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Highlights
= Catalytic methane decomposition is a promising pathway for the energy
transition.

= Catalysts and reactor designs have been optimized to increase reaction
stability.

= Carbon is a valuable by-product with the potential creation of new
markets.

= (Catalyst regeneration must be employed and optimized for long-term
stability.

Abstract

Decarbonization of the energy sector is a topic of paramount importance to avoid
irreversible global warming. Hydrogen has been considered as the most suitable
option to replace fossil fuels in industrial, residential and transport applications.
However, hydrogen production has been almost limited to the reforming of
hydrocarbons, which release large amounts of CO2, thus requiring several
downstream purification processes.

Catalytic methane decomposition consists of the low-temperature cracking of
methane, producing only COx-free hydrogen and solid carbon. This process has the
unique potential to make the swift transition for a fully decarbonized economy and
beyond: the methane decomposition of biomethane removes CO2 from the
atmosphere at competitive costs. Yet, industrialization of catalytic methane
decomposition has been hindered by the insufficient stability assigned to catalyst
deactivation due to carbon clogging.

This article reviews not only the main accomplishments on methane decomposition
since it was firstly reported, but also addresses technical barriers that have hindered
its industrialization. Unlike other previous reviews that focused mainly on catalysts,
more attention was put on the reactor design, catalyst regeneration strategies and
processing of products (hydrogen purification and economic overview). The goal is
to identify challenges and provide solutions for the industrialization paradigm that
methane decomposition has faced up to now.
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Please find enclosed the manuscript “Catalytic methane decomposition to boost the energy
transition: Scientific and technological advancements”. | would appreciate if you could

consider this review article for publication in Renewable and Sustainable Energy Reviews.

Decarbonization of the energy sector is an urgent matter, requiring swift response to avoid
irreversible climate changes. Renewable energy sources are expected to be the future of the
energy sector, but their intermittency requires the development of efficient, versatile and cheap

energy storage systems.

Catalytic methane decomposition (CMD) is one of the strongest contenders to fill the gap in the
energy transition. The submitted manuscript is a thorough revision of the challenges and
advancements of catalytic methane decomposition focusing on catalysts, reactor designs,
catalyst regeneration and process economics. CMD is capable of transforming methane into H,
and solid carbon without CO, generation, producing clean fuel-cell grade H, while taking
advantage of currently existing infrastructures. Furthermore, the decomposition of biomethane
allows the cost effective removal of CO, from the atmosphere. As of now, catalyst deactivation,
caused by carbon deposition over the catalyst surface, has hindered the industrialization of the
process: regeneration of the deactivated catalyst is possible, but the most studied methods rely
on gasification technics with high CO, evolution. Our research group is currently working on a
disruptive catalyst regeneration approach, which aims at loosening carbon deposits by partial
methanation at the carbon-catalyst interface (at the expense of a small portion of the produced
H,). With this manuscript we intend to organize and summarize the current knowledge on

CMD, in anticipation of our own developments on the technology.
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Abstract

Decarbonization of the energy sector is a topic of paramount importance to avoid
irreversible global warming. Hydrogen has been considered as the most suitable
option to replace fossil fuels in industrial, residential and transport applications.
However, hydrogen production has been almost limited to the reforming of
hydrocarbons, which release large amounts of CO,, thus requiring several

downstream purification processes.

Catalytic methane decomposition consists of the low-temperature cracking of
methane, producing only COy-free hydrogen and solid carbon. This process has the
unique potential to make the swift transition for a fully decarbonized economy and
beyond: the methane decomposition of biomethane removes CO, from the atmosphere
at competitive costs. Yet, industrialization of catalytic methane decomposition has
been hindered by the insufficient stability assigned to catalyst deactivation due to

carbon clogging.

This article reviews not only the main accomplishments on methane decomposition
since it was firstly reported, but also addresses technical barriers that have hindered its
industrialization. Unlike other previous reviews that focused mainly on catalysts,
more attention was put on the reactor design, catalyst regeneration strategies and

processing of products (hydrogen purification and economic overview). The goal is to
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identify challenges and provide solutions for the industrialization paradigm that

methane decomposition has faced up to now.
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Highlights:

Catalytic methane decomposition is a promising pathway for the energy transition;
Catalysts and reactor designs have been optimized to increase reaction stability;
Carbon is a valuable by-product with the potential creation of new markets;
Catalyst regeneration must be employed and optimized for long-term stability.
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Abbreviations:

CMD catalytic methane decomposition
AC activated carbon
CNT carbon nanotube
MWCNT multi-walled carbon nanotube
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SWCNT

single-walled carbon nanotube

Nomenclature:
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Decarbonization is an urgent matter, as climate changes threaten to
destabilize Earth’s climate [1], altering Weather patterns and destroying current
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is the ever-increasing demand for energy [3]. Figure 1 shows the CO, concentration
history in the atmosphere, from 1958 to 2020, measured at the Mauna Loa

Observatory [4].
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Figure 1 - Carbon dioxide concentration (ppm) from 1958 to 2020 (extracted from
[4]).
Renewable energy sources have, for years, been the main focus of research to

tackle CO, production, being a central point of the Paris agreement [5]. While these
technologies are widely accepted as the future for clean electricity production [6],
certain limitations hamper the possibility of directly using their energy, namely,
intermittency [7] and hard storability [8] make them only periodically available.

To address these issues, hydrogen has been proposed as a form of clean
energy storage [9], ideally being produced by renewable-powered electrolysis [10].
Many initiatives are already in progress for the implementation of the so-called
hydrogen-economy. For example, Hydrogen Europe [11] is a European hydrogen and
fuel cell association that represents multiple industry companies and research
organizations and is geared towards helping the foreseen energy transition, promoting

research and development of hydrogen and fuel cell technologies. In a similar note,
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the Hydrogen Council [12] was created from a coalition of CEOs from leading
energy, transportation and industry companies, which promotes the investment on
hydrogen-based technologies and reinforces, to policy-makers and general society,
that hydrogen is the most viable alternative in the upcoming energy transition.
However, hydrogen produced by electrolysis accounts only for 2 % of all produced
molecular hydrogen (which does not exist abundantly in nature). Moreover, scale-up
is yet challenging [13], with hydrogen production costs of 3.2-6.4 €-kgy,™ from solar
energy and 2.3-4.6 €-kgy,* from wind [14].

While water electrolysis remains uncompetitive [15], alternative processes
for large scale hydrogen production must be used to start-up the development of
structures capable of processing hydrogen as a fuel: storage [16], distribution [17] and
usage (favorably fuel cells) [18]. Furthermore, geopolitical barriers to the transition
towards clean energy sources have to be considered, as many countries are unwilling
to fully transition their energy sector as long as there are fossil fuels within their
borders [19-21]. As such, the production of hydrogen from fossil fuels renders a
softer transition. Currently, from the 115 Mt of hydrogen produced yearly, 78 % are
obtained from hydrocarbons and 18 % from coal [22]. The processes associated with
these shares include: steam-reforming (equation (1)) [23], dry-reforming (equation
(2)) [24], partial oxidation (equation (3)) [25], coal gasification (equation (4)) [26],

and water gas shift reaction (equation (5)) [27]; and produce up to 830 Mtcop-yr™ [18].

CH,(g) + H,0(g) - 3H,(g) + CO(g),  AH3og =206.2kJ-mol™* (1)

CH,(g) + CO,(g) > 2H,(g) +2C0(g),  AH3ogy = 247 k] mol~* )
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1
CH,(8) +50,(8) = 2H(8) + CO(8), Aoy = —721 mott

m
C,H,, (coal) + nH,0(g) - (n + ?) H,(g) + nCO(g), Endothermic ¥

CO(g) + H,0 () » CO(g) + Hy(g),  AHfogx = —41.09k] "mol™*  (5)

Among these processes, steam-reforming is the cheapest and most used, with a cost of
ca. 1.4 €'kgy, " [28]. Dry-reforming, partial oxidation of methane and coal gasification

processes are only competitive when CO, or coal are plentiful or when the use of an

endothermic process is challenging [29], with production costs higher than 1.8
€-kgn," [14]. These processes release large amounts of CO,, not only harming the

environment but also risking their own viability, as the rapidly increasing tariffs on
CO, emissions lead to the implementation of extensive down-stream treatments. As
such, additional separation steps [30] and carbon capture and storage (CCS) [31] or
carbon capture and valorization (CCV) [32] technologies have to be often considered.

