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Abstract: This study focuses on the synthetic approach influence in morphostructural features and
catalytic performances for Ni/CeO, catalysts. Incipient wetness impregnation, coprecipitation and
nitrate combustion were studied as catalyst preparation approaches, and the materials were then
tested at 700 °C for methane dry reforming (MDR). The morphostructural properties of the materials
were deeply studied using several techniques, such as temperature programmed reduction (TPR),
to investigate reducibility and support-metal interaction, N, physisorption to evaluate the porosity
and the surface area, scanning electron microscopy (SEM) and X-ray diffraction (XRD) to estimate Ni
dispersion, and temperature programmed oxidation (TPO) to identify the type and amount of coke
formed on catalysts’ surface after reaction. From the data obtained, coprecipitation turned out to be
the most suitable technique for this application because this catalyst was able to reach 70% of CO,
conversion and 30% methane conversion, with an H yield of 15% and 30% yield of CO at the end
of the 30 h test. Moreover, it was also the catalyst with the highest metal dispersion, the strongest
interaction with the support, and the lowest coke deposition.

Keywords: Ni/CeO,; co-precipitation; impregnation; nitrate combustion; methane dry reforming;
hydrogen production; syngas

1. Introduction

In the last decades, the progressive greenhouse gas emissions in the atmosphere
have triggered climate change [1]. The International Panel for Climate Change report,
issued in February 2022, has strongly highlighted how climate change can negatively affect
all the different ecosystems on our planet [2]. These scientific studies are pushing the
need for a transition, and the research is now focused on the substitution of fossil-based
energy sources with renewable ones. Biogas [3], which generally is obtained by anaerobic
biomasses digestion, is one of the short-term viable options among different sustainable
energy sources. The main components of biogas are CHy, CO, and other gases such as H;S,
Ny, and H,O [4]. Their utilization and conversion to higher-value products like syngas
is also one of the key aspects: through reforming reactions it is possible to convert two
greenhouse gases to highly requested industrial products. As a matter of fact, syngas
is at the base of several processes, such as ammonia and methanol productions. At the
industrial level, the most used ways to produce syngas nowadays are steam reforming (SR)
or autothermal reforming (ATR) of natural gas [5,6]. However, these two processes can
achieve only a 60% efficiency with a biogas-based feed [7]. Methane dry reforming (MDR)
seems to be more appealing for this application compared to ATR and SR because it involves
both CH, and CO, as reagents for the reaction. MDR is a highly endothermic reaction that

Reactions 2022, 3, 634—-647. https:/ /doi.org/10.3390/reactions3040043

https:/ /www.mdpi.com/journal/reactions


https://doi.org/10.3390/reactions3040043
https://doi.org/10.3390/reactions3040043
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/reactions
https://www.mdpi.com
https://orcid.org/0000-0002-0357-2608
https://orcid.org/0000-0001-8023-6379
https://orcid.org/0000-0002-4269-697X
https://orcid.org/0000-0002-0051-2968
https://doi.org/10.3390/reactions3040043
https://www.mdpi.com/journal/reactions
https://www.mdpi.com/article/10.3390/reactions3040043?type=check_update&version=1

Reactions 2022, 3

635

takes places above 600 °C and directly converts CO, and CHy to syngas [8] with a 1:1 ratio,
according to Equation (1):

CHy + CO, = 2H, +2CO  AHY =247 kJ /mol 1)

Despite the potentials of this reaction, it has not been yet applied on the industrial
scale because of several reasons: First of all, this reaction is the most endothermic reforming
reaction. Moreover, with the actual energetic scenario, it is not possible to afford a continu-
ous CO, feed. Furthermore, this is a catalysed reaction, whose severe conditions lead to
an high number of side reactions on the catalyst surface [9], such as reverse Boudouard
reaction (Equation (2)), reverse water gas shift reaction (RWGS) (Equation (3)), and methane
decomposition (Equation (4)):

C+CO, =2CO AH’ = —-172 kJ/mol 2)
H, + CO; = CO + H,O AH’ = —36 kJ/mol (3)
CHy = C+2H, AH’=74.9k]/mol (4)

