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Transition metal catalysts (mainly: iron, cobalt and nickel) on various supports are successfully used in a large-
scale production of carbon nanotubes (CNT5), but after the synthesis it is necessary to perform very aggressive
purification treatments that cause damages of CNTs and are not always effective. In this work a preparation of
unsupported catalysts and their application to the multi-walled carbon nanotubes synthesis is presented. Iron, co-
balt and bimetallic iron-cobalt catalysts were obtained by co-precipitation of iron and cobalt ions followed by solid
state reactions. Although metal particles were not supported on the hard-to-reduce oxides, these catalysts showed
nanometric dimensions. The catalysts were used for the growth of multi-walled carbon nanotubes by the chemical
vapor deposition method. The syntheses were conducted under ethylene — argon atmosphere at 700°C. The ob-
tained catalysts and carbon materials after the synthesis were characterized using transmission electron microscopy
(TEM), X-ray diffraction method (XRD), Raman spectroscopy and thermogravimetric analysis (TG). The effect

of the kind of catalyst on the properties of the obtained carbon material has been described.
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INTRODUCTION

Carbon nanotubes (CNTs) have unique properties, such
as: mechanical, chemical or electrical, and for this reason,
are of great interest in many areas of science and techno-
logy. These properties include an extremely high tensile
strength and elastic modulus, high thermal conductivity
and the ability (for metallic CNTs) to carry very high
current densities'. Many methods of the carbon nanotu-
bes synthesis have been developed, among others, in an
electric arc discharge? or laser sputtering of graphite®. One
of the most popular methods to obtain carbon nanotubes
is the catalytic chemical vapor deposition method*, which
is characterized by a simple experimental system, easily
available reagents and allowing the synthesis of carbon
nanotubes in the continuous regime. This technique is
based on the hydrocarbons decomposition on the metallic
catalysts e.g. iron, nickel, cobalt>”, yttrium or molybde-
num®. The catalyst particle size is an important factor in
CNTs growth. It has been shown, both experimentally
and theoretically, that the carbon filaments growth rate
increases with decreasing catalyst particle size. Generally,
to provide the active catalyst with the desired stability,
powder catalysts used for CNTs growth are supported on
the hard-to-reduce oxides to minimize the metal partic-
les size. Most often alumina or various kinds of carbon
are used as carriers. Specialized supports include silicon
dioxide, titanium dioxide or calcium carbonate. Each of
the carriers is characterized by both the advantages and
the limitations. Calcium oxide shows good performance
in CNTs growth in small scale experiments® ! and can be
easily removed via mild acid treatment'?. Silica offers high
surface areas and good pore size characteristic'® which
allows for a high catalyst loadings (e.g. 60 wt% relative
to silica)™* and hence high yield CNTs growth. However,
the large-scale production of high surface area silica (for
example, MCM-41 or SBA-15) is time consuming and
expensive. Additionally, silica is soluble only in hydro-
fluoric acid', which is neither comfortable in application
nor save for the environment. As in the case of silica, the

properties of alumina can be tuned to create high surface
area, mesoporous materials’®, however the majority of
studies using large-scale alumina supported catalysts for
CNTs synthesis show the as-produced bulk alumina with
promising CNTs growth results’"". Alumina is largely
insoluble in acids, yet is readily soluble in alkalies'.

Despite the fact that supported catalysts can enhance the
effectiveness or decrease the cost, the carbon material after
synthesis is additionally contaminated with the support
material. In such a case, carbon nanotubes after synthesis
require the too aggressive purification treatments, that
cause damages of CNTs and in addition — it is not always
effective. Therefore synthesizing unsupported powder
catalysts with the well-defined and uniform dimensions
of the particles is a goal to be pursued.

In the present paper the nanosized iron, cobalt and iron/
cobalt based powder catalysts without an inert support
were developed in order to prepare carbon nanotubes.
The obtained carbon materials have good properties
and do not require any removal of supports of catalyst,
which is difficult, expensive and time consuming.

