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Selection of ferromagnetic nanoparticles in the process of synthesis
of perfect and defective carbon nanotubes by a catalytic method
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It was found that nanotubes with defects contain larger core-shell Fe/Fe;Oy4 particles with a higher coercive force
than perfect nanotubes, but the relative proportion of such particles is 4 times smaller in defective nanotubes, all
other conditions being equal (growth rate in butanol, temperature).
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1. Introduction

Carbon nanotubes (CNTs) are one of the most promising
classes of nanostructures due to their outstanding electric,
thermal, mechanical and structural properties. In particular,
the capacity of CNTs for high conductivity, considerable
specific surface makes them attractive for a wide spectrum
of applications — from composite materials and electrodes
to sensors and magnetic systems [1,2].

Recently the attention of the researchers shifted towards
the CNT modification by inclusion of metal particles into
a reaction mixture when growing nanotubes [3-5]. This
makes it possible to integrate magnetic, catalytic and/or
ferromagnetic functions of nanoparticles into a carbon ma-
trix. CNTs containing ferromagnetic metal nanoparticles are
interesting since they may perform the following functions:
1) be markers of nanotubes, making it possible to judge the
local environment of particles by measurements of magnetic
properties of the material and to identify the variation of the
latter in different processes, 2) modify nanotubes, defining
the conditions for their growth, in particular, diameter and
layering, 3) create conditions for proximity effects, providing
for the magnetic ordering of defect spins in nanotubes as
such, 4) act as magnetically active components that manage
CNT conductivity in magnetization of nanoparticles. Such
systems are attractive for magnetic nano-composites, record-
ing devices, magnetic control or catalysis with magnetic
separation [6,7).

Since the magnetism of the carbon systems is always
related to the presence of defects therein, which either
result in broken carbon bonds or are the defects of
magnetic impurity, you can expect that the interaction of
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the perfect CNTs and the nanotubes with defects with
metal ferromagnetic nanoparticles will differ, changing the
statistics of nanotube decoration with nanoparticles. In this
paper the focus is on the identification of the role of defects
in CNTs for the magnetic properties of the ensemble of
nanoparticles associated with carbon nanotubes.

It may turn out that the presence of ferromagnetic
particles also affects the CNT growth. In the context of
growth and treatment of CNTs, it is important to note that
the control of morphology, the number of walls, diameter
and length of tubes remains critical for the achievement of
high functional characteristics. In papers [8,9] it is shown
that you can control the type of CNTs (single-wall/multi-
wall) upon production, varying the ratio of precursor con-
centration and catalyst, and also the reaction temperature.
Therefore, we controlled the degree of defectiveness and
layering of CNTs using Raman-scattering spectroscopy.

The purpose of this paper is to identify the effect of
nanotube formation speed on the obtained dimensions
of ferrous doping particles and magnetic properties of
CNT fibers.

2. Methodology and samples

Fibers of carbon nanotubes were synthesized in the labo-
ratory by the method of chemical deposition from the vapor
phase of the floating catalyst [8,9] in a laboratory reactor of
vertical configuration with inner diameter of 70 mm and
introduction of precursors at the top. The reactor was
equipped with a mullite tube-type furnace. This is a single-
stage method of gas phase synthesis, in which the assembly
of very long CNTs causes their entanglement as they are
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Figure 1. Images of / sample fibers obtained using SEM.

growing, forming an aerogel, which is then drawn from the
reactor and is wound on the coil.

The precursors were introduced via an injector tube with
outer diameter of 1.5mm and inner diameter of 0.1 mm
for toluene (or butanol) and ferrocene solution, and also
with outer diameter 6 mm and inner diameter of 4 mm for
evaporated sulfur, which then exited through the reactor
tube flange at temperature of 100 °C.

