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Abstract—This review describes a process for methanation (selective hydrogenation) of carbon oxides with an
emphasis on its importance for environmentally friendly and distributed energy generation. The drawbacks of
oxide-supported catalysts and the advantages of carbon-based catalysts are assessed in terms of green chemistry
principles. Catalysts based on carbon nanotubes, carbon nanofibers, and biomass derivatives are further discussed.
Major research approaches are outlined for the implementation of carbon-based catalysts in selective hydrogena-
tion of carbon oxides. This discussion suggests that the most promising catalysts for methanation are those based

on biomass-derived carbon materials.
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INTRODUCTION

Today’s realities call for environmental friendliness.
This suggests an urgent need for the principles of green
chemistry to be implemented as an integral part of
scientific and technological progress. Despite the growing
worldwide importance of renewable energy sources
(RES), recent years have seen a huge spike in the global
emissions of carbon dioxide (CO,) reaching 36.57 billion
metric tons [ 1]. Plainly, carbon capture efforts to date have
been insufficient. Finding innovative approaches to RES
generation could become a key to reducing greenhouse
gas emissions. These approaches will not only reduce
the concentrations of CO, and carbon monoxide (CO)
in the atmosphere but also convert the byproduct to an
important link in the energy chain. The potential of plant
and animal biomass for the production of CO,-neutral
fuels has previously been discussed [2, 3].

Although the prevailing approach in the petrochemical
industry is to convert CO, and CO to a variety of
hydrocarbons starting with C,, it is worth emphasizing
the importance of methanation for achieving the
decarbonization goals. Catalytic hydrogenation of CO,
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and CO into methane (CH,) has attracted much interest
among researchers throughout the world because this
product can further be used both for the storage of
chemical energy and for direct injection into existing gas
pipelines. Therefore, methane production from carbon
oxides is perfectly suited for transition to distributed
energy generation and zero-emission production.

However, the transition to zero-emission production
in itself would be insufficient to have a significant
impact on the global environmental situation. The
pursuit of environmental excellence requires a far
more comprehensive approach that would combine
an appropriate choice of chemical process with the
development of an optimum method for its implementation.
Accordingly, green chemistry principles must apply
both to the process itself and to the production of an
environmentally friendly catalyst.

Ni-based catalysts [4—6], including those promoted
by Co [7, 8] and Fe [9], have been most extensively used
in industrial methanation due to their relatively low price
and high activity. Ru-based and Rh-based catalysts have
also been fairly common due to their high CO methanation



694 CHEMAKINA et al.

activity [10]. Oxide supports, which are typically used
in these catalysts [11], have major disadvantages: rapid
sintering of metal nanoparticles due to the lack of internal
metal-oxide interaction; and the formation of mixed
oxides, thus disturbing the homogeneity of the catalytic
system [1]. Therefore, researchers have increasingly tended
to eliminate the use of oxide supports in the hydrogenation
of carbon oxides. In particular, the methanation of carbon
monoxide over composite catalysts based on nickel and
polyvinyl alcohol has been studied [12]. This catalytic
hydrogenation achieved CO conversion of 29% and a
methane yield of 28 g/m3 CO.

It is also worth noting that oxide-supported catalysts
are inferior to their carbon-based counterparts in terms of
environmental impacts. Indeed, the high temperatures and
various toxic solvents (e.g., benzene, toluene, and diethyl
ether) necessarily used to synthesize oxide-supported
catalysts make their production far from green-chemistry-
principles “friendly”. On the other hand, the ability of
carbon as a precursor to take on different forms, from
graphite powder to complex ordered structures, offers
new prospects for catalytic design. Thus, the development
of effective carbon-based catalysts for methanation would
simultaneously achieve a number of pressing goals:
transitioning to distributed energy resources; reducing the
E-factor; and eliminating the undesirable metal-support
interaction.

One classical carbon-based catalyst—metal particles
supported on activated carbon (AC)—has been extensively
studied since the 1980s. However, this research was
historically focused on hydrocarbon oligomerization
rather than methanation. For example, Chen et al. [13]
demonstrate the high performance of carbon-based
iron—cobalt and potassium—iron—cobalt carbonyl cluster
catalysts in CO hydrogenation into olefins. Liu et al.
[14] note that the intricate porous structure of AC-based
catalysts with large amounts of micropores facilitates
good dispersion of metals, resulting in high catalytic
activity. Highly structured carbonaceous materials such
as nanotubes, nanofibers, and carbonized biomass,
known for their unique properties, have shown promising
catalytic performance in petrochemical reactions [15-18].

