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ABSTRACT

Excessive emission of carbon dioxide is the leading cause of global warming. Hydrogen has the advantages of high calorific value and zero
carbon emissions. It is considered an ideal energy to solve the problem of global warming, so the demand for hydrogen is increasing yearly.
Due to economic considerations, methane is the main raw material for hydrogen production. Currently, 48% of the world’s hydrogen comes
from steam methane reforming. However, this process needs to burn some methane for heating, generating carbon dioxide emissions
simultaneously. In order to avoid carbon emissions from hydrogen production, there is an urgent need to develop new methods to produce
hydrogen from methane. Because the carbon generated from direct methane cracking exists in solid form while not as carbon dioxide, the
direct methane cracking process for hydrogen production has become a hot research topic in recent years. In this paper, a comprehensive
review of the research related to catalytic methane cracking for hydrogen production is presented, especially the research on catalytic
cracking of methane using solid materials or molten metal media as catalytic media is summarized in detail. Next, a brief overview of the
mechanism of catalytic methane cracking for hydrogen production and the characteristics of the generated carbon as a by-product are
presented. Finally, the catalytic cracking of methane in molten media or solid materials and the research trend were prospected.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0188819

I. INTRODUCTION

The activities of human societies require the consumption of large
amounts of fossil energy, which leads to the emission of large amounts
of greenhouse gases, causing global warming. The concentration of
carbon dioxide in the atmosphere in 2018 was 410 ppm, an increase in
almost 50% compared to 250 years ago.” Global warming may accel-
erate the release of methane (whose greenhouse effect is more than 30
times stronger than CO,) from many natural reservoirs in terrestrial
and marine ecosystems, creating a further vicious cycle.” If no effective
action is taken, more severe environmental and ecological problems
such as freshwater depletion, ocean acidification, rising sea levels, and
species extinction will gradually emerge. Vigorous development of
clean and renewable energy can alleviate the current high dependence
on fossil energy for social development. Hydrogen is the richest and
simplest element in the universe, and it is a green, clean, and multipur-
pose energy source or energy carrier. The calorific value of hydrogen
combustion is as high as 39.4kWhkg ', and only water is produced
after combustion.”” Hydrogen energy is known as the “ultimate energy
source” for controlling the rise of the earth’s temperature and solving

the energy crisis in the 21st century because it has the advantages of
wide source, high calorific value of combustion, high energy density,
zero pollution, and zero carbon emission.”

Hydrogen is mainly used in ammonia production, oil refining,
and metallurgical industries.”” Also, because the hydroxide fuel cell
can directly convert chemical energy into electrical energy, breaking
through the limit of Carnot cycle efficiency, it also has a broad applica-
tion in automobile power and power generation.'”'" With the devel-
opment of the economy, the demand for hydrogen in the industrial
field has been increasing yearly. The increase in the demand for hydro-
gen is more than three times in 2018 compared with 1975."> With the
rapid development of solid hydrogen storage materials,” '® in the
future, hydrogen energy will also enter the fields of transportation,
power generation, and buildings by blending it into the natural gas net-
work in homes and commercial buildings, where it can be used for
combustion for heating; in addition, the use of hydrogen in gas tur-
bines can increase the flexibility of the power system. In summary,
the demand for pure hydrogen will increase significantly in society in
the future, which challenges existing hydrogen production processes,

J. Renewable Sustainable Energy 16, 022701 (2024); doi: 10.1063/5.0188819

Published under an exclusive license by AIP Publishing

16, 022701-1

GS°1€:20 ¥20T Yoten 2o



Journal of Renewable

and Sustainable Energy

so new efficient and low carbon emission hydrogen production pro-
cesses need to be developed.

Currently, 96% of the world’s hydrogen is prepared from fossil
energy as a primary feedstock. Due to the advantages of low production
cost and relative maturity of the process, steam methane reforming
(SMR) to hydrogen accounts for 48% of the total hydrogen produc-
tion.'” However, the process also has shortcomings, such as high energy
consumption (1/3 of the methane input is directly used for combustion
for heat) and high carbon emissions (9-12kg CO,/kg H,),"* which
makes it contrary to the current stringent environmental policies and
the low-carbon economy. Some hydrogen production technologies are
based on renewable energy sources, such as water electrolysis (account-
ing for 4% of global hydrogen production)'””” and methane pyrolysis
by solar power,””” etc. However, renewable-energy-based hydrogen
production technologies are still not yet applied on a large scale for
practical production because of cost and technical reasons. Figure 1
illustrates the methods of traditional hydrogen production and the
applications of hydrogen.

As the cost of extracting natural gas from unconventional reser-
voirs such as shale gas decreases, methane resources will become abun-
dant and affordable in the coming decades.”” So, using methane as a
feedstock for hydrogen production is still a trend in the future.
Although the current SMR process for hydrogen production is mature,
its hydrogen production process still emits excessive CO,.”* In order to
solve the carbon emission problem of SMR hydrogen production, the
CO, produced needs to be captured and sequestered, which makes the
SMR technology face many challenges, so there is a great need to find
better alternatives for methane hydrogen production.

In the last two decades, many scholars have begun to study new
methods of hydrogen production, mainly methane cracking, the
method of heating methane so that it is directly cracked at high tem-
perature into hydrogen and by-product carbon (CH, — 2H, + C); the
most significant feature is that it does not produce CO, gas, the by-
product carbon is more accessible to collect and store compared to
CO, if the solid carbon is purified, processed, and handled, and it is
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expected to be turned into high value-added graphene or nanocarbon
materials. However, methane is a regular tetrahedral structure. High
energy must be absorbed to break the high-energy C-H bonds, so
methane’s noncatalytic cracking must occur at high temperatures
(>1200°C).”” To solve the disadvantage that methane pyrolysis
requires high-temperature conditions, researchers have reduced the
activation energy of methane cracking by adding catalysts, reducing
the cracking temperature and the supply heat of the cracking process.
For example, solid catalysts such as activated carbon,”® carbon
black,””® metallic materials,””* and natural iron ore” were used for
catalytic cracking of methane. With the addition of solid catalysts,
methane can be cracked between 600 and 900 °C, the cracking temper-
ature is significantly decreased, and a good methane conversion can be
achieved. However, the solid catalyst-catalyzed methane cracking has a
new problem, i.e., the solid carbon generated during the cracking pro-
cess will be deposited on the solid catalyst’s surface, resulting in the
solid catalyst’s poisoning, coking, and deactivation.”"”” The regenera-
tion process of the deactivated catalyst requires oxidation of the carbon
covered on the catalyst surface, generating additional CO, emis-
sions.””” To solve this problem, a new process using molten metal-
catalyzed methane cracking for hydrogen production has emerged in
recent years to solve the problem of not making continuous methane
cracking due to catalyst deactivation.

Many scholars have summarized the research on hydrogen pro-
duction from methane pyrolysis. Fan’ introduced the development
history of hydrogen production from methane cracking, the mecha-
nism of cracking, and the study of catalytic systems, focusing on how
to solve the problem of catalyst deactivation. Figure 2 shows the devel-
opment history of the hydrogen production process by catalytic crack-
ing of methane. Kannah™ analyzed the economic sensitivity of
different hydrogen production processes and summarized the advan-
tages and disadvantages of each process. In addition, several papers
have also summarized the preparation, catalytic effect, reactivity, reac-
tion stability, and regeneration of metal-based catalysts in more
detail.””**""" McConnachie’' summarized the cracking effect of
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FIG. 1. Conventional hydrogen production
methods and hydrogen applications.”
Reproduced with permission from Fan
et al, J. Energy Chem. 58, 415-430
(2021). Copyright 2021 Elsevier BV.
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FIG. 2. Research history of catalytic cracking of methane.” Reproduced with permission from Fan et al., J. Energy Chem. 58, 415-430 (2021). Copyright 2021 Elsevier BV.

methane in different reactors and the mechanism of the by-product
carbon generation, aiming to advance the design of methane cracking
reactors and the process of methane cracking for hydrogen production
toward commercialization. Msheik'” comprehensively reported the
development studies of molten media as catalytic media for hydrogen
production from methane cracking and using solar heat cracking reac-
tors. It concluded that the hydrogen production method with a novel
molten media solar reactor would be a promising pathway for clean
hydrogen production.

Experimental research on hydrogen production from the catalytic
cracking of methane has continued for decades. However, there is still
no report on applying the methane cracking process for hydrogen pro-
duction in actual production. No suitable catalytic medium and crack-
ing process have been found in the final analysis. This paper
summarizes the methods and effects of different catalysts in catalytic
methane cracking to produce hydrogen, aiming to provide a reference
for selecting catalytic media and the corresponding cracking process
for methane catalytic cracking. First, starting from the research history
of methane cracking, this paper provides an overview of the catalytic
effect of solid catalysts (metal-based and carbon-based) on methane
cracking, emphasizing and summarizing the research on methane
cracking with inexpensive iron-based catalytic materials. Then, the
experimental research on the clean and low-carbon molten media
(including mono-metallic, alloys, and molten salts) catalyzed methane
cracking to produce hydrogen is described in detail. Finally, the mech-
anism of methane cracking and the morphology characteristics of car-
bon as a by-product are outlined at the same time. Moreover, the
research direction of the molten metal methane cracking process and
the solid catalysts used for catalyzing methane cracking are outlooked.
These are expected to provide some references for the scholars in this

field.

Il. SOLID CATALYSTS

Although there is no CO, gas emission from the methane crack-
ing process, the direct cracking of methane needs to be carried out at
higher than 1200 °C. Scholars have reduced the temperature of the
methane cracking process by adding solid catalytic media (mainly car-
bon, nickel, and iron) to reduce the energy consumed by the methane
cracking process and increase the cracking rate simultaneously.

