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Abstract

New and alternative CCS-technologies were innovated at the beginning of the
CCSP research program. As a result, the study of thermo-catalytic decomposition
of methane (TDM) was started in 2011. TDM is a potential method to enable natural
gas utilization with less CO2-emissions. TDM could be applied to convert the me-
thane in natural gas to solid carbon and gaseous hydrogen. Thus, solid carbon is
produced instead of gaseous CO2. The product carbon from TDM could be easier
to storage than the gaseous CO2, or it may even be a marketable product.

TDM reseach was conducted at the Tampere University of Technology in co-oper-
ation with the following partners: Fortum, Gasum, Neste, Helen, ÅF-Consult and
VTT Technical Research Centre of Finland. The TDM research results published in
2011–2016 at the Tampere University of Technology are separately listed in refer-
ences. This report is a summary of the final and unpublished results of the TDM
studies.

Tampere, September 2016
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1 Introduction
The International Energy Agency (IEA) has predicted that the annual hydrogen de-
mand will increase from the current 7 EJ to 22 EJ in 2050 (IEA, 2015). The main part
of the growth is due to the predicted increase in the number of fuel cell vehicles. Cur-
rently, the most important process for hydrogen production is the steam methane re-
forming, which is a significant source of CO2 emissions. Alternative technologies are
required in order to reduce the CO2 emissions in hydrogen production.

Thermo-catalytic decomposition of methane (TDM) is a reaction where methane con-
verts into gaseous hydrogen and solid carbon. In practice, traces of higher hydrocar-
bons may also be found among the products. The reaction equation of methane de-
composition, which is also known as methane decarburation or (direct) methane crack-
ing, is shown in Eq. 1. (Muradov, 1998).

CH (g) → C(s) + 2H (g)							∆H = +76
kJ

mol 																																				(1)

The methane conversion and the properties of the product carbon depend on the re-
action conditions, e.g., temperature and reaction time, and on the properties of possibly
applied catalyst. Thus far the experimental research on TDM presented in the literature
has focused both on thermal and catalytic reactions. The methane decomposition re-
action mechanism, the applied catalysts, the properties of the product carbon, several
different experimental setups, and possible heating sources for a full-scale application
have been extensively summarized in reviews (Amin et al., 2011; Abbas and Daud,
2010; Li et al., 2011; Ashik et al., 2015). Furthermore, the effect of the reaction param-
eters in TDM on the process design and utilization possibilities of the product carbon
has been presented recently in Keipi et al. (2016b)

Already in 1998, Muradov (1998) presented a conceptual idea to apply methane de-
composition to natural gas for the on-site production of a gas blend containing hydro-
gen and methane. A techno-economic analysis of a commercial-scale application for
methane decomposition has been conducted previously (Keipi et al., 2016a). In that
study, the value of the product carbon was found to be the most important factor af-
fecting the economic feasibility of the entire process. Triphob et al. (2012) have come
previously to the same conclusion. Therefore, it is essential to study the properties and
quality of the product carbon that originates from the methane decomposition process.

Evaluating the utilization possibilities of the TDM product carbon can be divided into
the following steps: (i) the effect of the reaction conditions in methane decomposition
on the morphology of the product carbon, (ii) the effect of the morphology on the phys-
ical and chemical properties of the product carbon, (iii) the effect of the carbon proper-
ties on the utilization possibilities of the product carbon. The first part was studied most
recently at the Tampere University of Technology, and the results are presented here.
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Moreover, the most important properties of the product carbon related to its utilization
possibilities are introduced briefly.

2 Carbon from methane decomposition
As summarized in (Keipi et al. 2016b), the structure of the product carbon that origi-
nates from methane decomposition depends on the reaction temperature and cata-
lysts. According to the literature analysis of Keipi et al., the non-catalytic or carbon-
catalyzed TDM reaction produces carbon black or graphite-like carbon. In contrast,
TDM with metal catalysts produces filamentous carbon, such as carbon nanotubes
and nanofibers depending on the catalyst metal. The structure and quality of the prod-
uct carbon affect the utilization possibilities of the carbon.

