to obtain
syngas (reaction (1)) but also to react with coke (reaction (4)).
In particular, a MgAl,O, coating on Al,O; was chosen, which
allowed for both having an alumina high surface area and
the basicity of the coating spinel. Alumina-based materials
have been compared to another class of oxides, perovskites,
which are materials known for their flexible nature, allowing
for tuning of the desired properties based on the choice of
the metal cations.>”* Perovskite CaZrO; was chosen owing
to its high thermal stability and the presence of alkali metal
cations that enhance Lewis basicity, leading to better CO,
chemisorption ability.>>>” Finally, a final support was
selected with the aim of studying the process with a support
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employed in NO, removal: LaFeO;. In particular, this
perovskite support is active towards NO removal, therefore
giving the opportunity to study a modified NO interaction
with the catalyst.>®

In this work, we prepared and investigated the activity in
the DRM-NO reduction process of four supported catalysts,
with the support being the oxides described above, and the
active metal being Ni. The 13 wt% Ni impregnation has been
chosen as a value inside the standard percentage range of
10-15% for industrial application of DRM, as reported in the
literature.>*" The physical and chemical properties of the
catalysts were analyzed by N,-physisorption, H,-temperature
programmed reduction (H,-TPR), H,-pulsed chemisorption,
X-ray diffraction (XRD), XPS (X-ray photoelectron
spectroscopy), and SEM-EDX (scanning electron microscopy-
energy dispersive X-ray) to gain insight into the catalyst's
properties. With the analysis above, the relationship between
catalytic activity and structure was established. Furthermore,
O,-temperature programmed oxidation (O,-TPO), XRD and
XPS techniques were applied to post-reaction catalysts to
examine the change in the catalysts induced by the process.

2. Experimental
2.1. Synthesis of catalysts

Catalysts were prepared via wet-chemical environmentally
friendly synthesis using water as solvent. In the first step, the
support was obtained (around 3 g); then, nickel oxide
nanoparticles were deposited in the second step. To obtain
the active form of the catalyst, a 5% H, treatment was needed
to reduce nickel oxide and obtain metallic nickel.

2.1.1. Supports. Four supports are considered. Commercial
v-Al,O; was used as the first support (Merck, 99.95%), while
the other three were obtained via wet chemistry routes. The
second support is MgAl,O, spinel-coated y-Al,O; obtained via
a coprecipitation synthesis using Mg(OH), (Sigma-Aldrich,
95%) and y-Al,O; (Merck, >99.95%) precursors of the metals
in stoichiometric amounts. Mg(OH), was dissolved in around
50 mL of H,O with a stoichiometric amount of HNO; (65%,
Sigma-Aldrich) to obtain the corresponding nitrate salt. Then,
v-Al,O; was suspended in approximately 150 mL of H,O and
added to the previous solution to obtain a ratio MgAl,O,/
Al,O; of 25 wt%. The dispersion was heated at 80 °C overnight
under stirring until complete evaporation; then, the product
was ground, and the obtained powder was calcined at 900 °C
for 6 h to obtain the spinel-alumina phase. The two perovskite
supports were synthesized via a citrate self-combustion
route.*> Stoichiometric quantities of metal cations were
dissolved in approximately 50 mL of water for each cation,
and HNO; was used in stoichiometric amounts to dissolve the
cations if needed. Citric acid monohydrate (Sigma-Aldrich,
<99.0%) was then dissolved in around 50 ml of H,O and
added to the solution of the cations to coordinate the cations
as a complexing agent. The solution was then heated at
around 100 °C under stirring conditions and basified with
NH,OH (Sigma-Aldrich, 28-30%) drop by drop until pH 7-8
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for better homogeneous dispersion of the metal cations
owing to the complete deprotonation of citric acid. The
solvent was evaporated until a solution volume of around
100 mL was reached. Then, the solution was transferred to
a metal beaker and heated for water evaporation to allow
gel formation (network of metal cations/metal nitrates
linked with citrate ligands). The gel was dried overnight at
around 100 °C and then heated at 300 °C to obtain self-
combustion (due to the exothermic decomposition of
NH,NO; formed from the reaction between nitric acid and
ammonia), which then causes the decomposition of all the
organic content, with the development of gaseous products
(CO,, H,0 and NO,). The formed porous solid was ground
to obtain a powder, which was finally calcined to obtain the
perovskite phase. CaZrO; was obtained starting from
precursors ZrO(NO;), and Ca(CO;), (Sigma-Aldrich, >99%);
minimum quantities of HNO; were used to dissolve
Ca(CO0s3),. Citric acid was used in a citric acid/total number
of cations molar ratio of 1.9, a ratio previously optimized by
the research group.”® The product was calcined in a muffle
for 6 h at 1400 °C (heating rate: 5 °C min ') to obtain
minimum impurities. LaFeO; was synthesized using as
precursors La,O; (Sigma-Aldrich, >99.9%) and Fe(NO;);-9H,0
(Sigma-Aldrich, 98%), together with HNO; in minimum
quantity to dissolve La,Oj3; citric acid was used in a molar
ratio citric acid/total number of cations ratio of 1.1, as
optimized by the research group for ferrites.** The product
was calcined for 6 h at 800 °C (heating rate: 5 °C min™").

Supports were obtained with a yield of around 80-90%.

2.1.2. Nickel oxide nanoparticle deposition. Nickel oxide
deposition was obtained by simple wet impregnation. A
stoichiometric amount of precursor Ni(NOj;),-6H,0 was
dissolved in around 20 mL of H,O and then added to the
suspension of the support in water (around 50 mL) to
obtain catalysts with a loading of metallic nickel of 13 wt%
after H,-reductive treatment. All samples were dried at 80 °C
overnight under stirring conditions and then kept for 2
hours at 100 °C to allow for the evaporation of water and
nitrate, and the solid obtained was ground to powder.
Finally, the samples were calcined at 650 °C for 6 hours
(heating rate: 5 °C min ™).