A. Carbon-based catalysts

The use of carbon-based catalysts for methane cracking has been
explored due to the excellent adsorption capabilities of activated car-
bon. Pinilla et al.*’ blew pure methane at a 20 ml (STP)/min flow rate
into a quartz fixed-bed reactor containing an industrial activated car-
bon (CG Norit). 60% conversion of methane could be achieved at
850 °C, and the reaction life of the activated carbon was more than 8 h.
In the deactivation-regeneration cycle experiment of the catalyst, it
was found that the surface area and the oxygen-containing groups on
the surface of the deactivated catalyst after activation by CO, were line-
arly and positively correlated with the degree of combustion (the ratio
of the mass of the deactivated catalyst that had been gasified during
the regeneration process to its mass prior to regeneration), which
means that the more the deactivated catalyst was gasified during the
regeneration process, the more the surface area would be more signifi-
cant after regeneration. In addition, since the gasification resistance of
the activated carbon regeneration process decreases, the researchers
believe that the activated carbon removes its residual portion in each
regeneration process. After three regeneration treatments, the activated
carbon is wholly gasified. The final carbon obtained is the deposited
carbon generated by methane cracking.

Harun et al.*’ blew 50 vol. % N, and 50 vol. % CH, into a nickel-
chromium-iron alloy fixed bed containing biologically activated car-
bon (referred to as AB) at a temperature of 800°C to obtain 69%
methane conversion. In contrast, 73% methane conversion was
achieved over an industrial activated carbon catalyst (Ru-AC) contain-
ing 3 wt. % Ru. After 60 h of reaction, Ru-AC was deactivated. At that
time, the methane conversion was only 21%, but on AB, the methane
conversion still reached 51% due to the high specific surface area of
AB (3250 m?/g); meanwhile, AB contains alkali metals, which led to
carbon nanotubes (CNTs) being generated by methane cracking, and
the formation of the carbon nanotubes significantly extended the reac-
tion lifetime of AB.

Wang et al.*” made an iron-doped carbon catalyst by adding iron
nitrate to Shenmu sub-bituminous coal, which KOH subsequently
activated. A 20 vol. % CH, and 80 vol. % N, mixture was blown into
the reactor at 850°C and atmospheric pressure. The experimental
results showed that with the increase in the Fe content, the methane
conversion increased significantly, although the surface area of the
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catalyst decreased. The highest catalyst activity was observed when the
Fe content reached 30 wt. %. The conversion of CH, increased from
the initial 20% to 58% after the reaction was carried out for 9 h. The
reason was that the carbon catalyst was deposited by the carbon gener-
ated from methane cracking on the pores at the early stage of the reac-
tion and then rapidly deactivated, and the deactivated carbon became
a support of Fe. At the late stage of the methane cracking reaction, Fe
played a catalytic role, so the conversion increased significantly. In
addition, the carbon produced by methane cracking reduced the size
of Fe particles, which led to improved Fe dispersion, so the catalyst
activity was enhanced with time. The Fe-doped carbon-based catalysts
obtained at carbonization temperatures of 800 and 850°C exhibited
relatively high activity and stability, and the total specific surface area
and pore volume of the catalysts decreased with increasing carboniza-
tion temperature.

Zhang et al.' used coal liquefaction residue as a precursor, then
activated it with KOH, added some Al, O3, and finally prepared a hier-
archical micro-/macro- mesoporous AIRC catalyst. These catalysts
showed excellent catalytic effects, increasing methane conversion from
27% to 61% after 10 h. The result is mainly caused by the accumulated
active fibrous carbons because when the produced fibrous carbons
serve as the catalyst for methane cracking, new fibrous carbons can be
formed. Hence, the conspicuous activity of the fibrous carbon gradu-
ally increases the methane conversion on AIRC.

Many scholars have conducted experiments on the catalytic
cracking of methane using carbon black and activated carbon and
have compared the catalytic performance of the two types of catalysts.
Several studies have reached similar conclusions: the carbon black still
exhibits stable activity after a short reaction period, and the activation
energy for the catalytic cracking of methane on commercial carbon
black is lower than that on activated carbon. Despite significant
changes in the surface area and morphology of the carbon black during
the cracking reaction, the activity remained unchanged until the crys-
talline carbon produced by methane cracking coated the surface of the
carbon black on a large scale, and the carbon black lost its activity. In
addition, the surface chemistry of the carbon and the distribution of
the pore sizes have essential effects on the initial methane conversion
and the catalyst’s long-term stability.””***"~*

B. Nickel-based catalysts

Nickel has good catalytic properties for methane cracking, and in
recent years, there have been many reports on nickel-based materials
as catalysts for methane cracking. In the study of catalytic cracking of
methane using nonsupport nickel-based materials, Pudukudy et al.”’
prepared two types of nonsupport porous catalysts (NiO and Fe,O5)
using a precipitation method. Both types of catalysts were obtained as
catalytically active metals Ni and Fe after continuous reduction in a
stainless steel tube with an inner diameter of 250 mm and a height of
600mm with a hydrogen flow of 150 ml/min for 90 min at 600°C.
Pure methane was blown into the reactor at a 150 ml/min flow rate.
Maximum hydrogen yields of 66% and 53% were obtained for Ni-
based and Fe-based catalysts, respectively, when methane was cracked
at 800°C. Figure 3 demonstrates the carbon morphology of the
by-products on both types of catalysts, with metal-coated carbon
nano-blocks on Ni-based catalysts and multilayered graphite flakes on
Fe-based catalysts. Both types of catalysts were not deactivated after

REVIEW pubs.aip.org/aip/rse

6h of reaction. Because the diffusion rate of carbon in Fe is higher
than that of Ni, the Fe-based catalysts have higher catalytic stability.

Zhou et al.”" prepared an unsupported ME-NiggPt, , alloy catalyst
by (ME stands for microemulsion) the water-in-oil (W/O) microemul-
sion method. This catalyst presents a stable methane conversion (about
55%) at 700°C for 1 h at a F/W =121/(gcat h). The author thought
the reason may be that the formed Ni-Pt alloy tunes the carbon depo-
sition, diffusion, and graphite formation rate to a balanced state, which
favors the CNT growing and then anchoring the metal on the tip of
the CNT. The Ni-Pt alloy on the tip of CNT thus maintains the stable
methane cracking activity.

Because the support in the catalyst significantly reduces the
amount of catalytic metal used, most subsequent studies have used
nickel-based catalysts containing oxide supports.

Venugopal et al.” investigated the effect of Ni content in Ni/SiO,
catalysts on methane cracking. The result showed that among all cata-
lysts, 30 wt. % Ni/SiO, has a better performance at 600 °C. When the
loading amounts exceed 30 wt. %, the catalytic performance decreases
rapidly. This is because the catalytic performance of Ni/SiO, depends
on the amount of Ni and the size of the nickel particles. When the Ni
exceeded 30wt. %, the size of Ni metal particles increased sharply
(21-40 nm) because the accumulation of nickel particles occurred dur-
ing the reduction of catalyst, so 30 wt. % Ni/SiO, has suitable Ni content
and nickel particles size (about 21 nm), and it has a better performance.

Through experiments, Takenaka et al.”” found that among all M-
Ni/SiO, catalysts (M stands for Cu, Rh, Pd, It, and Pt), Pd-Ni/SiO, has
the best effect and longer life in catalytic cracking methane, and then
investigated the performance of the Pd-Ni catalysts loaded on different
supports, the supports are CF (carbon fiber), MgO, AL,Os, SiO,, and
TiO,. The results showed that Pd-Ni/MgO showed a low activity for
the methane decomposition, while the catalytic activities of Pd-Ni/
TiO,, Pd-Ni/SiO,, Pd-Ni/AL,Os, and Pd-Ni/CF were high. This is
because Pd-Ni/MgO Ni species in the catalyst form the NiMgO, solid
solutions and were not reduced easily into active Ni metal, while Ni
species in Pd-Ni/TiO,, Pd-Ni/SiO,, Pd-Ni/AL,O3;, and Pd-Ni/CF
were present as Ni metal mainly. Second, they founded that branched
carbon nanofibers (CNFs) were formed in Pd-Ni/CF, which improved
the performance and lifetime of the catalyst, so Pd-Ni/CF was the best
catalyst in their work.

Villacampa et al.” prepared 30 wt. % Ni/AlL,O; methane cracking
catalysts by the co-precipitation method. They found that the increase
in H, concentration decreases the content of carbon deposited on the
catalyst, and at the same time, it will prolong the induction period of
carbon nucleation, and so reduces the rate of deactivation of the cata-
lyst. However, the increase in CH,4 concentration speeds up the rate of
carbon filament generation and the catalyst deactivation rate.
Therefore, the competitive effect of H, and CH, at the Ni surface sites
inhibited the generation of carbon filaments and encapsulated pyro-
carbon, and therefore prolonged the reaction life of the catalyst.

Amin et al.” studied the catalytic performance of porous Ni/
ALO; and non-porous Ni/AL,O; catalysts after regeneration. The
results showed that the non-porous catalyst showed a rapid decrease in
activity after the first cycle and continued to decline in subsequent
cycles; after the sixth cycle, it had almost no activity; however, the
porous catalyst showed good stability over 24 cycles. There are several
reasons for this. First, the non-porous catalyst’s regeneration process
produces inactive NiAl,Oy, so the total surface area of active nickel
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available was reduced. Second, the nickel deposited on the surface of
the non-porous catalyst is sintered to form larger clusters, which
reduces the dispersion of nickel and prevents the formation of carbon
filaments, thus causing the formation of larger carbon agglomerates.
Third, Ni is more dispersed on the porous catalyst and less prone to
form large Ni clusters. Thus, carbon filaments can grow, which reduces
the possibility of sintering and the interaction between nickel and
AlO; support. Therefore, NiAl,O, rarely exists in porous catalysts.
Bayat et al.” used the sol-gel method to prepare y-ALO; support
and also used the wet impregnation method to prepare 50 wt. % Ni-
15wt. % Pd/ALO; catalysts, 30 vol. % N, +70vol. % CH, was blew
into the quartz fixed bed containing catalyst. The highest conversion of
methane reached 95% at the beginning of the reaction, and then gradu-
ally decreased to 68% after 6 h. The carbon generated from methane
cracking was a nanofiber structure. In addition, adding palladium to
the nickel-based catalyst improved the reduction performance of the
nickel-based catalyst, which increased the catalytic activity. In addition,
the formed Ni-Pd alloy improved the methane dissociation perfor-
mance because the diffusion rate of carbon in palladium is much faster
than that in nickel, so the addition of palladium to the nickel-based

REVIEW pubs.aip.org/aip/rse

FIG. 3. TEM images of nano-carbons deposited
on Ni-based (a:?—(c) and Fe-based (d)—(f) cata-
Iytic materials.”” Reproduced with permission
from Pudukudy et al., Int. J. Hydrogen Energy
41, 18509-18521 (2016). Copyright 2016
Elsevier Ltd.

catalyst inhibited the generation of encapsulated carbon, which led to
the extension of the catalyst life. In the study of Ni-Fe/ALOs catalysts,”
they found that the introduction of Fe had a similar effect with Pd; that
is, the addition of iron to nickel catalyst improved the catalytic stability
by enhancing the rate of carbon diffusion and preventing the formation
of encapsulating carbon. However, the iron reduced the reducibility of
nickel in the catalyst, thus reducing the amount of active metal avail-
able. Therefore, adding 10 wt. % Fe to the Ni/ALO; catalyst is more
appropriate.