In this paper the furnace was heated to temperature of
1300°C. The synthesis conditions were selected for the
study of various atomic ratio of sulfur and carbon, whereas
other parameters, such as speed of injection, hydrogen
consumption etc., were maintained permanent. CNT aerogel
was extracted at the exit from the reactor and continuously
collected on a spool rotating with the speed of 30—140 rpm,
which corresponded to the speeds of fiber formation of
6—28 m/min. The precise time of collection of all samples
was recorded with a stopwatch. Then the aerogel threads
were condensed in autonomous mode (not removing them
off the spool) using isopropyl alcohol and were left to
dry for the night. The additional extension at the stages
of collection and condensation was not applied, which
maintained the internal orientation of the CNT bundles in
the fibers. (To ensure the reproducibility, the CNT fiber
samples obtained for the first hour of reactor operation were
rejected.)

The paper compares two types of precursors: butanol and
toluene. For CNTs obtained from toluene, by variation of
the reaction temperature and S/C ratio, the model of stable
fiber formation was selected, which remained stable with
temperature rise. For CNTs obtained on the basis of butanol,
the increase of the reaction temperature caused unstable
fiber formation. For both types of materials the drawing
speed was close to the optimal from the point of view of
longitudinal properties and simplicity of manufacturing.

The process of carbon nanotube formation may be
described using the theory of thermodynamic equilibrium
of phases, according to which the nucleation of a nanowire
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is presented in the form of a trajectory in the isothermal
phase diagram, starting from the end of the catalyst and
moving towards the nanowire components. A triple diagram
Fe—S—C at high temperature is an iron-rich liquid (L) and
two non-mixing liquids, one of which is rich in carbon (L,),
and the other one — in sulfide (L,). At high content
of carbon the non-mixing liquids are in equilibrium with
solid carbon (L;+L,+C(s)). Presumably, CNTs grow at
lower content of sulfur at the interface L and L;+L,, where
solid carbon is not in the equilibrium and, accordingly,
is ejected as side walls of CNT. Formation of a shell
containing sulfur is predicted with a phase diagram in
cooling and is observed experimentally. In previous works
it was shown for such doped CNTs that the higher the S/C
ratio, the more the number of walls in each CNT. At S/C
concentration of 0.01%, single-wall CNTs are observed,
which are grouped together. Increase of S/C increases the
number of layers from 1 to 8 and reduces the average length
from 34 to 6 um.

The paper studies five samples: No. / and 2 — precursor:
butanol, formation speeds 6 and 20m/min accordingly,
No. 3—5 — precursor: toluene, formation speeds 7, 14
and 28 m/min accordingly.

The typical image of fiber comprising nanotubes is shown
in Figure 1 for sample / with different magnification of
scanning electron microscope (SEM).

The optical properties were studied using a Raman
scattering spectrophotometer Confotec NR500 with a laser
at wavelength of 532nm, lens x40 and lens Horiba
LabRAM x 100, lattices 600 line/mm, laser capacity 50 mW.
The spectra were averaged in three—five measurements
recorded from different areas of the sample to get an idea
of the spread. The spectrum recording time was 300s.
Magnetic measurements were performed using the SQUID
MPMS 5XL Quantum Design magnetometer in the tem-
perature range from 2 to 300K and in magnetic field
from 0 to 50 kOe.
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Figure 2. Raman spectra of samples obtained using as a precursor a) of butanol in samples / and 2 and b) toluene in samples 3—35.

Table 1. Positions and widths at half maximum for maxima of Raman spectra of samples /—35

D-peak G-peak 2D-peak
No. of sample
Max, cm ™! FWHM, em ™! Max, cem ™! FWHM, cem ™! Max, cem ™! FWHM, cem ™!
1 1360 45 1592 34 2700 56
2 1349 42 1598 33 2682 54
3 — 1593 30 2692 65
4 — 1593 32 2695 66
5 - 1590 31 2695 66

3. Experimental results and discussion

3.1. Raman spectroscopy

Figure 2 shows the Raman scattering spectra of samples
with different types of precursors: butanol (Figure 2,a)
and toluene (Figure 2, b).

Table 1 shows the positions of the peak maxima D, G
and 2D (Max), and their width at half maximum (FWHM)
for all samples /—5.

Three peaks are available in the spectra of the samples
obtained using butanol (see Table 1). Ratio of maximum
amplitudes for sample I: Jp/Jg=0.62, Jop/Jp=0.96, for
sample 2: Jp/J=0.08, Jop/Jp=2.83.