EXPERIMENTAL

Catalysts preparation

Iron, cobalt and combination of both catalysts were
obtained from cobalt (II), and iron (III) nitrates together
with a small amount of calcium and aluminum nitrates.
The salts were dissolved in distilled water and 20%
NH,OH was added as a precipitating agent continuously,
to obtain a pH of 8. Metal hydroxides were precipitated
from the solution and the deposit was washed with wa-
ter, filtered and dried at 110°C. The next step was the
calcination at 500°C for 1h to obtain the precursors of
nanocrystalline metals — cobalt and iron oxides with a
small amount of structural promoters — CaO and Al,O,.
In the last stage of the preparation the precursors of
nanocrystalline metals were reduced under hydrogen
atmosphere polythermally at the temperature rising
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from 20°C to 600°C with a rate of 10°C/min and next
isothermally at 600°C for 90 min in a high-temperature
furnace (HST 12/400 Carbolite). The necessary reduction
time was determined on the basis of thermogravimetric
analysis. For this purpose the catalyst was placed in the
platinum basket and heated at a temperature rising from
20°C to 600°C with a rate 10°C/min. The weight changes
of the sample were registered. Subsequently the process
was continued under hydrogen flow until the constant
mass of the sample was reached, which needed 90min.
The reduction process was terminated by rapid cooling
of the sample under argon atmosphere.

Carbon nanotubes growth

The synthesis of carbon materials was carried out in
a high-temperature furnace (HST 12/400 Carbolite).
The samples of the catalyst were placed in a quartz
boat inside a ceramic tube (diameter 70 mm, length 120
mm) of the furnace. After the reduction process under
hydrogen atmosphere at 600°C the temperature was
raised to 700°C and the H, flow was turned off. As a
carbon source ethylene (20 1/h) was applied. Ar gas (as
an inert gas) and C,H, were introduced together into
the chamber. The processes were performed under at-
mospheric pressure at the temperature 700°C for 60 min.

Characterization

The morphology of the obtained carbon materials was
studied using transmission electron microscopy (high-
-resolution transmission electron microscope (HRTEM)
- FEI Tecnai F20).

The phase composition of the obtained samples was
characterized by the X-ray diffraction method. Before the
measurement the sample was triturated in an agate mortar
and pressed into the ring. The rings were placed in a holder
of the diffractometer. The analysis were performed using
X’Pert PRO Philips diffractometer using a CuKa radiation.

X-ray fluorescence (XRF) was used for an elemental
analysis particularly to investigate the contents of metals
in catalysts. The analysis was performed on Epsilon 3
apparatus.

The purity of the carbonaceous material was assessed
using Raman spectroscopy. Raman spectroscopy can
verify the integrity of MWCNTs because this method
is sensitive to variation of structural disorder in carbon
nanotubes. The important bands of RS are the D band
(1350 cm™"), the G band (1580 cm™') and the 2D band
(2700 cm™")"™ ¥ Raman measurements were obtained
using excitation laser lines 785 nm (1.58 eV) with a Re-
nishaw InVia Raman Microscope spectrometer.

Thermograwimetric analysis was applied to determine
the catalyst content in the samples after the CNTs growth
and their thermal stability. The thermogravimetric ana-
lysis was performed on DTA-Q600 SDT TA Instruments

apparatus with the heating rate of 10°C/min from room
temperature to 900°C in air.

RESULTS AND DISCUSSION

Catalyst preparation

The chemical composition of the synthesized cataly-
sts after calcination process was analyzed using X-ray
fluorescence (XRF). In Table 1 the theoretical and
real chemical composition of the prepared catalysts is
presented.

Based on the data presented in Table 1 it can be
concluded that the real chemical composition of the
prepared catalysts was very close to the planned one.
In addition, all the catalysts revealed the presence of
small amounts of calcium and aluminum oxides, which
have been added as structural promoters. The role of
these oxides is to prevent the catalyst crystallites against
sintering at elevated temperatures in which the synthesis
process of carbon nanomaterials is carried out.

The phase composition of the iron, cobalt and iron-
-cobalt catalysts after calcination was determined using
X-ray diffraction method and the diffraction patterns are
presented in Figure 1. According to XRD analysis, the
catalyst samples contained only the corresponding oxide
phases: Co;O,, Fe,O; and Fe;O,. The concentration of
the structural promoters was very low and it was deter-
mined using XRF analysis (see Table 1). For iron catalyst
2.8 wt.% of Al,O; and 1.6 wt.% of CaO and for cobalt
catalyst 3.5 wt.% of ALO; and 0.2 wt.% of CaO was
calculated. For both mixed catalyst 2.1wt.% of ALO; as
well as 2.3 wt.% and 1.8 wt.% of CaO was determined
for Fe:Co (65:35) Fe:Co (50:50), respectively. For this
reason the peaks corresponding to these phases were not
observed on the diffraction patterns, because these values
were below detection of the X-ray diffraction method.