In addition, regarding the study of nickel-based ternary alloy-
loaded catalysts, Bayat et al.”® prepared ALO; supports by the sol-gel
method, and loaded ternary nickel-based catalysts were produced by
loading Ni-Fe-Cu based materials onto Al,O; by the impregnation
method. It was found that the addition of iron-based materials could
enhance the catalytic effect of nickel-based catalysts on methane crack-
ing because iron could increase the diffusion rate of carbon by-
products and reduce the amount of encapsulated carbon generated on
the surface of Ni, thus improving the stability of the catalysts.
However, adding Fe-containing materials inhibited the reduction of
Ni-based materials, and the lack of some catalytically active metal Ni
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would have some negative effects on methane cracking. In addition,
the addition of copper-based materials not only improves the adsorp-
tion capacity of methane on the catalyst but also reduces the amount
of encapsulated carbon generated on the Ni surface and improves the
reducibility of the nickel-based materials and the dispersion of Ni
obtained from the reduction on the catalyst surface, which improves
the catalytic effect of the catalysts.

In terms of composite supports, Ahmed et al.”” prepared sup-
ports CeO,-AlL,O; for Ni-based catalysts by the co-precipitation
method and subsequently loaded Ni from Ni(NOs)-6H,0 onto CeO,-
Al O5 supports using the impregnation method, and thus, Ni/CeO,-
AlO; catalysts with different metal-atom ratios were prepared. The
Ni/CeO,-ALOj; catalysts were denoted as Ni/Ce,—Al, . Their experi-
ments showed that the highest hydrogen production rate could be
achieved on the Ni/Ceys—Alys catalyst, and it had a relatively high sta-
bility. In addition, different kinds of carbon nanostructured materials
can be obtained on the catalyst surface due to different CeO, contents.
Carbon nanofibers (CNFs) appeared on all catalysts containing Al,Os.
In contrast, only highly graphitized multi-walled carbon nanotubes
(MWCNTs) were obtained on Ni/Ce catalysts due to the formation of
Ni-O-Ce solid solution in Ni/Ce catalysts, which improved the disper-
sion of Ni particles on the surface of the CeO, support, so that the Ni
particles become small. The small-sized Ni particles become the active
metal sites promoting the growth of MWCNTSs and also the continu-
ous decomposition of methane.

Gao et al.”’ prepared the bimetallic aerogel catalysts 9Ni-1Co/
ALO; and 9Ni-1Co/AL,O5-TiO, catalysts (9Ni-1Co denotes the
Ni and Co content in the catalysts were 9 and 1wt. %, respectively,
after the catalysts have been reduced) with a single support (Al,O5)
and a composite support (TiO,-ALO;) using the sol-gel method.
Experiments were carried out in a quartz fixed-bed reactor, and the
methane conversions of the two types of catalysts were 69.3% and
72.5%, respectively, and the carbon produced was nanostructured.

TABLE 1. Characteristics of methane cracking over different nickel-based catalysts.

REVIEW pubs.aip.org/aip/rse

It was shown that the composite support formed by the addition of
TiO, could improve the dispersion of the metal and enhance the activ-
ity of the carbon nanotube deposition sites, which was conducive to
the transfer of carbon nanotubes off Ni and Co particles, and thus
increased the utilization of Ni and Co particles and reduced the deacti-
vation rate of the catalysts. The two aerogel catalysts still had high cata-
Iytic performance after two regeneration cycles.

Some experimental studies of hydrogen production from meth-
ane cracking catalyzed by nickel-based catalytic materials are summa-
rized in Table I, and the main contents include reactor size, reaction
conditions, maximum methane conversion, hydrogen yield, reaction
duration, and solid carbon morphology.

In Table I, FB denotes the fixed-bed reactor, D;, denotes the
internal diameter of the reactor (mm), L denotes the effective length of
the reactor (mm), w is the weight of the catalyst used in the experiment
(g), t is the required reaction time for methane to obtain the highest
conversion (h), T'is the experimental temperature of methane cracking
(°C), F is the gas flow rate {a denotes the weight hourly space velocity
[WHSV, ml/(gcat h)], i.e., the volume of gas passing over each gram of
catalyst per hour; b denotes the gas flow rate (ml/min); ¢ denotes the
flow rate of gas in the standard state (ml/min)}, and Xcpy, Xp, are the
maximum methane conversion and the maximum hydrogen yield
during methane cracking, respectively, R, denotes the total duration of
the cracking reaction (h), CNTs are carbon nanotubes, CNFs are car-
bon nanofibers, GFs are graphene films, and CWNTs are multi-walled
carbon nanotubes. The following formula calculated the methane con-
version and hydrogen yield:

CH,, — CH,

Xcm = CH % 100%,
4

Xipy = 2o 1009%
H2 2 H4m .

Published under an exclusive license by AIP Publishing

FB reactor Reaction condition XcHa X2 R

Catalysts Din L w t T F % % h C morphology
Ni*" 25 600 2 025 800 150¢ e 65 6 C nano-chunks
Ni™" 25 600 2 0.5 700 150¢ e 55 6 C nano-chunks
Ni™" 25 600 2 1 600 150¢ e 40 6 C nano-chunks
50 at. %Ni/Al,O5;” 15 1000 0.5 0.5 700 50° e 45 6.5 CNFs + GFs
50 at. %Ni/CeO,”’ 15 1000 0.5 0 700 50° e 42 6.5 CWNTs
50Ni-15Pd/Al,05™° 10 700 005 0.5 750  12000° (70vol. % N,) 90 e 10 CNFs
50Ni-20Pd/Al,05™° 10 700 005 05 750 12000 (70vol. % N,) 85 e 10 CNFs
50Ni-10Fe/Al, O3’ 10 700 005 15 750 12000 (70vol. % N,) 70 10 CNFs
9Ni-1Co/ALO5" 10 . 016 0 650 42000 (70vol. % N,)  69.3 e 1.1 CNTs
50Ni-10Fe-10Cu/Al,05°* 10 700 005 1 750 12000 (70vol. % N,) 83 10 CNFs
50Ni-10Fe-15Cu/Al,05°* 10 700 005 1 750  12000° (70vol. % N,) 84 10 CNFs
Ni/CeO,-ALO5 15 1000 0.5 2 700 50° oe- 53 6.5 CNFs + GFs
(Ce:Al =25:75at. %)’
Ni/CeO,-ALO; 15 1000 0.5 25 700 50° e 44 6.5 CNFs + GFs
(Ce:Al =75:25 at. %)’
9Ni-1Co/Al,05-TiO," 10 . 016 0 650  42000° (70vol. % N,)  72.5 e 1.1 CNTs
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C. Iron-based catalysts

In addition to using nickel- and carbon-based materials as
catalysts, many scholars have conducted studies with inexpensive iron-
based materials for methane cracking. The iron-based catalytic materi-
als can be categorized into ferroalloys, loaded monometallic iron,
loaded ferroalloys, and natural iron ores. It has been found that meth-
ane can be completely catalyzed, and the catalyst has a long reaction
life (>75 h) when using iron obtained by reduction at temperatures
between 800 and 900 °C to catalyze methane cracking.”’ With Fe-Cu
alloys as methane cracking catalysts, the generation of encapsulated
carbon gives the Fe-Cu alloy catalysts better stability than the Raney-
type (spongy pore structure) monometallic iron catalysts.””

Scholars have conducted more research using loaded iron-based
catalysts. For example, alumina-based loaded iron-based catalysts
(Fe,O,~AlL0s) were reduced to provide a ferrous oxide precursor with
catalytically active sites, which had a significant impact on the stability
and hydrogen yield of the catalysts due to the presence of Fe in the pre-
cursor in the 42 valence state, which facilitated its generation of cata-
Iytically active metallic iron in the subsequent reduction process.”” The
addition of the promoter Mo to Fe-MgO catalysts”* significantly
improved the catalytic performance, whereas adding Mo to the Fe-
Al,O3 material was not as effective as the former.

Ni-, Fe-, and Co-based materials were loaded on MgO supports
to generate bimetallic/MgO loaded-alloy catalysts,”” with a total metal
content of 50wt. % after the catalysts were reduced. The results of
experimental studies showed that the 25Fe-25Co/MgO catalysts
(25Fe-25Co means that after the catalyst was reduced, the content of
Fe and Co were both 25 wt. % of the catalyst) had high activity and sta-
bility. In contrast, the catalytic activity of both catalysts was signifi-
cantly reduced by doping 25 wt. % Ni into 25Fe/MgO or 25Co/MgO.
In addition, Fe-Co-based catalysts can achieve a higher yield of
multi-walled nanotubes compared to Ni-Fe-based and Ni-Co-based
catalysts, and the multi-walled nanotubes are highly graphitized and
crystalline, which further proves that Fe-Co-based catalysts are more
effective for the catalytic cracking of methane. In addition, it was also
found that the catalytic performance of the 25Fe-25Co/MgO catalyst
increased with reaction time, and the catalyst performance reached its
highest after 5 h of reaction and maintained stability for a long time.

The catalyst 15Fe/CeZrO," was made by loading Fe on cerium-
zirconium oxide supports (15Fe denotes a 15% mass fraction of Fe in
the reduced catalyst), which showed a gradual increase in activity with
the addition of Co or Mo. In the deactivated catalysts, phases such as
graphitic carbon, Fe;C, and Mo,C was observed on both Fe- and Fe-
Co-based alloy catalysts. The by-product carbon in the deactivated
15Fe/CeZrO, catalysts was mainly in the form of a coke structure,
whereas in the deactivated catalysts with the addition of Co or Mo, the
by-product carbon was mainly in the form of a nano-structure.

