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Characterization of carbon deposit with controlled
carburization degree∗
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Promoted nanocrystalline iron was carburized in a differential tubular flow reactor with thermogravimetric measurement of
mass changes. The carburization process was carried out in the presence of pure methane under atmospheric pressure at 650 °C
to obtain different carburization degrees of the sample. The carburized iron samples were characterized by the X-ray diffraction,
high-resolution transmission electron microscope in the energy-dispersive X-ray spectroscopy mode, thermoprogrammable
oxidation, and Raman spectroscopy. As a result of the methane decomposition on the nanocrystalline iron the following
nanocrystalline products were observed: iron carbide Fe3C, graphite, iron and nanotubes. The crystallinity of the samples
increased with the carburization degree.
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1. Introduction
Carbon nanotubes, described for the first time by

L.V. Radushkevich and V.M. Lukyanovich in 1952
[1], exhibit unique physical and chemical properties.
The high specific surface and mechanical resistance,
specific electrical conduction (resulting from the
nanotube morphology) encourage making use of
them in materials science or electronic technology.
The growth of carbon nanotubes has been the sub-
ject of interest of scientists from all over the world.
A lot of research has been carried out to obtain car-
bon nanotubes of high crystallinity. It is important
to select the optimum conditions such as the tem-
perature, pressure, catalyst or carbon source. Several
techniques can be used to obtain carbon nanotubes
including arc-discharge, laser ablation or chemical
vapor deposition.

Catalytic decomposition of hydrocarbons is one
of the promising methods for preparation of fila-
mentous carbon forms on a bulk scale [2]. It has
been proved that Fe, Co and Ni supported on SiO2,
Al2O3 and MgO are effective catalysts for synthesis
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of filamentous carbons through hydrocarbon decom-
position [2–5].

Ermakova with co-workers [6] prepared the cata-
lysts by the hetorophase sol-gel method, based on
impregnation of a porous precursor of the active
component, iron oxide (Fe2O3) with the precursor
of a textural promoter taken in the estimated amount.
The role of the textural promoter was to stabilize
the active component structure and to prevent its
sintering in the course of post treatments. Hard-to-
reduce oxides (HRO) such as silica (SiO2), alumina
(Al2O3), titanium dioxide (TiO2), and zirconium ox-
ide (ZrO2) were used as textural promoters. Both the
influence of the precursors on the ability of iron to
decompose methane and the influence of chemical
structure of oxides on the obtained carbon structure
were studied. When the iron oxide was not pro-
moted by the above mentioned oxides it was only
the temperature of the catalyst reduction that had
an influence on the growth of filaments. The most
promising results on elongation of the catalyst life-
time were obtained with an addition of the promoter
(silica) to the iron catalyst. Different results were
obtained using the pristine iron catalyst without in-
troduction of other HROs, such as TiO2, ZrO2, and
Al2O3. The TEM studies of carbon deposits demon-
strated that the morphology of carbon filaments,
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Fig. 1. The catalyst structure.

unlike the carbon yield, was strongly dependent on
the chemical nature of the hard-to-reduce oxides in-
troduced into the iron catalyst. Metal-filled carbon
nanotubes were observed in the deposit obtained
after 1 h of the process. Different forms of carbon
were obtained after addition of hard-to-reduce ox-
ides.

Takenaka and co-workers [2] compared the in-
fluence of the Al2O3 and SiO2 catalytic supports
for Fe2O3 used as the catalyst in methane decom-
position. The efficiency of the obtained carbon de-
posit was higher for Fe2O3/Al2O3, which can be
explained by the particle size of the catalytically
active particles such as α-Fe and iron carbide Fe3C.
The average particle size of the catalytically active
species in Fe2O3/Al2O3 did not change appreciably
despite an increase in the loading, while the size in
Fe2O3/SiO2 became larger. Fe2O3 crystallites with
diameters smaller than ca. 30 nm in the raw catalysts
were transformed into α-Fe metal and Fe3C (cemen-
tite) immediately after the contact with methane at
1073 K, while those with larger diameters – into
γ-Fe saturated with carbon atoms (austenite). The
structures of carbons formed during the methane
decomposition were dependent on the catalytic sup-
port. Fe2O3/Al2O3 formed multi-walled and chain-
like carbon nanotubes. Fe2O3/SiO2 formed filamen-
tous carbons and many spherical carbon particles.

The catalyst used in this work as the main com-
ponent contained nanocrystalline iron (93 %) in
contradistinction to the supported catalyst where
the main components are HROs. In addition to iron,
the catalyst contained such promoters as: aluminum
oxide (Al2O3), calcium oxide (CaO) and potassium
oxide (K2O). Nanocrystallites of iron are connected
by bridges formed by promoters. Oxides wet the
iron surface and prevent the iron structure from sin-
tering at higher temperatures, creating a mechani-
cally stable structure [7]. The catalyst structure is
shown in Fig. 1. The aim of this contribution is to
characterize the carbon deposit with a controlled
carburization degree, formed as a result of methane
decomposition on the nanocrystalline iron. The sam-
ples were analyzed by means of X-ray diffraction
(XRD), high-resolution transmission electron mi-
croscope (TEM) with energy–dispersive X-ray spec-
troscopy (EDX) as its mode, thermoprogrammable
oxidation (TPO), and Raman spectroscopy.