On the diffraction pattern corresponding to cobalt
catalyst after calcination (Fig. 1Aa) the peaks derived
from Co;0, are visible and on the diffraction pattern
corresponding to the iron catalyst after calcination process
(Fig. 1Ab) — the peaks derived from Fe,O, can be iden-
tified. For iron-cobalt bimetallic catalysts (Fig. 1B) X-ray
diffraction analysis revealed the presence of both Fe,O,
and Co;0, phases. It was found (see Fig. 1Ba) that the
intensity of Co;O, peaks was lower for the sample Fe-
-Co (65:35) than for Fe-Co (50:50). This indicates on the
smaller cobalt oxide content in the sample Fe-Co (65:35),
which is consistent with the theoretical composition of
the catalysts and confirms the data obtained using X-ray
fluorescence method.

After the calcination, the catalysts were reduced under
hydrogen atmosphere. Structural promoters, as compo-
unds resistant to reduction, remained in the oxide state
under experimental conditions, whereas transition metal

Table 1. Theoretical and real chemical composition of catalysts determined upon XRF analysis

Chemical composition
Samole theoretical real
P Fe:Co Iron (Fe;03) | Cobalt (Cos0.) | Aluminum (Al,O5) | Calcium (CaO)

: [Wt%)]
Co 0:100 0 96.3 3.5 0.2
Fe 100:0 95.6 0 2.8 1.6
Fe:Co (65:35) 65:35 64.2 31.4 2.1 2.3
Fe:Co (50:50) 50:50 51.8 44.3 2.1 1.8
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Figure 1. Diffraction patterns of catalysts prepared by calcina-
tion of cobalt (Fig. 1Aa), iron (Fig. 1Ab), iron-cobalt
65:35 (Fig. 1Ba) and iron-cobalt 50:50 (Fig. 1Bb)

oxides were reduced to metals. Diffraction patterns of
the catalysts presented in Figure 2 confirm that after
the reduction at 600°C the oxides Co;0O, and Fe,O; were
reduced to metallic cobalt or iron in the case of cobalt
and iron catalyst (Fig. 2a, 2b) and to iron-cobalt phase
in the case of mixed catalysts (Fig. 2c, 2d).

Carbon nanotubes growth

The morphology of carbon materials after the syn-
thesis obtained on iron, cobalt and iron/cobalt catalyst
is presented in Figure 3. The study using Transmission
Electron Microscopy revealed that under experimental
conditions on all catalysts the carbon material formed
filamentous structures (multi walled carbon nanotubes).
Material obtained on the cobalt (Fig. 3b) and bimetallic
iron-cobalt (Fig. 3c) catalyst was quite homogeneous.
The diameters of nanotubes ranged in about 10-30 nm.
Bigger catalyst particles encapsulated by graphite layers
were also visible, as shown in Fig. 3b. Carbon nanotubes
obtained on the iron catalyst (Fig. 3a) were characterized
by slightly larger diameters in the range off 20 to 40 nm.
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Figure 2. Diffraction patterns of cobalt (a), iron (b), iron-
cobalt 65:35 (c) and iron-cobalt 50:50 (d) catalysts
after reduction process

In this case carbon material was less homogeneous. More
encapsulated particles were also observed.

The amounts of carbon deposit obtained during ethy-
lene decomposition on cobalt, iron and two bimetallic
iron-cobalt catalysts and the amounts of metal in the
individual samples are summarized in Table 2.

It was found that the lowest yield of carbon was
obtained on the cobalt catalyst and it was about 1.8g./
eanalysy Whereas on nanocrystalline iron about 4.2g./g,,.
wlyst Was achieved. The greatest amounts of carbon were
obtained on both iron-cobalt catalysts. More carbon was
produced on the sample with higher iron content, on
the iron-cobalt catalyst (50:50) about 6.0gc/gc s> but
on the iron-cobalt catalyst (65:35) about 8.7g¢/g s Was
obtained. The measurements were repeated and the same
values of carbon yield on the catalysts were obtained.
Probably this effect arises from alloying of Fe and Co in
the mixed catalyst, resulting in a better catalytic effect
than that of the single elements.

The synthesized materials were characterized using
XRD method. In Figure 4 spectra of the cobalt, iron
and bimetallic iron-cobalt samples after ethylene decom-
position at 700°C are presented.