Alternative, cost-effective, hydrogen production processes without releasing
greenhouse effect gases are required [33]. Methane decomposition (equation (6)) [34]
consists of cracking the methane molecule, producing CO,-free hydrogen and solid

carbon:

CH,(g) = C(s) + 2H,(g), AHYg ¢ = 74.8 K] * mol™! (6)

The process is attractive for H, production since methane from natural gas is a fossil
fuel with extensive and well-developed extraction, storage and distribution structures
[35]. Moreover, if bio or synthetic methane are used as feed-streams, methane

decomposition can be used to actively remove CO, from the atmosphere [36], as these
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potential feed-streams originate directly (synthetic) [37] or indirectly (bio) [38] from

CO,. Operation costs are expected to be higher than those for steam-reforming (in the
range of 1.8 €-kgu,™ [39]) but, H, is easily purified [40] (methane is the only other gas

taking part in the reaction [41]). The only secondary product is solid carbon,
contrasting with reforming processes where secondary products are gaseous,
poisonous (particularly for fuel-cells[42]), hard to separate and contribute for
greenhouse effects [43]. Since methane decomposition is an endothermic reaction, its
energy requirements can be integrated with the heat released from fuel cells [44] or
“Sabatier” reaction [45], increasing the overall energy efficiency of these processes.

Methane decomposition equilibrium conversion increases with the
temperature since it is an endothermic reaction [46,47], but the uncatalyzed reaction
kinetics is only reasonable at temperatures over 1300 °C [34], which is too high for
becoming cost-effective [48]. The use of catalysts allows low-temperature operation:
450-650 °C [49], however, poor stability assigned to catalyst deactivation by carbon
coverage has hindered industrial interest [50]. Carbon structures formed during the
reaction may grow directly over the catalyst surface, covering the active sites (base-
growth mechanism), or in the case of supported metal catalysts, carbon filaments can
grow between the metal-support interface separating the metal from the support,
permanently altering the catalyst (tip-growth mechanism) [51]. The growth
mechanism for carbon particles impacts directly on the catalyst stability and it
depends on several variables such as the catalyst itself, the reaction temperature, gas
partial pressures and reactor design.

Many attempts have been proposed to increase stability, but none succeeded

in more than a couple hundred hours of operation. Most reported approaches focus on
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catalyst development [52-55] but, reactor design [56—60] and regeneration strategies
[61] have also been receiving some attention. Our research group has, recently,
performed a proof-of-concept experiment that delivers nearly full stability, largely
outperforming the previous operation record of 210 h [62]. This result relies in an
innovative cyclic regeneration step, consisting of the selective methanation of carbon
at the carbon-catalyst interface [63]. This new approach has the potential for
becoming the transition step between the current framework and the future renewable-
powered hydrogen-economy. Another relevant challenge for CMD is the flow of
carbon products into the market value-chain. There are already developed markets for
carbon, such as nanotubes [64], activated carbon [65], carbon black [66],
metallurgical coke [67] and carbon fillers [68].

To develop a compact, stable and thermally efficient low-temperature
methane decomposition reactor, it is necessary to summarize past accomplishments
and organize the disperse work on methane decomposition. Since most of the reviews
focus mostly on the catalyst development, this work addresses other critical aspects
for the methane decomposition process potential industrialization, such as, reactor

design, operation strategies, catalyst regeneration and economical assessment.

2. First works on catalytic methane decomposition

The first works on catalytic methane decomposition (CMD) were published
at the beginning of the 20™ century [69,70]. Slater [69] reported iron and charcoal as
the best catalysts among the materials tested (silica, alumina, magnesia, lime, barium

oxide, wood charcoal, graphite, silicon carbide, graphite, iron, and copper). During
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the following years, the focus was put on understanding the reaction mechanism [71].
Most authors proposed complex mechanisms based on the formation of methyl
radicals [72] and larger hydrocarbons [73]. With the same purpose, during the 60s and
following years, plasma and electric discharges were also used for assessing the
reaction mechanism and similar conclusions were reported [74,75]. Plasma reactors
were also used for producing carbon materials [76] and synthetic diamond [77].
During the 70s the formation of whiskers-like carbon nanomaterials in the CMD
reaction with a nickel catalyst was reported for the first time [78].

In the 90s, there was an exponential increase in the number of publications
about CMD, again focusing on the reaction mechanism. Some authors still argued that
the reaction initiates with a methyl radical which causes multiple chain reactions [79],
leading to the formation and consumption of C,-C¢ hydrocarbons [80,81]; while other
authors argued for the adsorption of methane in the catalyst surface, with consequent
stepwise dehydrogenation and hydrogen desorption [82], followed by the carbon
diffusion and deposition [83,84]. There is no consensus regarding the mechanism, but
the latter gradually became the most accepted one [85]. Carbon deposition began to be
the main focus of works, focusing on the growing rate [86], morphology [87] and type
of carbon structures formed during CMD, such as nanofibers [88] and nanotubes [89].
It is reported that elemental carbon diffuses through the metal catalyst, and depending
on the operation conditions and material interactions, carbon will either i) precipitate
over the exposed face of the catalyst, generating carbon structures that grow from the
base over the metal (strong metal-support interaction leads to base-growth) [90]; or ii)
the catalyst will get partially or completely detached from the support (or from the

bulk in the case of unsupported catalysts), raising the metal particle and growing from
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the tip, where the metal is located (weak metal-support interaction leads to tip-
growth) [91].

By the end of the 20" century, extensive research was devoted for developing
processes to produce hydrogen with the required purity and quantity for the
envisioned hydrogen-economy. In 2001, Muradov proposed, in a seminal report, the
use of the methane decomposition reaction for decarbonization of the energy sector.
The methane decomposition reaction displays very high selectivity and the product
gas stream contains only hydrogen and unreacted methane, complying with standard
ISO 14687, which requires CO concentration lower than 0.2 ppm [92]. However, by
that time, the CMD processes displayed very low stability, just a few hours on stream,
and moderate catalytic activities, in the range of 1 gy 'gca *h™. Aiming to produce
enough clean hydrogen to feed the hydrogen-economy, the stability of CMD catalysts

became the main topic of research since then.

3. Metal catalysts

Transition metals are known to be the most active materials for the
dissociation of hydrocarbons, due to their partially filled 3d orbitals, which allow the
acceptance of electrons [51]. The temperature at which thermal decomposition of
methane occurs is ca. 1300 °C (without any catalyst) due to the very strong C- H
bond (440 kJ-mol™). If metal catalysts are used, they decrease the temperature to the
range of 450 °C to 750 °C [49]. Nickel, iron and cobalt are particularly active, being
considered the most suitable metals to catalyze methane decomposition [93]. In the

90s, Ermakova et al. [94] reported 21.6 gy'gca h™ of activity, during 6 h: the highest

10
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yield at the time (ca. 385 gc-gni ™), at 550 °C with a 90 wt.% Ni/SiO, catalyst. For the
first time, the CMD reaction was recognized as a promising pathway to produce
COq-free hydrogen [95].

Nickel-based catalysts have the highest activity but are not stable at
temperatures above 650 °C [96], while iron and cobalt-based catalysts, despite their
lower activity, can withstand higher temperatures and produce carbon materials with
higher market value [49]. Despite the efforts aimed at increasing activity and stability
of monometallic catalysts, it was not possible so far to overcome deactivation, by
coke formation, for pilot or industrial scales. Therefore, the combination of multiple
metals started being used on catalysts, marking the development of the second
generation of catalysts for CMD reaction.