You can see that the samples grown in butanol, / and 2,
are characterized with narrower peaks 2D and broadened
peaks G compared to the peaks of samples 3—5, grown
in toluene.

The peak at ~ 1350cm™! is called a D-peak in the
literature. It characterizes the disturbed sp>-bonds in CNTs
associated with defects. The sample I has a wider
and more intense D-peak, which means that it has a
higher concentration of defects and more functional groups
compared to the sample 2. G-peak (~ 1580—1600cm™!),

responsible for the ordering of the CNT structure, also
demonstrates that the sample 2 has an improved structure.
And, finally, 2D-peak (~ 2700cm~!) being an indicator
of the number of the walls, in sample 2 is displaced to
the smaller wavelengths (2682 cm~!), which is typical for
single-wall or small-wall CNTs (see Table 1). In sample /
the 2D peak is wider, which indicates the overlapping
of signals from different walls (common for multi-wall
CNTs or defective bundles of CNTs). You can assume
that in sample I the share of single-wall CNTs does not
exceed 40%, and in sample 2 the share of single-wall
CNTs is 90—95%.

For all samples of toluene series, a wide double halo
was observed with maxima at 1100 cm~! and 2500 cm™!,
which may indicate a high quantity of amorphous carbon
(,I-band”) or, less often, the strong modification of CNTs
by foreign particles [10].

3.2. SQUID magnetometry

In Figure 3 the hysteresis loops are presented for magne-
tization M of I and it2 samples with a precursor: butanol
at temperature of 300 K (Figure 3,a) and 2K (Figure 3, b).
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Figure 3. Dependences of magnetization on the field for samples / and 2, obtained using butanol at @) 300K and b) 2K.
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Figure 4. Dependences of magnetic torque on the field for samples 3—35, obtained using toluene as precursor at a) 300K and ») 2K.

You can see that for samples produced with butanol precur-
sor (Figure 3,a), strong dependence is observed between
the coercive force and speed of fiber drawing: with growth
of speed at ~ 3 times the sample 2 shows a double
decrease of the coercive force and increase of the saturation
magnetization M ~ 3 times. If you neglect the contribution
of the oxidized shell and accept that the magnetizations of
saturation of a ferrous nucleus in a nanoparticle at room
temperature is M, (Fe) ~ 200—220 emu/g, then, taking into
account the different magnetization of saturation of 7 and 2
samples, the weight content of iron therein will be ~ 2
and ~ 8% accordingly.

Figure 4 presents the hysteresis loops of samples 3—3, ob-
tained using toluene as a precursor, at @) 300K and b) 2K.
The growth of magnetic anisotropy at decrease of tempera-
ture predictably causes increase of coercive force that does
not depend on the speed of fiber drawing and is the same
in all samples 3—5. Magnetization of saturation depends on
the fiber drawing speed in a non-monotonic nature.

Physics of the Solid State, 2025, Vol. 67, No. 11

Since the coercive force H,. for single-domain nanopar-
ticles may be calculated using equation H, = 2K/M, this
makes it possible to compare the anisotropy constants K for
all samples /—5 (see Table 2).

In 7 and 2 samples the anisotropy constant K turns out
considerably higher than in samples 3—35, both at 300K
and at 2 K. Besides, K grows with the speed of fiber drawing
in / and 2 samples and depends in a non-monotonic manner
on this speed in samples 3—5.

According to [11], at particle dimensions below the
single-domain size limit, when the particle is remagnetized
coherently in the magnetic field, its coercive force depends
on volume V and diameter D according to the formula:

el () e (3))

where V,, — critical volume of the particle.
From this formula it follows that the coercive force grows
with increase of the volume or diameter of single-domain
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Table 2. Coercive force, magnetization of saturation, ratio of residual magnetization to magnetization of saturation M, /M, and estimated

effective constant of anisotropy K of samples /—5

Speed H., Oe

M, emu/g K, 10* erg/cm® M, /M,

No. of sample

formation, m/min 2K 300K

2K 300K 2K 300K 2K 300K

6 1320 300

9.85 5.77 5.12 0.68 0.285 0.215

20 720 135

2295 18.12 6.51 0.96 0.290 0.134

7 880 70

10.23 6.74 3.54 0.19 0.262 0.111

14 930 76

11.30 7.62 4.14 0.23 0.305 0.123

WD N W N~

28 900 70

—e— FC
L —e— ZFC

50 100 150 200 250 300
T,K

(=]

