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Production of magnetite (nano-Fe3O4)-coated carbon fibers (MCCFs) composites using the electrophoretic deposition (EPD) technique

has been investigated in the present research. Fe3O4 nano-powder was synthesized by the reduction of Fe (III)-tri-ethanolamine (TEA) in an

aqueous alkaline solution. By the deposition of nano-Fe3O4 particles distributed stably in a suspension on the surface, a uniform and com-

pact Fe3O4 thin-film was fabricated on nitric acid-treated carbon fiber. According to the results, the strongest reflection loss (RL) of MCCFs

was recognized to be �11 dB at 10.37 and 11.4 GHz for a layer of 1.7 mm in thickness. EPD was introduced as a suitable method for the

production of MCCFs due to its low cost, easy productivity and time efficiency as well as the high absorption properties of the resulting

MCCFs compared with the previous reported works.

Keywords Carbon material; Deposition; Electrophoretic; Fe3O4; Magnetic material; Nano-powder.

INTRODUCTION

Currently, the popularity and use of electronic devices
for various applications have been increasing progress-
ively. All of these electronic devices work within a range
of frequency of electromagnetic (EM) waves, which are
produced by a power source [1–3].

The microwave absorption materials exhibit a special
and strategic role in modern technologies such as heating
system, local area network, satellite television, wireless
data communication and so on [4–6]. Generally, these
materials with the ability of absorbing undesirable micro-
wave signals by magnetic loss and dielectric loss mechan-
isms can be categorized as two groups of magnetic and
dielectric materials, respectively. However, there are
several key parameters in producing EM wave absorber
materials, which need to be taken into consideration,
the most important of them being the weight and thick-
ness of these materials; however, in several fields the
conventional EM wave absorber materials’ (such as fer-
rite and magnetic metal) application can be restricted
because of their very heavy weight [7–10]. One of the
newly introduced methods to solving this problem is
making a composite of the magnetic materials with
light-weight substances as EM wave absorber materials.

Recently, carbon-based composite materials, e.g., carbon
fiber (CF), have been developed for microwave absor-
ption. These composites possess high mechanical strength
and elastic modulus, good carrying capacity and low elec-
trical resistivity (10�2 Xcm), for which they are increasingly
recognized as the practical structures for absorbing applica-
tions [11–13].

In this regard, Ni et al. prepared a Fe3O4–carbon spheri-
cal composite using a hydrothermal method [2]. Meng et al.
coated carbon fibers with a magnetite thin layer by the
electro-deposition (ED) technique [5]. Fan et al. employed
a low-temperature wet chemical method for the prep-
aration of Fe3O4-coated carbon fibers [12]. Ni et al. also
coated carbon fibers with nickel and Fe3O4 nanoparticles
(Fe3O4 NPs) using the co-electroplating method [2].

Moreover, lately the electrophoretic deposition (EPD)
method, because of its cost-effectiveness and high
accommodation ability for coating different materials
and their combinations, has attained growing interest
both in scientific and in industrial fields. Compared with
the other advanced deposition methods, the EPD pro-
cess can be adjusted easily for a special purpose. For
instance, only with a small change in deposition bath
design the coating can be made on cylindrical, flat or
any other shaped substrate. The morphology and thick-
ness of a deposited film can be easily controlled through
simple adjustment of the applied voltage and deposition
time. In this method, electrically charged powder parti-
cles, suspended or dispersed in a liquid medium, are
deposited on the surface of a conductive substrate
with opposite charge by a direct current (DC) electric
field [14–18]. The major difference between an EPD
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process and an ED process is that the first is based on
the preparation of a colloidal solution (i.e., a suspension
of particles in a solvent), whereas the second is based on
the solution of salts, i.e., ionic species [19].

Regarding on which electrode the deposition occurs
and the surface charge of particles, two kinds of EPD
can be defined. The deposition happens on the cathode
if the particles are positively charged, in this case the
process is called cathodic EPD. In contrast, the depo-
sition occurs on the anode (positive electrode) if the sus-
pended particles are negatively charged, which is named
as anodic EPD.