Al-Fatesh et al.”’ investigated the effectiveness of trimetallic alloy
catalysts for catalytic cracking of methane with Fe-based materials as
the main catalytic substance. Single, bimetallic, and trimetallic catalysts
were prepared by loading materials containing Fe, Co, and Ni substan-
ces on alumina supports. It was found that 30 wt. % Fe-15wt. %Co/
Al,O;5 catalyst had the best performance. After 12 cycles of regeneration
reaction (1400 min, with a reaction time of about 110 min for each
cycle), the catalyst was still achievable a methane conversion of 55%.

On the other hand, Dai et al®® investigated the effect of
doping Fe on the catalytic performance of La-containing catalysts.

REVIEW pubs.aip.org/aip/rse

They prepared LaFe,Al, O (x=1 or 3) catalysts by the co-
precipitation method, which had obvious hexaaluminate diffraction
peaks because the increase in the Fe content was beneficial to increase
the active center of the catalyst, so the catalytic activity of LaFe;AlyO;q
was higher than that of LaFeAl,;0;o. With LaFe;AlyO4 as the meth-
ane cracking catalyst, the mixture (CH,:air = 82.7:12.8) with a velocity
of 18 cm/s was able to reach 888 °C in the reactor and finally achieved
a methane conversion of 99.2%, and the gas produced by the device
contained some CO.

In general, all solid catalysts for methane cracking require a syn-
thesis step, which makes the hydrogen production process from meth-
ane cracking cumbersome. Exploiting cheap, abundant materials that
require only simple processing for methane catalytic cracking is an
important research direction in this field. Some scholars have investi-
gated natural iron ores as catalysts for methane cracking. In 2018,
Zhou et al.®” used four natural iron ores with Fe,O5 contents ranging
from 91.7% to 96.2% as methane cracking catalysts. The iron ores
were milled to the particle size of 50 um. Then, 1.6 g of catalyst was
placed in a fluidized bed reactor with an inner diameter of 27 mm at
850°C and 0.5 MPa with a flow rate of 100 ml/min of pure methane,
resulting in a maximum methane conversion of about 78%. In the
reacted catalyst, carbon was present as a mixture of Fe;C and graphitic
carbon with many pores, which was very influential in wastewater
purification.

Silva et al.” investigated Tierga iron ore and ilmenite (52.6% and
33.3% of iron content, respectively) as cracking catalysts. Figure 4
demonstrates the effect of methane cracking over Tierga iron ore after
being activated by H, or CH,; it can be seen that the methane cracking
can still achieve about 55% conversion after the reaction has been car-
ried out for 3 h at 900 °C. On the catalyst after the reaction, the Ip/Ig
value in the Raman spectrogram of the by-product carbon was less
than 1 and around 0.2 (D-peak represents the defects in the lattice of C
atoms, G-peak represents the stretching vibration in the sp2 hybrid
plane of C atoms, In/I is the ratio of the intensities of the two peaks,
which is used to indicate the degree of graphitization of the carbon,
and the smaller the value of Ip/I, the higher the degree of crystallinity
and the higher the ordering of the carbon), so that the by-products
obtained were highly graphitized of carbon nanomaterials. Their study
also found that, at the beginning of methane cracking, the catalytic
cracking conversion reached 67% on Tierga iron ore but only up to
11% on ilmenite. Therefore, Tierga iron ore is also a good cracking cat-
alyst for methane and is less costly than other iron-based catalysts.

In 2023, Dawkins et al.”’ investigated the effect of grinding time
of iron ore on its activity in catalyzing the methane cracking and the
carbon purity. The results showed that the optimum grinding time for
iron ore was 270 min at a ball mill speed of 300 rpm, and the use of
ball-milled iron ore as a catalyst resulted in a fivefold increase in meth-
ane conversion compared to unground ore. In addition to reducing
the particle size of the ore and increasing its surface area, the grinding
treatment caused a phase transition of the particles on the surface of
the ore from magnetite to maghemite and hematite. However, pro-
longed ball milling does not consistently increase the surface area of
the iron ore. Contrarily, excessive prolongation of the ball milling time
leads to attachment of iron ore particles, which is not conducive to
achieving maximum catalytic activity of the catalyst and higher meth-
ane conversion. In addition, the by-product carbon attached to the cat-
alyst after the reaction is mainly high-purity carbon with a disordered
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FIG. 4. Cracking of methane on Tierga iron ore.”

graphite structure, similar to low- to medium-quality metallurgical
coke.

The experimental studies on hydrogen production from methane
cracking catalyzed by iron-based catalytic materials are summarized in
Table II, and the main contents include reactor type and size, reaction
conditions, maximum methane conversion, hydrogen yield, reaction
duration, and solid carbon morphology.

In this table, FB denotes fixed-bed reactor, RB denotes rotating-
bed reactor, FIB denotes fluidized-bed reactor, Dy, denotes the internal
diameter of the reactor (mm), L denotes the effective length of the
reactor (mm), w is the weight of the catalyst used for the experiment
(g), t is the required reaction time for methane to obtain the highest

TABLE II. Characteristics of methane cracking with different iron-based catalysts.

conversion (g), T is the experimental temperature of methane cracking
(°C), F is the gas flow rate {a denotes the weight hourly space velocity
[WHSV, ml/(gcat h)], b denotes the gas flow rate (ml/min), ¢ denotes
the flow rate of gas in the standard state (ml/min)}, and Xcya4, X, are
the highest methane conversion and the largest hydrogen yield during
methane cracking. R; denotes the total time (h) of the cracking reac-
tion. CNTs are carbon nanotubes, CNFs are carbon nanofibers, and
CWNTs are multi-walled carbon nanotubes.

11l. MOLTEN MEDIA

The molten metal-catalyzed methane cracking process is based
on solid catalyst-catalyzed methane cracking, in which the catalyst is

Reactor Reaction condition Xcra X R,
Catalysts Type Dy, L w t T F % % h C morphology
Fe®! FB 11 457 2 14 800 20° 98 ..o >75 CNFs
Fe™ FB 25 600 2 04 800 150° 65 6 Graphene Sheets
50Fe-Cu®” FB 27 750 075 1.6 600 110° 51 .- 5 CNFs
50Fe/ALO;"" RB 65 800 --- 04 800 1500° See 90 3 CNFs + CNTs
Fe/ALO,”” FIB 18 600 20 0 900 6000° 68 6 CNFs + CWNTs
20Fe/AlLO5% FB. 9.1 300 03 1.5 800 5000° 83 ... 3 CNFs
60Fe/Al,O5"” FB 94 480 03 05 700 33°(9.1vol. % N,) e 772 4 CNTs
67 mol. %Fe/MgO®** FB 18 600 015 0 800 2000* ... 55 3 CNFs
15Fe/CeZrO, FB 9 762 1 0 1000  100° (95vol. % N,) 83 ... 2.12 CNTs
15Fe-5Co/CeZr0,"° FB 9 762 1 0 1000  100° (95vol. % N,) 89 ... 2.12  Chain-like nano-C
15Fe-5Mo/CeZr0,*° FB 9 762 1 0 1000 100" (95vol. % N,) 2 - 212 CNTs
30Fe-15Co/Al, 05" FB 10 700 0.05 1 750 5000° e 73 3 CNFs
50Ni-10Fe-15Cu/ALO;*° FB 10 700 0.3 1 750 12000% (70vol. % N,)  --- 82 10 CNTs
25Fe-25C0/Al, 05" FB 15 1000 0.5 5 700 50° ... 86 10 CNTs
50Fe-5Mo/MgO”" RB 65 800 --- 04 800 1500* o091 3 CNFs
Iron ore”’ FB 27 o160 850 100° 78 .- 10 Graphene C + Fe3C
Tierga ore™ FB -~ -+ 06 05 900 2000* e 67 3 CNFs
Ilmenite™” FB -~ -~ 06 2 800 2000* 11 3
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changed to a metal with a low melting point, which is then heated and
melted in a reaction vessel.” Methane is blown through a pipe or nozzle
into the high-temperature molten metal, which is subsequently
cracked into hydrogen and carbon by the catalytic action of the melt.
Due to the significant density difference between the solid carbon and
the liquid metal, the generated carbon can be floated up to the liquid
metal layer through buoyancy, and continuous separation is achieved
in subsequent processes." The cost of hydrogen production from
methane cracking can be reduced if the carbon is purified and proc-
essed for sale as a high-value-added product. This process does not
have the problem of solid catalyst being covered by carbon, carbon
coking, or poisonous deactivation, so there is no need for the regenera-
tion process of the failed catalyst, which avoids the problem of carbon
in methane being transformed into CO,."” In addition, the flowing liq-
uid metal has high thermal conductivity, which helps to provide stable
heat for the methane cracking process, so that the melt temperature
will not fluctuate significantly during the methane cracking process,
ensuring production stability.

In addition, molten salts can remain single-phase liquids at high
temperatures; they have better thermal conductivity and insulation
properties than molten metals.”” Moreover, the contact angle between
molten salt and carbon is larger compared to that between molten
metal and carbon,”*”” so the carbon generated from the cracking of
methane in molten salt has less liquid entrapped when it floats upward,
which reduces the loss of the melt, and thus, molten salts are also
widely used in the hydrogen production process of catalytic methane
cracking. Figure 5 shows a typical molten media catalytic methane
cracking device and catalytic cracking process.

Although the use of molten media avoids the problem of conver-
sion of carbon in methane to CO,, scholars have found some problems
with the process in their studies. First, the catalytic methane cracking
effect is not good; for example, when Palmer et al.”® catalyzed methane
cracking at 950 °C using a bubble column reactor with a molten Ni,,—
Biy; alloy, the residence time of methane in the melt is 1 s, and the con-
version was less than 10%. Zeng et al.”” melted tellurium which a high
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FIG. 5. Conventional molten media catalytic methane cracking unit with catalytic
cracking process.””
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electron affinity at 827 °C-977 °C, the methane has a residence time of
12 s, and the conversion was only 30%. Second, the by-product carbon
has low purity due to the entrapment of metals and also causes the
problem of high metal consumption. Rahimi”’ found that the by-
product carbon recovered from a molten Ni-Bi single-phase reactor
contained 83 wt. % of metals. Zaghloul®" also found that stacked car-
bon particles entrapped tin metal, resulting in low purity and high
metal loss.