Figure 5. Dependences of sample / magnetization on tempera-
ture measured in sample heating in constant magnetic field 2 kOe,
after sample cooling in magnetic field 1T (FC) and after sample
cooling in zero field (ZFC).

particles. Therefore, for particles in I/ and 2 samples,
differing only with the fiber drawing speed, the decrease in
the particle size may be assumed with the drawing speed as
their quantity increases. The coercive force of samples 3—35,
on the contrary, did not depend on the fiber drawing speed
(Figure 4), and therefore the particle dimensions were most
probably constant. However, at the same time the saturation
magnetization changed in a non-monotonic manner, which
could have been related to both a change in the number
of particles decorating the nanotubes and to variations of
the oxidized layer thickness. In samples 3—5, according
to a wide halo in Raman spectra (Figure 2, b), there is a
significant part of amorphous material, so that the drawing
speed will hardly change the contribution to the perfect
nanotubes present in a small proportion.

Figure 5 presents the dependences of sample / mag-
netization on temperature measured in sample heating in
constant magnetic field 2kOe, after sample cooling in

11.09 6.43 393 0.18 0.264 0.111

magnetic field (field cooling, FC) 1T and after sample
cooling in zero field (zero field cooling, ZFC).

From these curves you may conclude that the blocking
temperature 7, determined as the point of their crossing,
is approximately equal to 300K for sample /. The
blocking temperature depends on the anisotropy constant
of material K and their volume V: T, = K - V/25kp (kg —
Boltzmann constant) at one chart point measurement time is
~ 100s. Since K is known from magnetization of saturation
and coercive force (see Table 2), you may assess the
volume of nanoparticle V = 25kpT,/K = 1.5-10716m?3,
which corresponds to the diameter of nanoparticles ~ 10 A.
Since in [12] the average diameter of nanoparticles was
determined experimentally using electron microscopy and
amounted to not more than 60A, our estimate turns
out to be very low. This error may be related to the
substantial share of the oxide shell in nanoparticles, which
is unknown, but iron oxide has substantially different
magnetic anisotropy K = 24.3 - 10* erg/cm® [13] compared
to magnetic anisotropy of iron, which is in the nucleus of
nanoparticles [14].

The detailed analysis of magnetic anisotropy of iron
particles with diameter of 10—100 A is given in [14] based
on the comparison of the ratio of residual magnetization M,
to saturation magnetization M. It is noted that for non-
interacting, randomly oriented uniaxial particles the ratio is
M,/M; = 0.5 and increases to 0.8 with the presence of the
cubic anisotropy. The ratio M,/M; below 0.5 (seec Table 2)
indicates the following: contribution of superparamagnetic
particles, strong dipole interactions or heterogeneities of
the shape (large proportion of surface oxide). Note
that in sample / the ratio M,/M; practically does not
change in the transition from 2 to 300K (see Table 2),
the contribution of superparamagnetic particles therein is
minimal. Accordingly, the share of the superparamagnetic
phase in sample / is lower than in samples 2—35.

4. Conclusion

It was found that nanotubes with defects contain larger
core-shell Fe/Fe;O4 particles with large coercive force
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(2.2 times) compared to perfect nanotubes, however, at the
same time the relative share of such particles is 4 times
smaller in the defective nanotubes at other equal conditions
(growth speed in butanol, temperature). The disordered
mix of nanotubes with a significant share of amorphous
carbon obtained in toluene demonstrates the same coercive
force of Fe/Fe3O4 nanoparticles regardless of the carbon
fiber drawing speed. Therefore, the carbon structures select
and promote the elective growth of larger Fe/Fe;Oy4 particles
in butanol. This effect is masked with the presence of the
large share of amorphous phase of carbon when nanotubes
are grown in toluene.
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