In this investigation, the cathodic EPD method was
employed for the preparation of magnetite coated carbon
fibers (MCCFs). The microstructure, magnetic and reflec-
tion loss (RL) properties of MCCFs composites were then
studied, thoroughly. Ultimately, the results were com-
pared with the previous papers in which Fe3O4=CFs com-
posites were synthesized with other techniques.

MATERIALS AND METHODS

Nano-Fe3O4 was synthesized in an alkaline solution of
Fe2(SO4)3-xH2O (12357 Sigma-Aldrich) stabilized by
tri-ethanolamine (TEA) (2922 13 10 Merck) within the
sedimentation medium of NaOH (2815 11 00 Merck).
The concentrations in the bath were 0.09 M Fe (III),
0.1 M TEA and 1 M NaOH. By the slow addition of
Fe3þ into a mixture of stirred TEA and NaOH solutions
at 60�C, the reaction mixture was prepared. After a
while, the reaction mixture was heated up to 80�C for
1 hr until black-colored particles were recognized.
Finally, to prepare a colloidal solution with a meticu-
lously determined composition before carrying out the
EPD process, the resulting Fe3O4 NPs were gathered
by a magnet and washed with acetone for a few times,
which is necessary to achieve a stable suspension with
a good dispersion of NPs and to obtain the good ability
to control the surface charge of particles in order to have
a successful EPD process.

In this work, polyacrylonitrile (PAN)-based CFs,
which were 7–8mm in diameter and 10 cm in length,
were used. Before the initiation of EPD, CF cathodes
were treated with nitric acid (65 wt.%) for 4 hr at room
temperature in order to improve their wettability and
the interfacial adhesion in their composites. Washing
in deionized water and drying for 24 hr at 120�C is the
final step of the preparation procedure. Pure polished
iron sheets (99.99%) were chosen as the anode.

In general, EPD is accomplished in the organic solvents,
and so in this work acetone was used as the dispersing
media. Around 0.6 g of iodine was dissolved in a mixed
solution containing 200 mL acetone and 10 mL HCl
(0.2 mol.L�1) solution as the electrolyte. This electrolyte
has several advantages such as good chemical stability
of the suspension, low conductivity and absence of
the electrochemical reactions (i.e., electrolytic gas evol-
ution that occurs in aqueous solutions can be avoided,
thereby producing a uniform, smooth and high-quality
coating) and Joule heating at the electrodes [20]. The stable

suspension was prepared using a dispersion of 0.8 g Fe3O4

as-synthesized powder with a mechanical stirrer.
The EPD process was carried out using a DC supplier

with a constant voltage of 32.6 V. In order to improve
the quality of the electrophoretically coated magnetite,
multistep coating was performed in such a way that each
sample was deposited electrophoretically in three steps
(i.e., the deposition was conducted three times), and
after each step the agglomerated parts were removed
from the surface. The time of the mentioned steps was
15 min, 6 min and 15 min, respectively. After each step,
the sample was rinsed with acetone.

The microstructure and morphology of Fe3O4 powder
and MCCFs composite were characterized using XRD
(Siemens D5000 X-Ray diffractometer, Germany-Cu
Ka radiation, k¼ 1.5405 Å), SEM (Scanning Electron
Microscopy-XL30 Philips, the Netherlands) and
FE-SEM (MIRA3 FEG-SEM, Tescan, Czech). Dyn-
amic Light Scattering (DLS), also known as Photon
Correlation Spectroscopy (PCS), is a well-established
particle size distribution technique for submicron parti-
cles and macromolecules; thus, in order to determine
the particle size distribution and zeta potential of the
suspension the DLS technique was used (Nanotrac
Wave, Microtrac, USA). The magnetic properties of
MCCFs composites were studied with a Permagraph
(C300) at room temperature. The microwave absorption
properties and RL of MCCFs composites were mea-
sured over the frequency range of 8–12 GHz by a vector
network analyzer (VNA model HP) at room temp-
erature. For microwave absorption measurements,
the MCCFs composites were cut into short fragments
(2–3 mm in length) and mixed with the desired amount
of epoxy resin with the aid of mechanical agitation.
The mixtures were poured into a rectangular mold with
the dimension of 10 mm� 21 mm� 3 mm. The weight
fraction of MCCFs was measured to be 50%.