Among the possible combinations of the most active metals, more attention
was devoted on the combination of nickel and iron. The most significant difference
between Fe and Ni-based catalysts is the maximum operating temperature. When
combined, Ni-Fe catalysts can maintain activity at higher temperatures than Ni-based
catalysts alone [97]. For Ni-based mixtures, the new structure consists of a Ni-Fe
alloy, with no reported evidence of metallic iron [98]. Despite having lower activity
than the monometallic catalysts, Ni-Fe alloy catalysts tend to display higher carbon
diffusivity and therefore higher stability. Adding increasing concentrations of Fe to a
Ni-based catalyst enhances stability until an optimal composition is reached. Wang et
al. [62] used a Ni-Fe/Al,05 with a molar ratio of 2Ni:1Fe:1Al for performing the
CMD reaction at 650 °C. They reported a stable activity of ca. 0.9 gy, gcar h™ during
210 h. The authors attributed such high stability to the enhanced ratio between atomic

carbon diffusivity through the catalyst particle and reaction rate, by adding Fe: in pure

11
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Ni, at high temperature, methane cracking is faster than carbon diffusion (small ratio
between diffusion and reaction rates), causing carbon accumulation at the surface
(encapsulation/deactivation).

Iron is widely studied as a dopant in Ni-based catalysts, but most transition
metals have also been studied. Arevalo et al. [99] utilized density functional theory
(DFT) to study the decomposition of methane in stepped Ni and in stepped Ni doped
with other transition metals. They reported the formation of a 5-coordinated bond
between atomic carbon and the Ni layers, depicted in Figure 2 a), which both explains
Ni reactivity towards carbon production and its ease of deactivation due to strongly
adsorbed carbon blocking the active sites. When doped/alloyed with other transition
metals this bond may weaken or strengthen, depending on the dopant. While metals
like Au destroy the strong interaction between Ni and carbon, hampering CMD
reaction, other metals like Fe, Co or Ru act as limiters, weakening the 5-coordinated
without destroying it completely, as is depicted in Figure 2 b) Ru and ¢) Au. As such,
Ni, when doped with the latter metals, tends to be less active than the pure metal, but

shows enhanced stability.

12
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a) Pure Ni b) Ru doped ¢) Au doped
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Figure 2 - Bird's eye and side view of carbon adsorbed in pure (a) and doped

(b-Ru, c-Au) stepped Ni (adapted from [99]).

Another transition metal that is widely investigated as a promoter,
predominantly on Ni-based catalysts, is copper [100]. Copper alone has low activity
for the CMD reaction but several works have been using copper as a promoting agent
in Ni-based metals [101]. These works report a large increase in the activity of the
catalysts without fast deactivation [102]. As it can be observed in Table 1, Ni-Cu
catalysts are able to achieve the highest activity among all catalysts tested for the
CMD reaction. In most catalysts, for higher activities, stability is frequently very low,
in the range of 3-5 h: with this type of Cu doped Ni-catalysts, more than 20 h on
stream are often observed [103]. Shen and Lua [104] tested carbon nanotubes as a
support for Ni-Cu catalysts. They were able to obtain a maximum activity of
approximately 4.4 gy gca h™ and 30 h on stream, using a Ni-Cu/CNT catalyst at

700 °C, as shown in Figure 3.

13
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Figure 3 — Temperature-dependent activities of CNT-supported Ni-Cu-based

catalysts (extracted from [104]).

Table 1 compares many of the best performing combinations of metal
catalysts to date, accounting for: metal molar composition, reaction temperature (T),
catalyst shape, metal particle diameter (d,,), methane feed, average activity, average

conversion (Xcy,), time on stream (t) and mass ratio of carbon and catalyst at ¢ (%).

Catalysts are ordered from the highest % to the lowest.

Other attempts to enhance the performance of CMD catalysts used noble
metals as promoters, mainly platinum [105] and palladium [106]. Carbon diffusion is
much faster on Pt and Pd than that on nickel, cobalt or iron [107]. This attribute
improves the catalyst stability which results in lifetime increase [90,108]. As observed
in

Table 2, doping metal catalysts with small amounts of either noble metal has

a positive impact on the overall catalyst performance.

14
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3.1 Synthesis methods and catalyst supports

Beyond the metals used in CMD, optimization of the catalysts is also highly
dependent on the synthesis methods [114] and the catalyst support [115]. Different
preparation methods have been tested to optimize the lifetime of catalysts [116,117].
Echegoyen et al. [118] studied the influence of the preparation method on a Ni/MgO,
catalyst. These authors prepared the catalysts by co-precipitation, impregnation and
fusion. They reported that the major difference between the three catalysts was the
particle size before and after the reaction. During the reaction, the co-precipitated and
impregnated catalysts suffered sintering, which increased their metal particle size,
while the opposite behavior was observed on the catalysts prepared by fusion.
Hydrogen production increased in the following order: impregnated, co-precipitated
and fused catalysts; particle size increased in the opposite order. Particle size is indeed
one of the catalyst characteristics that influence their activity and mechanism of
formation of carbon materials [119]. Li et al. [120] reported that the optimal
crystallite size, for an unsupported nickel catalyst powder of 250-425 pm, is
10- 20 nm, resulting in an activity of approximately 1.57- 1.77 Qo gcai h™
(corresponding to a carbon yield of 354-398 gc-gnit), which proved to be stable
during approximately 70 h, at 500 °C. On the other hand, Wang et al. [121] analyzed
the CMD reaction with a 23.3 wt.% Ni/SiO, catalyst, prepared with two different
methods that resulted in different particle size distributions. They reported that
particles with a size between 10-100 nm produced carbon nanofilaments and smaller
particles (<10 nm) produced amorphous carbon that rapidly encapsulate the metal

particles. Takenaka et al. [122] also claimed that particles with a size between
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60- 100 nm had the greatest lifetime during the reaction when studying different
loadings of metal in a Ni/SiO, catalyst.

For the production of supported metal catalysts, calcination and reduction
steps are necessary [123]. The temperatures at which these processes are performed
have a strong influence on the catalyst characteristics [124], mainly in terms of
particle size and metal-support interaction [52,125]. Echegoyen et al. [126] studied
the influence of the calcination temperature on a Ni/AlO, catalyst and found that the
optimal calcination temperature was ca. 600 °C. They reported that increasing the
calcination temperature hinders the reducibility of the catalyst not only due to the
increase of particle size but also due to the formation of NiAl,O, spinel phase: the
reduction temperature is highly dependent on the type of metal, unreduced particle
size and support [127]. Typically, higher reduction temperatures result in higher
quantity of metal particles in the reduced state thus increasing the catalytic activity,
since metal oxides do not catalyze the reaction [128]. Finally, reduction temperature
also causes a decrease in the catalyst specific area which affects its activity and
stability [129].

The catalyst support plays a relevant role in the catalytic activity, namely the
loading and size of metallic particles and on the metal-support interaction. The most
used catalyst supports are of SiO, or Al,Oz. Takenaka et al. [115] tested several
supports (SiO,, TiO,, graphite, ZrO,, SiO,-Al,03;, Al,03, MgO-SiO,, MgO), as
depicted in Figure 4, and reported that SiO,, TiO, and graphite are the supports with
the highest carbon yields, at 500 °C: 199 gc-gni’, 136 ge'gnit and 114 geegni ™

respectively. The remaining supports led to fast deactivation. The authors attributed
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the lower activity to the formation of highly stable support phases with NiO during

calcination, making the latter harder to reduce.
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Figure 4 - Methane conversion on supported Ni catalysts in multiple supports, at

500 °C (extracted from [115]).

In a similar work [130], the same authors tested different supports (MgO,
Al,O3, SiO,, and TiO,) on a cobalt-based catalyst, at 500 °C. In this case, the best
performance was assigned to Co/Al,O,, with carbon yield of 56 gc-ge, ™. The Co
catalyst supported on Al,O3 was easily reduced since no stable phases were formed,
unlike for Ni-based ones, where the formation of stable NiAl,O, spinel phase hinders
reducibility. The same authors [115] also performed CMD using SiO, supports with
different pore structures. SiO, with wider pores yielded the highest activity, of ca.

0.5 gz gea h™h. This result suggests that pore size and volume of the catalyst support
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are critical parameters for the growth of carbon structures, as small-sized pores get
easily clogged [131,132].