Therefore, compared with the solid catalyst catalyzed methane
cracking process, the low cracking conversion of methane in molten
medium, the low purity of carbon, and the difficulty of purifying car-
bon at a later stage are the problems that need to be solved in this
process.

A. Molten monometallic catalysts

Considering the cost and simplicity of the process, scholars would
like to use low melting point metals as catalysts for methane cracking.
Previous researchers found that nickel, platinum, palladium, cobalt,
and iron metal elements have high melting points®* and require a large
amount of heat when melting into a liquid state. Wang et al.*” found
that magnesium can also catalyze methane cracking. However, magne-
sium has a lower boiling point and is volatile, and using magnesium as
a melting medium to catalyze methane cracking increases the amount
of metal loss.

Although metallic elements such as indium, gallium, tin, lead,
and bismuth are weak catalysts for methane cracking reactions,™
because of the advantage of low melting points (e.g., the melting points
of gallium, tin, and bismuth are 30, 232, and 271 °C, respectively™),
these metals became the preferred choice of scholars to be used in the
study of the melting medium catalyzed methane cracking process in
the early days.

Regarding the choice of reactors, Serban et al.”” proposed to use
the heat generated by a Generation IV nuclear reactor in direct contact
with molten metal Sn to heat it to the pyrolysis temperature of meth-
ane, where methane is catalytically cracked to hydrogen and carbon. A
Mott sprayer sprayed methane into the Sn medium at 750°C, and
51% methane conversion was obtained, corresponding to the output
of 70 vol. % H,. This study showed that methane conversion is mainly
affected by the contact time between methane, the heat transfer
medium, and the size of the methane bubbles. The Mott sprayer effec-
tively decreased the size of the methane bubbles, leading to increased
methane conversion. Kudinov et al.*” applied numerical calculations
and experiments to study the cracking reaction of methane in molten
Sn. The increase in methane flow rate from 25 to 250 ml/min resulted
in an increase in the diameter of the bubbles and a faster rise speed.
The rapid rise of the bubbles caused the contact time between the bub-
bles and the liquid to decrease, decreasing the output hydrogen from
12 to 4.4 vol. %. The authors suggested placing cascading mesh spacers
in the reactor, which reduced the methane bubble size and extends the
contact time between the bubbles and the liquids. Msheik et al.** used
a novel hybrid solar/electric bubble reactor (the melt is Sn) to investi-
gate methane pyrolysis. Their results showed that the size of the bub-
bles has an essential effect on the methane conversion because the
small bubbles can significantly increase the residence time of the bub-
ble in the melt and improve the heat transfer effect. So, finding a suit-
able catalytic liquid medium or generating small bubbles via suitable
spargers is still challenging.

lS()
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Agar et al.” investigated carbon deposition in a fluid wall flow
reactor and a molten metal capillary reactor. The fluid wall flow reac-
tor, shown in Fig. 6, is based on the principle of heat transfer by pass-
ing heated inert gas through porous ceramic tubes into the pyrolysis
zone using convective heat transfer. The heated helium gas enters the
reaction zone through a 3 um membrane reactor to provide heat, and
the reaction is carried out for 7 h. The methane conversion decreased
from 53% to 7%, remaining constant after that. The results showed
that carbon deposition from the decomposition of methane diffusing
into the heated zone cannot be avoided. So, the fluid wall flow reactor
is unsuitable for continuous methane pyrolysis. Figure 7 shows the for-
mation of blocking flow in a capillary reactor, where T-joints are used
to generate the blocking flow, water is introduced from the top, and
nitrogen is blown in from the left side. The alternating bubbles and
blocking streams form a liquid film at the capillary wall, which not
only avoids carbon deposition but also prolongs the residence time of
the bubbles. Methane was passed into the molten Sn at a speed of
0.122 m/s to enable continuous cracking reactions, realizing an average
methane conversion of 32%, and no carbon deposition occurred. To
address the issues of carbon deposition, gas separation, and instability
of the blocking flow, the team performed hydrodynamic characteriza-
tion with Ga, In, Sn, and alloys of these metals,”’ and using various
types of gases to establish a stable blocking flow. In addition, the reac-
tion system was updated, but increasing the residence time of the
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FIG. 6. Fluid wall flow reactor unit*’ Reproduced with permission from Schultz and
Agar, Int. J. Hydrogen Energy 40, 11422-11427 (2015). Copyright 2015 Elsevier Ltd.
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FIG. 7. The process of formation of blocking flow:™ (a) blockage flow generated at
the T-joints; and (b) blockage flow within the reaction zone. Reproduced with per-
mission from Schultz and Agar, Int. J. Hydrogen Energy 40, 11422-11427 (2015).
Copyright 2015 Elsevier Ltd.

bubbles by extending the capillary reactor requires higher pressures
and influences the device’s viability.

Regarding the catalytic properties of low melting point metals,
Plevan et al.”' found that the experimental data for methane conver-
sion in melted Sn were lower than the model predictions when the
temperature was in the range of 700-950 °C. Therefore, it is concluded
that molten Sn has no catalytic effect on the cracking reaction of meth-
ane, but it can reduce the amount of intermediates, such as ethane and
ethylene. To improve the conversion of methane in molten Sn, the
team of GeifSler’”””” fluxed methane at a rate of 50 ml/min into molten
Sn at 1000 °C, and achieved a hydrogen production rate of 30 vol. %;
the gas products generated were examined and found to be composed
mainly of methane and hydrogen, with only a small amount of inter-
mediate gases (~1.5 mol. %). With a constant methane flow rate and a
melt Sn temperature of 1175°C, the hydrogen yield was as high as
78%, and the results indicated that increasing the melt temperature
improves the methane conversion significantly.

Zeng et al.”’ used elemental tellurium, which has high electron
affinity, as a melt catalyst for the methane cracking reaction. As the
temperature approached the boiling point of tellurium, tellurium vola-
tilized into the gaseous state. It was found that gaseous tellurium was
also a catalyst for the methane cracking reaction, but the catalytic effi-
ciency was not as good as that of liquid tellurium. In addition, the
authors found that the addition of metallic nickel to molten tellurium
reduced its catalytic activity. The experimental method and results of
liquid/gaseous tellurium catalyzed methane cracking are illustrated in
Fig. 8. Wi et al.”" investigated the catalytic effect of five molten pure
metals (indium, gallium, bismuth, tin, and copper) on the cracking of
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FIG. 8. Experimental methods and results of methane cracking in molten and

gaseous tellurium.” Reprinted with permission from Zeng et al., ACS Catal. 10,
8223-8230 (2020). Copyright 2020 American Chemical Society.
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methane by using the electromagnetic levitation technique. The results
showed that the maximum rate of methane cracking reaction in mol-
ten Bi was observed at 1100 °C, while below 1000 °C, the maximum
rate of methane cracking reaction was observed in molten Ga. When
the catalytic performance of metals is reflected by the rate constant of
catalytic reaction (k), the product of k¢ and Ay, is inversely propor-
tional to the first ionization energy of the metal catalyst (Ay; is the
molar surface area of the metal catalyst; and the first ionization energy
is the energy required for the gaseous atoms in the ground state to lose
one of their outermost electrons, with the smaller value being the more
prone to lose electrons).

Leal Pérez et al.”* used low-melting gallium as a catalyst and heat
transfer agent for methane cracking. Methane was blown into a quartz-
tube bubble column reactor from a porous plate distributor when the
melt temperature was 1119 °C, and the bubble residence time was only
0.5 s, but the conversion reached 91%. Due to the high heat storage
capability of gallium [specific heat capacity about 2.26J/(cm®>K)], it
ensures a more homogeneous temperature profile for the reaction.
Temperature homogeneity can improve methane conversion, so suit-
able temperature control at the industrial scale concept is important.
However, gallium metal is too expensive and not suitable for industrial
production.

B. Molten alloy catalysts

Although the melting temperature of low-melting-point metals is
low, it is found from the above study that in order to achieve an excel-
lent cracking effect, the temperature of the molten metal has to reach
about 1000 °C, which is already much higher than the melting point of
low-melting-point metals. Moreover, low-melting-point metals are
inferior to high-melting-point metals such as nickel, iron, and cobalt
in terms of catalytic performance. When weak catalytic metal elements
are added to catalytic metals as carriers, the two can generate low melt-
ing point alloys with sound catalytic effects.

In 2017, Upham et al.*” catalyzed the cracking of methane using
a bubbling reaction column (1100 mm) containing a molten Ni,;Bi;;
alloy, which resulted in a methane conversion of 95% when the melt
temperature was 1065 °C and the exit gas was pure hydrogen with no
detectable CO, or other by-product gases. The by-product carbon was
graphite with a purity of 92 at. %. When the melt temperature was low-
ered to 1040 °C, the methane conversion decreased to 84%, and in
addition, the melt stability exceeded 170 h. The alloy was considered to
be the best melt catalyst for methane cracking discovered at that time.
They used thermostatic first-principles molecular dynamics simula-
tions to calculate the electronic properties of the alloy melt. They found
that Ni was present in the melt as partially negatively charged atoms,
so the catalytic performance was considered to be related to the
amount of charge on the Ni atoms.

The following year, Palmer et al.”” were surprised that molten
CuysBiss alloys catalyzed methane cracking better than molten
Ni,;Biy; alloys. Although metallic copper and bismuth are weak cata-
lysts for methane cracking, their molten alloys showed a good catalytic
cracking effect. The results of surface tension experiments and thermo-
static first-principles molecular dynamics simulations of the structure
and chemistry of the molten CuysBiss alloys showed that the surface of
the molten alloys was enriched with Bi atoms that lacked electrons (Bi
lacks electrons because it provides electrons to Cu, which is negatively
charged), and these Bi atoms became the active sites for methane

REVIEW pubs.aip.org/aip/rse

activation. So, the Bi atoms lacking electrons promoted the dissociation
of methane due to the coordination of Bi with CHj free radicals, which
allowed the H atoms to combine with the negatively charged Cu
atoms, thus breaking the C-H bond. Hence, the CuysBiss alloy had a
good methane-catalyzed cracking effect, but the methane conversion
and the stability of the alloy were not reported in their article.

