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Abstract — Ordered arrays of magnetic carbon nanotubes have been obtained by means of non-catalytic
chemical vapor deposition, by growing nanotubes inside porous alumina templates and subsequently filling
them with Fe;O, particles. Magnetic properties of the arrays have been studied at different temperatures
using vibrating sample magnetometry and ferromagnetic resonance. The filled nanotubes have exhibited
superparamagnetic properties with a blocking temperature of about 145 K. The average nanotube filling
factor, as determined by the magnetometry, was 32%, while the ferromagnetic resonance has detected the
presence of conglomerates of nanoparticles. This allowed us to conclude that the filling of the nanotubes with
the magnetic phase was non-uniform. Such magnetic carbon nanotubes have the potential of being used in a
wide range of applications, in particular, in the production of nanofluids, which can be controlled and steered
by appropriate magnetic fields. The proposed methodology opens an opportunity for simplified fabrication of
magnetic nanotubes aiming at biomedical applications and, in particular, at the production of magnetic
nanofluids which can be steered by appropriate magnetic fields, e.g., as magnetic sorbents for cleaning blood
from free hemoglobin. The first experimental results have shown that our proposed magnetic nanoseparation

is of more than tenfold efficiency in comparison with the conventional hemosorption method.
Index Terms — magnetic nanoparticles, magnetization, nanofluids, nanotubes.

I. INTRODUCTION

The research field of carbon nanotubes (CNTSs) has
received a continuously growing interest since their
discovery in 1991 [1] due to their unique and highly
desirable electrical, thermal and mechanical properties
[2]. Functionalizing CNTs with magnetic nanoparticles
can combine the features of magnetic nanoparticles and
CNTs, which may result in materials with novel chemical
and physical properties, and thus promising applications.
It has been reported that CNTs filled with Fe;O, may be
used as diffraction gratings, optical filters, and polarizers
[3]. Other applications of these materials include
cantilever tips in magnetic force microscopes, magnetic
stirrers or magnetic valves in nanofluidic devices [3-5] as
well as transporting drugs to specific locations in the body
and for medical diagnosis without surgical invasive
procedures [4].

Our motivation for creating a CNT/magnetite
composite stems from the goal of creating a new
generation of nanofluids, which are amenable to be
controlled by appropriate magnetic fields. These
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nanofluids are a suspension of carbon nanotubes filled
with magnetite nanoparticles, in a base fluid [4,5]. These
suspensions, in general, exhibit behavior of a normal
liquid coupled with superparamagnetic properties. This
leads to the possibility of controlling the properties and
the flow of these liquids with moderate magnetic fields.

Gogotsi’s group [9] demonstrated that it is possible to
fill CNTs with a diameter of 300 nm using commercially
available ferrofluids. However, the level of CNTs filling,
in terms of the ratio between the magnetic particles
volume by that of the nanotube, was relatively low
(approximately 11%).

Despite a number of previous studies, filling CNTs
completely with Fe3sO, nanoparticles has remained a
challenging task.

In this paper we report a modification of the CNTs
production procedure proposed in Ref. [9] aimed at
increasing the nanotube filling factor to levels that are
adequate for the production of nanofluids with magnetic
CNTs as nanoparticles. A  detailed magnetic
characterization of the CNTs filled with ferroparticles has
been undertaken by means of ferromagnetic resonance
(FMR) and vibrating sample magnetometry (VSM)
techniques.
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1. EXPERIMENTAL DETAILS

CNTSs were produced by a non-catalytic chemical vapor
deposition (CVD) technique based on the pyrolysis of
ethylene. Before the growth of CNTs, the 60 pum thick
alumina template membranes (Whatman® Inc., U.K.)
were placed vertically inside the quartz tube. The
nanotubes were formed in straight cylindrical pores which
run through the whole membrane thickness. The
microstructures of the alumina membrane and the CNTs
samples inside the membrane were observed in a Hitachi
SU-70 scanning electron microscope (SEM). The SEM
images (see, e.g., Fig. 1a) reveal that the pores have
varying diameters within one membrane sample. The pore
diameter in our samples was in the range from 200 = 15
nm (Fig. 1b).

a

" 2.0pm

(1]
(=]

mean 200Z15 nm b

(=]

.
(=]

3
£l

[
3

Frequency

(o]
(=]

(=]

00 120 140 160 180 200 220 240 260 280

D iameter {nm)
Fig. 1. (a) SEM micrograph of an alumina membrane.
(b) Pore size distribution in the alumina membrane
calculated from the SEM image analysis.