RESULTS AND DISCUSSIONS

One of the principal driving forces in the EPD process
is the charge on the particles; regarding this point, it is
necessary to mention the iodine reaction with acetone
as follows: [21]

CH3 � CO� CH3 þ 2I2 ,ICH2 � CO� CH2Iþ
2Hþ þ 2I�

The result of this reaction is proton creation, which
the formed protons linked to the suspended Fe3O4 nano-
particles and make them positively charged that by
applying the constant voltage of 32.6 V to electrolyte
these charged particles move towards to the cathode,
then coagulated and deposit on it the carbon fibers.

Figure 1 shows the typical XRD patterns of as-
synthesized nano-Fe3O4 powder and MCCFs. All the
peaks in Fig. 1(a) can be categorized as a spinel structure
of the Fe3O4 phase with lattice constant a¼ 8.391 Å,
which is in good agreement with JCPDS, No. 19-0629.
No diffracted peaks other than those from Fe3O4
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suggested the higher purity of the as-synthesized
magnetite phase and also the strong and sharp peaks
indicating the good crystallization of the synthesized
magnetite particles. According to the XRD results, it is
noticeable that the Fe3O4 nano-powder prepared in this
experiment is even better than those reported previously
[2, 5, 10].

The peaks illustrated in Fig. 1(b) may be attributed to
the Fe3O4 and graphite phases. The broadened peak
around 26� can be allocated to the graphitic structure
of CFs. Furthermore, the nine diffraction peaks at 2h
angles of 18.96, 29.24, 36.66, 37.54, 44.84, 53.92, 57.4,
63.34 and 73.93 seem to be the characteristic peaks for
the spinel structure of the Fe3O4 phase that can be
attributed to scattering from the (111), (220), (311),
(222), (400), (422), (511), (440) and (533) planes of the
Fe3O4 crystal lattice, respectively.

Figure 2 shows the FE-SEM micrograph of the
as-synthesized Fe3O4 powder with an average crystalline
size much smaller than 100 nm. Some Fe3O4 particles
with the approximate size of 30 nm have been recognized
in the FE-SEM image. The other illustration of
this figure is the tendency of particles to be agglomer-
ated, accumulatively. High surface area occupied by
surface charges is one reason for the nano-powder
agglomeration.

Electrophoretic mobility of the powders in the
suspension under the effect of an applied DC field is
the other main aspect of the EPD process. DLS
calculates particle size, zeta potential and molecular
weight using the Brownian movement of particles in
a liquid medium. The zeta potential of suspension
was determined to be 6.2 mV. The mobility of the
suspended powders depends on the zeta potential of
the particles, so in this case with regard to the result
of the DLS examination the stabilized NPs in the elec-
trolyte would be having a slow mobility, and thus we
need a prolonged EPD process; however, the depo-
sition rate for a constant applied voltage decreases on
increasing the deposition time and also the tendency