2.2. Characterization of catalysts

All catalysts were characterized using the following
techniques. The chemical composition and crystalline phases
of the samples were studied via X-ray diffraction (XRD) using
a Bruker D8 Advance diffractometer with Bragg-Brentano
geometry using Cu Ka radiation (40 kV, 40 mA, 1 = 0.154 nm).
Phase structures were assigned based on search-match
software utilizing the COD-Inorg REV189751 database. X-ray
photoelectron spectroscopy (XPS) analysis was performed to
study the composition and phases of the surface of the
samples via a Thermo Scientific ESCALAB QXi spectrometer,
employing a monochromatized Al Ko source (hv = 1486.68 eV)
and a charge compensation gun. Survey spectra were
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acquired at pass energy 100 eV, resolution 0.5 eV per step,
and dwell time 25 ms per step. Elemental quantification
was carried out by the integration of photopeaks after
Shirley-type background subtraction,® and the atomic
percentage was evaluated using Thermo Scientific sensitivity
factors.®® For the correct interpretation of XPS spectra, the
NIST XPS database was employed (version 4.1).>° Energy-
dispersive X-ray analysis (EDX) was obtained to gain
information about the composition of the samples with a
Zeiss SUPRA 40 V P microscope at 20 KkV electron
acceleration voltage, probing a large area of the sample
(rectangle of hundreds of um each side). N, physisorption
analysis was conducted using a Micromeritics ASAP2020
analyser to gain information about the specific surface area
(SSA) and porosity of the samples via BET analysis. Around
50 mg of the sample was degassed at 300 °C for 6 h under
reduced pressure (around 0.013 mbar) before adsorption
occurred. The analysis was conducted at —196 °C, collecting
80 points between p/p° = 0.002 and p/p° = 1. H,-temperature
programmed reduction (H,-TPR, AutoChem II 2920)
experiments were performed to determine the sample
reducibility. Experiments were carried out in a U-shaped
quartz reactor using 50 mg of sample and heating from RT
to 900 °C or 600 °C at 10 °C min~" under a constant flow
of H, 5% in Ar (50 ml min™"). The same instrument was
used to determine Ni dispersion via H,-pulsed
chemisorption. After reduction, the catalysts were cooled to
40 °C in the same environment, and H, was repeatedly
pulsed 20 times at the same temperature. Finally, SEM-EDX
maps were obtained with JEOL JEM-F200 TEM (200 kV).

2.3. Catalytic tests

Dry reforming of methane coupled with nitric oxide
reduction was performed on the four samples in a quartz
tube fix bed reactor (ID 6 mm) loaded with about 50 mg of
catalyst sandwiched between two quartz wools, with a
thermocouple mounted upstream of the bed. Two reaction
mixtures were studied, composed of 5 CH,, 5 CO,, 1% NO
and 25% CH,, 25% CO,, and 1% NO, using Ar as a balance
for a total flow rate of 100 mL min™" and a WHSV of about
120 L g™ h™". Before the catalytic experiments, a reductive
treatment was performed to obtain the active form of the
catalysts using a 5% H, flow in Ar and increasing the
temperature to 900 ° C for Al,O3-based samples and 600 °C
for perovskite samples, as suggested by TPR measurements,
with a ramp of 10 °C min™". Then, catalytic measurements
were conducted at 750 °C. The reaction mixture was analyzed
using an on-line Agilent Technologies 7890A gas-
chromatograph, equipped with a TCD detector. A condenser
to trap the generated water was employed between the
reactor and GC.

2.4. Characterization of post-reaction catalysts

Catalysts were evaluated after the process with XRD and XPS
analyses to appreciate the changes after the process. Raman

This journal is © The Royal Society of Chemistry 2024
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spectroscopy was used to study the coke deposition on a
Thermo Scientific DXR Raman Microscope, with the
excitation line A = 532 nm. O,-TPO (temperature-programmed
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Fig. 1 XRD pattern of Al,Oz (a), MgAl,O4-Al,O3 (b), CaZrOs (c) and
LaFeOs (d) synthetized supports after calcination and of the respective
13 wt% Ni impregnated catalysts.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

oxidation) experiments were conducted to examine the
quantity and type of coke deposited onto the catalyst
during the catalytic tests. Around 20 mg of post-reaction
catalysts were loaded between two quartz wools into a
quartz tube reactor coupled with a thermocouple for the
catalytic tests. Then, 25% air in Ar (5% O,), for a total
flow rate of 100 ml min~" and a WHSV of about 240 L g”* h™",
was used to carry out the TPO measurements, while the
temperature increased from room temperature to 900 °C
(ramp of 2 °C min™"). The reaction mixture was analyzed
with an online Agilent Technologies 7890A gas
chromatograph (GC), equipped with a TCD detector; a
condenser was used to trap the generated water between
the reactor and GC.

3. Results and discussion

3.1. Catalyst characterization: XRD, N, physisorption, H,-TPR
and XPS techniques

3.1.1. X-ray diffraction (XRD). The XRD patterns of the
four samples were studied to verify the correct phase
formation. For each catalyst, both the support and the post
impregnation samples were characterized, as shown in Fig. 1.