The resulting CNTs with an average length of 6 um
have at least one open end, and their walls are highly
disordered and amorphous — this characteristic makes
filling of the nanotubes with both organic and water-based
fluids viable [9,11]. The size of the membrane pores with
CNTs inside was characterized using atomic force
microscopy (AFM, Ntegra, NT-MDT). The majority of
CNTs have an inner diameter close to 124 nm [12].

The organics-based ferrofluid EMG 911 (Ferrotec
Corporation) containing FesO, nanoparticles with an
average diameter of 7.5 nm was used in our experiments.
To fill the CNTSs sitting in the template with ferrofluid, we
added a 100-fold excess (by weight) of the ferrofluid to
the system; no magnetic field was used in this filling
procedure. The nanoparticle-filled CNTs  were
characterized using transmission electron microscopy
(TEM) in a Hitachi H-9000 microscope at 300 kV.

The magnetic properties of the original CNTs and
samples filled with Fe;O, were characterized using a

vibrating sample magnetometer (VSM, Lake Shore
Cryotronics, model 7404). The measurements were done
at several temperatures from 78 K to 293 K in applied
fields up to 10 kOe.

FMR was measured on a X-band Bruker ESP 300E
EPR spectrometer. Out-of-plane angular dependences of
the FMR were obtained at RT by rotating the magnetic
field between the film plane and the normal to the film.
The temperature-dependent measurements from 150 to
450 K were conducted for two principal magnetic field
orientations, viz., for the field aligned parallel and
perpendicular to the film plane.

I11. RESULTS AND DISCUSSION

Typical TEM images of CNTs filled with Fe;O,
nanoparticles are shown in Figs. 2ab. The filled
nanotubes can be easily identified in the image. The table
in Fig. 2a results from EDS measurements of the filled
samples; these measurements confirm the presence of
atomic iron in the CNTSs.

The filling of the CNTs can be explained in terms of
capillary forces induced during the impregnating process.
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Fig. 2. TEM image of CNTs filled with Fe;O4 nano-
particles. Table: EDS results.

Previous studies reported in the literature [6-8,13,14]
have shown that elements and compounds with surface
tension lower than 200 mN/m are suitable for wetting and
filling of carbon nanotubes. The EMG 911 ferrofluid has
a surface tension value of 68 mN/m; therefore, as
demonstrated, this ferrofluid is capable of strongly
wetting and filling the nanotubes.

The empty arrays have been checked by magnetometry
before filling. The original carbon nanotubes did not
present any ferromagnetic properties. The magnetization
curves of the CNTs samples after being filled with Fe;O,
nanoparticles are shown in Fig. 3.
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Fig. 3. Magnetization curves of CNTSs filled with Fe;O, at
different temperatures. Inset: Enlargement of the low-
field region at at 125 K and 78 K.

It is seen in Fig. 3 that the magnetic CNTs exhibit no
hysteresis loops in a weak applied magnetic field at RT
and at 273 K. However, hysteresis is clearly observed at
lower temperatures, 125 K and 78 K. Thus, ferromagnetic
properties do occur. The saturation magnetization varies
with temperature from 17.53 emu/g to 20.10 emu/g. The
saturation magnetization Ms, coercivity Hc, remanent
magnetization Mg and the ratio R = Mr/M, measured at
different temperatures are presented in Table 1.

TABLE 1. CHARACTERISTICS OF CNTs WITH MAGNETITE
NANOPARTICLES.

T,K | He Oe en“fa}g M., emu/g MFf/:AS
293 0 17.53 0 0
273 0 17.78 0 0
175 0 19.26 0 0
125 275 | 19.78 0.2 0.01
78 9.98 | 20.10 0.63 0.03

At low temperatures the coercivity of a system of non-
interacting and randomly oriented particles is expected to
follow the relation [15]:

He = Heo [1-(T1T,) ] (1)

For CNTs filled with Fe;O, we obtained at low
temperatures the following Hc values:

Hc~30eatT=125K,and Hc ~ 10 Oe at T = 78 K.