2. Experimental
The method of obtaining nanocrystalline iron

doped with hard-to-reduce oxides has been de-
scribed in more detail elsewhere [8, 9]. The con-
tent of the promoters was estimated via the induc-
tively coupled plasma atomic emission spectroscopy
method (AES-ICP). It showed that the content was
3.3 wt.% of Al2O3, 2.8 wt.% of CaO and 0.65 wt.%
of K2O. Using thermal desorption of nitrogen the
specific surface area of pre-reduced nanocrystalline
iron was determined to be 9 m2/g. The mean size of
iron nanocrystallites was determined by means of
the X-ray diffraction method and rated by Sherrers
equation to be 32 nm. The void ratio of the iron
catalyst was ε = 0.5.

The catalytic decomposition of methane was re-
alized in a flow tubular reactor with thermogravimet-
ric measurement of mass changes. The nanocrys-
talline iron was placed in the platinum basket in
the form of a single layer of grains 1.2–1.5 mm in
diameter.

The sample was reduced polythermally by hy-
drogen under atmospheric pressure with the rate of
15 °C/min in order to remove the passive layer on
the iron surface. When no mass loss was observed,
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(a) (b)

Fig. 2. a) dependence of carburization degree in time during methane decomposition on nanocrystalline iron;
b) dependence of carburization rate on carburization degree of nanocrystalline iron.

nanocrystalline iron was carburized by methane at
the temperature of 650 °C under atmospheric pres-
sure to several different carburization degrees, de-
fined as the nC/nFe ratio of the number of carbon
moles to iron moles in the carbon-iron system. The
samples were cooled under methane atmosphere to
room temperature.

The carburized iron samples were characterized
by: XRD (XPert PRO Philips), HRTEM (FE I TEC-
NAI G2 F-20 S TWIN) with EDX, TPO (DTA-
Q600, SDT TA Instruments), Raman spectroscopy
(Renishaw).

Some of the carburized samples were acid
treated to eliminate iron in order to determine the
phase composition of carbon deposit. This step was
realized via 6 M chloric acid treatment in an ul-
trasonication bath for 30 min. Next, the samples
were subjected to multiple filtration in order to re-
move impurities. Subsequently, the samples were
rinsed thoroughly with H2O and acetone. Then, the
samples were dried and monitored for weight-loss
during the heating process in air (flow – 30 ml/min)
with 5 °C/min up to 850 °C.

3. Results
The dependence of the carburization degree in

time during methane decomposition on nanocrys-
talline iron at 650 °C is shown in Fig. 2a. The curve

is not monotonic. A characteristic curvature at the
carburization degree nC/nFe = 1.5 can be observed.
Fig. 2b presents the dependence of the reaction rate
(r = dnC/nFe/dt) on the carburization degree. It indi-
cates that after the formation of iron carbide (Fe3C),
the reaction rate decreased, reaching the minimum
at ∼nC/nFe = 1.5. Then, the rate increased, reaching
the maximum at ∼nC/nFe = 3.5. In the next stage
the reaction rate decreased again.

The phase composition of the samples after car-
burization was determined using the X-ray method.
The obtained diffraction patterns are shown in Fig. 3.
The positions of peaks coming from graphite and
iron are marked. The remaining reflexes come from
iron carbide Fe3C. With an increase in the carburi-
zation degree, the peaks coming from graphite and
iron exhibit higher intensity, while the peaks arising
from iron carbide are getting weaker. The depen-
dence between the intensities of not overlapping
peaks (C (002), Fe3C (210), Fe (200)) as a function
of carburization degrees is plotted in Fig. 4.

Two samples with carburization degrees:
nC/nFe = 1.2 (minimal) and nC/nFe = 29 (maximal)
were selected for further investigations.

The morphological studies of the samples were
conducted by means of a high-resolution transmis-
sion electron microscope. Figs. 5a,b present a mi-
croscopic analysis of the samples with nC/nFe =
1.2 and nC/nFe = 29, respectively. The sample with
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Fig. 3. Diffraction patterns of carburized samples of
nanocrystalline iron. The unlabeled reflexes
come from iron carbide Fe3C phase.

Fig. 4. Dependence of intensities of reflexes of: C (002),
Fe3C (210), Fe (200) on carburization degree of
nanocrystalline iron.

lower carburization degree contains nanocrystallites
of iron encapsulated in a graphitic shell with the
diameter of ∼20 nm. Aggregates composed of se-
veral carbon capsules with nanocrystallites of iron
are also detected. The presence of carbon nanotubes
and an amorphous structure is also observed. One
can clearly see the growth of a multi-walled carbon
nanotube on the iron nanocrystallite (Fig. 5a – lower
panel). The nanotube grows when the nanocrystal-

lite is not fully covered by a graphitic shell. In the
sample with nC/nFe = 29 it can be seen that the
graphitic layers (thickness ∼25 nm) surrounding
the iron nanocrystallite exhibit a much less defected
structure. Carbon nanotubes and nanocapsules are
detected in this sample.

