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A B S T R A C T

Catalytic methane decomposition (CMD) can pave the route for co-production of COx free hydrogen and valuable
carbon materials, and it is considered as a potential promising strategy to develop eco-friendly and low-carbon
hydrogen economy. However, there are still some challenges for utilization of traditional metal and/or carbon
catalysts. In this work, relatively dispersed and efficient Ni/carbon catalysts were handily prepared for CMD by
selective steam gasification of coal char with addition of nickel and/or cerium compositions. Carbothermal
reduction during the gasification process could enable in-situ formation of Ni0 crystallites and facilitate the
gasification efficiency and thus achieving co-production of hydrogen-rich gas and Ni/carbon hybrids with large
surface areas (217–265m2/g). When the Ni/carbon hybrids as the selective gasification residues were used for
CMD, high and stable methane conversion (up to about 90% at 850 °C) can be obtained in the 600-min CMD
reaction, thanks to the relatively dispersed and active Ni0 crystallites, large surface area of the porous carbon
support and formation and growth of the fibrous carbon deposits.

1. Introduction

Hydrogen is and will be in the foreseeable future, one en-
vironmentally benign and promising energy carrier since it can be ef-
ficiently converted into electricity and other energy forms without any
pollution. Therefore, considerable efforts have been made to produce
hydrogen from water and/or hydrocarbons by thermochemical, elec-
trochemical, photochemical or biological technologies [1–3]. Among
the various hydrogen production strategies, steam reforming of natural
gas is the most economical and popular technology that contributes to
about 48% of the whole world's hydrogen consumption [1,3–5]. How-
ever, the process produces large amount of COx, and thus it is usually
accompanied by complicated and costly water-gas shift, separation and
purification steps. Besides, the by-product CO2 capture and storage is
also highly-energy intensive and costly. As a result, increase in demand
of COx free hydrogen, especially for use in hydrogen fuel cells, offers
opportunities to develop catalytic methane decomposition (CMD, CH4

(g)→ C (s)+ 2H2 (g), ΔH298K= 75 kJ/mol) as a potential alternative
process. In the CMD process, it is possible to obtain eco-friendly and
cost-effective hydrogen since the process can pave the route for co-

production of COx free hydrogen and valuable carbon materials (such as
carbon nanotubes, carbon fibers and graphene nano-platelets) by using
some catalysts [6–10].

Supported metal (such as Ni, Fe and Co) [6,10–13] and carbon (e.g.,
disordered/ordered, amorphous forms) catalysts [3,14–17] are the two
most common ones used for CMD. Generally, metal-based catalysts
usually present high initial activity but become rapidly deactivated,
giving rise to the nucleation and growth of valuable carbon materials
(such as carbon nanotubes and fibers). For comparison, carbon catalysts
often show lower catalytic activity but better stability in CMD, often
inducing the formation of amorphous carbons. The distinctly different
performances can be attributed to the nature, concentration and ac-
cessibility of the active sites on the catalyst surface [3,6,13,14], mainly
affecting by the active species, preparation conditions, operating
parameters, surface and structural properties. So, is there any possibi-
lity to develop one metal/carbon hybrid catalyst with high and stable
activity for CMD by combining their both advantages? Inspired by this
idea, many carbon materials (e.g., activated carbons and carbon blacks)
have been utilized as supports of metal-based catalysts. Carbon mate-
rials can be handily tailored to develop a large surface area and high
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porosity, and thus promoting dispersion of the active metals and the
resistance to sintering/agglomeration [3,18,19]. Another prominent
superiority of the strategy is that active metals on carbon supports can
be easily reduced. Traditionally, carbon supported metal catalysts are
usually prepared by impregnation- or precipitation-hydrogen reduction
method, using the as-prepared carbons (finished products) with specific
surface and structural properties [3,18,19]. In contrast, in situ synthesis
of metal/carbon composites as catalysts can facilitate higher metal
dispersion and even improve the catalytic performance especially for
the low loading amount of metals. An interesting example in previous
work [20] was described by introducing some metal precursors (e.g., Ni
(NO3)2) into the preparation process of carbon materials, which enables
it possible to directly produce active metal (e.g., Ni0) doped carbons by
successive decomposition of the metal precursor and carbothermal re-
duction. Co-production of hydrogen and carbonaceous fibers can be
obtained with high and stable methane conversion in CMD as well.
Similar work on Fe doped carbons had been also reported in literature
[21]. Beyond that, however, there is little work focusing on the in situ
synthesis of metal/carbon catalysts for CMD.

Currently, syngas (H2 and CO) production from coal and/or biomass
by gasification technology is considered as an attractive and reliable
route to produce chemicals, fuels, and electricity. However, the ash-
associated problems (e.g., deposition, sintering, slagging, fouling and
agglomeration) are part of the most important challenges to achieve a
continuous, reliable and economic gasification process on an industrial
scale [22–24]. Ash mainly consists of the inherent minerals (e.g.,
kaolin, montmorillonite, calcite, quartz and pyrite in raw coal) or me-
tals (such as inorganic elements associated with the organic matter in
raw coal/biomass) and is known as the waste product that has caused
many disposal problems [25–28]. One potential strategy to reduce the
waste is recycling or reuse instead of landfilling. For example, the high
ash composition in coal ash such as CaO, SiO2, Al2O3 and Fe2O3 can
serve as the support of metal catalysts [28], leading to “Waste to
Wealth”. Selective or partial gasification can provide convenience for
the residual char (consisting of the intrinsic mineral matters and some
unreacted carbon) to directly serve as the catalyst support [25,26]. The
surface area of some biomass chars from partial gasification can be up
to 687–776m2/g [25,26] while that of coal char (CC) from partial
gasification can reach up to 812m2/g [29]. In the previous work [29],
simultaneous synthesis of hydrogen-rich gas and porous carbon could
be achieved by selective gasification of CC, which makes it possible to
create metal/carbon hybrids in situ during the gasification process by
introducing certain metal precursors.