Besides, the blocking temperature Tg was estimated. At
temperatures well below Tg, the hysteresis appears and, as
a result, the superparamagnetism is no longer manifested,
as the thermal energy is not sufficient anymore to
overcome the magnetic anisotropy energy. In our case the
Tg value is equal to approximately 145 K.

Alternatively, the magnetic properties of the EMG 911
ferrofluid were estimated taking into account that it shows
a significant hysteresis in the presence of a weak
magnetic field at 78 K and 5 K. A detailed analysis for
EMG 911 (similar to that described above for the CNTs
filled with Fe;O,) yields the following parameters:

Hc =265 0cat T =78 K; Hc = 2250 + 250 Oc at T=5 K.

For the EMG 911 ferrofluid Tg = 93 + 6 K. This value
is much higher than that for pure magnetite nanoparticles
with a diameter of 6 nm (Tg = 31 K) and for CNTs filled
with them (Tg = 58 K) and is comparable with values
reported in the literature [10]. This may infer that there is
an increase of the interaction strength between magnetic
nanoparticles and CNT walls [10,16] as well as of those
among magnetic nanoparticles inside the nanotubes. It is
generally accepted that the magnetic interactions that
dominate magnetic nanoparticle assemblies are dipole-
dipole interparticle interactions (which are always
present) and exchange interactions through the surfaces of
particles that are in close contact [10,16]. It is known [17]
that the exchange interaction among Fe;0, particles might
be minimal because the average edge-edge separation
between particles is large due to the presence of the
surfactant. However, the tight packing of Fe;O, inside
CNTs can reduce the average distance between the Fe;O,
particles, thus enhancing the strength of the dipolar
interparticle interaction. In the present case the filling
level of carbon nanotubes with magnetic particles is about
32% [12,18]. This percentage corroborates our premise
that there is a strong interaction among the magnetic
particles inside the CNTs, which are the object of the
FMR study described in the following.

FMR measurements at RT have shown relatively broad
resonance lines (line width 4H ~ 1 kOe) which are typical
of FMR in magnetite nanoparticles [19-24]. An in-plane
FMR line is comprised of three resonance peaks each
having Gaussian shape. Typical fitting using three
Gaussians is shown on Fig. 4b. The main peak is
practically two times wider and has an integral intensity
as least one order of magnitude higher than the two
others. Its angular dependence reflects easy-axis
anisotropy of the system as a whole with the axis
perpendicular to the film plane, which is to be expected
for such a structure with a low surface density of pores
(13.5%). In other words, individual magnetic properties of
magnetically filled nanotubes are dominating over the
collective properties of the film-shaped ensemble of
nanotubes. In the following, calculations will be
performed to quantitatively evaluate the filling factor and
to compare its value with the data obtained from the
magnetometry.

The low-intensity peaks have resonance field positions
lower and higher than the main peak (Fig. 5). Both peaks
have the same magnitude and line width (FWHM ~ 540
Oe). These parameters have been found to be practically
independent on the angular variation of external magnetic
field. The angular dependences of their resonance fields
reflect different symmetry. Actually, the high-field peak
evidently shows 180° symmetry. Nevertheless, it was
impossible to track its angular variation with a high
accuracy in the whole range of angles due to strong
overlapping with the main peak. Surprisingly, the low-
field peak shows the combination of 180° and 90°
symmetries. It is hard to explain such a behavior from the
point of view of randomly oriented and well-separated
nanoparticles uniformly filling the nanotubes. On the
other hand, according to previous studies [24—-26], it could
be attributed to the FMR of anisotropic conglomerates of
nanoparticles (e.g., dimers) formed on the CNT’s walls or
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spontaneously appearing in the presence of the external
magnetic field.
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Fig. 4. (a) FMR spectra measured at different angles
(indicated in the graph) between the external magnetic
field and the normal to the film plane. (b) An example of
the FMR spectrum fitting with three Gaussians. The
spectra were measured at f, =9.78 GHz.