toward the formation of the agglomerate increases on
increasing the EPD time and deposition of
nano-magnetite particles that mainly occur in certain
areas on the surface of CFs, leading to the formation
of aggregates instead of a homogeneous coating layer.
This is because the short time of the EPD process with
this low mobility of suspended particles leads to the
formation of a very thin and inhomogeneous magnetite
coating layer. As previously mentioned, using a multi-
step coating method in which the time steps are equal
to 15 min, 6 min and 15 min, respectively, is an effective
way to control the thickness of the magnetite coating
layer, which by reducing the aggregation of these nano-
particles (Fe3O4 nanoparticles) a uniform and homo-
genous coating can be achieved, and consequently,
the EM absorption properties of the products could
be improved. Figure 3 shows the DLS results of the
magnetite powder, which demonstrate the distribution
of particles in the electrolyte. As illustrated, the average
size of particles is about 50 nm and the particles are
distributed in the range of 36.4–59.8 nm. There is also
the probability of the existence of smaller and larger
particles, which is not reported in Fig. 3 because these
ranges are fewer than 10% of the quantity. The fine dis-
tribution range of particles and their spherical mor-
phology as seen in the FE-SEM micrographs (Fig. 2)
could help prepare a stable suspension due to the
Brownian motions of particles; consequently good dis-
persion and stability of the suspended particles yield
uniform deposits. In addition, the spherical shape of
the particles reduces the demagnetization process fol-
lowed by the enhancement of coercivity.

Fine particles are composed of a single magnetic
domain. To prove the existence of a single domain

FIGURE 1.—Typical XRD patterns of as-synthesized nano-Fe3O4 powder

and MCCFs.

FIGURE 2.—FE-SEM image of Fe3O4 as-prepared nanoparticles.
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particle, the size of the particle should be smaller than the
domain size, which is defined by the equilibrium of mag-
netic energies. On the other hand, the magneto-static
energy depends on the volume of a particle. Accordingly,
if the diameter of a particle is smaller than critical diam-
eter (Dc), that particle will be a single-domain one. Using
polarized electron microscope and the Kerr effect, the
existence of single-domain particles has been proved.
The single-domain particles have the highest amount of
coercivity. The Dc of a particle for transition from single-
to multi-domain state would be calculated using [22, 23]

DS critð Þ ¼
9dx

2pM2
s

ð1Þ

where dx is the wall energy per surface area, which can be
calculated using

dx ¼ 2kBTC K1j j=að Þ1=2 ð2Þ

where KB is the Boltzmann constant, Tc is the Curie tem-
perature, K1 is the crystalline anisotropy constant, Ms is
the saturation magnetization and a is the unit cell
constant.

A multi-domain particle will be saturated only when a
magnetic field greater than the demagnetizing field is
applied to the particle. A magneto-static energy beyond
the external magnetic field divides the particle to a
multi-domain one. This will lead to the reduction of mag-
netism (M) and demagnetization field. The most impor-
tant property of fine magnetic particles is coercivity,
which is dependent on the size of particles. A smaller size
of particles leads to the enhancement of coercivity up to a
maximum point. More reduction of particle size reduces
the coercivity. The mentioned trend seen in the majority
of materials is schematically illustrated in Fig. 4.

The main reason for these variations is quoted to be the
variation of the magnetization process. In general, the
coercivity versus particle size curve could be divided to four
regions with different magnetization processes as follows:

- In the first part (multi-domain particles), the magneti-
zation process is due to the movement of domain

walls. The relation between coercivity and particle
size could be expressed by

Hci ¼ aþ b

D
ð3Þ

where a and b are constants.
- The maximum coercivity is shown in single-domain par-

ticles. The mechanism of magnetization is based on
the rotation of magnetic spins according to Fining
and Curling.

- With more reduction of particle size (smaller than Ds),
coercivity is reduced due to thermal effects. The
relation between coercivity and particle size in this
region can be expressed by

Hci ¼ gþ h

D
3=2

ð4Þ

where g and h are constants.
- Under another critical dimension, Dp, the amount

of coercivity will reach zero. This is due to the
dominant role of thermal effects over the self-
magnetization process [24–25].

According to the above-mentioned discussions, in the
Dc of particles, the coercivity of the material will be
maximized. The amount of magnetic parameters of
Fe3O4 in this manuscript was calculated using Eq. (1)
and it is reported in Table 1.