Today researchers are only in the early stages of the
transition from oxide supports to carbonaceous materials.
The present review covers the currently available data—
limited as they are—on methanation over this catalyst
type. The paper focuses on the application of catalysts
based on carbon nanotubes (CNTs), carbon nanofibers

(CNFs), and biomass in methanation; particular attention
is paid to the unique properties of carbon-based catalysts.
The review further discusses the current developments,
challenges, and potential applications of carbon-based
methanation catalysts.

CNT-BASED CATALYSTS

CNTs are hollow cylindrical graphene structures.
In turn, graphene is a structure consisting of regular
hexagons with carbon atoms at their vertices. In recent
years, a substantial amount of research has been focused
on CNT-based catalysts for Fischer—Tropsch synthesis
[19-21]. CNTs safely meet the requirements for Fischer—
Tropsch catalysts, namely: well-developed surface area,
high metal dispersion, as well as adequate mechanical
resistance, activity, stability, and selectivity. Moreover,
CNTs are common carbonaceous structures that have
been best explored exactly for catalytic methanation of
CO, [1]. CNTs are of interest for catalytic production
of hydrocarbons due to their chemical inertness and
mechanical stability and because their surface properties
can be modified by artificially generated defects.
CNT-supported catalysts have shown activity many
times higher than oxide-supported catalysts [22, 23].
Wang et al. [24] synthesized a catalyst from nickel
nanoparticles grown on nitrogen-doped CNTs (Ni/N—
CNT). At 360°C this catalyst exhibited promising results
in methanation, specifically CO, conversion of 80%
and methane selectivity of 99%. Gongalves et al. [11]
confirmed the importance of N-doping by a comparative
assessment of the catalytic performance of N-doped
(Ni/CNT-N) and pristine (Ni/CNT) CNT-based samples
in methanation. The comparison demonstrated that Ni/
CNT-N achieved a higher CO, conversion (81.2%) with
CH, selectivity 0f 99.2% at a lower temperature (400°C),
and showing excellent stability of 48 hours.

In fact, CNTs are the first and only structured
carbonaceous nanomaterial manufactured on an
industrial scale. Indeed, CNTs have been extensively
used in electrochemical devices and in composites
[25, 26] due to their inertness, stability, and doping
capabilities. Nonetheless, a number of limitations have
to date hindered the full implementation of CNTs in
the catalytic industry: high price, poor homogeneity,
low bulk density, and propensity for degradation in
aggressive environments at high temperatures [27]. One
promising solution to the above challenges is oxidative
functionalization of CNTs, a technique that immobilizes
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carboxyl and hydroxyl groups and generates surface
defects. As a result, the defects prevent particles from
migrating at high temperatures, and oxygenated groups
fix metal ions during impregnation due to electrostatic
interaction. Moreover, this functionalization enhances
the bulk density of CNTs [28]. Li et al. [29] report on
CO, methanation over Mn-promoted Ni nanoparticles
supported on oxygen-functionalized CNTs. The CNTs
were pretreated by boiling in concentrated nitric acid
at 140°C for 14 h. The resultant catalyst exhibited high
methane selectivity (nearly 100%), CO, conversion of
71.6%, and sintering resistance over more than 140 hours.
In addition, the growing production of CNTs has lead to
a steady decline in their prices [15].

