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NiCo-Gdg 1 Tig1Zry1Ceq 70, catalyst for dry reforming
and partial oxidation of methane: effect of NiCo applying method
on the conversion of methane to synthesis gas
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A seriesof catalystsbased on mesoporousceriasolid solutions
containing NiCo active component was synthesized via co-
precipitation, impregnation, hydrothermal and core-shell
(sol—gel) methods and applied to partial oxidation and
dry reforming of methane. In the co-precipitated and
impregnated catalysts, a better NiCo dispersion and a
stronger interaction between NiCo species and the ceria-
based support in comparison with other catalysts were
observed, which affected activity and selectivity. Thus,
simpler methods of applying the active component were
more advantageous owing to the manifestation of strong
metal-support interactions.
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Methane conversion is one of the modern large-scale industrial
processes for the oxidative conversion of natural gas to form the
synthesis gas. This gas mixture is used as a source of hydrogen
for the manufacture of petrochemical products and
intermediates.!? Various processes of methane converting into
synthesis gas catalyzed by heterogeneous nickel-containing
systems with using oxidants (H,O, O, and CO,) at high
temperatures (750-950 °C) are characterized by high energy
consumption and deactivation of the catalyst, mainly due to
carbon deposition on the surface of the catalyst and sintering of
active components.®* Different methods to overcome this
problem have been proposed: using promoters for metal active
phases and support, utilization of a sulfur passivated reforming
process to eliminate carbon deposition by poisoned catalysts,
changing catalysts preparation methods and conditions to
improve physicochemical properties of the catalysts.>6 Ni-based
catalysts have been widely investigated owing to their low costs
and relatively high activity. In many studies, the effects of active
phase promoters were evaluated on Ni properties and it was
revealed that a NiCo bimetallic catalyst with a certain Ni/Co
ratio was the best option.”*2 A homogeneous alloy of Co and Ni
and low Ni substitution of Co dramatically improved catalyst
activity and stability. The investigation of the metal additives to
Ni has shown higher catalytic activity of NiCo compared with
monometallic and other bimetallic combinations. It is clear that
bi- and trimetallic catalysts may exhibit superior performance in
reforming of methane in comparison with the corresponding
monometallic catalysts.13-15
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The catalyst synthesis methods strongly affect the
physicochemical properties and performance of the catalyst.
However, the data on the effect of the method of applying the
active component differs; the catalysts obtained by co-
precipitation method can be either more active than those
obtained by impregnation, plasma treatment, atomic layer
deposition, sol-gel, microemulsion and other methods or vice
versa.’6-22 But in all the works it was noted that the higher
catalytic activities were due to the partial incorporation of nickel
into the support, which resulted in the higher dispersion and
stronger metal-support interaction. It indicates that a proper
choice of preparation method imparts certain textural properties,
support activity and enhanced metal-support interaction ensuring
higher catalytic activity and lower carbon deposition.

Therefore, the present work is focused on developing stable
POM (partial oxidation of methane) and DRM (dry reforming of
methane) catalysts based on mesoporous ceria solid solutions
containing NiCo active component applied by various methods:
co-precipitation, impregnation, hydrothermal and core—shell
approaches. The choice of such complex support
(Gdg1Tig1Zrg1Cey70,) is related to the necessity to stabilize the
ceria structure for operations at temperatures above 700 °C and
on the basis of previous studies.®131422 The effects of various
dopants and their ratios on the catalytic properties were studied,
therefore the best system was selected.

The main characteristics of the synthesized samples are
presented in Table 1. Activity was assessed in the POM and
DRM reactions (Table 2). Whereas the DRM reaction is mostly
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Table 1 Main characteristics of fresh and wused catalysts
NiCo-Gdy 1 Tig1Zrg1Cep 70, (Ni/Co = 80/20 mol/mol) synthesized by
various methods (f — fresh, p — used in partial oxidation of methane and d
—used in dry reforming of methane).

Sample Method Active site dygp/NnM dXRP/nm_ Sser/

no. phase (Wt%)  (support) (active site) m?g?t

1f co-precipitation 4.7 (NiCo)O 9 10 (NiCo)O 72

1p 8.3(NiCo)O 19 16 (NiCo)O

1d 3.7 NiCo, 22 22 NiCo, 6
3.0 (NiCo)O 20 (NiCo)O

2f impregnation 8 (NiCo)O 10 8 (NiCo)O 68

2p 7.9 (NiCo)O 16 16 (NiCo)O 13

2d 2.3 NiCo, 20 22 NiCo, 14
5.5 (NiCo)O 21 (NiCo)O

3f hydrothermal ~ 12.1 (NiCo)O 10 18 (NiCo)O 72

3p 0.7 NiCo, 17 30 NiCo, 13
10.3 (NiCo)O 24 (NiCo)O

3d 6.7 NiCo 15 41 NiCo 14

4f core-shell 11.7 (NiCo)O 10 36 (NiCo)O 70

4p 0.9 NiCo, 16 30 NiCo, 15
8.5 (NiCo)O 21 (NiCo)O

4d 8.9 NiCo 17 37 NiCo 16

Table 2 Catalytic activity of samples in POM or DRM processes at 900 °C.
CH, 0, (POM)