The four supports showed the correct synthesis of the
supports, with only CaZrO; having traces of ZrO, impurities,
due to unreacted ZrO, (Fig. 1(c)).>” After impregnation, the
catalysts showed the correct deposition of NiO. Moreover, in
the alumina-based samples (Fig. 1(a) and (b)), the formation
of NiAl,O, spinel is possible due to nickel entering the
alumina structure, as reported in the literature. However, its
reflections could not be clearly detected as they are partially
hindered by the alumina. For the NiO/MgAl,0,-Al,O; sample
(Fig. 1(b)), an additional contribution to the broad reflection
at 20 = 66° could be observed on the left side of the reflection
after NiO impregnation, which could be because the NiAl,O,
phase overlapped with the Al,O; and MgAl,O, phases.
Therefore, XPS analysis was performed to gain more
information (subsubsection 3.1.4.).

3.1.2. N, physisorption. N, physisorption experiments
were conducted to investigate the porosity and specific
surface area of the catalysts. Linear plots of physisorption
isotherms (see ESIT) were interpreted with the 1985 IUPAC
classification.®® Al,0;-based samples had isotherms between
the type II and IVa shapes (Fig. S2(a) and (b)f) characterized
by mesoporous materials and a macroporous or nonporous
porosity, causing the amount of adsorbate to change to
infinity at p = p° The hysteresis loop is type H1, ie.

Table 1 BET surface areas of post-impregnation catalyst as determined
via N-physisorption measurements

Sample BET surface area (m” g™')
NiO/ALO; 105
NiO/MgAL,0, 62
NiO/CaZrO, 3
NiO/LaFeO; 6

Catal. Sci. Technol., 2024, 14, 6678-6691 | 6681
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associated with materials with uniform mesopores within a
narrow range. However, perovskite samples (Fig. S2(c) and
(d)t) showed a type II isotherm, which accounts for
macroporous/nonporous porosity, and a hysteresis loop H1
type due to the presence of mesoporosity in the materials.
Owing to the Brunauer-Emmett Teller method (BET), an
estimation of the values of the surface area of the different
samples can be made, as presented in Table 1.

Samples show different values of surface area based on
the properties of the material and synthesis conditions
(Table 1). As NiO deposition was done using the same
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Fig. 2 H,-TPR experiment on NiO/Al,O3 (a), NiO/MgAl,O4-Al,O53 (b),
NiO/CaZrOs (c) and NiO/LaFeOs (d, black) and LaFeOs support (d, red)
(from room temperature to 900 °C) (H, quantification in ESI}).
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synthesis conditions (13 wt%, 650 °C, 6 h), the catalyst
differences between the supports caused a difference in the
values of the surface area. Commercial Al,O; support
showed a higher surface area (104.7 m*> g™') that diminished
to approximately half its value when coated with MgAl,O,
(61.5 m> g'), which required an additional calcination
treatment at 900 °C, with consequent sintering. Perovskite
samples showed lower values of surface area, as expected
for the intrinsic characteristics of these oxides.>®> Moreover,
CaZrO; perovskite needed a high calcination temperature
(1400 °C) to obtain low amounts of ZrO, impurities, so its
surface area is the lowest (3.0 m®> g™') due to sintering of
the support. LaFeO; perovskite, however, was obtained as a
pure crystalline phase using a calcination temperature of
900 °C, which allowed us to obtain higher surface areas
(6.4 m> g, double with respect to CaZrO;). Finally, the
desorption isotherms were allowed to conduct a BJH
analysis to determine the pore size distribution (Fig. S1 in
ESIt). BJH (Barrett, Joyner, and Halenda) analysis showed
pores mainly distributed for NiO/Al,O; and NiO/MgAl,O,-
Al,O; in the range of 3-9 nm, which accounts for the
mesoporosity of alumina-based samples. Perovskite samples,
however, have larger and fewer pores than alumina-based
samples and, overall, less porosity. The NiO/LaFeO; catalyst
has a pore size distribution mainly after 10 nm of pore
width, and its pore volume doubles that of NiO/CaZrO;, in
accordance with their surface area values.

3.1.3. Study of the reduced -catalysts. The calcined
catalysts were then studied by H,-TPR experiments to gain
insight into catalyst reducibility and to characterize Ni
species and their reduction degrees in the samples (Fig. 2).
After H,-TPR, XRD analysis was made to observe the
crystalline phases present in the post reduction samples, as
shown in Fig. 3, together with the pre-reduction catalysts to
appreciate the differences after the reduction treatment.
Moreover, Ni dispersion in the reduced -catalysts was
evaluated via H,-pulsed chemisorption.

NiO/y-Al,O3 exhibited 2 reduction peaks at 400 °C and
700 °C (Fig. 2(a)). The first reduction peak is attributed to
NiO weakly interacting with y-Al,O;, while the second peak
at higher temperatures is attributed to a strong interaction
between nickel and alumina.** The latter has a shoulder
above 700 °C probably due to NiAl,O, spinel, as reported in
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Fig. 3 Detailed XPS spectra of Fe 2p photopeak for Ni/LaFeOs catalyst
(after H,-TPR from room temperature to 600 °C).
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the literature.*****' Therefore, y-Al,O; is prone to the
formation of the nickel spinel, as at high calcination
temperatures, nickel ions gain sufficient energy to integrate
into the alumina lattice to produce the spinel.*