Scheiblehner et al.”® investigated the effect of catalytic cracking of
methane by copper-containing binary alloy melts (CuBi, CuSn, CuNi,
and CuGa). The methane gas was blown at a 50 ml/min flow rate from
an alumina lance into a reactor with an inner diameter of 65mm, a
melt height of 70 mm, and a melt temperature of 1160 °C. The results
showed that the molten Cu,(Big, alloys have the lowest surface ten-
sion, and methane has the highest conversion of 68.44% in these melts.
Theoretical and simulation calculations showed that adding Bi, Sn, or
Ga in the Cu melt decreases the surface tension of the melt and the
size of the bubbles formed at the lance, which has some positive effects
on methane conversion.

Regarding the improvement of the molten alloy catalytic cracking
methane reactor, Kim et al.”’ sprayed methane from a quartz tube with
an inner diameter of 2mm and a ceramic sprayer at the bottom into a
reactor (inner diameter 12mm, height 500 mm, melt filling height
110 mm) containing a molten alloy of Ni,oSngg at 1000 °C. The highest
conversion of methane could reach 97%, and graphitic carbon was pro-
duced. Their homemade ceramic porous distributor successfully
reduced the bubble size from a range of 3-8 mm (no sprayer) to 0.5 mm
and finally increased methane conversion. The main material of the
ceramic sprayer is zirconia; the surface of the sprayer provides active
sites for the catalyst melt, and the active Ni is dispersed on the surface of
the sprayer, which promotes further methane cracking. When the meth-
ane gas was blown directly into the reactor from a quartz tube without
the ceramic sprayer, the methane conversion was only 15%-25%, and
the resulting graphitic carbon was defective and disordered.

In 2023, Chen et al.”® discovered a catalyst that was simple to pre-
pare and had high performance, which is Ni-Mo-Bi (mass ratio of
each element is 2.3:1.3:96.4) ternary molten alloy, which enables the
catalytic methane cracking reaction temperature down to 800 °C. The
cracking activation energy of methane with this catalyst at 800 °C was
81.2KkJ/mol, close to its cracking activation energy in solid metal cata-
lysts (65-90 kJ/mol). At an ambient pressure of 206 kPa, methane was
blown into the molten alloy catalyst at a 4 ml/min flow rate. The resi-
dence time of methane bubbles in the alloy was about 7.8 s. The gener-
ation rate of H, reached 4.05ml/(gNi min), which is 37 times higher
than that in the Ni-Bi alloy [0.11 ml/(gNi min)], and the intermediates
such as acetylene and aromatic compounds were not detected in the
gaseous products. In addition, the reaction stability of the Ni-Mo-Bi
ternary molten alloy could reach 120 h. The reason why the Ni-Mo-
Bi ternary molten alloy showed superior catalytic cracking perfor-
mance than that of Ni-Bi alloy is that the introduction of Mo into the
Ni-Bi molten alloy enhanced the strong interaction between Ni and
Mo, which regulated the electronic valence state of Ni and led to the
reduction of the negative charge of Ni and the decrease in the interac-
tion between Ni and Bi, increasing the mobility of the active metal Ni
in the solvent Bi at the same time.

C. Molten salt catalysts

In the floating process of the carbon generated from methane
cracking in molten metal, there will be severe carbon contamination
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due to the entrapped metal, and this problem is a common problem in
the catalytic cracking of methane by molten metal or alloy. To solve
the problem, some scholars proposed using molten salts with low wet-
tability with carbon.

In 2019, Kang et al.” used a KCl-MnCl, (67:33 mol. %) mixture
as a molten catalyst, and methane was cracked in a liquid-column bub-
bling reactor at 700 to 1050 °C. The results showed that the apparent
activation energy of methane cracking decreased to 161KkJ/mol, the
methane conversion reached 30%, and the by-product carbon was gra-
phitic. By washing the carbon with water, they reduced the salt
entrapped to less than 7at. %. In the following year, they used
FeCl;(3 wt. %)-NaCl-KCl as a catalyst,”’” and the activation energy of
methane cracking decreased from 301 kJ/mol (no FeCls) to 171 kJ/mol,
and the reactivity life of this molten salt was more than 50 h. The
authors speculated that the presence of Fe’" activated the C-H bond.
The by-product carbon, on the other hand, was flaky graphite, and the
purity of the carbon ranged from 92.83 = 2.61at. %. Boo et al.'”' used
a single KCl molten salt to catalyze methane cracking, and the apparent
activation energy was calculated to be 277 = 15kJ/mol. The molten salt
continued to demonstrate good stability for 40 h. The by-product car-
bon was treated with water washing, hydrochloric acid cleaning, and
ultrasonic waves and then heated in an argon atmosphere at 1200 °C to
obtain the highest carbon purity, up to 97.2 at. %. The authors analyzed
the economics of the process and concluded that it could compete with
the SMR process using CCS when the loss of molten salts is minimized,
and the gain of carbon is maximized.

Parkinson et al.'’” used halide molten salts [NaBr, KBr, KCl, NaCl,
NaBr-KBr (48.7:51.3mol. %)] for the catalytic cracking of methane.
The activation energies of methane cracking in these molten salts
ranged from 223.5 to 277.6 kJ/mol. Although the carbon still entraps
many molten salts to float to the liquid surface, the carbon purity can
reach 91.7-97.4 at. % after washing with de-ionized water. In addition,
the by-product carbon has the properties of low density (<1 g/cm’),
high porosity (30.1-75.2%), small specific surface area (1.84-3.14 mz/g),
and relatively low ordered structure.
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Although the purity of by-product carbon obtained from meth-
ane cracking in molten salts is improved, the conversion of methane in
single-phase molten salts is not high because molten salts are not
strong catalysts for methane cracking, and this drawback makes the
method of catalytic cracking of methane in single-phase molten salts
unworkable. In order to obtain both high-purity carbon by-products
and high methane conversion, the researchers developed a two-phase
liquid reactor with molten metal and molten salt, where the lower mol-
ten metal layer is mainly used to improve methane cracking conver-
sion, and the upper molten salt layer is used to clean the carbon.

Rahimi et al.” investigated methane cracking in a two-phase reac-
tor with molten Ni-Bi alloy and (NaBr/KBr) molten salt. The metal
content of the carbon produced in the two-phase reactor was less than
5at. %, and the carbon was subsequently purified to less than 2 at. % of
the molten salt, and no metals were detected. Second, the content of
contaminants in solid carbon decreased with increasing height of the
molten salt layer, and it concluded that the bubbles ruptured as they
rose into the molten salt phase, and the metal droplets carried by the
bubbles flowed back into the alloy phase. In addition, since the bromide
(NaBr/KBr) molten salt has a high affinity for carbon, the metal around
the carbon was replaced by the molten salt, which detached from the
carbon surface and returned to the metal phase.

Noh et al.'"” performed catalytic cracking experiments on meth-
ane using a NiBi-ZrO,-NaBr 3-stage bubble column reactor. At
985°C, the methane conversion increased from 32% (2-stage bubble
column reactor) to 37%, and the carbon purity was increased from 70
to 74 wt. %. The catalyst system still showed good stability after 50 h of
reaction. Figure 9 shows Noh’s 3-stage bubble column reactor setup.

Parkinson et al.'”* added molten NaBr-KBr (48.7:51.3 mol. %)
with y-Al,O; suspended catalyst particles in a bubbling reactor for
methane cracking, and the device was used to investigate the rate of
catalyzed cracking of methane at 850-1000 °C. Using a double U-bend
injector in the reactor reduced the rising speed of methane bubbles in
the melt. It thus extended their residence time and significantly
increased the methane conversion. When the height of the molten

2-stage bubble
column reactor

3-stage bubble
column reactor

20d pegion 314 pegion
Molten salt Molten salt
20d region
Zirconia beads
1% region +molten metal

Molten metal

1% region
Molten metal

Porous ceramic membrane -}=’ ]

Gas flow

FIG. 9. NiBi~ZrO,-NaBr 3-stage bubble column reactor setup.'®* Reproduced with permission from Noh et al., Chem. Eng. J. 428, 131095 (2022). Copyright 2022 Elsevier.
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alloy was 190 mm, and the content of y-Al,O; particles was increased
from 0 to 5wt. %, the cracking activation energy of methane decreased
from 246.9 to 128.4kJ/mol, implying that the presence of the particles
in the melt enhanced the mass transfer rate at the interface. When the
concentration of particles increased to 1.25 wt. %, the decreasing trend
of the apparent activation energy of methane cracking leveled off, indi-
cating that the diffusion rate of methane at the bubble interface became
the limiting step for the cracking reaction at this time.

Additionally, they replaced the y-Al,O; particles with Co-Mn
catalyst particles.'”” The results showed that the Co-Mn catalyst par-
ticles prolonged the cracking time of methane in the melt at 1000 °C.
There was no disintegration, abrasion, or dissolution of Co-Mn par-
ticles in the 24-h experiments, and stable hydrogen yields could be
achieved. Increasing the molar ratio of Co/Mn in the particles also
increased the conversion of CH,. The addition of suspended particles
to the molten salt can only be used for mechanistic studies of the meth-
ane cracking process and is not applicable in actual production because
of the buildup of solidified molten salt and particles in the detachment

TABLE Ill. Comparison of test results of catalytic methane cracking in molten media.

REVIEW pubs.aip.org/aip/rse

zone in the upper layer of the molten salt, which can cause clogging
and pressure buildup in the reactor over a long period of operation.

Table TII summarizes the experimental conditions and main
results of methane cracking in different molten media.

In Table I, Dy, denotes the internal diameter of the reactor
(mm), H denotes the height of the reactor (mm), D,,q is the size of the
end of the gas injector (mm), L denotes the effective filling height of
the catalyst medium in the reactor (mm), ¢ denotes the residence time
of the gas bubbles in the medium (s), T denotes the experimental tem-
perature of methane cracking (°C), F is the rate of the gas flow [b
denotes the flow rate of the gas (ml/min), ¢ denotes the flow rate of gas
in the standard condition (ml/min)], and Xcyy4 denotes the highest
methane conversion during methane cracking.