Reactions (2) and (3) are responsible for variation in the H,/CO ratio, whereas
reaction (4) is involved in catalyst deactivation because it is responsible for coke formation.
Therefore, it is evident how the design of a suitable catalyst is necessary to favour reagent
activation and limit secondary reactions. A huge number of catalytic systems have been
studied for this application, and they can be divided into two main groups: noble metal and
non-noble metal supported catalysts. Moreira et al. [10] show the stability for over 180 h on
stream with no evident deactivation of an Rh/Al,O3 catalyst. In fact, noble-metals-based
catalysts such as platinum, rhodium, or ruthenium are well known for their higher activity
and good resistance to coke deposition, but noble metal cost makes them non-feasible [11].
On the other hand, non-noble metals such as nickel and cobalt show good activity and low
cost but poorer coke resistance than noble ones. A huge number of catalysts containing Ni
were evaluated for MDR. Recently, Marinho et al. [12] studied a catalytic system based on
Ni, Al,O3, and CeO, where the synergy between these three elements led to an increased
resistance to coking of the active phase.

As has been stated, catalyst formulation is mandatory when non-noble metals are used
for MDR, particularly to take advantage of the positive effects that support and promoters
can give to catalyst activity. Among the different supports proposed in the literature,
cerium oxide is one of the most studied. Ceria is well known for its peculiar basicity and
redox properties, changing its oxidation state from Ce** to Ce*3, releasing oxygen ions
reversibly [13]. These properties in MDR turned out to be essential to limit coke formation
on the catalyst surface. Research is focused on doping CeO, with different metals, such
as Zr [14], La [9], Sm [15], Gd [16], Fe [17], and Nd [18], to enhance its redox ability. These
systems show good performances, but when it comes to an industrial scale-up, frequently,
the costs of promoters and the scalability of the synthetic procedure are issues, and the
catalyst is no longer economical [19].

The aim of this study is to compare for the first time, to the best of our knowledge,
three easily scalable synthetic approaches: incipient wetness impregnation, coprecipita-
tion, and nitrates combustion for the preparation of a non-doped Ni-CeO, catalyst with a
15 wt. % of Ni. The first two synthetic techniques are well known and established in
industrial catalyst preparation, whereas nitrate combustion is an easy and cheap synthetic
procedure for the preparation of advanced catalysts and nanomaterials. Using combustion-
based routes, it is possible to produce nanopowders with homogeneous microstructure
at shorter reaction times and lower temperatures. The main drawback of this synthetic
approach is that the reaction and hence the final properties of the material are influenced
by the nature of the organic complexing agent, stoichiometry of the solution, and metal
ion complex stability. Moreover, the goal is to understand how the synthetic route influ-
ences the morphostructural properties of the catalyst and the catalytic behavior of the
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materials and develop a stable, active, and selective catalyst for MDR. The morphostruc-
tural properties of these materials were deeply studied using several techniques, such as
N, physisorption, to evaluate the porosity and the surface area, temperature programmed
reduction (TPR) to investigate reducibility and support-metal interaction, X-ray diffraction (XRD)
and scanning electron microscopy (SEM) to estimate Ni dispersion, and temperature
programmed oxidation (TPO) to identify the type and amount of coke formed on
catalysts’ surface after reaction. The catalytic experiments were carried out in a fixed
bed reactor at 700 °C. Temperature reaction was chosen based on reaction endothermic-
ity; in this way it is possible to study catalysts’ behavior under plausible and relevant
industrial conditions.

2. Materials and Methods
All reagents were purchased from Sigma-Aldrich without further purifications.

2.1. Incipient Wetness Impregnation

Ceria support was synthesized by precipitation of an aqueous solution of (NH4),Ce(NO3)4
using urea. A urea solution was prepared by dissolving 50 g of CO(INHj), in 100 mL of
distilled water. A second solution of (NHy4),Ce(NO3)g was prepared by dissolving 32 g
of the salt in 100 mL of distilled water. The two solutions were mixed and maintained
at 100 °C for 5 h. After that, the precipitate was washed with deionized water and dried
at 110 °C for 18 h. Calcination was performed at 700 °C in air flow (30 mL/min) for 6 h.
Nickel introduction on CeO; was done via incipient wetness impregnation with an aqueous
solution of Ni(NO3),-:6H,O in order to obtain 15 wt. % of nickel on the final material. After
drying at 110 °C for 18 h, calcination was carried out at 700 °C in flowing air (30 mL/min)
for 6 h.