For NiO/MgAl,0,-Al,O; (Fig. 2(b)), a first peak was
detected at around 400 °C due to surface NiO weakly
interacting with MgAl,O, for the previous catalyst. The
second and third peaks were detected at 700 °C and 800 °C,
respectively. The second peak is broad and has a left
shoulder above 600 °C and a right shoulder around 746 °C,
suggesting different strengths of interaction. High reduction
temperatures are usually attributed to spinel strongly
interacting with nickel particles, so most probably at 800 °C,
nickel enters the magnesium aluminum spinel to form the
nickel aluminum spinel.*>** To investigate this possibility,
the XRD of the reduced sample was analyzed, as shown in
Fig. 3(b). Perovskite samples showed reducibility at low
temperatures (400 ©°C), corresponding to NiO weakly
interacting with the perovskite support (Fig. 2(c) and (d)). In
NiO/LaFeO; (Fig. 2(d)), an additional peak was observed from
750 ©°C, which accounts for perovskite reduction, as
confirmed by the literature and XRD analysis (Fig. 3(d)).** To
verify whether LaFeO; reduction occurred in correspondence
with NiO reduction, an additional H,-TPR experiment was
performed on the perovskite support (Fig. 2(d)); this allowed
us to verify the reduction of perovskite at 750 °C and to
appreciate the reduction process at 400-600 °C, giving iron
sub-stoichiometric perovskites, as reported in the literature.”®

XRD patterns of the reduced catalysts were collected and
are shown in ESI} (Fig. $3). Complete reduction of NiO to Ni’
was observed for all catalysts. For alumina-based catalysts,
however, Ni"" present as NiAl,0, could be reduced to Ni’. No
information could be retrieved about the presence or
reduction of NiAl,O, spinel in NiO/Al,O; (Fig. S3(a)f) due to
the overlap of its peak with Ni, NiO and Al,O; peaks;
therefore, further analysis was performed (see XPS analysis,
subsubsection 3.1.4.). However, the XRD pattern of the post-
calcination and post-reduction NiO/MgAl,0,-Al,O; catalyst
(Fig. S3(b)T) showed differences in the peak at 26 = 66°. The
broad peak is symmetric in NiO/MgAl,0,-Al,0;, with
contributions of MgAl,0,, Al,O; and possibly NiAl,O,
reflections. When the catalyst is reduced, a significant change
in the shape of the peak can be observed, which accounts for
the loss of a contribution to its left shoulder. At this 26, the
latter contribution is most probably due to the presence of
the spinel, which can be reduced (totally or partially) during
reductive treatment to gain the active metallic phase of the
catalyst. The spinel peaks overlap with MgAl,O, and Al,O;
peaks; therefore, XPS analysis was performed to verify this
hypothesis (subsubsection 3.1.4.). Besides, XRD analysis
shows a complete reduction of crystalline NiO to Ni. XRD of
post-reduction perovskite samples showed the complete
reduction of NiO as in the previous samples (Fig. S3(c) and
(d)t). NiO/LaFeO3; showed La,O; and metallic Fe formation
due to perovskite reduction, as expected from the literature

(Fig. S3(d)t).*

This journal is © The Royal Society of Chemistry 2024
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Moreover, an additional H,-TPR treatment from room
temperature to 600 °C of NiO/LaFeO; was done to verify the
complete reduction of NiO. XRD analysis allowed us to
observe the complete reduction of NiO to its active form (Fig.
S3(e)t), while the presence of Fe® given by the formation of
iron sub-stoichiometric perovskites was confirmed by XPS
analysis, where Fe’ presence is evidenced by a contribution
at 707 eV to LaFeO; 2ps, (Fig. 3).>%*°

H,-pulsed chemisorption was conducted on all catalysts
to determine nickel dispersion after reduction, using
Bartholomew approximation.”” Ni dispersion (reported in
ESIT) was approximately 0.3% for all samples except for Ni/
CaZrO;, for which the value of 1.66% could not be
rationalized with the other characterization results (H,-TPR,
XRD, XPS and TEM data), thereby implying a mismatch
with the reference model assumptions (such as having
spherical particles, having 1 hydrogen atom adsorbed by
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—— Ni/AL,0,

Ni(oH), N°

NiALO,

Intensity (a.u.)

890 830 870 860 850
Binding Energy (eV)
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NiALO,
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Binding Energy (E) (eV)

&) T

N T
‘,J"’\ Ni (OH),
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A
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/ { i‘\

Counts
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Binding energy

Fig. 4 Detailed XPS spectra of Ni 2p photopeak for Ni/Al,O3 (a) and

Ni/MgAl,04-Al,O3 (b) samples (post H,-TPR) and reference spectra of

Ni, Ni(OH), and NiO taken from the literature (c).*® Ni 2p fit is available

in ESLY
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each nickel atom and having only hydrogen chemisorption
due to the nickel present in the samples). The dispersion
was correlated with the strength of the interaction of Ni
particles with the support (see H,-TPR above). For Ni/
MgAl,0,-Al,O; characterized by the strongest interaction
with Ni, a higher dispersion value was found (0.36%), while
Ni/LaFeO; had the lowest dispersion (0.26%) due to the low
interaction of Ni with the support. Ni dispersion was further
analyzed using TEM (Fig. S471), which showed for alumina-
based samples similar Ni distribution, with particle
dimensions in the range of 15-20 nm. Perovskite samples
showed less dispersed Ni due to their low surface area (see
Table 1). On Ni/CaZrO;, a very large conglomerate and
inhomogeneous Ni distribution for Ni/LaFeO;, an intricate
pattern was found, which revealed the presence of Ni
particles with dimensions around 8-16 nm at the edges of
the fragments, while at the core of the fragments,
conglomeration of the latter nanoparticles was expected due
to the lower interaction with the support and the lowest Ni
dispersion (see above). Therefore, TEM allowed us to
conclude that while alumina-based catalysts had a good
distribution of Ni particles, perovskite's low area caused the
formation of agglomerations of Ni nanoparticles, especially
for Ni/CaZrO;.

3.1.4. Study on the active catalysts: XPS results. First, XPS
detailed spectra of Ni2p were acquired for reduced alumina-
based catalysts to investigate the possible presence of nickel
spinel after the reduction treatment (Fig. 4).