2.1 Carbon from non-catalytic TDM

The Encyclopedia of Chemical Technology (Kirk-Othmer, 2007) defines carbon black
as a generic name for products which mainly consist of elemental carbon and have an
extremely fine particle size. Furthermore, thermal black is defined as a type of carbon
black that has larger particle size and is produced by the thermal decomposition of
gaseous hydrocarbons, for example, methane. The thermal black process, which uses
natural gas as a feedstock, was introduced in the 1920s, but later it was replaced in
carbon black production with an oil-furnace process that employs heavy fuel oil as a
feedstock (Kirk-Othmer, 2007). The oil-furnace process is still the most widely applied
process to produce carbon black (Kirk-Othmer, 2007). The main application for carbon
black is a filler in rubber compounds, where it improves the physical properties of the
material (Forest, 2001).

Lahaye and Prado (1974) have stated that carbon from the decomposition of gaseous
hydrocarbons comes in two different forms. First, pyrolytic carbon forms on the wall of
the reactor in the form of small plates with a shape and size determined by the surface
that collects the particles. Second, carbon black is also formed in a gaseous phase
inside the reactor.

Generally, the formation of carbon black is divided into the following phases: the for-
mation of carbon black precursors from the hydrocarbon molecules at the gas phase,
nucleation of the precursors, aggregate formation, surface growth on particles or ag-
gregates, agglomeration due to the collision of the aggregates, and finally the reactions
of the carbon black surface with the gas phase (Kirk-Othmer, 2007). The main part of
the carbon black mass is produced by surface growth rather than through the formation
of new carbon black particles (Heinrich and Klüppel, 2001). The surface growth, which
occurs after the formation of aggregates, causes the aggregates to be the smallest
existing entity in carbon black (Heinrich and Klüppel, 2001). Thus, aggregates can be
separated into particles only by fracturing.

Since the main application for carbon black is rubber products, its properties are gen-
erally regarded from that perspective. When the utilization possibilities of the carbon
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black are considered, particle size is one of the most important parameters (Kirk-Oth-
mer, 2007). This is because the particle size greatly affects the specific surface area
of carbon black, and therefore determines the area where the carbon black can further
interface with other compounds. According to (Kirk-Othmer, 2007), increasing the tem-
perature during carbon black formation increases the surface area of carbon black.
The specific surface area can be determined from the particle size measurements by
using a transmission electron microscope (TEM) or directly with the following stand-
ardized methods: nitrogen adsorption, iodine adsorption, and the adsorption of cetyltri-
methylammonium bromide (Kirk-Othmer, 2007). Furthermore, the smaller particle size
of carbon black indicates better reinforcing properties and abrasion resistance
(Speight, 2015).

When considering the everyday use, the carbon black structure, which generally refers
to the morphology of the aggregates, is also an important parameter (Kirk-Othmer,
2007). The aggregate size and shape, and the distribution of these factors affect the
ability of carbon black to perform as a reinforcing agent or as a pigment (Kirk-Othmer,
2007). In addition to the particle size and structure, the surface activity is also an im-
portant parameter affecting the utilization of carbon black (Kirk-Othmer, 2007).

2.2 Carbon from TDM with metal catalysts

Filamentous carbon, also referred to as carbon nanofibers, is produced by the catalytic
decomposition of gaseous carbon compounds over metal particles such as iron, cobalt
and nickel at temperatures ranging between 400 °C and 1000 °C (Fitzer et al., 1995;
Baker, 2001). The production of carbon filaments was developed in the 1950s and the
first electron micrographs of the carbon filaments were presented already back then
(Harris, 2009). The advances made since on the material characterization have ena-
bled more detailed research of carbon filaments. Recently, the research of carbon fil-
aments has focused on the one hand to prevent the formation of carbon on the catalyst
surface, because it deactivates the catalyst, and on the other hand, to produce highly
valuable carbon materials, such as carbon nanotubes and carbon nanofibers (Harris,
2009).