2.2. Coprecipitation

The adequate amounts of Ni(NOs),-6H,O and Ce(NO3)-6H,O were dissolved in
deionized water in order to obtain 15 wt. % of nickel on the final catalyst. This solution
was added to an aqueous solution of NaOH 0.1 M with a rate of 1.3 mL/min. The pH of
the final solution was kept constant at 10 with an agitation of 300 rpm, adding more NaOH
when necessary during the process. After the precipitation, the suspension was aged for
12 h at room temperature, then filtered and washed with deionized water. After drying at
110 °C for 18 h, calcination was carried out at 700 °C in flowing air (30 mL/min) for 6 h.

2.3. Nitrates Combustion

The adequate amount of Ni(NO3),-6H,O and Ce(NO3)-6H,O were dissolved in deion-
ized water in order to obtain 15 wt. % of nickel on the final catalyst. To this solution an
excess of citric acid was added to substitute all nitrates in the metal’s coordination sphere.
The final solution was kept under agitation for 1 h at 300 rpm to obtain a homogeneous
solution. Then, the solution was heated at 250 °C until a viscous gel was formed. After
drying at 110 °C for 18 h, calcination was carried out at 700 °C in flowing air (30 mL/min)
for 6 h.

Samples were denoted as NiCe (i), NiCe (c), and NiCe (n), respectively.

2.4. Characterization

Specific surface areas and pore-size distributions were determined by N, physisorption
at —196 °C using a Tristar II Plus (Micromeritics). Samples were degassed prior to the
analysis at 200 °C for 2 h using a vacuum degasser system. Surface area was calculated
according to the B.E.T. equation [20], whereas pore size distribution was determined using
the B.J.H. method [21], applied to the desorption branch of the N, isotherm.

Metallic tenor was determined with atomic absorption spectroscopy (AAS) using a
Perkin Elmer AAnalyst 100. Prior to the analysis, each sample was mineralized in aqua
regia under reflux for 5 h.
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The temperature programme reduction (TPR) measurements were carried out in a
quartz reactor, heating the catalyst in a reductive mixture flow (5% Hj/Ar; 40 mL/min) at a
heating rate of 10 °C/min from 25 to 900 °C. Hp consumption was recorded by a Gow-Mac
TCD detector.

X-ray powder diffraction (XRD) analyses were performed using a Philips PW 1829 /00
operated at 40 kV and 30 mA and equipped with a monochromator on the diffracted beam.
The Rietveld refinement method was employed to do the quantitative phase analysis and
crystal size determination of the support and metal phases.

Temperature programmed oxidation (TPO) was carried out in the same lab-made
rig used for TPR. Samples were heated in an oxidative mixture flow (5% O,/He) with a
10 °C/min rate from 25 to 900 °C.

SEM images of fresh and used samples were obtained using a scanning electron
microscopy LEO 1525 ZEISS equipped with a field emission gun, after metallization with
chromium (8nm). Images were acquired by Inlens detector, while a Bruker Quantax EDS
detector was employed for elemental composition and chemical mapping.

2.5. Catalytic Tests

The catalytic tests were performed on a Microactivity Effi (Process Integral Develop-
ment Eng & Tech) coupled to a gas chromatograph Agilent 8860 GC System. Prior to the
catalytic test, each catalyst was pelletized into small pellets with an average size of 0.3-0.4 mm.
The reactor was loaded with 1 mL of catalytic bed composed of 150 mg of catalyst mixed
with SiC. Catalyst was reduced in situ under Hj flow (30 mL/min) for 1 h at 500 °C. After
reduction, the catalytic surface was cleaned by flowing He (180 mL/min) for 1 h. Activity
tests were carried out at 700 °C for 30 h using a CH4/CO,/He reagent mixture (5/5/90) in
a total flow of 200 mL/min. Regeneration was carried out at 600 °C with 10 mL/min of
air for 1 h. After the analysis, conversions and yields were calculated using the following
equations, where f stands for the flow rate of the gas:

CH4 conversion % = [(fCHy in — fCH4 out)/fCHy in] -100 5)
CO; conversion % = [(fCO in — fCO7 out)/fCO5 in] <100 (6)
H2 y1€ld Y% = (sz 0ut/2 fCH4 in) -100 (7)
COyield % = [fCO out/ (fCOy i + fCHy )] -100 (8)
H,/CO ratio = fHj oyt /fCO out 9)

