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Effect of the oxidizing capacity of ceria-based support
on the conversion of methane to syngas
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Ceria-based solid solutions have been proposed as catalytic
supports for the conversion of methane to syngas. Control
of oxygen vacancies in vacancy-rich oxides represents a
promising way to stable catalysts with improved activity.
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Conversion of methane to syngas (or synthesis gas, H, + CO),
including the steam reforming of methane (SRM) and the dry
reforming of methane (DRM), represents an endothermic and,
therefore, energy intensive process. SRM gives a product with a
high ratio of syngas H,/CO = 3 suitable for the generation of
ammonia, while DRM results in a lower syngas ratio of 1
appropriate for the synthesis of oxygenates. Contrary to that, the
partial oxidation of methane (POM) as a technology aimed to
increase the efficiency of syngas production has the ratio of
syngas equal to 2, which represents an advantage in its further
processing into methanol and liquid hydrocarbons (Fischer—
Tropsch).1#  Considering thermodynamics, the optimal
conditions for implementation of methane oxidation are the
following: the gas mixture pressure equal to 1 atm and the
temperature of 800-950 °C, while in terms of kinetics, the
desired flow rate is up to 50000 h-1. Under these conditions the
methane conversion of >90% and the H, content of 50-60% in
the resulting gaseous mixture ensure efficient further processing
of the products.>8 A catalytic support should have a surface
suitable for fixation of an active component of the catalyst.
Common supports like oxides of Al, Mg, Si and Ti have a number
of drawbacks leading to a decrease in catalytic activity due to
sintering of an active component as well as coking.® Ceria-based
solid solutions represent an alternative support,*%-12 the resulting
catalysts have suitable redox properties, oxygen mobility and
oxygen storage capacity (OSC), since the catalyst deactivation
typically occurs quickly without noticeable oxygen mobility.13
Though the thermal stability of pure ceria under typical reforming
conditions is rather low, it can be improved by doping.14-16
Besides, the use of mesoporous structures can further improve
the characteristics of catalysts due to an increase in surface area,
which may be associated with the effect of limitation of the
sintering and agglomeration of active metal particles in the
mesopores.'®17 In this work, we investigated an effect of the Ce
partial substitution in the ceria-based support on the catalytic
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properties of catalyst samples, which comprised supports or the
active component—support systems, in the conversion of methane
to syngas.

The main characteristics of the synthesized catalysts are
collected in Table 1. The consideration of the complex supports
originates from a need to stabilize the ceria structure for
operations above 700 °C as well as from the known data on the
influence of various dopants and their ratios on the catalytic
properties, 101819 as a result the best systems have been selected
for further comparison. All the nanocrystalline compositions
investigated have a developed surface and a mesoporous
structure. From XRD patterns of the fresh catalysts

Table 1 Main characteristics of the fresh catalysts.

dygp/NM

ﬁﬁ_mp'e Composition for the %zEngl Dpore/NM
support
1 Gdg1Tig1Zry1Cep 70, 9 83 2-8
NiCoMna-
2 Gdy 1 Tig 1270 1Ce0-0, 7 88 215
3 Cug,0sMng 2Ceg 60, 9 79  2-25
4 NiCoMn@-Cug osMng 0,Ce 90, 7 91  2-10
5 Cug08MnNg 02Z19.1Ce0 80, 8 31 2-25
NiCoMna-
6 6 105 2-8
Cug,08Mng 02Zr.1Ce0 0,
7 Cu,08MNg,025Mg 05C€0.8502 10 86 2-18
NiCoMna-
8 7 80 2-8
Cug,08MNg,025Mg 05C€0.8502
9 CUg.08Mng 02SMg 05210 1Ce0 g0, 7 83 2-18
10 NiCoMna- 9 2.8

CU,08MNg.025Mg 05Z10.1Ce0. 602

a5 wt% NiCoMn with Ni/Co/Mn =72 : 18 : 10 mol.
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[Figure S1(a), Online Supplementary Materials] it is clear that
the supports have been synthesized correctly relative to the
active component. Diffraction peaks of the support and the active
component phases with a cubic structure are observed. The
peaks at ca. 37.3 and 43.3° are generally related to the NiO
phase, however, due to the shift of the peak, they are more likely
attributed to the formation of the cubic phase of NiCoMnO.

The average crystallite size, calculated using the Scherrer
equation, is 5-10 nm (see Table 1) and according to TEM the
nanoparticle size is 4-15 nm (Figure S2).

For the assessment of redox properties and mobility of oxygen
ions in the ceria lattice, the oxidation of CO is typically used.?
The conversion of CO increases with temperature, the
corresponding curves being S-shaped [Figure 1(a)]. When metal
oxides are added to ceria, the catalytic activity in the CO
oxidation elevates due to a synergistic effect, which is most
significant after the Mn and/or Cu addition,'81° in this way the
samples 3 and 7 represent the most active supports. Transition
metal oxides have multivalent oxidation states that allow the
material to donate lattice oxygen for a reaction with adsorbed
molecules, the catalytic surface being subsequently reoxidized
by the gas phase oxygen. Therefore, with these oxide catalysts,
the oxidation reactions are supposed to follow the Mars—van
Krevelen mechanism, according to which the molecules are
oxidized by consuming lattice oxygen of the oxide catalyst,
which is in turn reoxidized. However, CO oxidation occurs in the
intermediate temperature range, while methane is oxidized at
higher temperatures [T > 750 °C, Figure 1(b)—(d)], where the
activity is shifted to the systems stabilized by Zr, because ceria
has low thermal stability and sinters during the process. As the
sintering occurs due to crystallite growth, it could be said that Zr
improves the thermal stability of ceria by decreasing the rate of
the crystallite growth. The most active supports are the samples
5 and 9 both in the POM and DRM reactions.