La,03 perovskite-type supports were also tested for the CMD reaction [133].
Maneerung et al. [134] compared LaNiO; perovskite with La,O5 for supporting Ni-
based catalysts prepared by wet impregnation. The major differences between these
two catalysts are the metal support interaction and the metal particle size distribution
[135]. In the perovskite support, nickel particles are better attached and more
dispersed [136]. This enhanced metal support interaction increases the sintering
resistance of the catalyst and makes it capable of operating at higher temperatures,
displaying a good stability up to 800 °C [137]. The size distribution of the catalyst
particles, in the perovskite, is narrower, ca. 24 nm, resulting in higher uniformity of
carbon nanomaterials [138].

Other supports that have been tested are carbon materials [139]. Otsuka et al.
[140] used different carbon structures (graphitized carbon fibers, vapor-grown carbon
fibers, graphite powder, activated carbon powder and carbon nanofibers laboratory-
made from the decomposition of hydrocarbons) to support nickel catalyst particles
prepared by impregnation. These authors reported that the highest activity was
achieved using laboratory-synthesized carbon nanofibers. They stated that carbon
materials with micropore structure had low activity due to the collision of the growing
nanofibers with the pore walls. After optimizing the production of nanofibers and
nickel loading, they were able to obtain an average activity of 1.8 gy gcar h™* with a

lifetime of ca. 20 h.
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4. Carbon catalysts

Carbon materials have been investigated as catalysts for CMD [141] since
they are cheaper and more resistant to poisoning, when compared to metals [49].
Several carbon structures have been tested, like activated carbon (AC) [142] and
carbon black [143], which are the most investigated carbon materials for this reaction
[50]. However, activation energy on ACs and carbon blacks (between 100 and
300 kJ-mol™) [144] are considerably higher than those observed for metals (65-
75 kJ-mol™) [102]. For achieving appreciable activity, carbon catalysts are typically
used at temperatures above 750 °C [50]. Carbon catalyst are, though, more stable than
the metal catalysts when running at these high temperatures [145].

Guil-Lopez et al. [146] compared Ni and Fe-based catalysts, AC, carbon
black, multi-walled carbon nanotubes (MWCNTS) and graphite, at 1100 °C. Metal
catalysts show the highest initial activity, however, at this temperature, carbon
catalysts generally show better stability, as can be illustrated in Figure 5. Among
carbon catalysts, carbon black and AC showed the highest initial activity; carbon
black was distinctly more stable. MWCNTSs and graphite presented small initial
activities, due to their more crystalline structure. Most authors correlate the amount of
surface defects on carbon to its activity in CMD [50]. As for stability, MWCNTSs are
very stable, despite their small activity, while graphite deactivates rapidly. Carbon
nanotubes generate graphitic carbon, increasing the number of walls and maintaining
the original structure, while graphite gets gradually covered by less active carbon,

causing gradual deactivation.
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Figure 5 - Total hydrogen produced by each metal catalyst (a) and each carbon

catalyst (b), along time on stream, at 1100 °C (extracted from [146]).

Muradov has made extensive research in CMD, mostly using carbon
materials as catalysts [147]. One of these studies [148] compares AC, carbon black,
acetylene black, glassy carbon, diamond powder, MWCNTSs, graphite and fullerenes
as catalysts, at 850 °C. AC catalysts displayed the highest initial activity, between
0.37 and 0.50 gygcsc ™, which quickly dropped, reaching less than 25 % of the
initial activities, after 90 min on stream. Carbon black and acetylene black catalysts
were the most stable, maintaining constant activities between 0.03 and
0.20 gygear #h™ (increasing surface area and pore volume, catalysts become more
active), during the tested time on stream (70 min). Fullerenes show both smaller
activity and stability than AC and carbon black, but using fullerene soot it was
possible to achieve both a high initial activity, 0.45 guy gca ™ (on par with AC), and

high stability, 0.30 gy gcar ~h™ during the entire experience (60 min). All other
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carbon materials tested in this work show very small activity and stability, and were
considered unsuitable to catalyze CMD.

Carbon catalysts have their advantages but ultimately metal catalysts are
much more efficient, allowing low-temperature operation and easier optimization, by
combining different metals and supports. Furthermore, carbon catalysts are generally
harder to regenerate without damaging the catalyst itself, hindering long-term

operation.

5. Catalytic Methane Decomposition at industrial scale

Alongside the development of catalysts, the CMD reactor design has been
studied and optimized. It soon became clear that the formation of carbon materials,
which ultimately causes the deactivation of the catalyst, is a major challenge
concerning the reactor design [149]. Furthermore, catalyst optimization is mostly
done at laboratory scale, rarely considering the need for industrial-scale synthesis of
catalysts. Synthesis methods, calcination and reduction conditions often differ
between scales: industrial catalysts are often pelletized [150] or impregnated in
macrostructured supports [151] (in contrast to powders often used in small scale or
batch operation), which impacts their performance [152]. Reactors must be designed
for running the CMD reaction itself, while enabling possible energy integration with
other processes nearby; for instance, the CMD running temperature and pressure
should be designed so that they allow thermal integration with available industrial

utilities [153].
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The first studies regarding reactor design were performed in fixed-bed
reactors [49,154], but this configuration was reported to be ineffective. Clogging
[131,132] and pressure build-up [155] in the reactor were the main causes for a low
production of hydrogen. Other alternatives started to be tested to avoid these
problems; fluidized-bed reactors became the favored design. Alternatively, plasma
reactors were also assessed and, more recently, new technologies comprising the use

of molten metal reactors were reported.

5.1 Fluidized-bed reactors

Fluidized-bed reactors have multiple applications in metallurgical, petroleum
and chemical industries [156]. The continuous flow of solids through the reaction
zone enables the withdrawal of the carbon products. At an industrial scale, this is a
major advantage since, in fixed-beds, the operation must be stopped to remove the
formed carbon [157]. Moreover, high heat and mass transfer rates achieved with the
fluidization of the reaction zone allow for: i) easy process optimization to maximize
the catalyst lifetime; ii) maintaining a constant and homogeneous reactor temperature

in the reaction volume [158,159].

5.1.1 Early reactors

A fluidized-bed CMD reactor was patented for the first time in the 1960s by
the Universal Oil Products Company [160]. They used a Ni catalyst to produce

hydrogen and carbon, which was combusted to regenerate the catalyst and provide
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heat for the endothermic reaction. The initial research regarding a fluidized-bed
reactor had the objective to improve the performance of the reactor or to extend the
lifetime of the catalyst. Weizhong et al. [161] performed CMD, in a two-stage
fluidized-bed reactor packed with Ni-Cu/Al,O3 catalyst. Each separate stage was kept
at two different temperatures (500 and 850 °C). This reactor configuration increased
the catalyst lifetime, compared to single-stage fluidized-bed reactors at the same
temperature; the comparative results are depicted in Figure 6. With this configuration,
the authors were able to maintain approximately 40 % conversion, using a feedstream
of 4.68 dm®cpagear h™, for 17 h at 850 °C (1123 K). In the upper stage, the required
high temperature for high conversion was maintained, while the lower temperature, at

the lower reactor stage, enabled a stable operation for several hours.
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Figure 6 - Methane conversion at different temperatures: a) single-stage; b) two-

stage (extracted from [161]).
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Another modification to extend the lifetime of the catalyst was proposed by
Shah et al. [162]. They implemented an alternating method between fixed-bed and
fluidized-bed operations. CMD reaction proceeded in the fixed-bed reactor at 700 °C
(0.6 dm>cpagear ™), which was periodically fluidized (6 dm’cps gea *h™) to promote
the detachment of carbon from the catalyst. Nevertheless, the periodically fluidized-
bed reactor could not release enough carbon from the catalyst active sites and
outperform the standard fixed-bed reactor, Figure 7.

60

—o— Switching mode

—&— Fixed-bed mode

Hydrogen Volume %

Time (minute)

Figure 7 - Hydrogen yield in fixed-bed and switching mode, at 700 °C (extracted

from [162]).