Sample - version or CO, (DRM) CO yield (%) H, yield (%) H,/CO

no. (%) conversion (%)

if 98 (POM) 98(POM) 97 (POM) 95(POM) 2.0 (POM)
93(DRM) 93(DRM)  93(DRM) 78(DRM) 0.9 (DRM)

of 96 (POM) 99(POM)  93(POM) 93 (POM) 2.0 (POM)
98 (DRM) 99(DRM)  98(DRM) 98 (DRM) 1.0 (DRM)

3f 95(POM) 99(POM)  89(POM) 89 (POM) 2.0 (POM)
96 (DRM) 98(DRM)  95(DRM) 95(DRM) 1.0 (DRM)

4 98 (POM) 99(POM)  93(POM) 93 (POM) 2.0 (POM)
97 (DRM) 99(DRM)  97(DRM) 97 (DRM) 1.0 (DRM)

endothermic, the methane conversion raises by increasing the
reaction temperature. At 900 °C, the conversions and product
yields are close. However, in exothermic POM reaction, the
sample obtained by the co-precipitation method turned out to be
somewhat more active and selective (Table S1), while in DRM
reaction, it was a catalyst obtained by the impregnation method.
Thus, simpler methods for applying the active component were
more advantageous. The ratio of hydrogen to carbon monoxide
is an important indicator. It is close to the theoretical value for all
systems and processes. One of the reasons for the deviation may
be the occurrence of reverse water gas reaction.?® The stability of
catalysts has been also evaluated (see Online Supplementary
Materials, Figure S1) and the results demonstrate that highly
efficient and stable catalysts have been formed. The developed
catalyst was more active and stable than industrial catalysts, e.g.,
Katalco 57-4 (16% Ni/Al,O5). Compared with the catalysts
reported in the previous works, the catalytic activity of our
materials is characterized by a slightly higher conversion of CH,
and CO, in DRM?4%5 and selectivity of H,/CO in POM,% even
without the addition of noble metals.?”

The structural changes of the as-prepared and spent catalysts
were investigated using XRD (see Figure 1 and Table 1). All
fresh catalysts exhibited a fluorite ceria structure of support and
bimetallic oxide (NiC0)O (type B1, cF8) of the active component.
Moreover, the amount of active phase in the co-precipitation
method was significantly lower than when applying the active
component by any other method. Apparently, some of the nickel
and cobalt enter the ceria lattice, forming a solid solution.

ceria solid solution

,'“E ceria solid solution
I.".i;

&
30 35 40 45

260/deg

Figure 1 XRD patterns of fresh catalysts and used after POM and DRM.
SiO, from quartz pieces packing.

Shifting in the XRD peaks in the substituted support in
comparison with the others and the values of lattice parameter
have been found to reduce upon the substitution.%1423.28 That is
also typical for the impregnation method, part of the metal
oxides are present on the surface in amorphous phase or the form
of the highly dispersed nanoparticles.?? The smaller crystallite
size of the active site (dygp) also confirms the patterns listed
above. After catalysis, there is a slight increase in the crystallite
sizes of both the support and the active phase due to sintering. As
a rule, after POM the oxide phase of the active component
remains, and after DRM the metallic phase does. Moreover, after
POM, in hydrothermal and core—shell samples, a metal phase
also appears, apparently owing to the larger particle size of the
active sites (the crystallite size of the support is comparable for
all systems). It is also worth noting that the residual NiCoO
content in catalyst 2d is associated with the manifestation of a
strong metal-support interaction.®®3! It is demonstrated that Ni
and/or Co ions in complex oxide catalysts can be reduced during
POM or DRM processes to provide metallic nanoparticles and
this agrees with TPR (temperature programmed reduction)
analysis data.’®32 The reduction of the active species became
difficult, indicating enhanced interaction between support and
NiCo species. Earlier works report that Ni(Co) ions can be
incorporated into the ceria-based lattice to form a Ni(Co)-Ce-O
solid solution, thus generating oxygen vacancies and reducible
oxygen species. These rich interfacial sites make it easier to
remove adsorbed oxygen by CH, and it shows a similar trend for
the catalysts activity.3334