The diameter of a carbon filament typically varies from several to a few hundred na-
nometers (Rodriguez, 1993; Morita et al., 2002), and the diameter is found to be equal
with the diameter of the catalyst particle (Rodriguez, 1993; Rodriguez et al., 1995;
Poveda and Gupta, 2016). The formation of the carbon filaments follows a three-step-
process (Baker, 2001; Rodriguez et al., 1995). First, hydrocarbon decomposes on the
catalyst's surface. Second, carbon dissolutes and diffuses through the metal particle.
Finally, carbon precipitates to graphite platelets that stack on top of each other forming
the nanofiber structure. Furthermore, the carbon diffusion through the catalyst particle
is generally considered to be the rate-determining step in the growth process. The
presence of hydrogen is also known to enhance the diffusion of carbon in the metal
particle (Baker, 2001).
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The structure of the carbon filament depends on how the graphite layers are oriented
in the filament (Li et al., 2011; Rodriguez et al., 1995). Li et al. (2011) have chosen α,
the angle between the graphene layers, to classify the carbon filaments. The platelet
filaments have an α value close to 180°, the herringbone or fish-bone structure have
an α value between 30 and 150°, and the tubular or parallel filaments have an α value
close to 0° (Li et al., 2011). According to (Poveda and Gupta, 2016), faceted catalyst
particles produce filaments with a herringbone or a platelet structure and spherical
catalyst particles produce a tubular structure. Moreover, the platelet spacing in a fila-
ment can be equal with the graphene thickness, 0.335 nm (Rodriguez et al., 1995;
Burchell, 2012). Furthermore, the carbon filaments can have a straight or a spiral form.
According to (Baker, 2001), the spiral form results from the presence of sulfur or phos-
phorus that cause asymmetric formation in the carbon filament.

As illustrated in (Li et al., 2011), catalytically induced carbon growth can have two
growth mechanisms: base and tip growth. According to (Li et al., 2011), the occurring
growth mechanism depends on the metal-support interaction. When the interaction
between the metal and support is strong, the metal particles stay on the catalyst's sur-
face and the carbon filaments grow on a metal particle (base growth). With a weaker
interaction, the metal particle detaches from the catalyst's surface and moves to the
tip of the formed carbon filament (tip growth). The former mechanism has been re-
ported to destroy the catalyst (Li et al., 2011; Frusteri et al., 2012).

The practical application areas for carbon nanofibers are applications in electronics,
such as in capacitors and batteries used for energy storage, for composite materials,
gas storage by adsorption and as catalyst support material (De Jong and Geus, 2000).
In addition to presenting the application areas, De Jong and Geus have specified which
properties are the most important in each application. In electronics and in composite
materials the electrical properties, such as conductivity and capacitance, are im-
portant. When regarding the gas storage applications, higher density is favorable as
that indicates larger surface area per volume unit. Furthermore in the gas storage ap-
plications, the porosity and pore size distribution in an agglomerate of carbon nano-
fibers are important properties. The mechanical properties of a single carbon nano-
fiber, such as elastic properties and tensile strength, are important when the material
is applied for catalyst support, especially in liquid-phase catalysis.