3. Results and Discussion
3.1. Characterizations

Preliminary characterizations were carried out to identify the morphostructural prop-
erties of the catalysts obtained by different synthetic approaches. Indeed, since in het-
erogeneous catalysts the reaction takes place on the catalyst’s surface, high surface area,
active phase’s dispersion, and the interaction of active phase with support are impor-
tant parameters that need to be determined, since this can hinder coke deposition and
sinterization [22,23]. The results of N»-physisorption concerning B.E.T. specific surface area
and pore size distribution are reported in Table 1. Meanwhile, in Figure 1, N, adsorption—
desorption isotherms and B.J.H. pore-size distributions are presented. According to IUPAC
classification, all the isotherms are reconducible to type IV, although differences in sur-
face area and pore network pattern are evident. Concerning the sample NiCe (i), the
obtained isotherm is conducible to the one of pure CeO,, in agreement with the used
synthetic method [24]. It is possible to observe a very low value of surface area and pore
volume that can be justified with Ni nanoparticles that have occluded the support’s pores.
NiCe (c) displays the highest surface area with a value of 34 m?/g. The isotherm presents
a hysteresis loop positioned to high p/pP. It is possible that the synthetic approach has
enhanced the interaction between the active phase and support, favoring the formation
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of a pore network that is different from that of pure CeO,, with a higher value of surface
area [25]. This is further confirmed by pore distribution centered at 10 nm. NiCe (n) shows
an intermediated value of surface area if compared to the other two systems. The synthetic
approach used for NiCe (n) has induced the formation of a more heterogeneous porosity
pattern. As can be seen in Figure 1, the pore distribution for NiCe (n) catalyst is very wide
and ranges from 5 to 50 nm. AAS analyses were also carried out to evaluate the effective
amount of Ni inside the catalyst, and the results are reported in Table 1. Ni wt. % is in
accordance with the nominal value chosen for these materials.

Table 1. Physical-chemical properties of Ni/CeO, catalysts and support (surface area calculated
via B.E.T. equation; pore volume and average pore radius via B.J.H equation; real amount of nickel
present in the catalysts determined via atomic adsorption).

CeO, NiCe (i) NiCe (c) NiCe (n)
Surface area (m?/g) 49 8 34 18
Pore volume (cm?/g) 0.11 0.02 0.15 0.08
Average pore radius (nm) 4 4 10 7
Effective Ni amount (wt. %) - 14.5 14.0 15.0
NiCe (c) 025
0.20
% 0.15+
2 o0
0.05
0.00
00 0z 04 06 0s 10 1 10 100
Relative Pressure (p/p°®) Pore radius (nm)
(a) (b)

Figure 1. (a) N, physisorption isotherms of the three catalysts and support, (b) pore distribution of
the three catalysts and support calculated using B.].H. equation.

The TPR analyses reported in Figure 2 were carried out to understand the reducibility
of the system and the interactions between active phase and support. Pure NiO presents
only one reduction step going from Ni*? to Ni’; indeed, the presence of multiple peaks in
all three samples can be ascribed to different strength interactions between the active phase
and the support [26]. Metal-support interaction strength directly influences the reduction
temperature of NiO, so for a higher Ni-Ce interaction, higher reduction temperatures are
expected [27]. All three samples present two different species of NiO. The first refers to Ni
that interacts less with the support in the form of superficial (Ni-O-Ce) species, as suggested
by Lamonier et al. [28]. The second can be ascribed to NiO that has a strong interaction
with CeO; [29]. In all catalysts, the fraction of low-interacting nickel is lower than the
strong-interacting. NiCe (i) is the one with the lowest metal-support interaction; indeed,
it is characterized by the lowest reduction temperatures among the three catalysts, with
a temperature of 250 °C and 350 °C, respectively, for the first and second peak. This is
in accord with the incipient wetness impregnation technique, which, generally, does not
favor a strong metal-support interaction [30]. NiCe I and NiCe (n) are characterized by a
50 °C higher reduction temperature for both of the peaks if compared to NiCe (i). This
confirms, furthermore, the best interaction that can be achieved using these synthetic
approaches rather than incipient wetness impregnation. The shoulder at 480 °C can be
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ascribed to superficial reduction of CeO; reduction to Ce,O3, whereas the peak around
800 °C is due to bulk CeO, reduction [31].