From the Ni 2p photopeak, it is possible to observe
the presence of two contributions: Ni’ at 852.9 eV, as
expected after the reduction treatment, and a Ni" species
contribution at 855.3 eV. The latter species was attributed

[——Ni/ALO,
—— fitting curve
I~ AlO; (2p32)
— AlO; (2py2)
[ NiALO; (2py;)
[~ NiALO; (2py);)

Intensity (a.u.)

80 78 76 74 72 70
Binding Energy (eV)

b)

—— Ni/MgAI,0,-Al,0,
—— fitting curve
— Al0; (2p32)
[ Al05 (2py2)
[ NiAl,O; (2p5)
[ NiAL,O; (2py12)
[~ MgAI,0; (2p3)
—— MgAL,0; (2p1)

Intensity (a.u.)

Binding Energy (eV)

Fig. 5 Detailed XPS spectra of Al 2p photopeak for Ni/Al,Oz (a) and
Ni/MgAl,0,4-Al,O53 (b) catalysts (post H,-TPR) and their fit.
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Fig. 6 Detailed XPS spectra of Mg 1s photopeak for Ni/MgAl,04-Al,O3
catalyst (post H,-TPR) and its fit.

to nickel hydroxide, as expected for impregnated nickel
nanoparticles exposed to air after reduction.*” The
presence of this species is probably due to metallic nickel
that is superficially oxidized when placed in contact with
air; this explains why Ni(OH), is visible in XPS spectra
(Fig. 4) and not in XRD measurements (Fig. S3t), as only
the most superficial layers of Ni’ are oxidized. However,
this phenomenon does not affect the catalytic activity of
the samples, as catalysts are reduced and then directly
tested for catalytic activity using the same apparatus,
thereby avoiding the oxygen-containing atmosphere of the
air.

By comparing the Ni photopeak of alumina-based catalysts
(Fig. 4(a) and (b)) with the reference peak (Fig. 4(c)), an added
contribution can be observed in the spectra. This
contribution can be centered around 858.1 eV, and it
accounts for the presence of a Ni"" species different from
Ni(OH),, which is in agreement with what is expected for this
element in NiAl,O, spinel. To verify this hypothesis, Al 2p
photopeaks were acquired and revealed the presence of the
spinel (Fig. 5(a) and (Db)).

Spinel's contribution can be easily observed in the NiO/
Al,O; sample (Fig. 5(a)) owing to the shoulder at 74.7 eV,
which accounts for NiAl,0, presence in addition to the
74.0 eV peak of Al,0;°° In NiO/MgAl,0,-Al,0;, a broad
peak was detected due to three contributions (Fig. 5(b)):
MgAl,O, on the left shoulder (75.3 eV), Al,O; on the right
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Fig. 7 CO, and CH,4 conversions for 5% CH,4, 5% CO,, 1% NO gas
mixture for NiO/Al,O3z, NiO/MgAl,O4-Al,O3, NiO/CaZrOs and NiO/
LaFeOs catalysts.
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side of the peak (74.0 €V) and a last contribution on the left
of the peak at 74.7 eV attributed to NiAl,O, spinel.***' To
gain more information about the species present in the
sample, a Mg 1s photopeak was acquired (Fig. 6).

MgAl,O, was present at 1305.5 eV, and another
contribution at 1303 eV was attributed to Mg°. This species
could form due to the entry of Ni into the MgAl,O, structure,
causing the formation of the spinel NiAl,O, and the
reduction of Mg?" that was in the spinel structure to Mg®.
This has been previously observed in the literature for
catalysts with high nickel loadings.>?

—— post reaction NiO/AL,0,
. +NiO #Ni 1AL0,

+

Intensity (a.u.)

26(°)

—— post reaction NiO/MgALO,-Al,0,
+NiO oNi YMgALO, 1AL,
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LI MALA
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Fig. 8 XRD pattern of post-reaction catalytic experiment on NiO/
AlLOs (a), NiO/MgAL,04-Al,03 (b), NiO/CaZrOs (c) and NiO/LaFeOs (d)
catalysts (5% CHy4, 5% CO,, and 1% NO gas mixture).
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3.2. Catalytic performance: impact of the support

3.2.1. Catalytic tests. Catalytic activity was tested for the 4
catalysts by analyzing CO, and CH, conversions. Tests were
performed with two different reaction mixtures, composed of
5% CHy, 5% CO,, and 1% NO (Fig. 7) as well as 25% CHy,,
25% CO,, and 1% NO (Fig. 9) using Ar as a carrier gas for a
total flow rate of 100 mL min .