3 Experimental research
Experimental studies of TDM without a catalyst (Rajamäki, 2014) and with metal cata-
lysts (Keipi, 2014) have been conducted and reported at the Tampere University of
Technology previously. As a follow-up work, the structure and morphology of the prod-
uct carbon from these studies were analyzed. The selected carbon samples were pro-
duced by TDM without a catalyst at the temperature of 800-1200 °C and with a nickel
catalyst at temperatures 500 °C, 550 °C and 700 °C. Dr. Mari Honkanen from the De-
partment of Materials Science at the Tampere University of technology is acknowl-
edged for conducting the material characterization analyses.
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3.1 Summary of the previously conducted experiments

The experimental studies of TDM without a catalyst are extensively reported in (Ra-
jamäki, 2014). The experimental conditions at the TDM experiments are shortly sum-
marized here. The electrically heated tube reactor (ID 25 mm and length 1000 mm)
made of mullite (3Al2O3·2SiO2) was pre-heated to 800 °C. During the reactor heating
and quenching, a constant nitrogen (99.95%) flow of 0.050 dm3/min was run through
the reactor to ensure inert conditions. The methane decomposition experiments were
conducted with a continuous methane volume flow of 0.500 dm3/min.

In each experimental run, the temperature was increased stepwise by 25 °C at a time,
and in each step the measured values were recorded after the methane decomposition
was stabilized. The product gas composition was examined with a Fourier transform
infrared spectroscopy (FTIR) analyzer. Based on these measurements, the methane
conversion at each temperature step was calculated (Fig. 1). Five separate runs with
these experimental conditions were conducted and the maximum temperatures
achieved each time are also marked in Fig. 1.

Figure 1. The measured methane conversion in the TDM experiments as a function of
reactor temperature. The insert presents the TDM reaction equilibrium.

The experimental study of catalytic decomposition of methane (CDM) have been re-
ported previously in Keipi (2014). The experimental arrangement is shortly summa-
rized here. The CDM experiments were conducted at three constant temperatures, i.e.,
500 °C, 550 °C, and 700 °C. In these experiments, the reactor functioned as a batch
reactor and at the beginning of each CDM experiment a certain number of catalyst
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pellets was placed inside the reactor (as presented in the legend in Fig. 2). The applied
catalyst in CDM experiments was a commercial nickel catalyst with a thermally durable
carrier in the form of a shaped pellet.

When the target temperature was achieved in the hottest section of the reactor, the
nitrogen flow was turned off, and the methane flow of 0.150 dm3/min was turned on.
The measurements were ended when no methane decomposition reaction occurred
anymore, or the methane conversion remained constant for several hours. The reactor
and gas analyzer were the same as in TDM experiments. Four experimental runs were
conducted and the methane conversion as a function of reaction time is shown in
Fig. 2.

Figure 2. The measured methane conversion in CDM experiments as a function of
reaction time.

3.2 Analysis methods of the product carbon

The morphology of the selected product carbons was analyzed at the Department of
Materials Science at the Tampere University of Technology. The selected product car-
bons were analyzed by a scanning electron microscope (SEM, Zeiss, ULTRAplus) and
a transmission electron microscope (TEM, Jeol, JEM-2010) equipped with an energy
dispersive spectrometer (EDS, Thermo Scientific, Noran Vantage with Si(Li) detector).
For the SEM analyses the product carbon was attached on the aluminum stub with
carbon glue. The samples for TEM analyses were prepared by crushing the product
carbon slightly between laboratory glass slides, mixing the powder to ethanol, and ap-
plying a drop of powder dispersion onto the copper grid with a holey carbon film.

X-ray diffraction (XRD, PANanalytical, Empyrean Multipurpose Diffractometer with Cu
Kα X-ray source (λ=0.15418 nm) and PIXcel3D detector) analyses were also conducted
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for selected product carbons. The X-ray diffraction phases were identified by using the
database (PDF-4+ 2014) from International Centre for Diffraction Data (ICDD). For
powder XRD analyses, the product carbon did not require any special sample prepa-
ration.

3.3 Results

3.3.1 XRD analyses

The product carbon from runs CDM 2 and TDM 2 was chosen to further analysis with
the help of an XRD analyzer. X-ray diffraction is a method used to determinate the
crystallinity of a material. According to these analyses (Fig. 3) the product carbon from
both TDM 2 and CDM 2 has a crystalline graphitic structure. Moreover, peaks of the
nickel catalyst are also present in the XRD pattern of the CDM 2, which is visible in
Fig. 3.