5.1.2 Reaction parameters and optimization

To optimize the fluidized-bed reactor design, several authors performed
parametric studies on the major variables that influence the process, namely
temperature, space velocity and feed composition. These authors concluded that

methane conversion was always controlled by the intrinsic kinetics of the reaction

25



O©CoO~NOOTA~AWNE

[163], similarly as reported for fixed-bed reactors [155]. An increase in reaction
temperature tends to increase the conversion due to the endothermic nature of the
CMD reaction: for Ni-based catalysts, there is an increase in activity until ca. 650 °C.
Above that temperature, carbon production is faster than the diffusion through the
metal particle (responsible for the creation of carbon structures) [164], leading to
carbon accumulation at the surface of the catalyst, decrease of activity and early
deactivation by full encapsulation of the active sites [165]. Iron-based catalysts can
operate at higher temperatures, up to ca. 800 °C [166]. Although the reaction
equilibrium conversion increase with the temperature, the reaction mechanism also
changes and different carbon allotropes or amorphous carbon are formed. Often, an
increase in the reaction kinetics leads to an overall smaller production of carbon and
hydrogen during the catalyst lifetime, as higher reaction rates also lead to earlier
deactivation [167].

Space velocity has a high impact, not only in the conversion but also on the
quality of bed fluidization in a fluidized-bed reactor [168]. An increase in space
velocity causes an improvement in the degree of fluidization of the bed, increasing the
contact between the gas and the solid phase [169] and lowering the risk of
defluidization. But, the formation of bubbles at higher space velocities decreases the
overall conversion since bubbles flow through the reactor with minimum contact with
the catalyst [170].

Suelves et al. [171] tested different space velocities (24-
1200 dm3ciagear ~h™) in a fluidized-bed, at 700 °C, using Ni-Cu/Al,O; catalyst, as
seen in Figure 8. The authors reported an increase in the carbon capacity from

15.8 gc'gear 1, UsiNG a space velocity of 24 dm’cysge +h™ during 3 h, to 141 gc-gea
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using a space velocity of 1200 dm’cpsge h™; however, the latter completely
deactivated after 2 h of experiment. The initial catalytic activity for both space
velocities were 1.25 gip'0cac “h™ and 16 grpgeac #h™, respectively. These results
support their conclusion that the rate of carbon formation substantially increases with
space velocity. As it is reported for higher temperatures, using excessive flow leads to
carbon accumulation, as carbon diffusion limits the formation of carbon structures,

thus causing a faster catalyst deactivation.
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Figure 8 - Influence of GHSV on the evolution of hydrogen, at 700 °C (extracted

from [171]).

Taking into account the purity of the inlet current, it has been also reported
that the presence of hydrogen in the feed composition decreases the formation of
encapsulating carbon, thus extending the catalyst lifetime [172]. The amount of
hydrogen in the feed must be small since it influences the reaction equilibrium as it is
one of the reaction products [173]. The presence of CO, at the feed stream was also

studied since it is present in natural gas [174], synthetic gas [175] and biomass [176]
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as sources of methane. Inaba et al. [177] studied CMD at 740 °C on a Fe/Al,O3
catalyst using feed streams of methane with different concentrations of CO,, from 0 to
3 % (total feed stream of 6 dm® g . *h™®). These authors concluded that for higher CO,
concentration, >3 %, dry-reforming occurs instead of CMD [149]. However, for small

CO, concentrations, 1-2 %, the stability of the catalyst was enhanced, as shown in

Figure 9.
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Figure 9 - Effect of CO, presence in the methane feed, at 740 °C (extracted from

[177]).

5.1.3 Phenomenological modeling

Alongside the study of process parameters in fluidized-bed reactors, at
laboratory scale, some authors developed phenomenological models to predict the
behavior of this process at an industrial scale. Muradov et al. [57] developed a model

to simulate a large-scale CMD unit for hydrogen production (21 t-day™ of hydrogen),
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using two fluidized-beds to alternately perform the cracking of methane and the
regeneration of the activated carbon catalyst. In this process, carbon is moved from
the cracking bed, either to be stored or to go for the second fluidized-bed to be
oxidized to recover the catalytic activity (produced carbon is more amorphous than
activated carbon, as such, it can be gasified without harming the catalyst too much)
and to provide energy for the cracking reactor. They developed two different models
for this process: in the first case, the reactor operates under a bubbling fluidized
regime and in the second it operates under a turbulent fluidized regime. The objective
was to scale-up a fluidized-bed reactor to meet the target production. The authors
considered a CMD conversion, determined experimentally, of 38 %, at 850 °C, and
the reaction kinetics expressed by equation (7):
—TcH, = kPg,§’4 (
7)
where the CMD rate, —r¢y,, in mol-m™-s?, is dictated by the methane partial pressure,
Pcy,, in Pa, and the reaction rate coefficient, k, in mol-m™Pa®%s™. The reactor was
designed based on the necessary carbon production rate to meet the energy
requirements of the endothermic reaction, from the combustion of the produced
carbon. The parameters estimated by the model are very close to values obtained

experimentally, Figure 10.
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Figure 10 - Comparison of predicted and measured conversion as a function of
expanded bed height, at 850 °C. Circles: experimental; Lines: modeling with 25, 50

and 100 pm particle sizes (extracted from [57]).

Ammendola et al. [178] developed a model for a CMD fluidized-bed reactor
based on different concepts. This model takes into account three different phenomena:
catalytic decomposition of methane over the metal catalyst, catalyst deactivation due
to carbon deposition and the attrition-based removal of carbon deposited on the

exterior surface of the bed particles, Figure 11.
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Figure 11 - Conceptual representation of a bed particle A - presence of attrition;

B - absence of attrition (extracted from [178]).

To simulate the hydrodynamics of the fluidized-bed, the authors used a two-phase
model, coupled with a semi-empirical correlation for bubble size as a function of
bubble coalescence and volume change. Regarding the reaction kinetics, they
assumed a first-order reaction with respect to methane. In addition, this model takes
into account that carbon products may also catalyze the reaction (also first-order
reaction with respect to methane). The catalytic deactivation was predicted assuming
carbon deposition on the external and internal surface of the bed particles. The
amount of carbon deposits was calculated as a function of time and the reaction rate,
which is proportional to methane concentration. The methane concentration profile
inside the particle was estimated through Thiele’s number. The removal of carbon

was based on the collision between bed particles, which makes the attached carbon
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deposits, at their external surface, fall-off. The detached coke particles elutriated
according to equation (8):
Ec = k(U = Upp)W, (
8)
where carbon elutriation rate, E,, in g's™, is proportional to the attrition constant, k,,
in m?, to the fluidization excess velocity, (U — Upy), in m's?, and to the carbon
mass, W,, in g. Figure 12 compares the model results and experimental data, at
800 °C. The authors reported that for most experimental conditions, the model was
able to predict the methane conversion within a relative error lower than + 10 %.
Moreover, for the tested operation conditions, the authors concluded that the
contribution of attrition between particles, to renew the external catalyst activity, was
very low (conversion change, between models considering attrition and models not
considering it, was less than 1 %). But, from a sensitivity analysis, carbon attrition
was found to play a key role in the regeneration of the external catalyst surface when

the reaction rate is high (high temperature) or the catalyst particles are small-sized.

——— experimental data Hpy=0.07 m

——— model computations Hyp=0.10m Hp=0.42m

methane conversion, X, -
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Figure 12 - Comparison of calculated and experimental conversions for different

bed heights, at 800 °C (adapted from [178]).
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5.2 Plasma reactors

By the end of the 20" century, the first studies on methane decomposition
using plasma related technologies started to be developed [179]. Various plasma
reactor configurations, namely, dielectric barrier discharge (DBD) [180,181], corona
discharge [182-184], glow discharge [185,186], microwave [187,188], gliding arc
[189,190] and spark discharge [191,192] have been used to investigate the conversion
of methane. One of the biggest drawbacks of using plasma technology is the
formation of heavier hydrocarbons (mainly C2 and C3), alongside hydrogen [193].
For example, Figure 13 depicts a simplified reactionary system, which considers the
formation of hydrogen and C2 hydrocarbons, proposed by Kheirollahivash et al.
[194]. According to these authors, the ratio between reactionary products (H,, C,Hs,

C,H, and C,H,) depends on the concentration of CH, or H radicals.