The first tests were conducted with a 5% CH,, 5% CO,,
and 1% NO gas mixture (Fig. 7). All catalysts except NiO/
LaFeO; encountered rapid deactivation in the first 400
minutes of the reaction. Alumina-based catalysts showed
high initial conversions, which rapidly went from around
80% and 40% for NiO/Al,O; and NiO/MgAl,0,-Al,03,
respectively, to no catalytic activity after 500 minutes. XRD
analysis was performed to wunderstand the cause of
deactivation (Fig. 8). No carbon was shown by XRD analysis
due to the low concentration of reactants and to the high NO
concentration, which enhanced the oxidative properties of
the reaction mixture.” Moreover, from the XRD patterns of
the post-reaction catalysts (Fig. 8), it was possible to observe
the strong oxidation of Ni from its active metal form to its
inactive oxide form. Nickel conversion to NiO is believed to
be a reaction that causes fast catalyst deactivation.”
Comparing the activity of the alumina-based catalysts, the
NiO/Al,O; catalyst showed the highest CO, and CH,
conversions (around 70% in the first 200 minutes of
reaction), which decreased by 20% for over 200 minutes,
while NiO/MgAl,0,-Al,0;'s conversions were lower (around
40%) but remained constant simultaneously. This might be
due to the better stability of Ni particles due to their
interaction with MgAl,0,-Al,O; support, as suggested by H,-
TPR studies (subsubsection 3.2.3.). Perovskite catalysts were
tested, showing different behaviors from each other.
Although NiO/CaZrO; had almost no catalytic activity
(maximum conversion of 10% for both reactants), NiO/
LaFeO; showed the highest and most stable activity, with
CO, and CH, conversions around 90% during all the reaction
times. The latter catalyst showed comparable CO, and CH,
conversions that are influenced by a change in NO behavior,
while for the other catalysts, NO reacted with Ni until
complete NiO oxidation and catalytic activity were retained
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Fig. 9 CO, and CH4 conversions for 25% CH,4, 25% CO,, and 1% NO
gas mixture for NiO/Al,O3, NiO/MgAl,0,4-Al,03, NiO/CaZrOs and NiO/
LaFeOs catalysts.
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throughout all 15 hours. This means that NO must react with
either CH,; or another reducing gas produced by dry
reforming of methane, such as CO or H,, to ensure complete
NO reduction to N,, as was observed during the process.
Because NiO/CaZrO;'s poor interaction with nickel particles
determines its fast deactivation due to NO oxidation, NiO/
LaFeO; was able to protect the particles from NO, and
perovskite was able to reduce NO and therefore preserve the
nickel particles in their metal form. Overall, LaFeO; was the
best support for these reactant concentrations, providing
high catalytic activity (90% CO, and CH, conversions)
throughout the 900 minutes tested. The XRD pattern of post
reaction NiO/LaFeO; (Fig. 8(d)) showed NiO presence.
However, nickel in its active metal form must be present to
ensure the high and constant catalytic activity obtained; thus,
Ni’ would most probably be present as an amorphous or
highly dispersed form in the sample.

As the first tests showed deactivation problems due to
nickel oxidation by NO, further tests were performed to
achieve a less oxidative environment using a 25% CHy,, 25%
CO,, and 1% NO gas mixture, aiming to balance NO oxidative
power with a higher concentration of CH, reactant and CO
and H, produced by DRM reaction (1) (Fig. 9).

High and stable conversions were obtained for NiO/
Al,O3;, which were around 93% for CO, and 94% for CH,.
At the beginning of the experiment, high CO, conversions
were immediately achieved for NiO/Al,O;, while CH,
reached its maximum activity after 200 minutes of
reaction probably due to the presence of nickel in a non-
active form, such as NiAl,O, or Ni, strongly interacting
with the support, as previously observed in H,-TPR studies
(subsubsection 3.1.3.). During the reaction, as H, develops
from the DRM reaction (1), nickel can be reduced in its
active metal form. CO, conversions, however, slightly
decreased until 200 minutes of reaction, passing from
around 96% to 93%; this could be explained by a
contribution to CO, concentrations due to the nitric oxide
reaction with coke (reaction (5)), which gives CO, as a
product, therefore causing higher CO, concentrations in
the reaction mixture. The XRD pattern of the spent
catalyst (Fig. 10(a)) showed a relevant carbon deposition
in the form of graphite. Ni is present in its active metallic
form. Little NiO is present in the pattern although it does
not cause problems to the catalytic activity, as can be
deduced from the stability of the conversions. y-Al,O;
support was not modified during the reaction; NiAl,O,4
spinel was not detected by XRD analysis probably because
during the reaction, part of H, can reduce Ni"" of NiAl,0,
to its metallic form.”

NiO/MgAl,0,-Al,0; showed high CO, and CH,
conversions (97% and around 85% respectively), with CO,
conversion higher than CH, probably due to the basicity
of the support that enhances CO, adsorption, therefore
leading to the reverse water gas shift reaction (2).>**° CO,
conversions were stable; however, CH, conversion
decreased slightly in 15 hours, decreasing from around
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88% to 82%. This might be due to deactivation that
occurs during the reaction as a result of sintering and
coking, which could diminish the number of active sites
in the samples, which affects NiO/MgAl,0,-Al,0; and not
NiO/Al,O; due to the different surface area values (see
Table 1). The XRD pattern (Fig. 10(b)) revealed the
presence of graphitic carbon as in the previous sample;
nickel was present in its metallic form, and no nickel
oxide was detected probably because of the high
interaction between the support and Ni particles
previously determined by H,-TPR (subsubsection 3.1.3.).
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oNIO #Ni TALO, +C SO,
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Fig. 10 XRD pattern of post-reaction experiment on NiO/Al,Oz (a),
NiO/MgAl,04-Al, O3 (b), NiO/CaZrOs (c) and NiO/LaFeOs (d) catalysts
(25% CHgy, 25% CO,, and 1% NO gas mixture).
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No nickel spinel was detected, which was probably
reduced by H, produced in the process as for NiO/Al,O3,
while the support remained unchanged for the rest.

NiO/CaZrO; showed no catalytic activity (Fig. 9), and post-
reaction XRD showed complete nickel oxidation (Fig. 10(c)).
This is likely due to the perovskite support, with its low
interaction with Ni particles, as observed in H,-TPR
(subsubsection 3.1.3.), could not protect the Ni particles from
NO oxidation, and Ni agglomeration occurred because of the
low surface area (see Table 1 and SEM-EDX maps). Therefore,
no carbon was deposited during the process, as nickel was
deactivated by oxidation before carbon deposition occurred
(Fig. 10(c))-