The evolution of the surface texture of catalysts before and
after catalytic testing has been also observed. In addition to a
decrease in specific surface area (Table 1), there is also a change
in the shape of adsorption—desorption curves (Figure S2) and
pore size distributions (Figure S3). The synthesized samples are
mesoporous, which is proved by type 1V adsorption isotherm
with an H2—-H3 hysteresis loop. Changes in pore size distribution
and the shape of hysteresis loop occurred during the catalytic
process: from monomodal (2-10 nm, H2-H3 type) to polymodal
(2-70 nm, H3 type — characteristic of aggregate particles with no
uniform size and shape). Relatively small pores disappear first
upon heat treatment, whereas the position and height of the other
pore size distribution peaks have changed far more. Sample 1,
obtained by co-precipitation, has undergone the most significant
changes. High-temperature treatment of catalyst in the reaction
conditions results in the significant decrease in their surface area
due to the phase transformation (in DRM) and intensification of
sintering processes. At higher temperatures reaction conditions,
catalysts partially retain their mesoporosity, and the loss of
surface area is due to agglomeration and the collapse of the pore
structure, which is not related to catalytic processes, it is only the
temperature factor that affects it.35-37
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The thermogravimetric experiment was conducted to
determine the quantity of carbon deposited on spent catalysts
in air (see Figure S4). A slight weight loss occurs in the low-
temperature region (100-350 °C) due to the desorption of
water and some volatile intermediate products, as well as the
oxidation of amorphous and filamentous carbon. In the region
of 350-700 °C two processes occur simultaneously. Weight
loss is due to the combustion of graphitic and nanotube carbon.
The weight of the spent catalysts increases in parallel, which is
associated with the oxidation of the metallic NiCo active
component.383 |t is also possible that the resulting metal phase
of the active component oxidizes, resulting in a slight weight
gain. No more changes occurred after 700 °C. If coke deposition
is only evaluated by the exo-effect at 200-300 °C, then the
catalyst made by the core—shell method is most susceptible to
this effect. The thermograms of sample 1 after the processes of
POM and DRM are shown in Figure S5: in comparison to the
described effects in catalysts after DRM, there is only a slight
deposition of amorphous carbon in POM, which is naturally
due to the presence of oxygen in the mixture. Ceria-based
supports have a strong impact on the resistance of the catalyst
to coking. In contrast to other supports, the high oxygen
mobility and storage capacity, basic and redox properties of
ceria systems help to eliminate carbon deposits.*

As can be seen in the SEM photographs (see Online
Supplementary Materials, Figure S6, catalyst 2), no significant
changes in particle aggregates occur after catalysis. Thus, no
carbon was detected in different areas of the sample 2p; in turn,
after DRM (2d), a small deposit of carbon similar to a graphite
structure was found. The surface composition was studied by the
EDS method. The Gd/Ti/Zr/Ce ratio remained close to 1/1/1/7 in
all samples, and the Co/Ni ratio in fresh samples was 1/2
(probably a part of the core—shell structure and therefore the
active phase have been enriched with cobalt). After POM and
DRM reactions it became 1/4 and 1/3.6, respectively, (as a result
of the reaction, the formation of a metallic phase and ‘the
conditional distribution of elements’ occurs).

Thus, the deactivation of catalysts in methane conversion can
be attributed to two factors: coke depositing on the active sites as
well as their sintering. Bimetallic catalysts improve O,(CO,)
activation to form CO and adsorbed oxygen. CO is produced by
combining the adsorbed oxygen and CH,. O,(CO,) activation
can be improved by the support, particularly a ceria-containing
one, inasmuch as its oxygen vacancies generate C-O or formate
(in DRM) intermediates.®1428 The CH,O has also been regarded
as a critical intermediate. The reaction pathway from CH, to
CH,O is favorable on the active site with NiCo—O coordination
owing to the superior mobility of ceria surface lattice oxygen
atoms.*%2 The advantage of the proposed catalysts, ceteris
paribus, is the simplicity of their preparation, i.e., co-precipitation
or impregnation methods without any additives. Results
demonstrate that ceria-based support and a NiCo bimetallic
active site prevent intensive coke formation.

An effective and promising strategy for the rational design of
catalysts to achieve highly stable product for partial oxidation of
methane and dry reforming of methane was developed. In the
POM reaction, a catalyst obtained via the co-precipitation
method was more active and selective, while in the DRM
reaction, it was a catalyst obtained via the impregnation method.
Thus, simpler methods of applying the active component were
more advantageous. It indicated the crucial role of the intimate
interaction between NiCo active sites and oxygen vacancies in
determining the specific activity of ceria-based support. Despite
carbon deposition, there was no decrease in conversion or syngas
production.

This work was partially supported by the Ministry of Science
and Higher Education of the Russian Federation within the
governmental orders and the state funding of IMET RAS and
TIPS RAS.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2024.06.034.
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