C2H6 _K C:H_;. _T’ C2H4 ﬁ C"JHB. Tq C2H2

Figure 13 - Proposed reaction pathways for methane decomposition in plasma

reactors (adapted from [194]).
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Methane decomposition was conducted for the first time in a plasma reactor
in 1998 [179]. Hsieh et al. [179] used a radio frequency plasma to study the
conversion of methane; they used an argon/methane feed and studied the influence of
methane concentration, pressure, total gas flow rate and input electric power. After
conducting their experiments at different conditions, they were able to obtain methane
conversions ranging from 30.2 % to 88.8 %. However, ca. 10 % to 30 % of methane
was converted to C,H,, C,H, and C,Hg instead of hydrogen and solid carbon. These
results also demonstrate that methane conversion increases with the power input. On
the other hand, it decreases for lower operational pressure, CH, concentration in the
feed and total feed flow rate.

The use of a catalytic packed bed for the CMD reaction in the plasma
reactors was later studied by other authors. Indarto [58] tested a DBD plasma reactor
packed with mixed oxides of zinc and chromium catalysts, at ambient temperature,
using a methane flow rate of 1.8 dm3CH4~gca{1'h'1, voltage of 10kV and pulse
frequency of 20 kHz. The power supply was increased to promote the formation of
active species that could activate the catalyst surface. At the beginning, this reactor
displayed higher conversion and higher hydrogen selectivity than the equivalent non-
catalytic plasma reactor. However, after 8 h of operation, the conversion decreased to
similar levels. Khalifeh et al. [195] also performed experiments with a packed bed
plasma reactor at room temperature, using methane flow rates in the range of 0.15-
2.4 dm®cpah™, argon flow rates in the range of 1.5-12 dm>a-h™, voltage in the range
of 6-14 kV and frequency in the range of 0.9-10 kHz, testing three different
configurations: plasma alone; packed bed with glass particles (9.7 g); and catalytic

packed bed (5.9 g of Pt-Re/Al,0O3). Figure 14 summarizes the results obtained by
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these authors. Glass is a dielectric material that increases the stability of the DBD
discharge: as such, packing the bed with glass particles increases the conversion of the

process. The catalytic bed also increases conversion and allows the reactor to process

higher methane flows [196].
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Figure 14 — Activity and conversion of plasma, glass packed plasma and catalytic

plasma reactors, varying flowrates, voltage and pulse frequency (adapted from [195]).

Another alternative to increase the performance of plasma reactors was
proposed by Mishra et al. [197]; they reported that argon could behave as a catalyst in
a plasma reactor since it enhances the energy distribution of the pulse. During the
chain reactions, if argon atoms remain excited, their reionization causes further

decomposition, favoring the evolution of H, and solid carbon, increasing both

conversion and selectivity.

Plasma reactors are an appealing alternative to the use of standard catalytic

beds, but the low selectivity and required high power input affect the competitiveness

of this endothermic process.
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5.3 Molten metal reactors

An approach that has been receiving more attention is the use of molten
metal reactors for the direct decomposition of methane. The original concept was
proposed by Steinberg, in 1999 [198]. This approach exhibits two main advantages:
high heat transfer between the molten metal and reaction gas and easy separation, by
decantation, of the formed carbon from the molten metal medium. Also in the early
2000s, Serban et al. [59] studied a micro-reactor with a low melting point metal (lead
or tin), granular or catalytic materials (silicon carbide, alumina) and a combination of
both. The goal was to assess the best heat transfer medium. Lead and tin were initially
used mainly due to their low melting point and absence of carbide formation.
However, the conversion obtained was quite low, at a maximum of ca. 10 %, at
750 °C.

Upham et al. [199] developed then a similar molten metal reactor but used
nickel (atomically dissolved in low melting point metals) to increase the reactivity of
the reaction medium. To further optimize the reactor kinetics, the authors tested
different low melting point metals (In, Ga, Bi, Sn, Pb) with different molar fractions
of nickel. Their maximum conversion was obtained at 1065 °C with a molten alloy
comprising 27 mol% of Ni dissolved in molten Bi in a 1.1 m long bubble column.
While assessing the process stability, they were able to maintain operation during
170 h. In this period, the generated carbon accumulated at the top surface of the
reactor in the form of powder, as depicted in Figure 15. After Raman and X-ray
spectroscopy analysis, it was observed that the carbon deposits were mostly graphite.

One of the most important observations during their work was that the active metals
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were atomically dispersed and negatively charged; the catalytic activity was assigned

to this negative charge.
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Figure 15 — Schematics of a molten metal reactor (adapted from [199]).

The high temperature of operation needed to carry out the methane
decomposition in a molten metal reactor affects the implementation of such reactors.
Temperatures near the range of non-catalytic methane decomposition are needed to
achieve sizable production of hydrogen, implying the same drawbacks of pure

thermolysis (reactor wear and high energy intensity).
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6. Regeneration

The fast deactivation of methane decomposition catalysts has hindered the
use of this process to produce CO,-free hydrogen. Extensive work has been done for
optimizing the catalyst composition and morphology and the reactor design, but even
the most stable catalysts only last up to a few hundred hours. Carbon deposition [200]
and morphology changes of the metal particles [201] will eventually stop the catalytic
process. Several authors suggested the possibility of regenerating the spent catalyst.
Regeneration consists of removing carbon deposits by gasifying and/or oxidizing
them either completely or partially.

The carbon deposits can grow over the catalyst (base-growth) or between the
catalyst and the support (tip-growth) [90,91]. Tip-grown carbon separates the catalyst
from the support and, as such, turns the catalyst regeneration impossible. So,
regeneration is possible, and may theoretically allow the process to go-on indefinably,
as long as the deposits are base-grown. The carbon deposits must be directly gasified

by a gasifying agent and/or the gasification should be catalyzed by the CMD catalyst.

6.1 Oxygen gasification

The first efforts for regenerating methane decomposition catalysts were
centered in the combustion of the carbon deposits [202]:
C(s) + 0, (g) » CO, (g), AH9g x = —393.4 k] - mol™! (

9)
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Depending on the oxygen concentration and reaction conditions, partial oxidation of
carbon can also take place [149]:

C(s)+ %02 (g) » CO(g), AH)og ¢ = —110.5Kk] - mol™?! (1

0)

As early as 1966, Pohlenz et al. [160] designed a methane decomposition

reactor that worked in cycles of CMD and carbon combustion. The approach is simple

but nullifies one of the main benefits of the process, which is the production of

hydrogen without producing CO, [203]. More recently, studies [204,205] on cyclic

production of hydrogen and regeneration by oxidation were performed reporting full

activity recovery between cycles for Ni catalyst and partial regeneration for Co-based

catalysts. Figure 16 depicts the hydrogen produced and the initial reaction rate of Ni

and Co catalyst with cyclic regeneration: both production and regeneration at 500 °C.
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Figure 16 — Total quantity of hydrogen produced per cycle (top) and initial

decomposition rate in each cycle (bottom), at 500 °C (extracted from [205]).
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6.2 Steam gasification

At the turn of the century, as environmental concerns became a topic of
major relevance, researchers started looking into ways to regenerate the catalysts
while avoiding the combustion of carbon [206]. Steam is long known to gasify coke
[207], so it can be used to regenerate the catalyst [149]:

C(s)+ H,0(g) » CO(g) + Hy(g), AHYgx= —131.2KkJ-mol™?* (11)
The CO formed can be further oxidized to CO, [208,209], by water gas shift reaction.
As for combustion, this regeneration also releases carbon in its oxidized form [210].
But in this case, additional hydrogen is produced, increasing the H,/CO ratio of the
process [211].

Zhang and Amiridis [212] performed the CMD reaction at 550 °C, using
silica supported nickel. They reported complete deactivation of the catalyst after 200
minutes on stream and attributed the loss of activity to the clogging of the porous
catalyst. In follow-up work, Aiello et al. [211] attempted to regenerate the same
catalyst with steam, achieving ten production/regeneration cycles with small activity
loss between cycles. Lamacz [213,214] studied this regeneration in CeO,-supported
Ni catalyst at 550 °C (then increased up to 700 °C) and reported that regeneration
time and H,/CO ratios are dependent on the used amount of steam. Using higher
steam rate input, a faster regeneration is achieved, as depicted in Figure 17. With a
steam flowrate (GHSV) of 2000 g-gc,h™, regeneration lasted 650 min, while with a
steam flowrate of 8000 g-gco*h™, regeneration took only 205 min. Moreover, for
higher steam partial pressure, water gas shift reaches higher conversions producing

more hydrogen.
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Figure 17 — Outlet hydrogen, carbon dioxide and carbon monoxide concentration
during regeneration, using several GHSV, at 550 °C, then increased to 700 °C

(extracted from [214]).