NiO/LaFeO; sample showed high CO, conversion (around
91%) at the beginning of the reaction, which then
diminished until 83% at the end of the process (Fig. 9). CH,
conversions started at 55% and then decreased to 44%
(Fig. 9). For this catalyst, it is interesting to compare the
conversions between the 5% CO,, 5% CH,, and 1% NO
(Fig. 7) as well as the 25% CO,, 25% CH,, and 1% NO tests
(Fig. 9). Comparing the activity recorded in this test and the
one with 1/5 of CO, and CH, reactant, it appears that the
catalyst does not have the same stability of conversions in
the range of time as in the previous test. Conversions slowly
decreased over time probably owing to the weaker interaction
of nickel particles with the perovskite support (see
subsubsection 3.1.3.), which caused Ni particles to be more
sensitive to sintering and coking during the reaction, leading
therefore to a slow deactivation.’® It is also important to
remember that perovskite-based catalysts are characterized
by low surface area values (1 order of magnitude difference
from alumina-based samples (see section 3.1.2.)) that can
have an impact on the catalytic behaviour of the sample. In
5% CO,, 5% CH, and 1% NO tests (Fig. 7), the conversions
were constant in the reaction time because no coke was
deposited, therefore limiting the deactivation due to coke
deposition, and the properties of the supports allowed the
particles to be protected from NO oxidation, as observed
before.'® Post-reaction XRD (Fig. 10(d)) showed the presence
of graphitic carbon and partial nickel oxidation to NiO as in
the other samples; the support remained unchanged during
the 15 hour process.

Finally, TOF values were calculated for both CO, and
CH, to compare catalyst reactivity under the two different
conditions (see ESIt).>” However, we consider that both CO,
and CH, are involved in side reactions (see the
Introduction). Therefore, CO, and CH,; conversions
employed for TOF calculations contribute owing not only to
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the dry reforming of methane but also to carbon deposition,
its gasification with CO,, and RWGS. TOF values followed
the trend of reactant conversions and increased by 1 order
of magnitude for 25% CO,/CH, tests due to the increased
quantity of fluxed reactants and the higher conversions
obtained owing to the more balanced reducing/oxidative gas
mixture.

3.2.2. Effect of the support on carbon deposition. XPS was
performed on post-reaction samples to gain information
about the coke produced in 25% CO,, 25% CH,, and 1% NO
tests. In Table 2, the calculated values of carbon surface
compositions are reported and compared for the post-
reduction and post-reaction catalysts.

As expected, carbon atomic percentage drastically
increases after catalysis for all samples except NiO/CaZrOs,
which had no catalytic activity (Fig. 9 and 10) and in which
the carbon amount decreases presumably as a consequence
of thermal treatment. Regarding alumina-based -catalysts,
post-reaction catalysts have a higher carbon surface
composition for acidic supported catalyst NiO/Al,O; than for
basic catalyst NiO/MgAl,0,-Al,0;, as expected for the
improved CO, chemisorption enhancement typical of basic
supports.”> Moreover, post-reaction NiO/LaFeO; shows the
lowest concentration of carbon on its surface better than
NiO/MgAl,0,-Al,03; this could be related to its ability to
interact with NO molecules and therefore facilitate the NO
gasification of coke.?®

To better understand the coking phenomena, detailed C1s
XPS spectra of the post-reaction catalysts were acquired, as
shown in Fig. 11.

C1s photopeaks of CaZrO; showed typical features of
adventitious carbon C-C peak at 284.8 eV, and at higher
binding energies typical C-O-C (286 eV) and O-C=O
(288.5 €V) contributions were observed. Carbonate species
were also present on the NiO/MgAl,0,-Al,0; catalyst,
which is consistent with the mentioned hypothesis of
enhanced capability of interaction with CO, and
consequent lower coke poisoning. For NiO/Al,O;, NiO/
MgAl,0,-Al,O; and NiO/LaFeO; catalysts, the peak was
centered at 284.5 eV, a typical value for the C-C bond of
the graphitic carbon. A tail can be observed around 285-
286 eV, which accounts for satellites of C1s.>®>® Moreover,
in NiO/MgAl,0,-Al,0;3, it is possible to appreciate an
additional contribution at around 286 eV due to
oxygenating species that are present together with the
adventitious carbon peak.*® Therefore, XPS results confirm
the presence of graphitic carbon obtained through XRD
experiments (Fig. 10).

Table 2 XPS (5-10 nm depth) elemental quantifications for C calculated for post-reduction and post-reaction samples (surveys available in ESI)

Support Post-reduction C atomic surface composition (at%) Post-reaction C atomic surface composition (at%)
Al O, 26.0 89.3
MgAL0,-Al, 05 8.6 85.9
CaZrO; 28.9 15.1
LaFeO; 31.4 82.9

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 XPS spectra for C 1s of post-reaction samples (25% CH,4, 25%
CO,, and 1% NO gas mixture) for NiO/Al,O3 (a), NiO/MgAl,O4-Al,03
(b), NiO/CaZrOs (c) and NiO/LaFeOs (d) catalysts.

Raman spectroscopy (Fig. S7t1) was then performed, and
the XPS results were confirmed. Both catalysts showed typical
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Fig. 12 CO, conversions vs. temperature results for O,-TPO

experiments conducted on post-reaction samples: NiO/Al,Oz, NiO/
MgAl,O4-Al,O3 and NiO/LaFeOs catalysts.