The angular dependence of the resonance field (Fig. 5)
for the main peak demonstrates a comparatively low
variation amplitude: the highest and the lowest resonance
fields are 3600 and 3100 Oe, respectively, which gives a
magnitude of the perpendicular anisotropy field of ~250
Oe. If one considers a 100% filling of nanotubes by the
magnetite phase, and that the average CNT length is
orders of magnitude larger that the average diameter,
then, in the absence of dipole-dipole interaction between
the nanotubes, one has to obtain
H, =27zM, =27-480~3 kOe, which is one order of

magnitude higher than the observed value. This
discrepancy may be theoretically explained as a decrease
of the perpendicular anisotropy due to the dipole-dipole
interaction in the ensemble or by the fact that the filling
factor is much lower than 100%, and the filling inside the
nanotubes is non-uniform. The possibility of hon-uniform
filing is also supported by the analysis of the angular
dependence of the line width for the main peak (Fig. 5).
The angular dependence shows a 37% increase for the in-
plane magnetic field orientation as compared to the out-
of-plane orientation, where H is parallel to the
nanotubes axes. Such a behavior is understandable if the
particles are able of moving inside the nanotubes: when
the magnetic field is oriented along the nanotubes, the
particles have to gather together to minimize the
magnetostatic energy. In contrast, for the magnetic field
oriented perpendicularly to the nanotubes, the
minimization of the magnetostatic energy should lead to a

spreading of the particles over the nanotube as much as
any possible. In the latter case, the non-uniformity of the
internal field will be higher, which will be reflected by a
larger line width of the FMR absorption peak.
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Fig. 5. Angular dependences of the resonance peak
positions (left panel) and for the line width of the main
FMR peak (right panel). The spectra were measured at f,
=9.78 GHz.

The temperature dependence of the main resonance
peak for the in-plane and out-of-plane magnetic field
orientations is shown in Fig. 6. A continuous decrease of
the resonance fields for both orientations with reducing
temperature is supplemented by an increasing line width.
This is a classical superparamagnetic behavior in FMR

measurements [19-24]. A constant ratio AH /AH, = 1.3

+ 0.06 is preserved in the whole range of temperatures. At
the same time, a decrease of the resonance fields, is
accompanied by an increase of the distance between the
resonance fields for the in-plane and out-of-plane
magnetic field orientations. This effect is linked to a slight
growth of the particles’ saturation magnetization which
typically occurs when the temperature decreases down to
the Verwey transition point [27].

To evaluate the nanotube filling factor from the FMR
angular dependences, one has to start with a description of
the considered system’s magnetic energy. If the
nanoparticles are considered as magnetically isotropic, the
total magnetic energy density will have two contributions:

Ew=Es+E; @)
where E; is the Zeeman energy term expressing the
interaction of the net magnetic moment with the external
magnetic field H:

E, =—M_H,, (cosd,, cosd,+cos(¢4, — 4,)sing, sing,) (3)

The angular variables 8, (polar angle read from a certain
direction in the film plane) and ¢, (azimuthal angle read
from the film normal) determine the external magnetic
field orientation, while 6, and ¢, give the film’s net
magnetic moment orientation, respectively, and M stays
for the particles saturation magnetization. The second
term,

E, =(MZ/72)(f,f,4z— f,(1- f,)N ) (cosg, sing,)*

the magnetostatic energy which, according to Refs.
[28,29], describes a thin film having an array of
perpendicularly oriented pores filled by nanoparticles:

is
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E, =(M2/2)(f, 1,47 1, f,)N,; )(cosgy sing,)? ¥
where f, is the relative volume occupied by the pores in
the film, f, is the relative volume occupied by the particles
in each pore, and N is an effective demagnetization
factor of the filled nanotube as a whole: for a uniformly
filled tube Neg will be equal to 2w, while Neg < 27 will
characterize the non-uniformity of the filling.
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Fig. 6. Temperature dependences of the main peak’s
resonance field (H,e) and its line width (4H) measured for
the in-plane and out-of-plane magnetic field orientations.

The spectra were measured at f, = 9.465 GHz.

To calculate the resonance field of a FMR line, we
applied the Smith-Beljers formalism:
aEtot :0, aEtot :O,
00, o9, 5

[a)jz — 1 62 Etot 62Etot _[ 62 Etot j
y) (Msing,)’\ a6, o¢y 06,00,
Here y=ge/(2mc) is the gyromagnetic ratio (g —

spectroscopic Landé g-factor, e — electron charge, m —
electron mass, ¢ — light velocity). Kittel’s resonance
conditions for two main orientations of the magnetic field,

i.e. those in-plane (6, =¢, =7/2) and out-of-plane (

8, =@, =0), can be found from Eq. (5) directly:
(0ly)>=H (H + NyM,), (6, =9, =7/2), ()
a)/j/:HL_NsysMs’ (gh :goh:O)'

Nys = f,(47f, - Nt (@-1,)) is  the net

demagnetization parameter of the system as a whole. For
intermediate orientations, Eqs. (5) have to be solved
numerically.