6.3 Carbon dioxide gasification

Carbon dioxide can be used for gasifying the coke deposits [215,216]:
C(s) + CO,(g) = 2CO (g), AHY5g« = 172.4 K] - mol ™! (1
2)
Ammendola et al. [61] used this methodology to regenerate carbon catalysts used in
methane decomposition, as oxygen and steam were often aggressive oxidants to the
catalyst. Abbas and Daud [217] studied the cyclic CO, gasification to regenerate an
activated carbon (AC) catalyst at different temperatures. These authors showed that
higher temperatures result in a more complete catalyst regeneration; at 900 and 950

°C the regeneration was only partial, with a significant activity drop between cycles,
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but at 1000 °C the loss of activity between cycles was considerably smaller.
Temperature programmed CO, oxidation (TPCO2) analysis of the pristine catalyst
revealed that for temperatures <1000 °C the catalyst suffers a mass loss of <30 % over
50 min. While carbon catalysts can be oxidized by carbon dioxide, the highly
amorphous carbon produced by CMD is much easier to oxidize. These authors were
then able to consistently remove the produced coke, while reporting only an
acceptable catalytic activity decrease (<10 % after 6 cycles).
Carbon dioxide gasification is also reported in metal catalysts, as oxygen and
steam may oxidize metal catalysts [218-221]:
Ni (s) + %Oz(g) = NiO(s), AHJgx = —240.28KJ - mol™? (
3)
Ni(s) + H,0(g) = NiO(s) +H, (g), AHYgyx = 45.22k] - mol~! @
4)
These reactions hamper the follow-up CMD reaction process, as the catalyst will be
re-reduced by methane, with release of CO [221-223]:
NiO (s) + CH, (g) —» Ni(s) + CO (g) + 2H, (g), (1
AHg ¢ = 160,98 k] - mol® 5)
Xia et al. [224] studied Fe/Al,Os, to produce hydrogen in a fluidized-bed reactor, in
cycles of production and regeneration using carbon dioxide, at 750 °C. After the first
regeneration cycle, 5 cycles were performed with barely any activity loss between
cycles, as illustrated in Figure 18. These authors concluded, however, that some
carbon species could not be removed by a weak oxidant such as carbon dioxide, like

CNTs, but less crystalline carbon was consistently removed.
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Figure 18 - Methane conversion with time on stream, at 750 °C, after each

regeneration step (extracted from [224]).

6.4 Hydrogen gasification

Since the several steps of methane decomposition are known to be reversible
[56], it has been considered that hydrogen may be used to gasify the carbon deposits
[225], by the reverse of the CMD reaction [226]:
C(s)+ H, (g) = CH, (g), AH9g x = —74.8Kk] - mol™! (16)
The carbon hydrogenation would completely eliminate the evolution of CO, during
regeneration, allowing for the design of reactors without any direct emission of
greenhouse effect gases [39].
It is well established that hydrogen can methanize coal in conditions similar

to those used for CMD [227-229]. As for the coke from the methane decomposition,
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H,-reduction has been performed on used catalysts to evaluate the reducibility of the
deposits. Hardiman et al. [230] studied the coke deposited during the propane steam
reforming over Co-Ni/Al,O; by temperature programmed oxidation and reduction
(TPO and H,-TPR). These authors observed that the maximum removal of carbon
with oxygen was completed faster and at a lower temperature (550 °C) than with
hydrogen (650 °C). However, since the catalyst was partially oxidized after TPO, it
required a new reduction, which resulted in catalyst surface defects. Hydrogen is a
weaker gasifier than oxygen, but as hydrogen is a reducing agent, it does not corrode
the already reduced catalyst.

Figueiredo [231] studied the gasification of coke formed by several processes
involving hydrocarbon pyrolysis, in temperature programmed and isothermal regimes.
Even though hydrogen was reported to gasify carbon considerably slower than
oxygen, steam, and carbon dioxide without using catalysts [232], hydrogen was very
effective in the presence of transition metal catalysts. Ni is a particularly studied
catalyst for this process [233-235]. Total methanation of the deposited carbon
requires the same amount of hydrogen that produced these deposits. As such, the
regeneration method needs to be localized. Since Ni is shown to catalyze both CMD
and the reverse reaction, and non-catalytic gasification is slow [232], gasification of
the carbon should occur selectively, at the interface between the formed carbon
structures and the catalyst [236]. This way, as long as there is good contact between
the gas phase and the carbon-catalyst interface, only a fraction of the produced
hydrogen has to be used to completely separate the carbon materials from the catalyst,

without destroying said materials [235].
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To the best knowledge of the authors, hydrogen gasification for the
regeneration of the CMD catalysts was first proposed by [63]. These authors disclose
the cyclic regeneration of a nickel-based catalyst using a small fraction of the
produced hydrogen, ca. 5 %. Hydrogen gasification is probably the most suitable
option to achieve the ambitious goal of cyclic catalyst regeneration and then have a
methane decomposition catalyst stable for several thousands of hours. A stable

catalyst for the CMD process will allow a fast transition to full decarbonized energy.

7. Reaction products

When pure methane is fed, only hydrogen and carbon are produced during
CMD [41]. As such, the outbound gas stream is composed exclusively of hydrogen
and unreacted methane. The separation of these compounds is easily achievable by
PSA [40]; the maximum methane concentration allowed for PEMFC is 2 ppm [237].
When natural gas is used as feed, substances other than methane are present, such as
CO,, heavier hydrocarbons and sulfur compounds, but these substances can be easily
removed by PSA either down-stream or up-stream of the reactor [92].

Alternatively, palladium membranes can be used to separate hydrogen, with
high purity and recovery [238]. Pd is particularly selective towards hydrogen,
allowing considerable hydrogen flow even for small pressure gradients, while
blocking any other gas [239]. The main issue with such a separation process rests on
the high costs of Pd membranes and their fragility [240]. Electrochemical pumping
using solid electrolyte membranes can replicate the behavior of Pd, using electricity to

forcefully pump hydrogen in the form of protons through the membrane-electrode
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assembly. Electrochemical pumping can proceed even in counter-gradient, but more
electrical energy is needed when pressure gradients are lower [241].

Any of the considered separation processes can be implemented to treat the
outbound stream of a CMD reactor. The use of membranes, either Pd or
electrochemical, allows for the development of membrane reactors. Such a
configuration may be composed of any of the previously discussed designs coupled
with a membrane that blocks any gases other than hydrogen to leave the reactor [242].
The reaction must be periodically stopped to remove carbon and, in case of any
impurities in the inlet methane feed, the reactor requires a periodical purge [243].
Ishiara et al. [244] reported one of the earliest membrane reactors used for CMD,
observing conversions far higher than the chemical equilibrium, based on the inlet

concentrations [245].

7.1 Carbon materials

Different carbon allotropes can be produced during the catalytic methane
decomposition, depending on operation conditions and catalysts used to carry out the
reaction [91]. The decomposition of methane has long been used with metal catalysts
for the production of carbon nanomaterials [246,247]. When carbon is used as a
catalyst, the formation of mostly amorphous carbon products is reported [248].