X-ray diffraction analysis revealed the presence of
graphite phase for all the samples after the synthesis on
different catalysts. Additionally, on the diffraction pattern
of carbon material obtained on cobalt catalyst — the co-
balt peaks, which were reduced from cobalt oxide Co,0,
in hydrogen reduction step were observed (Fig. 4a),
whereas on the diffraction pattern of the sample after
the carbon nanotubes growth on iron catalyst (Fig. 4b)
the peaks corresponding to the cementite phase were
present. In the cases of bimetallic iron-cobalt catalysts
(Fig. 4c, 4d) the presence of the peaks attributed to
Fe-Co phase was revealed and any peaks derived from

Table 2. The amount of carbon deposit obtained on cobalt, iron and two bimetallic iron-cobalt catalysts, the quality of the carbon
materials expressed as the ratio intensity of peaks IG/ID and the amount of metal in the samples

Yield of carbon Ash* 1G/ID**
Sample S
gC/gcatalyst /o —_
Co 1.8 33.1 0.72
Fe 4.2 22.2 0.80
Fe:Co (65:35) 8.7 7.2 0.67
Fe:Co (50:50) 6.0 15.0 0.69

*Determined using thermogravimetric method
**Determined using Raman spectroscopy
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Figure 3. TEM images of the carbon materials obtained on iron (a), cobalt (b) and bimetallic iron/cobalt (c) catalysts
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Figure 4. Diffraction patterns of cobalt (a), iron (b), iron-
cobalt 65:35 (c) and iron-cobalt 50:50 (d) catalysts
after ethylene decomposition

iron carbide were detected. Therefore, one can conclude

that in this sample rather Fe-Co phase is present than

the separated phases of iron and cobalt, because under
the experimental conditions iron particle would react
to the cementite®.

Based on the termogravimetric analysis, the amount
of metal particles in the samples was determined. The
amount of residues remained after the combustion of
the samples is presented in Table 2. The highest values
of transition metal remained in the samples obtained
on cobalt (about 33.1%) and on iron (about 22.0%)
catalyst. Smaller amounts of metal were noticed for
both bimetallic iron-cobalt catalysts and was about
15.0% for Fe:Co (50:50) and 7.2% for Fe:Co (65:35).
It is in good accordance with the efficiency of a given
catalyst to produce carbon deposit — the more carbon in
the sample after the synthesis, the lower metal content
after combustion.

In Figure 5 the weight loss as a function of tempera-
ture (A) and the derivative of weight as a function of
temperature (B) is presented.

It was found that the mechanism of the combustion
of the samples after ethylene decomposition on cobalt
(a), iron (b), bimetallic iron-cobalt (65:35) (d) and iron-
-cobalt (50:50) (c) was similar. Only in the case of iron
sample an increase of the mass was observed. Metallic
iron is very sensitive to oxidation. In contact with air
the metal surface is oxidized and iron react to iron
oxide. The lowest initial combustion temperature (about
520°C) characterized a sample obtained on cobalt catalyst
(Fig. 6, curve a). Other samples prepared on bimetallic
Fe:Co (65:35), Fe:Co (50:50) and iron catalysts, star-
ted to burn at higher temperatures: 566°C, 573°C and
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Figure 5. TGA (A) and DTG (B) curves of cobalt (a), iron

(b), iron-cobalt 50:50 (c) and iron-cobalt 65:35 (d)
samples after ethylene decomposition

583°C, respectively. The lowest combustion temperature
of the carbon material prepared on cobalt catalyst may
be due to the presence the largest amounts of metal
in the sample, in comparison with other materials (see
Table 2). This catalyst demonstrated the lowest efficiency
towards formation of carbon deposit. During ethylene
decomposition from one gram of cobalt catalyst only
about 1.8 g of carbon was achieved. Then, one gram
of the product contained even 33 wt.% of metal.

The presence of transition metals ions is known to ca-
talyze the gasification of carbon®'. One theory?! suggests
that metal particles form an intermediate, nonstoichio-
metric oxide and are then reduced through the oxidation
of surrounding carbon particles. In this case, the catalytic



effect of the metal particle would be partially dependent
on the thermodynamics of oxidation and would thus
vary from one element to another, suggesting a possible
reason for the differences between the observed cataly-
tic effects of each metal on the nanotubes. A detailed
investigation of the actual mechanism of the catalytic
effect is outside of the scope of these experiments. It
is important to study this phenomenon and identify the
metal, which may be subject to this effect.

An influence of cobalt content in a catalyst on the
thermal stability of the carbonaceous material was investi-
gated and described in the paper®. The lowest oxidation
stability was found for the CNTs obtained from sample
containing the most Co (Co3Mn1). The Co-poor sample
(ColMn3) exhibited the highest oxidation resistance. The
difference value between the initial combustion tempera-
ture for samples containing the most and least cobalt was
53°C. In another paper* comparing the effects of cobalt
and iron on the combustion of carbonaceous material
obtained on pure metals cobalt and iron, cobaltocene
Co(C;Hs), and ferrocene Fe(CsHs), and a cobalt chloride
was described. For each catalyst TG curves were shifted
towards lower temperatures.