The chemical composition of the samples
was analyzed using energy-dispersive X-ray spec-
troscopy as the TEM mode. The EDX spectra of the
samples are shown in the lower panels of Figs. 5a,b.
The intensity of carbon peaks increases with an in-
crease in the carburization degree of the samples.
The chemical elements such as aluminum and cal-
cium coming from promoters of the nanocrystalline
iron are present. The copper signal comes from the
standard TEM grid.

The Raman spectra of the samples with two car-
burization degrees nC/nFe = 1.2 and nC/nFe = 29
normalized to the G-band are shown in Fig. 6. The
Raman spectra demonstrate the D and G bands. The
intensity of the D-band is proportional to the con-
centration of defects or surface functionalization.
The G/D intensity ratio is a measure of the sample
purity with respect to the number of defects in the
graphitic structure. The crystallinity is greater when
the G/D ratio is higher. The G/D ratio for the sam-
ples nC/nFe = 1.2 and nC/nFe = 29 is 1.6 and 3.3,
respectively. The sample exhibiting the higher car-
burization degree contains fewer defected graphite
structures [10, 11].

In order to establish the content of carbon frac-
tions in the samples, the acid treated materials have
been subjected to TPO studies. The thermogravi-
metric analysis of the samples after acid treatment
showed thermal stability of the following fractions:
amorphous carbon, defected graphitic structures and
carbon nanotubes, which is shown in Fig. 7. The
thermal stability was monitored in terms of weight-
loss during the heating process in air. Fig. 7 show
the approximate results of the measurements of the
mass change rate for various carbon fractions, based
on the calculations of the areas under the peaks in
DTG (e.g. in Fig. 7a three main stepwise weight-
losses are shown). The samples contain amorphous
carbon, defected graphitic structures and carbon nan-
otubes. It is an approximate method and the content
of carbon forms cannot be clearly defined.
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(a)

(b)

Fig. 5. TEM and EDX analysis of carburized samples of nanocrystalline iron with carburization degree: a) nC/nFe =
1.2, b) nC/nFe = 29.
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Fig. 6. Raman spectra for carburized samples of
nanocrystalline iron.

4. Discussion
Due to dissociative methane adsorption on the

iron surface atomic carbon dissolves in the crys-
talline α-Fe. With an increase in the carburiza-
tion degree in the nanocrystallite, the limit of car-
bon absorption on α-Fe is exceeded. According to
Schencks diagram [12], when nanocrystalline iron is
in permanent contact with the carburization gas, the
iron carbide Fe3C and the carbon deposit is formed
on the iron carbide. After coating nanocrystalline
iron carbide with layers of graphite (absence of di-
rect contact with methane) the reaction of thermal
decomposition proceeds. As a result of further car-
burization the carbon deposit does not affect the
shape of the iron crystallite.

The carbon deposit obtained during the methane
decomposition on nanocrystalline iron is mostly in
the form of carbon nanotubes. The sample with
the higher carburization degree contains fewer de-
fected structures. This is confirmed by the Raman
and TEM analysis. The sample with the lower car-
burization degree is richer in defects in graphitic
layers surrounding the nanocrystallite of iron. The
G-band position in the Raman response of the sam-
ple with the lower carburization degree can be as-
signed to the weakly defected turbostratic structure
of graphite. The G-band position at 1600 cm−1 is
characteristic of materials with a low G/D ratio con-
taining carbon nanotubes, nanofibres, amorphous
carbon and defected graphitic structures. For the

(a)

(b)

Fig. 7. TPO of acid treated nanocrystalline iron with
different carburization degrees: a) nC/nFe = 1.2,
b) nC/nFe = 29.

sample with the highest carburization degree the
clusters are built of carbon atoms of sp2 hybridiza-
tion [10, 11, 13]. The thermogravimetric analysis
indicates that the material with a higher carburiza-
tion degree contains more carbon nanotubes than
defected graphitic structures.

5. Conclusions
To summarize, methane decomposition on

nanocrystalline iron promoted with aluminum, cal-
cium and potassium oxides results in the forma-
tion of nanocrystalline iron carbide Fe3C, nanocrys-
talline iron and carbon deposit in form of nanotubes,
nanoshells and a tiny fraction of an amorphous struc-
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ture. The carburization degree of nanocrystalline
iron determines the concentration of defects in the
graphitic carbon nanostructures and amorphous car-
bon. It was proved that the higher the carburization
degree of the sample, the higher the crystallization
(fewer defects) of the structures. No amorphous
structure was detected in the material with the high-
est carburization degree. This suggests that this is
a step forward to avoid amorphous carbon content
in the widely studied CVD process for carbon nan-
otubes growth.
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