D and G vibration bands of carbon materials linked to
defects or the disordered carbon (D-band, 1350 cm™) and to
—=C stretching vibration of sp® of the graphitic carbon (G-

band 1580 cm™). Combination bands (D + G and 2D) can
also be observed in the second part of the spectrum.'®®°

Finally, postreaction catalysts undergo O,-TPO to
determine the type of carbon deposited during the catalytic
reaction (Fig. 12). As observed by various authors, the
temperature at which coke reacts with oxygen and the
quantity of carbon dioxide produced can provide useful
information about the type and amount of deposited
carbon,?*%17%3

A 5% O, gas stream was fed onto the post-reaction
catalysts, heated from around room temperature (25 °C)
until 900 °C, resulting in the gasification of coke starting
above 400 °C, with CO, developed from the coke reaction
with oxygen.®* Coke was gasified between 450 °C and 700 °C,
which is the temperature range corresponding to the
gasification of graphitic carbon, as expected from XRD
(Fig. 10) and XPS results (Fig. 11).° When comparing the
temperature range where CO, was detected (Fig. 12), it can
be observed that NiO/Al,O; developed CO, mainly after
625 °C, therefore at higher temperatures compared to the
basic catalyst NiO/MgAl,0,-Al,0;, with CO, peak centred
around 580 °C. Indeed, a trend between the basicity of the
support and the reactivity of the deposited carbon can be
observed, as expected from the literature, due to the
interaction between the support and CO, acidic molecule.®®
NiO/LaFeO; showed the lowest gasification temperatures,
allowing the majority of carbon to be gasified at around
530 ©°C; this could be due to a difference in carbon
reactivity favoured by the better interaction between NO and
the catalyst favoured by LaFeO; support, as later explained
(Fig. 13)."®%* Additionally, the amount of CO, developed on
the different catalysts in O,-TPO tests was compared, as
presented in Table 3.

It can be observed that the amount of CO, produced, i.e.
of carbon gasified, does not follow the same trend as the

This journal is © The Royal Society of Chemistry 2024
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Table 3 Comparison of coke deposited on post-reaction catalysts
analyzed through gasification via O,-TPO and XPS analysis

O,-TPO gasified ~ XPS analyzed  XPS analyzed

Support coke (Wt%) (at%) coke (Wt%)
Al O3 57.2 89.3 0.8
MgALO,-ALO;  61.1 85.9 0.7
LaFeO; 41.1 82.9 0.5

quantity of carbon determined by XPS analysis on post-
reaction catalysts (Table 3). This can be explained by the
difference in reactivity due to the support, which can
influence the interaction of carbon species with the gases of
the mixture; the acidic/basic properties of the support can
influence CO, interaction with the surface and therefore
coke gasification, as well as NO that can differently impact
the catalysts based on the support choice, as has been
observed for nickel particles oxidized in the catalytic
experiments, which strongly depended on the support
interaction with NO (subsubsection 3.1.5.).°®®” The effects
of these properties on the catalytic activity and O,-TPO
experiments are depicted in Fig. 12. Supports with Lewis
basicity or NO conversion ability tend to have less coke
because during the reaction, coke can be gasified by
interacting with either the adsorbed CO, via the reverse
Boudouard reaction (4) or by reacting with NO (reaction
(5)), therefore explaining the lower quantities of carbon
detected by XPS analysis (MgAl,0,-Al,O; 85.9 at%, LaFeO;
82.9 at% < AlL,O; 89.3 at%). In O,-TPO experiments, the
wt% of gasified coke was influenced not only by the overall
quantity of coke present on the catalysts (i.e. XPS results)
but also by the reactivity of the carbon deposited during the
process, which affects the ability of the support to interact

This journal is © The Royal Society of Chemistry 2024

with the different gases of the mixture. This could explain
why AlL,O; showed more coke gasification than LaFeO;
(Al,03 57.2 wt% > LaFeO; 41.1 wt%), being the support that
allowed for the highest carbon deposition during the
process (Al,O; 89.3 at%); however, the MgAl,0,-Al,O3-
supported catalyst showed the highest amount of gasified
carbon (MgAl,0,-Al,0; 61.1 wt%), which could be due to a
more reactive carbon deposited during the process, given by
the interaction of coke with the CO, adsorbed by the Lewis
basic sites.®®

Conclusions

In this work, a recent strategy was studied in which DRM and
nitric oxide reduction occurred simultaneously in the reactor,
with the aim of addressing the carbon deposition problem
and the consequent deactivation that is typical of Ni-based
catalysts in DRM.

In particular, this study effectively shows the role of the
support in this process and how the support's properties
deeply influence the catalytic activity and stability of the
catalysts. Among the four different supports that were tested,
high and stable catalytic activity was achieved when the
support could help protect nickel nanoparticles from NO
oxidation and, if coking occurred, when the support had
enough surface area to avoid the blockage of the active sites.
In the 5% CO,, 5% CH,, and 1% NO tests, the high relative
NO content in the gas mixture caused the oxidation of nickel
in its active metal form in all catalysts. Only NiO/LaFeO;
could have high and stable conversions of reactants (90%)
due to its ability to convert NO reaching the catalyst surface,
thereby protecting Ni particles from oxidation. NO oxidative
properties were balanced in 25% CO,, 25% CH,, and 1% NO

Catal. Sci. Technol.,, 2024, 14, 6678-6691 | 6689
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gas mixture, where the required properties of the support
changed: the support here required both a high surface area
to prevent coking phenomena to block the catalyst active
sites, and a high interaction between the active phase and
the support to prevent Ni oxidation.

Therefore, high and stable conversions were achieved in
900 minutes of flow for NiO/y-Al,O3, which exhibited around
93% for CO, conversions and 94% for CH, conversions,
owing to both its high specific surface area (104.7 m* g™)
and the interaction between metal particles and the support,
which allowed for good Ni dispersion (SEM-EDX maps).
Complete NO conversion was effectively obtained under both
tested conditions, therefore diminishing the amount of coke
deposited and allowing for complete NO conversion without
the use of valuable resources (such as NH; in selective
reduction of nitric oxide). Therefore, this process is an
interesting solution for improving the energetic efficiency of
pollutant conversions in post-production industrial plants,
with the properties of the supports that need to be tuned
based on the oxidative/reductive properties of the gas
compositions.
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