CNF-BASED CATALYSTS

Carbon nanofibers (CNFs) consist of interwoven
graphite fibers characterized by high chemical inertness,
purity, and mechanical strength, properties that make
them a very promising precursor for the synthesis of
methanation catalysts. When compared to CNTs, CNFs
have cost-benefit advantages due to simpler and less
costly synthesis, a higher yield, and resulting purity [30].
Besides, CNFs are also distinguished by well-developed
surface areas, and high thermal conductivity [16].
Jiménez et al. [31] investigated the catalytic performance
of CNF-supported Ru catalysts for the methanation of
CO, CO,, and their mixtures. In the solo-methanation of
CO or CO,, the CO conversion reached 100% with high
selectivity at 340°C. In contrast, the co-methanation of
CO/CO, mixtures exhibited poor catalytic performance
for all the investigated catalysts (the conversion never
reached above 53%), because they promote the undesired
reverse water—gas shift reaction (RWGSR). However,
adding 30% water vapor to the feedstock inhibited the
RWGSR, thus enhancing CO hydrogenation. Hu et al.
[32] employed co-electrospinning to develop a catalyst
based on Ni nanoparticles encapsulated in highly
mesoporous nanofibers with oxygen vacancies. This
catalyst exhibited good catalytic performance with CO,
conversion of 50.6% and 82.3% at low temperatures of
250 and 300°C, respectively, and excellent stability of
60 h at a high temperature of 400°C.

NOVEL BIOMASS-BASED CATALYSTS

Recently researchers in petroleum chemistry have
become particularly interested in catalysts consisting of
metal nanoparticles supported on biomass derivatives
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(e.g., biochar and microcellulose). This is because various
potential effects of particle size on the catalytic activity
and selectivity have been demonstrated [33]. In particular,
metal nanoparticles are able to enhance the activity of
advanced heterogeneous catalysts (the currently dominant
catalyst type). The main advantage of nanoparticles is
their ability to enhance the surface area of active catalytic
sites, thus facilitating interaction between reactants and
these sites. At the same time, the use of these catalysts
is limited by the extreme exothermicity of the reactions,
a property typical of most petrochemical processes,
including methanation. Failure to take additional thermal
stability measures may lead to agglomeration and sintering
of particles, resulting in low product selectivity.

A number of approaches have been offered to
enhance the long-term stability of carbon-supported
metal catalysts, such as providing a strong metal—support
interaction [34] and encapsulating metal particles in the
support [35]. Encapsulated nanoparticles are a novel type
of carbonaceous nanomaterials. These nanoparticles have
a typical core—shell (metal—carbon) structure and possess
unique magnetic and electrical properties combined with
high thermal and chemical stability. These catalysts
can be synthesized by time-consuming and difficult-to-
control methods such as high-temperature annealing,
arc discharge, or chemical vapor deposition. The main
weakness of these synthesis methods is unpredictable
product yield. A recent publication has described
hydrothermal synthesis of a biomass-derived feedstock
for this catalyst type, a method attractive from both the
cost-benefit and environmental viewpoints [36]. This
method provides for the installation of a batch reactor to
ensure the high temperatures required for carbonization
and simultaneously retain all the evolved vapors to
increase the reaction pressure. Autogenous high pressure
extends the heating time without volumetric shrinkage,
thereby enhancing the biomass conversion efficiency.
For example, Yan et al. [37] developed a hydrothermal
carbonization method for the synthesis of carbon-
encapsulated iron nanoparticles, with wood being
used as a carbon source. These nanoparticles exhibited
excellent catalytic performance in Fischer—Tropsch
synthesis. In the reactions with biomass-derived syngas
at 290°C, this catalyst achieved CO conversion of 89.5%
and hydrocarbon selectivity of 65%.

Unfortunately, to date the performance of this catalyst
type in methanation has been underexplored. Further
research is needed to elaborate methods for synthesizing
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catalysts suitable for methanation, and in particular to
investigate the effects of their preparation conditions and
evaluate the selectivity and activity of specific metals in
the hydrogenation of carbon oxides.

CONCLUSIONS

This review outlines promising approaches for future
research on carbon-based catalysts for methanation.
First, efforts must be made to choose an appropriate
catalyst support structure, and particularly its mesopore
and micropore sizes, to ensure that metal nanoparticles
are retained in these pores and uniformly dispersed
over the entire surface of the catalyst. Second, further
research should be focused on improving existing
methods for loading metal particles on the carbon
support to ensure better control over the particle size,
dispersion, and catalytic performance. In addition to
conventional synthesis techniques such as impregnation,
coprecipitation, and sol-gel, new methods need to
be developed for incorporating metal particles into
carbon-based supports to produce uniformly dispersed
crystalline nanoparticles. The authors of this review
believe that, from the viewpoint of green chemistry, the
most promising catalysts for methanation are those based
on biomass-derived carbon materials.
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