——CeO2
—_— e — e T—
@
5 —— NiCe (n)
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<
>
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=4
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£
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Figure 2. TPR profiles of the catalysts and pure CeO; as reference.

SEM analyses were made to investigate the influence of the synthetic approach on the
catalysts” morphology. The results report that the three samples are very different from each
other. (Figure 3). NiCe (i) is the most heterogeneous material, presenting a different shape
and particle size. NiCe (c) is the finest material, with a smaller homogeneous aggregates
size around 10 pm. NiCe (n) is the most peculiar sample, with ceramic features caused by
gas evolution during the combustion reaction used for the synthesis [32].

Signal Aw Inkem

(a)

(b) (c)
Figure 3. SEM images of the catalysts (a) NiCe (i); (b) NiCe (c); (c) NiCe (n).

The XRD spectra of the catalysts (Figure 4) were carried out to evaluate NiO
nanoparticles” dimension and crystalline phases present in the materials. From the diffrac-
tion patterns, only pure fluorite-type CeO, and bunsenite-type NiO were identified for
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the three samples. As reported in Table 2, the CeO,:NiO weight ratio in all three catalysts
is constant, with a value of 80:20. Considering the contribution of oxygen in the weight
percentage of the oxide, these data are in accordance with AAS analyses performed for Ni
determination. Concerning the crystallite dimension, some differences among the catalysts
are evident. NiCe (c) has the most dispersed NiO with an average dimension of 7 nm,
followed by NiCe (n) with 13 nm. The biggest NiO crystallites are found in NiCe (i), with a
dimension of 30 nm.

Intensity (Arb. Units)

2 theta

Figure 4. XRD spectra of the catalysts.

Table 2. NiO crystallite dimensions obtained by XRD analysis using the Scherrer equation; phase
composition of the catalysts determined via XRD.

Catalyst NiO Dimensions (nm) NiO wt. % CeO, wt. %
NiCe (i) 30 20 80
NiCe (c) 7 21 79
NiCe (n) 13 21 79

3.2. Catalytic Tests

As previously stated, MDR is a promising endothermic process for syngas production
from biogas [33]. For these reasons, the reactions tests were carried out at 700 °C for
30 h with a GHSV of 12,000 h—!. Moreover, for each system, conversions of CHy, CO,
and H,/CO have been calculated. A variation in this ratio can be ascribed to progressive
catalyst deactivation [34].

Observing the trend of conversions of methane and carbon dioxide for each sample
tested (Figure 5), it is clear how the deactivation occurs more slowly in catalysts made by
the combustion method and coprecipitation.

100

804 NiCe (c)
—_ \
S
‘E’ 60 -
S
®
e NiCe (n)
s 40 -
(&)
NiCe (n) 8
NiCe (i) 207 NiCe (i)
T T T T T T o T T T T T T
0 5 10 15 20 25 30 o] 5 10 15 20 25 30
Time (h) Time (h)
(a) (b)

Figure 5. CH4 conversion (a) and CO, conversion (b) of the three catalysts at reaction conditions.
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In fact, NiCe (i) has a rapid drop-in activity, passing from an initial 90% to 15% in only
a few hours. For NiCe (c) and NiCe (n), indeed, conversion values are optimal in the first
hours and the loss after 30 h on stream is far less low, with an average 30% conversion of
methane and 70% conversion of carbon dioxide. This agrees with characterization data
previously described: the better Ni dispersion and higher surface area of NiCe catalyst
give an improved activity and less carbon deposition. To confirm this best performance
of NiCe (c), it is possible to compare the trends in H, and CO yield for the three cata-
lysts, too (Figure S1). NiCe (i) is the less active among the three samples, reaching only
10% yield of both H, and CO after only 15 h. On the other hand, NiCe (c) and NiCe (n) are
characterized by a rather constant trend in activity loss. In particular, the initial activity of
NiCe (i) is 50% H; yield and 65% CO yield, but these optimal values drastically decrease
very rapidly after the first hours. The progressive deactivation of the catalyst is highlighted
also by the H, /CO ratio (Figure 6), where after an initial decrease, the value progressively
increases up to 1.0. This indicates that there is less CO production, so it could mean that
coke deposition is favoured, leading to a faster catalyst deactivation. As a matter of fact,
in this system, the CH4 decomposition reaction (Equation (4)) is very competitive with
the MDR reaction and leads to coke formation on the catalyst’s surface [35]. NiCe (c) is
the most active catalyst, achieving a CO and H; yield, respectively, of 65% and 45% in the
first hours; moreover, it presents the lowest deactivation degree during the catalytic tests,
presenting still a 20% yield of Hy and a 30% yield of CO after 30 h on stream. NiCe (n)
possessed a similar activity trend compared to NiCe (c), but with an overall lower activ-
ity, starting from 40% H; yield and 55% CO yield, and reaching, after 30 h, respectively,
20% and 27%. The stronger metal-support interaction and higher nickel dispersion of
NiCe (c) and NiCe (n) compared to NiCe (i) caused a higher resistance to coke deposition
and therefore to catalyst deactivation. Therefore, the best catalyst is confirmed to be NiCe (c).
Moreover, even if it is always difficult compare different catalytic rigs, this catalyst per-
forms better than others previously reported in the literature, both on non-doped Ni/CeO,,
obtained by different synthetic approaches, and on doped Ni/CeO;. For example,
Yahi et al. [36] reported a Ni/CeO, catalyst prepared via microemulsion that showed
no activity toward MDR because of larger particles size (34 nm) and/or NiO cubic structure
instead of monoclinic. As well, Kambolis et al. [37] reported a Ni/CeO,-ZrO; catalyst,
where Ni was introduced via incipient wetness impregnation, that showed lower activity
compared to those studied in this work, despite the introduction of Zr as support structural
promoter to enhance the oxygen deficiency on the support.