D. Summary of methane cracking in molten media

The method of molten metal catalyzed methane cracking has the
following advantages: (1) there is no problem of poisoning and

Reactor Reaction condition XcHa C purity c
Molten medium D, H Dena L t T F % % morphology
Sn”’ 359 1150 1 1000 1.7-2.7 900 50 18 - e
Sn”? 406 1268 0.5 250 3.2-49 1000 50° e 30 C Soot
Sn*° 254 3556  0.0005 101.6 0.3-05 750 15° 51 C Soot +
graphite
Sn'° 3 500 1 120 . 1300 500° 64 C powder+
(70 vol. % Ar) C sheets
Mg"’ 16 200 3 15 e 700 5 <30 e C Soot
Te” 12 >400 e 70 <12 750 10° >30 Te>2 Disordered
(30vol. % Ar) at. % graphic C
Ga'* 36 360  0.16-0.25 150 0.5 1119 450° 91 e C black
(50vol. % Ar)
Niy;Biy;" 30 . . 1100 7 1065 10° 95 graphite
(10 vol. % Ar)
Ni,,Bi;;-NaBr*’ 22 . 2 660 + 260 5.3 1000 10° 375  >95wt. %  Ccack +
CNTs
Niy,Bi;;~NaBr' %’ 8 650 >0.01 65+ 31 e 985 9® 70wt. %  Disordered
(33vol. % Ar) graphic C
MnCL-KCl 25 250 2 125 0.6 1050 5° 55 >96at. % graphic
(67:33 mol. %)’ sheets
NaCl-KCl 25 250 2 125 0.6 1000 20° 9 >92.8at. %  graphic
(1.02:1mol. %)-FeCls sheets
(3wt. % )100
NaBr-KBr 16 250 2 190 0.69-0.76 1000 15° 585 91.7-97.4  Disordered
(48.7:51.3 mol. %)""” at. % nano-C
NaBr-KBr 26 700 2 580 10 1000 45° e Disordered
(48.7:51.3 mol. %)-Al,05 (67 vol. % Ar) nano-C
(2.5wt. %)""*
Ni,;Biy3-ZrO,-NaBr'” 8 650 >0.01  48+38+31 . 985 9° 74wt. %  Disordered
(33vol. % Ar) graphic
C+ little
C fiber
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FIG. 10. Conversion ratios of methane cracking in different molten media.”
Reprinted with permission from Zeng et al., ACS Catal. 10, 8223-8230 (2020).
Copyright 2020 American Chemical Society.

deactivation of the catalyst by carbon covering and coking, and the car-
bon in methane is not emitted as a gas. (2) Continuous separation of
product hydrogen and carbon can be realized in the production pro-
cess, ensuring the continuity and stability of actual production. (3) If
the by-product carbon is processed to make high-value-added carbon
materials for sale, some of the production costs of the process can be
scaled down. (4) Solid carbon is more accessible to collect and store
than gaseous CO,, and since the SMR hydrogen production process
emits a large amount of CO,, the molten metal catalyzed methane
cracking process can compete with the current SMR process applied
for large-scale production when the capture and storage of CO, is
considered.””'"”

Different molten media catalyze methane cracking with different
properties. In general, molten alloys have the best catalytic effect, next
are molten metals, and molten salts are last."” However, metal Te is an
exception,”” as seen in Fig. 10, tellurium activity decreases upon the
addition of Ni to the melt; the reason may be that those specific elec-
tronic interactions between Te and Ni reduce the concentration of tel-
lurium in contact with methane. Furthermore, we can find that the
catalytic effect increases with the increase in temperature, which means

REVIEW pubs.aip.org/aip/rse

that high temperature is an indispensable condition to obtain a good
methane conversion in molten metal.

Although molten salts are weak catalysts for methane cracking
reactions, they have the following advantages over molten metals: (1)
Molten salts have a lower density and require less mass than molten
metals to fill the same reactor volume, reducing their cost.'”” (2) By-
product carbon of methane cracking in molten salts can be cleaned to
achieve higher purity, and it is easier to remove molten salts than metal
from carbon. (3) The lower vapor pressure of the molten salt not only
reduces its evaporation during the cracking process of methane but
also reduces the amount of melt loss in a reactor with more than two
phases, where the upper molten salt inhibits the evaporation of the
lower metal."”

Because there are more advantages of the molten media catalytic
cracking methane for hydrogen production, many researchers have
done many works on this zone, and the main development trend of
molten media is shown in Fig. 11. It can be found that the catalytic
performance of metal is related to its electronegativity.'” Different cat-
alysts have advantages and disadvantages, as molten alloys have good
catalytic effects but contaminate by-product carbon, and molten salts
can purify carbon but are weak catalysts. The future molten catalysts
will be a multiphase liquid medium combined with molten alloy and
molten salt to achieve high methane conversion and low carbon
pollution.

Hydrogen production from methane by catalytic cracking in mol-
ten media has many advantages and is a novel and low-carbon emis-
sion process. With the emergence of high-quality catalysts (e.g., NiBi,
CuBi, NiMoBi, etc.) and two-phase molten media reactors for purify-
ing carbon, methane cracking in molten media will most likely become
a new trend. However, the choice of the medium as the cracking cata-
lyst for methane in the actual production process still needs to be more
conclusive, and researchers must conduct more in-depth fundamental
research and industrial studies gradually to promote the catalytic
cracking methane to hydrogen in molten media into the industrializa-
tion stage.

IV. MECHANISTIC ANALYSIS OF METHANE CRACKING

The reaction of catalytic cracking of methane is generally divided
into three steps: (1) methane gas diffuses to the catalyst surface and
adsorbs on the catalyst surface; (2) methane gas is activated by the cat-
alyst to reduce the C-H bonding energy, followed by the cracking

High melting point ~ High metal pollutants in carbon
. NiBi, CuBi, and Monometal and
L NiMoBi perform better molten salt
Metal catalytic U U U
performanceis - \onometal > Alloy Molten Multiphase
iiﬁ i Ii salt liquid medium
. Na molten salt is
Non-catal: ctal
on-catalytic m S Alloy and molten salt
Weak catalysis Weak catalysis

FIG. 11. The development trend of molten media for methane cracking.
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reaction to generate hydrogen and solid carbon; and (3) generated
hydrogen is desorbed from the catalyst surface and diffuses into the
gas phase. Only by deeply analyzing and fully understanding the
mechanism and kinetics of the methane cracking process can we grasp
the correct research direction of the rapid methane cracking reaction
for hydrogen production.

In the 1970s, Chen''*""" investigated the cracking mechanism of
methane in different static systems at temperatures of 722, 765, 795,
and 830 °C, pressures in the range of 0.0033-0.0933 MPa. It was found
that methane cracking produced intermediate gas products such as
ethane, ethylene, and acetylene in addition to hydrogen. The cracking
process of methane is described by the homogeneous, nonchain radical
mechanism:

CH, — CH, - +H., )
H-+CH, — CH;-+H,, @)
2CH;- — C,H, 3)

CH; - + CHg¢ — CH4 + Gy Hs:, (4)
C,Hs- — CoH, +H-. ()

In terms of melt-catalyzed cracking, Wang et al.”’ proposed a

possible pathway for the cracking reaction of hydrocarbons on molten
magnesium metal (Fig. 12). Molten magnesium can transfer heat to
the decomposition process in addition to activating the C-H bonds of
hydrocarbons. Cracking of hydrocarbons produces not only hydrogen
but also Mg,C; and Mg,C intermediates. Due to the instability of mag-
nesium carbide, it tends to decompose into carbon and magnesium,
after which the magnesium is returned to the reaction system, and the
carbon is separated and removed.

Isotope exchange experiments between CH, and D, (D is an iso-
tope of H) in pure KCl by Palmer et al."'” showed that the dehydroge-
nation order of methane is CH;D > CH,D, > CHD; > CD,,
indicating that pure KCl activated the first C-H bond of CH, to pro-
duce CHj. Based on the density functional theory and molecular
dynamics simulation, Bae et al'"’ simulated the isotope exchange
experiments of CH,-D, in the melts of MnCl,, KCl, and MnCl,-KCl
mixtures. The results showed that more CH,D, and CH;D deuterium
products existed on the surface of the molten salts of MnCl, than that
of KCl, so it is believed that pure MnCl, contains catalytic activator,
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FIG. 12. Hydrocarbon pyrolysis path in molten magnesium.** Reproduced with per-
mission from Wang et al., J. Mol. Catal. A 283, 153-157 (2008). Copyright 2008
Elsevier BV.
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which is favorable for the breaking of the first C-H bond in methane,
and the formation of CHj is promoted. However, the critical step in the
cracking reaction of methane is still the generation of CHj. In addition,
the density functional theory calculations and experiments confirmed
that the cracking of methane in MnCl,~KCl mixed molten salt produces
a large amount of CH3, and the possible reason is that the energy barrier
for the transition from CHj to CHj in the mixed molten salt is low, so
the catalytic system has a unique pathway of methane dehydrogenation.
The mixed molten salt of MnCl,-KCl is more active in catalyzing meth-
ane cracking than the pure MnCl, and KCL

Kang et al."” found in their experiments on methane cracking
catalyzed by FeCl;-NaCl-KCl molten salts that the apparent activation
energy of methane cracking decreased from 301kJ/mol (0 Fe) to
171kJ/mol (3wt. % FeCls) with an increase in the concentration of
FeCl;, the apparent first-order rate exponent decreased at the same
time, which was consistent with a transition from a gas-phase colli-
sion-based reaction pathway to a surface-mediated catalytic process. In
addition, where CHD; and CH,D, were generated in large quantities,
the mixtures CH, and D, underwent H-D exchange reactions, con-
tributing to methane cracking.