Figure 3. The XRD patterns of the product carbons from CDM2 and TDM2.

According to the literature (Kirk-Othmer, 2007), carbon black has a degenerated gra-
phitic crystalline structure in 2D order whereas graphite has 3D order. Based on the
XRD analyses, it is not possible to differentiate whether the structure of carbon from
TDM 2 is 2D or 3D oriented. For comparison, in the study of Shah et al. (2001) the
carbon produced by TDM at temperatures ranging between 900 °C and 1200 °C in a
quartz reactor was stated as graphitic carbon.
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3.3.2 SEM analyses

Product carbon from experimental runs TDM 2, CDM 2 and CDM 4 were selected for
the SEM analysis.

Figure 4. The SEM images from three different spots of the product carbon TDM 2
with selected magnifications.

The product carbon from TDM consisted of spherical carbon particles that had a diam-
eter of less than 1 µ. The images presented in Fig. 4 show that the particles have
formed aggregates and those have further agglomerated. The tendency to form aggre-
gates rather than individual particles indicates a higher structure and better quality of
the carbon black (Sebok and Taylor, 2011). Furthermore, variations in particle size and
aggregate shape within a certain grade of carbon black are typical (Hess and Herd,
1993).

In this study, the size or surface roughness of the particles were not uniform in the
studied sample but two different types could be discerned. First, there was an area
where the carbon particles had a rather constant diameter and the particles had a
coarse surface (Figs. 4a and b). Second, there was an area where the diameter of the
particles varied, but the surface of the particles was smoother (Fig. 4c). The surface
roughness may have an effect on the surface area of the carbon product.
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Dahl et al. (2004) have produced carbon black via thermal decomposition of methane
powered by concentrated sunlight. Their studies were conducted at temperatures up
to 1860 °C and with short residence times. The product carbon was ash free and had
a particle size of 20-40 nm (Dahl et al., 2004). According to the XRD-analysis, the
product carbon was amorphous. Due to the small particles size, Dahl et al. were able
to conduct TEM analyses for the product carbon. Their TEM images reveal the varying
particle size distribution.

Particle size variation in the product carbon is also shown in the TEM images pre-
sented by Rodat et al. (2011), who have produced carbon black with TDM powered by
concentrated solar radiations at a temperature range of 1335-1655 °C. They also com-
pared the product carbon properties to those of commercial conductive carbon black.
The result of the study by Rodat et al. was that the carbon produced at the highest
temperature (1655 °C) had a structure and conductivity that were nearly consistent
with the commercial carbon black.

The product carbons from runs CDM 2 and CDM 4 were selected to the SEM analysis
because of the long period of methane conversion observed in these experiments. The
SEM images of product carbon from run CDM 2 and CDM 4 are shown in Fig. 5.

Figure 5. The SEM images of the product carbon from CDM 2 (images on left) and
from CDM 4 (images on right) with selected magnifications.

The product carbon from the CDM experiments in this study was mainly filamentous
carbon with a diameter varying mainly between 50-100 nm. It is worth noting that the
length of a single carbon filament is high compared to the diameter.

The SEM images of the product carbon from CDM with nickel catalysts have been
presented in CDM-related literature. Zhang et al. (2011 and 2010) have presented
SEM images of carbon produced with non-supported nickel catalysts. The images in
(Zhang et al., 2010) reveal how the carbon nanofibers have deposited themselves on
the Ni catalysts. Another study by Zhang et al. (2011) presents SEM images of carbon
nanofibers on the nickel catalyst. The carbon nanofibers were reported to have aver-
age diameters of 164 and 205 nm depending on the temperature during the CDM re-
action.
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3.3.3 TEM analyses

TEM images were taken from the product carbons resulting from runs CDM 2 and CDM
4 in order to better discover the structure of the carbon filaments in the samples. TEM
images were not taken from TDM samples due to the too large carbon particle size.