Activity of the catalysts (see Figure 1) and the product
selectivity (Figure 2) in the POM and DRM processes both
increase with temperature, at 950-975 °C they reach maximum
values and further elevation to >1000 °C leads to lowering of the
parameters measured. Considering the active phase, the
corresponding samples exhibit high catalytic activity, the best
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Figure 1 Activity of the catalyst samples in (a) CO oxidation, (b,c) DRM
and (d) POM.
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Figure 2 Product yield vs. temperature for (a,b) POM and (c,d) DRM.

results have been obtained for the sample 2, which has the
support with a lower oxidative activity.

Ceria itself is catalytically active in the oxidation of methane.
It is known?122 that ceria is able to convert methane directly to
syngas at >600 °C. This indicates that the creation of an oxygen
vacancy and structure distortion increase the migration of lattice
oxygen and the content of surface oxygen species. This lattice-
activated oxygen has a tendency to facilitate the partial oxidation
of methane. Likewise, it has been reported that there are two
types of oxygen for the processes on oxides, namely the surface
adsorbed one, which contributes to the complete combustion of
methane to form CO, and H,O, and the bulk lattice oxygen,
which favors the formation of CO and H,.? The reducible oxides
help in enhancing catalytic activity and stability:

0,(CO,)+Ve — 0% — 0% back-spillover —
— 0%//NiCoMnO « NiCoMn//CH, — CH,. 1)

Existing oxygen vacancies of the ceria lattice are “healed’ by
an oxidizing agent like oxygen or CO,, thus forming oxygen
ions. Further, the oxygen ions are transferred from support to the
active phase by the back-spillover process oxidizing the metal
support or the metal—-C system. In turn, the oxidized active phase
is reduced to the metallic state or the metal-C system with
methane. The oxygen vacancy formation begins through the
direct participation of available lattice oxygen species in the
C-H bond activation. According to Raman data, the oxygen
vacancies are present in supports even before the catalytic
tests.18.1% However, highly reactive oxygen has been shown to be
disadvantageous, when there is an active component in the form
of NiCoMn, thus the superiority of the sample 2 is affected,
though in this case the supports 5 and 9 can be used without an
active component. The Boudouard reaction (2CO = CO, + C)
and methane decomposition represent two major pathways for
carbon formation at high temperatures. The resistance toward
carbon deposition for a ceria solid solution originates from a
high OSC value.?4% Using ceria-based systems, the reactions of
carbon formation can be inhibited by redox processes with lattice
oxygen at the support surface. The addition of Zr can not only
enhance the thermal stability of a material, but also promote an
increase in oxygen vacancy amount in the catalyst during the
redox process.?2” The catalysts 5 and 9 reveal relatively high
catalytic activity and stability in the redox experiment for the
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successive generation of syngas. This property is associated with
the increased oxygen vacancies located on the surface and in the
bulk of catalyst after cycling, which strongly enhances the lattice
oxygen mobility. This behavior would counteract the negative
effect of catalyst sintering on the catalytic activity of the material
for methane conversion. XRD patterns of the used catalysts
[Figure S1(b)] indicate that the diffraction peaks of NiCoMnO
and/or NiCoMn phases as well as the phase of ceria-based
support are still present. The formation of other phases like
carbides, spinel or perovskite has not been observed, thus the
proposed catalysts are highly stable.

In this work, ceria-based solid solutions were prepared by
coprecipitation, characterized by physicochemical techniques and
investigated in the catalytic conversion of methane, namely the
POM and DRM processes. It was shown that the nature and the
composition of dopants influenced the redox properties and
catalytic activity. The amount of lattice oxygen in these catalysts
taking part in the oxidation reactions increases with temperature
due to elevation of oxygen mobility in the oxide lattice. For the
selective conversion of methane, in contrast to the complete
oxidation of CO, a metered amount of active oxygen is required,
which differs in the binding energy in the oxide lattice in
conjunction with the presence of an active phase.?8-30 There are
two types of mobile lattice oxygen in the catalyst sample, namely
weakly and strongly bound oxygen atoms, so to enhance the
selectivity it is necessary to decrease the content of ‘nonselective’
oxygen in  the support. However, the samples
Clg.08MnNg 02Zr0.1Ceo g0, and  Cug 0gMng 925Mo 0521, 1Ce g0,
(5and 9) can be employed directly without an active Ni-containing
component for the methane conversion with no coking. Improving
the amount of the surface active oxygen sites represents the major
reason accounting for the enhanced reaction performance and
coking resistance of the catalysts. The ability to control the content
of the oxygen vacancies in the lattice and homogeneously
dispersed active particles on the support will be beneficial in the
design of stable catalysts with improved activity.3!
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