The Arrhenius plots obtained by Palmer et al.”” in their experi-
ments on methane cracking catalyzed by molten CuysBiss confirmed it
as a first-order reaction. The surface tension of the alloy was measured
by the maximum bubble pressure method, and it was found that a
small amount of Bi was present in the solvent Cu, so the surface ten-
sion of Cu was lowered so that Bi would be enriched on the surface of
Cu, then Cu absorbs methane better. Scholars used constant-
temperature ab initio molecular dynamics to simulate the methane
cracking process; the results are shown in Fig. 13. The path of methane
dissociation to generate the CH;-Bi bond and H-Cu bond requires
the lowest energy, that is, the methane dissociation process to generate
methyl bismuth and copper hydride is more stable. Hence, the pres-
ence of Bi promotes the cracking of methane.

In addition, Palmer et al” applied the nudged elastic band
method (NEB) to study the dissociation energies of H and CH3 when
they are most stable on the surface of the CuysBiss melt. The results
are shown in Fig. 14. It was shown that the activation energies of meth-
ane cracking in the two stable states were 2.53 and 2.60 eV, which were
very close to each other and close to the experimentally measured
effective activation energy of 2.3 = 0.2 eV. From this, the final dissocia-
tion energies of methane in the two stable states were obtained as
+1.22 and +1.25 eV, respectively.

V. CHARACTERIZATION OF BY-PROCUCT CARBON

One of the advantages of molten-metal cracking is that the by-
product carbon can be continuously separated and collected from the
melt, and the competitiveness of molten-metal-catalyzed methane
cracking for hydrogen production can be improved if the carbon is
processed and purified to be sold as a high-value-added material.
Carbon materials with different properties are sold at different prices in
the market, e.g., carbon black is sold at 0.34-1.92 USD/kg, graphitic car-
bon is sold at about 9.04 USD/kg, and carbon fibers are sold in the
range of 22.59-106.19 USD/kg.'"* The morphological characteristics of
the by-product carbon are related to the catalyst and operating condi-
tions used in the methane cracking process, and it is reported that
higher methane dilution rates cause the formation of larger carbon par-
ticles during methane cracking.”” The cracking of methane molecules
in the melt differs from conventional thermal cracking and catalytic
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FIG. 13. Shortest distances of H or C from Bi or Cu atoms, respectively, on the surface of the molten CuysBiss:" (a) shortest distance between Bi or Cu atoms and H, and (b)
shortest distance between Bi or Cu atoms and C. Reprinted with permission from Palmer et al., ACS Catal. 9, 8337-8345 (2019). Copyright 2019 American Chemical Society.

cracking with solid catalysts. The dissolution process of carbon atoms
generated by the decomposition of methane in the melt hinders the
growth of nanofibers and nanotubes. Section V outlines the morpho-
logical characteristics of the by-product carbon generated from the cat-
alytic methane cracking with molten media.

First, the by-product carbon of methane cracking in molten metal
has different structures depending on the medium. The carbon pro-
duced by catalytic cracking in molten Te is disordered,”” and the car-
bon produced in molten Ga is carbon black.”* Most of the carbon
generated by the cracking of methane in the melts Sn, SnCus, and
SnNis was stacked,”’ while in the melt SnCus, a tubular structure of
carbon was found; in addition, all the carbon generated was partially

2.5

E,=253eV
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1.0 E=131eV

Energy (eV)
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Reaction path (A)

entrained with metallic Sn. The presence of Ni in the melt reduces the
amorphous structure of the carbon and moves the carbon toward a
graphitized structure.

The purity of carbon obtained in molten salts will be much
higher. The cracking of methane in NaCl-KCI molten salts gave car-
bon a spherical structure. After adding 3 wt. % of FeCl; into the molten
salts, the carbon was obtained as a polycrystalline flake graphite struc-
ture, with the final purity exceeding 90 at. %.'”’ The carbon obtained
from methane cracking in MnCl,-KCl molten salt showed a polycrys-
talline flake graphite structure with a size of about 11 nm. In contrast,
the carbon produced in pure MnCl, molten salt showed an irregular
amorphous structure with large particles.”

E,=2.60 eV (b)

Energy (eV)
- -
=) %)

I
4

-0 1 2 3 4 5 6 7
Reaction path (A)

(c) (d) (e) (f) (9) (h)

-0.13 eV 2.40eV 1.18 eV

-0.10 eV 250 eV 1.25eV

FIG. 14. Energy changes of methane dissociation process on molten CuysBiss surfaces.” (a) Both CH3 and H are placed on the Bi atom. (b) CH3 is on the Bi atom, and H is
between two Cu atoms. (c) and (f) Initial state of arrangement of atoms on the surface of the melt and dissociation energy of methane. (d) and (g) Arrangement of atoms on the
surface of the melt during methane dissociation and dissociation energy of methane. () and (h) Dissociated state of methane consisting of CH3 and H. Reprinted with permis-
sion from Palmer et al., ACS Catal. 9, 8337-8345 (2019). Copyright 2019 American Chemical Society.
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Rahimi et al®” found that methane cracked in a single-phase
NiBi melt yielded carbon flakes of graphitic carbon, whereas most of
the particles of carbon generated by cracking in a two-phase NiBi-
NaBr/KBr melt were 20-50nm spheres and a few aggregates of
100-200 nm carbon black. In addition, KBr has a more substantial
wetting effect on carbon, so it is more likely to be entrapped by carbon
and become a contaminant of carbon, so the purity of carbon gener-
ated in the upper layer of NaBr molten salt will be higher than that of
carbon generated in the upper layer of KBr molten salt.

VI. SUMMARY AND PROSPECT

Green and clean hydrogen energy is getting more and more
attention as the Earth faces the severe problem of climate warming. As
a result, the demand for hydrogen is rising in society. The method of
methane cracking for hydrogen production is considered an ideal pro-
cess because the by-product carbon exists in a solid form. However,
the process needs to be more mature for production practice. This
paper comprehensively reviews the catalytic properties, cracking
mechanism, and by-product carbon morphology in the methane
cracking process for hydrogen production. We want to find a suitable
pathway for the hydrogen production process.

First, this paper reviews the experimental studies on carbon-
based and nickel-based materials as methane-cracking catalysts. All
solid catalytic materials suffer from the problem of deactivation due to
carbon coverage and thus face the challenge of emitting a large amount
of greenhouse gases when the failed catalysts are regenerated. Adding
some Fe or Ni catalytic metals to carbon-based catalysts can improve
the catalytic activity of carbon-based materials. When nickel-based
materials are used as catalysts, the catalytic cracking temperature of
methane can be lowered to less than 800 °C, and methane has a perfect
cracking effect on nickel-based catalysts, so nickel-based catalysts are
still attracting the attention of many researchers. However, the prob-
lem of high susceptibility to deactivation of nickel-based catalysts is a
priority that needs to be solved urgently.

Second, this paper comprehensively summarizes the study of
using iron-based catalysts. The catalytic performance of iron-based
materials is slightly inferior to nickel-based materials but still shows an
excellent catalytic cracking effect. In addition, since cheap iron ore
powder catalysts do not require a synthesis step, they can be used for
the catalytic cracking of methane after simple grinding. It has been
reported that iron ore catalytic cracking of methane can achieve 78%
methane conversion. As a methane-cracking catalyst, iron ore powder
demonstrates significant cost and catalytic effect advantages. Since
iron ore is an abundant resource, the devitalized ore powder can be
further utilized as raw material for ironmaking, avoiding the catalyst
regeneration problem.

Third, a detailed review of experiments on methane cracking in
molten metals, molten alloys, molten salts, and two-phase liquid media
is presented. Methane cracking in molten metals or alloys typically has
higher conversion than in molten salts, but carbon contamination is
severe. The new study found that Cu-Bi alloys are better than Ni-Bi
alloys for the catalytic cracking of methane because the H atoms in
methane are prone to bond with Cu atoms, and Bi will be coordinated
to CH3 radicals, which will activate and break the C-H bond in meth-
ane. In addition, the hydrogen production rate of methane cracking in
Ni-Mo-Bi ternary alloy is 37 times higher than that of Ni-Bi alloy,
and the stability of the reaction reaches 120 h. The purity of by-
product carbon will significantly improve when it passes through the

REVIEW pubs.aip.org/aip/rse

upper molten salt, and the carbon purity can reach more than 92 at. %
after the carbon is washed by subsequent processing.

Fourth, the mechanism of methane cracking is analyzed. The
cracking process of methane generates intermediate products such as
ethane, ethylene, acetylene, etc. The dehydrogenation process of meth-
ane is carried out step by step, and the activation and breaking of the
C-H bond is the crucial step to catalyze methane cracking. With the
help of numerical simulation software, the microscopic process of
methane cracking can be shown more clearly. However, the mecha-
nism of methane cracking may change under different experimental
conditions, and more detailed studies are needed to understand the
mechanism in depth.

Finally, the structures of by-product carbon produced by meth-
ane cracking in molten metals are reviewed. Most of the by-product
carbon generated from methane cracking in molten metals exists as
carbon black. In contrast, the carbon generated in a single molten salt
moves toward a graphitic structure.

The following research suggestions are put forward to obtain a
stable and highly active catalyst for methane cracking and promote the
industrialization of catalytic methane cracking hydrogen production.

1. It is necessary to combine experimental results with DFT calcula-
tion to identify the active center during methane conversion,
reveal the real reaction process, and then clarify the reaction
mechanism. In addition, in situ characterization techniques, such
as x-ray photoelectron spectroscopy, x-ray diffraction, and trans-
mission electron microscopy, should be used to observe the inter-
mediates. This will provide important guidance for the design of
high-performance catalysts.

2. The formation mechanism of carbon allotrope in the liquid
phase catalytic system is still unclear and needs further study.
Understanding the formation mechanism of by-products can
clarify the production method of carbon products so that the
molten media catalytic methane cracking technology can pro-
duce two valuable products.

3. The methane pyrolysis process requires heat, and burning fossil
fuels to provide energy will emit greenhouse gases, so a new mol-
ten media solar reactor will become a new research direction of
clean hydrogen production technology.

4. In addition to basic research, more efforts are needed to promote
methane cracking to produce hydrogen for industrial applica-
tions. Therefore, it is indispensable to design and build large cat-
alytic reactors to verify the activity and durability of industrial
catalysts. Moreover, economic and technical analysis is also
required to determine the technical feasibility of methane crack-
ing for hydrogen production.
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