The same effect was clearly observed for our material
obtained by ethylene decomposition on cobalt catalyst.
In the case of the sample obtained on iron catalyst a
higher initial combustion temperature was noticed than
for the material obtained on cobalt catalyst, what is
consistent with the results presented in the previously
discussed work®.

For the carbon material obtained on both bimetallic
catalysts a lower thermal stability was observed than for
the sample prepared on the iron catalyst, despite the
lower amount of metal particles per one gram of carbon
deposit. After a combustion in air atmosphere 22%, 15%
and 7.2% of metal oxide particles was presented in the
material obtained on the iron, iron-cobalt (50:50) and
iron-cobalt (65:35), respectively. So, it seems that in the
case of cobalt, the catalytic effect is more visible than in
the case of iron. Therefore an addition of cobalt to the
sample, like in the case of both bimetallic catalysts, caused
a reduction of thermal stability of the carbon material.

The purity of the carbonaceous materials synthesized
on the different catalysts was determined using Raman
spectroscopy and the Raman spectra are presented in
Figure 6. In all cases typical spectra characteristic for
multi walled carbon nanotubes were received® %,

Raman spectroscopy can verify the integrity of MWCNTs
because this method is sensitive to variations of structural
disorder in carbon nanotubes. The important bands of
Raman spectrum are the D band (1350 cm™), the G
band (1580 cm™") and the 2D band (2700 cm™")'®°. The
D band is attributed to the breathing vibrations of sp*
hybridized carbon atoms of defects or amorphous carbon
in MWCNT, while the G band is caused by the tangential
vibrations of sp’-hybridized carbon atoms of graphite lay-
ers. The intensity ratio of the D and G band peaks (ID/IG)
is often used to assess the purity of carbon nanotubes'® .
The 2D band is caused by the two-phonon, second-order
scattering around the K point of the Brillouin zone and
is an indicator of long-range order in a sample. It is well
known to be sensitive to the increasing defect density of
carbon nanotubes". The presence of the D and G bands
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Figure 6. Raman spectra of the carbon materials obtained on
the different catalysts

can explain that the graphitic structure of all MWCNTs
is conserved. For our samples the ratio of intensity peak
IG/ID equaled in order of: 0.80, 0.72, 0.69, 0.67 for the
carbon material obtained on iron, cobalt, iron-cobalt
(50:50) and iron-cobalt (65:35) catalysts, respectively. It
can indicate that the carbon material prepared on iron
catalyst had a lowest amount of structural defects in the
graphite structure of MWCNTs*2¢,

The presence of defects can be studied by not only
using the Raman spectroscopy but also thermogravimetric
method. It has been reported® that the stability of carbon
samples during the combustion in the air atmosphere is
associated with the crystallinity degree of carbon nano-
tubes and it is also attributed to the presence of defects
at the ends of the nanotubes. Generally, higher thermal
stability of the samples suggests higher structural order
and a lower number of defects, as edges, vacancies,
kinks and steps. Comparing the results obtained using
the Raman spectroscopy and thermogravimetric analysis
we cannot completely confirm this relationship for the
samples obtained in this work.

For our samples the highest ratio of peak intensities
IG/ID = 0.80 (theoretically the lowest number of de-
fects) was achieved for the carbon material obtained on
the iron catalyst. This material also burnt at the highest
temperature. The lowest ratio of peak intensities IG/ID
equaled about 0.68 (theoretically the highest number of
defects) was assigned to the carbon material obtained
on the mixed catalysts. These materials should burn at
the lowest temperature. In contrast to this, the mate-
rial obtained on the cobalt catalyst burnt at the lowest
temperature (Fig. 5). The obtained results confirm that
not only the structural defects have the influence on
the thermal stability of the samples obtained by decom-
position of ethylene on metal catalysts but the thermal
stability of the carbon material also depends on the kind
of the metal used as the catalyst.

CONCLUSION

In this work a nanosized iron, cobalt and iron/cobalt
based powder catalysts without inert support were deve-
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loped, characterized and applied for carbon nanotubes
preparation. The obtained carbon materials have good
structural properties (low degree of defects) and, con-
trary to supported catalysts, do not require a removal
of supports of catalyst, which is difficult, expensive and
time consuming.

The highest quantity of carbon deposit was obtained
on the bimetallic catalysts, the lowest on the cobalt cata-
lyst. The purity of carbon material determined using the
Raman spectroscopy was quite similar for all materials.
The lowest thermal stability during combustion under air
atmosphere exhibited the sample obtained on the cobalt
catalyst. It indicates that not only the structural defects
have a significant influence on the thermal stability of
the samples obtained by decomposition of ethylene on
metal catalysts, but the thermal stability also depends
on the kind of the metal used as the catalyst.
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