Fig. 7 shows the best fit of an angular dependence of
the resonance field for the main peak. The literature value
of saturation magnetization for the bulk magnetite (480
emu/cm®) was used [30]. The filling parameters f, and f,
were also set fixed, as f, has been determined from the
microscopy and f,, from the VSM magnetometry. The
fitted model parameters were the g-factor and Neg,
yielding 2.043 and 0.69-2m, respectively. The g-factor
value obtained for T = 300 K is slightly lower than that
for bulk magnetite (2.10-2.12) [30], which is reasonable
from the viewpoint of superparamagnetic resonance [19-
23]. From the temperature dependences of H,.s for the
main peak (Fig. 6) we obtain using Egs. (6) that, with the
temperature lowering from 450 to 150 K, the g-factor
decreases from 2.04 to 2.18. The second fitting parameter,

Here

representing an effective demagnetization factor of a
nanotube non-uniformly filled with a magnetic phase, has
been found to be 30% lower than those estimated for
completely and uniformly filled nanotubes whose shape is
approximated by an infinite cylinder. This proves the
aforementioned assumption about the non-uniform
nanotube filling.
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Fig. 7. Model fitting with the fixed parameters:

w=2m-9.78x10° rad/s, f, = 0.32, , = 0.135, M, = 480

emu/cm?. Fitted parameters: Negs = 0.69-27, g = 2.043.

The magnetic nanotubes have a tremendous application
potential in magnetics, functional nanomaterials and
nanodevices. As an application example, we used the
magnetic carbon nanotubes as a magnetic sorbent in a
magnetic field for cleaning biological fluids from the
extracellular hemoglobin and myoglobin, which appear in
the blood plasma during pathology (hemolysis of red
blood cells and massive damage of muscle tissues) [31].

Hemoglobin (Hb) is the major erythrocyte protein
consisting of four subunits, where each subunit is a
combination of a polypeptide chain and a heme group.
The heme group consists of an iron atom (Fe*" or Fe*")
attached to a planar organic structure belonging to the

porphyrin compounds.
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Fig. 8. The optical absorption spectrum of hemoglobin

before and after magnetic nanoseparation (MPS).

Hemolysis is the rupturing of erythrocytes and the
release of their contents (free Hb) into the surrounding
fluid (e.g., blood plasma). The free Hb is extremely toxic.

In the present work we have determined on model
systems the sorption selectivity of the magnetic CNTs for
the purification of the blood plasma and whole blood
from the hemoglobin and myoglobin. For the cleaning of
the liquid from CNTs loaded with toxins, we have
developed a special device — a magnetic separator.

The first experimental results have shown that the
content of free Hb was reduced from 200 mg/I to 30...37
mg/l for 4 min of separation processing (Fig. 8). Thus, we
may conclude that the efficiency of our proposed
magnetic nanoseparation (MPS) is more than 10 times
higher as compared to the conventional hemosorption
method: the clearance of free Hb by our method is 79-150
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ml/min, while by the conventional method it is only 3-15
ml/min, with the price for one procedure being the same.

IV. CONCLUSION

We propose an ad-hoc modification of a previously
published procedure for the fabrication of magnetic
CNTs. The new procedure is based on capillarity effects
using a wetting fluid. 1t employs CNTs with a large
diameter (above 100 nm) which are loaded with magnetic
Fe;0,4 particles. The magnetic properties of the loaded
CNTs were investigated at various temperatures. A
combination of the magnetometry and ferromagnetic
resonance techniques has allowed us to determine the
filling factor and uniformity, as well as the magnetic state
of the system as a whole. The resulting composite shows
excellent superparamagnetic properties at RT. The
blocking temperature Tg was estimated to be around 145
K.

The proposed methodology opens an opportunity for
simplified fabrication of magnetic nanotubes aiming at
biomedical applications and, in particular, at the
production of magnetic nanofluids which can be steered
by appropriate magnetic fields, e.g., as magnetic sorbents
for cleaning blood from free hemoglobin.

The first experimental results have shown that our
proposed magnetic nanoseparation is of more than tenfold

efficiency in comparison with the conventional
hemosorption method.
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