The most typical carbon structures, reported in CMD over supported metals,
are filamentous. Awadallah et al. [249] studied cobalt supported on several
combinations of binary Zr-M oxide (M = Mg, Al, Si, La or Ce) supports, at

temperatures between 500 and 700 °C, and reported the formation of MWCNTSs in all
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catalysts. In supports with low interaction with the active phase (M = Al, Si or La),
they also reported the formation of graphite nanosheets/nanospheres (onion-like), i.e.
multiple graphite nanosheets encapsulating the metal particles [250]. Zhang et al.
[251] reported the production of MWCNTSs and nanospheres, in CeO,-supported Ni
catalyst with a 400-700 °C ramp. They claim that the nanosheets suffer structural
changes with the time-on-stream becoming base-grown MWCNTSs (high interaction
between metal and support [252]). Nanospheres are observed mostly at higher
temperatures (e.g. in molten metal reactors [199]), but large catalyst particles tend to
generate carbon nanospheres in a wide range of temperatures [253]. Examples of the

obtained structures are depicted in Figure 19:

Figure 19 - ) MWCNT (adapted from [138]) and b) onion-like carbon nanosheets

(adapted from [104]).

Other types of filamentous carbon structures can be observed, namely: single
wall carbon nanotubes (SWCNTSs); solid fibers: herringbone/cup-stacked (graphene
sheets that form the fiber have an acute angle with the fiber axis [254]) or

platelet/plate-stacked (graphene sheets that form the fiber have a 90° angle with the
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fiber axis [255]); irregular/fishbone nanotubes (semi-hollow nanotube, with punctual
graphite sheets connecting the interior walls [138]).

SWCNTSs are produced by CMD using metals catalysts at high temperature,
in the range of 1000 °C [256]. Solid herringbone fibers and fishbone nanotubes are
typically generated by tip-growth mechanisms (the catalyst is at the tip of the growing
filament) in supported metal catalysts, with small particle size (less than 40 nm), weak
metal-support interaction [246,257,258], and at temperatures between 500 (mostly
fibers) and 700 °C (mostly hollow tubes) [117,118,138]. Figure 20 depicts a
herringbone solid fiber and a fishbone nanotube, with /2 angles with the filament

axis:

Figure 20 — a) Herringbone fiber (adapted from [258]) and b) fishbone nanotubes

(adapted from [118]).

Platelet fibers are mostly base-grown in Ni-Cu particles with a diameter
larger than 100 nm: several nanofibers grow from the same catalyst particle in
different directions, the so-called octopus-conformation. For smaller size metal
particles, Ni-Cu catalysts form fishbone nanotubes that, at high temperatures

(~650 °C), drip off as pear-shaped metal drops. These structures are caused by the
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quasi-liquid state of Ni-Cu catalysts at reaction temperature [254,259]. Figure 21
depicts an octopus-shaped catalyst particle and an encapsulated fragment of metal

inside a fishbone nanotube [260].

Figure 21 - a) Octopus-shaped nanofibers and b) fragmentation caused by quasi-

liquid state (extracted from [260]).

When carbon catalysts are used, the formation of carbon filaments is rare,
although some authors report such structures in catalysts with high pore volume [50].
Most commonly amorphous carbon is formed, which is active for CMD [248],
keeping the reaction running even after the initially exposed surface becomes

completely covered [261].

7.2 Economic overview

The current hydrogen market is dominated by methane reforming processes,
with production costs of 1.4 €kgy," [28] for steam methane reforming and ca.
1.8 €'kgy, " [14] for other reforming processes. Large amounts of CO, are produced

by reforming reactions, not only harming the environment but also requiring the
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implementation of extensive down-stream treatments, as the tariffs on CO, emissions
are rapidly increasing. Additional separation steps [30] and carbon capture and
storage (CCS) [31] or carbon capture and valorization (CCV) [32] technologies have
to be considered. Currently, CCS has a price range of 90-160 €-tco,™ [262]; with such
a cost, steam methane reforming with CCS would have production costs in the range
of 1.9-2.3 €-kgy, . Hydrogen produced by CMD, using natural gas, has an expected
production cost in the range of 1.8 €kgy,” [39]. As methane decomposition does not
produce CO,, as long as regulations are sufficiently strict, it will be cheaper than the
current status quo technologies.

CMD also has the potential to be used as a competitive process to actively
remove CO, from the atmosphere. Using biogas, priced in the range of
7.81 €-kmolcys™ [263], CMD can produce hydrogen with production costs of ca.
2.2 €kgy,'. As biogas is indirectly generated from atmospheric CO, (1:1 ratio), this
process can actively reduce greenhouse effect while only increasing hydrogen
production costs by 0.4 €kgyp'. The CMD of biomethane mimics Nature, as it
removes CO, from the atmosphere and deposits it as coal; CMD process does this just
for 37 €-tcopt, which compares very favorably with 27 to 83 €tcop ! indicated by
IRENA [14] just for removing/capturing the CO, from the atmosphere.

Even if hydrogen production is considered to be the main product of the
CMD, the properties of the generated carbon are of paramount importance, as its
economic value can improve the competitiveness of the CMD process as a widely
spread technology [39]. One of the most demanding applications for carbon particles
is as fillers. Fillers are traditionally used to lower production prices of materials, but

functional fillers represent an ever-increasing market where carbon is playing an
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important role, offering unique characteristics (thermal/electric conductivity,
lightness, mechanical resistance) while still being relatively cheap [264]. Specifically,
carbon is used as functional filler in paints [265], asphalt [68,266], bricks [267] and
other building materials [268], rubber [269] and in plastic composites [270]. If
crystalline carbon structures are formed, they can be valorized in more profitable
applications such as catalysts [271]; supports [272]; adsorbents [273-275]; or thermal

[276-278]/electro [279-281] conductors.

8. Conclusions

Catalytic methane decomposition can play an important role in the future of
the energy sector, being used as a soft transition step towards renewable sources:
kick-starting the hydrogen-economy, by producing CO,-free hydrogen from fossil
fuel. Furthermore, active removal of CO, from the atmosphere can be achieved, if
synthetic or biogas are decomposed. CMD still faces many challenges, particularly in
the matter of long-term stable operation. But, much work has been done to curve this
drawback, with extensive development of catalysts, reactor designs and regeneration
strategies.

Transition metals are normally used as catalysts for the methane
decomposition reaction. Ni, Fe and Co-based catalysts show the highest activity
among mono-metallic catalysts, allowing for low-temperature operation of CMD
processes. Combining these metals among themselves or with other metals (Cu, Pd,
Pt, other transition metals) greatly improves the catalytic performance, with some

combinations of catalysts reaching hundreds of hours of stable hydrogen production.
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Carbon catalysts, such as activated carbon and carbon black, can also be used to
catalyze this reaction. While these catalysts have their advantages, metals are easier to
optimize (by combining different metals and supports) and demonstrated higher
catalytic activity. Moreover, carbon catalysts are harder to regenerate without being
damaged, hindering long-term operation.

While CMD is not yet industrially competitive, increased attention has been
given to reactor designs such as fluidized-bed, plasma and molten metal reactors.
Among these, fluidized-bed design is most promising since plasma technology lacks
selectivity towards hydrogen production and molten metal reactors are still a recent
technology, needing further development, as the current process is very energy-
intensive (requiring temperatures only slightly lower than the non-catalytic methane
decomposition).

Low stability is the main factor that hinders the industrialization of CMD,
with catalysts inevitably getting deactivated by carbon accumulation. Regeneration
was appointed as a possible strategy achieving long-term operation. Theoretically, as
long as the carbon deposits are base-grown and the carbon can be directly gasified
and/or the carbon-metal interface is exposed (and the catalyst also catalyzes the
gasification), regeneration can extend the operation indefinably. The future of CMD
depends on the development of efficient regeneration strategies. Oxygen, steam,
carbon dioxide and hydrogen are all usable as gasifying agents to regenerate catalysts.
When Ni-based catalysts are used, the cyclic regeneration of the catalyst can be
achieved promoting the selective carbon hydrogenation at the catalyst/coke particle

interface; the coke particles drop from the catalyst surface rendering it active again.
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Since both methane decomposition and carbon hydrogenation are extremely selective
reactions, this approach produces no side products.

Carbon materials vary considerably depending on operation conditions and
catalysts: the most reported carbon products include amorphous carbon (mostly on
carbon catalysts) and graphitic nanomaterials (mostly filamentous carbon on metal
catalysts). Carbon products can be recovered and exploited for profit, increasing the
economic interest of the process. There are already established markets for carbon
materials, but with the increasing search for inexpensive carbon materials in many
industrial and commercial applications, new markets will emerge to accommodate the

predicted carbon influx.
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