0.9 NiCe (i)

H2/CO ratio

0.4
0.3
02+

0.1+

0.0 T T T T T T T T T T T 1
0 5 10 15 20 25 30

Time on stream (h)

Figure 6. H, /CO ratio of three catalysts in reaction conditions.
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In Table 3, there are reported some studies on Ni-ceria-based catalysts, synthesized by
different methodologies and amount of nickel and investigated in the same temperature
range. This is useful to make a comparison and evaluate whether the diversity in the
activity trends obtained in this work can be traced back to the synthetic methodology. A
complete comparison between different Ni/CeO; catalysts present in the literature and
materials here presented cannot be done due to the lack of standard conditions in MDR tests.
Indeed, the conditions of reaction and amount of active metal phase are often different, but
the most similar and recent to the ones used in this work were selected.

Table 3. Activity in terms of CH4 and CO; conversion of Ni/CeO, catalysts, prepared with different
methods and similar amount of Ni. The data refer to the start of reaction.

Catalyst Ni wt. % Synthetic Method Conversion (%) H,/CO Ratio Temp. (°C) Ref.
CH, CO;
NiCe (c) 14 Coprecipitation 95 97 0.6 700 This work
Ni/CeO, .
flakes 10 Impregnation 15 42 0.5 700 [38]
Ni / Ce02 .

Nanoparticles 10 Impregnation 18 45 0.6 700 [38]
Ni/CeO, 8 Wet impregnation 80 75 Lower than 1.0 700 [39]
Ni/CeO, 13 Combustion 90 - 0.95 750 [40]

synthesis
Ni/CeO, 9.5 Wet Impregnation 65 65 2 700 [41]
Ni/ Ccoergmemal 7.5 Wet impregnation 45 45 2 700 [41]
2

CeNig 30y 7.5 Coprecipitation 5 25 2 700 [41]
Ni/CeO, 10 Wetness 35 65 0.65 700 [42]

Impregnation
Ni/@CeO, 10 Self-assembly 55 65 0.8 800 [43]
Ni/CeO, 10 Incipient wetness 60 70 0.8 800 [43]

impregnation

Ni/CeO, 75 Surfactant assisted 70 75 0.8 700 [43]

coprecipitation

The interesting fact is that, even if tested at the same temperature conditions, the
conversion results of CHy and CO; at the beginning of the reactions are very different
from each other. Although the amount of nickel is not exactly the same, it is clear that
the synthetic methodology, and therefore the structural characteristics of the material, are
fundamental in assessing the activity of a catalyst. This can also be highlighted by the fact
that in the two cases where higher temperatures are used (800 °C), the conversions are not
better than those obtained at 700 °C with other samples, which would be expected given
the endothermicity of the MDR reaction. The only case in which there are conversions
comparable to that of the present work is for the sample tested at 750 °C (90% for CHy),
which also contains a similar amount of Ni (13% against 14%). The literature therefore
confirms the different activity trends observed among the catalysts, highlighting the fact
that the selection of the proper synthetic approach is crucial to maximize the catalytic
activity. In addition, in this case, higher conversions were achieved without the addition
of promoters in the samples, frequently added in most of the recent studies reported in
the literature [12,44-46].