Luckily, here relatively dispersed and robust Ni/carbon catalysts
were handily prepared for CMD by selective steam gasification of CC. It
provides true opportunities for achieving highly cost-effective hydrogen
production while yielding a high metal efficiency. Besides hydrogen-
rich gas released from the gasification process, efficient Ni/carbon
catalysts can be formed in situ by selectively controlling the gasification
conditions. Therefore, another CMD reaction could be directly carried
out in the same reactor just by switching feedstock from steam to me-
thane. Co-production of hydrogen and fibrous carbons can be achieved
with high and stable methane conversion (up to 80%–90%) in the 600-
min CMD reaction (850 °C, the total space velocity up to 12 L/(gcat·h)).
The implementation of the integrated process of selective gasification
and CMD could be a potential strategy towards process intensification,
making it possible to develop more profitable, less hazardous and more
sustainable technologies for hydrogen production, particularly for small
to medium-scale installations adapted to the economic context of most
worldwide regions.

2. Experimental

2.1. Materials

One industrial CC sample (known as blue coke) was obtained with

the particle size of 13–25mm from Shenmu Company of Five-continent
Coal Chemical Industry, China. It is the residual solid product from the
pyrolysis process of high volatile and weak or non-caking coal at about
600 °C. The CC sample was crushed and sieved to particle size of
0.15–0.25mm before use in this work. The proximate analysis of the CC
sample is presented as follows (air dry basis): moisture 6.76%, volatile
matter 14.36%, ash 9.83% and fixed carbon 69.05%. And its ultimate
analysis is shown in weight percent as follows (dry ash-free basis):
carbon 88.29%, hydrogen 1.55%, nitrogen 1.22%, oxygen 8.39% and
sulfur 0.56%. Ni(NO3)2·6H2O was purchased from Guangdong
Guanghua Technical Company, China, and used as the precursor of
nickel. Ce(NO3)3·6H2O (Shanghai Shanpu Chemical Company, China)
was utilized as the cerium precursor.

A series of samples designed for steam gasification were prepared by
impregnation method, and the procedure shows as follows: (1)
Preparation of mixtures consisting of CC (5.0 g) and a certain amount of
the nickel and/or cerium precursors in a solution containing 50mL
water and 10mL ethanol at ambient temperature. In detail, the mass
ratio of CC:NiO was designed as 1:x based on the stoichiometric method
(air dried basis), where x ranges from 0.02 to 0.10. The mass ratio of
CC:CeO2 was denoted as 1:y (air dried basis) and y changes from 0.05 to
0.20. When both nickel and cerium compositions were used as the
additive, the mass ratio of CC:CeO2:NiO was designed as 1:0.20:x (air
dried basis). (2) Stirring the mixture in a sealed beaker for 24 h at
ambient temperature, and then evaporating in vacuum and drying at
110 °C overnight. (3) Formation of NiO/char, CeO2/char and NiO-
CeO2/char hybrids after thermal treatment (400 °C, 1 h) of the dried
mixtures under N2 atmosphere (99.999%, 120mL/min), respectively.
(4) Using the NiO/char, CeO2/char and NiO-CeO2/char hybrids as the
gasification feedstock, respectively.

Residual solid products of the gasification process were used as the
catalysts of CMD reactions. They were named as CC-xNi, CC-yCe and
CC-20Ce-xNi corresponding to the initial nominal mass ratio, respec-
tively. For examples, the gasification residue CC-5Ni was derived from
the initial mixture prepared with CC and the nickel precursor at the
CC:NiO ratio of 1:0.05, and the sample CC-20Ce-5Ni was resulted from
the initial mixture prepared with CC and the nickel and cerium pre-
cursors at the CC:CeO2:NiO ratio of 1:0.20:0.05. For comparison, the
gasification residue from the CC sample was also obtained and denoted
as CC-1.

2.2. Gasification and CMD processes

Steam gasification experiments were conducted in a vertical stain-
less steel fixed-bed reactor (length of 450mm and internal diameter of
16mm) that had been described in detail elsewhere [29]. Specially, the
NiO/char, CeO2/char, NiO-CeO2/char hybrids and the CC were used as
the gasification feedstock, respectively. They were placed at the center
of the reactor with the loading height assured by the prefilled silica
sand (particle size of 0.85–1.70mm). The reaction temperature was
measured with a K-type thermocouple mounted on the outer wall of the
reactor, and isothermal gasification reactions were carried out at 700 °C
under atmospheric pressure. The reactor was heated from the ambient
temperature to the reaction temperature (10 °C/min) under nitrogen
atmosphere (99.999%, 25mL/min). When the desired temperature was
achieved, excessive steam (0.381mol/min) that can be continuously
produced from a steam generator was input to start the steam gasifi-
cation. Here excessive steam was selected to maximize hydrogen pro-
duction and tar elimination by steam reforming. The reaction time of
each gasification process was kept constant at 120min. When the ga-
sification experiment was finished, the reactor was stopped heating at
once and meanwhile nitrogen (400mL/min) was used instead of the
steam stream to purge the reaction system for more than 15min. And
then the nitrogen flow rate was switched to 25mL/min and kept until
the reactor becomes cool. In order to quantitatively and qualitatively
analyze the gasification residue, it was usually discharged from the
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