Figure 6. The TEM images of product carbon from run CDM 2 with selected magnifi-
cations. The graphite platelets are separated by a distance of 0.3 nm, which is
marked in the insert of the TEM image on the left.

Figure 7. The TEM images of the product carbon from run CDM 4 with selected
magnifications. The graphite platelets are separated by a distance of 0.3 nm, which is
marked in the inserts of the TEM images.

As can be seen from Figs. 6 and 7 the diameter of the carbon fibers varies from tens
to a few hundred nanometers. Moreover, the length of the fibers is high in comparison
with the diameter of the fibers. Some of the carbon filaments in Fig. 7 are short and
seem to be broken. A possible explanation for this is that the filaments have broken
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during the sample preparation for the TEM analysis. An energy dispersive X-ray anal-
ysis (EDS) was conducted to find out the elementary composition of the darker spots
in the TEM images. According to the EDS analyses, the particles at the tip of the fila-
ments are nickel that originates from the catalyst. The diameter of the filament is
roughly equal with the diameter of the catalyst particle, which agrees with the literature
review presented in Section 2.2.

The TEM images with the highest magnification reveal that the selected carbon fibers
have a herringbone structure. The observed spacing between the platelets was 0.3 nm
(Figs. 6 and 7). The spacing between the platelets in graphite is 0.335 nm (Rodriguez
et al., 1995).

Li et al. (2006) have presented TEM images of carbon produced by methane decom-
position over a NiO catalyst. In the study of Li et al., the product carbon was in a form
of nanofibers with Ni metal particles at their tips. Their nanofibers too have a herring-
bone structure, and the diameter of the nanofibers varied.

Lua and Wang (2013) have also presented TEM images of the product carbon from
CDM with a nickel catalyst. In the study of Lua and Wang, methane decomposition
with a Ni catalyst at 500 °C produced carbon fibers that have a diameter of 100 nm
and Ni particles at their tips. Thus, the product carbon is highly similar to the carbon
produced in this study. However, the diameter of the carbon fibers had a wider range
in the study of Lua and Wang when the reaction temperature was increased to 550 °C.
At that temperature, the product carbon consisted of carbon fibers with diameters of
10-50 nm as well as lumps of carbon fibers that covered nickel particles having a di-
ameter of 100-200 nm. Wang and Lua (2014) had also presented TEM images of car-
bon nanofibers produced by CDM with an unsupported nickel catalyst. Variations in
the diameter of the fibers are shown in these images.
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4 Conclusion
The study of the thermo-catalytic decomposition of methane conducted at the Tampere
University of Technology was continued by analyzing the product carbon samples ob-
tained from experiments presented in Rajamäki (2014) and Keipi (2014). The X-ray
diffraction, SEM and TEM analyses were conducted to the chosen product carbons
from TDM and CDM experiments.

The product carbon from CDM experiments had a filamentous structure. The diameter
of the carbon filaments varied from tens to a few hundred nanometers. There were
nickel particles originating from the catalyst at the tip of carbon filaments. This referes
to the tip growth mechanism of the carbon filaments during the methane decomposition
reaction as presented in Section 2.2. Furthermore, the catalyst pellets broke down dur-
ing the experimental runs, which supports this hypothesis.

The product carbon from TDM consisted of spherical particles with a diameter of less
than 1 µm. The particles formed aggregates and finally agglomerates. The SEM im-
ages, which reveal the surface roughness, were also presented in this article. To the
best of the author’s knowledge, images revealing the same phenomenon have not
been previously presented in studies related to methane decomposition. The surface
roughness may have an effect on the physical properties of the product carbon, for
example, on the specific surface area or electrical properties, and therefore on the
utilization possibilities.
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