3.3. Characterization of Spent Catalyst

The spent samples were deeply investigated using SEM, EDX, and TPO analyses to
understand the reasons of catalytic behaviour. The spent catalysts’ SEM images are reported
in Figure 7. As can be seen, the surface of NiCe (i) is completely covered by coke compared
to the fresh sample reported in Figure 3. This agrees with catalytic test, in which a rapid
deactivation was observed. However, NiCe (c) and NiCe (n) were gradually deactivated.
As can be seen, NiCe (c) and NiCe (n) after 30 h of reaction have a partially free surface,
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whereas that of NiCe (i) is completely covered by carbon nanotubes. EDX analyses of spent
catalysts (Figure 8) further confirm the presence of carbon on the catalysts” surface, but
with a different weight % ratio between C and Ni. In particular, in spent NiCe (i) catalyst,
the amount of carbon is higher than spent NiCe (c) and spent NiCe (n), suggesting that
the stronger interaction of Ni with support in NiCe (c) and NiCe (n) has hindered carbon
deposition favouring their stability.

ﬁvw DT = 15000V WO 74 mm Mags 100KX Sigral A nLens | © 04T = 15,004V WO 72mm Mag = 1000KX Sigral A w InLems

EMT = 15000V WO = 78mm Mage 100KX Sigral A leLem T = 15,000V WO = TSmen Mag = 1000KX Siral A= InLem
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Figure 7. SEM analysis on spent catalysts: (a) used NiCe (i); (b) used NiCe (c); (c) used NiCe (n).

TPO analyses (Figure 9) were carried out to further evaluate the type of coke deposition
on the catalysts” surface. As can be seen, NiCe (i) has a main peak centered at 800 °C
with a shoulder at 900 °C. These peaks can be ascribed to two different carbonaceous
species—respectively, to graphite and graphene [47]. NiCe (n), on the contrary, presents
only one type of carbonaceous species at 800 °C, which can be attributed to graphitic
carbon. NiCe (c) is the catalyst with the lowest coke removal temperature; this makes
this system even more appealing for a hypothetical industrial application because it could
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be possible to regenerate it at 400-600 °C. As a matter of fact, carbonaceous species on
this catalyst refers to amorphous carbon mixed with multi-walled carbon nanotubes [48].
Further analyses will be performed in order to optimize the regeneration treatment.
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Ce Ni

C(wt%)/Ni(wt%) = 2.3
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Figure 8. Carbon Mapping and EDX spectra of spent catalysts: (a) used NiCe (i); (b) used NiCe (c);
(c) used NiCe (n).
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Figure 9. TPO analyses of the spent samples.

4. Conclusions

A synthetic approach has a strong effect on the activity and stability of catalysts.
Higher surface area coupled with high nanoparticles dispersion and strong metal-support
interaction are mandatory for a robust MDR catalyst. These features are directly connected
with the preparation route chosen. In particular, incipient wetness impregnation led to a
catalyst where Ni dispersion is low and with weak metal-support interaction, as shown by
XRD and TPR analyses. This caused a rapid deactivation of the catalyst due to graphitic
coke formation on the Ni surface, as highlighted by SEM and TPO analyses. Compared
to this extensively used technique for catalysts’ preparation, coprecipitation and nitrate
combustion approaches turned out to be more suitable for a MDR Ni/CeO,-based catalyst,
still being easy and scalable synthetic routes. Samples prepared by coprecipitation possess
the highest surface area, highest metal-support interaction, highest Ni dispersion, best
activity, lowest coke formation rate, and lowest regeneration temperature for a possible
future regeneration. The synthetic approach led to the formation of the best synergic
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interaction between active phase and support. This is due to the higher interaction that
Ni and Ce have during the precipitation, giving them the ability to form a hybrid network
where the redox ability of cerium dioxide and its strong interaction with nickel nanoparticles
enhanced the activity, avoiding coke deposition.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/reactions3040043 /s1, Figure S1: 1 H; yield (a) and CO
yield (b) of the three catalysts at reaction conditions (700 °C; GHSV 12,000 h—1)
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