It is illustrated that for Fe3O4 the Dc of the particle
is 34.5 nm. Consequently, the particles smaller than

FIGURE 3.—Particle size distribution of Fe3O4 particles as a function of

relative number (%).

FIGURE 4.—Schematic of coercivity versus particle size curve.

TABLE 1.—Magnetic parameters of Fe3O4 nano-powders.

Tc (K) A (cm)
K1

(erg=cm3)
Ms

(emu=cm3) KB (erg= K)
dx

(erg=cm2)
Ds

(nm)

853 0.839� 10�7 �1.1� 105 480 1.38� 10�16 0.556 34.5

1354 K. OSOULI-BOSTANABAD ET AL.
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34.5 nm will be a single domain in which the magnetic
loss is due to the rotation of magnetic spins; moreover,
for larger particles, it is due to the rotation of magnetic
spins similar to the movement of domain walls, because
in this case the particles are multi-domain. In other
words, the transition between one domain and its
neighbor includes one full turn in the magnetic spins
direction to form domain walls, where these walls move
easily within the magnet and have low coercivity. It is
illustrated that for Fe3O4 the Dc of the particle is
34.5 nm. Consequently, the particles smaller than
34.5 nm will be a single domain in which the magnetic
loss is due to the rotation of magnetic spins.

Figure 5 illustrates the SEM images of the surface
morphology of MCCFs. As was mentioned earlier in
the section ‘‘Electrophoretic deposition’’, the EPD pro-
cess was carried out in three steps. This is an advantage
of the EPD process over the other more convenient
advance coating methods. This simple trend makes it
possible to separate the agglomerated part of coating
and let the surface to be smooth and dense. Another
advantage of this simple trend is to make it possible to
produce a homogenous and high-quality coating while
it is dense and smooth enough to be compared by the
results of the other coating methods. The formation of
a dense film and uniform distribution of nano-Fe3O4

on carbon fiber surface is seen in Fig. 5.

Figure 6(a) shows the hysteresis loop of carbon fibers
material coated by Fe3O4 NPs. The saturation magneti-
zation (Js), coercivity (Hc) and residual magnetization
(Br) of MCCFs is, respectively, about 6.25 emu.g�1,
76.8 Oe and 0.88 emu.g�1. These values are higher than
those reported previously in some outstanding manu-
scripts, e.g., the work of Meng et al. [5].

Figure 6(b) shows the RL of MCCFs (with a weight
fraction of 50%) in the range of 8–12 GHz for a layer
with a thickness of 1.7 mm. The strongest RL for
MCCFs is �11 dB at 10.37 and 11.4 GHz. A good EM
absorption material besides a high RL over a wide range
of frequencies should be as thin and light as possible. In
this work, the RL is lower than �5 dB in the whole range
of frequency. Furthermore, when the reflectivity is about
�5 and �11 dB, the reflection loss of the microwave
absorber will reach 69% and 92%, respectively.

Figure 6(b) also compares the RL of MCCFs in this
article with the other published works. As illustrated,
the values of microwave absorption and RL are better
than those values reported previously by Meng et al.
and Ni et al. It is noticeable that the EPD technique
has some advantage over the other coating methods.
In addition to simplicity and the low cost of EPD, no
existence of stress in the interface of the carbon fiber
and Fe3O4 as well as the bonding layer are reasons for
the high absorption properties of MCCFs in this work.

FIGURE 5.—SEM images of MCCFs.

FIGURE 6.—(a) The magnetic hysteresis loop of MCCFs, (b) reflectivity curves of MCCFs.
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CONCLUSION

Fe3O4 NPs were synthesized and successfully coated on
a CF surface using the EPD method. The morphology of
the surface of the MCCFs produced by the EPD tech-
nique is uniform, dense and smooth enough to be com-
pared with the other coating methods. The strongest RL
of MCCFs is about �11 dB at 10.37 and 11.4 GHz for
a layer with a thickness of 1.7 mm. the reported RL value
is the highest among the relevant works.
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